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Abstract

:

Proton-conducting solid–oxide fuel cell (H-SOFC) is an alternative promising low-temperature electrochemical cell for renewable energy, but the performance is insufficient because of the low activity of cathode materials at low temperatures. A layered perovskite oxide PrBaFe1.9Zn0.1O5+δ (PBFZ) was synthesized and investigated as a promising cathode material for low-temperature H-SOFC. Here, the partial substitution of Fe by Zn further enhances the electrical conductivity and thermal compatibility of PrBaFe2O5+δ (PBF). The PBFZ exhibits improved conductivity in the air at intermediate temperatures and good chemical compatibility with electrolytes. The oxygen vacancy formed at the PBFZ lattice due to Zn doping enhances proton defects, resulting in an improved performance by extending the catalytic sites to the whole cathode area. A single cell with a Ni-BZCY anode, PBFZ cathode, and BaZr0.7Ce0.2Y0.1O3-δ (BZCY) electrolyte membrane was successfully fabricated and tested at 550–700 °C. The maximum power density and Rp were enhanced to 513 mW·cm−2 and 0.3 Ω·cm2 at 700 °C, respectively, due to Zn doping.
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1. Introduction


Solid–oxide fuel cell (SOFC) is a well-known power source with promise as an alternative solution for current energy problems due to the low pollutant and extensive fuel flexibility [1,2,3,4,5]. Conventional SOFC mainly uses (Y2O3)0.08(ZrO2)0.92 (YSZ) electrolyte, which requires a relatively high working temperature (800–1000 °C) to conduct and achieve exceptional performance [3,4]. However, the high working temperature condition initiates several adverse reactions leading to remarkable performance and stability problems [5,6,7]. Consequently, a proton-conducting solid–oxide fuel cell (H-SOFC) that can operate at low temperatures (below 700 °C) has been developed to address issues associated with traditional high-temperature SOFCs [7,8]. Conversely, the oxygen reduction reaction (ORR) catalytic activity decreases at low temperatures due to the high polarization resistance of the cathode [9,10]. As an H-SOFC cathode material, it is critical to have a triple conducting behavior involving the co-conduction of three participants at low temperatures [8,11,12]. In addition, an excellent triple-phase boundary (TPB) (the junction of two solid phases and gas phases), and good chemical and thermal stability are essential properties required by effective cathode materials [9,10,11,12].



Double perovskite oxide with A-site layered structure (LnBaM2O5+δ: Ln = lanthanides, M = transition metals) has attracted research attention because of their kind structure in the crystal lattice [13,14,15,16]. As shown in Figure 1d, these oxides possess stacking layers of [BaO]-[MOx]-[LnOδ]-[MOx]-[BaO] contributing to two-dimensional oxygen diffusion through oxygen vacancy formed in the crystal lattice at the LnOδ and MOx layers [12,17,18]. Various series of layered double perovskites, such as PrBa0.5Sr0.5Co1.5Fe0.5O5+δ [6], PrBaCo2O5+δ [15], PrBaFe2O5+δ [19], GdBaFeNiO5+δ [20], PrBa0.5Sr0.5Co2O5+δ [21], and NdBaFe1.9Nb0.1O5+δ [22], have been studied for moderate-temperature SOFC cathode materials. According to Grimaud and his colleagues, double perovskite-based cathodes have gained much attention. They show good electrochemical performance than simple perovskite-based cathodes due to their layered structure suite for bulk oxygen diffusion and triple conducting (TCO) behavior [15,18]. However, their performance of H-SOFCs was still not sound when they were used as a cathode for oxide ion-conducting solid–oxide fuel cells (O-SOFCs) [15,21]. Furthermore, most layered perovskite-based cathodes are centered on a conductive and catalytically active cobalt metal and suffer from its high thermal expansion coefficient [17]. As a result, it is necessary to find cobalt-free cathodes for H-SOFC [6,7,23].



Recently, iron-based layered perovskite has been studied for H-SOFC; Kim et al. discovered PrBaFe2O5+δ as a cathode for SOFC with a protonic electrolyte BaZr0.1Ce0.7Y0.2O3−δ (BZCY) and found a peak power density of 301 mW·cm−2 at 700 °C [24]. Hanping et al. also reported PrBaFe2O5+δ (PBF) cathode for protonic SOFC using BaZr0.1Ce0.7Y0.1Yb0.1O3−δ electrolyte and found a peak power density of 452 mW·cm−2 [23]. (Pr, Ba)0.95(Fe0.9Mo0.1)2O5+δ was recently reported as a cathode for H-SOFCs and yielded an MPD of 532 mW·cm−2 at 700 °C [25]. H. Ding and his colleagues have studied the consequence of Fe-doping on GdBaCoFeO5+δ cathode and found a polarization resistance and maximum power density of 0.011 Ω·cm2 and 482 mW·cm−2, respectively, at 700 °C [26]. Accordingly, he concluded that Fe-doping increased the oxygen vacancies and improved single-cell electrochemical performance [26].



Though LnBaFe2O5+δ (Ln = lanthanides) based cathode materials are highly promising due to their high-temperature phase stability [18,23], they have lower electrochemical activity than Co-based materials due to their low conductivity and oxygen vacancies formation [27,28,29]. According to previous literature, Zn2+ doping significantly impacts oxygen vacancy concentration and affects proton, electron and oxide ions conduction, responsible for cell performance [27,30,31]. Zhen Hua et al. reported PrBaFe1.9Zn0.1O5+δ (PBFZ) based cathode for intermediate-temperature SOFC by substituting Fe by Zn2+ [13]. However, no proton conduction in PBFZ-based materials has been reported previously. This study proposed a layered PBFZ cathode for H-SOFCs with a spin-coated BZCY electrolyte and highlighted the consequence of Zn2+ doping on the performance of PBF based cathode material. In addition, the new proposed cathode’s electrical conductivities (ECs), thermal expansion coefficients (TECs), and phase structure were all evaluated.




2. Results and Discussion


2.1. Crystal Structure and Chemical Compatibility


The X-Ray Diffraction (XRD) spectra of the PBFZ powder and its chemical compatibility with the BZCY electrolyte are provided in Figure 1. As seen in Figure 1a, there were no peaks attributed to impurities, and the peaks were well indexed as layered perovskite structure, reported previously [13,23]. PBFZ had a similar peak distribution to PBF powder without other additional phases (Figure 1a), indicating that Zn2+ was completely incorporated into the PBF lattice’s B site. However, a small peak shifting to lower angle of diffraction was observed in PBFZ spectra due to the larger ionic size of Zn-ion (Zn2+ = 0.74) than Fe-ion (Fe3+ = 0.65, Fe4+ = 0.59) [13] (Figure 1b).



The XRD spectra of PBFZ-BZCY mixtures (50:50 wt.%) sintered at 1000 °C for 3 h were also presented to investigate the chemical reaction between them. As shown in Figure 1c, no new identifiable impurity peaks or XRD peak shifting were detected, indicating no apparent reaction between PBFZ and the electrolyte materials during cell operations at temperatures below 1000 °C.




2.2. Electrical Conductivity


The temperature-dependent electrical conductivity of PBF and PBFZ is shown in Figure 2. The conductivity of PBFZ increased with temperature and reached 3.5 S.cm−1 at 700 °C, confirming semiconducting behavior with a small polarons conduction mechanism [10,11,19]. At high temperatures (>700 °C), a metallic-like conduction behavior was observed, where conductivity decreased with temperature [10,19,32]. When the temperature increased beyond 700 °C, thermal reduction of the high valence state of Fe4+ to Fe3+ was accompanied by oxygen vacancy formation. This in turn decreased the concentration of charge carriers (electronic holes), resulting in decreasing conductivity [33,34]. As shown in Figure 2a, Zn-doped PBF had relatively better conductivity (3.5 S.cm−1) than undoped PBF (1.48 S.cm−1) at their respective high temperature (700 °C for PBFZ, 500 °C for PBF). When Zn was doping in the Fe-site of the PrBaFe2O5+δ crystal, the proportion of Fe4+ was increased to maintain the charge neutrality of the PBFZ and increase hole conduction, resulting in improved conductivity [35]. However, the conductivity was relatively low (see Figure 2) compared with the general required value of cathode materials (100 S.cm−1) for SOFC [11,17], but the material had good performance. Similar phenomena were observed in previously reported electrode materials with low conductivity but high electrochemical performance [8,19,36].



The activation energies for both cathode material samples (PBFZ and PBF) were estimated from an Arrhenius-type plot and shown in Figure 2b. Two different curves for the PBFZ sample were formed due to different conductive rate nature [37]. The two curves were fitted by straight-line separately; at both high and low-temperature regions (Figure 2(b1,b2)). The conductive activation energy Ea values of the PBFZ sample were around 0.558 eV for the high-temperature area and 3.246 eV for the low-temperature region. At the same time, in PBF, a single fitting straight line was used, and the sample’s conductive activation energy was 0.143 eV (Figure 2(b3)). The PBFZ sample showed more negative activation energy than the PBF sample; the number of charge carriers decreased faster with increasing temperature, resulting in a decrease in the conductivity rate with temperature increase [32,37,38].




2.3. Thermal Expansion


Thermal expansion mismatch between cell components is the main challenge for developing long-term thermal cycling stable SOFC cells due to internal stress affecting the overall stability of cell operation [18,19,39,40]. Figure 3 shows the obtained thermal expansion curve of PBF and PBFZ samples tested from 20 °C to 800 °C in air. The curves were not linear throughout the temperature region; the value of dL/dLo increased at first with temperature and then exhibited a noticeable change in slope at around 400 °C. The change in the slope became smaller for PBFZ than PBF due to the constant di-valent oxidation state Zn2+ doping effect, which can alleviate the lattice expansion induced by the temperature [36,41]. The average thermal expansion coefficient (TEC) of PBF was 16.29 × 10−6 K−1, while that of PBFZ was 12.98 × 10−6 K−1 between 25 °C and 800 °C. The result shows that the TEC value was slightly affected by doping Zn into PBF and is comparable to previous research reported by Zhen Wang, et al. [36]. The calculated TEC values of both samples (PBFZ and PBF) tested below 800 °C are presented as a graph in Supplementary Materials (Figure S1).



The average calculated TEC value of PBFZ is obviously smaller and closer to BZCY (10.1 × 10−6 K−1) [40] than that of cobalt-based double perovskite cathode materials such as PrBaFe2O5+δ (18.7 × 10−6 K−1) [19], PrBaCoFeO5+δ (21.0 × 10−6 K−1) [42], and PrBaCo2O5+δ (22.4 × 10−6 K−1) [43]. Due to unfavorable reduction of iron ion as cobalt ion, providing a lattice shrinkage results in a reduced and better thermal expansion match to the electrolyte [19,39,41]. When oxygen is lost from the lattice due to high temperatures [5,23], Fe4+ is reduced to Fe3+, resulting in a high TEC due to the relatively large ionic radii of Fe3+ (Fe3+ = 0.65) compared to Fe4+ (Fe4+ = 0.59) [13,39]. Zn2+ doping in the PBF inhibits Fe4+ to Fe3+ reduction, reducing the amount of Fe3+ and lowering the value of TEC [30,41]. Therefore, Zn doping is an effective method for lowering the TECs of PBFZ, forming a good contact with the electrolyte, which is beneficial for the application of PCFCs. As a result, the possibility of electrolyte–cathode interface delamination during the high-temperature heating-cooling cycle is reduced.




2.4. ORR Activity


A symmetric cell was fabricated and measured its resistance change to estimate the potential of PBFZ as a cathode catalyst for ORR activity. Figure 4a shows the EIS plots of the PBFZ|Sm0.1Ce0.9O2-δ(SDC)|PBFZ cell measured between 550 °C and 700 °C and fitted with an equivalent circuit model (L-Ro-(R1Q)-(R2Q)). The polarization resistance of PBF and PBFZ (Rp = R1 + R2) is an essential parameter of the cathode’s activity during oxygen reduction reaction (ORR).



The EIS plots of PBF and PBFZ based symmetrical cells at 700 °C are presented in (Figure 4b). Based on the figure, the Rp values of PBFZ and PBF are 0.306 Ω·cm2 and 0.486 Ω·cm2, respectively at 700 °C (Figure 4b). As can be seen, the Rp value gradually decreases by approximately 37%, at 700 °C after Zn doping which is closely related to the formation of holes (Fe4+) and oxygen vacancy in the PBFZ cathode [13]. To some extent, the doping of Zn2+ increases both the oxygen vacancy and formation of Fe4+ cations, which control the hole transport and oxygen ion diffusion kinetics, facilitating ORR activity and lowering Rp [8,27,31]. Furthermore, the minimum energy required to precede the ORR process (activation energy) was reduced from 0.3522 eV to 0.3430 eV due to Zn2+ doping (Figure 4c), confirming the ORR process’s energy-efficient catalytic activity [27]. From this standpoint, one could anticipate that Zn doping could significantly improve electro-catalytic activity by providing enough oxygen vacancy for efficient proton migration; a critical property of materials used as cathodes in H-SOFC.




2.5. Single-Cell Performance


The performance of PBFZ cathode for ORR in proton-conducting solid–oxide fuel cells was probed with the anode-supported single cell using H2 fuel (3% H2O) and air as an oxidant. Figure 5a shows I-V and I-P curves of PBFZ cathode-based cells from 550 °C to 700 °C. A comparative performance bar graph is presented in Figure 5b to compare the performance of cathodes at different temperatures. As shown in the figure, for PBFZ cathode, maximum power density (MPD) of 208 mW·cm−2, 315 mW·cm−2, 432 mW·cm−2, and 513 mW·cm−2 was obtained at 550 °C, 600 °C, 650 °C, and 700 °C, respectively. For PBF cathode, the MPDs are 102 mW·cm−2, 169 mW·cm−2, 257 mW·cm−2, and 313 mW·cm−2 at the same respective operating temperatures (Figure 5b and Figure S3).



As clearly stated, Zn-doped cathode has better MPDs than undoped one, which is consistent with previous studies [13,30,41]. This noticeable performance improvement is primarily due to the PBFZ’s electrocatalytic activity than the undoped PBF cathode. It is noted that Zn doping results in oxygen vacancy formation, promoting proton uptake and mobility, resulting in better proton conduction [31,36,41]. When compared to other non-Co-based cathodes for H-SOFC, such as GdBaFeNiO5+δ [20], LaBaCuFeO5+δ [44], and NdBaFe1.9Nb0.1O5+δ [22], PBFZ has a slightly higher peak power density at 700 °C. Moreover, the PBFZ cathode has better and comparable performance compared with some Co-based double perovskites such as (mostly active cathodes) listed in Table 1.



The cell’s resistance was tested under open-circuit condition and plotted as electronic spectra in Figure 5c. The polarization resistance (Rp) values (the sum of R1 and R2 in an equivalent circuit) of PBFZ based cell were reduced with the temperature increases, and the measured Rp value of the cell was 0.518 Ω·cm2 at 700 °C (Figure 5d), which was smaller than 0.97 Ω·cm2 of the PBF based cell at 700 °C (Figure S4). Compared to the high conductive cobalt-containing cathodes, such as NdBaCo2O5+δ (0.16 Ω·cm2) [45] and PrBaCo2O5+δ (0.15 Ω·cm2) [17], the Rp of PBFZ was much higher at or below 700 °C. The relationship between total resistance (Rt), polarization resistance, and ohmic resistance (Ro) is depicted in Figure 5d. Rp and Ro decrease slightly with increasing temperature. The value of Rp is less than Ro throughout the operating temperature, indicating that the ohmic resistance dominates the total cell resistance, implying that oxygen ion migration and diffusion in the electrolyte bulk were rate-determining steps in all cell processes [16,25].




2.6. Stability and Microstructure


Figure 6a shows the scanning electron microscope (SEM) micrographs of a single cell with a view of the anode, cathode, and electrolyte interfacial regions. The 30 µm thick electrolyte adhered well to the porous PBFZ cathode layers without delamination or fracture, implying that the cell has good charge transferability and stability [39]. The PBF based cell also had a well-dense electrolyte membrane about 33 µm thick and well stuck to the cathode and anode substrate (Figure S5a), but it was not as well attached to the BZCY electrolyte as PBFZ. Cracks and pores were found at the interface of the cathode and BZCY electrolyte in the case of the PBF based cell (Figure S5), which might be due to the much higher TEC value of PBF as previously discussed (Section 2.3). Based on SEM micrographs (Figure 6b), the porosity and particle size were uniformly distributed in the cathode, which allows for more diffusion paths and absorption sites. The relatively better microstructure observed in the PBFZ compared with the PBF cathode (Figure S5) could be the reason for the better performance obtained in this H-SOFC. Figure 6c shows the results of a short-term study of a PBFZ based single-cell tested for 720 min at 600 °C using moisture hydrogen (3% H2O) as a fuel. The results indicate that the PBFZ cathode can operate continuously for 12 h without significant degradation, as evidenced by the cell’s current density confirming a promising cathode material for H-SOFC.



The elemental distribution and composition of the PBFZ sample were investigated using an Energy dispersive X-ray Spectroscopy (EDX) equipped SEM. As shown in Figure 7, the elements of Pr, Ba, Fe, and Zn were uniformly distributed throughout, without phase segregation. The energy dispersive spectrum as well as the weight and atomic percentage of each constituent element of the cathodes sample are presented in the supporting information (Figure S6).





3. Materials and Methods


3.1. Material Synthesis and Characterization


The PrBaFe1.9Zn0.1O5+δ and PrBaFe2O5+δ powders were prepared via the self-ignition combustion method [20]. A stoichiometric amount of starting precursors (metal nitrates); Pr(NO3)3·6H2O (99.9%), Ba(NO3)2 (99.5%), Fe (NO3)3·9H2O (98.5%), and Zn (NO3)2·6H2O (99.5%) were added in deionized water followed by adding citric acid (CA) into the solution at a molar ratio of 1.5 to metals. The solution’s pH was adjusted to around 7–8 using ammonia solution and heated to form grey ashes. Finally, the powder was calcined at 1000 °C for 3 h to form a single-phase structure. BZCY and NiO powders were also prepared by the same method described above. The PBFZ’s and PBF’s powder crystal structure and their compatibility with BZCY electrolyte were determined by powder XRD (DX2800, Dandong Haoyuan Instrument Co. Ltd., Dandong, China) with Cu-Ka radiation. The PBFZ’s chemical compatibility with BZCY electrolyte was tested by XRD analysis of mixed powder (mixture of PBFZ and BZCY in 50:50 wt.% ratio) to determine whether there had been any other problems changes in phase composition due to the heat treatment. The thermal expansion curve of PBFZ and PBF was tested between 40 °C and 800 °C in the air using a dilatometer (NETZSCH-DIL-402C, Netzsch-Geratebau GmbH, selb, Germany). The test was done on a rectangular bar (20 × 5 × 2.5 mm) after sintering at 1100 °C for 4 h. A four-probe DC technique was applied to test the electrical conductivity of a dense rectangular bar (2.5 × 3.5 × 7.5 mm) of samples sintering at 1300 °C for 4 h. The measurements were performed in the air using a source meter (Keithley 2400, Tektronix, Cincinnati, USA) [31]. SEM (FE-SEM (Gemini SEM 300, Carl Zeiss, Jena, Germany) was used to check the morphology and microstructure of cells after the test.




3.2. Fabrication of Symmetrical and Single Cell


The spin-coating method was used to prepare a single cell with a thin electrolyte coated on the anode support [17,20]. The support was designed by pressing the ball-milled powder mixture (NiO:BZCY:starch = 60:40:20 wt.%) into a circular pellet. After sintering the support layer at 1100 °C for 3 h, the electrolyte slurry was spine coated on the anode support layer and co-fired again at 1400 °C for 5 h. Finally, the cathode slurry was brush painted onto the electrolyte surfaces of NiO-BZCY anode support and fired for 3 h at 1000 °C. The area of the painted cathode surface was 0.2 cm2. The cathode’s ORR activity (PrBaFe2O5+δ and PrBaFe1.9Zn0.1O5+δ) was studied using a symmetrical configuration cell.




3.3. Electrochemical Performance and Impedance Test


The Electrochemical Impedance spectra (EIS) of symmetrical cell was tested from 700 °C to 550 °C using Zahner, IM6 (Zahner-Elektrik GmbH & Co.KG, kronach, Germany) workstation over a frequency range of 10 mHz-1 MHz. The output performances of NiO-BZCY/BZCY/PBFZ based single cells were also measured using the same workstation from 700 °C to 550 °C. The measurement was performed by sealing the single cell on the alumina tube using a ceramic glue sealant material and passing a moisture H2 (3% H2O) to the anode side as fuel. The single cell’s current–voltage (I–V) curve was plotted between temperature ranges of 550 °C to 700 °C. The cell’s impedance also measured at an open-circuit voltage (OCV) from 1 MHz to 0.01 Hz frequency range at 10 mV.





4. Conclusions


A layered perovskite oxide PBFZ has been devised as a cathode for H-SOFC with BZCY electrolyte. Detailed characterization and measurement have been done to probe the impact of Zn doping on catalytic activity, conductivity, thermal compatibility, and performance of PBFZ-based cells. The results have revealed that the electrical conductivity increased while the TEC decreased to 12.98 × 10−6 K−1 due to Zn doping. At 700 °C, the cell performance with PBFZ cathode and BZCY electrolyte was 513 mW·cm–2 with Rp value of 0.3 Ω·cm2. The power output is nearly comparable to some other Co-based cathodes. In addition, the PBFZ-based cathode has lower TEC and is more compatible with the state-of-the-art protonic electrolytes. The structural features for fast oxygen ion diffusion, ease of oxygen vacancy formation, and the constant valence of dopant possibly contribute to the observed enhanced activity of PBFZ. These findings indicate that Zn doping remarkably improved the catalytic activity of the PBFZ cathode and increased the output performance of the single cell. The study indicates PBFZ is a promising material in H-SOFCs as cathode at reduced temperatures and can open doors to propose new cathodes for BZCY-based cells.
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Figure 1. Crystal structure of PrBaFe1.9Zn0.1O5+δ and its chemical compatibility with BZCY: (a) XRD patterns of PBFZ and PBF; (b) enlarged XRD pattern at a specific degree; (c) XRD patterns of PBFZ-BZCY mixed powders; (d) layered perovskite crystal structure. 
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Figure 2. (a) Electrical conductivity of the PBFZ and PBF samples from 300 °C to 800 °C; (b) ln(σT) vs. 1000/T (Arrhenius plot): (b(1),b(2)) fitting curves for PBFZ at different temperature range; (b(3)) fitting curve for PBF sample. 
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Figure 3. Thermal expansion curve of PrBaFe1.9Zn0.1O5+δ and PrBaFe2O5+δ between room temperature and 800 °C. 
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Figure 4. Nyquist plots of the symmetric cell (a) PBFZ|SDC|PBFZ, (b) PBFZ|SDC|PBFZ and PBF|SDC|PBF at 700 °C, (c) Rp values for PBFZ and PBF cathode from Arrhenius plots. 
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Figure 5. (a) I-V and I-P curves of single cells; (b) cell performance histogram; (c) impedance spectra of NiO-|BZCY|PBFZ; (d) Ohmic (Ro) polarization (Rp), and total (Rt) resistance of single-cell at different temperature. 
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Figure 6. Short-term performance stability and microstructure: (a) SEM micrograph of NiO-BZCY/BZCY/PBFZ single-cell; (b) SEM micrographs of PBFZ cathode; (c) I-T curves with 0.6 V of a single cell at 600 °C. 
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Figure 7. Elemental composition and distribution of PBFZ studied by EDX. 
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Table 1. Lists of peak power densities (PPDs) for previously reported proton-conducting SOFC using layered double perovskite as a cathode at 700 °C.
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	Cathode
	Electrolyte
	Thickness (μm)
	MPD (mW·cm−2)
	Reference





	SmBa0.5Sr0.5Co2O5+δ
	BZCY
	15
	533
	[16]



	PrBaCo2O5+δ
	BZCY
	25
	545
	[17]



	NdBaFe1.9Nb0.1O5+δ
	BZCY
	30
	392
	[22]



	(PrBa)0.95(Fe0.9Mo0.1)2O5+δ
	BZCY
	25
	359
	[25]



	PrBaCo2O5+δ
	BZCYYb
	15
	490
	[29]



	LaBaCuFeO5+δ
	BZCY
	20
	327
	[44]



	NdBaCo2O5+δ
	BZCY
	10
	438
	[45]



	PrBaF1.9Zn0.1O5+δ
	BZCY
	30
	513
	This work



	PrBaFe2O5+δ
	BZCY
	33
	304
	This work







Note: BZCY = BaZr0.1Ce0.7Y0.2O3−δ, BZCYYb = BaZr0.1Ce0.7Y0.1Yb0.1O3−δ, MPD = Maximum peak power density.
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