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Abstract

:

The reduction of the sintering temperature of doped ceria ceramics remains an open challenge for their real exploitation as electrolytes for intermediate temperature solid oxide fuel cell (IT-SOFCs) at the industrial level. In this work, we have used Bi (0.5 and 2 mol %) as the sintering aid for Gd (20 mol %)-doped ceria. Nano-sized powders of Bi/Gd co-doped ceria were easily synthesized via a simple and cheap sol-gel combustion synthesis. The obtained powders showed high sinterability and very good electrochemical properties. More importantly, even after prolonged annealing at 700 °C, both of the powders and of the sintered pellets, no trace of structural modifications, phase instabilities, or Bi segregation appeared. Therefore, the use of a small amount of Bi can be taken into account for preparing ceria-based ceramic electrolytes at low sintering temperatures.
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1. Introduction


Ceria (CeO2)-based ceramics doped with rare earth metal-oxides are established electrolytes for intermediate temperature solid oxide fuel cells (IT-SOFCs), due to their well-known ionic properties and compatibility with state-of-the-art electrode materials [1,2,3]. To produce ceria-based electrolytes with both adequate densities and desirable ionic conductivity, high sintering temperatures are required. Consequently, the high manufacturing costs are still a limit for SOFC commercialization [4]. The development of new electrolyte materials is particularly crucial for lowering sintering temperatures. In fact, if a dense electrolyte could be prepared at low temperatures, it could be co-sintered with the electrode components for solid oxide fuel cell applications [5,6]. The reduction of sintering temperature, leading to the reduction of energy consumption, can be achieved by adding metal additives to ceria doped electrolytes during synthesis [7,8,9,10,11,12,13], by synthesizing very reactive powder with ideal morphology as the ones obtained via hydrothermal treatment [14], or by using innovative sintering methods as Flash Sintering [15] or Fast Firing [16]. The first approach can improve both electrochemical and microstructural properties with an effective reduction of sintering temperature [17,18,19]. Among the many possible SOFC electrolytes reported in the literature, bismuth oxide with a fluorite-like structure (δ-Bi2O3) exhibits the highest oxygen ionic conductivity [1,20] due to the combination of a high concentration of oxygen vacancies (around 25%) and greater anion mobility [21]. Nevertheless, the use of pure δ-Bi2O3 is limited to a very narrow temperature range: 730–824 °C. In fact, pure δ-Bi2O3 melts above 824 °C and, upon cooling below 730 °C, the transition from the δ-cubic phase to either the metastable tetragonal β-phase, the body-centered cubic (BCC) γ-phase, or the monoclinic α-phase [22], takes place, thus resulting in a discontinuous drop in ionic conduction and in an unfavorable increase of the electronic conductivity [23,24]. To stabilize the δ-Bi2O3 phase, the doping with another oxide in tetravalent (CeO2) or trivalent systems (CeO2-Gd2O3) with appropriate compositions is strictly necessary.



It is reported in literature that the solubility of Bi3+ in CeO2 lattice and the probability of obtaining a pure single-phase solid solution of CeO2-Bi2O3, is highly dependent on synthesis condition, as well as on the temperature. Many synthesis routes have been proposed to obtain stable single-phase co-doped ceria solid solutions as, for example, solid-state reaction, hydrothermal synthesis, PVA polymerization process, hydrothermal treatment, and co-precipitation routes [25,26,27,28,29,30]. Since the substitutional solid solution of Bi2O3 in CeO2 violates the well-known Hume-Rothery’s rules, a limited solubility is expected for doped and co-doped ceria systems. For example, Dikmen et al. [31] performed hydrothermal synthesis at 260 °C reaching a solubility limit of Bi in CeO2 around 20 mol %. Other authors [27,30] achieved a solubility up to 10% or 15% only after calcination between 500–800 °C, while Chen and Eysel [26] investigated several Bi2O3–ceria systems without finding a fluorite structure after solid-state reaction and firing at 830 °C in samples containing 0 to 40 mol % of Bi2O3.



Prekasky et al. [32] synthesized a nanocrystalline CeO2-Bi2O3 electrolyte by a self-propagating room temperature procedure, pointing out that all samples with a bismuth concentration higher than 10 at % were unstable during thermal treatments. Additionally, they detected the formation of β-Bi2O3 as secondary phase above 700 °C and the evaporation of bismuth at temperatures above 1200 °C.



Gil et al. [29,33] doped Ce0.9Gd0.1O1.95 with different amounts of bismuth oxide (0.2–2 wt %) via the solid-state reaction route. The solubility limit of the cubic-structured Bi2O3 was found to be about 0.8 wt %, but its structural stability was not fully investigated.



Since ceria-based ceramics co-doped with bismuth are becoming conveniently and successfully used as electrolytes for IT-SOFCs, it is crucial to investigate their structure and phase stability in the proper temperature range by considering the conflicting results reported in the literature. With these considerations in mind, in this work we studied the effect of two small amounts of bismuth (0.5 and 2 mol %) to gadolinium-doped ceria electrolytes prepared by a cheap and fast sol-gel combustion synthesis, mainly aiming to verify the long-term stability of the synthesized products and their electrochemical behavior. The adopted synthesis route was already successfully used to produce other CeO2-based nanopowders [17,34,35]. Compared to the conventional solid-state route, sol-gel combustion synthesis is mostly suitable for IT-SOFC applications due to the high chance of producing very reactive and easily sinterable electrolyte powders, generally nano-sized with regular morphology. In fact, the formation of nano-sized powders is promoted by the molecular mixing of all precursors. Thermal stability of the solid solution was evaluated after thermal treatment of powders at 700 °C for 100 h. Powders were characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM) techniques. The morphology of sintered pellets was inspected by SEM and energy-dispersive X-ray spectroscopy (EDS), while their electrochemical properties were measured by electrochemical impedance spectroscopy (EIS).




2. Results and Discussion


The sol-gel combustion synthesis method allows the direct formation of Bi/Gd co-doped ceria, inasmuch as all the transformations occurred during such a process can be represented by the following global reaction. For simplicity the reaction is written with Ce as the only cation, whilst there is actually a mixture of different cations according to the compositions reported in Table 1:


  9 C e    (  N  O 3   )   3  + 7  C 6   H 8   O 7  ·  H 2  O → 9 C e  O 2  +   27  2   N 2  + 42 C  O 2  + 35  H 2  O  



(1)







The nominal compositions and the labels of the two samples investigated are reported in the following Table 1.



Nanometric powders of Bi/Gd co-doped ceria are directly formed via sol-gel combustion process. The diffraction patterns of the as-synthesized samples 0.5Bi and 2Bi are presented in Figure 1; the aspect of these patterns suggests that both the as-synthesized samples are partially amorphous and partially crystallized in fluorite-structured doped ceria with broad XRD peaks as usual for the adopted synthesis route. These results suggest that, irrespective of the actual content of Bi, during the synthesis process Ce(III) is oxidized to Ce(IV), a fluorite lattice is established in the as-forming solid and Gd and Bi atoms are dissolved in it.



To allow the complete crystallization of the fluorite-structured ceria, a calcination step in air was carried out at 600 °C for 2 h. This relatively low temperature has been selected in order to limit the grain growth. A further calcination step was also carried out for a long time (100 h) at 700 °C aiming to simulate the behavior of these materials over long operations in an IT-SOFC. The corresponding diffraction patterns of samples calcined at 600 °C and 700 °C are displayed in Figure 2a,b, respectively.



Both the 0.5Bi and 2Bi samples are well-crystallized in the fluorite-like structure after the calcination treatments and there is no trace of any secondary phase. The absence of any phase transformations, even after the prolonged calcination at 700 °C, suggests that the equilibrium condition has been achieved. The only evident difference among the two patterns is, obviously, the stronger sharpness of the XRD peaks of sample calcined at 700 °C for 100 h; in particular, compare the insets in Figure 2a,b. The lattice parameter of samples after the two different calcination steps, determined by Rietveld refinement, are displayed in Table 2, along with their crystal size.



The very similar lattice parameters displayed in Table 2 are slightly larger than the theoretical one of Gd (20 mol %)-doped CeO2 (see ICCD card n. 75-0162) and the one related to Gd (20 mol %)-doped CeO2 synthesized with exactly the same sol-gel combustion synthesis [17]. These findings, combined with the absence of any secondary phases in all the presented diffraction patterns, prove further the complete dissolution of Bi3+ cations inside the fluorite-like lattice, being the size of Bi3+ cation (0.117 nm in eightfold coordination) larger than both Ce4+ (0.097 nm in eightfold coordination) and Gd3+ (0.1053 nm in eightfold coordination), thus causing the expansion of the unit cell, according to the substitutional defect formation represented by the following equation in Kroger-Vink notation:


  B  i 2   O 3  → 2 B  i  C e  ’  + 3  O O x  +  V O  · ·    



(2)







On the other hand, there is a remarkable difference in the crystal size for both samples after the two calcination steps. This is perfectly justifiable on the base of the grain growth processes caused by the prolonged thermal treatment at 700 °C.



Finally, the true (theoretical) density ρ of the samples is calculated by following Equation (3):


  ρ   =   Z  ∑ i   ν i  ·  M i     a 3  ·  N A     



(3)




where Z is the number of formula units per unit cell (four for the fluorite structure), νi is the stoichiometric coefficient of the element i in the chemical formula, Mi is the molar mass in g·mol−1 of the element i, a is the lattice parameter reported in Table 2 (related to the prolonged calcination at 700 °C) and NA is the Avogadro’s constant. The calculated true densities are 7.241 and 7.277 g/cm3, for 0.5Bi and 2Bi, respectively, which will be used in the following for calculating the samples relative densities.



The powders calcined at 600 °C for 2 h were uniaxially pressed and then sintered at 1250 °C for 3 h using 5 °C/min as the heating rate. The green density of as-pressed pellets was 2.09 and 2.40 g/cm3 for 0.5Bi and 2Bi, respectively, corresponding to approx. 30% of the theoretical density (i.e., a rather low value). On the contrary, the relative densities of the sintered pellets were about 93% and 96% for 0.5Bi and 2Bi, respectively. Therefore, despite the rather low green densities, very high final densities have been achieved by sintering them at a relatively low temperature, especially for the sample 2Bi. These results strongly suggest that Bi acted as a very efficient sintering aid.



Two exemplary micrographs of the sintered samples are shown in Figure 3, confirming the high value of their measured densities. Both samples own very similar microstructures, showing a good level of densification, especially for the sample 2Bi. In fact, only a small amount of microporosity located at the grain boundaries can be noticed in sample 2Bi. The grain structure appears well-homogeneous for both the samples, with the presence of equiaxed grains, whose size is in the order of some hundreds of nanometers (the average grain size is 280 nm and 250 nm for 0.5Bi and 2Bi, respectively) as it can be evaluated in the two insets at higher magnification reported in Figure 3.



As stated above, the presence of the Bi sintering aid is the key factor to obtain these very good microstructures. However, when additives are used, it can be useful to study their distribution over the surface of the material, since an inhomogeneous presence of them, as for example, their accumulation along the grain boundaries, could impair the physical properties (especially the electrical properties). Thus, a mapping of the chemical elements’ distribution, obtained by EDS, was carried out for the best sample, i.e., 2Bi, and the corresponding results are shown in Figure 4. Bi is represented by yellow spots, Ce by fuchsia spots, Gd by cyan spots and O by light green spots. The homogeneous distribution of all the elements is evident (see Figure 4b). In addition, for sake of clarity, the distribution of only Bi is displayed in Figure 4c. These observations clearly suggest that no phase segregation occurred upon the sintering step. Therefore, it is inferred that the microstructure of the sintered samples is nearly ideal for obtaining very good electrochemical properties, especially for sample 2Bi.



Then, electrochemical properties of both sintered samples were investigated. Impedance data were analyzed using an equivalent circuit with three-sub circuits joined together in series representing the electrode (Rel-CPE), the grain interior (Rb-CPE), and the grain boundary (Rgb-CPE) contributions. CPE is the constant phase element, corresponding to a variable capacitance value, while the resistances Rb, Rgb, and Rel are the bulk, grain boundary, and electrode resistances, respectively. The three resistances are used to estimate the total conductivity based on the shape of the Nyquist plot and the geometrical dimensions of the electrolyte. Two representative examples of Nyquist plot, at 750 °C and 400 °C, for the 0.5Bi and 2Bi are reported in Figure 5.



At high temperature (800–550 °C), the response is characterized only by the electrode contribution (see Nyquist plots in Figure 5a) because bulk and grain boundaries are too weak to be analyzed and the model fits the impedance data with a simple circuit, L·Rt·(Rel-CPE), where Rt corresponds to the total internal resistance and L is the instrumental inductance, if any.



The total conductivity values are illustrated in Figure 6a as a function of temperature. Data cannot be fitted with a single straight line due to the presence of a change in the slope for the occurrence of grain boundary contribution around 500 °C. Not surprisingly, conductivity increases with bismuth content, very likely due to better densification and larger amounts of oxygen vacancies. The improvement in the total conductivity is clearly evident in the low-temperature regime (500–200 °C) where grain boundary contribution can be detected as visible in the Nyquist plots of Figure 5b. In this temperature range, the grain boundary conductivity of 2Bi is more than two times higher than 0.5Bi until 400 °C and one order of magnitude higher at 200–300 °C. The effective grain boundary conductivity was calculated according to the following equation:


   σ  G B   e f f     =  s   R  G B   ·  A  e l      



(4)




where s is the electrolyte thickness, RGB is the resistance at grain boundary, and Ael is the electrode area.



As visible in Figure 6, the activation energy in the grain boundary region decreases with bismuth content indicating an improvement of the total conductivity. The values of total conductivities and the activation energies are summarized in Table 3.



Finally, we verified if the microstructure of samples were not impaired after long-run operations. Therefore, a prolonged thermal treatment at 700 °C for 100 h was carried on 2Bi sintered pellet, and its microstructure along with Bi distribution was analyzed again. The corresponding SEM micrographs are presented in Figure 7a,b.



The morphology of the sample is very similar to the one showed by the sample 2Bi in Figure 3, thus indicating that the grain growth, due to the prolonged thermal treatment, is minimal, being the average grain size about 270 nm, only slightly higher than the one corresponding to sample 2Bi in Figure 3 (250 nm). Furthermore, the Bi distribution (indicated by yellow spots) has not been altered.



Based on the reported results, it can be concluded that the presence of a small amount of Bi speeded up the sintering process of ceria-based electrolytes in a significant way, so that a very good densification can also be achieved at a reduced sintering temperature, i.e., 1250 °C (with Bi equal to 2 mol %), without impairing neither their microstructure nor their electrochemical properties, even after very prolonged thermal treatments, simulating SOFCs long run operations. The EDS microanalysis suggests that there is no segregation or a solubility limitation of Bi in the co-doped solid solution with Ce and Gd oxides for the amounts investigated giving, therefore, a piece of important evidence with respect to the reported literature in this field where solubility limits were detected for lower equivalent contents of Bi, but adopting inefficient or not optimized synthesis routes.




3. Materials and Methods


Bismuth-doped ceria nanopowders were synthesized via one-step sol-gel combustion synthesis starting from high purity precursors of cerium nitrate hexahydrate (Ce(NO3)3∙6H2O, >99.0% purity) and gadolinium nitrate hexahydrate (Gd(NO3)3∙6H2O, >99.0% purity). Citric acid monohydrate (C6H8O7∙H2O, >99.0% purity) was used as a complexing agent. Additional details of the synthesis conditions are reported elsewhere [32]. After the dissolution of these precursors in a limited amount of water, the amounts corresponding to the 0.5 and 2 mol % of bismuth nitrate (Bi(NO3)3∙5H2O, >99.0% purity) were directly added at this stage before starting the sol-gel reaction to reduce the synthesis time and to promote the molecular mixing of all precursors. The as-obtained powders were calcined at 600 °C in air for 2 h before the subsequent characterizations. All reagents were purchased from Sigma Aldrich (St. Louis, MO, USA) and used as received, without any further purification.



The crystalline nature of the as-prepared powders and calcined samples were ascertained by X-ray diffraction using a Miniflex II, (Rigaku Co diffractometer, Seoul, South Korea) (Cu Kα radiation, 2θ range 20–90°). To evaluate the formation of additional phases and the stability of crystal structure, the synthesized powders were firstly thermally treated at 700 °C for 100 h and then characterized by XRD analysis. This calcination temperature was selected being it the standard operating temperature of IT-SOFCs. The lattice parameters and the crystal size were calculated by Rietveld refinement by using MAUD suite [36].



The samples calcined at 600 °C were uniaxially pressed at 200 MPa in a 15 mm-diameter stainless steel mold and then sintered at 1250 °C in air by using 5 °C/min as the heating rate to obtain dense pellets with a diameter of approx. 10 mm and variable thicknesses, depending on sintering behavior and final shrinkage. The relative densities of both green and sintered pellets were determined through Archimedes’ principle by using a hydrostatic balance.



Morphology, grain size, and distribution of the various elements were analyzed by SEM (Inspect F, FEI Co., Hillsboro, OR, USA USA) coupled with an EDS analyzer. Average grain size of the various sintered samples were estimated by using the average grain intercept method.



The electrochemical properties of the sintered pellets were measured by using a frequency response analyzer (FRA, Solartron 1260) (Ametek, UK) coupled with a dielectric interface (Solartron 1296) in a frequency range between 0.1 Hz and 1 MHz, AC voltage amplitude of 10 mV, and in the temperature 800–200 °C.




4. Conclusions


Nanosized particles of Gd and Bi co-doped ceria were synthesized via a cheap and simple sol-gel combustion process. Both Bi and Gd are entirely and homogeneously dissolved into ceria fluorite-like structure, forming an equilibrium phase, so that also after very prolonged thermal treatment, no Bi-related phase transformation occurred. Moreover, the presence of Bi eased the sintering process allowing achieving very good densification levels (relative density equal to 96% for the sample containing 2 mol % of Bi) by firing the obtained pellets at 1250 °C for 3 h. The electrochemical properties of the sample 2Bi within the range 550 °C–800 °C indicate that this electrolyte is suitable for applications in IT-SOFC (1.1 × 10−2–1.1 × 10−1 S/cm). Finally, we demonstrated that also for the sintered pellets no phase transformations occurred as a result of prolonged thermal treatments at 700 °C.



Definitely, we proved that by adding a small amount of Bi to gadolinium-doped ceria ceramics it is possible to obtain an equilibrium solid solution with the fluorite-like matrix, at the same time remarkably improving sinterability and electrochemical properties.
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Figure 1. Diffraction patterns of the as-synthesized samples (the inset showing a magnification of spectrum main peak). 
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Figure 2. (a) Diffraction patterns of samples calcined at 600 °C for 2 h; (b) diffraction patterns of samples calcined at 700 °C for 100 h (insets showing magnifications of the spectra main peak). 
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Figure 3. SEM micrographs of samples 0.5Bi and 2Bi sintered at 1250 °C for 3 h. 
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Figure 4. Elements mapping by EDS of sample 2Bi sintered at 1250 °C for 3 h: (a) area of the sample, (b) mapping of all elements and (c) mapping of Bi. 
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Figure 5. Nyquist plots of the sintered samples (a) 750 °C; (b) 400 °C. The different shape of the spectra requires two different fitting circuits. 
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Figure 6. Arrhenius plots from EIS spectra of the sintered samples: (a) total conductivity (800–200 °C); (b) grain boundary conductivity (500–200 °C). 
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Figure 7. (a) SEM micrograph and (b) Elements mapping by EDS of sample 2Bi sintered at 1250 °C for 3 h after exposure for 100 h at 700 °C. 
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Table 1. Synthesized samples, composition, and Bi content.
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	Sample
	Composition
	Bi (mol %)





	0.5Bi
	Bi0.005Ce0.796Gd0.199O1.898
	0.5



	2Bi
	Bi0.02Ce0.784Gd0.196O1.892
	2
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Table 2. Lattice parameter and crystal size of calcined samples.
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	Sample
	Calcination Temperature
	Lattice Parameter a (nm)
	Crystal Size (nm)





	0.5Bi
	600 °C
	0.54284(5)
	18.7(2)



	2Bi
	600 °C
	0.54274(4)
	19.6(2)



	0.5Bi
	700 °C
	0.54270(2)
	50.9(4)



	2Bi
	700 °C
	0.54262(2)
	43.3(3)
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Table 3. Total conductivities (σ) and activation energies (Ea).
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	σ/Ea
	0.5Bi
	2Bi





	Ea(T ≤ 500 °C) (eV)
	0.63
	0.61



	Ea(T ≥ 500 °C) (eV)
	0.79
	0.76



	Ea(gb) (eV)
	1.49
	0.97



	σ(400 °C) (S·cm−1)
	1.62 × 10−4
	4.86 × 10−4



	σ(500 °C) (S·cm−1)
	2.12 × 10−3
	3.62 × 10−3



	σ(550 °C) (S·cm−1)
	6.65 × 10−3
	1.10 × 10−2



	σ(600 °C) (S·cm−1)
	1.29 × 10−2
	1.99 × 10−2



	σ(650 °C) (S·cm−1)
	2.33 × 10−2
	3.37 × 10−2



	σ(700 °C) (S·cm−1)
	3.80 × 10−2
	5.39 × 10−2



	σ(750 °C) (S·cm−1)
	5.87 × 10−2
	7.81 × 10−2



	σ(800 °C) (S·cm−1)
	8.11 × 10−2
	1.10 × 10−1
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