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Abstract

:

In this study, nickel oxide–Y2O3-doped ZrO2 (NiO-YSZ) composite powder as an anode material was synthesized using a cost-effective combustion method for high-temperature solid oxide fuel cell (SOFC). Further, the effects of sintering temperatures (1200, 1300, and 1400 °C) were studied for its properties in relation to the SOFC performance. The prepared and sintered NiO-YSZ materials were characterized for their surface morphology, composition, structure, and conductivity. The cubic crystalline nature of NiO and YSZ was sufficed by X-ray diffraction, and SEM images revealed an increase in the densification of microstructure by an increase in the sintering temperature. EDX spectrum confirmed the presence of nickel, yttrium, and zirconia without any impurity. Conductivity measurements, under a hydrogen environment, revealed that NiO-YSZ, sintered at 1400 °C, exhibits better conductivity compared to the samples sintered at lower temperatures. Electrochemical performance of button-cells was also evaluated and peak power density of 0.62 Wcm−2 is observed at 800 °C. The citrate combustion method provided peak performance for cells containing anode sintered at 1200 °C, which was previously reported at higher sintering temperatures. Therefore, the citrate combustion method is found to be a suitable route to synthesize NiO-YSZ at low sintering temperature.
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1. Introduction


Natural resources include oil, coal, natural gas, fossil fuel, etc., are being consumed to fulfill the world’s increasing energy requirements. Customary fossil fuels are also counted as the main energy sources. However, there are critical environmental problems like water, air, and land pollution because of the non-renewable nature associated with fossil fuels. To fulfill the energy needs and tackle environmental issues, fuel cells can serve the purpose of being a clean, efficient, and sustainable energy source [1,2,3].



A fuel cell produces electrical energy from the chemical energy with higher efficiency and zero-emission. Solid oxide fuel cells (SOFCs) are preferred because of their higher efficiency, environment-friendly nature, internal reforming process, easy maintainability, excellent reliability, size and fuel flexibility, production of heat and power, etc. [4,5]. In most SOFCs, high temperatures (800–1000 °C) are a requisite for complete oxidation along with the chemical degradation and limitation of material selection, etc., as drawbacks. Reducing its operating temperature (600–800 °C) can affect the cost, stability, and choice of materials. Anode, cathode, and a dense electrolyte sandwich between electrodes are main constituents of SOFC [6,7]. An anode should exhibit high ionic and electronic conductivity, sufficient porosity, chemical stability, and suitable triple phase boundary (TPB), etc. The electrolyte is not susceptible to corrosion, because all the components of a SOFC are in the solid phase. Due to this advantage, it can be used as a portable electric generator in many disciplines such as cogeneration power plants, auxiliary power supplies, train and ship engines, distributed power supplies, etc. [6,8,9].



Nickel based anode materials are frequently used because of their better electronic and ionic conductivity, good catalytic activity, and cost-effectiveness. In the case of NiO (nickel oxide)–YSZ (Y2O3-doped ZrO2, yttria-stabilized zirconia) based anode, nickel (after reduction) can easily oxidize different chemicals used as fuel, such as hydrocarbons, hydrogen, etc., and is responsible for the electronic transport to the external circuit [10,11]. The YSZ material not only supports the nickel particles but also takes part in ionic conduction and thermal expansion and is used to produce a proper networked structure necessary for the catalytic activity [12]. NiO, after reduction into Ni metal, plays a vital role to determine the structure and electronic conductivity of the anode. Sometimes periodic nucleation of metallic clusters takes place during the reduction of NiO in the hydrogen atmosphere. These clusters further develop into crystallites at an approximately linear rate. NiO reduction to Ni increases the porosity of the material, and as a result the solid volume reduces. After reduction, the cermet anode material consists of three interconnected phases: YSZ, nickel, and porosity. Here, porosity is an important factor for the diffusion of gas towards the triple-phase boundary and is significant for the SOFC overall performance [13]. At triple-phase boundary Ni, YSZ and gas interact with each other. For low nickel contents, the electronic conductivity will be very low and if its concentration is high then nickel aggregation occurs, causing a decrease in porosity, affecting the performance at the TPB. Therefore, the concentration of nickel must be in an appropriate range to avoid a mismatch of electrolyte and anode [14]. The total conductivity of NiO-YSZ anode is electronic owing to the proper arrangement of both NiO and YSZ phases. The electrical conductivity Ni(after reduction) is five times greater compared to ionic conductivity of the YSZ [15].



NiO-YSZ based anode materials are well known because of high porosity, high ionic and electronic conductivity, thermal expansion compatibility with other SOFC materials, and structural stability. The thermal expansion coefficient lies near the YSZ electrolyte, which improves performance by increasing the TPB [6,16]. When the Ni-YSZ based cermet anode (after reduction) comes in contact with the hydrocarbon fuel, then issues like carbon deposition, contamination, etc. also arise. The effect of aging on 40, 50, and 60 wt.% of Ni in 8 mol% YSZ after 500 h of heating has been studied, and it was found that only 40 wt.% Ni-YSZ exhibited a loss of metallic conductivity. In addition, through the sintering process, it has been noticed that electrical conductivity was not affected by the aging process [17].



Different synthesis routes have been employed to synthesize the NiO-YSZ anode, such as the modified glycine-nitrate, ball milling, hydrothermal, sol-gel technique, and mechanochemical route, etc. [16,18,19]. The main advantage of these synthesis approaches is that they produce a uniform nanostructure with high porosity without the need for a reformer. Hence, the choice of synthesis technique can shape the microstructure, mechanical, and electrical properties of the desired anode material. NiO-YSZ, when prepared by both mechanochemical and sol-gel methods, shows that the sol-gel route is superior for achieving a better crystalline structure, small size crystallite, high specific surface area, and uniform distribution of particles [18].



To date, a variety of methods are being used to produce NiO-YSZ material for SOFC applications. The purpose of this work is to highlight the combustion method as an easy, fast, and cost-effective method to synthesize NiO-YSZ material as a SOFC anode. Sintering is also performed at 1200, 1300, and 1400 °C to generate the desired structure-based effects necessary to improve the performance of SOFCs. Investigations over the crystal structure, surface morphology, thermal behavior, conductivity, and electrochemical performance of the prepared material are presented in this report. The electrochemical performance of NiO-YSZ synthesized by auto-combustion was studied.




2. Experimentation


The auto-combustion route was employed to synthesize the NiO-YSZ as anode material. Precursors, zirconium oxynitrate hydrate (99%, Sigma), nickel nitrate hexahydrate (99.99%, Sigma), yttrium nitrate hexahydrate (99.8%, Alfa Aesar), and citric acid (>99%, Sigma) were procured from Sigma-Aldrich and used without further treatment. The yttrium nitrate hexahydrate and zirconium oxynitrate hydrate were dissolved in distilled water and stirred for 30 min at 80 °C to form a homogenous mixture. An aqueous solution of nickel nitrate hexahydrate was added in this solution and stirred for 30 min for homogenization. Citric acid was added as a chelating agent into the prepared homogenized solution. The gel was formed under continuous heating and stirring. On further heating, this gel was burnt due to auto-ignition and combusted powder was obtained. The hypothesized chemical reaction between these materials is described as:


     x  [  2  {  Y    (    NO  3   )   3  · 6  H 2  O  }   ]  + y  [   ZrO       (    NO  3   )   2  · x  H 2  O  ]  + 3  [  Ni    (    NO  3   )   2  · 6  H 2  O  ]  +      C   6   H 8   O 7        →      Y   2    ZrO  5  + 3 NiO + 9  N 2  + 15  O 2  + 6   CO  2  + 30 x  H 2  O .     



(1)







The combusted powder was dried at 150 °C. The dried powder was grinded and sintered at 1200, 1300, and 1400 °C for 4 h. The obtained powder was then compacted into the pellet form using a hydraulic press at 200 MPa. The flow chart of the synthesis of NiO-YSZ is given in Figure 1.



Structural investigations of synthesized NiO-YSZ powder were done by X’pert pro super Diffractometer (Philips, Amsterdam, Netherland). The calculation of crystallite size was done through Bragg’s peak analysis using the Debye-Scherer formula [20],


  D =   K   λ   β  cos    θ   ,  



(2)







Energy dispersive analysis was used to find elemental composition. Scanning electron microscopy, S-3000H (HITACHI, Tokyo, Japan) was used to examine the surface morphology.



Thermal analysis was performed by TA TGA Q500 (TA Instruments, New Castle, DE, USA). The electrical conductivity was observed through the four-probe method. The electrical conductivity was calculated by


  σ =  L  R × A   ,  



(3)







The Arhenius equation was employed to determine the temperature dependent conductivity and is given as [21]


  σ =  A T  exp  (  −    E a    K × T    )  .  



(4)







Cell Fabrication


The electrochemical performance of NiO-YSZ material as an anode, sintered at 1200, 1300, and 1400 °C, was assessed by fabricating three button cells using a hydraulic press. LSM-YSZ and YSZ were used as the cathode and electrolyte materials, respectively. The fabricated cells were sintered for 30 min at 850 °C. Humidified hydrogen (100 mL/min) was used as a fuel and the air was used as an oxidant at the cathode side.





3. Results and Discussion


3.1. Structural Analysis


The diffraction pattern of NiO-YSZ is shown in Figure 2. The Bragg peaks (111), (200), (220), (311), and (222) correspond to the YSZ and (111), (200), and (220) attributed to the crystalline NiO. Diffraction profile analysis confirms single-phase cubic structures of YSZ and NiO by comparing them with the JCPDS card nos. 30-1468 and 01-1239, respectively. The existence of individual peaks of YSZ and NiO and the absence of secondary phases in the diffractogram show that no chemical reaction takes place during synthesis. There is no peak shifting, and therefore the cell volume remains unchanged upon doping.



It is clear from the diffractogram that peaks of YSZ and NiO become more and more intense with the increase in sintering temperature. Hence, the small peak widths are attributed to the improved crystallinity, which is necessary for the enhanced performance of the NiO-YSZ anode-based cell. The crystallite size may increase due to grain growth by heat treatment [22,23]. Crystallite sizes of YSZ and NiO are listed in Table 1.




3.2. Morphology of NiO-YSZ


Figure 3a–c represents the SEM micrographs of NiO-YSZ anode for use in SOFC. A porous structure can be seen in the SEM micrographs shown in Figure 3a. A dense structure with large open pores is presented in Figure 3b, whereas a denser and compact structure is shown in Figure 3c. The comparison shows that the increased sintering temperature caused densification of the material because of increased agglomeration of NiO-YSZ particles. Therefore, an increase in crystallinity along with coarsening of grains leads to better anode performance. A decrease in porosity causes an increased polarization resistance, hence, with decreased porosity, the cell performance decreases [24].



In the prepared NiO-YSZ, it can be seen that the grain growth, which already started at 1200 °C, continues during sintering treatment till 1400 °C. At 1400 °C, maximum agglomeration of particles has been achieved, and above 1400 °C YSZ material sintering is stopped [25]. Moreover, with increased crystallization during the sintering process, smaller NiO-YSZ particles agglomerate together by getting in contact and stay to form larger particles through extended suitable crystalline orientations, which results in a crystal growth.




3.3. EDX Analysis


Figure 4 depicts the EDX spectrum of NiO-YSZ as an anode material. The EDX spectrum confirms nickel, oxygen, zirconium, and yttrium in the prepared samples. The average elemental composition of zirconium, yttrium, and nickel is 32%, 3%, and 56%, respectively. The presence of nickel and zirconium is also indicated by the XRD analysis. The remaining percentage corresponds to the presence of oxygen due to oxides formation.




3.4. Thermal Analysis


Thermal analysis of NiO-YSZ, as an anode for SOFC, is presented in Figure 5 to investigate the weight loss and stability during the working of the SOFC device at later stages. The weight loss can be noticed between 30 °C to 800 °C in different regions. The overall weight loss is 16%. In region A (30–400 °C), the loss of weight was because of the evaporation of water, nitrates, and hydroxide. In region B (400–700 °C), the straight line shows that no chemical reaction takes place during this range and in region C (720–800 °C). The decomposition of carbonates caused weight loss [22,26,27].




3.5. Conductivity Measurements


Electronic conductivity measurements of NiO-YSZ cermet, sintered at 1200, 1300, and 1400 °C under the hydrogen atmosphere, are shown in Figure 6. The linear behavior in all three specimens is according to the Arrhenius Equation (4). The Arrhenius plot shows that the conductivity decreased as the temperature increased, which is ascribed as the electronic conductivity of nickel-metal [28]. On the other hand, YSZ is responsible for ionic conductivity. Both Ni and YSZ together govern the net conduction process during the operation of SOFC. The impedance contribution due to the ionic conduction of YSZ also increases with the increased temperature [29].



The SEM analysis proves that an increased sintering temperature formed a dense structure of the anode, which resulted in a decrease in its electronic conductivity. It is also well-known that with the increase in temperature, above 1400 °C, the further grain-growth stops, and grain boundary diffusion increases. This leads to an increase in the length of the TPB [30]. Therefore, the specimen at 1400 °C exhibits high conductivity, which can be attributed to the large triple-phase boundary and minimum polarization resistance. Moreover, the development of the consistent morphology of NiO-YSZ’s material is due to the NiO-grains surrounded by the well-distributed YSZ-grains. This further resulted in the formation of a network-structure of NiO-grains, which facilitates the flow of current with stability during the operation of SOFC. The activation energies for the samples sintered at 1200, 1300, and 1400 °C are 0.398 eV, 0.365 eV, and 0.161eV, respectively. The lowest activation energy is observed for the sample sintered at 1400 °C.




3.6. Electrochemical Performance


Figure 7 shows the electrochemical performance of three-button cells having NiO-YSZ as an anode at 800 °C using H2 as fuel and air as an oxidant at the cathode side. Cells having NiO-YSZ as the anode sintered at 1200, 1300, 1400 °C show peak power densities of 0.44, 0.54, and 0.61 Wcm−2 with an open-circuit voltage (OCV) of 0.92, 0.91, and 0.9 V, respectively. It can be observed that cells having NiO-YSZ as the anode sintered at 1400 °C show the highest power density, at 0.61 W/cm2 with 0.9 V OCV. The NiO-YSZ material sintered at 1400 °C, exhibited a fine and dense structure compared to other samples, also evident from the corresponding SEM micrographs. In addition, the electrical performance is high for the material sintered at 1400 °C.



It is well-known that Ni sinters very easily at temperatures around 1000 °C, but at SOFC-operating temperature the dispersed grains of YSZ on the Ni-surface (after reduction of NiO), do not allow it to become sintered [30]. Therefore, the NiO-YSZ specimen developed at 1200 °C with porous structure delivered a better triple-phase boundary for reaction during SOFC performance. The low value of OCV may be attributed to the potential leakage of gases across the electrolyte due to the existence of any pinhole in the thin electrolyte, as also highlighted elsewhere. Additionally, low OCV may also be a result of lack of gas equilibration in the microporous structures of the electrodes, as pointed out by a group of researchers [31,32].





4. Conclusions


NiO-YSZ was synthesized by the facile combustion method and sintered at 1200, 1300, and 1400 °C. It has been observed that sintering temperatures highly affect the morphology, crystallite size, and conductivity of the end specimens. NiO and YSZ crystallize with cubic symmetry and no secondary phase is observed with improved crystallinity at 1400 °C. The presence of yttria, zirconium, and nickel has been confirmed by EDX and the porous morphology of NiO-YSZ, observed in SEM analysis, was reduced as the temperature increased. The weight loss in the material was 16% for 30–800 °C. The maximum electrochemical performance and power density were achieved for SOFC by sintering the NiO-YSZ anode material at 1200 °C due to its appropriate density, allowing the enhanced electronical reaction at a triple phase boundary.
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Figure 1. Flow chart of the synthesis of NiO-YSZ. 
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Figure 2. X-ray diffraction pattern of NiO-YSZ anode material sintered at different temperatures. 
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Figure 3. Surface morphology of NiO-YSZ material sintered at (a) 1200 °C, (b) 1300 °C, and (c) 1400 °C. 
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Figure 4. EDX spectrum of pre-sintered NiO-YSZ anode material. 
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Figure 5. Thermal analysis of the NiO-YSZ anode material. 
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Figure 6. Arrhenius plot of NiO-YSZ anode material sintered at different temperatures. 
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Figure 7. Electrochemical performance of Ni-YSZ cermet at 800 °C. 
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Table 1. Crystallite size of NiO and YSZ at different sintering temperatures.
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Anode Material

	
Crystallite Size




	
1200 °C

	
1300 °C

	
1400 °C






	
NiO

	
12.6 nm

	
17.94 nm

	
32.33 nm




	
YSZ

	
13.66 nm

	
21.38 nm

	
39.03 nm
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