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Abstract:



Solid oxide fuel cells (SOFC) have the advantage of being able to operate with fuels other than hydrogen. In particular, liquid fuels are especially attractive for powering portable applications such as small power generators or auxiliary power units, in which case the direct utilization of the fuel would be convenient. Although liquid fuels are easier to handle and transport than hydrogen, their direct use in SOFC can lead to anode deactivation due to carbon formation, especially on traditional nickel/yttria stabilized zirconia (Ni/YSZ) anodes. Significant advances have been made in anodic materials that are resistant to carbon formation but often these materials are less electrochemically active than Ni/YSZ. In this review the challenges of using liquid fuels directly in SOFC, in terms of gas-phase and catalytic reactions within the anode chamber, will be discussed and the alternative anode materials so far investigated will be compared.
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1. Introduction: Principles, Typical Materials and Applications


This paper is an overview of the direct utilization of alternative liquid fuels in solid oxide fuel cells (SOFC) and of the anode material requirements to successfully operate with these fuels. There are eight sections in this paper that describe SOFC in general, different SOFC operating modes, liquid fuel candidates for SOFC applications, thermodynamics of direct utilization of the fuels, kinetics in the anode compartment, survey of suitable anode materials, direct utilization of methanol and ethanol, and the way forward.



Fuel cells are electrochemical devices in which the chemical energy of a fuel is converted directly into electrical energy. There are several types of fuel cells that are classified according to the type of electrolyte and operating temperature. Solid Oxide Fuel Cells (SOFC) are high temperature (600–1,000 °C) fuel cells that employ a solid ion-conducting electrolyte. SOFC are the most efficient among all fuel cells [1], and operate according to the principle shown in Figure 1. The basic components of a solid oxide fuel cell are: electrolyte, anode, cathode, interconnects, and an electric circuit connected to an external load. The electrolyte is in contact with the porous electrodes where the electrochemical reactions are carried out. At the cathode, oxide ions (O2-) are formed by oxygen reduction. The oxide ions migrate through the electrolyte to the anode where they oxidize the fuel molecules producing electrons, which, in turn, flow to the cathode through the external circuit. The final products of this process depend on the fuel used but are typically electricity, water, carbon dioxide, and heat. The latter being produced by the irreversible losses. The electrochemical reactions occur within 10 to 20 μm from the electrolyte/electrode interface, in a zone defined as the functional layer [1]. The external part of the electrode, called the conduction layer, serves as the electron collector. The electrodes are porous to allow gas transport to the reaction sites, whereas the electrolyte and interconnects are dense to separate oxidant from fuel.


Figure 1. Schematic of a SOFC operating with hydrogen as the fuel.
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Several materials have been considered for the electrolyte [2], including: yttria-stabilized zirconia (ZrO2 + 8 mol% Y2O3, YSZ), which is the preferred electrolyte for high temperatures (800–1,000 °C); samarium doped-ceria (Sm0.2Ce0.8O2-δ, SDC) or gadolinium doped-ceria (Gd0.1Ce0.9O2-δ, GDC) for intermediate and low temperature SOFC [2]; and lanthanum gallate doped with strontium and magnesium (La0.8Sr0.2Ga0.8Mg0.2O3-δ, LSGM).



Most SOFC cathodes are perovskite-type oxides. Strontium-doped lanthanum manganite (La0.8Sr0.2MnO3-δ, LSM) is the cathode of choice for high temperatures. Because of the low ionic and electronic conductivity of LSM below 800 °C, other cathodic materials are considered for lower temperatures, such as strontium-doped lanthanum ferro-cobaltite (La0.7Sr0.3Fe0.4Co0.6O3-δ, LSFC), and strontium-doped barium ferro-cobaltite (Ba0.5Sr0.5Fe0.2Co0.8O3-δ, BSFC) [3,4,5,6]. Many lanthanum-based compounds react with YSZ forming an insulating layer of La2Zr2O7 [1] but this problem can be prevented by using, for example, a ceria-based interlayer [7,8].



Since the early stages of development of SOFC, the preferred anode material has been a composite of nickel and YSZ (Ni/YSZ cermet), which provides excellent performance and good stability in H2 [9,10]. The presence of YSZ provides ionic conductivity to the cermet extending the sites for the electrochemical reaction, and lowers the coefficient of thermal expansion improving the compatibility with the electrolyte. Furthermore, the presence of YSZ inhibits the sintering of Ni during operation, improving stability [2]. The composition and the microstructure of the electrode are the key factors in achieving high electronic and ionic conductivities, and high electrochemical activity. In the conventional Ni/YSZ anode, Ni has two main functions: catalyzing the oxidation of H2 and conducting electrons. Lab tests of single button cells in humidified hydrogen at 800 °C (Ni/YSZ|YSZ|LSCF) (This notation indicates the material composing the cell in the following order: Anode | Electrolyte | Cathode.) have demonstrated power densities up to 1.8 W/cm2 at 800 °C [11,12]. In comparison, the power density per unit area for 2 kW planar anode-supported SOFC stacks (Ni/YSZ|YSZ|LSM) operated on reformate H2 is estimated to be between 0.3 and 0.4 W/cm2 [1].



Despite numerous advantages, the Ni-YSZ anode has three main disadvantages. The first is sulfur poisoning, which occurs after exposure at 1,000 °C to fuels containing as little as 1 ppm H2S, and less than 50 ppb at 750 °C [1]. Reformate H2 requires desulfurization, even if obtained from low-sulfur containing fuels [13]. HCl is another strong poison for Ni/YSZ anodes and irreversible poisoning occurs for exposures above 200 ppm [9]. The second disadvantage of Ni/YSZ is the mechanical instability caused by redox cycling. Ni-YSZ anodes are prepared by reduction of nickel oxide (NiO), but re-exposure to air, especially at high temperatures, causes the modification of the microstructure as a consequence of the volume increase from Ni to NiO. These phase changes during the redox cycling generate internal stress in the structure leading to cracks and possibly delamination [14]. The last disadvantage of Ni/YSZ anodes is the susceptibility to carbon formation. Although Ni has excellent catalytic properties for reforming natural gas, exposure to hydrocarbons can result in performance loss and irreversible microstructural damage. The problem of carbon formation will be discussed in detail later. Some of the shortcomings of the Ni/YSZ anode can be mitigated by an appropriate system design, and by the selection of specific operating conditions.



SOFC were traditionally developed for stationary power generation with power outputs greater than 5–10 kW [1]. For stationary applications the SOFC can be easily integrated with desulfurization and reforming units, and slow startup is not a major issue. Thus, Ni/YSZ is a suitable anodic material with H2 and synthesis gas as the preferred fuels. The high operating temperature allows fuel versatility through the direct utilization of other hydrocarbons in SOFC. In fact, the recent trends in the development of SOFC focus on the use of available hydrocarbon fuels, and the reduction of the operating temperature below 600 °C, which is still compatible with operating on non-hydrogen fuels. The alternative fuels that have been considered for SOFC include propane, gasoline, diesel, methanol, and ethanol.




2. SOFC Operating Modes with Hydrocarbon Fuels


Four different modes are possible when a SOFC is fuelled with hydrocarbon fuels. These modes are external reforming, internal reforming, partial oxidation, and direct utilization. In the first three cases the purpose is to completely convert the fuel into synthesis gas that is afterward electrochemically oxidized. The processes of production of synthesis gas are classified into steam reforming, dry reforming, partial oxidation and auto-thermal reforming, according to the type of oxidants used.



Steam reforming of a generic alkane is represented by reaction (1). The CO produced can react further producing H2 by the water-gas shift (WGS) reaction (2).


CnH2n+2 + n·H2O → n·CO + (2n + 1)·H2



(1)






CO + H2O → CO2 + H2



(2)







The steam reforming reaction is highly endothermic (e.g. for CH4 ΔHr = 205.84 kJ/mol), while the WGS is moderately exothermic (ΔHr = −41.17 kJ/mol). Both reactions require a catalyst. On the Ni/YSZ anode, the coupling of the fast endothermic reforming reaction with the sluggish exothermic electrochemical oxidation can generate severe instabilities. An excess of steam is typically required to prevent carbon deposition by promoting the WGS reaction and reducing the partial pressure of CO.



In dry reforming, also called CO2 reforming, CO2 reacts with the hydrocarbon according to reaction (3):


CnH2n+2 + n·CO2 → 2n·CO + ½·(2n + 2)·H2



(3)







At high temperatures, dry reforming is even more endothermic than steam reforming (e.g. for CH4 ΔHr = 246.97 kJ/mol), and an excess of CO2 can promote carbon deposition but, on the other hand, CO2 is much easier to handle than steam. Both steam and dry reforming are problematic in the case of low power output, because there is not enough heat produced to sustain the reaction, and during the start-up.



Partial oxidation (POX) uses air or oxygen to reform hydrocarbons according to the following equation:


CnH2n+2 + ½·n·O2 → n·CO + (n + 1)·H2



(4)







This reaction is moderately exothermic (e.g. for POX of CH4 ΔHr = −36.01 kJ/mol compared to ΔHr = −802.62 kJ/mol for total oxidation) and couples well with the electrochemical oxidation. Part of the fuel energy is lost because the reaction is exothermic, which lowers the efficiency of the system. In addition, catalysts don’t tend to have a high selectivity for H2 and CO and high resistance to carbon deposition. Nevertheless, partial oxidation reforming is suitable for small-scale portable applications where system simplicity and rapid start-up rather than system efficiency are crucial factors.



Auto-thermal reforming integrates steam reforming with partial oxidation. In auto-thermal reforming both air and water (and partly CO2) react with the fuel according to Equations (1) to (4). Auto-thermal reforming requires a simpler design than steam reforming, has higher system efficiency than partial oxidation, and can be used to take an SOFC from zero power to operation at full load.



In typical SOFC, the reforming step is done after the desulphurization using an external unit (Figure 2a). This type of design is known as external reforming SOFC, and is convenient for large-scale stationary systems with combined heat and power generation. For small-scale applications and particularly for portable systems, however, the complexity and size of the overall system can be reduced by eliminating the external reformer and annex units [15], and reforming the fuels inside the stack. This type of design is known as internal reforming and uses the waste heat generated by electrochemical oxidation and other non-reversible processes to offset the heat requirements of the reforming reactions.


Figure 2. Schematic of (a) external reforming SOFC, (b) indirect internal reforming SOFC, and (c) direct internal reforming SOFC.
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Internal reforming can be achieved either indirectly (Figure 2b), using a dedicated reforming catalyst inside the SOFC stack, or directly on the Ni/YSZ anode (Figure 2c). The indirect internal reforming (IIR-SOFC) requires ‘catalyzed hardware’ in which the surfaces of the flow channels in the anode compartment are covered by a thin layer of the reforming catalyst [16]. Indirect internal reforming is simpler and less costly than external reforming, but it can be difficult to adjust the reforming reaction to the electrochemical oxidation so that the majority of the fuel is converted into synthesis gas without residual fuel reaching the anode. The advantage in IIR-SOFC is that the reforming catalyst can be used in ultra-dispersed form, in which case noble metals can be economically competitive. The problems of IIR-SOFC are the presence of temperature gradients and carbon deposition. There is also increased sintering caused by steam contacting the Ni/YSZ anodes.



Direct internal reforming (DIR-SOFC) provides the simpler and, in principle, most efficient design. In DIR-SOFC the anode must accomplish three different roles: reform the fuel, catalyze the electrochemical oxidation of H2 and CO, and provide a path for the electrons. Part of the heat generated in the functional layer by the electrochemical reactions is used to reform the fuel in the conduction layer. The presence of temperature gradients and coking are the main limitations for DIR-SOFC. Research on direct internal reforming SOFC with Ni/YSZ anode is limited almost exclusively to methane [17,18,19,20,21,22,23], with few examples of IIR-SOFC using model fuels [24,25,26].



The application of partial oxidation and auto-thermal reforming in SOFC is conceptually analogous to indirect internal reforming. Also in this case a dedicated catalyst must be used for the partial oxidation of the fuel. Only a few studies on this operating mode have been published [27,28,29].



Direct utilization of hydrocarbons in SOFC implies that the fuel is added directly to the anode without any preliminary treatment and/or the addition of an oxidant [1]. The anodic reaction can be either the electrochemical oxidation of the products formed by decomposition of the fuel or the partial electrochemical oxidation of the fuel molecules themselves. Rigorously, direct electrochemical oxidation of a hydrocarbon occurs only when all the reaction steps are electrochemical in nature (i.e. involving charge transfer). The overall electrochemical oxidation of a generic hydrocarbon can be represented by the following overall reaction:


CnH2n+2 + (3n + 1)·O2- → n·CO2 + (n + 1)·H2O + (6n + 2)·e-



(5)







Equation (5) describes only the anodic half-cell reaction (reactants and products) and not the actual electrochemical mechanism that is likely to proceed through multiple one-electron exchange steps [30]. Recently, the direct oxidation of hydrocarbons in SOFC has been the object of controversy [31,32]. While Gorte and Vohs [31,33,34,35] argued that hydrocarbons can be directly oxidized using ceria-based electrodes, according to Mogensen et al. [32], only H2 is oxidized on Ni-YSZ anodes fed with dry hydrocarbons because the oxidation of methane and other hydrocarbons is significantly slower than that of H2. Consequently, hydrocarbon cracking, reforming and WGS reactions are likely to happen at a much faster rate, producing H2 that is the actual electrochemical fuel of the SOFC. The carbon deposited by cracking will react with the water produced from the oxidation of hydrogen to give carbon monoxide and more hydrogen, which in turn can be oxidized. According to this line of reasoning [32], the terminology ‘direct oxidation’ is inappropriate, while ‘direct utilization’ that denotes only a mode of operation rather than the actual chemistry is preferred.



The reactions of steam and dry reforming on the SOFC anode remain important for the direct utilization of hydrocarbons, since the partial pressures of H2O and CO2 increase with increasing fuel consumption. Accordingly, it is likely at high current loads that the fuel molecules are reformed on the anode rather than oxidized electrochemically.



The primary problem in the direct utilization of hydrocarbons is the rapid and irreversible deactivation of the anode caused by carbon deposition. Theoretically, it is possible to remove the carbon by reaction with the oxygen ions according to reaction (6).


C(s) + 2·O2- → CO2 + 4·e-



(6)







In fact, carbon deposited near the triple-phase boundary (TPB) is removed at a certain current load when operating outside the carbon deposition boundaries, indicating that the electrochemical oxidation of solid carbon deposits could be possible [36,37,38]. Horita et al. [36] demonstrated this process of carbon removal by reaction with O2- using Secondary Ion Mass Spectrometry (SIMS) and isotopic labeling studies. However, the reversibility to poisoning from carbon deposition depends strongly on the anode materials.



The final application for the SOFC dictates the system design, the fuel, and consequently the mode of operation. External reforming of natural gas is the most convenient option for stationary applications where the volume of the system, the start-up time, and the power fluctuation are not crucial. Partial oxidation and direct utilization of a liquid fuel are suitable operating modes for those applications that require maximum power density, which is typical of military portable power generation (e.g. for radio communication, weaponry and navigation) and civil applications (e.g. generators for leisure ships and in remote campgrounds). If achievable, the direct utilization of a liquid fuel with satisfactory durability is the most efficient way of converting the chemical energy of that fuel. Maximum efficiency means minimum CO2 emissions per unit power produced.




3. Liquid Fuels for SOFC


Several factors determine the suitability of a liquid fuel for direct utilization in SOFC. The main factor is the propensity of the fuel to form coke at the high temperatures (> 600 °C) and reducing conditions found in the anode compartment. Other important factors are the energy density and the physical state of the fuel at standard conditions, which determine how easily the fuel can be stored and fed to the SOFC, as well as the availability and cost of the fuel, which are related to the abundance of the feedstock from which the fuel is produced and to the costs and capacity of production. Toxicity and environmental impact are also factors to consider.



Several alternative and traditional liquid fuels have been considered for internal reforming, partial oxidation, and direct utilization. In the following sections, the advantages and disadvantages of methanol, ethanol, dimethyl ether, liquefied petroleum gas, and carbon-free liquid fuels are examined.



3.1. Methanol


Methanol (CH3OH, MeOH) is a light, volatile, colorless, flammable, poisonous liquid. MeOH is used mainly as an antifreeze additive, solvent, and denaturant for ethanol. MeOH is completely miscible in water and in most organic solvents, and it is capable of dissolving many inorganic salts. Typical commercial grade MeOH contains 99.85% methanol with water (MeOH is hygroscopic), acetone, formaldehyde, ethanol, and methyl formate being common impurities.



MeOH is toxic and rated as a severe poison, but is not carcinogenic and is not considered particularly harmful to the environment [39]. The environmental hazard arises primarily in relation to the use of MeOH as a fuel, particularly for air pollution by combustion and groundwater contamination in case of spills. Because MeOH is readily biodegradable, the environmental risk posed by MeOH as a fuel is small compared to gasoline.



MeOH was traditionally obtained by destructive distillation of wood. In 1923, BASF introduced a process based on the conversion of synthesis gas, derived from coal gasification. In 1966, ICI developed a low-pressure process (catalytic hydrogenation of CO) that to this day is the dominant technology [39]. Recently, the production of MeOH from synthesis gas obtained from thermal decomposition of organic materials, such as wood (Biomass-to-Liquid), has been reconsidered as an alternative to produce renewable MeOH fuel. Although the use of MeOH as fuel has a long history [40], its use in internal combustion engines (ICE) is limited to few applications, mainly because of the lower energy density (19.7 MJ·kg-1) relative to gasoline (Figure 3) and the corrosive properties of MeOH for some metals and for rubber (e.g. in the fuel-delivery system) when compared to other hydrocarbons.


Figure 3. Energy densities of different fuels.
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Recently, a hypothetical ‘Methanol Economy’ was proposed that envisions MeOH as the foremost energy vector [41,42,43]. Several motivations are used to support this idea. Namely, the production technology is mature and the existing infrastructure for distribution of traditional fuels can be used for MeOH; MeOH can be produced from natural gas and biomass, and can also be obtained using the CO2 captured from thermoelectric power plants and converted by catalytic hydrogenation of CO2 [44]. The adoption of MeOH as an energy vector may allow a faster transition from a fossil fuel to a renewable energy system, as the production of MeOH should initially rely on natural gas, and later switch to renewable sources via atmospheric-CO2 capture and electrochemical CO2 reduction. The main drawback of the Methanol Economy, however, is that it is ultimately based on energy sources, such as solar, that cannot meet the current demand until there is a technological breakthrough. Moreover, while relying on fossil fuels as a main energy source there would be no net reduction of the CO2 produced.



Since the first developments of low temperature fuel cells, MeOH has been considered both as a hydrogen-source and as direct fuel [45]. The utilization of MeOH in SOFC has not been fully explored, mostly because SOFC are traditionally intended for stationary applications. However, it would be meaningful to directly use MeOH in SOFC for small-scale portable applications for the following reasons: MeOH is a liquid with high volumetric energy density that can be easily stored and transported; the content of impurities that can poison the anode is low; the amount of carbon predicted at equilibrium is significantly lower if compared to ethanol, LPG, gasoline or diesel; pyrolysis and catalytic decomposition of MeOH can be readily achieved at the typical SOFC anodic conditions favoring subsequent electrochemical oxidation of the products of these reactions.






3.2. Ethanol


Ethanol (CH3CH2OH, EtOH) is a liquid, flammable, colorless, and mildly toxic compound. EtOH is a versatile solvent, completely miscible with water and many organics, and partially miscible in light aliphatic hydrocarbons. The presence of a hydroxyl group (OH) is the origin of most chemical properties of EtOH, such as polarity, viscosity and volatility, and hygroscopicity. Mixtures of EtOH with water behave in unusual ways, including having a negative volume of mixing, reduced surface tension at very low concentrations of EtOH, and an azeotrope at 95.6 wt% EtOH with a boiling point of 78.1 °C [46]. EtOH is typically commercialized in two different grades: absolute, and denatured. Absolute or anhydrous alcohol is purified EtOH that contains < 1% water. Denatured alcohol is an EtOH/H2O mixture below the azeotropic point (H2O > 5%) that contains methanol, benzene and acetaldehyde to provide toxicity, and denatonium benzoate to adulterate the taste.



EtOH is not harmful to the environment and pure EtOH is not classified as carcinogenic (although beverages containing EtOH are). Spills of EtOH do not pose a threat for surface water or groundwater because of the high solubility and biodegradability of EtOH. EtOH can be produced both from conventional petrochemical process (catalytic hydrogenation of ethylene), and biologically by the fermentation of sugars. The selection of the production process depends on the final use. The majority of the EtOH used as fuel and all the EtOH used in beverages are obtained by fermentation. The typical product of fermentation contains less than 10–15 vol% of EtOH.



In order to produce ethanol from starchy materials, such as corn, first starch must be converted into sucrose by hydrolysis with diluted sulfuric acid or by addition of industrially produced amylase. In North America all EtOH fuel is obtained from corn, while in other countries such as Brazil, EtOH is obtained from sugarcane. An emerging technology to produce EtOH is through the use of cellulose. The traditional process (chemical hydrolysis) is not economically convenient for large-scale fuel production. To enhance the energy balance for the production of cellulosic EtOH which is currently lower than 45%, biotechnologists are trying to replicate the bacteria contained in the guts of termites [47], with the objective of obtaining enzymes that can attack the cellulose. The success of this technology could turn biomasses containing cellulose into cheap and renewable energy sources. Algae could also be source of cheap EtOH fuel and biodiesel using an engineered photosynthesis process that captures the CO2 from industrial stacks. For most industrial uses and particularly for fuel applications , fermented EtOH solutions require distillation and purification that are energy intensive and costly [48].



EtOH has been used as a fuel for internal combustion engines since the start of the car industry —the first car produced on an industrial-scale (Ford Model T in 1910) was fuelled with ethanol. Nowadays, certain types of ICE are designed to obtain the maximum power using pure EtOH or gasoline blends (flex-fuel) [49,50]. According to the Canadian Renewable Fuel Association, over 1 billion liters of EtOH fuel were produced in Canada in 2007 [51]. In the last five years, the prospect of using EtOH and other biofuels as the main source of energy (EtOH Economy) has found strong support and created equally strong controversy, particularly in the U.S.A. [52]. The advantages of using EtOH are the reduction of CO2 emissions, the reduction of other pollutants (i.e. ozone), and the revitalization of rural areas (i.e. American Midwest and Canadian Prairies). EtOH can be considered as a completely renewable source of energy since the CO2 produced by combustion of EtOH is reconverted into sugar by plants with zero net emissions. On the other hand, the ‘Ethanol Economy’ has also strong opponents, with equally valid motivations. The main critique concerns the production of EtOH fuel from corn or other grain crops that should be used mainly as a food source [53]. Furthermore, recent studies [54] have demonstrated that the production of Corn EtOH gives an energy gain of only 35%. A large increase in demand of EtOH fuel would imply that new farmland is obtained from the wilderness or from conservation areas. The energy gain in the case of EtOH from sugar cane is almost 700%. However, sugarcane cultivations require a humid and temperate climate, making the ‘EtOH Economy’ possible only in countries like Brazil [52] or Cuba. A possible solution could come from a biotechnological breakthrough in the production of EtOH from cellulose [52].



The utilization of EtOH in fuel cells has been considered only recently. Similar to MeOH, EtOH should be seen mainly as a fuel for small portable applications, particularly for remote rural locations. The advantages are that EtOH is an ultra-clean liquid fuel with reasonable energy density (Figure 3). However, EtOH is harder to oxidize than H2 and MeOH. The direct utilization of EtOH has been tested in PEM fuel cells using Pt-Ru anodes similar to direct methanol fuel cells (DMFC), and only partial oxidation of the fuel can be obtained [55]. The utilization of EtOH as a source of hydrogen is also under investigation [56]. In general the reforming of EtOH is more problematic than natural gas and MeOH, particularly because of coking. The internal reforming and the direct utilization of EtOH in high temperature fuel cells are virtually unexplored.




3.3. Dimethyl Ether, Liquefied Petroleum Gas, and Other Conventional Liquid Fuels


Dimethyl-ether (CH3OCH3, DME) is the simplest ether. At standard conditions DME is a gas but it is typically stored and shipped as a liquefied gas under its own vapor pressure of 430 kPa (4.24 atm) at 20 °C. DME is typically prepared by dehydration of MeOH and can be obtained from natural gas and biomass. DME is not classified as toxic, although direct contact with the liquefied gas may cause chilling of the skin or frostbite. DME does not pose significant environmental concerns and is mainly used as a low-temperature solvent in laboratory synthesis, as an aerosol propellant in canisters, and recently as a possible clean-fuel [57,58]. DME has been considered as a convenient source of H2 [59,60,61] and also a potential fuel for SOFC [62,63].



Liquefied petroleum gas (LPG), a mixture of propane (> 90%) with butane (ca. 5%), propylene and odorants is a conventional fuel and is perceived as the ideal SOFC fuel for small-scale (1–10 kW) stand-alone applications in remote areas [15]. LPG has been considered both as a source of H2 for internal reforming SOFC [64] and also for partial oxidation [65,66,67] using traditional Ni/YSZ anodes. The problem of carbon formation on Ni anodes is more severe with LPG than with natural gas, and consequently, coke resistant anodes [68,69] must be developed for the direct utilization.



Gasoline, diesel, biodiesel and jet fuels pose severe coking problems for reforming processes. These fuels have a low H to C ratio and a high content of aromatic hydrocarbons that makes the decomposition to carbon always thermodynamically favorable. Nevertheless, the direct utilization of these fuels has been pioneered in SOFC using carbon tolerant anodes [35], as discussed in more detail later.




3.4. Carbon-free Liquid Fuels


Among the alternative fuels, ammonia and hydrazine do not contain carbon and could be used on traditional Ni/YSZ anodes without risks of coking. Ammonia (NH3) is one of the most important chemical compounds in industry and is used in the synthesis of fertilizers and explosives. At standard conditions, NH3 is gaseous, but typically stored as an anhydrous liquid under pressure. Currently, ammonia has been proposed as a practical alternative to fossil fuel [70]. The main advantages of ammonia-fuel are the low cost, simple storability as a liquid with high energy density, and the fact that ammonia oxidation does not produce carbon dioxide. Concentrated ammonia, however, is strongly corrosive and can be deadly at exposure levels above 5,000 ppm, which poses serious risks for practical applications. Recently NH3 has been considered as a possible fuel for SOFC. Experimentation on Ni/YSZ anodes showed comparable performances in NH3 and H2; the analysis of gaseous species at the cell outlet revealed that ammonia was completely decomposed to H2 and N2 [71].



Hydrazine (N2H4) is a colorless liquid compound obtained during the process of production of NH3. Its physical properties are similar to those of water but N2H4 is highly toxic and chemically unstable; for this reason it is stabilized in water. The main use of N2H4 is in the production of polymers and fine chemicals, and as a rocket fuel. Previously, N2H4 was considered as a 'compromise fuel' for low temperature fuel cells [45,72] but is now being reconsidered both as a source of H2 and directly as a fuel for low temperature fuel cells [73]. As an alternative to H2, N2H4 has some advantages: it can produce more power than a similar H2 cell without the need to use Pt catalysts; it can be handled and stored more easily than H2; and it has a higher electromotive force (see Figure 4) than H2. Although N2H4 could be potentially used also for SOFC, there is no record of its use. Hydrazine is the most expensive of all alternative fuels.


Figure 4. Ideal standard potential as a function of temperature for selected fuels.
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4. Thermodynamics of Direct Utilization SOFC


The maximum electrical work (Welect) obtainable in a fuel cell operating at constant temperature and pressure is equivalent to the change in Gibbs free energy (ΔG) of the electrochemical reaction:


[image: there is no content]



(6)




where z is the number of electrons involved in the reaction, F is Faraday's constant and E is the equilibrium potential of the cell. The Gibbs free energy change of a reaction at temperature T is generally expressed as a function of the activities (or fugacities) of the species involved, which at high temperatures (> 500 °C) and low pressures (1–2 atm) can be assumed equivalent to the partial pressures, Pi, (Pi = yi∙P, where yi is the mol fraction of species i and P is the total pressure). The Nernst equation, equation (7), is derived from equation (6) and gives the ideal potential of the cell (see [1] for a complete derivation):
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(7)




where Eo is the ideal standard potential of the fuel cell at temperature T assuming that all fugacities are equal to one. The ideal standard potential for several fuels as a function of the temperature is shown in Figure 4. The Nernst equation provides a relationship between the ideal standard potential (E°) and the equilibrium potential (E) at the actual partial pressures of reactants and products for a given fuel cell reaction. This potential identifies the electromotive force (EMF) of the fuel cell.



The equilibrium potential calculated using equation (7) is typically close to the measured open circuit potential (OCP) for SOFC with H2, but for hydrocarbons and alcohols, this value is always overestimated, and the measured OCP may vary with time [74], possibly in response to changes in the local anodic composition generated by the catalytic decomposition of the fuel. When the fuel can decompose within the anodic compartment, it is more relevant to calculate the equilibrium potential together with the equilibrium composition in the anodic compartment.





Carbon formation is one of the causes of instability in SOFC operating with hydrocarbon fuels. Hydrocarbons can react on the metal surface of the anode and also in the gas phase via free-radical cracking and polymerization, forming tars that will eventually precipitate and foul the anode surface. Carbon deposition is thermodynamically favorable at the conditions of the anode compartment (i.e. pO2 < 10-20 atm and T > 700 °C). Regions of stable operation, in terms of carbon deposition, can be identified by thermodynamic calculations, as shown in [75]. Triangular diagrams such as Figure 5, are the most compact way of representing biphasic (gas and solid) C-H-O systems in equilibrium [76,77].


Figure 5. Equilibrium carbon deposition boundaries for the C-H-O system at 1 atm. Lines represent the carbon deposition boundary for the temperature indicated. Calculated according to ref. [75].
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For each temperature, a line indicates the carbon deposition boundary and defines two regions: on one side of the boundary (to the right of the line in Figure 5), the gas phase and solid carbon coexist; on the other side (to the left of the line in Figure 5), solid carbon is unstable and only gas phase species are present at equilibrium. Figure 5 indicates that fuels such as CH4, MeOH and EtOH fall inside the region of carbon deposition for temperatures lower than 800 °C. As is typically done for stable SOFC operation, steam is added to the fuel such that the gas phase mixture lies outside the carbon deposition region. The minimum amounts of H2O and/or CO2 that are required to avoid carbon formation can be calculated using the lever rule. In practice, kinetics as well as thermodynamics plays a role in determining how much carbon will be deposited.



Another way to express the equilibrium conditions for a given fuel is to plot the equilibrium compositions and potential profiles versus temperature such as in Figure 6. Note that as the temperature increases, carbon (as graphite, which is the lowest energy form of carbon) is less thermodynamically favored, while carbon monoxide and hydrogen are more thermodynamically favored. The increase in the fraction of hydrogen in the gas phase results in an increase in the equilibrium potential with temperature.


Figure 6. Equilibrium compositions (symbols) and potentials (solid lines) as a function of temperature for (a) MeOH and (b) EtOH pyrolysis. The species are (●) CH4, (○) CO, (▼) CO2, (△) H2, (■) H2O, and (□) C (graphite). Adapted from [78].



[image: Energies 02 00377 g006]








The equilibrium composition and electromotive force of a fuel cell at a given temperature can also be represented as a function of the fuel utilization, which is related to the current produced and the flow rate of oxygen through the electrolyte. When the cell is operating, H2O and/or CO2 will be produced and these products will influence the thermodynamic stability of carbon (Figure 5). Figure 7 shows the equilibrium conditions for a SOFC operating directly with MeOH and EtOH at 800 °C. The shaded areas in the figure indicate the regions in which carbon formation is predicted. At this temperature, MeOH decomposes to H2 and CO, through the decomposition reaction of CH3OH = 2 H2 + CO [78]. Although some carbon (< 2 mol%) is thermodynamically predicted at low fuel utilizations, in practice the presence of small quantities of H2O in the MeOH fuel should be sufficient to suppress the formation (e.g. ~2.6 vol% H2O is required for a SOFC operating at 800 °C). Additionally, once the fuel utilization exceeds 2.1% the SOFC will operate in a carbon free region.


Figure 7. Calculated equilibrium compositions (symbols) and electromotive forces (EMF, solid lines) for a SOFC operated at 800°C with dry MeOH (a) and EtOH (b). The species are (●) CH4, (○) CO, (▼) CO2, (△) H2, (■) H2O, and (□) C (graphite). The carbon deposition boundary (CDB) identifies the minimum fuel utilization to avoid coking at equilibrium. Adapted from [78].



[image: Energies 02 00377 g007]






The predictions are similar for EtOH (Figure 7b) but a fuel utilization of 19.5% is required at 800 °C to be in a carbon-free region [78]. Ethanol decomposes according to the reaction: C2H5OH = 3 H2 + CO + C. This reaction dictates the equilibrium products above 850 °C; below this temperature, other reactions cannot be neglected. The equilibrium results for EtOH steam-reforming indicate that relatively large amounts of H2O must be added to pure EtOH in order to prevent coking. For example, at least 1.125 moles of H2O should be added per mole of EtOH to prevent coking at 800 °C in the case of internal reforming operations.







Stability maps and concentration profiles are extremely useful to define the equilibrium state of a system, but there is no guarantee that any mixture of components will actually attain equilibrium and reach the composition identified in the diagram. At high temperatures (> 1,000 °C) equilibrium is typically reached within a tangible timeframe, but the complexities associated with the actual processes carried out in the anode compartment of SOFC still bring uncertainties that equilibrium calculations cannot solve. In fact, the anode compartment of an SOFC fuelled with hydrocarbons or alcohols is never at equilibrium. The coupling of gas-phase and heterogeneous catalytic conversion of the fuel with the electrochemical oxidation and transport processes can generate local conditions where carbon formation is strongly favorable even when it is not predicted from equilibrium calculations. In addition, once carbon is deposited it can be very difficult to remove even when it becomes thermodynamically unstable. Nevertheless, the equilibrium conditions described in this section are indicative of the final state towards which the system is evolving.




5. Kinetics in the Anode Compartment


Some of the possible reaction pathways for a generic hydrocarbon or alcohol molecule in the anode compartment are illustrated in Figure 8. The fuel can react in the gas-phase (pyrolysis in the flow channels and anode pores) forming fragments. Next, the pyrolysis fragments and unreacted fuel molecules can decompose on the anode surface (catalytic decomposition on the conductive layer of the anode) producing more fragments, including adsorbed intermediates. After that, the fragments of thermal and catalytic decomposition — and possibly also undecomposed fuel molecules — can undergo partial or full oxidation reacting with the oxygen ions transported through the electrolyte (electrochemical oxidation). The products of the complete electrochemical oxidation are H2O and CO2. The presence of H2O and CO2 in the anode compartment allows new reaction pathways in which the fuel molecules are reformed to H2 and CO (steam and dry reforming). Simultaneously, H2O reacts with the CO produced by decomposition and reforming to give H2 and more CO2 (water-gas shift). Besides these processes, carbon formation and removal reactions (coking) may also be occurring.


Figure 8. Schematic of a planar SOFC (a) and cross-section (b) including the processes involved in the direct utilization of hydrocarbons in SOFC. WGS is the water-gas shift reaction.
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The processes illustrated in Figure 8 are coupled and depend on the cell temperature, pressure, and flow conditions, as well as the catalytic properties of the anode. The rate of the electrochemical oxidation is also a function of the current density at which the cell is operated. Fuel flow-rate and overall current determine the fuel utilization that is proportional to the amount of H2O and CO2 produced in the anode compartment. Consequently, the relative importance of the reforming and water-gas shift reactions depends directly on the fuel utilization. This dependence means that varying the current produced modulates the processes shown in Figure 8. At OCP, reforming and shift reactions are negligible, but as the fuel utilization increases, the amounts of H2O and CO2 produced increases, thus providing reactants for the reforming reactions. When the fuel utilization is greater than a critical value there is enough H2O and CO2 that the reforming reactions become predominant and no coke is formed.



The following sections provide an overview of the work done on pyrolysis reactions, carbon formation, and electrochemical reactions with liquid fuels. Pyrolytic processes in the anode compartment are relevant because they influence what gas composition reaches the anode surface. The rate of the pyrolysis reactions depends mainly on the temperature, space velocity and flow conditions in the anodic compartment. Only a few studies have been published on the gas-phase kinetics within the anode channels of SOFC [79,80,81,82,83,84]. Walters et al. [79] predicted the propensity of coke formation in the anode channels of SOFC fuelled with dry natural gas by applying a simple gas-phase kinetics model of CH4 pyrolysis and oxidation, and relating the rate of formation of cyclic hydrocarbon species to the propensity of carbon deposition. Sheng et al. [80] demonstrated that substantial gas-phase chemistry occurs in SOFC fuelled directly with n-butane by using a complex kinetics model to predict the conversion of butane pyrolysis. Hecht et al. [81] studied reforming of CH4 on Ni/YSZ anodes and added the non-electrochemical heterogeneous reforming chemistry to a kinetics model including the pyrolysis of the fuel. Gupta et al. [82] applied a model including the gas-phase chemistry to predict the performance of a tubular SOFC fuelled with partially reformed JP-8 (Jet) fuel. Randolph et al. [83] presented a study on the pyrolysis of n-hexane in SOFC. Gupta et al. [84] focused on the propensity for molecular-weight growth and deposit formation in the non-catalytic regions of SOFC fuelled with butane and EtOH; they concluded that EtOH decomposes mostly to CO, H2 and CH4, with substantial quantities of H2O and C2H4, which was related to the increased propensity for soot deposition.



Catalytic decomposition and reforming of the fuel within the pores of the anode are the second most important process (after electrochemical oxidation) in the direct utilization of liquid fuels in SOFC. The catalytic properties of the anode material towards the decomposition of the fuel determine the composition of the gas-phase. Higher conversion to H2 and CO will result in faster electrochemical oxidation (i.e. lower activation overpotential). Catalytic decomposition and reforming can generate concentration gradients through the anode thickness. These gradients depend on the intrinsic activity of the catalyst, on the pore structure, and on the mass transfer and reaction rates in the porous layer. Reforming reactions have been extensively studied [57,85,86,87], while catalytic decomposition reactions have been less well studied in relation to the reforming reaction for MeOH [88,89,90] and are essentially unexplored for other alternative fuels. A recent study [91] on the catalytic decomposition of MeOH on metal/ceria has shown that initially the conversion of MeOH is essentially complete and the composition is equal to that predicted from thermodynamic equilibrium calculations. Over time, the composition departs from equilibrium and approaches the values obtained by pyrolysis only. The change in activity of the catalyst is related to the parallel reaction of carbon formation that causes the fouling of the active surface.



The mechanism of carbon formation is complex. A general distinction is made between the carbon originating in the gas-phase (pyrolitic carbon) and that deposited with the intervention of a catalytic surface (catalytic carbon). Pyrolytic carbon, known also as soot, is usually composed by amorphous carbon that can be partially hydrogenated. The formation of soot is believed to involve the formation of precursor species, including ethylene (C2H4), acetylene (C2H2), radicals (such as ∙CH3), as well as monoatomic and diatomic hydrogen. The precursors recombine to form polycyclic aromatic hydrocarbons (PAHs) [80,92] that grow and agglomerate, then condense and precipitate on the surface of the anode. Once soot has been deposited in the anode compartment, the soot can rearrange and change in phase, depending on the local conditions. This aging process typically gives more stable graphitic carbon. As in flames, pyrolytic carbon formation in SOFC is not significant for methane, but is relevant for all other hydrocarbons and alcohols.



Catalytic carbon is typically formed on metals (e.g. Ni, Fe, and Co). This problem has been extensively studied for hydrocarbon-reforming processes [93,94,95,96,97]. The morphology of the carbon deposit depends on many factors including temperature, feed [98,99], anodic polarization [100], and type of catalyst used. In particular, different types of carbon may form in the functional and conduction layers of the anode. The reactions in the conduction layer include the reforming and decomposition reactions as described above. The extent of these reactions depends on the operating conditions, anode material [74,91], and the initial gas phase composition [91,99], and determines which species reach the functional layer that contains the TPB. On Ni/YSZ exposed to methane [98], carbon fibers form at temperatures up to ~700 °C. Above this temperature, the majority of the carbon dissolves into the Ni particles, causing an increase in volume which can lead to stress and eventually cracks and/or delamination within the cell. At the TPB, at which the electrochemical reactions occur, the amount of carbon formed is significantly reduced due to the presence of produced water and/or oxygen ions [100]. Examples of the carbon formed ex-situ and in-situ on Ni/YSZ anodes exposed to methane can be found in references [98,99]. Examples of the different carbon morphologies on various SOFC anodes tested for the direct utilization of EtOH are shown in Figure 9. The image in Figure 9a is typical of the prepared anodes before testing. Numerous carbon fibers were formed on the Ni/YSZ anode after exposure to EtOH (in Figure 9b), while several types of carbon (fibers and amorphous) were formed on Ni/CeO2 (in Figure 9c). Figure 9d is an extreme example of carbon formation on Cu/CeO2 exposed to EtOH, on which micron-sized carbon fibers were formed.


Figure 9. Scanning electron microscopy micrographs of a Cu/ZDC (a) as prepared, and Ni/YSZ (b), Ni/CeO2 (c), and Cu/CeO2 (d) exposed for 20 to 100 h to EtOH at 800 °C. Adapted from [104].
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Once the species get to the active region of the anode (the TPB), electrochemical oxidation occurs in an operating SOFC. In principle, the electrochemical oxidation of simple hydrocarbons or alcohols, as well as of the products of thermal and catalytic decomposition of these fuels, is feasible in SOFC. It has been argued [32] that in reality only H2 is oxidized electrochemically in direct utilization operations, while the other molecules, included CO, are catalytically converted by reforming and water gas-shift reactions providing more H2 for oxidation. Other studies have shown that the electrochemical oxidation of CO and also C might be possible [101,102], but these studies also confirmed that the overpotentials of these reactions on Ni/YSZ are orders of magnitude higher than for H2. However, the situation could be different with other anode materials. Thus, it would be desirable to determine the inherent electrochemical oxidation rates for all the species reaching the anode for the assessment of alternative anode materials. However, it is only possible to measure the electrochemical oxidation independently from the decomposition and reforming processes for H2 and CO [103]. The value of the relative rates of electrochemical oxidation for H2 and CO provides an indirect indication of the propensity to form coke on the anode. The ratio of rates indicates if there is propensity for the accumulation of CO and for the corresponding increase in the driving force for the formation of carbon [78]. For direct utilization SOFC, it would also be interesting to determine whether carbon deposits can be oxidized electrochemically.






6. Survey of Anode Materials for the Direct Utilization of Hydrocarbons and Liquid Fuels


While the oxidation of H2 and syngas in SOFC has been extensively studied, research on direct utilization of hydrocarbons gained momentum only in the last decade. Several review papers [104,105,106,107,108,109,110,111] and books [112] have appeared in the last few years on alternative anode materials for SOFC. The review published by Sun and Stimming [113] gives an exhaustive overview of all the anodic compositions considered so far. In the present review, we provide only a survey of those materials that have potential as anodes for the direct utilization of liquid fuels, such as MeOH and EtOH, and focus on performance and stability to coking.



Ni/YSZ anodes were the first anodes to be tested directly with hydrocarbons, but stable performance was achieved only for CH4. Weber et al. [101] tested a single cell (Ni/YSZ|YSZ|LSM) in H2, CO, and dry CH4 (at 800 °C), and found that stable operation was possible for up to 1,000 h. Similarly, Liu et al. [19] found that Ni/YSZ anodes were stable in humidified methane for more than 90 h at 700 °C, producing a power density of 0.35 W/cm2. Later, Lin et al. [114] tested similar cells in dry methane and found that the direct utilization of CH4 was not affected by carbon formation if the cell was operated below 700 °C; at higher temperatures increasingly higher current densities were required to avoid coking. At 750 °C and current densities lower than 0.4 A/cm2, the Ni/YSZ anode was poisoned in less than one hour. In addition, Kim et al. [35] performed several tests in which Ni/YSZ cermets were exposed ex-situ to various hydrocarbons (e.g. ethane, n-decane and toluene) and found that the microstructure of the anode was severely and irreversibly damaged in less than 90 min for all fuels. Thus, only the direct utilization of methane is possible on Ni/YSZ anodes, provided that the operating temperature is low (< 700 °C), and that the cell is operated at high current densities.



Various dopants have been added to Ni/YSZ anodes to reduce coking for internal reforming operations. These dopants include gold [115,116], tin [117], molybdenum [118], CaO and MgO [119]. There is no record, however, of these compositions being used for the direct utilization of liquid fuels. Recently, it has been found that the substitution of YSZ with scandia-stabilized zirconia (ScSZ) improves the stability under coking conditions [120,121], but any attempt to directly utilize higher hydrocarbons resulted in rapid deactivation [122].



6.1. Early Studies on Alternative Anodes


One of the earlier studies on alternative Ni-free anodes for the direct oxidation of hydrocarbons was reported by Pudna et al. in 1995 [123]. In that work, a samaria-doped ceria (SDC) anode impregnated with rhodium was used to oxidize dry methane. Both SDC and rhodium were found to have an important role, producing a power density in methane that, although modest (ca. 0.010 W/cm2 at 750 °C), was equivalent to that obtained in H2.



The use of a Ni/YSZ anode with a yttria-doped ceria ((Y2O3)0.15(CeO2)0.85, YDC) interlayer fuelled directly with methane was another way to reduce coking [124]; the power densities obtained in methane (0.370 W/cm2 at 650 °C) were comparable to those typically obtained with H2, and also the stability of the anode was good with no carbon deposition after 100 h. According to the current understanding of the mechanism of electrochemical-oxidation, ceria serves as an oxidation catalyst for CO and adsorbed carbon, simultaneously favoring the transport of oxygen ions, while Ni serves as a cracking catalyst and the main electron conductor phase [32]. Other experiments using ethane revealed that coking still constitutes a problem with Ni/ceria anodes [125]; therefore, this anode composition was not considered suitable for higher hydrocarbons.



Subsequently, researchers perceived that catalytic carbon formation on Ni was the limiting factor for the direct utilization of hydrocarbons in SOFC, and substitutes for Ni were sought. The ideal metal to replace Ni must be easy to maintain in the metallic state (i.e. similar redox properties), easy to process and catalytically inert towards carbon formation. Cobalt and iron have been tested as a replacement for Ni, but exhibit similar properties towards carbon formation [126]. Copper-based anodes have been tested [127] and it was demonstrated that copper is highly resistant to carbon formation. The performance of the Cu/YSZ anodes, however, was very poor compared to Ni/YSZ. The same group developed a new method for preparing cermets based on multiple impregnations of metal-salt precursors in a porous YSZ layer [128]. This work was the basis for the development of a new anodic composition — metal/ceria — that has become one of the most promising candidates for the direct utilization of liquid fuels in SOFC.




6.2. Metal/Ceria Anodes


In 2000, preliminary results obtained using Cu/ceria anode prepared using the multiple impregnation method were reported [33]. These anodes were characterized by improved stability under coking conditions with respect to Ni anodes, and adequate performance in hydrogen (ca. 0.2 W/cm2) and dry hydrocarbons. In the following two years, this group continued the study of Cu/ceria anodes, testing also liquid hydrocarbons and sulfur containing fuels [31,35,129,130,131,132]. In all cases, Cu/ceria anodes had stable performance.



The role of copper and ceria on the Cu/ceria anode became clear after the studies published by McIntosh et al. [133] and Lu et al. [134]. These studies showed that copper was only an electronic conductor and does not play a catalytic role in the electrochemical oxidation, while ceria improved electrocatalytic activity and/or the ionic-electronic conductivity. Further studies using Ag or Au (also poor cracking catalysts) and ceria demonstrated that to improve stability the anode material should be catalytically active for oxidation of hydrocarbons and inactive for cracking, which was thought to be the main cause of carbon deposition [135,136]. The role of carbon deposits in enhancing the performance of Cu/ceria anodes was explained by McIntosh et al. [102], who found that initially coking improves the connectivity of the metallic phase by increasing the length of the TPB. The Cu/ceria anode was also tested on other electrolytes such as samaria-doped ceria (SDC) [137] and strontium-doped lanthanum gallate (LSGM) [137], reconfirming the stability to coking of this anode.



The main limitations of Cu/ceria anodes also emerged from these studies — namely, the sintering of copper and the thermal stability of ceria. The former limitation is a consequence of the low melting point of copper (1,084.6 °C), while the second is related to the stability of ceria/zirconia interfaces [138]. To enhance the stability and activity of Cu/ceria anodes, Kim et al. [139] replaced copper with different Ni-Cu alloys, but only at a high copper content (80%) was carbon formation avoided. Later, Lee et al. [140] replaced Cu with a Cu-Co bimetallic phase, and found that this replacement improved the performance giving acceptable stability to coking. Copper segregated on the surface of the cobalt particles inhibiting the formation of carbon filaments [141]. The results obtained from testing a Cu-Co (70 wt%)/ceria anode for 500 h in dry methane indicated that this anode composition simultaneously inhibits both carbon formation and metal sintering, and therefore, is a most promising candidate for direct utilization SOFC [140,141].



McIntosh et al. [142] tested the effectiveness of adding platinum, rhodium or palladium on the performance of Cu/ceria anodes and noted significant differences in the open circuit potentials measured in methane and n-butane on these anodes. These differences were attributed to complex reactions of hydrocarbons on the catalyst surface rather than to improved reforming, which is positively affected by the presence of precious metals. Gorte and Vohs’ group also used electro-deposition as a strategy to improve the stability of Cu/Ceria anodes. Jung et al. [143] electrochemically deposited a copper layer onto a Ni/YSZ porous anode and showed that this layer improves the stability in dry methane. Gross et al. [144] used the same method to deposit a layer of chromium on Cu/ceria anodes, which improved the thermal stability in humidified hydrogen without affecting the stability under coking conditions. Similar results were obtained by electro-deposition of cobalt [145].



Lately, Gross et al. [146] envisioned a new concept for obtaining high performance anodes for the direct utilization of hydrocarbons. The concept is based on the utilization of a very thin (ca. 10 μm) catalytically active functional layer, specifically ceria impregnated with palladium, combined with a thicker (ca. 100 μm) non-catalytic conduction layer formed by a porous mixed-conductor material, specifically strontium-doped lanthanum titanate (La0.3Sr0.7TiO3, LST). This type of anode gave excellent performance both in H2 and hydrocarbon fuels and took advantage of the high activity of Pd/ceria for the oxidation of hydrocarbons [147] and of the thermal stability of LST. A similar concept has been used in another study [148] with a Ni/YSZ active layer.




6.3. Mixed-conductor Oxides Anodes


In 2003 Tao and Irvine published a letter [149] in which they claimed to have obtained a Ni-free SOFC anode, La0.75Sr0.25Cr0.5Mn0.5O3-δ (LSCM) with perovskite structure, capable of achieving electrochemical performance at 900 °C in humidified hydrogen comparable to Ni/YSZ cermets measured at 1,000 °C, and stable performance (i.e. no coking) in dry methane. This study had considerable resonance in the field of SOFC anodes, and motivated further research on LSCM, particularly to understand its physical and catalytic properties. Zha et al. [150] found that LSCM is redox stable but that there is a phase-transition (i.e. hexagonal in air and orthorhombic in H2) with negligible change in volume. These results were confirmed later by Tao et al. [151], who also found that LSCM has no catalytic properties for the reforming of methane [152]. The appearance of LSCM anodes also stimulated the study of symmetrical (i.e. same material for both electrodes) SOFC [153,154,155,156].



Operating SOFC at temperatures over 900 °C is problematic in terms of other issues such as Cr poisoning from the interconnects and sealing the cell. Wan et al. [157] realized that the electronic conductivity of LSCM is not high enough below 900 °C, and thus tested a Cu/LSCM cermet with LSGM electrolyte. A similar strategy was used by Jiang et al. [158] who impregnated the LSCM with GDC obtaining improved performance for the direct oxidation of CH4. Other more recent studies focused on improving the electronic conductivity of this material by addition of a more conductive phase [153,159].



Other mixed-conductor oxides with perovskite structure have been considered as potential anode materials. Hui and Petric [160] proposed yttrium-doped strontium titanate (Sr0.86Y0.08TiO3-δ, SYT) as an alternative anode. Their extensive characterization demonstrated the excellent conductivity and compatibility of SYT with YSZ [161], but only limited electrochemical characterization was reported. He et al. [162] tested a SYT anode in H2 and CH4, and concluded that it can be used for direct utilization. Mukundan et al. [163] tested a similar material (i.e. lanthanum-doped strontium titanate) reconfirming that titanates can be used for the direct utilization of methane and also found that they are sulfur-tolerant. Strontium-doped lanthanum vanadate (La0.7Sr0.3VO3-δ, LSV) has been proposed as an alternative anode and has been tested in H2S/H2 mixtures by Aguilar et al. [164,165]. Later studies [157] demonstrated that LSV can be used also for the direct utilization of natural gas with high (10 vol.%) contents of H2S.



Goodenough’s group [166,167,168] has prepared and tested a new double-perovskite containing manganese and molybdenum (Sr2MgMoO6-d, SMMO) with an LSGM electrolyte. This composition showed superior performance and stability in both hydrogen and methane [166,167], and was sulfur tolerant [168].





7. Direct Utilization of MeOH and EtOH


The direct utilization of MeOH has been reported only in a few publications. Sammes et al. [169] attempted to feed dry MeOH to an SOFC with a lanthanum cobaltite (LaCoO3) anode, but they experienced instability, probably as a consequence of the partial reduction of the perovskite. Jang et al. [170] tested anode-supported single cells with Ni/YSZ anodes in pure MeOH obtaining power densities of 1.3 W/cm2 at 800 °C and 0.6 W/cm2 at 650 °C, without visible coking. Limited information, however, was provided on the testing procedure, the time of exposure to MeOH, and the actual stability of these cells. Brett et al. [171] tried a Cu/CDG anode with dry MeOH at intermediate temperatures, but found instability that was attributed to delamination of the anode. Kim et al. [172] tested Cu/ceria anodes in dry MeOH. They found a significant change of the ceria particles after exposure to MeOH, which was attributed to the agglomeration of ceria particles because of the low oxygen partial pressure created by MeOH. From these results, it appears that the direct utilization of MeOH can be problematic on mixed-conducting oxides because of the highly reducing conditions generated by MeOH.



Zhu et al. [173] developed solid carbonate-ceria composite electrolyte (CSC) for low-temperature SOFC. CSC electrolytes possess both oxygen-ion and protonic conductivity, combining the properties of SOFC and molten carbonate fuel cells. One of these electrolytes (BaCO3 + SrCO3) was used with Cu, Ni, and Co mixed oxides and samaria-doped ceria anodes [174,175] for the direct utilization of MeOH. A power density of 0.25 W·cm-2 was achieved at 600 °C but the operation in MeOH was not stable possibly because of reduction of the metals.



Most studies related to EtOH involve direct internal reforming rather than direct utilization. Jang et al. [170] tested anode-supported single cells with Ni/YSZ anodes in 1:1 (vol. ratio) EtOH and H2O. The maximum power density obtained was 0.8 W/cm2 at 800 °C and 0.3 W/cm2 at 650 °C. No carbon formation was detected with this fuel composition but the authors did observe coke deposits for cells tested with pure EtOH. Sasaki et al. [176] demonstrated the feasibility of direct internal reforming using various alcohol-water fuel mixtures. In particular, to avoid coking a mixture of EtOH and H2O (55 mol.%) was used. Huang et al. [177] tested LSCM anodes on single cells with LSGM electrolytes for the direct internal reforming of a 2:1 mixture of EtOH and H2O and obtained modest power densities (0.1 W/cm2 at 800 °C) but stable performance. In another paper [178], the same group tested Cu/CeO2-ScSZ composite anodes for the same conditions and fuel formulation, obtaining a maximum power of 0.2 W/cm2 at 800 °C and stable performance within 50 h. Finally, Huang et al. [179] tested iron-nickel alloy-based anodes on single cells with ScSZ electrolyte, achieving higher power densities (e.g. 0.6 W/cm2 at 800 °C) but with coking and instable performance.



An extensive study of the direct utilization of MeOH and EtOH on Me/CeO2 (where Me was Ni, Cu, and Cu-Co), LSCM, LSV, and SYT anodes was conducted by the authors of the present review [180]. With Cu/zirconia-doped ceria (ZDC), the performance peaked within 4–5 h of operation in EtOH [74]. The results suggested that there was an optimal amount of carbon formation — initially the carbon deposits increased the electronic conductivity but later deactivated the anode by blocking catalytic sites and the pores of the anode. The performance in H2 after exposure to EtOH was always enhanced by carbon formation.



Both thermal and catalytic decomposition of EtOH have important consequences for the direct utilization of EtOH in SOFC. The open circuit potential (OCP) measured in Cu/ZDC was different from that obtained in ruthenium-doped Cu/ ZDC cells, and also varied with the degree of deactivation, which was related to coke formation [74]. These results indicated that the gas composition at the functional layer was different than the bulk composition and depended on the conversion of EtOH through catalytic decomposition within the conducting layer of the anode. Likely, the gas microenvironment surrounding the active sites dictated the actual performance and stability of these anodes. The anode microstructure was not destroyed by the direct utilization of EtOH, and stable performance was achieved after switching the fuel back to humidified H2. An example of the polarization curves and impedance spectra obtained with pure EtOH are shown in Figure 10.


Figure 10. (a) Polarization curves (filled symbols) and power density (open symbols) for a Ru-doped Cu/ZDC anode at 800°C in EtOH after 24 h of exposure (▼,▽), in humidified H2 1 h after switching from EtOH (●,○), and in humidified H2 24 h after from EtOH (■,□). (b) Equilibrium impedance for the same cell in pure EtOH. Markers correspond to the frequencies (in Hz).
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8. Way Forward


In one of the reviews on alternative anode materials for SOFC, Atkison et al. [104] provided the key factors for the selection of alternative anodes. Those criteria are summarized and reformulated for the direct utilization of liquid fuels in SOFC in the following points:

	
The anode is the site of electrocatalytic oxidation; therefore, its composition should provide reactivity and electron conductivity simultaneously.



	
The anode should withstand the typical SOFC operating conditions (i.e. high temperature T = 600–1,000 ºC, and highly reducing environment pO2 = 10-20 atm).



	
The anode should be compatible with the electrolyte and with the current collector materials (i.e. matching thermal expansion and possessing mutual chemical inertia).



	
The anode should be stable and maintain its structural integrity after repeated temperature and redox cycling (chemical atmosphere).



	
The anode should be inert to fuels as well as to the oxidation products (i.e. it should not react chemically with fuels or oxidants).



	
The materials should be inexpensive and the preparation process should be simple and cheap to manufacture.



	
The anodic microstructure should tolerate and possibly inhibit the deposition of carbon and tars (i.e. coke deactivation should be reversible, so that once the carbon deposits are removed the anode should regain the initial morphology and performance).



	
The anode should be able to oxidize the main species composing the fuel, particularly for those fuels that are readily decomposed by pyrolysis of catalytic decomposition, and should be selective for the complete oxidation.








Obviously, these requirements are stringent and none of the materials so far investigated meets all of them entirely. However, a few anode compositions, such as metal/ceria and LSCM anodes have given promising results. There tends to be a balance between lack of carbon formation and sufficient activity. That is, anodes that do not catalyze carbon formation tend to be less active for the electrochemical oxidation reaction. The combination of relatively thin functional layers that are highly active electrochemically with thicker conduction layers that reform the fuel without carbon formation [146,147,148] is a very attractive approach.



In addition to modifying the anode structure, the fuel composition may also be tailored, especially for portable applications. Different formulations of liquid fuels containing suitable additives to reduce coking could be prepared. Because of the lower propensity to form coke, MeOH may be the optimal liquid fuel for the base of these formulations.



Overall, SOFC technology has advanced significantly over the last decade with research focusing on decreasing the temperature of operation, directly using fuels without reforming, and the development of alternative anode materials that can prevent or tolerate carbon as well as other contaminants (such as H2S). Lowering the anodic activation overpotentials, and optimizing and maintaining the electrode microstructure are key factors in achieving success in this area. Although much more research is required, the future looks promising for SOFC commercialization.
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