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Abstract: 11 

Solid oxide fuel cells (SOFCs) are very promising clean power generation devices due to 12 

their high efficiency and low emission. Unlike low temperature fuel cells, SOFCs can operate 13 

on various promising alternative fuels involving hydrocarbons, alcohols, solid carbon and 14 

ammonia. Currently, several excellent reviews on SOFC developments are available in the 15 

literature but a review dedicated to alternative fuels-fed SOFCs is lacking. Herein, we 16 

comprehensively review the electrochemical performances and stabilities of SOFCs operating 17 

on various fuels. Although comparable maximum power densities to hydrogen are frequently 18 

obtained for these fuels, some degradation problems influence the long-term stable operation 19 

of SOFCs. Therefore, various degradation mechanisms are firstly reviewed, followed by 20 

strategies from three perspectives of thermodynamics, kinetics and structure as the potential 21 

solutions to degradation issues. It is found that suitable operating conditions, specific novel 22 

anode materials or optimized anode structures are likely to enhance the lifetime and 23 

performance of SOFCs, while remaining challenges and future prospects of SOFCs fed by each 24 

fuel are separately elaborated for further improvements. Generally, the new engineering 25 

designs, material developments and latest knowledge presented in this review could provide 26 

useful guidance for the development and practical commercialization of SOFCs using 27 

promising fuels. 28 
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Highlights: 31 

➢ The degradation issues related to SOFCs operating on hydrogen substitutes are critically 32 

analyzed. 33 

➢ Effective approaches to improve cell durability are comprehensively reviewed from 34 

perspectives of thermodynamics, kinetics and structure. 35 

➢ Remaining challenges and future promises of alternative fuels-fed SOFCs are outlined. 36 
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1. Introduction  40 

Traditional fossil fuels (coal, oil and natural gas) have been the world’s principal energy 41 

sources to cope with the economic development and rapid urbanization [1]. Due to serious 42 

issues like inefficiency and severe environmental pollution related to the current electricity 43 

generation technology [2], cleaner and more effective energy conversion devices directly 44 

utilising fossil fuels have become essential for future energy sustainability and environmental 45 

issues mitigation. Solid oxide fuel cells (SOFCs) are promising means for directly converting 46 

chemical energy into electricity power through electrochemical reactions with higher 47 

conversion efficiency than conventional thermal power plants. In order to ensure the moderate 48 

ionic conductivity of solid ceramic electrolyte, SOFCs normally operate at the temperature 49 

from 600 to 1000 ℃ to overcome much higher activation energy [3]. High operating 50 

temperature brings numerous advantages to SOFCs over other types of fuel cell, such as higher 51 

tolerance to fuel impurities [4]; the use of low-cost nickel catalyst instead of prohibitively 52 

expensive platinum group metals [5]; the electrochemical utilization of carbon monoxide, one 53 

reducing gas species which may be catastrophic to other lower temperature fuel cells like 54 

PEMFCs (proton exchange membrane fuel cells); and feasible occurrences of internal 55 

reforming or decomposition reaction of combustible fuels thereby producing direct 56 

electrochemical fuels (hydrogen and carbon monoxide). In addition, the efficiency of hybrid 57 

system can be over 70% when the high-quality waste heat generated from SOFCs is recovered 58 

by gas turbine, CHP (combined heat and power) application [6,7] or other thermodynamic 59 

cycles [8,9].  60 

Hydrogen has been globally identified as the ideal fuel for fuel cells [10,11], because 61 

hydrogen could be efficiently electrochemically oxidized without any greenhouse gases 62 

emission [12,13]. Besides, higher heating value (HHV) of hydrogen can be up to 141.9 MJ kg-63 

1 which is the highest compared to any existing fossil fuel except nuclear energy [14]. However, 64 

although the share of hydrogen production from renewable technologies such as biomass-based 65 

approaches [1] and water electrolysis driven by alternative energies [15] is continuously 66 

increasing [16], the global hydrogen production mainly relies on fossil fuel feedstock nowadays, 67 

accounting for more than 90% [17]. In addition, extremely strict requirements for the storage 68 

and transportation of hydrogen also impede the wide-scale application of hydrogen [18]. 69 

Moreover, the low ignition energy and wide flammability range of hydrogen impose an 70 

undesired risk to the fuel cell community [19]. Therefore, due to these unsolved problems and 71 

drawbacks of hydrogen as well as innate promising traits of SOFCs, more and more researchers 72 

have shifted their focus to the direct operation of SOFCs on other promising fuels. 73 
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The topic of SOFCs operating on alternative fuels has received numerous attentions, which 74 

could be evidenced by many excellent review articles [20–29]. The fuel cell stability was 75 

frequently discussed in these review articles, because some potential degradation problems 76 

could seriously restrict the stable performance and thus implementation of SOFC technology 77 

when SOFCs operate on alternative fuels. However, most of them were mainly focusing on 78 

one specific fuel such as methane [22,23], alcohols [24–26], ammonia [29] or solid carbon 79 

[27,28], and very limited attention has been paid to the durability assessment of SOFCs fed by 80 

various alternative fuels [20,21]. Ge et al. [20] summarized the developments of SOFCs for 81 

direct hydrocarbon utilization, but the anode material advances were the focus of discussion. 82 

Boldrin et al. [21] reviewed the strategies and materials for carbon and sulfur tolerant fuel cells 83 

from heterogeneous catalysis. Besides, inspired by the research work conducted by Wang et al. 84 

[22], we found that the approaches for deterioration suppressions and performance 85 

enhancements could be achieved from perspectives of thermodynamics, kinetics and structure. 86 

Therefore, in this review, the degradation mechanisms of SOFCs on promising hydrogen 87 

substitutes involving hydrocarbons, alcohols, solid carbon and ammonia are discussed. In 88 

addition, based on the latest advances in oxygen-ion-conducting SOFCs, strategies from three 89 

perspectives for solving the degradation issues so as to enhance the cell stability were 90 

separately elaborated. Finally, remaining challenges and promises of SOFCs operating on these 91 

alternative fuels are concluded.  92 
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2. Structure, Principle, and Materials of SOFCs 93 

SOFCs consist of an ion-conducting solid ceramic electrolyte sandwiched between the 94 

porous fuel electrode (anode) and porous air electrode (cathode) [30] (Fig. 1). Similar to other 95 

types of fuel cells, SOFCs are supplied with the fuel in the anode and the air in the cathode 96 

which are physically separated by the dense impermeable electrolyte film. Oxygen molecules 97 

are reduced to oxygen anions at TPB (triple phase boundary) sites of the cathode (Eq.(3)) by 98 

electrons from the anode via external circuit, and due to the gradient of oxygen chemical 99 

potential, ions are transported through the ceramic electrolyte (ion conductor) into TPB sites 100 

of the anode, where fuels can be electrochemically oxidized to release electrons which flow 101 

through external circuit to the cathode to generate usable electricity power (Eqs. (1) and (2)). 102 

As long as the fuel and air are continuously supplied to SOFCs, the external load can operate 103 

continuously because of continuous electrochemical reactions.  104 

 H2 + O2− → H2O + 2e− (1) 105 

 CO + O2− → CO2 + 2e− (2) 106 

 0.5O2 + 2e− → O2− (3) 107 

Based on the principle of the SOFC and functions of each component, the anode, cathode, 108 

and electrolyte need to be equipped with specific properties by fabricating particular materials. 109 

The latest material advances of these three components could be found in various excellent 110 

review papers available in the literature [31–35], so only several frequently used materials will 111 

be briefly introduced in this section. 112 

  113 

Fig. 1. The schematic of SOFC 114 

2.1. Electrolyte material 115 

For the electrolyte, the permeability must be sufficiently low in order to separate gases of 116 

both sides of the gas-tight layer. Besides, the high ionic conductivity and extremely low 117 

electronic conductivity which minimizes the leakage current need to be maintained at high 118 

operating temperature, strong reducing (anode side) and oxidizing (cathode side) environments. 119 



 

6 

 

State-of-the-art material for electrolyte is YSZ (yttria-stabilized zirconia), which is commonly 120 

used in the high-temperature SOFCs (HT-SOFCs, >850℃) [36]. Typically, anode-supported 121 

YSZ-based SOFCs need to operate at temperature above 973 K in order to overcome the 122 

overpotential and thus achieve feasible ionic conductivity (0.01 S cm-1 at 700 ℃) when the 123 

typical electrolyte thickness of 10 μm is assumed [32]. However, for the lower working 124 

temperature, doped-ceria is one of the most successful materials for the electrolyte, such as 125 

SDC (samarium doped ceria, SmxCe1-xO2) and GDC (gadolinium doped ceria, GdxCe1-xO2), 126 

which show higher conductivity particularly in the low or intermediate temperature range from 127 

500 to 750 ℃. However, doped-ceria is likely to suffer from chemical instability at lower 128 

oxygen fugacity (fuel electrode side) due to the redox cycle of cerium cation, which causes 129 

substantial electronic conductivity leading to the internal shorting and thus lower OCV (open-130 

circuit voltage) [37]. Different from the doped ceria, the lanthanum strontium gallium 131 

magnesium (LSGM, Sr and Mg-doped LaGaO3) with the perovskite structure possesses 132 

adequate ionic conductivity and negligible electronic conductivity at relatively low oxygen 133 

pressure, and the minimum operating temperature for LSGM is the same as that of GDC 134 

(550 ℃) [38]. However, some material compatibility problems hinder the application of thin 135 

LSGM, such as nickel interdiffusion and La loss [32]. Fortunately, these issues mentioned-136 

above related to doped ceria and LSGM could be well addressed by the bi-layer electrolytes 137 

structure, which could incorporate best properties of each electrolyte materials [32].  138 

The electrolyte normally contributes the most of ohmic resistance of the SOFC due to the 139 

inefficiency of ionic conduction, so the thickness reduction of the electrolyte and the utilization 140 

of higher ionic conductivity electrolyte materials enable SOFCs to operate on lower 141 

temperature, which could offer numerous benefits to fuel cell system. Firstly, a wide range of 142 

materials for the components could be used with simpler and more economical fabrication 143 

approaches; secondly, lower temperature means quick start-up or shut-down time and also ease 144 

the problems such as sintering or grain growth of metallic phase in the anode, which in turn 145 

improves the thermal stability and prolongs the lifetime of fuel cells. Furthermore, intermediate 146 

temperature and low temperature SOFCs (IT-SOFCs, 650 to 850 ℃ and LT-SOFCs, 400 to 147 

650 ℃) show great potentials in the application of transportation and portable devices with 148 

significant long-term economic and environmental benefits [4]. 149 

2.2. Cathode material 150 

The oxygen reduction reaction (ORR) takes place in the cathode, so the cathode material 151 

possessing wonderful catalytic effect can truly improve the performance of SOFCs since the 152 

biggest polarization loss in SOFCs is related to ORR. LSM perovskite-type oxide (strontium-153 
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doped lanthanum manganite, LaxSr1-xMnO3) is the most commonly used material for the 154 

cathode of HT-SOFCs, because LSM shows excellent catalytic effect and high electronic 155 

conductivity in the temperature from 800 to 1000 ℃ [39]. However, LSM does not seem to be 156 

the optimal choice for intermediate or low temperature because of the higher activation energy 157 

and increased polarization resistance due to insufficient catalytic activity below 700 ℃ [40]. 158 

Therefore, for the temperature from 500 to 700 ℃, the cobalt-containing MIEC (mixed 159 

ionic/electronic conducting) materials like strontium-doped lanthanum ferro-cobaltite (LSCF, 160 

La1-xSrxCo1-yFeyO3-δ) [41] and strontium-doped barium ferro-cobaltite (BSCF, Ba1-xSrxCo1-161 

yFeyO3-δ) [42] have received more attention due to their enhancements of cathode reaction 162 

kinetics and higher ionic conductivity at intermediate or low temperature. In addition, the 163 

distinguished feature of the MIEC cathode material is that the TPB region is intrinsically 164 

expanded to the entire gas-cathode interface because of mixed ionic/electronic conductive 165 

property [40]. Although LSCF cathode shows greater reactivity with YSZ electrolyte, forming 166 

the La2Zr2O7 insulation layer, this problem could also be mitigated by inserting a ceria-based 167 

buffer layer into the cathode/electrolyte interface to form the bi-layer electrolytes structure 168 

since ceria shows more stable compatibility with the LSCF cathode [3]. 169 

2.3. Anode material 170 

Anode is the component where the fuel oxidation (e.g., hydrogen oxidation reaction) or 171 

reforming reactions occur. Therefore, requirements for the anode involve sufficient ionic and 172 

electronic conductivities as well as active catalytic effect for chemical/electrochemical 173 

reactions [30]. Similar to the cathode, anode is also a porous composite electrode consisting of 174 

electronic conductor and ionically conductive ceramic. Nickel metal is the most advanced 175 

material for the electronic phase of the anode because of high intrinsic electronic conductivity 176 

of the metal, excellent electrocatalytic activity and low cost. Besides, nickel is also the best 177 

reforming catalyst for many carbon-containing fuels, so the internal reforming reaction is 178 

possible if SOFCs operate on other promising fuels. Preferred ionic phase of the anode is YSZ 179 

or doped-ceria which provides enough ionic conductivity into the depth of the anode layer and 180 

also lowers the thermal expansion coefficient (TEC) of the composite anode to achieve good 181 

thermal compatibility with YSZ or doped-ceria electrolyte since Ni has a relatively higher TEC 182 

than that of these electrolytes [30]. In addition, the presence of ionic phase in the anode can 183 

present a framework as a sintering inhibitor to prevent the grain growth of Ni particles since 184 

the agglomeration or interdiffusion of Ni grains is likely to occur at elevated temperature [3].  185 

The optimizations of microstructure and composition of the anode is also important to 186 

improve the performance of SOFCs by achieving the lowest overpotential losses [43]. 187 
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Although the Ni metal has a high electronic conductivity (about 20,000 S cm-1 at 1000 ℃), the 188 

conductivity of Ni-YSZ can be more than a factor of 10 lower than that of bulk nickel metal 189 

because of the possible not well-connected metallic phase, porosity, tortuosity and the nature 190 

of the composite electrode. Therefore, 30-60 vol% Ni is typically recommended since the 191 

cermet cannot meet the requirement of sufficient electronic conductivity and suffers from 192 

higher ohmic polarization resistance if the content of Ni phase is less than 30 vol% of anode 193 

solid phase [44]. In addition, the optimum volume of gas phase is essential to facilitate the easy 194 

diffusion of direct fuel gases into electrochemical active sites and the better transportation of 195 

reaction products away from the anode to minimize concentration overpotential loss. Gas phase 196 

is also one important component of the TPB, which is directly related to the rate of 197 

electrochemical reactions. Therefore, for efficient functioning, Ni-YSZ porous anode is 198 

expected to be constituted by 30-35 vol% porosity [6]. In general, good chemical and thermal 199 

stability as well as the excellent performance make Ni-YSZ cermet anode still attractive 200 

presently [33,45]. 201 

However, despite tremendous advantages of Ni-YSZ composite cermet, several serious 202 

deactivation issues could be caused if SOFCs directly operate on alternative fuels, which will 203 

be detrimental to the performance and durability of anode catalyst [30]. For example, carbon 204 

deposition has been considered as one of the serious issues when SOFC is fed by carbon-205 

containing fuels [5]. Therefore, to tackle this shortcoming of the anode, numerous strategies 206 

have been employed to enhance the coking resistance and thus increase the cell lifetime. These 207 

approaches and coking problem as well as other issues associated with non-hydrogen fuels will 208 

be discussed in the following sections. 209 

  210 
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3. Operation of SOFCs on promising fuels 211 

Since oxygen ions transferred from the cathode could oxidise any reductive fuels and 212 

relatively higher operating temperature of SOFCs benefits the kinetics of electrode 213 

electrochemical/chemical reactions, in principle, it is possible to utilize a wide range of fuels, 214 

including gaseous state fuels such as the gaseous alkanes and ammonia, liquid fuels like 215 

alcohols and liquid alkanes, or even solid phase fuels including activated carbon, coal and 216 

biomass. However, several degradation issues involving carbon deposition, sulfur poisoning, 217 

agglomeration, re-oxidation and nitriding of the nickel metal etc. could deactivate functions of 218 

the anode and thereby threaten the cell stability when these promising fuels are used as the fuel 219 

for SOFCs. In order to solve these issues above, degradation mechanisms of SOFCs are firstly 220 

summarised, depending on the fuel used. Then, particular attention is given to the suppression 221 

strategies from thermodynamics, kinetics and structure to improve the operation stabilities of 222 

SOFCs, involving the control of operating temperature, fuel mixture composition, specific 223 

current density, anode material and structure design etc. Besides, the future development 224 

directions of this competitive energy technology are identified. 225 

3.1. Hydrocarbons 226 

3.1.1. Fundamentals of hydrocarbon-fuelled SOFCs 227 

Direct utilization of Hydrocarbons 228 

The internal process is complex when hydrocarbon fuel is directly fed into SOFC system 229 

without substantial amounts of oxygen-carrying species. On one hand, due to the excellent 230 

catalytic effect of the anode and thus the faster electrochemical kinetics, the direct 231 

electrochemical oxidation of hydrocarbon is possible to occur if hydrocarbon fuel could reach 232 

the electrochemical active sites. On the other hand, under SOFCs high temperature operating 233 

conditions, hydrocarbon is likely to decompose into lighter hydrocarbon or hydrogen before 234 

reaching the electrochemical active sites, and this chemical process can be improved due to the 235 

presence of anode catalyst [26]. Although the direct electrochemical oxidation is probably the 236 

most effective way for fuel conversion, it is not likely to take place in one step, because even 237 

for the simplest hydrocarbon, methane, the process of electrochemical oxidation involving 238 

eight electrons could be more sluggish than others reactions such as the thermal decomposition 239 

reactions and the afterward electrochemical reactions [46,47]. Besides, the steam or dry 240 

reforming of hydrocarbon may take place when the steam or carbon dioxide is generated as 241 

electrochemical products. Therefore, based on the information and analysis available, direct 242 

electrochemical oxidation of hydrocarbon is unlikely to be the main reaction of the anode, 243 

while the internal anodic reactions should be the combination of several in-situ reactions 244 
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including direct electrochemical oxidation, reforming and decomposition reactions. According 245 

to McIntosh [5] and Mogensen [48], the process that the hydrocarbon is directly fed into the 246 

anode channel of the SOFCs with negligible or no oxygen, steam or other oxide gases should 247 

be referred as direct utilization or direct conversion of hydrocarbons rather than the direct 248 

electrochemical oxidation. 249 

Reforming of the hydrocarbon 250 

Other than the direct utilization, there are also other operation modes for hydrocarbon, such 251 

as the external reforming, steam reforming (Eq. (4)), dry reforming (Eq. (5)), partial oxidation 252 

(Eq. (6)) and auto-thermal reforming. Here, we use methane as an example. 253 

External reforming is a kind of operation that the fuel is processed in the separate reforming 254 

chamber after desulfurization process, and then the reformed synthesis gas (mixture of carbon 255 

monoxide and hydrogen) is afterwards supplied to SOFC without the stringent gas cleaning 256 

system (e.g., water gas shift reactors) that converts most of carbon monoxide to hydrogen and 257 

then removes residual carbon monoxide to low ppm (parts per million) level, since high 258 

temperature fuel cells even with traditional Ni-based anodes are likely to be free of CO 259 

poisoning problem, thus avoiding deactivations of carbon deposition and sulfur poisoning [26]. 260 

Besides, due to the endothermic nature of reforming process, heat needs to be supplied to the 261 

external reactor, which will result in extra capital. Therefore, because of the complexity of 262 

whole system and additional operating cost, external reforming may be only appropriate for 263 

large-scale stationary SOFCs usually combined with CHP applications [3]. However, for the 264 

small-scale devices especially for the portable or transport systems, internal steam and dry 265 

reforming as well as the partial oxidation are much prevalent.  266 

 CH4 + H2O ↔ 3H2 + CO                 Δ𝐻298
0 = +206 kJ mol−1 (4) 267 

 CH4 + CO2 ↔ 2H2 + 2CO                 Δ𝐻298
0 = +247 kJ mol−1 (5) 268 

 CH4 + 0.5O2 ↔ 2H2 + CO                 Δ𝐻298
0 = −36 kJ mol−1 (6) 269 

 CO + H2O ↔ H2 + CO2                 Δ𝐻298
0 = −41 kJ mol−1 (7) 270 

Steam or dry reforming reaction is a highly endothermic process that convert the methane 271 

and steam or carbon dioxide into the synthesis gas mixture, normally followed by water gas 272 

shift reaction (Eq. (7)), generating more hydrogen. When reforming reaction takes place inside 273 

the anode of SOFCs, the generated syngas could be subsequently consumed electrochemically 274 

for producing electricity and steam as well as the carbon dioxide which will further promote 275 

the reforming process, thereby improving the conversion of methane and leading to higher fuel 276 

utilization. Meanwhile, the heat due to the irreversible loss of electrochemical reactions and 277 
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also the ohmic resistance largely from the electrolyte can be well used by endothermic 278 

reforming process, thus reducing the requirement for active cooling which is normally 279 

implemented by oversupplying the air to the cathode side [4], and also the need for providing 280 

additional energy to the reforming process, so the thermal coupling of electrochemical 281 

reactions and reforming process could significantly improve the overall efficiency of SOFC 282 

system. Although rapid reforming reactions, especially in the high catalytic effect of the metal-283 

based anode, may lead to severe local cooling usually at the entrance of the anode, 284 

mechanically damaging the cell system due to steep thermal gradient [49], thermal neutral state 285 

could be achieved if the operating condition is well-optimized, minimizing the possibility of 286 

mechanical failure due to the poor thermal management. Most recently, experimental and 287 

simulation results on the methane multiple-reforming (MMR) in SOFCs showed the feasibility 288 

of thermal neutral state, which provides very meaningful guidance to the heat management of 289 

cell stack [50]. In addition to the mechanical instability mentioned-above, dilution effect 290 

caused by the introduction of steam or carbon dioxide could lower the output performance of 291 

SOFCs through decreasing the partial pressure of syngas and practical OCV. Furthermore, the 292 

dry and steam reforming may be both problematic when the system is operating at partial load 293 

state, especially at the start-up or open circuit condition, because the heat produced from cell 294 

inefficiencies could be insufficient to sustain the thermal demands of reforming reactions [3]. 295 

Although the simpler apparatus of the SOFC system towards dry reforming can be achieved 296 

due to the fact that carbon dioxide is easier to handle than steam [51], dry reforming may pose 297 

more serious degradation threats to the anode than steam reforming from the perspective of 298 

carbon tolerance [52]. Despite these, as the major components of biogas, the utilization of 299 

methane and carbon dioxide from renewable resources could be a very promising route to 300 

achieve the carbon-neutral electric power generation [53]. 301 

Different from the endothermic nature of steam and dry reforming reactions, the partial 302 

oxidation process of methane is slightly exothermic (Δ𝐻298
0 = −36 kJ mol−1) because part of 303 

total chemical energy available in methane fuel is lost as heat which could be evidenced by the 304 

partial oxidation chemical equation (Eq. (6)): products of per mole methane is only capable of 305 

producing 6 mole electrons which is 25% less than that of dry or steam reforming reactions. 306 

Besides, because air has been used as the main oxygen source due to its availability, nitrogen 307 

will be inevitably carried into the fuel mixture, leading to some undesirable consequences such 308 

as the efficiency loss because of non-negligible heat absorption (e.g., latent heating), potential 309 

production of N2O (greenhouse gas) [54]. Therefore, the energy loss and the introduction of 310 

nitrogen could decrease the overall efficiency of SOFC system. For example, OCV was found 311 



 

12 

 

to decrease with the increase of added air flow rate, which will consequently has an negative 312 

effect on the output power density [55]. In addition to the open-circuit voltage, higher 313 

concentration of oxygen may also result in other detrimental issues such as agglomeration or 314 

migration of the metal catalyst due to the local temperature increase [49], potential 315 

delamination of the anode layer due to re-oxidation of nickel metals [55] and inhibition of 316 

oxygen transport from the cathode side because of lower oxygen chemical gradient [56]. 317 

Therefore, the oxygen to methane ratio needs to be well-optimized, since keeping highly 318 

reducing atmosphere in the anode is extremely essential to the durability of metal catalysts and 319 

integrity of the structure. In spite of these above, the rapid start because of the exothermic 320 

process still makes the partial oxidation process more appropriate for small-scale portable fuel 321 

cells since this type of system normally pays attention to the quick response, instead of the 322 

system efficiency [7]. 323 

Auto-thermal reforming is a process that combines the partial oxidation and steam reforming, 324 

so auto-thermal reforming may have synergistic benefits and thus achieve higher hydrogen 325 

yield and efficiency than partial oxidation, and simpler requirements for thermal management 326 

than steam reforming. Besides, it is possible for SOFC system to operate at from full load to 327 

zero power output since the energy demand for steam reforming at zero load condition could 328 

be partially or completely provided by the exothermic partial oxidation according to the fuel 329 

mixture composition. 330 

Degradation issues of hydrocarbon-fuelled SOFCs 331 

The nickel-based cermet is still most popular anode when SOFCs are operating on 332 

hydrocarbon fuels because of its superior properties in electronic conductivity and catalytic 333 

activities of electrochemical and reforming reactions. However, high temperature, and 334 

complicated gas environment have posed a harsh threat to the fuel electrode. Generally, there 335 

are four different kinds of degradation for nickel-based anode of hydrocarbon-fuelled SOFCs, 336 

including nickel coarsening, sulfur poisoning, coking (carbon formation), and redox instability 337 

[22]. All these degradation processes may cause changes of anode micro- and macro-structures 338 

or surface morphology, and thus the reduction of the TPB length or poor fuel diffusion ability, 339 

thereby leading to the poor performance and even complete failure of SOFCs. 340 

Carbon formation 341 

Among all these degradation mechanisms, carbon formation on the cermet anode is the most 342 

serious reason of catalyst deactivation and it may be even inevitable in any operation involving 343 

hydrocarbons or other carbon-containing fuels [57]. In general, when hydrocarbon is supplied 344 
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to SOFCs as fuel, carbon could be formed from hydrocarbon decomposition (Eq. (8)), 345 

Boudouard (Eq. (9)), and reversed H2O gasification (Eq. (10)) reactions [58]. Boudouard 346 

reaction and reversed H2O gasification reaction are favourable thermodynamically at lower 347 

temperature, whereas hydrocarbon decomposition reaction is favored at high temperature [21]. 348 

 C𝑛H𝑚(g) ↔ 𝑚/2H2(g) + 𝑛C(s) (8) 349 

 2CO(g) ↔ CO2(g) + C(s) (9) 350 

 CO(g) + H2(g) ↔ H2O(g) + C(s) (10) 351 

Fully understanding the mechanism of carbon deposition is essential to develop anode 352 

materials and optimize micro- and macro-structures. According to the literature, two kinds of 353 

mechanism have been accepted by majority of scholars based on whether the catalytic metal 354 

exists or not [5,21,45], since two peaks of Raman Shift (D-band at 1350 cm-1 and G-band at 355 

1580 cm-1) are usually observed in the Raman spectroscopy after stability tests. Firstly, the 356 

growth of graphite carbon (G-band at 1580 cm-1) on the active metal surface such as Ni is the 357 

main source of carbon deposition [57]. Dissolution-precipitation process is main mechanism 358 

for carbon deposits on the presence of active metals, involving adsorption of carbon on the 359 

surface of metals, dissolution of carbon into the metal bulk, and finally precipitation of carbon 360 

as a whisker (graphite fibre). Carbon deposition on the surface of metals may block pores or 361 

encapsulate catalytic sites, leading to the increased mass-transport resistance. Fortunately, 362 

deposited carbon could be oxidised after the oxygen-temperature programmed oxidation (TPO) 363 

process which means that this kind of deactivation is reversible. However, with further 364 

formation of carbon on the surface of catalytical active metals, carbon may dissolve and plug 365 

into the metal bulk, leading to the volume expansion and even pushing metal particles off the 366 

support, which can cause structural failure and thus permanent deactivation of catalysts [21]. 367 

Besides, metal particle size [59], preparation method [60,61], metal content [62] and second 368 

phase [63] of the catalyst could influence the behaviours of carbon formation. For example, 369 

based on the thermodynamic analysis of methane dry reforming process, the ideal catalyst 370 

particle size to avoid considerable carbon formation was found to be below 5 nm at optimal 371 

operating conditions [64]. Secondly, amorphous carbon (D-band at 1350 cm-1) could form in 372 

the gas phase even without the metal catalyst through these three potential chemical reactions. 373 

Normally, amorphous carbon would deposit at the outer surface of the anode or the exhaust 374 

exist via gas flow [65], which is less deactivating [21]. The deactivation process is likely to fill 375 

the pores of the anode, resulting in higher concentration polarization loss. Furthermore, 376 

different from the carbon catalytically formed on metal particles, the carbon formed by gas-377 
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phase does not cause mechanical failure of the anode cermet due to no introduction of structural 378 

stress [5]. Because of more reactive nature [66], the amorphous form of the carbon is more 379 

likely to convert into the graphitic form at elevated temperature [57]. 380 

Sulfur poisoning 381 

Another crucial issue is the sulfur poisoning not only to anode but cathode, because some 382 

hydrocarbon fuels or even commercial fuels may contain certain amount of sulfur-based 383 

constituent as impurity [67] or as an additive [68], which will deactivate the Ni-based cermet 384 

anode even at low ppm level [69], and the sulfur compound in the much polluted air can also 385 

lead to serious degradation of the strontium-based cathode if SOFCs are installed in the urban 386 

environment [70,71]. Sulfur compounds in hydrocarbon fuels are more likely to be converted 387 

into the most thermodynamically stable gaseous hydrogen sulphide (H2S) in the environment 388 

of anode compartment, which is also why H2S is usually directly used to be the source of sulfur 389 

compounds in many laboratory experiments [72]. From the anode perspective, although the 390 

degradation behaviour of cermet related to H2S impurity mainly depends on various factors 391 

such as operating temperature, current density, H2S concentration and anode structure [73], 392 

possible mechanisms of sulfur poisoning on the anode have been summarised by numerous 393 

studies [73–76]. Generally, the rapid initial drop of output power density had been observed in 394 

many research studies, which have been referred as short-term effect by some scholars. The 395 

fast decrease of power output at the beginning is mainly because of the adsorption of sulfur 396 

(Eq. (11)) on the nickel surface which will cause the decrease of TPB length and the increase 397 

of anode polarization resistance, subsequently leading to lower cell performance [73]. 398 

Depending on operating conditions, performance degradation caused by the short-term effect 399 

can be partially or completely eliminated after the switch of H2S-free fuel for performance 400 

recovery, especially for lower H2S concentration and higher temperature [77]. With the 401 

increasing of exposure time, long-term effect of sulfur poisoning may behave differently at 402 

different H2S concentrations, operating temperatures, or even current densities. For example, 403 

sulfidations of Ni (Eqs. (12) and (13)) are more likely to occur at lower temperature or higher 404 

H2S concentration, which may change the morphology of Ni phase and thereby deactivate the 405 

local electrocatalytic capacity [78]. Besides, oxidation of Ni is also an important reason for the 406 

long-term behaviour of surfur poisoning when SOFCs is operating under high current density 407 

[69], because when adsorbed sulfur blocks electrochemical sites, more flux of O2- because of 408 

high current density will oxidise Ni particles instead of direct fuels owing to insufficient active 409 

sites, and formed NiO may not only diminish the nickel amount but induce the stress in the 410 
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anode as a consequence of the bigger molecular structure of NiO, leading to microcrack or 411 

even interface delamination. Despite different processes caused by various operating 412 

conditions, the main influence of the long-term sulfur poisoning effect may be related to the 413 

micro-structure of the anode, which can have a permanent negative effect on the SOFC 414 

performance. 415 

 H2S(𝑔) ↔ HS(𝑎𝑑𝑠) + H(𝑔/𝑎𝑑𝑠) ↔ S(𝑎𝑑𝑠)+H2(𝑔/𝑎𝑑𝑠) (11) 416 

 H2S + Ni ↔ NiS+H2 (12) 417 

 𝑥H2S + 3Ni ↔ Ni3S𝑥+H2 (13) 418 

Sintering of metal phase in the anode and redox instability of SOFCs 419 

Carbon formation and sulfur poisoning are both possible degradation phenomena when 420 

hydrocarbon fuels are utilized. Unlike these two degradations, redox instability and nickel 421 

coarsening are more common since no matter what kinds of fuel are fed, they may occur. Ni-422 

based anodes are expected to operate under a reducing environment in order to keep Ni in a 423 

metallic form, because when oxygen or air flow into the anode due to some reasons such as 424 

unintentionally interrupted supply of the fuel, or leakage of the air, Ni can be oxidized to 425 

sponge-like NiO accompanied with 69% volumetric expansion [79], resulting in lower 426 

electrochemical performance, and even the malfunction of whole fuel cell because of 427 

microstructure changes caused by the volume expansion [6]. In addition to the redox instability, 428 

nickel coarsening is another frequent problem which could also lead to microstructure change 429 

especially at higher temperature due to the thermally favourable sintering process and relatively 430 

lower melting point of the nickel metal [80]. Besides, smaller Ni particle seems to have higher 431 

surface energy, and agglomeration of these particles could decrease this energy. Therefore, 432 

bigger metal particles are likely to be formed during this agglomeration process, which may 433 

degrade the function of the anode by decreasing the electrical conductivity and TPB length 434 

because of the Ni-Ni contact loss [81].  435 

3.1.2. Strategies to suppress degradation issues of methane-fuelled SOFCs 436 

Methane (CH4), the main component of natural gas, coal-bed gas and biogas, is the simplest 437 

alkane with the highest hydrogen to carbon ratio (4:1) among HCs which can lower the carbon 438 

dioxide emission per unit of electricity power generated during its oxidation process [82]. 439 

Therefore, methane has been considered as the most beneficial alternative gaseous fuel for 440 

SOFC system and also widely studied by many researchers (Fig. 2). 441 
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 442 

Fig. 2. Number of publications for SOFCs combined with various alternative fuels from 2001 443 

to 2021. Data source: Scopus. 444 

As discussed previously, Ni-based cermet has still been the most suitable anode material for 445 

hydrocarbon-fuelled SOFCs since Ni-based anodes generally achieved relatively higher Pmax 446 

(maximum power density) compared to others such as copper- or oxide-based anodes. However, 447 

the most serious problem related to SOFCs operating on hydrocarbon fuels is the rapid 448 

degradation because of carbon formation at the anode as demonstrated in last section. In the 449 

literature, there are lots of articles which have reviewed the development of durable methane-450 

fuelled SOFCs especially with the focus on the anode material design [20–22]. Therefore, we 451 

mainly introduce the latest progress of SOFCs on methane fuel since methane-fuelled SOFCs 452 

have received lots of attraction in recently years. According to the literature, strategies to 453 

suppress carbon deposition over nickel cermet anode could be implemented from three 454 

perspectives: thermodynamics, kinetics, and structure. Actually, in most laboratory 455 

experiments, combined strategies are normally adopted to achieve better performance towards 456 

electricity output and long-term stability. Related electrochemical characteristics of methane-457 

fuelled SOFCs are summarized in Table 1. In addition to the carbon formation, other 458 

degradation problems (e.g., sulfur poisoning, re-oxidation of Ni and metal sintering) will also 459 

be involved in the following discussion. 460 

Thermodynamics 461 

Taking the carbon formation mechanism into account, the methane cracking reaction would 462 

be the main reason for the degradation of nickel-based anodes, especially at high working 463 

temperature. In order to eliminate the cracking reaction, the promotion of reforming reactions 464 

could be a promising way. Therefore, the most effective way to tackle the carbon formation is 465 

through thermodynamic approaches, including the addition of oxygen-containing agents, 466 
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operation on higher current or special temperature region which does not favour the methane 467 

cracking reaction. Due to the reducing nature of deposited carbon, the utilization of pyrolytic 468 

carbon could also be another special thermodynamic method to eliminate the negative effects 469 

of accumulated carbon. 470 

Fig. 3 illustrates the C-H-O triangle diagram based on the thermodynamic calculation of 471 

chemical equilibrium mixture composition of H2O, C (graphite), CO, CO2, CH4, H2 and O2, 472 

demonstrating equilibrium deposition and non-deposition areas of the graphitic carbon 473 

regarding the anodic feeding composition at different temperatures [83]. From the perspective 474 

of thermodynamics, the methane-rich mixture composition will shift into the non-coking area 475 

when oxygen-containing gases are added. For example, mixing with the steam, carbon dioxide 476 

or oxygen moves the fuel equilibrium composition into non-deposition area (the lines with 477 

rows in Fig. 3). It is worth noting that thermodynamic equilibrium calculation is the indication 478 

of OCV state in the SOFC operation, and more oxygen content will be transferred to the anode 479 

side when SOFC is under current swap state, which may result in other unfavourable problems 480 

such as delamination due to nickel particle re-oxidation because additional oxygen content 481 

required to eliminate coking issue in the OCV state is higher than that of the electricity output 482 

state [55]. 483 

 484 

Fig. 3. Calculated carbon deposition region in the ternary diagram of O, C and H elements at 485 

1 atm. This figure is redrawn from ref [83]. 486 

According to gas composition lines of methane mixing with oxygen-containing gases in Fig. 487 

3, the simplest and most effective way to reduce carbon deposition is to add steam to methane 488 

which could be subsequently converted into the syngas through internal steam reforming 489 

reaction. For example, Zhang et al. [65] investigated effects of S/C (steam to carbon) ratio on 490 
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the long-term stability of direct-methane flat-tube SOFC with the Ni-YSZ anode and 491 

symmetric double-sided cathodes at specific current density (0.257 A cm-2), and it was found 492 

that when S/C ratio was 2, SOFC achieved stable operation more than 190 h at the temperature 493 

of 750 ℃, while rapid deteriorations were observed due to the deposited carbon in less steam 494 

added cases. However, according to the results from experimental study [84], no carbon was 495 

formed on Ni-YSZ catalyst via steam reforming of methane at the temperature higher than 950 ℃ 496 

and inlet S/C ratio of 3.0/1.0. Despite different operation conditions and structures, such a 497 

significant discrepancy is mainly because the thermodynamic calculation of carbon deposition 498 

only provides a general guideline and does not account for the kinetics effect [83]. Therefore, 499 

the exact steam demand required for a SOFC system is dependent on various operation 500 

conditions, such as electricity output, structure, fuel flow rate and others [26]. In addition, 501 

thermodynamic calculation cannot predict the negative impact induced by excessive added gas. 502 

Zhang et al. [65] also found that current dropped suddenly after the 90 h stable performance 503 

when the fuel with S/C ratio of 3 was supplied, which was caused by the break of electron 504 

conducting network due to the gradual oxidation of nickel particles. 505 

Similarly, oxygen and carbon dioxide could be also added into methane fuel to tackle the 506 

carbon issue for achieving long-term stable performance [49,55]. Baldinelli et al. [49] 507 

conducted systematic experiments to find the optimal O/C (oxygen to carbon) ratio through 508 

feeding the air-diluted natural gas and CO2-seperated biogas to the anode-supported button 509 

SOFC with the configuration of Ni-YSZ/8YSZ/GDC-LSCF and found that when the current 510 

was set to 0.5 A cm-2, 0.8 and 0.4 were best O/C ratios with considering the durability and 511 

material degradation for diluted natural gas and upgraded biogas cases, respectively. The 512 

inconsistency of optimal oxygen contents between these two oxygen carriers might be as a 513 

consequence of opposing thermodynamic natures of these processes, though there were no 514 

explanations about the reason in that study. Using typical NiO-YSZ anode, Aslannejad et al. 515 

[55] studied the optimal flow rate of air to achieve the best dilution. However, the addition of 516 

350 SCCM air to 500 SCCM methane showing high tolerance towards carbon formation under 517 

OCV condition leaded to increased anode polarization due to severe delamination shown in the 518 

SEM (scanning electronic microscopy) image when SOFC was operating at 800 mA, while the 519 

1:5 additional ratio (100 SCCM air) was confirmed to maintain the stable power density for 520 

100 h operation afterwards. The results of studies [55,65] show the significance of relationship 521 

between additional oxygen agent amount and operation condition, especially the current 522 

density due to the fact that typical current density is also the thermodynamic method to prevent 523 

carbon formation which will be discussed more in the following paragraph. Because added 524 
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oxygen carrier and transferred oxygen anion (current density) are both sources of oxygen 525 

content, the balance of these two sources is essentially important for the durability of SOFCs 526 

concerning the carbon deposition as a result of insufficient oxygen amount and the re-oxidation 527 

of Ni metals owing to excessive oxygen content. Therefore, disequilibrium will be triggered if 528 

one of these conditions changes, leading to undesirable consequences.  529 

Current density and operating temperature can also be thermodynamic strategies to maintain 530 

long-term output of SOFCs while directly using dry methane since during the operation the 531 

oxygen content (in forms of carbon dioxide and steam) could also drive fuel composition away 532 

from the coking region (Fig. 3), especially for higher current density and lower operation 533 

temperature [85]. The most plausible mechanism of carbon suppression by current density is 534 

that electrochemical reactions products promote reforming processes of methane (Eqs. (4) and 535 

(5)), reversed Boudouard reaction (Eq. (9)) and H2O gasification reaction (Eq. (10)), thus 536 

deterring the cracking reaction or eliminating deposited carbon. Also, some researchers thought 537 

that high O2- flux transferred because of high current density is the reason to prevent carbon 538 

formation since O2- can react with deposited carbon and also release electrons, which is the 539 

same as the electrochemical oxidation of solid carbon in the direct carbon SOFC. In author’s 540 

opinion, it depends on the structure of SOFC. According to the literature [3,5,86–89], it is 541 

widely accepted that electrochemical reactions mainly take place in a narrow region of the 542 

porous anode called functional layer, which is an active zone within approximate 10-20 μm 543 

from the anode-electrolyte interface. Therefore, when the design of anode-supported is used, 544 

higher concentrations of electrochemical products are the dominated reason for carbon 545 

prevention owing to the fact that less or even no O2- will be transferred beyond this narrow 546 

region. However, due to the high oxygen anion content in the thin anode layer of electrolyte- 547 

or cathode-supported SOFC structure, the directly oxidation of deposited carbon will be 548 

possible, which can be evidenced by the phenomenon that only slight current density (1 mA 549 

cm-2) could significantly reduce the amount of deposited carbon compared to the OCV 550 

condition (nearly 12 times) when the Ni-YSZ anode with the thickness of 25 μm was fabricated 551 

[86]. In addition, electrolyte-supported cell experienced a slower degradation rate than the 552 

anode-supported counterpart, which is shown in Fig. 4 [90]. Besides, no carbon in the adjacent 553 

region close to the electrolyte in cracked anode was detected after few hours operation on the 554 

same power output (1 mA cm-2), though the partial pressure of methane decreased along the 555 

depth of the anode [85]. Despite good structurally intrinsic carbon tolerance on the current 556 

sweep condition, configurations of electrolyte- and cathode-supported cells suffer higher 557 

ohmic resistance because of thick electrolyte support layer and larger concentration 558 
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polarization due to better diffusion capacities of anodic gases than that of the cathodic 559 

counterpart under same structural conditions [91], respectively. Therefore, anode-supported 560 

structure has still been the most popular configuration of SOFC except some certain 561 

circumstances, such as the use of oxide or perovskite materials as anode. 562 

 563 

Fig. 4. Durability test in pure methane at 1023 K for the anode-supported SOFC at 100 mA 564 

cm-2 (□), and for the electrolyte-supported SOFC at 50 mA cm-2 (■). Figure reproduced from 565 

ref. [90] with permission from Elsevier. 566 

In addition, the main reason of carbon formation, methane cracking reaction, can be limited 567 

at the temperature less than 700 ℃ [85,92]. It was found that critical current densities (Jc, the 568 

minimum current density to maintain long-term operation) became 0.8 A cm-2-1.2 A cm-2 for 569 

750℃ and 1.4 A cm-2-1.8 A cm-2 for 800℃, respectively, from 0 A cm-2-0.1 A cm-2 for both 570 

650 ° and 700 ℃, which demonstrates that there is no or less methane pyrolysis at the 571 

temperature less than 700 ℃ and methane cracking reaction rate will be accelerated at the 572 

temperature higher than 700 ℃. Besides, Lin et al. [85] concluded except the working 573 

temperature, other factors such as the methane flow rate, anode thickness and porosity had 574 

slight impacts on Jc, when the Ni-YSZ anode-supported SOFC was running on the dry methane. 575 

The fuel cell that utilizes deposited carbon based on the SOFC is called pyrolytic carbon air 576 

fuel cell (P-CAFC) [93], or rechargeable direct carbon fuel cell (RDCFC) [94–96]. The basic 577 

configuration of the P-CAFC or RDCFC is the same as that of SOFC, and the power is 578 

generated from the carbon deposited on the anode by feeding dry hydrocarbon (e.g., methane) 579 

at OCV condition. Different from the pulverized solid carbon fuel, pyrolytic carbon is formed 580 

by the gaseous hydrocarbon which could diffuse deeply into the porous anode, even reaching 581 

close to the functional layer [93], mitigating the diffusion problem of pulverized solid carbon. 582 

The reaction mechanism (Fig. 5) of deposited carbon fuel in RDCFC was concluded by 583 
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Hasegawa et al. [96]. Besides, six charging/discharging cycles operation demonstrated higher 584 

stability of RDCFC mode, as shown in Fig. 6a. However, due to intermittent electricity output 585 

of the RDCFC mode, intermittent fuel supply (IFS) mode was proposed, which could be 586 

considered as a hybrid of the continuous fuel supply mode and RDCFC mode [97]. In this 587 

mode, much more smooth and prolonged power output could be achieved (Fig. 6b), though 588 

there were other residual active gases such as hydrogen, carbon monoxide and methane, other 589 

than deposited carbon in the anode. Intermittent methane supply could be thought to be a 590 

promising method to utilize the deposited carbon, indirectly address the carbon accumulation. 591 

 592 

Fig. 5. Mechanisms of Anode reactions in a RDCFC. Figure reproduced from ref. [96] by 593 

permission of The Electrochemical Society. 594 

 595 

Fig. 6. (a) Voltage as a function of time in RDCFC mode; (b) Power density or voltage as a 596 

function of the time in intermittent methane supply mode. Figure reproduced from ref. [97] 597 

with permission from Elsevier. 598 

Kinetics 599 

The SOFC with the Ni-cermet anode operating on carbon-containing fuels inevitably causes 600 

carbon formation problem because nickel metal catalyses methane cracking. Therefore, in 601 
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order to improve the carbon tolerance of nickel cermet anodes, kinetic methods related to the 602 

material science provide lots of alternatives, involving the modifications of the Ni-cermet by 603 

incorporating or replacing other metals or oxides, or even the development of Ni-free anodes 604 

such as oxide- or copper-based anode. 605 

 Incorporating or alloying other metals could be an effective way to modify the tolerance 606 

ability towards carbon deposition as well as electrochemical performance of the Ni-based 607 

cermet anode. Despite high cost of noble metals involving Au, Ru, Ag and Pd, the enhancement 608 

of stable operation may partially compensate the increased manufacturing cost since addition 609 

of certain amount of these metals is likely to improve the carbon tolerance. Thermogravimetric 610 

analysis in the research conducted by Niakolas et al. [98] showed that commercial Ni-GDC 611 

(Gd0.1Ce0.9O2) modified by Au nano-particles through deposition precipitation method 612 

achieved better carbon formation mitigation than pristine anode under dry methane feeding 613 

condition. In addition, SOFC with the Au-Ni-GDC anode ran stably over 200 hours with a 614 

output performance of 0.41 W cm-2 when fuel cell was operating on the methane rich fuel (three 615 

consecutive fuel operations: mixture of steam and methane with a molar ratio of 3/2, mixture 616 

of steam and methane with a molar ratio of 1/2 and dry methane), while for the Ni-GDC 617 

counterpart, 0.3 mV h-1 voltage degradation was observed even for the fuel condition of 618 

methane and steam mixture with a molar ratio of 1/2. Besides, the OCV for Au modification 619 

case was 0.15 V higher than that of the cell with pristine anode under methane steam reforming 620 

condition. These results demonstrate that the addition of Au leads to the improvement of carbon 621 

tolerance without sacrificing the SOFC electrochemical performance. Besides, Garcia-Garcia 622 

et al. [99] had drawn a same conclusion that small amount of gold doping could effectively 623 

prolong the lifetime of fuel cell system by suppressing carbon deposition. Fig. 7 shows that 624 

SOFC with the anode of Au-Ni-GDC achieved much more stable electricity output for nearly 625 

200 hours without noticeable degradation than the Ni-GDC counterpart and the corresponding 626 

current density was 0.05 A cm-2 higher under the internal steam reforming condition at 800 ℃ 627 

and 0.7 V. This improvement of the current density may be attributed to the excellent catalytic 628 

effect of Au-modified anode towards methane steam reforming reaction since the OCV [98] 629 

and i-V curve [99] under hydrogen fuel were nearly identical for both SOFCs with un-doped 630 

and Au-doped Ni-GDC anodes, and anode properties such as conductivities, reducibility as 631 

well as microstructure rather than the catalytic activity are related to the electrochemical 632 

performance of SOFC under hydrogen fuel [100]. Furthermore, It was reported that the 633 

tolerance to H2S was also enhanced by the addition of Au because the formation of Au-Ni alloy 634 

could hinder the formation of strongly bonded sulphur [101]. In addition to the Au metal, Ru 635 
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and Ag could serve as useful additives to be added into the Ni-based anode to improve the anti-636 

coking ability and thus the lifespan of the system when methane is directly fed into SOFC 637 

system [102]. For example, when simulated biogas was used as the fuel in galvanostatic 638 

experiments, the Ag-doped cell only degraded at the rate of 7.93 × 10−4 V h-1 in 50 h long-639 

term stability test, while the cell with pure Ni-YSZ anode completely failed after 19 h. Different 640 

from the electrochemical performance of SOFC with Au-modified anode, better Pmax was 641 

achieved for both hydrogen and biogas fuels when 1 wt% Ag is impregnated into Ni-YSZ bulk 642 

anode [102]. However, another noble metal, palladium (Pd), shows less positive effect towards 643 

carbon resistance [103,104]. Although Pd nano-particles contributed to large promotion of the 644 

Ni-GDC activity, filament carbon fibres were still observed in methane fuel case, which 645 

indicated the poor carbon suppression of Ni-based anode impregnated by Pd metal. Although 646 

the addition of precious metals could improve the cell stability, high-cost nature primarily rules 647 

out the applications of noble metals-modified Ni-based anode on a wide scale, which has driven 648 

researchers to search for other cheaper alternative metals. Therefore, some transition or base 649 

metals such as Fe, Co, Cu and Sn have been extensively studied to investigate their 650 

modification effects on coking resistance as well as SOFC performance. Different from some 651 

researchers’ stereotyped impression that introduction of most transition metals may 652 

compromise or sacrifice corresponding catalytic activities, recent studies have shown that small 653 

amount addition of those metals contributed to a higher Pmax and better alleviation of carbon 654 

deposition. Jiang et al. [102] found that Sn with the loading of 1 wt% with respect to Ni metal 655 

amount greatly increased the power density of the SOFC in dry biogas compared to Sn-free 656 

Ni-YSZ anode (Fig. 8). Besides, the durability of the SOFC with Sn-modified anode was 657 

correspondingly enhanced (voltage degradation rate of 2.98 × 10−4  V h-1), which is even 658 

lower than that of noble metal (Ag) counterpart. Furthermore, the stability could be further 659 

improved by increasing the mole ratio of Sn (Fig. 9) [105]. In addition to Sn, Co, Cu and Fe 660 

tend to have similar impacts on these two performance indicators [82,106,107]. For example, 661 

because of higher reforming activity of the Ni0.9Fe0.1 alloy for the wet methane, more syngas 662 

mixture generated will diffuse into the anode functional layer and subsequently be available 663 

for electrochemical reactions, leading to increased Pmax of 1.01 W cm-2 compared to that (0.84 664 

W cm-2) of the Ni-supported cell. Besides, cell with the Ni0.9Fe0.1 anode achieved 50 hours 665 

nearly stable operation in the current sweep condition, while for Fe-free cell, the deposited 666 

carbon occupied the active sites of electrochemical and methane reforming reactions in 667 

conduction and functional layers, respectively, causing complete failure of the cell in first 8 h 668 

[106]. In the study of copper modification effects [107], twice Cu impregnation has been 669 
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proved to achieve the best power density because decreased ohmic resistance exceeds the 670 

increased polarization resistance caused by more Cu content due to the fact that Cu serves as 671 

an excellent electronic conductor but an inferior oxidation catalyst [5]. However, the cell with 672 

Cu-doped Ni-YSZ anode showed contradictory tendency on electrochemical performance in 673 

another study (Fig. 8) [102], which may be attributed to the high operating temperature since 674 

because of the low melting point of Cu metal, high temperature may result in the sintering of 675 

Cu and thus loss of corresponding role [108]. In general, Cu basically shows high carbon 676 

tolerance as it does not catalyse carbon fibre formation [108]. Therefore, addition of Cu into 677 

the Ni-based anode will achieve better stability [102,107]. 678 

 679 

Fig. 7. I-t behaviour for Ni-GDC and Au/Ni-GDC porous anodes operated at 0.7 V 680 

polarization voltage, 800 ℃ and steam to carbon ratio S/C = 0.3. Figure reproduced from ref. 681 

[99] with permission from Elsevier. 682 

 683 

Fig. 8. I-V characterization measured at 750 ℃ for undoped Ni-YSZ, 1wt% Sn-doped Ni-684 

YSZ, 1 wt% Cu-doped Ni-YSZ, 1 wt% Ag-doped Ni-YSZ anode single cells fuelled by dry 685 

biogas. Figure reproduced from ref. [102] by permission of The Electrochemical Society. 686 
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 687 

Fig. 9. Drop of performance of the cells after 72 h discharge. Figure reproduced from ref. 688 

[105] with permission from Elsevier. 689 

Incorporation of alkaline earth metal oxides (e.g., BaO, MgO and CaO) to conventional Ni 690 

cermet anode can be another kinetic method to alleviate coking problem when methane is used 691 

as fuel. This is because small amount of basic oxide additives could help increase the local 692 

basicity [100] and thereby improve the chemisorption capability of steam and carbon dioxide, 693 

which can contribute to the reduction of deposited carbon through chemical reactions [109]. 694 

CaO and BaO decorations showed the best carbon resistance compared to other incorporations 695 

for pristine Ni-SDC anode in oxygen temperature-programmed oxidation (O2-TPO) test, while 696 

due to unreduced phase of Ni0.938Mg0.062O, the coke formation rate of Mg modification was 6 697 

times that of Ni-SDC [100]. Besides, because the process of CaO decoration could bring many 698 

nanoparticles onto the anode surface, which considerably reshaped the cermet morphology 699 

without compromise electrical conductivity, highest Pmax among various anodes has been 700 

achieved in both hydrogen and humidified methane fuels [100]. The stability of cell with the 701 

CaO-modified anode has been conducted with the comparison of pristine Ni-SDC at 300 mA 702 

cm-2 and 650 ℃ when SOFC was operating on wet methane fuel. As expected, basic CaO 703 

improved the operational durability with a slight decay in 70 hours, while cell composed of the 704 

pristine anode degraded completely in less than 2 hours. The research work investigated by Qu 705 

et al. [100] indicated that CaO could be an promising basic oxide with consideration of both 706 

coking tolerance and electrochemical performance. Similar effect of CaO on the coking 707 

mitigation was also observed in the study conducted by Mishina et al. [51], and improved 708 

carbon suppression was concluded through carbon balance. However, there was no further 709 

information about long-term stability operation to directly exhibit the better carbon tolerance. 710 

Different from the work conducted by Qu et al. [100], Yang et al. [109] prepared the nickel-711 
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based anode promoted by 2.5 wt% MgO via impregnant method without occupying Ni active 712 

sites, leading to more uniform MgO distribution in interstitial nickel sites. The existence of 713 

MgO played a significant role in the stable operation and enable the SOFC to present a 714 

moderate Pmax of 714 mW cm-2 at 800 ℃ when 3% H2O humidified methane was fed. 715 

Contrasting effects of MgO on the coking issue are mainly due to different fabrication 716 

procedures or methods, so only proper modification treatments can the anode benefit from the 717 

merits of additives. Recently, the MgO nanolayer-decorated anode was fabricated by in-situ 718 

reduction which greatly improve the homogeneity of sample and economical aspects compared 719 

to the complex evaporation and impregnation [110]. Because of the presence of MgO, smaller 720 

catalyst particles could be found since this oxide with higher melting point is likely to prevent 721 

the growth of NiCu particles. Therefore, under wet methane fuel, better electrochemical 722 

performance (670 mW cm-2) for the anode of Ni0.875Cu0.1Mg0.025O-SDC was obtained, which 723 

is approximately 10% higher than that of unmodified counterpart as a result of possible better 724 

catalytic activity of smaller NiCu particles or intrinsic characteristics of MgO. Besides, after 725 

stable 100 hours power output with the current density of 300 mA cm-2 at 700 ℃, the SEM 726 

images on the cross-sectional of aged anode showed well structural integrity and no evidence 727 

of deposited carbon. In contrast, operating voltage of the NiCu-SDC-based cell gradually 728 

decayed 34% in less than two days [110]. 729 

 CeO2-based materials have attracted considerable attentions due to their high OSC (oxygen 730 

storage capacity) characteristic and the chemical release or uptake of oxygen under a reductive 731 

or oxidative atmosphere, respectively [111]. Incorporating CeO2 or doped-CeO2 into Ni-based 732 

anode or replacing the ionic phase is likely to improve the carbon tolerance since local high 733 

O/C ratio help to oxidize carbonaceous adsorbates on Ni partials [56,112]. Ideris et al. [113] 734 

found that deposited carbon was detected only on the outer surface of Ni-SDC (Ce0.8Sm0.2O1.9) 735 

anode, and no carbon was formed in the middle and inner surface of the anode (Fig. 10) after 736 

the 100 h operation accompanied with the degradation rate of 1.33 mV h-1 at a constant current 737 

density of 0.35 A cm-2 when dry methane was used as the fuel at 700 ℃. Besides, the carbon 738 

distribution in this work was completely different from the results from Sumi et al. [114] and 739 

Buccheri et al. [90] in which the carbon nearly deposited throughout entire Ni-YSZ anode. The 740 

author tended to attribute this discrepancy to the reason that within the anode, additional 741 

oxygen vacancies can be formed under reductive atmosphere, which contributes to the 742 

oxidation of carbon. However, although doped-CeO2 materials are known for their higher 743 

oxygen exchange/storage capacities, this explanation seems not plausible since experimental 744 

conditions of these studies [90,113,114] were not identical, especially for the temperature and 745 
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current density which have considered as the essential thermodynamic strategies for carbon 746 

prevention. Therefore, further investigation needs to be carried out for the thorough explanation 747 

of different deposited carbon distributions. The utilization of GDC in the ionic phase could also 748 

mitigate the re-oxidation of nickel metal when there is higher concentration of oxygen in the 749 

anode, showing higher redox activity. For example, in the long-term stability test, the oxidation 750 

of Ni in YSZ-based anode evidenced by the ex-situ surface analysis leaded to the drastic decline 751 

of power density. On the contrary, thanks to the intact metallic form of Ni after 530 hours’ 752 

operation of CPOX (catalytic partial oxidation), voltage degradation of 0.91% at 650 ℃ was 753 

observed for the anode fabricated by GDC material at the OCV state that is also thought as the 754 

most favourable condition for the carbon formation, which is mainly because distinguished 755 

feature of doped-CeO2 enables the anode to be excluded the poisoning of Ni by carbon and 756 

oxygen [56]. In addition to the samarium and gadolinium, much cheaper calcium could also be 757 

doped into ceria to enhance electronic conductivity and oxygen ionic mobility. In the 758 

investigation of the optimum amount of calcium content in compositions of Ce1-xCaxO2-δ, 10 759 

mol% calcium-doped ceria ceramic (Ce0.9Ca0.1O2-δ) showed highest conductivity (0.102 S cm-760 

1), which is comparable to those of SDC and GDC [115]. Besides, the improved oxygen ionic 761 

mobility could further suppress carbon formation. Therefore, the Ni-Ce0.9Ca0.1O2-δ anode-762 

supported SOFC running on methane fuel achieved lowest degradation rate of 1.1 mV h-1 763 

among different calcium-doped ceria compositions. 764 

 765 

Fig. 10. EDX scan of carbon content over the labelled line from the electrolyte-anode 766 

interface to the fuel entry side of Ni-SDC anode-supported cell after 100 h operation with dry 767 

CH4. Figure reproduced from ref. [113] with permission from Elsevier. 768 
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Although Ni exhibits high electronic conductivity and excellent catalytic effect towards 769 

electrochemical/chemical reactions, performance degradation due to carbon formation seems 770 

to still be unavoidable, especially for anode-supported cells. One straightforward approach is 771 

to replace the nickel metal with Ni-free materials which are inert for methane cracking, leading 772 

to the improvement of stability related to coking issue. Considering essential requirements of 773 

the anode and also durability, electronically conductive materials with low reforming catalytic 774 

effect could be regards as promising alternatives. Therefore, copper-based anode has been 775 

successfully utilized by Gorte et al. [5] when hydrocarbon was used because of various benefits 776 

of Cu metal such as low cost, abundance in nature, inertia for carbon formation and 777 

distinguished electronic conductivity. However, due to relatively low melting points of copper 778 

metal and its oxides [116], conventional high-temperature ceramic processing methods for Ni-779 

YSZ might not be suitable for the fabrication of Cu-based anode. Instead, wet or vacuum-780 

assisted impregnation, infiltration and deposition of Cu mixture into the porous electrolyte 781 

scaffold, followed by relatively low temperature calcination, are frequently-used techniques 782 

for the corresponding anode preparation, which could be one possible reason that thick 783 

electrolyte was generally fabricated for Cu-based fuel cells [116–119]. Although ceria which 784 

is generally another constituent for Cu cermet anode, provides the catalytic activity for 785 

electrochemical/chemical reactions, lower electrochemical performances of Cu-CeO2 786 

compared to traditional Ni-YSZ were often observed in lots of studies. For example, SOFCs 787 

with electrolyte thicknesses of 110 [117], 180 [119] and 150 μm [118] approximately exhibited 788 

Pmaxs of 70, 110 and 34.2 mW cm-2 when methane was used as the fuel at 800, 800 and 850 ℃, 789 

respectively. The low catalytic activity of Cu-CeO2 for the fuel reforming or oxidation might 790 

be the dominating cause of low power output at high operating temperatures, though various 791 

factors such as the electrolyte thickness, metal loading content and scaffold materials could 792 

determine the maximum power density. Besides, although coking may not be a serious concern 793 

for copper-based anodes, long-term high-temperature operation could lead to coarser particles 794 

because of easy agglomeration of Cu metal, causing conductivity loss and thus power output 795 

decrease [118]. Fortunately, sintering as well as poor catalytic effect could be partially solved 796 

by adding transition metals (e.g., Co and Fe). For example, higher Pmax (446.4 mW cm-2) was 797 

achieved for the CoCu-CeO2 anode when SOFC was operating on anhydrous methane at 850 ℃, 798 

and experiments showed well-kept particle distribution after 100 hour operation in hydrogen 799 

fuel due to much difficult inter-diffusion between cobalt and copper and no evidence of carbon 800 

formation after 24 hours operation in carbonaceous fuel [118]. Furthermore, it was found that 801 

copper-iron-ceria-YSZ anode presented higher maximum power density compared to 802 



 

29 

 

monometallic one. However, after 46 h operation in methane fuel at 0.6 V and 800 ℃, both 803 

sintering and coking were observed, resulting in increased total resistance and thereby slight 804 

decline of the current density [117].  805 

In addition to Cu metal, MIEC materials with the perovskite or double perovskite structure 806 

have been extensively and successfully explored, e.g., La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) [120], 807 

doped SrTiO3 [121,122], Sr2MgMoO6−δ [123] and Sr2Fe1-xMoxO6−δ (SFM) [124,125]. Due to 808 

the numerous advantages of perovskite oxides, such as intrinsic carbon and sulfur tolerances, 809 

higher catalytic activity compared to ceria for the fuel oxidation, mixed ionic and electronic 810 

conductive property, and redox stability in wider range of oxygen partial pressure, some studied 811 

perovskite materials could represent the most promising and effective choices for the anode. 812 

However, although these oxides have been considered as the most important alternatives, some 813 

of them basically suffer from several limitations compared to Ni-based state-of-the-art anode, 814 

involving relatively weak catalytic activity and inadequate electronic conductivity, especially 815 

at reduced operating temperature. Insufficient electronic conductivity of the anode may cause 816 

low efficiency of current conduction, higher ohmic overpotential and thus decreased cell 817 

performance. Therefore, electrolytes with the thickness from 70 to 500 μm were normally 818 

fabricated as the mechanical support to decrease the anode thickness and alleviate the negative 819 

influence of this drawback. However, despite the mitigation of perovskite electrical 820 

conductivity deficiency, thick electrolyte with moderate ionic conductivity will definitely lead 821 

to considerable ohmic resistance and thereby poor power density compared to anode-supported 822 

SOFCs with sufficient electronic conductivity, which could be one of reasons of low power 823 

density of fuel cells with perovskite-based anodes. Fortunately, as demonstrated previously, 824 

electrolyte-supported SOFCs could possess intrinsic structurally carbon tolerance in the current 825 

sweep condition, which can be one of minor merits of this configuration. In addition, catalytic 826 

activity as well as electronic conductivity could be enhanced by the partially replacement of A 827 

or B site with substitutional transition metals with the similar radius since appropriate partial 828 

elements doping could tailor or modulate the perovskite crystal structure to achieve desired 829 

properties for the anode [5,126]. For example, titanium-doped lanthanum ferrite perovskite 830 

(La0.3Sr0.7Fe0.7Ti0.3O3, LSFT) has been successfully developed [127] and it was reported that 831 

Ti and Fe cations in LSFT would deliver enhanced synergistic effects on the durability and 832 

electrocatalytic activity which originate from the titanium-based perovskite and ferrite-based 833 

perovskite, respectively. The moderate Pmax of 0.121 W cm-2 at 850 ℃ was achieved when wet 834 

methane was fed into the SOFC with LSFT anode considering that 8YSZ electrolyte with the 835 

thickness of 500 μm was fabricated. Besides, stable operations were observed in 24 h durability 836 
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tests conducted under humidified methane fuel and hydrogen fuel with 750 ppm H2S, and ex-837 

situ characterization techniques subsequently showed that there was no evidence of carbon 838 

deposition and nickel sulfide, indicating reasonable coking and sulfur tolerances, respectively. 839 

A new redox-stable double perovskite Sr2FeNb0.2Mo0.8O6−δ (SFNM20) partially doped by Nb 840 

at cationic Mo site, was synthesized to exhibit higher conductivity (5.3 S cm-1 in 5% hydrogen 841 

at 800 ℃) than other common perovskite materials [128]. Besides, exceptional performance 842 

(Pmax: 380 mW cm-2 at 800 ℃) presented in wet methane fuel demonstrated much excellent 843 

catalytic effect towards fuel electro-oxidation. In addition, long-term capacity of 200 h stable 844 

performance showed that SFNM20 was equipped with impressive carbon endurance due to the 845 

rigid crystal structure in anodic atmosphere when methane was used as the fuel at 600 mA cm-846 

2 and 700 ℃. Most recently, Ding et al. [129] developed another novel A-site deficient double 847 

perovskite oxide (PrBa)0.95(Fe0.9Nb0.1)2O5+δ (PBFN) with the layered structure as anode 848 

material. Nb element was successfully doped into the B site of the parent ceramic oxide 849 

PrBaFe2O5+δ to achieve promising anode properties in terms of the chemical stability and 850 

catalytic activity. High electrochemical performances with Pmaxs of 0.64 W cm-2 in humidified 851 

methane and 0.577 W cm-2 in dry methane at 800 ℃ were attained, which could be attributable 852 

to small anode polarization resistance due to outstanding activity of the PBFN anode. It was 853 

found that even slight increase in the current density was observed after 300 h stability test 854 

under there different power outputs in dry methane fuel at 700 ℃ (Fig. 11), and no carbon was 855 

deposited in the whole anode layer which was evidenced by the SEM images afterwards. 856 

Superior performance and stable operation in methane fuel indicated that PBFN could be a 857 

reliable carbon-tolerant anode material with the high-performing catalytic effect. 858 

In addition to the partial doping, other efforts have also been conducted to further develop 859 

more suitable perovskite anode materials with lower electrode polarization to achieve better 860 

performance comparable to Ni-based anodes, involving forming the composite anode with high 861 

ionic conducting phase (doped CeO2) and decorating the anode surface with nanoparticles 862 

(metals or oxides) by infiltration, impregnation or deposition techniques [130–133]. For 863 

example, when 3 wt% NiO was incorporated with La0.9Ca0.1Fe0.9Nb0.1O3-δ-Sm0.2Ce0.8O1.9 864 

(LCFNb-SDC) into the porous Sc0.2Zr0.8O2-δ (SSZ) anode skeleton, remarkable enhancement 865 

of the electrochemical performance was observed. Pmax of the SOFC operating on methane fuel 866 

was increased to 507 and 729 mW cm-2 from 73 and 174 mW cm-2 for unmodified anode at 867 

800 and 850 ℃, respectively, which could be owing to the sufficient activity of Ni metal 868 

reduced from NiO oxide. Furthermore, both EIS (electrochemical impedance spectrum) and 869 

EDS (energy-dispersive X-ray spectroscopy) measurements subsequently confirmed the 870 
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negligible coking problem [133]. However, although infiltration methods (e.g., chemical or 871 

physical vapor deposition and wet impregnation) are widely used to decorate the perovskite 872 

anode skeleton surface by using nanostructured particles with high reaction activity and high 873 

specific surface area, the fabrication process could be time-consuming and costly since the 874 

deposition-calcination procedure generally need to be performed multiple times to obtain 875 

expected weight increments required for the better performance. In addition, nonuniform 876 

spatial distribution as well as the finite controllable grain size of nano-catalysts may have a 877 

negative effect on the long-term operation stability and electricity output due to the easy 878 

tendency of metal agglomeration. Therefore, proper preparation of the perovskite oxide anode 879 

microstructure with an even particle distribution through one effective strategy is certainly of 880 

great significance for the improvement of electrochemical performance and stable operation 881 

related to typical issues like metal sintering or coking, since the morphology of decorated 882 

porous perovskite could definitely determine the modification effect. In order to settle these 883 

deficiencies of conventional approaches mentioned-above, an alternative innovative method 884 

have been proposed and successfully carried out by many research groups. The active catalyst 885 

metals doped into the perovskite lattice (generally at B site) in the oxidizing atmosphere, will 886 

be partly exsolved from the porous perovskite precursor through in-situ reduction and 887 

uniformly dispersed on the backbone surface in the form of nanoscale particles. Different from 888 

traditional methods, homogenous size, uniform distribution, and well-controlled morphology 889 

of catalysts on the porous scaffold provided by the exsolution technology could exhibit 890 

excellent activity for anodic reactions and resistances for coking as well as metallic particles 891 

growth. Up to now, various nanoparticle-incorporated perovskite oxides have been used as the 892 

anode, and corresponding active mono-metals or alloys involving Cu, Fe, Co-Fe, Fe-Ru as well 893 

as Cu-Fe, were attained by in-situ exsolution from their parent perovskites 894 

La0.5Sr0.5Fe0.8Cu0.15Nb0.05O3-δ [134], Ba0.3Sr0.7Fe0.9Mn0.1O3−δ [135], Sr2CoMo1−xFexO6−δ [136], 895 

(Pr0.5Sr0.5)0.9Fe0.9Ru0.1O3-δ [126], (La0.75Sr0.25)0.9(Cr0.5Mn0.5)0.9(Cu1-xFex)0.1O3-δ [137], 896 

respectively. For example, Wang et al. found that Cu1-xFex nanoparticles with the average 897 

diameter of 30 nm exsolved from (La0.75Sr0.25)0.9(Cr0.5Mn0.5)0.9(Cu1-xFex)0.1O3-δ were deeply 898 

embedded in the porous LSCM skeleton with the uniform distribution (Fig. 12a), which not 899 

only provide sufficient active sites and catalytic activity for the fuel electro-oxidation but also 900 

enhance the performance stability because of strong interaction at heterojunction interfaces 901 

between metals and ceramic oxide (Fig. 12b) [137]. Subsequent electrochemical performance 902 

of the electrolyte (300μm) supporting SOFC with proposed 903 

(La0.75Sr0.25)0.9(Cr0.5Mn0.5)0.9(Cu0.5Fe0.5)0.1O3-δ anode operating on dry methane exhibited 904 
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highest power density with the Pmax of 0.64 W cm-2 at 850 ℃ (Fig. 13), which was much higher 905 

than that (0.26 W cm-2) of pristine LSCM. Sulfur poisoning (24 hours) and coking (100 hours) 906 

durability tests were conducted afterwards under 0.4 A cm-2 and 850 ℃, showing moderate 907 

resistance capacities. In addition to the single perovskite oxide (ABO3), double perovskites 908 

could also be used for exsolution precursors. Co-Fe alloy nanoparticles with multiple-twinned 909 

defects formed from the reduced Fe-doping Sr2CoMo1−xFexO6−δ (x = 0, 0.05, 0.1) presented 910 

exceptional coking resistance and also active activity for fuel oxidation reactions [136]. It was 911 

reported that deposition amounts of the amorphous and graphite carbon decreased considerably 912 

for the reduced Sr2CoMo0.95Fe0.05O6−δ anode with exsolved bimetallic alloy compared to 913 

undoped Sr2CoMoO6−δ anode after the 50 h durability test in wet methane fuel under 200 mA 914 

cm-2 and 700 ℃, which was evidenced by Raman spectra of fresh and aged anodes (Fig. 14). 915 

Besides, the electrochemical testing was investigated in wet methane fuel with same anode, 916 

and much higher power densities were achieved (652.3 mW cm-2 at 850 ℃ and 532.9 mW cm-917 

2 at 800 ℃) compared to undoped Sr2CoMoO6−δ anode (486.5 mW cm-2 at 850 ℃ and 350.6 918 

mW cm-2 at 800 ℃) when La0.9Sr0.1Ga0.8Mg0.2O3−δ (LSGM) electrolyte with the thickness of 919 

300 μm was fabricated as the support. 920 

 921 

Fig. 11. The durability test of the cell discharged at different constant current densities at 922 

700 ℃ in dry methane: (a) the observation of cell terminal voltage changes at 0.35, 0.7 and 923 

0.84 A cm−2; (b) the current-voltage curves after each test. Figure reproduced from ref. [129] 924 

with permission from Elsevier. 925 
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 926 

Fig. 12. (a) In situ grown Cu1-xFex nanoparticles anchored on the porous LSCM skeleton with 927 

particle size distribution; (b) HRTEM image of LSCMCF50 sample heated 928 

in 5% H2/Ar at 950 ℃ for 20 h. Figure reproduced from ref. [137] with permission from 929 

Elsevier. 930 

 931 

Fig. 13. I-V/P curves of different anodes at 850 ℃ in dry CH4 and CH4-50 ppm H2S. Figure 932 

reproduced from ref. [137] with permission from Elsevier. 933 

 934 

Fig. 14. Raman spectra of reduced SCM and SCMF0.05 samples before and after stability 935 

test in wet CH4. Figure reproduced from ref. [136] with permission from American Chemical 936 

Society. 937 



 

34 

 

Structure 938 

In the perspective of the SOFC structure, coking mitigation strategies include the 939 

development of symmetric SOFCs because of the excellent redox stability of electrode 940 

materials; material individually optimizations of functional and support or current conduction 941 

layers due to different functions; addition of the buffer layer as barrier or catalyst layer; micro-942 

structure optimization benefiting the facile mass transport and fuel conversion. 943 

Symmetric solid oxide fuel cells (S-SOFCs), as the name indicates, refer to fuel cells 944 

fabricated by the same material for both anode and cathode electrodes at the same time. Special 945 

structure of S-SOFCs shows various merits, such as reversible operation ability, the less 946 

incompatibility problem because of less material varieties used, simplified processing 947 

procedure, and thus reduced cost [138]. Considering gas conditions in both fuel and air 948 

electrodes, the materials with excellent chemical stability are required in reducing and 949 

oxidising atmospheres simultaneously. It is found that many perovskite material anodes that 950 

possess superior redox capacities performed stable in several redox cycling without property 951 

degradation [128,129,136,137]. Most importantly, even though carbon is eventually deposited 952 

or sulfide species is formed on the anode when S-SOFCs are running on carbon-containing 953 

fuels, oxygen rich gas could be flowed to the anode and easily oxidise the carbon or sulfide 954 

without sacrificing the anode ability, exhibiting high coking or sulfur tolerance. Therefore, 955 

perovskite-based electrodes are widely used for S-SOFCs, which shows promising potentials 956 

in mitigation of poisoning issues for the methane-fuelled SOFC. A-site deficient layered 957 

perovskite oxide, (PrBa)0.95(Fe0.9Mo0.1)2O5+δ (PBFM) has been successfully fabricated as 958 

electrodes for the symmetric SOFC with the configuration of PBFM (25 μm) / LSGM (200 μm) 959 

/ PBFM (25 μm) [139]. As the cathode and anode simultaneously, PBFM not only showed 960 

comparable electrode polarization resistance to other cobalt-containing perovskite cathodes in 961 

the air, but also exhibited lower activation polarization in hydrogen and wet methane than other 962 

common perovskite materials [120]. Superior performance in anodic and cathodic conditions 963 

enable this S-SOFC to show a high-performing Pmax of 0.34 W cm-2 at 800 ℃ in humidified 964 

methane fuel, and subsequent 280 hours operation with a slight decay under 1.0 A cm-2 at 800 ℃ 965 

manifested the outstanding thermal stability and coking tolerance of the symmetric SOFC with 966 

PBFM electrodes. The electrochemical performance could be further improved to 0.39 W cm-967 

2 in dry methane fuel at 800 ℃ by impregnating PBFM nanoparticles with the size of 20 nm 968 

onto both fuel and air electrodes. Besides, slight increase of the cell performance was also 969 

observed after 1060 hours stability test with the current density of 1.0 A cm-2 when dry methane 970 

was used as fuel at 800 ℃ [139]. Holding the stable structure of electrode PBFM under the 971 
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reducing and oxidising conditions was the key factor for the stable operation of the symmetric 972 

SOFC. Currently, the reversibility of exsolution process provides another possibility for the 973 

promising durable symmetric SOFC development. Developed double perovskite 974 

Sr2Co0.4Fe1.2Mo0.4O6−δ (SCFM) could be converted into the Co-Fe nanoparticles-decorated 975 

Sr3Co0.1Fe1.3Mo0.6O7−δ with the Ruddlesden−Popper structure (RP-SCFM) by exsolution 976 

process in the anodic atmosphere, and RP-SCFM with the mixed ionic and electronic 977 

conductivity and uniform Co-Fe nano-alloy (CFA) with the reported high coking tolerance are 978 

likely to serve as an eligible anode material for methane fuel. Then the converted RP-SCFM 979 

with Co-Fe nanoparticles will be transformed back to SCFM with the double perovskite 980 

structure under oxidising condition, and because of Co element in the cathode, SCFM is 981 

expected to possess sufficient ORR catalytic activity [140]. Fabricated symmetric SOFC with 982 

the configuration of RP-SCFM-CFA (20 μm) / LSGM (300μm) / SCFM (20 μm) presented 983 

reasonable electrochemical performance with Pmaxs of 0.401 and 0.271 W cm-2 at 850 and 984 

800 ℃, respectively, in methane fuel. In addition, this symmetric SOFC also exhibited carbon 985 

resistance in the stability test of 130 h operation without any voltage decline at 400 mA cm-2 986 

and 800 ℃ when methane was used as fuel. 987 

As discussed earlier, anode layer could be divided into two distinct layers according to the 988 

presence or absence of oxygen cation transferred from the cathode in the anode-supported 989 

SOFC [3,5,86–89]. Due to considerable oxygen ions, electrochemical reactions will be largely 990 

performed in the narrow layer near the anode/electrolyte interface which is called functional 991 

layer. Although coking issue could be a serious concern for the methane-fuelled anode-992 

supported SOFC with conventional Ni-based anode, carbon will not deposit on the anode 993 

functional layer as long as the fuel cell is on the current output mode despite the presence of 994 

nickel. This is because oxygen ions migrated from the cathode could oxidise possible deposited 995 

carbon or higher concentrations of electrochemical products could promote reforming 996 

processes of methane (Eqs. (4) and (5)), reversed Boudouard reaction (Eq. (9)) and H2O 997 

gasification reaction (Eq. (10)), thereby eliminating deposited carbon or preventing the 998 

cracking reaction in the anode functional layer. Despite the combined effect of the decreased 999 

concentration of methane and increased concentrations of electrochemical products along the 1000 

depth of the anode as results of chemical/electrochemical reactions as well as diffusion 1001 

resistance, carbon may be formed via three possible reactions (Eqs. (8), (9) and (10)) under the 1002 

catalytic activity of nickel metal in the anode support or current conduction layer since the little 1003 

oxygen will be available beyond functional layer. Accordingly, for conventional Ni-based 1004 

anode-supported SOFCs, functional and support layers are both based on the Ni metal, which 1005 
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may lead to the carbon deposition mainly on the current conduction layer. In this respect, 1006 

materials optimization independently of these two separate layers could provide a promising 1007 

way for the coking mitigation, involving material (e.g., Ni cermet) in the functional layer 1008 

optimized for the active electrocatalytic activity and catalytically inert material in the support 1009 

layer optimized for sufficient electronic conductivity [89]. Lanthanum-doped strontium titanate 1010 

perovskite of Sr0.8La0.2TiO3 (SLT) with low catalytic property which exhibits reasonable 1011 

conductivity in typical anodic condition of the SOFC was successfully fabricated as the anode 1012 

support, accompanied with Ni-YSZ as the active layer and Ni-SDC as the adhesive layer [88]. 1013 

Stable operation of the SLT-supported fuel cell running on synthetic natural gas was observed 1014 

more than 80 hours without noticeable degradation under several current densities at 800 ℃, 1015 

while for the Ni-YSZ-supported cell, significant carbon deposition detected by the SEM-EDS 1016 

spectra caused a dramatic voltage decline despite high current density of 1.4 A cm-2, which 1017 

demonstrating the much improved coking tolerance of the proposed fuel cell. Meanwhile, 1018 

compared to the Ni-YSZ-supported cell, the redox durability of the SLT-supported SOFC could 1019 

be correspondingly enhanced because of less amount of Ni in the anode and thus less volume 1020 

expansion induced by Ni oxidation. In addition, because of inactive activity, good mechanical 1021 

and chemical stability properties, Alumina was also considered for the anode support [87]. 1022 

Al2O3-supported SOFC with Ni-SDC as the functional layer achieved excellent performance 1023 

with a Pmax of 0.79 W cm-2 in dry methane fuel at 700 ℃, which was slight lower compared to 1024 

the Ni-SDC anode-supported counterpart. Besides, coking stability of fabricated fuel cells was 1025 

tested under OCV (Fig. 15) and current density (1 A cm-2) conditions in dry methane fuel at 1026 

700 ℃, and the results of both conditions demonstrated that the Al2O3-supported SOFC 1027 

possessed best carbon tolerance. For the post-test fuel cell under output condition, SEM 1028 

micrographs showed that for the Ni-SDC anode-supported fuel cell, considerable carbon and 1029 

carbon whiskers were found on the bulk and inner surface of the anode, respectively, while no 1030 

carbon was deposited in the entire anode of Al2O3-supported SOFC. Besides, even for the Ni-1031 

SDC anode-supported SOFC, there was no carbon deposition in the anode functional layer after 1032 

current sweep, which basically proved intrinsic tolerance of the functional layer towards carbon 1033 

deposition under current density condition. 1034 
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 1035 

Fig. 15. Time history of open circuit voltages of the three type of cells in direct dry methane 1036 

at 700 ℃ in a short-term stability test. The insert is the image of post-test anode-supported 1037 

cell NiO-SDC/SDC/PBCO damaged by carbon deposited near inlet of anode electrode. 1038 

Figure reproduced from ref. [87] with permission from American Chemical Society. 1039 

Although electrochemical reaction products play a significant role in the removal of 1040 

deposited carbon on current output mode for the conventional Ni-based SOFC operating on 1041 

methane rich fuel, the anode support layer still faces more serious coking issue since methane 1042 

partial pressure nearly linearly increases from the electrolyte to anode surface based on the 1043 

analysis from Lin et al. [85]. In order to further reduce the methane concentration and maintain 1044 

high reaction products throughout the anode, attachment of a porous buffer or barrier layer with 1045 

no catalytic activity onto the outside surface of anode support layer (Fig. 16) was proposed and 1046 

successfully fabricated [141]. The long-term stability test showed that the voltage of modified 1047 

SOFC with CeO2 and stabilized-ZrO2 buffer layer remained stable for about 155 hours under 1048 

0.6 A cm-2 when wet methane was fed at 750 ℃, and no noticeable carbon or structure damage 1049 

was observed in the SEM-EDX measurement test afterwards, while for the pristine SOFC with 1050 

Ni-YSZ as the anode, continuous drop of the electrochemical performance was detected with 1051 

time, demonstrating much improved carbon resistance of the SOFC with the addition of buffer 1052 

layer. In addition, composite layer of Sr0.8La0.2TiO3 (SLT) and YSZ was also considered to 1053 

serve as the barrier because both are chemically inert towards methane fuel [142]. Stable 1054 

operation was achieved over 280 hours in humidified biogas fuel at 850 ℃ when current 1055 

density was as low as 0.1 A cm-2, which indicated that the integration of tubular SOFC with 1056 

SLT barrier layer could improve coking capacity. However, the negative influence of adding a 1057 

separated layer to the anode is that electrochemical performance will be sacrificed due to the 1058 

increased fuel/gas diffusion resistance and thus larger concentration polarization caused by 1059 
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longer transport pathway [141,142]. In order to address this deficiency, the adhesion of 1060 

reforming or catalyst layer rather than catalytic inert layer to the anode was proposed [143]. 1061 

With the introduction of active catalytic sites, more syngas could be generated through methane 1062 

reforming reactions, which could provide more direct fuels for electrochemical reactions and 1063 

less coking threatening atmosphere (carbon monoxide rich instead of methane rich gas mixture) 1064 

for nickel-based anode, leading to improved carbon tolerance as well as power density. For 1065 

example, Ce0.8Ni0.2O2-δ (CNO) was employed as the internal reforming layer for Ni-SDC 1066 

anode-supported SOFC, and it was found that stability and Pmax were both enhanced when wet 1067 

methane was used as the fuel [144]. Because of dispersed metallic Ni reduced from NiO and 1068 

generated oxygen vacancies in the CNO layer, the voltage degradation rate declined from 1069 

1.36 × 10−2 V h-1 for the pristine SOFC to 4.38 × 10−4 V h-1 for the modified counterpart 1070 

under 0.2 A cm-2 at 650 ℃, and at the same operating temperature fuel cell with this reforming 1071 

layer exhibited increased performance with a Pmax of 664 mW cm-2. In addition to the oxide, 1072 

bimetallic or alloy such as Cu-Ni [145] and even proton-conducting oxide like La2Ce2O7 and 1073 

La1.95Sm0.05Ce2O7 [146] have also been successfully utilized as the reforming or catalyst layer 1074 

due to their respective outstanding properties. Besides, exsolution technology with more 1075 

advantages compared to traditional preparation methods could also be used to improve the 1076 

catalytic performance of the reforming layer. Under the reducing condition, Fe0.64Ni0.36 alloy 1077 

nanoparticles exsolved from perovskite precursor La0.7Sr0.3Fe0.8Ni0.2O3-δ (LSFN) were evenly 1078 

distributed on the oxide backbone layer [147]. With the exsolved catalyst layer, maximum 1079 

power densities increased by 26.01% and 24.48% at 850 ℃ compared to the unmodified fuel 1080 

cell under methane-steam and methane-air fuels, respectively. Then, stability tests were 1081 

conducted to investigate coking resistance, and the comparison of long-term operations at 1082 

different fuel compositions (Fig. 17) showed stable operations with slight decay were achieved 1083 

when the reforming layer was attached, while fuel cells without the reforming layer completely 1084 

failed due to considerable carbon deposition in the anode at the initial stage of long-term 1085 

durability test. More recently, a low-temperature SOFC with the Ni-BaZr0.1Ce0.7Y0.1Yb0.1O3-δ 1086 

(Ni-BZCYYb) multifunctional anode and Ce0.90Ni0.05Ru0.05O2 (CNR) catalyst layer was 1087 

reported to exhibit more than 550 hours stable operation with no evidence of coking when wet 1088 

methane was fed at 500 ℃ [148]. Besides, due to the synergistic effect of single-atom Ru and 1089 

Ni, high performance with a Pmax of 0.37 W cm-2 was achieved under the same condition, 1090 

demonstrating improved catalytic activity of the CNR reforming layer especially at such low 1091 

operating temperature. The investigations mentioned-above are all based on the same 1092 

configuration that the barrier or reforming layer was directly coated on the outside surface of 1093 
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anode support. However, this kind of configuration could lead to some undesired consequences, 1094 

involving current conduction inefficiency if the catalyst layer is electrically insulating, and the 1095 

possible cell fracture due to the thermal expansion coefficients (TECs) mismatch of 1096 

components and nonuniform temperature distribution [149]. In this respect, other structure 1097 

configurations of the addition of reforming layers were proposed and investigated, such as the 1098 

placement of current collector directly between anode and reforming layers [150–152], 1099 

placement of the independent catalyst layer without direct contact to the anode surface (Fig. 1100 

18) [153] and the addition of catalyst tube to the fuel gas inlet of tubular SOFC without 1101 

integration into the structure [154]. The independent reforming layer from study conducted by 1102 

Chang et al. [153] was composed of perovskite catalyst La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) and 1103 

thick Al2O3 substrate, and with the feeding of hydrogen, CoFe alloy with uniform dispersion 1104 

exsolved from LSCF was capable of providing the remarkable catalytic activity for methane 1105 

reforming. Accordingly, cell with the reforming layer exhibited a higher Pmax (0.66 W cm-2 at 1106 

850 ℃) compared to the unmodified counterpart (0.50 W cm-2 at 850 ℃), but the improvement 1107 

was not obvious at low operating temperature. In addition, stability test subsequently presented 1108 

that the modified fuel cell with separated reforming layer possessed the best coking tolerance. 1109 

It was found that under humidified methane fuel at 800 ℃, cell with this layer maintained 1110 

stable power output for about 116 hours at 333 mA cm-2, while the pristine conventional Ni-1111 

YSZ-based SOFC completely failed within few minutes due to the structure crack caused by 1112 

serious carbon deposition (Fig. 19). 1113 

 1114 

Fig. 16. Simplified schematic illustrations of how reactant and product gas concentrations are 1115 

expected to vary with position during SOFC operation without (left) and with (right) barrier 1116 

layers. Figure reproduced from ref. [141] with permission from Elsevier. 1117 
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 1118 

Fig. 17. Durability of Ni-YSZ and LSFN-Ni-YSZ using CH4-H2O fuel and CH4-air fuel at a 1119 

current of 335 mA cm-2 at 800 ℃. Figure reproduced from ref. [147] with permission from 1120 

Elsevier. 1121 

 1122 

Fig. 18. Illustration of the cell with an independent catalyst layer. Figure reproduced from ref. 1123 

[153] with permission from the Royal Society of Chemistry. 1124 

 1125 

Fig. 19. Time-dependent voltage of cells with and without a catalyst layer at a current density 1126 

of 333 mA cm-2 at 800 ℃ using 3% H2O-97% CH4 and 3% H2O-97% CBM fuels. Figure 1127 
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reproduced from ref. [153] with permission from the Royal Society of Chemistry. 1128 

Construction of micro-channels in the thick anode support could be an effective strategy to 1129 

improve the cell electrochemical performance by promoting fuel diffusion to eliminate 1130 

concentration overpotential which will be considerable especially when SOFC is operating at 1131 

high current density. It was also found that the introduction of micro-channels by phase 1132 

inversion technique could effectively reduce the anode tortuosity several times compared to 1133 

conventional design [155]. Besides, numerical model developed by Chen et al. [156] reported 1134 

finger-like channels could facilitate gas transport and thereby improve the SOFC performance. 1135 

In addition to the transport convenience, micro-channels also plays a role in the carbon 1136 

mitigation [116,157,158]. The stabilities test conducted by Wang et al. [157] demonstrated that 1137 

the button-shaped fuel cell with micro-channels in anode showed the best coking durability 1138 

compared to fuel cells with half-channels and no channel in the anodes at 600 ℃ when the 1139 

30%, 60% and 80% CH4/Ar mixture were used as the fuel (Fig. 20), respectively. The improved 1140 

carbon tolerance of the micro-channelled anode was due to well infiltrated catalyst into the 1141 

depth, which promoted methane reforming. Therefore, the efficient catalyst coating not only 1142 

enhance the power output but coking durability in methane fuel [157]. Rabuni et al. [116] has 1143 

drawn the same conclusion that micro-channels of YSZ micro-tubes in the tubular SOFC 1144 

benefited the delivery of anode materials (Cu-CeO2), which enhanced both electrochemical 1145 

performance and carbon resistance in dry methane fuel. Recently, the tubular Ni-YSZ micro-1146 

monolithic anode incorporating 6 droplet-shaped sub-channels was fabricated through phase 1147 

inversion process, and anode supports were distributed between sub-channels [158]. Besides, 1148 

due to the presence of sub-channels, the anode thickness in unsupported area was decreased to 1149 

less than 50 μm. Because of the particular geometrical structure as well as developed micro-1150 

channels, SOFC with this unique anode exhibited excellent power output with Pmaxs of 1.77, 1151 

2.03 and 2.22 W cm-2 at 750 ℃ when simulated LCVGs (low calorific value gas) with methane 1152 

concentrations of 10%, 15% and 20% (reminder: carbon dioxide) were fed into SOFC, 1153 

respectively. In addition, stable operation with negligible degradation was achieved for more 1154 

than 500 hours when cell was operating on methane and carbon dioxide mixture with the ratio 1155 

of 1:1 at 0.7 V and 700 ℃. Although the current density as well as carbon dioxide could help 1156 

to hinder the carbon deposition, decreased anode thickness in unsupported area could be one 1157 

of reasons for carbon mitigation. 1158 
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 1159 

Fig. 20. Stability test of methane-fueled SOFCs with different anode microstructure. Figure 1160 

reproduced from ref. [157] with permission from Elsevier. 1161 

Remaining challenges and future perspectives for methane-fuelled SOFCs 1162 

Although thermodynamic strategies, involving addition of oxygen agents, higher 1163 

polarization current and typical operating temperature as well as the utilization of deposited 1164 

carbon as a fuel, might be effective for preventing coking, some drawbacks will inevitably be 1165 

introduced to SOFC systems, such as: the dilution effect and thereby lower overall efficiency 1166 

caused by the externally supplied oxygen content; increased complexity and cost because of 1167 

supply units (e.g., steam generator); faster degradation rate due to higher current density [159]. 1168 

Meanwhile, it seems impractical for the SOFC to operate below the certain temperature region, 1169 

since temperature will be highly enhanced due to improved exothermic processes during full 1170 

load operation, which could be catastrophic to the cell stable operation [5]. As for the IFS mode, 1171 

the intermittent supply time interval needs to be well controlled at different operation 1172 

conditions, since less consumption of carbon and thus quick carbon accumulation could lead 1173 

to some adverse situations. 1174 

Thanks to the significant efforts devoted by many researchers, kinetic methods related to 1175 

material science offer numerous strategies to solve coking issue which is inevitable problem 1176 

for the Ni-based SOFC fed by methane rich fuel. However, most of them are not yet ready to 1177 

be used in mature level. Incorporation of metals or oxides could bring about enhanced coking 1178 

tolerance as well as the increased electrochemical performance to some extent but suffered 1179 

from one or several disadvantages depending on the particular material, such as the high cost 1180 

or easy agglomeration of noble metals, or complicated anode fabrication procedure. Besides, 1181 

different fabrication processes could lead to inverse effect on the fuel cell performance. 1182 

Therefore, although the prolonged lifespan and improved power density might partially 1183 
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compensate the cost as demonstrated earlier, more investigations need to be conducted to 1184 

explore effective and reasonable manufacturing technological process in order to simplify the 1185 

complex fabrication procedure and thus reduce processing cost, which could enable this 1186 

approach to be easily manufacturable and used in a commercial scale. The biggest obstacles 1187 

for Cu-based anode are the low power density due to sluggish activity of copper or ionic phase 1188 

(e.g., doped Ceria), and easy sintering at elevated operating temperature, which could hinder 1189 

its direct practical utilization. Perovskite- or double perovskite-based anodes with intrinsic 1190 

resistant benefits present remarkable properties in terms of the activity and conductivity after 1191 

the optimization of infiltration, doping or surface exsolution. However, relatively high 1192 

temperature (higher than 800 ℃) must be maintained to achieve reasonable power output for 1193 

perovskite-based anode, which may be conflicting to developments of intermediate and low 1194 

temperature SOFCs because it is significant for the commercialization of SOFC to lower its 1195 

operating temperature. Therefore, most oxides including perovskite are not likely to serve as a 1196 

suitable anode for the methane-fuelled SOFC due to their sluggish kinetics when operating 1197 

temperature is not sufficiently high. Besides, it is known that in order to alleviate the inadequate 1198 

electronic conductivity of perovskite anode, electrolyte-supported structure is extensively 1199 

employed in the fabrication of SOFC. However, due to the good structurally intrinsic carbon 1200 

tolerance of electrolyte-supported structure especially under high current density, it is difficult 1201 

to recognize the actual coking resistance capacity of the perovskite anode in long-term 1202 

durability tests since high current density has been considered as one of thermodynamic 1203 

strategies to mitigate coking problem. Therefore, standard requirements for durability tests 1204 

related to carbon deposition need to be proposed, such as OCV (zero current density) condition, 1205 

high operating temperature (higher than 700 ℃) as well as specific dimensions of the cell 1206 

structure. 1207 

Although those structural strategies, involving the development of symmetric SOFC, 1208 

optimizations individually of functional and support layers, additions of the barrier or catalyst 1209 

layer and the construction of micro-channels in the anode support, will inevitably complicate 1210 

the anode fabrication, greater flexibility of electrode design could also be provided, which 1211 

correspondingly offers enhanced carbon tolerance to the SOFC system. However, several 1212 

drawbacks will be caused by the specific method. For symmetric SOFCs which rely on the 1213 

redox-stable perovskite material, most of these oxide materials still suffer from the low 1214 

electronic conductivity and catalytic activity especially at low or intermediate temperature. 1215 

Optimizations individually of functional and support layers could be a promising approach to 1216 

address coking issue, but appropriate material selections of different layers are vitally important 1217 
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for the long-term performance since mechanical/chemical stabilities, conductivity and the 1218 

material compatibility in reducing atmosphere should be considered. Although the direct 1219 

contact of methane gas and anode support could be largely prevented because of the attachment 1220 

of barrier layer, which could definitely improve carbon resistance, some negative influences 1221 

such as higher concentration overpotential and thereby decreased performance, will be 1222 

unavoidable. In addition to the barrier effect, reforming layer acting as catalyst could convert 1223 

methane to syngas, which is less prone to carbon deposition, and more direct fuels generated 1224 

for electrochemical reactions will compensate the performance loss due to concentration 1225 

polarization caused by the thick gas diffusion layer. However, for fuel cells with the reforming 1226 

or barrier layer must be operating on the substantial current density mode since oxygen ion 1227 

from the cathode side is the only oxygen source and carbon mitigation is achieved by using 1228 

electrochemical products to consume methane to a less coking level. Moreover, these two 1229 

strategies are more likely to slow the process of the carbon deposition, some post-mortem 1230 

analysis indicated that carbon was still observed in the bulk anode after the stability test in 1231 

methane fuel [144,146,153]. Therefore, thickness and material optimizations of the reforming 1232 

layer can be important factors for the stable operation of direct methane-fuelled SOFCs. The 1233 

development of finger-like or micro channels constructed in the anode has turned out to be a 1234 

facile way of promoting the gas transport and methane conversion and reducing carbon 1235 

formation, though the fabrication process could be slightly time-consuming and complicated. 1236 

3.1.3. The development of higher hydrocarbon-fuelled SOFCs  1237 

Higher hydrocarbons, such as ethane (C2H6), propane (C3H8), butane (C4H10) and octane 1238 

(C8H18) have also been used as the fuel for SOFC due to their special characteristics, especially 1239 

liquid state or easier liquefaction property compared to methane, which could be beneficial to 1240 

the application of portable SOFCs. Besides, the conversion of hydrocarbon to syngas through 1241 

reforming reactions could be more straightforward because of weaker C-H bond strength (CH4: 1242 

435 kJ mol−1, C3H8: 412 kJ mol−1 and C4H10: 409 kJ mol−1) with increasing hydrocarbon chain 1243 

length [160]. However, SOFCs running on higher hydrocarbons thermodynamically suffer 1244 

from more severe coking problem as a result of higher carbon ratio in comparison with methane 1245 

fuel. Therefore, according to the literature, stable operations of SOFCs running on the higher 1246 

hydrocarbon in terms of carbon mitigation were still achieved through three perspectives of 1247 

thermodynamics, kinetics as well as structure. There is one exception for the utilization of 1248 

ethane: the cogeneration of high-value product (ethene) and electricity could be possible when 1249 

ethane is fed to SOFC, which provides new strategy for carbon mitigation since the 1250 

dehydrogenation reaction of ethane (Eq. (14)) avoids the crack of C-C bond and thus the 1251 
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formations of amorphous and graphite carbons. Table 2 and Table 3 list the developments of 1252 

higher hydrocarbon-fuelled SOFCs in recent years. 1253 

Strategies to suppress degradation issues of propane or butane-fuelled SOFCs 1254 

Propane and butane are the main constituents of liquefied petroleum gas (LPG), which has 1255 

been considered as clean, low-carbon and most suitable power source especially in some 1256 

emergency situation since LPG could be portable by cylinders or cartridges [161]. Although 1257 

propane and butane are gas state at ambient temperature and atmospheric pressure, they could 1258 

be more easily liquefied at relatively lower pressure compared to the methane, which are 1259 

practically available for portable SOFC systems since the storage, transportation or distribution 1260 

of these liquefied hydrocarbon fuels could be based on existing gasoline infrastructure systems. 1261 

As demonstrated previously, requirements for portable SOFC power generators, such as 1262 

rapid response, start-up capacity and simple compact system design enable the partial oxidation 1263 

of hydrocarbon to be the most desired operation modes [150,161–166] for carbon mitigation 1264 

because of not only increased O/C ratio but the greater heat generated from propane or butane 1265 

partial oxidation which is several times compared to methane fuel [164], while few 1266 

investigations were focusing on steam or dry reforming reactions [167,168] despite the higher 1267 

efficiency of these reforming processes. Zhan et al. [164] found that the anode-supported SOFC 1268 

with configuration of Ni-YSZ/YSZ/LSCF-GDC approximately exhibited a Pmax of 0.7 W cm-2 1269 

at 790 ℃ when fuel with the composition of 10.7% propane, 18.7% oxygen and 70.6% argon 1270 

was fed and stable operation without coking was achieved for more than 100 hours though 1271 

detailed conditions for the stability test were not provided. Similarly, improved durability of 1272 

the SOFC operating on butane could be achieved in the same thermodynamic method for the 1273 

research conducted by Sumi et al. [161]. The fuel gas mixture with O/C ratio of 1.5 achieved 1274 

by fuel feeding composition of 10 mL min-1 n-butane, 30 mL min-1 oxygen and 112.9 mL min-1275 

1 nitrogen showed enhanced stability in comparison to the less oxygen feeding gas (O/C: 1.0) 1276 

when microtubular SOFC with the fabrication of Ni-GDC (640 μm) / YSZ (10 μm) / GDC 1277 

(interlayer: 1 μm) / LSCF-GDC (20 μm) was operated at 0.1 A cm-2 and 650 ℃ (Fig. 21).  1278 

In addition, stable operations on higher hydrocarbon could also be achieved based on the 1279 

material science via kinetic approach. For example, It was reported that the infiltration of doped 1280 

ceria into the Ni-based anode or the replacement of anode ionic phase with the doped barium 1281 

zirconate-cerate or doped ceria could improve coking tolerance capacity when wet propane or 1282 

butane was directed used as the fuel for SOFC [169–172]. For example, the mixed ion 1283 

conductor of BZCYYb (BaZr0.1Ce0.7Y0.1Yb0.1O3-δ) with the higher ionic conductivity compared 1284 

to frequently used electrolyte materials involving YSZ, GDC and BCZY especially at 1285 



 

46 

 

intermediate temperature, was successfully fabricated as the ionic phase of Ni-based anode 1286 

[169]. With YSZ as the electrolyte, cell with supporting Ni-BZCYYb anode achieved more 1287 

than 100 h stable operation without performance degradation in wet propane fuel under 0.3 A 1288 

cm-2 at 750 ℃. The excellent coking resistance was predominately attributed to the enhanced 1289 

water adsorption capability of BZCYYb since when dry propane was used as the fuel, OCV 1290 

decreased rapidly within 1 h because of carbon deposition while voltage could be maintained 1291 

for 24 hours in wet propane (3 vol% steam) at OCV condition [169]. Besides, the stable 1292 

operation period was increasing with the increase of (Ce0.9Gd0.1)O1.95 (GDC) molar ratio in the 1293 

ionic phase of the anode, when microtubular SOFC was directly running on wet butane (10% 1294 

n-C4H10, 4% H2O and 86% N2) [171]. Meanwhile, decreased peak intensities of the G band 1295 

and D band indicated that the amount of carbon deposition could be gradually mitigated by the 1296 

replacement of YSZ phase with GDC phase. One interesting phenomenon is that slight increase 1297 

of voltage was observed for the Ni-25YSZ75GDC (the molecular ratio of YSZ to GDC is 25:75) 1298 

anode, which could be ascribed to the high electronic conductivity of small amount of deposited 1299 

carbon in the corresponding anode. Furthermore, Adding or alloying other metal, such as 1300 

palladium (Pd) could be an effective way to improve the catalytic effect and carbon resistance 1301 

capacity of the conventional Ni-based anode towards butane fuel [168,173]. It was found 1302 

impregnating Pd into the Ni-YSZ anode support enhance the activity of butane steam reforming 1303 

reaction, achieving a higher Pmax of 946 mW cm-2 compared to unmodified Ni-YSZ (≈ 800 1304 

mW cm-2) for butane fuel with S/C of 3 and no obvious performance difference was observed 1305 

for hydrogen fuel at 600 ℃ [168]. It should be noted that excellent electrochemical 1306 

performance at such low operating temperature was attributed to the fabricated thin YSZ/GDC 1307 

bi-layer electrolyte with thicknesses of 1 μm and 200 nm, respectively. As indicated earlier, 1308 

thickness reduction of the electrolyte is an essential method to lower the operating temperature 1309 

of SOFC without compromising power output. In addition, incorporation of nanostructured 1310 

barium oxide (BaO) into the conventional Ni cermet anode can also effectively maintain the 1311 

stable power output without carbon deposition [174]. This is because the water adsorption 1312 

capacity of nanostructured BaO/Ni interfaces facilitated water-mediated carbon removal 1313 

reactions, which contributed to the stable operation for over 100 hours at 500 mA cm-2 and 1314 

750 ℃ when dry propane was used as the fuel. For comparison, voltage of the fuel cell with 1315 

traditional Ni-YSZ dropped rapidly within one hour due to heavy carbon formation.  1316 

Besides, Ni-free materials with necessary anode requirements could also exhibit higher 1317 

durability towards higher hydrocarbon fuels [126,175]. For example, Silver, which has been 1318 

considered as an outstanding electronic conductor and electrocatalyst, was successfully 1319 
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fabricated as the anode with GDC phase for the electrolyte-based SOFC [175]. The fuel cell 1320 

with Ag-GDC anode exhibited 160 hours stable operation without any noticeable degradation 1321 

in stability test when dry propane was fed (Fig. 22a). However, although the degradation rate 1322 

of fuel cell with Ni-GDC anode under 103 mA cm-2 was much slower in comparison to OCV 1323 

condition because of good structurally intrinsic carbon tolerance of the electrolyte-based 1324 

construction in current output mode, cell with the conventional Ni-GDC gradually failed after 1325 

about 60 hours due to the pulverization of anode which was observed form the SEM image of 1326 

aged anode, showing much more serious coking risk of dry propane fuel towards Ni-GDC 1327 

structure integrity. Besides, although the thin carbon layer (3-8 μm) and amount of carbon were 1328 

found in the top surface and inside of Ag-GDC anode, respectively, after the exposure to dry 1329 

propane, the type of carbon was mostly amorphous (Fig. 22b) due to the reduced mobility 1330 

and/or solubility of carbon in Ag metal [57,175]. In addition, as said previously, different from 1331 

the carbon catalytically formed on Ni metal, amorphous carbon has less deactivating effect 1332 

towards the anode structure since this kind of carbon formed by gas-phase barely cause anode 1333 

mechanical failure. Perovskite materials also provide alternatives for the anode of SOFCs 1334 

operating on higher hydrocarbons [126,176,177]. The in-situ exsolution technology could 1335 

serve as an important method for well decorated anode with uniformly distributed nanoparticles 1336 

which provide active catalytic effect towards chemical/electrochemical reactions. FeRu alloy 1337 

(FRA) was successfully prepared from (Pr0.5Sr0.5)0.9Fe0.9Ru0.1O3-δ in reducing atmosphere and 1338 

evenly coated on porous RP type layered perovskite PrSrFe1-xRuxO4-δ (RP-PSFR). It was found 1339 

that fuel cell with the configuration of RP-PSFR-FRA-GDC/LSGM/LSCF-GDC showed 1340 

constant voltage up to 50 hours in 40 ml min-1 wet propane/nitrogen fuel mixture (50% C3H8 1341 

and 50% N2) at 0.15 A cm-2 and 750 ℃, indicating excellent carbon tolerance of the fabricated 1342 

alternative anode [126]. Under the same fuel composition, single fuel cell delivered a Pmax of 1343 

0.50 W cm-2 at 800 ℃ which was slightly higher compared to the methane fuel (Pmax of 0.49 1344 

W cm-2 in the 50 ml min-1 wet methane fuel), demonstrating that C-H bond strength decreases 1345 

with the increase of hydrocarbon chains [160]. Similar results could be found in the study of 1346 

Xu et al. [176]. The symmetric SOFC with same fuel/air composite electrodes, 1347 

La0.4Sr0.6Co0.2Fe0.7Nb0.1O3-δ-Gd0.1Ce0.9O2-δ (LSCFN-GDC) fabricated by one step co-synthesis 1348 

method, presented a Pmax of 324 mW cm-2 in humidified propane fuel which was nearly twice 1349 

higher than that in wet methane fuel at 850 ℃, indicating simpler cleavage of C-H for higher 1350 

hydrocarbon though flow rate details for each fuel were not provided. Meanwhile, developed 1351 

symmetric SOFC showed comparable long-term performance stabilities with slight decay 1352 

possibly due to the metal evolution in more than 100 hours operation tests for both wet propane 1353 
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and hydrogen under 0.42 A cm-2 and 0.4 A cm-2, respectively, at 850 ℃, showing reasonable 1354 

carbon tolerance capacity [176]. 1355 

 1356 

Fig. 21. Time courses of cell voltage at 0.1 A cm–2 with internal partial oxidation reforming 1357 

of butane at 650 ℃. Figure reproduced from ref. [161] with permission from John Wiley and 1358 

Sons. 1359 

 1360 

Fig. 22. (a) Durability of SOFCs with different anode (Ag-GDC or Ni-GDC) operated on 1361 

propane (flow rate: 20 ml min–1) at a constant current density of 103 mA cm–2, at 800 ℃. (b) 1362 

Raman spectra of the carbon collected in the anode chamber of Ni-GDC cell (black line) and 1363 

the carbon layer deposited on the anode surface of Ag-GDC cell (red). Figure reproduced 1364 

from ref. [175] with permission from Elsevier. 1365 

Strategies to suppress degradation issues of octane-fuelled SOFCs 1366 

Octane (C8H18), main component of gasoline, has also been investigated as the fuel for 1367 

SOFCs in several studies [143,178–180]. Due to high boiling point (higher than 100 ℃) of 1368 

octane, it is relatively easy for transportation and storage especially in the hot weather since 1369 
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there is no need for the new refuelling infrastructure system which has always been the biggest 1370 

obstacle for hydrogen.  1371 

In order to prevent carbon formation, a large amount of oxygen-containing gas (carbon 1372 

dioxide or oxygen) was co-fed with octane fuel because of more coking risk due to the high 1373 

carbon ratio in the molecule. Despite these, an catalyst layer based on Ru-CeO2 was still needed 1374 

to be attached onto the anode to improve carbon tolerance [143,178,179]. It was found that the 1375 

Ni-based anode-supported SOFC operating on octane/carbon dioxide [143] or octane/air [179] 1376 

mixture achieved 50 hours operation when the catalyst layer was placed. Without the catalyst 1377 

layer, gradual degradation of the performance was observed not only for Ni-YSZ but Ni-GDC 1378 

anode because of severe carbon build-up [178]. Besides, although the efficiency for partial 1379 

oxidation of hydrocarbon was substantially lower than that of dry reforming, dry reforming 1380 

may pose more severe degradation risk to the anode or catalyst layer. For example, slight 1381 

carbon was deposited on the Ru-CeO2 catalyst layer after 50 hours operation of SOFC with the 1382 

catalyst layer at 0.6 A cm-2 and 770 ℃ when fuel mixture of 6% octane and 94% carbon dioxide 1383 

was fed [143], while for the SOFC running on the mixture of 6% octane and 94% air, both 1384 

anode and catalyst layer maintained clean and were free of carbon after stability test [179]. In 1385 

addition to the attachment of reforming layer, another carbon mitigation method in terms of 1386 

structure, individually material optimizations of anode support and functional layers, could also 1387 

be used for the stable operation of the octane-fuelled SOFC. For example, SOFC with the 1388 

configuration of Ni-YSZ-BaZr1-xYxO3-δ (800 μm) / Ni-YSZ (15 μm) / YSZ (15 μm) / LSCF (50 1389 

μm) achieved a stable power output more than 100 hours, and subsequent observation indicated 1390 

that there was no microstructure change or any carbon deposition in the entire anode, while 1391 

cell with conventional Ni-YSZ anode degraded within 1 hour when wet iso-octane (6.5% in 1392 

Argon) fuel was fed at 0.56 A cm-2 and 770 ℃ (Fig. 23) [180]. Authors attributed the reasons 1393 

of enhanced coking resistance of the Ni-YSZ-BZY anode to the characteristic of water uptake 1394 

by discrete nano particles of BaO on Ni surface and a conformal BZY coating on YSZ surface, 1395 

which is why 3 v% water vapor was necessary for stable power output. Therefore, the 1396 

optimization of Ni-YSZ by BZY enabled fabricated SOFC to stably operate on less humidified 1397 

octane fuel, avoiding co-feeding of excess carbon dioxide or air and thereby reducing the 1398 

complexity of system as well as safety concerns such as flammability. 1399 
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 1400 

Fig. 23. Fuel cell performance in different fuels. Current density as a function of time for the 1401 

Ni-YSZ and Ni-YSZ-BZY supported cells operated at 750 ℃ at a constant cell voltage of 0.7 1402 

V as the fuel was switched from humidified H2 to dry or wet iso-Octane (6.5% in Ar) (wet 1403 

gas contained 3 v% water vapor as humidified at 25 ℃). Figure reproduced from ref. [180] 1404 

with permission from Elsevier. 1405 

Operation of SOFCs on ethane for power and chemical 1406 

Direct utilization of ethane fuel on the SOFC with the conventional Ni-based anode has been 1407 

studied experimentally [181]. It was found that stable operation could be maintained at 823 K 1408 

for more than one week when gas mixture of ethane and steam with a low S/C ratio was used 1409 

as the fuel, which was mainly because electrochemical reaction products at high current density 1410 

(operating voltage: 0.5 V) helped to eliminate carbon formation. Meanwhile, relatively low 1411 

operating temperature was likely to play a role in the mitigation of deposited carbon since 1412 

anode was deposited a large amount of carbon rapidly after the feeding of ethane fuel at 973-1413 

873 K [181]. However, different from methane fuel, temperature control may not be considered 1414 

as a principal thermodynamic strategy for carbon mitigation since carbon formation from 1415 

ethane fuel will be shifted to the relatively low temperature [5]. 1416 

 Cogeneration of ethene (C2H4) and electricity power can provide a particular way for the 1417 

prevention of carbon formation when ethane fuel is used as the fuel for SOFCs, because the 1418 

dehydrogenation process of ethane (Eq. (14)) avoids the cleave of C-C bond and thereby the 1419 

formation of deposited carbon. In this respect, SOFC not only serve as the energy conversion 1420 

device for electricity power but also the ceramic membrane reactor for ethene production. 1421 

Actually, ethene is the most important chemical intermediate for the production of 1422 
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petrochemicals and polymers and has been considered as the building block of chemical 1423 

industry [182]. Presently, the industrial ethene production is mainly based on the energy-1424 

intensive steam cracking of hydrocarbon which requires significant energy input, and this 1425 

highly endothermic process is also severely limited by thermodynamic equilibrium due to 1426 

reversible nature. Alternatively, although the oxidative dehydrogenation of ethane to ethene 1427 

tends to lower the energy requirement since it is an exothermic reaction, the presence of oxygen 1428 

is likely to deeply oxidise ethane, causing large emission of carbon dioxide and thereby less 1429 

ethene selectivity. Therefore, based on the mechanism of ethane dehydrogenation, the 1430 

electrochemical device, SOFC, could give an efficient option for ethene production since 1431 

hydrogen from selective dehydrogenation process in the anode will be electrochemical 1432 

consumed, which will overcome the thermodynamic equilibrium limitation and thus promote 1433 

ethane conversion according to the Le Chatelier’s principle. Meanwhile, ethene production 1434 

parameters such as the conversion or selectivity could be easily controlled or tuned by 1435 

adjustment of current density or operating voltage. Although the oxygen ion conducting SOFC 1436 

tends to have a great advantage in carbon mitigation aspect during the operation mode, direct 1437 

contact between ethene or ethane and oxygen ion in the anode may lead to undesired deep 1438 

oxidization of hydrocarbon feeding. Accordingly, electrochemical conversion of ethane using 1439 

proton conducting SOFC is more suitable since there is no greenhouse gas emission due to the 1440 

physical separation of oxygen and fuel or ethene by the proton membrane electrolyte. Besides, 1441 

compared to the oxygen ion conducting electrolyte, proton conducting oxide could achieve 1442 

higher ionic conductivity especially at intermediate or low temperature because of the 1443 

relatively low activation energy, which benefits the reduction of SOFC operating temperature. 1444 

Based on the mass conservation, the conversion of ethane (𝑋C2H6
), selectivity of ethene (𝑆C2H4

) 1445 

as well as ethene yield (𝑌C2H4
) are described by Eqs. (16), (17) and (18), respectively [183,184], 1446 

where F represents the flow rate or velocity of gas species.  1447 

 C2H6 ↔ C2H4 + H2 (14) 1448 

 H2 → 2H+ + 2e− (15) 1449 

 𝑋C2H6
=

𝐹C2H6(𝑖𝑛)−𝐹C2H6(𝑜𝑢𝑡)

𝐹C2H6(𝑖𝑛)
 (16) 1450 

 𝑆C2H4
=

𝐹C2H4

𝐹C2H6(𝑖𝑛)−𝐹C2H6(𝑜𝑢𝑡)
 (17) 1451 

 𝑌C2H4
= 𝑋C2H6

× 𝑆C2H4
× 100% (18) 1452 

In order to achieve efficient and stable cogeneration of ethene and electricity in proton 1453 

conducting SOFC, anode material need to be equipped with catalytic effects for 1454 
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electrochemical and selective dehydrogenation reactions required for outstanding cell 1455 

performance and high ethene yield, respectively. However, conventional Ni cermet seems not 1456 

suitable for dehydrogenation reaction since nickel still suffer from coking problem due to its 1457 

sensitivity of carbon formation [185,186]. It was found that platinum (Pt) metal could serve as 1458 

the preferred catalyst fo light alkane dehydrogenation and show high selectivity at short 1459 

reaction time [187]. Although SOFC with the Pt-based anode achieved reasonable power 1460 

output as well as ethene yield from the electrochemical dehydrogenation of ethane [188], the 1461 

prohibitively expensive cost of Pt material hinders its commercial scale application. Chromium 1462 

oxide (Cr2O3) is also a good alkane dehydrogenation catalyst in the absence of oxygen [189] 1463 

and a proton conducting oxide in the hydrogen atmosphere [190]. In this respect, copper (Cu), 1464 

Cobalt (Co) and iron (Fe) were successfully fabricated as the anode material with Cr2O3 due to 1465 

intrinsic insufficient electronic conductivity of oxide [191–194]. For example, proton 1466 

conducting SOFC with the Cu-Cr2O3 composite anode achieved 10 days stable cogeneration 1467 

operation under a constant power load of 125 mW cm-2 and ethene yield of 22% at 700 ℃, 1468 

which indicated excellent resistance of the anode material towards carbon formation as well as 1469 

Cu sintering. Meanwhile, the Pmax and ethene yield were 170 mW cm-2 and 39%, respectively, 1470 

when ethane was fed with the fuel flow rate of 150 mL min-1 at 750 ℃, and relatively low 1471 

power density was because of thick electrolyte (800 μm) [192]. Recently, perovskite materials 1472 

with excellent chemical catalytic effect and coking resistance have been utilized as the anode 1473 

material for the cogeneration of ethane-fuelled SOFCs [185,186]. Due to the exsolution effect 1474 

of metal from perovskite framework in the reductive atmosphere, uniformly distributed 1475 

catalytically active metallic nanoparticles are likely to improve the ethane conversion and thus 1476 

ethene yield. With evenly dispersed Co-Fe alloy (CFA) nanoparticles with the diameter of 1477 

about 20 nm on double-layered perovskite (Pr0.4Sr0.6)3(Fe0.85Mo0.15)2O7 (PSFM), the 1478 

BaCe0.7Zr0.1Y0.2O3-δ (BCZY) electrolyte-supported SOFC achieved outstanding ethene yield of 1479 

41.5 % and Pmax of 348.84 mW cm-2 at 750 ℃ when dry ethane as the fuel was fed at 100 mL 1480 

min-1. In addition, 100 hours cogeneration operation without performance degradation under 1481 

0.65 A cm-2 demonstrated the superior tolerance of fabricated anode (CFA-PSFM-BCZY) in 1482 

terms of carbon deposition since the current density could not help to prohibit the formation of 1483 

carbon in proton conducting SOFC configuration, while for the comparison, two notable 1484 

carbon peaks in the Raman spectra were observed for reference anode (Ni-BCZY) after the 1485 

stability test [185]. Furthermore, the symmetric protonic SOFC with enhanced carbon tolerance 1486 

ability have also been tested for the cogeneration of ethene and electricity [184]. With 1487 

La0.6Sr0.4Fe0.8Nb0.1Cu0.1O3-δ as the electrode, ethene yield in the S-SOFC reached 40.4% at 1488 
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750 ℃, which exhibited exceptional chemical catalytic effect towards dehydrogenation rection 1489 

of ethane. Besides, ethane conversion was improved to 43.4% at 200 mA cm-2 from 41.5% at 1490 

OCV condition, indicating that fuel dehydrogenation process could be promoted by hydrogen 1491 

consumption. However, relatively low electrochemical performances in hydrogen (Pmax: 182 1492 

mW cm-2) and ethane (Pmax: 90 mW cm-2) at 750 ℃ were mainly because of the low 1493 

electrocatalytic effect of perovskite oxide [184]. Accordingly, the idea of material 1494 

optimizations of the outer layer with high catalytic effect for ethane dehydrogenation reaction 1495 

and functional layer only for electrochemical oxidation of hydrogen (Eq. (15)) has been 1496 

proposed by Yang et al. [183]. However, to the best of author’s knowledge, there is no relevant 1497 

research study conducted based on this structure strategy to simultaneously enhance the 1498 

electrochemical performance as well as value-added chemical yield.  1499 

Remaining challenges and future perspectives for higher hydrocarbon-fuelled SOFCs 1500 

Due to easier liquefaction characteristic and lower temperature required for reforming 1501 

reaction, the utilization of higher gas alkanes, including ethane, propane, and butane, in the 1502 

SOFC has received many attentions, especially for portable SOFCs. Besides, although carbon 1503 

deposition is more threatening in comparison to methane fuel, stable operation can be achieved 1504 

with traditional Ni-based or Ni-free anode through there perspectives similar to those used for 1505 

methane-fuelled SOFCs. However, for octane fuel, in addition to the reforming layer, large 1506 

amount of oxygen-containing gas needs to be co-fed into the fuel stream due to extreme high 1507 

carbon ratio of liquid octane fuel in molecule structure, which could negatively affect the 1508 

overall efficiency. Ba-based oxides (BZCYYb [169] ,BaO [174] and BaZr1-xYxO3-δ [180]) as 1509 

the additive or ionic phase in the anode showed promising effects in the mitigation of deposited 1510 

carbon because of their enhanced carbon removal properties due to high water-uptake capacity 1511 

[160], which enables SOFCs with conventional Ni-based anodes to operate on dry propane or 1512 

even nearly dry octane fuel. In addition, anode-supported proton-conducting SOFC with the 1513 

configuration of Ni-BaZr0.8Y0.2O3–δ/BaZr0.8Y0.2O3–δ/BaCo0.4Fe0.4Zr0.1Y0.1O3−δ achieved stable 1514 

operations for thousands of hours with negligible performance degradation (less than 1.5% per 1515 

1000 hour) when various carbon-containing fuels with the O/C ratio of about 2.5/1 were used 1516 

as the fuel, exhibiting outstanding performance and excellent durability of proposed anode 1517 

[160]. Those research studies indicated that Ba-based oxides could be an effective material for 1518 

SOFCs when hydrocarbon is used as the fuel. 1519 

 Due to some specific reasons such as the low electronic conductivity of perovskite anode, 1520 

most cells were using electrolyte as the cell support, which will cause less contact time between 1521 

ethane and anode catalyst due to the thin anode and much low cell performance because of 1522 
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high ohmic resistance induced by the thick electrolyte. Therefore, searching the possibility of 1523 

anode-supported SOFC would be desired to achieve higher ethene yield or ethane conversion 1524 

and the improved co-generated electricity power output. 1525 

3.2. Alcohol 1526 

The physical state of fuel at atmospheric condition is an important factor for the fuel 1527 

suitability and applicability of SOFCs since liquid fuel could be conveniently stored, 1528 

transported, and distributed. Therefore, the direct utilization of oxygenated liquid hydrocarbon, 1529 

such as alcohols primarily including methanol and ethanol fuels, in SOFCs have received much 1530 

attention of researchers. Unlike liquid higher hydrocarbons (e.g., octane), alcohols exhibit less 1531 

coking risk due to less carbon atoms and the intrinsic relatively high oxygen/carbon ratio in 1532 

their chemical structures. However, carbon formation is still an deteriorative cause for SOFCs 1533 

directly running on alcohol fuels, especially for ethanol [24–26]. For example, the delamination 1534 

of the Ni-YSZ anode caused by severe carbon deposits was observed for both OCV and current 1535 

load (0.6 V) conditions after 12 h operation when pure methanol was used as the fuel at 800 ℃ 1536 

[195]. Besides, electrolyte-supported SOFC with the thin Ni-YSZ anode completely failed after 1537 

10 h in the fuel mixture of ethanol and steam with the S/C ratio of 3.1 under 20 mA at 800 ℃ 1538 

[196]. Despite these, promising characteristics of methanol and ethanol fuels, involving 1539 

complete miscible nature with water, relatively higher volumetric energy density, liquid state 1540 

at normal condition and less coking threatening [3,22], have enable researchers to develop more 1541 

durable and powerful alcohol-fuelled SOFCs. More importantly, both methanol and ethanol 1542 

could be generated from biomass sources [12,26,197,198], which indicates that integrating 1543 

direct alcohol SOFCs with renewable bio-fuels productions could provide an efficient and 1544 

carbon dioxide neutral power production technology to the SOFC community, benefiting both 1545 

environment and economy. Table 4 summarizes the configurations and electrochemical 1546 

performances of SOFCs operating on methanol and ethanol fuels. 1547 

3.2.1. The development of methanol-fuelled SOFCs 1548 

The methanol has been considered as convenient carrier for syngas because methanol is 1549 

primarily generated based on the reforming of natural gas in the current industry [197]. Besides, 1550 

thanks to the absence of C-C bond in the molecular structure since methanol is simplest alcohol, 1551 

methanol can be conveniently decomposed back to the hydrogen rich gas mixture at typical 1552 

operating temperature of SOFCs, because the frequently used anode metal phase of Ni metal 1553 

could predominantly catalyse methanol decomposition process (Eq. (19)), followed by the 1554 

kinetically slower water gas shift reaction (Eq. (7)) in the case of the presence of steam [199]. 1555 

Besides, based on experimental observations, the mixture of carbon monoxide and hydrogen 1556 
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with approximate ratio of 2 was the main product of Ni-based anode off-gas when pure 1557 

methanol was used as the fuel [195], which was consistent with the thermodynamic analysis 1558 

[200]. Therefore, because of the easy decomposition nature of methanol on the catalytic effect 1559 

of nickel cermet, methanol-fuelled SOFC tends to show excellent electrochemical performance, 1560 

which have been proved by various studies. For example, experimental test conducted by 1561 

Sasaki et al [201] indicated that direct-methanol SOFC showed the comparable current-voltage 1562 

characteristic to that of simulated complete reformed gas (the mixture of carbon monoxide and 1563 

hydrogen with the molar ratio of 2:1) at the 1000 ℃ . In addition, maximum power densities 1564 

of 0.6 and 1.3 W cm-2 at 650 ℃ and 800 ℃, respectively, were achieved when the Ni-YSZ 1565 

anode-supported SOFC operated on pure methanol [202]. Besides, with more effective low-1566 

temperature electrolyte material of SDC, more excellent performance with a Pmax of 698 mW 1567 

cm-2 at 650 ℃ was obtained with pure methanol fuel [203]. Moreover, methanol-fuelled SOFC 1568 

presented a Pmax of 0.82 W cm-2 at 600 ℃ mainly because of the fabricated thinner electrolyte 1569 

(6 μm) of SDC and more efficient cathode material of LSCF (La0.6Sr0.4Co0.2Fe0.8O3) [204]. 1570 

Based on the analyses of experimental studies mentioned-above, methanol could be thought as 1571 

the promising alternative fuel to SOFCs. 1572 

 CH3OH ↔ CO + 2H2 (19) 1573 

Carbon formation mechanism of methanol-fuelled SOFCs 1574 

However, commonly used Ni-based anode likely suffers from severe graphitic carbon 1575 

deposition when carbon-containing fuels, including methanol, are fed, which could rapidly 1576 

deteriorate the cell performance and even irreversibly destroy the cell structure. One interesting 1577 

phenomenon related to carbon formation comparison between methanol and methane fuels on 1578 

Ni-YSZ anodes is worth noting that according to the investigation of coke formation rates on 1579 

Ni-YSZ anodes after exposure to various carbon-containing fuels at 750 ℃ conducted by Qu 1580 

et al. [205], feeding methane fuel was the most susceptible condition to cause carbon deposition 1581 

compared to methanol fuel, while based on observations of thermal imaging and vibrational 1582 

Raman spectroscopy measurements [206], carbon formation induced by methanol fuel was 1583 

more significant than that of methane fuel when electrolyte-supported SOFC with the Ni-YSZ 1584 

anode was operated at 715 ℃ under OCV condition. The possible underlying reason for these 1585 

two contrasting comparisons might be the difference of carbon formation mechanisms for these 1586 

two C1 fuels. Different from methane that carbon formation is largely due to methane cracking 1587 

reaction, deposited carbon in methanol-fuelled SOFCs is primarily generated from the 1588 

decomposed carbon monoxide via Boudouard reaction (Eq. (9)) [207]. As demonstrated 1589 

previously, forward Boudouard reaction is favourable thermodynamically at lower temperature, 1590 
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which indicates that carbon deposition would take place at relatively lower temperature (below 1591 

700 ℃ [92]). Besides, results of equilibrium calculations and experimental tests also showed 1592 

that the amounts of deposited carbon would increase with the decrease of operating temperature 1593 

[200,208], which poses more serious degradation threat to low or intermediate temperature 1594 

methanol-fed SOFCs. Therefore, at relatively higher temperature of 750 ℃, the methane 1595 

cracking reaction could be promoted, leading to the highest coke formation rate in comparison 1596 

to methanol fuel, while for relatively lower operating temperature of 715 ℃, the deposited 1597 

carbon from Boudouard reaction will be thermodynamically favoured and methane cracking 1598 

reaction will be limited [85,92], leading to opposite carbon deposition phenomena for methane 1599 

and methanol fuels at different operating temperatures. Therefore, various strategies from the 1600 

perspectives of thermodynamics and kinetics were reported to tackle the coking issue which 1601 

has been experimentally observed in various research works to improve the durability of 1602 

methanol-fed SOFCs with Ni-based anodes [195,203,204,207,209,210]. 1603 

Strategies to suppress carbon formation for methanol-fuelled SOFCs 1604 

Similar to other hydrocarbons, addition of steam to methanol stream could be the 1605 

straightforward and effective way to suppress the phenomenon of carbon deposition in 1606 

methanol-fed SOFCs because of the increased O/C. With the addition of sufficient steam in 1607 

methanol fuel, the partial pressure of carbon monoxide could be decreased since added water 1608 

will promote water gas shift reaction to move forward (Eq. (7)). Besides, H2O gasification 1609 

reaction (Eq. (10)) could also be proceeded to remove the possible generated carbon, thereby 1610 

preventing the formation of carbon in the anode. It was reported that there was no carbon 1611 

deposition on Ni-YSZ catalyst at 1000 ℃ when the mixture of methanol and steam with molar 1612 

ratio of 1.0/3.0 was supplied [84]. Besides, at least 2 mole steam per mole methanol was needed 1613 

to guarantee the stable operation of anode-supported SOFC with Ni-YSZ as the anode for more 1614 

than 120 h under 0.221 A cm-2 at 750 ℃ [210]. The discrepancy between these two steam to 1615 

carbon ratios can possibly be attributed to the fact that current density could also play a role in 1616 

carbon mitigation because high concentrations of electrochemical products tend to consume 1617 

carbon monoxide. In light of equilibrium calculations [200], the minimum fuel utilization for 1618 

methanol fuel was about 2.1% at 800 ℃ to avoid coking issue, and higher current density or 1619 

fuel utilization is required for lower temperature. For example, low fuel utilization of 0.4% 1620 

estimated by the methanol flow rate and current led to the substantial performance decrease 1621 

from 100 to about 50 mW cm-2 at 800 ℃ within 12 hours for the SOFC with Ni-YSZ anode, 1622 

while for the cell with modified Ni-YSZ anode by ZDC (Zr0.35Ce0.65O2-δ), the improved 1623 

performance of 240 mW cm-2 due to mixed conducting properties of ZDC could be maintained 1624 
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for 12 h at same operating temperature because of enhanced fuel utilization (about 2.2%), 1625 

though small amount of carbon was detected by EDX measurement [195]. In addition to the 1626 

improved fuel utilization or performance, adding the coking resistance material doped-CeO2 1627 

could also help to improve carbon tolerance, which was evidenced by less carbon deposition 1628 

on the modified anode than that of the Ni-YSZ anode at OCV condition [195]. Similarly, with 1629 

the high current density condition and SDC as ionic phase of the anode, long-term operations 1630 

of consecutive 160 hours at three operating temperatures (550 ℃, 600 ℃ and 650 ℃) and 60 1631 

hours at 600 ℃ for the methanol-fuelled SOFC were achieved at 0.5 V and 0.8 A cm-2, 1632 

respectively [203,204]. Carbon deposition could also be mitigated by incorporating or alloying 1633 

other metals to modify the coking tolerance ability as well as catalytic activity of the Ni-based 1634 

cermet anode. Cu is chemically inert to carbon deposition and was also reported to be active 1635 

catalyst to provide the desired fast kinetics for methanol decomposition process especially at 1636 

low temperature [199]. In addition, Cu shows higher promotion effect for water gas shift 1637 

reaction compared to Ni so high production of hydrogen and less carbon monoxide could be 1638 

achieved through the combination of Ni and Cu [12]. Therefore, with the copper infiltrated Ni-1639 

GDC (Gd0.1Ce0.9O1.95) anode, both electrochemical performance and durability of the 1640 

methanol-fed SOFC were enhanced significantly at low temperature of 550 ℃ [207]. The Pmax 1641 

of cell in methanol fuel was increased to 0.42 W cm-2 for the infiltrated anode from 0.18 W 1642 

cm-2 for pristine anode, which was mainly due to the improvement of methanol conversion and 1643 

thus increased yields of direct fuels. Cell with the pristine anode experienced immediate 1644 

degradation after 15 h because of severe filamentous graphitic carbon distinguished by SEM 1645 

image, while stable performance was maintained for over 50 hours for the modified counterpart 1646 

when methanol was fed at 550 ℃, which demonstrated higher carbon tolerance capacity of the 1647 

proposed SOFC [207]. Further, less expensive noble metal of Pd nanoparticles were 1648 

successfully deposited into the porous Ni scaffold of electrolyte-supported SOFC by sputtering 1649 

through ALD (atomic layer deposition) technique [209]. The power output and stability against 1650 

carbon were both considerately enhanced with the fabricated heterogeneous Ni-Pd bimetallic 1651 

anode due to higher kinetics towards the chemical/electrochemical reactions and intrinsic high 1652 

coking resistance of Pd metal. In addition, other coke tolerant materials such as basic oxides 1653 

(Pr4O7 and Pr6O11 [211], NbOx [212], and La2O3 or Sm2O3 [213]) and metals (Mo [214], and 1654 

Co [215]) were reported to added into the Ni-SDC (Ce0.8Sm0.2O1.9) anode to reasonably 1655 

improve carbon tolerance of composite SDC-carbonate electrolyte-supported SOFCs. 1656 

3.2.2. The development of ethanol-fuelled SOFCs 1657 

More research works related the utilization of ethanol fuel in SOFCs have been conducted 1658 
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compared to methanol fuel because global bio-fuel production capacity is currently dominated 1659 

by renewable bioethanol which is the ethanol produced from biomass sources such as forestry 1660 

residues and agricultural wastes [216,217]. Besides, different from methanol, no toxicity and 1661 

easy biodegradability of ethanol does not pose a risk for the environment. In addition, 1662 

bioethanol generated from the fermentation of biomass contains high amount of water and no 1663 

sulfur, which could be directly fed into the SOFC with the Ni-based anode to precede steam 1664 

reforming reaction and thus provide direct fuels for electrooxidation reactions, which 1665 

eliminating distillation requirements for pure ethanol [218]. Nickel has been considered as the 1666 

best transition metal catalyst for ethanol steam reforming with considering the ethanol 1667 

conversion and hydrogen selectivity since Ni not only shows high activity for cleaves of O-H 1668 

bond and C-C bond and also exhibits high catalytic effect for the formation of molecular H2 1669 

from H atoms [12]. Therefore, the promising prospect of ethanol-fuelled SOFCs has received 1670 

much more attention of researchers. 1671 

Carbon formation mechanism of ethanol-fuelled SOFCs 1672 

In comparison to methanol, due to the presence of C-C bond in the molecular structure of 1673 

ethanol, higher temperature and higher S/C ratio are required for the best hydrogen production 1674 

via steam reforming of ethanol [160,218], which was also evidenced by several experimental 1675 

observations that relatively lower electrochemical performance was achieved for ethanol fuel 1676 

than that of methanol fuel [160,202,203,219]. The steam reforming processes of ethanol with 1677 

sufficient water (Eq. (20)) or insufficient water (Eq. (21)) are desired for SOFC operation. 1678 

However, main by-products such as methane the ethene produced through the ethanol 1679 

decomposition reaction (Eq. (22)) or acetaldehyde decarbonylation reaction (Eq. (24)) and 1680 

ethanol dehydration reaction (Eq. (25)) during ethanol steam reforming process could cause 1681 

serious carbon deposition through decomposition reactions of methane and ethene (Eq. (8)), 1682 

especially at relatively higher temperature [220], which was also well explained why higher 1683 

temperature facilitated carbon formation under Ni catalyst [221]. Whereas, at lower 1684 

temperature, due to the presence of carbon monoxide, Boudouard (Eq. (9)), and reversed H2O 1685 

gasification (Eq. (10)) reactions will be favourable for carbon deposition. Therefore, because 1686 

of severe deactivation risk on the Ni-based anode of ethanol-fed SOFCs, hybrid strategies for 1687 

carbon mitigation were frequently investigated for the cell long-term stability. For example, 1688 

despite with high carbon resistant electrolyte material of GDC (Ce0.9Gd0.1O1.95) as the anode 1689 

ionic phase, large amount of steam (S/C = 2.0) was still needed to co-fed into ethanol stream 1690 

to maintain the stable operation for more than 100 h at 650 ℃ and 0.1 A cm-2, while for less 1691 

steam-added cases, the performance of anode-supported microtubular SOFCs deteriorated after 1692 
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8 h and 79 h at S/C = 1.0 and 1.5, respectively, due to broken Ni-GDC anodes mainly caused 1693 

by graphitic carbon [161]. For most experimental studies in the literature, adding steam or high 1694 

current density seems to be an indispensable method when the carbon suppression strategy 1695 

from the perspective of the kinetics or structure was adopted. 1696 

 C2H5OH + 3H2O ↔ 2CO2 + 6H2 (20) 1697 

 C2H5OH + H2O ↔ 2CO + 4H2 (21) 1698 

 C2H5OH ↔ CO + CH4 + H2 (22) 1699 

 C2H5OH ↔ C2H4O + H2 (23) 1700 

 C2H4O ↔ CH4 + CO (24) 1701 

 C2H5OH ↔ C2H4 + 4H2O (25) 1702 

Strategies to suppress carbon formation for ethanol-fuelled SOFCs 1703 

In addition to few investigations related to the carbon suppression method of alloying other 1704 

transition metals involving Fe [222] and Sn [223] with commonly used Ni, most studied 1705 

strategies were mainly focusing on alternative Ni-free anodes or adoption of the catalyst layer 1706 

to improve the durability of ethanol-fuelled SOFCs. Inspired by Cu-based anode used in direct 1707 

hydrocarbon-fuelled SOFC, Cu-CeO2-ScSZ anode was successfully fabricated as the support 1708 

for the SOFC operating on ethanol-steam mixture (with the volume ratio of 2:1) [224]. The 1709 

proposed SOFC achieved 50 hours stable operation under 0.5 V at 800 ℃ primarily due to the 1710 

fact that Cu does not catalyse carbon formation in the way that Ni does [108]. However, 1711 

although it was reported that Cu catalyst is active for the water gas shift reaction and ethanol 1712 

dehydrogenation process [12], principal role for Cu in the composite anode is electronic 1713 

conductor [108]. Besides, relatively lower catalytic effects of the catalytic phase, ceria, in the 1714 

Cu-based anode for both electrochemical and chemical reactions led to lower electrochemical 1715 

performance of the SOFC in both fuels of hydrogen and ethanol-steam mixture [224]. In order 1716 

to improve the electrocatalytic activity of anode and thus the electrochemical performance of 1717 

direct ethanol SOFC, thin Ni-ScSZ anode functional layer was added into the interface of 1718 

electrolyte and Cu-based anode to enhance electrooxidation activities of hydrogen and carbon 1719 

monoxide [225]. In addition, a new composite anode fabrication method was used to provide 1720 

a porous YSZ scaffold with the proper porosity and microstructure which was fabricated by 1721 

caid leaching of nickel from the traditional Ni-YSZ matrix, for the wet impregnation of Cu and 1722 

CeO2, which could benefit the processes of fuel diffusion as well as charge transfer. With 1723 

promotions of the well-developed microstructure of Cu-CeO2-YSZ and the Ni-based anode 1724 

functional layer with high activity, the SOFC with ScSZ as the electrolyte exhibited Pmaxs of 1725 
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604 and 438 mW cm-2 at 800 ℃ for hydrogen and ethanol rich fuels (the mixture of ethanol 1726 

and steam with volume ratio of 2:1), respectively. Meanwhile, under the same ethanol fuel 1727 

composition, the developed SOFC achieved 50 h stable operation at 0.7 V and 800 ℃ with 1728 

negligible performance degradation, indicating high coking resistance of the Cu-based anode 1729 

[225]. Furthermore, the perovskite alternative anode of LSCM (La0.75Sr0.25Cr0.5Mn0.5O3-δ) was 1730 

attempted to use as the anode material for the ethanol-fed SOFC [226]. The electrolyte-1731 

supported SOFC with the LSCM anode achieved over 60 hours stable operation with negligible 1732 

carbon detected on the anode, demonstrating reasonable carbon resistance towards ethanol-1733 

steam fuel. However, although the electrolyte material of LSGM (La0.8Sr0.2Ga0.8Mg0.2O3) with 1734 

relatively high ionic conductivity at low-temperature was used as the support because of 1735 

intrinsic low electronic conductivity of the oxide anode compared to metal, thick electrolyte 1736 

(600 μm) and low catalytic activity of the perovskite anode resulted in low power output for 1737 

both hydrogen and ethanol-steam fuel even at 850 ℃ [226]. Therefore, researchers tried to 1738 

solve these two drawbacks of low electronic conductivity and low catalytic activity for LSCM 1739 

anode by impregnating Ru [227], Pd [228] and Cu [229], respectively. With palladium 1740 

nanoparticles, cell with the impregnated LSCM-YSZ composite anode significantly decreased 1741 

electrode polarization resistance and thus considerably improved the power density in ethanol 1742 

fuel in comparison to the pristine anode, while little enhancement of the performance was 1743 

observed under hydrogen fuel [228], which shows that the addition of Pd metal could promote 1744 

the hydrogen production from ethanol fuel. In addition, Cu with high electronic conductivity 1745 

was also impregnated into the LSCM-ScSZ anode matrix, followed by low temperature 1746 

calcination [229]. Despite this, SOFC with the developed Cu-LSCM-ScSZ composite anode as 1747 

the support presented low electrochemical performance for both ethanol-steam and hydrogen 1748 

fuels primarily because of low conductivity of the anode.  1749 

Due to the low performance of both anode- and electrolyte-supported SOFCs with the 1750 

LSCM-based anode, Ye et al. [229] also tried to use Cu-LSCM-YSZ as the catalyst layer for 1751 

the Ni-YSZ anode-supported SOFC to improve carbon tolerance capacity and mitigate 1752 

deficiency of low conductivity mentioned-above at the same time. With assistances of the 1753 

additional catalyst layer and Ni-ScSZ functional layer, proposed cell exhibited the increased 1754 

Pmaxs of 584 and 384 mW cm-2 at 800 ℃ for hydrogen as well as the mixture of ethanol and 1755 

steam (volume ratio of 2:1) fuels, respectively. Meanwhile, no carbon deposition in the 1756 

presence of nickel was detected in the anode after 120 h operation under 300 mW cm-2 at 800 ℃ 1757 

when ethanol-rich fuel was fed, showing beneficial effects of the catalyst layer for ethanol 1758 

conversion and thus carbon suppression [229]. Moreover, the composition of catalyst layer also 1759 
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shows important significance in both electrochemical performance as well as stability of the 1760 

ethanol-fuelled SOFC. It was found that with the increase of CeO2 content in the LSCM-CeO2 1761 

catalyst layer, electricity powers for both hydrogen and ethanol-rich fuels were enhanced 1762 

probably because of the better conducting network as well as enhanced ethanol steam 1763 

reforming activity [230]. Besides, under about 200 hours OCV condition in ethanol-rich fuel, 1764 

polarization resistance was found to decrease initially because of the connection of isolated 1765 

nickel by moderate carbon, and then to increase due to negative effects caused by excess 1766 

deposited carbon. With the help of current density (0.6 V), there was no carbon formation in 1767 

the Ni-ScSZ anode after the stable operation of 216 h in the fuel mixture of ethanol and steam 1768 

at 700 ℃ [230]. Similar promotion effect by the higher CeO2 content could also be found in 1769 

results of experiment using Cu-CeO2 as the reforming layer [149,231]. However, inappropriate 1770 

composition of the catalyst layer could result in undesired situation. For example, delamination 1771 

between anode and reforming layer could be easily observed from SEM images (Fig. 24b) of 1772 

the aged anode with high amount of CeO2 content after 80 h operation in ethanol-rich fuel due 1773 

to the steep temperature gradient caused by endothermic chemical reforming reaction in the 1774 

catalyst layer (Cu-CeO2) and exothermic electrochemical reactions in the anode layer (Ni-YSZ) 1775 

as well as TECs mismatch between these two layers because TECs of copper and ceria are both 1776 

higher than those of nickel and YSZ, respectively, at typical operating temperature of SOFC 1777 

[232–235], causing the gradual performance drop at 0.6 V and 800 ℃ [149]. In order to tackle 1778 

this issue, an Ni-CeO2 interlayer possessing a compatible TEC was added into the interface of 1779 

Cu-CeO2 and Ni-YSZ layers [231]. With additions of the catalyst layer and thermal compatible 1780 

interlayer, although the cell electrochemical performance experienced a slight drop due to the 1781 

increased ohmic and concentration overpotential caused by thicker anode and possible 1782 

formation of solid solution, the cell fed by ethanol-steam fuel showed no performance decline 1783 

for more than 200 h operation under a constant power density of about 250 mW cm-2 at 750 ℃ 1784 

because of high carbon resistance capacity as well as the well-adhesion of these layers (Fig. 1785 

25). Besides the composition of catalyst layer, calcination temperature could influence the 1786 

performance of cell due to the fact that the well adhesion at relatively high heat-treatment 1787 

temperature between reforming and anode layers is significant for the charge transfer and 1788 

structure integrity [149].  1789 

In addition to CeO2 or LSCM as catalytic phase, various metals involving Ni 1790 

[151,152,236,237], Pd [238], Rh [196] and Ir [239,240] were successfully fabricated as 1791 

catalysts of the reforming layer to enhance coking tolerance capacity of ethanol-fuelled SOFCs. 1792 

For example, with exsolved core-shell nanoparticles of metallic Ni-Co-Fe ternary alloy 1793 
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encircled by Fe-oxide on Co-Fe depleted perovskite support from the Ni-modified 1794 

La0.6Sr0.4Fe0.8Co0.2O3-Gd0.1Ce0.9O2-δ composite catalyst layer, SOFC with the Ni-YSZ 1795 

supporting anode exhibited a 400 h stable operation in dry ethanol fuel under 0.8 V at 800 ℃ 1796 

and no carbon was detected since carbon was hindered due to the modified surface basicity and 1797 

the absence of Ni on the outer surface of nanoparticles [237]. In addition, Ir-based catalyst 1798 

showed higher stability capacity of catalytic performance without any deactivation in ethanol 1799 

steam reforming compared to Co and Ni due to highly distributed Ir particles via strong 1800 

interaction with the CeO2 support [241]. Recently, the Ir-GDC reforming layer was 1801 

successfully deposited onto the surface of the supporting Ni-YSZ anode [240]. Under high 1802 

catalytic activity of nanostructured Ir particles in this reforming layer, the cell fed by dry 1803 

ethanol achieved total 700 h operation with little degradation at 0.6 V and 850 ℃ since 1804 

hydrogen production was promoted by the generated water from electrochemical reaction 1805 

through steam reforming process, eliminating the deposition of carbon. 1806 

 1807 

Fig. 24. SEM images of the interface between the catalyst layer and the supported 1808 

anode of cell121100 (a) and cell131100 (b) after 80 h operation in ethanol steam. Figure 1809 
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reproduced from ref. [149] with permission from Elsevier. 1810 

 1811 

Fig. 25. The cross-sectional SEM image of cell 3 showing interfaces of three layers in the 1812 

anode after operation in ethanol for 250 h. Figure reproduced from ref. [231] with permission 1813 

from Elsevier. 1814 

3.2.3. Remaining challenges and future perspectives for alcohol-fuelled SOFCs 1815 

Alcohols have attracted lots of attentions in the fuel cell community because of liquid state 1816 

at normal condition. Relatively easy reforming or decomposition of alcohol fuels under the 1817 

effect of nickel metal enables these promising fuels to be directly fed into SOFCs. However, 1818 

potential deactivation of the Ni-based anode caused by carbon deposition is an intrinsic issue 1819 

for SOFCs running on carbon-containing fuels. In this respect, numerous achievements related 1820 

to the improvement of durability for alcohol-fuelled SOFCs were reported. 1821 

Methanol-fed SOFC suffers from less coking risk compared to ethanol fuel because of the 1822 

absence of C-C bond, so long-term stable operation for cells with the Ni-based anode could be 1823 

conveniently achieved even through thermodynamical methods involving the high current 1824 

density and the addition of steam. However, as indicated previously, high current density could 1825 

not serve as the dominating strategy for carbon suppression since SOFC system needs to be 1826 

practically working under various operating conditions including zero or low load situation 1827 

which are the most favourable conditions for carbon formation [195]. Temperature control 1828 

could also be another thermodynamical strategy to suppress carbon formation because based 1829 

on the mechanism of carbon formation in methanol-fed SOFCs, carbon could be partially 1830 

hindered at high temperature (more than 700 ℃). Therefore, it is essential for direct methanol 1831 

SOFC to conduct further investigations especially at relatively high temperature. However, for 1832 

the partible SOFC, low operating temperature is desired. Copper metal shows higher kinetics 1833 

for methanol reforming reaction, or methanol decomposition followed by water gas shift 1834 
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reaction, especially at low temperature. Besides, with Ce-based oxide as the support, the 1835 

catalytic effect of Cu-based catalysts could be further promoted due to higher dispersion of Cu 1836 

particles and the strong interaction between metal and oxide support [199]. Therefore, Cu-1837 

doped ceria composite cermet could be a promising anode for the direct methanol SOFC with 1838 

considering high carbon resistance as well as chemical kinetics for hydrogen production. 1839 

Besides, similar to the configuration used in the ethanol-fuelled SOFC [225], Ni-based anode 1840 

functional layer could also be considered to be added into the interface of electrolyte and Cu-1841 

based anode support layer to further enhance electrochemical kinetics. Several challenges such 1842 

as sintering problem of copper and the TECs mismatch of different components need to be paid 1843 

attention to. 1844 

Most research studies of ethanol-fuelled SOFCs were focusing on alternative Ni-free anodes 1845 

or utilization of the additional catalyst layer since Ni-based anode of the cell fed by ethanol is 1846 

more susceptible to coking. Although Cu-based and LSCM-based materials could be utilized 1847 

in both anodes and catalyst layers since they are chemically inert to the formation of graphitic 1848 

carbon, the amount of steam was essentially necessary to be co-fed to enhance the cell 1849 

durability despite the fact that cell was operated at the current mode. For example, the gradual 1850 

performance drop of the SOFC with Cu-Co(Ru)-Zr0.35Ce0.65O2-YSZ composite anode was 1851 

observed due to the deposition of amorphous carbon after the initial rapid increase of power 1852 

density when the pure ethanol was fed at 0.6 V and 800 ℃, though the degraded performance 1853 

could be recovered by refuelling hydrogen fuel and Cu-based anodes were not irreversibly 1854 

deactivated by coking [219]. Besides, the low catalytic activities of electrochemical/chemical 1855 

reactions for both Cu-based and LSCM-based anode as well as the low electronic conductivity 1856 

or thick electrolyte for anode or electrolyte supporting structure respectively while using the 1857 

LSCM as the anode still limit the electrochemical performance of ethanol-fed SOFCs. 1858 

Active metals have also been used as catalyst in the reforming layer for SOFCs operating on 1859 

ethanol fuel to enhance the stability. Due to their high catalytic effect for ethanol reforming or 1860 

decomposition process, electrochemical performances were not significantly compromised or 1861 

even slightly enhanced at specific condition. For example, when the cell with the catalyst layer 1862 

of Ni-Ce0.8Zr0.2O2 synthesized by a better fabrication procedure of glycine nitrate process on 1863 

the Ni-YSZ anode yielded a Pmax of 536 mW cm-2 at 700 ℃ in ethanol-steam gas mixture 1864 

(molar ratio of 2.3:1), which was slightly lower than that of the cell without this reforming 1865 

layer (Pmax of 626 mW cm-2 at 700 ℃), while when the temperature was decreased to 600 ℃, 1866 

the cell with this catalyst layer showed higher catalytic activity for ethanol steam reforming, 1867 

delivering a Pmax of 126 mW cm-2 which was considerably higher compared to the cell without 1868 
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reforming layer (20 mW cm-2) [236]. In addition, it seems that amounts of additional steam 1869 

required for stable operations of direct ethanol cells with the active metals-based catalyst layer 1870 

were less compared to those with Cu-based and LSCM-based catalyst layers. For example, dry 1871 

ethanol fuel was used for stability tests of SOFCs in few studies [237,239,240]. Well-developed 1872 

microstructure and strong interaction between metal and support could play an important role 1873 

in carbon resistance. However, although nanosized active metal catalysts in the catalyst layer 1874 

show promising prospects in direct ethanol SOFCs without adding any amount of steam, 1875 

current sweep states were adopted to maintain the continuous generation of electrochemical 1876 

products [237,240], and stability of these SOFCs fey by dry ethanol fuel on the OCV condition 1877 

remains unknow. Therefore, more research works from carbon suppression strategy of 1878 

additional reforming layer should be conducted to investigate the stability test on the OCV 1879 

situation in the future. 1880 

Proton conducting oxides involving BaZr0.4Ce0.4Y0.2O3 (BZCY) [242] and 1881 

BaZr0.1Ce0.7Y0.1Yb0.1O3-δ (BZCYYb) [243] with the mixed conductivities shows excellent 1882 

resistance for carbon formation due to outstanding water storage capacity as well as high 1883 

catalytic activity. For example, the anode-supported SOFC with the configuration of Ni-1884 

BZCY/SDC/SSC (Sm0.5Sr0.5CoO3-δ) achieved 180 h stable operation at 0.3 A cm-2 and 600 ℃ 1885 

in the fuel mixture with equal molar amounts of steam and ethanol, while for the cells with 1886 

anodes of Ni-YSZ and Ni-SDC failed completely within 1 h and 2 h, respectively [242]. 1887 

Besides, it was reported that the enhancement of both oxide ion and proton conductivities in 1888 

the doped barium zirconate-cerate oxide is expected to further benefit the water-uptake 1889 

capacity and thus coking tolerance [169]. In this respect, BZCYYb with higher ionic 1890 

conductivity was fabricated as the ionic phase of supporting anode [243]. With SDC and BSCF 1891 

as the electrolyte and cathode, respectively, the excellent Pmax of 953 mW cm-2 at 750 ℃ was 1892 

obtained in pure ethanol fuel, and less carbon was on the outer surface of Ni-BZCYYb after 1893 

the 100 h operation in pure ethanol fuel under a constant current density of 0.3 A cm-2 and 600 ℃ 1894 

with more stable cathode material of SSC, showing enhanced reforming catalytic activity and 1895 

superior coking suppression capacity of the fabricated anode [243]. The Ba-based mixed ion 1896 

conductor could be an effective ionic phase material due to its specific characteristics especially 1897 

at relatively low temperature when alcohols are used as the fuel. Besides, under practical 1898 

consideration, easy and mature fabrication procedure of Ni-based anode would still be the best 1899 

choice since other carbon suppression strategies such as incorporation of oxides or metals as 1900 

well as the addition of catalyst or functional layer, could not be commercially practical due to 1901 

several challenges like chemical or thermal instability of different components, complicated 1902 
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manufacturing procedures and thus increased cost. Therefore, composite anodes of nickel and 1903 

Ba-based ionic phase show promising prospects in the direct utilization of ethanol fuel. 1904 

3.3. Solid carbon fuel 1905 

Solid carbon fuels with relatively higher volumetric density, involving the commercial 1906 

activated carbon, coal and biomass-based carbon could be used as the fuel for SOFCs to 1907 

electrochemically produce electricity power. Compared to cells using liquid or gaseous fuels, 1908 

carbon-fuelled SOFCs naturally possess various advantages, such as superior overall electric 1909 

efficiency and thus low emission of carbon dioxide per unit electricity, and no further vessel, 1910 

tank or other equipment for the storage and pump of gases [66,93,244]. However, several 1911 

challenges including sluggish kinetics of direct carbon electrooxidation, limited physical 1912 

contact of the carbon particle and TPB sites, and refilling issue of solid carbon, faced by carbon 1913 

fuel still inhibit the application of carbon-fuelled SOFCs. 1914 

In order to solve problems mentioned-above, especially for the poor electrochemical contact 1915 

barrier, fuel cells using molten metal anode or fuel mixture of solid carbon and molten 1916 

carbonate could improve mass transportation between anode and solid carbon and thereby 1917 

enhance electrochemical performances. Despite the effective boost of the power density by 1918 

introductions of molten carbonate and molten metal to carbon-fed SOFCs [245,246], potential 1919 

leakage and corrosion issues due to aggressive molten nature could pose a severe risk to cell 1920 

components and jeopardize the cell life time [27,93]. Fortunately, carbon monoxide which 1921 

could be one direct fuel for SOFCs (Eq. (2)) is the favourable product in the presence of excess 1922 

carbon at typical operating temperature of high temperature SOFC since reverse Boudouard 1923 

reaction (Eq. (9)) will be thermodynamically favoured at more than 750 ℃ [244,247]. 1924 

Therefore, the operation mechanism, involving the electrochemical oxidation of carbon 1925 

monoxide at active TPB sites and reverse Boudouard reaction at the solid carbonaceous fuel, 1926 

of carbon-fuelled SOFCs was firstly proposed by Nakagawa and Ishida [248] at earlier time, 1927 

which was subsequently verified by the experimental observation of almost identical 1928 

performances obtained from SOFCs operated on solid carbon and pure carbon monoxide at 1929 

850 ℃ [249]. Therefore, the effective coupling of these two reactions enable all-solid-state 1930 

carbon-fuelled SOFC to be fabricated without any purging gas or liquid medium, simplifying 1931 

the system deployment, and thereby reducing the cost. It is worth noting that the reduction of 1932 

NiO could also be possible under the anodic atmosphere of carbon-fuelled SOFC when Ni-1933 

based anode is used [250]. Although the theoretical thermodynamic efficiency for carbon 1934 

monoxide (61%) is much lower compared to solid carbon (101%) at 980 ℃ [244], the carbon 1935 

monoxide without contributing to Faradaic process could be an essential chemical feed stock 1936 



 

67 

 

for industry, which will make it possible for the cogeneration of carbon monoxide and 1937 

electricity when carbon-fuelled SOFCs operate on appropriate operation condition. For 1938 

example, taking the chemical energy of carbon monoxide as the part of performance output, 1939 

overall efficiencies of more than 70% were experimentally achieved for both fuels of 5wt% 1940 

Fe-loaded activated carbon and biochar derived from camellia oleifera shells [251,252]. 1941 

Besides, the results of simulation conducted by Xu et al. [253] indicated that smaller distance 1942 

between the anode and carbon fuel as well as higher operation potential were both desired to 1943 

achieve relatively higher production of carbon monoxide if the generation of carbon monoxide 1944 

was the main target.  1945 

The counter diffusion of carbon monoxide and carbon dioxide between carbon fuel and 1946 

anode is essential important for the performance of carbon-fed SOFCs since the gasification of 1947 

solid carbon tackles the difficult mass transport issue of carbon particles. Besides, although no 1948 

direct physical contact between carbon fuel and anode could cause concentration overpotential, 1949 

which might negatively affect the electrochemical performance [253,254], it will be beneficial 1950 

to the integrity of anode structure since the cell structure is susceptible to the movement of 1951 

solid carbon fuel due to the fragile nature of cell while refilling fuel. Consequently, based on 1952 

the working mechanism, strategies to improve the performance of carbon-fuelled SOFCs are 1953 

primarily focusing on the development of more durable anodes with high electrocatalytic 1954 

activity for carbon monoxide as well as the design of effective catalyst material with the 1955 

promotion effect on the rate-determining step of Boudouard reaction. Several excellent review 1956 

papers available in the literature have discussed the developments of anode materials and novel 1957 

catalysts loaded on the solid carbon in carbon-fuelled SOFCs [27,28,66,93]. In this respect, we 1958 

just briefly introduce the latest anode progress and new loaded catalysts, and then the focus is 1959 

given to the effects of chemical and physical properties of different types of solid carbon, 1960 

involving the activated carbon, coal and char derived from biomass, on the performance and 1961 

output power durability of carbon-fuelled SOFCs. 1962 

3.3.1. The development of solid carbon-fuelled SOFCs 1963 

In addition to basic requirements of anode material, higher coking and sulfur poisoning 1964 

resistances are also significant for anode materials of SOFCs operating on solid carbon fuels. 1965 

Accordingly, Ag-based cermet is the most frequently used electrode material for carbon-fuelled 1966 

SOFCs since Ag metal not only serves as the excellent electrocatalyst for carbon monoxide 1967 

[255] but also shows good electrocatalytic activity for oxygen reduction reaction [256]. Besides, 1968 

in comparison to Ni metal, carbon deposition could not be a serious issue to Ag-based anode 1969 

due to the reduced solubility of carbon in Ag metal [57,175]. However, limited by the expensive 1970 
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cost, cell configuration of the electrolyte-supported structure is the most commonly used for 1971 

carbon-fuelled SOFCs with the Ag-based anode, which leads to relatively lower 1972 

electrochemical performance (less than 400 mW cm-2 [28]) due to the high ionic resistance of 1973 

thick electrolyte. Based on the investigation theoretically conducted by Xu et al. [253], it was 1974 

found that the anode-supported carbon-fuelled SOFC with Ag-Ce0.8Gd0.2O1.9 as both electrodes 1975 

showed better performance compared to the electrolyte-supported counterpart since decreased 1976 

ohmic loss by the reduction of electrolyte thickness was much higher than the increased carbon 1977 

monoxide concentration overpotential led by anode-supported cell structure. Therefore, anode-1978 

supported structure is still desired for the carbon-fuelled SOFC, which was also evidenced by 1979 

several experimental observations. For example, anode-supported SOFC button cell with the 1980 

configuration of Ni-YSZ (680 μm) /Ni-ScSZ (15 μm) / ScSZ (20 μm) / LSM-ScSZ (20 μm) 1981 

delivered an excellent Pmax of 1477 mW cm-2 when K-loaded carbon black was used as the fuel 1982 

at 750 ℃ [257]. However, although serious performance degradation and even failure of the 1983 

cell structure were not observed during experimental stability tests due to the limited operation 1984 

duration restricted by the amount of carbon fuel and the assistances of high current density as 1985 

well as the necessary high operating temperature which serve as important thermodynamical 1986 

carbon suppression strategies for carbon-fuelled SOFCs, the post-mortem analyses indicated 1987 

that coking and sulfur poisoning issues are still the severe threats to Ni-based anodes in carbon-1988 

fuelled SOFCs [258,259]. Therefore, considerable efforts are still needed to be devoted into 1989 

the developments of novel composite Ag-based with more commercially practical 1990 

consideration and the Ni-based anode with higher tolerances towards degradation issues. 1991 

Alternative anode materials especially perovskite-based anodes, also show a promising 1992 

prospect in carbon-fuelled SOFCs since some MIEC oxide materials naturally exhibit 1993 

outstanding sulfur poisoning and coking resistances. Recently, remarkable Pmaxs of 302.8 and 1994 

218.5 mW cm-2 were achieved at 850 ℃ when electrolyte-supported cells with novel perovskite 1995 

La0.8Sr0.2Fe0.9Nb0.1O3-δ (LSFNb) anode operated on activated carbon and char derived from 1996 

corn straw, respectively [260]. In addition, modified perovskite material with some transition 1997 

metals could further enhance the conductivity as well as electrocatalytic activity. For example, 1998 

anode material of La0.3Sr0.7Fe0.1Ti0.9O3 (LSFT) was obtained by small substitution of Ti with 1999 

Fe, which exhibited improved ionic conductivity and lower polarization resistance compared 2000 

to the pristine material of La0.3Sr0.7TiO3 (LST) at the CO-CO2 gases atmosphere [261]. Besides, 2001 

under the Ca-catalysed activated carbon fuel, SOFC with the LSFT anode presented a Pmax of 2002 

292 mW cm-2 at 850 ℃, which was higher than the cell with the LST anode (207 mW cm-2). 2003 

In addition, a much more stable discharging operation was observed with the modified anode, 2004 
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followed by the rapid cease of output due to the exhaustion of carbon fuel (Fig. 26a). 2005 

Furthermore, the stable voltage with negligible decline demonstrated remarkable coking and 2006 

sulfur tolerances when the long-term stability of the proposed anode was assessed by carbon 2007 

monoxide gas fuel with 1000 ppm H2S because of the limited amount of solid carbon fuel (Fig. 2008 

26b), showing promising perspective of this anode candidate for SOFC running on carbon fuel, 2009 

especially coal-based carbon fuels. In addition, in-situ exsolution technique have been reported 2010 

to further optimize the electrocatalytic activity of anode material due to decorated nanoscale 2011 

metal particles on the perovskite scaffold for carbon-fed SOFCs [262,263]. With uniformly 2012 

distributed Ni nanoparticles on the porous perovskite skeleton surface, carbon monoxide 2013 

electrochemical oxidation activity was enhanced since dispersed Ni metals with the average 2014 

diameter of 30 nm could provide more active sites for the electrochemical reaction, leading to 2015 

the enhanced performance (153 mW cm-2 at 850 ℃) of the electrolyte-supported SOFC fuelled 2016 

by Fe-loaded activated carbon compared to the cell with the unmodified anode material of 2017 

La0.7Sr0.3Cr0.5Mn0.5O3-δ (114 mW cm-2) [262]. Actually, metal dopant content could be further 2018 

optimized to enhance the performance. For example, the optimal composition of Cu-doped 2019 

YST1-xCux is Y0.08Sr0.92Ti0.9Cu0.1 since the highest Pmax of 366 mW cm-2 at 800 ℃ was achieved 2020 

by the cell with this alternative anode material when mixture of activated carbon and carbonate 2021 

was used as the fuel [263].  2022 

 2023 

Fig. 26. The discharging curves (a) of LST and LSFT anode DC-SOFCs powered by 0.4 g of 2024 

Ca-loaded activated carbon, and the long-term stability (b) of LSFT anode cell operated 2025 

on CO with high contents of H2S (1000 ppm) at 850 ℃. Figure reproduced from ref. [261] 2026 

with permission from Elsevier. 2027 

Reverse Boudouard reaction is significant for the overall performance of the carbon-fuelled 2028 

SOFC since it provides carbon monoxide for electrochemical process. In addition to the 2029 

increase of operating temperature as well as the optimization of carbon fuel microstructure, 2030 

catalytically boosting reverse Boudouard reaction by suitable catalysts has been proven to be a 2031 
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simple and effective approach to enhance electric output. Various catalysts involving alkali, 2032 

alkaline earth and transitions metals have been loaded on solid carbon fuels through 2033 

impregnation or wet agglomeration technique to assess their catalytic activity. The transition 2034 

metal of Fe is one of efficient catalysts with high promotion effect for carbon gasification [255], 2035 

and Fe-loaded activated carbon is frequently used as the benchmark fuel for comparison to 2036 

evaluate the effectiveness of other catalysts. Recently, several alkaline earth metals including 2037 

Ba, Ca, and Sr have been tested for the suitability of catalysts for reverse Boudouard reaction. 2038 

It was found that 5 wt% loading content was the most effective ratio for these proposed 2039 

catalysts with considering the power density and discharging time of carbon-fuelled SOFCs 2040 

[264–266]. In addition, these catalysts performed better in these indicators compared to 5 wt% 2041 

Fe loaded on the same carbon fuels. As for the degradation or low fuel utilization of carbon-2042 

fuelled SOFCs, the potential reasons are summarised as the carbon consumption as well as 2043 

agglomeration of catalysts at high working temperature [264,265]. Different from Ba and Ca-2044 

loaded carbon fuels, there was no observation of Sr agglomeration based on SEM/EDX results 2045 

of the aged active charcoal after long-term stability test, which could be the reason for high 2046 

fuel utilization of 18.3% [266] that is higher compared to Ba and Ca-loaded carbon fuels 2047 

[264,265]. Steel slag, as the by-product of steelmaking process, could also be adopted as the 2048 

catalyst material for reverse Boudouard reaction since steel slag is full of CaO and FemOn which 2049 

have been proved to be good catalyst to accelerate this chemical reaction [267]. 2050 

 Considerable efforts have been devoted into developments of anode and carbon gasification 2051 

catalyst materials, leading to improved power density and stability of carbon-fuelled SOFCs. 2052 

Carbons used in studies mentioned-above are mainly focusing on the commercial activated 2053 

carbon with relatively high price, so other carbon-rich resources featured by low price or 2054 

environmental-friendly nature such as coal or biomass from agriculture, forestry and even 2055 

marine have also been tested as alternative fuels for power generation via SOFC technology. 2056 

Table 5 outlines the latest developments of SOFCs fuelled by various solid carbon fuels, but 2057 

electrochemical characteristics involving power density, operation duration and fuel utilization 2058 

show differently for different carbon fuels. Therefore, considering the complexity of structure 2059 

as well as composition of alternative solid carbons, understanding the effects of physical and 2060 

chemical characteristics of these carbon resources, in terms of crystal structure, impurities, 2061 

carbon content as well as microstructure, is essentially important for the electrochemical 2062 

performance as well as lifetime of fuel cells. The latest research works related to the influences 2063 

of various properties on the performance are discussed from two fuel resources of coal and 2064 

biomass-based carbons since in addition to activated carbon, carbon fuels from these two 2065 
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sources are frequently examined. 2066 

Coal 2067 

Because of the abundant reserve and thus low cost, the second greatest main energy source 2068 

of coal plays a primary role in global energy consumption. With the gradual depletion of high-2069 

quality coal stock, the efficient utilization of low-rank coal containing a variety of organic and 2070 

inorganic impurities show important prospects from economic and environmental perspectives.  2071 

Purification process is necessary procedure when high-sulfur coal (HSC) is used as the fuel 2072 

for SOFC since for Ni-based anode, sulfur contaminant is also a serious degradation issue 2073 

among volatile impurities of the coal. In addition, carbon content will be correspondingly 2074 

improved due to the fact that purification process could remove not only sulfur but also other 2075 

minerals and volatile matters, which benefiting the performance and fuel utilization. After the 2076 

effective purification method of molten caustic leaching, sulfur and ash contents decreased by 2077 

the 80% and 60%, respectively [258]. Meanwhile, enhanced specific surface areas and pore 2078 

volume as well as reduced average pore size were observed for purified-HSC, leading to the 2079 

superior oxidation reactivity compared to HSC based on the thermogravimetric analysis. 2080 

Therefore, enhancements of both electrochemical and stability time were achieved for the Ni-2081 

YSZ anode-supported cell operated on purified-HSC, though less carbon deposition and sulfur 2082 

poisoning still occurred in the used anode [258]. Pyrolysis process is another method to remove 2083 

volatiles from raw coal carbon. During this process, majority of organic volatile matters can be 2084 

released while most ash content consisted of inorganic impurity still remains in coal char. Ash 2085 

composed of various impurities shows different effects on the cell performance. On one hand, 2086 

several minerals involving Ca, Fe, Mg, and K, have been proved to have a promotion effect on 2087 

the kinetics of reverse Boudouard reaction [66]. On the other hand, some such as Al or Si 2088 

compound tends to negatively affect the carbon monoxide production by physically blocking 2089 

pore or active sites [268]. After pyrolysis process, char derived from brown coal with better 2090 

microstructures in terms of specific surface area and pore volume and richer favourable 2091 

impurities exhibited the highest oxidation reactivity compared to raw brown coal and Fe-loaded 2092 

activated carbon, respectively [269]. Therefore, in subsequent electrochemical tests, 2093 

electrolyte-supported cell with brown coal char fuel delivered the highest Pmax of 221 mW cm-2094 

2 at 850 ℃ since naturally presence of abundant Ca species could effectively accelerate reverse 2095 

Boudouard reaction, though Fe-loaded activated carbon possesses the excellent microstructure. 2096 

Raw brown coal gave a lowest performance of 211.4 mW cm-2 due to bulk fuel particles and 2097 

low reactivity towards oxidation [269]. Meanwhile, the discharge time of 13.73 h and fuel 2098 

utilization of 61.5% were achieved for brown coal char fuel, which demonstrated that pyrolysis 2099 



 

72 

 

process could be an effective method to prepare coal fuel for SOFCs despite energy-consuming 2100 

nature. 2101 

Biomass 2102 

Biomass, a carbon-balanced energy resource, has attracted much attention due to its 2103 

renewable feature, abundance and low emission. Currently, many of them could not be used 2104 

efficiently, leading to tremendous waste since it was reported that only for terrestrial plants, 2105 

energy stored each year is 3-4 times higher than energy demand globally [270]. Therefore, with 2106 

the efficiency of SOFCs, power generation from biomass-based energy via electrochemical 2107 

conversion process could be considered as a promising option. 2108 

Biochar fuels obtained from agricultural by-products have been frequently adopted as solid 2109 

carbon fuel for SOFCs. Reasonable electrochemical performances have been attained because 2110 

natural porous structure as well as presence of evenly dispersed and biologically accumulated 2111 

elements like Ca, Fe, and K, could benefit carbon monoxide generation. For example, EDS 2112 

analysis showed that carbon content in pepper straw char was 61.59 wt%, indicating this 2113 

biochar high carbon could be proper carbon fuel, and Ca, K and Mg contents were 11.73, 5.47 2114 

and 3.66 wt%, respectively [271], which have been considered as the favourable elements for 2115 

carbon monoxide generation. Accordingly, electrolyte-supported microtubular SOFC with Ag-2116 

GDC as anode performed the Pmax of 217 mW cm-2 at 850 ℃ with pepper straw char which 2117 

was slightly lower compared to hydrogen fuel (252 mW cm-2). Besides, operation discharging 2118 

time and fuel utilization of 21 h and 44.4% were achieved, respectively [271]. All these 2119 

indicators showed that biochar derived from pepper straw could be used as fuel for efficient 2120 

power generation. However, it should be noting that different kinds of crop tend to possess 2121 

totally different compositions with variable wight contents as well as microstructure, which 2122 

could greatly influence cell performance as well as discharging duration when biochar fuels 2123 

derived from different plants are used as solid carbon fuels. For example, study conducted by 2124 

Qiu et al. [272] tested different biochar fuels derived from wheat straw, corncob and bagasse 2125 

in the electrolyte-supported-SOFC with Ag-GDC as electrodes. It was found cell on bagasse 2126 

char fuel presented the highest Pmax of 260 mW cm-2 at 800 ℃ (204 mW cm-2 for corncob and 2127 

187 mW cm-2 for wheat straw char), which was because the lowest tap density of 0.73 g cm-3, 2128 

the most disordered (amorphous) form of carbon (intensity ratio of D bond to G bond: 0.98), 2129 

relatively higher contents of excellent catalyst elements such as K and Ca and less undesired 2130 

elements like S and Si of bagasse char led to highest carbon monoxide concentration of 71.87% 2131 

emitted from the cell compared to other char fuels. In addition, discharging capacities of SOFC 2132 

operated on these three biochar fuels were followed the order of corncob, bagasse and wheat 2133 
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straw (from the highest to the lowest), which was consistent with the order of ash contents 2134 

(from the lowest to the highest) remained after thermogravimetric analysis measurement. 2135 

However, with considering the productivity of biochar via thermal pyrolysis, fuel utilization of 2136 

bagasse was the best, showing that bagasse could be an excellent alternative carbon fuel for 2137 

SOFCs [272]. Similarly, it was reported that although the wheat straw char contained several 2138 

beneficial elements of K, Fe, Ca and Mg indicated by EDS results, less atom contents (less 2139 

than 2%) of these natural catalysts caused relatively lower Pmax of 197 mW cm-2 and fuel 2140 

utilization of 15.7 % at 800 ℃ when pure wheat straw char was used as the fuel for electrolyte-2141 

supported cell with Ag-GDC as the anode [273]. After loading 5 wt% Ca to this biochar, peak 2142 

power density as well as fuel utilization were improved to 258 mW cm-2 and 33.3%, 2143 

respectively, due to higher carbon gasification reactivity of loaded char [273]. Similar 2144 

phenomenon could also be found in the study conducted by Xie et al. [274]. With the infiltration 2145 

of Fe2O3 into walnut shell char, maximum power density was enhanced from 147 to 205 mW 2146 

cm-2 at 800 ℃ for tubular electrolyte-supported SOFC with Ag-GDC as electrodes since carbon 2147 

monoxide was remarkably improved which could also be evidenced from the typical I-V-P 2148 

curve (Fig. 27) that serious mass-transfer-limited phenomenon was relieved at high current 2149 

density for loaded char [274].  2150 

In addition, the cell operated on biochar fuel pyrolyzed from agricultural plant was also 2151 

compared with activated carbon to evaluate the effectiveness of biochar fuel. It was found that 2152 

although more ratio of disorder carbon existed in corn straw char, significantly higher specific 2153 

surface area and pore volume of activated carbon gave a better Pmax of 302.8 mW cm-2 at 850 ℃ 2154 

compared to corn straw char (218.5 mW cm-2) when La0.8Sr0.2Fe0.9Nb0.1O3-δ was used as the 2155 

anode for electrolyte-supported SOFC. However, due to higher ash content (39.5 wt%) of 2156 

activated carbon since it was derived from the coal, relatively lower fuel utilization of 25% was 2157 

obtained, while for corn straw char, fuel utilization reached 30% because only 1.6% wt% of 2158 

ash was contained in corn straw char, causing less weight of residue remaining and thus higher 2159 

fuel utilization after stability test [260]. Differently, the electrochemical performance of 2160 

electrolyte-supported SOFC on kelp biochar was highest (285 mW cm-2 at 850 ℃) compared 2161 

to Na-loaded and unloaded activated carbons mainly because of a large amount of inherent 2162 

favourable elements like Na, Ca and Mg as well as porous microstructure [275]. From the 2163 

above research works on utilizations of biochar in SOFCs, obtainment of biochar from biomass 2164 

via thermal pyrolysis process is a necessary procedure to provide proper solid carbon fuel, so 2165 

as an important factor, the temperature of thermal pyrolysis process could have an influence 2166 

on the cell performance. For example, with the increase of carbonisation temperature of walnut 2167 
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shell, peak power density of the cell supplied with walnut shell biochar decreased although 2168 

there was more carbon content in the biochar pyrolyzed at higher temperature [276]. The 2169 

possible reason could be higher hydrogen content in biochar sample with lower treatment 2170 

temperature, since gaseous products from the thermal decomposition of insufficient pyrolyzed 2171 

biochar in high working temperature of carbon-fuelled SOFCs could perform electrochemical 2172 

reactions [259]. Besides, with the increased carbon content, fuel utilization and discharging 2173 

time of SOFC operated on the biochar from toothpick were correspondingly increased as the 2174 

treatment temperature increased [277].  2175 

 2176 

Fig. 27. Electrochemical performances of DC-SOFCs operated on walnut shell char and 2177 

Fe-loaded walnut shell char at 800 ℃. Figure reproduced from ref. [274] with permission 2178 

from Elsevier. 2179 

3.3.2. Remaining challenges and future perspectives for solid carbon-fuelled SOFCs 2180 

The utilizations of solid carbon fuels especially for coal and biomass carbon in SOFCs show 2181 

important significance to human society because coal will still be the predominating energy 2182 

source in the coming decades and biomass has always been thought as an alternative solution 2183 

to pollution emission and energy crisis. However, in order to achieve the development of 2184 

industrial scale of carbon-fuelled SOFCs and then contribute to the global energy economy, 2185 

several obstacles need to be addressed. 2186 

The biggest issues related to carbon fuelled-SOFCs is the limited amount of solid fuel. With 2187 

the continuous consumption of fuel, most SOFCs could not operate more than 30 h, though 2188 

there are lots of attempts to increase the carbon loading capacity such as, the development of 2189 

tubular segmented-in-series SOFC stack [274] or load of carbon outside tubular cell [271]. 2190 

Therefore, the continuous supply of solid fuel is critically prerequisite for the cell with a 2191 
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prolonged running process. In addition, several anode degradation issues could not be 2192 

effectively evaluated due to the limited lifetime of SOFC system. For example, although 2193 

discharging duration was improved with purified-HSC, anode material deactivations of carbon 2194 

deposition and sulfur poisoning still occurred [258]. However, due to the complete exhaustion 2195 

of solid carbon, it is difficult to assess the tolerance capacity of anode material for a longer 2196 

operation. Therefore, efficient solid carbon supply and ash removal strategies are essential 2197 

important not only for the cell lifetime but the evaluation of long-term stability of materials. 2198 

The ash contained in solid carbon derived from coal or biomass tends to have a complex 2199 

effect on the overall performance of carbon-fuelled SOFCs. The promotion effects of inherent 2200 

inorganic species on reverse Boudouard reaction could benefit the initial performance, but 2201 

lower discharging duration or fuel utilization was frequently observed due to high ash content. 2202 

In addition, deposit of ash components as well as corrosion of carbonate could degrade the cell 2203 

performance by the blockage of anode pores or anode material deactivation [275,278]. 2204 

Therefore, chemical and physical effects of specific impurity on the solid carbon fuel and anode 2205 

need further investigation, and appropriate pre-treatment of solid carbon fuels from coal and 2206 

biomass is still necessary to achieve long-term stable operation of SOFCs. 2207 

Another matter is the enhancement of overall cell efficiency. For carbon-fuelled SOFCs, 2208 

although the direct fuel for electrochemical conversion is carbon monoxide which shows 2209 

reduced theoretical electrical efficiency, thermal coupling of exothermic electrochemical 2210 

reaction and endothermic reverse Boudouard reaction and the co-generation of electricity as 2211 

well as carbon monoxide could result in high efficiency. Therefore, the high fuel utilization 2212 

and necessary equipment for the capture of carbon monoxide or the separation of carbon 2213 

dioxide is significant to guarantee the high overall efficiency of carbon-fuelled SOFCs. 2214 

3.4. Carbon-free fuel 2215 

Numerous contributions and achievements have been made to improve the electrochemical 2216 

performance as well as long-term stability of SOFCs running on carbon-containing fuels 2217 

including hydrocarbon, alcohols, and solid carbons etc. However, intrinsic coking issue on the 2218 

state-of-the-art Ni-based anode is still likely to negatively affect anode working functions and 2219 

thus hinder the development and commercialization of SOFCs. Therefore, the exploration of 2220 

promising carbon-free fuel in terms of ready availability, transportation/storage conveniences, 2221 

high energy density etc. has been carried out to substitute hydrogen fuel. 2222 

Ammonia (NH3) has been thought as an excellent alternative for hydrogen carrier [279] 2223 

because of various outstanding features such as high hydrogen content and no carbon in the 2224 

molecular structure, ease for transportation and storage because of convenient liquification, 2225 
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relatively low flammable range and penetrating odour (in case of leakage) [280], which could 2226 

also be the reasons that many policymakers are strongly decided to promote the ammonia as 2227 

clean or low-carbon fuel [29]. Besides, despite the fact that ammonia has been classified as the 2228 

toxic substance for people’s health, taking accidental explosion or combustion into account, 2229 

there is similar or even lower hazard level for ammonia due to its low reactivity compared to 2230 

gasoline, natural gas or LPG [281]. 2231 

Lots of experimental studies have indicated that comparable cell performances could be 2232 

achieved when SOFC was operating on pure ammonia and hydrogen at relatively high 2233 

operating temperature, which is principally because ammonia fuel could be completely 2234 

decomposed into the hydrogen rich fuel through catalytic ammonia decomposition reaction (Eq. 2235 

(26)) under typical operating temperature of SOFC and the catalytic effect of anode metallic 2236 

phase (nickel) since nickel shows the best catalyst activity except expensive Ru (ruthenium) 2237 

[282]. Furthermore, ammonia decomposition reaction tends to be an effective cooling strategy 2238 

for the cell temperature control because of endothermic nature [283], which could reduce the 2239 

auxiliary energy related to cathode air flow and thus increase the overall system efficiency 2240 

since active cooling of the cell is normally achieved by oversupplying the air into cathode side 2241 

[4]. More importantly, toxic nitric oxides (NOx) that are possible chemical products have been 2242 

proved to be negligible in the anode off-gas under the most oxidizing condition [284]. 2243 

Therefore, ammonia could be efficiently used in both oxygen-ion-conductive and proton-2244 

conductive SOFCs for electricity generation. In addition to the energy-consuming Haber-2245 

Bosch reaction (Eq. (27)) for generation of the ammonia in the industry, alternative 2246 

electrochemical synthesis could also provide a promising way for the production of renewable 2247 

ammonia [285], so the combination of direct operation of SOFC on ammonia fuel and the 2248 

renewable ammonia production could provide an efficient and sustainable power system for 2249 

the future. 2250 

 2NH3(g) ↔ N2(g) + 3H2(g)                 Δ𝐻298
0 = +46 kJ mol−1 (26) 2251 

 N2(g) + 3H2(g) ↔ 2NH3(g) (27) 2252 

3.4.1. The development of ammonia-fuelled SOFCs 2253 

The utilization of ammonia as a fuel for SOFC was firstly tested by Wojcik et al. [286]. 2254 

However, due to the presence of oxygen ion in the anode side, possible formation of toxic NO 2255 

in NH3-fuelled SOFCs have forced SOFC to use proton conducting oxides including 2256 

gadolinium-doped barium cerate (BCGO) [287–289], gadolinium and praseodymium-doped 2257 

barium cerate (BCGP) [287,290] and BaCe0.9Nd0.1O3−δ (BCNO) [291] as electrolytes. With 2258 
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proton conductive electrolyte, the anode-supported NH3-SOFC were expected to be operated 2259 

on the intermediate temperature range, and presented reasonable maximum power densities of 2260 

355 mW cm-2 [288], or 315 mW cm-2 [291] at 700 ℃ and 200 mW cm-2 at 650 ℃ [289], 2261 

showing comparable cell performance to hydrogen-fed SOFCs. Despite these accomplishments 2262 

achieved by NH3-fuelled proton-conducting SOFCs, more mature oxygen-ion electrolyte 2263 

materials such as doped CeO2 or YSZ needs more investigations on the feasible operation of 2264 

SOFC on ammonia fuel [203,284,292–295] since long-term operation of doped-BaCeO3 2265 

electrolytes could be much more challenging due to chemical instability problem in carbon 2266 

dioxide or steam atmosphere [289]. Ma et al. [284] experimentally analysed the anode off-gas 2267 

composition by gas chromatograph measurement when ammonia fuel was fed into the Ni-SDC 2268 

(Ce0.8Sm0.2O1.9) anode-supported SOFC using SDC as the electrolyte at various temperatures 2269 

and fuel flow rates, and it was found that no NO was detected for all tests under the extreme 2270 

oxidising circumstance (maximum flux of oxygen ion). Meanwhile, Pmax of 252.8 mW cm-2 at 2271 

700 ℃ was attained with ammonia as the fuel and relatively low power density was probably 2272 

attributed to relatively thick electrolyte (50 μm). In order to further improve the cell 2273 

performance and reduce working temperature, SDC with the thickness of 10 μm was 2274 

successfully fabricated by Meng et al. [292], and increased power density of 1190 mW cm-2 at 2275 

650 ℃ was obtained for ammonia fuel. However, significant deviation of maximum power 2276 

densities (more than 35%) was observed between ammonia and hydrogen fuels (Pmax of 1872 2277 

mW cm-2 at 650 ℃ for hydrogen fuel). The discrepancy was mainly due to the incomplete 2278 

conversion of ammonia at relatively low temperature [292]. Besides, the decreased ionic 2279 

conductivity could be another cause since actual cell temperature could be lower than that of 2280 

furnace because of the endothermic characteristic of decomposition reaction (Eq. (27)), and it 2281 

was indicated that temperature difference could reach 30-65 ℃ [296], which will lead to 2282 

increased ohmic resistance and thus the drop of cell performance.  2283 

Actually, the main mechanism for electricity generation of ammonia-fuelled SOFCs is a 2284 

two-step process that ammonia is readily to decompose into hydrogen and nitrogen under the 2285 

catalytic effect of Ni metal (Eq. (26)), followed by the oxidation of hydrogen (Eq. (1)), which 2286 

was evidenced by the relationship between OCV and operating temperature in numerous 2287 

research studies [293,295,297–300]. The indication of main route for SOFCs running on 2288 

ammonia fuel is essentially important for the cell performance improvement and stability, and 2289 

will also provide useful guidance for selections of suitable anode material and operating 2290 

condition. 2291 

As advised by the principle of NH3-fed SOFC, the desired complete conversion of ammonia 2292 



 

78 

 

is crucial for high cell performance. Therefore, the factors that affect ammonia decomposition 2293 

reaction rate could definitely influence the maximum power density. In general, strategies 2294 

employed to improve the chemical reaction rate could be achieved from two perspectives: 2295 

thermodynamics and kinetics. 2296 

Thermodynamics 2297 

The ammonia decomposition reaction rate is likely to be affected by various thermodynamic 2298 

factors under the Ni-based cermet such as partial pressures of gases including NH3, H2, N2 as 2299 

well as H2O, fuel flow rate, current density and operating temperature. Therefore, the 2300 

investigations of potential factors on the ammonia conversion have been experimentally 2301 

conducted based on state-of-the-art Ni-YSZ anode [301,302]. It was found that the reaction 2302 

rate is independent of N2 concentration due to its inert nature. Besides, NH3 partial pressure 2303 

tends to positively influence the decomposition reaction rate, while H2 shows an opposite trend, 2304 

which was reported that H2 could have an poisoning effect towards reaction since unreacted 2305 

hydrogen would occupy active sites for decomposition reaction [299]. Therefore, the reaction 2306 

rate can be described by Eq. (28), as given by: 2307 

 𝑟NH3
= −

d𝑃NH3

d𝑡
= 𝑘𝑃NH3

𝛼 𝑃H2

𝛽
 (28) 2308 

where 𝑟NH3
 denotes the reaction rate of ammonia decomposition; Pi represents the partial 2309 

pressure of gas species; 𝑘 is constant. However, α and β vary according to different catalysts, 2310 

supports and temperatures, and positive and negative signs of α and β indicate promotion and 2311 

inhibition effects of NH3 and H2 for the catalytic decomposition of ammonia, respectively.  2312 

The influences of steam concentration and fuel flow rate are quite complicated based on 2313 

experimental observations. The effect of steam partial pressure will be different in terms of fuel 2314 

flow rate and electrolyte phase used in the anode. For example, the conversion of ammonia 2315 

over Ni-BCY25 (BaCe0.75Y0.25O3-δ) experienced a sharp drop from 98.6% to 55% once 0.8% 2316 

of steam was co-fed with ammonia fuel, and decreased gradually as water concentration 2317 

increased afterwards, while the slight declines for Ni-GDC and Ni-YSZ were observed, which 2318 

indicates that Ni-GDC and Ni-YSZ exhibit reasonable higher resistance towards the inhibition 2319 

effect of excess steam compared to Ni-BCY25 since stronger water adsorption capacity of the 2320 

Ni-BCY25 cermet tends to influence decomposition process due to the occupation of active 2321 

sites [299], and similar phenomena could be found in the study conducted by Miyazaki et al 2322 

[300]. Despites this, this poisoning effect imposed by steam content could be diminished by 2323 

increasing fuel flow rate [301]. In addition to the ammonia decomposition reaction rate, steam 2324 

is likely to have a positive influence towards the proton conductivity of electrolyte and 2325 
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electrocatalytic effect of the anode, which could benefit cell performance [299,300,303]. 2326 

Therefore, optimization of steam content would be essential for cell performance due to the 2327 

combined effects between ammonia decomposition rate as well as resistances of ohmic and 2328 

polarization caused by steam. Actually, it should be noted that ammonia partial pressure should 2329 

be kept constant by altering another inert gas (e.g., Ar) content for the effect investigations of 2330 

H2, N2 and H2O.  2331 

Fuel flow rate of ammonia is another critical factor that affects the decomposition rate and 2332 

thus power output. In general, ammonia conversion is found to decrease because of the 2333 

decreased contact time between fuel gas and catalyst metal in the anode when fuel flow rate 2334 

increases [302,304–307]. However, there are two opposite tendencies for the performance of 2335 

the ammonia-fed SOFC in the literature. One is that the power density increased with the 2336 

increase of fuel flow rate [305], while another is that power density was found to decrease as 2337 

fuel flow rate increased [301,307]. These two opposing changes might be two stages of the cell 2338 

performance change towards the increase of ammonia flow rate, which is similar to methanol-2339 

fuelled SOFC [308]. At relatively low flow rate, more ammonia is supplied to catalytically 2340 

generate more hydrogen, which will help to improve the power density [305]. However, a 2341 

further increase of flow rate could decrease the cell performance [301,307] since fuel gas 2342 

stream with high velocity could easily take away the generated hydrogen. It is worth noting 2343 

that the drop of cell performance was not because of the suppression of decomposition reaction 2344 

[306] or less hydrogen generation [307] because hydrogen production was correspondingly 2345 

enhanced with the increased amount of converted ammonia, though the ammonia conversion 2346 

percentage was found to decrease, as shown in Fig. 28, which indicates that ammonia 2347 

conversion and decomposition rate are equivalent only when flow rate is fixed.  2348 

Furthermore, current density was reported to be another factor because when fuel cell was 2349 

operated on the current mode, produced hydrogen is continuously consumed, which will 2350 

promote ammonia conversion according to the Le Chatelier’s principle and meanwhile 2351 

eliminate the poisoning effect of hydrogen towards decomposition process rate [304]. 2352 

Temperature shows dominating effect towards ammonia decomposition reaction, which is 2353 

mainly because that catalytic activity of Ni-based anodes or catalysts will significantly be 2354 

improved with the increase of temperature. Besides, for most catalytic activity tests, the 2355 

conversion percentage could reach 100% when temperature was approximately 700 ℃ which 2356 

is in line with that for SOFCs [298–300,305,306,309–313]. However, for nickel-based anode 2357 

in the cell, the temperature required for ammonia complete decomposition will be higher 2358 

because calcination temperatures used for catalyst powder in the fixed bed reactor and for 2359 
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anode in the cell were different [300], indicating that the anode microstructure is optimized for 2360 

electrochemical reactions but not for ammonia conversion. Besides, weaker adsorption of 2361 

hydrogen on the anode active sites under higher temperature could improve the resistance of 2362 

poisoning effect on ammonia conversion. 2363 

 2364 

Fig. 28. (a) Ammonia conversion for the DSC with the catalyst Ba-Ni-YSZ under the NH3 2365 

flow rate of 0.2-0.4 l min−1. Anode gas: 66.7% NH3-33.3% N2, cathode gas: Air. Figure 2366 

reproduced from ref. [307] by permission of The Electrochemical Society; (b) Ammonia 2367 

conversion for ammonia decomposition over the Ni–BCZY cermet and difference in the 2368 

cermet temperature compared to that at the ammonia flow rate of 10 mL min−1. Reaction 2369 

conditions: 100% NH3. Furnace temperature: 600 ℃. Figure reproduced from ref. [306] with 2370 

permission from the Royal Society of Chemistry. 2371 

Kinetics 2372 

Ammonia decomposition is a catalyst sensitive reaction, since the reaction cannot precede 2373 

without catalyst even over 900 ℃ [305]. Due to unfortunate expensive cost of Ru, Ni-based 2374 

catalyst is extensively used for ammonia decomposition due to its proper nitrogen binding 2375 

energy [282], because catalytic decomposition of ammonia is related to NH3 adsorption and N2 2376 

desorption [314]. Actually, the catalytic effect of fabricated catalyst could be further enhanced 2377 

by alloying or adding other active metals to form a bi- or even multi-metallic catalyst system 2378 

because nitrogen binding energy can be adjusted to be the right range that is neither too weak 2379 

nor too strong by combining Ni with the metal (Mo, Fe or Cr) with strong nitrogen binding 2380 

energy [29]. In addition to metal phase, support material plays a role in the catalytic reaction 2381 

process. In order to promote the effect of desired catalyst, support with larger surface area is 2382 

often preferred. Therefore, the anode of NH3-fuelled SOFC could be designed according to the 2383 

principle of catalyst from material science to promote ammonia conversion, especially at 2384 

intermediate or low operating temperature. 2385 
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Anode ionic phase serves as the support for active metal, so selection of proper electrolyte 2386 

oxide used in the composite anode is crucially important for the promotion of ammonia 2387 

decomposition reaction. Frequently used electrolyte materials have been investigated 2388 

comprehensively for ammonia conversion tests. It was found that as the ionic phase, BCY25 2389 

(BaCe0.75Y0.25O3-δ), BZY20 (BaZr0.8Y0.2O3-δ) and BCZY (BaCe0.4Zr0.4Y0.2O3-δ) showed better 2390 

catalytic effect for decomposition process in comparison to commonly used oxygen conductive 2391 

electrolyte oxides GDC and YSZ when nickel was fabricated as the metal phase for composite 2392 

catalyst systems [298–300,306]. Generally, complete ammonia conversion for those higher 2393 

catalytic activity nickel-based catalysts can be achieved at relatively lower temperature of 2394 

600 ℃, which benefits the application of intermediate-temperature SOFCs. The reasons for the 2395 

superior catalytic effect principally are larger amounts of basic sites and the exceptional 2396 

tolerance towards inhibition effect of hydrogen occupation when these proton electrolytes 2397 

mentioned-above were used as catalyst supports. It has been reported that the basicity of 2398 

support could be an essential factor to speed up the rate-limiting step of ammonia 2399 

decomposition [315] since higher surface basicity favours NH3 adsorption and N2 desorption 2400 

[309]. Besides, the inhibition effect of hydrogen on decomposition reaction rate could be 2401 

considerably mitigated for the proposed Ni-BCY25, Ni-BZY20 and Ni-BCZY cermets and 2402 

nearly zero value for β in Eq. (28) could be observed based on catalytic activity tests, as 2403 

indicated in Fig. 29. In addition, it was reported that Ni-GDC catalyst possess relatively higher 2404 

activity compared to Ni-YSZ at intermediate temperature. Electrolyte-supported cells with Ni-2405 

GDC and Ni-YSZ anodes fed by the ammonia mixture of 0.7% NH3-0.5% H2O-98.8% Ar 2406 

showed comparable performances at 1000 ℃ (Fig. 30a) [309], which indicated that ammonia 2407 

was almost completely decomposed at this temperature and both anodes exhibited the similar 2408 

electrocatalytic activity for hydrogen oxidation. However, when temperature dropped to 700 ℃, 2409 

considerable difference could be observed for cells with different anodes (Fig. 30b), which was 2410 

mainly because Ni-GDC showed better activity for ammonia decomposition due to more 2411 

abundant basic sites on its surface. Recently, a new proton electrolyte of Pd-doped 2412 

Ba(Zr0.1Ce0.7Y0.1Yb0.1)0.95Pd0.05O3−δ (BZCYYbPd) perovskite has been successfully fabricated 2413 

as the electrolyte and anode ionic phase [313]. When pure ammonia was fed into these two 2414 

single anode-supported fuel cells whose only difference is the anode ionic phase, the cell with 2415 

Ni-BZCYYbPd anode presented relatively higher Pmax of 600 mW cm-2 at 650 ℃ compared 2416 

the Ni-BZCYYb counterpart due to superior features including higher proton conductivity as 2417 

well as the better catalytic activity for both ammonia decomposition and hydrogen 2418 

electrooxidation because Pd nanoparticles with the average diameter of 15 nm exsolved in the 2419 
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reducing atmosphere were uniformly dispersed. Meanwhile, a further improved performance 2420 

with excellent Pmax of 724 mW cm-2 at 650 ℃ was achieved for ammonia-fed SOFC with the 2421 

configuration of Ni-BZCYYbPd/BZCYYbPd/BCFZY (BaCo0.4Fe0.4Zr0.1Y0.1O3−δ). 2422 

 2423 

Fig. 29. (a) Ammonia decomposition rate as a function of partial pressure of hydrogen over 2424 

Ni-BZY20, Ni-BZY10, and Ni-YSZ at 500 ℃, reaction condition: x% H2-30% NH3-(70-x)% 2425 

Ar (x = 15, 20, 25, 30), S.V. = 10,000 L kg−1 h−1; Figure reproduced from ref. [300] with 2426 

permission from Elsevier; (b) Ammonia decomposition rate as a function of partial pressure 2427 

of hydrogen over cermets at 500 ℃, reaction conditions: x% H2-30% NH3-(70-x)% Ar (x = 2428 

15, 20, 25, 30), S.V. = 10,000 L kg−1 h−1. Figure reproduced from ref. [306] with permission 2429 

from the Royal Society of Chemistry. 2430 

 2431 

Fig. 30. I-V curves for the cell of Ni-YSZ|YSZ|LSM and Ni-GDC (PM)|YSZ|LSM at (a) 2432 

1000 ℃ and (b) 700 ℃. Anode gas; 0.7% NH3-0.5% H2O-98.8% Ar (flow rate; 100 ml 2433 

min−1). Cathode gas; O2 (flow rate; 100 ml min−1). Figure reproduced from ref. [309] with 2434 

permission from Elsevier. 2435 

Metal phase of the anode show an extremely important significance in chemical catalytic 2436 

effect and the performance of NH3-fuelled SOFCs since it should serve as the active catalyst 2437 

for both ammonia decomposition reaction as well as hydrogen electrooxidation simultaneously. 2438 

For the enhancement of catalytical ammonia decomposition rate, both intrinsic catalytic effect 2439 
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and large amounts of active sites play a dominate role in determining the catalyst activity [316]. 2440 

As demonstrated earlier, nickel is the favourable catalyst for ammonia decomposition due to 2441 

its relatively right nitrogen binding energy. However, optimal amount of Ni-loading might be 2442 

different for different purposes including anode functions and decomposition reaction. 2443 

Therefore, different weights of nickel metal were impregnated onto Ni-free SDC cermets to 2444 

investigate the decomposition activity effect and the performance of NH3-fuelled SOFC [311]. 2445 

It was found that 10 wt% Ni-SDC presented the highest catalytic activity, but further increase 2446 

of the Ni loading led to the increase of the temperature required for complete ammonia 2447 

conversion because large amount of nickel metal might cause the aggregation and thus the 2448 

reduction of surface area. However, for the power characteristic of NH3-fed SOFC, fuel cells 2449 

with 10 and 40 wt% Ni-SDC exhibited the comparable performances. This was because 2450 

although 10 wt% Ni-SDC displayed the best decomposition activity, its electronic conductivity 2451 

was less sufficient in comparison to 40 wt% Ni-SDC, which indicated that the trade-off 2452 

between ammonia decomposition reaction activity and efficient electron transport is needed to 2453 

be considered for the anode preparation. In addition, Ni-based anode catalyst activity could be 2454 

further improved by adding or alloying another active metal since relatively weak nitrogen 2455 

binding energy of nickel metal is responsible for N2 desorption and the active metal additives 2456 

with stronger nitrogen binding energy could promote NH3 adsorption [315]. For example, 2457 

specific amounts of Cr, Mo and Fe were reported to be introduced to Ni-SDC anodes to increase 2458 

the catalytic activity for ammonia decomposition and thereby cell performance, which was 2459 

mainly due to stronger nitrogen binding energies of Cr, Fe and Mo than that of Ni 2460 

[314,317,318]. In order to enrich active sites in the catalyst, exsolution technology could also 2461 

be used for the decoration of fabricated anode with uniformly distributed nanoparticles [316]. 2462 

It was reported that NiCo alloy nanoparticles with an average diameter of 10-20 nm was 2463 

exsolved from La0.52Sr0.28Ti0.94Ni0.03Co0.03O3−δ (LSTNC) perovskite precursor on 2464 

Sm0.2Ce0.8CoO1.9 (SDC) scaffold, and the proposed NiCo-LST-infiltrated SDC anode showed 2465 

the best catalytic effect for ammonia decomposition compared to other anodes due to abundant 2466 

active sites and adjusted NH3 adsorption and N2 desorption capabilities by introducing Co 2467 

metal. Meanwhile, with this superior anode, electrolyte (350 μm) supporting cell presented an 2468 

excellent power density with Pmax of 361 mW cm-2 at 800 ℃ under dry ammonia fuel, which 2469 

is much higher compared to most of NH3-fuelled electrolyte-supported SOFCs available in the 2470 

literature. Furthermore, additions of alkaline metals with electron donation property have been 2471 

demonstrated to further increase the catalytic activity since additive serving as the promotor 2472 

tends to donate electrons to catalyst system, leading to the electronic modification of active 2473 
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sites and the reduction of ammonia decomposition activation energy [29,319]. Recently, the 2474 

additive effect of alkaline earth metal of Ba on the catalytic activity of ammonia decomposition 2475 

was investigated [307]. It was found that the addition of Ba with optimal loading amount of 15 2476 

wt% to the conventional Ni-YSZ catalyst could significantly promote ammonia decomposition 2477 

by improving the promotion effect of NH3 and diminishing the inhibition effect of H2. Besides, 2478 

with the Ba-modified Ni-YSZ catalyst placed in fuel channel, flat-tube SOFC with symmetric 2479 

double-sided cathodes presented nearly identical performances under 60% H2-40% N2 at the 2480 

flow rate of 0.27 l min−1 and 66.7% NH3-33.3% N2 at the flow rate of 0.2 l min−1 (same contents 2481 

of hydrogen and nitrogen under the condition of complete ammonia conversion) even at 650 ℃, 2482 

which was attributed to the improved catalytic activity caused by Ba addition. 2483 

3.4.2. Stability of ammonia-fuelled SOFCs 2484 

The feasibility of direct NH3-fuelled SOFCs and its comparable performance to hydrogen 2485 

fuel have demonstrated the promising perspective in the application of ammonia for power 2486 

generation, which enables researchers to investigate the stability of SOFCs fed by ammonia 2487 

since outstanding long-term durability is desired for the commercialization of SOFC 2488 

technology. Different from SOFC using carbon-containing fuels, morphology and 2489 

microstructural damages caused by the nitriding of Ni metals, involving the loss of metallic 2490 

nickel, metal agglomeration, reduction of TPB length and even delamination, are the main 2491 

degradation issues related to NH3-fuelled SOFCs [304,305,307,312,316,318,320,321].  2492 

Degradation issue of ammonia-fuelled SOFCs 2493 

Yang et al. [320] concluded that unreacted ammonia in the anode tend to nitride Ni particles 2494 

through Eq. (29), especially for lower temperature because ammonia decomposition reaction 2495 

kinetics could be suppressed at low temperature and stable phase of Ni3N (nickel nitride) could 2496 

be maintained below 600 ℃ [29]. The nitriding of nickel is likely to cause agglomeration of 2497 

adjacent Ni particles due to volume expansion and the weakened contact of metal and ionic 2498 

phase, which may cause increase of the ohmic resistance and the reduction of TPB length 2499 

[304,318,320]. Furthermore, under higher temperature condition or at reductive atmosphere, 2500 

nickel nitride could convert back to metallic nickel via Eqs. (30) or (31), respectively. However, 2501 

the processes of formation and decomposition or reduction of nickel nitride could lead to 2502 

serious anode deformation especially for the SOFC which needs to be operating on the dynamic 2503 

conditions involving rapid thermal cycling. The temperature cycling experimental test 2504 

conducted by Yang et al. [320] indicated that due to repetitive volumetric change and thus 2505 

induced mechanical stress, anode support layer was found to be delaminated when anode-2506 

supported SOFC was repeatedly operating at temperatures of 600 ℃ and 700 ℃ under 2507 
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ammonia fuel, leading to the gradual drop of OCV (Fig. 31). One interesting phenomenon is 2508 

worth noting that large amounts of microscopic pores were also observed from the SEM images 2509 

of aged anode due to nickel nitriding and its subsequent decomposition or reduction [304,320]. 2510 

However, although the presence of microscopic pores in Ni particles tends to deteriorate the 2511 

electric contacts of metal, increased catalyst surface areas benefit ammonia decomposition, 2512 

leading to the enhancement of ammonia conversion, as shown in Fig. 32 [304]. Meanwhile, as 2513 

indicated by Fig. 32, cell voltages experienced two different trends for cases under 700 ℃ and 2514 

800 ℃, which was predominately due to the concentration difference of ammonia remained in 2515 

anodes. As we discussed before, operating temperature shows an important effect on ammonia 2516 

decomposition rate, and this is why the conversion could reach 100% at 800 ℃ (Fig. 32). 2517 

However, for NH3-fuelled SOFC under 700 ℃, relatively large quantity of unconverted 2518 

ammonia accumulated in the anode was ready to deform the microstructure of Ni-YSZ anode, 2519 

leading to the gradual decline of cell performance. Therefore, in this respect, high conversion 2520 

or rapid decomposition reaction rate of ammonia is essentially important not only for cell 2521 

performance but for the long-term operation durability of NH3-fed SOFCs.  2522 

 3Ni + NH3 → Ni3N + H2 (29) 2523 

 2Ni3N → N2 + 6Ni (30) 2524 

 3H2 + 2Ni3N → 2NH3 + 6Ni (31) 2525 

 2526 

Fig. 31. Time courses of OCV of the ASC fuelled with 60.0% H2-1.0% H2O-39.0% N2 and 2527 

66.7% NH3-1.7% H2O-31.6% N2 during thermal cycling tests; cathode gas: O2. Figure 2528 

reproduced from ref. [320] with permission from American Chemical Society. 2529 
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 2530 

Fig. 32. cell voltage over time in 24-h tests at 800 ℃, 400 mA cm-2 and 700 ℃, 300 mA cm-2 2531 

with A50%, 2 slpm. Figure reproduced from ref. [304] with permission from Elsevier. 2532 

Strategies to suppress degradation issue of ammonia-fuelled SOFCs 2533 

Based on the mechanism of nickel nitriding, strategies to improve the electrochemical 2534 

performance of NH3-fed SOFC could also be the approaches for the mitigation of undesired 2535 

reactions, because high conversion or rapid decomposition reaction rate could help to reduce 2536 

ammonia concentration in the anode, especially for anode functional layer. Substantial efforts 2537 

have been devoted into the improvement of NH3-fed SOFC stability, and according to the 2538 

various long-term durability experimental tests available in the literature, approaches could 2539 

also be classified into two aspects involving thermodynamics and kinetics. Details of the 2540 

configurations and stabilities of ammonia-fuelled SOFCs are shown in Table 6. 2541 

High temperature could be a significant strategy to maintain the stable operation of NH3-2542 

fuelled SOFCs [294,310,312,321,322] since the catalytic activity of Ni-based anodes will 2543 

considerably be enhanced at relatively high temperature and nickel nitride could not be stable 2544 

at more than 600 ℃. For example, 1500 hours stable operation with negligible degradation (2-2545 

4% per thousand hour) was achieved at 850 ℃ for anode-supported SOFC with Ni-YSZ as the 2546 

anode running on ammonia fuel (Fig. 33a), and excellent stability was attributed to the nearly 2547 

complete ammonia conversion which could be evidenced by almost same power output curves 2548 

for ammonia fuel and the mixture of hydrogen and nitrogen with the ratio of 3/1 [322]. In 2549 

addition, NH3-fuelled 200 W-class SOFC stack comprising 10 Ni-YSZ anode-supported planar 2550 

cells exhibited comparable degradation rate in comparison to the hydrogen fuel in 1000 h 2551 

stability tests at 770 ℃ (Fig. 33b) [310]. However, no further post-mortem analyses for the 2552 

reasons of performance degradations were conducted afterwards. Besides, Stoeckl et al. [321] 2553 

performed a 1000 h durability test under wet ammonia fuel at 835 ℃ to assess the stability of 2554 

MK352 electrolyte-supported SOFC stack with Ni-GDC as the anode, and an average 2555 
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degradation rate of 1.1% per thousand hour was obtained (Fig. 33c) though nitriding 2556 

phenomenon was found on nickel contact meshes and chromium-based interconnects in the 2557 

subsequent post-mortem analyses. Similarly, after 1000 h stable operation stability test at 750 ℃ 2558 

under ammonia fuel (Fig. 33d), nitridation was happened to metallic cell separators (SUS430) 2559 

in the anode side though microstructure of Ni-YSZ anode remained intact and no performance 2560 

decrease for SOFC stack consisting of 30 planar anode-supported cells [312]. However, 2561 

although cell integrity and stack performance were not negatively influenced by the nitriding 2562 

effect, for a longer operation period (e.g., more than 5000 h), nitridation happened in nickel 2563 

contact meshes, chromium-based interconnects as well as the metallic cell separators could 2564 

gradually deform or deteriorate the stack structure of and eventually degrade the performance. 2565 

In addition to the temperature, relatively low fuel flow rate could be used for the improvement 2566 

of cell stability. It was reported that no performance decay occurred during 50 h endurance 2567 

capacity test for Ni-SDC anode-supported SOFC with ammonia as the fuel at 600 ℃. Although 2568 

there was no detailed information about fuel flow rate for this durability test, pervious 2569 

composition analysis of anode off-gas demonstrated that ammonia conversion reached more 2570 

than 99% at 600 ℃ for both fuel flow rates of 30 and 5 ml min-1, which indicates that relatively 2571 

slow fuel velocity could help to increase ammonia conversion and thus operation period of 2572 

NH3-fuelled SOFC [284].  2573 

Lots of research studies have shown the exceptional stability of SOFCs running on ammonia 2574 

fuel based on thermodynamical methods, while for kinetic strategies, few cases could be found 2575 

in the literature. One example is the experimental work conducted by Wang et al. [307]: with 2576 

the addition of enhanced catalytic activity catalyst, Ba-modified Ni-YSZ, into fuel channel, 2577 

flat-tube SOFC with symmetric double-sided cathodes exhibited better long-term performance 2578 

compared to the cell without the catalyst when ammonia was fed, which was because the 2579 

complete conversion of ammonia showed less nitriding threatening for metallic nickel phase 2580 

(Fig. 34), leading to almost same morphology and microstructure of the anode in comparison 2581 

to fresh anode (Fig. 35). Besides, with Ni97-Cr3-SDC [318] and reduced LSTNC-infiltrated 2582 

SDC [316] as anodes, NH3-fuelled SOFCs presented better stability capacities compared to 2583 

cells with Ni-SDC anodes at 600 ℃ and 700 ℃, respectively, as shown in Fig. 36. However, 2584 

enhanced long-term stable operation durability was both because of superior anti-sintering 2585 

ability of the proposed anodes, since conspicuous microstructure decay for both failure cases 2586 

was nickel agglomeration, and complete ammonia conversions were not achieved for more 2587 

durable fuel cells at their corresponding test temperature despite the improved catalytic effect 2588 

towards ammonia decomposition compared to both pristine anodes [316,318]. 2589 
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 2590 

Fig. 33. (a) Power output (blue curve) and efficiency (orange curve) during long-term test 2591 

with ammonia fuel at 850 ℃, 1 A cm-2 current density. Figure reproduced from ref. [322] 2592 

with permission from Elsevier; (b) Time course of the voltage and power at 770 ℃ for the 2593 

direct NH3-fueled (red line) and H2-fueled (black dotted line) SOFC stacks. The current was 2594 

kept at 30 and 35 A for the NH3-fueled and the H2-fueled ones, respectively. Figure 2595 

reproduced from ref. [310] with permission from John Wiley and Sons; (c) 1000 h stability 2596 

study with ASI as fuel: Power density and temperature monitoring. Figure reproduced from 2597 

ref. [321] with permission from Elsevier; (d) Average cell voltage during 1,000 h durability 2598 

test. Figure reproduced from ref. [312] with permission from John Wiley and Sons. 2599 

 2600 

Fig. 34. (a) Ammonia conversion for ammonia decomposition on the DSC anode containing 2601 
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with Ba-Ni-YSZ catalyst estimated from OCV state at 600 ℃-750 ℃; (b) Stability test of the 2602 

DSC with the addition of Ba-Ni-YSZ catalyst into Ni-YSZ anode operated at 750 ℃, 200 2603 

mA cm−2. Anode gas: 66.7% NH3-33.3% N2, cathode gas: Air. NH3 flow rate = 0.2 l min−1. 2604 

Figure reproduced from ref. [307] by permission of The Electrochemical Society. 2605 

 2606 

Fig. 35. SEM images of Ni-YSZ anode for DSC (a) without additional catalyst before 2607 

stability tests and (b) after stability test in NH3 fuel; (c) with Ba-Ni-YSZ 2608 

catalyst after stability tests in NH3 fuel. Figure reproduced from ref. [307] by permission of 2609 

The Electrochemical Society. 2610 

 2611 

Fig. 36. (a) Variations of MPD of the Ni97-Cr3 and Ni-SDC cells as a function of NH3 2612 

exposure time at 873 K. Figure reproduced from ref. [318] with permission from Elsevier; (b) 2613 

Operational stability of the fuel cells with the reduced LSTNC-infiltrated SDC and Ni-SDC 2614 

anodes operated on NH3 fuel under a current density of 100 mA cm−2 at 700 ℃. Figure 2615 

reproduced from ref. [316] with permission from John Wiley and Sons. 2616 

3.4.3. Remaining challenges and future perspectives for ammonia-fuelled SOFCs 2617 

Ammonia shows excellent promising perspectives in the application of fuel cell especially 2618 

for SOFC since ammonia as the effective hydrogen carrier could be readily decomposed back 2619 

to the hydrogen rich fuel based on catalytic effect of conventional Ni-based anode under typical 2620 

operating temperature of SOFC. High ammonia conversion or rapid decomposition rate is 2621 

desired for both performance and stability which are equally essential for applicable 2622 
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commercialization.  2623 

Operating SOFC at high temperature (more than 750 ℃) is beneficial for the development 2624 

of highly durable and high-performing cells since complete ammonia conversion could be 2625 

achieved and thus nickel nitriding phenomenon could be easily avoided. However, high 2626 

operating temperature contradicts the future development of SOFC since reduction of 2627 

temperature is a critical orientation of SOFC commercialization, especially for the 2628 

transportation and portable power generations [32]. Although low-temperature SOFC 2629 

possesses various merits, catalytic effect of Ni-based anodes on ammonia conversion will be 2630 

greatly affected by temperature, and decreases significantly with the drop of temperature, 2631 

leading to lower cell performance and potential microstructural deformations of anode due to 2632 

concentrated ammonia in anode. Therefore, developing an anode equipped with the effective 2633 

low-temperature catalytic effect for ammonia decomposition or high resistance towards nickel 2634 

nitriding is the key for the development of NH3-fuelled SOFCs. For example, Ni-based anode 2635 

with proton electrolyte phases show better catalytic activity than frequently used oxygen 2636 

conductive electrolyte GDC and YSZ, but there is limited research work done related to the 2637 

durable NH3-fuelled SOFCs with proton conducting oxide as anode ionic phase. One example 2638 

is that ammonia-fed SOFC with the configuration of Ni-BZCYYbPd 2639 

(Ba(Zr0.1Ce0.7Y0.1Yb0.1)0.95Pd0.05O3−δ) /BZCYYbPd/BCFZY (BaCo0.4Fe0.4Zr0.1Y0.1O3−δ) 2640 

experienced a slight voltage decline of only 0.01 V after 130 h stable operation at 550 ℃ and 2641 

0.2 A cm-2, which showed good chemical stability of the proposed anode in such low 2642 

temperature [313]. Besides, anodes based on the bimetallic or alloy catalyst also present 2643 

enhanced catalytic effect, but again, scarce relevant study related to the durability test of NH3-2644 

fed SOFCs could be found except the works conducted by Hashinokuchi et al. [318] and Song 2645 

et al. [316].  2646 

In addition, the activity of catalyst could be enhanced through the addition of alkaline metals 2647 

with electron donation characteristic, which provides new way to the durable anode design. 2648 

Moreover, the preparation method also tends to affect anode microstructure and thus ammonia 2649 

decomposition rate. For example, although electrolyte-supported cells with Ni-GDC anodes 2650 

fabricated by physical mixing and glycine-nitrate combustion procedures showed nearly 2651 

identical performance under hydrogen fuel, a reasonable enhancement of the power density 2652 

was observed for the cell with anode prepared by glycine-nitrate combustion method under 2653 

ammonia fuel at 600 ℃, which was because of larger surface area and small nickel particle 2654 

size of the fabricated anode evidenced by SEM cross-sectional images [309]. Actually, the 2655 

optimization of anode microstructure for chemical reaction kinetics is crucially significant 2656 
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since currently anode microstructure is tailored to electrochemical oxidations. In this respect, 2657 

more effective anodes with low-temperature catalytic effect and high metal nitriding tolerance 2658 

are expected to be designed from material science and preparation methods. 2659 

Inspired by strategies of coking issue suppression, the optimization of anode support and 2660 

functional layers as well as addition of a catalyst layer could also be adopted for the 2661 

enhancement of ammonia conversion and cell stability. In order to achieve the complete 2662 

ammonia conversion, conventional Ni-based anode-supported SOFCs are normally utilized, so 2663 

functional and support layers could be designed for different duties in the power generation of 2664 

NH3-fuelled SOFCs. Accordingly, anode support layer optimized for material and 2665 

microstructure based on the catalysts development for ammonia decomposition and the 2666 

functional layer optimized for active electrocatalytic activity could be desired. Besides, 2667 

additional catalyst layer could also be placed onto the anode support layer to additionally 2668 

improve the ammonia conversion rate. It is worth noting that anodes fabricated from these two 2669 

structural methods needs to be equipped with sufficient electronic conductivity as well as good 2670 

chemical compatibility in order not to cause unexpected ohmic resistance. 2671 

  2672 



 

92 

 

4. Conclusion 2673 

SOFC could serve as one of the most competitive energy conversion devices because of the 2674 

high intrinsic efficiency and low pollution. In addition, high working temperature enables 2675 

SOFCs to effectively use readily available alternative fuels involving hydrocarbons, alcohols, 2676 

solid carbons, ammonia etc., which could be significant advantage to SOFC community. 2677 

Herein, we reviewed the recent developments of SOFCs operating on various promising fuels 2678 

with the focus on long-term stability and power performance. In general, SOFCs with 2679 

traditional Ni-based composite anode exhibit excellent performance characteristics on these 2680 

fuels, showing comparable maximum power densities to hydrogen, but several degradation 2681 

issues still need to be resolved to achieve the industrial commercialization of this technology. 2682 

Therefore, approaches from three perspectives frequently used for improvements of stability 2683 

and power output are summarised. Based on the degradation mechanisms demonstrated, 2684 

suitable operating conditions related to temperature, fuel composition and current density are 2685 

expected to be adopted to mitigate undesired problems. From the kinetics side, despites the fact 2686 

that novel materials such as exsolved or doped perovskite materials show huge advances in 2687 

carbon or sulfur tolerance, they are further from the commercialization compared to mature 2688 

and well-developed Ni-based anodes especially with the modification of doped-ceria or 2689 

barium-based oxides because of their promising features. Anode structure designs with 2690 

separate layers which could be maximized their properties individually are likely to enhance 2691 

the durability towards degradation problems or even cell performance, while the attention 2692 

should be given to chemical and thermal compatibilities of various materials. Although the 2693 

utilization of these alternative fuels especially renewable-featured energy resources in SOFCs 2694 

shows great potential in the energy crisis and air pollution, considerable efforts are still required 2695 

to be devoted into the solutions of these challenges faced by SOFC commercialization. 2696 
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Table 1. Electrochemical performances of methane-fuelled SOFCs. 

Fuel 
Configuration: anode/electrolyte/cathode 

(thickness, μm) 

Maximum power density 

(mW cm-2)  
Stability characteristic Ref. 

Thermodynamics 

Methane-steam mixture (S/C: 2) 

Flat-tube cell with symmetric double-sided 

cathodes: Ni-YSZ(1000)/Ni-

YSZ(15)/YSZ(15)/GDC(3)/LSCF(15) 

~360 under 0.7 V at 850 ℃ 
Stable for 190 h under 0.257 A cm-2 at 

750 ℃ 
[65] 

Air-diluted natural gas (O/C: 0.8) 
Anode-supported button cell: Ni-

YSZ/YSZ/GDC-LSCF 
~560 under 0.8 V at 800 ℃ 

Stable for 100 under 0.5 A cm-2 at 

800 ℃ 
[49] 

Upgraded-biogas (O/C: 0.4) 
Anode-supported button cell: Ni-

YSZ/YSZ/GDC-LSCF 
~320 under 0.8 V at 800 ℃ 

Stable for 200 under 0.5 A cm-2 at 800 

℃ 
[49] 

Methane-air mixture (100 SCCM 

air, 500 SCCM methane) 

Button cell: Ni-YSZ(500)/Ni-

YSZ(20)/YSZ(12)/LSM-YSZ(30) 
 Stable for 100 under 0.6 V at 800 ℃ [55] 

Kinetics 

Methane-steam mixture 

Circular shaped planar electrolyte-supported 

cell: NiO(5)/Au-Ni-

GDC(15)/GDC(5)/YSZ(90)/LSM-
YSZ(15)/LSM(15) 

 
Stable for over 200 h under 0.81 V at 

850 ℃ 
[98] 

Methane-steam mixture (S/C: 0.3) Button cell: Au-Ni-GDC/YSZ(150)/LSM  Stable for 192 h under 0.7 V at 800 ℃ [99] 

Simulated biogas 
Button cell: Ag-Ni-

YSZ(700)/YSZ(20)/LSM-YSZ(10) 
102 at 750 ℃ 

50 h with the degradation rate of 0.793 

mV h-1 under 0.2 A cm-2 at 750 ℃ 
[102] 

Simulated biogas 
Button cell: Sn-Ni-YSZ(700)/YSZ(20)/LSM-

YSZ(10) 
272 at 750 ℃ 

50 h with the degradation rate of 0.298 

mV h-1 under 0.2 A cm-2 at 750 ℃ 
[102] 

Methane 
Button cell: 5Sn-Ni-

SDC(490)/SDC(115)/BSCF(45) 
600 at 700 ℃ 

72 h with the degradation of 1.5% under 

0.3 A at 600 ℃ 
[105] 

Wet methane (3 vol% steam) 
Button cell: Ni0.9Fe0.1(1000)/Ni-

SDC(10)/SDC(10)/LSM-BSCF 
1010 at 650 ℃ 

50 h with the degradation of 7.7% under 

0.4 A cm-2 at 650 ℃ 
[106] 

Simulated biogas 
Button cell: Cu-Ni-

YSZ(700)/YSZ(20)/LSM-YSZ(10) 
85 at 750 ℃ 

50 h with the degradation rate of 6.2 mV 

h-1 under 0.2 A cm-2 at 750 ℃ 
[102] 

Methane 
Anode-supported button cell: Cu-Ni-

SDC/YSZ(16)/SDC(8)/LSCF(25) 
424 at 700 ℃ 

Stable for 15 h under 0.5 A cm-2 at 

700 ℃ 
[107] 

Wet methane (3 vol% steam) 
Anode-supported button cell: CaO-Ni-

SDC/SDC/LSCF-SSC 
1051 at 700 ℃ 

70 h with the degradation rate of 0.65 

mV h-1 under 0.3 A cm-2 at 650 ℃ 
[100] 

Wet methane (3 vol% steam) 
Anode-supported button cell: BaO-Ni-

SDC/SDC/LSCF-SSC 
563 at 700 ℃  [100] 

Wet methane (3 vol% steam) 
Button cell: MgO-Ni-

SDC(35)/LDC/LSGM(220)/SCCO-SDC(35) 
714 at 800 ℃ 

330 h with the degradation of 15% under 

0.8 V at 800 ℃ 
[109] 
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Wet methane (3 % steam) 
Anode-supported button cell: 

Ni0.875Cu0.1Mg0.025O-SDC/SDC/LSCF-SDC 
670 at 700 ℃ 

100 h with the degradation of less than 

7% under 0.3 A cm-2 at 700 ℃ 
[110] 

Wet methane 
Button cell:GDC-Ni-

YSZ(300)/YSZ(30)/YSZ-LSF(70) 
428 at 750 ℃ 

170 h with little degradation under 0.25 

A cm-2 at 750 ℃ 
[112] 

Methane 
Button cell: Ni-SDC(600)/SDC(31)/SSC-

SDC(160) 
697 at 700 ℃ 

100 h with the degradation rate of 1.33 

mV h-1 under 0.35 A cm-2 at 700 ℃ 
[113] 

Methane-air mixture (40 SCCM 

oxygen, 80 SCCM methane) 

Anode-supported button cell: Ni-

GDC/GDC/LSCF-GDC 

1350 at 650 ℃; 1100 at 

600 ℃ 

530 h with the degradation of 0.91% 

under OCV condition at 650 ℃ 
[56] 

Wet methane 
Anode-supported button cell: Ni-

Ce0.9Ca0.1O2-δ/YSZ(9)/SDC(5)/LSCF(10) 
618 at 800 ℃ 

30 h with the degradation rate of 1.1 mV 

h-1 under 0.5 A cm-2 at 800 ℃ 
[115] 

Methane 
Button cell: Cu-CeO2-

YSZ(140)/YSZ(110)/LSM-YSZ(30) 
70 at 800 ℃  [117] 

Methane 
Button cell: Cu-Fe-CeO2-

YSZ(140)/YSZ(110)/LSM-YSZ(30) 
90 at 800 ℃ 

46 h with the degradation of 20% under 

0.6 V at 800 ℃ 
[117] 

Methane 
Button cell: CeO2-Cu(30)/10Sc1CeSZ-

CeO2/10Sc1CeSZ(150)/LSM(30) 
34.2 at 850 ℃  [118] 

Methane 
Button cell: CeO2-Cu-Co(30)/10Sc1CeSZ-

CeO2/10Sc1CeSZ(150)/LSM(30) 
446.4 at 850 ℃  [118] 

Methane 
Button cell: Cu-CeO2-

YSZ(130)/YSZ(180)/LSM-YSZ(185) 
~110 at 800 ℃  [119] 

Wet methane (3 % steam) 
Button cell: LSFT/SDC/YSZ(500)/LSM-

YSZ 
121 at 850 ℃ 

Stable for 24 h under 0.2 A cm-2 at 

850 ℃ 
[127] 

Wet methane (3 % steam) 
Button cell: 

SFNM20(10)/LSGM(200)/PBCO(20) 

380 at 800 ℃; 276 at 

700 ℃ 

Stable for 200 h under 0.6 A cm-2 at 

700 ℃ 
[128] 

Methane 
Electrolyte-supported button cell: 

PBFN(20)/LSGM/PBCO(20) 

577 at 800 ℃; 418 at 

750 ℃ 

Stable for 300 h under 0.35, 0.7 and 0.84 

A cm-2 at 700 ℃ 
[129] 

Methane 
Button cell: LSFMn-Ni-

GDC(53)/GDC(430)/LSFCo-GDC(20) 
119 at 800 ℃ 

33 h with the degradation of 17% under 

0.5 V at 800 ℃ 
[130] 

Methane 
Button cell: Ni-CeO2-impregnated 

LSTA(540)/YSZ(900)/LSM-YSZ/LSM 
490 at 900 ℃  [131] 

Methane 
Button cell: Ni-LCFNb-SDC-

SSZ(65)/SSZ(70)/LSM(15)  

729 at 850 ℃; 507 at 

800 ℃ 

Stable for 100 h under 0.2 A cm-2 at 

800 ℃ 
[133] 

Methane 
Button cell: Ni-infiltrated 

BSFM/GDC/SSZ(200)/GDC/LSCF-GDC 
194 at 800 ℃ 

70 h with the degradation rate of 0.135 
mV h-1 under 0.2 A cm-2 at 800 ℃ 

[135] 

Methane 
Button cell: Cu0.5Fe0.5-LSCM-

SDC/LSGM(300)/LSM-SDC 
640 at 850 ℃ 

Stable for 100 h under 0.4 A cm-2 at 

850 ℃ 
[137] 

Wet methane 
Button cell: R-

SCMF0.05(20)/SDC/LSGM(300)/LSCF 

652.3 at 850 ℃; 532.9 at 

800 ℃  

50 h with the degradation rate of 0.018% 

h-1 under 0.2 A cm-2 at 700 ℃ 
[136] 
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Structure 

Wet methane (3 % steam) 
Button cell: 

PBFM(25)/LSGM(200)/PBFM(25) 

340 at 800 ℃; 193 at 

750 ℃ 

Stable for 280 h under 0.6 A cm-2 at 

800 ℃ 
[139] 

Methane 

Button cell: nanoparticle-infiltrated 

PBFM(25)/LSGM(200)/nanoparticle-

infiltrated PBFM(25) 

390 at 800 ℃; 300 at 

750 ℃ 

Stable for 1060 h under 1 A cm-2 at 

800 ℃ 
[139] 

Methane 
Button cell: RP-SCFM-

CFA(20)/LSGM(300)/SCFM(20) 

401 at 850 ℃; 271 at 

800 ℃ 

Stable for 130 h under 0.4 A cm-2 at 

800 ℃ 
[140] 

Synthetic natural gas 
Anode-supported button cell: SLT/Ni-

SDC/Ni-YSZ/YSZ/LSM-YSZ 
~540 at 800 ℃ Stable for 80 h at 800 ℃ [88] 

Methane 
Microtubular cell: Al2O3(160)/Ni-

SDC(20)/SDC(10)/PBCO(15) 
790 at 700 ℃ 

Stable for 50 h under OCV condition at 
700 ℃ 

[87] 

Methane 
Microtubular cell: NiAl2O4(150)/Ni-

SDC(20)/SDC(10)/PBCO(13) 
870 at 700 ℃ 

Stable for 50 h under OCV condition at 

700 ℃ 
[87] 

Wet methane 
Button cell: PSZ-CeO2/Ni-

YSZ(700)/YSZ/LSCF-GDC/LSCF 
800 at 800 ℃ 

Stable for 155 h under 0.6 A cm-2 at 

750 ℃ 
[141] 

Wet biogas (63% methane, 34% 

carbon dioxide, 3% steam) 

Anode-supported tubular cell: SLT-YSZ/Ni-

YSZ/YSZ/LSM-YSZ 
264 at 800 ℃ 

Stable for 280 h under 0.2, 0.15 and 0.1 

A cm-2 at 850 ℃ 
[142] 

Wet methane (3 mol% steam) 
Anode-supported button cell: Ce0.8Ni0.2O2-δ 

(45)/Ni-SDC/SDC/BSCF 
664 at 650 ℃ 

50 h with the degradation rate of 0.438 

mV h-1 under 0.2 A cm-2 at 650 ℃ 
[144] 

Methane 
Button cell: Cu-Ni/Ni-

YSZ(750)/YSZ(40)/YSZ-LSM(40)/LSM(50) 
~280 at 800 ℃  [145] 

Wet methane (3 mol% steam) 
Anode-supported button cell: Ni-

La2Ce2O7(10)/Ni-SDC/SDC/BSCF 
699 at 650 ℃ 

26 h with the degradation rate of 1.061 

mV h-1 under 0.2 A cm-2 at 650 ℃ 
[146] 

Wet methane (3 mol% steam) 
Anode-supported button cell: Ni-

La1.95Sm0.05Ce2O7(10)/Ni-SDC/SDC/BSCF 
639 at 650 ℃ 

26 h with the degradation rate of 0.843 

mV h-1 under 0.2 A cm-2 at 650 ℃ 
[146] 

Methane 
Anode-supported button cell: Ni-

La2Ce2O7(10)/Ni-SDC/SDC/BSCF 
671 at 650 ℃ 

26 h with little degradation under 0.2 A 

cm-2 at 650 ℃ 
[146] 

Methane 
Anode-supported button cell: Ni- 

La1.95Sm0.05Ce2O7(10)/Ni-SDC/SDC/BSCF 
599 at 650 ℃ 

26 h with the little degradation under 0.2 

A cm-2 at 650 ℃ 
[146] 

Wet methane (3% steam) 

Anode-supported button cell: 

La0.7Sr0.3Fe0.8Ni0.2O3-δ (30)/Ni-
YSZ/YSZ(30)/LSM-YSZ 

688 at 850 ℃; 421 at 
800 ℃ 

110 h with little degradation under 0.335 
A cm-2 at 800 ℃ 

[147] 

Methane-air mixture (70% air) 

Anode-supported button cell: 

La0.7Sr0.3Fe0.8Ni0.2O3-δ (30)/Ni-

YSZ/YSZ(30)/LSM-YSZ 

539 at 850 ℃; 356 at 

800 ℃ 

120 h with little degradation under 0.335 

A cm-2 at 800 ℃ 
[147] 

Wet methane (3.5 vol% steam) 
Button cell: Ce0.90Ni0.05Ru0.05O2/Ni-

BZCYYb(800)/Ni-
370 at 500 ℃ Stable for 550 h under 0.75 V at 550 ℃ [148] 
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BZCYYb(10)/SDC(15)/PrOx infiltrated 

PBSCF(25) 

Wet methane (3 % steam) 

Anode-supported Button cell: 

La0.6Sr0.4Co0.2Fe0.8O3-δ(70)/Al2O3(1200)//Ni-

YSZ/YSZ(33)/YSZ-LSM 

660 at 850 ℃ 
Stable for 116 h under 0.333 A cm-2 at 

800 ℃ 
[153] 

Methane 
Anode-supported button cell: CeO2-Ni-GDC 

with microchannels/GDC/GDC-BSCF 
545 at 600 ℃ 

Stable for 65 h under 1.3 A cm-2 at 

600 ℃ 
[157] 

Methane 

Anode-supported microtubular cell: Cu-

CeO2-YSZ with 
microchannels/YSZ(10)/LSM-YSZ 

160 at 750 ℃ Stable for 30 h under 0.7 V at 750 ℃ [116] 

Methane-carbon dioxide mixture 

Anode-supported tubular cell: Ni-YSZ with 6 

sub-channels/YSZ(4.5)/GDC(4.5)/GDC-

LSCF(25) 

1770, 2030 and 2220 in the 

mixture fuels with methane 

concentrations of 10%, 

15% and 20% at 750 ℃ 

Over 500 h with the degradation rate of 

0.02 A cm-2 kh-1 in the methane and 

carbon dioxide (1:1 ratio) under 0.7 V at 

700 ℃ 

[158] 

Table 2. Electrochemical performances of higher hydrocarbon-fuelled SOFCs. 

Fuel 
Configuration: anode/electrolyte/cathode (thickness, 

μm) 
Maximum power density (mW 

cm-2) 
Stability characteristic Ref. 

Butane-oxygen mixture 

(O/C: 1.5) 

Microtubular cell: Ni-

GDC(640)/YSZ(10)/GDC(1)/LSCF-GDC(20) 
213 at 650 ℃ 

Stable for 100 h under 0.1 A 

cm-2 at 650 ℃ 
[161]  

Propane-air mixture (1/7.1, 

12vol% propane) 

Inner reformer + tubular cell: Ni-

YSZ(600)/YSZ(5)/GDC(1)/LSCF(30) 
670 at 700 ℃ 

80 h with the degradation of 

20% under 0.7 V at 700 ℃ 
[162] 

Propane-air mixture 

(10.7% propane) 

Anode supported button cell: Ru-CeO2(30)/PSZ-

CeO2(300)/Ru-CeO2(30)/Ni-SDC/Ni-

SDC(12)/SDC(6)/LSCF-SDC/LSCF 

395 at 500 ℃; 280 at 450 ℃  [150] 

Propane-air mixture 
Oxygen-permeable membrane reactor + button cell: 

Ni-YSZ(900)/YSZ(12)/LSM-YSZ(25) 
675 at 800 ℃ 

Stable for 45 h under 0.7 V at 

800 ℃ 
[166] 

Propane-air mixture (C/O: 

1.04) 

Reformer + tubular cell stack: Ni-YSZ(890)/Ni-

YSZ(15)/YSZ(6)/LSM-YSZ-LSCF 
11.9 W at 780 ℃  [163] 

Propane-oxygen mixture 

(10.7% propane, 18.7% 

oxygen) 

Anode-supported button cell: Ni-YSZ/YSZ/LSCF-

GDC/LSCF 
~700 at 790 ℃ Stable for 100 h [164] 

Propane-oxygen mixture 

(10.7% propane, 18.7% 

oxygen) 

Button cell: Ru-CeO2(20)/PSZ(650)/Ni-

YSZ(650)/YSZ(10)/LSCF-GDC/LSCF 
480 at 750 ℃  [165] 

Propane-carbon dioxide 
mixture (5% propane) 

Anode-supported button cell: Ni-YSZ/YSZ/LSM   
Stable for 3 h under 0.12 A 

cm-2 at 800 ℃ 
[167] 
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Wet propane (3 vol% 

steam) 

Button cell: Ni-

BZCYYb/GDC(5)/YSZ(150)/GDC(5)/LSCF 
 

Stable for 100 h under 0.3 A 

cm-2 at 750 ℃ 
[169] 

Wet butane (20% butane, 

3% steam) 

Microtubular cell: Ni-

GDC(200)/YSZ(5)/GDC(1)/LSCF-GDC(20) 
251 at 615 ℃ 

Stable for 100 h under 0.1 A 

cm-2 at 615 ℃ 
[170] 

Wet butane (20% butane, 

3% steam) 

Microtubular cell: LDC-infiltrated Ni-

GDC(200)/YSZ(5)/GDC(1)/LSCF(20) 
374 at 615 ℃ 

Stable for 100 h under 0.1 A 

cm-2 at 615 ℃ 
[170] 

Wet butane (17% butane, 

3% steam) 

Microtubular cell: Ni-

GDC(200)/YSZ(5)/GDC(1)/LSCF(20) 
~260 at 610 ℃ 

Stable for 24 h under 0.2 A 

cm-2 at 610 ℃ 
[172] 

Wet butane (10% butane, 

4% steam) 

Microtubular cell: Ni-

GDC(400)/YSZ(5)/GDC(1)/LSCF-GDC(20) 
~130 at 600 ℃ 

Stable for 100 h under 0.15 A 

cm-2 at 600 ℃ 
[171] 

Butane-steam mixture 

(S/C: 3) 

Button cell: Pd-infiltrated Ni-YSZ(1000)/Ni-

YSZ(2)/YSZ(1)/GDC(0.2)/LSC(3) 
946 at 600 ℃ 

100 h with the degradation 
rate of 14% 100 h-1 under 

0.15 A cm-2 at 600 ℃ 

[168] 

Butane 
Button cell: Pd-infiltrated Ni-YSZ(870)/Ni-

YSZ/YSZ(1)/GDC(0.2)/LSC(3) 
486 at 600 ℃ 

Failed at 30 h under 0.15 A 

cm-2 at 600 ℃ 
[173] 

Propane 
Button cell: BaO-deposited Ni-

YSZ(600)/YSZ(15)/SDC(3)/LSCF(30) 
880 at 750 ℃ 

Stable for 100 h under 0.5 A 

cm-2 at 750 ℃ 
[174] 

Propane Tubular cell: Ag-GDC(15)/YSZ(200)/Ag-GDC ~120 at 800 ℃ 
Stable for 160 h under 0.103 

A cm-2 at 800 ℃ 
[175] 

Wet propane 
Button cell: RP-PSFR-FRA-

GDC/LSGM(300)/LSCF-GDC 
500 at 800 ℃ 

Stable for 50 h under 0.15 A 

cm-2 at 750 ℃ 
[126] 

Wet propane (3% steam) 
Button cell: LSCFN-

GDC/GDC(10)/YSZ(200)/GDC(10)/LSCFN-GDC 
324 at 850 ℃ 

Stable for 100 h under 0.4 A 

cm-2 at 850 ℃ 
[176] 

Wet propane (3% steam) 
Button cell: LSCrFeCo10-

GDC(20)/LSGM(250)/LSCF-GDC(30) 
700 at 850 ℃; 490 at 800 ℃ 

Stable for 840 h with 2 

reoxidation processes under 

0.2 A cm-2 at 700 ℃ 

[177] 

Octane-air-carbon dioxide 

mixture (5% iso-octane, 

9% air, 86% carbon 
dioxide) 

Anode-supported button cell: Ru-

CeO2/PSZ(500)/Ru-CeO2/Ni-YSZ/YSZ/LSCF-SDC 
~640 at 770 ℃ 

Stable for 50 h under OCV 

condition at 770 ℃ 
[143] 

Octane-air mixture (6% 

iso-octane) 

Button cell: Ru-CeO2(10)/PSZ/Ru-CeO2(20)/Ni-

YSZ(600)/Ni-YSZ(15)/YSZ(7)/LSCF-SDC/LSCF 
~750 at 790 ℃ 

Stable for 50 h under 0.6 A 

cm-2 at 790 ℃ 
[178] 

Octane-air mixture (6% 

iso-octane) 

Button cell: Ru-CeO2(10)/PSZ/Ru-CeO2(20)/Ni-

GDC(600)/Ni-GDC(15)/GDC(10)/LSCF-

SDC/LSCF 

~610 at 590 ℃ 
Stable for 50 h under 0.8 A 

cm-2 at 590 ℃ 
[178] 

Octane-air mixture (6% 

iso-octane) 

Anode supported button cell: Ru-CeO2(10)/PSZ-

CeO2(300)/Ru-CeO2(20)/Ni-SDC/Ni-

SDC/SDC/LSCF-SDC/LSCF 

600 at 590 ℃ 
Stable for 50 h under 0.8 A 

cm-2 at 590 ℃ 
[179] 
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Wet octane (3 v% steam, 

6.5% iso-octane) 

Button cell: Ni-YSZ-BZY(800)/Ni-YSZ 

(15)/YSZ(15)/LSCF(50) 
600 at 750 ℃; 100 at 600 ℃ 

Stable for 100 h under 0.7 V 

at 750 ℃ 
[180] 

Table 3. Summary of SOFCs on ethane for power and chemical. 

Fuel 
Configuration: anode/electrolyte/cathode (thickness, 

μm) 

Maximum power density (mW cm-2) and 

ethene yield 
Stability characteristic Ref. 

Ethane 
Electrode-supported button cell: Pt-

BCYN/BCYN(50)/Pt-BCYN 

173 and 20.7% at 650℃; 237 and 32.9% at 

700 ℃ 
 [188] 

Ethane Button cell: Cu-Cr2O3(20)/BCZY(800)/Pt 170 and 39% at 700 ℃ 
Stable for 240 h under ~0.12 W 

cm-2 at 700 ℃ 
[192] 

Ethane Button cell: Co-Cr2O3/BCZY(1000)/Pt 132 and 19% at 650 ℃; 173 and 32% at 700 ℃  [193] 

Ethane 
Button cell: FeCr2O4-BCZY/BCZY(900)/LSF-

BCZY 

160 and 27.3% at 700 ℃; 240 and 39.7% at 

750 ℃ 
 [191] 

Ethane 
Button cell: LSTA-Cr2O3-

Cu/BCZY(400)/GDC(8)/LSCF-BCZY 
320 and 27.7% at 750 ℃ 

Stable for 100 h under 0.45 A 

cm-2 at 700 ℃ 
[194] 

Ethane 
Button cell: P-PSCFM/BCZY(300)/GDC(2)/LSCF-

BCZY 
348.84 and 41.5% at 750 ℃ 

Stable for 100 h under 0.65 A 

cm-2 at 750 ℃ 
[185] 

Ethane 
Electrolyte-supported button cell: Co-SMCFO-

BCZY/BCZY/LSCF-BCZY 

268 and 37.8% at 750 ℃; 219 and 26.5 at 

700 ℃ 

Stable for 50 h under 0.39 A 

cm-2 at 700 ℃ 
[186] 

Ethane 
Button cell: 

LSFNCu(35)/BZCYYb(300)/LSFNCu(35) 
90 and 40.4% at 750 ℃ 

Stable for 40 h under 0.5 V at 
750 ℃ 

[184] 

Table 4. Electrochemical performances of alcohol-fuelled SOFCs. 

Fuel 
Configuration: anode/electrolyte/cathode (thickness, 

μm) 

Maximum power density (mW 

cm-2) 
Stability characteristic Ref. 

Methanol 
Button cell: Ni-YSZ(1000)/Ni-

YSZ(20)/YSZ(10)/LSM-YSZ(20)/LSM(80) 
1300 at 800 ℃; 600 at 650 ℃   [202] 

Methanol 
Anode-supported button cell: Ni-

SDC/SDC(24)/SSC-SDC 
698 at 650 ℃; 430 at 600 ℃ 

 Stable for 160 h under 0.5 V 

at 550, 600 and 650 ℃ 
[203] 

Methanol Button cell: Ni-SDC(600)/SDC(6)/LSCF-SDC 820 at 600 ℃; 520 at 550 ℃ 
Stable for 60 h under 0.8 A 

cm-2 at 600 ℃ 
[204] 

Methanol-steam mixture 

(S/C: 2) 

Flat-tube cell with symmetric double-sided 

cathodes: Ni-YSZ(600)/Ni-

YSZ(20)/YSZ(9)/GDC(3)/LSCF-GDC(30) 

12 W at 750 ℃ 
Stable for 120 h under 0.221 

A cm-2 at 750 ℃ 
[210] 

Methanol 
Button cell: Ni-Cu-SDC(300)/Ni-Cu-

SDC(10)/GDC(10)/LSCF-SDC(10) 
420 at 550 ℃ 

Stable for 55 h under 0.6 V at 

550 ℃ 
[207] 
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Methanol Button cell: Pd-Ni/GDC(400)/LSCF-SDC ~9 at 450 ℃ 
40 h with little degradation 

under 0.4 V at 450 ℃ 
[209] 

Ethanol-steam mixture 

(S/C: 2) 

Microtubular cell: Ni-

GDC(640)/YSZ(10)/GDC(1)/LSCF-GDC(20) 
180 at 650 ℃ 

Stable for 100 h under 0.1 A 

cm-2 at 650 ℃ 
[161] 

Ethanol-steam mixture 

(volume ratio: 2:1) 

Button cell: Fe0.5Ni0.5-

ScSZ(1000)/ScSZ(15)/PCM(20) 
460 at 850 ℃; 265 at 800 ℃  [222] 

Ethanol 
Button cell: Sn-Ni-YSZ(500)/YSZ(15)/LSM-

YSZ(50) 
~180 at 740 ℃  [223] 

Ethanol-steam mixture 

(volume ratio: 2:1) 

Button cell: Cu-CeO2-

ScSZ(600)/ScSZ(20)/PCM(30) 
222 at 800 ℃ 

Stable for 50 h under 0.5 V at 

800 ℃ 
[224] 

Ethanol-steam mixture 
(volume ratio: 2:1) 

Button cell: Cu-CeO2-YSZ(600)/Ni-
ScSZ/ScSZ(40)/PCM 

438 at 800 ℃ 
Stable for 50 h under 0.7 V at 

800 ℃  
[225] 

Ethanol-steam mixture 

(volume ratio: 2:1) 
Button cell: LSCM(65)/LSGM(600)PCM 160 at 850 ℃; 101 at 800 ℃ 

Stable for 60 h under about 

55 mW cm-2 at 750 ℃ 
[226]  

Ethanol Button cell: Pd-LSCM-YSZ/YSZ(1000)/Pt 111 at 800 ℃  [228] 

Ethanol 
Button cell: LSCM-Ru(10)/Ni-

YSZ(7)/YSZ(500)/LSM 
~80 at 950 ℃  [227] 

Ethanol-steam mixture 

(volume ratio: 2:1) 

Button cell: Cu-LSCM-

ScSZ(600)/ScSZ(20)/PCM(30) 
84 at 800 ℃ 

Stable for 12 h under 0.6 V at 

800 ℃ 
[229] 

Ethanol-steam mixture 

(volume ratio: 2:1) 

Button cell: Cu-LSCM-YSZ(20)/Ni-YSZ(500)/Ni-

ScSZ(20)/ScSZ(20)/PCM(20) 
384 at 800 ℃ 

Stable for 120 h under 0.7 V 

at 800 ℃ 
[229] 

Ethanol-steam mixture 

(volume ratio: 2:1) 

Button cell: LSCM-CeO2(8)/Ni-

ScSZ(800)/ScSZ(15)/PCM(20) 
669 at 850 ℃ 

Stable for 216 h under 0.6 V 

at 700 ℃ 
[230] 

Ethanol-steam mixture 

(volume ratio: 2:1) 

Button cell: Cu-CeO2(30)/Ni-

YSZ(600)/ScSZ(15)/PCM(40) 
566 at 800 ℃ 

Gradual degradation due to 

delamination under 0.6 V at 

800 ℃ 

[149] 

Ethanol-steam mixture 

(volume ratio: 2:1) 

Button cell: Cu-CeO2(20)/Ni-CeO2(20)/Ni-

YSZ(600)/Ni-ScSZ(15)/ScSZ(15)/PCM(20) 
519 at 800 ℃ 

Stable for about 210 h under 

0.7 V at 750 ℃ 
[231] 

Ethanol 
Anode-supported button cell: Ni-modified LSFCO-

GDC(4)/YDC/YSZ/LSFC 
650 at 800 ℃ 

Stable for 400 h under 0.8 V 

at 800 ℃ 
[237] 

Ethanol-steam mixture 

(molar ratio: 2.3:1) 

Button cell: Ni–Ce0.8Zr0.2O2/Ni-

YSZ/YSZ/SDC/SDC-BSCF 
536 at 700 ℃; 334 at 650 ℃  [236] 

Ethanol Button cell: Pd(10)/Ni-YSZ(500)/YSZ(20)/Pt(20) 196 at 750 ℃ 
Stable for 59 h under OCV 

condition at 750 ℃ 
[238] 

Ethanol Button cell: Ni-GDC/Ni-YSZ/YSZ(500)/LSM 70 under 0.7 V at 850 ℃ 
Stable for 50 h under 0.7 V at 

850 ℃ 
[152] 

Ethanol 
Button cell: Ni-ZDC(25)/Ni-YSZ/Ni-

YSZ/YSZ(500)/YSZ-LSM/LSM 
100 under 0.6 V at 850 ℃ 

Stable for 85 h under 0.6 V at 

850 ℃ 
[151] 
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Steam-ethanol mixture 

(S/C: 3.1) 

Electrolyte-supported cell: Rh-Ce0.75Zr0.25O2/Ni-

YSZ(30)/YSZ/SDC/LSCF(30) 
 

Stable for 60 h under 20 mA 

at 800 ℃ 
[196] 

Ethanol  
Button cell: Ir-GDC(25)/Ni-

YSZ(600)/YSZ(10)/GDC/LSCF 
420 under 0.6 V at 850 ℃ 

Stable for 700 h under 0.6 V 

at 850 ℃ 
[240] 

Ethanol-steam mixture 

(molar ratio: 1:1) 

Anode-supported button cell: Ni-

BZCY/SDC(20)/BSCF or SSC(20) 
750 at 750 ℃; 391 at 550 ℃ 

Stable for 180 h under 300 

mA cm-2 at 600 ℃ 
[242] 

Ethanol  
Anode-supported button cell: Ni-

BZCYYb/SDC(20)/BSCF or SSC(15) 
953 at 750 ℃; 519 at 600 ℃ 

Stable for 100 h under 300 

mA cm-2 at 600 ℃ 
[243] 

Table 5. Electrochemical performances of solid carbon-fuelled SOFCs. 

Fuel 
Configuration: anode/electrolyte/cathode (thickness, 

μm) 

Operating 

temperature 

(℃) 

Maximum 

power density 

(mW cm-2) 

Discharging duration 
Fuel 

utilization 
Ref. 

Activated carbon 
Button cell: LSFNb(20)/SDC(20)/ScSZ(400)/LSM-

ScSZ 
850 302.8 ~18 h at 227 mA cm-2 25% [260] 

Ca-loaded activated carbon Button cell: LSFT-GDC(25)/YSZ(200)/LSCF-GDC 850 292 ~4.8 h at 350 mA cm-2  [261] 

Fe-loaded activated carbon 
Button cell: N-LSCM-YSZ(35)/YSZ(300)/LSCF-

GDC 
850 153 12 h at 180 mA cm-2 33.6% [262] 

Activated carbon-carbonate 

mixture 
Button cell: YST0.9Cu0.1-GDC/LSGM(300)/LSCF 800 366 30 h at 200 mA cm-2  [263] 

Ca-loaded activated carbon Button cell: Ag-GDC(20)/YSZ(300)/Ag-GDC 850 373 8.11 h at 364 mA cm-2 18.2% [265] 

Ba-loaded activated carbon Button cell: Ag-GDC(40)/YSZ(400)/Ag-GDC 850 328.4 28.76 h at 250 mA cm-2 16% [264] 

Sr-loaded coconut active 

charcoal 
Button cell: Ag-GDC(32)/YSZ(450)/Ag-GDC(32) 850 316 22.68 h at 250 mA cm-2 18.3% [266] 

Steel slag-loaded activated 

charcoal 
Button cell: Ni-YSZ(430)/YSZ(35)/LSM(30) 825 159 ~3.3 h at 52.1 mA cm-2 46.43% [267] 

Purified High sulfur coal Button cell: Ni-YSZ(470)/YSZ/LSM 850 ~115 11.2 h at 50 mA cm-2 40% [258] 

Brown coal char Button cell: Ag-GDC(13)/YSZ(450)/Ag-GDC 850 221 13.73 h at 400 mA cm-2 61.5% [269] 

Raw brown coal Button cell: Ag-GDC(13)/YSZ(450)/Ag-GDC 850 211.4 4.14 h at 400 mA cm-2 18.5% [269] 

Pepper straw char Microtubular cell: Ag-GDC(30)/YSZ(280)/LSM(60) 850 217 21 h at 100 mA 44.4% [271] 

Bagasse char Button cell: Ag-GDC(35)/YSZ(370)/Ag-GDC(35) 800 260 22 h at 140 mA cm-2 19.8% [272] 

Corncob char Button cell: Ag-GDC(35)/YSZ(370)/Ag-GDC(35) 800 204 24 h at 140 mA cm-2 21.4% [272] 

Wheat straw char Button cell: Ag-GDC(35)/YSZ(370)/Ag-GDC(35) 800 187 15 h at 140 mA cm-2 13.4% [272] 

Ca-loaded Wheat straw char Button cell: Ag-GDC(21)/YSZ(200)/Ag-GDC 800 258 10.2 h at 300 mA cm-2 33.3% [273] 

Fe-loaded walnut shell char Tubular cell: Ag-GDC/YSZ(192)/Ag-GDC 800 205   [274] 

Corn straw char 
Button cell: LSFNb(20)/SDC(20)/ScSZ(400)/LSM-

ScSZ 
850 218.5 ~21 h at 227 mA cm-2 30% [260] 
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Kelp char Button cell: Ag-GDC(20)/YSZ(400)/Ag-GDC(20) 850 285 2.81 h at 350 mA cm-2 10.7% [275] 

Table 6. Stability capacities of ammonia-fuelled SOFCs. 

Fuel 
Configuration: anode/electrolyte/cathode (thickness, 

μm) 

Operating 

temperature (℃) 
Stability characteristic Ref. 

Ammonia 
Anode-supported planar cell: Ni-YSZ/Ni-

YSZ/YSZ/LSM-YSZ 
850 

1500 h with the degradation rate of 2-4% kh-1 under 

1 A cm-2 
[322] 

Ammonia 

200 W-class planar cell stack: Ni-YSZ(1000)/Ni-

YSZ(7)/ZrO2-based oxide(7)/Perovskite-type 

oxide(30) 

770 
1000 h with the comparable degradation rate to 

hydrogen fuel under 30 A 
[310] 

Ammonia-steam 

mixture 

10-planar-cell stack: Ni-GDC(40)/ScSZ(165)/LSM-

ScSZ(45) 
835 

1000 h with the degradation rate of 1.1% kh-1 under 

0.226 A cm-2 
[321] 

Ammonia 

30-planar-cell stack: Ni-YSZ(1000)/Ni-

YSZ(7)/ZrO2-based oxide(7)/LaNiO-based 

perovskite(30) 

750 Stable for 1000 h under 0.316 A cm-2 [312] 

Ammonia Button cell: Ni-SDC(700)/SDC(50)/SSC-SDC 600 Stable for 50 h under 0.36 A cm-2 [284] 

Ammonia-nitrogen 

mixture 

Flat-tube cell with the Ba-Ni-YSZ catalyst: Ni-

YSZ(100)/YSZ(10)/LSM-YSZ(25) 
750 50 h with the degradation of 0.47% under 0.2 A cm-2 [307] 

Ammonia-nitrogen 

mixture 
Button cell: Ni97Cr3-SDC(30)/LSGM(500)/SSC(10) 600 

30 h with the degradation of 4% under OCV 

condition 
[318] 

Ammonia Button cell: LSTNC-SDC(30)/SDC(350)/SSC(20) 700 
120 h with the degradation rate of 0.89 mV h-1 under 

0.1 A cm-2 
[316] 

 




