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Abstract: Solid oxide fuel cells (SOFC) have the advantage of being able to operate with
fuels other than hydrogen. In particular, liquid fuels are especially attractive for powering
portable applications such as small power generators or auxiliaugr pmits, in which case

the direct utilization of the fuel would be convenient. Although liquid fuels are easier to
handle and transport than hydrogen, their direct use in SOFC can lead to anode deactivation
due to carbon formation, especially on traditibnickel/yttria stabilized zirconia (Ni/YSZ)
anodes. Significant advances have been made in anodic materials that are resistant to carbon
formation but often these materials are less electrochemically active than Ni/YSZ. In this
review the challengesf using liquid fuelsdirectly in SOFC,in terms of gagphase and
catalytic reactions within the anode chamheitl be discussedaindthe alternative anode
materials so far investigatedll be compared

Keywords: solid oxide fuel cells; anode; direct utilizan; liquid fuels; methanol; ethanol,
portable applications

1. Introduction: Principles, Typical Materials and Applications

This paper is an overview of the direct utilization of alternative liquid fuels in solid oxide fuel cells
(SOFC) and of the anodwaterial requirements to successfully operate with these fuels. There are
eightsections in this paper that describe SOFC in general, different SOFC operating modes, liquid fuel
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candidates for SOFC applicatiorthermodynamics of direct utilization of thieels, kinetics in the
anode compartmengurvey of suitable anode materiadgect utilization of methanol and ethanol, and
the way forward.

Fuel cells are electrochemical devices in which the chemical energy of a fuel is converted directly
into electri@l energy. There are several types of fuel cells that are classified according to the type of
electrolyte and operating temperature. Solid Oxide Fuel Cells (SOFC) are high temperature
(6001 1,000 €) fuel cells that employ a solid iolwonducting electroly. SOFCare the most efficient
among all fuel cells[1], and operate according to thpinciple shown in Figure 1. The basic
components of a solid oxide fuel cell are: electrolyte, anode, cathode, interconnects, and an electric
circuit conneatd to an external load. The electrolyte is in contact with the porous electrodes where the
electrochemical reactions are carried out. At the cathode, oxide idf)saf® formed by oxygen
reduction. The oxide ions migrate through the electrolyte to thdeamdere they oxidize the fuel
molecules producing electrons, which, in turn, flow to the cathode through the external circuit. The
final products of this process depend on the fuel used but are typically electricity, water, carbon
dioxide, and heat. Thatter being produced by the irreversible losses. The electrochemical reactions
occur within 10 to 2Gvm from the electrolyte/electrode interface, in a zone defined as the functional
layer[1]. The external part of the electrodalled the conduction layer, serves as the electrdectoi.

The electrodes are porous to allow gas transport to the reaction sites, whereas the electrolyte an
interconnects are dense to separate oxidant from fuel.

Figure 1. Schematic of a SOFC operating with hydrogen as the fuel.
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Several materials have been considered for the electi@tencluding: yttriastabilized zircora
(ZrOz + 8 mol% Y-0s, YSZ), which is the preferred electrédyfor high temperatures (800,000 C);
samarium dopederia (SrgCe 0.4, SDC) or gadoliniumdopedceria (Gd1Ce d0,.q, GDC) for
intermediate and low temperature SOIZ}; and lanthanum gallate doped with strontium and
magnesium (L&sSr 2Gay sMgo 203.9, LSGM).

Most SOFC cathodes are rpeskitetype oxides. Strontiumdoped lanthanum manganite
(Lap.sSrr.2MnOs.4, LSM) is the cathode of choice for high temperatures. Because of the low ionic and
electronic conductivity of LSM below 800C, other cathodic materials are considered for lower
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temperatures, such as strontigtaped lanthanum ferroobaltite (La 7St sFey 4Ca.603.4, LSFC), and
strontiumdoped barium ferr@obaltite (BasStysFe2CasOs.4, BSFC)[3-6]. Many lanthanurbased
compounds reacwith YSZ forming an insulating layer of kar,O; [1] but this problem can be
prevented by using, for example, a cévased interlay€7,8].

Since the early stages of development of SARE preferred anode material hasrbaecomposite
of nickel and YSZ (Ni/YSZ cermet), which provides excellent performance and good stability in
H>[9,10]. The presence of SZ provides onic conductivity to the cermet extending the sites for the
electrochemical reaction, and lowers the coefficient of thermal expansion improving the compatibility
with the electrolyte. Furthermore, the presence of YSZ inhibits the sinteriNg during operation,
improving stability[2]. The composition and the microstructure of the elegrare the key factors in
achieving high electronic and ionic conductivites, and high electrochemical activityn the
conventional Ni/YSZ anode, Ni has two main functions: catalyzing the oxidatiop arfidHconducting
electrons. Lab tests of single buttoells in humidified hydrogen at 800 € (Ni/YSZ|YSZ|LSCF) (This
notation indicates the material composing the cell in the following order: Anode | Electrolyte |
Cathode.) have demonstrated power densities up to 1.848tc8d0 C [11,12] In comparison, the
power density per unit area for 2 kW planar ansdpported SOFC stacks (Ni/YSZ|YSZ|LSM)
operated on reformate,lis estimated to be between 0.3 and 0.4 \V{[dh

Despite numerous advantages, theYSZ anode hathree main disadvantages. The first is sulfur
poisoning, which occurs & exposure at 1,000 € to fuels containing as little as 1 pp®, ldnd less
than 50 ppb at 750 J1]. Reformate H requires desulfurization, even if obtained from {swfur
containing fuels[13]. HCI is another strong poison for Ni/YSZ anodes and irreversible poisoning
occurs for exposureabove 200 ppni9]. The second disadvantage of Ni/YSZ is the mechanical
instability caused byeadox cycling.Ni-YSZ anodes are prepared by reduction of nickel oxide (NiO),
but reexposue to air, especially at high temperatures, causes the modification of the microstructure as
a consequence of the volume increase from Ni to NiO. These phase changes during the redox cyclin
generate internal stress in the structure leading to cracks aasibly delaminatiorfl4]. The last
disadvantage of Ni/YSZ anodes is the susceptibilitgadoon formationAlthough Ni has excellent
catalytic properties for reforming natural gas, exposure to hydrocarbons can result in performance loss
and irreversible microstructural damage. The problem of carbon formation will be discussed in detalil
later. Some of the shortcomings of the Ni/YSZ anode lsa mitigated by an appropriate system
design, and by the selection of specific operating conditions.

SOFC were traditionally developed for stationary power generation with power outputs greater than
5i 10 kW [1]. For stationary applications the SOFC can be easily integrated wiiliudzsition and
reforming units, and slow startup is not a major issue. Thus, Ni/YSZ is a suitable anodic material with
H, and synthesis gas as the preferred fuels. The high operating temperature allows fuel versatility
through the direct utilization of tber hydrocarbons in SOFC. In fact, the recent trends in the
development of SOFC focus on the use of available hydrocarbon fuels, and the reduction of the
operating temperature below 6€@0 which is still compatible with operating on nemydrogen fuels.

The alternative fuels that have been considered for SOFC include propane, gasoline, diesel, methano
and ethanol.
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2. SOFC Operating Modes with Hydrocarbon Fuels

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

Steam reforming of a generic alkane is represented by redajioihe CO produced can react
further prodicing H by the wateigas shift (WGS) reactiof2).

ChHon2 + nCBle YCO + (2n + 1®|2 (1)

CO+HO Y .66, (2

The steam reforming reaction is highly endothermig.(for CH gqH, = 205.84 kJ/mqgl while the
WGS is moderately exothermigd, = 14117 kJ/mo). Both reactions require a catalyst. On the
Ni/YSZ anode, the coupling of the fast endothermic reforming reaction with the sluggish exothermic
electrochemical oxidation can generate severe instabilities. An excess of steam is typically required t
prevent carbon deposition by promoting the WGS reaction and reducing the partial pressure of CO.

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

At high temperatures, dry reforming is even more endothermic than steam refoemginfp( CH
oH; = 246.97 kJ/mgl and an excess of G@an promote carbon deposition but, on the other hand,
CO; is much easier to handle thaream. Both steam and dry reforming are problematic in the case of
low power output, because there is not enough heat produced to sustain the reaction, and during th
startup.

Partial oxidation (POX) uses air or oxygen to reform hydrocarbons accorditig timllowing
equation:

CiHopso + 1/2@@2 Y @O+ (n + 1§B'|2 (4)

This reaction is moderately exotherme.d. for POX of CH; gqH; = 1 36.01 kJ/molcompared to
oH; =180262 kJ/molfor total oxidation) and couples well with the electrochemical oxidation. Part of
the fuel energy is lost because tfeaction is exothermic, which lowers the efficiency of the system. In
addition, catalysts dondt ;andkGOdandthigh résstanee taacarbon g h
deposition. Nevertheless, partial oxidation reforming is suitable for swakportable applications
where system simplicity and rapid stap rather than system efficiency are crucial factors.

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

In typical SOFC, the reforming step is done after the desulphurization using an external unit
(Figure 2a). This type of design is known as external reforming SOFC, and is convenient for large
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scale stationary systems twitombined heat and power generation. For sstale applications and
particularly for portable systems, however, the complexity and size of the overall system can be
reduced by eliminating the external reformer and annex [irbls andreforming the fuels inside the

stack. This type of design is known as internal reforming and uses the waste heat generated by
electrochemical oxidation and other m@versible processds offset the heat requirements of the
reforming reactions.

Figure 2. Schematic of (a) external reforming SOFC, (b) indirect internal reforming SOFC,
and (c) direct internal reforming SOFC.
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Internal reforming can be achievedheit indirectly Figure 2b), using a dedicated reforming
catalyst inside the SOFC stack, or directly on the Ni/YSZ anbBagure 2c). The indirect internal
reforming IIRSOFQ r equires o6catalyzed hardwared i n wh
anode compartment are covered by a thin layer of the reforming catBB}stindirect internal
reforming is simpler and less costly than external reforming, but it can be difficult to adjust the
reforming reaction to the electrochemical oxidatsmnthat the majority of the fuel is converted into
synthesis gas without residual fuelaching the anode. The advantage in-8RFC is that the
reforming catalyst can be used in uthapersed form, in which case noble metals can be
economically competitive. The probleros1IR-SOFC are the presence of temperature gradients and
carbon deposion. There is also increased sintering caused by steam contacting the Ni/YSZ anodes.

Direct internal reforming (DIRSOFC) provides the simpler and, in principle, most efficient design.

In DIR-SOFC the anode must accomplish three different roles: refoemfuél, catalyze the
electrochemical oxidation of Hand CO, and provide a path for the electrons. Part of the heat
generated in the functional layer by the electrochemical reactions is used to reform the fuel in the
conduction layer. The presence of tengpere gradients and coking are the main limitations for-DIR
SOFC.Research odlirectinternal reforming SOF@ith Ni/YSZ anode is limited almost exclusively

to methand17-23], with few examples diR-SOFC using radel fuelg[24-26].
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The application of partial oxidation and atb@rmal reforming in SOFC is conceptually analogous
to indirect internal reforming. Also in this case a dedicated catalyst must be used for thle parti
oxidation of the fuel. Only a few studies on this operating mode have been pulfigtas].

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

CoHansz+ 3N+ 1)O* Y @O, + (n + 1)M,0 + (6n + 2§ (5)

Equation 6) describes only the anodic hakll reaction (reactants and products) and not the actual
electrochemical mechanism that is likely to proceed through multiplelectron exchange stef&90].
Recently, the direct oxidation of hydrocarbons in SOFC has been the object of cont{B8¥e38Yy
While Gorte and Voh§31,33-35] argued that hydrocarbons can be directly oxidized using-besad
electrodes, according to Mogenseinal. [32], only H, is oxidized on NiYSZ anodes fed withdry
hydrocarbons because the oxidation of methame other hydrocarbons significantly slower than
that of H. Consequently, hydrocarbamnacking, reforming and WGS reactions are likely to happen at
a much faster rate, producing khat is the actual electrochemical fuel of the SOF@e carbon
deposited by crackingvill react with the watemproduced from the oxidation of hydrogen to give
carbon monoxide and more hydrogen, whiohturn can be oxidized. According to this line of
reasoning[32], the terminology O6ditrect whiklieuab dorréd i
denotes only a mode of operation rathantthe actual chemistig preferred.

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

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

Co+ 207 - CO+ 4@ (6)

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

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

3. Liquid Fuels for SOFC

Several factors determine the suitability of a liquid fuel for direct utilization in SOFC. The main
factor is the propensity of the fuel to form coketla high temperatures 00 C) and reducing
conditions found in the anode compartment. Other important factors aeméhgy density and the
physical state of the fuel at standard conditions, which determine how easily the fuel can be stored anc
fed tothe SOFC, as well as the availability and cost of the fuel, which are related to the abundance of
the feedstock from which the fuel is produced and to the costs and capacity of production. Toxicity and
environmental impact are also factors to consider.

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

3.1. Methanol

Methanol (CH3;OH, MeOH) is a light, volatile, colorless, flammable, poisonous liquid. MeOH is
used mainly as an antifreeze additive, solvent, and denaturant for ethanol. MeOH is completely
miscible n water and in most organic solvents, and it is capable of dissolving many inorganic salts.
Typical commecial grade MeOH contains 99 8 methanol with water (MeOH is hygroscopic),
acetone, formaldehyde, ethanol, and methyl formate being common impurities.

MeOH is toxic and rated as a severe poison, but iscaatinogenicand is not considered
particularly harmful to the environme[89]. The environmental hazard arises primarily in relation to
the use of MeOH as a fuel, particularly for air pollution by combustion and groundwater contamination
in case of spills. Because MeOH is readilgdegradable, the environmental risk posed by MeOH as a
fuel is small compared to gasoline.

MeOH was traditionally obtained by destructive distillation of wood. In 1923, BASF introduced a
process based on the conversion of synthesis gas, derived frongasitation. In 1966, ICI
developed a lowpressure process (catalytic hydrogenation of CO) that to this day is the dominant
technology [39]. Recently the poduction of MeOH from synthesis gas obtained from thermal
decompositiorof organic materials, such as wood (Biomas&iquid), has been reconsidered as an
alternative to produce renewable MeOH fuel. Although the use of MeOH as fuallbag hisbry
[40], its use in internal combustion engines (ICE) is limited to few applications, mainly because of the
lower energy density (19.7 Miyy™") relative to gasolineRjgure 3) and the corrosive properties of
MeOH for some metals and fawubber (e.g. in the fualelivery system) when compared to
other hydrocarbons
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Recently, a hypothetical 0 Me t bna MeDH asBhe doremasty 6
energy vector41-43]. Several motivations are used to support this idea. Namely, the production
technology is mature and the existing infrastructure for distribution of traditionaldarelse used for
MeOH; MeOH can be produced from natural gas and biomass, and can also be obtained usipg the CC
captured fronthermoelectric power planend converted bygatalytic hydrogenation of GQ44]. The
adoption of MeOH as an energy vector may allow a faster transition from a fossil fuel to a renewable
energy system, as the production of MeOH #honitially rely on natural gas, and later switch to
renewable sources via atmosphefi®, capture and electrochemical €®@eduction. The main
drawback of the Methanol Economy, however, is that it is ultimately based on energy sources, such as
solar, thatcannot meet the current demand until there is a technological breakthrough. Moreover,
while relying on fossil fuels as a main energy source there would be no net reduction of the
CO; produced.

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

Figure 3. Enegy densities of different fuels.
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3.2. Ethanol

Ethanol(CHsCH,OH, EtOH) is a liquid, flammable, colorless, and mildly toxic compo&t®H is
a versatile solvent, completely miscible with water and many organics, and partially miscible in light
aliphatic hydrocarbons. The presence of a hydroxyl group (OH) is the origin of most chemical
properties of EtOH, such as polarity, viscosity and volatility, and hygroscopicity. Mixtures of EtOH
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with water behave in unusual wayscluding having a negative volume wofixing, reduced surface
tension at very low concentrations of EtOH, andaaeotrope at 95.6 wt% EtOH with a boiling point

of 78.1C [46]. EtOH is typically commercialized in two different grades: absolute, and denatured.
Absolute or anhydrous alcohd purified EtOH that contains ¥ water. Denatured alcohol is an
EtOH/H,O mixture below the azeotropic point Bl > 5%) that containsnethanol, benzene and
acetaldehyde to provide toxicity, and denatonium benzoadulterate the taste

EtOH is not harmful to the environment andrp EtOH is not classified as carcinogerfadthough
beverages containing EtOH are). Spills of EtOH do not pose a threat for surface water or groundwater
because of the high solubility and biodegradability of Et@H#OH can be produced both from
conventional petichemical procesgcatalytic hydrogenation oéthyleng, and biologically by the
fermentation of sugars. The selection of the production process depends on the fifilaé usajority
of the EtOH used as fuel and all the EtOH used in beverages are olaifeethentation. The typical
product of fermentation contains less than18vol% of EtOH.

In order to produce ethanol from starchy materials, such as corn, first starch must be converted into
sucrose by hydrolysis with diluted sulfuric acid or by additof industrially produced amylase. In
North America all EtOH fuel is obtained from corn, while in other countries such as Brazil, EtOH is
obtained from sugarcane. An emerging technology to produce EtOH is through the use of cellulose.
The traditional proess (chemical hydrolysis) is not economically convenient for dscgke fuel
production To enhance the energy balance for the production of cellulosic Et@¢hws currently
lower than 4%6, biotechnologists are trying to replicate the bacteria comtainethe guts of
termites[47], with the objective of obtaining enzymes that can attack the cellulose. The success of this
technology could turn biomasses containing celkilioso cheap and renewable energy sources. Algae
could also be source of cheap EtOH fuel and biodiesel using an engineered photosynthesis process th
captures the C&£from industrial stackg-or most industrial uses and particularly for fuel applications
fermented EtOH solutions require distillation and purification that are energy intensive and4&jstly

EtOH has been used as a fuel for internal combustion engines since the start of the cardindustry
the first car produced on an industisiale (Ford Model T in 1910) as fuelled with ethanol
Nowadays, certain types of ICE are designed to obtain the maximum power using pure EtOH or
gasolineblends (flexfuel) [49,50] According to the Canadian Renewable Fuel Asdgon, over 1
billion liters of EtOH fuel were produced in Canada in 2(81]. In the last five years, the prospect of
using EtOH and other biofuels as the main source of energy (EtOH Economy) has found strong
support and created equally stroogntroversy, particularly in the U.S.A52]. The advantages of
using EtOH are the reduction of g@missions, the reduction of other pollutants (i.e. ozone), and the
revitalization of rural areas (i.e. American Midwest and Canadian Prairies). EtOH can be considered as
a completely renewdd source of energy since the £@roduced by combustion of EtOH is
reconverted into sugar by plants with zero ne
has also strong opponents, with equally valid motivatidhg. main critique concerns tipeoduction
of EtOH fuel from corn or other grain crops that should be used mainly as a food Esfjrce
Furthemore, recent studig54] have demonstrated that the production of Corn EtOH gives an energy
gain ofonly 35%. A large increase in demand of EtOH fuel would imply that new farmland is obtained
from the wilderness or from conservation areas. The energy gain in the casdHdr&@tOsugar cane
is almost 70@. However, sugarcane cultivations require a humidtamgperate climate, making the
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OEt OH Economydé possi bl e[52pbonCupa. A possiblesslatibnrcoud come i k
from a biotechnological breakthrough in the production of EtOH from cell{&®e

The utilization of EtOH in fuel cells has been considered only recently. Similar to MeOH, EtOH
should be seen iy as a fuel for small portable applications, particularly for remote rural locations.
The advantages are that EtOH is an uitemn liquid fuel with reasonable energy denskiggre 3).
However, EtOH is hardeo oxidize than Hland MeOH. The direct utilization of EtOH has been tested
in PEM fuel cells using PRu anodes similar to direct methanol fuel cells (DMFC), and only patrtial
oxidation of the fuel can be obtaingeb]. The utilization of EtOH as a source of hydrogen is also
under investigatior{56]. In general the reforming of EtOH is moreoplematic than natural gas and
MeOH, particularly because of cokinghe internal reforming and the direct utilization of EtOH in
high temperature fuel cells are virtually unexplored.

3.3. Dimethyl Ether, Liquefied Petroleum Gas, and Other Conventiogaid_Fuels

Dimethytether(CHsOCH;, DME) is the simplest ether. At standard conditions DME is a gag but
is typically stored and shipped as a liquefied gas under its own vapor pressure of 430 kPa (4.24 atm) a
20 C. DME is typically prepared by dehydiat of MeOH and can be obtained from natural gas and
biomass. DMEis not classified as toxic, althouglrect contact with the liquefied gas may cause
chilling of the skin or frostbiteDME does not pose significant environmental concerns and is mainly
usal as a lowtemperature solvent in laboratory synthesis, as an aerosol propellant in canisters, and
recently as a possible cle&urel [57,58] DME has been considered as a convenient source of
H, [59-61] and also a potential fuel for SOF&2,63]

Liguefied petroleum gas (LPG), a mixturegybpane (0%) with butane (ca. 5%), propylene and
odorants is a conventional fuel and is peredias the ideal SOFC fuel for smadlale (110 kW)
standalone applications in remote ardd®]. LPG has been considered both as a source,doH
internal reforming ®FC[64] and also for partial oxidatiof®5-67] using traditional Ni/YSZ anodes.

The problem of cadn formation @ Ni anodes is more severe with LPG tharth natural gas, and
consequently, coke resistant anof69] must be desloped for the direct utilization.

Gasoline, diesel, biodiesel and jet fuels pose severe coking problems for reforming protesses.
fuels have a low H to C ratio and a high content of aromatic hydrocarbons that makes the
decomposition to carbon alwagtsermodynamically favorableNevertheless, the direct utilization of
these fuels has been pioneered in SOFC using carbon tolerant §BS[ess discussed in more
detail later.

3.4. Carbonfree Liquid Fuels

Among the alternative fuels, ammonia and hydrazine do not contain carbon and could be used on
traditional Ni/YSZ anodes without risks of coking. Ammonia ()lHs one of the most important
chemical compounds in industry and is used insyrghesis of fertilizers and explosives standard
conditions, NH is gaseous, but typically stored as an anhydramsdiunder pressure. Currently,
ammonia has beerproposed as a practical alternative to fossil {u@]. The main advantages of
ammoniafuel are the low cost, simple storability as a liquid with high energy density, and the fact that
ammonia oxidation does not produce carbon dioxide. Concentrated ammonia, however, is strongly
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corrcsive and can be deadly at exposure levels above 5,000 ppm, which poses serious risks for

practical applications. Recently NHhas been considered as a possible fuel for SOFC.

Experimentation on Ni/YSZ anodes showed comparable performancessiandHy; the analysis of

gaseous species at the cell outlet revealed that ammonia was completely decompgaed ¢ H1].
Hydrazine (NH,) is a colorless liquid compound obtained during the process of productionzof NH

Its physical properties are similar to those of water biitsNs highly toxic and chemically unstable;

for this reasoiit is stabilized in water. The main use oftly is in the production of polymers and fine

chemicals, and as a rocket fuel. PreviouslyHNwas considered as a '‘compromise fuel' for low

temperature fuel cellgl5,72] but is now being reconsideredthaas a source of Hand directly as a

fuel for low temperature fuel cell§3]. As an alternative to 5 N;Hs has some advantages:can

produce more power than a similag ¢€ll without the need to use Pt catalysts; it can be handled and

stored more easily thanyHand t has a higher electromotive force (dggure4) than H. Although

N2H4 could be potentially used also for SOFC, there is no record of its use. Hydrazine is the most

expensive of all alternative fuels.

4. Thermodynamics of Direct Utilization SOFC

The maximum electrical workNgec) Obtainable in a fuel cell operating at constant temperature and
pressure is equivalent to the change in Gibbs fnee & gG) of thepelectrochemical reaction:

W, .=DG=-zG (6)

elect

where z is the number of electrons involved in the reactibns Faraday's constant arflis the
equilibrium potential of the cellThe Gibbs free energy change of a reaction at ¢eatpre T is
generally expressed as a function of aleévities (or fugacities) of the species involyadich at high
temperatures (500 €) and low pressures ({12 atm) can be assumed equivalent to the partial
pressures?;, (P, = yiA Rvherey,; is themol fraction of speciesandP is the total pressureJhe Nernst
eguation, equation (7), is derived from equation (6) and gives the ideal potential of the déll feee

a complete derivation):

E=E °-Eln§‘§>e"'

(7)

'|'CEDOZ

whereE’ is theideal standard potentiaf thefuel cel at temperaturd assuming that all fugacities are

equal to one. The ideal standard potential for several fuels as a function of the temperature is shown ir
Figure4. The Nernst equation provides a relationshipMeein the ideal standard potentigfY and the
equilibrium potential E) at the actual partial pressures of reactants and products for a given fuel cell
reaction. This potential identifies the electromotive force (EMF) of the fuel cell.

The equilibrium pagntial calculated using equatioi) (is typically close to the measured open
circuit potential (OCP) for SOFC with Hbut for hydrocarbons and alcohols, this value is always
overestimated, and the measured OCP may vary with[fi#jepossibly in response to changes in the
local anodic composition generated by the catalytic decomposition of theWheh the fuel can
decompose within the anodic compartment, it is more relevant to calculate the equilibrium potential
together with the gquilibrium composition in the anodic compartment.
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Figure 4. Ideal standard potential as a function of temperature for selected fuels.
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Carbon formation is one of the causes of instability in SOFC operating with hydrocarbon fuels.
Hydrocarbons can react on the metal surface of the anode anith #feogas phase via freadical
cracking and polymerization, forming tars that will eventually precipitate and foul the anode surface.
Carbon deposition is thermodynamically favorabletla conditions of the anode compartment
(i.e. p& < 10%° atm and T 5700 C). Regions of stable operation, in terms of carbon deposition, can
be identified bythermodynamic calculations, as showr[48]. Triangular diagrams sucs Figure5,
are the most compact way of representing biphasic (gas and sold}OCsystems in
equilibrium[76,77]

For each temperature liae indicates the carbon deposition boundary and defines two regions: on
one side of the boundary (to the right of the linéigure5), the gas phase and solid carbon coexist;
on the other side (to the left dfe line inFigureb), solid carbon is unstable and only gas phase species
are present at equilibriurfrigure5 indicates that fuels such as EH/1eOH and EtOH fall insidehe
region of carbon deposition for temperatures lower than 80®s is typically done for stable SOFC
operation, steam is added to the fuel such that the gas phase mixture lies outside the carbon depositic
region. The minimum amounts ob@& and/or CQthat are required to avoid carbon formation can be
calculated using the lever rule. In practice, kinetics as well as thermodynamics plays a role in
determining how much carbon will be deposited.

Another way to express the equilibrium conditions for a gifiesl is to plot the equilibrium
compositions and potential profiles versus temperature such &3gume 6. Note that as the
temperature increases, carbon (as graphite, which is the lowest energy form of carless) is
thermodynamicallyfavored, while carbon monoxide and hydrogen are more thermodynamically
favored. The increase in theaction of hydrogen in the gas phase results in an increase in the
equilibrium potential with temperature.
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Figure 5. Equilibrium carbon deposition boundaries for th&1€@ system at 1 atniines
represent the carbon deposition boundary for the temperature indicated. Calculated
according to ref. [75]
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The equilibrium composition and electromotive forceadtiel cell at a given temperature can also
be represented as a function of the fuel utilization, which is related to the current produced and the
flow rate of oxygen through the electrolyte. When the cell is operatin@, &hd/or CQ will be
produced andhese products will influence the thermodynamic stability of carbayufe5). Figure7
shows the equilibrium conditions for a SOFC operating directly with MeOH and Et@8DaC. The
shaded areas in the figure indicate the regions in which carbon formation is pre@ictens
temperature, MeOH decomposes to ,Hand CO, through the decomposition reaction of
CH3OH =2 H + CO[78]. Althoughsome carbon (< 2 mol%) is thermodynamically predicted at low
fuel utilizations, in practice the presence of small quantities 6 i the MeOH fuel should be
sufficient to suppress the formation (e.g. ~2084& H,O is required for a SOFC operating at 8@).
Additionally, once the fuel utilization exceeds 2.1% the SOFC will operate in a carbon free region.

The predictions are similar for EtOH-iQure 7b) but a fuel utization of 19.5% is required
at 800 C to be in a carbofree region[78]. Ethanol decomposes according to the reaction:
C,HsOH = 3 H, + CO + C. This reaction dictates tbguilibrium products above 85CC; below this
temperature, other reactions cannot be neglected. The equilibrium results for EtOHesteanmg
indicate that relatig large amounts of $0 must be added to pure EtOH in order to prevent coking.
For example at least 1.125 moles of,8 should be added per mole of EtOH to prevent coking at
800 C in the case of internal reforming operations.
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Figure 6. Equilibrium compositions (symbols) and potentials (solid lines) as a function of
temperature for (a) MeOH and (b) EtOH pyrolydish e s peci s @3 )C0,, CH
CO, ()Hz, () 20H and (1) Adaptedfpom@r@lhi t e) .
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Figure 7. Calculatedequilibrium compositions (symbols) and electromotive fo(&egdF,
solid lines) for a SOFC operated at 800C with dry MeOH (a) and EtOH (b). The species

are CHf) (3)E)XT0, () Hz (V) :OH and (gredhije). Te carbon
deposition boundary (CDB) identifies the minimum fuel utilization to avoid coking at

equilibrium.Adapted from [78]
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Stability maps and concentration profiles are extremely useful to define the equilibrium state of a
system, but there is no guarantee that any mixture of components will actually attain equilibrium and
reach the composin identified in the thgram. At high temperatures 000 C) equilibrium is
typically reached within a tangible timeframe, but the complexities associated with the actual
processes carried out in the anode compartment of SOFC still bring uncertdiatiegjuilibrium
calculations cannot solve. In fact, the anode compartment of an SOFC fuelled with hydrocarbons or
alcohols is never at equilibrium. The coupling of-gasise and heterogeneous catalytic conversion of
the fuel with the electrochemical oxitan and transport processes can generate local conditions where
carbon formation is strongly favorable even when it is not predicted from equilibrium calculations. In
addition, once carbon is deposited it can be very difficult to remove even when it dsecom
thermodynamically unstabléNevertheless, the equilibrium conditions described in this section are
indicative of the final state towards which the system is evolving.
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5. Kinetics in the Anode Compartment
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Some of the possible reaction pathways for eegeimydrocarbon or alcohaholecule in the anode
compartmentare illustratedin Figure 8. The fuel can react in the gpbhase fyrolysisin the flow
channels and anode pores) forming fragments. Next, the pyrdtagiments and unreacted fuel
molecules can decompose on the anode surtatalytic decompositioon the conductive layef the
anode) producing more fragments, including adsorbed intermediates. After that, the fragments of
thermal and catalytic decomptisn & and possibly also undecomposed fuel molecdescan
undergo partial or full oxidation reacting with the oxygen ions transported through the electrolyte
(electrochemical oxidation The products of the complete electrochemical oxidation gPeaddCO..

The presenceof HO and CQ in the anode compartment allows new reaction pathways in which the
fuel molecules are reformed td, and CO ¢$team and dry reforming SimultaneouslyH,O reacts

with the CO produced by decomposition and reforming to givand more C@ (watergas shif}.
Besides these processes, carbon formatnwhremoval reactionsg¢king mayalso beoccurring

Figure 8. Schematic of a planar SOFC (a) and cisssion (b) including the processes
involved in the direct utilization of hydrocarbons in SOF®GS is the wategas shift

reaction.
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The processes illustraténl Figure8 are coupled and depend on the cell temperature, pressure, and
flow conditions, as well ashé catalytic properties of the anode. The rate of the electrochemical
oxidation is also a function of the current density at which the cell is operated. Fuehtéoand
overall current determine the fuel utilization that is proportional to the amoukb@fand CQ
produced in the anode compartment. Consequently, the relative importance of the reforming and
watergas shift reactions depends diredaslythe fuel utilization. Thislependenceneans that varying
the current produced modulates the procesbesvrsin Figure 8. At OCP, reforming and shift
reactions are negligible, but as the fuel utilization increabe amounts of #0 and CQ produced
increases, thus providing reactants for the reforming reactions: Waduel utilization is greater than
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a critical value there is enough® and CQ that the reforming reactions become predominant and no
coke is formed.

The following sections provide an overview of the work done on pyrolysis reactions, carbon
formation, and electrochemical reactions with liquid fuels. Pyrolytic processes in the anode
compartment are relevant because they influence what gas composition reaches the anode surface. Tl
rate of the pyrolysis reactions depends mainly on the temperature vapaciéy and flow conditions
in the anodic compartmer@nly a few studies have been published on thepbase kinetics within
the anode channels of SOFI®-84]. Walterset al.[79] predicted the propensity of coke formation in
the anode channels of SOFC fudlleith dry natural gas by applying simple gagphase kinetics
model of CH pyrolysis and oxidation, and relatitige rate of formation of cyclic hydrocarbon species
to the propensity of carbon depositidBhenget al. [80] demonstrated that substantial -gdmse
chemistry occurs in SOFC fuelled directly wittbatane by using a complex kinetics model to predict
the conversion of butane pyrolysidechtet al.[81] studied reforming of Cldon Ni/YSZ anodes and
added the noelectrochemical heterogeneous reforming chemistry to a kinetics model including the
pyrolysis of the fuelGuptaet al.[82] applied a model including the gpbase chemistry to predict the
performance of a tubular SOFC fuelled wghrtially reformed JB (Jet) fuel. Randolplet al. [83]
presented a study on the pyrolysisnefiexane in SOFQGuptaet al. [84] focused on the propensity
for molecularweight growth ad deposit formation in the nesatalytic regions o5OFC fuelled with
butane and EtOH; they concluded that EtOH decomposes mostly to AQdHCH, with substantial
guantities of HO and GH4, which was related to thecreasegropensityfor sootdeposiion.

Catalytic decomposition and reforming of the fuel within the pores of the anode are the second most
important process (after electrochemical oxidation) in the direct utilization of liquid fuels in SOFC.
The catalytic properties of the anode materavards the decomposition of the fuel determine the
composition of the gaghase. Higher conversion to, ldnd CO will result in faster electrochemical
oxidation (i.e. lower activation overpotential). Catalytic decomposition and reforming can generate
concettration gradients through the anode thickn@$ese gradients depend on the intrinsic activity
of the catalyst, on the pore structure, and on the mass transfer and reaction rates in the porous laye
Reforming reactions have been extensively stuiédB587], while catalytic decompaosition reactions
have been less well studied in relation to the reforming reaction for M8®8B0] and are essentially
unexplored for other atnative fuels. A recent stud91] on the catalytic decomposition of MeOH on
metal/ceria has shown that initially the conversion of MeOH is essentially complete and the
composition is equal to that predicted from thermodynamic equilibrium calcidat@ver time, the
composition departs from equilibrium and approaches the values obtained by pyrolysis only. The
change in activity of the catalyst is related to the parallel reaction of carbon formation that causes the
fouling of the active surface.

The nechanism of carbon formatios complex. A general distinction is made between the carbon
originating in the gaphase (pyrolitic carbon) and that deposited with the intervention of a catalytic
surface €atalytic carbop Pyrolytic carbon, known also asatpis usually composed by amorphous
carbon that can be partially hydrogenated. The formation of soot is believed to involve the formation
of precursor species, including ethyleneHg), acetylene (gH>) , radi calggaswslllag h a
monoatomic anddiatomic hydrogen. The precursors recombine to form polycyclic aromatic
hydrocarbons (PAHYB0,92]thatgrow and aglomerate, then condense and precipitate on the surface
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of the anode. Once soot has been deposited in the anode compartment, the soot can rearrange a
change in phase, depending on the local conditions. This aging process typically gives more stable
graphtic carbon. As in flames, pyrolytic carbon formation in SOFC is not significant for methane, but

is relevant for all other hydrocarbons and alcohols.

Catalytic carbonis typically formed on metalse(g. Ni, Fe, and Co). This problem has been
extensively sidied for hydrocarbomneforming processef93-97]. The morphology of the carbon
deposit depends on many factors including temperature,[98¢@9], anodic polarizatioj100], and
type of catalyst used. In particular, different types of carbon may form in the functional and conduction
layers of the anode. The reactions in the conduction layer include the reforming and decomposition
reactions as desbed above. The extent of these reactions depends on the operating conditions, anode
material[74,91], and the initial gaphase compositiof91,99] and determines which species reach the
functional layer that contains the TPB. QifYSZ exposed to methari88], carbonfibers form at
temperatures up to ~70C. Above this temperature, the majority of the carbon dissolves into the Ni
particles, causing an increase in volume which can lead to strebseventually cracks and/or
delamination within the cell. At the TPB, at which the electrochemical reactions occur, the amount of
carbon formed is significantly reduced due to the presence of produced watemoagdér iong100].
Examples of the carbon formed-situ and insitu on Ni/YSZ anodes exposed to methane can be
found in referencef8,99] Examples of the different carbon morphologies variousSOFC anodes
tested for the dire utilization of EtOH are showmm Figure9. The imagean Figure9a is typical of the
prepared anodes before testing. Numerous cafibens were formed on the Ni/YSZ anodéter
exposure to EtOHirf Figure 9b), while several types of carbon (fibers and amorphous) were formed
on Ni/CeQ (in Figure9c). Figure9d is an extreme example of carbon formation on Cuf&Posed
to EtOH, on which microsized carbon fibers were formed.

Once the species get to the active region of the anode (the TPB), electrochemical oxidation occurs
in an operating SOFQn prindple, the electrochemical oxidation of simple hydrocarbons or alcohols,
as well as of the products of thermal and catalytic decomposition of these fuels, is feasible in SOFC. It
has been arguefB2] that in reality only H is oxidized electrochemicallyn direct utilization
operations, while the other molecules, included CO, are catalytically converted by reforming and water
gasshift reactions providing moreHor oxidation Other studies have shown that the electrochemical
oxidation of CO and also C might be possif161,102] but these studies also confirmed that the
overpotentials of these reactions on Ni/YSZ are orders of magnitigher than for i However, the
situation could be different with other anode materials. Thus, it would be desirable to determine the
inherent electrochemical oxidation rates for all the species reaching the anode for the assessment c
alternative anoel materials. However, it is onlgossible & measure the electrochemical oxidation
independently from thdecomposition andeforming processes fét, and CO[103]. The value of the
relative rates of electrochemical oxidation fop Bhd CO provides an indirect indication of the
propensity to form coke on the anode. The ratio of rates indicates if there is propensity for the
accumulation of CO and for the corresponding increase in the driving force for the formation of
carbon[78]. For direct utilization SOFC, it would also be interesting to deteemvhether carbon
deposits can be oxidized electrochemically.
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Figure 9. Scanning electron microscopy micrographsadfu/ZDC (a) as prepared, and
Ni/YSZ (b), Ni/CeQ (c), and Cu/Ce®(d) exposed for 20 to 100 h to EtOH at 8@
Adapted from [104].
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6. Survey of Anode Materials for the Direct Utilization ofHydrocarbons and Liquid Fuels

While the oxidation of K and syngas in SOFC has been extensively studied, research on direct
utilization ofhydrocarbons gained momentum only in the last decade. Several review[pagersl]
and bookdq112] have appeared in the last few yearsalternative anode materials for SOFC. The
review published by Sun and Stimmirf@13] gives anexhaustive overviewof all the anodic
compositions considered so far. In the presenermewve provide only a survey of those materials that
have potential as anodes for the direct utilization of liquid fuels, such as MeOH and EtOH, and focus
on performance and stability to coking.

Ni/YSZ anodes were the first anodes to be tested directih Wwitdrocarbons, but stable
performance was achieved only for £MVeberet al.[101] tested a single cell (Ni/YSZ|YSZ|LSM) in
H,, CO, and dry Ckl(at 800 C), and found that stable operation was possible for up to 1,000 h.
Similarly, Liu et al. [19] found that Ni/YSZ anodes were stable in humidified methane for more than
90 h at 700 €, producing a power density of 0.35 Wichmater, Linet al.[114] tested similar cells in
dry methane and found that the direct utilization of,@ts not affected by carbon fornmat if the



