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SOLID OXIDE FUEL CELL (SOFC) WITH CU-CERIA ANODE
RUNNING ON METHANE OR BIOGAS MIXTURES:
THERMODYNAMIC ANALYSIS*
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Abstract

The present work is focused on the thermodynamic study of the methane or biogas
mixtures conversion on Cu-ceria catalysts. Several experimental studies reported in
literature have demonstrated the ability of these materials to operate as SOFC
anodes for direct methane oxidation, with the evidence of enhanced tolerance
towards sulfur poisoning and carbon deposition. More recently, experimental
investigations have shown the feasibility of Cu-ceria anodes to directly operate with
simulated biogas feeds at intermediate temperature (1023K). In this way, the effect of
the ceria redox properties on the equilibrium composition is investigated, considering
methane or biogas mixtures as the fuel. Conditions under which carbon deposition
and sulfur poisoning can be prevented are determined. Our study combines results
from the classical thermodynamics, obtained with the help of FactSage software, with
the new Cu-S and Ni-S diagrams proposed in literature, which were calculated based
on the Density Functional Theory (DFT). These diagrams are able to predict a region
where sulfur interacts with the metal surface through chemisorption. A comparison
between the performances of Ni-YSZ and Cu-CeO: catalysts is established from a
thermodynamic viewpoint. Theoretical results are in agreement with the experimental
trends from literature.
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1 INTRODUCTION

Biogas is an attractive renewable energy source which is produced by anaerobic
digestion of the organic matter [1]. It is mainly constituted by CHs4 and COzg,
containing trace amounts of NHs, H2S and halides. Biogas composition fluctuates
significantly during its production and it is highly dependent of the substrate used for
the production process [2]. The high operation temperature of Solid Oxide Fuel Cells
(SOFCs) makes direct internal reforming of biogas possible. In this case, the
reforming reaction takes place directly, without the necessity of an external reformer,
on the SOFC anode, simultaneously with the charge transfer reactions, i.e., H2 and
CO oxidations by 02" [3]. However, one of the great challenges to be overcome is the
development of materials with enhanced tolerance towards sulfur poisoning and
carbon deposition. The traditional Ni-YSZ (yttria-stabilized zirconia) can be severely
poisoned by sulfur-containing compounds. In addition, Ni also catalyzes the carbon
deposition reaction from carbonaceous fuels, such as hydrocarbons [4]. In this
context, the Ni phase in Ni-YSZ cermet anodes could be replaced by other metals
that have lower affinity for sulfur. It is well known that copper has much less affinity
for sulfur adsorption [4]. The problem of low catalytic activity of Cu can be overcome
by the incorporation of ceria into the Cu-based anode [5-7].

In this way, the present work aims at investigating the effect of ceria redox properties
on the equilibrium composition, considering methane or biogas mixtures as a fuel in
the SOFC anodes. Conditions under which carbon deposition and sulfur poisoning
can be simultaneously prevented are determined. In the present study, we have also
established a comparison between the performances of Ni-YSZ and Cu-CeO:
catalysts from a thermodynamic viewpoint. Theoretical results are compared with
experimental trends reported in the literature.

2 SIMULATION METHODOLOGY
2.1 Gibbs Energy Minimization Method and Databases

Thermodynamic equilibrium calculations using the Gibbs energy minimization
approach were carried out using the commercial software FactSage 6.3. The Equilib
module determines through a minimization routine the different values of number of
moles, molar fraction and partial pressure that minimize the objective function (Gibbs
energy of the system), subject to the elemental mass balance constraints [8]. Table 1
shows the databases and species considered in the thermodynamic calculations. A
detailed description of FactSage thermochemical software and databases can be
seen in Refs. [9-11].
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Table 1. Databases and species considered in equilibrium computations using FactSage.

Databases Phases Species
CHa, CO, CO,, COS, CS,
SGPS Ideal gas CSz, Hz, Hzo, st, Szo,

SO;, SO, Sy, O2

Ce0:(s1), CeO1.72, CeOygs,
Cezog(Sl), Cezozs(31),
062(804)3, Cezsg (Sl), Ce384
(s1), CeS (sl1), C(grafite),
Cu, CuS, Cu;S, CuO, Ni
(s1), NisSz (s2), NisSs (s1)
NisSs, NiS (s1), NiS; (s1),
Ni7Ss, NigSs, NIO(S].)

SGPS, FactPS Pure Solid Compounds

2.2 Determination of the Equilibrium Sulfur Surface Coverage on Ni (0)

The loss of activity of Ni-based catalysts through sulfur compounds could be due to
strong sulfur chemisorption on the nickel surface, which prevents the further
adsorption and oxidation of fuel molecules. In a Ni-YSZ cermet anode, sulfur
poisoning is characterized by a rapid initial drop in power output upon exposure to
sulfur-containing fuels [4]. For describing sulfur chemisorption,
Rostrup-Nielsen Jr. [12] used a Temkin-like isotherm:

PH,S 1—af)AH?  ASO
25 _ exp (( )AHy )

o RT R @)

pHZ

Based on Equation (1), the equilibrium surface coverage (8) will be calculated, in the
present work, as:

0
in(PH2S +AH°+ASO
PH, ) RT ' R
0 = 5 2)
alAH
RT

With a AHY of 289 kJ mol™?, a AS® of =19 J mol™* K™%, and a « of 0.69. In the case of
Ni, after each equilibrium calculation carried out using the Gibbs energy minimization
szS

sz

coverage value can be known.

approach, the obtained ratio is replaced in Equation (2), and the surface

3 RESULTS AND DISCUSSION
3.1 Effect of Ceria Redox Properties on Methane Conversion

Figure 1 (a)-(c) shows the effect of the inlet H2O/methane and inlet CeOz2/methane
molar ratios on the number of moles of solid carbon (a) and partial pressures of Hz
(b) and CO (c), at 1023K. One can see that the addition of CeO2 can significantly
decrease the inlet steam-to-methane molar ratio required to avoid solid carbon
formation. At an inlet CeO2/methane molar ratio of approximately 7:1, solid carbon
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can be gasified exclusively by the Oxygen Storage Capacity (OSC) of ceria. When
exposed to a reducing atmosphere, CeO: is reduced to its non-stoichiometric CeOz2-x
form. In this way, solid carbon is gasified due to the release of lattice oxygen. From
the experimental study reported by Chen et al. [13], one can see that a much
reduced addition of steam (only 10 vol% steam addition) was sufficient to fully
suppress carbon deposition over CeO2-modified Ni-YSZ anode operated under OCV
conditions on methane fuel at 1123K. In contrast, in absence of CeOg2, for a
conventional Ni-YSZ, carbon deposition was prevented at temperatures greater than
1223K with a high inlet steam/methane molar ratio of 3:1, as verified in the
experimental research reported by Laosiripojana et al. [14]. Thus, the benefits of
ceria addition to SOFC anodes are clearly shown by theoretical analysis and
experimental evidences. From Figure 1 (a) and (b), one can see that, when both inlet
H2O/methane and CeO2/methane molar ratio assume low values, the system is
composed essentially by Hz (partial pressure greater than 0.9) and solid carbon, due
to methane decomposition reaction (CHs=C+2H2). Interestingly, the gas phase
becomes richer in CO as the inlet CeOz/molar ratio increases, as can be seen in
Figure 1(c). From Figure 2, one can see that at high inlet CeO2/methane molar ratios
and lower inlet H2O/methane molar ratios, the H2/CO equilibrium ratio approaches 2,
in agreement with the partial oxidation reaction of methane (CH4+0.502=CO+2H>).
Note that the partial oxidation of methane is taking place due to the release of lattice

oxygen of ceria (0, = G) 0, + Vs + 2¢€'). Electrons (e’) are generated by the ceria

reduction reaction. For this reason, doped-ceria can be referred as mixed ionic-
electronic conductor. At an inlet H2O/methane molar ratio of approximately 1, the
H2/CO molar ratio at equilibrium is near 3, independently of the CeO2 amount in the
system, which is consistent with the steam reforming reaction (CH4+H20=CO+3H>).
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Figure 1. Effect of inlet H2O/methane and CeO2z/methane molar ratios on moles of solid carbon (a),
partial pressure of Hz (b) and partial pressure of CO (c). T=1023K. The thick white line in (a) stands
for carbon deposition boundary.
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Figure 2. Equilibrium H2/CO molar ratio as a function of inlet H2O/methane and CeOz/methane molar
ratios. T=1023K.

3.2 Effect of Ceria Redox Properties on Biogas Conversion

Figure 3 (a)-(d) shows the equilibrium composition (partial pressure of anode species
(Hz, CO, COz2, H20, CHa, O2) and number of moles of condensed phases ( graphite
and CeOu.s3)) as a function of inlet CeOz/biogas molar ratio at T=1023K. Figure 3 (a)-
(c) refers to methane-rich biogas (CH4/CO2/H2= 70:25:5) and Figure 3 (b)-(d) stands
for quasi-equimolar reactant composition (CH4/CO2/H2= 50:45:5). In both cases,
biogas is contaminated with 300ppm H2S. One can see that partial pressure of
oxygen in the gas phase increases with the inlet CeO2/methane molar ratio due to
the increase in the number of moles of lattice oxygen released to the anode
atmosphere. Carbon deposition region disappears with increased inlet CeO2/biogas
molar ratio. Partial pressure of CO increases within carbon deposition region, due to
gasification of solid carbon promoted by lattice oxygen of ceria. Only after carbon
deposition region H20 and CO: increase, due to reaction of H2 and CO with lattice
oxygen, respectively. By comparing the profiles of partial pressures and moles of
carbon as a function of the amount of CeO2 in the system with those profiles,
obtained in our previous work [15], which were shown as a function of current
density, one can see that they are very similar. This fact suggests that the fuel
molecules can be oxidized at ceria surface by the lattice oxygen. The ions O? are
responsible for the continuous regeneration of ceria in its oxidized form. Actually, this
fact could be related to the Mars-Van Krevelen mechanism, with ceria being reduced
by the fuel and then reoxidized by oxygen ions that come from cathode to the anode,
through the electrolyte. The oxygen ions arrive at the anode and replenish the
surface oxygen vacancies. The electrons released by oxygen ions are transported
into the current collector through the ceria bulk and neutral oxygen atoms are
responsible for conversion of methane [16]. Basically, ceria is the oxidation catalyst,
responsible for the conversion of methane, which is corroborated in the present work
by the results showing the effect of the redox properties of ceria on the equilibrium
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composition during methane conversion. Thus, the reaction can occur in an extended
surface, not being limited to the punctual region of triple-phase boundary. In fact, for
the same biogas mixtures considered in this theoretical work, Fuerte et al. [3]
experimentally corroborated that, for a Cu-ceria-based SOFC anode, stable
operation can be achieved at 1023K.
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Figure 3. Partial pressures of anode species and moles of graphite as a function of inlet CeOz/biogas
molar ratio ((a) and (b)). Partial pressure of Oz and moles of CeOu1.s3 as a function of inlet CeOz/biogas
molar ratio ((c) and (d)). Left panel ((a) and (c)) stands for methane-rich biogas (CH4/CO2/H2=70:25:5)
and right panel ((b) and (d)) stands for quasi-equimolar biogas mixture (CH4/CO2/H>= 50:45:5).
T=1023K.
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At 1023K, the value at the equilibrium computed for log (%) Is around 3.48 and
2

3.62 for the investigated biogas mixtures. From Figure 4, one can see that these
values fall in the clean Cu surface region, which corresponds to the values located
above the line S-adsorbed Cu (001). It is worth pointing out the great difference in the
sulfur tolerance exhibited by Ni and Cu surfaces: Cu surface allows a concentration
of H2S of approximately 10.000 times greater than Ni surface. This enormous
difference is due to the fact that the enthalpy of adsorption is much more negative for
Ni than for Cu [4]. For Ni, only 0.03ppm of H2S would be allowed for a stable
operation. The diagram shown in Figure 4 was computed by Malyi et al. [17] with the
help of Density Functional Theory. Above the respective green lines, clean metal
surface is predicted; below the lines, sulfur poisoning is expected. Figure 5 depicts
the predominance diagram of Ce-S-O system at 1023K. One can see that for both
biogas mixtures, quasi-equimolar (black marker) and methane-rich biogas (white
marker), the stability region corresponds to the reduced form of ceria (CeOu1.s3 ). Note
that the Ce202S phase, which could limit the ionic conductivity, is not stable under
the investigated conditions. It is worth pointing out that, even though in Cu-CeO:
anode the role of Cu in catalytic property is negligible, sulfur chemisorption should be
avoided, because adsorption on the material surface changes its surface energy
inducing changes of agglomeration rate of its particles and metal particle size affects
the electrode performance and stability of anode materials [17].
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Figure 4. Dependence of the transition temperature between clean and contaminated metal surface
on partial pressure ratio of H2 and H2S, calculated by Malyi et al. [17] for Ni and Cu surfaces. Above
the green curve, clean metal surface is stable; below the curve, sulfur poisoning is predicted. The
Py
markers stand for the boundary values of log <—2> (or Hz2S concentration in the H2+H2S gas) at
H,S
2
1023K.
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Figure 5. Predominance diagram for the Ce-S-O thermodynamic system at 1023K. Equilibrium
compositions calculated for quasi-equimolar biogas mixture (CH4/CO2/H2= 50:45:5) (black marker) and
methane-rich biogas (CH4/CO2/H2=70:25:5) (white marker).

Table 2 shows the equilibrium compositions for biogas mixtures in absence of ceria.
This situation would correspond to biogas conversion on Ni-YSZ SOFC anode. As
one can see, in both cases, the system is very prone to carbon deposition. In
addition, the sulfur surface coverage on Ni (8), calculated by Equation (2), is
approximately 1.0, indicating severe sulfur poisoning of Ni catalyst. Almost there is
no available site for catalysis. Thus, it is expected that a superior performance will be
verified for Cu-CeO2, when compared to Ni-YSZ. In an experimental research,
Furtado et al. [18] have reported a greater power output for Cu-CeO2 when compared
with Ni-YSZ, for a SOFC running on biogas. It is worth mentioning that no bulk sulfide
(NixSy, CuS, Cu2S) and oxides (NiO, CuO) are stable under the investigated
conditions.

Table 2. Equilibrium composition of quasi-equimolar biogas (CH4/CO2/H2=50:45:5) and methane-rich
biogas (CH4/CO2/H2=70:25:5). In both cases, biogas is contaminated with 300ppm H-S.

Equilibrium composition Quasi-equimolar biogas Methane-rich biogas
py,/atm 0.51 0.69
Pco/atm 0.37 0.21
Pco,/atm 0.049 0.016
Pcu,/atm 0.02 0.037
Moles of solid carbon 0.2 0.48
0 ~1.0 ~1.0

4 CONCLUSION

The present work was aimed at analyzing the conversion of methane and biogas
mixtures on Cu-ceria-based anodes of Solid Oxide Fuel Cells at an intermediate
temperature of 1023K. The following conclusions can be drawn from the present
study:

e |t is demonstrated that methane can be satisfactorily converted into syngas
(H2+CO) by CeO2. Under exposure to a reducing atmosphere, CeO: is
reduced to its CeO2x forms. At 1023K, CeOz2 is mostly converted into CeOz1.s3.
It was found that the addition of ceria reduces the critical amount of steam in
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the methane required to avoid the formation of solid carbon. In fact, solid
carbon can be totally gasified by the oxygen storage capacity (OSC) of ceria,
even in absence of steam in the feedstock. At low inlet H20/CH4 molar ratio
and high inlet CeO2/CH4 molar ratio, the H2/CO molar ratio at the equilibrium is
near 2.0, which is consistent with the partial oxidation reaction of methane. At
an inlet of H2O/CH4 molar ratio of 1.0, the equilibrium H2/CO molar ratio is
near 3.0, whatever the amount of CeO: in the system, which suggests that the
steam reforming reaction is predominant. Thus, in the Cu-CeO2 anode, Cu,
which is known for exhibiting very low catalytic activity, acts as a current
collector, while ceria is the active oxidation catalyst.

e It was found that Cu-CeO2 anode can run on different biogas compositions
(quasi-equimolar reactant composition, with CH4/CO2/H2=50:45:5, and
methane-rich biogas, with CH4/CO2/Hz2 = 70:25:5) contaminated with 300ppm
H2S, with no sulfur chemisorption on Cu. Solid carbon can be gasified at an
inlet CeOz/biogas molar ratio of 1.43 and 3.65, for the quasi-equimolar and
methane-rich biogas, respectively, at 1023K. Thus, carbon deposition and
sulfur poisoning could be simultaneously avoided with the use of Cu-CeO:
anodes. Besides, the bulk Ce202S phase, which could limit the ionic
conductivity, is not thermodynamically stable under the investigated
conditions. Thus, thermodynamics suggest a stable SOFC operation. On the
other hand, in the case of Ni-YSZ, under the same conditions, severe sulfur
poisoning of Ni catalyst is predicted, as well as a system very prone to carbon
deposition. Thus, it is expected that power output will be lower for Ni-YSZ
anodes, in agreement with experimental reports.
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