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Abstract
In order to study the influence of dry methane concentration on outputs in solid oxide fuel cells
(SOFCs), the output performance was obtained for dry methane of different concentrations on a
Ni-ScSZ anode in solid oxide fuel cells, and the anode exhaust gas was measured by on-line chromatography. The underlying causes of the output performance change were analyzed from the
anode reactions by summarizing the anode exhaust gas regular pattern for different reactions,
and analyzing the electrochemical reaction kinetics of methane with oxygen ion. As the oxygen ion
concentration at the anode three-phase boundary proportionally increased with current density,
the following reactions occurred for different dry methane concentrations in sequence CH4 + O2− →
CO + 2H2 + 2e−, CH4 + 2O2− → CO + H2O + H2 + 4e−, CH4 + 3O2− → CO + 2H2O + 6e−, CH4 + 4O2− → CO2 +
2H2O + 8e−. With various concentrations of methane at a low current, the outlet methane continuously reduced with the increase of the current density. Meanwhile, CO and H2 exhaust gas increased with increasing current density for low concentration of methane. With methane concentrations at 3.85% and 5.66%, the cell output voltage dropped rapidly. For concentrations of 29.7%
and 3.85%, the anode exhaust residual methane changed irregularly with current density and this
phenomenon was associated with the dry methane that reacted on anode of the cell. The transformation of reactions, the water produced in the electrochemical reactions and the polarization
in response to the change of reactions maybe induced the output voltage and power density reducing as low concentrations of dry methane were used.
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1. Introduction

Dry methane and oxygen ions that are derived from cathodes can produce a multitude of chemical reactions in a
solid oxide fuel cell anode. The reactions of methane on the anode are also the oxidation reaction. The partial
oxidation reaction of methane was founded by K. Kendall [1] under open circuit conditions, using the Nernst
equation and by analyzing the open circuit voltage of this system. The study of anode reactions and electronic
analysis of oxygen ions from anode exhaust gas by Abuliti [2] found that dry methane occurs from the partial
oxidation reaction of CH4 + O2− → CO + 2H2 + 2e− when current density on the Ni-YSZ anode is low by using
4.2% dry methane. However, complete oxidation reactions have occurred with 4.2% high current density dry
methane. The partial oxidation reaction of dry methane only occurred at the concentration of 29% dry methane
under different current densities [3].
Some research found an effective measure for improving power generation performance by using a material
with higher electric conductivity. The conductivity of 8% yttria-stabilized zirconia (YSZ) is 0.1 S⋅cm−1, which
greatly influences cell performance. In order to avoid this influence on cell performance, it is necessary to adopt
a new material with high electric conductivity in place of YSZ, such as scandia-stabilized zirconia (ScSZ), which
has a conductivity of 0.3 [4].
On the Ni-ScSZ anode, 3% H2O-CH4 can be used in SOFC as a fuel [5]. Compared with the Ni-YSZ anode,
the Ni-ScSZ anode exhibited lower overpotential and excellent durability. Gunji [6] et al. studied the depositional behavior of carbon on the Ni-ScSZ anode with 97% CH4 + 3% H2O as the fuel source. The cell voltage
was reduced and unstable at 1073 K. However, the cell performance began to increase in the initial 70 h at 1173
K and later became stable.
You [7] carried out experiments using low concentrations of dry methane on the Ni-YSZ and Ni-ScSZ anode,
respectively, and measured the components of the anode exhaust gas and analyzed the produced characteristics
of the anode exhaust gas. Combined with methane and oxygen ions reaction kinetics, and with the current density traveling from low to high, the methane occurred following reactions on Ni based anodes in the following
sequence: partial oxidation reaction, CH4 + 2O2− → CO + H2O + H2 + 4e−, CH4 + 3O2− → CO + 2H2O + 6e−,
and complete oxidation reaction. When the reaction changed, the output voltage of Ni-ScSZ anode cell was reduced.
Methane on the solid oxide fuel cell anode occurs with the partial oxidation reaction that resulted when the 1
mol methane reaction released 2 mol electron, the reaction of CH4 + O2− → CO + H2 + 2e− occurred. Methane
on the SOFC anode occurs following the complete oxidation reaction [8] [9] that 1 mol methane reaction released 8 mol electron, as the reaction of CH4 + 4O2− → CO2 + 2H2O + 8e− occurred. The partial oxidation reaction and complete oxidation reaction can be carried out, not only in the nickel based catalyst, but also in cerium
based [8] and lanthanum chromite based catalysts [10]. At first view of the above two reactions, in order to use
methane as the cell fuel in SOFC and make SOFC produce more power, a complete oxidation reaction with methane as a fuel source should be accomplished on the SOFC anode for obtaining a high power generation performance.
To research methane reaction models and their influence on cell output characteristics in SOFC, experiments
were carried out using different flows of dry methane on an Ni-ScSZ anode. Through researching the cell power
performance and characteristics of the anode exhaust gas, we can analyze the characteristics of anodic oxidation
reactions so that dry methane service can be used in SOFC reasonably.

2. Experiment
2.1. Single Cell Preparation
The solid electrolyte YSZ (8 mol% Y2O3) substrate used in the experiments was purchased from Japan (Tosoh).
The diameter and thickness of the YSZ substrate were 20.0 mm and 1.0 mm, respectively. The anode material
used in the experiment was Ni-ScSZ, and was made by mixing and grinding NiO and ScSZ with a mass ratio of
3:2. 50% of binder and 10% of pore forming agent were added and grinded. An anode slurry grinded well wascoated on one side of the electrolyte substrate, then the electrolyte substrate was put into the high temperature
heating furnace. The electrolyte substrate was calcined at 1673 K for 2 hours and was slowly cooled. The anode
area of the fuel cell was 0.78 cm2. La0.85Sr0.15MnO3-δ (LSM) was coated on the side opposite of the electrolyte
substrate and used as the cathode material. The method used to coat the cathode material was the same as the
anodic method, except the cathode calcining temperature was 1473 K.
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2.2. Cell Power Test

The method of cell clamping installation was the same as that has been previously described in the literature
[11]. During the cell test, the methane that passed into the anode was always diluted to the required concentration of 50 ml∙min−1 argon. Oxygen with a purity of 99.9% was passed into the cathode and its flux was 50
ml∙min−1. The test was started after the open circuit voltage was stable. Agilent GC 7890 A chromatography online was used to detect the anode exhaust gas in the experiment. After completing the experiment of one concentration of methane, argon gas was used to replace the anode chamber and measure the anode exhaust gas using chromatography until the anode exhaust gas was without fuel gas.
In order to assess the performance of the researched cell, ac impedance was used to test cell performance in
open circuit. The AC impedance measurement device used in the test was Solartron 1255B + Solartron SI 1287
A. During open circuit test, an alternating current of 0.001 A was set and the frequency range was from
1,000,000 Hz to 0.1 Hz.

3. Experimental Results and Discussion
3.1. Cell Power Performance
Figure 1 depicts the power generation performance curve of Ni-ScSZ anode cellsat 1273 K, with 29.7% CH4 +
70.3% Ar, 10.7% CH4 + 89.3% Ar, 7.41% CH4 + 92.59%Ar, 5.66% CH4 + 94.34% Ar and 3.85% CH4 + 96.15%
Ar as fuel, respectively. Open circuit voltage of the cells was higher than 1.43V, which illustrates the quality
seal of the cells. Figure 2 shows the cell impedance spectra when open for different methane concentrations. For
four dry methane flows from high to low, ohm impedances were 1.047 ohm, 0.9882 ohm, 1.062 ohm and 1.215
ohm, respectively. The half-arcs of the figure after fitting and intersecting in X axis showed that activation impedances were 0.954 ohm, 0.818 ohm, 0.622 ohm and 0.637 ohm. Activation impedance and ohm impedance
are very small, and the impedances of each cell under the open circuit showed little difference, suggesting the
cell manufacturing process was essentially stable.
The maximum power densities of the four cells were 0.275 W∙cm−2, 0.234 W∙cm−2, 0.229 W∙cm−2 and 0.192
W∙cm−2, respectively. This confirms that the cells had good power performance at high methane concentration.
For a cell methane concentration of 3.85%, the output power was low. However, when the cell in the current
density was greater than 0.192 A∙cm−2, the output voltage dropped rapidly. A methane concentration of 5.66%
also created a similar phenomenon when the cell in the current density was greater than 0.256 A∙cm−2. As current density increased, the output voltage declined at a fast rate. During the cell test, a cell methane concentration of 7.41% of the cell appeared in the experiment (Figure 3). As the current density approached 0.256
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Figure 1. J-V characteristics and power density with different methane concentrations at 1273 K.
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Figure 3. The process of power generation of the cell with 7.41% CH4.

A·cm−2, the voltage declined continuously through time, which prevented further measurements from being
taken. The cell concentrations of 5.66% and 3.85% also showed similar problems in the test process of power
generation performance, but did not hinder measurements from being taken.

3.2. The Anode Exhaust Gas
The anode exhaust gas pass on important information in determining the cell reaction. Figure 4 shows the exhaust gas composition with different concentrations of methane after cell anode reaction and carbon precipitation after methane pyrolysis in the anode chamber at 1273 K on the Ni-ScSZ anode. The water of reaction product was calculated in accordance with the method of the oxygen balance [12]. Figure 4 shows a correlative relationship between releasing H2 and CO and the relationship is represented with 0.5 times of H2.
With various concentrations of methane at a low current, the outlet methane continuously reduced with the
increase of the current density (Figure 4). Meanwhile, CO and H2 exhaust gas increased with increasing current
density.
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Figure 4. The production rates for different methane flux on the cell with Ni-ScSZ anode at 1273 K. (a) 29.7% CH4;
(b)10.7% CH4; (c) 7.41% CH4; (d) 5.66% CH4; (e) 3.85% CH4.
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For the 29.7% dry methane at a current density between 0.321 A∙cm−2 and 0.386 A∙cm−2, there was sudden
change in the outlet methane (Figure 4(a)). The outlet methane firstly increased suddenly, then a subsequent
decrease. However, corresponding H2 and H2O brought about a contrary change with the outlet methane, and H2
and H2O firstly decreased suddenly, and then increased continuously. But CO had no the trend following the increase of current density.
For the 10.7% dry methane, the outlet methane continuously decreased with the increase of the current density.
The CO and H2in the exhaust gas increased with the increase of the current density when the current density was
at 0.321 A∙cm−2 and 0.256 A∙cm−2, after the calculation the exhaust gas has a certain amount of water (Figure
4(b)). When the current density was at 0.449 A∙cm−2, trace amounts of CO2 were measured in the exhaust gas.
For the 5.66% dry methane, the outlet methane also continuously decreased with the increase of the current
density, and CO and H2 inexhaust gas increased with the increase of the current density (Figure 4(d)). CO2was
found in the exhaust gas when the current density was 0.385 A∙cm−2. The exhaust gas began to produce water at
the current density of 0.256 A∙cm−2.
For the 3.85% dry methane, increasing current density corresponded to rapidly decreasing outlet methane
(Figure 4(e)). CO and H2 rapidly increased at first. After both reach a maximum production rate, the H2 decreases at a large rate. The CO remained stable at a high level, until it began to gradually decrease. After the
outlet methane was reduced to a lower level, little change was recorded. When the current density was low, CO2
and H2O did not appear in exhaust gas. When the CO and H2 increased rapidly, H2O first appeared in exhaust
gas, then CO2 appeared. As the current density increased, the carbon precipitation reduced gradually. H2O began
to be produced in the current at a density of 0.385 A∙cm−2, and CO2 was measured in the current at a density of
0.384 A∙cm−2.
For the 29.7% dry methane, irregularity of change in the outlet methane was similar to test results using a
14.8% concentration of dry methane on Ni0.5Cu0.5-CGO anode [13] [14]. For 3.85% of dry methane the outlet
methane also changed irregularly, suggesting the necessity of careful study in the future.

3.3. Anode Reaction
With methane concentrations at 3.85% and 5.66%, the cell output voltage dropped rapidly. For concentrations of
29.7% and 3.85%, the anode exhaust residual methane changed irregularly with the current density and this
phenomenon was associated with the dry methane that reacted on anode of the cell.
For internal reforming and dry reforming of methane, the reaction residence time was a few seconds [15]. In
the literature [16]-[18], according to the reaction thermodynamics, the multiple reaction steps of the activation
energy were given describing methane and oxygen on the Ni-based anode. Drawing reaction route diagrams is
shown in Figure 5. The reaction activation energy and numerical value marked on the line in the figure is the
activation energy of the step, the unit of which is KJ·mol−1.
Under specific reaction conditions, the main products of the reaction must be from a relatively stable process
with the lowest activation energy. The dry methane reaction produced C, H2, CO, H2O and CO2 in order along a
continuous variation of the current density. The activation energy for the precipitation of 1molC (ΣEa) was
273.6 KJ∙mol−1, and the activation energy of 1mol H2 (ΣEa) by generating was 245.8 KJ∙mol−1, 361.7 KJ∙mol−1
and 389.9 KJ∙mol−1 through different routes. Meanwhile, the activation energy of 1 mol H2O (ΣEa) by generating was 361.0 KJ·mol−1 and 505.1 KJ∙mol−1 through different routes, the activation energy of 1mol CO (ΣEa)
was 414.7 KJ∙mol−1, and the activation energy of 1mol CO2(ΣEa) was 574.0 KJ∙mol−1. Although the total activation energy forming water (ΣEa(H2O) = 361.0 KJ∙mol−1 and ΣEa(H2O) = 505.1 KJ∙mol−1) was less than total activation energy forming CO (ΣEa(CO) = 414.7 KJ∙mol−1), the reaction was working towards forming CO. In the
process, the reaction was carried out according to the minimum activation energy, so the activation energy of
forming CH(s), that was 97.1 KJ∙mol−1, was less than 97.9 KJ∙mol−1 of forming OH (s). According to the principle of minimum activation energy, with the increase of the current density, corresponding O2 increases and the
reaction of generating CO and H2should occur after generating C by pyrolysis of methane. Then the reactiono
ccurs with the reaction of generating CO, H2 and H2O, and finally, the reaction of forming CO2.
Combined with exhaust gas measurement results after the anode reaction with different concentrations of dry
methane as fuel in Figure 4, when the anode exhaust gas contained CO and H2, the cell anode should occur with
the reaction of CH4 + O2− → CO + H2 + 2e−. When the anode exhaust gas contained CO, H2 and H2O, the cell
anode should occur with the reaction of CH4 + 2O2− →CO + H2 + H2O + 4e−. When the anode exhaust gas con-
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Figure 5. The reactions routes of methane at the Ni base anode.

tained CO and H2O, the cell anode should occur with the reaction of CH4 + 3O2− → CO + 2H2O + 6e−. These
reactions were reflected in Figure 4(d). When the current density moved from 0.256 A∙cm−2 to 0.32 A∙cm−2, the
CO flux increased 0.066 μmol·s−1, while the increment of H2O was 0.273 μmol∙s−1.With the increase of the current density, the production of water increased, indicating that it occurred from the reaction of CH4 + 3O2− →
CO + 2H2O + 6e−. When CO2 was contained in the exhaust gas, it showed that the dry methane completed the
oxidation reaction in the anode of cell.
Under ideal conditions, 1mol of methane occurring at partial oxidation reaction requires 1molof O2− and 1mol
of methane requires 2 mol O2− in order for the reactionCH4 + 2O2− → CO + H2 + H2O + 4e− to occur, per unit
time. 1 mol methane required 3 mol O2− to occur the reaction of CH4 + 3O2− → CO + 2H2O + 6e− while 1mol
methane required 4 mol O2− to occur complete oxidation reaction. In the case of the low flow rate of methane,
the above reactions occur in sequence with the increase of the current density.
When the flow of methane was small and remained unchanged, if the current density of the cell increased so
as to increase O2− in the process, and if the current density was low, namely less O2−, the partial oxidation reaction of methane still followed. If the O2− continuously increased, the subsequent reaction of consuming more
oxygen negative ions was carried out. If the methane flowed at a medium rate, the methane was produced
through a partial oxidation reaction and the reaction of consumed 2 mol O2− or 3mol O2−. The methane only occurred from partial oxidation reaction at a high flow of methane.
In the Figure 4(a), for the 29.7% dry methane, there was a linear increase of CO corresponding to an increase
in current density. When the current density was between 0.321 A∙cm−2 and 0.386 A∙cm−2, the outlet methane
had a mutation and the phenomenon was associated with anode unevenness and anode reaction. Anode reactions
occurred in the three-phase interface that consisted of a catalyst, an electrolyte and the fuel gas. Uneven threephase interface caused the enrichment of the reaction medium in the anode. Once the enrichment reached a certain extent, the anode reaction type may be changed. After the current density reached 0.321 A∙cm−2, methane
content increased slightly at the anode outlet because methane content was associated with a large number of
methane pyrolysis products on the anode, including CH in the adsorption state and partial carbon. Part of the
oxygen negative ions that were associated with the cathode were used to oxidize the product CH by methane
cracking, which had existed on the three-phase interface of the anode. They were produced by the reaction that
formed CO, rather than by the oxidization of a new methane cracking products directly. The reaction slightly in-
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creased the methane content of the anode while the methane conversion rate reduced. This process reduced the
hydrogen produced by methane cracking. Therefore, when the current density was greater than 0.321 A∙cm−2,
the relative production of hydrogen in the CO production rate decreased.
When the current density for the low 3.85% concentration of dry methane was greater than 0.218 A∙cm−2, the
CH4 flux in the outlet exhaust gas changed slowly between 0.65 μmol∙s−1 and 0.45 μmol∙s−1 (Figure 4(d)).
When the H2 was reduced in the exhaust gas of the anode, there was a proportional increase in the water. As the
CO2 in the exhaust gas was produced and began to increase, the CO decreased proportionally and theCH4 increased slowly. With the increase in oxygen ions that were transported to the anode, more oxygen ions became
involved in the formation of H2O and CO2. The methane that originally produced CO can also be more involved
in the reaction of the formation of CO2 and H2O, which made methane oxidation more thoroughly completed.
The macroscopic experimental phenomena were that the methane of exhaust gas changed slowly with the increase of the current density.

3.4. Reasons for the Voltage Drop
Standard electric potentials for methane under complete oxidation, CH4 + O2 → CO + H2 + H2O and methane
partial oxidation at 1273 K were 1.067 V, 1.204 V and 1.444 V, respectively [19]. Utilizing the Nernst equation
of cell reactions to obtain the reaction of CH4 + 3/2O2 → CO + 2H2O at 1273K, its standard electric potential
was 1.207 V. The reaction led to a continuous decline in the potential voltage of the cell throughout the power
generation process. The reason for the decline was polarization and the anode occurs through a series of reactions: CH4 + 1/2O2 → CO + H2, CH4 + O2 → CO + H2 + H2O and CH4 + 3/2O2− → CO + 2H2O. With the increase in the number of oxygen negative ions in the reaction, the open circuit voltages of this series of reactions
were continuously reduced. The cell generates power under a current density, but the anode reaction can change
abruptly when the current density is suddenly altered. These changes resulted in cell output voltage abruptly
dropping. The performance changes were associated with the anode reaction in the methane concentration of
3.85% of the cell when current density was more than 0.192 A∙cm−2 (Figure 1).
Another reason for a drop in the cell voltage is when it produces H2O, as in Figure 3. Gang Chen [9] [10] researched degradation causes of Ni based anode electrode via repeated tests under higher current and analyzed
anode material with XRD. Researches showed that with the constant consumption of methane in particular, the
reaction produced H2O, and the p(H2O)/p(CH4) increased. This resulted in an active Ni of Ni based anode forming nickel hydroxide. Nickel hydroxide made the effective three-phase interface of anode reduction and decreased the cell performance.
In addition, when the reaction changed from consuming less oxygen negative ions to consuming more oxygen
negative ions, oxygen negative ions cannot be timely supplied due to the interface resistance at cathode and
anode. So the concentration polarization of oxygen negative ions were greatly induced. A double electric layer
was formed near the three-phase interface. When the reaction that requires more oxygen ions occurred, the oxygen negative ions of the three-phase interface weren’t able to replenish at the same rate. The proportion of the
fixed layer potential difference of the double electric layer increased in the whole potential difference, which led
to the output voltage of the cell decreasing, as the reaction of the cell required more oxygen ions in its potential.
In order to maintain the same reaction under the same current density, the concentration polarization changed
from the proportion of fixed layer potential difference of double electric layer dominating in the whole potential
difference to a fixed layer and the dispersive layer took effect simultaneously. As a result, the cell output potential decreased continuously under the fixed current density.
Here, the activation polarization associated with different methane reactions occurred should be considered.
Activation polarization is related to the activation energy. Based on the analysis of the reaction activation energy
(Figure 5), the activation energy of producing CO 2 was relatively high and subsequent reactions needed more
oxygen ions. What’s more, the exchange current density is the critical factor for the activation polarization [20].
 i 
 i 
=
the total activation
loss Aa In   + Ac In  
 i0 a 
 i0 c 

(1)

i is the external current density, i0a is anode exchange current density, ioc is cathode exchange current density,
Aa and Ac are anode activation rate and cathode activation rate.
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Aa and Ac =

RT
α NF

(2)

R is gas constant, T is operating temperature, a is electric charge transfer coefficient, n is electron transfer
number, and F is faraday constant. The exchange current is inversely proportional to the activation polarization.
The exchange current density declined when the reactants concentration were cut down. The reactants contained
oxygen negative ions which cannot be provided in time. When oxygen negative ions concentration was decreased, the reactants concentration was also decreased. Therefore, the exchange current density decreased that
could induce the activation polarization. Hence, there may be higher potential difference for activation polarization.

4. Conclusion
These experiments were conducted in order to test power generation performance of the cell on a Ni-ScSZ
anode with different concentrations of dry methane as fuel. By combining the measurements of the anode exhaust gas and through examination of the activation energy on the cell anode oxidation reaction, the results were
analyzed for the anode oxidation reaction in power generation process. Results showed that high concentrations
of dry methane occurred following partial oxidation reactions on the cell anode. As the current density increased,
there was a transition process from partial oxidation reaction to a complete oxidation reaction for low concentrations of dry methane. Although the partial oxidation reaction occurred with high concentrations of dry methane
as fuel, good performance was able to be obtained. For low concentrations of dry methane, however, even if dry
methane can occur following a complete oxidation reaction, H2O was produced in transition of reaction and resultant of reaction. The H2O resulted in the increase of p(H2O)/p(CH4). The polarization led to lower performance in a transition process of reaction.
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