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Abstract

Solid oxide fuel cells (SOFCs) are high efficiency conversion devices that use hydrogen
or light hydrocarbon (HC) fuels in stationary applications to produce quiet and clean power.
While successful, HC-fueled SOFCs face several challenges, the most significant being
performance degradation due to carbon deposition and the need of external reforming when
using heavier HC. Modeling these devices faces these as well as other complexities such as the
presence of multiple electrochemistry pathways including those of H, and CO. The goals of this
thesis are to: (1) improve the thermodynamic analysis of carbon deposition, (2) develop a multi-
step CO electrochemistry mechanism, and (3) apply the CO along with the H; electrochemistry
mechanisms to predict the cell performance when using syngas.

Two carbon deposition mechanisms have been identified: homogeneously formed soot
and catalytically grown carbon fiber. All previous thermodynamic analyses have used graphite to
represent the properties of the deposited carbon regardless of the formation mechanism.
However, the energetic and entropic properties of these two types of carbon are different from
those of graphite. A new thermodynamic analysis is proposed that: (1) uses experimentally
measured data for carbon fiber if the anode includes Ni catalyst; and (2) uses soot precursors
such as CH3 and C,H; to predict soot formation. The new approach improves the prediction of
the onset of carbon deposition where previous analyses failed.

A new multi-step CO electrochemistry model is proposed in which CO is directly
involved in the charge-transfer steps. The model structure, with a single set of kinetic parameters
at each temperature, succeeds in reproducing the characteristics of the EIS data of patterned
anodes including the inductive loop at high activation overpotential. The model successfully
predicts the steady-state Tafel plots, and explains the positive dependence of the exchange
current density on p, -

Finally, a membrane-electrode-assembly (MEA) model is developed incorporating multi-
species transport through the porous structure, detailed elementary heterogeneous reactions on
the Ni surface, and for the first time, detailed electrochemistry models for H, and CO. The model
successfully reproduces the performance of SOFCs using pure H, or CO. The MEA model can
isolate/distinguish between the roles/contributions of the reforming chemistry and CO
electrochemistry in SOFCs using syngas. Adding reforming thermochemistry improves the
agreement with experiments at lower current densities, and raises the limiting current density by
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providing more H, via the water-gas shift reaction. Adding CO electrochemistry improves the
prediction at high current densities by the additional current generated by the CO
electrochemical oxidation. The current from CO becomes comparable to that from H; as the CO
content at the TPB increases.

Thesis Supervisor: Ahmed F. Ghoniem
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Chapter 1

General Introduction

Early fuel cells were designed to use hydrogen because it is easy to convert
electrochemically. In addition, the only product from a hydrogen fuel cell is water, making them
environmentally friendly energy conversion devices. However, the production of hydrogen using
environmentally friendly and economic methods has not yet been achieved. According to the
National Renewable Energy Laboratory [1, 2], almost all of the hydrogen in the U.S. today is
produced by steam reforming of natural gas, and for the near term this method of production will
continue to dominate. Hydrogen can also be produced using renewable energy sources or nuclear
energy. However, the infrastructure to store and deliver hydrogen is another challenging
problem. Furthermore the overall life cycle efficiency of hydrogen economy is low. Our
dependence on hydrocarbon fuels as the primary source of energy will continue for several
decades, given the current infrastructure and the costs associated with changing it.

A major advantage of a solid oxide fuel cell (SOFC) system for highly efficient electric
power generation lies in its potential for direct use of hydrocarbon fuels, without the requirement
for upstream fuel preparation, such as reforming. The fuel flexibility of a SOFC arises from the
fact that O® anions, not protons, are the charged species transported from the cathode to the
anode across the electrolyte. This allows SOFCs, in principle, to electrochemically oxidize
traditional hydrocarbon fuels (as opposed to being chemically oxidized in a combustion process)
[1]. Hence, significant research is focused on the development of solid oxide fuel cells that use

hydrocarbon fuels. In recent years, researchers have rigorously investigated SOFC performance
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operating on different fuels, including hydrogen, hydrocarbons, and syngas, and with various
material and support structures. Table 1.1 shows selected examples of cell performance from
recent studies, which provides a representation of the state-of-the-art research and development

status of SOFCs fueled operating on hydrogen, hydrocarbon, or syngas.

Table 1.1. Comparison of peak power densities for SOF Cs operating on H,, CO, or hydrocarbon fuels

Group Material Temperature | Fuel (vol %) Peak power Note
°C) density
(W/ecm®)
Jiang and | Ni-YSZ/YSZ/LSM 800 Pure H, 1.7
Virkar Pure CH;0H 1.3
{21, 2001 (50% C,H;OH | 0.8
+50% H,0)
650 Pure CH;0H 0.6
(50% C,HsOH | 0.3
+ 50% HzO)
Jiang and | Ni-YSZ/ 800C Pure H, 1.7
Virakr YSZ+SDC/LSC+SDC Pure CO 0.7
[3],2003
Murray (Ni- 550 - 650 97% CH, +3% | 0.13 (550°C) | Barnett
etal. [4], | YSZ/YDC)/YSZ/YDC+LS H,O 0.25 (600°C) | Group
1999 M 0.37 (650°C)
Liuand | Ni-YSZ/YSZ/LSM+YSZ 600 - 800 97% CH, +3% | 0.96 (800°C) | Barnett
Barnett H,0 0.65 (750°C) | Group
[5], 2003 0.3 (700°C)
0.2 (650°C)
0.13 (600°C)
Linetal. | Ni-YSZ/YSZ/(GDC- 600 -800 97% H, + 3% 1.44 (800°C) | Barnett
[6],2005 | LSCF/LSCF) H,0 0.7 (700°C) Group
97% CH4 +3% | 1.27 (800°C)
H,0 0.52 (700°C)
Linetal. | (PSZ-CeO2/Ni- 750-800 97% CH, +3% | 1.23 (800°C) | Barnett
[71,2006 | YSZ)/YSZ/LSCF-GDC H,0 0.9 (750°C) Group
Zhan and | (Ru-CeO2/PSZ/Ni- 500-750 Pure H, 1.37 (750°C) | Barnett
Barnett YSZ)/'YSZ/LSCF-GDC 0.9 (700°C) Group
[8],2005 0.5 (650°C) (Catalyst
0.3 (600°C) layer &
0.2 (550°C) partial
0.1 (500°C) oxidation)
575-825 10.7% C;Hs + 0.48 (825°C)
18.7% O, + 0.45 (750°C)
70.6% Ar 0.35 (700°C)
0.29 (665°C)
0.2 (620°C)
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: 0.12 (575°C)
Zhan and | (Ru-CeO2/Ni- 590 6% iso-octane — | 0.6 Barnett
Barnett SDC)/SDC/LSCF-SDC 94% air Group
[9], 2006 (Catalyst
layer &
partial
oxidation)
Park et Cu-CeO2/YSZ/LSM-YSZ | 700 — 800 Pure H, 0.31 (800°C) | Gorte
al. [10], 0.22 (700°C) | Group
2000 Pure n-butane 0.18 (800°C)
(C4H10) 0.12 (700°C)
Kim et Cu-CeO2/YSZ/LSM-YSZ | 700 (40 wt % 0.1* Gorte
al. [11], Decane + 60 Group
2001 wt% N) * Stable
(40 wt % 0.1* operation
Toluene + 60 (Not peak
wt% Ny) power)
(40 wt% Diesel | 0.1*
+ 60 wt% N,)
Hibino et | 3 wt% Ru-Ni- 600 97.1% H, + 0.769 Ru Catalyst
al.[12], | GDC/GDC/Sm0.5Sr0.5Co 2.9% H,0 addition to
2003 03 (SSC) Pure CH, 0.750 the anode
Pure C2H6 0.716
Pure C;H;g 0.648
Shao et Ni-SDC/SDC/SDC-BSCF | 787 18.8 CH, + 0.76 a single-
al. [13] 16.2% O, + chamber
65 % H, cell

1.1. Operation

In the context of SOFCs, the reforming of hydrocarbon fuels may, in general, take place
externally in a separate process, or internally inside the hot stack. When an external reformer is
used, a well-established steam-reforming technology can be utilized. However, internal
reforming of hydrocarbon fuels in SOFC systems has many advantages: (i) it increases the
system efficiency by recuperating waste heat from the stack into the fuel supply; (ii) it reduces
the complexity and cost of the system by eliminating the need for the external reformer and
associated heating arrangements, and by reduction in the stack cooling air requirement and

associated equipment [3]. There are various alternatives for internal reforming of hydrocarbons,
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including steam reforming, dry reforming, partial oxidation, and autothermal reforming. Because
of some drawbacks associated with the internal reforming processes, additional interest has been
given to direct conversion of dry hydrocarbon fuels. Direct conversion of a hydrocarbon means
conversion in the SOFC without pre-mixing the fuel gas with steam or CO,, and without
processing the fuel before it enters the stack. The two most widely accepted internal reforming
processes in the SOFC, steam reforming and partial oxidation, and the direct conversion of dry

hydrocarbon fuel are discussed below.

1.1.1. Steam reforming

Steam reforming (SR), sometimes called steam-methane reforming (SMR), is a process
in which high-temperature steam is used to produce a mixture of hydrogen and CO (i.e., syngas)
from methane, ethanol, propane, or even gasoline. The lighter hydrocarbons react with hot water
vapor in the presence of a catalyst to produce hydrogen, carbon monoxide, and a relatively small
amount of carbon dioxide. Steam reforming is extremely endothermic, and therefore requires an
external source of heat but can sometimes utilize recycled heat from exothermic processes
depending on system configuration. The reforming process is generally followed by the water-
gas shift (WGS) reaction (mildly exothermic), where the carbon monoxide can further react with

steam to produce more hydrogen. The SR and WGS reactions are, respectively,

C,H, +xH,0 <—>xC0+(x+Z)H2
2

CO+H,0<CO,+H,

However, steam reforming poses several problems.
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(a) Steam reforming requires considerable amount of water in the fuel channel, with a typical
steam-to-carbon molar ratio (S:C) of about two, which results in a diluted fuel. This has a
negative effect on the electrochemical efficiency.

(b) High steam partial pressure can cause sintering of the nickel anode particles, resulting in
a significant reduction in the catalytic activity of the anode and a loss in cell performance

(c) Steam reforming is an extremely endothermic process. Internal steam reforming directly
on the anode may cause large thermal gradients that can damage the cell

(d) Extra costs are involved in heat exchange and additional equipment for steam separation

or recycling of the anode exhaust

Because of the drawbacks of the steam reforming processes, recent research has been

focused more on the partial oxidation and the direct utilization of hydrocarbon fuels.

1.1.2. Partial oxidation

Partial oxidation (POx) is a chemical reaction between the hydrocarbon and oxygen
(generally from air because of its convenience and cost) in a substoichiometric ratio, hence the
name “partial oxidation.” Catalytic partial oxidation (CPOx) reduces the required reforming
temperature from around 1200°C to 800-900°C through the use of a catalyst (e.g., nickel). For
cost reasons, supported nickel catalysts are generally preferred, although highly dispersed
platinum and rhodium catalysts are also commonly used because of their greater activity and
resistance to carbon deposition. Recent work has shown that nickel-based anode can have

excellent selectivity for the partial oxidation of methane with minimal carbon deposition.

CH, +%02 - CO+2H,
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C,H,,, +gO2 - nCO+(n+1)H,

Barnett et al [4-7] have demonstrated the feasibility of using partial oxidation in SOFCs
running on natural gas, propane, and iso-octane. Using oxygen, or even air, this is a much
simpler, more convenient and less costly process in terms of system configuration compared with
the internal steam reforming [3]. However, when air is used, it dilutes the fuel with nitrogen and
can decrease the overall efficiency. Even when oxygen is fed with the fuel, this leads to a lower
electrical efficiency due to the energy loss in oxidizing the hydrocarbon. Partial oxidation is an
exothermic reaction, in contrast to the strongly endothermic steam reforming reaction.

Self-sustaining internal steam reforming is precluded during start-up and operation at low
power levels because the strongly endothermic nature requires high temperatures. Because
partial oxidation is an exothermic process, if offers the potential for start-up and self-sustaining
operation of internally reforming SOFCs running on natural gas and other hydrocarbons at low
power. It is likely that a combination of partial oxidation and steam reforming will be used as the

basis for operation from zero power through low power loads to operation at full load [14].

1.1.3. Direct utilization

Because of some drawbacks associated with the internal steam reforming and partial
oxidation processes, researchers have been trying to develop a SOFC that directly uses
hydrocarbon fuels without any reforming or partial oxidation. Murray et al. [8] and Park et al. [9]
reported power densities of 0.37 W/cm? and 0.12 W/cm? for a SOFC operating with dry natural
gas at temperatures of 700°C and 900°C, respectively. They claimed that direct electrochemical
oxidation is achieved within the SOFCs. Mogensen and Kammer [15] provided a comprehensive

review of the direct conversion of hydrocarbons in SOFCs, and were critical of the likelihood of
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single-step electrochemical oxidation of a hydrocarbon fuel, even in the case of the simplest
hydrocarbon, CH,. Instead, they suggested that the reactions may proceed via the following

elementary reaction steps:

CH,+0” < CH,0H +2¢
CH,OH +20* <> HCOOH + H,0 +4e”

HCOOH + 0 < CO, + H,0+2e”
Alternatively, cracking of methane followed by electrochemical oxidation of the cracking

products likely follows a path given by [15]

CH, & C+2H,
C+20" & CO, +4e”
H,+20* &> H,0+2¢"

1.2. Physical processes in SOFC using HCs

The membrane-electrode-assembly (MEA) is the heart of any fuel cell. In a SOFC, the
MEA consists of a dense oxygen-ion-conducting electrolyte sandwiched between two porous
cermet electrodes. When the fuel is hydrogen, H, molecules in the fuel channel are transported
through the porous structure to electrochemically reactive sites known as triple- or three-phase
boundaries (TPBs). It is generally accepted that current-producing charge-transfer reactions only
occur at or very near the TPB, where the electron conductor (metal), ion conductor (oxide), and
the necessary gas-phase reactants (in the pore space) come together. When H, reaches the TPB, it
is oxidized by O* ion to produce H,0, which is transported out of the porous anode to the fuel
channel. Similarly, O, molecules are transported to the TPB on the cathode side and reduced to
O% ions, which are conducted from the cathode to the anode through the dense nonporous

electrolyte. The electrons generated on the anode are harvested and utilized through an external
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circuit and moved back to the cathode. When the fuel is switched from H; to a hydrocarbon
source, additional physical processes must take place in the anode, while the physical processes

in the cathode and the electrolyte remain the same.

1.2.1. Thermochemistry and carbon deposition

Typical operating temperatures of SOFCs are high enough that homogeneous gas-phase
chemistry within the anode and fuel channel should be considered when using hydrocarbon fuels.
Moreover, because the most common anode metal is nickel, there are abundant catalytic activity
to promote thermo-chemical reactions via heterogeneous chemistry. Both homogeneous and
heterogeneous chemistry play key roles in reforming a hydrocarbon fuel into a hydrogen- and

CO-rich fuel as shown in Figure 1-1.

Interconnect =¥

Anode— *
Flectrolyte — 8

Cathode -

Interconneet =

Figure 1-1. A schematic of physical processes in the MEA of a SOFC

A significant concern during reforming processes is the formation of solid carbon through
undesired side reactions. Amongst other deleterious effects, solid carbon formed in the anode can
block the pores and increase transport resistance for gas species trying to reach the TPB, and/or

prevent reforming reactions by covering the catalyst particles. At typical SOFC operating
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temperatures with hydrocarbon or syngas fuels, the extent of carbon formation depends on
factors such as the steam-to-carbon ratio, operating conditions (e.g., temperature, pressure,
current density), and anode catalyst. Although it is possible to minimize carbon deposition on
traditional Ni-YSZ anodes by providing sufficient H,O in the fuel stream, the amounts required
are generally excessive, diluting the fuel and reducing the overall efficiency, in addition to
creating device- and systems-scale complexity because of the need for water management
solutions. In this light, analysis of carbon deposition in the SOFC anode—including the
deposition and growth mechanisms, and material tolerances—is absolutely necessary if SOFCs

are to be a viable and economical option for efficiently utilizing carbon-containing fuels.

1.2.2. Multiple electrochemical pathways

Solid oxide fuel cells (SOFCs) can operate on various fuels, including hydrogen, carbon
mohoxide, methane and other hydrocarbons [4-6,9,10,16,17]. However, there is no consensus on
which species are electrochemically oxidized at the anode triple phase boundary (TPB) when
carbon-containing fuels are used. Because hydrocarbon (HC) fuels are partially or completely
reformed to other species, such as hydrogen and carbon monoxide, while flowing through a
porous nickel anode, determining the composition of the fuel when it is electrochemically
oxidized is a challenge.

Fast direct electrochemical oxidation of hydrocarbons in SOFCs has been suggested by
two groups: the Barnett group [4] at Northwestern University, and the Gorte group [10,18,19] at
the University of Pennsylvania. Both groups used dry hydrocarbons to exclude possible
reforming reactions. However, Mogensen and Kammer [15] suspect that hydrocarbon conversion

proceeds by pathways other than direct oxidation, e.g., by cracking and reforming followed by
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electrochemical oxidation of the fuel fragments and reforming products. This is because the
measured open circuit voltages (OCVs) are much lower than those predicted by the Nernst
equations when based on the direct conversion of the original fuel. It is still being debated
whether hydrocarbon fuels directly participate in charge-transfer reactions without being
reformed to H, and/or CO, which are subsequently involved in the electrochemical reactions.
Even though multiple possible electrochemical oxidation pathways have been suggested for
various species, these pathways remain much less studied than H; electrochemical oxidation.

For example, carbon monoxide almost always exists when a hydrocarbon fuel is supplied
because the hydrocarbon fuel is reformed or pyrolyzed internally or externally. However, based
on the following two arguments, CO electrochemistry has been ignored in many MEA models
[21,22]:

(i) CO electrochemical oxidation rate is slower than that of H,
(ii) CO is reformed to H; via the water-gas shift reaction at the anode prior to reaching the TPB.

When pure CO is supplied to a porous Ni-YSZ anode, Jiang and Virkar [3] reported that
the maximum power density reaches only about 40% of that obtained using pure H,. Similarly,
according to experimental results using a nickel-patterned anode on YSZ by Sukeshini et al. [20],
the maximum power density using CO is about 50% of that obtained when using H, only.
Though not at the same level as Hy, CO electrochemistry is certainly not negligible in these
cases.

The water-gas-shift (WGS) reaction can convert CO to H, only when there is sufficient
H,0. Depending on the type of fuels and the technologies of gasification or reforming, the
composition of the syngas may vary widely and H,O produced from oxidation of H, may or may

not be used to convert CO via the WGS. Generally, methane-derived syngas via reforming is H,-
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rich while coal-derived syngas via gasification is CO-rich. When CO is the dominant species in
the fuel composition, the assumption that H, electrochemistry is still dominant and CO
electrochemistry can be safely neglected must be retracted. The extreme and obvious case is a
pure stream of CO, which would produce zero current under the usual assumption. Therefore, the
two arguments used to support the idea that CO electrochemistry can be ignored are not always
valid. Among multiple electrochemical oxidation pathways, CO electrochemistry needs to be
included in MEA models for systems in which CO is expected to be relevant, and the assumption

that it is negligible must be verified if CO is present but expected to be of little significance.

1.3. Thesis outline

Because carbon deposition can cause the degradation of SOFCs using hydrocarbon fuels,
it is necessary to predict whether carbon may form. We begin our study with a thermodynamic
analysis of solid carbon formation in the Ni anode of SOFCs, discussed in Chapter 2. Two
carbon deposition mechanisms are examined: homogeneously formed soot and catalytically
grown carbon fiber. We are critical of the assumption made by previous researchers that the
thermodynamic properties of graphite can represent those of the deposited carbon regardless of
its structure, and propose a new thermodynamic analysis approach: (1) to use experimentally
measured data for carbon fiber if the anode includes Ni catalysts; (2) to use soot precursors such
as CH3 and C;H; to predict soot formation. A multiphase equilibrium solver is developed based
on the Villar-Cruise-Smith (VCS) algorithm and is used to revisit cases where previous
calculations based on the properties of graphite failed to explain experimental observations.

CO electrochemistry needs to be included in the MEA model. However, a CO

electrochemistry model as good as H; electrochemistry model has not been developed. In
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Chapter 3, a new multi-step CO electrochemistry model is developed based on a pattern-anode
geometry where the effects of transport and thermochemistry can be minimized. The mechanism
is fitted to impedance measurements and validated using steady-state data of current-voltage.
The characteristic features of the measured electrochemical impedance spectroscopy (EIS), such
as the two suppressed semi-circles and the low frequency inductance loop, are discussed. The
kinetic mechanism for CO electrochemical oxidation is then applied within an MEA model in
Chapter 4.

In order to predict the performance of SOFCs using hydrocarbon fuels, an MEA model
should incorporate the complex coupling of the muti-physic processes. In Chapter 4, we develop
a membrane-electrode-assembly (MEA) model incorporating multi-species transport through the
porous structure, detailed elementary heterogeneous reactions on the Ni surface, and for the first
time, detailed electrochemistry models for Hz and CO. The model results are compared with the
performance of SOFCs using pure H,, CO, syngas. The role of reforming chemistry and CO
electrochemistry and the contribution of H, and CO electrochemical oxidation to the total current

are investigated.
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Chapter 2

Thermodynamics analysis of deposited carbon on a Ni

anode of SOFCs

Abstract

Two carbon deposition mechanisms have been identified: homogeneously formed soot
and catalytically grown carbon fiber. All previous thermodynamic analyses have used graphite to
represent the properties of the deposited carbon regardless of the formation mechanism.
However, the energetic and entropic properties of these two types of carbon are different from
those of graphite. We propose a new thermodynamic analysis in which we: (1) use
experimentally measured data for carbon fiber if the anode includes Ni catalyst; and (2) use soot
precursors such as CHj; and C,H, to predict soot formation. The new approach improves the

prediction of the onset of carbon deposition where previous analyses failed.

35



Nomenclature

Symbol
A

Ac

Agr

a;

Meaning

formula matrix

Sub-matrix corresponding to the component species in
the formula matrix

Sub-matrix corresponding to the remaining species in
the formula matrix

K (T’P,x)-#?(T,P)J

Activity of species i, g, = exp( RT

the number of kth element in the molecular formula of
species 1 = the entry of the formula matrix

number of moles of the kth element in the system

element-abundance vector
rank(A)
Gibbs Free Energy

the gradient vector of G

Hessian matrix of G

R X R identity matrix

Critical Current Density
Equilibrium Constant

minimize

number of elements

number of species
stoichiometric matrix
Number of moles of species i

species-abundance vector with entries n;

Common Units

[J/mol]

[J/K]

[A/cm?]
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D Pressure [Bar]
R Ideal Gas Constants 8.31 [J/mol K]
R Maximum number of linearly independent chemical
equations; (=N-C)
T Temperature (K]
Greek
Meani .
Symbol eaning Common Units
o p Driving force for carbon deposition
a an index for a phase
v; stoichiometric vector of reaction j
) stoichiometric coefficient of the i th species in the j th
v stoichiometric vector
g the extent of reaction j
£ Extent of reaction vector with entries &,
K, chemical potential of species i
B chemical potential vector with entries p,
o Change in (a quantity)
s 1 if species k is in any multispecies phase & ; zero
ka otherwise
5 1 if species k is in the particular phase « ; zero
k.a otherwise
z, number of multi-species phases
® step-size parameter
Subscript Meaning
c Critical
Superscript Meaning
0 Initial value
m An iteration index
T Transpose of a vector or a matrix

37




2.1. Introduction

One of the biggest challenge to operating SOFCs on HC fuels directly is the performance
degradation caused by carbon deposition [1-26]. Deposited carbon can (1) block the pores of the
anode and inhibit gas transport, (2) prevent reforming reactions by covering or breaking the
metal catalyst, or (3) stop current generation by blocking the triple phase boundary (TPB). At
typical SOFC operating temperatures using hydrocarbon or syngas fuels, the extent of carbon
formation depends on factors such as the steam/carbon ratio, the operating conditions, e.g., the
temperature, pressure, and current density, as well as the anode design including the porosity of
the structure and the anode catalyst. Although it is possible to minimize carbon deposition on
traditional Ni-YSZ anodes by providing sufficient H>O in the fuel stream, the amounts required
are generally excessive, diluting the fuel and reducing the overall efficiency. In addition, this
creates device- and system-scale complexity because of the need for water management
solutions. In light of this, the analysis of carbon deposition in the SOFC anode is necessary.

Under typical SOFC operating conditions, there are two dominant carbon formation
mechanisms [27]; (1) homogeneously formed soot consisting of polycyclic aromatic
hydrocarbons (PAHs), and (2) heterogeneously formed carbon fiber on the catalyst surface.
These mechanisms have been studied extensively in applications such as reforming [28,29],
carbon nano-fiber production [30-33], and combustion [34-36]. However, previous
thermodynamic analyses of carbon formation [12,14,21-24,37] has been based on the
assumption that thermodynamic properties of graphite can represent those of carbon deposits
even though the thermodynamic properties of carbon deposits have been reported to be different
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from those of graphite [4,5,38—40]. Previous thermodynamic analyses failed to explain many
experimental observations [5,13,14,41]. Thus, the goal of the present study is to improve the
prediction of carbon deposition by incbrporating more accurate representation of carbon
deposition mechanisms while using experimentally measured carbon fiber properties instead of
graphite as a surrogate for carbon deposits. Moreover, soot precursors are used to predict the
formation of homogeneously deposited carbon.

The mechanisms of the two types of carbon deposition are examined in Section 2.2.
Experimental results and analysis of carbon deposition in SOFCs are reviewed and an improved
thermodynamic analysis approach is proposed in Section 2.3. A multiphase equilibrium solver is
developed in Section 2.4, and is used to predict general trends in Section 2.5. Cases that previous
thermodynamic analyses failed to explain are revisited in Section 2.6 using the proposed
approach. Results are discussed and conclusions are presented in Section 2.7 and 2.8,

respectively.

2.2. Carbon Deposition Mechanisms

Carbon deposition mechanisms have been studied extensively in the reforming industry
[28,29], in carbon nano-ﬁber (CNF) formation [30-33], and in combustion [34-36], but not as
much in SOFCs. Three types of carbons: carbon fiber, encapsulating polymers, and pyrolytic
carbon, have been identified in deposited carbon in these applications. For each, the formation

characteristics and resulting impact on the catalyst are summarized in Table 2.1.
Table 2.1. Types of deposited carbon and their characteristics (Taken from [29])
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Whisker carbon Encapsulating polymers | Pyrolytic cabon
Formation | = Diffusion of C though Ni- | = Slow polymerization of | = thermal cracking of
mechanism | crystal C,H,, radicals on Ni hydrocarbon
» Nucleation and whisker surface, into » deposition of C-
growth with Ni crystal at encapsulating film precursors on catalyst
top
Effects » No deactivation of Ni- » Progressive deactivation | = Encapsulation of
surface catalyst particle
* Break-down of catalyst » Deactivation and
and increasing pressure increasing pressure
drop drop
Temperature | > 720K < 770K > 870K
Critical = High temperature = Low temperature * High temperature
parameters | = Low H20/C,H,, = Low H,O/C,H, » High void fraction
to promote | .1 gw activity aromatic * Low Hy/CHpy * Low H,O/C,Hp,
carbon feed = Aromatic feed = High pressure
formation « No enhanced H20 = Activity of catalyst
adsorption

The type of deposited carbon depends on the temperature, pressure, porosity, and fuel

composition. Encapsulating carbon is known to form by slow polymerization of C H,, radicals

on the Ni surface, most often at temperatures lower than 500°C. Because the operating

temperatures of SOFCs are typically well above this value, it is not of much concemn in this

application. Hence, we will focus on the other two carbon deposition mechanisms: (1)

homogeneously formed carbon, often called soot formation, and (2) heterogeneously formed

carbon on a catalyst surface, often called carbon nano-fiber because its shape is fibrous. In this
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section, the formation mechanism, effect of the deposited carbon on the catalyst performance,

and its thermodynamic properties are reviewed for each type.

2.2.1. Homogeneously formed carbon: Soot

2.2.1.1. Soot formation mechanism

Models of soot formation and oxidation have been studied in combustion, and are
reviewed by Kennedy [34]. Soot is mostly carbon; but other elements such as hydrogen and
oxygen are usually present. It is produced during high temperature pyrolysis or combustion of
hydrocarbons typically on the rich side of diffusion flames. The soot formation mechanism has
been described as follows: (1) as the hydrocarbon pyrolyzes, it produces smaller hydrocarbons,
in particular acetylene(C,H,) [34] and methyl radicals (CH3) [1,2]; (2) CH3 recombines as the
first step toward molecular-weight growth [1,2] up to the first aromatic species by H-abstraction-
C,H,-addition (HACA) [35] as shown in Figure 2-1; (3) the aromatics species grow by the
addition of other aromatic species to form larger polycyclic aromatic hydrocarbons (PAHs) as
shown in Figure 2-2. The detailed kinetics model of soot formation is comprised of two main
parts: (1) gas-phase chemistry, which includes the pyrolysis of the primary hydrocarbon and the
formation of higher hycrocarbons up to pyrene, and (2) the soot particle growth. Figure 2-2

describes the evolution of the soot particle by collisional coagulation and surface growth.

C ]{3 + C H3 - C2 H6 H—Abstraction N C2 H5 P—scission > C2 H4 H —Absfra'ction N
B—scission
+CH, H-Abstraction C,H,
G,H, >CH >C,H, »C H,

Figure 2-1. Gas phase chemistry leading to cyclopentene (CsHs) by H-abstraction-C,H,-addition (HACA)
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Figure 2-2. Schematics describing the aromatic species growth to polycyclic aromatic hydrocarbons
(PAHs) and soot particle dynamics such as surface growth and collisional coagulation.

Appel et al. [35] developed a kinetics model for soot formation incorporating detailed
chemistry and physics. The gas-phase chemistry is based on the Wang and Frenklach mechanism
[42] consisting of 99 chemical species and 531 reactions. It includes the pyrolysis, formation of
linear hydrocarbons up to C6 species, the formation of benzene (C¢Hg) and further reactions
leading to pyrene (Ci¢Hio), as well as the oxidation pathways of the aromatic species. The soot
particle dynamics model describes the growth of polycyclic aromatic hydrocarbons (PAHs)
beyond pyrene considering PAH coagulation, aggregation and surface growth. For their
simulation of nine laminar premixed flames, the temperature profiles were taken from the
experimental data. Their numerical simulation was compared to the experimental results and the
agreement between the model predictions and experimental data was reported to be within a
factor of 3. This level of agreement was reported to be very encouraging, considering the current

uncertainty in the thermodynamics and kinetics of aromatics and soot chemistry.
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Lindstedt and co-workers have developed soot nucleation and growth models for laminar
and turbulent diffusion flames under the assumption that acetylene is primarily responsible for
the nucleation and growth of the soot particles. The mechanism has been extended and improved
on since then. A detailed review of the mechanism can be found in [34].
2.2.1.2. Effect of soot on catalysts performance

Pyrolytic carbon is normally found as dense shale on reactor walls during pyrolysis of
HC. The carbon deposits encapsulate and deactivate the catalyst particles, eventually filling out
the void between the particles [29,43]. Bae and co-workers studied the homogenously formed
carbon deposits in diesel auto-thermal reformer [44,45] and in the SOFC anode [46]. They
reported rapid degradation of performance of the reformer/SOFCs. The homogeneously formed

carbon deposits deactivate the catalyst particles and blocks the pores of the porous catalyst.

2.2.2. Heterogeneously formed carbon deposition: CNF

2.2.2.1. CNF formation mechanism

Carbon deposition from methane in the presence of Ni catalyst has been extensively
studied in the methane reforming industry [29,30,43,47,48]. This knowledge can be utilized in
SOFCs because the SOFC anode environment is similar to that in the methane reforming reactor
in two ways: (1) the gas temperature ranges from 800-1050K; (2) The microstructure of the
reforming catalyst is almost identical to that of the SOFC anode in that the Ni catalyst is
dispersed in the supporting material, A1,03 for reforming and YSZ in an SOFC.

Carbon forms on catalysts such as Ni, Fe, and Co in a fiber-like shape, called carbon

nano-fiber (CNF) [29,30,47,49]. To study CNF growth mechanism, the catalysts, Ni, Fe, and Co,
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have been used either as bulk particles (size typically 100 nm) or as supported particles (10-50
nm). All of these metals can dissolve carbon and form metal carbide. Typically, methane, carbon
monoxide, syngas, ethyne and ethane are employed to provide the carbon atoms [30].

The mechanism of formation of CNF [27,29,50,51] that has generally been accepted
includes (1) hydrocarbon adsorption on the surface, (2) conversion of the adsorbed hydrocarbon
to adsorbed surface carbon via surface reactions, (3) subsequent segregation of suface carbon
into layers near the surface, (4) diffusion of carbon through Ni, and (5) the precipitation on the

rear side of the Ni particle. These series of processes lead to the formation of CNF.

Cnnm 5 urface

\

Front of Cullm > C Dissolnﬁmtu’
Ni Segregation
Diffusios™ ] M*“—— Ni Particle

Rear of PN
Ni
Carbon Fibers
Carbon
Layers

Support

Figure 2-3. Schematic representation of the catalytic growth of a CNF using a gaseous carbon-containing
gas. Step 1: decomposition of carbon-containing gases on the metal surface. Step 2: carbon atoms
dissolve in and diffuse through the bulk of the metal. Step 3: precipitation of carbon in the form of a CNF
consisting of graphite.

De Chen extended the microkinetic model [52] for CHy4 reforming on Ni to include the
CNF formation processes as follows [53,54].

Dissolution/segregation: C(Ni) <> Cy, . + (Ni)
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Diffusion of carbon through Ni: C,, , <> Cy;,
Precipitation/dissolution of carbon: Cy,, <> C,

Encapsulating carbon formation: 3C(Ni) —» 3C,,

cap

where Cyir is the carbon dissolved in Ni at the front of the particle,; Cyir is the carbon
dissolved in Ni at the rear of the particle (support side); Cr is carbon fiber; Cencapsulating represents
the encapsulating carbon formation on the Ni surface, which deactivates the catalyst.

The properties of carbon on the front side of Ni and the carbon fiber on the rear side are
different. The different chemical potentials of these carbon materials result in different solubility
in the front and rear side of the Ni crystal, thus creating a driving force for the diffusion of
carbon through Ni [53,54]. Carbon filaments do not deactivate the catalyst as encapsulating
carbon does. The encapsulating carbon deactivates the catalysts by decreasing the total number
of active sites on Ni. The filamentous carbon growth rate is determined by diffusion under the
assumption that the dissolution, segregation and precipitation are fast and in equilibrium.
Knowledge on encapsulating carbon formation is limited and the formation step of encapsulating
carbon is assumed to be irreversible. De Chen’s mechanism is the only available kinetic
mechanism of filamentous carbon formation. Moreover, the equilibrium assumption and the
corresponding properties related to the dissolution, segregation and precipitation steps need to be
improved and the irreversibility of the encapsulating carbon has not been confirmed.
2.2.2.2. The effect of CNF on catalyst performance

As shown in Figure 2-3, the filamentous carbon grows with the nickel catalyst at the top

of the carbon fiber. The catalyst particle is destroyed when the carbon fiber hits the pore wall.
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Carbon fibers may also result in increasing the pressure drop by blocking the gas passage
[29,43]. In some cases, the catalyst is not deactivated and large amount of carbon can accumulate
[29]. Thus, CNF formation may lead to a stable operation with gradual degradation of
performance.
2.2.2.3. Thermodynamic properties of CNF

Researchers studied carbon formation resulting from the decomposition of CO and CH,4
on a Ni catalyst for more than 75 years [40]. Many reported that the thermodynamic properties of
the deposited filamentous carbon are different from those of graphite [38—40].

The thermodynamic properties of carbon deposited on Ni have been measured for the

following two reactions.

CH, & C + 2H, (R.1)Methane cracking reaction
2C0 < C + CO, (R.2)Boudouard Reaction
By measuring the equilibrium concentration of the gas species, the Gibbs free energy of
the deposited carbon can be retrieved. Rostrup-Nielson [38] and De Bokx et al. [39] measured

the difference between the Gibbs free energy of the deposited carbon and that of graphite using

the following equation.

K
AG = GCNF - Ggraphite = —RT ln [——CE—]

graphite

where Kgraphite is the equilibrium constant computed using graphite properties; Kcnr is the
equilibrium constants calculated using the measured gas pressures in the experiments and
assuming that the activity of the deposited solid carbon is unity as follows:
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Figure 2-4 and Figure 2-5 show the equilibrium constants measured by Rostrup-Nielson
[38] and De Bokx et al. [39] in comparison with the equilibrium constants computed using the
graphite properties. It is clearly shown that the measured equilibrium constants are different from
the values computed using graphite, which implies that the deposited carbon has different
thermodynamic properties than graphite.

CH‘ =C+ l'lz Equilibrium Constants
3 v T T T T

Graphite
2- A De Bokx Experiment
O Rostrup-Nielsen Experiment

mK

=&

. ; . L . h . .
.9 1 11 1.2 13 1.4 1.5 1.6 1.7 1.8
1/Temperature (K™*) x 102

Figure 2-4. Measured equilibrium constants for CH4 decomposition: triangles for De Bokx et al’s
measurement over 50 wt% Ni/Si02; circles for Rostrup-Nielsen over 25 wt% Ni/MgO. The equilibrium
constants based on graphite data are also included. Reproduced from Alstrup [40]
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Figure 2-5. Measured equilibrium constants for the Boudouard reaction: triangles for De Bokx et al’s
measurement over 50 wt% Ni/Si02; circles for Rostrup-Nielsen over 25 wt% Ni/MgO. The equilibrium
constants based on graphite data are also included. Reproduced from Alstrup [40]

The discrepancy between the thermodynamic properties of deposited carbon and those of
graphite was attributed to: (a) the additional energy needed to form the deposited carbon or (b)
an intermediate phase forming at the interface between the Ni catalyst and the deposited carbon.

Rostrup-Nielsen [38] suggested that the difference can be explained by the contribution
of the surface energy and the disordered structure of the filament. He concluded that the
intermediate Ni3;C is unstable between 400°C and 1600°C and it would not change the
equilibrium constant. Later, Alstrup [40] improved Rostrup-Nielsen model by adding the bending
energy derived by Tibbetts [55] to explain the difference between graphite and the carbon fiber.
While Rostrup-Nielsen [38] introduced the effect of the disordered structure energy term without
a mathematical expression, Nolan et al. [56] provided the expressions for the graphite stacking

misalignment enthalpy and entropy.
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Manning et al. [57] proposed that the observed difference is due to the formation of an
intermediate meta-stable carbide phase(Ni3C) at 700K, as shown in (R. 3) and (R. 4) below,
which is less important at higher temperatures. De Bokx et al. [39] supported Manning's
argument by refuting Rostrup-Nielsen's explanation based on the fact that the experimentally
measured difference in the Gibbs energy is comparable to the Ni;C formation Gibbs free energy
and is higher than the value obtained from the surface energy and the energy of structural

disorder.

CH, + 3Ni & Ni,C + 2H, R.3)
3Ni + 2CO < Ni,C + CO, R.4)

Alstrup [40] proposed a new model combining the additional energy and the
intermediate phase approaches to explain carbon filament growth. His model is essentially
similar to that used in the additional energy approach, and the difference lies in that the
intermediate Ni3;C phase provides the driving force for the migration of the carbon atoms through
the nickel particle by maintaining a high carbon concentration at the front of the Ni particle.

Depending on the structure of the deposited carbon, the relevant explanation may differ.
If the carbon encapsulating the Ni catalyst is prevalent, the interface energy would be dominant.
On the other hand, if the deposited carbon has a form of carbon nano-fiber, the interface occupies
only a fraction of the entire structure. The difference can be dictated by the additional energy
required to create the structure such as the surface energy, the bending energy and the disordered

entropy.
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2.2.2.4. Summary

Homogeneously formed soot has the chemical structure of polycyclic aromatic
hydrocarbons, whose thermodynamic properties are different from those of graphite. Once soot
is formed, it encapsulates and deactivates the catalyst particles, eventually filling out the void
between the particles. Soot formation and deposition is usually accompanied by rapid
degradation of the catalyst performance. Heterogeneously grown carbon nano-fiber on catalysts
has the same chemical composition as graphite. However, its thermodynamic properties have
experimentally been shown to differ from those of graphite. Carbon fiber does not deactivate the

catalyst particles and instead leads to gradual degradation of the catalyst performance.

2.3. Literature Review on SOFCs

Since SOFCs have been shown to operate directly on hydrocarbon fuels, there has been
research on carbon deposition on their anodes under different conditions [1-26]. Gorte and co-
workers [3-5,7-10] used Cu-based anodes and pure YSZ anodes, which do not catalyze carbon
fiber formation. Hence, in their case, the deposited carbon should be homogeneously formed
soot. On the other hand, Barnett and co-workers [11-18] utilized conventional Ni-based anodes,
which promote homogeneously and heterogeneously formed carbon deposits. In this section,
both experimental findings and analytical approaches to model carbon deposition in SOFC
anodes are reviewed. An improved thermodynamic analysis is proposed considering both carbon

deposition mechanisms, soot and CNF.

2.3.1. Experimental results on homogeneous carbon formation
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Gorte and co-workers focused on Cu-based anodes in SOFCs using HC fuels [3-5,7-10].
Mclntosh et al. [3] observed an improvement in the performance of SOFCs with Cu-ceria-YSZ
anodes at 700°C when undiluted CH,, propane, or n-butane were fed to the cell. Toluene and
decane were also used but as 75% mixture in N,. Large increases in the power density were
observed during operation with H; after the anode had been exposed to any of the hydrocarbons
except methane. The performance enhancement was shown to be due to improved connectivity
in the electron-conducting phase by the carbon deposited while the cell operated on a HC. The
improved performance is completely reversible after the anode is re-oxidized. The deposited
carbon was not graphitic because the deposits react at 400°C while graphite does not react until
T> 700°C. Mclntosh et al. [4] further investigated carbon deposition on Cu-YSZ anodes and
confirmed that carbon layers play an important role in providing electronic conductivity near the
TPB. The carbon deposits were dissolved in toluene and analyzed by gas chromatography-mass
spectrometry (GC-MS). Compounds identified by the GC-MS analysis are aromatic, most with
multiple, conjugated aromatic rings. They compared carbon deposits on Cu-based cermet and Ni-
based cermet, and reported that the type and formation mechanism of deposited carbon on Cu-
based cermet are very different from what is observed on Ni-based cermet. Because Cu is known
not to catalyze carbon formation, as opposed to Ni, the carbon deposit on Cu-based anodes must
have formed homogeneously; that is, it was soot. Kim et al. [5] increased the operating
temperature to 800°C and observed the deactivation of the SOFCs at temperatures above 700°C.
The cause of the deactivation was the filling of the pores with polyaromatic compounds formed

by gas-phase, free-radical reactions. Formation of these compounds occurs at a negligible rate
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below 700°C but increases rapidly above 700°C.

To study gas-phase kinetics within the anode channel, Sheng and Dean [19] conducted
experiments with (50% n-C4H;0+50% H,0) and (50% n-C4H,0/50% N3) at p=0.8atm, residence
time of 5 sec, and T=500-800°C in a quartz reactor. When the reactor temperature was raised to
700°C and above, carbon deposits were observed on the inner walls of the quarts reactor. Note
that there was no catalyst; thus, the carbon formed was homogeneously formed soot.

Gupta et al. [20] conducted experiments to study fuel conversion and carbon formation of
butane and ethanol under SOFC conditions. Butane and ethanol were fed into a quartz reactor
where an YSZ disk was placed at the end of the reactor. Experiments were performed at 700, 750
and 800°C. Carbon deposits formed in all cases except for ethanol at T=700°C. Butane is found
to be more prone to carbon deposition than ethanol. Because there is no catalyst in their study
and pyrolysis occurs at 700°C for butane [5][4], the observed carbon should be formed via
pyrolysis. The carbon deposits from pyrolysis are composed of polycyclic aromatic

hydrocarbons (PAHs).

2.3.2. Experimental results on catalytically grown carbon

Barnett and co-workers focused on Ni-based anodes in SOFCs using HC fuels such as
methane [11,12,14,18], propane [13,15], iso-octane [16,17]. In their experiments [11,12,14,18],
methane was supplied as pure or slightly humidified (3%). Note that in steam reforming
reactions, high steam/carbon (S/C) ratios, typically over 2, are used to suppress carbon
deposition [23,58]). It was shown that SOFCs with Ni-based anodes can operate with methane at

temperatures < 700°C [11,12,14]. At temperature higher than 700°C, carbon deposition can be
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mitigated and eventually avoided as the current density increases. Lin et al. [14] defined a critical
current density (J¢) above which SOFCs is free from performance degradation. The measured J.
is listed in Table 2.2. J; increased with increasing temperature. Up to 700°C, gradual degradation
was observed only at very low currents (< 0.1 A/cm?). However, when T>700°C, rapid cell

deactivation was observed at current densities below the critical current densities.

Table 2.2. Critical current density measured for methane fuel by Lin et al. [14]

Temperature (°C) | Critical current density (A/cm?)
650 0<J.<0.1
700 0<J:.<0.1
750 0.8<J.<1.2
800 14<J).<1.8

For a methane-fueled SOFC producing 1 mA/cm® at 700°C, cross-sectional SEM
micrographs and X-ray diffraction (EXD) spectra confirmed that carbon was deposited on the
anode surface facing the anode channel [14]. However, the anode surface facing the electrolyte
appeared to be free from carbon. It was suspected that the reaction products at the TPB, H,0O and
COz, may suppress carbon deposition. Similarly, in the anode of a SOFC using iso-octane/air
fuel mixtures at 590°C, carbon was detected only on the anode surface facing the fuel channel
[16]. In order to mitigate carbon deposition near the anode channel, Barnett and co-workers
introduced a catalyst layer of Ru-CeO, when using propane [15] and iso-octane [16,17].

Furthermore, adding an inert barrier layer consisting of partially stabilized zirconia (PZO) and
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Ce0,, both of which are resistant to coking, reduced J; to less than 0.6 A/cm? from 1.8A/cm? for
a methane-fueled SOFC at 800°C. Although some performance was sacrificed because of the
additional diffusion layer, carbon deposition was mitigated. Because neither the catalyst nor the
barrier layer is an electronic conductor, current was collected at the side of the anode.

Takeguchi et al. [23] experimentally investigated carbon deposition on Ni-YSZ cermet
anode and the effect of adding alkaline earth metals (Mg, Ca, and Sr) to a Ni-YSZ cermet anode
on carbon deposition. The addition of the alkaline earth metals retarded the carbon deposition
rates. Among them, the CaO addition was effective in suppressing carbon deposition and
promoting CH, reforming. However, the electrochemical activity of the anode slightly
deteriorated. From SEM images of deposited carbon on Ni-YSZ cermet with CHy4 at 1000°C,
bulky carbon fibers were observed, the diameter of which was far different from that observed in
supported Ni catalyst in steam reforming. Nano-sized fiber could be grown from supported Ni
catalyst while the diameter of the carbon fiber on Ni-YSZ cermet was on the order of micron.
The Ni-YSZ cermet preparation method leads to larger Ni catalyst, which was suspected to be

responsible for the larger carbon fiber.

2.3.3. Carbon deposition analysis

There have been mainly three approaches to predict carbon deposition in SOFCs: (1)
thermodynamic analysis using Boudouard and methane cracking reactions only, (2) full
equilibrium calculation with all possible reactions, and (3) kinetics analysis.

Armor [58] reported that the two major pathways for carbon formation at high operating

temperature are the Boudouard reaction (R. 2) and the methane cracking reaction (R. 1). Based
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on these two reactions, Klein et al. [26] defined two parameters representing the driving force for

carbon deposition. The two parameters, a and B, are defined as:

a= p CO, acarbon (0 1)
— .
p CO, K Boudouard
2
ﬂ _ sz acarbon (0 2)
p CH, K cracking
where a,,,,, represents carbon activity which was taken to be 1. p; is the partial pressure

of a gas species 1. Kpoudouard a0d Kcracking are the equilibrium constants of the Boudouard and the
methane cracking reactions, respectively.

For each reaction, if a or <1, the system is not at equilibrium and the reaction proceeds
towards the right. In this case carbon deposition is thermodynamically favored. Equilibrium is
reached when a or f=1. On the other hand, for a or $>1, carbon formation is thermodynamically
impossible and the reaction proceeds towards the left. The same approach was applied by
Vakouftsi et al. [25]. This approach was adopted in multi-dimensional CFD analysis [25,26] to
reduce the complexity of the calculation. However, it should be noted that the two reactions can
occur simultaneously, and when a<l and B>1 or vice versa, this approach fails to provide a
decisive thermodynamic prediction.

Most of carbon deposition equilibrium analysis in SOFCs [12,14,21-24,37] has been
performed by minimizing the total Gibbs free energy of the system subject to element balance.
This is equivalent to considering all possible reactions including the Boudouard and methane

cracking reactions. This equilibrium approach can provide a thermodynamically accurate
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prediction when there are many possible reactions that can lead to carbon formation. It is
important to mentioned that all previous analyses assumed that graphite can be used to represent
the properties of the carbon deposits [12,14,21-24,37].

Soot formation kinetics in SOFCs have been studied by Dean and co-workers for dry
natural gas [1,59], butane [19], JP-8 [2], and ethanol and butane [20]. In their research, only gas
phase chemistry was considered, without soot particle dynamics. The most recent mechanism
involved 350 species and 3450 reactions [59], representing oxidation and pyrolysis kinetics for
hydrocarbons up to C6 species. It also included the molecular-weight growth reactions leading to
PAH formation. When soot formation kinetics was coupled with the membrane-electrode
assembly (MEA) model, the full soot formation mechanism was reduced to 37 species and 150
reactions to reduce the computational complexity. By adding the reduced soot formation
mechanism, their computational time increased from 5 minute to 5 hours. Note that in the soot
formation simulation, the temperature profile in the calculation domain is usually taken from
experiments [19,35] or assumed to be uniform [2] to eliminate the computational time required
for solving the energy equation. Because the actual soot is neither defined nor included in the
model, the propensity to form PAH deposits was characterized by the sum of mole fractions of
all the product species that contain five or more carbon atoms, designated as C5+. After
comparing their simulation to experiments using butane in quarts tubes [19], a mole fraction of
107 for C5+ was suggested as an approximate threshold for deposit formation.

There has been no attempts to implement the catalytic growth mechanism of carbon fiber

on Ni because the only available kinetics mechanism proposed by de Chen [53,54] needs to be
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improved further before it can be applied for quantitative prediction.

2.3.4. Summary and Improvement

In Cu-based and pure-YSZ anodes, soot consisting of PAHs [4] homogeneously forms at
temperatures above 700°C. Below this temperature, soot formation is negligible and kinetically
limited [3,5,19,20]. Soot deactivates the SOFCs by covering the catalysts and filling the pores. In
Ni-based anodes, carbon fibers were observed [23] and products forming as a result of current
generation mitigated performance degradation [14]. The critical current densities required to
avoid performance degradation increased rapidly as the temperature was raised above 700°C
[14], which is consistent with the characteristics of soot formation. Regardless of the presence of
Ni in the SOFC anodes, soot formation is anticipated when T>700°C. Catalytically grown carbon
fiber is expected when SOFC anodes contain catalysts such as Ni, Fe, or Co.

With regard to the kinetics analysis of carbon deposiﬁon, only gas phase reactions up to
C5+ species were implemented [1,2,19,20,59] without incorporating the growth mechanism to
PAHs and the subsequent soot particle dynamics. Implementing a reduced soot formation
mechanism increased the computational time from 5 minutes to 5 hours. Any attempts to include
the carbon fiber growth mechanism have not been made. Most of the carbon deposition
prediction studies in SOFCs utilized thermodynamic analyses [12,14,21-24,37], all of which
assumed that graphite can represent carbon deposits regardless of its formation mechanism.
There are several cases [5,13,14,41] where thermodynamic calculation cannot explain
experimental observation. Those cases were used to conclude that carbon formation is kinetically

controlled.
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It has been clearly shown that the deposited carbon, either in carbon fiber form or in soot
form, has different thermodynamic properties from graphite. For catalytically grown carbon
fiber, the Gibbs free energy was measured and reported [38,39]. However, this value has never
been utilized in the thermodynamic analysis of carbon deposition. For the homogeneously grown
soot, only concentration of precursors such as C5+ species, not the actual soot concentration,
were used to predict soot formation because working with full soot formation mechanism
requires very large computational time.

In this work, we propose the following approach to predict carbon deposition based on
the experimental findings and the current analysis methods.

(1) Soot forms homogeneously at T>700°C regardless of the presence of Ni, Fe, or Co.
The prediction of soot formation will be examined using soot precursors such as CH; and C;H;
instead of graphite. It is assumed that it is impossible to form soot at T<700°C.

(2) Catalytically grown carbon fiber has different Gibbs free energy from that of graphite.
The amount of carbon fiber is calculated using the experimentally measured Gibbs free energy.

After developing a multiphase equilibrium solver in Section 2.4, this approach is applied
to the analysis in Section 2.5. The cases where previous thermodynamic analysis failed to

explain experimental observations are revisited in Section 2.6.

2.4. Thermodynamic analysis method

The equilibrium state of a mixture can be calculated by minimizing the total Gibbs free

energy of the mixture while applying the constraint of element conservation. The element
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conservation constraints can be incorporated in two ways [60—62] :

(1) non-stoichiometric formulation: the element conservation equations are given as
constraints. The resulting equilibrium problem is a constrained optimization problem.

(2) stoichiometric formulation: the element conservation equations are incorporated by
means of stoichiometric equations and the extent of reactions. The equilibrium problem becomes
an (essentially) unconstrained optimization problem.

The two approaches are mathematically equivalent [60]. The Brinkley-NASA-RAND
(BNR) algorithm and the Villars-Cruise-Smith (VCS) algorithm are the most advanced
algorithms in non-stoichiometric and stoichiometric approaches, respectively. The VCS
algorithm is known to be better in handling multiphase problems, especi