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ABSTRACT

Solid-oxide fuel cells (SOFC) have generated interest due to their ability to effi-
ciently convert the chemical energy within hydrocarbon and biomass fuels into elec-
tricity. However, the propensity for carbon-deposit formation and subsequent cata-
lyst deactivafion limits the range of SOFC operating windows. Developers are taking
many different approaches to solving these problems. Numerous anode materials and
architectures are being developed dnd tested. It is difficult to discern specific infor-
mation about anode gas transport and internal-reforming chemistry using traditional
electrochemical-performance tests, as these are conducted on full cells. During test-
ing, anode processes are masked by SOFC electrochemical processes such as charge
transport and charge-transfer chemistry.

Gas transport and internal-reforming properties are central to an anode’s ability
to operate successfully on hydrocarbon or biomass fuels. This study decouples anode
chemistry processes from the electrochemistry processes present in the operation of
an SOFC through the use of a unique experiment. In the Separated Anode Experi-
ment (SAE), a single SOFC anode channel is simulated by sealing an anode between
two ceramic manifolds into which flow channels have been machined. Gases repre-
sentative of SOFC fuel streams are fed into the “fuel channel”, while gas mixtures
representative of the products of electrochemistry (HoO and CO,) are fed into the
“electrolyte channel”. Gases from these two channels are then free to cross-diffuse
through the porous anode and participate in internal-reforming reactions. Exhaust-
gas compositions are measured with a mass spectrometer and are used to infer details
regarding the anode’s gas transport and internal-reforming activity.

Five different materials and structures are compared in this study on the basis of
their gas-transport and internal-reforming behavior. These materials are a CoorsTek,

Inc. reaction-sintered Ni-YSZ (“RS-Type”), a traditional Ni-YSZ with anode func-
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tional layer (“C-Type”), an inert YSZ barrier layer, a CoorsTek Ni-YSZ and barrier
bi-layer anode, and a next-generation perovskite anode.

* The Separated-Anode Experiment has been used to compare the performance of
the five different anode structures described above. Through use of the Separated
Anode Experiment, the RS-Type anode was found to have the highest gas transport
and internal-reforming capabilities. The C-Type anode had low gas transport and
internal reforming. The bi-layer anode had decreased transport when compared to
the RS-Type anode due to the tighter pore structure of the barrier layer. While
the perovskité anode had the second-highest gas transport capabilities, very little

reforming activity was found. These results can be used to provide insight into the

design of improved anodes and architectures.

v




TABLE OF CONTENTS

ABSTRACT . . . . o e e e e e iii
LIST OF FIGURES . . .. ... .. ... . .. P viii
LIST OF TABLES . . . . . . . . o et ix
LIST OF SYMBOLS . . . . . . . e s e X
'LIST OF ABBREVIATIONS . . . ... ..o xi
ACKNOWLEDGEMENTS . . . . .. .. . o e xii
CHAPTER 1 INTRODUCTION . .. . ... .. ... ... 1
1.1 Background . . . . . . .. .. e 1

1.2 Objective . . . . . . . . . e 3

1.3 Approach . . . . . . . . e 4
CHAPTER 2 BACKGROUND . . . .. .. ... . 5
2.1 Materials Development . . . . . . . . . .. .. ... 5]
2.1.1 Inert-Barrier and Active-Catalyst Layers . . . . . .. . ... ... 5

2.1.2 Perovskite Anodes . . . ... ... ... L oL L 7

2.1.3 Metallic Anodes . . . . . ... .. L o 9

2.2 Experimental Methods . . . . . . ... ... ... ... L L. 11
CHAPTER 3 EXPERIMENTAL METHOD . . . . . ... ... .. ... .... 13
3.1 Anode Fabrication . .. ... ... ... ... .. . 13
3.1.1 CoorsTek Reaction-Sintered Ni-YSZ Anode . . . .. ... ... 13

3.1.2 Conventional Anode . . . .. ... ... ... ... ... 14

3.1.3 YSZ Barrier Layer . . . ... . ... . ... ... ... 14




3.1.4 RS-Type/Barrier Bi-Layer . . . . . ... ... .......... 15

3.1.5 LSCM Anode . . . .. ... ... ... 15

3.2 Separated Anode Experiment . . . . . . . .. .. .00 15
321 Design . . . . . . L 16
3.2.2 Ceramic Manifolds . . . . . . ... ... 0oL 17
3.2.3 Measurement Methods . . . . . ... .. ... .. ........ 18
3.2.4 Start-up Procedures . ... ... .. ... .. .. 19

3.3 Anode Characterization . . ... ... .. .. ... ... ... ..., 20
3.3.1 Scanning Electron Microscopy of Anodes . . . . . ... ... .. 20
3.3;2 Material Properties of Anodes . . . . . . . .. .. .. ... ... 20

3.4 COg Transport Experiments . . . . . . ... ... ..... ...... 21
3.5 Methane Dry Reforming Experiments . . . . . . . ... ... ... ... 22
3.6 Experimental Repeatability . . . . . .. ... ... ... ... ... 23
CHAPTER 4 PLUG-FLOW REACTOR MODEL DESCRIPTION . . ... .. 25
CHAPTER 5 RESULTS AND ANALYSIS . . . . . ... ... . ... .. 29
51 CO, Reforming vs. HoO Reforming . . . . . . .. ... ... ...... 29
5.2 Experimental Repeatability ........................ 30
5.3 Morphological and Material Characterization . . . . . . . ... .. ... 31
53.1 SEM . . ... 31
5.3.2 Morphological Properties . . . . . . . ... .. ... ....... 32

5.4 Separated Anode Experiment Results . . . . . . .. ... ... ..... 33
5.4.1 Comparison of Nickel Anodes . . . . .. ... ... ....... 33
5.4.2 Comparison of Barrier Layer and RS-Type Anodes . . ... .. 36

vi




5.4.3 Comparison of LSCM and RS-Type Anodes . . . .. ... ... 38

CHAPTER 6 CONCLUSIONS . . . . . .. .. ... . 41
6.1 Experimental Improvements . . . . . . . ... ... 0000 42
6.2 Future Work . . . . . . . . . . . L 43

REFERENCES CITED . . . .. . . . . .. . o 45

APPENDIX A - TECHNICAL DRAWING: ALUMINA MANIFOLD . . .. .. 51

APPENDIX B - FUEL UTILIZATION CALCULATIONS . ... ... .. ... 53

vii



Figure 1.1
Figure 2.1
Figure 2.2
Figure 3.1
Figure 3.2
Figure 3.3
Figure 4.1
Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7

Figure 5.8

LIST OF FIGURES

SOFC diagram and processes. . . . . . . .. . . . oo v 1
Tllustration of barrier layer placement and function. . . . . .. . . .. 6
Unit cell of the ABOj3 perovskite structure. . . . . . .. .. ... ... 7
Cutaway illustration of the SAE anode assembly. . . . . . .. .. .. 17
SAE CO, transport inlét gas composition . . . . . .. ... 21
SAE CH, dry reforming inlet gas composition . . . .. ... . . .. 23
Schematic of catalytic plug-flow reactor model. . . . . . . . .. . .. 25
Repeatability results. . . . . .. . ... .. ... oL 30
SEM images of cross-sectioned anodes. . . . . . .. ... ... ... 32
CO, transport results for RS-Type and C-Type anodes. . . . . . .. 34
CH, dry réforming results for RS-Type and C-Type anodes. . . . . 35
CO, transport results for RS-Tyﬁe, barrier, and bi-layer. . . . . .. 36
CH, dry reforming results for RS-Type, barrier, and bi-layer. . . . . 37
CO, transport results for RS-Type and LSCM anodes. . . . . . .. 38
CH, dry reforming results for RS-Type and LSCM anodes . . . . . 39

viii



Table 3.1

Table 4.1

Table 5.1

Table 5.2

LIST OF TABLES

Material property measurement methods. . . . . . . .. .. .. ... 21
Surface reaction mechanism for CHy on Ni. . . . . . ... ... ... 28
Catalyst reactorresults . . . . . . . ... ... ... .. ....... 29
Anode morphological properties. . . . . . . e 33

ix




LIST OF SYMBOLS

Poreradius . . . . . . . .. . Tp
Particle diameter . . . . . . . . ... dp
Porosity . . . . . . ¢
Tortuosity . . . . . . . . Tg
Density . . . . . . e p
Mean Flow \./'elocity .................................. u
Species Molecular Flux . . . . ... ... ... ... ... ... ..... I Jy
Species Molecular Weight . . . . . ... ... . ... . L. L. W
Specific Area of Catalyst . . . . . . . .. .. ... ... A,
Permeability . . . . . . .. .. B,
Viscosity . . . . . . 7
Molar Production Rate . . . . ... ... .. e e e e Sk
Molar Concentration . . . . . . . . . . . . . . ., X5
Multicomponent Diffusion Coefficient . . . . . . . e e e e D;,
Knudsen Diffusion Coefficient . . . . . ... ... ... ... ... . ..... % Kn




LIST OF ABBREVIATIONS

Solid Oxide Fuel Cell . . . . . . . . .. .. ... .. ... ... SOFC
Triple-Phase Boundary . . . . . . . . ... .. .. ... .. ... .. ... ... TPB
Ceramic-metallic . . . ... . .. ... Cermet
Yttria-Stabilized Zirconia . . . . . .. .. ... oL oL YSZ
Lag75910.25CrosMngosOss - - . . o o o o o o o LSCM
LagrsSrgo5CrosFegsOs_s . . . . . o o o o o o LSCF
Electrochemical Impedance Spectroscopy . . . . . . . . . . . ... ... .... EIS
Colorado Fuel Cell Center . . . . . . . .. ... ... ... ... ...... CFCC
Dusty Gas Model . . . . . . . . . . .. .. ... DGM
Catalytic partial oxidation . . . . . . . . . . ... .. ... ... ... .. CPOX
SrosLagoTiOs . . . . . . . SLT

xi




ACKNOWLEDGEMENTS

This work has been funded by the U.S. Department of Energy, Office of Energy
Efficiency and Renewable Energy, DOE Contract DE-FG36-08G0O88100. I would
like to thank the Department of Energy for allowing me this opportunity. I also
gratefully acknowledge Professor Neal Sullivan for his help, guidance, and friendship.
I thank Professor Robert Kee and Professor Anthony Dean, both for their guidance
and for serving on my thesis committee. This thesis could not have been completed
without the aid of Dr. Huayang Zhu, who provided modeling support, and Dr. John
Chandler, who provided assistance in the EM Lab. I would like to give a special
acknowledgement to my parents, Liz and Bill Gray, for all of the opportunities and
encouragement they have provided me with through the years. Las?, but certainly
not least, I want to thank my husband, Travis, for his constant, selfless, support and

encouragement.

xii




CHAPTER 1
INTRODUCTION

1.1 Background

Solid oxide fuel cells (SOFCs) are devices which efficiently convert fuel sources to
electricity via electrochemical reactions. Due to high operating temperatures, SOFCs
are able to operate on a wide variety of fuel sources, including hydrocarbon and
biomass, through internal reforming. Figure 1.1 illustrates the processes underway
within an SOFC.

Cathode
Interconnect

Air channel N Ai

Cathode
Electrolyte

Anode
functional

Fuel channel ~

Anode Fuel

Interconnect

Figure 1.1: SOFC diagram and processes.

First, oxygen diffuses from the air channel through the cathode where it is reduced

electrochemically to oxygen ions:
1/205 + 2~ — O?.

The oxygen ions then diffuse through the electrolyte to the Triple-Phase Boundary

(TPB) whereé they participate in electrochemical reactions with Hy to produce steam




and electrons,

20?2~ + Hy — H,0 + 2e™.

The electrons are harvested to provide electricity. The steam diffuses back through
the anode to participate in internal reforming reactions with hydrocarbon fuels, shown

in Figure 1.1 as CHy4. The steam reforming reaction for CHy is
CH4 + H,O — 3H;, + CO.

Dry reforming, which utilizes CO,, also occurs within the anode of an SOFC,
CH4 + CO2 — 2H, + 2CO.

These reforming reactions produce syngas (Hy and CO) to be utilized in electrochem-
ical reactions within the TPBs.

The traditional SOFC anode material consists of a ceramic-metallic (cermet) com-
posed of nickel and yttria-stabilized zirconia (YSZ) [1]. Ni-YSZ anodes are suitable
for fuel cells because they are excellent electronic conductors and catalysts for hydro-
carbon reforming. However, nickel is also a catalyst with a high propensity for carbon
deposition, or coking. When coking occurs on the surface of the anode, it leads to
performance degradation and eventual catalyst deactivation or cell destruction.

Many factors play a role in carbon formation within SOFCs, including but not
limited to operating temperature, current density, anode material composition and
morphology, parent fuel composition, and SOFC current density. Higher hydrocarbon
fuels as well as liquid fuels have higher propensities for carbon formation. To counter
this problem, reforming agents such as steam, air, or CO, may be added to the fuel
stream, but decrease the overall efficiency of a system. Since higher current densities

result in higher rates of steam and CO; generation, the current density at which a cell




is operating affects carbon depoéition. Higher current densities limit coking, but it is
not always possible or desired to operate a system at high currents. In order to over-
come these difficulties with Ni-YSZ, SOFC researchers have been working to develop
new anode materials and architectures. The electrochemical performance of some of
these new anodes rivals that of traditional cells, reflecting the great promise that these
approaches hold. Fundamental gas-transport and internal reforming characteristics
of these anodes, however, are not well understood. This lack of understanding is the

primary motivation behind this study.

1.2 Objective

During SOFC operation, many coupled and competing processes occur. It is dif-
ficult to focus on gas transport and internal-reforming chemistry within an anode
when so many other electrochemical processes are underway. Oxygen-reduction re-
actions, ionic and electronic transport, and other simultaneous processes can cloud
anode-specific processes. Traditional electrochemical tests like polarization measure-
ments or electrochemical impedance spectroscopy can provide a broad comparison
of cell performance, but SOFC processes mask anode-reforming and gas-transport
processes.

The objective of this work is to develop and demonstrate an expérimental tool that
may be used to compare new anodes based solely on processes occuring within the
anode by decoupling these processes from electrochemical processes. Understanding
gas-transport and internal reforming in these anodes is an important step in compar-
ing their potential for replacing the traditional anode. Furthermore, this knowledge

can be used to optimize design of advanced materials and structures.




1.3 Approach

The Separated Anode Experiment (SAE) has been previously developed to de-
couple thermochemical processes from SOFC electrochemical processes [2,3]. It has
been further improved upon and validated in this work. Together with morphological
characterization, it is used to compare and understand five different anode materials
and architectures. These anodes include a CoorsTek reaction-sintered Ni-YSZ an-
ode “RS-Type”), a traditional Ni-YSZ anode with an anode functional layer (AFL)
(“C-Type”), an RS-Type anode combined with an inert YSZ barrier layer, and a
nickel-free perovskite anode. To separat-e chemistry and gas transport in the barrier
layer from those processes in the RS-Type anode, a ba_urrier layer is also analyzed

separately.




CHAPTER 2
BACKGROUND

Previous studies have taken many different approaches to overcoming the obsta-
cles preventing a broader application of SOFCs. Much has been done in the area of
materials de{relopment to produce an anode with the ability to operate well on hy-
drocarbon fuels without the problem of carbon deposition. Additionally, many types
of tests have been applied to broéden the robustness and general understanding of

SOFC anodes. These approaches are briefly reviewed below.

2.1 Materials Development

In efforts to overcome the problems of carbon-deposition and subsequent cata-
lyst deactivation, SOFC developers have taken numerous approaches. These include
variations on the architectures of traditional Ni-YSZ cermets and attempts to use

completely nickel-free perovskite or metallic anodes.

2.1.1 Inert-Barrier and Active-Catalyst Layers

Many of the variations being made on the traditional Ni-YSZ cell include changes
to the cell’s architecture. A chemically-inert, porous barrier layer (YSZ) positioned
between the fuel stream and a traditional Ni-Y'SZ anode (see Figure 2.1) impedes the
flux of fuel onto the anode surface while slowing down the flux of CO, and H,O into
the fuel compartment. It thus traps the electrochemistry products increasing H,O
and COq coricentrations within the anode structure, promoting deposit-free internal
reforming.

Lin et al. found that the utilization of a barrier layer decreased the current density
at which a cell could be operated without coking [4]. The fuel used was CH, and

polarization measurements were performed on cells with and without added barrier




layers. The critical current density was 1.8 A/cm? for the cell operated without a
barrier layer and was 0.6 A /cm? for the cell with a barrier layer. Thus, wider operation
windows exist for cells combined with inert barrier layers.

Barrier layers have shown promise in fuel cell testing where CH, - CO, and CHj -
air mixtures were used as the fuel supply [5]. They were found to increase the stability
of the cells via mitigation of carbon deposition and by slowing endothermic reactions
which would normally lead to cell cracking. The addition of CO5 and air to the CH,4
fuel streams allowed for wider operating windows.

A computational study performed by Zhu et al. further shows that barrier layers
assist in increasing the stability of Ni-YSZ cells [6]. The computational model includes
heterogeneous reaction chemistry and porous-media transport. The work also shows

that a barrier layer can lead to coke-free operation for a longer tubular SOFC.

Silver mesh current collector
Composite Anode

Dense electrolyte

Composite Cathode

Barrier layer-

Figure 2.1: Illustration of barrier layer placement and function.

Building upon the use of barrier-layer architectures, developers have added active
metal catalysts to the porous barrier layer, making it catalytically active. Zhan and
Barnett applied a thin layer of Ru-CeO; to a porous YSZ disk which was placed

between the anode and fuel stream [7]. Stable results were acheived for the fuel cell




operating on iso-octane. Some coking was observed, but results were promising.
Cheekatamarla et al., of NanoDynamics Energy, Inc., had success with a catalyst

iayer on top of a Ni-YSZ anode [8]. The composition of the catalyst was undisclosed

for proprietary reasons. Natural gas, biogas, and propane were reformed via catalytic

partial oxidation (CPOX) over the anode without coke formation.

2.1.2 Perovskite Anodes

Perovskite anodes are being explored as an alternative to Ni-YSZ anodes. Per-
ovskites are an electronically conductive ceramic with the generic structure ABOs,
where A and B are cations (see Figure 2.2). Many different combinations of A- and
B-site dopants exist and are chosen to meet specific application requirements. For
fuel cells operating on hydrocarbon fuels, a large focus has been placed on materials
of the form LaCrOs due to their stability at high temperatures and in the presence
of low oxygen partial pressures [9]. LaCrO; is doped on both the A and B sites to

increase catalytic activity for hydrocarbon reforming.

AIH
Bm+

0%

Figure 2.2: Unit cell of the ABO3 perovskite structure [10].

Tao and Irvine performed testing in hydrogen and methane with an
Lag 75510 25Cro.sMag 505 (LSCM) anode on an electrolyte-supported cell [11]. When
tested in hydrogen, performance was comparable to that of a cell with a Ni-YSZ
anode. Open circuit voltage and maximum power density were, as expected, lower
when the cell was operated on methane. After seven hours of testing in CHy, only trace

amounts of carbon were found to be deposited on the anode by thermal-gravimetric




analysis (TGA). The relative contributions of direct oxidation and internal reforming
responsible for utilization of the methane fuel are unclear.

Bastidas et al. have shown LSCM to be stable when used as both the anode
and cathode of a cell [12]. Maximum power densities for operation in hydrogen
and methane were lower than those achieved by the cells tested by Tao and Irvine,
but many variables éould have contributed to this fact. Reduction/oxidation (redox)
stability was investigated by cycling in reducing and oxidizing environments five times
and testing polarization resistance after each cycle. Only small changes were observed
in the polarization impedance plots, thus demonstrating the redox stability of this
material.

Porous YSZ anodes were impregnated with LSCM by Corre et al. [13]. When
exposed to fuel, the microstructure reveals a nanoparticle network resulting in a
long triple-phase boundary (TPB). This idea is attractive because all electrochemical
reactions occur at within the TPB. However, interactions between the LSCM and
YSZ scaffold cause a reduction in conductivity as the microstructure evolves over
time. )

In an attempt to understand the catalytic mechanism occuring during utilization
of LSCM-based anodes under methane fuel, Bruce et al. [14] performed testing on
LSCM- and Cu-impregnated YSZ anodes. Copper was added for increased electronic
conductivity. Current-voltage and impedance curves were obtained for operation
gases of Hy, CHy, and C4H;4. The amounts of CO, COs, and H, in the fuel cell effluent
gas were measured with a gas chromatograph (GC) and impedance spectra were
obtained for current densities varying from 0 to 200 mA/cm?. It was concluded that
at open-circuit conditions, the reaction mechanism for hydrocarbon fuels is dominated
by cracking reactions. At higher current densities, LSCM becomes active for total
hydrocarbon oxidation. The processes in an LSCM anode are highly dependent on

the oxygen ion flux through the electrolyte.




The abilities of Lag 755r0.25Cro5Fe0503-5 (LSCF) to catalyze methane reforming
and perform electrochemically were analyzed by Tao and Irvine [15]. Catalytic activ-
ity was evaluated using LSCF powder in a fixed-bed reactor. Impedance spectroscopy
was used to evaluate electrochemical performance. Although catalytic activity was
decent at temperatures higher than 900°C, electrochemical performance was lower
than that of LSCM.

Fu et al. [16] and Ovalle et al. [17] have investigated a family of perovskite ti-
tanates (LaySrgTijs oMn,O35_5) for use as fuel cell anodes. The first group found
poor performance at a temperature of 856°C, but the latter group found good per-
formance at 950°C. It is possible that these anodes may require a higher temperature
of operation than the standard Ni-YSZ anode which operates at 800°C. These results
were based on polarization resistance data.

Pillai et al. have developed anodes consisting of a conducting support of Srg gLag 2 TiO3
(SLT) with a Ni-YSZ electrochemically active layer [18]. During long-term testing,
SOFCs with this anode were stable for eighty hours while operating on natural gas.

Other perovskite anodes being developed and explored are Lag gSrg2ScooMng sOs
(LSSM) [19], Nb-doped SrTiOj3 [20], La-substituted SrTiO3 [21], and SraMgMoQg_s
[22]. In addition to the materials listed above, many other perovskite-based anodes

are being developed and tested in similar methods.

2.1.3 Metallic Anodes

Another nickel-free type of anode being developed is the metallic anode. Copper
has been the main focus of these efforts.

Anodes composed of 40wt% Cu and 20wt% CeOg, held in place by a YSZ matrix,
were tested on hydrogen and n-butane by Park et al. [23]. While Cu is an excellent
electronic conductor, it is a poor catalyst for C-H bond activation. Carbon formation

is thus avoided with Cu anodes, but additional catalytic activity for hydrocarbon




reforming is needed. Ceria is used here to increase this catalytic activity. Maximum
power densities were 0.31 W cm™2 and 0.18 W cm™? for hydrogen and n-butane,
respecfiifely. No change in performance was observed during a testing period of 48
hours in dry butane. In a study by the same group, multiple formulations of a Cu-
Ceria-YSZ anode were tested and it was determined that the method of fabrication
has a large effect on cell performance [24].

Kim et al. performed a study aimed at understanding the mechanism of carbon
deposition on Cu-Ceria-YSZ anodes and methods for avoiding it [25]. While carbon
does form on Cu when using n-decane, toluene, or naptha, it only deactivates the
reaction by filling in the pores. The copper surface does not participate in the carbon-
forming reaction. It is thus easier to remove and the surface may be regenerated,
unlike carbon deposition on Ni which causes the electrode to fracture. It was also
determined that a layer of ceria on top of the Cu surface allows carbon to be removed
by reaction with steam as quickly as the carbon forms.

By means of a density functional theory study, Galea et al. found that, when
compared to Cu anodes, Cu-Ni and Cu-Co alloys have increased activity [26]. The
reason for increased activity is exposure of the Ni or Co surfaces. Decreased carbon
formation is also observed due to blocking of specific Ni sites.

The catalytic properties of Cu and Cu-Ni anodes combine with Ce, Ce-Thb, and
Ce-Gd have been studied by Hérnes et al. [27]. With respect to oxidation of methane,
higher catalytic activity was observed in the presence of Th or Gd dopants in ceria,
even when no Ni was present.

Lee et al. tested Cu-Ni @nd Cu-Co systems under Hy and n-butane at 973 K and
1073 K [28]. At 973 K, the addition of Ni or Co to Cu anodes increased performance
in Hy but had no effect on testing in butane. At 1073 K, however, which is the
standard SOFC operating temperature, increases in performance were observed for

both fuels. The authors concluded that bimetallic anodes are worth considering for

10




use in SOFCs. Similarly, the same group thoroughly investigated Cu-Co anodes for
use with CH4 [29]. Only small amounts of carbon were found following exposure to
CH,4 at 1073 K for 2 h, even in anodes with 90 wt% Co. A cell with a 50:50 ratio of
Cu and Co was found to be stable in humidified CH,4 at 1073 K for 500 h.

Symmetrical cells composed of (Ni,M)/YSZ cermets on either side of a YSZ elec-
trolyte were fabricated and tested by Ringuedé et al. [30]. Co, Cu, and Fe were used
as the metal dopants. On the basis of impedance spectroscopy measurements, the
best performance was obtained for the Ni;_,Co,/YSZ cermet.

Grgicak et al. have taken a closer look at different combinations of Ni;_,Co,/YSZ
and Nij_,Cu,/YSZ anodes [31]. Of the anodes tested, Nipg2COgos had the high-
est performance. The high performance was attributed to a lengthening of the
TPB. Impedance measurements and exchange current measurements in Hy, CHy,

and H,S/CH,4 were used as a basis for comparison.

2.2 Experimental Methods

As evidenced in the previous section, many different anode materials are currently
being developed and evaluated for use in SOFCs. Unfortunately, no standardized
method for testing the ability of a material to operate with hydrocarbon fuels is
used in the literature. Electrochemical-performance tests are used in the majori;cy
of studies. These include polarization measurements (current-voltage curves) and
electrochemical impedance spectroscopy (EIS) [1,32]. While useful, these tests do not
enable focus on the gas-transport and thermal-chemistry processes that are critical
in understanding internal-reforming behavior. These tests provide information on
the entire cell performance and, in addition to being dependent on the new anode
material, are also dependent on the other components of the cell. Interfaces between
the anode and electrolyte and the electrolyte and cathode play a large role, as does the

quality of the electrolyte and cathode. While EIS aids in isolating the performance
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of different cell components, it does not provide information regarding the material
and catalytic properties of an anode.

Optical in-situ techniques have been used to characterize anode processes. Sukeshini
et al. focused on electrochemical oxidation in patterned Ni anodes [33]. Anode chem-
istry [34,35] and carbon-deposit formation [36] have also been analyzed using optical
techniques . These tests, however, are limited to observation of the anode surface and
do not address the tightly-coupled relationship between gas transport and reforming
chemistry within the anode.

The lack of focus placed on thermochemistry within anode structures provides the
primary motivation for this work. While extensive research has been conducted to
improve the performance of SOFC anodes on hydrocarbon fuels, the previous work
of Hecht et al. [2] is the only one to isolate thermochemistry from electrochemistry
within the structure of an SOFC anode. The research described in this thesis builds

on and extends this previous effort.
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CHAPTER 3
EXPERIMENTAL METHOD

Five different anodes and architectures are fabricated, analyzed, and compared in
this study using a number of techniques. They are a CoorsTek reaction-sintered Ni-
Y.SZ anode (RS-Type) ,4 a more-conventional Ni-YSZ anode fabricated using commercially-
available ceramic powders (C-Type), a YSZ barrier-layer, a combination of the RS-
Type anode and the barrier layer (bi-layer), and a nickel-free next-generation per-
ovskite anode (LSCM). Analysis techniques include liquid picnometry (Archimedes’
Method) for determination of porosity, mercury porosimetry, and SEM image analy-
sis. Finally, the Separated Anode Experiment (SAE) is used to compare gas transport

and internal-reforming chemistry performace.

3.1 Anbde Fabrication

The five different anodes tested in this work are fabricated using the methods
described below. All anodes are processed via powder processing techniques or cast
using a slurry. They are then sintered at the temperatures indicated prior to experi-

mental testing.

3.1.1 CoorsTek Reaction-Sintered Ni-YSZ Anode

The benchmark anode for this study is the Ni-YRSZ anode developed by CoorsTek,
Inc [37]. Powder preparation begins by combining and ball-milling 92 mol% mono-
clinic zirconia powder with 8 mol% yttria powder (Advanced Material Resources,
Toronto, Ontario). The yttria-zirconia powder is dried and screened, then blended
with 65 wt% nickel oxide (OMG, Westlake, OH). The anode powder is then mixed
with a binder specific to the desired anode-fofming process, which in this case is dry-

pressing. No pore former is added. The slurry is spray-dried into a rotary atomizer.
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7 The RS-based NiO powders have a particle size of 10 um. Powders are prepared at
CoorsTek, Inc. and are provided to the Colorado Fuel Cell Center (CFCC).

At the CFCC, the powder is weighed into 10-g portions and pressed into disc-
shaped compacts using a uni-axial press (Carver AutoFour30) loaded to 53.4 kN
(12000 1b) with a 10-s hold time. The compacts are placed onto YSZ-Al,O3 porous
setter plates (Selee Ceramics) and sintered in air at a temperature of 1400°C for four
hours [38]. After sintering, the anode measures 4.43 cm (1.74 in.) in diameter and is
1.45 mm (0.057 in.) thick. This anode is designated as “RS-Type” throughout the

remainder of this thesis.

3.1.2 Conventional Anode

The conventional anode contains an additional anode functional layer (AFL) An
AFL is a thin layer on top of the anode that is less porous than the bulk material.
Fabrication begins by combining 50 wt% NiO and 50 wt% Tosoh YSZ powders to-
gether with a solvent. The solution is ball milled for 24 hours with 10% starch pore
former and 1% PVB binder. After milling, it is dried and dry sieved to -325 mesh.
The powder is then pressed and bisque fired to 1000°C. The AFL consists of the same
powder without pore former and is applied via screen printing to the bisque-fired an-
ode. The assembly is sintered at 1400°C for four hours and results in a 20-gm-thick
AFL on top of the 866.4-pm-thick (0.034 in.) support. Final anode dimensions are a
4.81 cm (1.89 in.) diameter with a thickness of 0.886 mm (0.035 in). This anode is

designated as “C-Type” throughout the remainder of this thesis.

3.1.3 YSZ Barrier Layer

The YSZ barrier layer is fabricated by combining 95.2 wt% YSZ (Unitec, UK) with
4.76 wt% pore former along with DI water and dispersant (Darvan 821A, Norwalk,
CT). The mixture is ball-milled for 24 hours. Binder (Mohr Mate) is added and the
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solution is ball-milled for a second time for up to four hours. The slurry is cast into
a 6.35-cm (2.5 in.) PVC mold sprayed with mold release and allowed to dry. The
resulting disc is sintered at 1450°C for one hour. The final diameter of the barrier

layer disc is 5.92 cm (1.74 in.) and the thickness is 0.95 mm (0.037 in.).

3.1.4 RS-Type/Barrier Bi-Layer

To test the combination of the YSZ barrier layer with the Ni-YRSZ anode (bi-

layer), the barrier layer disc is simply placed on top of the Ni-YRSZ anode.

3.1.5 LSCM Anode

To obtain a powder suitable for dry pressing, 100 parts LSCM powder (Fuel Cell
Materials, Lewis Center, OH) is formed into a slurry by adding 1.5 parts dispersant
(Darvan C) and 45 parts DI water. A binder is added and the resulting slip is pan-
dried. The dried powder is crushed with a mortar and pestle and screened to -60
mesh. The powder is pressed by weighing out 10 grams of material and pressing into
a disc-shaped compact with a uni-axial press, the same process as used for fabricated
Ni-YRSZ discs. The LSCM discs are sintered at 1300°C for 10 hours. After sintering,
the LSCM discs measure approximately 4.5 cm (1.77 in.) in diameter and 1.11 mm

(0.044 in.) in thickness.

3.2 Separated Anode Experiment

The Separated Anode Experiment (SAE) was designed and fabricated to provide
a means for decoupling anode-reforming processes from electrochemical processes.
The experiment was previously fabricated and used by several members of our group
as outlined in Hecht et al. [2,39], Daggett [3], and Gupta [40]. A second SAE was
built for this study. Major modifications to the previous designs include: 1) the

utilization of chemically inert ceramic manifolds and tubing inside the hot zone, 2)
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alternate sealing method, 3) revised startup procedures, and 4) revised procedures

for measuring gas composition.

3.2.1 Design

An illustration of the SAE is shown in Figure 3.1. The anode is placed between
two alurpina manifolds into Which flow channels have been machined. Mica sheets
with flow-channel cutouts are placed between the anode and manifolds. The anode is
sealed into the manifold using alumina paste (Cotronics 989FS) applied around the
edges. The entire assembly is placed into a furnace and compressed to achieve further
sealing. Within the furnace, the anode is heated to SOFC operating temperatures
(800°C). While a range of temperatures can be used in tésting, only one temperature
set-point is used in this study. An inlet tube on the fuel-side (top) is fed with gases
representative of SOFC fuel mixtures. The electrolyte-side (bottom) inlet tube is
fed with gases present at the SOFC triple-phase boundaries. Mass flow controllers
(Alicat Scientific) are used to feed gases to the manifold assembly. Thermocouples
are placed at the surface of the anode to monitor temperature.

As fuel-stream and electrolyte-stream gases cross-diffuse through the anode ma-
terial in opposing directions, they are free to heterogeneously react with each other
in catalytic reforming reactions to produce hydrogen, carbon monoxide, and other
species. These species then diffuse back to the flow channels on either the fuel- or
electrolyte-side, are carried into the outlet tubes. Exhaust gas compositions are mea-
sured using a mass spectrometer (Stanford Research Systems RGA 200). Prior to
reaching the mass spectrometer, steam is condensed out of the exhaust streams using
a counterflow dryer with an internal Nafion membrane (Perma Pure MD Series). In
this dryer, the exhaust sample stream flows through the tube in one direction while
dry air at slightly lower pressure flows counter to the sample stream. The steam

contained in the sample stream is transported across the Nafion membrane to the
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dry-air stream, so that a water-free gas sample is provided to the mass spectrometer
(MS) for analysis.

As no electrolyte or cathode is present in this apparatus, the design decouples
anode gas-transport and reforming processes from electrochemical processes. The
design of the SAE enables focus to be placed on an anode’s ability to promote internal

reforming reactions.

Fuel-side

Fuel-side
i _.€xhaust

inlet

Porous

anode
Electrolyte-

Electrolyte- ,  side exhaust
side inlet .

.- Compression
pring

Figure 3.1: Cutaway illustration of the SAE anode assembly.

3.2.2 Ceramic Manifolds

A major improvement to the design of the SAE is the employment of alumina
manifolds and tubing in place of the Inconel and stainless steel. assembly used in prior
studies. The purpose of this alteration is to eliminate catalytic reactions of the gases
with the tubing and manifold. Since the tubing and manifold are present in the hot
zone of the furnace along with the anode material, temperatures are sufficiently high
to activate chemical reactions in the presence of a catalytic surface. Alumina is a

more inert material than steel, and thus does not promote catalytic reactions. Any
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reactions that occur result from contact‘ with the anode itself or are due to gas-phase
chemistry. The manifolds each contain a 0.635 cm (0.25 in.) wide and 2.9 cm (1.14
in.) long flow channel and were manufactured by O’Keefe Ceramics in Woodland
Park, Colorado. A technical drawing of the manifold is included in Appendix A.
The 0.635 cm (0.25 in.) tubes (CoorsTek, Inc.) are sealed to the manifold with
alumina paste (Cotronics 989FS) after careful machining of the manifolds to match

ceramic-tube diameters.

3.2.3 Measurement Methods

Measurements of the exhaust-gas compositions are taken with a Stanford Research
Systems RGA 200 quadrapole mass spectrometer. Daily calibrations are performed
on the instrument prior to testing to increase the accuracy in quantifying mole frac-
tions of argon, hydrogen, methane, carbon dioxide, and carbon monoxide. These
are performed by sending several known gas mixtures to the mass spectrometer and
plotting the resulting readings. A curve is fit to the data and the resulting slope
and y-intercepts are then used to quantify mole fractions in experimental exhaust
streams. Daily calibrations were determined to be necessary after long-term studies
of the drift in the mass spectrometer. A single mass-to-charge ratio (m/e) is chosen
from each species’ cracking pattern to represent the amount of that speciés present in
the fuel stream. Cracking patterns are obtained from the NIST Standard Database
Number 69 [41]. Nominal m/e peaks used are Hy: 2; CHy: 16; CO: 28; Ar: 40; and
COgq: 44.

An overlap exists between the CO and N, peaks, both of which are located at
an m/e value of 28. While no nitrogen is deliberately added in these experiments,
undesirable air leaks can exist. Of course, it would be desirable to eliminate all leaks,
but it is not possible with the current setup of the experimental system. Leaks within

the furnace have been eliminated as much as possible via sealing methods to ensure
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that no extra oxygen is available for combustion within the hot zone. In order to
overcome the overlap of the Ny and CO peaks, a background measurement is taken
prior to testing every anode. The raw N5 signal is normalized by the Ar signal at every
flow rate and is subtracted from the subsequent experimental results. On average,
the Ny leaks are approximately 4% at 75 sccm and 1% at 200 scem. An overlap
comprised of 8.627% of the CO; signal is also present at an m/e of 28. It is corrected
for by subtracting this percentage of the m/e value at 44 from the signal at the m/e
value of 28. .

Every measurement is allowed to come to steady-state over a period of 45 minutes
before pressure-versus-time data are collected for five minutes. The five-minute data
collection period results in 300 peaks which are averaged to obtain one peak value
for each m/e value. These data are normalized by the argon signal and converted to
mole fractions using calibration constants calculated from known input concentration

values.

3.2.4 Start-up Procedures -

To ensure complete reforming, standard operating procedure is to heat the an-
ode under forming gas (FG), a mixture of 3.5% H;/96.5% Ar, and then switch to
a gas stream containing more hydrogen (68% H,/32% Ar) for 48 hours. The anode
is not exposed to the higher-hydrogen content gas stream during startup as this has
been found to lead to cell cracking. Complete reduction is necessary for anodes con-
taining NiO prior to performing experiments because it increases the anode porosity
and exposes-additional catalytic Ni surface sites for fuel-reforming processes. It was
discovered through experimental studies that complete reduction of NiO to Ni takes

significantly longer than originally thought.
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3.3 Anode Characterization

Many materials properties strongly affect gas transport and internal reforming,
including porosity, pore size, particle size, tortuosity, and catalyst surface area. To
gain a complete understanding of anode structures and their ability to promote gas
transport, several methods of anode characterization are utilized to complement SAE
experimentation. Scanning Electron Microscopy (SEM) is used to obtain a visual
understanding of the morphology of each material. Porosity (¢), particle diameter
(dp), and pore size (1) are- also determined for further comprehension of gas transport

performance.

3.3.1 Scanning Electron Microscopy of Anodes

Cross-sectional and surface SEM images of the anode structures are captured using
a JEOL JSM-7000F Field Emission Scanning Electron Microsope. Prior to analysis by
SEM, materials containing nickel oxide are exposed to a reducing environment (3.5%
H,, balance Ar) for at least 48 hours. This process converts the nickel oxide within
the anode to nickel, and increases the anode pordsity, more-accurately reflecting the
anode microstructure during cell operation.

By utilizing SEM at a high magnification, particle size of the materials is quanti-
tatively determined. Additionally, SEM analysis qualitatively reveals the differences
between each anode material. In comparing SEM images of potential anode materi-
als, a general understanding of how a material will perform as an anode is gained. It
also serves to validate certain morphological properties and behaviors when combined

with experimental results.

3.3.2 Material Properties of Anodes

In addition to mean particle size, properties necessary for representation in the

model are porosity, mean pore radius, specific catalyst surface area, and overall anode

20




Table 3.1: Material property measurement methods.

Property Method of
Measurement
Porosity Liquid Picnometry

Mean pore radius Mercury Porosimetry
Mean particle size High-magnification SEM
Thickness Anode measurement

thickness. Porosity and mean pore radius are determined after NiO reduction using
liquid picnometry (Archimedes’ method) [42] and mercury porosimetry, respectively.
Mercury porosimetry characterization is conducted by Micromeritics Particle Analysis
(Norcross, GA). Anode thickness is determined for each anode tested by using an
average of ten thickness measurements taken with calipers in random locations across
the anode. Table 3.1 contains a summary of the material properties measured and

the techniques used.

3.4 CO; Transport Experiments

To provide a relative measure of the ability of gases to diffuse through a par-
ticular anode material, gas transport experiments are performed prior to reforming
experiments in the SAE.

Argon +

Fuel-side
3.5% Hz s tXhaust

50% COn i
50% (Ar + 3.5% Hy)

Fuel-side
injet

Eleetro
side exha'yltg(

Compression
spring
Figure 3.2: Illustration of SAE including CO, transport inlet gas compositions.
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In these experiments, a near-inert gas stream composed of 50% CO, and 50% FG
is fed to the electrolyte-side inlet while a stream of 100% FG is fed to the fuel-side
inlet (Figure 3.2). These gas compositions are “near-inert” because COy and H react
with each other in the gas-phase. Tests are performed at four flow rates (75, 100, 150,
and 200 sccm). The amount of CO; transported across the anode into the fuel-side
exhaust is measured with mass spectrometry. Results from these tests are used to

compare gas transport across different anode structures.

3.5 Methane Dry Reforming Experiments

Fuel reforming experiments are performed utilizing a mixture of methane and car-
bon dioxide at a typical SOFC operating temperature (800°C). Carbon dioxide rep-
resents products of electrochemistry that would be present at the electrolyte-anode
interface during typical SOFC operation. Though steam is an important product of
electrochemistry, difficulties were encountered in obtaining repeatable results utilizing
steam in the SAE. An evaluation of the differences between steam and dry reforming
is presented in Section 5.1. As illustrated in Figure 3.3, a mixture of 20% CH,/80%
FG is supplied to the fuel-side inlet of the anode and a 50% CO,/50% FG mixture
is supplied to the electrolyte-side inlet. The gases diffuse through the porous anode
and are free to participate in reforming reactions. Both the fuel-side and electrolyte-
side exhaust stream compositions are measured with a mass spectrometer. As in the
transport experiments, tests are performed for four different flow rates (75, 100, 150,
and 200 sccm). From these results, information may be inferred about the heteroge-
neous chemistry processes underway within the anode with relative comparisons on
the fuel-reforming properties of each type of anode material and architecture. For the
selected test flow rates, a fuel utilization may be calculated and related to operation
of a fuel cell. Assuming a current density of 0.45 A/cm?, the fuel utilization based

on a molar flow rate of hydrogen would be between 3.6% for the 200 sccm condition
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and 10% for the 75 scem condition. These calculations assume that each mole of CHy
fuel is converted to two moles of H, fuel. The actual conversion, based on reforming
conditions, is much lower and translates into a higher utilization. Experimental con-
straints prevent the use of lower flow rates in these tests. Calculation details may be

found in Appendix B.

50% FG Electrolyte
Exhaust

Fuel-side Fuel-side
inlet exhaust

Electrolyte-
side exhaust

Compression
spring

Figure 3.3: Illustration of SAE including CH,4 dry reforming inlet gas compositions.

3.6 Experimental Repeatability

Repeatability of the SAE was evaluated using a CoorsTek anode. The anode was
placed into the SAE and reduced in accordance with normal startup procedures as
described in Section 3.2.4. Tests were conducted over a period of three days with one
full set of experiments being performed every day. The full set of experiments included
mass spectrometer calibration, a CO; transport test, and a CHy dry-reforming test

following the procedures described previously.
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CHAPTER 4
PLUG-FLOW REACTOR MODEL DESCRIPTION

While steam is the primary product of electrochemistry during normal SOFC
operation, CO, is substituted for HO in the electrolyte channel for these studies, as
control of CO, additién is far more simple and accurate than that of HoO addition.
Clearly, this leads to changes in products formed and the extent of reforming, as
steam- and dry-reforming processes differ significantly.

In order to evaluate the differences in final product composition between steam-
reforming and dry-reforming, a one-dimensional model of a plug-flow catalytic reactor
(Figure 4.1) is used to compare the results of each reforming approach. The model
utilizes the CANTERA [43] programming package and is solved as a boundary-value
problem. The gases diffuse through the catalyst material and participate in reforming
reactions.

Products

Reactor
Walls
Porous
Nickel
Catalyst
X

50% CHj + 50% (H,O or CO»)
Figure 4.1: Schematic of catalytic plug-flow reactor model.

The reactor is modeled using steady-state, plug-flow assumptions. Gas-phase
chemistry within the voids of the porous material is assumed to be negligible, as is

gas-phase chemistry in the reactor. The one-dimensional flow within the reactor is
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described by the overall continuity and species equations,

d(pu) 1 &
dx_ﬁgﬁm’ (4.1)
d(pqu) _ 1

1z —BJka. (4.2)

The independent variable is the length through the reactor (z) and the dependent
variables are the species mass fractions ( Y) of the K gas-phase species and mean flow
velocity (u). Wy, represents the species molecular weights. The diameter of the tubular
reactor is D. Density (p) is solved for with the Ideal Gas Law. Temperatures are
assumed to be uniform as set by the external furnace. The variable J is the normal
component of the species molar fluxes across the interface of the porous catalyst
material.

Exchange fluxes within the catalyst material are determined by solving a reactive
porous-media problem. The catalytically reactive behavior within the material is
described as

VT, = A, (4.3)

where J; are the species fluxes within the catalyst, A, is the specific area (i.e., area
per unit volume) of the exposed Ni catalyst, and $; are the molar production rates
of gas-phase species k by heterogeneous reforming chemistry [44].

Species fluxes within the porous catalyst are governed by the Dusty-Gas Model
(DGM) [45,46]. It is an implicit relationship between the gas-phase species molar
fluxes Ji, molar concentrations [Xj|, concentration gradients, and the pressure gra-

dient p as

) (Xe]J — [Xi]Je Jr
o [XtlDg, k.Kn

_ X Be

e
kKn H
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Here, [X7] = #5 is the total molar concentration, By is the permeability, and y is
the mixture viscosity. The DGM combines the effects of ordinary multicomponent
diffusion (gas-gas collisions), Knudsen diffusion (gas-wall collisions), and pressure-
driven Darcy flow. The ordinary diffusion coefficent Dy, and the Knudsen diffusion
coefficient Df, i, depend on the binary gas-to-gas diffusion coefficients (evaluated from
kinetic theory) and the physical porous media properties. These properties include
porosity ¢, average pore radius r,, tortuosity 74, and catalyst specific surface area As.

Heterogeneous chemistry is represented by a reaction mechanism describing CHy-
reforming on Ni-based catalysts. The mechanism used is taken from Hecht et al. [2]
and contains 21 reversible elementary reactions (see Table 4.1) involving 6 gas-phase
and 12 surface-adsorbed species. It has been validated experimentally for both steam
and dry (CO3) reforming for Ni-YSZ anodes at 800°C [46]. Because the mechanism
is based on elementary reactions and describes all combinations of steam reforming,
dry reforming, partial oxidation, and autothermal reforming, its applicability -spans a
far-broader range than the global reforming reactions often used in SOFC modeling.

Catalyst properties of porosity, tortuosity, specific catalyst surface area, pore size,
particle size, and thickness are defined based on the RS-Type anode for incorporation
into the catalytic reactor model. A tortuosity value of 3.1 and 'a specific catalyst
surface area of 1080 cm?/cm® was used. These values are based on previous studies
of the RS-Type anode. Inlet conditions are described with a volumetric flow rate and
fuel stream composition. A mixture of 50% CH,/50% H,O and 50% CH4/50% CO,
are used to represent the two reforming cases. Computations are performed for the
same flow rates used in the SAE experiment; 75, 100, 150, and 200 sccm. Atmospheric

pressure is assumed at the reactor outlet.
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Table 4.1: Surface reaction mechanism for CH, on Ni [1].

Reaction A n Ee
1. Hz + Ni(s) + Ni(s) — H(s) + H(s) _ 1.000BE-02P 0.0 0.00
2. H(s) + H(s) — Ni(s) + Ni(s) + H,  5.593E+19P 0.0 88.12
3.® Oz + Ni(s) + Ni(s) — O(s) + O(s)  1.000E-02b 0.0 0.00
4.  O(s) + O(s) — Ni(s) + Ni(s) + Oz  2.508E+23P 0.0 470.39
5. CHyq + Ni(s) — CHy(s) 8.000E-03° 0.0 0.00
6. CHg(s) — Ni(s) + CHy4 5.302E+15P 0.0 33.15
7.  Hz0 + Ni(s) — H20(s) 1.000E-01P 0.0 0.00
8. H20(s) — Ni(s) + HzO 4.579E+12P 0.0 62.68
9. CO2 + Ni(s) — COz(s) 1.000E-05 0.0 0.00
10.  COz(s) — Ni(s) + COy 9.334E4-07P 0.0 28.80
11.  CO + Ni(s) — CO(s) 5.000E-01P 0.0 0.00
12.  CO(s) — Ni(s) + CO 4.041E+11P 0.0 112.85
600(5) -50.0¢
13.  O(s) + H(s) — OH(s) + Ni(s) 5.000E-+22 0.0 97.90
14. OH(s) + Ni(s) — O(s) + H(s) 2.005E-+21 0.0 37.19
15.  OH(s) + H(s) — H20(s) + Ni(s) 3.000E+20 0.0 42.70
16.  H20(s) + Nigsg — OH(s) + H(s 2.175E+21 0.0 91.36
17.  OH(s) + OH(s) — O(s) + H20(s) 3.000E+21 0.0 100.00
18. o + H,0(s) — OH(s) + OH(s) 5.423E+23 0.0 209.37
19. + C(s) — CO(s) + Ni(s 5.200E+23 0.0 148.10
20. CO(s) + Ni(s) — O(s) + C(s 1.418E+22 0.0 115.97
X Eco(s) -50.0¢
21.  O(s) + CO(s) — COz(s) + Ni(s) 2.000E+19 0.0 123.60
€CO(s) -50.0¢
22.  COaz(s) + Ni(s) — O(s) + CO(s) 3.214E+23 -1.0 86.50
23.  HCO(s) + Ni(s) — CO(s) + H(s) 3.700E+21 0.0 0.0
€CO(s) -50.0¢
24. CO+ H(s) — HCO(s) + Ni(s) 2.338E4-20 -1.0 127.98
25.  HCO(s) + Ni(s) — O(s) + CH(sg 3.700E+24 -3.0 95.80
26.  Of(s) + CH(s) — HCO(s) + Ni(s 7.914E+20 -3.0 114.22
27.  CHy(s) + Ni(s) — CHg(s) + H(s) 3.7T00E+-21 0.0 57.70
28. CHs(s) + H(s) — CHy4(s) + Ni(s 4.438E+21 0.0 58.83
20. CHgs(s) + Ni(s) — CHaz(s) + H(s 3.700E+24 0.0 100.00
30. CHa(s) + H(s) — CHjs(s) + Ni(s) 9.513E+22 0.0 52.58
31.  CHy(s) + Ni(s) — CH(s) + Hgsg 3.700E4-24 0.0 97.10
32. CH(s) + H(s) — CHj(s) + Ni(s 3.008E+24 0.0 76.43
33. CH{s) + Ni(s) — C(s) + H(sg 3.700E4-21 0.0 18.80
34. C{s) + H(s) — CH(s) + Ni(s 4.400E+22 0.0 160.49
35. O(s% + CHy(s) — CHsa(s) + OH(s)  1.700E+424 0.0 88.30
36. CHgs(s) + OH(s) — O(s) + CHy(s) 8.178E+22 0.0 28.72
37.  O(s) + CH3(s) — CHz(s) + OH(s)  3.700E+24 0.0 130.10
38. CHay(s) + OH(s) — O(s) + CHa(s)  3.815E+21 0.0 21.97
39.  O(s) + CHz(s) — CH(s) + OH(s) 3.700E+24 0.0 126.80
40. CH(s) + OH(s) — O(s) + CHa(s) 1.206E4-23 0.0 45.42
41.  O(s) + CH(s) = C(s) + OH(s 3.700E+421 0.0 48.10
42.  C(s) + OH(s) — O(s) + CH(s 1.764E+21 0.0 129.08

2 Arrhenius parameters for the rate constants written in the form:
k = Aexp(—E/RT). The units of A are given in terms of moles,
centxmeters, and seconds. F is in kJ/mol.
b Sticking coefficient
¢ Coverage dependent activation energy. Detailed definition may be found in Hecht et al. [1}
Total available surface site density is I' = 2.60 x 10™? mol/cm?.
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CHAPTER 5
RESULTS AND ANALYSIS

5.1 CO,; Reforming vs. H;O Reforming

The catalytic reactor model is used to evaluate product differences between dry-
reforming and steam-reforming. As shown in Table 5.1, significantly different refor-
mate compositions are predicted for the two types of reforming. However, for all
four flowrate con&itions, CH, conversion is 2% higher for steam-reforming than for

dry-reforming. CH,4 conversion is defined as

XIn - XOut

CH, Conversion =
X In

(5.1)

Table 5.1: Catalyst reactor results: product mole fractions at 100 sccm total flow
rate.

Reforming Type H, H,O . CO COy CHy CHy
Reforming Type Conversion
Dry o 21%  49% 10.9% 39% 15.8% 68.4%
Steam 14.2% 40.3% 1% 2.6% 15% 70%

Final product mole fractions, however, are quite different between the two types
of reforming. For steam reforming, a much higher percentage of Hs is predicted in the
exhaust stream. For dry reforming, CO dominates the prodilct composition. This
result is expected as the Hy/CO ratio for steam reforming is three and the ratio
for dry reforming is one. On the basis of CH, conversion, steam and dry reforming
are within 2% of each other. Additionally, it has been noted by Rostrup-Nielsen and
Hansen that the kinetics of steam reforming are similar to those of dry reforming [47].

Though other product species vary greatly, this model-based analysis shows that the
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two chemical processes are similar enough to validate use of dry-reforming in place

of steam-reforming for a comparison of anode reforming capabilities.

5.2 Experimental Repeatability

Repeatability results are provided in Figure 5.1(a) - Figure 5.1(e). Standard de-

viation for the three measurements is provided above each set of data points.

0.30 010 ' :
b} H; in electrolyte-side exhaust
0.007
o ' 0.0068 0.08
8 £ 0.0008 4 5p12
2 0.20 0.0055 c 0.0013
§ 'Y 0.0101 g oot 0.0015
8 2 8 #
= ® [
o s 004 |
2 0.10 °
=
=
0.02 |
a) CO; Transport Fuel-Side Exhaust -
0.00 . . 0.00 . .
50 100 150 200 50 100 150 200
Flow rate (sccm) Flow rate (sccm)
0.05 0.25
c) Clj,, in electrolyte-side exhaust . . .
0.04 0.20 |
= ° 0.0076  0.0077 0.0069 ‘
© © 0.0076
¢_=, 0.03 § o015 |
; 0.02 } ‘; 0.10 }
2 S
0.01 | 00007 0.0009 0.0011 0.0011 0.05
8 ‘ ‘ ' d) CO in electrolyte-side exhaust
0.00 r T T 0.00 . .
50 100 150 200 50 100 150 200

Flow rate (sccm)

Flow rate (sccm)

0.30 , -

8) CO; in electrolyte-side exhaust
o 0.0072
Q
© o020 0.0056
£ 0.0038 L}
g 0.0035
i e
[}
2010 |
=

0.00
50 100 150 200

Flow rate (sccm)

Figure 5.1: Mole fractions in exhaust streams for tests performed on three consecutive
days on an RS-Type anode.

The repeatability tests show that the strongest matches are the Hy (Figure 5.1(b))and
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CH, (Figure 5.1(c)) measurements for the dry-reforming tests. The measurement
with the worst repeatability is the 200 sccm condition for the CO; transport test
(Figure 5.1(a)). Standard deviation of these measurements is 0.01 and is still accept-
able. Repeatability appears to be better for the lowest flow rates and worsens with
increasing flow rate. Overall, repeatability experiments demonstrate the reasonable

precision of the measurement process in use.

5.3 Morphological and Material Characterization

The five anode materials and structures tested were characterized using a variety of
tools as described in Section 3.3. SEM images are used to gain a general understanding
of the material’s pore structure and potential ability to transport gas through it.
High-magnification SEM images are used to determine average particle size. Average
pore size is determined using mercury porosimetry and porosity is determined via
Archimedes’ method. Thickness is another important parameter as it indicates the
distance that a gas has to travel through the anode. These competing properties,
while useful parameters in determining anode performance, do not provide a clear

answer as to which material or structure will perform best.

5.3.1 SEM

SEM images taken of the cross-sections of the four materials studied are shown in
Figure 5.2. Significant differences in the materials’ microstructure is evident. Open
porosity is a desirable trait for an anode material because it provides many pathways
for gases to travel through. The RS-Type anode (a) has a more-open microstructure,
with larger pores and particles than the other materials. Barrier layer (b) pores
appear very fine and result in a more-closed microstructure. Color variations in the
C-Type anode (c) highlight the differences in Ni and YSZ particles in the cermet

anode. Large, dark, nickel particles are visible, as are smaller dark nickel particles.
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YSZ particles appear as the lighter, small particles. While LSCM (d) contains many
finer pores, the sizes of the pores and particles are smaller than those of the RS-Type

anode.

COLO MINES S| 2.0kV X1,000 WD 10.1mm 10um

000 WD nm m COLO MINES SEI 2.0kV X1,000 WD 10.0mm - 10um

Figure 5.2: SEM images of cross-sectioned anodes.

5.3.2 Morphological Properties

A summary of anode morphological properties is provided in T:;Lble 5.2. From
these properties, one might expect that the RS-Type anode will have the highest gas
transport, followed by LSCM, C-Type, and then the barrier layer. Anode thickness,
however, also plays a role in how much gas will diffuse through the anode. Gas
transport is dependent upon all of these properties, thus it is difficult to tell which

anodes will perform best. Though the RS-Type anode has the highest bulk porosity
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Table 5.2: Anode morphological properties.

Mean Mean
Anode Porosity  Pore Particle  Thickness
Radius Diameter
(pm)  (pm) (mm)
RS-Type 43% 0.9 3 1448
C-Type 34.8%  0.1323 1.5 886.5
Barrier Layer  27% 0.1713 1.1 950
LSCM 36.8%  0.6763 2 1107

and largest mean pore diameter, its overall thickness is much higher than that of the
other structures. These competing properties make it unclear as to which material

will provide the most-facile gas transport.

5.4 Separated Anode Experiment Results

The Separated Anode Experiment is used to evaluate the gas transport and
internal-reforming behaviors of the five anode materials and structures studied in
this work. Results are divided into three groups: (1) a comparison of the nickel-based
RS-Type and C-Type anodes; (2) a comparison of the behavior of the inert barrier
layer and the barrier/RS-Type bi-layer; and (3) results for the nickel-free LSCM per-
ovskite anode. Results from the RS-Type anode are included in all three sets of data

for comparison.

5.4.1 Comparison of Nickel Anodes

CO, Transport

CO; mole fractions measured in the fuel-side exhaust stream (see Figure 5.3)
provide a comparative measure on gas transport across the RS-Type and C-Type
anodes. The amount of COs in the fuel-side exhaust stream is much higher for the

RS-Type anode than for the C-Type anode. These results indicate that the RS-Type
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anode is better able to promote gas transport despite being significantly thicker.
These measurements are in agreement with the SEM images and liquid picnometry
measurements shown in Figure 5.2 and Table 5.2, respectively. The pore radius of
the RS-Type anode is almost seven times larger than that of the C-Type anode and

is another contributor to higher transport.
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Figure 5.3: CO, mole fraction in fuel-side exhaust stream for RS-Type and C-Type
anodes.

CH, Dry Reforming

The electrolyte-side exhaust streams for methane dry reforming over the RS-Type
and C-Type anodes are shown in Figure 5.4. Reactant species are in Figure 5.4(a)
and Figure 5.4(b); product species are in Figure 5.4(c) and Figure 5.4(d). The results
shown in Figure 5.4(&) indicate that trace amounts of CH, remain in the exhaust
stream for both anodes. The CHy is being consumed by catalytic reforming reactions
within the nickel structures. More CO; is detected in the electrolyte exhaust stream
for the C-Type anode than the RS-Type anode, in keeping with the gas-transport

results, as the C-Type anode has a tighter microstructure reducing CO, diffusion into
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the anode structure. As for the reactants, significant differences exist between the Hs

and CO mole fractions for the anodes. A much-higher mole fraction of hydrogen is

observed for the CoorsTek anode than for FCT’s anode, but the CO mole fractions

are much closer together. This may be due to the reverse water-gas shift reaction:
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Figure 5.4: Electrolyte-exhaust mole fractions during dry-reforming of CH, within
RS-Type and C-Type anodes.

As more COs is present in the C-Type anode electrolyte stream, higher conversion

of Hs to HoO may be occuring in this anode. Since the water content of the exhaust

stream is not measured, it cannot be determined if the exhaust stream of the C-Type

anode carries a higher steam content. All other indicators, however, demonstrate that




a reverse water-gas shift has occurred.

A comparison of the RS-Type anode and the more conventional C-Type anode
reveals that the more-open microstructure of the RS-Type anode results in higher
syngas concentrations in the electrolyte exhaust streams, translating to higher syngas
amounts at the triple-phase boundaries in an operating SOFC. Because the reactants
are able to diffuse more freely through the RS-Type anode structure, more CH, can

be reformed to Hy and CO than for the C-Type structure.

5.4.2 Comparison of Barrier Layer and RS-Type Anodes

CO; Transport
The results of the gas transport tests for a barrier layer and a barrier layer com-

bined with an RS-Type anode (bi-layer) are shown in Figure 5.5.
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Figure 5.5: CO;3; mole fraction in fuel-side exhaust stream for RS-Type anode, YSZ
barrier layer, and CoorsTek/barrier bi-layer.

RS-Type anode results are also shown for comparison. As expected from the

porosity data, the RS-Type anode has the highest gas transport, followed by the the
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barrier layer, and then the combiﬁation of the two. An increased total cross—sectionél
thickness of the barrier layer and RS-Type anode result in lower gas transport. In
addition to having a lower porosity than the RS-Type anode, the barrier layer also
has smaller pores and particles. However, lower gas transport within a barrier layer

is desirable for slowing the flux of hydrocarbon fuel onto a catalytic surface.

CH,; Dry Reforming

Electrolyte-side exhaust mole fractions for dry reforming tests on the barrier layer

anodes are provided in Figure 5.6.
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Figure 5.6: Electrolyte-exhaust mole fractions during dry reforming of CH, within
RS-Type anode, YSZ barrier layer, and RS-Type/barrier bi-layer structures.

Again, reforming reactants are in Figure 5.6(a) and Figure 5.6(b), while prod-

ucts are in Figure 5.6(c) and Figure 5.6(d). The inert barrier layer performs as ex-
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pected. While some CHy and CO; are transported through the barrier layer, very
little methane reforming occurs, as the YSZ material is not an active catalyst for
dry-reforming of CH4. Virtually no Hy or CO is present in the exhaust stream as
shown in Figure 5.6(c) and Figure 5.6(d).

For the anode/barrier bi-layer, a small amount of CHy is present in the electrolyte
exhaust. While this and a 10\& H, concentration imply low gas transport from the fuel
side to the electrolyte side, the high CO content in the electrolyte exhausts indicates
that significant fuel conversion is occurring (Figure 5.6(d)). As CO, is present in the

bi-layer electrolyte exhaust stream, the reverse water-gas shift may also be occurring

here.

5.4.3 Comparison of LSCM and RS-Type Anodes

CO, Transport

Gas transport experiment results for the perovskite anode are shown in Figure 5.7.

The RS-Type anode results are provided for comparison.
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Figure 5.7: CO, mole fraction in fuel-side exhaust stream for RS-Type and LSCM
anodes. .
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Again, gas transport through the LSCM anode is lower than the RS-Type anode.
Material properties such as porosity, pore size, and particle size indicate that this is
the expected result. While gas transport is lower for LSCM than for the RS-Type
anode, LSCM gas transport is reasonable, implying that the LSCM microstructure is

adequate from the perspective of gas transport.

CH,; Dry Reforming
CH, dry reforming experiment 'results‘for the LSCM and RS-Type anodes are

shown in Figure 5.8.
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Figure 5.8: Electrolyte-exhaust mole fractioﬁs during dry reforming of CH, within
LSCM and RS-Type structures.

Figure 5.8(a) shows that some CH, has diffused through the LSCM anode to

the electrolyte-side, and Figure 5.8(b) shows that most of the CO3 remains on the
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electrolyte-side. No Hy is measured in the exhaust stream (Figure 5.8(c)), despite the
fact that the inlet stream contained 3.5% H,. Figure 5.8(d) reveals that significant
CO is produced during the experiment.

Though LSCM does not show significant catalytic activity for CH, reforming, it
does show activity for the reverse water-gas shift reaction since CO is generated and
H; is consumed. The catalytic activity of LSCM for the reverse water-gas shift has

been reported on by Tao et al. [48]. It was reported that the general reaction was
'CH, + 3C0O, — 2H,0 + 4CO,

and the end products were steam and CO rather than H, and CO. These results,
combined with the previous work of Tao, indicate that, in order for LSCM to be a
viable anode for operation on hydrocarbon fuels, the catalytic activity for breaking

C-H bonds must be increased.
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CHAPTER 6
CONCLUSIONS

The Separated Anode Experiment has been developed to provide a basis for com-
paring the gas-transport and fuel-reforming attributes of different SOFC anodes and
structures. These processes are tightly coupled and difficult to understand with
traditional electrochemical testing procedures. Though previous studies have been
performed using this experiment, it has been further improved upon and developed
in this work. In this study, five different anodes were evaluated and compared: a
reaction-sintered Ni-YSZ anode, a conventional Ni-YSZ anode with AFL, an inert
barrier layer, an RS-Type/barrier bi-layer, and a nickel-free perovskite anode.

The RS-Type anode shows the highest gas transport and internal reforming capa-
bilities due to its more-open pore structure. The C-Type anode, while demonstrating
an ability for methane reforming, shows very low gas transport as a result of its finer,
more-closed microstructure. The inert barrier layer has lower gas transport than
the RS-type anode and negligible reforming capabilities, both of which are expected
results. As a result of the increased thickness, the RS-Type/barrier bi-layer demon-
strates lower gas transport than both of its original components, but has higher
internal reforming capabilities than the barrier layer alone. Reforming capabilities
could be increased by improving the microstructure of the barrier layer. The LSCM
perovskite anode, while demonstrating catalytic activity for the reverse water-gas
shift, has very little methane-reforming catalytic activity. Its ability to transport gas,
however, is sufficient.

Although steam is an important product of electrochemistry, dry reforming has
been used in this study in place of steam reforming due to experimental constraints.
A comparison of the two types of reforming has been performed using a plug-flow

reactor model. Model results show that, while Hy and CO product mole fractions
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vary, total CHy conversion is approximately equal.

6.1 Experimental Improvements

Some weaknesses exist in this experimental setup and have been identified as
areas for improvement. Mass spectrometry is currently used for quantification of
exhaust species. Thbugh the repeatability of this technique has been verified in this
study, it is not as accurate as other measurement methods for .quantification. Gas
chromatography would be a better measurement technique to use for this application.
An Agilent MicroGC has been purchased for this task and will be put into use in future
experiments. By utilizing a GC, the overlap of CO and N signals will no longer be a
problem. Additionally, a shorter distance between the experiment and measurement
device will likely minimize the opportunities for leaks to appear.

Additionally, since steam is a major product of electrochemistry, its addition to
the inlet stream must be made accurate and incorporated into the experiments. The
previous method of steam addition was through the use of a bubbler heated to a
temperature corresponding to a desired mole fraction of steam. Through extensive
testing as part of this work, this method proved to be extremely unreliable. Incorpo-
ration of a vaporizer into the experimental setup is recommended. Development of a
reliable vaporizer is currently being conducted at the Colorado Fuel Cell Center.

Measurement of steam mole fraction of the experimental exhaust is also recom-
mended, especially for experiments involving steam reforming. It is an important
product in reforming reactions and would also help determine whether the reverse
water-gas shift reaction is occurring in certain situa‘pions. A dewpoint hygrometer

such as the one produced by Rotronic would be useful.
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6.2 Future Work

Future work for the SAE involves expanding gas-transport and CHy4
steam-reforming tests to different anode materials. These materials will include a
catalyst-coated barrier layer and new perovskite anodes. The current barrier layer
will be improved to obtain higher porosity and will then be coated with Rh particles.
A multi-phase perovskite anode currently under development at the CFCC will also be
investigated with the SAE. This anode contains LSCM, SLT, and YSZ. It is designed
to have higher catalytic activity for hydrocarbon reforming.

Future work will also include the development of a computational model. Ef-
forts will be made to match the computational model predictions with experimental
results. Carbon and hydrogen element balances will be performed on experimental
data. Sensitivity to properties such as tortuosity, pore size, particle size, and catalyst
surface area will be analyzed. Improvements to the computational model may include
alterations to the heterogeneous kinetic mechanism being used for chemistry. This
mechanism, however, will only be applicable for anodes containing nickel.

With experimental improvements and model development, a final goal for the
SAE is to utilize.it for microstructure optimization of anodes. An optimal SOFC
anode must possess a balance between gas transport and reforming capabilities with
a minimization of carbon deposition. A finely-tuned model can aid in determining

the best balance.
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APPENDIX B - FUEL UTILIZATION CALCULATIONS

Fuel utilization calculations are performed to understand the implications of the
gas mixtures used in dry-reforming experiments. The percentage of the fuel supplied
which would be used to sustain a typical SOFC current density is calculated using
the following .equations.

Assuming current density, i, of 0.45 A/cm?.

) z

MHyreq'd = 75 (2.1)
where n is the number of moles of electrons per mole of Hy (2) and F is Faraday’s
constant (96,400 Coulombs per mole). This means that 2e-6 moles of Hy per second

are needed to sustain a current density of 0.45 A/cm?. Since the dry reforming

reaction of CHy is

CH4 + CO5 — 2H, + 2CO,

a maximum number of two moles of hydi‘ogen are available for every one mole of

methane. Therefore,

th,supplied = 27:LCH4- (22)

The molar flow rate of CHy is calculated from experimental inlet conditions. For the
case of 100 sccm with 20 mole % CHy, there is a volumetric flow rate of 20 sccm of
CHy4. The molar flow rate is calculated with the Ideal Gas Law,

PV

where R is the gas constant (0.082 L-atm/mol-K), T is the temperature (298 K), and

P is the pressure (1 atm). The calculated molar flow rate of hydrogen is therefore
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Table B.1: Fuel Utilization Values.

Flow Rate Fuel Utilization

(sccm) (%)
75 10
100 74
150 4.9
200 3.6

2.7e-5 moles H,/sec. Fuel utilization is calculated with the equation,

— T H, req’d
Utilization = —2—__ (2.4)
an,supplied

A table of the calculated utilization values for every flow rate is shown in Table B.1.
The table indicates that much more CH, is being supplied to the cell than is theoret-
ically needed to sustain a current density of 0.45 A/cm?. This calculation, however,
assumes that all of the CH,4 supplied is reformed to Hy fuel. Actual fuel utilization

values would be higher.
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