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Chapter 1: Introduction

1.1 Introduction to Solid Oxide Fuel Cells
1.1.1 Solid oxide fuel cell as a clean energy device

Solid oxide fuel cells (SOFCs) are known for their high power densities and conversion
efficiencies, and their development is an area of great technological interest [1-4]. SOFCs have
a particularly wide range of applications ranging from centralized megawatt scale power plants
through to local domestic generations on the 1 kW scale. There are even some SOFC ‘palm-
power’ applications being considered in the 10 W range. Fuel cells are not subject to the
Carnot-cycle limitations, and unlike gas-turbines, exhibit their highest efficiencies at low loads.
One of the limitations of current fuel cell technologies is the requirement that the fuel should
be hydrogen. The linking of fuel cells as an energy conversion device and hydrogen as an
energy carrier has emphasized investment in polymer electrolyte membrane fuel cells
(PEMFCs) as a part of a larger ‘hydrogen economy’. PEMFCs have an advantage of being able
to operate from room temperature, but essentially only accept hydrogen as the fuel. The
introduction of ‘hydrogen economy’ might seem an attractive scenario for low environmental
impact society, however, its implementation is beset with formidable technical and economic
difficulties. Unless there is a breakthrough in production, transportation and storage of
hydrogen, this concept will remain an unlikely scenario. Despite the fact that the best
performance of fuel cells is often achieved when running on hydrogen, practical applications
may likely require utilization of more readily available hydrocarbon fuels such as methane or
propane, to ensure that the technology is able to penetrate the relevant major markets [5-8]. In
contrast to PEMFCs, SOFCs can in principle oxidize any fuel from hydrogen to even carbon
because oxygen ions are transported through the electrolyte from the cathode to the anode

compartment. The fuel processing reaction can be accomplished within the stack, which



enables innovative thermal integration design features to provide high system efficiencies. As
such, SOFCs offer a great promise as a clean process for directly converting chemical energy
to electricity while providing significant environmental benefits. As a result of their high
conversion efficiencies, the amount of CO produced can be less than half per kwWh compared
to internal combustion engines. Moreover, SOFC operation on biofuels is the most energy
efficient means to utilize local grown carbon neutral fuels. Methane is one of the most abundant
hydrocarbon fuels being a major component in natural gas, and is also abundantly included in

biogas and sewage gas [9].

1.1.2 Operating principles of solid oxide fuel cells and polymer electrolyte membrane
fuel cells

The operating principle of an SOFC running on methane is shown schematically in Fig. 1.1
(a). For simplicity sake, full oxidation of methane is assumed which may not be the case in real
operation conditions. SOFC consists of three major components; a cathode electrode, an anode
electrode, and an oxygen ion (O%) conducting solid electrolyte. Under operation, molecular
oxygen is reduced to oxygen ions at the cathode using electrons supplied from an external
circuit.

02 (g) + 4e” — 207 (1.1)

The electrolyte must be dense to separate fuel and air compartments of the cell, and retain its
high ionic conductivity and low electronic conductivity over a wide range of oxygen partial
pressures. Driven by the difference in oxygen chemical potential between fuel and air
compartments of the cell, oxygen ions travel through the electrolyte to the anode where the fuel
(in this case, methane) is oxidized yielding heat, water vapor, carbon dioxide and electrons.

CHa4 (g) + 40 — CO2 (g) + 2H20 (g) + 8¢ (1.2)

At the present time, the most well established material for a SOFC anode is nickel - yttria-



stabilized-zirconia (Ni-YSZ) composites. Ni in these cermet anodes provides electronic
conductivity and catalytic activity, while YSZ provides ionic conductivity to allow O? to
diffuse into the anode and a structural support to prevent Ni sintering. Electrons released by
this reaction flow through the external circuit to the cathode, producing electrical energy by
means of external load and complete the overall reaction. Although full oxidation of methane
is assumed in equation (1.2), it should be noted that direct electrochemical oxidation of
methane is not likely to occur in one step [8, 10], where details will be discussed in subsection
1.2.1.

Operating principle of a PEMFC is shown schematically in Fig. 1.1 (b). Instead of oxygen
ions traveling from the cathode to the anode as in the case of SOFCs, protons travel from the
anode to the cathode through proton conducting electrolytes. In order to maintain sufficient
proton conductivity, the water content in the polymer electrolyte membrane needs to be
carefully controlled by an appropriate ‘water management’ technology. Molecular hydrogen is
oxidized to protons at the anode compartment releasing electrons to the external circuit.

H. (g) — 2H+ 2¢° (1.3)

At the cathode, protons react with oxygen molecules from ambient air and electrons from the
external circuit producing water.

O2(g) +4e + 4H" — 2H,O (g or I) (1.4)

Note that reaction products are formed at the cathode for PEMFCs, where they are formed at
the anode for SOFCs. PEMFCs require relatively pure hydrogen with very low impurities (e.g.
CO) to be supplied to the anode as the impurities may poison the precious metal catalysts and
deteriorate the fuel cell performance. Thus, the use of hydrocarbon fuels requires an external
fuel processer with an ability of extensive CO removal down to lower ppm level. Another
drawback of low temperature PEMFCs is that they require extensive amount of platinum based

catalysts for both anode and cathode electrodes.
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Fig. 1.1 Schematic of fuel cell operating principle, (a) SOFC operating on methane assuming

full oxidation, and (b) PEMFC operating on hydrogen.



1.2 Direct Hydrocarbon Operation of Solid Oxide Fuel Cells
1.2.1 Alternative anodes for direct hydrocarbon operation

For high temperature SOFCs operated in 700~1000 °C range, partial external steam reforming
is currently the most widely used approach to utilize hydrocarbons. Selected hydrocarbon fuels
can be introduced directly into the SOFC anode compartment with steam for internal reforming,
and can help to remove some of the heat generated by cell inefficiencies. However, due to the
strong endothermic nature, internal steam reforming can also make it difficult to maximize the
system performance because of cold spots in the cell, which in turn lead to lower performance
of certain parts of the anode. This may also result in enhanced temperature gradients within
cell compartments and cause undesirable internal stresses and related difficulties in the thermal
management of the stack [11].

Direct hydrocarbon fueled SOFCs without pre-mixture of steam would eliminate the need of
a reformer and a humidifier, and would substantially simplify system complexity and reduce
overall cost (as shown in Fig. 1.2). At present, reformer, humidifier and related water
management system is taking up a significant portion of the SOFC system volume and cost.
The most critical issue for SOFC operating on hydrocarbon fuels without reforming is the need
of anodes that do not catalyze carbon formation due to fuel cracking at operating temperatures
[6, 12, 13]. Conventional Ni based anodes easily catalyzes carbon formation and do not appear
to be suitable for direct hydrocarbon utilization. Several researchers have made progress on
mitigating this issue while maintaining a reasonable performance of SOFCs, in recent years by
using anodes alternative to conventional Ni-YSZ cermets [1-5, 8, 14-20]. For example, Park et
al. [8] reported direct electrochemical oxidation of various hydrocarbons with copper-ceria
composite anodes at 700~800 °C. At 700 °C, reasonable power density of 0.12 W cm was
achieved with dry n-butane as the fuel. Gas chromatography analysis of the anode effluent

showed that final products of the fuel oxidation were CO> and water, suggesting that n-butane



was completely oxidized through the anode reaction. Particularly methane-fueled SOFCs have
received considerable attention in the scientific community due to its abundance and
accessibility [3, 21-24]. Chen et al. [21] showed an open circuit voltage (OCV) of 0.8 V and a
power density of 60 mW cm at 750 °C with 3 % humidified methane as fuel with a redox
stable perovskite Lao.75Sro.25CrosMnos03 (LSCM) — gadolinia doped ceria (CGO) anode. The
OCV increased to above 0.9 V at 850 °C, indicating that humidified methane is not reaching
its equilibrium state on the LSCM-CGO anode at this temperature due to the low catalytic
activity of the anode towards methane oxidation. Wang et al. [24] reported an OCV of 0.8 V
and power density of 460 mW cm at 650 °C with Ru — samaria doped ceria (SDC) catalytic
layer on top of Ni-SDC anode. Three % humidified methane was supplied as the fuel. It is
likely that some methane was first oxidized to CO, and water under the electrocatalysis by the
mesoporous SDC. Available additional methane was then internally reformed with the created
water and COz under the catalysis of Ru to form syngas (CO+Hz), which acted as the fuel for
the following electrocatalytic oxidation. This concept that reforming can still occur even with
dry fuel sources is generally named gradual internal reforming, and is considered as an
important mechanism towards direct utilization of hydrocarbons in SOFC anodes (as shown in
Fig. 1.3 from [25]). Hibino et al. [14] also demonstrated a direct methane-fueled SOFC with
performance of 750 mW cm at 600 °C by utilizing Ni-CGO-Ru anodes. This peak power
density was comparable to that of 769 mW cm2 with hydrogen fuel. The role of the Ru catalyst
in the anode reaction was explained to promote the reforming reaction of unreacted
hydrocarbons with produced steam and CO., which avoids interference from steam and CO>
in the gas phase diffusion of the fuels. Table 1.1 summarizes some of the recent efforts on

direct hydrocarbon operated SOFCs, including the works described above.
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Table 1.1 Recent efforts on development of direct hydrocarbon operated SOFCs.

Cell , . Planar Planar Planar Planar Planar Tubular
configuration
Cell
temperature 700 700 600 750 650 554
°C
Power density
2 120 280 750 60 460 450
mW cm
Dry Drv CH CH, / CH, / CH, / Humidified
Fuel n-butane Y= 3wHO  3%HO  3%HO  CH,(sic=4)
Anode Cu-CeO,- Pd + Cu- Ni-CGO-RU LSCM- Ru-SDC / Ni-CGO-
composition YSZ CeO,-YSZ CGO Ni-SDC CeO,
Authors Park Mclintosh Hibino Chen Wang Suzuki
et al.[8] et al. [4] et al. [3] et al. [21] et al. [24] et al. [16]




1.2.2 Ruthenium as an anode material for direct hydrocarbon utilization

In this work, Ru has been investigated as an anode catalyst for direct methane utilization.
Other transition metals such as platinum (Pt), palladium (Pd) and Ni are also active for methane
oxidation, however Ru is expected to have a better microstructural stability under SOFC
operation conditions because of its high melting point compared to Pt, Pd and Ni (Ru: 2334
°C; Pt: 1768 °C; Pd: 1555 °C; Ni: 1455 °C). Moreover, Ru has been recognized as an excellent
catalyst for wide range of hydrocarbon utilization, such as steam reforming [26-29], dry
reforming with CO [27, 30-32] and partial oxidation of methane [33-36], and has been utilized
for direct hydrocarbon oxidation in SOFCs [3, 37-39]. Catalytic activity of Ru towards methane
reforming is known to be active at temperatures as low as 300 °C [40]. Figure 1.4 schematically
provides possible reactions paths for methane oxidation over Ru based anodes in SOFCs that
have been discussed in literature [3, 26, 27, 30, 32, 41]. One of the major reaction paths of
methane oxidation on Ru based anodes is, (a) partial oxidation combined with reforming and
electrochemical oxidation of the intermediates. Partial oxidation and steam or dry reforming of
methane produces intermediate reactants such as H. and CO. These can be oxidized to generate
H20 and CO> which further aids methane reforming. Within this scheme, the overall reaction
cycles are locally coupled and accelerated [41]. Another possible reaction path is, (b) a process
that involves C-H bond cracking followed by electrochemical oxidation of the products.
However, Ru is known to be rather inactive to methane cracking compared to Pd, Ni and other
known metal based catalysts [42]. Ru is especially active to dry and wet reforming of
hydrocarbons and highly tolerant to carbon deposition [27] and thus, appears to be a promising

anode material for direct hydrocarbon utilization in low temperature SOFCs.
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1.3 Introduction to Thin Film Micro-Solid Oxide Fuel Cells
1.3.1 Lowering the operation temperature of solid oxide fuel cells

Current SOFC technology mostly requires operation in the temperature regime of ~800 °C to
avoid unacceptably high polarization losses. These high temperature demand specialized
expensive materials for the fuel cell interconnects, seals and insulation resulting in higher
system cost, as well as slow start-up and significant energy consumption to heat up to the
operating temperature. These factors dramatically limit the applicability especially in portable
power and transportation markets. Reducing fuel cell operation temperature to intermediate ~
low temperature range would allow a wider range of material choices, rapid start-ups and
shutdowns, and reduced energy consumption at start-ups. Moreover, it has been pointed out
that operation above 700 °C with hydrocarbon fuels potentially results in problematic carbon
coking from thermodynamics stand point [23]. Decreasing the temperature may however result
in a decrease of the performance, due to an increase in area-specific resistivity (ASR) of the
cell. Besides the contribution of kinetic losses from the electrochemical reactions occurring at
the anode and cathode electrodes, Ohmic losses related to oxygen ion transport through the
electrolyte may become significant [43]. Improvement in fuel cell performance at low
temperature regime can be achieved by multiple routes. In order to lower the Ohmic loss
through the electrolyte, the thickness can be reduced down to tens of micrometers in electrode-
supported cell configuration [18, 43-46]. If we assume that the electrolyte component should
not contribute more than 0.15 ©Q cm? to the total ASR, then the electrolyte thickness needs to
be below 15 um at 700 °C with YSZ electrolytes (as shown in Fig. 1.5 from [18]). The use of
even thinner electrolytes would allow the operating temperature to be lowered furthermore,
and with 1 um thick YSZ electrolytes the operation temperature can be lowered to 500 °C range.
Another approach is to develop new electrolyte materials with higher ionic conductivity

compared to conventional zirconia based electrolytes, in order to reduce Ohmic resistance with
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similar electrolyte thicknesses. For example, Ishihara et al. [47, 48] have developed LaGaOs
based perovskite oxide ion conductor that shows almost an order higher conductivity compared
to conventional YSZ. It is claimed that this electrolyte material (Lao.oSro.1Ga1-xMgxQO3) is stable
over a wide range of oxygen partial pressure, and exhibits oxide ion conductivity from pO> =
10 to 1 atm. Operation in fuel cell configuration has also been demonstrated showing
promising power density of 0.1 W cm at 600 °C. Another interesting electrolyte material,
doped bismuth oxides (Bi2Os3) are known for their high ionic conductivity but they have a
problem of chemical instability under reducing condition where bismuth is reduced to its metal
form [49]. In order to avoid this instability, Wachsman’s group have demonstrated a bilayer
structured electrolyte of erbium oxide doped Bi».Oz and dense CGO, with a bismuth ruthenate
— Bi>03 composite cathode and demonstrated peak power density of 2 W cm at 650 °C [50].

Besides the ASR from the electrolyte Ohmic resistance, non-ohmic electrode ASR can also
be significant at intermediate to low temperatures [51]. With decreasing temperature, area
specific electrode reaction rates decreases exponentially. In order to lower the electrode
polarization losses, new materials with improved catalytic activity have been developed [7, 18,
43, 52], along with improving electrode microstructures which increases effective reaction area
[5, 7, 18, 52, 53]. By shifting the effective dimension of the catalytic phase from micro (10°°)
to nanometer (10°) order, it would be possible to dramatically increase electrochemically
active triple phase boundary (TPB) density and compensate for the reduced area specific
electrode reaction rates [54]. Furthermore, by reducing the operation temperature these
nanostructured electrodes gain stability against coarsening, which is a primary degradation

mechanism for SOFC electrodes.
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1.3.2 Previous works on thin film micro-solid oxide fuel cells

Because direct conversion of chemical to electrical energy does not suffer from the Carnot
efficiency restrictions of conventional thermal-mechanical energy production methods, in
principle it is possible to scale down the size of the device without affecting the SOFC overall
efficiency. A research effort at MIT showed the first example of using silicon processing
technologies developed for microelectromechanical systems (MEMS) applied to the
fabrication of self-supported SOFC electrolyte membranes [55]. As shown in the schematics
in Fig. 1.6, the design is based on a conventional dual chamber configuration where a dense,
self-supported electrolyte membrane separates the fuel and oxidant gases and also serves as a
mechanical support for anode and cathode electrodes. The driving force of the electrochemical
reaction is the oxygen partial pressure difference between the anode (low pO2) and the cathode
(high pO2). Ultra-thin uSOFCs were fabricated at Stanford University using lithography and
etching, made of a YSZ electrolyte film deposited by RF sputtering on a silicon wafer with
porous Pt films both for anode and cathode prepared by DC sputtering [56]. The fuel cell power
output using hydrogen as fuel with a 50 nm thick YSZ electrolyte was 130 mW cm at 350 °C.
An addition of a supplementary CGO layer between the YSZ and cathode layers increased the
power output to 200 mW cm at 350 °C. Further efforts in improving performance of uSOFCs
have been given extensively over the past decade. For example, a group of Harvard University
have demonstrated a peak power density of 1.04 W cm and OCV of 0.97 V at 500 °C by
optimizing nano-porous Pt anode morphology in Pt/YSZ/Pt uSOFCs with 100 nm YSZ
electrolyte [57]. Pt electrode thickness was optimized to maximize the TPB length, while YSZ
electrolyte thickness was optimized to improve the fuel cell performance at elevated
temperature. Su et al. [58] reported a maximum performance of 861 mW cm2and OCV of 1.09
V at 450 °C by using 70 nm thick corrugated electrolyte membranes deposited by atomic layer

deposition. The cell size was 600 um x 600 um with embedded cups of 15 um diameter and 20
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um depth, leading to 5-fold increase in the effective surface area.

Such small scale fuel cells also have relevance to applications in mobile energy and are
emerging field of active research. The large energy densities of SOFCs and the versatility in
fuel use, not limited to hydrogen, generates interest in the deployment of uSOFCs for mobile
power generation in the lower 1~500 W range. Foreseeable applications include portable
electronic devices (which are now powered by rechargeable batteries), vehicle power supplies,
and auxiliary power units. Figure 1.7 shows that uSOFC systems are predicted to have the
highest energy density in terms of weight and size, compared to direct methanol fuel cell
(DMFC) and PEMFC systems [46]. uSOFCs are also predicted to achieve three to four times
the energy density of lithium-ion or nickel-metal hydride batteries. This feature is crucial
because of the ever increasing functionalities offered by modern portable electronic devices
are rapidly increasing energy density requirements for the power sources to a level that cannot
be sustained by current rechargeable battery technologies. Moreover, a micro-fabricated
SOFCs could possibly be integrated onto a single chip with other electronic circuits, enabling

low cost and compact electronic devices.
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1.3.3 Hydrocarbon-fueled micro-solid oxide fuel cells

The aforementioned performance of uSOFCs in section 1.3.2 were mostly achieved by using
hydrogen as the fuel, and operation, performance and properties of low temperature thin film
uSOFCs using hydrocarbons as fuels have received less attention. Recently, a group of Harvard
University demonstrated a peak power density of 95 mW cm2and OCV of 0.85V at 440 °C
with a Pt anode uSOFC in weakly humidified methane, after optimizing the electrode
morphology [57]. Pt is not an ideal catalyst for methane utilization, and the power density
obtained was an order of magnitude lower than that with Hx fuel. The same group also
demonstrated a peak power density of 385 mW cm and OCV of 0.77 V at 550 °C with Pd
anode uSOFCs in weakly humidified methane, along with detailed studies on morphology and
electrical conductivity on Pd thin films [15]. Pd catalysts exhibit excellent low temperature
catalytic activity on methane reactions [59], however, the Pd anodes may face undesirable
carbon deposition, which can potentially hinder overall cell performance. Indeed, growths of
carbon fibers were observed on the Pd anode after methane operation of the uSOFC. Table 1.2
summarizes selected recent works on thin film uSOFCs operated with hydrogen and methane

as fuel.
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Table 1.2 Recent works on thin film uSOFCs operated with hydrogen or methane.

Year 2007 2008 2008 2011 2011
Cell
temperature 400 550 450 500 440 550
°C
Power
density , 400 152 861 1040 95 385
mW cm
Open circuit
voltage 1.10 1.05 1.09 0.97 0.85 0.77
\Y
CH 4/ CH 4/

Fuel H2 H2 H2 Hz 3%H20 3%H20
Anode Pt Pt Pt Pt Pt Pd
materials
Authors Huang Muecke Su Kerman Kerman Lai

et al. [56] et al. [60] et al. [58] et al. [57] et al. [57] et al. [15]
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1.4 Composite Anodes for Solid Oxide Fuel Cells
1.4.1 Nickle — yttria-stabilized-zirconia composite anodes in conventional solid oxide
fuel cells

A dominant anode material for conventional high-temperature hydrogen fueled SOFCs has
been Ni-YSZ cermets near half a century. A schematic view of Ni-YSZ cermets is depicted in
Fig. 1.8. It consists of percolated YSZ and Ni three dimensional structure composing enhanced
effective TPB lengths. In early SOFC developments, single phase materials such as iron oxides
and Pt were investigated, but corrosion and resulting critical damage during operation was
problematic. Transition metal anodes were not stable once the partial pressures of oxidation
products in the anode exceed a critical value. Nickel is an excellent catalyst for hydrogen
oxidation but has a significant thermal expansion mismatch compared to YSZ. Furthermore, at
high temperatures Ni aggregates by grain growths obstructing the porosity of the anode, and
reduces the TPB length required for electrochemical reactions. Ni-YSZ anode introduced by
Spacil [61] made this composite a standard anode material in current SOFC technology. Two
problems approached by introducing composite materials were, 1) mechanical stress between
Ni anode and YSZ electrolyte during temperature changes induced by the large difference in
thermal expansion coefficient, and 2) Ni aggregation during operation and resulting
performance degradation of the cell. The main functionality of YSZ in the composite is
essentially structural, to retain the dispersion of the metal particles and the porosity of the anode.
Ni grains need to be electrically interconnected in order to be electrochemically active for fuel
oxidation. The second important role of YSZ matrix is the oxide-ion conductivity to
dimensionally expand electrochemically active area of the Ni catalysts by increasing active
TPB length. A major disadvantage of Ni based anodes is their high activity towards
hydrocarbon cracking. The rapid carbon deposition on Ni cermets indicates direct oxidation of

hydrocarbons is not technically viable with Ni based anodes.
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Fig. 1.8 Schematic view of Ni-YSZ anodes on YSZ electrolytes.

1.4.2 Nano-composite anodes for micro-solid oxide fuel cells

Although technical advantages of metal-ceramic composite as anode electrodes are widely
accepted in conventional SOFCs, development of nano-composite electrodes for uSOFCs has
gained relatively less attention. Analogous to their conventional counterparts, nano-composite
electrodes are expected to restrain metal coarsening by confining metal grains in ceramic
networks [62-66]. Past works on thin film composite electrodes were focused on Ni-ceramic
composites, ceramic materials being either YSZ or gadolinia-doped ceria (CGO). One of the
earliest results came from the group of Northwestern University. Wang et al. have fabricated
Y-stabilized Bi2O3 (YSB) / YSZ / Y-doped CeO, (YDC) multi-layer thin-film electrolyte
SOFCs using reactive magnetron sputtering [65]. A 1 um thick Ag-YSZ cathode was first
deposited on porous alumina substrate followed by a 15~20 um thick electrolyte. A 1~2.5 um
thick NiO-YSZ thin film was deposited on the electrolyte as the anode electrode by reactive
co-sputtering from Ni and Zr-Y metal targets. With the interfacial 60 nm thick YSB and 100
nm thick YDC layers, the fuel cell exhibited 110 mW cm at 750 °C with hydrogen fuel. More
recently, a group of Swiss Federal Institute of Technology (ETH) fabricated ~1 um thick nano-
porous NiO-YSZ interlayer between NiO-YSZ anode support and 1 pum thick thin film YSZ
electrolyte by pulsed laser deposition (PLD). Lanthanum strontium cobalt oxide (LSC) thin

film was deposited on the electrolyte by PLD as the cathode electrode. With a 200 nm thick
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CGO buffer layer between the cathode and the electrolyte, maximum power of 296 mW cm™
was obtained at 600 °C in hydrogen fuel [67, 68]. From the same ETH group, Muecke et al.
investigated microstructures and electrochemical performance of Ni-CGO films prepared by
spray pyrolysis and PLD on CGO pellets [69-71]. Performance was measured in a symmetrical
Ni-CGO / CGO / Ni-CGO configuration in a single phase (hydrogen) atmosphere setup by
impedance spectroscopy. The electrochemical performance improved with decreasing grain
sizes for sprayed electrodes, where PLD electrodes showed slightly better performance
compared to the sprayed electrodes. Table 1.3 summarizes selected recent works on thin film

nano-composite electrodes for thin film SOFCs.

Table 1.3 Recent works on thin film nano-composite electrodes.

Electrode NiO-YSZ : : NiO-YSzZ
composition Ag-YSZ NIO-YSZ PLYSZ NIO-CGO (interlayer)
Configuration Cathode Si substrate YSZ YSZ/ICGO Anode
supported substrate substrate supported
Power
density , 110 - EIS only EIS only 296
mwW cm
Cell
temperature 750 - 400 600 600
°C
Fuel / .
Environment Hz ) Alr Hz Hz
Authors Wang LaO Hertz Muecke Noh
et al. [65] etal. [72] et al. [73] et al. [69] et al. [67]
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1.5 The Aim of this Work

The aim of this work is to explore performance and related characteristics of Ru based thin
film anodes, namely nano-porous Ru thin film and Ru-CGO nano-composite thin film, for
direct methane fueled uSOFCs operated at low temperature regime (~500 °C). Detailed
material characterizations of Ru based thin films are investigated prior to applying them on
uSOFCs, to understand thin film properties which of those are strongly relevant to the fuel cell
performance. Subsequently, uSOFCs with Ru based anodes are fabricated by fine tuning the
deposition parameters and their fuel cell performances are evaluated with methane fuels.
Morphology and chemical state evolutions of the anodes are examined accordingly to

investigate their stability under fuel cell operating conditions.

In chapter 2, microfabrication processes of thin film uSOFCs based on silicon technology is
discussed in detail, starting from a 4 inch wafer to 10 x 10 mm Si chip with nine thin film self-
supported uSOFCs embedded. Critical processes are defined and available control parameters
will be discussed, especially in scope of applying Ru-CGO nano-composite thin film anodes

on uSOFCs.

In chapter 3, thermal-electrochemical multi-physics one dimensional model is developed for
a uSOFC platform, to gain a better understanding of operation conditions. Micro-SOFCs have
ultra-thin electrolytes and electrodes, and thermal conditions under operation can be
substantially different from those of conventional SOFCs. Various heat transfer mechanisms
are considered such as surface radiation from the cathode, lateral conduction through
electrolyte and electrodes bulk, and forced convection from the anode surface. Temperature
dependent I-V characteristics, heat generations due to electrochemical overvoltage losses and

Ohmic losses are considered. Temperature and current density distribution over the disc
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geometry, and macroscopic heat balance is derived.

In chapter 4, characterization results of nano-porous Ru thin films will be presented, targeting
utilization as anodes for direct methane supplied uSOFCs. Nano-porous Ru thin films were
fabricated by DC sputtering from a Ru metal target. To the best of our knowledge, Ru has not
yet been investigated as thin film uSOFC anodes; therefore, the primary emphasis in this
chapter is on understanding microstructural and electrical characteristics of Ru thin films. The
initial target is to understand following aspects of nano-porous Ru thin films;
® Control window of the Ru thin film deposition rate.
® In-plane electrical conductivity path formation: Dependence on film thicknesses and
deposition conditions.

® Film porosity of the Ru thin film: Dependence on deposition conditions.

® Thin film morphology: Dependence on thicknesses and deposition conditions.

® Microstructural stability under elevated temperature: Morphology evolution, change in
grain sizes and their interconnectivity under 500 °C annealing.

® Ru-YSZ Interface nanoscale morphology: As-deposited interfacial nano-structure and

formation of triple phase boundaries under 500 °C annealing.

In chapter 5, nano-porous Ru thin film anodes are processed on uSOFC platforms following
the insights learned in the previous chapter, and their fuel cell performances are evaluated.
Three % humidified methane was used as the fuel. In addition, the evolution of Ru anode
morphology under methane and hydrogen operation are compared and discussed.

Subsequently, fuel cell performance of the uSOFCs are investigated with variety of fuels,
namely dry hydrogen, methane, natural gas and 3 % humidified natural gas. Dry fuels are

preferred in real world applications because even humidification to room temperature dew
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point will require an additional humidifier to the system. Following the fuel cell performance
tests, extended performance stability of nano-porous Ru anode and Ru-CGO composite anode
uSOFCs are investigated, where intermittent cell current oscillations were observed. The target
of the study is to understand following aspects of the Ru anode uSOFC;

Morphology of Ru anodes on uSOFC platform.

Fuel cell performance with direct supply of 3 % humidified methane.

2

2

€ Microscopic integrity of Ru anode pSOFCs.

€ Ru anode nano-structural stability under fuel cell operation.

€ Possible risk of carbon depositions.

€ Fuel cell performance with various fuels, namely dry hydrogen, methane, natural gas and
3 % humidified natural gas.

€ Behavior of fuel cell current under constant voltage operation: Characterize instability like
behavior.

€ Changes in surface oxidation states of Ru anodes: Dependence on fuel kinds.

€ Reveal potential origin of the oscillation: Electrochemical activity change of Ru anodes

related to surface oxidation, and recovery mechanism of the activity.

In chapter 6, basic characterization of Ru-CGO nano-composite thin films are presented,
targeting utilization as anodes for direct methane supply uSOFCs. Ru-CGO nano-composite
thin films were fabricated by co-sputtering from Ru metal and CGO ceramic targets. Following
the results from chapter 4, we learned Ru is an excellent anode material for direct methane
utilization, but its nano-structural stability under operating condition remained as a concern.
Metal-ceramic cermets (typically, Ni-YSZ) are commonly used in conventional SOFC anodes
in order to stabilize electrode microstructure. CGO has been chosen as the ceramic material to

stabilize Ru metal nanostructure. Doped ceria displays mixed ionic and electronic conduction
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at low oxygen partial pressure and is resistant to carbon deposition [9, 74-77]. It also possesses

good catalytic activity for hydrogen and methane oxidation processes [9, 10, 37]. Before

fabricating the nano-composite anode uSOFCs, detailed understanding of microstructural and

electrical characteristics of CGO and Ru-CGO thin films was set as the target, details listed as

follows;

® Control window of Ru-CGO co-deposition and thin film atomic compositions.

® Thin film morphology: Dependence on substrates and film compositions.

® Crystalline phases in nano-composite thin films: Dependence on film compositions and
thermal annealing.

® In-plane electrical conductivity path formation: Dependence on film compositions and
deposition conditions.

® Film porosity of Ru-CGO thin films: Dependence on deposition conditions.

® Microstructural stability under elevated temperature: Change in morphology, grain sizes
and in-plane electrical conductivity after thermal annealing in comparison with porous Ru

metal thin film.

In chapter 7, Ru-CGO nano-composite thin film anodes were fabricated on uSOFC platforms
following insights obtained in the previous chapter. To the best of our knowledge, this is the
first attempt to explore metal-ceramic composite thin film anodes for self-supported thin film
SOFCs. Microscopic structural integrity was the first concern when applying this composite
thin film as puSOFC anodes, due to differences in chemical and thermal expansion
characteristics between the thin film anode and the YSZ electrolyte. Focused targets through
material and process engineering of the Ru-CGO nano-composite anode uSOFCs were to
understand following aspects;

€ Morphology of Ru-CGO anodes in a uSOFC platform.
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€ Thermal-mechanical microscopic structural integrity of Ru-CGO anode uSOFCs.
€ Fuel cell performance with direct supply of 3 % humidified methane.

€ Ru-CGO anode microstructural stability under fuel cell operation conditions.

In chapter 8, experimental and theoretical research results described from chapter 2 to 7 are

summarized and overall conclusions will be derived.
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Chapter 2: Fabrication Processes of Micro-Solid Oxide Fuel Cells

2.1 Introduction to Micro-Solid Oxide Fuel Cell Fabrication

Reducing electrolyte thickness and electrode effective dimensions down to sub-micrometer
region have multiple effects. Fuel cell performance at low temperature regime can be largely
improved, for example with the use of a 1 pm thick 8 mol% YSZ electrolyte the fuel cell
operation temperature can be lowered to ~500 °C without substantially compromising the
performance. Besides a reduction in electrolyte Ohmic resistance, shifting the effective
dimension of electrodes from micrometer (10°) to nanometer order (10°) can dramatically
increase triple phase boundary (TPB) density and improve effective exchange current density.
Furthermore, by reducing the operation temperature these nanostructured electrodes gain
stability against coarsening, which is the primary degradation mechanism for the electrodes.

Micro-SOFCs are typically fabricated on silicon substrates by thin film deposition and
semiconductor processing techniques [78-80, 119, 120]. Thicknesses of electrolyte membranes
in thin film uSOFCs can be decreased down to sub-micrometer regime [46, 57, 58] and the
dimensions of the material microstructure (e.g. grain size and layer thickness) can be extended
down to the nanometer scale. As shown in the schematics in Fig. 2.1, uSOFC design is based
on a dual chamber configuration where a dense, self-supported electrolyte membrane separates
the fuel and oxidant gases and also serves as a mechanical support for anode and cathode
electrodes. Avoiding high-temperature ceramics processing and fuel cell operation is extremely
beneficial; chemical and thermal material compatibility problems at electrode/electrolyte
interfaces are reduced, and metal components for electrodes and interconnects can be used.

The materials used for uSOFC electrodes should have suitable electrical conduction
properties as well as chemical compatibility with the components they are in contact with, and

structural stability at both fabrication and operation conditions. Precious metals, mainly
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sputtered Pt, are mostly used for electrode material due to its simplicity, good availability,
chemical stability and catalytic properties for investigating the cell performance of the uSOFCs
[56, 81]. Only small amounts of materials are required for uSOFC electrodes due to their sub-
micrometer scale thicknesses, and material costs are not a major concern compared to the
process related costs. From the morphological point of view, electrodes should be porous in
order to allow a sufficient gas exchange at the gas—electrolyte—anode interface (or TPB).
Furthermore, the anode material should be catalytically active towards oxidation of the fuel,
and the cathode material should be active towards reduction of oxygen under the operation
temperature.

Figure 2.2 shows an example planar view of a platinum cathode consisting of a porous
network. High porosity is required for sufficient fuel access and a large TPB length, where an
interconnected two dimensional metal network is necessary for in-plane current collection. The
degree of porosity is a function of the thickness of the electrode and deposition conditions.
Optimal deposition parameters need to be established in order to maximize the fuel cell
performance by controlled balance of the porosity and the interconnectivity of metal grains

[57].
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electrolyte

Fig. 2.1 Schematic diagram of the design of a uSOFC based on

a self-supported electrolyte membrane with anode and cathode layers.

Fig. 2.2 A typical SEM image of a platinum thin film uSOFC cathode.

The dark areas are pores.
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2.2 Fabrication Processes of Micro-Solid Oxide Fuel Cell Platform

In this research, silicon processing technologies developed for micro-electromechanical
systems (MEMS) are utilized to process uSOFCs. Microfabrication enables unique designs
with ultra-thin self-supported dense membrane as the support for the cathode/electrolyte/anode
cell structure. 10 x 10 x 0.5 mm?3 silicon nitride (SisN4) double side coated silicon chips were
used as substrates for uSOFC fabrication. Each chip was processed to have nine individual fuel
cells with designed widths of 160 to 200 um. A typical view of a fabricated uSOFC chip is
shown in Fig. 2.3 (a).

The microfabrication process for self-supported electrolyte oxide membranes is shown in Fig.
2.3 (b) [56, 78]. First, to prevent electrical current leak and to avoid reaction between silicon
and YSZ, 200 nm thick low-stress SisN4 was coated on both sides of 500 pum thick, 4 inches
diameter double-side polished (100) silicon wafer by low-pressure chemical vapor deposition
(1). Each silicon wafer was designed to provide 32 of 10 x 10 mm square uSOFC chips. Next,
on one side of the wafer, photoresist (Shipley 1813) was coated by spin coating. With
conventional photolithography method, 32 individual squares that define uSOFC chip profiles,
each having nine square shaped openings, were patterned on one side of the silicon wafer (2).
This step was conducted on a Karl Suss MJB-3 mask aligner, where exposed photoresist was
removed by Shipley CD-26 developer. After hard baking the photoresist at 150 °C, SisN4 layer
at the exposed area was removed by reactive ion etching (RIE) with radio-frequency (RF)
power of 100 W in oxygen (O2) and tetrafluoromethane environment at 65 mTorr (3). In step
(4), opened Si windows were anisotropically etched in 30 wt% KOH at temperatures of 72 °C
with an etch rate of ~50 um per hour [82]. KOH attacks Si preferentially in the <100> plane,
producing a characteristic anisotropic V-etch with sidewalls that form a 54.7 deg with the
surface plane (35.3 deg from the normal plane). To target 160~200 um square opening at the

other side of the wafer, the opened Si window was designed to be 870~910 um square. After
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removing ~450 pum of silicon, fabricated structure was cut and divided into 32 individual 10 x
10 mm chips. Each silicon chip was etched again in 30 wt% KOH to remove away the rest of
Si from the patterned open window. As SisN4 has a very low etch rate in KOH, the 200 nm
SizN4 layer works as an etch stopper. With completions of the etch, nine individual self-
supported SizN4 membranes remain on the other side of the chip (5). At the next step (6), thin
film YSZ electrolytes were deposited on SisN4 membranes by RF magnetron sputtering from
a Y203 8 mol% : ZrO2 92 mol% target in argon (Ar) environment with a deposition pressure
of 5mTorr and 100 W target power for 60~80 minutes. The target consisted of a circular pellet,
two inches in diameter. ATC Orion sputtering system (from AJA International, Inc.) was used
for both RF and DC sputtering (Fig. 2.4). At the YSZ electrolyte deposition, Si chips were
heated to a temperature of 550 °C. Next, thin film porous Pt cathodes were deposited on top of
YSZ electrolyte by DC sputtering in Ar environment with deposition pressure of 75 mTorr and
250 W target power for 10~15 minutes without substrate heating. Physical shadow masks were
applied to separate cathodes between individual cells (7). Deposition rates of the thin films
were calibrated by X-ray reflectivity (XRR) measurements of films deposited on single crystal
sapphire substrates with a Bruker D8 X-ray Diffractometer in parallel beam geometry. Nominal
deposition rates of YSZ and Pt films were estimated to be 0.7 and 3.4 nm mint, respectively.
Subsequently, SisNs4 in the window structure as well as that on top of Si was etched away by
RIE under the same condition with step (3) to release self-supported YSZ/Pt membranes (8).
As the final step (9), anodes were deposited on YSZ/Pt membranes by sputtering to complete
the self-supported uSOFC structure (10). In this study, metal Ru and Ru-CGO composites were
deposited as anode materials. Detailed deposition conditions of anode materials are discussed

in the following chapters.
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Fig. 2.3 (a) A typical view of a 10 x 10 mm completed uSOFC chip from cathode side,

and a (b) fabrication flow of thin film self-supported uSOFC on a Si chip.
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Fig. 2.4 ATC Orion sputtering system (from AJA International, Inc.) used for depositions of

thin film electrolytes and electrodes.
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2.3 Critical Processes in Scope of Applying Ruthenium Based Anodes on Micro-Solid
Oxide Fuel Cells

There are two critical processes where careful engineering was required upon fabricating Ru
based anodes on uSOFC platform. The first is the YSZ deposition process, and the effect of
deposition temperature will be discussed in detail in the following paragraphs. Another critical
process is the Ru-CGO composite anode deposition. In case of porous metal anodes such as Pt,
Pd or Ru [15, 39, 57], the two dimensional porous structure can absorb stresses generated by
condition changes through fuel cell testing processes, such as heating up the cell and anode
chemical condition change from air to fuel. However, in case of Ru-CGO composite anodes,
the electrode microstructure is rather dense and condition change at the anode may generate
internal stress sufficient to destroy the uSOFC structure. Addition to be rather dense, ceria
containing composite anode tend to change its volume under reducing condition [18, 83]. The
control parameters available to mitigate internal stress generation of the composite anodes are
deposition pressure and power. This will be further discussed in chapters 6 and 7.

In order to investigate possible effects on YSZ thin film electrolyte thermal-mechanical
stability during operation, depositions were done under two different substrate temperatures,
i.e. without substrate heating and with heating to 550 °C. Figure 2.5 (a) shows an optical
microscope image of a self-supported uSOFC with YSZ electrolytes deposited without
substrate heating. The electrolyte thickness was ~150 nm. The YSZ electrolyte shows a slight
buckling pattern indicating weak compressive stress. Figure 2.5 (b) shows an optical image of
a self-supported uSOFC with YSZ electrolyte deposited with substrate temperature of 550 °C.
The buckling pattern appears stronger, indicating larger compressive stress generated through
the deposition process. The thermal expansion coefficient (TEC) of silicon substrate is 2.6 X
10% K1, where that of bulk YSZ is 10.5 x 10 KX, When temperature is cooled down from 550

°C to room temperature YSZ film shrinks more than the silicon substrate due to the difference
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in TEC, which should in turn give more tensile stress to the self-supported YSZ membrane.
The fact that we see the opposite trend, more compressive stress with 550 °C deposited
membranes, suggests that there is a substantially stronger initial compressive stress generated
at 550 °C deposition compared to room temperature deposition. This is presumably due to
higher mobility of atoms (or clusters) reaching the substrate surface during the sputtering
process, leading to more enhanced grain growths and denser microstructure. Figure 2.6 shows
XRD patterns of 550 °C deposited YSZ films on SisN4 coated Si substrate with peak positions
of cubic YSZ. Measured peaks show good match with the expected peak positions of cubic
YSZ. No clear peak was observed with the XRD patterns from YSZ films deposited without
substrate heating, indicating the film is in amorphous or in fine-graded nano-crystalline form.

In fact, uSOFCs with YSZ electrolytes deposited at 550 °C showed excellent thermal-
mechanical stability during heating up to fuel cell test temperature (500 °C), while uSOFCs
with electrolytes deposited without substrate heating showed tendencies to turn into tensile
mode and eventually break during the heating. Due to this superior thermal-mechanical
stability of 550 °C deposited YSZ electrolytes, all the following fuel cell investigations with

Ru and Ru-CGO anodes are done with electrolytes deposited with substrate heating.
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Fig. 2.5 Optical microscope images of uSOFCs, (a) with YSZ electrolyte deposited without

substrate heating, and (b) with YSZ electrolyte deposited at substrate temperature of 550 °C.
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Fig. 2.6 X-ray diffraction patterns of a 550 °C deposited YSZ film on SisN4 coated
Si substrate. Peak positions of cubic YSZ indexed in JCPDS 00-030-1468 are presented

in the figure.
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2.4 Performance Measurement of the Fuel Cells

Micro-SOFCs were tested in a fuel cell test station, configured as depicted in Fig. 2.7 (a). The
anode side of the uSOFC was attached to a test fixture and sealed by a gold ring, whereas the
cathode side was exposed to laboratory air. The fuel supply lines were designed to be able to
switch between three fuels: natural gas, methane, and hydrogen. A humidifier filled with de-
ionized water and a bypass line allowed direct or 3 % humidified fuel supply. The fuel was
supplied to the anode compartment of the uSOFC after being preheated by the heater installed
in the test fixture. Figure 2.7 (b) shows the appearance of the fuel cell test fixture part of the
test station setup. Micro-SOFC chips were heated up in the test fixture at a controlled ramp rate
to desired operation temperatures by an external heater. Dry 5 % Ho/Ar gas was supplied to the
anodes of the pSOFCs at a flow rate of 50 ml min during temperature ramp and for hydrogen
fuel cell measurements. When a temperature of 300 °C was reached, dry methane (purity
99.9 %) was fed at a flow rate of 50 ml min for dry methane and natural gas fuel cell tests,
where room temperature humidified methane was fed for 3 % humidified methane fuel cell
tests. When a temperature of 450 °C was reached, methane was further switched to dry natural
gas fed at a flow rate of 50 ml min? for natural gas fuel cell tests. These gas switching
procedures were used to confirm OCV at low temperature, and to avoid accelerated
morphology change of the porous metal thin film during temperature ramp under a hydrogen
atmosphere [39]. The fuel cell start-up procedure is summarized in Fig. 2.8. The sulfur content
in a pipeline supplied natural gas was ~0.0017 % by weight. Current collection from individual
uSOFC cells was done by contact probes. No additional current collector was applied, utilizing
in-plane conduction through deposited electrodes (i.e. Pt cathodes, Ru anodes). Programmed
current-voltage (1-V) measurements were carried out periodically during the temperature ramp.
Extended operation for 300 minutes was performed at a constant voltage of 0.7 V between the

anode and the cathode with a Solartron 1287A operated in potentiostatic mode, while keeping
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the uSOFC chip temperature constant.
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Fig. 2.7 (a) Schematic diagram of the fuel cell test station, fuels can be switched and
humidifier can be connected / disconnected during the testing.

(b) Appearance of the fuel cell test fixture.
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Fig. 2.8 Flow diagram of the fuel cell test start-up, fuel kinds are switched during

the cell heat-up.
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Chapter 3: Thermal-Electrochemical Multi-Physics Simulation on Micro-

Solid Oxide Fuel Cells

3.1 Introduction

In this chapter, thermal-electrochemical multi-physics one dimensional modeling studies are
performed on a uSOFC platform assuming disc shape, in order to evaluate temperature profile
in the thin film. In the thermal model, various heat transfer mechanisms are considered such as
surface radiation from the cathode, lateral conduction through electrolyte and electrodes, and
forced convection from the anode surface. In the electrochemical model, temperature
dependent I-V characteristics, heat generations due to electrochemical overvoltage losses and
Ohmic losses are considered. The developed thermal model and the electrochemical model are
integrated as a one dimensional disk form model to enable multi-physics simulation on the
uSOFC platform. Temperature distribution and current density distribution over the disc

geometry, and a macroscopic heat balance is derived.

3.2 Model Structure
3.2.1 Overview

A thin film disc geometry with a radius of 75 um for a thermal-electrochemical simulation is
schematically described in Fig. 3.1 with related heat transfer mechanisms. The edge of the disc
connects to the substrate, where the temperature is fixed to the controlled wall temperature as
a boundary condition. Here, heat conducts in/out the fuel cell from/to the wall. Temperature
along the fuel cell thickness direction is assumed constant due to an extremely high aspect ratio.
The fuel is supplied from the bottom of the cell at the wall temperature, and with a flow rate of
0.01 m/s. Heat is exchanged between the fuel cell membrane and the fuel flow by forced

convection. A heater block surrounds the cell which keeps the cell ambient air temperature at
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the fuel cell operation temperature. The cathode of the cell is exposed to the ambient, where
heat is dissipated to ambient temperature by thermal radiation. Fuel cell current flows through
the cell and generates heat by Ohmic losses and electrochemical overvoltage losses. Local cell
temperature is calculated based on a balance of heat transferred or generated by above
mentioned mechanisms. Local cell current is calculated based on temperature dependent 1-V
curves, which characteristic is determined from a local cell temperature. Detailed one
dimensional model configuration is schematically shown in Fig. 3.2, with model unit cells,

related heat flows and electrical currents.

Temperature fixed
at membrane edge

Air 25°C
Radiationt t t
Conduction Conductlon
Heat Gdneration

t ¢ t

Convection

D T

Fuel 500°C

Fig. 3.1 Thermal-electrochemical model of a disc shaped thin film uSOFC.
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Fig. 3.2 Detailed configuration of a thermal-electrochemical model with model unit cells,

related heat flows and electrical currents.
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3.2.2 Heat transfer model

Heat radiation

Heat radiation to the ambient from the cell cathode surface is modelled as stated in equation
(3.1), where q,.44 is the radiation heat transfer, ¢ the emissivity of the cathode, o the Stefan-
Boltzman coefficient (= 5.669 x 10® W m? K™), Tcen the local cell temperature, and Ta the
ambient temperature.

Graa() Wm™] = & 0 (Teeu(r) = T3) (3.1)

As a standard case, the cathode emissivity ¢ was set to 0.3 assuming a metallic Pt cathode
electrode. The ambient temperature Ta was set to 25 °C.

Heat conduction

In-plane heat conduction within the cell and to/from the silicon support is modelled as
equation (3.2), where q.onq IS the in-plane conduction heat transfer, k the heat transfer
coefficient, t the thin film layer thicknesses, and r the distance from the center of the cell.
Subscripts An, Elec and Ca stands for anode, electrolyte and cathode, respectively. The
electrolyte heat transfer coefficient kg, Was setto 2.85 W m™* K from the YSZ bulk property.
The anode heat transfer coefficient k,,, was set to 0.87 W m™* K from the Ru bulk thermal
conductivity (117 W m?* K1) and from the fraction of nano-porous Ru film electrical
conductivity compared to that of the bulk (0.0075). The cathode heat transfer coefficient k.,
was set to 19.4 W m™ K from the Pt bulk thermal conductivity (71.6 W m'* K1) and from the
fraction of nano-porous Pt film electrical conductivity compared to that of the bulk (0.271).

Thicknesses of the layers were set to tg;.. = 110 nm, t4,, =50 nm, and t., = 50 nm.

AT
qcond () [W] = (kAn “tan + Ketec " telec + Kea - tCa) ) ZﬂrA—i,l(r) (32)
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Heat convection

Heat convection between the anode surface and the fuel gas is modelled as equation (3.3)
assuming forced convection heat transfer. .., is calculated from hg,s the convective heat
transfer coefficient, T4 the fuel gas temperature and Teen. hyq is derived from a well known
empirical correlation (3.4) between a Nusselt number Nu, Prandtl number Pr and Reynolds
number Re and characteristic length L, for forced convection heat transfer. Re is calculated
from the fuel flow velocity U,,, kinematic viscosity coefficient v, and L. Pr is derived from v

and the thermometric conductivity a as shown in equation (3.5).

Geonv (1) 4 m_z] = hgas ) (Tgas - Tcell(r)) (3.3)
Nu = 2t — 0664 Pr'/s-Re'/2 (3.4)
gas
Vsl po
Re = = Pr = - (3.5
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3.2.3 Electrochemical model

Current-voltage relation

Local cell current is derived from a local fuel cell temperature T,.; and a local cell voltage
E ey, from the relationship presented in equation (3.6). E..;; and j..;; represents local cell
voltage and current density, respectively, while j,..i. represents leak current density through
the cell. Contact resistance R.,,, and Tafel constant A is assumed to be constant regardless of
T.oy- Theoretical OCV E2 is a function of the T,.;; and is derived from Gibbs free energy and
Nernst equation assuming oxidation of hydrogen generated by local steam reforming (for detail,
see section 5.3). E? is best fitted to the theoretical values with equation (3.7), and is shown in
Fig. 3.3. Electrolyte resistance R, and exchange current density j, are also dependent on
Teet1- Rgrec 1S modelled based on a bulk YSZ ionic conductivity property and is approximated
with equation (3.8), and is shown in Fig. 3.4. Note that the contribution from Reelc to the total
cell voltage loss was negligible being at most 10 mV within the operation condition. |-V data
obtained from cells operated at different temperatures (478~525 °C) are modeled with

exchange current densities j, in a form of equation (3.9) [84], as shown in Fig. 3.5.

Ecell(r) [V] = ETQ(T) - (icell(r) +jleak) ) (RElec(r) + Rcon) —A-Ln (M) (3-6)

Jo(r)
E7Q(T') [V] = —0.000238 - Teen(r) +1.2006 (3.7)
3940
RElec(r) [-Q sz] = lglec 10(0.02-‘- /Tce”(r)) (3.8)
Jo(r) [Acm™?] = A - exp(—=B/Tgey (1)) (3.9)

(A: 1.0 x 104 B: 2.2 x 10%
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Fig. 3.4 YSZ ionic conductivity dependence on temperature.
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Fig. 3.5 I-V curves from experimental data (solid markers) with modeled curves (solid lines)

at different temperatures based on equation (3.6).

Heat generation

Local heat generation q,.,, in the cell occurs due to electrochemical overvoltage losses and
in-plane / through-plane Ohmic loss. g4, is modelled with equation (3.10), where I, is the
local in-plane current, R, the in-plane electrical resistance, I, the local fuel cell current

which can be calculated by equation (3.11) with local fuel cell current density j..;;. The first
half of the terms in equation (3.10) represents heat generation due to in-plane Ohmic losses,
while the latter terms represents heat generation from irreversible electrochemical losses and

through-plane Ohmic losses.

CIgen(r) [W] = Iinp(r) ) Rlnp + (Eg (r) — Ecell(r)) “leen () (3.10)

Ieeu() [A]l = jeeu(r) - 2mrAr (3.11)
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3.3 Results and Discussion

Using the developed thermal-electrochemical 1D model, impacts on temperature distribution,
fuel cell current distribution and overall fuel cell characteristics from following five parameters
are investigated.

» Fuel cell operation voltage (terminal voltage)

A\

Wall temperature
Cathode emissivity

Close system versus open system

vV YV Vv

Degradation of electrode electrochemical performance

3.3.1 Effect of fuel cell terminal voltage

The effect of the fuel cell terminal voltage on the cell temperature distribution and fuel cell
current distribution was investigated by varying the voltage from 0.9 to 0.3 V while keeping
other parameters constant. Cathode emissivity ¢ was fixed to 0.3, the wall temperature Twai and
fuel gas temperature Tgas Were set to 500 °C. Fig. 3.6 (a) shows a fuel cell current density (jcen)
distribution, and a cell temperature (Tcen) distribution in a 150 um diameter circular cell along
the radial direction from the cell edge to the center. Tcen drops towards the center of the cell in
cases of terminal voltages above 0.5 V due to a strong heat radiation effect from the cathode
surface, while Tcen rises in case of 0.3 V where the heat generation overcomes the radiation
loss. Fig. 3.6 (b) shows a summary of change in cell center temperature and area averaged
temperature with respect to the terminal voltage. Between terminal voltages of 0.9 and 0.3 V,
the cell center temperature changes ~10 °C while the change in the average temperature is ~5
°C. Tcen exceeds the Twan at terminal voltage of 0.4~0.5 V, where heat radiation and heat
generation balance out. Fig. 3.6 (c) shows heat balance in the cell at terminal voltage of 0.7 V.

While 102 uW of heat dissipates away via radiation, 13 uW of heat is generated through
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electrochemical reaction and 86 puW is supplied by heat conduction from the wall. The

remaining 3 uW is supplied by heat convection from the fuel gas.
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Fig. 3.6 (a) Fuel cell current density distribution, and a temperature distribution in a 150 um

diameter circular cell along the radial direction from the edge to the center. The fuel cell

terminal voltage was varied from 0.9 to 0.3 V, with wall temperature Twan of 500 °C and

cathode emissivity € of 0.3. (b) Summary of change in cell center temperature and cell

average temperature with respect to the terminal voltage. (c) Heat balance in the cell at

terminal voltage of 0.7 V.
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3.3.2 Effect of wall temperature

The effect of wall temperature Twan on the cell temperature distribution, fuel cell current
distribution and fuel cell performance was investigated by varying Twan from 475 to 525 °C,
while keeping other parameters constant. Cathode emissivity ¢ was fixed to 0.3, the terminal
voltage was set to 0.7 V. Fig. 3.7 (a) shows a fuel cell current density (jcen) distribution, and a
cell temperature (Tecen) distribution. The current density increases exponentially with the wall
temperature as expected. In all cases, Tcen drops towards the center of the cell due to strong
heat radiation from the cathode surface. Fig. 3.7 (b) shows a summary of temperature drops of
the cell center temperature and area averaged temperature compared to Twan. Temperature drop
is rather insensitive to Twan, indicating dominant heat transfer mechanism in this operation
regime being heat radiation. Fig. 3.7 (c) shows heat balance in the cell at Twan of 525 °C. While
116 puW of heat dissipates away via radiation, 25 uW of heat is generated through
electrochemical reaction and 89 puW is supplied by heat conduction from the wall. The
remaining 3 uW is supplied by heat convection from the fuel gas. As can be seen, the main
source and sink in the heat balance is conduction from the wall and radiation from the cathode

due to relatively low heat generation at 0.7 V.
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Fig. 3.7 (a) Fuel cell current density distribution, and a temperature distribution in a 150 um
diameter circular cell with different wall temperatures Twan, with cathode emissivity € of 0.3
and terminal voltage of 0.7 V. Twan was varied from 475 to 525 °C. (b) Summary of change
in cell center temperature and cell average temperature with respect to Twan. (C) Heat balance

in the cell at Twan of 525 °C.
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3.3.3 Effect of cathode emissivity

The effect of cathode emissivity € at cathode surface on cell temperature distribution and fuel
cell current distribution was investigated by varying € from 0.1 to 0.6 while keeping other
parameters constant. The wall temperature Twan was fixed to 500 °C, while the terminal voltage
was set to 0.7 V. Fig. 3.8 (a) shows a fuel cell current density (jcen) distribution, and a cell
temperature (Tcen) distribution. With increase in €, Tcen Shows steeper drop towards the center
of the cell. Fig. 3.8 (b) shows a summary of cell center temperature and area averaged
temperature with respect to €. The center and averaged temperature linearly increases with
decreasing . However, the radiation effect is so strong such that even with € of 0.1, the cell
center temperature is lower than Twan. Fig. 3.8 (c) shows heat balance in the cell at € of 0.6.
While 199 uW of heat dissipates away via radiation, 12 uW of heat is generated through
electrochemical reaction and 181 puW is supplied by heat conduction from the wall. The
remaining is supplied by heat convection from the fuel gas. Dominant source and sink in the
heat balance are conduction from the wall and radiation from the cathode, due to relatively low

heat generation at 0.7 V.
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Fig. 3.8 (a) Fuel cell current density distribution, and a temperature distribution in a 150 um
diameter circular cell with different cathode emissivity €, with wall temperature Twan of 500
°C and terminal voltage of 0.7 V. € was varied from 0.1 to 0.6. (b) Summary of change in cell
center temperature and cell average temperature with respect to €. (c) Heat balance in the cell

at £ of 0.6.
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3.3.4 A closed system and an open system

The effect of a fuel cell terminal voltage on cell temperature distribution and fuel cell current
distribution in a closed system was investigated by varying the terminal voltage from 0.9to0 0.3
V while keeping other parameters constant. Cathode emissivity ¢ was set to 0 (no radiation
effect) assuming a closed system, where the wall temperature Twan and fuel gas temperature
Tgas Was set to 500 °C. Fig. 3.9 (a) shows a fuel cell current density (jcen) distribution, and a
cell temperature (Tcen) distribution along the radial direction. In all cases, Tcen increases
towards the center of the cell. Fig. 3.9 (b) shows a summary of change in cell center
temperature and area averaged temperature with respect to the terminal voltage. Between
terminal voltages of 0.9 and 0.3 V, the cell center temperature increases ~11 °C while the
change in the average temperature is ~6 °C. Fig. 3.9 (c) shows heat balance in the cell at
terminal voltage of 0.5 V. While 14 uW of heat is generated through electrochemical reaction,
13 puW dissipates away by heat conduction to the wall and 1 uW is carried away by heat

convection to the fuel gas. No radiation is present in this case.
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Fig. 3.9 (a) Fuel cell current density distribution, and a temperature distribution in a 150 um
diameter circular cell assuming closed system (no radiation), with different terminal voltages
at wall temperature Twan 0of 500 °C. (b) Summary of change in cell center temperature and
cell average temperature with respect to the terminal voltage. (c) Heat balance in the cell at

terminal voltage of 0.7 V.
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3.3.5 Effect of electrode degradation

The effect of electrode degradation on the cell temperature distribution and fuel cell current
distribution was investigated by varying the cell exchange current density jo down to 57% from
the original value, while keeping other parameters constant. Cathode emissivity e was set to
0.3, the wall temperature Twai and fuel gas temperature Tgas Was set to 450 °C, and the fuel cell
terminal voltage was fixed to 0.7 V. Fig. 3.10 shows (a) fuel cell current density distribution,
and (b) cell temperature Tcen distribution along the radial direction. The current density
decreases with degradation in jo, while there is only a slight change in Tcen distribution. At this
operation voltage, dominant factors that determine the Tcen field are cathode surface heat
radiation and electrode lateral heat conduction. Effect from the change in electrochemical heat

generation resulted in a minor contribution.
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Fig. 3.10 (a) Fuel cell current density distribution, and a (b) temperature distribution in a
150 um diameter circular cell at terminal voltage of 0.7 V, cathode emissivity e of 0.3, and
wall temperature Twan 0f 450 °C, before and after electrode degradation (57 % of the

original).
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3.4 Conclusions

In order to investigate temperature distribution, fuel cell current distribution and resulting
impact on fuel cell performances, thermal-electrochemical integrated one dimensional
simulation model was newly developed for a disc configuration uSOFCs. With regard to heat
transfer models, heat radiation to the ambient from Pt cathode surface, lateral heat conduction
to the substrates along multi-layered thin films, heat convection between anode electrodes and
the fuel flow were considered. Temperature dependent I-V characteristics, heat generation due
to electrochemical overvoltage losses, through-plane and in-plane IR losses were considered
in the electrochemical model. Impact of fuel cell operation voltage, wall temperature, cathode
emissivity, close system and electrode degradation were investigated using the constructed
simulation model. Results are summarized as follows;

Impact of fuel cell operation voltage (terminal voltage)

® Due to a strong radiation cooling effect, temperature close to the center of the cell was
lower than the controlled wall temperature at terminal voltages of 0.9, 0.7 and 0.5 V. At
0.3V, heat generation within the cell overcame heat radiation. The temperature difference
at the center of the cell was ~10 °C between terminal voltages of 0.9 and 0.3 V.

Impact of wall temperature

® Auverage cell temperatures were lower than the controlled wall temperature for 4~5 °C at
wall temperature of 475~525 °C. At higher wall temperature, heat generation within the
cell increases due to an increased current density. However it did not results in further
increase in the cell temperature due to a compensating radiation loss.

Impact of cathode emissivity

® Fuel cell temperature distribution was strongly sensitive on the cathode emissivity €. At €
= 0.6, the cell center temperature dropped ~10 °C from the wall temperature where at € =

0.1, the drop was ~1 °C. This again indicates that in an open system, heat radiation is a
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dominant mechanism in the overall heat transfer that determines the thin film fuel cell
temperature.

Impact of a closed system

® In a closed system, heat radiation is neglected. As a result, the cell temperature is higher
than the wall temperature at all terminal voltages (0.9~0.3 V). The difference in cell center
temperature was ~11 °C between cell terminal voltages of 0.9 and 0.3 V, due to difference
in heat generation. In case of a closed system, in-plane heat conduction removes the heat
generated by electrochemical reactions.

Degradation of electrode electrochemical performance

® \When exchange current density is reduced to 57 %, the current density distribution is
reduced accordingly. At 450 °C wall temperature and at cell terminal voltage of 0.7 V,
effect of change in heat generation to the cell temperature distribution is minor because

dominant mechanisms are heat radiation and conduction.
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Chapter 4: Characterization of Nano-Porous Ruthenium Thin Films for

Micro-Solid Oxide Fuel Cell Anodes

4.1 Introduction

In this chapter, nano-porous Ru thin films for direct methane pSOFC anodes are explored. As
there are not sufficient data available on physical and electrical properties of Ru thin films for
utilization in uSOFC anodes, the primary emphasis was put on understanding microstructure
evolution and electrical characteristics. Nano-porous Ru thin films were fabricated by DC-
sputtering from a Ru metal target. Deposition rates, film morphology, film porosities and in-
plane electrical conductivities were explored on as-deposited films. Binarization image
analysis was applied on planar SEM images to understand current conduction path formation.
Thermal annealing was applied on the films to investigate nano-structural stability of the films,

where morphological and in-plane electrical conductivity evolutions were evaluated.

4.2 Experimental Details
4.2.1 Deposition and characterization of nano-porous ruthenium thin films

Basic properties of Ru thin films deposited on 0.5 mm thick single crystalline YSZ <100>
(sc-YSZ) substrates (MTI Corp.) were investigated. Ruthenium films were deposited by DC
sputtering from a Ru metal target (purity 99.9 %, from AJA International, Inc.) in argon (Ar)
environment without substrate heating. First, depositions were carried out in 75 mTorr Ar and
250 W target power without substrate heating, with similar condition to porous Pt anode
deposition reported in previous works [57, 78, 85]. The deposition time ranged from 5 to 25
min, while the Ru film thickness showed a linear relationship with the deposition time.
Thicknesses and deposition rates of the films were measured by X-ray reflectivity (XRR) with

a Bruker D8 X-ray Diffractometer in a parallel beam geometry. Morphology of Ru thin films
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were investigated with a Carl Zeiss Ultra 55 field emission SEM. In-plane electrical
conductivities of Ru thin films at room temperature were measured by a Creative Design
Engineering four point probe resistivity measurement system ResMap 178.

Secondly, morphological and electrical properties of Ru thin films deposited at different
pressures and powers were investigated. Deposition pressure was varied between 10~75 mTorr
while target power was varied between 50~200 W. Ru film thicknesses resulted in 15~85 nm
range. Film porosities of the film deposited with different pressures were compared by
analyzing critical angles obtained from XRR measurements. Interconnectivity of the Ru grains
was analyzed by processing planar SEM images with an ImageJ software.

Interface nano-structures of Ru thin films on YSZ substrates are investigated by cross-
sectional transmission electron microscope (TEM) analysis at Kobelko Research Institute. Ru
thin film samples were coated with carbon by vacuum vapor deposition, followed by a tungsten
coating in a focused ion beam (FIB) process equipment (FB-2000A, Hitachi). Cross-sectioned
thin films were sampled out from films by FIB micro-sampling method, and were further thin-
sliced in a dual beam FIB-SEM (Nova200 Nano-lab, FEI). Sliced cross-sectioned film samples
were then transferred to a field emission transmission electron microscope (JEM-2010F, JEOL)

for a high resolution imaging with an acceleration voltage of 200 kV.

4.2.2 Effect of annealing on thin film morphology and in-plane electrical conductivity
Thermal annealing was conducted at 550 °C for 1 h in vacuum (with a pressure lower than 5

x 107 Torr) in the same chamber used for Ru deposition. Morphology, thicknesses, in-plane

electrical conductivities and grain interconnectivities of as-deposited and 550 °C annealed Ru

thin film samples are analyzed and compared, following the same methods described in 4.2.1.
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4.3 Results and Discussion
4.3.1 Ruthenium thin films with different thicknesses

Thickness and sheet resistance of as deposited and 550 °C vacuum annealed Ru thin films on
sc-YSZ substrates with different deposition times are shown in Fig. 4.1 (a) and (b). The target
power was 250 W with chamber pressure of 75 mTorr in Ar. Nominal deposition rates of Ru
thin films were ~4.8 nm min*. After annealing, film thicknesses decreased nearly 11 %, while
~83 % drop in sheet resistance was observed. Increasing deposition time from 5 to 10 min
reduced sheet resistance by more than 70 % for as-deposited films, indicating a critical
thickness (~24 to 48 nm) for in-plane conduction path formation. Figure 4.2 (a) - (d) show
SEM images of as-deposited Ru films with deposition times of 5, 10, 15 and 20 min,
respectively. Morphology of these Ru films is highly granular and grain sizes show strong
dependence on deposition time. The apparent average grain size of Ru thin films was 10 nm at
5 min, 15 nm at 10 min, 20 nm at 15 min, and 25 nm at 20 min deposition times, respectively.
Figure 4.2 (e) and (f) show SEM images of vacuum annealed Ru thin films with deposition
times of 10 and 15 min, respectively. After vacuum annealing, significant grain growths were
observed. The average grain sizes were estimated to be 25 nm with 10 min deposited film and
30 nm for 15 min deposited film. Highly granular textures were retained. Film conductivities
before and after annealing of different film thicknesses are plotted in Fig. 4.3, with comparison
to Ru bulk electronic conductivity. A more than an order lower film conductivity observed
compared to those calculated from Ru bulk properties is likely due to the still loosely packed

granular structure that scatters electrons at grain boundaries.
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Fig. 4.1 (a) Thickness and (b) sheet resistance of Ru thin films, as-deposited and annealed in

vacuum at 550 °C for 1 h. Open and closed symbols represent as-deposited and annealed thin

films, respectively. Films were deposited at 250 W target power and 75 mTorr pressure.
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Fig. 4.2 SEM micrographs of as-deposited Ru thin films on single crystalline YSZ substrates
with deposition times of (a) 5 min, (b) 10 min, (c) 15 min, and (d) 20 min.
SEM images of 10 min and 15 min deposited Ru thin films underwent 550 °C annealing

for 1 h in vacuum are presented in (e) and (f), respectively.
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In order to investigate possible conductivity paths within the Ru films, SEM images of the Ru
thin films with various thicknesses were further processed. Binarization of SEM images
enables evaluation of the connectivity of Ru grains within the SEM view field. First, SEM
images were conditioned to have similar level of contrast and brightness. Subsequently
binarization processes were applied using an ImageJ software and grain agglomerates were
automatically separated. Following the binarization process, grain agglomerates were manually
filled with different colors to allow easier identification of connection and disconnection
between the agglomerates. Figure 4.4 shows conditioned SEM images, binarized images, and
color-processed images of (a) 10 min as-deposited, (b) 15 min as-deposited, and (c) 20 min as-
deposited Ru thin film, respectively, on single crystalline YSZ substrates. In either deposition
condition, there was no single grain agglomerate that connects one side to the other side of the
image However, in-plane electrical conductivities for these films are not zero. This indicates
existence of very thin interconnecting Ru layer between the grain agglomerates. As the films
grew thicker, the agglomerates grew larger. The apparent Ru surface coverage did not show
clear dependence on film thickness, being 66 %, 69 %, and 68 %, for 10 min, 15 min, and 20
min deposited films, respectively. The number of isolated grain agglomerates within the 500
nm x 500 nm SEM image field decreased with increasing film thickness, being 99, 86, and 62,
for 10 min, 15 min, and 20 min deposited films, respectively. Figure 4.5 shows conditioned
SEM images, binarized images, and color-processed images of (a) 10 min deposited, and (b)
15 min deposited Ru thin film, respectively, on single crystalline YSZ substrates annealed at
550 °C in vacuum. As listed in Table 4.1, the average size of the grain agglomerates grew
larger which appeared as a decrease in the number of isolated grain agglomerates, compared to
as-deposited samples. Apparent surface coverage increased slightly. As shown in Fig. 4.1, the
sheet resistance of the films significantly decreases after annealing with decrease in film

thickness. However, the grain agglomerates seemed to be unconnected from each other within
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the SEM image field, indicating existence of thin interconnecting Ru layers or grain boundaries
between the grain agglomerates. A significant decrease in sheet resistance after annealing can
be attributed to following factors; first there are fewer grain agglomerates. This allows
electrons to travel longer length in the agglomerated grains rather than crossing thin Ru layers
or grain boundaries between agglomerates. Second, there are fewer grain boundaries to cross

that scatters electrons.
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Fig. 4.4 (From left to right) Conditioned SEM images, binarized images, and color-processed
images of (a) 10 min as-deposited Ru thin film, (b) 15 min as-deposited Ru thin film,

and (c) 20 min as-deposited Ru thin film, on single crystalline YSZ substrates.
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Fig. 4.5 (From left to right) Conditioned SEM images, binarized images, and color-processed

images of (a) 10 min deposited Ru thin film, and (b) 15 min deposited Ru thin film,

on single crystalline YSZ substrates annealed at 550 °C in vacuum.
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Table 4.1 Results of image analysis and measured film conductivity of Ru thin films.

Deposition Apparent Number of | Average size of Film
time Film condition surface isolated agglomerates conductivity
/ minutes coverage / % | agglomerates / nm? /' mS
10 As-deposited 66 99 1670 4.9
Annealed at
10 550 °Cin 70 69 2530 28.0
vacuum
15 As-deposited 69 86 2000 6.8
Annealed at
15 550 °C in 71 52 3410 35.5
vacuum
20 As-deposited 68 62 2760 8.3

4.3.2 Ruthenium thin films deposited with different pressures and powers

Next, morphology and conductivity of as-deposited Ru thin films on sc-Y SZ substrates grown
at different deposition pressures and powers were investigated and are shown in Fig. 4.6 (a)
and (b). The grain size of these Ru films showed strong dependence on deposition power and
pressure. Grain size increases with increasing deposition power or decreasing deposition
pressure, though it is also sensitive to film thicknesses. At 10 mTorr, film conductivity is
relatively high and increases as deposition power is increased. With higher deposition pressures
(40 and 75 mTorr) film conductivity becomes relatively low. As film conductivity is strongly
related to film porosity (i.e. increased porosity gives lower conductivity), our observations
suggest that deposition pressure from above 40 mTorr leads to more porous films. Figure 4.6
(c) depicts deposition rates of Ru films deposited at different target power and pressure. Within
the controlled parameter range, deposition rate increased with increasing power and with
decreasing pressure. The deposition rate ranged from 0.2 nm min* at 50 W and 75 mTorr, to

12.3 nm mint at 200 W and 10 mTorr.
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In order to further investigate the effect of deposition pressure on film porosity, XRR data
from porous Ru films were inspected in more detail. XRR is a powerful tool for investigating
thin film structures. The measurement results are highly sensitive to electron density gradients
irrespective of the crystalline nature of the film investigated [86]. Electron densities and
thicknesses of thin layers along the direction normal to the specimen surface can be determined
by analyzing the XRR patterns. XRR profiles taken from porous Ru thin films are shown in
Fig. 4.7, where deposition pressure was 40 mTorr for (a) and 75 mTorr for (b). Profiles contain
critical angles ac whose positions give the average electron densities, and interference fringes
whose periods give the film thicknesses. The 40 mTorr deposited film was 47 nm thick where
75 mTorr deposited film was 45 nm thick, as calculated from fringe separations in the higher
angle regime. The critical angle of incidence ac is an angle below which total reflection of x-
rays occurs. ac can be related to the dispersion term ¢ which appears in the real part of the
refractive index n of the condensed matter as,

ac =V28 (4.1)

n=1-¢ (4.2)

The dispersion term ¢ is related to the electron density pe of a condensed matter as follows,

2

5= (L) np. (4.3)
where A is the x-ray wavelength, and re (=2.818 x 10 m) the classical electron radius. By
calculating the electron density p,, of an ideally dense substance from the crystalline structure,
corresponding lattice parameters and numbers of electrons in the system, one can derive critical
angle aco for an ideally dense substance as follows, where do is the dispersion term of an ideally

dense substance.

Aco =+ 260 =A /%Tepeo (4.4)

From equations (4.1) and (4.3), the critical angle aco of an ideally dense substance and the
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measured critical angle oc is related to the electron density peo of an ideally dense substance
and the measured film electron density pe as follows, and film porosity ¢ can be estimated

from the ideal electron density and measured electron density using equation (4.6).

ac _ 28 _ /&

aco 280 +Peo (4.5)

p=1-—2Lc (4.6)
Peo

Ru has a hexagonal close-packed structure with lattice parameters listed on Table 4.2. The
critical angle aco for an ideally dense substance is calculated using equation (4.4) and is 0.476
degrees. The measured critical angle 2ac of 40 mTorr deposited film was 0.66 deg, where that
of 75 mTorr deposited film was 0.62 deg. Film porosities calculated from equations (4.5) and
(4.6) are plotted in Fig. 4.8. At 40 mTorr the calculated film porosity was ~52 % where at 75
mTorr it was ~58 %. Though in-plane conductivity measurements of the Ru thin films indicated
no noticeable difference between 40 mTorr and 75 mTorr deposited films, analysis on the XRR
critical angles indicated ~10 % difference in film porosity between the films with these

deposition conditions.
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Fig. 4.6 (a) Surface morphology (SEM), and (b) DC conductivity measured at room
temperature of as-deposited Ru films on single crystal YSZ substrates at various deposition

pressures and powers. All SEM micrographs are in same scale in (a).
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Table 4.2 Lattice parameters and electron densities of

Ru hexagonal close-packed crystalline structure.

Cell parameters

a 2.7059 A

b 2.7059 A

c 4.2815 A
Cell volume 81.45 A3
Number of Ru atoms in one cell 6
Electron density peo 3.24x10% m3
Critical Angle aco 0.476 deg
Volume per single Ru atom 13.57 A3/ atom
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Fig. 4.7 XRR profiles measured from porous Ru thin films on single crystal YSZ substrates

deposited (a) at 40 mTorr, and (b) at 75 mTorr.
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4.3.3 Microstructures of Ru thin films at the interface with YSZ

Interfacial nano-scale morphology between Ru anodes and YSZ electrolytes is critical in
terms of fuel cell performance, because electrochemical reactions are considered to take place
at the triple phase boundary between the anode, the electrolyte and the fuel gas phase. In order
to obtain a detailed nano-scale morphological understandings on the Ru-YSZ interface, TEM
cross-sectional analysis has been applied on Ru thin films deposited on sc-Y SZ substrates. Fig.
4.9 (a) and (b) show a nano-scale morphology of a Ru thin film deposited at 75 mTorr, RF
target power of 250 W for 10 mins. Ru thin films exhibit a columnar structure, where each of
the column has a longitudinal length of ~40 nm and a width of ~10 nm. The contrast difference
in the columns indicate density variations within the film. Columns show fine nano-crystalline
structures with detailed nano-scale morphologies. It is interesting to see a darker layer with a
thickness of ~2 nm at the YSZ interface, indicating an existence of a denser Ru layer. The
columnar structure seems to have grown on a thin dense layer formed on the YSZ surface.

Fig. 4.10 (a) and (b) show a nano-scale morphology of a Ru thin film vacuum annealed at
550 °C for one hour. The annealed film contains columnar but more granular structure
compared to an as-deposited film. Longitudinal lengths of columns decreased to ~30 nm, where
their widths increased to 25~45 nm. Detailed nano-scale morphology existed in as-deposited
column seemed to have disappeared, showing more uniform contrast due to crystal growths
and agglomeration of neighborhood columns. Density variation in the film seems to be
enhanced, where clear separations between granular columns are observed. The dense thin
layer observed at the YSZ surface has disappeared, assumedly due to Ru agglomeration and
dewetting. Due to this change at the Ru-YSZ interface where the YSZ electrolyte gets exposed
to the gas phase, it is likely that a triple-phase boundary required for electrochemical fuel
oxidation is formed.

A cross-sectional TEM image of a Ru thin film on a polycrystalline YSZ thin film is shown
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in Fig. 4.11 (a) and (b). Deposition presssure was at 75 mTorr, RF target power of 250 W and
deposition time for 10 mins. The nano-scale morphology was very similar to those on sc-YSZ,

showing a columnar structure with longitudinal length of ~45 nm and width of ~10 nm.

79



. Ru ->
thin film

YSZ
substrate

(@) (b)
Fig. 4.9 TEM cross-sectional micrographs of an as-deposited porous Ru films on sc-YSZ
substrates at (a) 100 nm and (b) 20 nm scale. Films were deposited at 75 mTorr,

250 W for 10 min.
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Fig. 4.10 TEM cross-sectional micrographs of Ru films on sc-YSZ substrates after vacuum
annealed at 550 °C, on (a) 100 nm and (b) 20 nm scale. Films were deposited at 75 mTorr,

250 W for 10 min.
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Fig. 4.11 TEM cross-sectional micrographs of an as-deposited Ru films on thin film
polycrystalline YSZ coated Si substrates, at (a) 100 nm and (b) 20 nm scale.

Films were deposited at 75 mTorr, 250 W for 10 min.
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4.4  Conclusions

Nano-porous Ru thin films were fabricated by DC sputtering for characterizations towards
application as uSOFC anodes. Critical thickness of the Ru thin film for in-plane current
conduction path formation was indicated to be ~50 nm following in-plane conductivity studies.
Grain sizes increased with film thickness and target power, showing highly granular texture.
Film porosities of the thin films were highly dependent on deposition pressure, where higher
pressure gave higher film porosity as indicated by in-plane conductivity and XRR data analyses.
Nano-structural stability under elevated temperature was evaluated through 550 °C annealing
in vacuum. The porous films showed extensive grain growths from 10~20 nm to 30~40 nm
range, where highly granular texture was retained. At the same time, significant decrease in
sheet resistance was observed. Binarization image analysis on planar SEM images of annealed
Ru thin films showed that grain agglomerates appears to be still isolated from each other. This
indicates that very thin interconnecting Ru layer exists between the grain agglomerates
enabling in-plane electron transfer. TEM cross-sectional analysis of Ru thin films on YSZ
substrates revealed nano-scale columnar structures with longitudinal lengths of ~40 nm and
widths of ~10 nm. Dense Ru layer with thickness of ~2 nm exists covering the YSZ surface.
After annealed in vacuum triple phase boundaries were formed with an exposure of YSZ to gas
phase, due to agglomeration and dewetting of the Ru thin film while still maintaining nm scale

morphologies.
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Chapter 5: Micro-Solid Oxide Fuel Cells with Nano-Porous Ruthenium

Anodes for Direct Methane Operation

5.1 Introduction

Following the basic characterizations, nano-porous Ru thin films were applied on uSOFC
platforms as anodes. Fuel cell performance was evaluated through careful engineering of the
anode microstructure, with direct supply of 3 % humidified methane as a fuel. OCV and peak
power densities of 0.71 V and 450 mW cm?, respectively, were achieved at 500 °C. No carbon
deposition was observed in SEM study after fuel cell operation. The evolution of Ru anode
morphology under methane and hydrogen operation are compared and discussed.

Next, the uSOFCs were operated with dry natural gas and methane and directly compared
[87]. At 500 °C, comparable power densities were obtained. In 3 % humidified natural gas, a
peak power density of 800 mW cm was obtained. Extended constant voltage operation was
investigated with methane fuel, where intermittent cell current oscillation was observed. The
instability is discussed with regard to oxidation states of the Ru anode catalysts, based on post-

operation XPS analysis.

5.2 Experimental Details
5.2.1 Fabrication and performance evaluation of ruthenium anode thin film micro-
solid oxide fuel cells
Thin film uSOFC platforms with YSZ electrolytes and Pt cathodes were fabricated following
the processes described in chapter 2. Porous thin film Ru anodes were deposited on self-
supported YSZ/Pt uSOFC platform in Ar at a pressure of 75 mTorr and power of 250 W by
DC sputtering without substrate heating. Deposition rates of Ru thin film were calibrated by

XRR with a Bruker D8 X-ray Diffractometer in a parallel beam geometry. Fuel cell
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performance was evaluated following the procedure described in section 2.4.

5.2.2 Post-operation analyses on fuel cells and ruthenium anodes

The morphology of Ru anodes were investigated with SEM before and after the fuel cell
measurements in order to look into grain growths, microstructure changes and possible carbon
depositions. Cross-sectional sample of a uSOFC was prepared and investigated by Zeiss
NVision 40 FIB-SEM after the fuel cell test to investigate the microscopic cell integrity and
microstructures of the electrodes and electrolytes.

As-deposited and after methane operation Ru anodes were analyzed by Auger electron
spectroscopy (AES) with a Physical Electronics Model 700 Scanning Auger Nanoprobe to
further investigate possible carbon deposition from methane decomposition. AES allows
elemental analysis with high depth resolution (~3 nm) and lateral resolution (~6 nm). Samples
were analyzed in ultrahigh vacuum chamber (~102° Torr) which avoids problematic carbon
contamination during the measurement.

Oxidation states of Ru anodes were investigated with XPS using a SSX-100 ESCA XPS
system equipped with a monochromated Al Ka X-ray source (1.4866 keV) in high vacuum
(~10® Torr). X-ray photoelectron spectra of the Ru 3d, Ru 3p and Oxygen (O) 1s emissions
were obtained with the pass energy at 100 eV and an X-ray spot size of 150 um. The Ru films
were grounded to the sample holder to avoid charging effects. The data was fitted with a
CasaXPS program package using mixed Gaussian-Lorentzian peak shapes and a Shirley
background. The signal intensity of O 1s and Ru 3d spectra was normalized against
corresponding Ru 3p peak area. The Ru 3d emission overlapping with the carbon C 1s emission
was deconvoluted into contributions from Ru metal, oxide and carbon, considering quantitative
relationship between theoretical intensities of Ru 3d 5/2 and 3/2 spin-orbit components.

Tabulated sensitivity factors of 7.39 for 3d 5/2 and 5.1 for 3d 3/2 were used. The O 1s emission
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was deconvoluted into contributions from different species, while full width at half maximum
(FWHM) was limited in a narrow range. Trends in the atomic concentrations of different
oxygen species were estimated by comparing the corresponding O 1s peak areas against the Ru

3p peak area using tabulated sensitivity factors, 2.93 for O 1s and 10.2 for Ru 3p.

5.3 Results and Discussion
5.3.1 Characterization of ruthenium anodes on micro-solid oxide fuel cells, and fuel
cell performance measurements with 3 % humidified methane

Figure 5.1 shows (a) a schematic of a Ru anode uSOFC with (b) a representative optical
micrograph. They are highly buckled as a result of compressive film stresses [57]. The
maximum buckling from the horizontal plane is expected to be 5~7 pum [88], the aspect ratio
being more than 25~30. Figure 5.2 (a) - (d) show SEM images of Ru anodes before fuel cell
measurements. Unlike the Ru thin films deposited on sc-YSZ substrates, Ru anode films
deposited on self-supported uSOFC electrolytes exhibited island-like morphology. Both the
size and number of Ru islands increased with deposition time. After 20 min of deposition, Ru
islands still did not contact each other. This island-like morphology has been reported in
previous works with Pt and Pd anode thin films deposited by similar techniques in a
lithographically patterned structure [85, 89]. This could arise from two factors. Firstly, Ru
anodes were deposited inside a geometrically confined Si well, as opposed to the unobstructed
flat surface on a sc-YSZ substrate. This may lead to enhanced shading effect that can result in
films with columnar morphology [90-92]. Secondly, Ru anodes were deposited on self-
supported YSZ - Pt membranes with very small thermal mass to absorb kinetic energy released
during Ru sputtering. This may give rise to membrane heating during the sputtering process,
leading to agglomeration of deposited Ru particles and result in the formation of island-like

morphology.
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However, a detailed SEM analysis with a higher resolution revealed an existence of thin Ru
layer beneath the larger island-like structure. Figure 5.3 shows high resolution SEM images
focused on underlayers of Ru anodes deposited for (a) 12 mins, and (b) 16 mins. Both samples
exhibited island-like structures on the surface similar to Fig. 5.2, but at the same time highly
granular nano-structures similar to those observed on substrates in section 4.3 were observed

at the layer beneath the islands.

YSZ Electrolyte Pt Cathode

(~80I’lr.n'. _ \.‘./.f-(~173r1r-nl o

Ru Anode
(~=30nm)

160pm

(@) (b)

Fig. 5.1 (a) A schematic of a Ru anode uSOFC, with (b) representative optical micrograph

taken from the anode side.
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Fig. 5.2 SEM micrographs of Ru thin films on uSOFC YSZ electrolytes. As-deposited Ru
anodes with deposition times of (a) 7.5 min, (b) 10 min, (c) 15 min, and (d) 25 min. Ru
anodes after operated with methane, deposition times of (¢) 7.5 min and (f) 15 min. Ru

anodes after operated with hydrogen, deposition times of (g) 10 min and (h) 15 min.

Fig. 5.3 High resolution SEM micrographs of as-deposited Ru thin films on uSOFC YSZ

electrolytes, with deposition times of (a) 12 min, and (b) 16 min.
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Fuel cell performance measurements of uSOFCs with Ru anodes deposited for 15 min were
conducted with 3 % humidified methane as the fuel and laboratory air as the oxidant. 1-V and
performance curves of the uSOFC at 400, 450, and 500 °C are shown in Fig. 5.4. At 500 °C, a
peak power density of 450 mW cm2 was obtained with an OCV of 0.71 V, while those at 450
°C were 195 mW cmand 0.64 V, respectively. The actual active area of this cell was measured
by SEM and was 158 um x 155 pum. To the best of authors’ knowledge, the power density at
500 °C is among the highest performance reported to date for methane-fueled fuel cells
operated at equivalent temperatures. For example, a micro-tubular SOFC with methane fuel
has displayed 0.3 W cm™ at 503 °C, but with internal steam reforming which may induce
undesirable thermal gradients within the cell compartment [16]. Peak power densities of
uSOFCs operated with 3 % humidified methane with different Ru anode thicknesses
(deposition time of 7.5, 15 and 25 min) are shown in Fig. 5.5. Deposition time of 15 min gave

the optimum thickness of Ru anode to achieve highest peak power density.
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Fig. 5.4 Performance of a Ru anode/Y SZ electrolyte/Pt cathode uSOFC operating at
(A) 400 °C, (B) 450 °C and (C) 500 °C with 3 % humidified methane as the fuel. Open and
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Fig. 5.5 Peak power densities of Ru anode/Y SZ electrolyte/Pt cathode uSOFCs with different

Ru anode thicknesses.

89



The high performance with methane fuel can be attributed to the high catalytic activity of Ru
with respect to electrochemical and chemical reactions of methane occurring on its surface.
One of the reaction pathways proposed is indirect oxidation, i.e. cracking the methane on the
anode followed by the electro-oxidation of the cracked species [12]. This is an exothermic
reaction that may be preferred at low operating temperature. In addition, Ru is known to be
catalytically active for steam reforming [26-29] and dry reforming [27, 30-32]. With the local
coupling of these reactions and its high resistance to carbon deposition, products of cracking
and electro-oxidization of methane, H>O and CO- can be used to reform methane. Hydrogen
and CO produced by reforming are consumed as fuels and generate H>O and CO- in turn, which
can be further utilized in aiding reforming reactions, accelerating the overall number of
reactions occurring [41]. However, the electrochemical process of methane on Ru anodes could
be complicated due to possible reforming and cracking reactions, and multiple intermediate
species involved [21]. The results presented here do not provide sufficient evidence for
identifying the elementary electrochemical mechanism. As stated above, it is possible that both
of these pathways are present in the case of methane reacting on Ru anode, leading to the
performance exhibited in this work. The reason for lower OCV compared to the theoretical
value may be attributed to following factors: first, our YSZ membrane is very thin (~80 nm)
and it is possible that we have pinhole-related electrical or gas shorting between anode and
cathode. A second possibility is that methane oxidization is not reaching its equilibrium under
OCV conditions. Low OCVs with methane fuel due to low catalytic activity have been reported
previously by other groups [21]. Scanning electron microscopy observations of Ru anodes after
fuel cell tests in Fig. 5.2 (e) and (f) showed no visible indication of carbon depositions, such
as filaments, sheets or crystals, indicating high carbon deposition resistance of Ru [27].
Scanning electron microscope may not be able to capture trace carbon deposition on the surface,

however, if significant amounts of carbon deposition occur, one would expect to see
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macroscopic evidence. In order to further investigate possible carbon deposition on Ru surface,
AES measurements were carried out on as-prepared and methane operated anodes. Figure 5.6
(a) shows results from as-prepared anodes, and (b) shows results from methane operated
anodes. As Ru Auger peak at 273 eV overlaps with carbon Auger peak at 272 eV, quantitative
analysis is not straightforward [93, 94]. However, a qualitative difference in the spectra after
methane operation can be observed indicating existence of carbon on Ru surface. The level of
the spectra change is minor with still distinguishable Ru peak. This carbon signal may be
originating from a couple of nanometers of carbon deposition, or from carbon containing

intermediates remaining on Ru surface due to incomplete methane oxidation.
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Fig. 5.6 Auger electron spectroscopy results of Ru anodes from (a) as-prepared pSOFC,

and (b) uSOFC operated with methane fuel.
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In addition to the qualitative AES analyses, quantitative analyses in XPS data on the Ru
anodes before and after fuel cell operations were applied. The Ru 3d core level spectra obtained
from Ru anodes are shown in Fig. 5.7 (a) as-prepared, (b) after operation with dry H, and (c)
after operation with 3 % humidified methane at 455 °C. They are characterized by a pair of
relatively narrow peaks corresponding to the 5/2 and 3/2 spin-orbit components located at
279.0 and 283.2 eV, respectively. It is well known that the C 1s core level spectra from carbon
at 284.0 eV closely overlaps with the Ru 3d 3/2 spin-orbit components. However, with a
quantitative relationship between theoretical intensities of Ru 3d 5/2 and 3/2 spin-orbit
components, one can derive C 1s profiles by appropriately fitting signal contributions from Ru
metal (shown in green lines) and oxides (shown in blue lines) , as represented by red profiles
in the figures. Figure 5.7 (d) shows results of a semi-quantitative analysis on the C 1s
intensities. The carbon intensity decreased for more than 70 % after hydrogen operation
compared to as-deposited samples, but increased for more than 70 % after methane operation
indicating emergence of additional carbon related species. These agree well with AES analyses
results, and could be due to a minor carbon deposition or carbon containing intermediates

remaining on the Ru surface.
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Fig. 5.7 High resolution Ru 3d spectra recorded from uSOFC Ru anodes by XPS,

(a) as-prepared, (b) after operated in dry hydrogen at 455 °C, (c) after operated in 3 %

humidified methane at 455 °C, and (d) relative changes of carbon intensity

after fuel cell operations.
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Good adhesion among the YSZ electrolytes and porous Ru anodes was also observed, as
revealed by a FIB cross-sectioned SEM image of a Pt/'YSZ/Ru nSOFC after hydrogen fuel cell
operation (Fig. 5.8). The total cell thickness of the fuel cell is about 180 nm: ~70 nm thick Pt
cathodes, ~80 nm thick YSZ electrolyte, and ~30 nm thick Ru anodes. The morphology of Ru
anodes was investigated after methane fuel cell testing over 2 hours, showing spreading of Ru
particles on YSZ surfaces as shown in Fig. 5.2 (e) and (f). These changes under elevated
operation temperature are often attributed to the Ostwald ripening process [95]. As seen in Fig.
5.9, portions of the YSZ surface became uncovered and formed triple phase boundaries
required for electrochemical oxidation reactions. These microstructures are significantly
different from those reported for Pt electrodes under hydrogen operation [81, 85, 95]. The
original as-deposited island-like structure is retained to a large degree, potentially indicating

superior durability and higher flexibility in the microstructure-design of Ru anodes.
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Fig. 5.8 Focused ion beam (FIB) cross-section SEM image of a Pt/YSZ/Ru uSOFC.
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Fig. 5.9 High resolution SEM micrograph of Ru anodes after methane operation.
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We also observed that the morphology of Ru anodes after hydrogen testing is quite different
than after methane testing, as shown in Fig. 5.2 (g) and (h). As seen, original island-like Ru
morphology evolved into porous film-like morphology, indicating accelerated deformation.
Although further studies are required for quantitative understanding, we can discuss this
distinct morphology difference in light of previous studies. Ye et al. [96] showed that dewetting
behavior of Ni during annealing depends on the hydrogen flow rate. Horch et al. [97] reported
that hydrogen promotes self-diffusion of platinum. In their report, an activated Pt-H complex
was observed, which has a diffusivity enhanced by a factor of 500 relative to other Pt adatoms.
Similar behavior has been reported with other precious metal systems [98]. Operation with
hydrogen may give higher Ru surface coverage by hydrogen atoms, thus giving higher mobility
of Ru atoms leading to an accelerated sub-microscopic deformation, followed by Ru spreading
on the YSZ surface. In the case of methane operation, it is likely that decomposed intermediates
from methane (such as CO) cover the Ru surface, inhibiting hydrogen trapping on Ru atoms
[97].

Figure 5.10 illustrates evolution of the Ru anode morphology as a function of temperature
under different fuels. As-deposited Ru anodes show island-like structure with a thin nano-
structured underlayer. As the cell is heated, Ru island-like structure start to spread on YSZ
surfaces, and the thin underlayer starts to agglomerate and dewet, exposing YSZ electrolytes
to the fuel stream. The temperature at which ripening initiates and rates of spreading strongly
depend on the environment of Ru anode proximity. Spreading of Ru at low temperatures is
faster in the presence of hydrogen. This is required to establish activate triple phase boundaries.
However, excess spreading will decrease the active triple phase boundaries length and decrease
the fuel cell performance, as have been reported for uSOFCs with Pt electrodes [85, 95].
Together with its high melting point that suppresses excessive deformation and high activity

towards electrochemical reaction of methane, Ru is indeed a promising candidate for further
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integration as a direct-methane low temperature fuel cell anode. In addition to the above
discussion, we have observed interesting differences in OCV rise during fuel cell start-up.
Different behaviors in OCV rise during cell temperature ramp are shown in Fig. 5.11. As in
the case of Ru anodes on hydrogen, OCV started to increase around 130 °C, and gradually rises
to around 0.75 V as shown in Fig. 5.11 (a). This indicates gradual activation of the Ru catalyst
towards hydrogen oxidation, and also indicates that electrical connection has been established
in this temperature range. On the other hand, abrupt OCV rise to around 0.8 V at 360 °C, which
is at much higher temperature than in the case of hydrogen, was observed in the case of methane
as shown in Fig. 5.11 (b). Sudden rise at a higher temperature suggests that electrical
connection was established at a rate slower than that observed in hydrogen, consistent with the
discussion above. As mentioned earlier, it is quite possible that slow ripening and spreading of
Ru electrode under methane environment together with its high melting point allowed stable
triple phase boundary (TPB) morphology at elevated temperatures, and led to a superior

performance.

97



ocv /v

Ru on YSZ surface Ru islands

Ru islands

Uncovered YSZ surface

—

YSZ membrane

- After methane operation -

- Before fuel cell operation -

[ —

- After hydrogen operation -

Fig. 5.10 IHllustration of temperature-dependent evolution of Ru anode morphology under

different fuels.

1 r 1
0.9 | 0.9
08 + 0.8
0.7 0.7
06 | 2 0.6
0.5 ¢ 5 0.5
04 | o 04
0.3 0.3
0.2 0.2
01 0.1
0 + ' ' 0 = - - - - - !
100 120 140 160 180 200 340 350 360 370 380 390 400
Cell temperature / °C Cell temperature / °C
(@) (b)

Fig. 5.11 Temperature-dependent OCV behavior during fuel cell test with (a) hydrogen

and (b) methane.
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5.3.2 Further optimization and fuel cell performance measurements with dry
hydrogen, methane and natural gas

Following encouraging initial results from sub-section 5.3.1, further optimizations in fuel cell
performance were attempted. A representative optical image of uSOFCs fabricated for this
work is shown in Fig. 5.12 (a). A typical effective working area of a uSOFC cell was 200 pm
X 200 um as measured in the SEM. A symmetrical buckling pattern results from residual
compressive film stress due to YSZ deposition conditions. These buckling patterns are typically
observed in thermal-mechanically stable self-supported thin film uSOFCs [38, 39, 88, 99].

Prior to evaluating the fuel cell performance under different fuels, electrode and electrolyte
thicknesses were optimized to maximize the OCV and power density with methane fuel. Porous
metal electrodes require sufficient in-plane conductivity and high triple phase boundary density
(interface at YSZ electrolyte, metal electrode and gas) [39]. These factors are controlled by the
porosity and thickness of the electrode. The electrolyte thickness must also be optimized as
thicker electrolytes may prevent electronic and gas leakage, but concurrently lead to higher
Ohmic loss [57]. The Ru anode thickness was optimized to ~50 nm, YSZ electrolyte to ~110
nm and Pt cathode to ~70 nm. A typical cross-sectional view of a uSOFC after fuel cell
operation is shown in Fig. 5.12 (b). Good adhesion between electrolyte and electrodes is
observed without detachment or cracks between the layers.

Figure 5.13 (a) and (b) shows OCV, peak power density and I-V characteristics of the uSOFC
operated in dry hydrogen fuel, measured from 370 °C to 525 °C. At 525 °C, a peak power
density of 305 mW cm2 was obtained with an OCV of 0.95 V, while those at 450 °C were 102
mW cm2 and 0.99 V, respectively. With hydrogen fuel, the fuel cell showed high OCV and
deliver power from lower temperature regime, i.e. ~370 °C. Figure 5.14 (a) and (b) shows
OCV, peak power density and I-V characteristics of the uSOFC operated in dry methane fuel,

measured from 410 °C to 525 °C. The fuel cell demonstrated a maximum power density of 635
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mW cm? with OCV of 0.91 V at 525 °C, respectively. The OCV value increases with
temperature up to 500 °C, which may be due to the gradual formation of in-plane current
collection paths within the porous electrodes during the temperature ramp as observed in a prior
work [39]. As the electrolyte in this work is in the nano-meter scale, the OCV is determined by
the balance of an electromotive force applied through the active interconnected electrodes and
a leak current through the ultrathin electrolyte. Once an interconnect porous network is formed,
the OCV becomes stable [57]. Performance of the fuel cell operated with dry natural gas is
shown in Fig. 5.15 (a) and (b), in the 410~500 °C temperature range. The fuel cell exhibited a
maximum power density of 410 mW cm with OCV of 0.96 V at 500 °C. The OCV slightly
decreased by 30 mV when fuel was switched from methane to natural gas, possibly due to
impurities present in natural gas. Performance at 530 °C with 3 % humidified natural gas is
depicted in Fig. 5.15 (c). Under this condition, the highest power density achieved was 800
mW cm2 at OCV of 0.95 V. As a comparison, Wang et al. [24] reported power density of 330
mW cm2 at 600 °C with humidified methane and Ru-SDC / Ni-SDC anode. Liu et al. [23]
demonstrated power density of 90 mW cm2 at 600 °C with humidified natural gas and Ni-YSZ
anode. The improvement in the maximum power density by a factor larger than two at lower
operation temperatures can be attributed to the use of sub-micrometer scale electrolytes and the
high electro-catalytic activity of nano-porous Ru anode toward electrochemical reaction of

methane.
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Fig. 5.12 (a) An optical micrograph of a self-supported uSOFC with nano-porous Ru thin
film anodes, taken from the anode side. Buckling is due to the residual compressive stress

typical in such membranes. (b) Focused ion beam (FIB) cross-section SEM micrograph

of a uSOFC.
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Fig. 5.13 (a) OCV, peak power density, and (b) I-V characteristics of a Ru anode uSOFC

operated with dry hydrogen, measured between cell temperatures of 370 °C and 525 °C.
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Fig. 5.14 (a) OCV, peak power density, and (b) I-V characteristics of a Ru anode uSOFC

operated with dry methane, measured between cell temperatures of 410 °C and 525 °C.

Highest power density achieved was 635 mW cm with OCV of 0.91 V at 525 °C.
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Fig. 5.15 (a) OCV, peak power density, and (b) I-V characteristics of a Ru anode uSOFC

operated with dry natural gas, measured between cell temperatures of 410 °C and 500 °C, and

(c) 1-V characteristics of a Ru anode uSOFC operated with 3 % humidified natural gas,

measured at cell temperature of 530 °C. Highest power density achieved was 410 mW cm

with OCV of 0.96 V at 500 °C with dry natural gas, and 800 mW cm with OCV of 0.95 V

with humidified natural gas.
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Peak power densities with dry natural gas and dry methane at different temperatures are
summarized and compared in Table 5.1. Peak power densities with natural gas and methane
were comparable, suggesting minor effect from additional species present in natural gas on Ru
anodes within the period of the measurement. The power densities were comparable to previous
results with humidified methane [39]. The reaction of complete methane oxidation is,

CH,+20, = CO, + 2H,0 (5.1)

The theoretical OCV E; for complete oxidation of methane can be calculated from the Nernst

equation as follows.

2
Ep=E+in (M) (5.2)

8F Pcoz2Pfz0
where E2 is the standard potential at temperature T, R is the universal gas constant (=8.314 J
mol? K1), F the Faraday constant (=96485 C mol™). Py, is the partial pressure of methane,
P,, of oxygen, Py, of carbon dioxide, and P,,, of water vapor, respectively. E2 can be

obtained from the Gibbs free energy at temperature T with the following relationship.

0 _ _Acp
Ef = - (53)
The reaction of partial methane oxidation to CO and H20 is,
CH,+1.50, = CO + 2H,0 (5.4)

In the case of partial oxidation of methane to CO and H-O, the above equations change to the

following equations (5.5) and (5.6).

RT PcyaPs?
Br = B9+ o in (F2) 59)
0o _ _AGp

P, is the partial pressure of carbon monoxide. Note that the number of electrons involved in
the electrochemical reaction changed from 8 to 6. Figure 5.16 (a) shows standard potentials of
H> oxidation, methane complete oxidation and methane partial oxidation calculated from eq.

(5.3) and (5.6). At 500 °C the standard potential of Hz oxidation is 1.06V, methane complete
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oxidation 1.04 V and methane partial oxidation 1.01 V. Theoretical OCVs calculated from eq.
(5.2) and (5.5) considering Nernst effect of partial pressures of reactant species are shown in
Fig. 5.16 (b). Assuming partial pressures of methane equal to 0.97 atm, H>O as 0.03 atm, and
CO2as 0.01 atm, the theoretical OCV for complete oxidation of methane at 500 °C is calculated
to be 1.11 V. Assuming partial pressure of CO as 0.01 atm and otherwise the same with the
case of complete oxidation, the theoretical OCV for partial oxidation of methane becomes
1.13V. A difference in theoretical OCVs between complete and partial oxidation becomes
small. A theoretical OCV with Hy is 1.04 V, slightly lower than those of methane oxidation
reactions. Figure 5.16 (c) shows measured OCVs in Hz, dry methane/natural gas, and 3%
humidified methane, with calculated theoretical OCVs of H. oxidation and partial methane
oxidation. The slope of measured OCVs in H> matches well with that of the theoretical value.
The difference could be explained by possible existence of minute electronic leakage through
nano-metric YSZ electrolytes. OCV with methane and natural gas fuels also followed a similar
slope with theoretical OCV of hydrogen fuel. This may be indicating that H> is produced by
gradual internal reforming and that the dominant electrochemical reaction is hydrogen
oxidation. Though OCVs obtained in this work are somewhat lower than the theoretical values,
they are similar to those obtained with electrolytes having a thickness two orders of magnitude

larger and operated at higher temperature [3, 23, 24].
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Fig. 5.16 (a) Standard potentials of hydrogen oxidation, methane complete oxidation and
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Table 5.1 Peak power densities of Ru anode uSOFCs at different cell temperatures
operated with dry natural gas and dry methane. Power densities were comparable between

natural gas and methane.

Cell ten:gerature PSvail![(hpNO;\':E:aolleg:éty Pe?/t/(ifhomg':hdaennesny
W cm W cm?
465 0.16 0.14
475 0.22 0.20
485 0.30 0.27
495 0.37 0.37
500 0.41 0.44
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5.3.3 Oscillatory characteristics of ruthenium based anode micro-solid oxide fuel cells
with methane fuel

Micro-SOFCs with nano-porous Ru anodes were continuously operated at a constant applied
voltage of 0.7 V at 455 °C for more than 180 minutes. Fuel cell current evolution during
extended operation with 3 % humidified methane as fuel is presented in Fig. 5.17 (a). Quasi-
periodic oscillations in the fuel cell current were observed. The periods of the oscillations
ranged between 10 to 50 min. One period consisted of a slow current decay followed by a
sudden recovery. By operating with dry hydrogen, no quasi-periodic oscillation was observed
as shown in Fig. 5.17 (b). Periodic bumps observed in the figure are an artifact due to
programmed I-V measurements. Though same methodology was applied at measurements with
methane fuel, current bumps were not observed.

Oscillatory catalytic behaviors in methane oxidation have been reported in previous works on
RuOx-YSZ catalysts [33], palladium-alumina (Pd-Al20s) catalysts [100], and Pt doped mixed
oxide catalysts [36]. However, the mechanism of the oscillatory behavior is not fully
understood. Published works indicate that methane activation and in turn the electrochemical
performance is highly dependent on oxidation states of the metal catalyst surface. As for Ru, it
is known that reduced metallic sites contribute in methane conversion by partial oxidation
while oxidized Ru sites facilitate complete oxidation with lower activity [34]. For example,
Bebelis et al. [33] found that the oscillatory behavior observed in methane oxidation over a
RuOx—YSZ electrode is related to transitions between different oxidation states of Ru. The
surface oxidation state of the electrode was correlated to the anode potential, a more negative
potential indicating a lower surface oxygen activity and a higher degree of reduction, also

showing improved electro-catalytic rate and higher selectivity to partial oxidation.
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Fig. 5.17 Fuel cell current history of nano-porous Ru anode uSOFCs with
(a) 3 % humidified methane as fuel, at cell temperature of 455 °C, and cell voltage of 0.7 V,

and (b) with dry H. as fuel, at cell temperature of 455 °C, and cell voltage of 0.7 V.
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In order to investigate fuel effect on Ru oxidation states, XPS measurements were carried out
on the Ru anodes with different fuel cell operation histories. Ru 3d core level spectra obtained
from Ru anodes after operation at 455 °C are shown in Fig. 5.7. Dry hydrogen operation has
two effects on the appearance of the spectra as shown in Fig. 5.7 (b). Ru 3d peaks appear
sharper with a decrease in FWHM, and peaks showed shifts to lower binding energy (B.E.)
direction. These are due to decreased signal from oxidized Ru species with higher B.E.,
compared to an as-prepared sample as shown in Fig. 5.7 (a). On the contrary, after operation
in 3 % humidified methane the spectra showed increase in FWHM with a shift to higher B.E.
as shown in Fig. 5.7 (c), indicating further oxidation of Ru surface. Next, XP spectra from the
oxygen related species were investigated in detail. High resolution O 1s core spectra recorded
from Ru anodes are shown in Fig. 5.18 (A) as prepared, (B) after operation with dry hydrogen
at 455 °C, and (C) after operation with 3 % humidified methane at 455 °C. The influence of
the fuel on the oxidation state was investigated by deconvolution of O 1s spectra. Based on
previous reports, the component at lower binding energy (529.1 +/- 0.3 eV) is attributed to 0>~
species [101-103]. For metallic oxides such as RuO, final state effect gives rise to an
asymmetry in the O 1s core level spectra [101, 104-106]. The O* component was therefore fit
with an asymmetric tail at high binding energies. Other components were fit with typical
Gaussian-Lorentzian peak shapes. The higher binding energy component at 530.8 +/- 0.3 eV
is attributed to OH™ species [104, 107, 108], which likely originates from water produced by
fuel oxidation or from those present in the humidified fuel feed. The spectrum from a sample
operated with methane (Fig. 5.18 (C)) shows a third component at 532.2 eV. This component
has been observed by O’Grady et al. [109], Sharma et al. [110], and Shen et al. [111]. Kim et
al. [101] attributed it to be due to the presence of absorbed water and/or oxygen containing
compounds such as CO. Foelske et al. [107] attributed this peak to surface adsorbed H>O. We

extended our analysis by comparing the O 1s core spectra from Ru anodes operated with
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humidified fuels at higher temperature. The XP spectra from Ru anodes are shown in Fig. 5.19
(A) as-prepared, after operated with (B) 3 % humidified hydrogen, (C) with 3 % humidified
methane, and (D) with 3 % humidified natural gas, at 530 °C. The peak at 532.2 eV was not
observed after operation with humidified hydrogen, but appears only after operation with
methane or natural gas. This suggests that the peak is not related to the presence of adsorbed
water but rather, is due to oxygen containing compounds such as CO, or other intermediate
products of the methane oxidation. The results of analyses on surface oxygen species after
operation with different fuels are summarized in Fig. 5.20. Oxygen species detected on the Ru
anode surface after fuel cell operations are strongly affected by the fuel that is used to operate
the cells, as summarized below:

1) Operation with hydrogen reduces the Ru electrode surface and the O? peak intensity as
seen in Fig. 5.18 (B). Hydrogen is highly reactive with oxygen species and cleans the Ru
surface by reacting with surface oxygen. When humidified hydrogen is supplied at 530 °C,
a stronger OH" peak is observed as shown in Fig. 5.19 (B). OH" species may originate from
H-0O added in the fuel stream and from fuel oxidation. No appearance of the higher binding
energy peak (532.2 eV) was observed.

2) Operating with methane or natural gas significantly increases the O? component intensity
as shown in Fig. 5.18 (C), Fig. 5.19 (C) and (D). There appears to be greater amount of
oxygen coverage on the Ru surface due to favored oxygen adsorption relative to methane
under the experimental conditions. The peak at 532.2 eV appears and is related to CO or
other oxygen related intermediates of methane oxidation. No significant difference in
photoelectron spectra was observed between anodes operated with methane (Fig. 5.19 (C))

and natural gas (Fig. 5.19 (D)). No sulfur related peak was detected.
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In order to evaluate Ru oxidation potential, oxygen partial pressure required for oxidation is
investigated via Ellingham diagram. Figure 5.21 shows (a) partial pressure of oxygen, and (b)
calculated anode potential, respectively, required to oxidize Ru under standard states. The
anode potential needs to be as high as 0.6 V at 500 °C, which is not likely under fixed cell
voltage of 0.7 V. Thus, the Ru oxidation needs to be attributed to the weak reducing activity of
methane at this temperature [34], and to an ionic flow of oxygen from the cathode due to a

potential difference in the cell, in addition to the moderate anode potential.
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Fig. 5.18 High resolution O 1s spectra recorded from uSOFC Ru anodes by XPS,
(A) as prepared, (B) after operated with dry hydrogen at 455 °C, and (C) after operated with
3 % humidified methane at 455 °C. Intensity of O% peak centered at 529.1 eV increased after

methane operation with appearance of the third peak at 532.2 eV.
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Fig. 5.19 High resolution O 1s spectra recorded from uSOFC Ru anodes by XPS,
(A) as prepared, (B) after operated with 3 % humidified hydrogen at 530 °C,
(C) after operated with 3 % humidified methane at 530 °C, and (D) after operated with
3 % humidified natural gas at 530 °C. Increase of the O peak intensity at 529.1 eV and

appearance of the third peak at 532.2 eV is observed with both methane and natural gas fuels,

whereas increase in OH™ peak at 530.8 eV was observed with humidified hydrogen.
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5.3.4 Potential origin of the oscillatory behavior

Extensive oxygen coverage on the Ru anode surface and an appearance of the 3 oxygen peak
at higher B.E. after methane operation suggests that the oscillatory behaviors observed are due
to the accumulation of an oxidized Ru layer and oxygen related intermediates. A current decay
during an oscillation indicates a decrease in anode catalytic activities, and thus anode exchange
current densities. In the following, only the effective exchange current density based on the
geometric electrode area is discussed. In the Tafel region, the anode overvoltage and current

density relationship for the reduced surface can be described as,

iRed

Nan = ARed lnj-RW (5-7)

ano

where 7., is the anode overvoltage, ag.q a constant, j¢d the anode effective exchange

current density and jRe? the fuel cell current density. For a surface covered with an oxidized

layer or oxygen related intermediates, the relationship changes to the following:

i0x

Nan = Aox lan (58)

ano0

Here a,, is a constant, j2%, the anode effective exchange current density, and j°* the current
density at the surface covered with oxidized layer or oxygen related intermediates. As the
portion x (0<x<1) of the Ru-YSZ interface becomes covered, the area averaged current density
(Jaw) Will change to,

Jav = (L= x) jR% + x jO¥ (5.9)

= (1—x) exp (1) jhed + x exp (222) jiory (5.10)

Since the catalytic performance of reduced metallic sites is significantly better than the
oxygen covered sites [33, 34] we can expect jRéd >> jOX  This indicates that increase in Ru
surface oxygen coverage leads to approximately a linear reduction in average current density
under fixed anode overvoltage. An area averaged exchange current density takes a value

between j9%, and jRe4 depending on the surface coverage condition.
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Jano = (L= %) &6 + x jono (5.11)

In the Tafel region the fuel cell voltage Ecen at current j can be described as follows, where E?
is the theoretical OCV at temperature T, ., the cathode overvoltage, and Ronm the Ohmic
resistance of the cell.

Ecen() = E2 = Nan() = Nca() = J Ronm (5.12)

The contribution from the ionic resistance of the YSZ electrolyte can be significantly high at
this low operating temperature in conventional SOFCs. Representative ionic conductivity of
YSZ electrolyte at 450 °C is ~0.0003 S cm™ [18, 112]. However, with a 110 nm electrolyte the
contribution to the area specific resistance is minimum being ~0.04 Q cm™. Thus in case of
uSOFCs with nano-meter scale electrolytes, the majority of losses comes from electrode
polarizations. In the following, total overvoltages obtained at different anode oxygen coverage
states are compared. A total overvoltage is described as,

NG =Man() + 1ca() +J Ronm (5.13)

In the Tafel region, at certain anode oxygen coverage state total overvoltages at current

density j can be describes as follows,

n (]) - aan ] no -t acalnj +] Rohm (5-14)

n (]) - aan ] + acaln] +] Rohm (5-15)

Superscripts 0 and 1 indicate different anode oxygen coverage states, and a,,, a., are
constants in Tafel equations. Here j.,, is the cathode exchange current density, and j7,,, is the
anode effective exchange current density at anode oxygen coverage state X. By comparing two
I-V curves obtained at different anode oxygen coverage states 0 and 1 at a same fuel cell current
J, equation (5.15) can be subtracted from equation (5.14). At the same fuel cell current point
we can expect cathode overvoltage and Ohmic losses to be constant, between different anode

oxidation states [113]. According to equation (5.12) this implies that n,,(j) must change

118



accordingly.

U?m(i) - nclm(i) = aanlnﬁ - aanlnj;? (5-16)
1
U?m(i) - nclm(i) = Qgnln ;g:z (5.17)

From definition of Tafel equation, a,, can be described as.

RT
anF

(5.18)

Aan=
where R is the universal gas constant, T the cell temperature, a the transfer coefficient, F the
Faraday constant, and n the number of electrons transferred in each electrochemical event.
Normalized area averaged exchange current densities can be obtained by the following

relationship from equation (5.17).

.1 0 N _nnl i
Jano _ ey Nan()—nan() (5.19)

J&no aan

Current-voltage measurements obtained at different states during the fuel cell current
oscillation are shown in Fig. 5.22 (a). State 0 corresponds to the peak of the oscillation in Fig.
5.23 (a), where other states are specified accordingly within the current decay. As the fuel cell
current decays within the oscillation, the I-V curve shifts to the lower left direction indicating
performance degradation. To obtain relative change in anode exchange current density from
equation (5.19), a fuel cell current region corresponding to overvoltage of 100~300 mV was
chosen assuming 1.05 V as the theoretical OCV [112]. Figure 5.22 (b) depicts difference of
overvoltage between states within the current decay, plotted versus natural log of fuel cell
current. As indicated in the figure, the flat portion to the left corresponds to the defined
overvoltage regime and is used to calculate relative anode exchange current density with
equation (5.19). Normalized exchange current densities derived from I-V measurements are
shown with schematics of the Ru surface oxidation in Fig. 5.23 (a), along with the fuel cell
current oscillation. Indeed, the effective exchange current density decreases with the current

decay, indicating a decrease in electrochemically active Ru-YSZ TPB interface. Note that the
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fuel cell current does not decay as much as the fraction of the anode exchange current density,
due to the compensating increase in the anode overvoltage. This is due to a decrease in cathode
overvoltage and Ohmic losses accompanied with the current decay as depicted in Fig. 5.23 (b).
The effective anode exchange current density drops for 98 % through the current decay,
indicating nearly full coverage of the Ru active surface by oxygen and/or intermediates. Figure
5.24 shows (a) I-V curves, (b) difference in overvoltages between the states, and (c) calculated
effective anode exchange current densities during another current decay period observed in the
oscillation. Similar to the previous analysis, extensive decay in effective anode exchange
current density was observed.

As seen in Fig. 5.17, the fuel cell current shows a sudden recovery to its initial value after a
gradual decay. This is possibly due to reduction of the Ru surface or removal of intermediates
which restores its catalytic activity. The oscillatory behavior can therefore be attributed to a
repeated transition between two surface states of Ru; namely metal exposed state with high
catalytic activity and an oxidized or intermediates covered state with low catalytic activity.
Very similar catalytic oscillation with a slow decay and a sudden recovery was observed in
partial oxidation behavior of methane over Ru/Al,Oz catalysts [114]. Along with the slow
temperature drop in the catalyst bed, simultaneous decay of H> and CO concentration in the
syngas was observed. The decay in partial oxidation catalytic activity and selectivity is reported
to be due to gradual oxidation of the Ru surface. At the end of an oscillation cycle, the catalyst
temperature recovers suddenly followed by increases in H2 and CO concentrations. The rapid
activity recovery was explained by an autonomous ignition of methane complete oxidation (or
combustion) and consecutive Ru surface reduction induced by the temperature rise. Ru catalyst
surface is more easily reduced at higher temperature [34]. As can be explained by the Ellingham
diagram Fig. 5.21 (a), at higher temperature Ru tends to be more in its metallic form under

same oxygen partial pressure.
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Figure 5.25 (a) shows high rate data acquisition results during the oscillation. Interestingly,
the fuel cell current falls to O at the end of the current decay, indicating total activity loss of
methane reforming and oxidation. However, the current recovers rapidly at the next moment
and the whole cycle resumes again. A quantitative mechanism of the sudden recovery is not
well understood, but it can be qualitatively explained from the viewpoint of the autonomous
ignition observed in methane partial oxidation with Ru based catalysts [114], with an additional
contribution from of a unique electrochemical mechanism in fuel cell anodes. Fig. 5.25 (b)
schematically describes the transition of the anode surface states and resulting catalytic
activities of reforming and partial oxidation against combustion. At point a in Fig. 5.25 (a) and
(b), methane reforming and partial oxidation dominantly takes place on the reduced Ru reaction
sites. The Ru reaction sites are gradually oxidized at duration b, along with the decay in the
reforming catalytic activity, hydrogen production and the fuel cell current. At point c, the
reforming reaction and partial oxidation is quenched due to an extensive surface oxidation. It
is interesting to note that in Fig. 5.17 (a) this quench occurred at approximately the same cell
current point ~0.018 A cm?, indicating that reforming is quenched at a certain anode
overvoltage and thus a surface oxidation state. The fuel cell current falls to 0 at point d while
cell voltage is maintained at 0.7 V, resulting in a steep increase in anode overvoltage. The
overvoltage exceeds the oxidation limit in the Ellingham diagram Fig.5.21 (b), leading to an
accelerated electrochemical Ru surface oxidation, which in turn may ignite a complete methane
oxidation reaction (or namely a combustion) at point e. The ignition results in an instantly high
fuel cell current (point f) with a steep temperature rise. The temperature rise maybe enhanced
due to limited thermal mass of a thin film uSOFC structure. The Ru surface is reduced to its
metallic phase due to the temperature rise and decreased anode overvoltage, which activates
the reforming and partial oxidation, and the overall cycle resumes. Figure 5.26 schematically

summarizes the proposed mechanism chain discussed above, focusing on reforming activity

121



affected by Ru surface oxidation, and ignition of complete oxidation that restores the activity.

Another possible mechanism of the oscillation is self-cleaning due to reaction between
accumulated oxygen and methane reaction intermediates. Similar oscillation phenomenon was
recently observed with Ni anodes with sulfur containing fuel under high fuel utilization
condition [115]. The performance recovery in these oscillations was explained by the oxidation
of adsorbed sulfur. Both Ru surface oxidation and adsorption of intermediates may lead to
decrease in Ru catalytic activity. Analogous to the case of sulfur cleaning on Ni, performance
recovery could be explained by Ru surface self-cleaning due to oxidation of adsorbed
intermediate species. In order to further investigate and quantify the oscillation mechanism, in-

operando studies such as utilizing synchrotron radiation X-ray absorption may be desirable.
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Fig. 5.22 (a) Current-voltage measurements obtained at different states during the fuel cell
current oscillation. The shaded region corresponds to overvoltage of 100~300 mV and is used
for calculating relative change in anode exchange current density.

(b) Difference of overvoltage between states plotted versus natural log of fuel cell current.
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Fig. 5.23 (a) Fuel cell current history during test time of 70~120 min depicted in Fig. 5.7,

with normalized effective anode exchange current density with respect to state 0

and a schematic of catalyst surface coverage states, and

(b) a schematic of changes in anode and cathode overvoltage along the current decay.

124



Cell voltage / V

0.9 -

0.10
0.85 - 0.09 -
0.08 -
0.8
0.07 |
0.75 0.06
Range used
for calculation 0.05 -
0.7
State 0 0.04
0.65 0.03 |
s 0.02
<
0.6 State 2 State 1 Range used ool |
for calculation ’
0.55 T T T 6.00
0 0005 001 0015 002 0025 003 0035 004 -6.0 5.5 5.0 4.5 4.0 35

. S 3
Current density / A cm?2 Fuel cell current In(j) /jin Acm

(@) (b)

1 .
2
2
]
g2
<5
5 01
=} .
% )
£ES
= C
o ®©
Zc
o
>
w
0.04 - 0.01
A A A
i i H
1 1 1
1 I 1
o ! H [
E 1 I H
< i i H
= 0.03 1 State 0 | i i
P i ! i
‘© I H
c 1 1
a State 1 i !
— 1
5] H
= State 2 |
3 0.02

0.01 -

(©)

Fig. 5.24 (a) Current-voltage measurements obtained during the fuel cell current oscillation,

(b) difference of overvoltage between states plotted versus natural log of fuel cell current,

(c) normalized effective anode exchange current density with respect to state 0 with fuel cell

current history during test time of 115~155 min.
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Fig. 5.25 (a) High rate acquisition of fuel cell current during the oscillation observed at 0.7 V

constant voltage operation with methane fuel, cell temperature at 455 °C. (b) A schematic

describing transition of temperature, oxidation states and catalytic activity at Ru anode

surface. The alphabet symbols correspond to Ru anode surface states in (a).
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Fig. 5.26 A schematic describing a proposed mechanism of current oscillations observed.
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5.4 Conclusions

Thin film uSOFCs with nanoporous Ru anodes, YSZ electrolytes, and Pt cathodes have been
fabricated and tested for direct methane utilization. The uSOFCs with Ru anodes showed a
peak power density of 450 mW cm2 and an OCV of 0.71 V at 500 °C with methane and no
apparent carbon deposition was observed after fuel cell tests. The morphology of Ru anodes
after methane operation showed distinct difference from those of Pt electrode in hydrogen in
the literature, exhibiting better structural stability leading to an excellent performance. It was
also observed that the Ru anode morphology change was more suppressed under methane
operation than under hydrogen operation.

With further optimization of the fabrication processes, the nano-porous Ru anode uSOFC
exhibited peak power density of 800 mW cm at 530 °C with 3 % humidified natural gas as
the fuel. The performance with dry methane and natural gas fuel was found to be comparable.
Quasi-periodic oscillatory behavior of the cell current was observed when the uSOFC was
continuously operated at constant voltage of 0.7 V. Through post-operation XPS analyses, it
was found that oxidation states of Ru anode surfaces after operation significantly differ
depending on the fuel. The oxygen peak was stronger with methane and natural gas fueled
anodes compared to as-prepared and hydrogen fueled anodes. A third oxide species at 532.2
eV appears after operation with hydrocarbon fuels and was attributed to oxygen related
intermediate products of the methane electrochemical reaction. Mechanisms leading to the
oscillatory behavior are discussed based on Ru anode surface oxidation states, effective
exchange current densities and transition of anode overvoltage. A gradual surface oxidation
and decay in reforming reaction, coupled with a sudden activity restoration related to
overvoltage-activated complete oxidation route is proposed as an origin of the oscillation,

which is unique and only explainable by electrochemical / thermal interactions in uSOFCs.
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Chapter 6: Characterization of Ruthenium — Gadolinia-Doped Ceria

Nano-Composite Thin Films for Micro-Solid Oxide Fuel Cell Anodes

6.1 Introduction

In this chapter, Ru - gadolinia doped ceria (Ru-CGQO) nano-composite thin films prepared by
co-sputtering are investigated as anodes for uSOFCs. Following the results of chapter 5, Ru
seems to be an excellent anode material for direct methane uSOFCs but its microstructural
stability under operating condition remained as a concern. In attempt to stabilize Ru metal
nano-structure in thin film electrodes, fabrication and characterization of Ru-CGO nano-
composite thin films are investigated in this chapter. Detailed studies on electrical, crystal
structural properties and microstructural stability of Ru-CGO thin films are discussed, prior to

applying the thin film as puSOFC anodes.

6.2 Experimental Details
6.2.1 Growth and characterizations of pure gadolinia-doped-ceria thin films

Before processing Ru-CGO composite films, properties of pure CGO thin films deposited on
0.5 mm thick single crystalline YSZ <100> (sc-YSZ) substrates (MT1 Corp.) were investigated.
CGO thin films were deposited by radio-frequency (RF) sputtering from a Gd203 10 % : CeO>
90 % target (purity 99.99%, from Plasmaterials, Inc.) in an Ar environment without substrate
heating. Morphology and film deposition rates were investigated by varying deposition
pressures between 5 and 40 mTorr while target powers were varied between 100~150 W. Film
thicknesses of CGO resulted in 25~80 nm range. Film deposition rates of Ru thin films were
investigated to have them compared with those of CGO, varying deposition pressures between
10~75 mTorr while target powers were varied between 50~200 W. Ru film thicknesses resulted

in 15~85 nm range. Film deposition rates were calculated from film thicknesses and duration
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of depositions, where film thicknesses were estimated by XRR. Crystallinity of the films was
investigated by X-ray diffraction (XRD). XRR and XRD measurements on thin film samples
were carried out with a Bruker D8 X-ray Diffractometer using Cu Ko radiation. Nano-scale
morphology of the thin films were investigated using a Carl Zeiss Ultraplus Field Emission

SEM.

6.2.2 Growth and characterizations of ruthenium - gadolinia-doped-ceria composite
thin films

Composite thin films of Ru and CGO were fabricated by co-deposition of DC-sputtering from
metal Ru target and RF-sputtering from ceramic CGO target, as schematically shown in Fig.
6.1. Single crystal sapphire <0001>, single crystal YSZ (sc-YSZ), SizsN4 coated Si (SiaN4/Si),
and YSZ coated SisN4/Si (YSZ/SisN4/Si) were used as substrates. Films on sapphire substrates
were used for electrical characterization and thickness calibration of the composite films, while
those on YSZ/SizN4/Si substrates were used for XRD studies to investigate film crystalline
structure. For the YSZ/SiaN4/Si substrates, ~100 nm thick polycrystalline Y SZ thin films were
deposited on SisN4/Si substrates to simulate the uSOFC electrolyte surface. Films on sc-YSZ
and SiaN4/Si were used to compare substrate effects on the film morphology.

Different fractions of Ru in composite films were obtained by varying the DC power of Ru
target, while RF power of CGO target was fixed at 100 or 150 W. Based on the deposition rates
determined from individual Ru and CGO depositions, nominal volumetric Ru/CGO ratios were
designed in the range of Ru/CGO = 2/3 to 3/1.

XRD, XRR, microstructure and room temperature in-plane electrical conductivity of as-
deposited Ru-CGO films were characterized accordingly with the same methods for pure Ru
and CGO films. Crystalline structure evolution of composite thin films on YSZ/SisN4/Si

substrates under annealing at 500 °C for 1 h in 5 % Hx/Ar environment was investigated by
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XRD. Deposition rates of the composite films were calculated based on film thicknesses
obtained by XRR and deposition time. Chemical composition of the as-deposited samples were
evaluated by analyzing X-ray Photoelectron Spectrometer (XPS) spectra acquired in a Surface
Science SSX-100, after sputtering the samples for 20 min with Ar to remove surface
contaminants. Surface morphology and roughness of composite films were measured by SEM
and an Asylum Research MFP-3D Atomic Force Microscope (AFM) system.

In-plane conductivities of thin films deposited on sapphire substrates with 200 nm thick dense
gold contacts was measured in an environmental chamber while heating the substrate. A
representative view of a sample used for in-plane conductivity measurements with gold contact
pads is shown in Fig. 6.2. Direct current conductivity measurements were performed between
room temperature and 500 °C flowing 5 % H»-Ar gas through the chamber, while the sample
temperature was ramped up at the rate of 10 °C min. Evolution of thin film morphology was

studied with SEM before and after the test.
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Fig. 6.1 Schematic of co-sputtering from Ru metal target (DC sputter) and from

CGO ceramic target (RF sputter).
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Fig. 6.2 A representative view of a Ru-CGO composite film deposited sample used for

in-plane conductivity measurements with gold contact pads.
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6.3 Results and Discussion
6.3.1 Characterizations of gadolinia-doped-ceria thin films

Figure 6.3 presents SEM images of as-deposited CGO thin films grown at different
deposition pressures and powers. Smoother morphology was observed with CGO films
compared to Ru films. The films were rougher when deposition pressure was 10~20 mTorr,
but became featureless at 40 mTorr with no grain boundaries distinguishable. Typical grain
sizes observed at deposition pressure of 10~20 mTorr were 10~20 nm. Growth rates of Ru and
CGO films under various pressures and powers are summarized in Fig. 6.4. Since the
deposition rate of CGO became extremely low at 75 mTorr, the maximum co-deposition
pressure was limited to 40 mTorr. At 40 mTorr, the CGO target power was fixed to 150 W and
Ru target power was adjusted to control the film composition. At 10 mTorr, the CGO target
power was fixed to 100 W. The colored area (10~40 mTorr, ~4nm mint) shows an operation
window where deposition rates of Ru and CGO are in an equivalent range, giving

controllability to tune the film composition to the desired ratio.
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Fig. 6.3 Surface morphology (SEM) of as-deposited CGO films on single crystal YSZ
substrates, at deposition pressures and powers of;
(1) 10 mTorr, 100 W, (11) 20 mTorr, 100 W, (111) 40 mTorr, 100 W,

(V) 5mTorr, 150 W, (V) 10 mTorr, 150 W, and (VI) 20 mTorr, 150 W.
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Fig. 6.4 Dependence of Ru and CGO film deposition rates on deposition pressure and power.

6.3.2 Characterizations of ruthenium - gadolinia-doped-ceria composite thin films

Morphology, crystal structure and chemical compositions

Ruthenium - CGO composite films with nominal volumetric Ru/CGO ratio of 2/3, 1/1, 3/2
and 7/3 (namely, R2C3, R1C1, R3C2 and R7C3, respectively) were prepared with deposition
parameters shown in Table 6.1. R3C2 composite films on single crystal sapphire, sc-YSZ and
Si3N4/Si substrates showed smooth nano-crystalline morphology with grain sizes of ~10 nm as
can be seen in Fig. 6.5 (a)-(c). In contrast, the films on YSZ/SisN4/Si substrate showed highly
granular morphology with primary grain sizes of ~10 nm and secondary grains or pillars as
large as 70~100 nm as shown in Fig. 6.5 (d). This morphology may be due to the different
surface textures of polycrystalline YSZ thin film from single crystal or amorphous substrates.
Cross-sectional view of R1C1 film on YSZ/SisN4/Si substrate is shown in Fig. 6.6. Pillar-like
granular morphology can be observed, indicating that composite film growths are being
strongly affected by the under-layer texture. Similar pillar-like morphology of secondary grains

has been observed in Ni-YSZ co-sputtered films in the past study [63]. Morphology and surface
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roughness measurements results of R7C3 composite films deposited on sc-YSZ and
YSZ/SizN4/Si substrates, by AFM, are shown in Fig. 6.7 (a) and (b). As is consistent with the
SEM results presented in Fig. 6.5, composite films on polycrystalline YSZ thin film showed
an enhanced surface roughness. The root mean squared roughness of the films were 1.3 nm and
3.6 nm on sc-YSZ and YSZ/SizN4/Si substrates, respectively. Figure 6.8 (a) shows XRD
patterns of room temperature deposited composite films on YSZ/SisN4/Si substrates with
various Ru fractions. For pure CGO film, peaks from both CGO film and YSZ underlayer were
observed and the peak positions were consistent with those of cubic fluorite lattice parameters
of CGO and YSZ, respectively. Pure Ru film exhibited XRD pattern of hexagonal structure
with a relatively weak <002> peak. Only YSZ related peaks were identified with R2C3 and
R1C1 films indicating poor crystallization of Ru and CGO, possibly due to formation of
amorphous phases or very-fine-grained polycrystalline structures [116]. With an increase of
Ru content in the films, Ru related peaks appeared as presented in cases of R3C2 and R7C3
films. Within the range of the Ru/CGO ratio in this study, CGO related peaks were not apparent
in as-deposited films. Co-deposition of Ru with CGO seems to hinder formation of Ru and
CGO crystallites. Past studies on metal-ceramic co-deposited films also indicated similar
effects [71, 73]. In order to investigate crystalline structure evolution in the composite electrode
under fuel cell operating condition, R1C1, R3C2 and R7C3 thin films on YSZ/Si3Na4/Si
substrates were annealed at 500 °C in 5 % H/Ar environment for 1 h. As shown in Fig. 6.8
(b), annealed Ru-CGO composite thin films revealed fluorite CGO related peaks along with
enhanced Ru peaks, indicating ionic transport capability of CGO in the composite anode under
the fuel cell operating condition. As expected, CGO peaks grew stronger as CGO/Ru ratio was
increased. It is interesting to note that CGO <200> peak were suppressed compared to <111>
and <220> peaks, indicating preferential growth of CGO under metal-oxide co-deposition

which was not observed in pure CGO growth as shown in Fig. 6.8 (a). No secondary or
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unidentified peak was observed.

In order to quantify atomic compositions of CGO and Ru in the composite films, XPS
measurements were performed. Relative atomic molar ratio of Ru to (Ce + Gd) derived from
XPS measurements and calculated volumetric ratio of Ru to CGO in R1C1, R3C2 and R7C3
samples are shown in Table 6.1, respectively. Clear dependency of Ru increase and (Ce + Gd)
decrease in film compositions are observed by increasing Ru/CGO nominal deposition ratio
from 1/1 to 7/3. The calculated volumetric ratio of Ru to CGO was in fair agreement with those

designed from calibrated deposition rates.
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Table 6.1 Nominal compositions, deposition conditions, atomic ratios of Ru/(Ce + Gd),

and corresponding volumetric ratios of Ru/CGO in composite thin films.

. Ru Target DC Power . Atomic Ratio of
Samole ID Nom:?naé::ORg/CGo W1/ D:rizzlltjlr%n Ru/(Ce+Gd) Volumetric Ratio
P Deposition éates CGO Target RF Power [mTorr] Measured by of Ru/CGO @
P [W] XPS
R2C3 2/3 31/100 10 N/A N/A
R1C1 1/1 46 /100 10 791721 55745
R3C2 3/2 69 /100 10 84/16 65/35
R7C3 713 108 /100 10 89/11 74126

@ Volumetric ratio is estimated under the assumption that CGO is in cubic fluorite phase

138



Fig. 6.5 SEM micrographs of R3C2 composite films on (a) SisN4/Si, (b) single crystal YSZ,

(c) single crystal sapphire, and (d) YSZ/Si3sN4/Si substrates.

(R3C2 represents nominal volumetric ratio of Ru/CGO = 3/2)
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Fig. 6.6 Cross-sectional SEM micrographs of a R1C1 composite film on YSZ/SizN4/Si

substrate. (R1C1 represents nominal volumetric ratio of Ru/CGO = 1/1)
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() (b)

Fig. 6.7 Atomic force microscope measurement results of R7C3 composite films deposited
on (a) sc-YSZ substrate, and (b) YSZ/SisN4/Si substrate. The root mean squared roughness of
the films were 1.3 nm and 3.6 nm on sc-YSZ and Y SZ/Si3N4/Si substrates, respectively.

(R7C3 represents nominal volumetric ratio of Ru/CGO = 7/3)

141



0<111> * <111> 0<200> * <200> +<100> +<002> +<101> 0<220> *<220>
1 1 1 1 1 1 1

1 1
1 1
1 1
1 1
1 1
1 -
I 1
1 1
1 1
1 1
. 1 P
=. L 1
o 1 1
-~ 1 1
.3‘ 1 1
= |
c 1 1
ﬁ | | | | |
c 1 1 1 1 1
- 1 1 1 1 1
© 1 1 1 1 1
s , N ~ . . ; - N
o 1 I | | | | | | |
73] 1 1 1 1 1 1 1 1
R2C3 ] 1 1 1 1 1 1 1
] 1 1 1 1 1 1 1
1 L 1 [T R R— A.
] 1 1 1 1 1 1 1 1
] 1 1 1 1 1 1 1
| 1 1 1 1 1 1
CGO | 1 | 1 1 1 1 1 1
1 1 | | | Fa N o
] 1 1 1 I I I 1 1
[ T T T T T
25 30 35 40 45 50
20 (Cu Ka) / degrees
(a)

Fig. 6.8 (a) X-ray diffraction patterns of as-deposited pure Ru, R7C3, R3C2, R1C1, R2C3,
and pure CGO films on Y SZ/SisN4/Si substrate. Peak positions of (*) cubic YSZ indexed in
JCPDS 00-030-1468, (+) hexagonal Ru indexed in JCPDS 01-073-7011,

and (o) cubic CGO indexed in JCPDS 00-050-0201 are presented in the figures.
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Fig. 6.8 (b) X-ray diffraction patterns of R7C3, R3C2, and R1CL1 films on YSZ/SizNa/Si
substrates annealed at 500 °C in 5 % Ha/Ar environment for 1 h. Peak positions of (*) cubic
YSZ indexed in JCPDS 00-030-1468, (+) hexagonal Ru indexed in JCPDS 01-073-7011,

and (o) cubic CGO indexed in JCPDS 00-050-0201 are presented in the figures.
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Electrical conductivity and microstructural stability at elevated temperatures

In-plane electrical conductivities of Ru-CGO composite films on single crystal sapphire
substrates with different Ru/CGO ratios are shown in Fig. 6.9 (a). Deposition pressures were
10 mTorr for all samples, and conductivities were measured at room temperature. Strong
dependence of conductivity on Ru fraction can be observed, as in-plane percolating conduction
paths are being developed as Ru content is increased. The high volumetric Ru content of more
than 50 % required for percolation indicates two-dimensional formation of conduction
pathways [117]. Increasing deposition pressure of R7C3 films resulted in lower conductivity
as depicted in Fig. 6.9 (b) indicating an increase in film porosity. Increase in deposition
pressure is known to decrease the density of the film, due to decrease in kinetic energy of
sputtered particles reaching the substrate after more frequent collisions with Ar molecules in
the chamber environment. Conductivities of the composite films are more than two orders of
magnitude lower than that of Ru bulk (1.3 x 10° S cm™). This indicates that Ru grains are
effectively separated by CGO grains, or that Ru grains are loosely bounded to each other with
nano-pores.

In order to further investigate the effect of deposition pressure on film porosity, electron
densities were evaluated by XRR analyses on R7C3 thin films with different deposition
pressures. Electron density and thickness of a thin layer along the direction normal to the
specimen surface can be determined by analyzing the XRR pattern, and a film porosity can be
estimated. The XRR profiles taken from R7C3 thin films are shown in Fig. 6.10, where
deposition pressures were (a) 10 mTorr, (b) 40 mTorr, and (c) 75 mTorr. The calculated film
thicknesses were 63 nm, 59 nm, and 69 nm for films (a), (b), and (c), respectively. Profiles
contain a critical angle of incidence ac where its position gives the average electron density,
and interference fringes where their periods give the film thickness. From the critical angle ac,

the film porosity can be derived by comparing the value to the critical angle aco for an ideally
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dense substance. Here p,, is the electron density of an ideally dense substance, p, the electron
density of a condensed matter, and ¢ the film porosity calculated from the ideal and measured

film electron densities.

= | 6.1)
1 _Pe
p=1-= (6.2)

Details of the above formula derivations are described in section 4.3. Electron density in Ru
phase was calculated based on a hexagonal close-packed structure with lattice parameters listed
on Table 4.2. Electron density in CGO phase was calculated assuming CeO: fluorite cubic
structure with lattice parameters listed on Table 6.2. The critical angle aco for an ideally dense
composite film was derived based on nominal volumetric fractions of Ru and CGO. For R7C3
composite film, aco is 0.454 deg. The measured critical angle 2ac of 10 mTorr deposited film
was 0.77 deg where that of 40 mTorr deposited film was 0.70 deg, and that of 75 mTorr
deposited film was 0.63 deg. Calculated film porosities of R7C3 films from XRR
measurements using equations (6.1) and (6.2) are plotted in Fig. 6.11 with different deposition
pressures, along with calculated film porosities of porous Ru films from section 4.3. The film
porosity ranged from 27 % to 53 %, showing approximately linear dependence on the
deposition pressure. Film porosities of composite thin films appeared to be lower compared to
those of pure Ru films deposited at same pressure. The XRR measurements and analyses on
critical angle of incidence revealed film porosities of composite films to be largely dependent

on deposition pressure.
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Fig. 6.9 (a) DC conductivity of 10 mTorr deposited films with different Ru/CGO ratios on
single crystal sapphire substrates measured at room temperature. (b) DC conductivity of as-

deposited R7C3 films with different deposition pressures, measured at room temperature.

Table 6.2 Lattice parameter and electron densities of

CeO- cubic fluorite crystalline structure.

Cell parameter
a 5.4112 A
Cell volume 158.45 A3
Number of atoms in one cell 4
Electron density peo 2.27 x 1030 m3
Critical Angle aco 0.398 deg
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Fig. 6.10 XRR profiles measured from Ru-CGO composite thin films on single crystal

sapphire substrates deposited at (a) 10 mTorr, (b) 40 mTorr, and (c) 75 mTorr.
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Fig. 6.11 Calculated film porosities of R7C3 composite films deposited under different
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with different deposition pressures are plotted in the figure as references.
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Temperature dependent in-plane conductivities of a R7C3 film and a pure Ru film deposited
on single crystal sapphire substrates were measured in an environmental chamber, flowing 5 %
Ho/Ar gas constantly to create a reducing environment. As shown in Fig. 6.12 (a), the film
conductivity increased from 6.4 x 102 to 1.3 x 10° S cm™ for the R7C3 film, and 1.2 x 103 to
7.7 x 10* S cm® for the pure Ru film as temperature was increased from room temperature to
500 °C. The conductivity of the pure Ru film increased for 6.5 times from the initial state
indicating enhanced interconnectivity in the metal film due to the morphology evolution. On
the contrary, the increase in conductivity of the composite film was less than 1/10 compared to
the pure metal film, suggesting that the metal-ceramic composite structure effectively
restrained Ru coarsening driven by thermal annealing. In Fig. 6.12 (b), SEM images before
and after the in-situ heating tests are compared. As seen in images (I1) and (1V), coarsening
and growth of Ru grains from <10 nm to 30~40 nm was observed for the pure metal film. The
composite film showed no distinguishable change in the morphology as can be seen in images
(1) and (I111). Grain growth was minor, if any, resulting in ~10 nm grain sizes. In-plane electrical
conductivity changes and morphology evolutions of Ru and Ru-CGO films at elevated
temperature suggest that co-sputtered Ru-CGO composite structure effectively stabilizes

electrode microstructures.
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Fig. 6.12 (a) In-plane conductivity of the R7C3 and Ru metal films deposited on sapphire
substrates, measured in-situ under heating from room temperature to 500 °C in 5 % Ho/Ar
condition. (b) Surface morphology of films before (1, 11), and after (111, 1V) the heating test;

(1, 1) R7C3, and (11, 1V) Ru metal film.
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6.4 Conclusions

Ru-CGO nano-composite thin films were fabricated and characterized targeting nSOFC
anodes for direct methane utilization. Control window of Ru-CGO co-deposition was defined
to be in the range of Ru/CGO = 2/3~3/1, where the deposition pressure was 10~40 mTorr. The
composite film showed smooth nano-crystalline morphology with grain sizes of ~10 nm on
single crystal sapphire, sc-YSZ and SizN4/Si substrates, where the morphology was highly
granular on polycrystalline YSZ thin films. Direct current in-plane conductivity and crystalline
structure of the composite films were investigated for various relative fractions of the metal
and the oxide. The CGO phase in the nano-composite film was crystalline after the annealing,
indicating ionic transport capability in the electrode. It was found that the film porosity can be
controlled by co-deposition pressure, where higher pressure leads to more porous (less dense)
film. The Ru-CGO nano-composite thin film showed significantly improved microstructural
stability compared to the nano-porous Ru thin film, where its in-plane electrical conductivity
change during heating to 500 °C in Ho/Ar was 1/10 of that of nano-porous Ru film with no

apparent morphological change observed in SEM.
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Chapter 7: Micro-Solid Oxide Fuel Cells with Ruthenium — Gadolinia-

Doped Ceria Nano-Composite Anodes

7.1 Introduction

In this chapter, Ru - gadolinia doped ceria (Ru-CGO) composite thin films prepared by co-
sputtering are applied as anodes for uSOFCs and the fuel cell performance is investigated with
methane as the fuel. Macroscopic structural integrity of Ru-CGO anode uSOFCs were achieved
by developing stress-relaxed composite thin film anodes, and performance of the uSOFCs were
optimized by varying Ru/CGO composition. To the best of our knowledge, this was the first
attempt to explore metal-ceramic composite anodes for self-supported thin film SOFCs. Open
circuit voltage of 0.97 V and peak power densities of 275 mW cm were achieved at 485 °C
with 3 % humidified methane as the fuel. Morphological stability of nano-composite anodes

are investigated through microstructural analysis following an extended operation of uSOFCs.

7.2 Experimental Details
7.2.1 Fabrication of thin film micro-solid oxide fuel cells with ruthenium - gadolinia-
doped ceria composite anodes
Thin film uSOFC platforms with YSZ electrolyte and Pt cathodes were fabricated following
the processes described in chapter 2. Thin film Ru-CGO composite anodes were deposited on
self-supported YSZ/Pt uSOFC structure by co-deposition of DC-sputtering from metal Ru
target and RF-sputtering from ceramic CGO target in Ar without substrate heating. Several

deposition conditions varying chamber pressure and Ru / CGO target power were investigated.
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7.2.2 Performance measurement of thin film micro-solid oxide fuel cells with
ruthenium - gadolinia-doped ceria composite anodes

Electrochemical performance tests on uSOFCs were performed following the procedure
specified in section 2.4. Room temperature humidified 5 % Hx/Ar gas was supplied to the
anodes of pSOFCs at a flow rate of 50 ml min™ during temperature ramp from 250 to 400 °C.
At 400 °C the Ha/Ar gas was turned off and room temperature humidified pure methane gas
was fed at a flow rate of 50 ml min™. The cathodes were exposed to laboratory air. Electrical
current collection was done through deposited electrodes without extra current collectors.
Programmed current-voltage (I-V) measurements were carried out periodically during the
temperature ramp to obtain fuel cell performance. Morphology of Ru-CGO composite anodes

were investigated with SEM before and after the fuel cell measurements.

7.3 Results and Discussion
7.3.1 Fabrication and performance evaluation of ruthenium - gadolinia-doped ceria
composite anode micro-solid oxide fuel cells

Ruthenium-CGO composite thin films were deposited on uSOFC platforms as anodes with
various relative fractions. A typical optical micrograph of a Ru-CGO anode uSOFC is show in
Fig. 7.1. A typical size of the self-supported uSOFC membranes were 200 pum square.
Characteristic buckling of uSOFC membranes were observed as a result of compressive film
stresses in deposited dense YSZ film, which is typically seen. Figure 7.2 (a) and (b) shows
SEM micrographs of R7C3 and Ru/CGO = 3/1 (namely, R3C1) anodes on uSOFC thin film
electrolytes before fuel cell measurements. Ru-CGO anode films deposited on self-supported

electrolytes exhibited a smooth feature, similar to films deposited on single crystal substrates.
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Fig. 7.1 Optical micrograph of self-supported uSOFC with Ru-CGO composite anode, taken

from the anode side. Buckling is due to the compressive stress typical in such membranes.
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Fig. 7.2 SEM micrographs of Ru-CGO composite anodes on uSOFCs, as-deposited (a, b),
and after fuel cell operations (c, d); (a, ¢) FC4 with R7C3 anodes,

and (b, d) FC5 with R3C1 anodes.
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Table 7.1 Anode compositions, deposition pressures and fuel cell test results of

uSOFCs with Ru-CGO composite anodes.

Anode Deposition OCV with H; fuel OCV with CH, fuel Maximum Power with
Fuel Cell ID Composition * Pressure \Y| \Y| CH, fuel [mW cm?]
P [mTorr] 4
FC1 R1C1 10 0.14 Not Measurable Not Measurable
FC2 R3C2 10 0.88 Not Measurable Not Measurable
FC3 R7C3 10 0.98 Not Measurable Not Measurable
FC4 R7C3 40 1.0 0.96 31
FC5 R3C1 40 0.93 0.99 275

* R1C1 represents Ru:CGO = 1:1 in volumetric ratio.

Table 7.1 summarizes deposition parameters and performance test results of fabricated Ru-
CGO anode uSOFCs. Increasing Ru/CGO ratio from 1/1 to 7/3 lead to improvement of OCV
under hydrogen fuel, as seen in the test results of FC1, FC2 and FC3. However when cell
temperatures were ramped up to ~400 °C and fuel gas was switched to methane, fuel cells with
anodes deposited at 10 mTorr mechanically failed by membrane fractures. A SEM image of a
broken fuel cell (FC3) is shown in Fig. 7.3 (a) exhibiting fractures through the entire membrane.
Ceria based electrolytes are known to have mechanical instabilities due to the lattice expansion
arising from the transition of Ce*" to Ce®*" under reducing conditions [18, 75, 76, 83]. The
failures of thin films we have observed may be attributed to this expansion in the anode
electrodes. Another possible source of membrane failures can be volume expansion of the
anode electrode caused by oxidation of ruthenium. Table 7.2 shows lattice parameters and unit
volume of RuO: rutile crystalline structure [118]. Comparing the unit volume per single Ru

atom in rutile RuOz structure (31.34 A?) to that of hexagonal Ru structure (13.57 A 3) as listed

in Table 4.2, there is a ~130 % increase. In case of conventional fuel cell electrodes, it is likely
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that only atoms those are close to the electrode surfaces are oxidized and the resulting total
volume expansion can be negligible from mechanical integrity point of view. However in case
of nano-crystalline thin film electrodes, surface area compared to particle volume is relatively
large and volume expansion related to surface oxidation may induce a significant internal stress.
In order to investigate the effect of fuel cell operation with methane on the surface oxidation
states of R7C3 anodes, XPS measurements were carried out on the anodes before and after the
operation. R7C3 anodes were deposited at 40 mTorr. Figure 7.4 shows oxygen peaks from
XPS measurements on (a) as-deposited R7C3 anode, and (b) R7C3 anode after fuel cell
operation with 3 % humidified methane at 450 °C. Oxygen peaks were deconvoluted into three
oxygen species, 0%, OH", and oxygen related compounds. Details of the deconvolution process
are discussed in chapter 5. The peak areas were normalized against Ru 3d 5/2 peak intensity,
in order to compare the amount of oxygen on the surface relative to Ru. Figure 7.4 (b) shows
clear growths in peaks associated to O% and oxygen related compounds after methane operation.
Figure 7.4 (c) depicts the total oxygen fraction on Ru surface of R7C3 anode measured by
XPS, after fuel cell operation with methane relative to the as-deposited anode. A clear increase
in total oxygen species of ~150 % was observed. Oxidation mechanism of Ru during methane
operation is investigated in chapter 5 in more detail. Addition to the possible volume change
of ceria due to its transition of the valence state, Ru oxidation and related volume expansion is

likely to be playing a role in the macroscopic mechanical integrity of Ru-CGO anode uSOFCs.
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Fig. 7.3 SEM micrographs of uSOFCs after operation,

(a) FC3; anode deposited at 10 mTorr, and (b) FC4; anode deposited at 40 mTorr.

Table 7.2 Lattice parameters and unit volume of RuO; rutile crystalline structure.

Cell parameters

a 4.4919 A

b 3.1066 A
Cell volume 62.68 A3
Number of Ru atoms in one cell 2
Volume per single Ru atom 31.34 A3/ atom
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Fig. 7.4 Oxygen peaks from XPS measurement results of (a) as-deposited R7C3 anode, and
(b) R7C3 anode after fuel cell operation with 3 % humidified methane at 450 °C.
(c) Relative intensity of total oxide peak area on R7C3 anode after fuel cell operation with

methane fuel, with relative to the as-deposited R7C3 anode.
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Changing the deposition pressure from 10 mTorr to 40 mTorr improved the thermal-
mechanical stability of uSOFCs. As previously discussed in section 6.3, increased deposition
pressure is expected to decrease the density of the film, which can in turn relax compressive
stresses induced during temperature ramp. Our electrical and microstructural measurement
results shown in sections 4.3 and 6.3 indicate that Ru and Ru-CGO films deposited at 40 mTorr
are less dense compared to the films deposited at 10 mTorr. From XRR analyses results, the
Ru-CGO films deposited at 40 mTorr (film porosity ~40 %) can be 40 % more porous
compared to the 10 mTorr deposited films (film porosity ~28 %). FC4 and FC5 having anodes
deposited at 40 mTorr both survived the temperature ramp followed by fuel switching and
generated power with methane fuel. Both fuel cells exhibited mechanically intact membranes
without cracks or fractures after fuel cell operations, as shown in Fig. 7.3 (b). Fuel cell
performance measurement results of FC4 and FC5 are shown in Fig. 7.5 (a) and (b). FC4
exhibited maximum power of 31 mW cm with OCV of 0.96 V at 500 °C, while those at 455
°C were 19 mW cm and 0.89 V, respectively. With higher Ru content, FC5 exhibited
maximum power of 275 mW cm and an OCV of 0.97 V at 485 °C, while those at 450 °C were
155 mW cm2 and 0.92 V, respectively. To the best of authors’ knowledge, these are the first
reports of functional self-supported thin film SOFCs with metal-ceramic composite electrodes,
and moreover, with direct methane fuel feed. The power density at 485 °C is lower than what
we have previously observed with nano-porous Ru metal anode uSOFCs [39], but still
comparable to the high performance reported to date for methane-fueled fuel cells operated at
equivalent temperatures [16]. Increase in OCV observed with operating temperature suggests
improved catalytic activity of the electrodes. Improved performance of FC5 compared to FC4
is likely due to the increased catalytic activity due to increased amount of Ru and improved in-
plane conductivity for current collection. As shown in Fig. 6.9 (a), in-plane conductivity of the

composite electrode is highly sensitive to the metal fraction. In fact, the Ru/CGO ratio of FC5
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anodes (R3C1) is 30 % higher than FC4 (R7C3), and R3C1 films deposited at 40 mTorr
exhibited 40 % higher conductivity than R7C3 films as shown in Fig. 7.6. These fuel cell test
results also indicate that the crystallized CGO in the composite anodes offers ionic transport
paths in composite electrodes, and are consistent with the XRD results of post annealed

composite films discussed in section 6.3.
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Fig. 7.5 Performance of Ru-CGO composite anode/YSZ electrolyte/Pt cathode uSOFCs,
(a) FC4 and (b) FC5, with room temperature humidified methane as the fuel. The composite
anodes are R7C3 for FC4 and R3C1 for FC5. Open and closed symbols represent voltage and

power density, respectively.
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Fig. 7.6 DC conductivity of 40 mTorr deposited films with different Ru/CGO ratios on

single crystal sapphire substrates measured at room temperature.
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7.3.2 Extended operation of micro-solid oxide fuel cells and microstructural
investigations

In order to investigate microstructural stability of the Ru-CGO composite electrode, FC5 was
tested over 3 h by keeping fuel cell at 500 °C under OCV condition, while I-V measurements
were carried out every 15 min sweeping the cell voltage from 0.85 to 0.35 V and measuring
the current. While the length of the test may seem relatively short, the results are expected to
provide new insights into the field of thin film uSOFCs, where very limited studies exist on
stability to date. For instance, Kerman et al. performed 12 h test of Pt/YSZ/Pt uSOFCs with
hydrogen fuel at 400 °C under OCV condition, and found that the power density decreased by
50 % [57]. Degradation was attributed to instability in electrode microstructures. As presented
in Fig. 7.7 (a), peak power densities of the fuel cell (FC5) showed good stability for the first 2
h, and decreased to 62 % of the initial value after 3 h. Fig. 7.7 (b) shows the current density
evolution in the voltage range of 0.6~0.75 V, where SOFCs are expected to operate in order to
efficiently convert chemical energy to electrical energy. It is interesting to note that the current
decrease at these operating voltages was relatively moderate (~25 %) compared to the decrease
at peak power.

The SEM cross-sectional views of fractured uSOFC (FC5) after extended methane operation
were studied to investigate structural integrity of the uSOFC and morphological evolution of
the electrodes. Figure 7.8 (a) focuses on electrolyte, (b) on cathode, and (c) on anode. Note
that the thin films are curled after membranes were fractured due to compressive internal
stresses in Ru-CGO anodes. Good adhesions among Pt cathodes, YSZ electrolytes and Ru-
CGO composite anodes were observed. The thickness of YSZ electrolyte was ~100 nm, Ru-
CGO anodes and Pt cathodes were 30~40 nm. From the images, it is clearly observed that Ru-
CGO anodes maintain finer morphology than Pt cathodes, suggesting better microstructural

stability. Pure Pt electrodes may experience sintering at temperature as low as 400 °C and lead
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to decrease in active area [85, 95]. As shown in Fig. 7.9, Pt cathodes after operation showed
morphological deformation and decrease in triple phase boundary length, likely being the cause
of performance decay observed.

To take a closer look of morphologies and possible carbon depositions, planar SEM
micrographs of composite anodes after the fuel cell tests are shown in Fig. 7.2 (c) for FC4 and
(d) for FC5. No visible sign of carbon depositions, such as filaments, sheets or crystals was
observed, as consistent with previous results with pure Ru metal anodes as shown in section
5.3. Trace carbon existence on the electrode surface may not be captured by SEM, however, if
carbon deposition at the level that degrades fuel cell performance exists, microscopic evidence
would be expected. Ruthenium is known to be catalytically active for steam and dry reforming
[26, 27, 32], and also highly resistant to carbon depositions. The local coupling of these
reforming reactions and its characteristics allow electrochemical reaction products, H.O and
COy, to be utilized in chemically converting methane to H> and CO. These species may be
consumed as fuels and generate H20 and CO2, which can further aid reforming and accelerate
the overall number of reactions [41]. Compared to the SEM micrographs of the anodes before
fuel cell tests (Fig. 7.2 (a) and (b) for FC4 and FC5, respectively), the grain boundaries became
clearer in both FC4 and FC5 anodes. Grain sizes after fuel cell operation were ~10 nm for FC4
and ~40 nm for FC5, not noticeably different from the initial sizes. This indeed indicates
improved microsturctural stability of Ru-CGO composite anodes compared to pure Ru metal
anodes [39] and composite thin film anodes studied to date. It has been reported that in co-
deposited Ni-YSZ composite electrodes, Ni particles can grow from <50 nm to the order of
300~500 nm in reducing atmosphere at elevated temperatures [68, 70]. The microstructural
stability of the Ru-CGO composite anodes can be attributed to following reasons; the Ru-CGO
electrodes are designed to be less porous, whereas Ni-ceramic electrodes in previous studies

are intended to be porous by reduction of NiO to Ni. Denser composite films likely have more
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stable nanostructure, inhibiting agglomeration of metal particles in open pores. Moreover,
denser electrodes have less stress transfer to electrolytes during volume shrinkage accompanied
by reduction of oxidized metal, which is a critical factor when fabricating composite electrodes
on self-supported thin film electrolytes. Additionally, Ru is expected to have better
microstructural stability compared to Ni due to its higher melting point (Ru: 2334 °C, Ni: 1455
°C). Finally, thin film electrolytes in uSOFCs allow reduced operation temperature, which
suppresses metal agglomeration in the electrode.

Figure 7.10 shows fuel cell current density evolution of a Ru-CGO composite anode pSOFC
(FC5, anode composition Ru/CGO = 3/1) during constant voltage operation at 0.7 V, tested for
more than 3 hours. The uSOFC temperature was kept constant at 455 °C while 3 % humidified
methane was supplied as the fuel. Similar to the porous Ru anode uSOFC, intermittent
oscillation of the fuel cell current was observed. The period of the oscillation was roughly 3 to
5 min, being shorter than that of the Ru anode pSOFC. Mechanism of the oscillation is

discussed in detail in chapter 5.
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Fig. 7.7 (a) Evolution of maximum power density during extended operation of FC5 at

500 °C. (b) Current density evolution at different cell voltages during the extended operation.
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Fig. 7.8 SEM cross-sectional views of FC5 after extended fuel cell operation focused on

(a) YSZ electrolyte, (b) Pt cathode, and (c) Ru-CGO composite anode.
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Fig. 7.9 SEM micrograph of Pt cathode on FC5 after extended fuel cell operation.
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Fig. 7.10 Current density evolution of a Ru-CGO nano-composite anode uSOFC (FC5,
Ru/CGO = 3/1), during extended operation with 3 % humidified methane as fuel, at cell

temperature of 455 °C and cell voltage of 0.7 V.
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7.4 Conclusions

Thin film uSOFCs with Ru-CGO nano-composite thin film anodes, YSZ electrolytes, and Pt
cathodes have been fabricated and tested for direct methane utilization. A thermal-
mechanically stable uSOFC structure was achieved by relaxing internal residual stresses in the
Ru-CGO composite anodes. This was achieved through tuning thin film deposition pressure
and increasing film porosities. Morphology of the composite anodes were found to be smooth
nano-crystalline. Fuel cells with stress-relaxed Ru-CGO composite anodes were successfully
operated with 3 % humidified methane as fuel and air as the oxidant. OCV under hydrogen fuel
increased from 0.14V to 0.98V by increasing Ru/CGO ratio from 1/1 to 7/3. After optimizing
the Ru/CGO ratio to 3/1, an open circuit voltage of 0.97 V and a peak power density of 275
mW cm2 were achieved at 485 °C. An extended fuel cell operation at OCV was performed at
500 °C and the fuel cell retained a 62% of the initial peak power density. Analysis following
the extended fuel cell operation indicated improved microstructural stability of Ru-CGO nano-

composite anodes relative to nano-porous metal Ru anodes and Pt cathodes.
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Chapter 8: Conclusions

In this work, characteristics and performance of nano-porous Ru thin films and Ru-CGO
nano-composite thin films as anodes for direct hydrocarbon fueled uSOFCs is explored.
Detailed material characterizations on Ru and Ru-CGO thin films were investigated as well as

performance and electrochemical behavior of Ru and Ru-CGO anode uSOFCs.

In chapter 1, general introduction to solid oxide fuel cell technologies were made, followed
by showing specific examples of the past works towards direct hydrocarbon utilization, and
referring superior characteristics of ruthenium as a SOFC anode material. Next, general
overview of thin film micro-SOFCs were made and previous works on direct hydrocarbon
utilization along with trials on development of nano-composite anodes were depicted. At the

end, the aim of this entire work has been stated in details.

In chapter 2, microfabrication processes developed for thin film uSOFCs based on silicon
technology were reported and discussed in detail based on previous reports, to apply them on
direct hydrocarbon uSOFCs with Ru thin film anodes. Properties of YSZ electrolyte films
deposited at 550 °C and without substrate heating were compared. It was found that 550 °C
deposited electrolytes showed more buckled geometry, and was more thermal-mechanically
stable under heating to fuel cell operation temperature. The 550 °C deposited electrolytes
showed polycrystalline structure by XRD where those deposited without heating showed no
distinct peak. The room temperature deposited YSZ film experiences grain growths during
temperature ramp at fuel cell test, and tend to break with the increase of tensile stress within
the membrane. It was decided to use 550 °C deposited electrolytes for further studies in this

work.
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In chapter 3, a thermal-electrochemical integrated one dimensional simulation model was

newly developed for disc geometry uSOFCs to evaluate their operation conditions. With regard

to heat transfer models, heat radiation to the ambient from Pt cathode surface, lateral heat

conduction to the substrates along multi-layered thin films, heat convection between anode

electrodes and the fuel flow were considered. Temperature dependent I-V characteristics, heat

generation due to electrochemical overvoltage losses, through-plane and in-plane IR losses

were considered in the electrochemical model. Impact of fuel cell operation voltage, wall

temperature, radiation factor, a closed system and electrode degradation were investigated

using the constructed simulation model. Results are summarized as follows;

Impact of fuel cell operation voltage (terminal voltage): Due to a strong radiation cooling

effect, temperature close to the center of the cell was lower than the wall temperature at
terminal voltages of 0.5~0.9 V. At 0.3 V, heat generation within the cell overcame heat
radiation.

Impact of wall temperature: Average cell temperatures were always lower than the

controlled wall temperature for 4~5 °C, due to dominant heat radiation effect.

Impact of emissivity: Fuel cell temperature distribution was strongly sensitive to the

emissivity €. At € = 0.6, the cell center temperature dropped ~10 °C from the wall
temperature where at € = 0.1, the drop was ~1 °C when operated at 0.7 V. This indicates
that in an open system, radiation is a dominant heat transfer mechanism that determines
the fuel cell temperature.

Impact of a closed system: With heat loss due to radiation removed, the cell temperature

is always higher than the wall temperature. The maximum cell temperature was about 11
°C higher than the wall temperature at cell voltage of 0.3 V. In-plane heat conduction to
the wall removes the heat generated by electrochemical reactions.

Degradation of electrode electrochemical performance: Exchange current density was
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reduced to 57 % to simulate degraded condition. At 450 °C wall temperature and cell
terminal voltage of 0.7 V, effect of change in heat generation to the cell temperature
distribution was minor due to dominant heat radiation and conduction.
Overall, temperature distributions within a thin film uSOFC was rather uniform regardless of
operation conditions, being in the range of +/- 10 °C. This is mainly due to dominant

contributions of surface radiation to environment and lateral heat conduction to the wall.

In chapter 4, basic properties of nano-porous Ru thin films on substrates were investigated
targeting uSOFC anodes for direct methane utilization. Effects of annealing on the sheet
resistance and surface morphology of Ru thin films were investigated, and synthesis protocols
were optimized for fuel cell fabrication. Following characteristics were revealed.

® Control window for Ru thin film deposition: Ru thin film deposition rates ranged from 0.2

to 12.3 nm min resulting in a control range of two orders of magnitude, by varying target
power from 50 to 200 W and deposition pressure from 10 to 75 mTorr.

® In-plane electrical conductivity path formation: For 75 mTorr deposited Ru films, sheet

resistance drops significantly between film thicknesses of 24 and 48 nm, indicating critical
thickness for in-plane conduction path formation.

® Film porosities of Ru thin films: 10 mTorr deposited films showed significantly higher in-

plane conductivity compared to 40 and 75 mTorr deposited films, indicating deposition
pressure above 40 mTorr results in more porous morphology. Analysis on critical angles
derived from XRR measurements revealed that 75 mTorr deposited films are even more
porous (or less dense) compared to 40 mTorr deposited films.

® Thin film microstructure and stability: Deposited Ru films showed highly granular and

porous texture. After 500 °C annealing in vacuum, the porous films showed extensive grain

growths from 10~20 nm to 30~40 nm range. Highly granular textures were retained.
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® Microstructure of Ru thin films at electrolyte interface: TEM cross-sectional analysis of

Ru thin films on YSZ substrates revealed nano-scale columnar structures with longitudinal
lengths of ~40 nm and widths of ~10 nm. Dense Ru layer with thickness of ~2 nm exists
covering the YSZ surface. After annealed in vacuum, triple phase boundaries were formed
with an exposure of YSZ to gas phase due to agglomeration and dewetting of Ru columns,

still maintaining nm scale morphologies.

In chapter 5, thin film uSOFCs with nano-porous Ru anodes, YSZ electrolytes, and Pt
cathodes have been fabricated based on the insights obtained in chapter 4, and its performance
with direct methane supply was evaluated. The porous Ru anode uSOFCs were successfully
operated with 3 % humidified methane as the fuel with peak power density of 450 mW cm™.
The performance of uSOFCs with dry methane and natural gas was comparable, and peak
power density of 800 mW cm at 530 °C with 3 % humidified natural gas as the fuel was
achieved. Following related characteristics were revealed.

€ Morphology of Ru anodes in uSOFC platform: Ru anodes deposited on self-supported

uSOFC structure showed an isolated island-like structure with a nano-scale granular
morphology at the electrolyte interface. This nano-scale morphology at the electrolyte
interface was similar to those seen with films deposited on substrates in chapter 4.

€ Fuel cell performance with direct supply of 3 % humidified methane: At 500 °C, the fuel

cell with Ru anodes at 15 minutes deposition time exhibited peak power density of 450
mW cm2 with an OCV of 0.71 V. Micro-SOFCs with thinner and thicker electrodes (7.5
and 25 min depositions) resulted in 25 % and 60 % reduction in peak power densities.

€ Microscopic integrity of Ru anode uSOFCs: Good adhesion among the electrolytes and

electrodes were observed after fuel cell operation, based on cross-sectional FIB-SEM

studies.
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€ Ru anode microstructural stability under fuel cell operation: Microstructures of Ru anodes

after methane operation showed distinct difference from those of Pt electrode in hydrogen
in the literature, exhibiting better stability. Ru anode morphology change was more
suppressed under methane operation than under hydrogen operation.

€ Possible risk of carbon depositions: No visible carbon formation was observed after

methane operation thorough SEM. However, increase of carbon signal was observed in
AES and XPS analyses. Increase in oxygen signal was also observed, indicating existence
of carbon containing methane reaction intermediates on the Ru anode surface.

® Fuel cell performance with various fuels: Ru anode pSOFCs showed comparable

performance under dry methane and natural gas fuels. At 500 °C, the uSOFC with methane
fuel performed peak power density of 440 mW cm, where with natural gas fuel it was
410 mW cm2. The fuel cell had a peak power density of 635 mW cm at 525 °C with dry
methane, and 800 mW cm at 530 °C with 3 % humidified natural gas. There was no
noticeable difference in Ru anode morphology after methane and natural gas operation.
Quasi-periodic oscillatory behavior of the cell current was observed when the uSOFC was
continuously operated at constant voltage of 0.7 V. Mechanisms leading to the oscillatory
behavior are discussed based on Ru anode surface coverage states, change in effective
exchange current densities, change in anode overvoltage, and ignition of methane combustion
that cleans the oxidized Ru surface.

€ Behavior of fuel cell current under constant voltage operation: Micro-SOFCs showed

quasi-periodic oscillatory behavior of fuel cell current under constant voltage (0.7 V)
operation with 3 % humidified methane fuel. The oscillation period was 20~40 minutes,
where total test-time extended over 180 minutes.

€ Changes in surface oxidation states of Ru anodes: It was found that oxidation states of Ru

anode surfaces after operation strongly depends on the fuel. The oxygen peak was stronger
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with methane and natural gas fueled anodes compared to as-prepared and hydrogen fueled
anodes. A third oxide species at 532.2 eV appears after operation with hydrocarbon fuels
and was attributed to oxygen-carbon related intermediate products of the methane
electrochemical reaction.

&€ Potential origin of the oscillation: The mechanism of the oscillation is discussed based on

enhanced surface oxidation states of methane operated Ru anodes identified by change in
effective exchange current densities, and self-cleaning due to reaction between absorbed
intermediates and oxygen. From detailed current measurements, Ru surface cleaning
mechanism was further discussed. Sudden activity loss at the end of an oscillation cycle
leads to a spike increase in anode overvoltage, which may lead to methane combustion

ignition and a subsequent Ru surface reduction due to a temperature increase.

In chapter 6, basic properties of Ru-CGO composite thin films were investigated targeting
uSOFC anodes for direct methane utilization. Ru-CGO thin films were found to have improved
microstructural stability compared to porous Ru thin films. Following characteristics were
revealed.

® Control window of Ru-CGO co-depositions and thin film composition: The nominal

control window for Ru-CGO co-deposition based on deposition rates was defined to be in
the range of Ru/CGO = 2/3~3/1, where the deposition pressure was 10~40 mTorr.
Calculated volumetric ratios of Ru/CGO in composite films from XPS measurements were
in a fair agreement with targeted values.

® Thin film morphology: Deposition on single crystal sapphire, sc-YSZ and SisN4/Si

substrates showed smooth nano-crystalline morphology with grain sizes of ~10 nm.
Composite films on polycrystalline YSZ thin film showed highly granular morphology

with primary grain sizes of ~10 nm and secondary pillars as large as 70~100 nm, as
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identified by cross-sectional SEM analysis.

® Crystalline phases in composite thin films: Hexagonal Ru and cubic fluorite CGO phases

were confirmed after annealing the composite films in Ho/Ar. The existence of crystalline
CGO phase indicates ionic transport capability in the composite electrode. No secondary
phases were observed, indicating formation of cermet like structure of Ru and CGO grains.
Intensity of Ru and CGO peaks were strongly dependent on designed Ru/CGO ratios.

® In-plane electrical conduction path formation: Increasing Ru content lead to exponential

increase in in-plane conductivity. The high volumetric Ru content of more than 50% was
required for conduction path formation, indicating gradual two dimensional percolation.

® Porosity of Ru-CGO thin films: Increasing deposition pressure from 10, 40 and to 75

mTorr lead to a decrease in film conductivity, indicating more porous or loose structure in
the thin film. Analysis on critical angles derived from XRR measurements revealed that
the film porosity linearly increased from 27 to 53 % by increasing the deposition pressure
from 10 to 75 mTorr.

® Microstructural stability under elevated temperature: Increase in in-plane conductivity of

Ru-CGO nano-composite film was 1/10 of nano-porous Ru films under thermal annealing
in Ho/Ar environment at 500 °C, indicating improved microstructural stability of the
composite film. The superior microstructural stability was also confirmed by investigating
morphology evolution of the films by SEM. Morphology changes were negligible for Ru-
CGO films, where significant grain growths and coarsening were observed for nano-

porous Ru films.

In chapter 7, thin film uSOFCs with Ru-CGO nano-composite thin film anodes, YSZ
electrolytes, and Pt cathodes have been fabricated and tested for direct methane utilization,

based on the insights obtained from the characterizations done in chapter 6. Stress-relaxed Ru-
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CGO thin film anodes were fabricated on uSOFC platforms by controlling deposition pressures,
and lead to fabrication of thermal-chemically stable uSOFC structures. The Ru-CGO anode
uSOFCs were successfully operated with 3 % humidified methane as the fuel with peak power
density of 275 mW cm, with improved nano-structural stability of the anode in operation.
Following characteristics were revealed.

€ Morphology of Ru-CGO anodes on uSOFC platform: Ru-CGO anodes deposited in

uSOFC platform showed smooth nano-crystalline morphology, being similar to the
morphology of films deposited on smooth substrates in chapter 6.

€ Thermal-mechanical microscopic structural integrity of the Ru-CGO anode uSOFC:

Micro-SOFCs with 10 mTorr deposited Ru-CGO anodes failed due to membrane fractures
upon methane supply and heating to operating temperature. The failures may be attributed
to chemical volume change of Ru due to changes in redox conditions at the anode.
Increasing deposition pressure to 40 mTorr relaxed the compressive stress of the anode
and improved the thermal-mechanical integrity of uSOFCs.

€ Fuel cell performance with direct supply of 3 % humidified methane: The OCV under

hydrogen fuel increased from 0.14 V to 0.98 V with increasing Ru/CGO ratio from 1/1 to
7/3. The fuel cell with Ru-CGO anode (Ru/CGO = 7/3) exhibited peak power density of
31 mW cm2 with an OCV of 0.96 V at 500 °C, with direct supply of 3 % humidified
methane. By increasing Ru/CGO ratio to 3/1, the peak power density improved to 275 mW
cm with an OCV of 0.97 V at 485 °C.

€ Long term stability: The peak power density of the fuel cell decreased to 62 % of the initial

value after three hours of extended OCV run with methane fuel at 500 °C. Pt cathodes
showed significant morphological deformation and decrease in triple boundary length,
while grain sizes in Ru-CGO anodes were not noticeably different from their initial states.

No visible sign of carbon deposition was observed.
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As a recapitulation of the main results, nano-porous Ru and Ru-CGO nano-composite thin
films were investigated as uSOFC anodes for direct hydrocarbon utilizations. Thermal-
electrochemical integrated one dimensional simulation model was developed and temperature,
current distribution under different operating conditions were discussed, revealing rather
consistent temperature distribution in uSOFCs due to dominant radiation and conduction
effects. Based on microstructure investigation and property analyses results on the thin films,
uSOFCs with Ru based anodes were fabricated and demonstrated high power density of ~800
mW cm at 500 °C range. Quasi-periodic oscillations were observed under constant voltage
operation and potential mechanisms were discussed based on transitions of electrode surface
coverage states, changes in electrochemical overvoltage and related reaction activities.
Microstructural stability of thin film anodes were investigated and newly developed Ru-CGO
nano-composites proved to have improved stability compared to porous metal counterparts,
both on substrates and as pSOFC anodes. Further studies are desired for advancing
development in the area of low temperature direct hydrocarbon pnSOFCs, such as in-situ
analysis on the oscillatory behavior, development in processes of enlarging the active area and

investigation in high performance thin film cathodes.
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