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1 Chapter I: Introduction

1.1 Motivation of the Research

Solid oxide fuel cells (SOFC) are a type of electrochemical energy conversion devices that
offer various advantages such as high overall combined heat and electrical efficiency (80-
90%), wide range of scales (100W-100MW) and high stack volumetric power density (10
W/cm?®) as well as high specific energy (~1 kWh/kg) over conventional power generation
systems. [1-10] However, several problems have been discovered for conventional SOFC
based on oxide-ion conducting electrolyte, such as high degradation rate during long-term
operation, and high cost for the sealing and interconnect materials. [3, 11, 12] These
problems are mainly due to the high operating temperature (at or above 750°C) for
conventional oxide-ion conducting SOFC and have so far interfered with wide adoption of

SOFC.

As a result, increasing interest has been drawn to intermediate temperature SOFC (IT-
SOFC), the type of SOFC that can operate at intermediate temperature range of 400°C to
600°C which is much lower than the operating temperature of conventional oxide-ion
conducing SOFC. To achieve reduced operating temperature, proton conducting ceramics
(PCC) are found to be promising electrolyte materials due to their high ionic conductivity
at intermediate temperature compared to conventional oxide-ion conducting electrolyte
materials. [11-15] For example, BaZro1Ceo.7Y0.1Ybo.1035 (BZCYYDb) which is one of the
leading PCC, shows conductivity of ~102Q* em* at 450°C which is much higher than the

conductivity of Yttria-stabilized zirconia (YSZ) (=2*10* Q! em™), which is the most



widely used oxide-ion conducting electrolyte material for conventional SOFC. [15]
However, the electrodes (anode and cathode) reaction mechanism have significantly
changed as the electrolyte material changes from oxide-ion conductor (e.g. YSZ) to proton
conductor, leading to many unsolved questions in the system of proton conducting IT-

SOFC.

For conventional SOFC based on oxide-ion conducting electrolyte, the structure
typically consists of porous anode (typically a mixture of oxide-ion conducting oxides (e.g.
YSZ) and metal catalyst (e.g. nickel (Ni)), dense solid oxide electrolyte (e.g. YSZ) and
porous cathode (typically mixed oxide-ion and electron conducting oxides (e.g.

Lao.6Sr0.4C00.2Fe0.803-5 (LSCF))). [4, 7, 11]

On the anode side of conventional oxide-ion conducting SOFC, the reaction can be

written as follows:

H, + 05 = H,0 + Vg + 2e~ Equation 1.1

As shown in Figure 1. 1 (a), the overall anode reaction pathway involves water evolution
and is composed of several other elementary steps including (i) hydrogen (H2) adsorption
on the metal catalyst (e.g. Ni) surface, (ii) dissociation of hydrogen on the metal catalyst
surface and diffusion of adsorbed dissociated hydrogen atoms over metal catalyst surface
onto the triple-phase boundary (TPB), which is the region between the ion-conducting
electrolyte phase (e.g. YSZ), the electron conducting metal phase (e.g. Ni), and the gas
phase reaction sites, and (iii) charge transfer on the TPB, including creation of oxide ions
(i.e. oxygen vacancies Vi, or the O%), generation of water molecule and electrons, and (iv)

desorption of water molecules from the TPB.



Anode: H, + 05 = H,0 + V; + 2e” Anode: H;+20q = 2(0H)o+2e~

0%
0% conductor

Cathode: 2V + 4e~ + 0, = 205 Cathode: 4(OH)y+4e™ + 0,= 2H,0 + 405

Figure 1. 1 Schematics showing (a) electrodes reaction route for a conventional oxide-ion
conducting SOFC, and (b) electrodes reaction route for a proton conducting SOFC.

On the cathode side of conventional oxide-ion conducting SOFC, the overall reaction

can be written as following:

2Vg +4e” + 0, = 205 Equation 1.2
As shown in Figure 1. 1 (a), the overall reaction pathway in the cathode also consists of
multiple elementary steps including (i) oxygen (O2) adsorption on the cathode (e.g. LSCF)
surface, (ii) dissociation of oxygen on the cathode surface and diffusion to the TPB of
cathode; (iii) charge transfer including incorporation of dissociated oxygen and electrons

and generation of lattice oxygen.



In comparison, for the ideal reaction process in proton conducting IT-SOFC, the
reaction route is different from that for conventional oxide-ion conducting SOFC as shown

in Figure 1. 1 (b).

First and most importantly, the conducting species for proton conducting SOFC are
protons ((OH),) instead of oxide ions (O%) as in oxide-ion conducting SOFC. In this cas,

the overall anode reaction can be written as:

H, + 203 = 2(0H)y + 2e~ Equation 1.3
Such an anode reaction pathway consists of multiple elementary steps including (i)
hydrogen adsorption, (ii) dissociation of adsorbed hydrogen and diffusion of dissociated
hydrogen atoms to TPB, and (iii) charge transfer step involving the proton incorporation

and generation of electrons in TPB region, without generation of water.
For the cathode reaction in proton conducting SOFC, it can be written as following:

4(0H)q + 4e~ + 0, = 2H,0 + 403 Equation 1. 4
Similarly, the overall cathode reaction pathway consists of several elementary steps as the
following: (i) oxygen (O.) adsorption on the cathode surface, (ii) dissociation of oxygen
on the cathode surface and diffusion to the TPB of cathode, and (iii’) charge transfer
including the generation of water molecule near TPB and lattice oxygen remains and (iv’)

desorption of generated water on the TPB of cathode.

Even though there have been some studies on the reaction mechanisms for proton

conducting IT-SOFC, various issues remain unsolved.



For conventional oxide-ion conducting SOFC, the Ni metal catalyst is the only
electrocatalytic active part for hydrogen oxidation in the anode reaction, i.e. step (i) Hz
adsorption, (ii) Hz dissociation and surface diffusion and are believed to only happen on
the metal catalyst surface (e.g. nickel Ni) while oxide-ion conductor (e.g. YSZ) participate
only in step (iii) and (iv). On the other hand, previous studies seem to show certain
electrocatalytic activity for PCC in hydrogen oxidation [16-19] as in proton conducting IT-

SOFC.

Besides that, considering the change in anode reaction process that no longer involve
water evolution on the anode, how the anode for proton conducting IT-SOFC respond to

different fuel contaminants such as H2S and CO- is still unknown.

On the other hand, for the cathode of proton conducting IT-SOFC, factors that limit the
cathode reaction rate, such as material choice and cathode microstructure including grain
size, are not well studied yet. Additionally, since H2O evolution is involved in the cathode
reaction for proton conducting IT-SOFC, [20] understanding concerning the H,O effect on
the cathode is required for further improving the cathode materials for proton conducting
IT-SOFC. Besides that, CO., which is generally not a concern for the cathode of
conventional oxide-ion conducting SOFC, should be taken into consideration since PCC,
which have high affinity to CO- are involved in the cathode reaction for proton conducting

IT-SOFC. [21-23]

Studying the issues outlined above is expected to generate new understandings and help
optimize the anode and cathode for proton conducting IT-SOFC that operate at temperature

down to ~400°C would be designed.



1.2 Research Objectives and Methods

The objectives of this research are to (i) characterize the electrochemical behaviors of the
anode for proton conducting intermediate temperature (~400-750°C) solid oxide fuel cells
(IT-SOFC) against low-ppm level H>S and low-percentage level CO., and develop new
understanding about the underlying reaction mechanism including what role proton
conducting ceramics (PCC) play in the anode reaction for proton conducting IT-SOFC (ii)
characterize the electrochemical behaviors of several different types of cathode materials
for proton conducting IT-SOFC including BSCF, Ag, LSCF and LSCF-BZCYYb facing
different atmospheres (e.g. various pH20, pO. and CO) and design better cathode for

proton conducting IT-SOFC based on the insight gained above.

In order to achieve the first objective, electrochemical experiments were carried out

using low concertation fuel contaminants of H.S and CO- for proton conducting IT-SOFC.

In detail, H2S, which will cause severe poisoning on the anode for conventional oxide-
ion conducting (e.g. Ni/YSZ mixture as anode) due to its strong adsorption on Ni surface
with low concentration down to ppm(v)-level, [24-38] and CO2, which is believed to have
strong adsorption on PCC surface while no affinity and reactivity to the Ni surface, [39-
42] were used to determine the electrocatalytic role of PCC in the anode reaction for proton

conducting IT-SOFC.

The controlled poisoning experiments were carried out on anode-supported and
electrolyte-supported full cells with the configuration of Ni-BZCYYb/BZCYYb/LSCF.

Electrochemical behaviors of the anode for proton conducting IT-SOFC under typical



operation conditions (e.g. temperature of 750-450°C, atmosphere of 3% H.O+H, etc.)
were recorded using electrochemical impedance spectroscopy (EIS) and voltage
monitoring under constant current. Furthermore, in order to study the reaction mechanism
for the anode reaction without the complexity originated from the cathode and enlarge the
poisoning effect on the anode, anode symmetrical cells with the configuration of Ni-
BZCYYb/BZCYYb/Ni-BZCYYb were used in this study. Besides that, conventional
oxide-ion conducting anode symmetrical cell with the configuration of Ni-YSZ/YSZ/Ni-
YSZ will be subjected to similar poisoning conditions for comparison purpose.
Characterization techniques such as X-Ray diffraction (XRD), energy dispersive X-Ray
spectroscopy (EDS) and secondary-ion mass spectroscopy (SIMS) are applied following
the electrochemical response tests on the post-exposure anode or samples under similar
reaction circumstances for achieving better understanding the fundamental interaction
mechanism between fuel poisons (H2S and CO2) and the cermet anode for proton

conducting IT-SOFC.

For the second task, cathode materials such as BSCF, Ag, LSCF, and LSCF-BZCYYb
composite were studied using proton conducting cathode symmetrical cells based on
BZCYYDb electrolyte to eliminate possible influence from the anode. Such symmetrical
cells were subjected to atmosphere with different pH.O, pO2 and pCO: in the of 750-450°C.
Electrochemical behaviors of various cathode symmetrical cells were recorded under these
conditions and the results offer useful insights about the fundamental cathode reaction

mechanism for the proton conducting IT-SOFC that are not available before. New cathode



materials and microstructures for proton conducting IT-SOFC are also explored based on

the insights gained above.

1.3 Thesis Outline

This dissertation is organized into 7 chapters. Chapter | provides a general introduction to
proton conducting intermediate temperature solid oxide fuel cells (IT-SOFC) and some of
the remaining challenges and the corresponding motivations for this sudy. Chapter 11
details the reason for adopting proton conducting IT-SOFC, followed by a review on the
unsolved problems for the anode and cathode of proton conducting IT-SOFC and the need
for our research. Chapter Il and Chapter IV discusses the H2S and CO; poisoning effect
on the anode of proton conducting IT-SOFC and their implications on the electrochemical
catalytic role of proton conducting ceramics played in the anode reaction. Chapter V
discusses the electrochemical responses of several different types of cathode materials to
H>0O vapor effect and their implications on understanding cathode reaction mechanism for
proton conducting IT-SOFC. Chapter VI discusses the H,O and CO. effect on the
BaosSrosCoosFe0203 (BSCF) cathode for proton conducting IT-SOFC and the
corresponding explanations. Summary of the major findings in this work and

recommendations for future work are provided in Chapter VII.



2 Chapter II: Literature Review

2.1 Proton Conducting Intermediate Temperature Solid Oxide Fuel Cells

(IT-SOFC)

2.1.1 Components and Structure of SOFC

Solid oxide fuel cells are a type of energy conversion devices that produce electricity by
combining the fuel (e.g. H2) and the oxidant (typically Oz in air) through electrochemical
reactions. They have a solid electrolyte, which conducts oxide-ion or proton. [1, 2, 4,7, 8]
As shown in Figure 2. 1, the dense electrolyte is located between the porous anode and the
cathode, and the anode/electrolyte/cathode trilayer is typically referred to as a single cell
or full cell. [3, 4, 9, 10, 43, 44] Fuel gas, typically Hy, is fed to the anode, undergoes
oxidation, and releases electrons to the external circuit. On the other hand, oxidant is fed
to the cathode, undergoes reduction and accept the electrons from the external circuit. The
electricity is produced by the electron flow from the anode to the cathode in the external

circuit.
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Figure 2. 1 Materials and related issues for SOFC. From Mabhato et al. [9]

In an SOFC stack, single cells are connected in electrical series via a component called
interconnect as shown in Figure 2. 1, which is typically doped lanthanum chromite or high-

temperature metal alloys. [8, 45, 46]
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2.1.2 From High Temperature SOFC (HT-SOFC) to Intermediate

Temperature SOFC (IT-SOFC)

So far, typical operating temperature for conventional SOFC is relatively high in the range
from 1000°C to 700°C, and they are called high-temperature SOFC (HT-SOFC).[11] These
HT-SOFC are based on oxide-ion conducting electrolyte, for which the most commonly
used is yttria-stabilized zirconia (YSZ) because of its adequate oxide-ion conductivity, and
excellent stability in both oxidizing and reducing atmosphere. [1, 2, 11, 43, 47-50] The
oxide-ion conductivity for YSZ comes from its high concentration of oxygen vacancies,
which are introduced when the Zr** cations in ZrO; is replaced by Y3 cations due to Y203

doping in ZrOg, as shown in equation 2.1. [47, 51-54]

Zr02 .
Y,0; — 2Yy,. + V5 + 30% Equation 2. 1

For conventional oxide-ion conducting SOFC, Ni-YSZ cermet is widely used as the
anode. Ni, which serves as the electronic conductor and fuel (e.g. Hz) oxidation electro-
catalyst, is suitable for HT-SOFC operation due to its low cost (comparing with Co and
noble metals), reasonable stability against oxidation in fuel mixture even with high H.O
and CO- concentration at high temperature of ~1000°C, [47, 55] as well as sufficient
electronic conductivity and high electroactivity for fuel (e.g. H2) oxidation. The YSZ in the
cermet anode provides mechanical support for the Ni particles, assures that the anode has
similar thermal expansion coefficient (TEC) to other cell components, and inhibits Ni
coarsening. [56, 57] In addition, the YSZ also serves as the oxide-ion conductor, which

transports oxide-ion to the triple phase boundary of anode and expand the anode reaction
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zone. [58] YSZ has been considered to be not electrocatalytic active in fuel oxidation

reaction. [47]

For the cathode of HT-SOFC, perovskite (ABO3) structured oxides are commonly used.
Many of them offer low cost, great oxide-ion conductivity, reasonable stability and
compatibility, as well as similar thermal expansion coefficient as the electrolyte material
(e.g. YSZ). [56, 59, 60] Among those doped perovskite oxides cathodes, Strontium doped
Lanthanum Manganite (LaixSrx)1.yMnOs.s (LSM), [48, 61-66] Strontium and Iron co-
doped Lanthanum Cobaltite LaixSrxCo1-yFeyOs.5 (LSCF) [67-69] and Strontium and lIron
co-doped Barium Cobaltite BaixSrxCoi.yFeyOs.5, [70-74] show high electrocatalytic
activity for oxygen reduction, and high mixed ionic (oxide-ion) and electronic conductivity

(MIEC).

The advantages of HT-SOFC comes from its high combined heat and power (CHP)
efficiency (~>85%), good modularity, fuel flexibility (meaning both pure H> and many
hydro-carbon fuels can be used), very low levels of SOx and NOx emissions as well as low

noise during operation. [3, 5-7, 11]

However, there are still several major issues with the HT-SOFC that have limited the
development and deployment of this technology associated with its high operating
temperature. Among those issues, the most important ones are the high cost originated from
the expensive sealing and interconnect materials that need to tolerate high temperature,
high performance degradation rates due to unwanted reactions/diffusions at high

temperature, as well as potential mechanical failure due to repeated thermal cycling.
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Thus, lowering the operating temperature of SOFC seems attractive, and possibly,
necessary for their wider applications. This is because the lowered temperature is expected
to slower the degradation due to slower diffusion and interactions between the components.
The lower operating temperature may also enable the use of cheaper sealing and
interconnect materials that are stable at ~400-600°C (e.g. stainless steel or even graphite).
Besides that, the reduced operating temperature could also enhance the durability during
long-term thermal cycling due to less thermal stress and lower thermal mismatch. [12, 13,

75]

However, for SOFC to operate at lower temperature in the range of ~400 - 600°C, the
main challenges are related to high electrolyte resistivity and electrode polarization
loss.[13] For common oxide-ion based electrolyte material in HT-SOFC, dramatic decrease
in ionic conductivity was observed at intermediate temperature: For the example of YSZ
elecrolyte, its ionic conductivity is only ~10* ohm™cm™ at 450°C comparing with ~10-2
ohmZcm? at 750°C. [15] Therefore, in order to still use YSZ as the electrolyte at
intermediate temperature, tremendously reduced YSZ thickness (by ~10-100 times) is
required to compensate for its low ionic conductivity. However, this may lead to significant

decrease in durability and high cost (associated with <lum thin-film deposition).

Alternatively, electrolyte material with higher ionic conductivity at intermediate
temperature range could be adopted. For example, other oxide-ion conducting electrolytes
such as gadolinium-doped ceria (GDC) shows higher ionic conductivity at reduced
temperature. However, the ionic conductivities of those electrolyte materials are still not

high enough, and for GDC the open circuit voltage (OCV) is low due to electronic leakage.
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Thus, electrolyte materials that have even higher ionic conductivity with lower electronic

leakage are required.

2.1.3 From Proton Conducting Ceramics to Proton Conducting IT-SOFC

2.1.3.1 Proton Conducting Ceramics: Conductivity and Stability

Recently, proton conducting ceramics (PCC), mainly acceptor doped barium or strontium
cerates or zirconates, [76-86] are found to be promising electrolyte materials for IT-SOFC
due to their high ionic conductivities and low electronic leakage at intermediate
temperature. For example, the ionic conductivity of BaZro1Ceo7Y0.1Yb0.103-5 (BZCYYh)
is ~1020ohm*cm™ at 450°C as shown in Figure 2. 2, [15] which matches the conductivity
of YSZ at 750°C. The high ionic conductivity of PCC in principle allows much lower

operation temperature of SOFC towards 450°C. [15, 79, 82, 83, 85, 87-89]
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Figure 2. 2 lonic conductivities of BZCYYb, BaZro1Ceo.7Y0.203-5 (BZCY), Gadolinium
doped ceria (GDC), and YSZ as measured at 400°to 750 <C in wet oxygen (with ~3 vol
% H20). From Yang et al. [15]

The high ionic conductivity for such PCC is mainly due to the conduction of proton (H;
or OHp) instead of the oxide-ion (V; or O%), especially in atmospheres with high partial
pressure of water and at temperature lower than 700°C. [15, 88, 90] Such proton conduction
is based on the creation of proton defects from oxygen vacancies and water adsorbed from

surrounding atmosphere, and the defect reaction can be written as following: [77]

0X + V; + H,0 « 20H, or V; + H,0 < OHy + H; Equation 2. 1

The proton can migrate or transfer from one lattice oxygen atom to a neighboring lattice

oxygen, as illustrated in Figure 2. 3 below. [81, 91, 92]

Q o)
H,0
o YA—)—— 7¢——
H .
- -
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0 o)

Figure 2. 3 Proton incorporation and conduction mechanisms in conventional perovskite
proton conductors (for example, Y-doped BaZrOz). From Zhou et al. [92]
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It’s worth mentioning that PCC may display both proton conductivity and oxide-ion
conductivity, especially when the surrounding water partial pressure is low (e.g. pH20 <
10%) or operation temperature is too high (T > 700°C). [76, 77, 90] However, proton
conductivity is reported to dominate for PCC in humidified atmosphere with water
concentration at or above 3% and at temperature significantly below 700°C. The
implication is that oxide-ion conductivity can be neglected, and PCC would demonstrate
pure proton conduction under most IT-SOFC operation conditions (T < 600°C with
humidified fuel fed to the anode and ambient air containing ~2-3% H>O fed to the cathode).

[76, 77, 80, 88]

The stability of PCC has been reported to depend on various factors. For example, PCC
with high concentration of Ce are found to be reactive to high concentration of CO2.[41,
79, 89]. Those with high Zr content show better stability against CO> as well as H»S. [41]

On the other hand, when CO> concentration is low, the materials can be stable.

The compatibility between PCC and other cell components, mainly the electrodes also
depends on specific materials and conditions. For the cathode, reaction involving the
diffusion of Ba?" from BaCeooY0102.95 to BaosSrosCoosFeo20s-5 was observed for co-

firing temperature above 950°C. [72]

2.1.3.2 Proton Conducting IT-SOFC
When using proton conducing ceramics (PCC) as the electrolyte materials for IT-

SOFC, they are called proton conducting IT-SOFC. Typical proton conducting IT-SOFC
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also consists of three parts (anode/electrolyte/cathode) similar as oxide-ion conducting

SOFC as mentioned in section 1.1.

Apart from the general advantages for conventional oxide-ion SOFC such as high
efficiency, high power density and modularity as well as low emission, proton conducting
IT-SOFC also possess a few unique benefits. For example, there is in principle no anode-
side fuel dilution in proton conducting IT-SOFC because the water is generated on the
cathode or air side during operation, which could increase fuel utilization. In addition,
when hydrocarbon fuels (e.g. methane) are used, the co-production of electricity and high-
value hydro-carbons such as ethylene might be achieved. [93] Furthermore, CO, capture
and sequestration will also be much easier in proton conducting IT-SOFC because, as
stated, H20O is generated in the cathode side and naturally separated from CO». Additionally,
recently studies suggest that proton conducting IT-SOFC may display enhanced resistance

to fuel contaminants such as H»S. [12, 13, 75, 94]

Despite the advantages that proton conducting IT-SOFC offers, as stated in section 1.1
there are still many challenges and unknowns, especially about the anode and cathode
reaction processes. The following sections will present some of the previous studies on the
anode and cathode reaction processes for proton conducting IT-SOFC related to this study

and when applicable, how they compare with conventional oxide-ion conducting SOFC.
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2.2 Anode for Proton Conducting IT-SOFC

2.2.1  Anode Reaction Process for Oxide lon Conducting SOFC and Proton

Conducting IT-SOFC

The anode materials for proton conducting IT-SOFC are similar to oxide-ion conducting
SOFC: both are cermets consisting of metal catalyst (typically Ni) and ceramic electrolyte
as the ion conductor (e.g., BZCYYb as PCC electrolyte versus YSZ as the oxide-ion
conducting electrolyte). However, due to the change in the ionic species in the electrolyte
there are significant differences in anode reaction processes between these two types of

SOFC, which will be briefly reviewed below.

For the oxide-ion conducting SOFC, the overall anode reaction as described in section
1.1 (0¥ + H,(g) « V; + H,0 + 2e7) can be separated into several elementary steps as

shown in Figure 2. 4. [95, 96]

H2 (ads)

YSZ

Figure 2. 4 Schematic diagram of the anodic reaction process for Hz electrochemical
oxidation around the anode (Ni)/electrolyte (YSZ) interfaces for a conventional oxide-ion
conducting SOFC.
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Specifically, step (1) represents the gas phase diffusion and adsorption of Hz that occur
near the surface of the metal (e.g. Ni) catalyst, which can be written as Equation 2.4.

H,(g) < H,(ads) Equation 2.
4

Steps (2) is the dissociation of adsorbed H> and the diffusion of dissociated hydrogen
atoms onto triple phase boundary (TPB), which is believed to happen on the surface of the

metal catalyst and can be written as:

H,(ads) <> 2H(ads) Equation 2.
5

Steps (3) is the charge transfer step, which includes combining the adsorbed hydrogen
atoms with the lattice oxygen in the oxide-ion conducting electrolyte (e.g. YSZ) to form
H>O while generating oxygen vacancy and releasing electrons. [97, 98] This step can be

written as:

2H(ads) +0¢ < Vg + H,0(ads) + 2e~ Equation 2. 6

The last step (4) is the desorption of the water generated on the TPB of anode to the

atmosphere, which can be written as:

H,0(ads) < H,0(g) Equation 2. 7

In comparison, for proton conducting SOFC, especially when it is operated at
intermediate temperature (<~600°C), the major carrier will be protons. [99] The overall
anode reaction changes to H, + 203 < 2(0OH)g + 2e~. Similar to oxide-ion conducting
SOFC, this reaction can still be separated into several elementary steps as shown in Figure

2.5.
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Figure 2. 5 Schematics showing anode reaction steps for ideal pure PC-SOFC at
intermediate temperature. Note that the anode reaction mechanism for PC-SOFC is
greatly simplified and the exact process including the dominating pathway still needs to
be studied. In addition, BZCYYb stands for the BaZro.1Ceo.7Y0.1Ybo.103.5 PCC
electrolyte.

Similar to oxide-ion conducting SOFC, step (1) and (2) are still hydrogen gas phase
diffusion then adsorption and dissociation of adsorbed hydrogen then diffusion to TPB,
respectively. However, in proton conducting SOFC, apart from Ni surface, these two steps
might also occur over PCC surface as suggested from earlier studies. For example, power
density of ~100mW/cm? was achieved by Hirabayashi et al. using BaCeo76Y0.2Pr0.0403-5
based proton conducting electrolyte-supported full cell without conventional anode. [16]
In another study by Tomita et al., power density of ~60mW/cm? was achieved using anode-

less BaCeo.8Y0.203-5 (BCY20) based electrolyte-supported cell. [17]

Step (3’) is the anode charge transfer step for proton conducting IT-SOFC, which
involves the incorporation of adsorbed hydrogen atoms into lattice oxygen to form proton

defects (labeled as (OH), or H; ) and the release of electrons. This step can be written as:
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symmetrical cell. In addition, much smaller interfacial resistance of BSCF cathode

symmetrical cells was observed compared to that for LSCF cell.
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Figure 2. 35 Impedance spectra of the cathode symmetrical cell with (a)LSCF and (b)
1000°C fired BSCF and (c) 1100°C fired BSCF in air containing 0.03 to 0.30 bar of H.O
at 600-C. (Note for BSCF, the water response is different when it was fired at higher
temperature probably due to the reaction/ mutual diffusion between BSCF and BCY
electrolyte). Adapted from Grimaud et al. [20]

The decrease in cathode interfacial resistance for 1000°C fired BSCF cathode
symmetrical cell with increasing pH20 was attributed by the authors to the acceleration of
cathode reaction by the water insertion to the BSCF cathode. Such water insertion for

BSCF was hypothesized to be similar to the hydration process in typical proton conducting
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~800mW/cm? was achieved for the cell in dry atmosphere at 700°C, which suggests that

BSCF is a good cathode on proton conducting IT-SOFC, especially in dry condition.
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Figure 2. 37 (a) I-V and I-P curves and (b) impedance spectra of the BSCF/

0.6

0.4

700°C

1.0 Ik
-
Cathode
. * Dry Condition

0.8

® H,0=0.023 atm]
® H.,0=0.031 atm
A H,0=0.041atm

10.3

0.0 0.6 12 1.8 2.4
Current Density (A-cm'z)

0.9

0.6

Power Density (W-cni?)

10.0

-Z" (Q-cmz)

0.06

0.04

0.02

0.00

-0.02

Cathode
Dry condition
A1,0=0.023 atm

/4,0 =0.031 atm
/H,0 =0.041 atm

¢ > o E X

10°Hz oe3

MH,0=0054atm 1

700°C

BaZro.4Ceo.45Y0.1503.5 (BZCY40)/ Ni- BZCY40 cell with various pH20 at BSCF cathode
side at 700°C. From Lim et al. [131]

These studies suggest BSCF appears to be a good cathode on proton conducting IT-

SOFC and the H»0O effect on the proton conducting cell with BSCF cathode is complicated

and thus worth investigating, especially at temperature below 600°C. In addition, BSCF is

known to have affinity to CO. and how it will be impacted by air containing CO- in proton

conducting IT-SOFC is worth studying.
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e Recent alternative cathodes

Additionally, some recent alternative cathodes, including transition-metal-doped
derivative of the PCC (e.g. BaZrxY1xO3.5 (BZY)), are believed to be mixed electronic and
protonic conductive due to the existence of transition-metal cations (Co and Fe) dopants
and protonic conductivity due to the original PCC material. Several representative studies

are described below.

Shang et al. (2013) studied BaCoo.4Fe0.4Zr0203-5 (BCFZ) as a possible mixed electronic
and protonic conducting cathode using both proton conducting cathode symmetrical cell
and anode-supported full cell based on BZCYYb electrolyte. [132] In addition, cells with
LSCF cathode were adopted as the comparison. As shown in Figure 2. 38, the BCFZ
cathode symmetrical cell showed the lowest interfacial resistances in air containing 3%H20
at 650-400°C compared to the same cell in dry air and the LSCF cathode symmetrical cell.
The reduced interfacial resistance of BCFZ cathode with the introduction of water was
attributed to the enhancement in cathode conductivity with the introduced protonic

conductivity from hydration reaction.
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Figure 2. 38 ASR temperature dependence for BCFZ (with water and without water) vs.
LSCF. From Shang et al. [132]

In addition, the power output of both BCFz/ BZCYYb/ Ni-BZCYYb and
LSCF/BZCYYDb/Ni-BZCYYb proton conducting anode-supported cells were tested. The
cell with BCFZ cathode showed much higher maximum power density compared to the
cell with LSCF cathode as shown in Figure 2. 39. However, it’s noteworthy that the power
density of the cell with LSCF cathode in studies is much lower than the similar anode-

supported full cell (with the configuration of LSCF/BZCY/Ni-BZCY) as mentioned above

by Yang et al.
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Figure 2. 39 Performance of the as-prepared single cells under hydrogen/air at different
temperatures. (a) Cell with BCFZ cathode; (b) cell with LSCF cathode. From Duan et al.
[132]

Duan et al. (2015) studied another cathode BaCoo4Fe.4Zr0.1Y01035 (BCFZY) for
proton conducting IT-SOFC based on BZCYYb electrolyte. [133] As shown in Figure 2.
40, high power density of ~650mW/cm? was achieved at 600°C, suggesting BCFZY is a
good cathode on BZCYYb proton conducting IT-SOFC. In addition, very fine grain size
of ~100nm was observed for the 900°C fire BCFZY cathode even after 1100 hours of
operation. The great performance of the cell can be partially attributed to the fine microstate

of the BCFZY cathode, which significantly increase the reaction sites on the cathode.
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Figure 2. 40 (A) I-V and power density of the BCFZY/BZCYYb/Ni-BZCYYb anode-
supported cell at 600-350°C (B) a cross-sectional view of the cell after operation for over
1100 hours (inset figure is the high-magnification view of BCFZY0.1 cathode after 1100
hours operation). Adapted from Duan et al. [133]
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3 Chapter Il1: H2S Poisoning Behavior for the Anode of Proton Conducting
IT-SOFC
This chapter details the study on the H>S poisoning behavior for the anode of proton
conducting IT-SOFC. This chapter is based on published paper by Shichen Sun, Osama
Awadallah, and Zhe Cheng. Title of "Poisoning of Ni-based anode for proton conducting
SOFC by H2S, CO2, and H20 as fuel contaminants.” in Journal of Power Sources 378
(2018): 255-263 and published paper by Shichen Sun, and Zhe Cheng. Title of "H2S
Poisoning of Proton Conducting Solid Oxide Fuel Cell and Comparison with Conventional
Oxide-lon Conducting Solid Oxide Fuel Cell." in Journal of The Electrochemical Society

165.10 (2018): F836-F844.

3.1 Introduction

Solid oxide fuel cell (SOFC) has shown great potential as an alternative power source due
to its high energy conversion efficiency, high power density, and the ability to utilize
readily available hydrocarbon fuels such as natural gas and coal gas, which are easier than
pure hydrogen to transport and store in most areas. Recently intermediate temperature
SOFC (IT-SOFC) has drawn growing attention due to higher overall thermodynamic
efficiency and the possibility for lower cost and slower degradation from expanded choices
of low-cost interconnect and sealing materials and reduced rate of corrosion and other
unwanted reactions when the operating temperature is reduced from ~750-1000°C for

conventional SOFC to the range of ~400-600°C. [12, 13, 134-136]
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Among various types of possible electrolyte materials for IT-SOFC, proton conducting
ceramics (PCC), for example, BaZro1Ceo7Y0.2-xYbxO3 5 (BZCYYD), [15, 82, 84, 87-89]
have become popular due to their high ionic conductivity at intermediate temperatures
compared to conventional oxide-ion conducting electrolytes and the absence of anode-side
fuel dilution. However, the change in anode reaction mechanism from oxide-ion
conducting SOFC to proton conducting IT-SOFC has not been well studied yet. For
example, previous studies have revealed that the anode for proton conducting IT-SOFC,
which are based on cermet anodes consisting of Ni and PCC electrolyte material, seem to
show better tolerance against poisoning by low parts-per-million (ppm)-level H2S than
conventional oxide-ion conducting SOFC. [15, 38, 100, 137] In particularly, for the cermet
anode of conventional oxide-ion SOFC based on Ni and oxide-ion conducting electrolyte
material (e.g. YSZ), the H>S poisoning effect was severe: as little as 0.05 ppm-level of H2S
in Hz could cause significant poisoning at 750°C. [138] While for the cermet anode of
proton conducting IT-SOFC, no significant poisoning behavior was observed with the
introduction of 5ppm of H>S into humidified Ha fuel. [15] The reason for such change in
poisoning behavior has not been systematically studied, especially at intermediate

temperatures of ~400-600°C.

Therefore, in this study, the electrochemical behaviors of the anode for proton
conducting IT-SOFC upon exposure to ppm-level H,S as contaminants in hydrogen fuel
are investigated based on both anode-supported and electrolyte-supported proton
conducting SOFC (PC-SOFC) full cell, and Ni-based anode symmetrical cells using both

proton conducting electrolyte (BZCY'YDb) and oxide-ion conducting electrolyte (YSZ).
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The aim is to gain a better understanding of the electrochemical responses of proton
conducting IT-SOFC to H.S poison and the differences in H>S poisoning behaviors

between PC-SOFC versus conventional oxide-ion conducting SOFC (OC-SOFC).

Besides that, series of chemical exposure tests on both loose Ni-BZCY'Yb powder and
dense Ni-BZCYYb composite pellets were carried out to simulate the interaction between
H>S and the cermet anode for proton conducting IT-SOFC under various conditions
followed by characterization techniques such as X-Ray Diffraction (XRD), scanning
electron microscopy (SEM), energy dispersive spectroscopy (EDS) and secondary ion

mass spectroscopy (SIMS).

The results from these experiments will be presented and their implications on the
anode reaction mechanism and kinetics, as well as the possible electrocatalytic role PCC

play in the anode reaction for proton conducting IT-SOFC will be discussed.

3.2 Experimental

3.2.1 Powder Synthesis and Cell Fabrication

In this study, BaZro.1Ceo.7Y0.1Ybo1035 (BZCYYb) was chosen as the proton conducting
ceramic (PCC) electrolyte, which was synthesized by glycine nitrate process (GNP)
process. [89] Briefly, salts of Ba(NOz)2 (#A11305, Alfa Aesar, 99%), ZrO(NOz3)2exH20
(#43224, Alfa Aesar, 99.9%), Ce(NOs)s*6H.O (#11329, Alfa Aesar, 99.5%),
Y (NO3)3*6H20 (#12898, Alfa Aesar, 99.9%), and Yb(NOz3)3*xH20 (#12901, Alfa Aesar,

99.9%) were dissolved in hot DI water (set at ~100°C) together with glycine (#G8898,
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Sigma Aldrich, 99+ %). The molar ratio was 1: 1 between glycine and total metal ions.
The solution was then heated up on a hotplate set at ~540°C. After the self-combustion
process, the fine powder produced was collected and then calcined in ambient air at 1100°C
for 5 hours to form the pure perovskite phase. The cathode material used in this study is
Lao.eSro4C0o.2Fe0s03.5 (LSCF) and the synthesis steps are similar to that for BZCYYb
except the starting materials were changed to La(NO3)s (#A11305, Alfa Aesar, 99%),
Sr(NOs). (#31633, Alfa Aesar, 99%), Fe(NOz)3 9H.O (#216828, Alfa Aesar, 99%),
Co(NOz3)2 6H.0O (#239267, Alfa Aesar, 99%). After self-combustion, the powder was

calcined at 1000°C for 2 hours in ambient air to form the pure perovskite phase. [139]

Anode-supported PC-SOFC  full cells with the configuration of Ni-
BZCYYb/BZCYYb/LSCF-BZCYYb were fabricated. First, anode precursor/electrolyte
bilayer was prepared via dry-pressing using 0.2 g NiO-BZCY'Yb-starch powder mixture
with weight ratio of 5.5: 3.5: 1 and 10 mg BZCYYb electrolyte powder in a 10 mm
diameter die at a pressure of 250 MPa. The pellets of anode precursor/electrolyte bilayer
were then sintered at 1400°C for 5 hours with heating and cooling rate of 5°C/min (anode
side facing down touching alumina crucible support while electrolyte side facing up). [89]
The cathode slurry was prepared by mixing powders of LSCF and BZCY'Yb and polymer
binder solution (containing 8wt% polymer) with LSCF: BZCY Yb: polymer binder solution
weight ratio of 7: 3: 15, followed by ball-milling for 24 hours. The cathode was brush-
painted onto the electrolyte side of the sintered anode/electrolyte bilayer pellets using the
LSCF-BZCYYb slurry. The painted cathode area was ~0.16 cm?, and it was dried in an

air oven at 150°C and then calcined at 1100°C for 2 hours in ambient air with heating and
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cooling rate of 5°C/min. Finally, silver mesh and wires were attached to the electrodes

using pure silver paste for current collection.

For the electrolyte-supported PC-SOFC full cells with the configuration of Ni-
BZCYYb/BZCYYh/LSCF-BZCY'Yh, the fabrication process is described as following:
First, an electrolyte pellet was prepared via dry-pressing 0.2 g BZCYYDb powder in a 10
mm diameter die at a pressure of 250 MPa followed by sintering at 1550°C for 5 hours in
air with heating and cooling rate of 5°C/min in a so called “protected sintering”
configuration. [89] Second, the anode slurry was brushed-painted onto one side of the
sintered electrolyte pellet. The anode slurry was made by mixing NiO, BZCYYb and
organic binder solution (with polymer concentration of 8 wt.%, same for below) at a weight
ratio of 3: 2: 5 followed by heat treatment in air at 1400°C for 2 hours at a heating and
cooling rate of 5°C/min. Finally, LSCF-BZCY'Yb cathode slurry, with a LSCF: BZCY'Yb
> organic binder solution weight ratio of 6.5 : 3.5 : 10 was brush-painted onto the other side
of the pellet and then calcined at 1100°C for 2 hours in ambient air with a heating and
cooling rate of 5°C/min. [138] Both the cathode and anode area were ~0.16 cm?. For
subsequent electrochemical test, silver mesh and wires were attached to the electrodes

using pure silver paste for current collection.

In addition, both anode symmetrical PC-SOFC with the configuration of Ni-
BZCYYDb/BZCYYD/Ni-BZCYYb and anode symmetrical OC-SOFC with the
configuration of Ni-YSZ/YSZ/Ni-YSZ were fabricated as described below. The anode
symmetrical PC-SOFC were fabricated by first dry pressing 0.1 g of BZCY'Yb powder into

10 mm diameter pellets at a pressure of 250 MPa. The electrolyte pellets were then sintered
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