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Abstract

Solid oxide fuel cells (SOFCs) conventionally operate between 800 and 1000°C. The barriers for full-
scale commercialization of SOFCs are the high cost and relatively poor long-term stability due to the
high temperatures used in current state-of-the-art SOFCs. One solution is to decrease the operating
temperature, e.g. to 550-750°C but this requires developing new electrolytes and electrode materials.
Also, to increase efficiency and practicality, the anode should be able to internally reform

hydrocarbon fuels especially methane because it is the most common hydrocarbon in natural gas.

The overall goal of this research is to develop a coke-tolerant Nij...,CuMg,O-SDC anode for
methane fuelled IT-SOFCs. The Ni-Cu-Mg-O-SDC anode has been chosen based on the premises that
doped-ceria is suitable for intermediate operating temperatures (550-800°C), Ni is known as an active
metal and good electronic conductor, Cu increases resistance to coking, MgO helps prevent
agglomeration of Ni during reduction, and finally SDC improves oxide ion transport to the cell at this
intermediate temperature range. In this work, these materials were characterized in three primary
ways: material physical and chemical properties, methane steam reforming activity and

electrochemical performance.

Two different methods have been used to add Cu to Ni;.,Mg,O: a one-step co-precipitation method
and a two-step co-precipitation/impregnation method. For the first method, Ni;.,Cu,Mg,O was
synthesized via co-precipitation of Ni, Mg and Cu. In the two-step method, NigeMgo,O was first
prepared by co-precipitation, followed by addition of copper to NigeMgo ;O by impregnation.
However, co-precipitation of all metal in one step limits the sintering temperature of the anode in the
cell fabrication due to the low boiling point of CuO. Therefore, co-precipitation of Cu is not a

practical method and only Cu impregnation should be considered for practical SOFC applications.

It was found that the addition of Mg (NiggMg,10) lowers the reducibility of NiO. Addition of Cu to
NigsMgo10 up to 5% shows similar reducibility as NigsMgo:O. The reducibility of Nij...,CuMg,O
becomes lower when the Cu content is increased to 10%. Nonetheless, all materials are fully reduced
at 750°C. The XRD patterns of pure NiO, NiggMgo10, and the Cu-containing material when Cu is
less than 10 mol% are similar. The lower reducibility of Ni-Mg-O and Ni-Cu-Mg-O compared to NiO

indicates that they form a solid solution with NiO as the matrix.



Addition of Mg also lowers the BET specific surface area from 11.5 m?/g for NiO:SDC to 10.4 m%g
for NipgMg,10. The surface area is further reduced when Cu is added; for example, at 10% Cu, the
surface area is 8.2 m?/g.

The activity of 50wt% Niy...,Cu,Mg,0/50wt% SDC samples for methane steam reforming (SMR) and
water-gas-shift reaction (WGS) was evaluated in a fully automated catalytic fixed-bed reactor where
the exiting gases were analyzed online by a gas chromatograph (GC). The tests were performed at
steam-to-carbon ratios (S/C) of 3, 2 and 1, and at temperatures of 750°C and 650°C for twenty hours.

Higher methane conversions were obtained at the higher temperature and higher S/C ratio.

Higher methane conversion are obtained using NiO:SDC and NiggMg,10:SDC than Ni-Cu-Mg-O.
The conversion decreases with increasing Cu content. Over NiO:SDC and NiggMg,10:SDC the
methane conversions are the same; for example 85% at 750°C for S/C of 3. At the same conditions,

impregnation of 5%Cu and 10%Cu yields lower conversions: 62% and 48%, respectively.

The activity for the WGS reaction was determined by mornitoring CO,/(CO+CO,) ratio. As expected
because WGS is a moderately exothermic reaction, this ratio decreases when increasing the
temperature. However, the CO,/(CO+CO,) ratio increases with higher S/C. The results indicate that
adding Mg does not affect the WGS activity of NiO. The WGS activity of NiygoMgo;0:SDC is higher
when Cu is added. The effect of additional Cu is more pronounced at 650°C. At 750°C, changing the
amount of Cu does not change the WGS activity because the WGS reaction rapidly reaches

equilibrium at this high temperature.

At 750°C for S/C of 1, carbon filaments were found in all samples. At 650°C, different types of
deposited carbon were observed: carbon fibers and thin graphite layers. Spent NiO:SDC had the
longest carbon fibers. Addition of Mg significantly reduced the formation of carbon fibers.
Impregnating 5% Cu on NiggMg,10:SDC did not change the type of deposited carbon. Monitoring
the amount of deposited carbon on NiggMge10:SDC, 3%Cu and 5%Cu impregnated on
NigsMgo10:SDC for S/C of 0 at 750°C showed that Cu addition deactivated methane cracking

causing a reduction in the amount of carbon deposited.

Electrochemical performance in the presence of dry and humidified hydrogen was determined at 600,
650, 700 and 750°C. Electrolyte-supported cells constructed with four different anodes were tested
using polarization curve and electrochemical impedance spectra. The four anodes were NiO:SDC,
NigsMgo.10:SDC, 3%Cu and 5%Cu on NiggMg,:0:SDC. Adding Mg improved the maximum power
density from 356 mW.cm? with NiO:SDC to 369 mW.cm™ with NigsMge;0:SDC at 750°C in dry



hydrogen. Addition of Cu, on the other hand, lowered the maximum power density to 325 mW.cm™

with 3%Cu impregnated and to 303 mW.cm™ with 5% Cu impregnated.

The cell with NiggMg,:0:SDC was also tested under dry methane. To minimize methane cracking
under this extreme condition, a current density of 0.10 A.cm? was always drawn when methane was
present in the feed. The voltage decreased during the first hour from 0.8 to 0.5 V, then remained
stable for 10 hours, and then started to drop again. Many small cracks were observed on the anode
after completion of the electrochemical test, but there was no evidence of much carbon being
deposited. In addition to dry methane, tests were also carried out, using the same material, with a
H,O/CH,4 mixture of 1/6 in order to generate a polarization curve at 750°C. Under these conditions,
the maximum power density was 226 mW.cm™. This is lower than the maximum power density

obtained with humidified hydrogen, which was 362 mwW.cm?,
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Chapter 1

Introduction and Motivation

Fuel cells have received a great deal of interest as alternative high performance and environmentally
friendly power generation system. Low temperature fuel cells or polymer electrolyte membrane fuel
cells (PEMFCs), alkali fuel cells (AFCs) and phosphoric acid fuel cells (PAFCs) are appropriate for
small-scale applications, such as laptops, cellular phones, and automobiles. In contrast, high
temperature fuel cells, such as molten carbonate fuel cells (MCFCs) and solid oxide fuel cells
(SOFCs), are better suited for large-scale power plants and distributed power because of their higher
efficiencies, greater fuel flexibility, and the possibility of combined heat and power generation.
Among several types of fuel cells, SOFCs are considered to be the most desirable fuel cell for
generating electricity in stationary applications because of their simplicity, fuel flexibility, high

performance, solid state material (easy to handle), and possibility for hydrocarbon internal reforming.

A solid oxide fuel cell, conventionally operating at 800 to 1000°C, consists of three important solid
components: an electrolyte located between a cathode and an anode. Oxygen molecules fed on the
cathode side are reduced to oxide ions at the cathode/electrolyte interface, which are then transported
to the other side of the electrolyte. At the electrolyte/anode interface, the oxide ions react with H, and
CO in the fuel producing H,O and CO,, respectively. Due to the high operating temperatures, H, or
CO could be either directly supplied or produced from catalytic reforming reactions of the fuel at the
anode layer before reaching the active area for an electrochemical reaction, the latter known as the
three phase boundary (TPB). Currently, the barriers for full-scale commercialization of SOFCs are
their high cost and relatively poor long-term stability. These two barriers are essentially due to the
high temperature used in current state-of-the-art SOFCs. An obvious solution is to decrease the
operating temperature from the conventional 800-1000°C to 550-800°C. At these lower temperatures,
cheaper materials can be used. To further reduce the costs, the number of fuel pre-processing steps
must be reduced. Consequently, the use of hydrocarbon fuel (e.g. natural gas) as the feed to the SOFC
is highly desirable. Temperature limitations and fuel conditions, however, significantly affect material
options. While the ohmic overpotential increases rapidly as the operating temperature is decreased,
the anode deactivation is usually associated with carbon formation when hydrocarbons are fed to the
cell. Therefore, the development of an anode cermet for intermediate temperature SOFCs (IT-SOFCs)

fed directly by hydrocarbon fuel becomes an important goal.



State-of-the-art anodes have been developed based on Ni-YSZ cermets because of their high electrical
conductivity and catalytic activity for operation in the 800-1000°C range. Unfortunately, many
studies have shown that such SOFCs are neither stable for long-term operation nor possess suitable
ionic conductivity for operation in the intermediate temperature range. Therefore, to increase the ionic
conductivity at lower temperatures, stabilized zirconia has been replaced by doped-ceria because of

its higher ionic conductivity, especially that of SDC (CegSmg 204.9).

Nickel oxide in a cermet anode becomes electrochemically active after reduction but, at the same time
it is also strongly active toward carbon deposition. Although Ni is reasonably priced and has a high
activity for catalytic reforming, coking either takes place on the active sites or blocks access to the
TPB. Several methods reported in the literature to develop-carbon tolerant anodes using additives,
adding functional layers, combining precious metal oxides with NiO, Ni-alloys, etc. has been reported
in the literature. Two interesting low-cost methods used to reduce carbon deposition with the
possibility of stable performance are the addition of an alkali or alkali earth oxide and the

replacement of Ni by a metal alloy.

Tests with NiO-alkali earth oxide catalysts for oxidative methane-to-syngas conversion have shown
that NiO-MgO has high activity and low reducibility. Addition of MgO prevents coarsening and
agglomeration of Ni because NiO forms a solid solution in MgO and only Ni at the surface is reduced
to Ni® which has a high activity for methane oxidation (Choudhary et al., 1998). For methane CO,
reforming, NiO-MgO also provides higher activity than NiO (Moon and Ryu, 2003). The
performance of a LSM/YSZ/NiO-MgO PEN (positive/electrolyte/negative) SOFC cell was
investigated at 800°C with a mixture of CH,; and CO,. The performance of NiO-MgO anodes was
stable because the surface area remained unchanged. On the other hand, the performance for NiO
only decreased because of the loss of the surface area. Although Ni obtained by reduction of NiO
agglomerates and sinters rapidly, Shiratori et al. (2006) showed that the interaction between NiO and
MgO to form a stable solid solution decreases the reduction rate and consequently, slows down the
agglomeration and sintering of Ni. Thus, MgO can be used as a promoter to avoid Ni coarsening and
to achieve higher Ni dispersion. Moreover, Shiratori et al. (2006) revealed that Ni with MgO or

(Ni,MQ@)O solid solution provides higher catalytic activity for reforming.

Another possibility to sustain SOFC performance using hydrocarbon fuels is to replace Ni by a metal
alloy. Ni-Cu/YSZ was found to be an effective coke resistant anode, especially at low Ni content (Lee
et al., 2004). Among the different anodes (Cu/YSZ, Co/YSZ, Ni/YSZ, Cu-Co/YSZ and Cu-Ni/YSZ)
exposed to dry n-butane at 500°C, the bimetallic anodes perform better than Cu/YSZ and also



reduced carbon formation compared to Ni/YSZ or Co/YSZ. The reforming activity of Cu/YSZ is very
low, but it is improved by using CeO, as a composite support of CeO,-YSZ because CeO, is
catalytically active and provides mixed conductivity to increase the TPB at the interface between the
anode and electrolyte (Ye et al., 2007; Park et al., 2000). Cu-CeO, is also considered to be a sulphur-
tolerant anode for SOFCs (He et al., 2005) because it can be used with H, containing as high as 450
ppm H,S when operated at 800°C. Based on density functional theory (DFT) calculations, alloying Ni
with Cu improves sulphur tolerance (Choi et al., 2007). Lu et al. (2003) investigated the use of Cu-
Ce0,-SDC anodes in butane-fuelled SOFCs. The performances were not high because the cell was

operated at temperatures as low as 600°C.

The main objective of the research work described in this thesis is to develop a Ni;..,Cu,Mg,0-SDC
anode. This anode has been chosen based on the assumption that doped-ceria is suitable for
intermediate temperature operation (550-750°C), Ni-Cu alloys play a vital role in increasing
resistance to coking (as well as raising sulphur tolerance), MgO reduces the likelihood of
agglomeration during reduction and increases Ni-Cu alloy activity and finally, SDC improves oxide
ion transport to the three phase boundary. This research focuses on evaluating the physical and
chemical properties, methane steam reforming and water gas shift activities, and electrochemical

performance of Niy.,.,Cu,Mg,0-SDC anodes.

In this thesis, chapter 2 introduces the principle of operation of SOFC, as well as its main
components. It also contains a comprehensive literature review on anode materials with a focus on
IT-SOFC materials and materials for internal reforming. This chapter ends with a presentation of

some interesting properties of the Ni-Cu-Mg-O system.

Chapter 3 describes the experimental setup used in this work which is essentially a fixed-bed reactor
system used for methane steam reforming, and a SOFC button cell test station. This chapter also

describes techniques used for material characterization.

Chapter 4 begins with a description of two material preparation methods for Nij.,.,Cu,Mg,O followed
by a presentation of the properties of the materials fabricated. Here, calcination-reduction properties,
material phase, and surface area of the anode are reported. Then, the procedure for fabricating the
button cell is also presented. Conductivities of Niy..,CuMg,O-SDC were measured at room
temperature in ambient air because conductivity measurement at high temperature in controlled

atmosphere was not available in our laboratory at the time of this research work.



Chapter 5 discusses the activity of Niy...,CuyMg,O-SDC for methane steam reforming and water gas
shift reactions. In this chapter, the effect of temperature, steam-to-carbon ratio, copper content and

material preparation method on activities as well as carbon deposition are presented in detail.

Chapter 6 reports on the electrochemical performance of electrolyte-supported cells tested with dry
and humidified hydrogen. These cells are fabricated with four different anodes: NiO:SDC,
NigsMgo10:SDC, and NiggMgy;0:SDC impregnated with 3 and 5 mol% Cu. Electrochemical
impedance spectroscopy is also applied to determine the electrochemical properties of the cells.
Finally, at the end of chapter 6, electrochemical behaviours of a NigoMgy,0:SDC cell operating in

dry methane is presented and discussed.

Chapter 7 gives the conclusions of this thesis and present recommendations for future work.



Chapter 2

Background and Literature

This chapter can be categorized into two parts. The first part briefly presents some basic concepts
about fuel cells and, then, gives a genera overview of some principles and materials related to solid
oxide fud cells (SOFCs). Because an objective of this thesis is to develop an alternative Ni-based
anode for IT-SOFCs fuelled by hydrogen and/or methane, the second part summarizes the literature
pertaining to the development of state-of-the-art Ni-based anodes during the past two decades. The
last part contains information about research efforts to develop Ni-based catalysts for methane steam
reforming. However, the literature on methane steam reforming has been screened for materias

related to the materials considered in the present thesis.

2.1 Fuel Cell Fundamentals

Like a battery, a fuel cell is an electricity generator which transforms electrochemical reactions
directly into electrical power without the Carnot limitation. Nonetheless, it differs from the battery in
terms of limitations in electrical generation. The total charge from a battery is limited by the amount
of stored reactant within the battery itself; therefore, it has to be recharged after running out of the
reactant. A fuel cell, in contrast, can continuously generate electricity as long as fuels are supplied. A
single fuel cell includes three important components: a positive electrode, a negative electrode and an
ionic conductor, caled cathode, anode, and electrolyte, respectively. Fuels, normally hydrogen,
supplied at the anode are oxidized to cations while oxygen molecules (or the source of oxygen such as
air) fed into the cathode are reduced to oxide ions. Either cations or anions diffuse through the
electrolyte from one electrode to the other and react at the electrode/electrolyte interface, ak.atriple

phase boundary (TPB). Overal electrochemica hydrogen and carbon monoxide oxidation reactions

are written:
1
Hag) +5 020 © H20) (21
1
CO) + 502(9) > COyy) (2-2)

Although all types of fuel cells operate with similar overall reactions, occur in all types of fuel cells,
they can be classified into the following five types, depending on the electrolyte: akali fuel cells
(AFCs), molten carbonate fuel cells (MCFCs), phosphoric acid fuel cells (PAFCs), proton exchange
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membrane fuel cells (PEMFCs) and solid oxide fuel cells (SOFCs). The differences in each type are

summarized in Table 2-1.

PEMFCs, AFCs and PAFCs must be fed with hydrogen or methanol because they operate at
temperatures too low to promote internal reforming of carbonaceous fuels to produce hydrogen and
carbon monoxide, active reductants of an anode. Consequently, they are appropriate for small-scale
applications such as notebooks, cell phones and automobiles. In addition, a main problem is that
carbon monoxide is a poison for catalysts employed in these low-temperature fuel cells, causing rapid
deactivation of the electro-catalyst.

Conversely, high temperature MCFCs and SOFCs are able to reform natural gas within the cell (i.e.,
internal reforming) at the anode not only because of the high operating temperature but also because
of the properties of the active metal loaded on the anode. For example, nickel, a high temperature
catalyst for reforming reactions, is aso the most common active anode metal for SOFCs (Bolman and
Mugerwa, (1993); EG&G Technical Service (2002)). Principles of SOFC operation, including

thermodynamics, materia s used, and cell designs are discussed below.



Table 2-1 Types of Fuel Cellsincluding anode and cathode reactions of the fuel cells (EG& G Technical Service (2002) and Aguiar (2002)).

ltem

Type of fuel cell

Polymer Electrolyte Alkaline Phosphoric Acid Molten Carbonate Solid Oxide
Membrane (PEMFCs) (AFCs) (PAFCs) (MCFCs) (SOFCs)
Electrolyte lon exchange Alkaline Phosphoric acid Alkali Carbonate mixtures | Stabilized zirconiaand
membrane ceria
Operating Temp. (°C) | 50-85 50-250 160-220 630-650 800-1000
Charge Carrier H* OH H* COs* o~
Electrolyte State Solid Liquid Immobilized Liquid Immobilized Liquid Solid
Corrosiveness None High High High None
Fuel H> H, H, Synthesis gas, CH, Synthesis gas, CH.
Anode Reaction H, >2H" + 2" H,+20H - 2H,0+2"| H, »>2H" +2¢" H,+CO} - H,0+CO,+2 | H,+0* > H,0+2e
CO+CO% —2C0,+ 2" CO+0* - CO,+2e"
Cathode Reaction O,+4H" +4¢e" > H,0 | O,+2H,0+4e” - 40H | O,+4H" +4e” > H,0 | 0,+2C0O, +4e~ —2CO; | O,+4e” —»20*
Catalyst Cathode: Pt, Pt/Ru Pt/Au, Pt, Ag for cathode | Cathode: Pt/Cr/Co, Cathode: Li/NiO Anode: | Cathode: LaSrMnO;

Anode: Pt and anode Pt/Ni Ni, Ni/Cr Anode: Ni/ZrO,
Anode: Pt
Cogeneration Heat None None Low quality High High
Size (MW) 0.25 Very small 11 2 1-2
Application Transport, Small power in aerospace | Power generation, Power generation, CHP Power generation,

small appliances

CHP

CHP

Efficiency (%)

<40

>60

40-45

50-60

50-60




2.2 Principle of SOFC Operation

A solid oxide fuel cell (SOFC), conventionally operating at 800 to 1000°C, consists of three solid
components: two porous el ectrodes (an anode and a cathode) and a dense electrolyte (Figure 2-1). It
operates by passing air through the porous cathode and fuel through the anode. Oxygen molecules
receive electrons at the cathode/el ectrolyte interface and are reduced to oxide ions. The oxide ions are
conducted through the electrolyte between the two e ectrodes from the cathode side to the anode side.
Then, the oxide ions interact with the fud at the anode/electrolyte interface where the gaseous fuel,
active metal and electrolyte meet known as the three phase boundary (TPB) (Singhal and Kendal
2003).

Internal M ethane Steam Reforming
CH4+HO > CO+H,

—
CO+H,0 CO,+ H,

—M
0>
Fuel (CH4H,) Ha 0O, Source of Oxygen
> rro 1 IR —
fed to anode C fed to cathode
Electrochemica Reaction . ‘\\‘ Electrochemical Reaction
H, + O —» H,0 + 2¢ 120, +26 —» 0"

CO+0* —>»CO, + 2¢

Figure 2-1 Operating principle of a SOFC

According to the thermodynamics of the system, many possible reactions can occur when
hydrogen or methane is used as afuel. The reactions that are most likely to occur under direct
internal reforming of methane are showed as follows (Sfeir (2002)):

1

Hag) +5 020 € H:0) (-
1

COy) +5 Oz(q) > COxg) (2-2)



CH 4(g) + 202(9) <> COz(g) +2H 20(9) (CH4 OXidmion) (2'3)

CH ) + H,0y) <> CO(y) +3H 4y  (CH, steam reforming) (2-4)
CH ) + COZ(g) <> 2C0O(,) + 2H ;) (CH, dry reforming) (2-5)
COy) + H, 0y <> CO,) + Hyy)  (water-gas shift) (2-6)
2C0O(5) © C,) + COy,, (CO disproportionation) (2-7)
CH ) <> C5) +2H g (CH,4 pyrolysis) (2-8)
CO +H 2(g) € Ci)+H.0q, (CO hydrogenation) (2-9)

Equations (2-1), (2-2) and (2-3) are direct electrochemical oxidations. The reforming reactions (2-4)
and (2-5) are the steam and dry reforming reactions, respectively. When a mixture of methane and
steam is used as a fudl, equation (2-4) is normally followed by the water-gas shift reaction (equation
(2-6)). If the amount of steam is not high enough, reactions (2-7) and (2-8) are more favoured.

Consequently, carbon may deposit on the active site or clog gas flow channels, causing loss of TPB.

2.3 Thermodynamic Principles

The electrical work done by a fuel cdl is the work produced from transferring a charge Q (per mole
of reactant) along a distance L in the presence of a potential difference E. The charge Q can be written
as a function of electron (equation 2-10). The electrical work is expressed according to equation (2-
11).

Q=nF (2-10)

W, =nEF (2-11)

elec
where n isthe number of electronstransferred in the reaction and F is the Faraday’ s constant.
The variation of Gibbs free energy is given by

dG = dU —TdS — SdT + pdV +Vdp (2-12)



Equation (2-12) shows that G is a function of internal energy (U), temperature (T), entropy (S),
pressure (p), and volume (V). Writing dU in term of mechanical work and electrical work (equation

2-13), it contains some similar terms as in equation (2-12):

dU =TdS - pdV +dw (2-13)

elec
Substitution of equation (2-13) into (2-12) for constant temperature and pressure (dT, dp =0) yields

dG = —dw, (2-14)

elec
Combining equation (2-11) and (2-14) and integrating from the start to end of a process resulting in
AG =-nEF (2-15)

In addition, the Gibbs free energy at any condition also depends on the Gibbs free energy at the

standard condition (superscript 0) and activity (a) of the chemical substances involved in the reaction:

a’
AG = AG°+ RT In(hJ (2-16)
[1a;;

reactants

where R isthe gas constant.

Replacing Gibbs free energy in equation (2-16) with equation (2-15) gives

a
E = EO _ RT |n H ‘Froducts (2_17)
nF H a‘relac tants

In principle, two different electrochemica reactions are taking place at the anode and the cathode.
Oxygen molecules are reduced at the cathode, as in the reaction below:

OZc(g) +4e” & 20927 (2'18)

where the subscripts ¢ and e refer to states at the cathode and the e ectrolyte, respectively. The oxide
ions are transported to the other side of the electrolyte and are oxidized at the anode (2-19), the

reverse reaction of (2-18)
202 — 0, +4e” (2-19)

where the subscript a refers to state at the anode. The overall reaction is then written by equation (2-
20), corresponding to an oxygen concentration cell. The reversible voltage of this cell can be given by
equation (2-21).

10



O, =0y, (2-20)

Eo Ry Pou (2-21)
4F Po,.

where p, and p, represent the oxygen partial pressures at the cathode and anode, respectively.

Po,, is usualy known or measurable, whereas p, can be caculated depending on the fuel

composition. For example, in the case of hydrogen fuel, the oxidation reaction taking place at the
anode is represented by equation (2-1) or (2-2), assuming that they are at equilibrium. In this way,
Po,, can be expressed as in equation (2-22) and (2-23), respectively:

2
Do, = L%J (2-22)
pH2a eq2-1
p 2
co
Po, =| ——=— (2-23)
Oz ( pCOa Keq2—2 }

Consequently, equation (2-21) can be rewritten as equation (2-24) for H, fuel cell and equation (2-25)
for CO fuel cdl:

E_ £+ Rlin(py )+ Rl P 224
© AR T 2F T pg,

S T P L -
4F 00T 2F T peo,

Equations (2-24) and (2-25) are known as the Nernst equations. Fuel cells always operate at lower
cell voltage than the thermodynamic voltage (Nernst potential). It is consequently important to

indicate the performance of fuel cell.

2.3.1 Fuel Cell Performance

As long as the fuel is being fed, the fuel cell should ideally maintain a constant voltage. This ideal
voltage (the reversible voltage) can be determined using the Nernst equation such as equation (2-24).
In the case of hydrogen/air fuel cell, the reversible voltages are 1.16V and 1.11V a 100°C and
900 °C, respectively. In contrast, the voltage output of a real fuel cell decreases as the current load

11



increases due to the irreversible voltage losses. These losses (or overpotentials) are attributed to three
causes: activation, ohmic and concentration polarizations, discussed in next section. Thus, the net cell

voltage E. can be expressed asin equation (2-26):

E,=E-n (2-26)

cell

where 77 is the overpotential which can be expanded as the foll owing equation:

n= 77act + 1 ohm + 77conc (2'27)

Where Na, Nonm aNd Meone @€ the activation, ohmic and concentration overpotentials, respectively.
The overall effects of these overpotentials as a function of current density are indicated on the

performance curve shownin Figure 2-2 .

Ideal Fuel cell Voltage

Mass Transport
Region

] 1

1 1

~ ! |
< : Apparent Fuel Cell Voltage
) : I
g i |
= : '
- | .
= Activation | i
=~ | Region g p
2 e > Ohmic i
= Region .
i

1

Current Density (A/cm?)

Figure 2-2 Overal effects of various polarizations on the performance curve (curves for illustration

purpose only, not from actual data)

2.3.2 Overpotentials

Reactions must overcome an activation energy barrier to proceed at a given rate. This energy must be
overcome by the interaction of reactants resulting in the activation (charge transfer) polarization. This
loss is the most important loss in the low current density region and it is usually caused primarily by

the cathode. The activation polarization is usualy related to the current density i by the Butler-

i = i{exp[%j — exp[ _ (1_ g')rm: Mact ﬂ (2-28)

12

Volmer equation:




where i, is the exchange current density and « is the charge transfer coefficient. The exchange

current density is equivalent to the balanced partial current densities for the forward and reverse
electrode reactions at equilibrium. When the activation polarization becomes important, for a cathodic
reaction, the first term on the right hand side becomes much larger than the second term. Thus, the

last term in equation (2-28) can be ignored and therefore, the activation overpotentia is given by:

_RT L (2-29)
e onF I

The effect of activation polarization is decreased by either doping the electrode with a more effective
catalyst or increasing the temperature (>800°C).

The ohmic polarization is caused by the resistance of the electrolyte and the interconnect. Figure 2-2
depicts in that the cell voltage varies linearly with current density in the intermediate region. Thisis

where ohmic effects are dominant (equation (2-30)).

Mot = 1T (2-30)
where r isthe area specific resistance (ASR). Methods to reduce the ohmic polarization include the
use of high conductivity electrodes, low polarization interconnects and thin electrolyte layers.

The concentration polarization dominates at high current density. It becomes prominent when the
supply of reactants and the removal of products by diffusion to or from the electrode are slower than

that corresponding to the charging/discharging current. The equation would be

RT i
nmc:_m(l___] (231
nk I

where i, is the limiting current density defined as the maximum current density that the cell can
achieved. It occurs because the reactant concentration at the reaction site is approaching zero
(Hirschenhofer (1998)).

The most important key for commercial success are the materials used. Not only the composition but

also the microstructure plays avital role in the cell performance.

2.4 Material Properties

It is a mgjor challenge to pick materials for each SOFC component because each component has

individual material requirements. As shown in Table 2-2, a match between thermal expansion

13



coefficients of the various components is also a necessity to prevent cracks and delamination in the
cell.

Table 2-2 Material Requirements (Minh and Takahashi (1995))

Requirements
Component Conductivity Stability Porosity Thermal
lonic  Electronic Expansion
_ _ In reducing and oxidizing Fully Matches Others
Electrolyte High Nil ,
environment Dense

Cathode Low High In oxidizing environment Porous Matches Others
Anode Low High In reducing environment Porous Matches Others

2.4.1 Electrolyte Materials

Oxygen ions produced from the reduction reaction of oxygen molecules at the cathode/electrolyte
interface must diffuse through the electrolyte and react with the fuel a the TPB. Therefore, the
electrolyte material must possess high ionic conductivity without e ectronic conductivity to provide a
high diffusion rate of oxide ions, but must inhibit the transfer of electrons. The e ectrolyte must also
be stable in reducing and oxidizing atmospheres. Moreover, to minimize resistive losses and to
prevent the short circuiting of reacting gases within the cell, electrolyte materials must be formed as a
fully dense thin film with no gas leaks. Furthermore, the electrolyte has to be chemicaly and
thermally compatible with the other cell components. To date, two predominant types of electrolytes

have been used: doped zirconia and doped ceria.

The most common fluorite structure for an electrolyte is stabilized zirconia. Yttria-stabilized zirconia
(ZrO,-Y 5,05; Y SZ) and scandia-stabilized zirconia (ZrO,-Sc,0s; SSZ or ScSZ) have shown high ionic
conductivity with a reasonable cost and processing time; however, degradation of ScSZ has been
reported at high temperatures (1000°C). Stabilized zirconia materials possess inappropriately low
ionic conductivity a temperatures below 750°C. Therefore, they are replaced by doped-ceria
materials for 1T-SOFCs because ceria-based electrolytes provide much higher ionic conductivity at
intermediate temperatures. Doped ceria, the other preferred structure, has higher oxygen ion
conductivity compared to doped zirconia at intermediate temperatures, especialy samaria-doped ceria
(Ce0,-Sm,05; SDC) and gadolinia-doped ceria (CeO,-Gh,05; GDC or CGO).

To meet the conductivity requirement of 10" S cm™* at 600°C, doped ceria substances are the most

promising materias (Steele (1996); Perednis and Gauckler (2004)). lonic conductivities of doped
14



ceria electrolytes have been compared with those of YSZ by Eguchi (1997) as shown in Table 2-3.
The ion conductivities of doped ceria especially SDC are higher than that of YSZ. Eguchi (1997)
reported that Ni-ceria cermets also exhibited higher fuel eectrode performance.

Table 2-3 Ionic conductivities of ceria-rare earth oxide systems at 800°C (Eguchi (1997))

Sample ox10? (S.em™)
(Ce02)080(SMO1.5)0.20 9.45
(Ce02)0.50(DYO15)0.20 7.74
(Ce02)080(HOO15)020 6.39
(Ce02)080(NdO15)020 5.93
(Ce02)080(ErO1s)020 5.74
(Ce02)080(YdO15)020 5.59
(Ce02)0.80(TMO1 5)0.20 5.59
(Ce02)080(GdO15)020 5.53
(Ce02)o80(LaO15)0.20 4.16
(Ce05)080(CaO15)020 4.28

CeO, 0.03
(ZrO2)0.80(Y 203)0.20 3.01

Another study supporting that doped ceriais avery promising electrolyte for I T-SOFCs was reported
by Steele (2000).

Table 2-4 Ionic conductivity data for selected e ectrolyte compositions (Steele (2000))

Composition Dopant AE o o, 500°C o, 600°C o, 700°C
(eV) (S.em™) (S.em™) (S.em)
Cep9Gdy 101,05 Gd™ 0.64 1.09x10° 0.0095 0.0253 0.0544
CepeSMo101.05 Sm* 0.66 5.08x10* 0.0033 0.0090 0.0200
CegsrY 0115010035 Y™ 0.87 3.16x10° 0.0087 0.0344 0.1015

Likewise, ionic conductivities of those three doped ceria were presented by Singhal and Kendal
(2003), as given in Table 2-5. SDC and GDC not only have high ionic conductivities but also
maintain the ohmic loss as low as 0.2 Q.cm™. Accordingly, SDC and GDC are attractive for relatively
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low temperature SOFCs. However, these materials are not suitable for high operating temperature and

they have lower mechanica strength than doped zirconia.

Table 2-5 lonic conductivity data for CeO,-Ln,0O3(Singhal and Kendal (2003))

Composition Dopant AE(kJmol) o, 500°C c, 700°C
(Sem™) (Sem™)
Ce.9Go 101 05 Gd™* 70 0.0038 0.036
Cep9SMg 101 05 sm* 75 0.0050 0.040
CengY 010105 Y3 95 0.00021 0.01

Below are some works aimed at improving the conductivity of doped ceria

e A composite of calcium-doped ceria (CCO) and carbonate has been synthesized (Zhu et al.
(2003)). For this material, Ca®* was used instead of Gd®* or Sm*" and the cal cium-doped ceria
was mixed with 66Li,CO3:34Na,COs. The conductivity of the composite was approximately
two orders of magnitude higher than that of pure CCO. The use of the CCO-composite
electrolyte in the SOFC demonstrated a performance as high as 600 mwW.cm? at 600°C.

e  When small amounts of alkali elements or alkali-earth elements are dissolved in SDC, the
ionic conductivity increased, as shown by Mori and Yamamura (1998). They also found that

the addition of alkali or alkali-earth elements can inhibit large volume expansion.

e Yanetal. (2005) fabricated Lag¢Sro.1GaysMdo 2034 (LSGM)/CepgSmg 0,4 (SDC) composite
films. The SDC was deposited on the anode substrate to form a 400 nm thin layer. The 5 um
of LSGM was then deposited on top of the SDC film.

2.4.2 Cathode Materials

The properties of the cathode must cover all requirements described in Table 2-2. Platinum was the
first cathode material used but it is too expensive for commercial application. Perovskite oxides are
low-cost alternative cathodes. Since 1965 many perovskite cathodes have been studied; for example,
L&, SryCo05 5 (LSC) was one of the earliest studied. Thisresearch led to studies of other perovskites:
L& «CaCo0s ;5 and Lay,SryMOzs (M= Cr, Mn (LSM), Fe (LSF), Co). Besides eectrochemical
performance, chemical compatibility of the cathode materia with the electrolyte is aso critical.
Interactions between the cathode/electrolyte can limit eectrochemical reactions at the cathode side
(Adler (2004)).
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The perovskite structure can be represented by ABO;.5, the large cations are located at the corner of a
cube, while the small cation located at the centre of the cube. The oxide ions occupy the face-centred
positions. & is the number of oxygen ion vacancies. In the case where a transition metal (such as Mn
or Fe) occupies a B-site, whereas the A-site is a mixture, the materials yield high eectronic
conductivity because the mixture can introduce a charge imbalance and the transition metal has a
vacancy d-orbital. For example, LSM: Mn atoms occupy B-sites while La and Sr are placed at A-
sites. Figure 2-3 depicts the general structure of a perovskite crystal and the transport mechanism.

Oxygen vacancy

Figure 2-3 Atomic structure and oxygen travelling in the conducting perovskite ABOs 5
(adapted from Adler (2004)).

To date, LSM has been the most common cathode because of its high electronic conductivity,
relatively low cost and thermal expansion match with Y SZ. Although many transition metals could be
located at B-sites, Mn has the lowest reducibility that prevents large expansion during operation. In
addition, LSM is the most thermodynamically stable of the mixed conductors containing cobalt or
iron (Adler (2004); Singhal and Kendal (2003)).

Even though LSM is one of the most promising cathode materials for conventiona SOFCs, its
performance decreases when the operating temperature decreases. Although LSM has been modified
by adding doped ceria such as GDC, the oxygen surface exchange coefficient and oxygen diffusion
coefficient values of LSM are relative low for intermediate temperatures. Certain aternative materias

have been used as cathodes:

o  LagSrosCopoFengOs-Cey7Bins0p, (LSCF-CBO) composite shows very low specific
resistivity at about 700°C (Zhao et a. (2004)).

17



e  Composite cathodes consisting of SmgsSresCo0; (SSC) and SDC cathode and a dense SDC
electrolyte resulted in a significant reduction in the interfacial resistance to 0.18 V.cm® at

600°C under open circuit condition (Xiaet al. (2002)).

e At 700°C, in humidified H,, a maximum power density of 250 mW.cm was obtained when
Ni-YSZ, YSZ, and Lay75Sr05CuO,55 (LSCu) were used as an anode, electrolyte, and
cathode (Ni-Y SZ//Y SZ//LSCu), respectively (Yu et al. (2005)).

e Zheng et al. (2005) used similar materials as Yu et al. (2005) but LSCu was replaced by
L&y eSro4C003 5 (LSC) resulting in a maximum power density of 100 mW.cm™ at 700°C.

o LngeSro4CopoFeys0s-5 (LN = Ce, Sm, Gd, Dy) compounds were prepared by glycine-nitrate-
process. All compounds had a good chemica compatibility with SDC. The highest catalytic
activity was obtained with Dy gSrq4C0g 2F€y 8035 (Dy-SCF). A good cathode material for IT-
SOFCs would then be Dy-SCF (Gao et a. (2003)).

2.4.3 Anode Materials

Requirements for the anode material include stability under operating conditions, high electrical
conductivity, minimum chemical reactivity and diffusivity with other cell components, thermal
expansion similar to that of the electrolyte, stable pore structure, stable reactivity for steam reforming
and electrocatalysis (Brown et al. (2000)). The porosity of the electrodes not only provides the

transport of fuel and products, but also increases the number of active sites.

Origindly, platinum and certain transition metals were tested as anodes. However, no pure metal
meets all requirements of an anode. For example, platinum tends to delaminate from the cell over
long operating times, while nickel also agglomerates at high temperatures. Nonetheless, nickel has
been considered as an active metal species because of its electrical conductivity, catalytic activity and
cost. Furthermore, the addition of YSZ lowers its agglomeration tendency and the adjustment of
thermal expansion between Ni anode and Y SZ electrolyte (Minh and Takahashi (1995)).

To improve the performance or stability of Ni/Y SZ, the Ni-based anode can be modified or changed
using the following methods:

e Addition of some transition metals (Ti, Cr, Mn and Pd), a small amount of some precious
metals, or some akali oxides to prevent carbon deposition and/or to promote reforming
reaction

o  Replacement of Ni by Ni alloys or other aloysto limit carbon deposition
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e Addition of afunctional layer to reduce electrode interface resistance and/or to inhibit carbon

deposition
e  Replacement of Y SZ by ScSZ to achieve higher ionic conductivity

e Replacement of YSZ by doped ceria for IT-SOFCs to achieve acceptable ionic conductivity

at intermediate temperatures

e  Useof new materials such as Cu-based anode or perovskitesto improve fuel cell performance
and stability

Details about these different methods to improve the anode are given in section 2.7.

2.5 Advantages and Disadvantages of SOFCs
There are four distinct benefits to using SOFCs when producing el ectricity.

e  Clean conversion of chemical energy to eectricity

e  Fuel flexibility because they operate at temperatures where CO is not a catalyst poison, thus

allowing for internal reforming of hydrocarbon to take place at the anode
o High efficiency of éectricity production in comparison to other systems
e High quality of exhausted heat

However, two drawbacks exist with the use of SOFCs, slowing its widespread application in the
production of electricity:

e Limitation in the number of candidate materials and high cost of cell fabrication due to the
high operating temperature

e Difficulty of scaling up SOFC because of material brittleness

2.6 SOFC Designs

Currently, the most promising cell configurations are the sealless tubular and planar designs. Because
aleak isamajor problem in an SOFC, the tubular design has an important advantage as sealing is not
as much of an issue. However, despite sealing challenges, the planar design is the most common
structure because it is simpler to manufacture and because its performance should theoretically be
higher than that of the tubular design. A brief description of those two designs is given in the

following sections.
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2.6.1 Sealless Tubular Designs

This design was first proposed in 1980 and has been devel oped primarily by Siemens Westinghouse
Power Corperation (SWPC). The cell is built up in layers on a closed end support tube made of the
cathode materials such as LaMnO;. An interconnect plate is placed directly onto the support tube and
then the electrolyte is deposited, followed by deposition of the anode layer (Figure 2-4). The most
important advantage is that this design eliminates the need of seals while the other SOFC designs
require perfect seals (Singhal and Kendal (2003)). For cell operation, air is supplied via an injector
tube located inside the support tube, whereas the fud flows over the outside surface. This design is

suitable for stationary power generation applications ranging from kW to MW size.

Ha _/ Hz0
' | »

Cathode interconnection

. Electralyte
Adr
electrode
(cathode)

Air electrode (cathode)

Electrolyte

Fuel electrode {anode)

Electran flaw
Fuel electrode {anode) {current)

@ (b)
Figure 2-4 Sealless tubular SOFC design (a) Schematic illustration of a Siemens
Westinghouse tubular SOFC. (b) The cell operation and current path.

Adr flowe

(Source: http://www.powergeneration.siemens.com/en/fuel cel [s'technol ogy/tubul ar/index.cfm)

2.6.2 Planar Designs
In the planar single cell, the simplest geometry (Badwel and Foger (1996)) is composed of layers of

each component (Figure 2-5). Cell configuration can be sgquare or circular. The cell support can be
cathode-supported, electrolyte-supported, or anode-supported types. However, many researchers have
reported that the best performance was obtained from the anode-supported cell (Chan et a. (2001);
Ivers-Tiffée et a. (2001)). Because of the simple geometry, the internal resistance can be minimized

by forming a thin film for each layer. Therefore, the planar design provides higher performance and
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power density than those of the tubular design. As mentioned before, nevertheless, this design

requires a perfect seal at high temperature to separate the fuel, oxidant and outside environment.
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Figure 2-5 Planar SOFC design

(Source: Minh and Takahashi (1995)).

2.7 Literature Review on Anode Materials

As mentioned in the previous sections, several aspects are considered when materials are being
developed for used an SOFC anode with interna reforming capability: stability under operating
conditions, stable high electrical conductivity over the operating period, minimum chemical reactivity
and diffusion of anode material into nearly component with other components, similar thermal
expansion coefficients to that of other cell components, stable pore structure, and stable reactivity for
electrocatalysis and internd reforming (Clarke et a. (1997)). This section first summarizes the efforts
during the past two decades on devel oping state-of -the-art Ni-Y SZ based anodes for high temperature
operation (section 2.7.1). Then, it describes anode cermets being developed for IT-SOFCs, with a
particular focus on ceria-based materials, which are the materials of interest in this thesis (section
2.7.2). Finally, work in other fields that used Ni-Cu-Mg composites is discussed, especially with
respect to properties of this materia (section 2.7.3).

2.7.1 Ni-based/YSZ cermet

Ni/Y SZ is a good starting point for SOFC anode cermets because of their high electrical conductivity
and catalytic activity for operation in the 800-1000°C range. However, many studies have shown that
the structure of such Ni/YSZ is not stable for long-term operation due to changes in its structure.
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Some materials have been developed and tested as alternative modified Ni/YSZ anode cermets.

Details are given below.

A convenient method used to fabricate Ni/YSZ cermets is to blend commercia NiO and YSZ
powders by mechanical mixing or ball milling. The mixture is then sintered a high temperature
resulting in a NiO/Y SZ anode cermet. The cermet is activated by reducing NiO to Ni, which is aso
accompanied by a volume reduction of ~25% and an increase in porosity due to changes in density
(theoretical density is 8.9 g.cm® for Ni and 6.96 g.cm for NiO). Properties of anode cermets are also
related to the sintering temperature. Kawada et a. (1990) observed the lowest ohmic polarization
resistance for Ni/8Y SZ cermet anodes sintered at 1400°C. Jiang (2003) explained that this behaviour
corresponds to the good formation of Y SZ-to-Y SZ network at 1400°C. Therefore, this high sintering
temperature creates a good bonding of YSZ (anode)-to-Y SZ(anode) and YSZ (anode)-to-Y SZ
(electrolyte), causing the formation of agrid Y SZ structure to support the Ni phase and the formation
of a good Ni-to-Ni electronic contact network after reduction. However, the effect of sintering
temperature also depends strongly on the fabrication methods. For example, spray pyrolysis, which
involves very fine powder, can lower the sintering temperature. With this technique, Fukui et al.
(2002) obtained the highest eectrica performance using an anode sintered at 1350°C. Other
published methods include vapour-deposition (Ogumi et a. (1995)), wet powder spraying (Sammes et
a. (1994)) and mechanical milling and plasma spray (Iwasawa et a. (1995)). Gorte and his group
have had some success with tape casting combined with an impregnation technique (Gorte and V ohs
(2003); Park et a. (2000)).

In addition to the conventional ceramic mixing methods, Ni/YSZ has also been prepared by other
chemical techniques such as co-precipitation (Grgicak et al. (2006); Li et a. (2003)), modified
Pechini-type methods (Razpotnik and Macek (2007)), and solution combustion of nitrate salt (Aruna
et a. (1998)). These methods lead to fine powders with improved homogeneity (uniform
concentration) and more uniform particle size. Grgicak et al. (2006) prepared the anode materials by a
co-precipitation method and found that the pH of the solution was an important indicator of the
product and the smaller the metal particle size-to-Y SZ particle size ratio, the higher the performance.
However, the particle size can be smaller only if it can still provide sufficient pore size to allow fue

to be transmitted. Therefore, the initial powder also affects the performance of fud cell.

Electrica conductivity of Ni/YSZ materias is based on the Ni content, particle size and the particle

size distribution. More specificaly, it rises dramatically when the volume fraction of Ni increases to

about 30% at 1000°C (Dees et al. (1987)). Huebner et a. (1995) reported that higher electrical

conductivity was observed when the YSZ particles become larger, but decrease when Ni particles
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become larger. Later, Huebner et al. (1999) found that the heat treatment and sintering temperatures
also have an effect on the conductivity of the Ni/YSZ cermet anode. For 50 vol% Ni/ Y SZ anode
cermets sintered at 1300°C, the electrical conductivity of the anode was only about 4 S.cm™ at
1000°C but increased approximately to 800 S.cm™' when sintered at 1500°C.

Because state-of-the-art SOFCs operate at high temperatures (800-1000°C), the structure of the anode
cermet is not stable for long-term operation causing cell degradation. The main reasons for the
changes of the Ni/YSZ cermet are sintering (Iwata (1996); Tsogo (1996)), coarsening of Ni phase
(Simwonis, (2000)), transformation of nickel into nickel hydroxide species (Gubner et al. (1997)),
and, loss of active sites due to carbon deposition when hydrocarbon are involved (Kim et al. (2006);
Lee et a. (2004); Irvinea et a. (1997)). Tsogo et al. (1996) found that the Ni in Ni/YSZ cermet
becomes agglomerated owing to the poor wettability and the poor interaction between Ni and Y SZ.
However, this undesirable effect can be prevented by adding some transition metals, such as Ti, Cr,
Mn and Pd (Naoumidis et al. (1995)) and/or applying effective milling and de-agglomeration to
powders (Wilkenboner et a. (1997)). The last method yields very fine particles which leads to smaller
resistance. For example, Primdahl and Mogensen (1997) and Brown et al. (2000) measured the
electrochemica impedance loops for four different anodes at 1000°C in 97%H,/3%H,0. Those four
different anodes were prepared with different ranges of powder sizes. The smallest overall electrode
polarization of 0.19Q . cm? was obtained with a very fine powder from 0.5 to 3 pm and the overall
electrode polarization increased with increasing Ni size. It increased to @7.8 .cm? for 50 pm

diameter Ni powder.

As discussed previously, an important advantage of SOFC is the possibility of direct interna
reforming occurring simultaneoudly. Lin et al. (2005) examined the proper procedure for direct CH,4-
fuelled SOFC. As expected, they suggested that the cell should be checked with hydrogen fuel before
switching to methane fuel. The important information given in this work is the procedure when
switching to dry methane. Operation must be maintained at constant current density near the level at
maximum power density using hydrogen most of the time with a short interruption (~5 s). A period of
30-45 min is needed for the system to adjust to dry methane and a stable voltage should be gained
within 2 h. A stable cell voltage was maintained for 168 h at a current density of 0.8 A.cm™ at 700°C.
Finnerty and Ormerod (2000) compared 50%vol and 90%vol Ni/YSZ tested with methane/steam
mixture fuel. They obtained not only the operating condition including fuel composition but aso
optimum choice of anode formula that enhances performance and cell durability. Unfortunately,
although Ni is very active for hydrocarbon reforming, it is also very active for catalyzing carbon

formation. Many researchers have observed carbon deposition on Ni/Y SZ anode cermets, e.g., He and
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Hill (2007), He et a. (2005), Kim et al. (2002b), Takeguchi et al. (2002), and so on. Baker and
Metcalfe (1995) showed that directly feeding dry CH, to a SOFC promoted more carbon deposition
than humidified CH,;. They aso measured the extent of deposited carbon using temperature-
programmed and isothermal experiments. Carbon deposition can be reduced by adding alkali to the
nickel catalyst, by adding precious metals such as ruthenium or rhodium (also good catalyst for
reforming reactions), or by using higher steam-to-carbon ratio in the fuel stream. However, the use of
precious metals is not feasible for commercial applications and the addition of water reduces the
efficiency of the cell. Consequently, researchers have attempted to develop modified Ni/Y SZ anodes
or aternative anode materials in order to achieve long term stability with higher activity. Up to now,
many efforts have been put into modifying the conventional Ni/Y SZ anode cermet to improve its
performance and stability, for example by adding an additive, by introducing a functional layer and/or
by using Ni-based alloys or other metals instead of pure Ni. The efforts put into modifying Ni/Y SZ

anode cermets and the works on alternative materials are described in the following sections.
Additive

The activation energy for the methane/steam reforming reaction in the range of 75.5 to 98.4 kJ mol ™
on Ni/Y SZ has been reported (Lee et al. (1990); Achenbach and Riensche et a. (1994); Odegard et al.
(1995)). A higher activation energy of 118294 kJ mol™' was obtained when Ce was added into
Ni/Y SZ cermet. In addition, Ahmed and Foger (2000) proposed a rate expression for methane/steam
reforming catalyzed by Ni/Y SZ and Ni-based (Mg, Ca, Al, S, Ce and Ba)/Y SZ as seen in equation
(2-32). Ni/Y SZ with these additives has much lower activation energy (208+10 kJ mol™) and higher
pre-exponential factor for the reforming rates. In addition, the required steam-to-carbon ratio to

prevent carbon deposition is lower from 3.0-5.0 down to 1.4-3.0.

+ 08+ -E
— Moy, = kpéﬁ;am pHc;.g,o.oz exp( RTa j 2.32

Takeguchi et d. (2002) found that among alkali earth oxides (MgO, CaO, SrO) and ceria, only the
addition of CaO to Ni/Y SZ by physical mixing was effective in reducing carbon deposition without
deteriorating the reforming activity; however, addition of CaO dlightly worsened the cell
performance. Moon and Ryu (2003) have examined NiO-MgO and NiO catalysts for methane CO,
reforming, as well as the performance of NiO-MgO/Y SZ/LSM at 800°C operating with CH4+CO.. It
was found that the activity of NiO-MgO catalyst was higher than that of NiO catalyst and the surface
area of NiO-MgO catalyst increased after reaction while that of NiO decreased. Doping with a small

amount of precious metals such as ruthenium, rhodium, or platinum is also catalytically active for
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steam reforming and inhibits carbonaceous product formation (Takeguchi et al. (2003)). Molybdenum
also acted as a good dopant to reduce carbon deposition on Ni/Y SZ anode during methane reforming
(Finnerty et d. (1998)).

Functional layer

Zhan and Barnett (2006) have tested an additional Ru/CeQ, catalyst layer placed between the fuel
stream and the anode for the internal partial oxidation reforming of iso-octane in SOFC operations. A
constant output power density, as a result, has been found without coking on the anode cermet. Zr
doped-ceria has been tested as an additional layer in humidified methane and humidified CO+H, (He
and Hill (2007)). It appeared that this Zr doped-ceria functional layer was effective because less
carbon was deposited and the deposited carbon was easier to remove. Another approach followed by
Lin et a. (2006) was to place an inert porous layer between the anode and the fuel stream. This
method decreased the critical current density, e.g. from 1.8 A.cm’® to less than 0.6 A.cm™ at 800°C.
The critica current density is the lowest current density that provides stable cell voltage. This
increased stable operating range was attributed to mass transport through the barrier layer. Murry et
a. (1999), furthermore, reported the effect of an additional YDC (yttria doped-ceria) between the
Ni/YSZ cermet anode and Y SZ electrolyte. It resulted in a lower electrode interface resistance for

methane oxidation due to the larger number of reaction sites.

Ni alloy and other stabilized zirconia
Among Ni-Co/Y SZ, Ni-Cu/YSZ and Ni-Fe/YSZ (wet hydrogen), Ni-Co/Y SZ has shown the lowest
electrode polarization (Ringuedé et al. (2004)) for H, (wet) oxidation. Co in Ni-Co/Y SZ prepared by
co-precipitation and fired at 1100°C improved the cell performance for a methane-fuelled SOFC
when compared to Ni/Y SZ. The best composition was found to be NigsCoos/Y SZ (Sato et al. (2003)).
However, Ni-Cu/YSZ was still considered as a good anode for preventing carbon deposition
especially at low Ni content (Lee et al. (2004)). This study compared Cu/Y SZ, ColY SZ, Ni/Y SZ, Cu-
Co/YSZ and Cu-Ni/Y SZ in terms of carbon formation by exposing them to dry n-butane at 500°C and

in terms of power density at 500°C in dry H,. The bimetallic anodes showed improved performance
compared to Cu/YSZ and reduced carbon formation compared to Ni/YSZ or Co/lYSZ. The Cu-
ColYSZ appeared to be more tolerant to carbon formation. Park et a. (2000) reported that the
Cu/YSZ was close to inactive; however, the performance was improved after adding CeO, as a
dopant. Cu-CeO, was also considered as a sulphur tolerant anode for SOFC (He et al. (2005b))
because it can be used with H, containing H,S as high as 450 ppm when operating at 800°C. The use
of Ru/'YSZ cermet anode is aso catalytically active for steam reforming and yielded a very high
power density of 1550 mW.cm? using hydrogen fuel (Sasaki et al. (1992)). However, some important
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drawbacks, such as high cost and volatility above 1200°C (Vernoux et a. (1997)) still make the use
of precious metals impractical. Boder and Dittmeyer (2006) introduced an anode that can reduce the
cooling rate when methane is used as a fuel because methane reforming is a strongly endothermic

reaction, by coating copper on Ni/Y SZ via an impregnation technique.

It was reported that scandia-stabilized zirconia (ScSZ) has the highest electrical conductivity among
zirconia based materials (Badwa (1983)). Mizutani et al. (1994) confirmed that the electrical
conductivities of ScSZ are about double that of YSZ at 1000°C. The performance of SOFCs with a
Ni/ScSZ anode and a Ni/Y SZ anode have been examined in humidified H, and humidified CH4 (Sumi
et a. (2004)). In 3% H,O—-CH, at 1000°C, the Ni/ScSZ anode provided a power density of 850
mW.cm™ without any drop over 250 h. At the same condition, in contrast, a cell with Ni/Y SZ anode
showed an initial power density of 800 mW.cm™ that degraded to 600 mW.cm™? after 250 h. Gunji et
al. (2004) investigated internal reforming of CH, on Ni/ScSZ in SOFC operating at 800°C and 900°C.
The stability of the cell voltage and the amount of carbon suggested that carbon deposition is
hindered more effectively at higher temperature under operation at high current density. For ethane
fuel at a low steam/carbon (S/C) ratio of 1.2 mol%H,0-98.8 mol% C,Hs, Yamgji et a. (2006)
observed that the amount of carbon at 600°C was smaller than that at 700°C. They aso reported that
too low of a utilization factor (e.g. below 46% at 550°C) leads to unstable operation due to carbon
deposition. CeO, must also be added to Cu/ScSZ (Ye et a. (2007)). Ancther interesting composite
anode is Ni1.,Mg,Al,0/ScSZ; Mg can lower the reducing rate to prevent Ni agglomeration and also
can promote the reforming reaction on Ni (Shiratori et al. (2006)). Later, Shiratori and Sasaki (2008)
studied the stability of NiO/ ScSZ and NiggMgy10/ScSZ anode under dry reforming of simulated
biogas mixtures (CH,/CO,/N,). Although the activity of methane reforming was better in
NigeMgo10/ScSZ anode, it was less stable than that of NiO/ScSZ due to a higher ohmic loss in
NigeMgo10/ScSZ. It should be noted that ScSZ is more expensive than Y SZ.

At thistime, IT-SOFCs (intermediate temperature solid oxide fuel cells) operating in the temperature
range from 500°C to 800°C have been increasingly researched due to the combination of cost
effectiveness with high efficiency, multi-fuel functions and a wider range of available materias.
However, the ionic conductivity of the conventional electrolyte YSZ is too low because a basic
requirement for conductivity at 600°C is about 10" S cm™, whereas Y SZ reaches this conductivity
only at 1000°C. To meet this requirement, stabilized zirconia has been replaced by doped-ceria, as

described in detail in the next section.
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2.7.2 Anode for IT-SOFCs (focusing on metal-doped ceria)

The conventional state-of-the-art SOFC (Ni-Y SZ//Y SZ//LSM-Y SZ) produces in small maximum
power densities when operated as an IT-SOFC (Koh et a. (2002)). At 700°C, in humidified H,, Ni-
Y SZ//Y SZ//cathode provided a maximum power density of 100 mW.cm? and 250 mW.cm? with
LSCu and LSC, respectively (Yu et a. (2005); Zheng et a. (2005)). Zhang et al. (2006) tested a
conventional SOFC using screen-printing technology to fabricate a thin eectrolyte film resulting in a
considerably higher maximum power density; unfortunately, it cannot be used when the operating
temperature is lower than 600°C. Murray et a. (1999) disclosed that an additiona YDC layer
between electrode and electrolyte can improve the performance of the conventional material at low

temperature so as to be useful for IT-SOFCs.

As shown in Table 2-3, Table 2-4 and Table 2-5, SDC and GDC have a high ionic conductivity.
Besides, Ni-ceria cermet also exhibited higher fud electrode performance (Eguchi (1997)). Therefore,
Ni-doped ceria anode cermets are more attractive for I T-SOFCs due to the performance of the cdll at
low temperature. Ni/SDC, for example, is a better anodic electrocatalyst for SOFCs than Ni/Y SZ
because of the higher OCV and the lower degree of polarization. A 60wt% Ni/SDC anode sustained
high activity and stability when fed with diluted methane even though coking occurred to a certain
extent (Wang et al. (2003)). Wang concluded that this was the result of a good Ni-Ni, SDC-SDC and
Ni-SDC network. Xia et al. (2001) showed the possibility of operating IT-SOFCs at temperatures as
low as 450°C and at a power density of 192 mW.cm® in humidified CH,. Zhang et al. (1999),
nonetheless, recommended a sintering temperature of Ni/SDC on LSGM electrolyte of 1300°C to
avoid interface diffusion and to help grain growth. Ni/SDC coated with SDC using vacuum
impregnation exhibited very high performance and OCV without significant degradation. A 600°C,
Zhu et a. (2006) obtained a maximum power density of 400-500 mW.cm? and a power density as
high as 571 and 353 mW.cm when exposed to humidified hydrogen and methane, respectively. It
was even higher in some anode-supported cells containing thin electrolytes (Shao and Haile (2004);
Leng et al. (2004); Zha et al. (2004)). Tomita et a. (2006) tried to increase the performance of a cdl
not only by using a thin electrolyte layer but also by adding an ionically conducting layer. With
addition of an ion conductor layer, the maximum power increased about 20% from the results
obtained with a thin electrolyte layer. Ni/GDC was also tested as a anode cermet; however, the
maximum power densities were lower than Ni/SDC anode (Meng et al. (2002)). Chen et a. (2009)
frabicated NiO/SDC via a urea combustion technique and fabricated this anode on YSZ by a slurry
spin method. This procedure increased the maximum power density by 66.2 mW.cm? at 800°C in
40%H/N,.
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Asamoto et a. (2008) used electrophoretic deposition (EPD) technique to fabricate Ni/SDC onto
ScCSZ ((ScO15)0.18(Ce05)0.01(Zr0O5)0.18) €lectrolyte and reported that this technique can produce a cell
that showed higher performing cell with dry methane than using a durry coating. Later, this group
studied the effect of additional akaline earth oxide. Asamoto et al. (2009) introduced MgO, CaO and
SrO in the Ni/SDC anode and tested their use with dry methane. They lowered the maximum power
density, but a positive effect on the reduced the extent of carbon deposition.

Kawano et a. (2007) prepared a Ni:SDC composite anode by spray pyrolysis and fed the cell with
steam/ methane mixtures in the temperature range of 700-1000°C. The methane conversions at
1000°C were in the range of 30-40% , whereas those at 700 and 800°C were only 12% . Moreover,
the performance at 700 and 800°C were much lower than that a 1000°C and the anode
microstructures were destroyed significantly by deposited carbon. A Ni:SDC anode was synthesized
by a urea-combustion technique in Chen et al. (2008). After reduction, they measured the open
porosity, thermal expansion and mechanical properties with respect to the volume content of Ni. The
optimum Ni contents were 50-60 vol.% Ni. These compositions provide an open porosity greater than
30% and electrical conductivities over 1000 S/cm at 600-800°C. lido et a. (2007) evaluated the rates
of carbon deposition on five different anodes. Among them, Ni/SDC showed the highest rate of
carbon deposition followed by Ni/YSZ, Ni/ScSzZ, Ni-Ru/'YSZ, and Ru/YSZ, respectively. They
concluded that the rate of carbon deposition depended on both the oxide species and the metal.

Another metal used in anodes is Cu. Gorte and co-workers have spent considerable effort to develop
Cu/oxide cermet anodes using wet impregnation due to the low melting point of copper. They
constructed a dual tape with the wafer layer being placed on the dense layer. A 50:50 mixture of LSM
and YSZ was painted on the other side of the dense layer, then calcined to 1250°C to form the
cathode. The wafer layer was then impregnated with an aqueous solution of Ce(NOs)s-H,O, then
calcined at 500°C to form CeO, followed by impregnation of an aqueous solution of Cu(NOz)-H,O
(and Ni(NOs),-H,O solution if needed) and calcined at the same temperature (Gorte and Vohs
(2003)). CeO, must be present because Park et al. (2000) found that Cu/Y SZ itself is close to inactive.
A Cu-CeO,-SDC anode cermet investigated by Lu et al. (2003), allowed butane to be used as a fuel.
Ye et al. (2007) applied a similar technique for Cu-CeO,-ScSZ and found no visible carbon
formation; the performance was good enough for it to be considered as an aternative anode materia
for SOFC fuelled by ethanol. NiggesCuys/SDC was compared with Ni/SDC and Cu-impregnated
Ni/SDC in terms of their performance and the amount of deposited carbon (Wang et al., 2008).
Nig.e5CUo 05/ SDC were synthesized by the glycine—nitrate process. Anode-supported cell was prepared
by pressing the anode then co-pressing the electrolyte with the anode disc. The cathode was coated on
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the disc at the fina step. They found that Cu-impregnated Ni/SDC yielded the highest conductivity
followed by NiggsCUg05/SDC and Ni/SDC, respectively. Moreover, Cu-impregnated Ni/SDC showed
the maximum power density as high as 317 mW.cm 2 at 600°C in dry methane with the lowest

amount of carbon deposition.

In addition to single metals, Ni-Cu alloys, Cu-Co alloys, Ni-Fe aloys and Fe-Co-Ni alloys have also
been investigated. Kim et al. (2002b) have examined the used of Ni-Cu aloys as anode for the direct
oxidation of methane at 800°C. Weight gain upon exposure to CH, at 700°C was observed and the
changes were larger on the sample having more Ni. In addition, two interesting results were obtained
on the plots of cell potential and power density after completion of the 500 h test and the impedance
spectra a different times. Maximum power densities of 440 mW.cm for H, and 330 mwW.cm? for
CH, were reported, as well as reduction in diffusional resistance with carbon deposition.
Consequently, coke must not block a substantial fraction of pore volume and fingers of YSZ
electrolyte extend into the anode region during operation to increase the transfer of O* ion. The use of
Cu, Co, Ni, Cu-Ni and Cu-Co, anode cermets, was assessed in SOFC fuelled separately by dry H, and
by dry n-butane (Lee et a. (2004)). Cu-Ni is completely miscible, whereas Cu-Co should have a
strong tendency for Cu to coat the surface of Co. The weight gain of anodes exposed in n-butane

oxidation at 700°C for 10 minutes was found to be in the following order Cu <Cu-Co<Cu-Ni<Co<Ni.

With dry H,, the performances of SOFC cell fabricated by bimetallic anodes were higher than those
of a Cu anode and improved steadily with increasing Ni content. Unlike the case of Cu-Co alloys, the
amount of added Co did not seem to make a significant difference. Nonetheless, in dry n-butane, the
performances of the cells made from both bimetallic anodes Cu-Co and Cu-Ni were similar. Snet a.
(2007) have dso investigated the performance of Ni-Cu alloy/CGO in terms of cataytic activity and
tolerance to carbon deposition when exposed to dry and humidified CH,. For both fuels, the power
density of the cell after 120 h of operation was higher than that of the cell after 20 h while the
resistance was lower; the reason was attributed to the modification of the anode porosity during the
operation. Besides, the amount of CO, detected from dry CH,4 was significantly higher than that with
humidified CH,4; however, these species were not found to degrade the cell performance during about
1300 h of operation. These implied that the material gave a good compromise between catalytic
activity and carbon tolerance. Another type of bimetalic alloy tested in IT-SOFC operation is Ni-Fe
(Yan et a. (2005)). It exhibited excellent performance when working with SDC interlayer/ LSGM but
there was no mention about its stability. Hung et al. (2004) investigated the use of Me/SDC (Me= Cu-
Ni, Cu-Fe and Cu-Co) in methane steam reforming. The experiments of methane steam reforming

were carried out in a fixed-bed quartz tube reactor and the highest methane conversion was observed

29



on 80 wt%Cu- 20wt% Ni/SDC. Fe,CoysxNigs/SDC anodes were aso studied (Xie et al. (2006));
interfacial polarization resistances and 1-V curves were measured and compared with Ni/SDC at
temperatures between 450 and 600°C in humidified H,. The trimetalic anodes possessed lower
resistances with higher power density. Tavares et a. (2008) created a different processto prepare (Ni-
Ce0,)-Cu/SDC anode. Cu/SDC was first deposited on the SDC to prepare an el ectrolyte-supported
cell followed by impregnating Ce(NOs) and Ni(NOs;) solution on the anode side. The cell was tested
with humidified hydrogen and methane at 500-700°C. A maximum power density of 250 mW.cm®
was observed both at 600°C in humidified hydrogen and at 700°C in humidified methane at 700°C.
With this cell type, the ohmic loss at the el ectrolyte membrane was the main contribution to the total

voltage loss.

Barnett and co-workers are among the leading researchers on perovskite-based anode materials. They
have developed anodes based on LSCV that also contained GDC and a small amount of NiO. The
cells, fabricated with this anode showed reasonably good performance for a few hours with a variety
of humidified alkanes including CH,4, C,Hs, C3Hg, and C4Hyo and exhibited overall stability for over
250 h (Madsen and Barnett (2005)). Although they observed slight degradation because of carbon
deposition, the cell performance could be recovered by switching to H, fuel or by exposing the anode
to air. PefiaMartinez et al. (2006) studied the performance of SOFCs made of perovskite materias
for al components. They used four different cells with similar anode (LSCM) and electrolyte
(LSGM), but different cathodes LSM or BSCF, noting that some had thin SDC as a buffer layer
between electrolyte and anode. However, the use of the interlayer did not help to improve the
electrochemica performance. Gong et a. (2010) used an electrolyte-supported cell with
LaSr,Fe,CrOq.; (L SFeCr)-GDC anode for a phosphine-containing fuel. This cell degraded within 24 h
due to the decomposition of LSFeCr. A triple layer of SDC/LSGM/SDC electrolyte film was
fabricated with PBCO (PrBaCo,0:s.;)/SDC cathode and NiO/SDC anode by Zhu et al. (2010). They
concluded that a cathode with trilayer electrolyte membrane achieves excellent performance for IT-
SOFCs yielding 741 mW.cm? maximum power density at 800°C under dry hydrogen. Maximum
power densities of some materials studied as anode in single planar cells for IT-SOFCs (temperatures
between 400°C and 850°C) are summarized in Table 2-6.
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Table 2-6 Maximum power densities of some SOFC single cellsfor IT-SOFCs.

Anode cermet Fuel Temp | Max power Reference
(°C) density
(mW.cm®)
50wt%Ni-50wt%Y SZ//Y SZ// H, 650 100 Koh et al. (2002)
50wt%L SM-50wt%Y SZ*
750 300
850 500
Ni-Y SzZ//Y SZ/ILSCu? Humidified | 700 250 Yuet a. (2005)
H.
750 400
800 650
Ni -Y SZ/IY SZ//L &g ¢Sro,Co0;5™ Humidified | 700 100 Zheng et al. (2005)
H>
750 160
800 250
850 390
50wWt%Ni-50wt%Y SZ//(31um)Y SZ | Humidified | 650 180 Zhang et al. (2006)
1160wt%L SM-40wt%Y SZ° H,
700 330
750 580
800 970
850 1300
Ni-Y Sz//YDC/Y Sz/YDC//ILSM® Humidified | 550 125 Murray et a. (1999)
CH,4
600 250
650 370
Ni-SDC//SDC//SSC-10 wt%SDC* | Humidified | 450 128 Xiaet al. (2001)
H.
500 188
550 240
600 397
Humidified | 500 78
CH,4
550 195
600 304
Ni-SDC//SDC//LSCF? Humidified | 600 400 Xiaet a. (2004)
H.
650 580
700 750
Ni-SDC//SDC//50 wt%CSCF-SDC? | H, 600 209 Fang et al. (2004)
650 306
700 388
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Anode cermet Fuel Temp | Max power Reference
(°C) density
(mW.cm®)
Ni-SDC//SDC//SSC-30 wt%SDC* | Humidified | 600 360-571 Zhu et a. (2006)
H,
Humidified | 600 254-353
CH,4
50wt%Ni-50wt%SDC Humidified | 500 ~200 Tomitaet a. (2006)
//IGDC(30um)//SSC? H>
550 ~400
600 593
650 ~620
700 ~700
50wt%Ni-50wt%SDC Humidified | 500 ~260
//IGDC/BCY/GDC//SSC? H>
550 ~480
600 731
650 ~950
700 ~1040
Ni-SDC (50wt%: 50wt%) CH, 500 ~180
//IGDC/BCY/GDC//SSC?
550 ~350
600 611
650 ~780
Ni-SDC (60wt%:40%) Humidified | 600 1010 Shao and Haile (2004)
//SDC(20um)//BSCF? H>
Ni-SDC (65wt%:35%) Humidified | 600 578 Leng et al.(2004)
//IGDC(10um)//L SCF? H>
Ni-SDC (65wt%:35%) Humidified | 600 602 Zhaet a.(2004)
//IGDC(20um)//SSC? H>
Ni-SDC (65wt%:35%) Humidified | 600 270 Xai and Lui (2001)
/IGDC(26um)//SSC? H>
Ni-SDC (65wt%:35%) Humidified 230 Peng et a.(2002)
/1Y DC(15um)//SSC? H>
Ni-SDC (50:50 wt %) Humidified | 600 491 Yin et al. (2006)
/ISDC//SSC-30 wt% SDC? H,
550 370
500 130
450 50
Ni-SDC //SDC//SSC-SDC? Dry CH, 600 240 Wang et a. (2008)
Cu impregnated Ni-SDC 338
//SDC//SSC-SDC*
Nig.05CUq,05/ SDC//SDC//SSC-SDC? 317
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Anode cermet Fuel Temp | Max power Reference
(°C) density
(mW.cm®)
Ni-SDC//GDC//SSC-30 wt%SDC # | Humidified | 600 540 Xieet a. (2006)
H>
550 250
500 100
450 30
Ni-GDC (40wt%:60%) Humidified | 525 200 Meng et a. (2002)
/IYDC-LiCl/ILiNiO, H,
575 240
Ni-GDC (40wt%:60%) Humidified | 525 200
/IGDC-LiCl-SrCl,//LiNiO, H,
575 260
600 310
650 380
Ni-SDC//ScCSz/IPt® Dry CH, 700 40.3 Asamoto et a. (2009)
Ni-CaO-SDC//ScCSz//Pt® 35.6
Ni-SrO-SDC//ScCSz//Pt® 21.7
Ni-MgO-SDC//ScCSz//Pt® 14.3
(Ni-CeO,)Cu-SDC//ScCSZ//Pt- Humidified | 600 ~250 Tavares et a. (2008)
PrOzy° H>
550 ~170
500 ~70
Humidified | 700 ~250
CH,4
650 ~190
600 ~140
Cu-Ce0,-SDC (anode)® CsH1o 600 ~40 Luet al. (2003)
650 ~75
700 ~175
Humidified | 600 ~70
H.
650 ~120
700 ~250
21.5 wt%Cu-8.5 wt%CeO,- Humidified | 700 130 Yeet a. (2007)
ScSZ/1SeSz1I(Pro7Ca03)0oMNO5? H,
750 234
800 372
Humidified | 700 94
C,HsOH
750 139
800 222
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Anode cermet Fuel Temp | Max power Reference
(°C) density
(mW.cm®)
20 wt%Cu-10 wt%CeO,- Humidified | 700 122 Yeet al. (2007)
ScSZ//ScSZ/I(Pro7Ca.3)0oMNOs™ C,HsOH
750 220
800 322
18 wt%Cu-12 wt%CeO,- Humidified | 700 122
ScSZ/1ScSZ1(Pro7Ca.3)0oMNO5™ C,HsOH
750 205
800 310
15 wt%Cu-15 wt%CeO,- Humidified | 700 122
ScSZ//ScSZ1I(Pro7Ca.3)0oMNOs™ C,HsOH
750 220
800 322
20 wt% Cu-CeO,-Y SZ? H, 700 220 Leeet al. (2004)
20 Wt% Cug gsNi05-CeO,-Y SZ2 275
20 Wt% CuggNigo-CeO,-Y S22 300
20 Wt% Cug;Nios-CeO,-Y SZ2 340
20 Wt% CuygC0qg1-CeO,-Y SZ° 310
20 Wt% CuygCoy ,-CeO,-Y SZ° 320
20 Wt% Cuy5C0p5-CeO,-Y SZ° 330
20 Wt% Cug gsNig o5-CeO,-Y S72 n-butane 700 125
20 Wt% CuggNigo-CeO,-Y SZ2 130
20 Wt% Cug;Nios-CeO,-Y S22 140
20 Wt% CuygCoy;-CeO,-Y SZ° 110
20 Wt% CuygCoy ,-CeO,-Y SZ° 130
20 Wt% Cuy5C0p5-CeO,-Y SZ° 140
20 wt% Cu-CeO,-Y SZ? H, 800 420
20 Wt% Cuy5C0y5-CeO,-Y SZ° 570
20 wt% Cu-CeO,-Y SZ?2 n-butane 800 300
20 Wt% Cuy5C0y5-CeO,-Y SZ° 360
10 wt% CuggNi4-CeO,-Y SZ° H, (500h) 800 440 Kim et a. (2002)
CH,4 (500h) | 800 330
50wt%NiCu alloy-50wt%GDC CH,4 (500h) | 650 ~90 Sin et a.(2007)
/IGDC//ILSFCO®
700 ~180
750 ~230
800 ~320
60 wt% (9:1 Ni:Fe) -SDC// SDC/ | H, 400 80 Yan et al. (2005)
LSGM (0.4/5um)//SSC?
500 112
600 1951
700 3270




Anode cermet Fuel Temp | Max power Reference
(°C) density
(mW.cm™)
Fep»Cop3Nigs-SDC Humidified | 600 600 Xie et al. (2006)
//GDC//SSC-30 wt%SDC @ H,
Fep3CogoNigs-SDC 490
//GDC//SSC-30 wt%SDC @
Fep1 CogsNigs-SDC 400
//GDC//SSC-30 wt%SDC @
Feys Cop1Nigs-SDC 385
//GDC//SSC-30 wt%SDC @
Fep25C0p25Nigs-SDC 750
//GDC//SSC-30 wt%SDC @
Fep.25C00 25Nip5-SDC 550 350
//GDC//SSC-30 wt%SDC @
Fey 25C00.25Nig5-SDC 500 150
//GDC//SSC-30 wt%SDC #
Fey 25C00.25Nig5-SDC 450 50
//GDC//SSC-30 wt%SDC #
47.5wt% LSCV- 47.5 wt%GDC- 5 | Humidified | 600 96.8 Madsen and Barnett
wt% NiO//GDC//LSCF® H, (2005)
650 124
700 114
750 144
Humidified | 700 107
CH.,
Humidified | 700 105
C2H6
Humidified | 700 128
CsHs
Humidified | 700 85
CsHio
LSCM//LSGM//BSCF® H, 600 34 Pefia-Martinez et al.
(2006)
LSCM//LSGM//LSM*® 20
L SCM//SDC(interlayer)/LSGM 7
/ILSM*®
LSCM//LSGM//LSM-LSGM*® 5
LSCM//LSGM//BSCF® 800 160
LSCM//LSGM//LSM*® 133
L SCM//SDC(interlayer)/LSGM 60
/ILSM*®
LSCM//LSGM//LSM-LSGM® 35
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Anode cermet Fuel Temp | Max power Reference
(°C) density
(mW.cm™)
L SFeCr-GDC//L SGM//LSCF- Dry H, 800 355 Gong et a. (2010)
GDC?
Humidified 341
H>
PBCO-30SDC//SDC/LSGM/SDCI// | Dry H, 600 130 Zhu et a. (2010)
Ni-SDC?
650 231
700 364
750 521
800 741

e Electrolyte supported cell
¢ Cathode supported cell
m Metal supported cell

2.7.3 Interesting properties of Ni-Cu-MgO

Ni-Cu/SDC was examined as a catalyst for methane reforming by Huang and Jhao (2006). They
reported that methane dissociated only on Ni and the copper led to a higher active surface area with
higher reactivity for CO, dissociation. Although methane steam reforming is not active over Cu/SDC,
H,O dissociation activity over Cu/SDC is better than over Ni/SDC because of enhanced water-gas
shift activity. Gac et al. (2009) introduced MgO into Ni-Al,Os; by co-precipitation. This additional
magnesium oxide yielded smaller and strongly dispersed nickel crystallites. MgO-rich catalysts acted
as stronger adsorption sites than catalyst without MgO. This effect increased the rate of methane
decomposition and caused carbon to deposit with different structures. Normally, carbon filaments
form on NiO cataysts but the addition of MgO generated more densely packed graphite layers or
thinner walls. In the case of slow removal rate, this catalyst could be deactivated rapidly. Li et al.

(2004) showed that Ni-Mg-Cu alloy is a better hydrogen storage system than Mg,Ni systems.
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Chapter 3

Experimental

For clarification, the tests in this study are categorized into three different types. methane steam
reforming (SMR), electrochemical measurements, and material characterizations. However, they are
closely related and reflect the simultaneous phenomena of chemical reactions, eectrochemical
reactions and transport phenomena (gas and charge transport) occurring at the anode, especialy for
the CH,-fueled SOFC (Figure 2-1). The requirements of the anode in this case are that it must
catalyze CH, to produce H, and CO without depositing carbon, be a good electronic conductor to
minimize the inhibition of electromotive force, and also be stable to maintain its desired composition
and microstructure. The SMR tests are used to determine the catalytic activity of the alternative
anode. The dectrochemical measurements evaluate the performance of button cells made using the
alternative anode. Finally, the material compositions/phases/structures are identified before and after
SMR by material characterization. The combination of al the information may reveal the correlation
of the material to the catalytic activity and the cell performance.

3.1 Methane Steam Reforming and Water Gas Shift Reaction

Methane steam reforming is the most common process to generate hydrogen. It involves the catalytic
conversion of methane into a hydrogen-rich gas. Methane steam reforming (global reaction shown in
Equation 3-1) is a highly endothermic reaction that requires a large amount of steam in the presence
of a suitable catalyst. In addition to the steam reforming reaction, the water-gas shift reforming
reaction (Equation 3-2) isinevitable.

Methane steam reforming (SMR) CH ) + H,Og) > CO) +3H ;)  AH?=206 kJ/mol (3-1)

Water gas shift reaction (WGS) COy) + H,04 © COZ(Q) +Hyy  AH=-41kJImol (3-2)

Methane steam reforming is usually carried out at 700-800°C over nickel-containing catalysts in a
greater-than-stoichiometric amount of steam (two- to four- fold). Methane steam reforming is affected
by operating pressure, temperature and the ratio of steam to carbon (S/C) in the feed gas.
Thermodynamically, methane steam reforming is favoured at low pressure, high temperature and high
S/C ratio. Under these conditions, the water-gas shift (WGS) reaction takes place simultaneoudy,
converting CO and H,O to CO, and H,. Typically, the catalyst is deactivated via deposition of carbon;
nonetheless, the catalytic deactivation can be prevented by elevating the pressure and increasing the

steam content (hence the high S/C ratio in practical reforming operations).
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The most likely reactions leading to the formation of carbon/coke deposition are the following:

Methane cracking CH ) <> C +2H,, (3-3)
Boudouard 2C0,) > C,) +CO, (3-4)
CO hydrogenation CO(y) + Hyg) © Cs) + H,O (3-5)

The formation of carbon is a serious problem in solid oxide fudl cells. Carbon deposition results in
anode deactivation because deposited carbon can plug the gas flow and block active sites which lead
to aloss of cell performance and poor durability. Even worse, carbon deposition (e.g. in the form of

carbon whisker) can cause fracturing and permanent damage to the cell.

Several 50wt% Niy..,CuMg,O/ 50wt% SDC samples are tested at different S/C ratios. The
conditions of S/C ratio is first chosen to be 3 (the most favourable situation to prevent coking) at
750°C and 650°C. Then, S/Cis progressively decreased to 2, 1 and 0.

The SMR reactions are characterized in terms of methane conversion, species yield and selectivity,
described in equations (3-6), (3-7) and (3-8), respectively.

(Molar flowrateof CH Afin) ~ Molar flowrateof CH 4(Om))

%conversion = %100 (3-6)
Molar flowrateof CH 4fin)
speciesi yield = Molar flowrateof speciesi (37)
(Molar flowrateof CH,, — Molar flowrateof CH,, )

Molar flowrateof speciesi

3-8
Total molar flowrateof all product species (35)

speciesi selectivity =

The activity and stability of the developed anode material for the SMR and WGS reactions were
evaluated using a fully automated catalytic fixed-bed reactor, developed in our laboratory are capable
of handling both gas and liquid feeds. The catalyst is placed in a downflow quartz reactor. The exiting
gases are anayzed online by a gas chromatograph (GC), Varian 3800 GC. A schematic of the fixed-
bed reactor isillustrated in Figure 3-1. Asseen in Figure 3-1, the fixed-bed reactor consists of:

o gasmanifold and liquid water flow-evaporator system to create the desired S/C ratio,

e pre- and post heating sections to prevent any condensation between the evaporator and the reactor
inlet, and between the reactor outlet and GC. Note that all the product gas is analyzed in the gas

phase (no prior separation between condensable and non condensabl e gases),
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e furnace,
e (uartz tube fixed-bed reactor,

e data acquisition and control system to connect LabVIEW program with all electronic devices.
The LabVIEW program is used to enter set points and monitor parameters (e.g. furnace

temperature, pre-heater temperature, gas flow rates, pressure drop through the reactor, etc.),
o GCfor product gas analysis.

The schematic of the reactor is drawn in Figure 3-2. The top and bottom of the reactor is connected to
the pre-heater and post-heaters using Swagelok Ultra-Torr vacuum fittings and tees. The half inch tee
female fittings are connected to the vacuum fittings. One path in each tee is used for gas flow and the
other for inserting a sheathed K -type thermocouple to pass through and be placed close to the catalyst
bed. The catalyst bed is seats on a quartz frit located in the isothermal zone of the furnace. The
maximum operating temperature in this fixed-bed setup is 850°C.
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3.2 Electrochemical Measurements

The electrochemical tests are carried out in a SOFC button-cell test station. The parameters that have been
mostly used to evaluate the performance of fuel cells are the maximum power density (Pra), the limiting
current density (i) and the electrochemical impedance of the cell. These parameters are characteristics of

each cell depending on the testing conditions, the material and bonding between layers.

The test station consists of six primary parts: SOFC cell, test rig, gas conditioning and fuel-humidifier
(i.e., controlled evaporator and mixer, CEM), furnace, control system and measurement equipment. A
schematic diagram and photographs of the setup are shown in Figure 3-3. Details of each part are given in
the following sections, followed by information about the electrochemical techniques used to investigate
the cell performance. However, details on the fabrication of the cell and procedures to run this test station

are presented in Chapter 4 and Chapter 6, respectively.
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Figure 3-3 The SOFC button cell setup @) schematic diagram b) overall feature c) fuel conditioning

system and d) SOFC located in the furnace and the measurement equi pment

3.2.1 Button Cell

The performance of the SOFC materials is tested using a so-called single-button cell which is a disc-like
with 14 mm diameter. Most tests were performed on an electrolyte-supported cell. The anode materid is
coated at the centre on one side of the electrolyte disc with a6 mm diameter. On the other side of the disc,
the cathode is deposited, to cover the same area as the anode. A schematic of the button cell is shown in
Figure 3-4. Detailed description of the button cell fabrication procedure is given in Chapter 4. The button
cell isinstalled in the test rig located in a tube furnace.

/ SSC:SDC cathode \
— - SDC electrolyte —_ ‘

\ (500 um thickness) /
Nii CuMg,0:SDCANode ~ ———
Figure 3-4 Schematic of the button cell
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3.2.2 Test Rig

A drawing of the assembly for the fuel cell housing is presented in Figure 3-5. On the anode side, therig
consists of two co-axia tubes. The larger tube is made from 3 cm long 15 mm OD alumina tube seal on
top of 35 cm length of 13mm OD alumina tube. The double tube is needed because the top must have
diameter equal or dightly larger than the cell in order to make a perfect seal (using ceramic sealant, detail
is presented in Chapter 6) mostly to prevent the fuel gas to enter into contact with the surrounding air.
However, the standard tube is also required to be able to use a standard size fitting. The smaller co-axia
tube (diameter 3 mm) works as afuel pathway to bring the fuel closely to the electrode to supply the fuel
to the cell. This tube can stay at the center of the 15 mm OD tube because of the balance of three small
aluminarods (Top view is drawn in the up-right side in Figure 3-5). The anode deposited at the centre of
the disc sits on three alumina rods and smaller tube with a silver current collector inserted in-between.
Note that the current collector consists of silver wire and silver paste. The other end of the 13mm OD
alumina tube connects to a half-inch stainless steel tee. The tee fitting is bored-through to alow for
greater penetration of a quarter inch stainless steel tube connected (using ceramic seal) underneath the 3
mm OD aluminatube. The different type tube is required as the operating temperatures at the top are from
600°C -750°C but the bottom side is connected to a three-way valve. The three-way valve assembly
allows the user to switch between high percentage humidified fuel and 3% humidified fuel or dry fud. A
stainless stedl tube is needed here since an alumina tube might break during switching process. Note that
the other path of the tee is for the exhaust. During the experiments, the fuel flows upward through the
inner co-axial alumina tube on the anode side and leaves the system by flowing downward, through the
annulus space between the two tubes, to the outlet hooked at the side next to the end of the larger tube.
The cathode (upper side) also contacts directly the silver current collector which is located underneath the
alumina tube. The aumina tube on the cathode side acts as a light weight to press upon the current
collector.
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3.2.3 Control System

LabVIEW-field point is used in this setup in order to communicate with the electronic instruments. It

controls, monitors and records the conditions and the results in every test. Only the air flow rate to the

cathode side is adjusted manually, using a rotameter (0-2000mL/min). The control pand was developed
in-house using LabVIEW and is shown in Figure 3-6. Figure 3-7 shows the field-point used for SOFC

setup. All mass flow controllers accept input from the control pand and send the signal corresponding to

the real flow rate to the program at the same time (lower part). As aresult, the rea flow rate is constantly

checked during operation. Because hydrogen is one of the fuelsin the test, an online hydrogen detector is

necessary for safety reasons. In case the rig leaks, the online detector sends a 15V signal to LabVIEW

when it detects hydrogen (middle left hand side). That causes the panel to show a message with the red

alarm, and turns off all mass flow controllers, except the one for nitrogen. In this situation, the flow of

nitrogen is set to the maximum flow rate of 500 mi/min to flush the system. Likewise, the program

written here can receive the data of the temperature from thermocouples located close to the cell. When

the temperature in the furnace exceeds the limit defined by the operator, the gas flows are aso shut down.

Moreover, al investigated conditions are automatically recorded in an electronic file.

Hydrogen

check point "'

High lirnit

Cell Temperature

Mass Flow controllerhi2  Actual M2 Flow Mass Flow controller HZ  Ackuall HZ Flow Mass Flow contrallercHe Actual CHe Flow
2001 200" 200 200 w 200
150- 150-| 150< 150= 1502 150
1004 1002 1002 1007 100 1002
502 s 50%] 50 507 S0
0= il o il 0 5_ i) :.
'D"LU 0 :J"_U [ o o

Figure 3-6 Control panel of LabVIEW program
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Figure 3-7 Field-point used as an interface of the electronic devices and LabVIEW program.

3.2.4 Gas Conditioning System and Fuel Humidifier

Gases in afue cell are classified into two main types: reduction gas and oxidation gas. As known from
chapter 2, the oxidation gas is oxygen which commonly comes from air while the reduction gas is the fuel
(it can be a gas mixture or hydrogen). Fuel gas composition is set using mass flow controllers which
receive the command directly from a LABVIEW program. Figure 3-8 shows the flow controllers next to
the computer in the experimental setup.

Figure 3-8 Flow controllers placed next to the computer in the real set up.
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Fuel can be dry or humidified (Figure 3-9). In this work, fuel is humidified using two different methods
depending on the desired percentage of water in the gas stream. The first technique is to simply bubble
the gas through water and the second technique is a Control Evaporator and Mixer (CEM). Both are

described next.
Solid
Oxide
Nitrogen _
g Liquid Fuel
£ Liquid Feed Cell
1 Controller

Flame Arrestor
CEM

Methane S

EL-FLOW
2

Hydrogen

EL-FLOW

:]7 Exhaust

Heaters

Opt2: 30/; Humidified Fuel OPt3: X% Humidified Fuel

OptL: Dry Fuel

Figure 3-9 Three options of fuel conditioning system.
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Bubbler:

This method is the easiest way to produce 3% humidified gas at room temperature. The bubbler is made
from glass which has gas come into water on one side. Gas flows in the water through the porous nozzle
and diffuses to the gas zone above the water. Then, 3% humidified gas |eaves the bubbler from the other

side to the anode of the cell.

Control Evaporator and Mixer (CEM):

The CEM includes three parts: a control valve, a mixing device and a heat exchanger. It is a combination
of liquid flow controller, mixing chamber and heat exchanger functioning as an evaporator to make steam
and to mix steam with the gaseous fuel. The control valve is used to control the liquid flow rate in order to
achieve the desired concentration of water. The liquid flow meets with the gas flow at the mixing point.

Then, the mixture goes to the heat exchanger for vaporization.

3.2.5 Furnace

The button cell is located in a vertical-tubular furnace (Carbolite Co. Ltd., VST 12/400, 1200°C
maximum) controlled by an eight-segment controller which means that the system can be heated up (or
cooled down) and maintained at eight different temperatures. This option is helpful for fuel cell tests as
many temperature segments are needed. The test starts from curing the seal in two steps: 1) ramp up and
maintain at 98°C for 2h and 2) 212°C for 2h. Then, the temperature is changed to 750°C at 80°C/h for the
anode reduction step. After reduction, the electrochemical measurements are performed at the desired
temperature (here 750, 700, 650 and 600°C)

3.2.6 Measurement Equipment

The main approaches to electrochemical measurementsin this research are to evaluate the performance of
the button cells made from our aternative anode material and aso to compare with those of traditional
materials. Cel performance is defined by current-voltage-power (IVP) characterization, so-called
polarization measurement, and by Electrochemical Impedance Spectroscopy (EIS). Polarization
measurements identify the open circuit voltage, the power density, the overpotential, and the limiting
current density, whereas EIS is used here essentiadly to determine the total and polarization resistances.
The polarization and the impedance reflect the eectrochemical properties for al materials and the
interface bonding within the cell. Because the eectrochemical properties refer to a whole circuit,
unfortunately, it contains the information of the connection between the current collector and the cell, as
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well. Figure 3-10 illustrates the actud view of the connection between the SOFC setup and the

measurement equipment.

The measurements are performed using the electrochemical interface SI-1287 and SI-1260 impedance
analyzer (Solartron Instrument). The IVP characterizations are carried out using potentiodynamic. The
voltage isimposed and the current is measured. The measured current is converted into current density by
dividing the current by the electrode surface area. The electrochemica power density (P in mW.cm?) is
calculated by the cell voltage (E., in V) times the corresponding current density (i in A.cm?®) as
indicated in equation (3-9):

P

E i (3-9)

Figure 3-10 The connection between the SOFC setup and the measurement equi pment
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An example of a polarization measurement was shown in Figure 2-2. For an ideal case, the cell voltage
should remain constant (horizontal dash line in Figure 2-2). In reality, as soon as some current is drawn
some types of overpotential, mentioned in chapter 2, take place, thereby lowering the cell voltage. These
overpotentials can be interpreted/characterized from the results of the button cell tests. In this work, two
electrode measurements were employed for EIS, where the anode is the working electrode and the
cathode is the counter electrode connected to the cathode. EISis performed by applying a small amplitude
sinusoidal voltage to the working electrode and then measuring the resulting current density. The
resulting current density usually also has a sinusoidal shape characterized by its amplitude and phase
angle shift between applied voltage and current response as a function of the frequency. The sinusoidal

voltage (E) has the thus the following form:

E =E,, sin(at) (3-10)
where Eq is the amplitude and w is the angular frequency. Usually, the current response, |, will also bea

sinusoidal with the same frequency but different phase. Its expression is given by equation (3-11).

| =1, sin(at +¢) (3-12)
where |, IS the current amplitude and ¢ represents the phase angle shift.

It should be noted that in the case of a resistor, the current response is in-phase (¢ is equal zero). In
contrast, for a capacitor and an inductor, the responses are out-of-phase and ¢ equals /2 and -n/2,
respectively. Similar to Ohm's law, the voltage drop across two electrodes is represented by equation (3-
12)

E=iZ (3-12)
where Z is the impedance. Impedance is a genera term for all forms of opposition to electron flow,
resistance from the resistor and reactance from the capacitor and/or the inductor. Impedance is
represented by complex numbers as in equation (3-13), including a real component Z,.; and an imaginary

component Z;,. The resistance is represented by Z,., while the reactance is pointed by Z;,.
Z=27.+]Z, (3-13)

This technique can be applied to analyze impedances involved within a cell. The impedance spectra, in
most cases, are presented as Nyquist plots (Figure 3-11). In the smplest case, the real part, the horizontal
axis, associated with this plot is attributed to resistance and the imaginary part, the vertical axis, is

attributed to the capacitance. Therefore, the highest value of the real part accounts for the total resistance
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(R). The first intercept at the real part (Rs) is the sum of resistances used to transfer charges from one
electrode to the other, and represents the resistance of the electrolyte and electrodes. The resistance of the
semicircleisthe potential resistance used to drive the reactions (R,). Accordingly, in Figure 3-11, the high
frequency intercept on the real axisis R and the low frequency intercept is R;. In areal SOFC operation,
in addition, the impedance at the low frequency increases with the amount of deposited carbon
(Souththampton Electrochemistry Group, 1985, Adler, 2004)

increase frequency
Z 'n 44—
m
; Ziea

_______ N &

< Rs RP

( ................................... >

R

Figure 3-11 Idedlization of the impedance spectrain the Nyquist plot
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3.3 Material Characterization Techniques

The chemical and physical properties of fresh and spent aternative materials are characterized by
different techniques to determine various properties, asillustrated in Table 3-1. The properties of the new
materials have guided the experimental conditions and also clarified the initid state of the material. The
materials are characterized before and after steam reforming and electrochemical tests. The benefit is to
follow up the composition and the arrangement related to the activity, performance and stability. More

details about the instruments and techniques employed are discussed in the following sections.

Table 3-1 Properties and the corresponding material characterization techniques used in this work

Properties Techniques

Calcination-Oxidation Properties Temperature-programmed oxidation (TPO) with air

using temperature gravimetric analyser (TGA)

Reduction Properties Temperature-programmed reduction (TPR) with

H./N, using temperature gravimetric analyser

Crystalline Phase identification Power X-ray diffraction, XRD
Surface Area Analysis BET N, physisorption
Microstructure and Particle Size Scanning el ectron microscopy (SEM)
Carbonaceous Deposits Scanning el ectron microscopy
Conductivity Conductivity measurement

3.3.1 Temperature Programmed Analysis (TPO and TPR)

Two temperature programmed techniques (TP) have been used to determine the calcination temperature
and the reduction conditions: temperature-programmed oxidation (TPO) and temperature-programmed
reduction (TPR), respectively. TPO is carried out by heating up materials at a constant heating rate in air.
In this process, materials will be transformed into oxide form and will lose weight. Their weight becomes
stable once they have completely changed to the oxide phase. The temperature a which the sample
weight remains constant thus represents the minimum calcination temperature. TPR is asimilar technique
where the materias are exposed to hydrogen in order to reduce a metal oxide into a metal. Again, the

materials are deemed entirely reduced when the weight no longer changes with temperature. The TPR
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results allow the determination of the minimum reduction temperature for a given reducing gas. The TPO
and TPR (5%HJ/N,) of powder materials have been utilized in a thermogravimetric analyzer (Cahn TG-
2151 thermobalance), depicted in Figure 3-12.

In the Cahn TG-2151 thermobalance, one side of the balance holds the reference basket that has been
used for calibrating the system with the empty sample basket and the other side carries a sample basket.
The analyzer works following the principle of equilibrium, keeping the balance in null position. It means
that the electronic balance will give the equivalent response to weight gains or weight losses during the
reaction to maintain the equilibrium state. Those signals are sent to a computer and converted to the

corresponding weight changes (Rahman, 2004).

Micro Balance

Output Gas&ﬁ\—uga—ﬁi

Computer
Temperature control
Weight change recorder

*

Reference Holder

L

\/ Furnace Flow controller/display

@ Sample
—| < Holder

Thermocouple

Elevator

Figure 3-12 Schematic of Cahn TG-2151 thermobalance.
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3.3.2 Phase Identification

Using XRD, crystalline phases can be identified using Bragg's law (equation (3-14) and Figure 3-13)

\\ // - Plane 1

\ 4 Plane 2

Figure 3-13 Schematic showing the principle behind XRD
ni=2d,, sné (3-14)

where ) is the wavelength of the x-ray (. =1.5425A for CuK,), n is the integral number of wavelength
called order of the reflection, d is the interplanar spacing of the crystal planes of indices (hkl) and 6 isthe
angle of incidence. Once x-rays of known wavelength A are applied and 6 are measured, d of various
planesin a crystal can be determined by equation (3-14). As aresult, the structure can be defined. In this
work, x-ray diffraction patterns have been measured using a Bruker D8 FOCUS for 26 of 30 to 80° using

astep size of 0.02° and acount time of 0.5 s.

3.3.3 Surface Area Analysis

The Brunaure, Emmet and Teller (BET) method is a common technique applied for determining the
surface area of a catalyst. The BET isotherm represents an extension of the Langmuir isotherm

(monolayer adsorption) to multilayer adsorption.

The BET model can be expressed by equation (3-15).

P _ 1 (C-)P
Va(P,—P) VaC ViC P,

(3-15)

where P is the partial pressure of adsorbate, P, is the saturated vapour pressure of the adsorbing gas
(normally N,) at the temperature of the measurement, V, is the volume of gas adsorbed per unit mass of
catalyst, V,, is the volume required to cover the surface with a monolayer of nitrogen and C is a constant.

Vi and C can be determined when considering the linear region of the plot of P/(Va(Po-P)) versus P/P,
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P/P, existing from 0.05 to 0.3, where the slope is (C-1)/(V,:C) and the intercept is 1/(V.C). Thisrange is
adequate for a monolayer adsorption to be directly related to the surface area. By knowing the number of

N, adsorbed at the monolayer, the total areais the summation area of al those N, molecules.

Consequently, the BET surface area per gram of the sample is calculated using equation (3-16)

BET SA=_mNafes (3-16)
MW, ,M

sample
where p isthedensity of liquid nitrogen at the boiling point, N, is the Avogadro’s number, and acsis the

cross-sectional area of nitrogen molecule. MW, is the molecular weight of nitrogen, and Mgyie IS the

mass of the sample.

Here, samples have been pre-treated in N, at 573 K for one hour to remove any physisorbed moisture.
The BET surface has been measured over the range 0.05 P/P <0.3 using a Micromeritics Gemini ™ V-

Series surface analyzer.

3.3.4 Scanning electron microscopy (SEM)

Scanning electron microscopy is a straightforward tool for observing the size of particles and the surface
morphology. It is achieved by raster scanning a narrow electron beam onto the specific surface. It yields
either secondary electrons or backscattered electrons. Detection of the secondary electron is the most
common mode of the SEM. The contrast of the SEM micrographs depends on the position count from the
detector. The part facing the detector appears brighter than the part located away from the detector. The
backscattered electrons are emitted from a deeper surface than the secondary electrons and are more
effective on heavy elements. Therefore, a micrograph obtained from the backscattered el ectrons illustrates
the arrangement at that area because the heavier element will appear brighter. This research has used a
LEO 1530 SEM (5-kV electron beam) with a backscattered el ectron detector to collect the information.

3.3.5 Conductivity test equipment

Good conductivity is a requirement for an anode materia because eectron from the electrochemical
reaction must be able to move from the TPB through the anode area to the other end of the anode
connected to the current collector. The setup used to measure the conductivity is shown in Figure 3-14.
The sample is placed in-between two copper terminal blocks and the whole assembly sits on a platic
housing. The specific current is passed through the sample of known cross-sectional area and the voltage
drop is measured for a particular distance. The conductivity (o) is determined using equation (3-17)
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Figure 3-14 The setup designed for conductivity measurement a) Actual setup b) Schematic view and the
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o=
Rx A

(3-17)

where ¢ isthe electrical conductivity normally reported in siemens per centimeter (S/cm), | is the distance
of the measured interval, Risthe resistance, and A is the cross-sectional area of the sample through which
the current flows. In addition, when Ohm's law is used in for the resistance, then the equation becomes

58



i

TV xA

o (3-18)

Note that when fabricating the anode material, it isinitially in its oxide form and thus is not conductive.
The sample must thus be reduced in order for the metal to be in pure metal form. The weights of sample
before reduction (wp) and after reduction (Wegperimenw) Were measured. The weight after reduction
determined experimentally is compared to the one that can be determined theoretically to come up with a
percentage reduction, as indicated in equation 3-19. The percentage reduction is an important parameter
to know when determining the conductivity, since it directly depends on this percentage reduction. If the
percentage of reduction is not high enough, the material will not become conductive. For the conductivity

measurements, the samples were reduced at 750°C in a vacuum furnace for two hours.

W, —-W :
% reduction=———=2*"" 100 (3-19)
Wo — Wineoretical
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Chapter 4

Material Preparation and Properties

This chapter describes two material preparation methods and presents the properties of those
materials when they are oxidized or reduced. The detailed procedures for button cell fabrication are
presented, as well. Finaly, the conductivity of the anode material is discussed in the last section.

4.1 Material Preparation

The Niy,CuMg,O samples were prepared using two different methods: a one-step co-precipitation
method and a two-step co-precipitation/impregnation method. These two methods are similar to
processes used for catalyst preparation. All metal nitrates (nickel nitrate, copper nitrate and
magnesium nitrate) are synthesized by co-precipitation for the one-step method. However, with the
two-step method, NiggMgo 1O is first prepared from co-precipitation, followed by impregnation of

copper nitrate. Detailed descriptions of the two methods are presented next.

4.1.1 One-Step Co-precipitation Method

For the first method, Ni...,CuMg,O is synthesized by co-precipitation of Ni, Mg and Cu. To begin
with, a metal nitrate aqueous mixed solution containing 0.2M Ni(NOs),.6H,0, 0.2M Mg(NOs3),.6H,0O
and 0.2M Cu(NOs),.3H,0 is prepared to yield a desired concentration of Ni, Cu and Mg. This
mixture is then added drop wise with a 30% ammonium hydroxide solution to a vessel maintained at
pH 9. The solution is then stirred for 30 minutes in a closed system and aged for 24 hours. The
resulting solid cake is washed and filtered with distilled water, and dried at 115°C overnight to
produce a precipitate. Finally, the powder is transformed into a metal oxide form by calcination in air
at 750°C for 4 hours. The calcination temperature is limited because of the presence of Cu because Cu
in the form of CuO has a melting point as low as 1201°C. The entire procedure is summarized Figure
4-1.

4.1.2 Two-Step Co-precipitation/Impregnation Method

In the two-step method (Figure 4-2), NiggMgo 1O is first prepared by co-precipitation of Ni and Mg,
similar to the one-step preparation above but then calcined at 800°C, and finally by addition of copper
to NigeMgo 1O by impregnation. The impregnation starts by predetermining the volume of an aqueous
0.2 M Cu(NOsy),.6H,O solution required depending on the amount of NigoMgy:O. The copper
solution is then applied uniformly drop by drop in a suitable amount to just cover NipgMgy ;0. The

material is heated in the oven at 115°C for 15 minutes. The procedure for drop by drop application
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followed by drying is repeated until the copper solution has been completely used. Finaly, the coated
NigeMgo 10 iscalcined at the desired temperature for 4 hours.

Vessel maintained at apH of 9

0.2M Ni(NO;)-6H,0

Aging at room temperature for 24 h

Filtered off and wash —»|

Dried at 115 °C overnight

Calcined at desired temperature for 4 h

Figure 4-1 Procedure for preparing Ni;...,CuMg,O powder by one-step co-precipitation.

Prepare NiggMgo1O using the Obtain desired volume of
procedure of co-precipitation Cu (NOs), .6H,0 solution

\ |

A

Drop by drop application until full coverage of catalyst surface

Heat in the oven until dry

Repeat until Cu solution is empty

Calcine at 750°C temperature for 4 h

Figure 4-2 Process of wet impregnation of Cu on Ni-based catalyst (two-step method).
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4.2 Material Properties

In order to maintain the samples stable, they are transformed from metal hydroxide or metal nitrate to
metal oxide by calcinations (equation (4-1)). Ultimately, they must be activated by reduction into
metal form of the active metal (here Ni and Cu as seen in equation (4-2)). The properties of the
materials prepared in these two steps (cal cinations and reduction) are reported in this thesis, including
calcination temperature, reduction temperature, phase of the material (XRD), surface area analysis
(BET), calcination properties (TPO) and reduction properties (TPR).

Ni 1.y CUMg,(OH); — Ni1,,CuMg,0 + H,0 (4-1)

Ni1.,CUMgO + (1-y)H, — NipyCuMg,O, + (1-y)H,O (4-2)

4.2.1 Calcination Temperatures

The TPO results, following the TPO procedure explained in Chapter 3 to determine the calcination
temperature, are presented in Figure 4-3. For the one-step co-precipitation method, the peak of the
weight loss rate for the un-calcined sample occurs at approximately 270°C for CuygMgo1(OH),,
whereas it occurs at 350°C for NiggMgg1(OH),. The results aso show that no further weight loss
happens after 400°C for CugyogMge1(OH), and after 600°C for NigeMgo1(OH),. For copper content up
to 10 mol%, the TPO profiles are similar to that of NiggMgo1(OH),. For 15% and more Cu, the peak
is shifted to lower temperatures; for example for Nig7sCuy1sMgo1(OH),, the peak occurs at about
310°C. The sample with 15% Cu also exhibits a peak for CuO in the XRD pattern (as seen later in
this chapter). For the two-step method, the NiggMgo1(OH), was first prepared and calcined at 800°C,
before impregnating Cu. Therefore, Ni and Mg were already oxidized before impregnation of Cu. The
TPO profiles, thus, represents mostly the oxidation of the impregnated Cu. Figure 4-3(b) shows that
the more copper is impregnated the larger is the weight loss. However, for 3% Cu almost no change
in the weight is observed. The TPO profiles of the un-calcined Cu-impregnated samples from the
two-step method indicate that above 400°C, the samples are completely oxidized. Experimental and
theoretical weight losses (based on Equations 4.1) are reported in Table 4-1. For TPO, the
experimental weight loss is almost always greater than the theoretical weight loss, which is attributed
to the initial water content in the sample that vaporizes during the TPO analysis or water molecules

remaining in the solid cake within a complex compound as (Grgicak et al. (2006)).
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4.2.2 Reduction Temperatures

The reduction properties of the oxide materials were analysed at a ramping rate of 10°C min™ up to
800°C and held for 30 min in 5% hydrogen balanced with nitrogen (TPR procedure). From equation
(4-2), the theoretical weight loss can be determined. Comparison between the observed and
theoretical weight loss indicates agreement within 3%, as shown in Table 4-2. Note that when
calculating the theoretical weight loss, it is assumed that MgO is not reduced and remains in its oxide
form (Choudhary et al. (1998) and Shiratori et al. (2006)). Figure 4-4 represents the rate of weight
change as a function of temperature for different compositions of the oxide material. The oxygen in
NiooM 010 begins to be released at approximately 350°C, and by 750°C the Ni oxide is completely
reduced into metallic Ni. Complete reduction can be checked by comparing the experimental
percentage weight loss after the test to the theoretical percentage weight loss. The experimental
weight loss is 21% which is very close to the theoretical calculation (21.4%). Therefore, we conclude
that the metals are fully reduced. CuysMgo1O released oxygen at 200°C and Cu oxide was fully
reduced at 430°C (19.5% for experimental weight loss and 19.0% for theoretical weight loss). As
seen in Figure 4-4, NiggMgo10 shows two peaks; the first one at about 500°C and the second one at
about 650°C, which is attributed to the reduction of Ni in NiO and in Ni-Mg-O solid solution,
respectively. In the present work the amount of Mg is small compared to that of Ni (10 mol% Mg vs.
90% Ni) resulting in MgO being dissolved in the NiO matrix. Comparing the TPR results for the 5%
Cu prepared from the two different methods reveals that when Cu is co-precipitated with Mg and Ni,
much higher temperatures are required to fully reduce the sample; when 5% Cu is impregnated, the
sampleis fully reduced at temperatures close to 700°C, whereas when it is co-precipitated, it requires
temperatures close to 800°C as seen in Figure 4-4 (a) where the rate of weight loss for
Nigg5CUo0sMgo 1O is amost zero at 800°C. Thisimplies that NiggxCuMgy ;O made from the one-step
method is more difficult to reduce than when prepared using the two-step method.
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impregnation).
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Table4-1 Resultsfor TPO analysis.

Sample TPO weight loss
Experimental Theoretical
Ni(OH), 19.5% 19.4%
Nio.00M go.10(OH). 25.4% 20.2%
Nio.8sCUo.0sM go.1(OH)> 19.5% 20.1%
Nio.gCUo1Mgo.1(OH)> 24.6% 20.1%
Nio.75CU0.15M go.1(OH)- 28.1% 20.0%
Ni0.45CU0.4sM go.1(OH)- 27.7% 19.7%
Ni.15CU0.4sM go.1(OH)- 24.4% 19.4%
Cuy.90M go.10(OH)> 20.6% 19.2%
3%Cu(OH), impregnated on NiggMgo 100 1.7% -
5% Cu(OH), impregnated on NigMJy.100 5.3% -
10% Cu(OH), impregnated on NiggoMgo.100 8.5% -

Note Experimental weight losses represent weight losses at the end of TPO (i.e. when temperature

reached 800°C).

Table 4-2 Resultsfor TPR analysis

Sample TPR weight loss

Experimental Theoretical

NiO 21.0% 21.4%

Nio.90M go.100 20.8% 20.2%

Nio.esCU0.0sM 00,10 20.7% 20.1%

NiogCUo1Mgo 10 20.1% 20.1%

Ni75CU0.1sM 00,10 20.0% 20.0%

Ni0.45CU0.4sM go.1O 19.5% 19.6%

Nio.15CU.4sM go.1O 18.8% 19.2%

Cuo.90Mgo.100 19.5% 19.0%

3%CuO impregnated on NiggoMJg.100 19.8% 20.2%

5% CuO impregnated on NiggMgg 100 19.8% 20.2%

10% CuO impregnated on Nig goM g 100 20.0% 20.2%

Note Experimental weight losses represent weight losses at the end of the TPR analysis (i.e. when

temperature reached 800°C).
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4.2.3 Material Phase

Figure 4-5 shows the effect of calcination temperature on the crystalline phases (XRD patterns) in the
case of Nig4sCUo4sM o210 prepared using the one-step co-precipitation method. This figure shows that
the higher the calcination temperature, the higher the crytallinity. Figure 4-6 shows the presence of Ni
and Mg solid solution, as reported previoudy in the literature (Zinkevich et al. (2005)). The XRD
peaks for NiO and MgO are very closed to each other and hardly distinguishable. Figure 4-7 are the
patterns obtained from samples prepared by the one-step method for different compositions. The
results reveal that the XRD pattern of pure NiO and that of the mixture NiggMgo ;0 are similar, as
shown in the literature, for example, by Moon and Ryu (2003). However, the XRD patterns of
samples containing more than 15 mol% copper have distinct peaks associated with CuO. The same
patterns were aso obtained for Nigg. CuMgo 1O when Cu is less than 10 mol% (x< 0.1). The XRD
patterns of the samples prepared by the two-step method are similar to those obtained from the one-
step method when Cu-content is equal to or less than 10% (Figure 4-8). These patterns are matched
with the patterns of Ni;4CuO when x < 0.25 (interpreted by the EVA software ). However, the
XRD pattern of 3% Cu-content sample is similar to Ni;,Cu,O when x < 0.20. Although the XRD
patterns of NiggxCuMgo10 (X < 0.10) are similar to that of NiO, the TPR results (see Figure 4-4)
indicated the presence of multi-phases in NiggxCuMgy 0. For example, NigoMgy;O and
Nigg5CUo0sMgo 1O have the fingerprints of NiO and Ni-Mg-O solid solutions, asillustrated in Figure
4-4 by the rate of reduction at higher temperatures. It implies that, in these cases, the Ni-Mg-O solid
solution is dispersed into the NiO matrix and that Ni-Mg-O (and also CuQ) pattern were hidden

because of their significant lower amount compared to that of NiO.
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Figure 4-5 XRD patterns of Nig4sCUp.4sMdo1O from the one-step method at theinitial state and after
calcination at 550°C and 750°C for 4h.
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Figure 4-6 XRD patterns of Ni;.,Mg,O calcined at 750°C for 4h.
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Figure 4-8 XRD patterns of 3, 5 and 10 mol% Cu impregnated on NiyoMd, ;O made from the two-
step method after calcination at 750°C for 4h compared with Nig gsCugosMgo 100 and
Nio.g0CUo 10M g 100 made from the one-step method.
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4.2.4 Surface Area

Total surface areas of the samples anaysed by the BET technique are reported in Table 4-3. The
comparison between the samples containing 10% of Mg indicates that the surface area of the samples
decreases somewhat when the copper content increases; from 9.6 mzlg for NiggsCUp 0sMgo1O down to
8.1 m?/g for Nig4sCUo4sMgo10. The samples prepared from a two-step co-precipitation/impregnation

method have similar, or slightly lower, surface area than those prepared using the one-step method.

Table 4-3 Single point and BET surface areas of Ni...,CuMg,O (note: every sample contains 50
wt% of SDC).

Sample BET surface area (m‘/g)
SDC 114
NiO 11.8
Nio.90M go.100 10.7
Ni.esCUo.0sM go.1O 9.6
NiogCUo1Mgo1O 8.9
Nio.75CUo.15M go.1O 8.5
Ni0.45CUp.4sM go.1O 8.1
Nio.15CUp.sM go.1O 7.2
CUo.90Mg0.100 6.8
3%CuO impregnated on NiggoM g 100 10.5
5% CuO impregnated on NiggMgo 100 9.2
10% CuO impregnated on NiggMgg 100 84

4.3 Button Cell Fabrication Using Alternative Anode Material

Electrolyte-supported cells are fabricated using a dry pressing technique. To make the dense SDC
electrolyte pellets, 0.73 g of SDC powder are pressed and sintered at 1450°C for 5 hours using a
heating rate of 5 °C/min. The thickness of the pellet starts from 600 um approximately. To reduce the
thickness, the pellet is polished by sand paper no.600. Then, the anode (without Cu), is fabricated by
drop-and-dry of the suspension on one side of the electrolyte disc. The suspension material consists of
50wt% Ni-Mg-O: 50wt% SDC in ethanol (0.5g solid in 30g suspension). The anodeisthen sintered at
1300°C for 3 hours with a ramping rate of 5 °C/min. The cathode is deposited using the same drop-
and-dry method as for the anode: the suspension consists of 70wt% SSC: 30wt% SDC in ethanol
(0.5g solid in 30g suspension). The cathode is finally sintered at 950°C (heating rate of 5°C/min) and
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stay for 3 hours. For anodes containing Cu, the desired amount of 0.01M Cu nitrate solution is
impregnated. The anode is then calcined at 750 °C for 4 hours. The entire procedure is illustrated in
Figure 4-9.

The actual cell is shown in Figure 4-10 which shows (@) the size of the cell and the electrode, (b)
SEM micrograph of the anode/electrolyte interface microstructure of 50wt% NigoMgo10: 50wt%
SDC anode/SDC electrolyte (after sintering) (¢) SEM micrograph of 50wt% NigoMgo10: 50wt%
SDC on the anode side after reduction. The button cell and the electrodes have 14 and 6 mm
diameters, respectively and the anode is firmly bonded to the electrolyte as well as a porous structure
at the anode/electrolyte interface. After the anode is reduced, it contains small particles (dark spotsin
Figure 4-10(c)) dispersed on large particles (light spots Figure 4-10(c)). The small particles are
NigeMgo1001, While the large particles are SDC.

To evaluate elemental distribution in the anode material, the 5%Cu on 50wt% NigoMgo10: 50wt%
SDC powder was prepared and analyzed via SEM/energy-dispersive X-ray spectroscopy (EDX).
Figure 4-11 displays the results of the final product after reduction. Figure 4-11(a@) is the original
SEM image, whereas Figure 4-11 (b), (c), (d) and (€) show the EDX mapping of cerium, samarium,
nickel and copper, respectively. The EDX mappings demonstrate that all elements including copper
are distributed uniformly.

— =) ™ mm)

Electrolyte SDC pellet Anode~2.5mg of Cathode~1.5mg of
Powder pressing (4 tons) 50wt% Niy.,Cu,M g, O- 70wt% SSC-
and sinter at 1450°C for 5h 50wt% SDC 30wt% SDC
drop-dry and sinter drop—dry and sinter
at1300°C for 3h at 950°C for 3h

¥

Impregnation of Cu on YES
anodeside % -
Impregnate and

calcineat 750°C for 4h

N Ve
END
Figure 4-9 Process of button cell preparation.
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Figure 4-10 Button cell a) actual feature b) SEM backscattered electron micrograph of the
anode/electrolyte interface (after sintering) c) SEM backscattered el ectron micrograph of the anode

surface (after reduction).
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(d) Ni (e) Cu

Figure4-11 SEM-EDX image and elemental distribution of a 50wt% NiggMdy;0: 50wt% SDC
impregnated with Cu to make 50wt% 5%Cu on NigeMgg:0: 50wt% SDC a) SEM backscattered

electron image for overall determination b) cerium ¢) samarium d) nickel and €) copper.
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4.4 Conductivity

A critical property of an electrode is its electronic conductivity because the electrons must be
transported through the cermet from the TPB as easily as possible to the other side of the anode and to
the external circuit. To determine the conductivity (at room temperature under air), the alternative

anodes have been pelletized and formed into a rectangular piece.

The sample preparation begins with blending 50wt% Ni-Mg-O: 50wt% SDC via traditiona ball
milling. The product is pressed using a hydraulic press. Since the sample is still fragile, sintering at
the sintering temperature of the actual anode is necessary. Copper is added by impregnation after
sintering at high temperature. To this point in the process, the sample is not conductive because all
metals are in oxide form. To activate the sample, it must be reduced in H, atmosphere. The treated
sampleis then ready for the measuring the conductivity which was carried out at room temperature. A
flow sheet of this procedure and image of specimen after sintering are shown in Figure 4-12and

Figure 4-13, respectively.

Prepare anode material by blending Ni,Mg,O with commercial
SDCin equa weight ratio

v

Impregnate Cu in the pellet w/Cu Pelletize the powder mixture, then sinter at
and calcine at 750°C 1300°C to increase the pellet density

vy WoCu

Reduce the sample to convert
NiO, CuO to Ni and Cu metal

Y
Measure conductivity

Figure 4-12 Procedure of sample preparation for the conductivity measurement.

Figure 4-13 NigoMg, 1O sample after sintering.
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The 5mm intervals are marked on the sample as two sets of dots. A constant current of 1A is supplied
along the sample, the voltage difference between the dots is measured, from which the conductivity is
computed (see chapter 3 for more details). Closely related to conductivity is the percentage of
reduction, which is determined by the method described in Chapter 3. The percentage of reduction
and the conductivities are given in Table 4.2. The reduction of Nig;Mgo30 is 42%, indicating that at
least half of NiO is dissolved in the MgO and remains in solid solution and so cannot be reduced.
Therefore, a completely conductive path cannot be formed in this sample. Among all compositions,
Nio9Mgo10 has the highest conductivity (~136 S/cm). Impregnation of Cu reduces the conductivity,
although no differences in conductivity of 3% Cu impregnation and 5% Cu impregnation on
NigoMgo1O (~100 S/cm) were observed. NiO:SDC had the lowest conductivity (~70 S/cm). The

above results can be explained as follows, using percolation theory:

e Ni-based anodes with some amounts of magnesium oxide (NigoMgy10, 3% Cu on
NigeMgo10, 5% Cu on NiggMge10) prevent the nickel metal from agglomerating. They
also better distribute the small nickel metal particles throughout the entire sample
resulting in better conductance. Figure 4-14 shows the microstructure of two types of
powder (a) Ni:SDC, (b) reduced NipgMQgo10:SDC and (c) reduced 5% Cu on
NigeMgo10. The middle image confirms better dispersion of particles than in the Ni:SDC
structure. Shiratori et al. (2006) and Gac et al. (2009) also presented similar results.

e However, excessive magnesium oxide keeps Ni in a Ni-Mg-O form which is a non-
conductive form. Thisisillustrated by the very poor conductivity obtained with 30% Mg,
whereas 10% Mg did improve the conductivity over NiO:SDC, as also found by Choi et
al. (1984).

e 3% Cu on NiggMgo10 and 5% Cu on NiggMgo1O have lower conductivity than the
NigeMgo1O, even though their reduced form has similar structure to the reduced
NigeMgo 1O (Figure 4-14(c)). It is speculated that Ni-Cu bond and Cu-Cu bond are not as
strong as Ni-Ni bond in these samples. Although the sample was aready calcined, the
reduction time (1 h at 750°C)was not long enough to make a Ni-Cu alloy
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Figure 4-14 SEM backscattered electron micrographs of a) Ni:SDC and b) Nigo(MgO),1:SDC
¢) 5%Cu impregnated on Nigo(MgO),1:SDC.
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Table 4-4 Percentage of reduction and conductivity

Sample %Reduction Conductivity (S.cm™)
NiO:SDC 97.1 69.8
Nig7Mgo30:SDC 424 n/a
NigeMgo10:SDC 94.1 135.8
3%Cu on NiggMg,10:SDC 94.9 101.6
5%Cu on NiggMg,10:SDC 95.3 1014

n/a: non applicable
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Chapter 5
Methane Steam Reforming Activity over NiggxCuxMg10/SDC

Because internal methane steam reforming (SMR) is of great benefit to SOFCs, it is important to
study the SMR performance of the alternative anodes developed in this work. To evaluate the anode
performance (characterized here by its activity, selectivity and stability), severa 50wt% Niggo
«CUMgo.10/ 50wt% SDC samples were tested at S/C ratios of 3, 2, 1 and O, and at 750°C and 650°C,
in afixed-bed reactor using GC for product analysis.

5.1 Experimental Procedure

To perform methane steam reforming tests, the reactor, containing the catalyst bed, is placed inside a
tube furnace. Before carrying out any experiments, a leak test must be done first to confirm that no
leak occurs in the system. Then, the catalyst is reduced in-situ under 10%H,/N, atmosphere for one
hour. Finally, the temperature and the flow rate of each reactant are set to their desired values. The
first sample is collected approximately 5 min after introducing the reactant gas (i.e. CH4/H,O/N,
mixture) and repeated every 33 min until finishing the experiment. The procedure is summarized in

Figure 5-1.

The activity, selectivity and stability depend not only on the test conditions (e.g., S/C ratio,
temperature), but also on the 50wt% Nig g CuMgo 10/ 50wt% SDC composition. Before determining
the effect of all the parameters using experimental data, a thermodynamic analysisis reported.
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Set up the reactor in the furnace

YES

Heat up the bed to 750°C in N,

\4
Reduce the anode in 100 ml/min
(10% H,/Ny) for 1h

v

Set the reaction conditions: e.g. temperature,
flow rate of reactants

~5 min
Analyze the outlet gas using
on-line GC <
Interval of 33
NO min

YES

Stop reactant flow and cool down with N,

Figure 5-1 Procedure of SMR test.

5.2 Thermodynamic Simulation Results: Effect of Temperature and S/C on
Methane Conversion, Carbon Yield, Hydrogen Yield and CO,/(CO+ CO,) Ratio

Thermodynamic calculations were performed using the Gibb’s equilibrium reactor utility in Aspen
12.1. The results were generated by the minimization of Gibb's free energy method. The objective of
this thermodynamic study was to assess the effects of temperature and S/C ratio on SMR. The
possible formation of carbon was also considered in this simulation. Figure 5-2 shows the equilibrium
methane conversion and carbon yield as a function of S/C for temperatures of 650 and 750°C. Figure
5-3 shows the equilibrium hydrogen yield and CO./(CO+CQO,) ratio as function of S/IC, again at
temperatures of 650 and 750°C.
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In Figure 5-2, the predicted equilibrium CH,4 conversion at 650°C is always lower than that at 750°C

because both SMR and methane cracking are endothermic reactions.

From Figure 5-2 (carbon yield), it is seen that the methane cracking reaction contributes to the overdl
reaction for S/C in the range 0 - 1.1 at 750°C and for S/C in the range O - 1.4 at 650°C. In those
ranges the CH,4 conversion decreases dightly with increasing S/C. As expected, the maximum carbon
yield appears at the dry condition. When carbon is not produced (carbon yield of zero), the
conversion increases significantly as S/C increases, because SMR/WGS become the dominating
reactions.

Recall that the SMR reaction and WGS are:
CH ;) + H,O) <> CO) +3H )  (CH, steam reforming) (5-1)
CO(g) +H 20(9) <> COz(g) +H 2(g) (WaIer-gaS Sh|ft) (5'2)

We can therefore conclude that for these two reactions, the H, yield should be between 3 (if only
reaction (2-4) takes place) and 4 (if all CO isconverted viaWGS).

The methane cracking reaction is:
CH 4(g) > C(S) +2H 2(g) (5-3)

From Figure 5-3, it can be seen that the equilibrium H; yield is between 2 and 3 for S/C less than
1,which is related to the contribution of the cracking reaction at these low S/C ratios. Figure 5-3, H,
yield isalittle higher at 750°C than those at 650°C for S/C <1.3. However, for SC > 1.3, the opposite
is predicted: equilibrium H, yield greater at 650°C than at 750°C. The simulation indicates that the
equilibrium CO,/(CO+ CO,) ratio is aways greater at 650°C than at 750°C because low temperature
is more favourable than high temperature for the WGS reaction. It should be noted that most of the
equilibrium CO,/(CO+ CO,) ratio are lower than 0.5. In the experiment, the gas hourly space velocity
(GHSV) of about 200,000 L.g".h™ was used at S/C at 3 and 2 while GHSV of about 150,000 was
used for S/C at 1. N, dilution was used to control the value of GHSV. However, in order to make the
condition close to fuel cell feed, N, should be kept low because diluting the feed with N, decreases
the fuel cell performance. Thisis why the GHSV was lower at S/C of 1, compare to that at S/C of 2
and 3.
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5.3 No Cu Addition: NiO:SDC and NiggMgo.10:SDC
Effect of SC

Figure 5-4(a), (b) and (c) show, the effect of S/IC at 750°C, on CH, conversion, H, yield and
CO,/(CO+COy) ratio, respectively for NiO:SDC and NiggMg,10:SDC. Figure 5-4(a) shows that, at a
given S/C ratio, the material composition has no effect on CH, conversion. In other words, addition of
10 mol% Mg has no impact on the conversion at 750°C. Figure 5-4(a) clearly shows that CH,
conversion decreases as S/C decreases. Methane conversion is about 85% for S/IC of 3. The
conversion reduces to about 70% and 50% for S/C of 2 and 1, respectively. With dry methane, the
conversion started at just above 20%, but rapidly decreases to almost zero after five hours due to coke

deposition from methane cracking.

As seen in Figure 5-4(b), the H, yield exhibits many fluctuations, in particular for NiggMg,10:SDC.
Although it is difficult to draw a conclusion as to the effect of the material on H; yield, it is apparent
that the H, yield decreases as S/C decreases. The situation is clearer for the CO,/(CO+ CQO,) ratio, as
indicated in Figure 5-4(c). The CO,/(CO+ CO,) ratio does not seem to be much affected by the nature
of the material. However, it is clear that the CO,/(CO+ CO,) ratio increases as S/C increases.
Combined with the fact that H, yield increases with increasing S/C, it is logica to attribute the
changes in H, and CO yidds to the water-gas shift (WGS) reaction. Indeed, because steam is a
reactant for methane steam reforming, the methane conversion increases with a greater S/C. Because
steam is also a reactant for the WGS reaction, as the amount of water is increased, this will displace
the WGS to the right and form more H, and CO,, at the expense of CO.
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Figure 5-4 Resultsfor NiO:SDC and NiggMgy10:SDC for SC of 1, 2 and 3 at 750°C over 1200 min
a) CH, conversion, b) H, yield, and c) CO,/(CO+ CQ,) ratio.

Effect of Temperature

Figure 5-5 shows the CH,4 conversion of NiO:SDC and NiggMg,10:SDC at temperatures of 650 and
750°C. Figure 5-5(a) represents the result for NiO:SDC, while Figure 5-5(b) is for NigoMg10:SDC.
Figure 5-5 shows that, for both materias, the conversion remains stable over 1200 minutes. As
expected, the conversion increases as the temperature increases, which is in agreement with the
expected trend. Nonetheless, the conversions obtained experimentally are systematically lower than
the equilibrium conversions using thermodynamic calculation at both 650 and 750°C. A likely reason
is that kinetics of the reaction and transport may be limiting under the conditions used here. In
addition, the nature of the material composition can affect the conversion. With a NiO:SDC methane,
conversion at 750°C is about 85, 70 and 50% for S/C values of 3, 2 and, respectively and decreasesto
about 60%, 50% and 13% in the same order of S/C at 650°C. Although NigoMgy10:SDC yields
similar methane conversions as NiO:SDC at 750°C, the conversions differ at 650°C, down to about

55%, 43%, and up to 28% for S/C = 3, 2 and 1, respectively.
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Figure 5-6 presents the H, yield as a function of temperature, S'C and material composition. The H,
yield is higher at the lower temperature. This is in agreement with the equilibrium H, yield for SIC
greater than 1.3 (see Figure 5-3). However, at S/C of 1, the experiments show the highest difference
in H, yield between 650 and 750°C, whereas from thermodynamics the difference should be small.
The discrepancy between the experimental results and the thermodynamic analysis at S/C of 1, may
be attributed to errors in thermodynamic prediction at low S/C ratios. Indeed, at low S/C ratios,
methane cracking plays an important role. It is known (Nielson and Trimm, 1977) that
thermodynamic prediction of methane cracking, assuming carbon to be graphite (as we did here in
section 5.2) shows deviation from experimental data which can have carbon in the other forms such

asfilm or fiber.

The effect of S/C on H, yield for Ni:SDC, is small at 750°C and 650°C for S/C of 3 and 2. For
NigoMgo10:SDC, the H, yield fluctuates more over time. However, the average H, yields of
NigeMgo10:SDC at 650°C for the three S/C ratio were similar at about 3.2-3.5, whereas the average
H, yields at 750°C were similar for S/C of 2 and 1 (about 2.7-2.9). The results at S/C =1 are more
dependent on temperature than S/C ratio. In Figure 5-6 (&), NiO:SDC shows average H, yields in the
range of 2.8-3.0 at 750°C for three different S/C. However, H, yields of around 3.2-3.3 were observed
for S/IC of 3 and 2 a 650°C while H, yield for S/C of 1 fluctuated around 3.4-3.6. A contributing
reason for the high H, yield observed with S/C of 1 on Ni:SDC at 650°C can be related to the
corresponding very low conversion (13%), far from the equilibrium conversion. In this case, the
system still contained enough amount of steam to drive the water-gas shift reaction leading to high H,

production.

Considering the CO,/(CO+CQO,) ratio, with both materials and at 750°C, this ratio increases as S/IC
increases. At 650°C, the trend with S/C is the same for NigeMgy10:SDC, but for NiO:SDC the S/IC
ratio has no effect on CO,/(CO+CQO,). The CO,/(CO+CO,) ratio increases when the temperature is
reduced, which is the same trend as for the H, yield and as expected from thermodynamics (Figure 5-
3). The abservation that the CO,/(CO+CO,) follows similar trend as the H, yield is expected, as long
as the CO, produced is generated mostly from the WGS reaction. In conclusion, for S/C of 2 and 3,
the effects of temperature and S/C on H, yield and CO,/(CO+CQO,) are very similar. The main
difference occurs for S/C of 1, at which condition methane cracking is likely to play an important
role. Combined with uncertainty concerning methane cracking thermodynamic calculations, it is,

presently, more difficult to explain the SMR results for S/C of 1.
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5.4 Cu Addition

To evaluate the activity of materials containing copper, the one-step and two-step methods were
applied to add copper to Ni-Mg-O. Procedures for these two methods were explained in Chapter 4.
The one-step method co-precipitates nickel, copper and magnesium oxide together in one-step. The
two-step approach, adds copper by impregnation in a second step after preparing NigoMgo 0. This
section shows the effect of temperature, steam to carbon ratio, copper content and preparation method
on SMR performance. Section 5.4 is separated into two sub-sections: section 5.4.1 presents the results
obtained with material prepared using the one-step method, while section 5.4.2 discusses results

obtained using the two-step method.

5.4.1 Addition of Copper via One-step Co-precipitation Method
Effect of SC

Experiments with NiggsCug 0sM g 10:SDC were conducted for S/C ratios of 1, 2 and 3 650 and 750°C.
Figure 5-8 presents the conversion, H, yield and CO,/(CO+CO,) ratios as a function of S/C and
temperature for NiggsCUosMgo10:SDC. Focusing on the result at 750°C, methane conversion
oscillates about 55% for S/C of 3. The conversion decreases to ~40% and 25% for S/C ratios of 2 and
1, respectively. Note that these conversions are lower than those with no additional copper material
(NigoMg10:SDC and NiO:SDC); recall that the conversions without Cu addition were 85, 70 and
50% for S/C ratios of 3, 2 and 1, respectively. Thisis not unexpected because Cu is known to be quite
inactive for SMR (Huang and Jhao (2006)).

As seen in Figure 5-8(b), for the one-step method at 750°C, the S/C ratio between 1 and 3 does not
appear to affect the H, yield, oscillating between 3.1 and 3.2 at 750°C. Note, however thisH, yield is
greater than what was observed without Cu addition. This may be attributed to the fact that Cu is a
good catalyst for the WGS reaction. Therefore, we should also expect higher CO./(CO+CO,) when
Cu is added, which is indeed the case, as shown in Figure 5-8(c). For example, this ratio increases
from 0.2 for NiggMgo10:SDC to 0.4 for NiggsCugosMgo10:SDC (S/IC =1, T = 750°C). As seen in
Figure 5-8 (¢), thetrend is clearer in that the CO,/(CO+CQO,) ratio improves with increasing S/C.

At 650°C, the effect of S/IC is smilar as a 750°C, i.e.,, when S/C increases, conversion and
CO,/(CO+CO,) ratio increase, but H, yield is not affected by S/C.
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Effect of Temperature

Figure 5-8 aso shows that, at a given S/IC, lowering the temperature lower the conversion. The
conversion reduced to 17%, 12%, and 6% for S/C of 3, 2 and 1, respectively. These values are
significantly lower than those obtained with NiposMgo10:SDC (recall 55%, 43% and 28% for S/C of
3, 2 and 1). Similar to what is observed for no Cu addition, the H, yield and CO./(CO+CQO,) ratio
increase when the temperature decreases. At 750°C, the addition of copper increases the H, yield and

CO,/(CO+COy) ratio. It is till true at 650°C, but the increaseis not as pronounced.
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Figure 5-8 Results for NiggsCugosMgo10:SDC for S/C of 1, 2 and 3 at 750°C and 650°C over 1200
min @) CH,4 conversion, b) H, yield, and c) CO,/(CO+ CO,) ratio.
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Effect of Cu content

Figure 5-9 presents the conversion, H, yield and CO,/(CO+CQO,) ratio for NiggsCugosMgo10:SDC and
NiggCU1M gy 10:SDC (5% and 10% Cu) at 750°C and S/C of 1, 2 and 3. Figure 5-9(a) shows that the
conversion decreases with increasing Cu content. For example, we obtained a conversion of ~25% for
S/C of 3 with 10% Cu compared to ~55% with 5% Cu. Note that the decrease in conversion due to
the Cu content becomes smaller as the S/C ratio decreases. Figure 5-9(b) and Figure 5-9(c) indicate
that the H, yield and CO,/(CO+CQ,) ratio increase with higher copper content, indicative of higher
activity of the water-gas shift reaction. Since Cu isagood WGS catalyst.
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5.4.2 Addition of Copper via Two-step Co-precipitation/Impregnation Method

Effect of SC

Figure 5-10 presents the conversion, H, yield and CO,/(CO+CO,) ratios as a function of S/IC and
temperature for 5% Cu impregnated on NigoM(,10:SDC. Figure 5-10(a) shows that the conversion
increases when S/C increases at both 650 and 750°C. This behaviour is very close to most of the other
material compositions studies, but is particularly similar to that of NiggMgy:0:SDC (compare Figure
5-10(a) with Figure 5-5(b)). The H, yield fluctuates quite a bit and it is difficult to make a definitive
conclusion for the effect of S/C on H, yield here. However, the trend is more clear for the effect of
S/C on the CO,/(CO+ CO,) ratio: as in most cases seen previoudy, CO,/(CO+ CO,) ratio increases

when S/C increases.

Closer comparison with the other materials shows that the material preparation method has a
significance impact on methane conversion, which is exacerbated as the S/C ratio decreases.
Considering the case of 5% Cu content at 750°C (Figure 5-10(a) vs. Figure 5-8(a)), the two-step
method consistently produces higher methane conversion than the one-step method. At S/IC of 3,
methane conversion fluctuates around 62% for the two-step method, while it is about 55% for the
one-step method. At S/C of 2, we obtained ~55% vs. 40% for the two-step and one-step methods,
respectively. At S/IC of 1, the difference is even greater: i.e., after 1200 minutes, values of ~43% vs.
25% are obtained for the two-step and one-step methods, respectively. Comparison with Figure 5-5(a)
at 750°C shows that the addition of 5% impregnated on NiggMgy:0:SDC decreases the methane
conversion from 85% down to ~62% for S/C of 3. The same trend is observed for S/C of 2 and 1. For
the CO,/(CO+ COy) ratio, as seen in Figure 5-8(c) vs. Figure 5-10(c), the trend is clearer. The one-
step method aways results in higher CO./(CO+ CO,) ratios than the two-step method. Also,
comparison with CO,/(CO+ CO,) ratio without Cu addition, indicates that the CO,/(CO+ CO,) ratio
is greater when Cu is added (irrespective of the method).

Effect of Temperature

As seen in Figure 5-10(a), for 5%Cu on NiggMg,10:SDC, the methane conversion increases and the
H, yield and CO,/(CO+CO,) ratio decrease, as the temperature increases, which is the same trend as

with al previously studied materials.
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Figure 5-10 Results for 5%Cu impregnated on NiggMg,,0:SDC for S/C of 1, 2 and 3 at 750°C and
650°C over 1200 min a) CH,4 conversion, b) H; yield, and c) CO,/(CO+ CQO,) ratio.

Effect of Cu content

For the impregnation method, the averages of CH, conversion, H, yield, and CO,/(CO+ CO,) ratio
from three different copper contents (3, 5 and 10 mol%) at 750°C are displayed in Figure 5-11. Those
averages were calculated using the data over the time-on-steam between 10 to 20 h. Since the data
were quite stable over the period considered, the standard deviation reported in the form error bars
were small. Using average values help to illustrate clearly the results from many samples. At all S/IC
ratios, the conversion decreases when the Cu content increases. For example, after 1200 minutes and
for S/IC of 3, methane conversion is~ 70% for 3%Cu, ~ 62% for 5%Cu and ~48% for 10%Cu. Recall
that for similar conditions, the conversion was ~85% for NigoMgy10:SDC. The same trend is
observed for S/C of 2 and 1. The effect of Cu content (impregnated) on conversion follows a similar
trend as that for the materia prepared by the one-step method and the explanation is that Cu is not an
active metal for SMR. Figures 5-11(b) and (c) suggest that the H, yield and CO,/(CO+ CO,) ratio of
3%Cu and 5%Cu impregnated on NigeMgy:0:SDC are in the same range. Figure 5.11 (a) and (b)
show that the H, yield and CO,/(CO+ CQO,) ratio obtained from the 10%Cu-content are greater than
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those of 3 and 5% Cu content. This is because copper is a catalyst for WGS, and thus, additiona

copper enhances the WGS activity.

3%Cu
m 5%Cu
m 10%Cu

% CH, conversion

SIC
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E 10%Cu
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Figure 5-11 Average results for 3% 5% and 10% Cu impregnated on NigoM g, 10:SDC for SC of 1, 2
and 3 at 750°C (average data for time-on-steam between 10 and 20 h)
a) CH,4 conversion, b) H, yield, and ¢) CO,/(CO+ CO,) ratio.

5.4.3 Summary of Effect of Material Preparation on SMR Activity

Figure 5-12 summarizes, for different material compositions, the average methane conversion and
CO,/(CO+COy) ratios over the duration between 10 and 20 hours, at S/C of 2 and 3 and temperatures
of 650 and 750°C. The material compositions represented in Figure 5-12 are: NiggMgy10:SDC
representing no copper addition, NiggsCug osMgo10:SDC representing 5% Cu added via one-step co-
precipitation method, 5% Cu on NiggMgo10:SDC representing 5% Cu added via impregnation, and
10% Cu on NiggMgo10:SDC representing 10% Cu added viaimpregnation.

The conclusions for methane conversion that can be drawn from Figure 5-12(a) are:

e Thecatayst without Cu (NigoMgo10:SDC) provides the highest methane conversion,

e The more the additional copper, the lower the conversion (compare 5% Cu and 10% Cu on
NigsMgo10:SDC, green and blue bars),

e For the same Cu content, the catalyst prepared via the one-step method has lower activity
than the catalyst prepared via the two-step method (compare 5% Cu on NiggMgo10:SDC and
Nig.e5CUo0sM go.10:SDC, green and purple bars),

o All materias show higher conversion at higher temperature than at lower temperature,

e All materials also give a higher conversion at higher S/C than at lower S/IC.
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The conclusions for CO,/(CO+CQO,) ratio referring to the activity on WGS that can be drawn from
Figure 5-12(b) are:

o Thecatalyst without Cu (NiggMg10:SDC) provides the lowest CO,/(CO+CO,) ratio,

e At 650°C, the more the additiona copper, the higher the CO./(CO+CQ,) ratio. However, at
750°C, the CO,/(CO+CO,) ratio does not change much when varying the Cu content (5 and
10% Cu), but thisratio is greater than without addition of Cu.

e For same Cu content, the material synthesized using the one-step method yields higher
CO,/(CO+COy) ratio than that synthesized by two-step method,

o For al materias, the CO,/(CO+CQO,) ratio increases when decreasing temperature.

¢ Higher CO,/(CO+COQ,) ratios are also observed at higher S/C than at lower S/C.

In conclusion of this section, the catalyst with copper improves the WGS activity but lowers SMR
activity. As discussed earlier, copper is considered to be an inactive metallic species for SMR. We
also found that the addition of 5% Cu decreases the methane conversion and this decrease was more
pronounced for the one-step method than the two-step method. The lower activity obtained with the
one-step method may be due to the decrease in reducibility as seen from the TPR results (Chapter 4).
The TPR results indicated that the materials obtained from the one-step method is more difficult tobe
to change into the active form during the reduction than that from two-step method; consequently, the
material from the one-step method is less active. Another point that should be made is that the one-
step method co-precipitates all metallic species (Ni, Cu and Mg) at once, while the two-step method
coat Cu onto NigeMgy ;0. Consequently, the interaction between the three metals should be stronger
due to the one-step method. Thus, the material prepared from the one-step method is more difficult to
reduce than that fabricated from the two-step method, which was observed in the TPR results (see
section 4.2.2). Because the interaction is stronger, the effect of copper addition on the conversion is

more pronounced in the material fabricated from the one-step method than from the two-step method.

In addition, copper is active for WGS reaction. Huang and Jhao (2006) explained that copper
provides higher activity on H,O dissociation than Ni; therefore, it promotes WGS reaction on its site.
The promoting effect of Cu addition for the WGS reaction (as represented by the CO,/(CO+CO,)
ratio) is more pronounced at lower temperature (650°C here). At 750°C, the amount of Cu (5 and
10%) or the preparation method, has no noticeable effect on the CO,/(CO+CO,) ratio. This could be
attributed to the fact that the WGS reaction is a fast reaction that reaches equilibrium rapidly as the
temperature increases. It has been very common in the SOFC modelling literature to assume the WGS

to be at equilibrium for temperatures above 800°C. In this case, the effect observed at 650°C indicates
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that the WGS has not reached equilibrium in our setup. Furthermore, at 650°C, the addition of Cu
using the one-step method resulted in higher CO,/(CO+CO,) ratio, which is attributed to higher
activity toward the WGS reaction. It can be concluded that Cu addition, via the one-step method,
enhances the water-gas shift reaction.
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Figure5-12 Average results for NiggM gy 10:SDC (no_Cu), NiggsCugosMgo10:SDC (5% _one-step),
5% Cu on NiggMgo10:SDC (5% _two-step), and 10% Cu on NigeM gy 10:SDC (10% _two-step) for
S/C of 2 and 3 at 650 and 750°C (average data for time-on-stream between 10 and 20 hrs)

a) CH,4 conversion and b) CO,/(CO+ CO,) ratio.
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5.5 Carbon Deposition Analysis
5.5.1 Type of Carbon Deposited

Effect of SC

SEM and TEM micrographs of spent NiggMg,10:SDC exposed to S/C ratios of 1 and 2 at 750°C are
shown in Figure 5-13. As seen in this figure, carbon whiskers were not found on the spent
NiooMgo10:SDC from S/C of 2 (Figure 5-13(b) high magnification), but small amounts of carbon
were found for S/C of 1, as circled in Figure 5-13(a). This is expected (from thermodynamics and
from literature) as the amount of carbon deposited decreases as S/C increases. S/C plays avita rolein
preventing carbon deposition in methane steam reforming processes. The recommended S/C ratio
reported in the literature is about 3-5 (Ahmed and Foger, (2000)). Here, a S/C of 2 appen to be
sufficient.

Figure 5-13 @) SEM micrograph of NigoMgy;0:SDC after S/C=1 a 750°C b) TEM image of
N|09M gOJ_OSDC after SC=2 at 750°C.
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Effects of Mg addition and Temper ature

Figure 5-14 shows SEM images of fresh NigoMg,10:SDC (after reduction), spent NigoMgy10:SDC
from S/IC of 1 a 750°C, and spent NiggMgy10:SDC from S/IC of 1 at 650°C. Figure 5-15 displays
SEM images of reduced NiO:SDC, spent NiO:SDC from S/C of 1 at 750°C, and spent NiO:SDC
from S/C of 1 at 650°C. Some carbon fibers were found on the spent NigoMg10:SDC for S/C of 1 at
750°C (Figure 5-14(b)) but as a film over the material at 650°C. Note, however, that the amount of
carbon at 650°C (Figure 5-14(c)) seems larger than at 750°C (Figure 5-14(b)). The greater amount of
carbon at lower temperature can be seen more clearly in Figure 5-15 (case if NiO:SDC), but thistime
in the form of carbon filaments. Indeed, Figure 5-15(c), taken from the spent NiO:SDC with S/C of 1
at 650°C, showed many carbon fibers than the spent NiO:SDC with S/C of 1 at 750°C (Figure
5-15(b)). A comparison between Figure 5-14(c) and Figure 5-15(c) reveals that the addition of MgO
changes the type of carbon deposited, from carbon filament (no MgO addition) to a thin graphite layer
(with MgO addition). Although no carbon filaments were observed in Figure 5-14(c), EDX
measurements indicated the presence of carbon. This result can be explained by the fact that the
presence of MgO enhances carbon adsorption onto catalyst. Therefore, the presence of Mg limits the
detachment of Ni particlesthat occurs at the onset of the carbon filament growth (Gac et al., 2009).
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Figure 5-14 SEM backscattered el ectron micrographs of NigoMgy10:SDC @) freshly reduced,
b) spent, SC=1 at 750°C and c) spent, S/C=1 at 650°C.
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Figure 5-15 SEM backscattered electron micrographs of NiO:SDC a) freshly reduced,
b) spent, S/C=1 at 750°C and c) spent, S/C=1 at 650°C.

Effect of Preparation Method

Figure 5-16 presents NiggsCUo 0sMgo.10:SDC that is @) fresh reduced, b) spent after exposureto S/C of
1 at 750°C with S/C of 1 at 750°C, and spent NiggsCuo 0sM o 10:SDC with S/C of 1 at 650°C, while
Figure 5-17 exhibites the corresponding images for 5%Cu impregnated on NiggMgy0:SDC. Spent
Nio,gsCUg,0sM go.10:SDC shows very small amounts of filament carbon at 750°C. At 650°C, the SEM
micrograph is similar to that for NiggMgo:0:SDC obtained under same operating conditions. In
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Figure 5-17 (b), spent 5% Cu on NiggMgy10:SDC at 750°C contains some short carbon filaments,
but the spent 5%Cu on NiggMg,10:SDC at 650°C are free of filamentous carbon Figure 5-17 (c).

However, it contains carbon in the form of layer asathin film.

Figure 5-16 SEM backscattered el ectron micrographs of NiggsCugosMgo10:SDC &) freshly reduced,
b) spent, SC=1 at 750°C and c) spent, S/C=1 at 650°C.
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200 nm

Figure5-17 SEM backscattered el ectron micrographs of 5%Cu on NiggMgo10:SDC a) freshly
reduced, b) spent, S/C=1 at 750°C and c) spent, S/C=1 at 650°C.

5.5.2 Amount of Carbon Deposition on Methane Cracking Using Copper-Free Material
and Copper-Containing Material Prepared via Two-Step Co-precipitation/impregnation
Method

The most extreme conditions of methane utilization occur when pure methane is fed. In this
condition, methane cracking is the primary reaction potentially leading to carbon filament formation.
This last section investigates methane cracking under pure methane feed. The objective is to
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determine how the different materials behave under methane cracking conditions, which could arise
a the entrance of a SOFC fed with dry natura gas. The cracking reaction was studied using
thermogravimetry analysis (TGA) where the weight change due to carbon deposition was monitored.
Four different samples were used as anode materids here: NiggMg:0:SDC, 3%Cu on
NigeMgo10:SDC, and 5%Cu on NiggMg,10:SDC. It should be noted that the samples made from the
one-step method were not included because only the two-step method is practical for fuel cell
fabrication. With the two-step preparation method, the anode can be sintered, prior to Cu
impregnation, at temperatures higher than the melting point of CuO in order to to form a well

connected anode/el ectrolyte interface.

The procdure for the TGA experiments was simple: 10 mg samples were reduced in-situ (within the
thermobalance) at 750°C and then exposed to dry methane for 20 hours a 750°C. The resulting
profiles of percentage weight gain are plotted in Figure 5-18.

450 .
= - — Ni0.9Mg0.10:5DC

3%Cu on Ni0.9Mg0.10:5DC

5%Cu on Ni0.9Mg0.10:5DC i

YoWeight gain
A
'
\

0 5 10 15 20
Time (h)

Figure 5-18 Percentage weight gain for NiggMgo10SDC, 3%Cu on NiggMgo10:SDC, and 5%Cu on
Nio_gM g()]_OSDC at 750°C.

The three materials have similar initial rates of methane cracking, although the cracking rate in the
presence of the 5% Cu on NipgMgy10:SDC clearly decreases much more rapidly over time. The
deactivation rate follows the order: 5% Cu impregnated, 3% Cu impregnated, no Cu impregnated.
Therefore, the more the amount of Cu, the faster the cracking reaction deactivates. As far as
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resistance to carbon deposition concerned, addition of Cu appears to be beneficial according to the
TGA results.

All in al, comparison between 750°C and 650°C indicates that more carbon was formed at 650°C
than at 750°C and the carbon was of a different type when Mg-containing catalyst is used. Here, the
longest filamentous carbon was found with NiO:SDC at 650°C. Addition of Mg significantly reduced
the amount of carbon deposited in the form of filament, especialy at 650°C. Addition of 5% Cu by
co-precipiation on NiggMg:0:SDC did not appear to have much effect on carbon deposition
compared to NiggMgo10:SDC. However, addition of 5% Cu by impregnation had more of an effect in
preventing carbon deposition, as revealed by the SEM micrographs.

From those results, we can conclude that at low S/C ratio, where carbon deposition is more of an
issue, addition of Cu should help in reducing the amount of carbon deposited. However, addition of
Cu should be done only via impregnation to maintain good SMR activity. In addition, even with Cu
impregnation, the amount of copper should remain small: at SC 1, 3% Cu impregnation yields SMR

activity very close to that achieved without carbon deposition (50% vs. 53% conversion).
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Chapter 6

Electrochemical Test

This chapter focuses on the analysis of electrochemica performance and impedance when NiO:SDC,
NigeMgo10:SDC, 3%Cu on NigoMg,10:SDC, and 5%Cu on NiggMgy10:SDC are used as an anode
in a SOFC button cell. This chapter starts with a section describing the electrochemical performance
of the full cell under hydrogen is presented, which represents the bulk of chapter 6. Finaly, the last

section presents some preliminary results obtained with methane asfuel.

6.1 Evaluation of Cell Performance with Hydrogen Fuel

The procedure for fuel cell testing begins with sealing the button cell on the 15 mm diameter alumina
tube as shown in Chapter 3, and assembled in the tube furnace. Ceramic paste (Aremco product) is
applied as a sealant for thiswork. To achieve a perfect seal, the cell must remain at room temperature
for two hours once the paste is applied, then heated up at 98°C for 2-4 hours, and finally heated up at
212°C for 2-4 hours. In each step, additives in the paste are burned off and stronger bonds are formed
in the ceramic. All the sealing process takes place in the button cell furnace. Once the sedling
processes completed (i.e. temperature of 212°C for 2-4 hours), the temperature is raised up to 750°C
for the reduction step. It should be mentioned that nitrogen flows on the anode side during this
heating process. Once the temperature system reaches 750°C, the anode atmosphere is controlled in
20%H,/N, at atotal flow rate of 100mL/min in order to slowly reduce the anode material in-situ for
30 min. The next step is to gently change the anode atmosphere to 3% humidified hydrogen at a total
flow rate of 90 mL.min™. Note that this humidification is produced via a bubbler. Before the
polarization measurements start, the cell is checked to ensure that the current can be drawn and that
the anode is fully reduced. To do so, a current density of 0.250 A.cm™ is employed and the resulting
cell voltage monitored over 30 minutes. If a stable cell voltage is obtained, we assumed that the
reduction reaction is complete and thus the performance test can proceed. At a given temperature, two
techniques are used to evaluate the cell performance. Firdt, polarization measurements are performed
by a potentiodynamic technique with a sweep rate of 1 mV/s. Then, EIS measurements are performed
over afrequency range from 0.01Hz to 1 MHz with polarization amplitude of 10mV. The temperature
is then adjusted to the next value, in the following order: 750°C, 700°C, 650°C, and 600°C. When the
system is stable at a given temperature for 30 min, the polarization test is started, followed by the EIS
test. After that, the temperature decreases again to determine the performance at this temperature.
When finishing the test with humidified hydrogen, the system is then purged with dry hydrogen and
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re-heated to 750°C for standard electrochemical testsin dry hydrogen. The procedure is summarized
in Figure 6-1. However, it should be informed that the potentiostat was recently arrived. An electronic
load boxed has been used to perform a polarization measurement in that time and EIS is not available

with the e ectronic load box.
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Set up the cell in the furnace

e Leavefor 1 hrat RT
e Heat at 98°C for 2 hrs
e Heat at 212°C for 2 hrs

Seal the cell

A 4
Heat up the cell at aramping rate of 80°C.h™* to 700°C in N,

Reduce the anode in 100 At aramping of 180°C/hr, raise up the temperature
mi/min (20% H,/N,) of the furnace to 750°C
\ 4

Hold the cell at 750°C in 100 ml.min™* (20% H,/N,) for 30 min

\4
Increase H, and decrease N, gradually until 100%H, at 90 ml.min™* (10 min time interval)

\ 4
Introduce small load

<&
<

-Leak of fuel, loose wire
connection, short circuit,
crack of cell

(turn off the test)

-Incomplete reduction
(heat for few minutes)

1. Potentiodynamic test (sweep rate 1 mV.s?)
2. EISTest (100kHz-0.01Hz(or 0.008HZz))

Change to require
temperature at
150°C.h*

End NO

Procedure?

YES

Turn off H, flow rate and cool

down cell in 100ml.min* N,

Figure 6-1 Procedure for fuel cell testing with hydrogen.
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6.1.1 Polarization Test

This section focuses on obtaining maximum power density and the limiting current density from
polarization tests. An example of results demonstrated from the same cell at different temperatures for
dry hydrogen fueled SOFC is shown in Figure 6-2: All curves are similar in two repeats. cell voltage
decreases with increasing current density and the maximum power density decreases as temperature is
lowered. The results in Figure 6-2 were obtained with a button cell fabricated using NigoMg,10:SDC
in dry hydrogen. The maximum power densities were 360, 245, 150, and 79 mW.cm? at 750, 700,
650, and 600°C, respectively. The current densities at the maximum power density showed the same
trend: 0.72, 0.43, 0.26, and 0.13 A.cm’ at 750, 700, 650, and 600°C, respectively.
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Figure 6-2 Voltage and power density vs. current density with dry H, on
NiolgM 901OSDC/SDC/SSCSDC

The flow rates of the feed gases are important parameters that can influence the performance of the
cell, which can be seen in Figure 6-3. The measurements Figure 6-3 in were taken from
NigeMgo10:SDC/SDC/SSC:SDC after finishing the routine experiments. The temperature was re-
heated to 700°C with 90 mL.min™ of pure hydrogen. Once isothermal condition was reached, the
polarization test for that flow rate was performed. Then, the hydrogen flow rate was reduced to

50 mL.min™. The system was sustained under this condition for 15 min before the second polarization
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test began. The process was repeated for a hydrogen flow rate of 20 mL.min™ and also another at 90
mL.min™. The last 90 mL.min™ was to check whether the cell performance changed significantly
from theinitia state. The results show that the flow rate does not affect the polarization much as long
asit is high enough. In the present case, aflow rate of 20 mL.min™ n gave the lowest polarization, but
for flow rates of 50 and 90 mL.min™ the polarization curves were almost the same. The maximum
power density at a H, flow rate of 90 mL.min™ was about 230 mw.cm, which is slightly lower than
225 mW.cm obtained at 50 mL.min™. When hydrogen was set to a flow rate of 20 mL.min™, the
maximum power density was much lower (205 mW.cm) than at the two previous flow rates. Once
the H, flow rate was readjusted to 90 mL.min™, the maximum power was similar to the previous test
at 90 mL.min™.
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Figure 6-3 Voltage and power density vs. current density at different flow rates of dry H, on
NiooMgo10:SDC/SDC/SSC:SDC at 700°C.

Figure 6-4 and 6-5 show the polarization curves with humidified and dry H,, respectively, for four
different anodes. NiO:SDC, NiggM(gy;0:SDC, 3%Cu on NiggMgy:0:SDC, and 5%Cu on
NigoMgo10:SDC. The maximum power density (Pnax) and the limiting current density (i) for al
samples in each condition are reported in Table 6-1. Figure 6-4 (a) (b) (c), and (d) are the set of
polarization measurements taken when dry hydrogen was used as a fuel at 750°C 700°C 650°C and

600°C, respectively. At each temperature, the same concluson can be drawn: NiggMgy;0:SDC
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provides the highest power density followed by NiO:SDC, 3%Cu on NigeMg,10:SDC, and 5%Cu on
NigeMgo10:SDC anode. For example, a 750°C, the maximum power density decreased from 369
mwW.cm, with NigoMgo:0:SDC, to 356 mW.cm® with NiO:SDC. Adding copper resulted in a
decrease in power density compared to NiggMgg 0. At 750°C, 3%Cu on NiggMgo10:SDC and 5%Cu
on NiggMgo10:SDC reduced the maximum power density to 325 mw.cm? and 303 mW.cm?,
respectively. The limiting current densities also followed the same order as the power densities. At
750°C the limiting current densities were 1.43, 1.41, 1.23 and 1.16 A.cm’ for NipeMgq10:SDC,
NiO:SDC, 3%Cu on NiggMgy10:SDC, and 5%Cu on NiggMg,10:SDC, respectively. The reason for

these resultsis given later on the base of the polarization resistance obtained from EIS spectra.

With the same sample set, similar trends for maximum power densities and limiting current densities
were obtained with 3% humidified hydrogen fuel (Figure 6-5) at 650°C and 600°C. That is the
highest maximum density was observed with NiggMgy10:SDC, followed by NiO:SDC, 3%Cu on
NigeMgo10:SDC, and 5%Cu on NiggMg10:SDC anode. However, at 750°C and 700°C, the cells
fabricated with NiggMg10:SDC and NiO:SDC still yielded higher power densities and higher
limiting current densities than the cells containing Cu. However, the cell with 5%Cu on
NigeMgo10:SDC produced greater values than the cell with 3%Cu on NigoMge10:SDC at 750°C and
700°C. At 750°C, the maximum power density and limiting current density obtained with
NigeMgy10:SDC anode were 362 mwW.cm? and 1.43 A.cm™. An equal power density of 317 mW.cm’
2 with NiO:SDC anode and 5%Cu on NigoM 0010:SDC anode was obtained, but the limiting current
density decreased from 1.31 A.cm for NiO:SDC to 1.21 A.cm?for 5%Cu on NiggMgo10:SDC. With
3%Cu on NigeMgy0:SDC, the maximum power density was 298 mW.cm? and the limiti ng current
density was 1.15 A.cm? As seen in Table 6-1, results at 700°C indicate that Py, and i, are both
higher with 5% Cu than with 3% Cu, similar to the results at 750°C. However, at the lower
temperatures (600 and 650°C), the opposite was observed: 3% Cu yielded higher P and i, than 5%
Cu. Nonetheless, at all temperatures, addition of Cu decreased Py, and i, when compared to
NiO:SDC and NiMgO:SDC.

These results can be compared to the results observed from conventiona electrode (NiO:YSZ) in
50wWt%Ni-50wt%Y SZ/IY SZ//50wt%L SM-50wt%Y SZ  (anode-supported cell) reported by Koh et al.
(2002) tested with dry hydrogen. A maximum power density of 300 and 100 mW.cm@ were obtained
a 750 and 650°C, respectively. At 750°C, NiO:SDC, NiggMg;0:SDC and 3%Cu on
NigeMgo10:SDC anode provide higher P than that of conventional anode, as reported in the
literature, while 5%Cu on NiggMgy10:SDC vyields a similar P as NiO/YSZ. All of the anode
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samples in this thesis give a higher P than that of NiO/YSZ at 650°C In addition, all samples
reported in this thesis are for electrolyte supported cells. It is expected that anode supported cell

would result in even higher performance.

Table6-1 Maximum power densities and limiting current density with dry H, and 3% humidified H,
on NiO:SDC, NigoM g()_lo:SDC, 3%Cu on NiggM g()_lo:SDC, and 5%Cu on NlogMg()]_OSDC

Anode Feed Temp (°C) Prrex i

(mW/cm?) (Alcm?)

750 317 1.31

Humidified H, 700 214 0.89

650 130 0.52

NiO:SDC 600 71 0.26

750 356 1.41

Dry H, 700 236 0.91

650 142 0.56

600 78 0.29

750 362 1.43

Humidified H, 700 251 0.96

650 158 0.60

NiMgO:SDC 600 90 0.33

750 369 1.43

Dry H, 700 257 0.97

650 161 0.59

600 94 0.34

750 298 1.15

Humidified H, 700 200 0.74

650 120 0.43

3%Cu on NiMgO:SDC 600 65 0.22

750 325 1.23

Dry H, 700 225 0.8

650 114 0.38

600 63 0.21

750 317 1.21

Humidified H, 700 208 0.75

650 114 0.39

506Cu on NiMgO:SDC 600 57 0.8

750 303 1.16

Dry H, 700 195 0.68

650 112 0.36

600 58 0.18
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Figure 6-4 Voltage and power density vs. current density with dry H, on NiO:SDC, NigeMg10:SDC,
3%Cu on NiggMg10:SDC, and 5%Cu on NiggMgo10:SDC anodes at a)750°C, b) 700°C, c) 650°C,

and d) 600°C.
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Figure 6-5 Voltage and power density vs. current density with 3%humidified H, on NiO:SDC,
Nig.9Mgo10:SDC, 3%Cu on NiggMgg10:SDC, and 5%Cu on NiggMgy10:SDC anodes at a)750°C, b)

700°C, ¢) 650°C, and d) 600°C.
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Repeating each test three times, average values of power densities and limiting current densities,
along with confidence interval were obtained. Those values are summarized in Figure 6-6 for the
maximum power density and in Figure 6-7 for the limiting current density. Similar to the previous
discussion on the polarization curves, resultsin Figure 6-6 and 6-7 reinforce the conclusion that both
the average power density and average limiting current density obtained with NiggMg,:0:SDC anode
had the highest values, followed by samples with NiO:SDC anode, followed by samples with 3%Cu
on NiggMgo,0:SDC anode, and the lowest values were found from cells with 5%Cu on
NigeMgo10:SDC anode. Nonetheless, when standard deviations are considered (drawn as error bars
in figures), it was not possible to distinguish much difference between the results obtained with
NiO:SDC, 3%Cu on NipeMgo10:SDC and 5%Cu on NigogMge10:SDC. Possible reasons for why the
best results were obtained with NiggMgy10:SDC are that NigoMge10:SDC has a high activity, as well
as a high Ni dispersion. Therefore, it provides alarger TPB than NiO:SDC . In addition, it provides a
better performance than Cu-containing material because it gives a higher conductivity compared to

Cu-containing material as reported in Chapter 4.
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Figure 6-6 Average maximum power density vs. temperature to NiO:SDC, NigeMgy10:SDC, 3%Cu
on Nig9gMgo10:SDC, and 5%Cu on NiggMgo10:SDC anodes with a) dry H; b) 3% humidified H,.
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6.1.2 Electrical Impedance Spectra (EIS)

The impedance spectra are shown in Figure 6-8 using the same sample set as those presented in
Figure 6-4 and Figure 6-5. All EIS measurements were carried out with base potential at the open
circuit voltage (OCV) with a voltage amplitude of 10 mV. As explained in Chapter 3, the high
frequency intercept refers to the ohmic resistance (Rs) and the difference between the intercept of the
data at low and high frequency is the so-called polarization resistance (R,). Here, Rs for NiO:SDC is
the lowest but the maximum power density was obtained for NiggMgo10:SDC. The maximum power
density may be related to R, more than R.. To verify this assumption, values of R, were calcul ated
and presented in Table 6-2. It should be noted that the R, reported here are only the values determined
from the first arc. The first arc for R, is attributed to activation polarization resistance (Kawano et al.
(2008)). All values agreed with the polarization measurement in that the lower the R,, the higher the
maximum power density. Table 6-2 shows that NiggMgo:0:SDC exhibited the lowest value of R,
(0.0266 ohm.cm?), followed by NiO:SDC (0.0272 ohm.cm?), 3% Cu on NigeMge:0:SDC (0.041
ohm.cm?) and finally 5% Cu on NiggMgo:0:SDC (0.047 ohm.cm?). As expected, R, became larger as
the temperature decreased, as seen in Table 6-2, where the values were about 0.059, 0.135 and 0.315
ohmxcm? for NigeMge:0:SDC at 700, 650 and 600°C, respectively. It should note that the EIS
measurement had alittle noisy as appearing in the spectra.
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Figure 6-8 EIS spectrawith dry H, (dotted lines) and 3% humidified H, (solid lines) on NiO:SDC,
NipoM gy 10:SDC, 3%Cu on NiggMge10:SDC, and 5%Cu on NiggM g 10:SDC anodes at a) 750°C,
b) 700°C, c) 650°C, and d) 600°C
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Table 6-2 Polarization resistance with dry H, and 3% humidified H, on NiO:SDC, NiggMgo:0:SDC,
3%Cu on NiggM g, 10:SDC, and 5%Cu on Nig Mgy 10:SDC

R, (chm.cm?)

Anode Temp (°C) o
Dry H, Humidified H,
750 0.0272 0.026
_ 700 0.064 0.064
NiO:SDC

650 0.155 0.165

600 0.411 0.438

750 0.0266 0.025

700 0.059 0.058

NiMgO:SDC

650 0.135 0.136

600 0.315 0.351

750 0.041 0.041

, 700 0.091 0.095

3%Cu on NiMgO:SDC

650 0.239 0.234

600 0.607 0.613

750 0.047 0.040

_ 700 0.113 0.097

5%Cu on NiMgO:SDC

650 0.287 0.262

600 0.758 0.722

The values of R, with 3% humidified H, follows the same order as that with dry H,. At 750°C, the
smallest value of R, was obtained with NigoMg,,0:SDC (0.025 ohm.cmz) followed very closely by
NiO:SDC (0.026 ohm.cm?). Then 0.040 and 0.041 ohm.cm® from 5% Cu and 3% Cu on
NigoM0o10:SDC, respectively (Figure 6-8(a)). This R, order is similar to the P, order in the
polarization test. At lower temperature such as 700°C, the order of R, was changed to 0.058, 0.064,
0.095, and 0.097 ohmxcm? for NigoMgo10:SDC, NiO:SDC, 3%Cu on NiggMg,10:SDC, and 5%Cu
on NigeMgo:0:SDC (Figure 6-8(b)). R, values of 0.136, 0.165, 0.234 and 0.262 ohmxcm? were
observed at 650°C (Figure 6-8 (c)) whereas R, of 0.351, 0.438, 0.613 and 0.722 ohmxcm? were
investigated at 600 °C (Figure 6-8 (d)).
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Therefore, it can be concluded NigeMgy10:SDC is the most active anode for hydrogen fuel. The
results also suggests that NiO:SDC is more active than 3% and 5%Cu on NigeMgy10:SDC, but the

performance of 3% and 5%Cu on NiygM gy 10:SDC anode are very similar to each other.

6.2 Preliminary Test with Methane

In this work, two preliminary tests in direct methane-fuelled SOFC, dry methane and methane/ steam
=6/1, were carried out to investigate the behavior of NigeMg,10:SDC anode.

6.2.1 Dry Methane

The testing procedure is a modification of the procedure described previously for hydrogen, but
taking into account recommendations from Lin et al. (2005). The procedure starts with sealing the cell
(as described in section 6.1)), then ramping the temperature to 750°C, reducing the anode material,
feeding humidified hydrogen and finally drawing 0.250 A.cm current density from the cell. First,
stability/sealing of the cell is checked by monitoring the cell voltage (still under humidified H,) and
ensuring that it remains constant for 30 minutes. If the stability/sealing test is successful, a standard
polarization curve is produced to make sure that the cell performance with humidified H, is
reproducible (e.g. indicating no problem with contact resistance). If the performance of the cell with
hydrogen reproduces past performance, cell testing under methane can proceed. The feed on the
anode side is slowly adjusted to 30 mL.min™ of pure methane while continuously drawing a current
density of 0.10 A.cm™ to minimize methane cracking causing carbon deposition. The cell voltage is
expected to become stable again within 2 hours under pure methane. The cell is then maintained
under this condition and cell voltage measurements can be done as long as no evidence of cell

degradation is observed. The procedure is summarized in Figure 6-9.
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Repeat the step in Figure 6.7 until finish checking

cell performance at 750°C with hydrogen,

NO
Performance

Normal?

Drawing constant currentvdensity of 0.10 A/cm?

Increase CH, and decrease humidified H, gradualy until
100%CH, at 30 mL/min (5 min time interval)

Wait for one hour and the voltage to stabilize

<
<

Ecell

Stahle? YES

Turn off H, flow rate and cool down cell in 100ml/min N,

Figure 6-9 Procedure of fuel cell test with pure methane

Although the button cell fabricated following the procedure described in Chapter 3 operated well
under a hydrogen atmosphere, it was not working properly under pure methane atmosphere. In the
original fabrication procedure, a small amount of anode was used (2.5 mg resulting in 20um anode
thickness), thus eliminating (or at least significantly minimizing) concentration polarization. However,
such thin anode was problematic since the anode weight deposited on the cell was too low to show
enough activity for methane oxidation or SMR. Indeed, the voltage dropped to zero as soon as some
current was drawn from the cell. To remediate this problem, a double of the amount of anode (5.0

mg) helped in sustaining a cell voltage when drawing current, but this voltage was very small, and
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dropped to nearly zero after a couple of hours. It was then decided to test a cell with 10 times the
original amount of anode amount (25 mg, providing an anode thickness of 180 um). Note that the
area of the cell was increased as well, from 283 mm® to 385 mm® With this new cell
(NiggM@go10:SDC), the test in pure methane test succeeded for ten hours(see Figure 6-11). The detail
is discussed next.

This cell was first checked with humidified hydrogen. The polarization curve for humidified H, is
shown in Figure 6-10 whereas Figure 6-11 shows the corresponding EIS results. In both figures,
results for thin (20pm) and thick (180pm) anodes show the effect of anode thickness. For the thick
anode, the power density decreases compared to the origina cell; from a maximum power density
with humidified H, of 362 mW.cm®to 327 mW.cm™. As expected, the polarization resistance is
larger with the thick anode than with the thin one: The R, increases from 0.025 ohm.cm?” to 0.055
ohm.cn’. Note that the ohmic resistance R, increases as the thickness of the anode increases (from
0.33 t0 0.38 ohm.cm?).
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Figure 6-10 Voltage and power density vs. current density with humidified H, on NigoMg,10:SDC
anode. Thick anode: 180um; thin anode: 20um.
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Figure 6-11 EIS spectrawith humidified H, to NiggMg,10:SDC anode cell. Thick anode: 180um,;
thin anode: 20um.

Figure 6-12 shows the voltage over more than 10 hours under a constant load of 0.10 mA.cm?
(galvanogtatic) at 750°C for the NipgMgy10:SDC anode material. Once the galvanostatic started, the
fuel was switched from H, to CH, (60 mL H, to 10mL CH,4 for 5 min, 30 mL H, to 20mL CH,for 5
min and 0 mL H, to 30mL CH,for 5 min). The cell voltage was high and almost stable when the
hydrogen was still flowed in the system. Then, the voltage dropped significantly in the pure methane
compare to hydrogen. After adrop in voltage during the first hour, stable voltage for 10 hours can be
attained with under pure methane. However, the voltage started decreasing after 10 hours. After
cooling down, the spent cell still remained as one piece but cracks appeared all over the cell. These
cracks may be indicative of leaks with carbon deposition that could explain the spikes observed.
These spikes are similar to the patter of galvanostatic obtained from the cell degraded by carbon
deposition and this cell was tested under the mixture of air, carbon dioxide and iso-octane (Zhan and
Barnett (2005)). It can be explained by that the cell voltage is low when the amount of oxygen
increases (the oxygen from small leaks). When the amount of oxygen and hydrocarbon (or depositing
carbon) is enough, the combustion takes place quickly. Suddenly, the amount of oxygen become
normal (aslow as no leak) and the cell voltage rises up. Then, the amount of oxygen builds up again

and the cell voltage lower down. When the system has this cycle, the spikes exist along the test.

Some experiments were also performed under dry methane before this experiment with similar cells
(thick anode), but without drawing any current. In those experiments, the OCV dropped very fast and
the cell was covered with carbon (black color). In the experiments with 0.1 A.cm’?, the spent cell
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remained grey, similar to what is observed when H, is the fuel, which means that the amount of

carbon in this experiment was less than the pervious.
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Figure 6-12 Cell voltage vs. time at constant current density of 0.10A/cm? to NigogM 0010:SDC anode
cell operated in dry methane at 750°C

6.2.2 Humidified Methane (H,O/CH,= 1/6)

Mixtures of methane and steam were also used as a fuel in order to perform polarization tests at
different temperatures. To test the resistance to carbon deposition, it was attempted to use as little
steam as possible. In this work, the lowest ratio for which a polarization test can be successfully
performed is H,O/CH,=1/6 without drawing current while switching from hydrogen fuel to
methane/steam fuel mixture. The procedure employed is represented in Figure 6-13 and is the
following: hydrogen fuel is first replaced by H,O/CH,=1/1 for 30 min under OCV. This ratio is
reduced to ¥z for 30 min and adjusted to 1/6 for 2 h (at which point the cell voltage is stable here)
before starting the polarization test.
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Repeat the step in Figure 6.7 until finish checking

cell performance at 750°C with hydrogen,

NO
Performance

Normal?

Switch to H,O/CH,=1/1 for 30 min

Switch to H,O/CH,=1/2 for 30 min

, 2
Switch to H,O/CH,=1/6 for 2h

&
<

Wait until
stable

Potentiodynamic test (sweep rate 1 mV/s)

Change to require temperature

at 150°C.h?
End

Procedure? NO

YES

Turn off fud and cool down cell in 100 mL/min N

\ 4

Figure 6-13 Procedure of fuel cell test with H,O/CH,=1/6
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Results at 750, 700, 650, and 600°C are shown in Figure 6-14. The trends for the polarization curves
with H,O/CH, = 1/6 are similar to that of the tests with hydrogen in that the cell voltage lowers with
increasing current density and the maximum power density reduces with decreasing temperature. The
results in Figure 6-14 reveal that the maximum power densities are 226, 124, 65, and 43 mwW.cm? at
750, 700, 650, and 600°C, respectively. These maximum power densities are less than in the case of
humidified H, fuel (362, 251, 158, and 90 mW.cm at 750, 700, 650, and 600°C, respectively). One
would also notice that the curve is not as smooth as with the test in hydrogen, which may be due to

small leaks as evidenced by some cracks observed on the cell after the test.
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Figure 6-14 Voltage and power density vs. current density with H,O/CH,=1/6 on NiggMg,10:SDC
anodes at 750°C, 700°C, 650°C and 600°C.
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Chapter 7

Conclusions and Recommendations

7.1 Conclusions

7.1.1 Material Preparation and Properties

e A procedure for preparing Ni;...,CudMg,O anode materials has been developed. Without addition
of Cu, the anode materials were prepared by co-precipitation. Cu was added using two different
methods: one-step co-precipitation method and two-step co-precipitation/impregnation method.

In the two-step method, various amounts of Cu were impregnated in NiggMgo 1O.

e For SOFC applications, the one-step co-precipitation with Cu is not suitable because the firing
temperature is limited by the melting point of CuO. Thus, if Cu isto be added to the anode, only
the two-step method is practical. Therefore, the following conclusions'recommendations are

relevant only to the materials prepared via two-step methods.

¢ Reduction properties were determined via TPR. Addition of Mg lowers the reducibility of anode.
Anode materials containing up to 5% Cu were fully reduced at temperatures just below 700°C,
similar to NiggMgo10. When %Cu increases (e.g. 10% Cu), the reduction temperature increases.
The reason for lower reducibility when Mg is added (and also a high Cu content) is the
formation of Ni-Mg-O (and also CuO) solid solution where MgO (and CuO) disperses into the
NiO matrix. However, for al materids considered here, 750°C is sufficient for complete
reduction.

e BET surface area of the oxide materials decreases when adding Mg: from 11.5 m?%g for NiO to
10.4 m/g for NigeMgo1O. The surface area is further reduced as more Cu is impregnated
Ni.sMgo.1O (down to 8.2 m?/g for 10% Cu).

7.1.2 Button Cell Fabrication

e A procedure for fabricating afull SDC electrolyte-supported button cell based on Niy..,CuMg,O
anode materials was developed. The general formulation of this button cell is:
SSC:SDC//SDCII Nijx.,CuMg,0:SDC
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For the cathode, it was found that a SSC:SDC ratio 7:3 is most appropriate here. This ratio has
been kept constant in all e ectrochemical tests.

The electrolyte-supported cell was prepared by first making the electrolyte by a pressing
technique and sintering at 1450°C. Then, the anode was deposited via drop-dry process and
sintering at 1300°C. Using drop-dry process again, a cathode was fabricated and sintered at
950°C. Good bonding at both electrolyte/porous electrode interfaces was demonstrated by SEM.

7.1.3 Material Activity on SMR

A comprehensive set of experiments was carried out in a fixed bed reactor to evaluate the steam

reforming activity of the various anode materials at temperatures of 650 and 750°C, and S/C ratios of
1, 2 and 3. To better mimic the SOFC conditions, SDC was mixed with the Ni;.,.,Cu,Mg,0 materials

in a 50:50 ratio. The reforming activities were characterized by methane conversion, H, yield and
CO,/(CO+CO,) rétio. For all experiments, the catalyst was first reduced at 750°C under 10% H,/N,

for 1 hour and the reforming experiments were carried out over 20 hours.

Methane conversion:

As expected because SMR is an endothermic reaction, methane conversion was higher at 750°C
than at 650°C for al materials considered. Note, however, that the experimental conversions were

always lower than those predicted from thermodynamic calculations.

For al materials, methane conversion increases as the S/C ratio increases, as expected from

thermodynamics.

Methane conversion over NiO:SDC and NiggMgy10:SDC is greater than over materia
impregnated with copper. The conversion decreases as the amount of Cu impregnated increases

because Cu is considered inactive for SMR.

H, yield and CO,/(CO+CQ;) ratio:

For most experiments, H, yield and CO,/(CO+CO,) ratio follow the same trends: they decrease as
the temperature rises and the S/C ratio is ruduced. Similar trends are expected because both H,
yield and CO,/(CO+CO,) ratio can be linked to the extent of the WGS reaction since it produces
proceeds both H, and CO, (while the total CO+CO, remains constant).
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When performing SMR on 50wt% Ni-Cu-Mg-O: 50wt% SDC catalyst, the following expected
results were found: the methane conversion is higher at 750°C than at 650°C and it also increases
with rising S/C. The activity of WGS was studied using CO,/(CO+CO,) ratio. The activity of
WGS decreases at higher reaction temperature because WGS is a moderately exothermic
reaction.

Adding 10% Mg does not affect the CO,/(CO+CO,) ratio, compared to NiO:SDC. This means
that the WGS activity on NiggMgy10:SDC and NiO:SDC are similar.

At 650°C, increasing copper content increases the CO,/(CO+CO,) ratio. However, at 750°C, the
CO,/(CO+CO,) ratio does not change much with Cu content between 5 and 10%. However, this
ratio remains greater than that obtained without Cu addition. Cu is a known active metal for the
WGS reaction. The observed difference in the trend between 650 and 750°C may be attributed to
the fact that the WGS reaction is a fast reaction that reaches equilibrium rapidly as the
temperature increases,; the effect of Cu content observed at 650°C indicates that the WGS

reaction has not reached equilibrium.

Carbon deposition:

The analyses for carbon deposition were done only for S/C of 1, the lowes ratio, which represents

the conditions where carbon deposition is more likely to occur.

For all anode materials, more carbon is deposited at 650°C than at 750°C. At 750°C, the carbon
deposited is mostly in the form of filaments. Athough in carbon filaments still forms in some

situations at 650°C, the carbon deposited is primarily in the form of athin graphite layer.

The longest filaments are found on NiO:SDC at both 650°C and 750°C. Addition of Mg
considerably reduced the amount of carbon filaments at 750°C. At 650°C, carbon is deposited as

athin graphite layer in the presence of Mg with no evidence of carbon filament.

Impregnation of 5% Cu on NiggMg10:SDC further reduces the amount of carbon deposited at
650°C. At 750°C, the carbon deposited on 5% Cu on NiggMgy;0:SDC and NiggMg10:SDC are
similar.

Thermogravimetric experiments for methane cracking revealed that the initial rate of cracking is
not dependent on the amount of Cu deposited (0%, 3% and 5% Cu yielded similar initia rate),

136



but deactivated faster as the amount of Cu impregnated is increased. Therefore, the presence of

Cu helpsin reducing carbon filament growth.

7.1.4 Electrochemical Performance

Four anode materials were tested in the button cell test station for their eectrochemical
performance; NiO:SDC, NiggMgy10:SDC, 3%Cu and 5% Cu on NiggMgo;0:SDC. All those
cellswere tested under dry and humidified hydrogen at 600, 650, 700 and 750°C.

The highest maximum power density and highest limiting current is achieved, at all operating
conditions with NipgMgy10:SDC. For example, the maximum power density at 750°C under dry
hydrogen is 369 mwW.cm?, and 161 mW.cm? at 650°C. Addition of Mg improves the cell
performance compared to that of NiO:SDC, for which the maximum power density under dry
hydrogen is 356 mW.cm? at 750°C and 142 mW.cm™ at 650°C.

Higher amount of Cu reduces the performance of the cell. The maximum power density under dry
hydrogen using on NiggMgo10:SDC is 325 mW.cm® at 750°C with 3%Cu and 303 mW.cm™ with
5% Cu. Despite the presence of Mg, addition of Cu aslow as 3% results in a poorer performance
than with NiO:SDC.

EIS measurements were performed and ohmic (Ry) and polarization (R,) resistances were
determined. Compared to NiO:SDC, addition of Mg decreases the value of R, for example, at
650°C and under dry H,, R, changes from 0.155 ohm.cm? with NiO:SDC down to 0.135 ohm.cm?
with NigeMgo10:SDC.

Addition of Cu, on the other hand, increases R, significantly. At 650°C and under dry Hy, R,
increased from 0.135 ohm.cm? with NigoMgo;0:SDC to 0.239 ohm.cm® with 3% Cu on
Nio_gMgo_]_O:SDC.

An experiment with dry methane was carried out after devising a proper experimental protocol
for this type of experiments. The experiment with dry methane was performed over
NigoMgo10:SDC under a load of 0.10 A.cm?. The voltage decreases during the first hour from
0.8 V down to about 0.5 V, but remains constant for the following 9 hours. After 10 hours of
operation, a further decrease in the cell voltage is observed. In addition, voltage spikes are
observed throughout the experiments. Those spikes may be attributed to small leaks. Indeed, at

the end of the experiment, the cell shows small cracks.
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e In HO/CH,=1/6, the maximum power density at 750°C is 226 mW.cm™. However, under this

condition, small cracks were observed after the polarization test.

7.2 Recommendations for Future Work

This thesis presents the first study to investigate Niq..,Cu,Mg,0:SDC as an anode material for 1T-
SOFCs with internal reforming capabilities. Its main objective was primarily to evaluate overall
steam reforming and electrochemical performance of the studied materials. Considerable time has
been devoted to setup the electrochemical test station, develop produces to fabricate this type of
electrolyte-supported button cells and develop procedures for cell testing under hydrogen and
methane environments. As such, although alarge number of experimental results are presented in this
thesis, it was not possible to conduct al the experiments initially planned. In particular, few
electrochemica tests with methane feed were conducted. Therefore, a considerable amount of
research is dtill needed to be done to characterizing these materials. Below are suggested

recommendations for future work.

7.2.1 Button Cell Fabrication

¢ Although all problems were resolved when fabricating the button cell for testing in hydrogen, the
test with dry methane led to cracks in the cell. In addition, several anode thicknesses were studied
for testing with dry methane. It was found that if the anode is too thin, tests with dry methane
were unsuccessful. The successful test with dry methane was carried out with an anode thickness
10 times larger than for tests with H,. It is recommended that the anode thickness be optimized

for optimum performance while ensuring the cell remains intact.

e It is recommended that the button cell be fabricated using finer powder, which can be achieved

using methods such as the glycine-nitrate process.

e This thesis found that SDC has poor mechanical strength resulting in cracking during the
operation or fabrication. Gadolinia-doped ceria (CeO,-Ghb,05; GDC) is the other doped-ceria that
receives an interest as high as SDC. Therefore, some samples should use GDC to replace SDC

and the electrochemical performance and the mechanical property should be compared.

e To achieve higher performance, fabrication of an anode-supported cell is recommended to create
alarger active area on the same area of electrolyte/anode interface. In this type of cell, one hasto

find a good compromise between high enough porosity and mechanical strength. Another
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possible problem may be the impregnation of Cu if the anode is too dense. To ensure good Cu

impregnation, a vacuum system may be required.

It has been proposed in the literature that a bi-layer anode be used when feeding a SOFC with
hydrocarbon fuel. A bi-layer anode is composed of an active layer to maximize the
electrochemical activity and a support layer for mechanical strength. With hydrocarbon fuels, it
has been shown that carbon deposition is much less of an issue on the active layer because the
carbon can be oxidized by the oxygen ions. However, carbon deposition is much more of a
problem for the support layer. Thus, one should choose a support layer not active toward
hydrocarbon reforming, thus minimizing carbon deposition. Since we have shown here that
addition of Cu can considerably decrease the SMR activity (and consequently carbon deposition),
one possibility is to design a support layer with Cu impregnated on NiggMg,10:SDC, in contact
with an NiggMg,10:SDC active layer.

Finally, it would also be worthwhile to consider this material for a metal supported cell, aswell. It
is, therefore, suggested to that metal-supported cell based on Ni...,CuMg,O:SDC anode be used

in abutton cell.

7.2.2 Material Activity on SMR

Study of the amount of carbon deposited is critical, which is usually done via TPO. In our study,
TPO was done using thermogravimetry analysis (TGA). The difficulty with TPO-TGA is that
weight change is not only due to carbon removal in the form of CO and CO, (in which case only
weight loss should be observed), but also due to oxidation of the reduced Ni (in which case
weight gain is observed). A much better way isto carry out TPO using a mass spectrometer (MS),
which unfortunately was not readily available at the time of this thesis. In any future work, it is

highly recommended to perform TPO-M S systematically on the spent catalysts.
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7.2.3 Electrochemical Performance

This work used two electrodes for the eectrochemical measurement. The maximum power
densities and the EIS spectra (along with R,) were used as overall cell properties to compare the
performance of the various materials. To evaluate the electrode performance individudly, it is
required that three electrodes measurement be employed. Figure 7-1 shows the schematics of

two- and three-electrode configurations.

E

WE WE

/
-_|

CE CE

(@ (b)

Figure 7-1 Schematic of a) two electrodes b) three electrodes

More electrochemical measurements (polarization and EIS) must be carried out with methane
over the electrolyte-supported button cell. All candidate materials must be tested, not only with
dry methane, but also at various S/C ratios.

The experiments described in the preceding recommendation should also be performed on an

anode-supported cell (and eventually on metal supported cell).

All anode materials should be thoroughly characterized after each electrochemical test, in
particular those with methane, using SEM (EDX) and TPO with MS.

The conductivity measurements for the anode material should be done at the actual operating

conditions that are in the temperature range 600-750 © C and under reducing atmosphere.
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Appendix A

Mass Flow Control Calibration

Prior to using mass flow controllersin the fuel cell test station, they were connected to the computer
and calibrated using bubble-film flow meter. The volume flow rates for different signals from each
mass flow controller are measured and a correlation between the signa and the flow rate is
determined. The calibration results for N,, H, and CH, flow controllers are reported in Table A-1
which reported the average and standard deviation from five repeats for each signal. The calibration
curves for N,, H, and CH, are plotted in Figure A-1. The error bars are indicated in Figure A-1 but

they can barely be seen because the errors are small.

Table A-1 Average flow rate and standard deviation with different signals for each mass flow

controller
Controller for Signal Average flow rate Standard deviation

05 53.64 0.93

0.7 75.10 0.45

N, 1.0 108.64 1.64

15 162.82 0.27

2.0 209.26 3.73

0.2 6.07 0.15

0.5 20.13 0.39

H, 1.0 42.32 0.45

2.0 80.70 0.96

3.0 117.15 1.27

0.2 9.91 0.13

05 24.20 0.50

CH,4 1.0 47.35 0.34

2.0 91.04 1.56

3.0 136.78 2.78
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Appendix B

Calculations for Control Evaporator and Mixer (CEM)

This appendix describes the calculation that was used when the mixture of methane and steam
generated through the CEM. The CEM has a separate controller which requires the input the mass
flow rate of water (in g.h™) and the temperature at the evaporator. This mass flow rate must
correspond to the desired volume flow rate once the water is changed into steam. The calculation
starts with finding the upper limit of the fraction of steam in the feed at standard pressure, which is
determined from the saturated pressure of the steam at that temperature. If the amount of desired
steam in the feed is not over the limit at the temperature of the evaporator, then the mixture can be
achieved using the CEM. However, to ensure that the amount of steam in the feed is similar to the
requirement, taking the efficiency of CEM that is less than 100% efficiency into account is
recommend (i.e. 80% efficiency of CEM). The limiting volume fractions of steam in the feed at 100%
efficiency and 80% efficiency are reported in Table B-1. In this work, the temperature of evaporator
was set at 100°C and the limiting volume fraction of steam was considered at 80% efficiency of
CEM.
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Table B-1 Limiting volume fraction of steamin the feed

Temperature Saturated pressure  Limiting percentage of steam Limiting percentage of steam

(°C) (atm) in the feed (100% efficiency) in the feed (80% efficiency)
0 0.006 0.6 0.5
10 0.012 12 1.0
20 0.023 23 18
30 0.042 4.2 3.3
40 0.073 7.3 5.8
50 0.121 121 9.7
60 0.196 19.6 15.7
70 0.307 30.7 24.5
80 0.466 46.6 37.3
90 0.691 69.1 55.3

100 0.997 99.7 79.8

Theliquid water flow rate that corresponds to the demand is:
Mass water flow rate (g/h) = Volume flow rate of steam (mL/min) x60x18/22.4

145



Appendix C

Phase diagrams for systems involved in the thesis

This appendix illustrates phase diagrams of phase diagram NiO-MgO system, CuO-MgO system, and
Cu-Ni systemin Figure C-1, C-2 and C-3, respectively.
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Figure C-1 Caculated quasibinary NiO-MgO phase diagram in air as compared with literature data
Zinkevich et a. (2005).
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Figure C-2 The pseudo-binary phase diagram for the MgO-CuO systemin air. r: cubic periclase
phase; Ga: Guggenite A, Cu,MgO;, orthorhombic phase; Gg: Guggenite B, Cu,MgOs, orthorhombic
phase; ¢ indicates single phase region; * indicates mixed phase region (Paranthaman et a. (1996)).
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Figure C-3 The copper-nickel (Cu-Ni) binary phase diagram and crystal structure data (ASM
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