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List of Figures

Figure 1.1 General schematic of a solid oxide fuel cell showing the three main components
and their relative orientations: anode, electrolyte and cathode. Here, the hydrogen fuel is
reduced to produce water and usable current, and oxygen dianions conduct the charge across
the solid oxide electrolyte in the direction indicated.

Figure 1.2 General schematic of a polymer electrolyte fuel cell which outlines the three
main components and their relative orientations: : anode, electrolyte and cathode. Here, the
hydrogen fuel is reduced to produce water and usable current, and proton cations conduct
the charge across the solid oxide electrolyte in the direction indicated.

Figure 1.3 Sources of polarization as a function of cell current.

Figure 1.4 Polarization diagram depicting the differences between anodic and cathodic
contributions to overpotential.

Figure 2.1 Detailed schematic of the fuel cell set up used within the tube furnace.

Figure 2.2 Powders, as synthesized, for use in construction of the anode of the button fuel
cell. Shown from left to right: NiO-YSZ, Ni9Cop 10-YSZ, NiygCo0p,0-YSZ, Nij;Cog30-
YSZ.

Figure 2.3 Data collected for a Ni-YSZ (m) and a blank (porous YSZ) (=) anode for
comparison of the current obtained for each. Both electrodes possessed identical current
collectors, apparent areas, porosities, temperatures, fuel environments and flow rates. The
current obtained for the blank represents only 3.5 % of the current value collected for the Ni-
YSZ anode.

Figure 2.4 Diagram showing a non-porous, oxygen conducting electrolyte in electrical
contact with a porous cermet anode of YSZ and Ni, as well as an expansion of the triple
phase boundary (TPB) region.

Figure 2.5 Diagram of the working, counter and reference electrodic connections within the
potentiostat instrument.

Figure 2.6 Sample of data shown in Nyquist plot form for a Ni7C0030-YSZ anode at
850°C in hydrogen fuel at 50 sccm flow rate. o (full cell, measured), o (full cell, calculated
by summation of cathode and anode half cell data), A (half cell, cathode), A (half cell,
anode).
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Figure 2.7 Photograph of the button cell before testing, showing top view (left) and angled
side view (right) of the cathode. The reference electrode can be seen around the edge of the
button cell. The anode is located on the underside of the disk.

Figure 2.8 Diagram showing a simplified crystal lattice and the mathematical relation of
plane spacing, dyx, angle, 8, and photon path length ABC for planes of increasing depth
below the crystal surface.

Figure 2.9 Nitrogen adsorption isotherm for unsintered (as synthesized) samples, (A)
Nip 85C00.150-YSZ, (B) Nip70C00300-YSZ. m Adsorption Isotherm, m Desorption Isotherm

Figure 2.10 Nitrogen adsorption isotherms for anode samples sintered to 1380°C for 4 h (A)
NiO-YSZ, (B) Nig95C00.0s0-YSZ, (C) Nip70C00300-YSZ. (D) Data at extremely low
relative pressure for NiO-YSZ (adsorption only). (m) Adsorption Isotherm, (m) Desorption
Isotherm

Figure 2.11 Plot of adsorption data for Nig7Co¢3-YSZ catalyst powder in the low relative
pressure region for determination of the BET constant ¢ through the slope and intercept of
the best fit linear trend. The R* value shows good correlation to a linear trend.

Figure 2.12 Sample chemisorption isotherm for hydrogen on Nig7Co0¢3-YSZ. m Combined
(total) adsorption, collected for a fresh catalyst powder, which shows both physi- and
chemisorption. m Weak adsorption, collected after the combined adsorption analysis and
evacuation which shows physisorption only. A Difference (strong) adsorption, which is the
mathematical difference between the combined and the weak adsorption data, showing only
the chemisorption of hydrogen.

Figure 2.13 Potential energy diagram which demonstrates that for a reaction of low
exchange current density, i,, the symmetry factor, a, is independent of overpotential, 7,
when the angles, @ and y, are constant.

Figure 2.14 Diagram depicting mathematical parameters for alternating potential and
current response for electrochemical impedance spectroscopy.

Figure 2.15 Resistance circuit element (R).
Figure 2.16 Capactiance circuit element (C).
Figure 2.17 Series RC circuit element.

Figure 2.18 Nyquist plot and mathematical parameters for an RC series circuit for an ideal
polarizable electrode.

Figure 2.19 Serial equivalent circuit containing an RC element.
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Figure 2.20 Nyquist plot and mathematical parameters for a reaction with double layer
capacitance in parallel with a Faradaic charge transfer.

Figure 2.21 Serial equivalent circuit depicting an RC element containing Z4, and
unconventional circuit element.

Figure 2.22 Nyquist plot and mathematical parameters for an irreversible oxidation-
dependent reaction with double layer capacitance in parallel with Faradaic charge transfer
resistance and a diffusion impedance element, Z.

Figure 2.23 Inductor element (L).

Figure 2.24 Constant phase element (Q).

Figure 2.25 Nyquist plot and mathematical parameters for a depressed semi-circle.

Figure 2.26 Example of a typical impedance spectrum collected for a button cell with
Nip7C0¢3-YSZ anode at 850°C and 50 sccm flow of H, at OCV.

Figure 2.27 Circuit elements RC and RQ.

Figure 2.28 Serial equivalent circuit models proposed by Mogensen (a), and Fleig (b), (c).
Equivalent circuit model proposed for fitting to experimental data for this research work (d).

Figure 2.29 Schematic overview of the entire fuel cell set-up.

Figure 2.30 Sample Nyquist (left) and Bode (right) plots for Nigp;Co¢3-YSZ anode. For the
case of the Bode plot, the real component data (m) and the phase angle data (m) are shown on
the same graph.

Figure 3.1 Powder X-ray diffraction data for powders “as synthesized” before sintering.

Figure 3.2 Powder X-ray diffraction data for the series of Ni,Co(;.x)O-YSZ cermet powders
after sintering to 1380°C for 4 h; (m) YSZ (a major phase), (*) NiO (a major phase), (¥) Ni
(a very minor phase).

Figure 3.3 Unit cell parameters of the NiO phase in the Ni,Co(;.xyO-YSZ samples
synthesized over the Co concentration shown.

Figure 3.4 SEM micrographs of the Nig gsCog.150-YSZ cermet powder after sintering. (a)
shows two particle size ranges, mag 200 x, bar 100 pm; (b) shows high crystallinity, mag 10
000 x, bar 1 um; (c) shows a large particle, mag 2000 x, bar 10 pm; (d) shows small
particles, mag 4000 x, bar 1 pm.
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Figrue 3.5 EDS of the two particle types observed in the NiggsCog 150-YSZ sample. (a)
shows an amorphous particle, (b) shows a crystalline particle. The measurement bar on both
SEM images shows 20 pum.

Figure 4.1 Impedance spectra of a Nip7C0y30-YSZ cermet anode in pure hydrogen at
850°C, plotted as a Nyquist plot, at the following overpotentials: (¢) #=0 mV at OCV, (m)
n=50mV, (¢) =100 mV, (m) #=150 mV, (+) #=200 mV, and (=) #=250 mV. The
frequency, in Hertz, of each of the low frequency arcs is indicated; the frequency of the high
frequency arc is also indicated.

Figure 4.2 Examples of typical mathematical (complex non-linear least squares, CNLS) fits
for both Bode plot (left) and Nyquist plot (right). The fit is ideal over the indicated
frequency (left) and real impedance (right) values.

Figure 4.3 Resistor element fitting parameters for the indicated equivalent circuit over the
overpotential range shown for the Nig7C0p30-YSZ cermet anode at 850°C. Resistors (4) R,
(A) Ry, and (m) R; as indicated. Error bars are included for all three data series, although
only those for R, are large enough to be visible.

Figure 4.4 Direct current data plotted as overpotential and In(current) for a Nip7Cop30-YSZ
cermet anode in pure hydrogen fuel at 850°C for the purpose of extracting exchange current

density values. The peak at high overpotential is due to an instrument crossover, and thus is
unrelated to any electrochemical process on the anode.

Figure 4.5 Data from many Nij7Co0y30-YSZ cermet anodes in pure hydrogen fuel at 850°C.
(A) Data derived from potentiostatic measurements at various overpotentials for the purpose
of constructing (B) performance plots.

Figure 4.6 Performance data for the Nig7Cog30-YSZ cermet anodes in pure hydrogen fuel
at 850°C over the first 14 hours of data collection, demonstrating the stability of the anode
for many button cells in hydrogen gas.

Figure 5.1 Calculated phase diagram using DFT for nickel in the partial pressure gas mixture
range shown. The regions are as follows: pure nickel (white), increasing surface coverage in
the downward vertical direction (dark grey), and Ni3S; (light grey). The black points
indicate experimental results (refer to paper for details). The boundary lines are as follows:
the phase boundary between nickel and nickel with adsorbed sulfur (black line bounding
white and dark grey regions), calculated phase boundary of adsorbed sulfur and bulk (grey
line bounding two grey regions), and experimental bulk Ni3S; phase diagram boundary
(black line bounding two grey regions).

Figure 5.2 Primary reaction pathways followed during the pyrolysis of hydrogen sulfide
between 800°C and 1100°C.
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Figure 5.3 Resistance values at 850°C for the Ni(70,C00.30- YSZ cermet anode
composition. The serial resistance (Rs) (#) and the charge transfer resistance (R¢r) (m) for

increasing H,S concentration are shown. Open shapes indicate Rg (0) and R¢7 (O) upon
returning to pure hydrogen fuel following pure H,S fuel.

Figure 5.4 Post-mortem SEM images of Ni.70)C0(0.30)- YSZ cermet anode following
exposure of increasing concentrations of H,S/H, mixtures up to pure H,S at 800°C. (A)
shows a magnification of 4000x with a measurement bar of 1 um, (B) shows a magnification
of 500x with a magnification bar of 10 pm.

Figure 5.5 (A) Precursor cross-section of the Ni(70/C0(.30-YSZ cermet anode before
exposure to fuel cell operating conditions (high temperature and reducing environment).
This image shows a magnification of 2000x and a measurement bar of 10 um. (B) Identical
anode material following exposure to a clean reducing atmosphere (no sulfur or carbon
compounds) at 850°C for a minimum time of 1 hour. This image shows a magnification of
800x and a measurement bar of 10 pm.

Figure 5.6 Cermet cross-section of the Nij 70)C0(0.30-YSZ cermet anode post-mortem,
following exposure to varying HyS/H, concentrations at 850°C. This image shows a
magnification of 1600x and a measurement bar of 10 um.

Figure 5.7 EDS spectra of the two morphological features of the Nij 70C0(0.30-YSZ cermet
anode post-run with various H,S/H; concentrations at 800°C. (A) shows the EDS of the
solid sphere, and (B) shows the EDS of a porous particle.

Figure 5.8 Powder XRD spectrum of post-mortem Nig70)C0(0.30)-YSZ cermet anode
material following slow cooling in H, after exposure to pure H,S at 850°C. Major bulk
phases present include Ni3S; (¢#), YSZ (m), and Ni (A).

Figure 5.9 SEM image of the cross section of a piece of Ni foil exposed to an H,S
atmosphere. Magnification is 100x and the measurement bar represents 100 um.

Figure 6.1 Expected equilibrium composition with temperature dependence for the reaction
of pyrolysis of pure CH3;0H at OCV. The different chemical species are labeled as follows:
(o) CHy4, (0) CO, (¥) CO,, (A, open shape) H,, (m) H,O, and (o0) C (graphite).

Figure 6.2 Carbon formation region, shown in grey below the carbon deposition boundary,
for pure CH30H fuel at various typical SOFC operating temperatures as a function of fuel
utilization.

Figure 6.3 Expected equilibrium composition with temperature dependence for the reaction
of pyrolysis of pure CH;CH,OH at OCV. The different chemical species are labeled as
follows: (@) CHg4, (0) CO, (¥) CO,, (A, open shape) H,, (m) H,O, and (o0) C (graphite).



Figure 6.4 Carbon formation region, shown in grey below the carbon deposition boundary,
for pure CH3CH,OH fuel at various typical SOFC operating temperatures as a function of
fuel utilization.

Figure 6.5 Picture of the excessive coking observed during operation of a button cell with
the composition of Niy7C0¢3-YSZ at 8500C in pure biodiesel fuel.

Figure 6.6 NMR spectrum in CHCls3, 13C{ lH}, of biodiesel.

Figure 6.7 NMR spectrum in CHCls, >C{'H}, of carbon ‘sludge’ collected after exposing
biodiesel to fuel cell conditions.

Figure 6.8 SEM image of carbon rod formation observed upon exposure of the Nig7Cog 3-
YSZ cermet anode to CH;CHj at 850°C. (A) The rods are extending from the anode
surface, bottom left, and are more than 1 mm long. This image shows a magnification of
25x and a measurement bar of 1 mm. (B) The rods are composed of many smaller rods.
This image shows a magnification of 50x and a measurement bar of 100 um.

Figure 6.9 SEM image of structural formations observed upon cooling a Nip7Cog3-YSZ
cermet anode following exposure to a CHy/H,S 10 % atmosphere at 850°C. (A) This image
shows a magnification of 800x and a measurement bar of 10 um. (B) to (D) These images
show a magnification of 3500x and a measurement bar of 1 um.

Figure 6.10 EDS of the ‘body’ of one of the structural formations observed upon cooling a
Nij7C003-YSZ cermet anode following exposure to a CH4/H,S 10 % atmosphere at 850°C.

Figure 6.11 SEM cross-section images are presented of the same Nij7C003-YSZ cermet
anode shown above. The non-porous YSZ electrolyte is visible in the bottom left corner of
both images, (A) and (B) These images show a magnification of 250x and a measurement
bar of 100 pum. (A) This image has been tilted beyond 90° for broad surface visualization.

Figure 6.12 SEM cross-section images are presented of the Nip7Co¢3-YSZ cermet anode
following exposure to CH3OH fuel. The porosity has been preserved and there are no
observable carbon particles, rods, or tubes. (A) This image shows a magnification of 1500x
and a measurement bar of 1 um. (B) This image shows a magnification of 1000x and a
measurement bar of 10 um.

Figure 7.1 OCV values for cell 1 (open symbols) and cell 2 (full symbols) collected at

various CO/H; fuel ratios. The value of n, corresponds to the ratio of CO in the fuel inlet
with a balance of H,, where #n is given by the formula: nco/(100-n)g;.
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Figure 7.2 Exchange current densities (i,) values for cells 1 and 2 (open and closed shapes,
respectively) collected at various CO/H; fuel ratios. The data is calculated from impedance
spectra measurements (AC). For cell 2, the initial H, value is indicated at 2.1 mA/cm?,
followed by the next point with pure CO at 1.1 mA/cm?. Decreasing amounts of CO in the
fuel ratio then follow towards pure H,. The value of n, corresponds to the ratio of CO in the
fuel inlet with a balance of H,, where n is given by the formula: nco/(100-n ).

Figure 7.3 Raw impedance data for Cell 1 (panels A, C) and Cell 2 (panels B, D). Data from
pure H, (black squares), and low CO concentration, in the range 20/80 (grey triangles) to
30/70 (open squares) CO/H; is shown (panels A, B). Data from pure H, (closed squares) and
high CO concentration, in the range 60/40 (closed triangles) to 80/20 (open squares) CO/H,
is shown (panels C, D). Note the different vertical and horizontal axes between panels.

Figrure 7.4 Exchange current density (i,) values for cells 1 and 2 (open and closed shapes,
respectively) collected at various CO/H; fuel ratios. For cell 2, the initial H, value at 4.1
mA/cm? is followed by the point at 1.1 mA/cm? for pure CO. Decreasing amounts of CO in
the fuel ratio then follow towards pure H,. The value of n, corresponds to the ratio of CO in
the fuel inlet with a balance of H,, where n is given by the formula: nco/(100-n)g;.

Figure 7.5 Fuel cell run continuously for 9 days. Following H, measurements for 2 days
(Day 0, triangle), a fuel ratio of 25/75 CO/H, was run for 7 days (Days 1-7, diamonds). (A)
OCYV values (B) i, values derived from electrochemical impedance data.

Figure 7.6 Scanning electron micrograph of the Nip7C003-YSZ anode material post-run
following the 7 day run with a fuel mixture of 25/75 CO/H,. Panel A shows a magnification
of 100x with a measurement bar of 100 um, and panel B shows 5000x with a measurement
bar of 1 um. The powder sample was mounted on carbon tape.

Figure Al. A Nyquist plot of a button cell with a Nip7Cog3-YSZ anode at 800°C in H; at 50
sccm. The data between the arrows will be used for the fitting shown in figure A2.

Figure A2. CNLS fit of the raw data using the ZView software.

Figure A3. Numerical values obtained from fitting the equivalent circuit shown to the data in
figure A2 using the ZView software.

Figure A4. Nyquist plot indicating the data ranges utilized for data fitting of Rcr for Figure
AS. The increasing data range used corresponded to Py to Py, increasing to Py to Ps.

Figure AS5. Rcr values obtained from fitting the data in the ranges shown in figure A4.
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Summary

A series of cermet powders of composition NiyCo(;.xyO-YSZ were synthesized for
testing as cermet anode materials for SOFCs. The Co is found by powder XRD to become
incorporated into the crystal lattice of the NiO, thus forming a true alloyed material. SEM
and EDS results show two types of particles upon sintering to 1380°C: small, amorphous
particles of YSZ and large, crystalline particles of nickel.

The electrochemical oxidation of hydrogen on a cermet anode composed of
Nip7Co030-YSZ was investigated using a series of many button cells. Through EIS data,
cyclic voltammetry data, the exchange current densities for these button cells were
determined. Although a relatively large variation was found (expected to be due to
microstructural variation) the average values for both methods of measurement is in good
agreement in hydrogen.

Following reduction in pure hydrogen, the fuel was changed to a mixture with high
concentration of H,S. It was found that a concentration of 10 % H,S/H; produced a sudden
change in anode microstructure and resulted in loss of exchange current density. Lowering
the amount of H,S in the initial fuel feed, which allowed for a more gradual microstructural
change, allowed the cell to eventually function at concentrations in excess of 10 % H,S/H,.
It was determined by OCV values in various concentrations of H,S/H; that hydrogen is the
predominant fuel of choice, even if H,S is available. Following electrochemical testing,
slow cooling in a 10 % H,S/H, mixture following produced metal sulfide spheres, as
determined by SEM and EDS.

Investigation in hydrocarbon, alcohol and biodiesel fuels was then undertaken to test
the fuel variability of the given cermet anode material. Methane containing 10 % H,S was
found to have increased exchange current density relative to poisoned hydrogen. Ethane and
biodiesel experienced no increase in exchange current density, but a lengthening of the
functional lifetime of the cell was observed, indicating reduced carbon poisoning. Methanol

is a promising oxygen-containing SOFC fuel since it produced exchange current density
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values larger than hydrogen, and showed no evidence of coke formation by post-mortem
SEM.

Since oxygen-containing fuels are known to decompose in the gas phase at typical
SOFC operating temperatures, the performance in a mixture of various CO/H, fuels was
then investigated. The Nij7Co030-YSZ cermet anode gave higher exchange current density
values for low ratio of CO/H; fuels in the range 20/80 and 30/70 compared to pure H,. This
is the first example of a Ni-based anode providing higher performance with a CO/H, mixed
fuel than for a pure H, fuel. Finally, continuous running of a cell with fuel ratio 25/75
CO/H; for 7 days produced exchange current density values, which were observed to
increase significantly above the values for pure H, during days 1-4 followed by deterioration

below the value for hydrogen on subsequent days.
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General

Introduction

1.1 Fuel Cells — A General Description

Fuel cells are a means of converting energy from chemical fuels to electrical
energy directly with no other conversion steps. The most common electrochemical
reaction which takes place in a fuel cell is the oxidation of a fuel, commonly hydrogen,
and the reduction of an oxidant, commonly oxygen from the air. The reaction between
these two parts produces electrical energy and heat as well as the byproduct of the

electrochemistry, water, as shown in equation 1.1.

Hydrogen + Oxygen — Water + electrical energy + heat (1.1)



A physical description of the fuel cell itself provides a picture of the setup,
whereupon the above electrochemistry takes place. An electrolyte constructed of a non-
porous material is used to separate two porous electrodes, namely the cathode and anode.
These latter two electrodes are in electrical and ionic contact with the electrolyte to allow
a circuit to be closed. The anode is exposed to the fuel, whereas the cathode is exposed
to the oxidant. The fuel cell will continue to produce usable energy as long as these two
electrodes are continuously supplied with their desired chemicals. Fuel cells are a
desirable alternative to battery technology, since they can produce usable current
continuously for as long as fuel and oxidant are supplied — this makes the fuel cell a
thermodynamically open system.

Fuel cells have a high conversion efficiency (as will be discussed in detail below)
during conversion of chemical energy into usable electrical energy. In comparison with
combustion engines and other energy sources, fuel cell losses due to mechanical energy
and conversion of fuel into heat energy are not an issue. As shown in equation 1.1, heat
produced by the fuel cell can be utilized for maintaining the desired temperature. Also,
production of pollutants such as NOy and SOy as well as particulate matter is negligible.
Since the efficiency of fuel cells is relatively independent of the size of the cell, it can be
tailored for specific uses or applications. The fuel cell itself does not produce any noise;
therefore, depending on the support system, the fuel cell is expected to be a very quiet
fuel source. Finally, fuel cells are capable of running on many types of fuels, especially
high temperature cells.

In the case of a cell with a ceramic electrolyte, shown in figure 1.1, one of the two
most common types of fuel cell, it does not experience corrosion of the electrolyte layer
nor electrolyte management problems. Flexibility of shape and design make it an
attractive technology for usable current production. In this case, the charge carrier in the
electrolyte layer is the oxygen dianions, which carries electrons through from the cathode

to the anode electrode.
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Figure 1.1 General schematic of a solid oxide fuel cell showing the three main
components and their relative orientations: anode, electrolyte and cathode. Here, the
hydrogen fuel is reduced to produce water and usable current, and oxygen dianions

conduct the charge across the solid oxide electrolyte in the direction indicated.[1 2011
#24]

A second common fuel cell has a polymer electrolyte, shown in figure 1.2, where
protons act as the charge carrier across the electrolyte layer. Here, the charge carrier
possesses the opposite charge to that of solid electrolyte fuel cells, a positively charged
proton, and travels in the reverse direction, from the anode to the cathode electrolyte.

The choice of fuel for this type of cell is more limited due to the lower operating
temperatures, which range from approximately room temperature to almost 200°C, which

generates a need for an external reforming catalyst if hydrocarbon fuels are desired.
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Figure 1.2 General schematic of a polymer electrolyte fuel cell which outlines the three
main components and their relative orientations: anode, electrolyte and cathode. Here, the
hydrogen fuel is reduced to produce water and usable current, and proton cations conduct
the charge across the solid oxide electrolyte in the direction indicated. [2]

1.1.1 Tvypes of fuel cells

Fuel cells can currently be classified into five groupings. The convention is to
distinguish the types by the electrolyte used to separate the anode from the cathode.
There are many differences between the types of cells, among which those of note are
operating temperature and phase of fuel. These main types include solid oxide fuel cells
(SOFCs), polymer electrolyte membrane (PEFC), phosphoric acid (PAFC), alkaline
(AFC), and molten carbonate (MCFC). Generally, as the temperature increases, so does
the range of fuel choices, upon which the cell can be operated. The following table

presents the five types of fuel cell classification and their various optimized conditions.



Table 1.1 General conditions for each of the five types of fuel cells. [3]

Solid Oxide | Molten Phosphoric | Alkaline Polymer
Fuel Cell Carbonate Acid Fuel Fuel Cell Electrolyte
(SOFC) Fuel Cell Cell (PAFC) | (AFC) Fuel Cell
(MCEC) (PEFC)
Typical Solid YSZ Molten H3POy4 KOH PFS* acid
Electrolyte (Y,03- Li,COs- solution membrane
stabilized K,CO3
ZI‘Oz)
Electrolyte None LiAlO, SiC Asbestos None
Support
Cathode LSM (Sr- Li-doped PTFE**- Pt-Au PTFE-
doped NiO bonded Pt bonded Pt
LaMnOs) on C on C
Anode Ni/YSZ Ni PTFE- Pt-Pd PTFE-
bonded Pt bonded Pt
on C on C
Interconnect | Doped Stainless Glassy Ni Graphite
LaCrO; Steel with carbon
Ni
Operating 1000°C 650°C 200°C 100°C 80°C
Temperature
Operating 1 atm 1-3 atm 1-8 atm 1-10 atm 1-5 atm
Pressure
Fuel (most H,, CO H,, CO H, H, H,
common)
Oxidant O, 0O, and CO, | O, O, O,
Contaminant | < 10-100 < ppm <1-2% CO | No CO,, CO | <50 ppm
Tolerance ppm S range S <50ppmS |NoS CO
No S

*PES = Perfluorosulfonic

**PTFE = Polytetrafluoroethylene

1.1.2 Historical Background

The first principles of fuel cell technology were developed by Sir William Grove

in 1839. [4] A cell constructed of dilute sulfuric acid electrolyte operated at room

temperature produced a small current when switched off in the opposite direction to

expected electron flow for the electrolysis of water. Using platinum as both cathode and




anode, with the sulfuric acid electrolyte, he recorded a current flow when hydrogen and
oxygen were supplied at each electrode.

Solid oxygen-ion conductors were discovered by Nernst while trying to develop a
“glower” for use as a synthetic light source in the late 19" century. [5] Nernst used solid
ZrO, with 15 % w/w doping of Y,0; (the Nernst mass) in the development of his light
source. Nernst’s discovery that YSZ became conductive to ions at temperatures above
600°C, where it is an insulator at room temperature, lead to its later employment in fuel
cells. YSZ is still one of the most prominent ceramic electrolytes currently used in SOFC
research. He also experimented with doping zirconia with other oxides such as calcia,
and magnesia, though they were less successful than yttria.

The first example of ceramic fuel cells is reported by Baur and Preis in 1937. [5]
They fabricated cells with electrolytes of 10 % w/w MgO doped ZrO, and 10 % w/w
Y03 doped ZrO,, anodes of iron or carbon, and cathodes of Fe;O4. With a tubular
design, H,, CO or natural gas as fuel and operating temperatures between 1000 and
1050°C, they observed open-circuit voltages (OCVs) of 0.8 to 1.2 V. This early model
provided more of a proof of concept than an operational energy source, since current
outputs were very low compared to battery technology.

An increase in the research associated with fuel cells did not happen until the
1960s. Space-technology by NASA developed early alkaline fuel cells for use in space
exploration. This was followed in the 1970s, by the development of thin-walled cells,
which improved overall cell performance. The next development of SOFCs, which
employed Ni/YSZ anode, doped In,O3 cathode and doped CoCr,0Oy interconnect, was
made soon after. In the 1980s, the flat-plate cell and the honeycomb structured cell
increased power densities dramatically and the material for the cathode was changed to
LaMnO; and LaCoOs. [5] Currently, many avenues of research are being followed,
explored and expanded such as microstructure optimization of cathode and anode
electrode materials, optimization of electrolyte conductivity, development of electrode
materials which are resistant to common poisons, and fuel cell manufacturing

(interconnect, cell support system) materials and technologies.



1.1.3 Solid Oxide Fuel Cells

Solid oxide fuel cells have an electrolyte constructed of dense yttria-stabilized
zirconia, commonly doped with 8 % w/w Y,03 in ZrO,. This material becomes
conductive to ions, namely oxygen dianions, O, at high temperatures in the range 600-
1000°C. Because of this high operating temperature, SOFCs have a high degree of fuel
flexibility, and can be used with common fuels, such as H,, as well as less common ones,
such as CO, H,S, small hydrocarbons (CH4, C,Hg) as well as large ones (biodiesel), and
alcohols (CH;0H, CH3CH,0OH). Due to its abundance, oxygen from the atmosphere is
used as the oxidant. The overall reaction which occurs in the fuel cell is shown in
equation 1.2, where a specifies a species located at the anode electrode, and ¢ specifies a

species located at the cathode electrode.

Hyy+ 205.~— H,0, (1.2)

This reaction can be broken into two half reactions, one of which occurs at the cathode:
the reduction of oxygen with 2 free electrons to produce an oxygen dianion (here the e

subscript specifies the electrolyte phase).

VOse+2e¢— 0" (1.3)

The second half reaction occurs at the anode: oxidation of the fuel with the required
number of electrons (here 2 electrons are liberated by the reduction of hydrogen), to

produce water as the byproduct of electrochemical oxidation.
Hou+ 0" =—H0,+2¢ (1.4)
The circuit can be described as the oxidation of the chosen fuel (pure or mixed) at

the anode which liberates electrons. These electrons are conducted through the external

electrical circuit, perform work, and return to the fuel cell at the cathode. Here, the



oxygen is reduced and conducted across the YSZ electrolyte as oxygen dianions. These
species are then available to oxidize the fuel at the anode, thus completing the electrical

circuit.

The high power density available from a SOFC stack makes it an appealing power
source for stationary applications, such as in residential, or commercial. Furthermore,
because the fuel does not undergo multiple phase conversions (such as chemical to

mechanical to electrical), the efficiency of the cell is very high.

1.1.4 SOFC Efficiencies

The overall efficiency, &, , is a function of the thermodynamic ( &; ), heating

(&), current/Faradaic ( &;) and voltage (&, ) efficiencies, [6, 7] as given below.

Epc =EELEE, (1.5)

1.1.4.1 Thermodynamic Efficiency

The thermodynamic efficiency relates, AH ], the standard enthalpy and, AG;, the

Gibbs energy of reaction at a specified temperature 7 through the following equation.

AG;
£, =——

(1.6)

T

For electrochemical cells, it is possible to convert all of the free energy to electrical
energy. However, Kirchoff’s Law and the Gibbs-Helmholtz equations are required due
to variations of enthalpy and Gibbs energy values, which occur at high temperatures

needed for SOFC operation.



T2
AHr2 = AH 1+ [AC,dT  (1.7)
T1

T T —T
AG”T2:72AG”T1+AH”T1( 1T Zj (1.8)

1 1

Here, ACp relates to the heat capacity of reactants and products for reaction of hydrogen
with oxygen to form water in the gas phase. For fuels such as hydrogen and carbon
monoxide, common to SOFCs, the thermodynamic efficiency will be less than one, as is
expected, since both 4H and 4G are negative (or zero for the case of hydrogen). As an
example, for the case of H, ,, + O — H,0

28) equations 1.6 through 1.8 can be

2(g) (g)°
utilized to calculate the thermodynamic efficiency of a cell running on hydrogen fuel.
Given the value of heat capacity of -9.9 J/K-mol, [8] and a temperature of 1123 K, the
most common fuel cell operating temperature in this thesis, a value of 0.77 is found for

the thermodynamic efficiency.

1.1.4.2 Heating Efficiency

The heating efficiency relates, AH° , the enthalpy of all combustible fuel species

available to generate electricity and, AH _ , the amount of enthalpy contained by the

com

combustible chemical by the following equation.

This relationship is especially important when the fuel is diluted by an inert chemical or
when it contains impurities such as other combustibles in significant concentrations in
addition to the desired electrochemically active species. For SOFCs operating at high
temperature with simple fuels such as hydrogen, methane, and hydrogen sulfide, the

heating efficiency is expected to be close to one.



1.1.4.3 Current Efficiency

The current efficiency relates to Faraday’s Law by the following equation.

:nFa_f
ot

£ lmeasured

== where i

1

(1.10)

theoretical
ltheoretical

) . of .
Here, n is the number of transferred electrons, F is the Faraday constant and a—f is the
t

molar flow rate of the fuel. This efficiency relates the measured current with the
theoretical current. This efficiency value can also be expressed as fuel utilization. Fuel
cells are purposefully operated at a current efficiency of less than one, since high fuel

utilization creates higher diffusion polarization values.

1.1.4.4 Voltage Efficiency

The voltage efficiency depends on, E, the potential under load and, E; . , the

Nernstian potential, or open circuit potential (OCV), of the cell, through the following

equation.

€, = (1.11)

FC

In order to gain a high amount of useful power from the cell, the voltage efficiency must
remain high, and the overpotential must be minimized. To minimize overpotential the
factors of temperature, pressure, electrolyte composition and electrode material can be
optimized. Raising the temperature increases mass transfer and reaction rate, and

decreases cell resistance, which lowers polarization thus raising the voltage efficiency.
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1.1.5 Polarization

The total cell polarization can be calculated by the sum of the activation
polarizations of anode and cathode kinetics, #, and 7., respectively, the ohmic

polarization, iR, and the concentration polarization, 7., [9] shown below.
ntot:na+nc+iR+ncp (1'12)

The polarization is related to the current density drawn from the full cell, as shown in the
plot below. The general trend is that, as more current is drawn from the cell, the voltage
decreases below the theoretical maximum voltage. This relationship shows three regions:
activation polarization causes an initial drop in cell potential at low current densities,
ohmic losses create a semi-linear region at moderate current densities, and mass transport
losses show a sharp decrease at high current densities. These three regions will be

described in detail in the following paragraphs.
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Figure 1.3 Sources of polarization as a function of cell current.
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By applying a reference electrode, the individual polarizations for anode and cathode can
be determined separately. Their individual contributions to the overall polarization of the

cell are shown in the plot below. [10]

Electrode Potentials

Current Density

Figure 1.4 Polarization diagram depicting the differences between anodic and cathodic
contributions to overpotential. [11]

The overpotentials of both the anode and cathode increase as current density increases,
which relates to the capacity to draw power from the cell, namely, at high overpotentials,
less power will be available. It is, therefore, desirable to maintain polarizations of the

electrodes at a minimum.

1.1.5.1 Activation Polarization

Activation polarization refers to the overpotential needed to change the activation
energy of an electrochemical process occurring at an electrode. In order to accomplish
this, an additional potential, an overpotential, #, is applied to lower the free energy of
activation, AG°*. This potential provides a driving force such that when applied, the rate

of the electrode reaction exceeds the spontaneous rate. This modified electrode reaction

12



rate relates to the exchange current density, i,, as will be derived below. Here, the free
energy of activation, AG"”, is lowered from its reversible value by BnF , by applying an

overpotential, 7. The effect of this applied overpotential is that electrons become more
abundant at the cathode and less abundant at the anode (the anode becomes an electron

‘sink’).

AG; =AG”™ - BnF  (1.13)

Here, S is a charge-transfer parameter which depends on the symmetry of the energy

barrier associated with activation in the reaction process and is assumed to be 0.5 for a
one-electron process. The rate constant at equilibrium for standard potential, E°, is given

below.

AG™ PE°F
k =Aexp| - exp| - 1.14
0 p[ RT) p[ RT J (1.14)

For a reaction differing from the standard potential, the expression becomes the one

shown below.

AG” PEF
k. = Aexp| - exp| -—— 1.15
E p( RT ] P( RT j ( )

This can be re-written as the following expression,

AG® BE°F ( ,BnFj )
k. =Aexp| - exp| -— |lexp| ——— |, where E=E° + 1.16
E p( RT] p( RT) P RT 7 (116)

which simplifies to the following expression, where k, is the rate constant for the

electrochemical process.
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kp = koexp(— 'BRij (1.17)

Rates for electrochemical processes are measured as currents, thus the activation
polarization can finally be expressed by the following equation, where i is the net

current density for the forward reaction, i, is the exchange current density, [S] is the
concentration of the reacting species, n is the number of electrons, 7, is the cathodic or
negative overpotential and S, (0< . <1) is the symmetry factor associated with the

cathodic (forward) branch of the reaction. The anodic (reverse) branch of the reaction

can be derived by a similar route.

p.n.F

i= ioexp[— j, where i, =nFk,[S] (1.18)

By applying a 3-electrode geometry and measuring the variation of current density versus
overpotential, the performances of the anode and/or cathode can be measured
individually. A plot of Ini versus # yields i,, which relates directly to k,. This expression

will be revisited in further detail in the following chapter.

1.1.5.2 Ohmic Polarization

The ohmic polarization, iR, of the cell includes several resistances, among which
include the electrolyte resistance, the contact resistances between cell components and
the electrical resistances of electrodes. These combined resistances produce the ohmic
polarization, also called the iR drop, which increases proportionally and linearly with
current. When the effect of ohmic polarization (a linear increase) is combined with
activation polarization (a natural logarithmic increase) it produces a specific effect; after
the initial sharp increase at low current density, the combined relationship becomes

relatively linear in the Tafel region, as will be described in the following chapter.
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1.1.5.3 Concentration Polarization

The concentration polarization, #.,, of the cell is directly related to the limiting

current, i;, by the following expression.

RT i
=——In|1—— 1.19
Moy nF ( iLj (1.19)

The limiting current dominates when the electrodic process undergoes mass transport
effects. This is caused by concentration gradients near the active region of the electrode,
which can produce local potential differences. The concentration of necessary
electrochemical reagents, which produce current output, are depleted by the progression
of the electrode reaction more rapidly than they can be replaced by diffusion. This effect
is especially important for electrodes with high porosity, such as the electrodes applied

during the manufacture of SOFCs.

1.1.6 Thermodynamics at equilibrium: Nernst’s Equation

At equilibrium conditions, thermodynamics can be related to electrochemistry
through well known relationships. It is understood that for a given chemical reaction at
equilibrium, the concentrations of its products relates to those of its reactants through the
Gibbs free energy shown. Here, 4G’ represents the Gibbs free energy at standard
conditions, whereas 4G is the Gibbs free energy at the equilibrium state under

consideration.

reactants

apmductx
AG =AG°’ + RT In| —— (1.20)
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For an electrochemical reaction where n electrons are involved in electrical exchange at
an interface, the following general half-reaction can be considered for a metallic species

M gaining a defined number of electrons e” at the cathode.
M +ne —M (1.21)

This basic equation can be used, which relates standard electrode potential with Gibbs

free energy,
AG’ =-nFE° (1.22)

to convert the above relation to reflect the relationship between electrode potentials and

electrochemical species concentrations.

RT Ila
nF I1a

E=E’-=_In —J (1.23)

product

This equation is the famous Nernst equation, first developed in 1904. Here, F is
Faraday’s constant, which has an accepted value of 96485.34 C/mol, R is the universal
gas constant, and 7 is the absolute temperature of the system at equilibrium. The symbol
E denotes the electrochemical potential under the specified conditions, and E” the
electrochemical potential under standard state conditions. Since the study of
thermodynamics is concerned with initial and final state conditions of a system, the
conclusions reached by such a mathematical relationship are not expected to change with

time; therefore, this relationship is still an important concept in contemporary research.

1.1.7 Overall Scope of this Research Thesis

Current research into anode materials shows three predominant paths aimed at

constructing a SOFC with sulfur and carbon tolerance. [12] The first is the group of
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cermets composed predominantly of Ni with an ionic conductor such as YSZ, SSZ
(scandia stabilized zirconia), and GDC (gadolinium doped ceria). Other metals which
have been investigated include silver, copper, iron, cobalt, ruthenium and rhodium. The
second group of anode materials includes mixed ionic-electronic conductors (MIECs).
This group is composed of La; «SrxCrO; and its doped sister compounds. Finally, hybrid
materials, which are composed of both metal and MIEC such as Cu-CeO,-YSZ have been
investigated.

The anode design must incorporate many basic features such as high electrical
conductivity and catalytic activity for the desired oxidation reactions. Here is where the
oxide dianions, conducted though the electrolyte layer, are combined with the partially
oxidized fuel molecules or atoms. There are many detailed features which are desirable
in the design of a robust, desirable anode material such as the ability to withstand thermal
and redox cycling; the compatibility, both physical and chemical with the other fuel cell
components such as the electrolyte and interconnects; and the electrocatalytic activity
towards the desired electrochemical oxidation reactions, but not towards unwanted side
reactions.

Nickel-based anodes are the most prevalent anode material in the chemical
literature due to their high electrocatalytic activity, low cost, ease of handling and
chemical stability. However, nickel does undergo poisoning at low sulfur concentrations,
and shows coke formation when exposed to carbon-containing fuels. For the case of
fuels with low sulfur concentrations, the sulfur acts as a poison by adsorbing to the
surface sites of the nickel, blocking them and effectively reducing the reactive surface
area of the metal phase. For the case of carbon-containing fuels, the production of coke
as a byproduct of incomplete electrochemical oxidation can have detrimental effects to
the physical integrity of the porous anode structure; formation of a volume of coke larger
than that of the pore can rupture the porous network of the cermet anode. Because of
these features, development of a nickel-based anode that can overcome these flaws is
highly desirable.

This thesis explores the performance of solid oxide fuel cells with nickel-based
anode cermets in various fuel environments. The anodes of interest are primarily Ni-YSZ

and Nip7Co3-YSZ cermets, which will be investigated by comparing their performance
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in various fuels. The synergy of the NiCo alloy towards the resistance of sulfur and
carbon poisoning is evaluated with respect to the same anode run in pure Hy, by
employing different fuel mixtures such as, H,/H,S, CH4+/H,S, CH30H and H,/CO. A
cermet anode, which shows resistance to both or either sulfur and carbon poisoning
relative to pure H», is the primary goal of this research thesis.

Since the performance of the anodes, synthesized by a co-precipitation method, is
subject to many factors such as anode microstructure, composition, kinetics, and fuel
environment, a summary of the current literature relevant to the research and data in each
chapter will be presented.

Chapter 2 describes the experimental and analytical considerations important in
the synthesis, physical and electrochemical characterization of the anode materials. A
detailed description of the fuel cell set-up is also included in this chapter.

Chapter 3 presents the results of the physical (materials) characterization obtained
through various methods, as listed and described in the previous chapter.

Chapters 4 and 5 describe and explore the electrochemical performance of the
anodes with respect to pure hydrogen and sulfur poisoning in hydrogen containing fuel
environments, respectively. Interpretations of the electrochemical data are included
herein, as well as subsequent chapters.

Chapter 6 explores the effect of carbon poisoning in the presence of sulfur in the
fuel stream, as an example of an alternate fuel environment, whose results relate to the
natural gas available in the current city infrastructure. Oxygen containing fuels such as
alcohols and biodiesel will also be investigated and presented; in the case of biodiesel,
the effects of sulfur in the fuel stream will be shown.

Chapter 7 investigates the possibility of employing a hydrogen/carbon monoxide
mixture as a fuel. An optimal fuel ratio will be investigated and presented.

Chapter 8 gives an overall evaluation and summary of the experimental results in

the thesis document.
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Instrumental and
Experimental
Description and

Considerations

2.1 Fuel Cell Set-Up Considerations

The general fuel cell set-up is outlined in Figure 2.1. A customized, stainless steel
Ultra-Torr fitting was used to seal the two alumina tubes used for gas inlet and support of
the button cell in the furnace as well as provide a small-diameter (0.25 inch) outlet in
order to avoid air contamination of the fuel. The button cell was sealed to the top of the
alumina tube support using a Pyrex ring. An alumina cap was placed on top of the button
cell to provide a small downward force to improve the Pyrex seal. Leads composed of Pt

of 0.2 mm diameter (1/4 hard, Fine Pt, Imperial Smelting and Refining Co. of Canada
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Ltd) connected the current collector (Pt gauze, 52 mesh woven from 0.1 mm diameter
wire, 99.9% metals basis, Alfa Aesar ®) of the anode and cathode, as well as the
reference electrode, to the potentiostat (VoltaLab ® 40 PGZ301) used to collect
electrochemical measurements. All leads were electrically insulated from each other as
well as from the Faraday cage and furnace components. To check that all leads were
isolated, a handheld voltmeter was used to verify that the resistance between each of the
leads was ‘infinitely’ high. All electrochemical measurements were collected at 800 or
850 °C as measured by a K-Type thermocouple placed just above the counter electrode in
order to gain temperature information as close to the working electrode as possible. The
furnace temperature was ramped in air from room temperature at a rate of 10 °C/min
prior to holding at 900 °C for 45 to 60 min to soften the Pyrex ring in order to create a
good seal between the button cell and alumina tube support, followed by cooling at a rate

of 10 °C/min to the desired operating temperature.

K-Type thermocouple placement |_'| /I Counter Electrode & Lead |
Alumina Cap == [ oy’ /IReference Electrode & Leadl
Pyrex ® Seal

Alumina Tube | ==

<+— | Viton ® O-Ring

| Working Electrode & Lead |

T\_.

Alumina Tube| ==
Gas Inlet

— | Stainless Steel Ultra-Torr Fitting |

Figure 2.1 Detailed schematic of the fuel cell set up used within the tube furnace.
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2.2 Synthesis of Materials

The NixCoy;-x)O-YSZ anode precursor materials were synthesized by dissolving
appropriate amounts of NiCl,*6H,0 (Aldrich), CoCl,*6H,0 (Aldrich), Y,0O3 (Aldrich)
and of ZrCly (Strem) into water and acid solutions. The following section outlines in
detail the synthesis of the most commonly used of the anode materials. Different
appropriate masses were used for the other synthesized powders. The Nip7C0¢30-YSZ
anode material was prepared by dissolving 15.588 g of NiCl,*6H,0, 6.662 g of
CoCl,*6H,0, and 4.889 g of ZrCl, in 100 mL of distilled water. Added to this was
0.4177 g of Y05 dissolved in 20 mL of 50 % HCI (Fisher). Precipitation of the metals
was achieved by concomitant addition of the metal solution and a solution of 2 M NaOH
(Aldrich) to a stirred vessel while maintaining a pH of 12 using a pH “Checker” electrode
by Hannah. The resulting slurry was stirred for 2 hours and allowed to settle for 18 hours.
The precipitate was collected by filtration and washed with 4 x 500 mL of distilled water.
The resulting gel was dried at 120°C for 18 hours to yield a dark green powder containing
55 % metal oxide by mass (in the form Nip7Coy30) with a mass balance of 8-YSZ. [1]
Anode precursor materials were characterized by powder X-ray diffraction following

sintering at 1380°C for 4 hours. The composition of the powders was verified by XRF.

Figure 2.2 Powders, as synthesized, for use in construction of the anode of the button
fuel cell. Shown from left to right: NiO-YSZ, Ni9Co10-YSZ, Nip3C00,0-YSZ,
Ni0.7COo.3O-YSZ.
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2.3 Fuel considerations

All gaseous fuels (H,, CH4, C,Hg, H,S) were purchased from BOC Gases at the
industrial grade purity, all liquid alcohol fuels (CH;OH, CH3CH,OH) were purchased
from Fisher. The gaseous fuels were used ‘as is’, and all lines running from the gas
cylinders to the fuel cell set-up were purged for a minimum time of 10 min at 50 sccm to
ensure the purity of the gas in the line was high. The liquid alcohol fuels were used
shortly after purchasing fresh bottles, and sealed with Parafilm® as a precaution to avoid
water from the atmosphere entering the bottles, especially during the humid summer
months. The biodiesel fuel was purchased from Millikan and used ‘as is’. Elemental
analysis and ion chromatography for biodiesel were performed by Robertson Microlit
Laboratories to determine its purity. NMR analysis was performed in-house on a Bruker
500 MHz NMR Spectrometer both before and after the biodiesel fuel was exposed to fuel
cell conditions.

For all of the liquid fuels, a heating tape was wrapped around all stainless steel and
alumina tubes leading into the fuel cell to provide initial heating of the fuel to a
temperature of 200°C, the maximum temperature the o-ring seals could tolerate for long
periods of time. This was done to ensure that the liquid fuels evaporate before entering
the fuel cell set-up, avoiding standing liquid in the inlet tube. The vapourized fuel would

then achieve operating temperature, similar to the other gaseous fuels.

2.3.1 Oxidant

Because of its availability, air is the most common oxidant used. Due to the high
operational temperatures used, the difference between the diffusion polarization
associated with oxygen from air and pure oxygen is considered to be negligible. Air was
the oxidant available to the cathode (and reference) electrode(s) in this study. Also, due
to the fact that relative performances were emphasized over absolute performance values,

the amount of diffusion polarization associated with the cathode has lower importance.
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2.4 Button cell considerations

2.4.1 Current collector

The ability to collect current reliably is paramount to accurate fuel cell operation
and data collection. Electrode behaviour cannot be reliably determined if this component
of the fuel cell is not optimized. Ideal characteristics of the proper current collector
choice are outlined herein. Chemical stability in a reducing and oxidizing environment
ensures that the material chosen does not itself undergo chemical reactions before or
during electrochemical measurements, thus ensuring that differences in numerical data
output are due only to the electrodic processes themselves. For this reason, a Pt current
collector was chosen to be the ideal material for this research project. Furthermore,
current constriction is a parameter of concern: the current produced by the electrode
should be collected in its entirety, and should not be subject to any constriction
restrictions. Proper contact between the electrode material and the current collector will
ensure this is not a problem.

Two prevalent types of current collector can be found in the literature: paste and
mesh. Although paste can both be easily painted onto an electrode and ensure reliable
current collector-electrode contact, it has been shown to modify the microstructure of an
electrode with time. Guillodo et al. [2] have shown that current collectors manufactured
from paste can decrease the number of reaction sites over time. Therefore, a mesh
current collector was chosen to avoid this degradation. To ensure mesh contact with the
electrode material, it was embedded into electrode upon sintering. This choice both
ensured that degradation of active sites with time was avoided as well as assuring the
mesh was in good contact with the electrode material. Contact resistance was also
minimized by employing this method of electrode manufacturing.

There is one further concern with regards to the current collector: possible
participation in electrode catalysis. The active thickness of Ni-YSZ cermet anodes has
been determined to be approximately 10 um [3]; therefore, active catalysis only occurs

within this region directly adjacent to the non-porous YSZ electrolyte. All anode
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material associated with thickness beyond this value acts as a current carrier and possible
sites for reformation reactions. Due to the use of a mask of defined size and thickness,
the current collector was systematically placed between 50 and 60 pum from the
electrolyte-electrode interface, as determined by SEM, with a consistent flatness, thus
outside the active thickness.

Shown in figure 2.3 is a plot emphasizing the difference between a Ni-YSZ and a
blank anode. Here the black data shows the direct current data for the 70% Ni-YSZ
cermet anode, whereas the grey data shows the corresponding data for a pure YSZ anode.
Both data sets were collected at the same temperature (850°C), flow rate (50 sccm), fuel
composition (pure H»), and approximate anode porosity (identical ratios of powder mass
to pore former were employed during synthesis). The small discontinuities in the
experimental data are the result of large spikes due to instrument crossover and those data
points were removed for clarity. As can be observed, the amount of current collected
from the blank YSZ anode is negligible, and constitutes only 3.5 % of the value when
compared to the Ni-YSZ anode at the maximum value. Furthermore, all data collected
through anodes manufactured by identical methods will experience this same small
addition to their current values, thus rendering the errors associated with values relative

to each other negligible.
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Figure 2.3 Data collected for a Ni-YSZ (m) and a blank (porous YSZ) (=) anode for
comparison of the current obtained for each. Both electrodes possessed identical current
collectors, apparent areas, porosities, temperatures, fuel environments and flow rates.

The current obtained for the blank represents only 3.5 % of the current value collected for
the Ni-YSZ anode.

2.4.2 Electrolyte Material

Yttria-stabilized zirconia (8 % w/w Y,0Os3 in ZrO,) was chosen as the best
candidate for the electrolyte material for numerous reasons. Though not the best known
ionic conductor at high temperatures, 600-1000°C, (bismuth oxide has the highest
measured conductivity), [4] it balances its reasonably high ionic conductivity with several
other desirable characteristics, such as low electronic conductivity, physical and chemical
stability, low cost and ease of manufacturing. It has a fluorite-type crystal structure,
which is a face-centered cubic structure of cations with anions occupying the tetrahedral
sites. This structure is considered an “open” structure, which allows for rapid ion
migration. [4, 5]

A commercial source was chosen for the YSZ used to form the electrolyte for
several reasons. A dense material is desirable after sintering due to its lack of porosity,

its increased ionic conductivity and high mechanical strength. Tosoh Corporation, based
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in Japan, but having a manufacturing plant in the USA, produces a YSZ material with
unique properties to fulfill these requirements. The powder grain size of the 8-YSZ is
extremely small, in the ultra-fine region, which produces a very high density material
when sintered. This resultant high density material then has low grain boundary
resistance, thus allowing for a more accurate determination of electrodic processes due to
fewer interference factors.

The YSZ electrolyte material will be the mechanical support for the button cells

manufactured for use in this work.

2.4.3 Anode Material

The anode material is the primary focus of this thesis, and so will be discussed
further throughout the thesis. The general features and requirements of the anode
material will, however, be discussed here. The anode provides sites where the fuel is
oxidized upon reaction with the oxide dianions provided though the electrolyte. The
choice of metal is of crucial importance, since the electrochemical activation of interest is
to occur on its surface. The first materials to be investigated were graphite and iron, by
Baur and Preis. [6] [4] Graphite has a short life as a component of an anode cermet due
to electrochemical oxidative corrosion. Iron is more stable, but eventually succumbs to
oxidation at high oxygen partial pressures at high polarizations. Platinum is an attractive
choice due to its catalytic activity and chemical stability; however it loses contact easily
with the ceramic component of the cermet material. Cobalt is more stable than the metals
previously mentioned, but has a higher economic cost, thus making it an attractive
secondary metal for the anode. Nickel is the metal of choice to form the majority of the
metal component of the cermet anode due to its high electrochemical activity, low
economic cost, and chemical stability. However, it does have disadvantages, as will be
mentioned below. [4]

Although various anode compositions will be synthesized and tested as SOFC
anode materials, they all have many commonalities. All materials are synthesized as 55
% w/w metal oxide with a mass balance of 45 % w/w YSZ, which itself has a

composition of 8 mol % Y,03, 92 mol % ZrO,. The metal oxide will be a solid solution
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of Ni and Co metals where the composition of Co will range from 0 to 30 % w/w with a
balance of Ni. Upon reduction, the metal oxide phase is converted to its corresponding
metal alloy, thus changing the overall anode composition to the resulting 70 % w/w metal
with a mass balance of 30 % w/w YSZ. Triton X-100 was used as a pore former during
sintering. This ensures that there is a porous network of void space throughout the anode
material, thus ensuring the gaseous fuel can diffuse to the anode electrolyte interface and
products can diffuse away.

The high metal composition ensures electronic conduction occurs easily, and that
electrons produced near the anode-electrolyte interface during fuel oxidation reach the
current collector. The incorporation of YSZ into the anode to create a cermet material
has many primary purposes. [5]

(1) The triple phase boundary is greatly extended beyond simply the interface
between the porous anode and non-porous electrolyte. This has also been described as
‘delocalizing’ the electrochemically active region. Oxygen dianions can diffuse from the
non-porous electrolyte layer further into the porous anode layer, which increases the
number of triple phase boundary sites.

(2) Nickel, in its pure form, tends to aggregate to form larger particles when
exposed to high temperatures, known as sintering. During early SOFC development, this
process occurred in the extreme, which greatly reduced the number of active sites.
Incorporation of YSZ into the Ni to form a cermet greatly reduces the observed degree of
aggregation.

(3) There is a considerable mis-match between the thermal expansion coefficients
of Ni and YSZ. Contact between the anode and YSZ upon sintering or heating to
operational temperatures can cause the anode to shear and loose physical and electrical
contact with the electrolyte layer. This will have detrimental effects on the performance
of the cell. Incorporating YSZ into the anode cermet allows for a more favourable match
of thermal expansion coefficients, thus reducing the possibility of loss of contact between
the anode and electrolyte layers. This also allows the anode material to be more resistant
to thermal cycling between operation and room temperatures. This can also reduce
microfissuring of the metal component, which, when it occurs, reduces the conductivity

of the metal component.
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(4) Upon reduction, the metal phase of the anode cermet undergoes a considerable
degree of shrinkage (a phase-change effect). Loss of oxygen anions from the metal oxide
lattice upon reduction to pure metal is the cause of this observation. This can have
detrimental effects for contact of the anode and electrolyte layers as well as contact
between anode and current collector. The presence of YSZ in the cermet, a phase that is
not reduced upon exposure to a reducing environment, allows for this contact to be
maintained to a higher degree than a cell without the incorporation of YSZ would be able
to realize. This shrinkage has a positive effect, wherein the porosity of the anode is
increased.

The anode metal needs to be chemically resistant to corrosive materials such as
oxygen or sulfur. For cases of high polarization, the oxygen concentration on the anode
side can increase; therefore, a material resistant to this process is needed. Cycling
between the reducing fuel environment and air is also a situation that can happen during
normal fuel cell operation, thus a tolerance towards this change in chemical environment
is desirable. Sulfur, a known poison at low concentrations, can block active sites. At
much higher concentrations, such as those used for this work, sulfur can have different
chemical effects on the metal phase of the anode cermet. These effects will be discussed
in detail later in this work.

In addition to being electrochemically active towards the desired reduction
reactions, the metal phase of the anode cermet needs to be highly electronically
conductive. This will reduce resistive and overpotential losses (effects which will be
discussed in detail in another section). Nickel fulfils these criteria. Undesired side
reactions should also be minimized. Unfortunately, Ni has a tendency to form coke under
hydrocarbon pyrolysis conditions. Because of this effect, the tendency towards poisoning
of nickel-based anode material in carbon-containing pyrolytic atmosphere, as well as that

of sulfur and carbon containing atmospheres will be investigated herein.

2.4.3.1 Triple-phase boundary

The electrochemical reaction itself takes place in a region aptly named the triple-

phase boundary or three-phase boundary (TPB). It is here that the three key components
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meet to effectuate electrochemical oxidation, in the case of the anode. Oxygen dianions,
produced at the cathode, migrate through the non-porous electrolyte layer via an ionic
conduction mechanism. Gaseous fuel which has diffused through the pores of the anode
reaches the solid surface. Electrons produced by the electrochemical oxidation are
conducted to the current collector via the reduced metal component. It is where these
three phases (namely the reduced metal (alloy), YSZ and the gaseous fuel) contact that

the electrochemical reduction at the TPB occurs, figure 2.4.

Figure 2.4 Diagram showing a non-porous, oxygen conducting electrolyte in electrical
contact with a porous cermet anode of YSZ and Ni, as well as an expansion of the triple
phase boundary (TPB) region. [7]

2.4.4 Cathode and Reference Material

Overwhelmingly, strontium doped lanthanum manganite (LSM) is the chosen
material for the cathode in SOFC manufacturing. It is both chemically stable and has a
high electronic conductivity at high temperatures under an oxidizing atmosphere.
However, it has a thermal expansion coefficient which differs from that of YSZ. The

solution to this problem has been to mix the two materials together to lessen this
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difference, thus affording a greater physical and electronic contact between the porous
cathode and non-porous electrolyte. The concentrations chosen for mixing of these two
materials was 70 % w/w LSM and 30 % w/w YSZ. This ratio ensures that the thermal
expansion coefficient of LSM is lowered somewhat to provide a greater match with YSZ
without compromising the electronic conductivity of the electrode.

For the reference electrode, LSM is the material chosen, due to both its chemical
stability and electronic conductivity. A Pt wire was chosen as the current collector due to
its stability, as discussed above. Since both the cathode and reference electrodes are
exposed to identical environments (atmospheric chemical composition, pressure and
temperature), utilizing the same material for both electrodes is a logical choice.

One important point to consider concerns the reactivity of YSZ with LSM at high
temperatures: in the solid phase, at temperatures above 1150°C, La, Mn and Sr react in
appreciable amounts with ZrO,, thus changing the chemistry of both phases. [8] To
ensure this effect is minimized, the cathode and reference electrodes are applied, painted,
and sintered only after the anode material has been sintered. Thus, this ensures that these
electrodes can be sintered at the lower temperature, 1150°C, avoiding both phase mixing

and interference in the sintering process of the anode.

2.4.5 Geometric Constraints

The button cell built to run electrochemical tests was designed with a three
electrode geometry, which contains working, counter and reference electrodes. Interest
for this work is in the processes and performance of the anode (working) electrode, and
so it must be possible to measure the overpotential of this electrode independently from
the full cell value. By employing a reference electrode in addition to a counter electrode,
this is made possible. In this system, the counter (cathode) electrode functions simply as
a current carrying electrode. The purpose of the reference electrode, although it is
designed to carry minimal current, is to afford operational control on the working
electrode as well as to allow measuring of the potential of the working electrode

independently of the counter electrode.
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An instrument capable of measuring the potential of the working electrode with
respect to the reference electrode, shown in figure 2.5. The current of the full cell is
monitored across the working and counter electrodes, as shown. For the potential, a
difference is applied between the working and reference electrodes and is adjusted via the
counter electrode. The purpose of this method is to maintain the potential difference at a

steady value.

Potentiostat

]

Waork

Figure 2.5 Diagram of the working, counter and reference electrodic connections within
the potentiostat instrument.

Design of the fuel cell button cell is instrumental to obtaining accurate
performance data, as will be elaborated using literature findings. In planning the
dimensions of the electrodes, factors such as shrinkage of the electrolyte disk as well as
electrode alignment must be considered. Painting and co-sintering of the anode was
performed first, where a circular area of diameter 15.6 mm was painted onto the centre of
a green YSZ pressed pellet (planar cell) using a mask to ensure size and shape control.
Upon co-sintering, the YSZ pellet experiences 23 % size reduction, resulting in an anode
diameter of 12.0 mm. A counter electrode was painted on the centre of the opposite side
of the pellet with a diameter of 12.0 mm. The alignment of these two electrodes on
opposite sides of the YSZ pellet is controlled to the highest degree possible for a hand-

painted button cell (with the use of pre-fabricated masks).
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The distance measured between the reference and working (as well as reference
and counter) is of importance as well. The Pt wire, which functions as the reference
electrode, is 5.7 mm away from the edge of both electrodes. With an electrolyte
thickness of 1.5 mm, this corresponds to a reference-electrode separation of 3.8
‘electrolyte thicknesses’ away. This is within agreement of literature conclusions for
optimal reference-electrode separation distances. [9-11]

Computational and experimental studies have both shown agreement whereupon
the three electrode geometry of a cell needs to meet several requirements to produce
accurate results. The first requirement is that the working and counter electrodes must be
the same size and shape, and be located opposite each other with high symmetry
standards. The second is that the reference electrode must be located a minimum
distance away from the edge of the other two electrodes; a distance that is dependent on
the thickness of the electrolyte layer. Despite this final statement, a balance between
electrolyte thickness and cell performance must be maintained; namely, an electrolyte
that is too thin will produce a cell which is subject to high electrode misalignment error
(discussed in the following paragraph), but an electrolyte that is too thick will
compromise the cell’s ability to produce reasonable current density data due to high
electrolyte resistance. [12, 13]

Numerical data from the literature supports these parameters for button cell
design. For electrolyte layers less than 200 pm in thickness, misalignment of working
and counter electrodes can produce large errors in polarization resistances. Thickness of
the electrolyte larger than this value can tolerate an experimental misalignment of 0.5 mm
with minimal anodic and cathodic overpotential error. A thick electrolyte layer will
allow a cell set-up to work in the region of ‘predictable errors’. Computational studies
have determined a general ‘rule’ where the electrode alignment requirements for a cell
have a tolerance of £ 0.1 ‘electrolyte thicknesses’. Furthermore, a consensus exists that
the reference electrode be located a minimum of three ‘electrolyte thicknesses’ away
from the edge of the working and counter electrodes. Other considerations for the
reference electrode include the fact that a central reference electrode has been found to
distort polarization measurements, and, for symmetric electrodes, a reference to the side

that is in the shape of a strip is preferred over a circular or square shape. [14]
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The design of the current button cell geometry has been optimized to fulfill all of
the current, known requirements for cell geometry. The misalignment errors for the
working and counter electrode have been minimized by the use of masks during painting.
The resulting working and counter electrodes have the same size and shape. With an
‘electrolyte thickness’ of 1.5 mm, the electrolyte layer is more than 200 um thick, and the
misalignments are much smaller than the calculated allowable requirements, namely +
0.15 mm. The reference electrode is on the outside of both the working and counter
electrodes and is ‘strip’ shaped. This electrode is also more than three ‘electrolyte
thicknesses’ away from the edge of the working and counter electrodes. [15]

Electrode positioning requirements relate to the measurement of specific area
resistances. With proper electrode positioning, a uniform current density over the area of
the electrode can be achieved, and thus an accurate measurement of the area specific

resistances can be obtained.

RP :Z — ¢WE _¢RE 2.1)
[ i— R

Here, R, is the polarization resistance, # is the overpotential, i is the current, Rgis the
series resistance and @wg and @gg are the potential of the working and counter electrodes,
respectively. Relating this mathematical relationship back to the placement of the
reference electrode, if a uniform current density is not obtained, the measured
overpotential will either give a value that is too high or too low. This will be caused by
differences in polarization over the area of the electrode.

Measurement of the impedance spectra for the half cells for working and counter
electrodes with respect to the reference, and comparison of this data to the full cell can
give information about the uniformity of the resistances present. However, it should be
emphasized that impedance spectra cannot distinguish between specific causes of error
for over- or underestimates of resistance values. The data obtained for each half cell and

the full cell is shown in figure 2.6.

34



o

-Z imag/ ohmem™

Z veal! ohmem

Figure 2.6 Sample of data shown in Nyquist plot form for a Nig7C0030-YSZ anode at
850°C in hydrogen fuel at 50 sccm flow rate. o (full cell, measured), o (full cell,
calculated by summation of cathode and anode half cell data), A (half cell, cathode), A
(half cell, anode).

Ideally, there is a 50-50 % sharing of the ohmic resistance of each half cell as
measured between the working and reference when compared to the counter and
reference. Since the area specific resistance of the anode is approximately 3 Q/cm?, and
that of the cathode is 2.5 Q/cm?, the split is 55-45 %, which is slightly off the ideal for
the reference-anode and reference-cathode percentage ratio. Since the cathode has the
smaller resistance value, it is expected to be the electrode by which small errors due to
cross-talk can be attributed. Because it is the anode and its processes which are of
interest in this work, the errors associated with cross-talk caused by the cathode are

expected to be small.

2.5 Cell Manufacturing

Button cells were manufactured by pressing 3.60 g of 8-YSZ (TZ-8YS, Tosoh

Corporation) uniaxially using a circular, 1 inch die under 4 metric tonnes for 1 min. An
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anode slurry was prepared by grinding by mortar and pestle 0.15 g of the dried, green (as-
synthesized, unsintered) anode powder and 0.1 mL of a pre-mixed liquid phase composed
of 30 % Triton-X100 (Avocado Research Chemicals, Ltd) functioning as a pore former
and 70 % distilled water, by volume. The anode active layer was then painted onto the
disk using a mask to produce a circular electrode centered on the YSZ green disk with an
effective area of 1.33 cm” and with a thickness of 100 um. The electrolyte and anode
were then co-sintered to 1380 °C (Thermolyne 46100 High Temperature Furnace, B-type
thermocouple) for 4 hours with ramp rates of 2 °C/min. A current collector consisting of
Pt gauze cut into squares with 9 mm sides (52 mesh woven from 0.1 mm diameter wire,
Alfa Aesar) was embedded in additional anode material by painting and sintering again at
1380 °C for 4 hours with identical ramp rates.

An identically sized cathode was painted using a mask onto the centre of the opposite
side of the YSZ disk with its own current collector. The cathode electrode was prepared
using a lanthanum strontium manganate (LSM-15, NexTech Materials) and 8-YSZ
mixture in the ratio 70/30 % by mass. The cathode was painted with the same
Triton/water mix used for the liquid phase of the anode. The current collector was
identical in size, shape, and composition as that used for the anode. The current collector
was embedded in the LSM-15 slurry used to construct the cathode upon painting. A
reference electrode consisting of a Pt wire with diameter 0.2 mm was wrapped around the
edge of the YSZ-electrolyte disk and painted to secure it using the same LSM-15 slurry
as the cathode. The cathode and reference electrodes were then sintered simultaneously at
1150 °C for 4 hours with ramp rates of 2 °C/min to produce the completed 3-electrode

button cell, figure 2.7.
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Figure 2.7 Photograph of the button cell before testing, showing top view (left) and
angled side view (right) of the cathode. The reference electrode can be seen around the
edge of the button cell. The anode is located on the underside of the disk.

2.6 Characterization Techniques - Materials

2.6.1 SEM & EDS Measurements

The SEM model available for imaging is the JEOL JSM-7500F SEM. No coating
was applied to the specimens before observation to avoid damaging the microstructure.
For fuel cell cross section images, the button cell was cracked mechanically to yield a
native cross section and the sample was subsequently mounted vertically to avoid the
need for tilting the stage during image collection. Images were obtained by collecting
secondary/backscattered electrons (in the LEI mode of the JEOL microscope to collect
lower secondary electrons), which maximizes surface topographical information by
making this the primary source of contrast (as opposed to compositional information). In
order to maximize the quality of photographs taken, the length of scanning exposure time
was 11 s per frame. This parameter was chosen to minimize drift, charging and sample
damage during image collection. The acceleration voltage was kept low to minimize
charging while still retaining good image quality. The probe current and working

distance conditions are optimized for collecting backscattered electrons with the JEOL
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microscope. Typical conditions include: acceleration voltage 1.0 V, probe current 8 mA,
working distance 8.0 mm, magnification between 50 and 10 000 x.

The EDS model available for gathering compositional data is the EDS X-Sight.
Whenever possible, EDS data was collected while imaging through SEM to gain
complementary data. Images taken with conditions maximized for EDS data collection
(high acceleration voltage and probe current settings) are highly susceptible to charging.
Image quality is not maximized for these “site of interest” images because the settings are
optimized for EDS data collection instead. Typical conditions include: acceleration
voltage 20.0 V, probe current 10 mA, working distance 8.0 mm, magnification between

50 and 1000 x.

2.6.2 Powder X-Ray Diffraction

2.6.2.1 Bragg’s law

The constructive interference patterns observed when the powder X-ray
diffraction method is employed can be derived via a simplified model system. If the
repeating units of a crystalline lattice are simplified to periodic points along lattice
planes, as shown in figure 2.8, a mathematical model can be found. The simple crystal
has definable path length differences from adjacent planes with the definable periodic

spacing distance dyy. Using simple trigonometry, the following relationships are true.

(AB+BC)=(d,, sinf+d,, sinf)=2d,,sinf (2.2)

For cases of constructive interference, which yield peaks in the resulting diffractogram of
interest, the path length corresponds to an integer multiple of the wavelength of the
source of radiation. This simplifies the relationship to yield the relationship known as

Bragg’s law.

nA=2d,,sin@ (2.3)
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The integer n can be simplified into the lattice plane term,
A=2d,,, ., sin6 (2.4)

where nh nk nl are called Laue indices, which correspond to the lattice planes with

spacing —%L . Here n is incorporated into the Laue indices for simplicity, since all
n

integer values of n will yield one single peak.

Bragg’s law also applies for more general situations where the distance AB does
not equal BC, as in the case of crystals with repeating planes of atoms which are not
arranged in rectangular patterns. It is the sum AB + BC which is important, and this will
still be equal to the term 2d, sinf. As long as the material under consideration is
crystalline, Bragg’s law does not depend on the positions of the atoms, but on the spacing
of the planes within the material. This equation, where waves scattered from planes with
path length difference of zero will yield constructive interference, is considered in two-
dimensions here. This relationship can be represented in three-dimensions by Ewald’s
synthesis, which involves a reciprocal lattice and a sphere of reflection. This will not be

derived herein, since it yields the same results as the Bragg law, but in three-dimensions.
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Figure 2.8 Diagram showing a simplified crystal lattice and the mathematical relation of
plane spacing, dj, angle, 8, and photon path length ABC for planes of increasing depth
below the crystal surface.

2.6.2.2 X-ray scattering considerations

An important consideration when employing X-ray diffraction is the effect of
scattering of the photons with respect to electrons of atoms and the effects this can have
on the incident and diffracted beam. Since atoms have finite and varying sizes, they
cannot be considered as ideal points where diffraction occurs. Scattering from different
points in a large atom can result in a phase shift in the wavelength of the emerging
photon. Because the size of atoms is on the same order as the wavelength of X-rays, the
path difference between scattered photons will become increasingly destructive as the
angle, 6, increases. Thermal motion, which is described as vibration of the atom within
its lattice site, can make it appear to have a larger size, which can cause larger amounts of
scattering. Furthermore, for crystals with more than one atom scattering photons in a unit
cell, a “wide-slit” diffraction model needs to be considered, since the waves are
distributed across a theoretical slit of larger width. The incident beam also attenuates as

it travels deeper into the crystal since it is scattered by atoms, such that atoms deeper in
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the crystal interact with less photons. The diffracted beam then needs to travel through
the crystal to leave the surface and be detected. These effects will be important in the
following sections pertaining to peak broadening and fitting for the purpose of

determining crystal lattice parameters.

2.6.2.3 Peak broadening effects and considerations

Peaks which are observed due to photons that have left the surface of the material
show broadening effects. This is due to crystallite size and strain in the crystal lattice.
Broadening can also be caused by instrumental factors, which are much easier to account
for in spectral analysis.

X-ray tubes consist of a heated filament, which acts as a cathode and emits
electrons, and a target for the electrons, which is an anode made of copper. Though most
of the electron energy is converted to phonons (heat) upon interaction with the anode,
some is converted to photons in the X-ray region of the electromagnetic spectrum. The
strongest signal, designated K,; can be separated from other nearby strong signals (such
as K;») using a crystal monocromator, and used as the incident beam. However, for the
instrument available for use, the K, signal is removed from the spectra mathematically
using software during data processing. K,; corresponds to one of the three transitions
from the L- to the K-shell of a copper atom, which gives the strongest signal. The
wavelength of this peak is 1.540598 A, given to 7 significant figures. Thus, the effect of
peak broadening due to instrumental factors, f3;,, can be subtracted out of each measured

peak, Bieas, to give the corrected broadening, S, due to Scherrer, [16] equation 2.5.

:Bhkl = :Bmeas - lBinst (2.5)

For peak broadening effects caused by crystal size, S, the Scherer equation is
considered; for those effects caused by lattice strain, S, the Wilson [17] equation is
presented, equation 2.6. It is assumed that these two effects are independent of each

other and that they can be summed to give the corrected peak broadening.

41



ﬁhkl = ,Br + ,Bs (2.6)

Each of the broadening effects can be described mathematically. For peak broadening
due to crystal size, the Scherrer equation, 2.7, relates the mean crystallite size, 7, to the
crystallite broadening at half-intensity maximum, £, where K is the ‘shape-factor’ which

is usually given a value of 0.9, and 6, is the Bragg angle.

KA

rT=—-— (27
B, cosb,,

The second of the important broadening effects due to the material is that of microstrain.
It is caused by a wide range of imperfections in the material such as dislocations,
vacancies, defects and shear planes. The resulting material has a distribution of d values
around the ideal, unstrained values. This causes a range of 26 values above and below
the average, which broadens the peak in the diffraction pattern. Microstrain also causes
tensile and compressive forces within the material. Thus, peak broadening due to
microstrain is given by the Wilson formula, where € is the root mean square value of the

microstrain.

p. =4¢€tan,, (2.8)

Since these values can be summed to give the measured peak broadening, it follows that

the following Williamson-Hall equation[18] can be derived (second step).

:Bhk/ = :51 +:Be = {%

SO

} +[4etand,,] (2.9)

By €086, = [KTA} +[4esing,,,] (2.10)
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Interestingly, since microstrain follows a tanf function, but crystallite size effects follow

a

P function, it allows for simpler deconvolution of the two effects. Also, due to the
cos

Williamson-Hall relation, a plot of Sx;-cos@y as a function of 4-sin6,;, the microstrain

factor, &, can be found from the slope and the crystallite size corresponds to the intercept.

2.6.2.4 Diffractogram fitting considerations (Reitveld method)

In order to accurately calculate parameters such as lattice size and broadening
effects, the spectrum needs to undergo a mathematical refinement to fit the peaks to a
calculated spectrum. The accuracy of this fit is directly proportional to that of the
parameters calculated, so a lot of work has been put into the mathematics of determining
the most accurate fit possible. A pseudo-Voigt function has been chosen to fit the
experimental data. It employs a combination of both Lorentzian and Gaussian functions
to determine the best fit for each peak. Mathematically, the purpose behind this decision
is because it is used to determine the fraction of Lorentzian and Gaussian components
needed to best fit an observed experimental diffractogram. The specific pseudo-Voigt

function[19] used for the data colleted is presented below.

I=1, ! _(@2.11)
1+kA292 + (l_r)e—0.6931kA20

Here, I, is the experimental peak height, r is the Lorentzian component of the function in
the pseudo-Voigt, known as the mixing/tailing factor, and /; is the intensity calculated

from the fitting of each data point, shown here.

A20=20,-26, (2.12)

In this relation, 26, is the experimental peak position, and 26 is the calculated peak
position. Finally, in the above pseudo-Voigt function, the last parameter, k, is given by

the equation shown below.
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k= £5) (2.13)
=W )

Here, W, is the peak width at half height and S is the ‘skewness’ parameter.
An iterative mathematical and computational approach is used to determine the
convergence of the pseudo-Voigt function. As such, it employs a least-squares

refinement method to calculate, and thus ultimately minimize, the residual, denoted S,.

S, =>wy-v.) (@14

1 ) ) ) ) ) )
Here, w, = —, followed by y; is the experimental peak intensity at the i step, and y,; is
Vi

the calculated peak intensity at the i step. As with all computational models, the starting
model must be close to the correct model. The program will calculate the minimum
closest to the data set that has been input, which may not correspond to the global
minimum, but to a local minimum. As such, chemical intuition and background
knowledge are important, and Reitveld [20] himself has warned about being careful to
avoid using this method as a black-box approach. In the subsequent chapter, the Reitveld

fitting method was used to accurately calculate the peak positions for crystal parameter

determination.

2.6.2.5 Experimental and practical powder X-ray diffraction considerations and
parameters

All experimental powder X-ray diffractograms were collected on a Philips X'Pert
system with PW3020 twin goniometers equipped with a copper filament source. Typical
experimental parameters include: scan angle from 15 to 90°, step size is 0.020°, time per
step is 2.00 s, scan speed is 0.01000%s, total scan time is 2:05:00 h:min:s, continuous
scan mode was used, the scan axis is goniometer mode, and the sample was set spinning

at 1 revolution/s.

44



The background noise was subtracted out of the spectrum automatically by the
Jade 6.1 software. This was followed by a subtraction of the K, peak contribution,
where the K, value was assumed to be one half of K,;. The effect of the K, peak is
more important at low angles, since this is where the K,; and K, peaks have more
overlap. This process increases the accuracy of the diffractogram towards proper peak
placement, intensity and broadening. Two important assumptions were made when
fitting the data to determine particle size and microstrain: crystallite particles were
assumed to be spherical, though they are not close to this shape in reality, and microstrain
was assumed to be constant throughout the particles, though this would be an impossible
case to obtain. The ‘skewness’ parameter was set to be zero, and so assumed to be
constant at this value. All other parameters were left free during refinement using the

presented pseudo-Voigt function in the Jade 6.1 software program.

2.6.3 Gas Adsorption for Determination of Surface Area

Heterogeneous catalysis depends directly on the amount of surface area available
for the adsorption of reactant molecules or atoms. Here ‘adsorption’ denotes the
condensation of gases onto a surface. In a closed vessel with a specific mass of solid
(adsorbent) cooled to the condensation temperature of a gas (adsorbate), if a known,
small amount of the gas is introduced a certain amount will condense onto the surface of
the solid. The decrease in pressure is related to the amount of gas that adsorbed onto the
solid. By repeating this process, an adsorption isotherm can be built by collecting data
points after infusing known amounts of gas into the closed vessel. By systematically
removing known amounts of gas, a desorption isotherm can also be built.

The shapes of each of five common isotherm shapes observed have been
classified by Brunauer, Deming, Deming and Teller (BDDT), [21] [22] denoted as types |
to V. However, some isotherms do not fit into one of the set classifications and can
exhibit characteristics of more than one of the accepted classifications. These isotherm
shapes relate directly to the attractive (dispersion) forces, which result in physisorptive
interactions, described by a Lennard-Jones potential curve, between adsorbate and

adsorbent. Identifying the class under which the experimental isotherm belongs relates
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directly to which type of adsorbate-adsorbent interaction dominates, which in turn allows
for the correct choice of mathematical model with which to determine the surface area of
the material.

The most common adsorbate, dinitrogen gas, has the ability to interact with both
non-polar and polar adsorbents by condensing the gas on the surface of interest. The
unsintered materials (as synthesized) resemble type IV isotherms showing both a convex
shape at low relative pressures and hysteresis at medium to high relative pressures. In the
region P/P, = 0 — 0.5, the rapid rise in the volume of adsorbed material shows
unrestricted monolayer and multilayer adsorption. The linear region, at approximately
P/P, = 0.2 — 0.4 for both isotherms, shows the region after monolayer coverage has been
completed and multilayer coverage dominates. Both NixCo(;.x) compositions of
unsintered materials show mesoporosity, as shown by the hysteresis loop, figure 2.9,
creating a difference in profile for the forward and reverse isotherms. Although both
show porosity associated with agglomeration of particles, panel A shows that of defined
size whereas B shows that of undefined size.

Under the old classification put forward by de Boer in 1958, [21] panel A shows
type A behaviour, and panel B shows type E; however, under the more modern [UPAC
classification, they correspond to types H1 and H2 respectively. Emptying of the pores,
as shown by the desorption isotherm, occurs at approximately the same relative pressure,
0.45. For type IV isotherms, the Brunauer, Emmett and Teller (BET) [23] region is not
affected by the existence of hysteresis caused by mesopores pores. The data utilized to
determine the BET surface area is in the pre-hysteresis region, namely P/P, = 0.05 — 0.35.
In this region of monolayer formation, the adsorbate does not distinguish between the
external and internal surface of the adsorbate. Emphasis will not be placed on this data,
as the material was not used in this form for any electrochemical fuel cell experiments,
though the surface area of the two materials presented was calculated and is shown below

for comparison purposes with the sintered materials.
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Figure 2.9 Nitrogen adsorption isotherm for unsintered (as synthesized) samples, (A)
Nip 85C00.150-YSZ, (B) Ni70C00300-YSZ. m Adsorption Isotherm, m Desorption
Isotherm

The isotherms, shown in figure 2.10, for the sintered samples are presented and
show type III behaviour, an isotherm characteristic of a non-porous (or macroporous)
solid. There are two notable differences between these isotherms and those of the
unsintered materials. The lack of hysteresis of the samples shows a very small pore
volume. The ‘steps’ seen in the data are an artifact of the instrument rather than the
material, since these measurements are near the threshold of measurement for the
instrument. The sharp increase at high relative pressure corresponds to condensation of
the adsorbate on the material. The second difference of note is the concavity of the
sample isotherms relative to the pressure axis. This is caused by weak adsorbate-
adsorbent interaction forces. Although the curvature (concavity) has changed from the
unsintered samples (the ‘as synthesized’ samples have a downward curvature, whereas
the sintered samples have an upward curvature), the extent of the change is small,
indicating a change in surface morphology is the likely cause, as would be expected for a

sintered sample.
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Figure 2.10 Nitrogen adsorption isotherms for anode samples sintered to 1380°C for 4 h
(A) NiO-YSZ, (B) Ni95C00.050-YSZ, (C) Nig70C00300-YSZ. (D) Data at extremely low
relative pressure for NiO-YSZ (adsorption only). (m) Adsorption Isotherm, (m)
Desorption Isotherm

In calculating the BET surface area, some considerations need to be taken into
account. The most important among which is that, for the case of a type III isotherm, the
procedure for calculating the monolayer capacity is not applicable. This is due to the
weak adsorbent-adsorbate interactions producing a tendency to accumulate multilayers
before a complete monolayer coverage is established. This results in the absence of a
defined ‘knee’ shape at low relative pressure, which shows the transition from mono- to
multilayer. However, for values of ¢ (vide infra) between 2 and 3, although the point of
inflection is not easily visualized, it exists nonetheless, corresponding to a monolayer

formation, thus allowing the use of the BET equation.
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Developed in 1938 by Brunauer, Emmet and Teller, [23] the BET equation is

defined as follows.

L el P L o)
(Po j v.c\P | v.c
vi_

P

Here, P and P, are the equilibrium and saturation pressure of the adsorbate, v is the
volume of gas adsorbed, v,, is the volume of gas adsorbed to create a monolayer, and c is

the BET constant.
AH, —AH,
c=exp ————= 2.16
P( RT j (2.16)

Here, 4H; is the enthalpy of adsorption of the first layer (monolayer), 4H} is the enthalpy
of adsorption of the following layers, R is the universal gas constant and 7 is the
temperature. In a different form which is applicable to experimental data, the BET

equation can be expressed as follows.

Here n is the molar quantity of adsorbate on 1 g of solid, and n,, is the molar monolayer

capacity, which are essentially interchangeable with their corresponding v’s (vide supra).

(p/P)
n(l-P/P)

Though mathematically more awkward, a plot of versus P/P, will give a

. . . . . c—1 .
straight line in the aforementioned BET region with slope s =—— and intercept

n,c

i=1/ny,c. The value of the BET constant ¢ can then be calculated by ¢ = Ll Through
1+
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the plot below, figure 2.11, and in agreement with discussion above, the value for ¢ for a
typical isotherm was calculated to be 2.7, which, for a type III isotherm, proves the
existence of an inflection point at low relative pressure, and allows the use of the BET
model to calculate surface area. The high R” value shows good correlation of the
experimental data in the BET region with a linear trend. A small amount of scatter is
observed for this data set, though no consistent trend in the scatter was observed between

the other data sets (not shown).
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Figure 2.11 Plot of adsorption data for Nip7Co¢ 3-YSZ catalyst powder in the low relative
pressure region for determination of the BET constant ¢ through the slope and intercept
of the best fit linear trend. The R? value shows good correlation to a linear trend.

This brings the discussion full circle since the type of isotherm is dependent on
the value c. When c is large, the adsorbate-adsorbent interaction is strong, and a type IV
isotherm is observed. Conversely, when c is small, the adsorbate-adsorbent interaction is
weak and a type III isotherm is observed.

The major assumptions associated with this model do produce some inherent
error. The major source of which is the assumption that the enthalpy of adsorption does

not vary with respect to surface coverage during buildup of the monolayer. This
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assumption also applies to subsequent layers, though this is less important when
considering the BET model, which applies to only the formation of the first monolayer.
Another point to consider is the existence of micropores. Due to the relatively small size
difference between micropores (<20 A) and the diameter of an N, molecule (4.3 A), a
solid which contains micropores will not give a meaningful BET surface area.

To confirm the absence of micropores, a t-plot was obtained, which relates the

statistical thickness of the adsorbed layer and gas phase pressure,

1/b

(2.18)

where ¢ is the statistical thickness, and a and b are constants equal to 6.0533 and 3.00
respectively for nitrogen. [21] A plot of the adsorbed volume of gas (V) versus ¢ in the
relative pressure region P/P, = 0.05 — 0.30 gives the micropore volume equal to the y-
intercept. For all data obtained for the sintered samples plotted in this region, the
intercept was equal to zero, thereby indicating that the micropore volume is zero. This
exclusion of micropores from the anode material further validates the use of the BET
equation in the calculation of total material surface area.

For the case of a mixed solid, such as a Ni-YSZ anode cermet, the area of the
active metal surface can be determined using dihydrogen gas. It is especially important
to find the surface area of the catalytically active metal. The method for calculating this
relates the amount of adsorbate required to form a monolayer of hydrogen chemisorbed
onto the metal surface with the number of active catalyst sites.

During this process two adsorption cycles are performed. The isotherm generates
a plot corresponding to total physisorption of hydrogen onto the surface of the cermet.
The second adsorption cycle achieves physisorption exclusively on the ceramic surface.
The key to this process is the difference between interaction methods of the ceramic and
metal surfaces with dihydrogen gas at the working temperature. Interaction of the

adsorbate (H;) with the metal catalyst surface results in chemisorption, which includes
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the dissociation of the dihydrogen to form two chemical bonds with the single hydrogen
atoms and the metal surface. This is the reason why desorption curves are not collected.
Following this step by an evacuation cycle and a subsequent second adsorption curve
generates a measurement of the ceramic surface area. Simply subtracting the two can
give a measure of the active metal surface area. The irreversible (at the given working
temperature) dissociation of hydrogen from the metal surface has the effect of creating a
deviation from the ideal Langmuir isotherm, which can be utilized as described.

The ideal Langmuir isotherm possesses a type I shape, where rapid monolayer
formation at low partial pressures creates a steep rise in the isotherm, followed by a
plateau when no further formation of monolayers occurs. The observed trend does not
match this ideal as shown in figure 2.12; the increasing amount of volume adsorbed
strongly suggests multilayer formation continues as pressure is increased. Despite this,
the Langmuir equation was utilized based on its widespread popularity and success in the

literature. The Langmuir equation is shown below.

SLE S
vV, V,K.P"

1
v (2.19)

Here V is the volume of gas adsorbed during the cycle, V), is the volume of gas needed to

ca

cover a monolayer on the solid surface, K. = represents the ratio of the adsorption

cd

. . . . . . 1
and desorption rate constants and P is the pressure. A straight line with y-intercept —
M

) 1 . .
can be obtained by plotting v versus An assumption in the Langmuir model,

172 *
P

which generates inherent errors should be noted. The heats of adsorption are assumed to
be constant within the model, namely the heat of adsorption does not vary with surface
coverage. Also, although the model assumes not hydrogen spillover and adsorption onto
the YSZ surface, a small amount does occur. Thus, the value calculated for the active
metal surface area of this type of catalyst will be slightly lower than the isotherm

indicates.
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Figure 2.12 Sample chemisorption isotherm for hydrogen on Nip7C0¢3-YSZ. m
Combined (total) adsorption, collected for a fresh catalyst powder, which shows both
physi- and chemisorption. Physisorption data was collected at 600°C. m Weak
adsorption, collected after the combined adsorption analysis and evacuation which shows
physisorption only. A Difference (strong) adsorption, which is the mathematical
difference between the combined and the weak adsorption data, showing only the
chemisorption of hydrogen.

2.7 Characterization Techniques - Electrochemical

2.7.1 Direct Current (DC) considerations

2.7.1.1 The Butler-Volmer equation — electrochemical reaction rate dependence
on overpotential

For a reaction at equilibrium, the interfacial electron transfer reaction can be
considered for the anodic current at the electrode/electrolyte interface. The cathodic

current can also be considered, but only the anodic case will be described below. The net
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cathodic and anodic electron flow is equal at equilibrium and represents the forward and
reverse reaction, so the currents are equal towards each other, but opposite in direction

and sign, equation 2.20.

and [ _, =—i (2.20)

cath anod

Consider a general electrochemical reaction as occurring at the anode written as
follows, where a reductant (such as a hydrocarbon fuel) loses electrons to produce an

oxidant, equation 2.21.

Red +ne ~—0x (2.21)

As written, a negative potential will result in a forward reaction, which will produce a
positive net current, which can also be called an anodic current. For this case, the current

density can be written as follows, which is called the Butler-Volmer equation. [24-26]

i=i {exp(ﬂj = exp[%ﬂ (2.22)

RT

Here, i, is the exchange current density, which will be described more in detail below,
where « is the transfer coefficient, which is usually set to a value of 0.5. This coefficient
defines the amount of overpotential that pushes each of the anodic and cathodic reactions.
The Faraday constant, universal gas constant and temperature are given by the factors F,
R and T respectively. Under cell operation, a potential is generated which differs from

the equilibrium potential; at these specific conditions, the overpotential, 7, is given as
n=E.,.—-E° (223)

where Erc is the measured potential, and E” is the theoretical potential at standard

conditions.
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The Butler-Volmer equation takes into account both the forward and reverse,
namely the cathodic and anodic, currents, which both contribute to the overall current.
For the special case at high positive overpotentials, also known as high anodic
overpotentials, which is the case for this work, the Butler-Volmer equation can be

simplified. Since in this case overpotential, #, is very positive,
exp(—anF I RT)>exp((l—-a)pF IRT)  (2.24)

then the cathodic term can be dropped to yield the following equation for the anodic

reaction.
i=i exp(-anF/RT) (2.25)

Simply taking the natural logarithm of both sides yields the following relation.
Ini=Ini +b"'y where b~ = % (2.26)

This can also be written in the following way to yield the Tafel equation.

n=a-blogi where b:@ (2.27)
al

Using these two relationships, the data can be plotted as In(i) against # to obtain the
exchange current density, i,, for a specific reaction. The inverse Tafel slope can also be
found from this plot.

In reference to the plot described above, when analyzing raw experimental data,
the region where the slope will be measured must be chosen with great care. It is

assumed, for this purpose, that the first reaction step is the rate determining step. This

. ) ) RT .
corresponds to the first electron transfer reaction. From the relation, _F , and taking into
a
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account that the operating temperature for the SOFC described herein is, at its lowest,
800°C, a Tafel value of approximately 190 mV is found. Therefore, the overvoltage
corresponding to 190 mV is taken to be the beginning of the linear region used to
determine the exchange current density values from DC data. The region above this
value, spanning approximately 200 mV, was used to calculate these values. Ateven
higher overpotential values, diffusion limitation occurs (concentration polarization),
causing the plot to curve downward, and thus ending the ohmic region.

The symmetry factor, «, in the Butler-Volmer equation is independent of
overpotential, #, as will be shown in the following discussion. The effect of current
produced overpotential on activation energy must be considered. For a linear curve
(simplification) with an energy shift of X#, as shown in figure 2.13, the change in
potential difference effects the electrodic reactions. The slopes and angles, 6 and 7,
remain constant, thus producing a parallel shift for the curves and a constant symmetry
factor, a. Care must be taken in using this relationship, since this is true for reactions
with high activation energy, E%e, and low current density, i,; therefore, for all but the very

fastest electrode reactions, the symmetry factor is independent of overpotential. [27]

Fotential Energy

¥

Reaction coordinate

Figure 2.13 Potential energy diagram which demonstrates that for a reaction of low
exchange current density, i,, the symmetry factor, a, is independent of overpotential, 7,

when the angles, 6 and y, are constant.
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2.7.2 Alternating Current (AC) considerations

2.7.2.1 Electrochemical Impedance Spectroscopy (EILS)

The characterization method of EIS is a powerful time-dependent tool used to
characterize specific limitations of a cell so that the performance can potentially be
improved. By applying a potential of a given value with a small amplitude AC signal
(E ) and phase (w) and measuring the current response (i , @ + ¢), specific information
can be gathered, as can be visualized in the figure. By varying the frequency of the AC
signal, and by applying this alternating signal at different potentials, the following
information can be gathered. For high, medium and low applied frequencies
respectively, information about charge transfer activation (also named kinetic losses), ion
and electron transport (also named ohmic losses), and concentration losses (also named

mass transfer losses) can be obtained.

s,
\/ o

‘T

P

Current (A)

Fatential (V)

Figure 2.14 Diagram depicting mathematical parameters for alternating potential and
current response for electrochemical impedance spectroscopy.

The two specific kinds of information that can be obtained from EIS, namely

amplitude and phase angle can be represented by a sinusoidal signal for the voltage

applied.
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E=Esin(ar) (2.28)

The current response is also represented by a sinusoidal equation with a different

amplitude and phase.
i=isin(@r+¢) (2.29)

Here E and 7 are the oscillating voltage and current, E and i are the amplitude of

voltage and current, @=27f is the angular frequency, ¢ is the phase shift and 7 is time.

The amplitude and phase angle of the current is measured, which lags behind in response
to the amplitude and phase angle of the applied potential.

Applying equivalent circuit models to the data obtained by this method, it is
possible to get both qualitative and quantitative information about the sources of
impedance in a fuel cell. The circuit models are constructed using three main circuit
elements: ideal resistors (R), capacitors (C), and inductors (L). Since real systems rarely
behave ideally, specialized circuit elements are often used as well, namely the constant
phase element (Q) and Warburg element (W).

For an ideal resistor element (R), it is denoted by the symbol shown in figure

2.15, has a phase angle, ¢ = 0, and has impedance Zg, which relates to Ohm’s law as

shown.

R

— NN

Figure 2.15 Resistance circuit element (R).

Z, =

E_r (30
i
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For an ideal capacitor element (C), the charge, g, on the plates of the capacitor
relates to the potential across the plates. The capacitor is designated by the symbol

shown in figure 2.16.

Figure 2.16 Capactiance circuit element (C).

g=CE (2.31)

Since the current is measured as a factor of charge and time, substituting in the phase-

sensitive wave equation gives the following, equations 2.32 and 2.33.

72994 —COEL  (232)

i = wCEcos(ar) :%sin(a)t +%) (2.33)

wC

Converting the phasors Eand 7 to complex notation and simplification gives equation
2.34. This is possible since the phasor E has a phase difference of ¢ = —— in relation to

the phase of the current.

E=- j(é)f (2.34)
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1 . . .
Here the term — ]E is equivalent to R and is also frequency and capacitance

dependent.
When these two phase elements are placed in series, an equivalent circuit model
for an ideal polarizable electrode is obtained. Here only capacitive current is able to

move as the potential is cycled. The equivalent circuit diagram is shown in figure 2.17.

Figure 2.17 Series RC circuit element.

The total potential drop in this equivalent circuit is the sum of the resistive and capacitive

elements. This can then be expressed in complex notation form.

E,=iR-jX. T (2.36)

E,=i(R-jX.) (237

—_~ —~

E =77 (2.38)

tot tot
Z,=R-jX. ,where Z,,=Z +Z, (2.39)

Here, applying the relations derived previously for resistive and capacitive elements, a
complex notation form has been obtained, which can be expressed as the sum of the real
and imaginary impedances, Z, and Z; respectively. This relationship can be expressed
graphically as a plot of the real component as a function of the imaginary component; this

type of plot is a Nyquist plot. In this relation, the real component is independent of
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frequency, and the imaginary component approaches zero with increasing frequencies. A

plot of this specific case is shown below.

R z

Figure 2.18 Nyquist plot and mathematical parameters for an RC series circuit for an
ideal polarizable electrode.

For a real system where oxidation is irreversible and dependent on potential, an
equivalent circuit with both capacitive and faradaic currents is necessary. This equivalent

circuit is shown in figure 2.19.

Cc
||
[
—\N\N—] —
R. AVAV,
RCt

Figure 2.19 Serial equivalent circuit containing an RC element.

Following a derivation which depends on potential, mass transfer and surface coverage,
an expression for the total impedance can be obtained. This derivation accounts for the
oscillating current density, and also takes into account the uncompensated resistance from

the electrolyte, R,.

Z, =22 =R A (2.40)
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This expression, when represented graphically, shows a semicircle with defined

intercepts, as shown.

w=1/R_C

Y»—»O

Re+ Rct Zl’

Figure 2.20 Nyquist plot and mathematical parameters for a reaction with double layer
capacitance in parallel with a Faradaic charge transfer.

For a real system, which follows an irreversible oxidation and is dependent on
both potential and mass transfer, an impedance which is slightly more complex is
observed. Although a very similar derivation can be followed when compared to the case
of an irreversible reaction dependent on potential only, the total impedance which results
is shown in figure 2.21. The equivalent circuit for this case is also shown. Here, Z;is a

circuit element which cannot be expressed with the conventional circuit elements.

—\N\ B
R, —A\— 2

R

ct

Figure 2.21 Serial equivalent circuit depicting an RC element containing Z4, and
unconventional circuit element.

. —Ef”f—R+ R,+Z,
“ T 1+ jec(R,+Z,)

(2.41)
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In the Nyquist plot shown in figure 2.22, the straight portion of the plot at low

frequencies is frequently referred to as the Warburg segment.

R,+R,202C

Figure 2.22 Nyquist plot and mathematical parameters for an irreversible oxidation-
dependent reaction with double layer capacitance in parallel with Faradaic charge transfer
resistance and a diffusion impedance element, Zj.

Here, diffusion dominates, where the expression for Z; is the diffusion impedance. This

relationship is derived using Fick’s first law of diffusion, where D is the diffusion

coefficient, '(0) is the surface coverage and J is the diffusion layer thickness.

2 _
z,=Rako exp(aF £ j (2.42)

D6 (0) RT
An additional circuit element which will be applied in describing the real system

of the fuel cell electrode is the inductor (L).

Figure 2.23 Inductor element (L).

Although inductors are normally formed by a coiled wire, straight wires do have an
associated inductance, though this effect is expected to be small. The impedance of an

inductor can be calculated given the equation below.
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Z, =jol (2.43)

The impedance of an inductor increases as frequency increases, which is the opposite
trend to that of a capacitor, where the impedance decreases with increasing frequency.
Because the wire lead connecting the electrodes of the fuel cell with the potentiostat
instrument are quite long (on the order of 2 m), inductance was included in the equivalent
circuit modeling. Without magnetic shielding, at high frequencies, wire leads in close
proximity generate magnetic fields, which can interfere with one another. Another cause
for the observed inductance is through instrumental artifacts. This can be caused by the
current measuring resistor at high frequencies. In the Nyquist plot, the inductance is
normally observed at high frequency below the horizontal (real impedance) axis.

A final equivalent circuit element necessary to describe real systems is the

constant phase element (Q).

ol

NN
V4

Figure 2.24 Constant phase element (Q).

This element was arbitrarily developed to fit data observed in the Nyquist plot, which
show a depressed semi-circle shape. The characteristic of a depressed semi-circle is a
half-circle with the centre a specified distance below the horizontal axis. Below is a plot

which shows the relation of this depression below the x-axis, where the centre of the

circle is shown located an angle (1—n)*90° as measured from the origin.
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Figure 2.25 Nyquist plot and mathematical parameters for a depressed semi-circle.

Mathematically, there are two parameters for fitting experimental data to a constant phase

) 1 .
element, namely the admittance, ? , and the depression parameter n.

-r=0'(o) 4

For the special case where n=1, the admittance is equal to the capacitance, the semi-circle

is ideal and equivalent to an ideal capacitor.
1 oo
EzYz]a)Q =joC (2.45)

The true capacitance can be calculated knowing @,,,,, where this parameter represents the
frequency where the imaginary component is at its maximum value, the frequency at the

top of the depressed semi-circle.

C=0(w_ )" (2.46)

max
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The causes of a depressed semi-circle are usually derived from multiple
overlapping processess. Typically, a surface with high roughness will show CPE
behavior due to a distribution of reaction rates, varying thickness or composition of the
electrode, and non-uniform current distribution. For the anode as synthesized, it is
designed to be porous, and thus has a high surface roughness. A distribution of reaction
rates is frequently caused at polycrystalline metal surfaces; the cermet anode is expected
to contain many energetically different crystalline surfaces. Anode thickness was
controlled as stringently as possible, as described previously, although it was expected to
have some variation due to the fact that they were manufactured by hand. The
composition of the cermet anode is intentionally variant with two predominant phases,
namely ceramic oxide and metal alloy. Finally, with a varying microstructure and mesh
current collector, the current is expected to have a small distribution. ‘Edge effects’ are
also proposed to cause a variation in the current, where the current distribution at the

centre of the electrode may vary from that at the edge of the current collector.

2.7.2.2 Impedance of SOFC anodes

Presented below, figure 2.26, is a typical impedance spectrum measured for the
most common anode material in this work: Nip7Co(3-YSZ. Important features include an
inductance ‘tail’ observed at high frequencies below the horizontal axis, as well as two
depressed semi-circles. The first semi-circle is small and observed at high frequencies,
the second is much larger at lower frequencies. At the lowest observed frequencies, an
up-turning corresponding to the onset of the diffusion dependent Warburg is present.

This impedance spectrum shows behaviour corresponding to an irreversible oxidation
reaction with potential and mass transfer dependence, as discussed above. One difference

to the model discussed, however, is the presence of an additional impedance arc.
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Z. (Q*cm?®)

Figure 2.26 Example of a typical impedance spectrum collected for a button cell with
Nip7C003-YSZ anode at 850°C and 50 sccm flow of H, at OCV.

An equivalent circuit model is chosen to represent the impedance data, which
optimizes two factors: the fit of the experimental data and the best sensible fit of logical
combinations of circuit elements. The circuit elements for an inductor (L), resistor (R),
capacitor (C), and constant phase element (Q) are ordered in logical combination. One of
the most common elements is the RC (or similar RQ) combination in parallel, shown
below. A constant phase element is included when the semi-circle it directly models is
depressed by a factor 0 < n < I (derived above). Note that these elements are shown in

parallel, by far the most common combination in impedance circuit modeling.

R R
| C | CPE

Figure 2.27 Circuit elements RC and RQ.

Circuit models proposed by predominant researchers in the field of equivalent
circuit modeling will be presented in figure 2.28, followed by the circuit model chosen to
represent the working electrode for this research. Mogensen [28, 29] presents circuit
(2.28a) which consists of a series combination L;R;(R>Q;)(R3C;). The inclusion of the

inductor is uncommon, but highly logical given the presence of lead wires with a length
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which is much larger than the thickness of the working electrode. Here the resistor R;
represents the ‘serial resistance’, which corresponds to the resistance of the lead wires,
electrical connections and electrolyte. Finally, a series combination of the two circuit
elements R,Q; and R3C; are included to model the high frequency, depressed semi-circle
and the low frequency ideal semi-circle, respectively.

Equivalent circuit model (2.28b), proposed by Fleig, [30-33] is mathematically
equivalent to circuit (2.28a) with the exception of the inductor. Circuit model (2.28c¢),
also proposed by the same research group, provides two RQ circuit elements for the case
where both semi-circles show depressed characteristics. Although both circuits (2.28b)
and (2.28c) are mathematically similar to circuit (2.28a), during experimental data fitting
they provide similar fitting agreement, circuits (2.28b) and (2.28c) provide distinction
between the two R elements of the RC and/or RQ elements. This becomes especially
important when modeling electrochemical impedance spectra for mixed fuel systems, as
will be discussed in subsequent chapters.

The circuit model chosen to model the experimental data presented herein is
shown below as circuit (2.28d). This includes an inductor to model high frequency data,
a resistor to determine the serial resistance, and two RQ circuit elements to model the
high and low frequency, depressed semi-circles observed. This is expected for a working
electrode with surface irregularities and high porosity. It is assumed that each of the
observed semi-circles in the impedance spectrum is related to a reaction or transport
process. The simplicity of this assumption indicates that the current flows through
identical sample structures for all frequencies, which may not be the case in the real
system. Furthermore, some models presented in the literature include three or even four
RC or RQ circuit elements in series. This emphasizes the ongoing debate pertaining to
the number of processes occurring on the working electrode. The possibility that a larger
number of processes are occurring on the electrode than there are definable, observable
semi-circles in the experimental spectrum exists. In this work, since two definable semi-
circles are observed in the experimental data, the equivalent circuit (2.28d) was used.
Other circuits with three or four serial RQ elements were investigated, but did not
provide a fit as optimal as circuit (2.28d), nor would they provide any further chemical

insight.
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Figure 2.28 Serial equivalent circuit models proposed by Mogensen (a), and Fleig (b),
(c). Equivalent circuit model proposed for fitting to experimental data for this research
work (d).

2.8 Electrochemical Measurements - General

All electrochemical measurements were performed using a VoltalLab ® PGZ 301
Dynamic EIS Voltammetry instrument. The button cell, supported by an alumina tube,
was positioned in a Faraday cage made from a grounded alumel wire wrapped around a
quartz tube. The shielded cell was then placed into a tube furnace. The liquid fuel flow
rate was controlled using a Shimadzu liquid chromatograph pump (LC-9A) and the

gaseous fuel flow rates were regulated with Mass Flow Controllers purchased from MKS.
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The temperature of the furnace was controlled using a Barber Colman temperature
controller. An overview of the fuel cell set-up is shown in figure 2.29.

Succeeding softening the pyrex ring and ramping to the operating temperature, the
following electrochemical measurement program was collected. OCV was measured for
1 hour during the reduction to the anode alloy metal: NixCoy.x). A minimum of 1.0 V
value for the OCV was required to proceed with electrochemical testing. If a lower, non-
zero value was achieved, the temperature was ramped back to 900°C for 15-20 additional
minutes before returning to the operation temperature to further soften the Pyrex ring in
order to seal any small gaps between the Pyrex ring and button cell. The cell was then
polarized with an anodic overpotential of 400 mV for 15 hours during which time the
metal reduction was completed and the anode was allowed to stabilize. A 2 hour cycle of
open circuit voltage measurement (OCV), electrochemical impedance spectroscopy
(EIS), voltammetry (CV), and chronoamperometry (CA) was repeated 7 times (over a
total of 14 hours) to ensure the measurements used for reporting were stable and to

observe any changes which occurred within the initial introduction of a new fuel.
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Figure 2.29 Schematic overview of the entire fuel cell set-up.

For OCV measurements, with the exception of the initial measurement for 1 hour
during anode reduction, all following measurements were observed for 10 min, during
which time the measurement reached a stabilized value. These values are plotted in
simple time-voltage graphs herein.

For EIS measurements, 6 spectra were taken at different overpotentials from OCV
in 50 mV steps over the frequency range 100 kHz to 250 mHz with an AC amplitude of
10 mV. The equivalent circuit used to fit impedance data was: L;R[R,CPE[R3CPE;]] as
discussed above. The equation used to obtain the exchange current density (i,) values
from the charge transfer resistance (Rcr, also represented as R; in the proposed
equivalent circuit) values is the following as derived from the low-field approximation of
the Butler-Volmer equation: Io = RT/nFRct. This raw impedance data is most often
represented as a Nyquist or Cole-Cole plot where the real and imaginary components are

plotted against each other. The less common representation, in contemporary literature,
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of this data is a plot of the real component (m) or the phase angle (m) in degrees against

the logarithm of the frequency, known as a Bode plot.

Phase angle (deg

Zr (Ohm) log(frequency) (Hz)

Figure 2.30 Sample Nyquist (left) and Bode (right) plots for Niy7Co¢3-YSZ anode. For
the case of the Bode plot, the real component data (m) and the phase angle data (m) are
shown on the same graph.

Voltammetry measurements were obtained from 200 mV to 1100 mV of anodic
overpotential at a scan rate of 2 mV/s. This range is large in order to ensure that the
region of interest was collected. This is because the OCV value can fluctuate by as much
as 250 mV between button cells, which is used to correct the raw output voltages to
overpotential values. Exchange current density values from this DC data were then
obtained from the Tafel plot. This was accomplished by plotting the natural logarithm of
the current versus overpotential and extracting the data to obtain the y-axis intercept.

Chronoamperometry measurements were taken from -60 mV to 940 mV of anodic
overpotential in 50 mV increments (for a total of 21 measurements) while measuring the
current for 140 sec at each potential to allow a stable value to be reached for reporting
and calculations. This data was used to obtain power (performance) data where the
relation P=IV was used to calculate the power in Watts. This data is represented in plots
with horizontal axis for current density, primary vertical axis as voltage, and secondary
vertical axis as power. If the stability of the power output of the cell was of concern over
a certain period of time, the maximum value of the downward parabolic plot was

extracted from each graph and plotted as a function of time.
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Ni Co, O-YSzZ Cermet

Anodes Prepared Chemically -
Synthesis and Materials

Characterization

3.1 Introduction

The materials properties of the anode of solid oxide fuel cells[1] are of particular
interest since it is this electrode, which is exposed to the various fuels, which will be
presented herein, that produce usable current. Of these, it is the microstructure of the
anode material which affects the triple phase boundary (TPB), as introduced in the
previous chapter. The size of the triple phase boundary (measured as a length or area, a
point which is under debate in the literature — the reason for this will be discussed in
detail during mechanistic descriptions in subsequent chapters), has a direct effect on the

activation polarization of the anode. Activation polarization can be minimized by
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concomitant minimization of the cermet anode particle size, thus increasing the TPB.
Gas diffusion through the pore channels as well as surface transport of physisorbed ions
can be affected by poor microstructure.

The need to optimize anode microstructure is not restricted to minimizing
activation polarization, but also maximizing electrochemical reaction rates. The length of
the TPB has been shown to be directly related to the reaction rate for hydrogen oxidation.
[2-4] The optimization of the TPB can be achieved by tailoring the YSZ, pore and metal
ratios. Thus this puzzle can be approached mathematically by employing the Bruggeman

equation, shown below. [5]

k=x.(1-f)? (3.1)

Here, x is the conductivity of the cermet material, x¢ is the bulk conductivity of the
metallic phase, and fis the fraction of pore space in the material. The power output of the
fuel cell will increase as the pore space in the material is decreased; however, an adequate
amount of gaseous fuel must reach the TPB, thus the compromise in this relation
describes an optimum ratio.

By design, the cermet anode has two materials designed with electronic and ionic
conduction pathways for the Ni component and YSZ component, respectively. Ni
provides the primary pathway for conduction through the anode material, with a
considerably higher conductivity than YSZ at typical operating temperatures (600-
1000°C). For this reason, a continuous pathway for electronic conduction is required
through the anode cermet. The ratio of metallic and oxide components must be designed
with care to produce a cermet material with the desired electronic conductivity. By
experiment, the transition between a cermet material which is ionically conductive and
one which is electronically conductive occurs between a Ni content of 30 — 40 v/v %.[6-
8]

It should be noted, however, that the ratio of the metallic component in the cermet
is not the only factor to be considered; the microstructure, as discussed above, can affect

the overall conductivity of the material, thus justifying the range of optimal Ni content
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given. The size ratio, given by —2% | where d is the particle diameter for YSZ and metal
MO

oxide (MO) particles, can affect the electrical conductivity. As can be deduced, the
electrical conductivity increases as the surface area of the YSZ component decreases.
The smaller the Ni particle size, the larger the conductivity derived from the ability of the
Ni particles to contact with one another.

Experimental findings to support the importance of the function of porosity
during fuel transport in Ni-YSZ anodes have been published, which relates back to the
Bruggeman equation. [9, 10] In addition to these studies, a microstructure composed of
small particles has been shown to produce a small charge transfer resistance. [3, 4] This
is further corroborated by research that shows that a cermet electrode with a small in

MO
ratio will show a small resistance due to a large TPB. [11]

To synthesize the precursor to the metal cermet anode material, a co-precipitation
method was employed, which was developed previously. [12] A common method of
obtaining mixed metal oxides is by mixing the precursor components mechanically, or
employing a porous oxide matrix where the metal salts can be impregnated. [10] [13]
Although these two methods can generate an electrode with a very precisely known
chemical composition, separation of metal oxide and YSZ phases, or inhomogeneous
mixing can cause large phase separations in the resulting cermet material.

The co-precipitation method allows for mixing of the two phases on a very small
scale, allowing for great phase mixing; however, depending on the precipitating agent
employed, the composition of the final material can differ from that which was desired.
By producing a precursor with the highest possible phase mixing of the metal and oxide
components, a uniform particle size distribution is expected along with a uniform metal
distribution throughout the material.

Of the three precipitation agent compositions investigated, namely NH3z, NHs +
NaOH, and NaOH, the latter was found to produce the most reliable material
compositions, with all of the desired metal ions precipitating out of solution as Ni(OH),.
[14] [12] However, the particle size distribution of the resulting material was large, with

particles observed to range from the nanometer to the micrometer scale. Precipitation
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with NH3 was found to be unreliable material compositions due to the incomplete
precipitation of Ni upon nickel-ammonia complex formation, hence the aforementioned
choice of NaOH as the precipitation agent.

During fabrication of the button cell from the synthesized anode material, a very
high temperature (1380°C) is used to co-sinter the anode and electrolyte components.
This is done to ensure good physical and electrical contact between these two layers. The
metallic and oxide components have thermal expansion coefficients which differ enough
to cause cracking and warping of the electrolyte layer of the button cell upon co-
sintering. Mixing of the metal and electrolyte oxide phases, in addition to greatly
increasing the TPB, lowers the thermal expansion coefficient of the anode phase,
allowing for greater physical contact of the resulting sintered cell. This effect then
produces a button cell with greater electrical conductivity, which lowers the polarization
losses at the anode. [15]

Upon co-precipitation, the anode cermet precursors are in the form of the metal
oxide mixed with the YSZ phase, for example NiO-YSZ. The active anode cermet used
in electrochemical measurements is in the form of the reduced metal oxide, which has the
form Ni-YSZ, where this reduction occurs near or at the operating temperature under a
reducing atmosphere, usually hydrogen, a short time before electrochemical
measurements. The development of a reliable, optimized, reproducible method for the
synthesis of the anode material is essential, due to the strong relationship between cermet
microstructure and electrochemical performance. This relationship will be examined
throughout this thesis.

Traditionally, anode cermets composed of a metallic phase of Ni particles is used,
since this metal has been found to have high electrochemical activity with traditional
SOFC gaseous fuels. However, Ni is prone to coke formation and sulfur poisoning when
exposed to carbon-containing fuels or fuels with small amounts of sulfur, as can be
observed by the formation of carbon particles and rods on the surface of Ni particles
during fuel cell operation for the case of carbon poisoning, or lowered electrochemical
activity for the case of sulfur poisoning. [16]

A secondary metal, which has higher resistance to coke and sulfur poisoning, can

provide a synergistic effect. Upon formation of an alloy, the resulting metallic phase can
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act as part of an anode cermet, which shows greater poison resistance and maintains a
strong electrochemical activity. Cobalt is an optimal choice to accomplish this goal. [17]
With an identical crystal phase as Ni and very similar melting point, it is an ideal
candidate to form an alloy with Ni upon co-sintering. Cobalt possesses a greater
resistance to sulfur and carbon poisoning, with a lower tendency towards bond formation
with sulfur and carbon compared to pure Ni metal.

Employing NaOH as precipitation agent, a series of NixCo(;.xO-YSZ is
synthesized for use as anode cermet electrodes. This material is characterized by several
methods, namely surface area determination, X-ray diffraction and scanning electron

microscopy, for the purpose of comparing microstructure with electrochemical activity.

3.2 Experimental

3.2.1 Anode Cermet Material Synthesis

The synthesis of the anode cermet materials is outlined in the previous chapter in
detail. Appropriate amounts of the metal chlorides, NiCl,*6H,0, CoCl,*6H,0, Y,03 and
of ZrCly, were co-precipitated using NaOH to form cermet materials of the form Ni,Co;-
00-YSZ, where x ranges from 1 to 0.7 in increments of 0.05 units. Upon completion of
the synthesis of each material in the series, a portion of each sample was sintered at
1380°C for 4 hours with ramp rates of 10°C/min for materials analysis, as will be

described below.

3.2.2 Materials Characterization

The total surface area of some green cermet powders and of all sintered powders
was collected and found by employing the BET method with N, as the vector gas.
Chemisorption experiments to determine the active metal surface area were conducted

with Hj as the vector gas. Both surface area experimental methods were performed on an
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Autosorb-1C (Quantachrome Corporation), employing the equations, instrument
parameters and assumptions outlined in the previous chapter.

The particle size, shape and morphology was determined using the Scanning
Electron Microscope (SEM) from JEOL Model JSM-7500F SEM. Particle composition
was determined by X-ray dispersive spectroscopy (EDS) using the detector EDS X-Sight.
All powder samples were held to an aluminium sample stage with carbon tape. All
equations, instrument parameters and assumptions used for this set of analyses are
outlined in the previous chapter.

Crystallite size and powder composition were determined by X-ray diffraction
(XRD) with the Phillips PW 1830 model with a CuKa radiation source with a wavelength
of 1.54 A. All equations, instrument parameters and assumptions used for this set of
analyses are outlined in the previous chapter. A variable temperature XRD attachment

(Anton Parr) was used to investigate the crystallization of the powders.

3.3 Results and Discussion — Materials Characterization

3.3.1 Determination of Surface Area for the Ni,Co;., O-YSZ Cermet Series

Surface area measurements of samples as synthesized and after sintering are
determined using N; as the adsorbent gas. The un-calcined (green) samples possess
surface areas of 196.9 and 156.5 mz/g obtained for NiO-YSZ and Ni9.70)C0(.30)0-YSZ,
respectively. The justification for choosing these two samples, as well as only
determining the surface area for two of the seven powders synthesized, is that the
powders will not be used in this form in the fuel cell. However a range of surface areas
for the “as synthesized” powders provides a complete characterization as well as a good
comparison point for the more relevant sintered materials. An interesting point of
research for a future project could be to maintain a higher surface area and thus
potentially further improve the performance of the fuel cell.

Upon sintering of the series of NiCoO-YSZ powders described in section 3.2.1,

their surface areas decreased roughly by two orders of magnitude and are presented in

80



Table 3.1. These surface areas are lower than expected for a highly active heterogeneous
catalyst. This is likely due to the high amount of coarsening expected and observed for
Ni particles upon heating to the indicated sintering temperature. An increase in the metal
loading from traditional heterogeneous catalysts causes an increase in the particle size.
The shrinkage upon sintering of the NiO-YSZ cermet has also been previously
characterized, and this material was found to lose approximately 20 % of its original size.
[18] The mixing of YSZ with NiO has also been shown to reduce the amount of
coarsening experienced by the metallic phase, which will allow for a higher resulting
surface area. [19] The values given in table 3.1 for the surface area of the sintered anode
powders are considered to be very similar to each other. Since each measurement was
only recorded once, a systematic calculation of the error for these values was not

possible.

Table 3.1 External surface area (SA) of sintered NixCo(;.xO-YSZ cermet powder series.
The correlation (R?) for each data point is shown. The second half of the sample name
(O-YSZ) has been omitted for clarity.

Sample External SA (m2/g) Correlation (Rz)

Ni(1.0)Co(0) 0.58 0.994
Ni(0.95)Co(0.05) 0.85 0.989
Ni(0.90)Co(0.10) 0.59 0.997
Ni(0.85)Co(0.15) 0.53 0.997
Ni(0.80)Co(0.20) 0.58 0.980
Ni(0.75)Co(0.25) 0.55 0.983
Ni(0.70)Co(0.30) 0.64 0.988

The values presented in table 3.1 show significant coarsening of the anode cermet
powder upon sintering compared to the green, “as-synthesized” powder, by
approximately two orders of magnitude. As mentioned above, since nickel is prone to
significant coarsening upon heating to the sintering temperature, 1380°C, and the material
is composed of a significant portion of nickel, this is an expected result. However, it is
desirable to obtain a high surface area catalyst since the expected catalysis, the oxidation
of the gaseous fuel at the TPB, would expect to produce a cell with higher performance
with a higher surface area. These values are highly comparable to those obtained

previously in this laboratory. [18, 20] Since the NiCo alloyed anodes are unique to this
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research, there are no other references with which to compare it directly. Similar cermet
powder for testing with respect to the catalytic steam reforming of ethanol, with a Ni;.
0Cox-YSZ composition (x =0, 0.32 and 0.5), were synthesized by Resini et al. [21] with
a metallic component of 50 % w/w, however a surface area was not reported. Despite
this fact, the surface area of the sintered material is within the expected range.

A common method to increase the surface area, among others, is to decrease the
sintering temperature. In the first case, a decrease in the sintering temperature would
reduce the amount of coarsening experienced by the metallic phase, thus resulting in a
material with a surface area closer to that of the green anode powder. However, the
reasoning for employing a high sintering temperature is to ensure good grain-grain and
grain-electrolyte contact. A reduction in these contacts would result in a less robust
anode with higher grain boundary resistances due to current constriction at these

locations.

3.3.2 Characterization of the Cermet Material by Powder X-Ray Diffraction

Cermet powders of the composition Ni,Co(xO-YSZ (x = 1.0 to 0.7) were tested
directly after synthesis, having never been exposed to temperatures above 120°C for
drying, figure 3.1. The lack of crystallinity is evident for the two NiCoO-Y SZ cermet
powders shown, with short, broad peaks and a low signal-to-noise ratio. The NiO-YSZ
cermet powder shows slightly more crystallinity, with marginally sharper peaks, but it
still possesses a low signal-to-noise ratio. These materials, as can be seen, do not have

large crystals; however, crystal formation is expected upon sintering.
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Figure 3.1 Powder X-ray diffraction data for powders “as synthesized” before sintering.

During fuel cell operation, the cermet powders utilized have been sintered at
1380°C for 4 hours with ramp rates of 2°C/min from and back to room temperature.
Powder X-ray diffraction patterns of aliquots of the series of NixCo(.x)O-YSZ
synthesized and sintered are shown below, Figure 3.2. The crystallinity of the material
has increased dramatically from its “as synthesized” counterpart, with markedly sharper
peaks and a much larger signal-to-noise ratio. The PDF identification numbers for the
three phases found in the cermet powder are the following: for Y 0sZr0.9201 93 is
#48.0224, for NiO is #47.1049, and for Ni is #04.0850, given by the Jade 6.1 program.
Both the NiO and YSZ crystalline phases are major components of the cermet powder. A
very minor Ni component can be observed, which decreases in intensity as the Co
concentration increases. A small shift of the peaks belonging to the NiO crystalline
phase with increasing concentration of Co is observed; though is not clearly visible in the

figure, as it is too small a change in the value of 2 theta.
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Figure 3.2 Powder X-ray diffraction data for the series of Ni,Co(;.x)O-YSZ cermet
powders after sintering to 1380°C for 4 h; (m) YSZ (a major phase), (*) NiO (a major
phase), (¥) Ni (a minor phase).

Numerical data found from Jade 6.1 fitting program fit using the psudo-Voight

function presented in the previous chapter is given in table 3.2. Employing a cubic

lattice, fitting parameters produced an average lattice value of 5.119 A for the YSZ phase
over the group of sa