DEVELOPMENT AND CHAR ACTERIZATION OF MATE RIALS
FOR INTERMEDIATE TEM PERATURE SOLID OXIDE FUEL
CELL ANODES

A Dissertation
Presented to
The Academic Faculty

by

Ben Michael deGlee

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophyn
School ofMaterials Science & Engineering

Georgia Institute of Technology
August 2019

COPYRIGHT © 2019BY BEN MICHAEL DEGLEE



DEVELOPMENT AND CHAR ACTERIZATION OF MATE RIALS
FOR INTERMEDIATE TEM PERATURE SOLID OXIDE FUEL
CELL ANODES

Approved by:

Dr. Meilin Liu Advisor
School ofMaterials Science & Engineeri
Georgia Institute of Technology

Dr. Preet Sagh
School of Materials Science & Engineer
Georgia Institute of Technology

Dr. Dong Qin
School of Materials Science & Engineer
Georgia Institute of Technolgg

Dr. Lawrence Bottomley
School ofChemistry & Biochemistry
Georgia Institute of Technology

Dr. Joseph Sadighi
School of Chemistry & Biochemistry
Georgia Institute of Technology

Date Approved:April 11, 2019



ACKNOWLEDGEMENTS

| would like to acknowledge thmanywonderfulpeoge who have supported me
throughoutmy PhD work. First and foremost, my lovely wife has heenl continuous to
be a spectacular partndder patience and love has elevated me above the oizstacles
| 6 v e ddriagomg ime in graduate school, for which | will always be gratéfud | i k e
to personally thank the members of the Sandhage group who helpEdhaetart of my
graduate careeespeciallyDr. Phil Brooke,Dr. Taylor Shapero, DiBrandon Goodwin,
and Dr. Nick Semenikhin. Without thelaily discussions, handm tinkering and early

mentorship of these deenlleagues would not be the engineer or scientist that | am today.

Furthemo r e, |l 6d | i ke to thank al/l t he memb
welcomed me into thelab and have been instrumental in the production of this wirk.
Brian Doyle was a constant source of optimisrayer losing hidopeful attitudeeven
when eyeriments were blowing up in our facé&¥ithout the hard work and hard won
SOFCskills of Dr. Yu Chen, this dissertatipas well as our cauthored publications,
would simply not be possibleDr. Bote Zhao has been amerpresenimotivator, and his
scierific advice haseen well appreciated during my time at Georgia Tech. Ryan Murphy
has beean essentiaroubleshooter andonfidant andhas made incredible selfless efforts
to constructour new highkfunctioning, safe, and impressive SOFC testing T Liu
group has too many members to thank everyone, but | hopenthatirrent and former
colleagues know that | am and always will be grateful for their welcoming and supportive

attitudes.



Fi nal like fo thank dny committee members for their supghrting the
preparation of this document. | chose these members not only for their expertise but for
dedication to education as well as research. This value is especially represented by my
advisor, Prof. Meilin Liu, a dedicated lecturer and scientist witfenuine interest in the
success of his studentsth in his classroom and in his lalm addition, | want to
acknowledge thathis work was partially supported by the US Department of Energy

ARPA-E REBELS Program under award number-BE0000502



TABLE OF CONTENTS

ACKNOWLEDGEMENTS iii
LIST OF TABLES Vi
LIST OF FIGURES viii
LIST OF SYMBOLS AND ABBREVIATIONS Xvii
SUMMARY Xviii

CHAPTER 1. Introduction
1.1  Motivation of Work
1.2 Research Objectives
1.2.1 Engineering Objectives
1.2.2 Scientific Objectives
1.3  Description of Dissertation Structure

WWNDN PP

CHAPTER 2. Background 5
2.1 Solid Oxide Fuel Cells (SOFCs) 5
2.1.1 Operating principle 6
2.1.2 Stateof-the-art SOFCs 9

2.1.3 Intermediate and low temperature SOFCs 10
2.2  Characterization of SOFCs and SOFC materials 12
2.2.1 Electrochemical testing 12
2.2.2 Raman spectroscopy 16
CHAPTER 3. Technical Approaches 19
3.1 SOFC device fabricationand testing methods 19
3.1.1 Fabrication methods used for SOFC devices 19
3.1.2 Buttonrcell assembly and testing 20
3.2  Material synthesis and deposition 22
3.2.1 Combustion synthss 22
3.2.2 Solution Infiltration 23
3.2.3 Physical Vapour Deposition 26
3.3 In situ Raman spectroscopy 27
3.3.1 Description of Raman sysi and Harrick in situ chamber 27
CHAPTER 4. Doped CeQ as an effective reforming catalyst for direct methane
Solid oxide fuel cells 31
4.1  Introduction 31
4.1.1 Hydrocarbon fuels in SOFCs 31
4.1.2 lonic precious metalssaARL catalysts 39
4.1.3 Rationale of observed solubility of precious metals in £eO 41
4.2  Design of high performing low temperature direct methane SOFC 42
4.3 Key hypotheses 44



4.4 Fabrication of SOFCs 45

4.5  Electrochemical performance of SOFC 47
4.6  Structural Characterization of Ruthenium doped CeQ 54
4.6.1 Ex situ characterization of Ruthenium doped €eO 54
4.6.2 Raman analysis of Ruthenium Doped GeO 60
4.6.3 In situ Raman analysis of Ruthenium doped £eO 68
4.7  Synergistic effect of Nickel cedopant in RuxCe1-xO2 81
4.7.1 Thermal catalysis of RCe1.xO2, NixCer.xO2, and RuNiyCer.x-yO2 81
4.7.2 Materials Characterization of Ni and Rl co-doped Ce®@ 83
4.7.3 In situ Raman analysis of Ni doped GeO 87
4.7.4 In situ Raman comparison of Ru, Ni, anddmped Ce® 90
4.8 DFT Analysis of Ru and Ni doped CeQ@ 95
4.9 Conclusions 102
CHAPTER 5. Fabrication and validation of Ni-SDC model SOFC anodes 105
5.1  Summary of chapter 105
5.2  Patterned Model Electrodes 105
5.3 Embedded Nimesh Model Cells 109
5.3.1 Fabrication of NiSDC nodel cells 112
5.4  Electrochemical behavior of model cells 116
5.4.1 Analysis of embedded mesh impedance spectra 123
5.4.2 Voltage dependent electrochemical performance of model cells 125
5.4.3 Dependence of Rp on plnd pRO 128
5.4.4 Calculation of Rp and Hrom impedance spectra 130
5.5 Use of embedded Nmesh model anode to investigate anode activity 134
5.5.1 Quantification of anodic activity as function ofds 134
5.5.2 Observation of Triple Phase Boundary length dependence for model &8l
5.6  Activity modification through deposition of functional coatings 139
5.7 Design and fabrication of Operando SOFC chamber 144
5.7.1 Electrochemical behaviour of cells tested in operando chamber 157
5.8 Conclusions 159
CHAPTER 6. Conclusions 162
CHAPTER 7. Reccomendations 163
APPENDIX 165
A.1  Use of model cells to investigate use of {$SDC for intermediate temperature
hydrocarbon use 165
A.1.1 Model cell testing in methane fuel 166
A.1.2 Model cell testing in propane fuel 175
A.2  Conclusions of model cell testing in hydrocarbons 181
REFERENCES 183

Vi



Table 1

Table 2

Table3

Table4d

Table5

Table6

Table7

Table8

Table9

LIST OF TABLES

Calculated Gibbs free energy changes for various methane refo
reactions, calculated with HSC 5.1 software

Comparison of low teperature direct methane SOFC performanc
similar works

i Measured and reference values for Ruthenium electron kjr
energies

i Activation energy and Free energy changes associated with
oxidation over ionic Ru and Ni sitgsalculations provided by Di
ZiyunWangat Queends University of

i Activation energy and Free energy changes associated \&(th
dissociation at ionic Ru and Ni sitesalculations proded by Dr.
Zi yun Wang at Queends Univers

I Polishing protocol used to reveal -Miesh embedded in sinter:
SDC pellets

I Growth rates resulting from DC or RF sputtering for cata
coatings, as measured by SEM cresstion on Si substrates. F
sputtering conditions were 15 W at 6:3EnBar, DC conditions wer
65W at3.4e2 mbar

i Elemental composition of deposited catalyst films tested in
work, collected by XPS survey scan data

I Activation energy valuemeasured from model cell Rp between |

°C and 750 °C in 60 sccmZHuel over anode with ambient air ov
cathode

vii

52

65

59

98

100

115

140

154

144



LIST OF FIGURES

Figure 1i Anodic and cathodic reactions, standard reaction temperatures and diffusing
species involved in the basic operation of common fuel cell classes. Figure adapted from
U =Y B RS ERO 6

Figure 2i Modern SOFC anode supported cell architecture, operating in Hydrogen. Fuel
enters the porous anode support (~700 em
active regions near the electraythe fuel is oxidized. The electrons produces from the
oxidation of the fuel then flow through a circuit towards the cathode, where they reduce
O, to O lattice anions. Theseanions flow through the electrolyte to the anode, and

the CIrCUIL IS COMIBILE.........viiiiiieiie s e e e e e eee e e e e e e e e e e e e e e e e eeeeeeannsnnne s 10
Figure 3i PredicteddV (a) and #V-P (b) describing the polarization behavior of SOFC
devices. Figures adapted from Gur and Ghoniem &t.al...........cc.coceevevvveceeirciennn. 12

Figure 4i (a) Simulated impedance spectra of a simple Randles cell, illustrating the
locations of the ohmic resistance (high frequency intercept of-¢éhas), and the
polarization resistance (difference between the high andreyuengy intercepts of the
x-axis, (b) circuit diagram of Randles cell simulated in.(&)............ccoovvvvvieemeennneee. 15

Figure 51 Schematic of the change in vibrational energy states that result in Raman
scattering (Stokes and AFRIOKES)3.........coviiiiie i 17

Figure 6i Optical images of (a) tapeaster used for anode support and cathode green
body fabrication, (b) tojplown image of tape after drying at room temperature for 12 h.
(image ourtesy of Dr. YU CReMY.....coviiiiiii e 20

Figure 7i (A) schematic of buttowell testing set up and (B) photograph of testing
setups used in this work, including the Swagelok fittings which hold the input and
Lo = LU S 1T =T U 21

Figure 8i Simple illustration summarizing (a) the basic steps of combustion synthesis
and (b) the solution infiltration of a combustion precursor solutian....................... 23

Figure 9i Porous electrode backbone (a) is wetted with solution of metal precursors and
complexing agents (b). After calcination two coating morphologies are possible: discrete
particles (c) and an interconnected fild).Figure reproduced from Ding et%l.......... 24

Figure 10i Crosssection SEM image of NBZCYYb anode backbone near electrolyte
showing the presence and morphology of doped ceria catalysts afteatiofil and
calcination of Nitrate precursor solution (Citric acid, 1.0 Fuel:Ox ratio). Catalyst are
present as small nanoparticles as defined by the red arrows in thkeaighimage....25

Figure 111 (a) schematic of RF/DC sputtering system (b) optical image of sputtering
chamber used iN thiS WOIK............uuuiiii e ceerer e e e 27

Figure 12 Photograph of Renishaw RM1000 used in this work with key optical
components ankdeam highlighted................uuuiiiiiiiiiee e 28

viii



Figure 13 Schematic of Harrick Praying Mantis ®, showing input and output fittings,
water cooling channels, and connections for thermocouple and heating element. Image
adaped from Harrick product manual.............cccooeoiiiieeieesiiiiiie e 29

Figure 14i Diagram showing the operating principle of gradual internal reforming by an
Anode Reforming Layer (ARL). Products of electrochemical reactions diffitis&RL

layer where they drive reforming reactions. In this design, hydrogen should ideally be the
only species reaching electrochemically active region. (Figure reproduced from Klein et

Figure 15 Gibbs free energy (a) and Equilibrium Constant (b) of relevant reforming
reactions as a function of reaction temper
reactions, |ines with 606 repregdtedasr eact i
phase. SR= Steam Reforming, DR= Dry Reforming, WGS=Water Gas Shift, PO=Partial
Oxidation, BR=Boudouard Reaction, MP=Methane Pyrolysis, RCGS=Reverse Coal Gas

Shift OF REVEISE BOSCIL.....cieeeiieeieiii et e e e e e e e e e e enee s 37

Figure 161 Schematic of Low Temperature Direct Methane SOFC design. AFL, ASL
and ARL represent Anode Functional Layer, Anode Support Layer, and Anode
Reforming Layer, respectively. Figure adapted from publication, generated by Dr. Bote

4 T Yo SRRSO 43
Figure 17 SEM crosssection of (a) the anode/electrolyte/cathode interface and (b) of
the ARL/anode interface (b). Figure adapted from public&fion.............c..ccocovee. 47

Figure 18 (A) P-1-V curve for representative SOFC in &hd CH fuels. (B) Long term
potentiostatic testing at 0.75 V including multiple fuel transitions frenoHCHs. Figure
adapted from PUDICALIOTE. ............ciieie i ceeeee et eemnae s ereeere e areearas 48

Figure 191 P-1-V curves (a) and lonterm testing (b) of SOFCs with and without the
Anode Reforming Layer. Figure adapted from publicatfoidote the difference between
data shown in fig 18 and fig 19 is due to the use of LSCF catlatiter than the
electrospun fibers for the data shown in fig.19............cccoiiiiiee 50

Figure 20i Crosssection SEM of ARL coated NBZCYYDb (a,c) and ARLfree N+YSZ
(b,d) after long term testing intdnd CH. Crosssections were prepared from fractured
samples. Figure adapted from publicafi®n...............ccoooiiiieeeicceceeeee e, 51

Figure 21i Raman spectra collected from ARL coatedB¥iCYYb (250 h) and ARL
free NFYSZ (24 h) anode suppartosssections after testing intind CH fuels. Figure
adapted from PUDICALIOTE. ............eieeee s ceeeeee ettt ere e ereearas 52

Figure 221 High resolution XPS of the BysNio.ocsCen.odO2 anode reforming layer after
250 h of testing in B4 fuel. (a) Carbon 1s region (b) Ni 2p region. Data collected by Yu
Tang at Kansas University, figure adapted from publica&fon..............c...ccovveeeee.... 53

Figure 23/ X-ray Diffraction spectra of RCer.«O2 collected wing zerebackground

sample holder and tungsten reference powde
Low (A) and High (B) resolution scans of RidCen.od02, showing the presence of

Fluorite (CeQ) peaks, with no observation of Ruf@tile phase (35842 d) . ( C) Hi gh
angle peak shifting as a function of Ru content, normalized to W peak position. 56



Figure 24: (A,B) representative TEM images obRC e 950> particles, (C, D) EDS
spectrum and eeesponding map collected from particle in (B), the green color in D is
indicative of Ruthenium signal. Note that the Cu signal is from the Cu grid TEM support,
not the sample. All scale bars are equivalent to 10.NM............coovviiiiicemiiiieieennnnnn. 57

Figure 25: Xray photoelectron Spectroscopy analysis of Ru0.05Ce0.9502 samples, (A)
survey spectra of RusCen 9502 sample (B) High resolution scan of Ru 3p region (C)
overlay of Ri.osCen o502 3d scan and reference 3d for*C¢D) high resolution scan of

O1s region, deconvoluted to show contribution of mexgigen bonding (red) and metal
hydroxyl BONAING (BIUE).......eeeiieee e 58

Figure 26/ (A) XANES spectra of Ruthenium doped CGedhd eference Ruthenium

metal foil collected 200 °C under 97% &BloHO directly after testing at 500 °C. (B)
Ambient Pressure XPS spectra of Ruthenium 3p collected at various temperatures under
97% CH; 3%H0, with the B.E. of Ruthenium metal indicated by tb&ed red line.

Data collected by Yu Tang at University of Kansas, figure adapted from publi€asen.

Figure 27: Representative spectra for polycrystalline gblack) and SmCe.sd02
(red)powders with illustration of key vibratiahmodes. The deconvolution of the 5
characteri-Banado dieditecti idds constitued®2 U anc

Figure 281 Raman spectra collected for Ce@noparticles with Rutimeum dopant
concentrations ranging from 0 to 10%. Spectra collected with 514 nm laser at 14 mW and
normalized to the o peak maximum. Spectra represent the average of signal from at
least four separate locations on the powder sample.............cccoovvveeeieii e, 64

Figure 29i Chart of Defect (D), R (ionic Ruthenium), and Surface Oxide (SO) peak
ratios for samples with varying dopant concentration. Values were collected from spectra
normalized to the Xz peak of Ce@ Error bars represent one standard deviation of data
collected from at least four SAMPLES..........eiiiiieiiii e 66

Figure 30: Conversion of methane over a fixed bed efi&ed CeO2 with 3:2

H20:CH4 fuel stream. 50 mg cample was mixed with 300 mg of purified quartz and
effluent stream was monitored via gas chromatography. (Data collected by Yu Tang at
KaNSAS UNIVEISIEY)....eeveiiiiiiiiiiii e e e s et s s e e e e e e e e e e e e e s aeeess s e e e e e e e aeeeeeeeeesnsssannneeeeeees) 67

Figure 31: in situ Raman spectra for-Beped (A,C) and wdoped (B,D) Ce®

nanoparticles. Red lines represent spectra acquired while holding the stage at 500 °C in
40 sccm H humidified with 3%HO. All spectra are normalized to the F2G peak. Dotted
lines are shown to guide the eye to changé&synpeak positions and relative intensities

Figure 32 (A) Chart of Defect (D), Ru(x+) (ionic Ruthenium), and Surface Oxide (SO)
peak ratios for a 10% Ru doped sample collected at room telnmgeaad at 500 C under
H». (B) Comparison of D:fs ratios at RT and 500 C in H2 for undoped and 10% Ru
doped Ce® Values were collected from spectra normalized to tag€ak. Error bars
represent one standard deviation of data collected from atdemstadmples.............. 70

Figure 33: In situ analysis of Ribped CeO2 at 500 °C in humidified (3%») H.

atmosphere. The spectra in are presented in A, the D:F2G peak ratios are quantified in B.
Error bargepresent one standard deviation of ratios collected over four positions on the
POWAET SAMPIES. ...ttt ettt e e e ee e e e e e e e e et e e e ameeeeeeeenanans 71



Figure 34: Aberration corrected HRTEM of theoR4Ce 950> sample after exposure to
(A) 500 C, 4%1./Ar, 2 h and (B) 900 C, 4%fAr, 2h. A STEM image and the
corresponding EDS maps for the 500 C and 900 C samples are shown in (C) and (D)
(S o[ 1)Y= PP PP PP PP PPTPPPPPPPPN 74

Figure 35: XPS analysis of Ru 3p peak&Ru0.05Ce0.9502 sample before (black) and
after (red) exposure to high temperature reduction treatment (900 °C, 4%H2/Ar) . Both
peaks are referenced to the elemental Si 2p peak (powders were placed on a Si wafer for
1001 R (27> {0 ] ) VRSP 75

Figure 36/ Raman spectra collected at room temperature in ambient @EEl9502
samples as synthesized (red) and after a previous reduction treatment to form Ru0O
particles on the surface (black). Data shownl®s normalized to the&peak......... 76

Figure 371 (A) Raman spectra collected at 500 °C mnfét Ru.osCe 9502 samples as
synthesized (red) and after a 900 C reduction treatment {#¢Ho form R\ particles
on the surface (black). (B) Peak ratios collected from at least four locations on each
sample, error bars represent one standard deviation..................ccceeeeeeeeeeeeeeeee.... A8

Figure 381 Raman spectra collected at 5@ while cycling between 3% 3@

humidified H and Ar atmospheres. Spectra in (a) were collected from thgndisesized,
Ruw.osCen.050- powder, whereas spectra in (b) were collected from an aliquot of that
powder that had been exposed to 4%at900 °C fo 2 h, forming metallic Ru
nanoparticles on the Ce®urface. The powders were equilibrated for 30 min in each
atmosphere before spectra were collected.............ccoovviiieeee e 79

Figure 39: Methane conversion (A) and %M to Hydrogen (B) under steam reforming
conditions (3:2 HO:CHa ratio) comparing Rudoped and Ryprecipitated samples. (Data
collected by Yu Tang at Kansas UNIVErSItY)..........coooooioiiiimmmn e nsiiiiiiineeeeeeeeens 80

Figure 40i (a) CH: conversion with selectivity to Hand CO, and (b) Turover
frequency of steam reforming reaction for singly doped ardioped ReNi-CeQ
catalysts with molar equivalent doping concentration. (Data collected by Yu Tang at
Kansas University), figure adaptagi publication’............c..cceeveeeeieeere e 82

Figure 41i Arrhenius plot of H production rate, with activation energy (calculated from
linear fit slope), for singly doped and-doped ReNi-CeQ catalysts. Data collectda
Yu Tang at Kansas University, figure adapted from public&fion................cc......... 83

Figure 421 (a) XRD pattern collected for 10% Ni doped Ge®) high resolution scan

of high angle peaks highlighting theriraction of the Cegattice due to the

substitutional doping of the Ni cations. (c) High resolution XPS spectra of Ni 2p region
showing the binding of the 10% Ni doped sample, the location of metallic Ni is shown to
highlight the fact that the Ni in theample exhibits a higher BE and therefore is in a non
metallic state. (D) TEM image of Mioped Ce@particles..........cccveeviriiiiiiiiceenennnnn. 84

Figure 431 (A) XANES spectra of Ni doped Ce@nd reference Ni metal foil colles
200 °C under 97% CH%HO directly after testing at 500 °C. (B) Ambient Pressure
XPS spectra of Ni 2p collected at various temperatures under 972%%HO, with the
B.E. of Ni metal indicated by the dotted red line. Data collected by Yu Tang atrkltyve
of Kansas, figure adapted from publicatf8n................cccoveviveeceeieeeeeee e 85

Xi



Figure 44i (a) Raman spectra of Ce@ith varying Ni dopant content, (b) chart of
D:Focintensity ratio as a function of Ni dopant concetitra Error bars represent one
standard deviation of the data collected from four locations on the sample......... 86

Figure 45/ (a) Raman spectra collected from 10% Ni doped Gg®oom temperature
andat 500 °C in H. (b) Chart of values comparing D and*Nipeak intensity values at
room temperature and at 500 °C in Hrror bars represent one standard deviation of data
collected from four locations on the sample.............ooovviiiiiee e 88

Figure 46/ (A) Raman spectra collected at 500 C mnfét varying concentrations of Ni
doped in Ce®@(B) Chart of D:kg ratios measured from the spectra shown in (A), error
bars represent one standard deviation of data callécmn four locations on the sample.

Figure 471 Raman spectra collected at room temperature, 500 °G, iand 500 °C in
CHqa, for (A) undoped Ceg) (B) 10% Ru doped Ce)(C) 10% Ni doped Cefand (D)
5%RU 5%Ni CadOPed CRQL......coiiiiiiiiiieie et reer bbb eeee e e e a1

Figure 48/ Ratios of (A) Defect to s, (B) Ru(+) to kg, and (C) Ni(+) to bc peaks
observed for Ce§) 10% Ni doped Ce£)10% Ru doped CeDand 5%Ru 5% Nie
doped CeQ@ as sample was heated from room temperature to 500 °¢; an#i after
switching to CH at 500 °C. Error bars represent one standard deviation of the.d&a.

Figure 49 Alternativepresentation of Figure 47 in which each doping variation is
compared under the same temperature and atmosphere, rather than following each doping
variation individually through each atmosphere and temperature conditions....... 94

Figure 50i Thermodynamically favored sites for (a) Ni and (b) Ru cations
substitutionally doped into the surface layer of @dQFT calculations provided by Dr.
Ziyun Wang at Queends Uni verublication®.0.£.97Bel f as

Figure 51i (a) Proposed reaction mechanism sequence over ionic Ru and Ni sites. Slow
steps (as predicted by DFT simulation) are shown in red, whereas fast steps are shown in
green (b) Schematic of synergy occurring when Ru and Ni sites occur nearby on the

dopedCe@s ur f ace. calculations provided by Dr.
Belfast, figure adapted from publiCation.............cccocvieriieeeee e 101

Figure 52 Macro and micrescale illustrations of the Triple Phase Boundary (TPB)

active site for a NYSZ SOFC. Figure adapted from Bessler &.al....................... 107

Figure 53 Schematic of emlaieled Nimesh model cell, showing limited TPB sites on

the polished planar anode and high surface area porous cathode..................... 112

Figure 54i (a) illustration of embedded Ni mesh fabrication process (tiyalpmage of
cell after polishing and addition of Ag wire connection (c)}dapvn SEM of NiSDC
interface. (d) Crossection of embedded mesh after sintering at 1400 °C, before
polishing to reveal mesh. (e) Cressction of embedded mesh after polishtimgeveal
mesh. Schematic in (a) is modified from that presented in Blind%t.al................ 114

Figure 55 (a) Average measured OCV values forSDC model cells compared to
theoretical OCV for 97% #3% HO anode with ambient air cathode. (B)y4P curves
collected between 550 °C and 650 °C for@DC model cells..............ooviiiiiiiiienn. 117

Xii



Figure 56 (a) Representative impedance spectra of an embedded m&&N\nodel
cell and a symmetric LSCF/SDC/LSCF cell, measured at 600 C (b) Rescaling of the
spectra in (a) highlighting the spectra from the symmetric cell........................... 118

Figure 571 Representative impedance spectraadpfefmbedded mesh {$DC model cell
with Ag paste connection covered by Ceramabond sealentfopdNmodel cell with Ag
paste on a polished SDC surface, and (efr&& model cell with brush painted Ag paste
on a polished SCD surface, covered with Ceramdlsealant. Measurements were
collected at 700 C with 60 sccm Howing over anode and ambient air over cathode
(I EeTeTs o] 1Y (<o [ T O o TS 119

Figure 58 (a) impedance spectra collected after hegttire cell to 750 C under 60 sccm
H2 (3%H:0) with ambient air over the cathode. (b) Rp values of the cell collected at
various times during the three day teSt............coeiiiiiiiiiccc e 121

Figure 59 (a) RepresentativeV-P curves for NISDC model cell collected at
increasing flow rates (b) impedance spectra collected 0.6 V at each of the flow rates
shown in (a). Data was collected at 700 C while flowing humidifie@Po HO) over

the anode and ambient air over the CHENO.............oevviiiiiiiiiieee e 122

Figure 60i Impedance spectra for MiDC model cell collected between 500 °C and 700
°C (ae). 60 sccm H(3%HO) was used as fuel with ambient air at the cathode..123

Figure 61i Representative impedance spectra for embedded megBAcell collected
between 750 °C and 600 °Gda 60 sccm H(3%H.0) was used as fuel with ambient
air at the CatNOAE...........uiiiiiiiiiiiii e 124

Figure 62 RepresentativeV-P curves for Ni YSZ (a) and Ni SDC (b) model cells
collected at 600 °C. Current density has been normalized by the length of the Ni
Electrolyte interface (PB) ... .o veeeereeeeeeeeiie e e eeerie et e e e e eenee e e eeee e e e eneaee e 126

Figure 63/ Impedance spectra collected from (AX¥X$Z and (B) NiSDC model cells
as a function of applied voltage (OCV, 0.8 V, and 0.6 V), collected at 600 °C with 60
sccm H flowing over anode and ambient air over cathode............ccccvvvvveeeeeneeeee. 127

Figure 64i Dependence of anodic polarization onpfbb) and pkO (c,d). The slopes

of the linear fits, representative of the reaction orders, in (b) and (d) are 0.21GO1LY .

with R? values of 0.94 and 0.96, respectively. Impedance spectra were collected at 500 C
while gas compositions over the anode was controlled by three mass flow controllers
mixing Nz, 3%H0 humidified N, and B at 100 sccm total flow, with ambient air over

thE CANOIE.......eiiiiiiiieeeeee e 129

Figure 65/ Calculated ionic transference numbers foifSIIC model cells between 500
C and 750 C, measured with 60 sccm humidifiedléWing over the anode, and ambient
air over the cathaal Error bars represent one standard deviation of the calculated results.

Figure 661 Arrhenius plots for Buwmic (&) and Rnooe (b) collected from several

embedded mesh model cells. Humidiflegdirogen was flowed over the anode at 60 sccm

or above, with ambient air over the cathode. Linear fits were used to calculate the slope

for each sample, vyielWhtanngd 0L.7049 eevww {((00 == 00 .01

Xiii



Figure 671 Process of ¥pg estimation using ImageJ software package. An optical image
is first translated to a 32 bit grey scale. Then the mesh is defined through contrast
definition to form particles, whose perimeters coreldim give the kpg..................... 135

Figure 68/ Ltpg Normalized activity values for (A) NYSZ and (B) NiSDC model cells
with 60 sccm Hat anode and ambient air over porous LSCF cathode. Error bars
represenbne standard deviation of the data. Please note the diffeses gcale
between () and (D)-.......cooiiiiiiee e e e e anan 136

Figure 69 Rp and Ln(Rp) (a, c) as a function ofrk collected at 700 °C (a,c) and 600
°C (b,d) Dashed lines represent (a,c) allometric (y3 axd (b,d) linear (y=mx+b) fits

Figure 70i (a) Cross section and (b) tolown SEM of SDC films sputtered on a clean Si
wafer for 120 min at 18V, vacuum pressure set 6.33EnBar by flowing 45 sccm Ar
INTO the CRAMDE...... ittt 140

Figure 71i Representative TPB normalized impedance spectra for (A) bes®Nj (B)
SDC coated, (C) Ru coated, (Ry-CeQ coated, (E) NICeQ coated, and (F) FEeO
coated model cells, each collected at 600 °C with 60 sccm humidified@p4H
flowing over the anode, and ambient air over the cathode. THagbrmalized activities
are given in (G), error bars repees one standard deviation of the data................ 143

Figure 72 Operando Raman SOFC apparatus designed and fabricated by the Walker
group. Crossection diagram is shown in (a), highlighting the anodecattibde

chambers contained within the quartz tube under the optical path, (b) photograph of the
operando system, including vertically mounted dplite furnace and custom microscope
optics (beam path shown by blue line). (c) Photo of anode surface dperation.

Figure reproduced from Kirtley €t &8...........ccoooviiiiiiieceee e 147

Figure 73 Schematic (A) and photographs (B) of |
operando Raman chamber, highlighting the internal gas distnibcell mount,

surrounding heating elements and insulation and outer water cooling coils. Figure

reproduced from Brightman et ... 148

Figure 74i Schematic of basic operando system desigyding highlight of patterned
model cell mounted on the end of an inserted alumina tube to replicate button cell type
LE=S] 1] o USSP PPPRPPRRUSPPPN 150

Figure 751 Schematics of the operando chamber (a) outside from (b) vertical cross
section through heating platen, and (c) horizontal esestion of cooling channels. The
numbered components refer to (1) Lid (2) Main housing, (3) Feedthrough positions for
electrical connections and thermocouples, (4) Quartzamimassembly, (5) Feedthroughs
for gas input and exhaust, (6) Input and output for water cooling channels, (7)
Feedthrough for left heating cartridge, (8) cartridge hole in heating platen, (9) heating
platen body, (10) Feedthrough for right heating car&idfl) Feedthrough for Alumina
buttonrcell support, (12) plugs required for the machined water channels.......... 152

Figure 76/ Photographs of the final version of the operando cell highlighting (a)
electical feedthroughs and button cell insert, (b) optical viewport, (c) mounted cell inside
chamber packed with insulation, (d) installation in the Raman system stage,-(iwop

Xiv



image of lid with compression bolts fori@hg and machined slot for objective
placement, (F) sealed model cell before insertion into operando chamber......... 154

Figure 771 Plot of measured Sample and operando chamber outer surface temperatures
as a function of platen set pointp€ando chamber was cooled during measurement by a
chiller set to 20 °C, cell was held at each temperature for 30 min before recording the
sample and outer surface data POINLS..........cuiiiiiiiiiiiieareiiee e 155

Figure 78/ Schematic flow diagram for the operando testing system.................. 156

Figure 79" Raman spectra collected from sample mounted in operando chamber at room
temperature and at 550 °Cz tas flowed into the chambat 100 sccm while ambient
air was supplied to the cathode side achieving an OCV of 949.mV.................... 157

Figure 80i (a) I-V-P curve and (b) EIS spectra of embedded mesh model cell collected
within operandachamber at 600 °C, with 50 sccm #tbwing into the chamber with
ambient air over the cathode.............ccoiiiiieen e 158

Figure 81i Representative impedance of8SIDC model cell collected within the
operando chamber @00 °C while varying the potential of the cell...................... 159

Figure 82" Plot of measured open circuit potential (OCV) of bare&SRIC model cell
during switch from 60 scmm H3%H:0) to 60 sccm Cl(3%HO) at 600 °C......... 167

Figure 83 (A) Plot of measured open circuit potential (OCV) of bare&SIWC model

cell during switch from 60 sccm2H3%H0) to 60 sccm CH(3%H:O) at 600 °C.

Switch occurred at 2 min this figure, oscillation began at 28 min. (B) current measure
of cell under 60 sccm CHat coONSTANT 0.6 V......uuvviiiiiiiiiiiiiiiis e 168

Figure 84i Plot of open cell voltage of a NlSDC model cell fueled with 60 scaBHa
(3%H0) as temperature is varied. (a) 650 °C, heating at 2 °C/min, (b) held at 700 °C, (c)
switch from CH to Hy, (d) switched from kback to CH, (e) started cooling at 2

Figure857 (a) impedance spectra collected at 600 °Cdmfter various exposure times
to methane fuel, (b) plot of polarization values collectedznald a function of time
exposed t0 MEthane fUEL.........cooii e 170

Figure 86/ Top-down SEM images of the Ni surface of model cell after 24 h of
operation in methane fuel, cycling back tefbl impedance measurements.

Magnification is increased through{®). Sample was cooled to room temperature under
FIOWING Ha. ettt e e e e e e e e e e e rmmme e e e e e e e e 171

Figure 87 (a) EDS and (b) Raman spectra of model cells after cyclic exposure to CH4
(S68) and exposure to propane fuel (S67). Raman spectra shown represent the average of
four scans over differa@rocations on the Ni Surface...........ccccceeeiviiiiiiceciicciinneen. 172

Figure 88/ (A) Current at 0.6 V for a model cell during switch from 60 sccna-50
sccm propane (both fuel humidified to 3%3). (B) Adjustment of scale of @i from
(A) highlighting the immediate effects of the fuel switCh...............cccoiiiie. 176

Figure 89 Impedance spectra of embedded mesh model cell collected at 600 °C, while
holding at 0.6 V, before and after one hotiexposure to 3%#D humidified propane

XV



fuel. Spectra are overlaid together in (a) and then the propaneapédttra are plotted
separately for clarity in (b) and (c), respectively............coovviiiiiiien s 177

Figure907i (A) plot of current as a function of time for an embedded mesh model cell.
Fuel atmosphere was changed frostoHPropane at 62 min, as illustrated by the line in
red. (B) plot of impedance contributions from anodic polarization (Rp) and bulk ohmic
resstance (Rohm) as a function of time exposed to propane. (C) Impedance spectra
collected at 0.6 V in Hand propane as a function of exposure time (impedance were
collected in time period gaps in (A)). (D) rescaling of (C) to highlight the relatively low
impedance collected from the cell iIR&t 0.6 V..., 178

Figure 911 Top down SEM images of baredSDC model cell after 12 h of
potentiostatic (0.6 V) operation in propane at 600 °C. 60 sccm of prppamidified to
3%HO was flowed over the anode, with ambient air over the cathode.............. 180

Figure 92 (A) EDS and (B) Raman signal collected from the Ni surface of the model
cell after testing in mpane, from the cell shown in Figure 91..............ccovvvvvvviennn. 181

XVi



LIST OF SYMBOLS AND ABBREVIATIONS

SOFC
ocv
DFT
SDC
GDC
YSZ
MIEC
LSCF
IT-SOFC
LT-SOFC
PBSCF
ARL
BZCYYb
EIS
TPB
SEM
EDS
XRD

TEM

Solid Oxide Fuel Cell

Open Circuit Voltage

Density Functional Theory

Samarium Doped CeO

Gadolinium Doped Ce®

Yttrium Stabilized Zirconia

Mixed lonic Electronic Conductor

Lanthanum Strontium Cobalt Ferriteag.s0Sr0.40)0.95C 00.20F€.80053-u
Intermediate Temperature Solid Oxide Fuel Cell
Low Temperature Solid Oxide Fuel Cell
PrBa.sS10.5C01.5F€0.505 + i

Anode Reforming Layer

BaZro.1Ce.7Y 0.1YD0.10s-i

Electrochemical Impedance Spectroscopy
Triple Phase Boundary

Scanning Electron Spectroscopy

Energy Dispersive Spectroscopy

X-ray Diffraction

Transmission Electron Microscopy

XVii



SUMMARY

Solid Oxide Fuel Cells (SOFCs) are demonstrated energy conversion devices which
directly convert chemical energy into electrical enerdgiirough high temperature
electrochemical oxidation of fuels. Although more efficient than current energy production
methodsthere remain serious obstacles beforeeigevicesan be fully implemented into
the modemn energy infrastructure. Lowerir@0OFCoperating temperatures to less than 600
°C would expand the application of SOFCs while dramatically reducing system complexity
and cost, but performance of these devieesainsprohibitively low, and many corrosion
mechanisms are exasperated under these conditions. Critically, the operation of SOFCs
directly on hydrocarbon fuels has the highest potential for technological impact, but
activity of stateof-the-art materials toward these fuels is relatively low compdoed

hydrogen, and SOFG=anquickly degrade due to the deposition of solid carbon (coking).

To address these obstacles, this work focusedwan key issues inSOFC
technology developmentmprovement of SOFC materials aadvancemenbf SOFC
characterizatin techniques. To address the first issue, a high performing SOFC is designed
and demonstrated, uniquely suited for low temperalirext methan@peration through
the addition of an internal reforming catalyst layer. In situ spectroscopy was used
extensvely to evaluate the defect and surface structureeofdformingcatalyst, directly
relating the material structure to device performance. The second issue is addressed
through the development of a testing platform for quantitative comparison of differen
anodesurface coatingsas well as thelesign andabrication of in situ equipment which

increases the current testingadility of the SOFC community.
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Thekey conclusions made in this work are that Ru and Ni can be substitutionally
doped into a Cephost lattice,resulting inunique defecstructures thaéenabé a high
performance low-temperature SOF@ternalreforming layer. Through the combination
of in situRamarspectroscopyadFTs i mul ati on, the role of eac
performancewas analyzed, with ionic Ru enhancing the defect strucince steam
activationof the host latticeandionic Ni providng preferred sites for & bond activation.
Through the fabrication of a patterned models;al new testing platform for N6DC
anock developmentwas realized, allowing the quantitative comparisdrcatalyticand
electracatalytic activities oflifferentmaterials coated on the ancslegfaceunder SOFC
operating conditionsThe applicability of this platform was demonstrated by véhdea

number of key assumptions, and comparison of several candidatecaatidg materials

These conclusions build upon the current SOFC literature, and peatelirection for

future researchThe Anode Reforming Layer (ARL) component has clearlg o wn it 6s
potential, and should be considered for more widespread SOFC application in lower
temperature direct hydrocarbon SOFTRe study ofprecious metal doped Ce@r use

in low-temperature SOFCs is warranted by the high performance achieveslwotkj as

well as the demonstration of in situ Raman spectroscopy as an effective tool for
investigating these materials. Most interesting is the application of these materials not just

as an anode reforming layer, but as an infiltrated catalyst layerewhey are likely to

improve not only reforming reactions, kalsoelectrochemical reactions. The embedded

mesh NiSDC model cell, described in this work, is wsllited for both screening

candidate catalyst coating materialsd investigating mechanisnof electrode reactions

usingin situanalysis. By using model cells to optimize and study these infiltrated materials
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first, the eventual application to anesi@pported button cells will be less empirical and
more efficient, as these model cells will pide more rigorous understanding of the effect

of the material compared to traditional butiell testing.
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CHAPTER 1. INTRODUCTION

1.1 Motivation of Work

Modern energy production is transitioning away from traditional gas and coal fired
plants to more efficient alteative forms of energy. There are clear incentives from an
environmental, ethical, and commercial stgoiht to develop new technologies which
burn less fossil fuels, more efficiently, until renewable sources of energy can replace the
current energy infrgtructure. Fuel cells have high chemical to electrical conversion
efficiency, with the potential to produce zero emissions (other th@j. [Solid Oxide Fuel
Cells (SOFCs) are especially attractive, since they provide a transition technology, with
the abilty to run on the hydrocarbon fuels that power acunrentinfrastructure, as well as
the hydrogen fuel poised to be the foundatiothefuture energy infrastructurédlthough
the technology has already been implemented in the current marketplacepneiai use
is limited by the relative cost. This cost is primarily caused by the high operating
temperatures required by these devices (~800 D00 °C), which leads to several
disadvantages such as expensive housing materials, accelerated corrosstow aitalt
up times. This is especially disadvantageous for sstalle energy generation, or
distributed generation, wherein large power plants are replaced by a larger number of
smaller systems to reduce transmission losses, placed directly at theopaise
(residential building or industrial campus)s distributed generation is expected to
dominate the future energy landscathere is a clear commercial and technological need
to lower the operating temperatures of these devices, while retaininfieiibllity and

high performance.



This is fundamentallya materialsscienceproblem, a8 new SOFC materials must be
designed with higher conductivity, stability, and activity at these proposed lower
temperature$<600 °C) Functional electrode coatings aneeffectivestrategy to improve
SOFC performancby increasingpower output (catalyti@activity, conductivity, surface

area) as well as stability (physically isolate sensitive components from poisons, catalyze
the chemical removal of poisond)lse of eletrode coatings also accelerates device
development, as the base architecture and manufacturing of the cell is left uncahged
only a single infiltration step is added to the procé®FC development has been
relatively slow, with commercial materidisrgely unchanged for decades. This is due to
the chemical complexity of SOFC operation, wherein performance is affected by numerous
competing factors in addition to material properties, including microstructure, material
compatibility, temperature managent, gas distribution, sealing, and fabrication. This
leads to technological advancement largely through empirical evidence, rather than
fundamental understanding and rational design of these systems. Therefore there is a
critical needor improved charaetrization and cell testingchniques tbetter understand
SOFC materials under operating conditidii®del testing platforms for isolating specific
processes and interfacai®e requiredo enable more targeted experimentatenmd to use

the more fundameal resultsto rationally design new materiafor improved SOFC

performance.

1.2 Research Objectives

1.2.1 Engineering Objectives



1 Design anddbricate high péorming direct methane SOEB@r lowertemperature
operation focusing on new anode reforming layer miaie

1 Demonstratea model celltesting platformfor intermediate temperature SOFC,
focusing on the anode surface and anode surface coatings

1 Develop advanced operandoaracterizatiogapability

1.2.2 Scientific Objectives

1 Form structurgoroperty relationships fchigh performinganodereforming layer
material (cedoped ReNi-CeQ)
1 Validate key assumptions of model cell testing platform, and use this platform to

guantifyfundamentaproperties of SOFC anode materials.

1.3 Description of Dissertdion Structure

This disertation consists of three main sectidfisst, Chapters 2 and 3 contain the
relevant background information required to provide adequate context for the work, as well
as descriptions of the technical approaches used in the described experimentsorite sec
section,Chapter 4, describes the design and testing of a high performing SOFC which
exhibits high performance on direct methane fuel at low temperatures, enabled by a novel
catalyst layer composed of Ru and Ni doped £d®e third sectionChapter 5describs
the development of newharacterizatiorand testing capabilities for SOFC materials,
namely a model cell for investigation méw catalysts oNi-SDC anode surfaces, and the
fabrication of an operando Raman testing chamber which enables t&isfulg SOFC
buttonrcells. Finally, there is brief sectionChapters 6 and 7yyhich contains the key

conclusions and recommendations for future wddilowed by an appendix which



includes preliminary data which was beyond the scope of the dissetatioray be useful

to future PhD students continuing along this resedigttion



CHAPTER 2. BACKGROUND

2.1 Solid Oxide Fuel Cells (SOFCs)

Fuel Cells are electrochemical devices that produce energy through oxidation and reduction
reactions. The principle of operatigvery similar to that of a conventional battery, the

key difference being that the reactive species are continuously fed to the systénel,as a

rather than being a limited and setintained supply. Fuel cells are poised to replace
traditional combuson based heat engines for energy production. They have no moving
part s, produce c¢clean exhaust products and

therefore achieve very high efficiencies at low temperatures.

There are a variety of fuel cell types dahble, as illustrated iRigurel. This work focuses

on Solid Oxide Fuel Cells (SOFCs), defined by their sstate oxygen conducting ceramic
electrolyte. SOFCs traditionally operate at higher temperatures (66A0Q0 °C) dudo

the high activation engies required for diffusion of xygen ions through ceramic
electrolytes. These temperatures add complexity and cost to these devices; components
must be able to withstand these conditions and the accelerated corrosion thawvitbmes

it. Despite the extreme operating environment, SOfe@ginone of the mosattractive

class offuel cellsbecausef their all solid state constructiolgw-costelectrodematerials
requiremerg (Pt-free), and most important|yfuel flexibility. Hydrocarbon fuels can be
directly fed to SOFC anodes to create electrical energy, immediately applicable in the

modern hydrocarbon fuel infrastructure
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Figure 17 Anodic and cathodic reactions, standard reaction temperatures and
diff using species involved in the basic operation of common fuel cell classes. Figure
adapted from Gur et al!

2.1.1 Operating principle

For SOFCs to produce electrical energy, redox reactions must be coupled between the
anode and cathode sglef the eletrolyte. The fuel is oxidized at the anogepdudng
electronsand exhaust products {8 in the case of tHfuel). These electrons flow through

a circuit to the cathodeyhere they reduc®; to O* anions within the ceramic lattice. The
oxygen anionghenflow through the electrolyte to the anode, where they react tth t

fuel andcircuit continues. Thislow of eledronscan be harnessedpooduce useful work.

The cathodic and anodic reactions aréten as
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These devices are limited by their Nernst potential, the maximum reversible cell potential
between the fuel and the oxidizing streams for\gemicomposition. This potential is

derived from the thermodynamic definition of wddk a purely electrical system:
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Where Wi s the electrical wor k., G iesglodalhe <cha

oxidation reaction, n i s the number of el
charge associated with one mol of electrons), and E is the electrical potential of the cell.
We can relate the Gibbs energy change to the fugacities aédlating species by the

relation:
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Where ®@GA is the free energy change at st

constant, T is temperature aiffd represents the fuga@s and stoichiometries of the

example reaction, UA + BB = c¢cC + UuD.

By combining Equations 3 andwk arrive at the Nernst potential for this reaction
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Applied to the anodic and cathodic reactions here, and assuming idéaehgasourpH,
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This value E is equivalent to the theoretical Open Cell Voltage (OCV) of the cell, the
potential when no current flows through the cell (before d¢heuit is completed).
Theoretcal OCV can be calculated fdifferent gas compositiorend temperaturebased

on the different electrochemical reactions that are taking pfracean SOFC operating in
humidified H (3% H20) fuel with ambient air (21% £pas the cathode, the voltage at 600

°C is calculated as 1.16 V.

Once a circuit is completeand current begins to flowthe actual operating voltage is
decreased by several irreversible losses, i.e. polarization. These losses are described by the

overpotatials associated with various phenomena such as ohmic resistance to ion and



electron conduction, activation barriers for reactions at the anode or cathode, and mass
transfer limitations. Polarization losses can also result fotdmer, norstandardjssues
suchaspoor lead connections, current leakages, or inadequate sealing between anode and

cathode atmospheres. These losses can be summarized as:

(8)

The primary goal of the SOF€hgineeiis to maximize the power densiby thesedevices
by systematically identifying each cause of polarizationthed designingiew materials

andarchitectureso decreasethese losses.

2.1.2 Stateof-the-art SOFCs

The state of the art SOFC is composkthee basic sections: porousoae support, dense
eledrolyte, and porous Cathod&he anode consists of a poram@samiemetal composite
(cermet) ofnickel and Yttrium Stabilized Zirconia (YSZ). Theckel phase acts as the
hydrocarbon reforming and hydrogen oxidation catalyst as well as the electronictoondu
YSZ is an oxygen conducting ceramic with reasonable ionic conductivity at temperatures
above 800 °C and good stabilitshile operating in syngas angdrogen fuels. A dense,

thin layer of YSZ also acts as the electrolyte. Pbeousanode is the thiest section of

the device, providing high surface area and mechanical integrity-callsal anode
supported cells. The state of the art cathode is a Mixed Elaitronic Conductor (MIEC)

Perovskite, e.g. LSCfLao.60S0.40)0.95C 00 2d-&0.8003-1)) which has high activity toward the



oxygenreduction reaction andioes not require secondaryelectronconducting phaseé\

basic schematic of an anode supported SOFC is givierFigure?2.

Anode Support Layer

700 pm
Coarse Porosity
e —
Electrolyte ‘. 20 um ;—;f\/
& e’ I
Porous Cathode 50 um

Figure 27 Modern SOFC anode supported cell architecture, operatig in Hydrogen.

Fuel enters the porous anode suppoit ~700 e m t hick), then as i
electrochemically active regions near the electrolyte, thei€él is oxidzed. The

electrons produces fromthe oxidation of the fuel thenflow through a circuit

towards the cathode, where they reduce £10 O?* lattice anions These G anions

flow through the electrolyte to the anode, and the circuit is complete.

2.1.3 Intermediate and low temperature SOFCs

The highoperating temperatures of traditiorNilYSZ basedSOFCs make these energy
systems inherently complex and expensigquiring high temperature compatible housing
andrestricting their entry into the modern energy infrastructure. Significate effort bas be

directed toward Intermediate Temperature cellsSOFCs), operating between 650 °C

1C



and 850 °C and, more recently, Low Temperature cellsSOFCs), which operate below

650 °C?

Enabling these lower temperatures are new ceramic electrolytés higher ionic
conductivities Gd and Sm doped Ce@5DC and SDC) represent the workhoosehis

field due to their high conductivity, stability and ease of processiiglatively new class

of proton conducting perovskites, such as Yttrium doped Barium Cerates (BCY) or Barium
Zirconates (BZY), havalsoshown promise for intermediag@dlow temperature SORC

The activation energy required for proton diffusion is much lower than that for oxygen and
therefore the ionic ewuctivity of these electrolytes is not as affected by decreasing
temperatures. Of course, utilizing proton conduction modifies the fundamental reactions
taking place at the electrodes. Rather than a flux of oxygen anions flowing toward the
anode surfacdyydrogen protons are instead drawn from the anode and water is formed on
the cathode siddnterestingly,these materials have exhibited promising performance in
hydrocarbon fuels at low temperatures, showing remarkable tolerance to coking and sulfur
poisaing and therefore are the subject of intense res@arignificant amounts of steam
must be added to the fuel to enable coking resistance with proton condiysiems, in

order toprovide a source of oxygen requiredaom volatile oxidation products of carbon

(CO).

Although great advancements have been made #8QFC technology,operating
temperatures remain prohibitively high, and power densities protalyitiow, for many
applications® Therefore this remains a significant and competitiea @f research for the

energy community.
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2.2 Characterization of SOFCs and SOFCmaterials

2.2.1 Electrochemicatesting

Linear voltammetry is the mosbmmon techniquéor testing SOFC devices. The
critical performance metric for these devices is the peak pawsitg supplied by the cell
A well-engineered cell will have minimum polarization losses, resultindhigteerpower
output and a moreffective device. In addition, theM-P curves (plots of voltage and
power @nsity as a function of current dengitanillustrate the contribution adifferent

polarizationlossego cell performance under different current density regirfggie3).

a 1.2 2.0
( ) (b) 50% H2 in H20
800°C
1.0 I atm
Theoretical cell voltage (E°) '
E ----------------- }. Chemical Een 115
OOV i i s e i S g ~ shorting loss y S
Useful cell voltage (measured) (‘, M,"," 0.8 | Z
< +—Activation Losses C &
< % 0.6 Leakage ~ 10 2
g) Ohmic Losses = =
5 -
© / Mass 2 i S
8 Anode a
e} Transport 04 act 8
= Losses Ohmic =
il 0.5
8 02 Anode conc
Cathode act
K /- Cathode conc.
Current density (A/cm,) 0.0 : - - 0.0
0 1 2 3

Current density (A/cm?)

Figure 31 Predicted |-V (a) and I-V-P (b) describing the polarizdion behavior of
SOFC devices. Figure adapted from Gur and Ghoniemet afl-1©
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For a galvanic system there are tyhig three polarization regimes. At relatively low

current densities, the reaction rate is limited by the charge transfer polarization,
representative of the activation energy barrier of the oxidation or reduction reaction. At
higher current densities, tloeerpotential is sufficient for the charge transfer reaction, but

as the current is increased the polarizat:i
Law Viess = I*Ronmic) - Ohmés |l aw is a |linear function
dominatesthe FV curve becomes linear. As the cell reaches peak possible current, the
polarization due to mass transfer begins to dominate, as the reaction is occurring at a faster

rate than the reactants and products can diffuse to and from the reactivesgitagivaly.

These regions are modeled by the vkelbwn ButlerVolmer equation

r omkh €O .1 &0

Where | is the applied curremt,s the developed overpotential,i$ the exchange current
densi t vya,an dcnak) the) anodic and cathodic ofar transfe coefficients,
respectively:**? The number of electrons exchanged in the rate limiting steprissented

by n, with F and R being Faradayds constan

Depending on the conditions of the cell, the Butfetmer relation can be simplified. For
example, at low polarizations the exponential teb@somdinear(e*~ 1 +x aasd x Y 0)

a low-field approximation is made as

00 S
LYY (10)
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Additionally, if the overptential is sufficiently large in one direction, one of the

exponential terms becomes negligitdad the relation simplifies to:
ke 1808 | —
R Cs | VAR (11)

In cases in which the mass transport of reactants and products to and from the active sites
become rate limiting, the concentration polarization nhestonsidered and the equations

are modified as follows:

— ... &0 O, ...1 &0
O O p EQOOHY—Y P EQ(A)W (12)

Where La and L are the limiting current dengt for the anode and cathode reactions,

respectively.

Another crucial characterization technique is Electrochemical Impedance Spectroscopy
(EIS), which provides more detail on the specific sources of polarization occurring in the
system. Briefly, asmall AC signal (~10 mVin amplitudg is applied to the cell and
impedance is measured as a function of frequency. The phase of the sinusoidal current
produced by the AC voltage will be shifted depending on the impedance of the cell. By
separating the imagary and real impedance values as a function of the signal frequency,
one can deconvolutethe capacitive and resist type responseswhich can yield
information on the impedance contribution from different frequency dependent
phenomena, reaction steps, ohmasistancg or diffusion processes. Data are often
presentedn a Nyquist plot for this purpose, which plots thgedancesalue collected at

each frequency as a vector on an imaginary coordinate plane. This results in one or more

14



loops or semicircles ottne plot, which provides ready interpretation and deconvolution of

the impedance.

Circuit modeling can be applied to electrochemical systems by assigning proposed reaction
steps to fundamental electrical components (e.g. resistors, capacitors, andrshducto
arranged in a specific circuit. The most commonly usecuitiodel is a simplified
Randes cell Figure4), in which a solution resistances B placedin series with a parallel
combination of a capacitive element (either &leal double layer or a constant phase
element) and a resistive element assigned to charge transfer. In addition, a resistive
diffusion element (Warburg impedance) can be added in series with the charge transfer
element, which represents polarization hsg from the flux of reactants to, and products
from, the reaction sit es .nodngléusique eaquivalent a n t
circuit modelthat describes each spectrum so empirical models with the fewest elements

possible often yield the nsbusefulconclusions

a) a0 T T | T b)
240 Relectrolyte —
Ix“ L E‘ --------------------------------- ’ E - R‘\ I l
(-1mag). Rpolarization —{:}_ S
120 T 2
: / \ : {1
: : | S |
60 - =
! Ret or Rp
0 f | | | | HE
0 60 120 180 240 300

real
1

Figure 471 (a) Simulated impedance spectra of a simple Ratescell, illustrating the
locations of the ohmic resistance (high frequency intercept of theaxis), and the
polarization resistance (differencebetween the high and lowfrequency intercepts of
the x-axis, (b) circuit diagram of Randlescell simulated in (a).
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As the specific impedance resulting from various electnmated processes are defined,

EIS @an be used to calculate activation energiegémh procesBy collecting impedance
spectra at various temperatures and applying the values to an Arrhenius relation in the form
of:

T

2.2.2 Raman spectroscopy

Raman Spectroscopig a vibrational spectroscopy technique that relies on inelastic
scattering of light correlating with the polarizability of tHeatrons in a molecule. As light
interacts with a materiaimoleculesare excited to higher energy states. Usually the
molecules redx back to theameground state (Rayleigh scattering), but some will relax to
a slightly higher energy state than ground level (Stokes scatteamglustrated ifrigure

5. This results in scattered light with a shift from thregimal wavelength to a higher
wavelength (lower energy). Bylacing an edge filter between the scattered light and the
detector you remove he incident wavelength and only allothe shifted (higher
wavelength, lower energy, Stokes shift) light to redwh detector. This is the Raman

signal.
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Figure 57 Schematic of the change in vibrational energy states that result in Raman
scattering (Stokes and Antistokes)'?

The intensity of the Raman signal is dictated by the polarizability of the molecule or bond
scattering the light. Certain molecular vibrations will distort the electron cloud, allowing
the electrons to interact (exchange energy) with the electric field of the incident light.
Symmetric vibrations, such as C=C bonding, are very polarizable (distort the electron cloud
during vibrations) and therefore often show very strong Raman bands. Gh¢hdand,

most asymmetric vibrations, such as the C=0 bonding i5y @®not distort the electron

cloud during vibrations (are not polarizable) and therefore show weak or no Raman bands.

Raman spectroscopy can theoretically be used with any laserengtrel since it is the
shift in frequency that correlates with the vibrational mode, rather than the specific
adsorption frequency (as in Ispectroscopy)Still, the laser used does have significant
effects on the Raman signal. The Raman signal intediségtly depends on frequency of

the laser, as seen by the relation:
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(14)
Wher e | i's the Raman i nt en siistthe,nciddnt liglst t he
frequency, 3 is the vibration frequldncy, C

strength of the bond. The relatively large exponential term on the frequency variable
predicts that even small changes can drastically increase the measured intensity, and
therefore lasers with lowewavelengthbeams are often most attractive for Raman
spectroscopyHigh frequency(low wavelength)ases can have drawbackkough,such

as induced fluorescence and sample damage.

There are many advantages of Raman spectroscopy compared to similar optical techniques
(such as IR absorption). Transmissiorotigh the sample is not required, as the scattered
light from a sample surface can easily produce enough signal. The flexibility in laser
wavelength allows analysis through glass, enabling in situ and operando experiments. In
addition, the very small spaizes of modern lasers provide very high spatial resolution,

critical for mapping experiments of sample surfaces.
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CHAPTER 3. TECHNICAL APPROACH ES

3.1 SOFC device fabrication and testing methods

3.1.1 Fabrication methods used for SOFC devices

3.1.1.1 Tapecasting

Tapecasting was wed to fabricate large tapes of green ceramic (anode or cathode) using a
doctor blade to control thicknesSlips weremade by adding powders to Menhaden Fish

Oil, Graphite (pore former), Xylene, ethanol, polyalkylene glycol (plasticizer), butyl
benzul phtalate (plasticizer), and polyvinyl butryl (binder) in a:1036:1:4:4:0.66:

0.34: 0.62 ratio, where solvents were measured by volume and remaining components by
mass. The slip was degassed in a vacuum oven for 10 min to avoid bubble formfatien b
pouring the slip on the moving tape before the doctor blade. After drying at room
temperature for >12 h the sheet was punched into the required size for the circular
electrode. Cathode tapesweresiitean nded t o t he el ectfSDCyte by
suspension (1:4:2fatio by mas®f powder, V006 binder, and acetone), allowing to dry

for 10 min, then softly pushing the tape against the electrolyte. The green tapes were fired
to 1060 °C for 2 h to bond the electrode to the electrodywmilar process was also used

for fabricating anode supporting the unsupported green Jdermet tapes to 1000 °C

for 2 h. An image of the tapeaster and representative optical imafj@ green tapare

shown inFigure®6.
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Figure 61 Optical images of (a) tapecaster used for anode support and cathode
green body fabrication, (b) topdown image of tape after drying at room
temperature for 12 h.(image courtesy of Dr. Yu Chen).

3.1.2 Buttoncell assembly and testi

Button cells are the work horse of SOFC materials development. A large scale,
commercially viable SOFC system is composed of a stack of planar or t@iRCsS,

which requires complex current collection, temperature management, and gas distribution
sysems. A buttorcell is a small circular SOFC fabricated by gmgssingor tapecasting,

often between 10 mm and 25 mm in diameter. These cells can be easily sealed to the end
of a similar diameter Zr@or Al,Oz ceramic tube, creating a controlled atmosphar the

anode side of the cell (inside the tube). These tubes are mounted into a simple compression
fitting andcan therefore can support and provide fuel to a single cell within a standard lab

scale furnace. Silver wire is guided along the tube and ctethéo each electrode using

20



silver or nickel based conductive pastes. A simple compression fitting tee is used to provide
input and exhaust to the cell, using a smaller diameter ceramic tube to provide fuel input
directly at the anode surface. A schematid example of the buttesell fixtures used in

this work are shown ifigure?.
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Figure 771 (A) schematic of buttorrcell testing set up and (B) photograph of testing
setups used in this work, including he Swagelok fittings which hold the input and

exhaust lines.

Although this is the simplest technique for testing SOFCs, there are some drawbacks. Fuel
utilization is inherently low compared to stalevel systems, as not all of the fuel gas is
confined toflow through the porous anode, and therefore not all of the fuel interacts with
the active sites. Ambient air within the furnace is used for the cathode of the cell, which
can yield lower power compared to flowing a controlled atmosphere over the cathode,

especially if pure oxygen is used rather than the ~21pr&€3ent in air. Still, these devices
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are the most simple and cost/time efficient strategyefsting new SOFC desigmsthout

the complications and cost of stack testing.

3.2 Material synthesis and aposition

3.2.1 Combustion synthesis

In addition to standard solid state reactions of precursor powders, combustion synthesis
wasalsoused tanakesmall batches of powdeand doped catalystk this method, metal

nitrate precursors are dissolved in an aquesmhgtion of a suitable @hating agent, e.g.

Citric Acid, EDTA, orGlycine. This agent forms metal organic complexes with the cations,
increasing their solubility. As the solution is heated a gel is formed and once a critical
temperature is reached a ot combustin reaction is ignited. Since the nitrate species
act as theoxidant, and chelating agents as fuethe combustion can quicklgach
temperaturesvell above 1000 °Ct* These brief, but extreme, high temperatures facilitate
the formation of complex doped oxides without the use of high temperature furnaces and
slow sold state reactions. Correct phase formation is assisted by the homogenous
distribution of the cations within the gel, as well as the normalizing the decomposition
temperatures of the metal precursors. If only metal nitrates are dissolved in solutian, nitrat
salts will simply precipitate during heating. Different Nitrates have dramatically different
decomposition temperatures in air, therefore oxides will be formed at different times and
multiple phases will be produced rather than a pure doped phBssvders formed
through this methodhaverelatively high surface areas and nanoscale pore features and

crystal sizes which makes them very effective for catalysis and low temperature sintering
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Figure 81 Simple illustration summarizing (a) the basic steps of combustion
synthess and (b) the solution infiltration of a combustion precursor solution

Although wellcontrolled systematic investigations are rare, the most important factors
controlling product morphology and phase purity are: choice of chelating agent, cation to
agentratio, and fuel to oxidant rati¢'® ENREF_1%helating agents witlstronger
affinity to all of the cations present, and those which can form complexesnultiple
cations, provide the most phase pure products. The fuel to oxidant ratio controls the local
temperature reached during the combustiéwcording to propellant chemistriyellean

and fuetrich mixtures will be kinetically limited and will niaallow for the rapid self
promoting combustion that a stoichiometric mixture will have, and therefore will not reach
the high temperatures necessary to form doped okid&s.the purposes of this work, an
excel spreadsheet was used to calculateettpaired chelating agent to cation ratio for the
ideal fuetoxidant ratio, following the approach d&in et al to calculate and balance the

oxidizing and reducing power of each precursbr.

3.2.2 Solutionlnfiltration
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Solution infiltration isa useful and popular technique for coating porous anode and cathode
electrodes with furtional metals and metal oxideReadily available metal oxide
precursors (e.g. Nitrates) and complexing agents (e.g. Citric Acid, Glycine, EDTA) are
dissolved in a stable solvent (in an identical approach as for combustion synthesis
solutions) and deposited on the porous electrode. Often, a surfactant is added (e.g. 0.1%
wt% Triton-X 100) to lower the surface tension of the solution and promote the complete
wetting aml infiltration of the porous structure. After drying, the infiltrated electrode is

calcined to form th desired phase of ticeating.

a Backbone b / Solution

Infiltration

Thin film

Particle
C coating

deposition

Electrohtor s Electrolyte

Figure 97 Porous electrode backbone (a) is wetted with solution of metal precursors
and complexing agents (b). After calcination two coating morphologies are possible:
discrete particles (c) and an interconnected film (d).Figure reproduced from Ding et
a|19
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Although this may appear like a very straightforward technique, the structure and
morphology of the film can depend on a number of factease prity, crystallite size,

and porosity are determined by the kinetics of the decomposition of precursors during
calcination. Coating morphology will depend on number of infiltration cycles, method of
infiltration (submerged, vacuum assisted, injected), amirdngle and solution viscosity.

The performance of these infiltrated coatings is directly related to the structure and
therefore deposition by infiltration must be well optimized in order to achieve high
performances and great care must be taken inaltmgy morphology when comparing
different chemistries®?® A representative coating morphology of one coating of 0.1 M

infiltration solution is shown ifrigure10.

Figure 107 Cross-section SEM image of NiBZCYYb anode backbone near
electrolyte showing the presence and morphology of doped ceria catalysts after
infiltration and calcination of Nitrate precursor soluti on (Citric acid, 1.0 Fuel:Ox
ratio). Catalyst are present as small nanopatrticles as defined by the red arrows in
the right-hand image
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3.2.3 Physical Vapar Deposition

Sputtering is a common thin film deposition technique that uses the combination of a low
vacuum (~102mbar) and high voltage to create a plasma over a target material. The ionized
gas, typically argon, bombards the target material ejecting high energy free atoms. The
vacuum conditions increased the mean free path of the ejected atoms, alloslatyely

conformal deposition of the target material on the substrate of interest. Both DC and RF

voltages were used, for conductive and insulating target materials, respectively.

A sputtering system custom built in the Liu group was used in this wdikhvihas both

DC and RF power supplies, as shownFigure 11. Vacuum conditions are controlled
through the combination of roughing pump, turbo (capable dflfar), and a mass flow
controller. After pumping the chamber down, thk&-C is used tosetthe appropriate
amount of Ar to produce a strong plasma wbdatrollingthe mean free path of the ejected
atoms. A lower pressure is often advantageous for sputtering of dense films, while higher
pressures will introduce porosity an@ra roughness$:or the conditions used in this work,

the materi al deposition was uniform within
space for up to six samples to be sputtered simultaneously. Samples were generally coated
while at room temperaturesich is more likely to produce amorphous films, and therefore

all coatings were annealed at 750 °C for 4 h before testing to ensure a crystalline phase had

formed.

26



Ar inEut—E

Voltage control

Sputtered atoms

Substrate

To Vacuum pump

Figure 117 (a) schematic of RF/DC sputtering system (b) optal image of
sputtering chamber used in this work.

3.3 In situ Raman spectroscopy

3.3.1 Description ofRaman system and Harrigk situ chamber

A Renishaw RM1000 spectroscopy systequippedwith both 633 nm and 514 nm laser
sources was used in this work. LasesVigcused on the sample through a Leica DM series
microscope paired with a Prior Procscan Il motorized stage. Several objectives were used,
but primarily the 50x and 20x Olympus SLMR and LMPlan Flseriesrespectivelydue

to their relatively high numeral aperture and long working distan@ée minimum spot

sized achieved through the 50 x objective is2~dm. A photograph of the beam path

system isshownFigure12.
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Figure 121 Photograph of RenishawRM1000 used in this work with key optical
components and beam highlighted.

For in situ measurements, a Harrick Praying Mantis® high temperature testing chamber
was used. Thishamber provides a controlled atmosphere and direct heating of the material
of interest, with a quartz window for optical access. Temperature of the sample was
controlled via thermocouple and benchtop PID controller. A diagram of the device is

shown inFigurel13.
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Figure 1317 Schemadic of Harrick Praying Mantis ®, showing input and output
fittings, water cooling channels and connections for thermocouple and heating
element.Image adapted from Harrick product manual.

These devices have been heavily used in the Liu group to studg S@kEerials, most
notably in the study of carbon and sulfur poisoning of Ni andY 8Z cermet materials

under SOFC relevant conditiori$26. Although critical irsights have been gained from
these works, these studies were limited to in situ conditions of temperature and atmosphere
(Hz2 or hydrocarbon fuels). In order to observe phenomena occurring under true SOFC
operating conditions, operando experiments are redwhich require a full cell to be
mounted as a membrane assembly between the fuel ardndier thes conditions, a

natural chemicapotential is established ambtfawn current density will bring a flux of

oxygen into the anode chamber, which is expetci@dodify the behaviour of the materials.
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This possibility will be discussed further in Chapter 5, in the design and fabrication of a

novel operando Raman chamber.
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CHAPTER 4. DOPED CEO.; AS AN EFFECTIVE REFORMING
CATALYST FOR DI RECT METHANE SOLID O XIDE FUEL

CELL S

This chapter outlines the design and development of aditéibe-art SOFC capable
of direct methaneperation atemperatures as low as 580. A critical component of the
SOFCdesignwas found to bea highly activeAnode Reforming Layer (ARL), which
erhancea the internal reformingn the anodgenriching the fuel with HHand COas it
enteedthe electrochemically active regions of the anode suppoetARLwascomposed
of CeQ particlesdoped with ionidRu and Ni, representative of a class of cataltich
show very high activity at relatively low temperatures by making use of precious metals
stabilized in a cationic statwithin a CeQ lattice Special focus is given to the
characterization of Ru and Ni doped Gdiy Raman spectroscopgnd the effeicof these
dopants on the defect structure of the catalyst under operating cond8tonsture
property relationships observed through in situ spectroscopy are usgghtotguroposed

reaction models.

4.1 Introduction

4.1.1 Hydrocarbon fuels in SOFCs

One of the gmary advantages of SOFCs over other fuel cells is their fuel flexibility.
Whereas Rbased Polymer El¢olyte Membrane (PEM) fuel cells are quickly poisoned

by the presence of CO, SOFCs dficiently oxidize COto CQO, without degradation.
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Therefore, many currelOFCsystemsare run in series withnaexternakreforming unit,
wherethe hydrocarbon fues mixed with steam at high temperatu(eg50 °C)to create
H> and CQ which is then piped into the SOFC stack. Alternatively, SOR&e the
potential tointernally reform the hydrocarbon fuel, utilizing thex® and CQ exhaust
products of the electrochegail reactiondo drive the reforming reactionBlickel is the
primary component of the cermet anode,amadddition to being an excellentdxidation
catalyst is very active for various reforming reactio@®mpared to external reforming
SOFCs, internateforming SOFCs are more commercially attractagetheyavoid the
significant cost of the preeforming unit and water management systand allow very

high concentrations of hydrocarbon fuel to the be directly fed to the device without dilution.

Due D its large domestic supply and developed infrastructure, natural gas (primarily
methane) is the ideal hydrocarbon for internally reformed SOHF@sre areseveral
possiblereforming reactions for methane, suabk Steam Reforming, Dry Reforming,

Water Gasshift, or Methane Pyrolysis:

O 060 ¢O 60

(15
00 060 ¢O 60
(16)
00 00 O 00
17
00 o6 O
(18

The reforming productsCO and H, canthen electrochemically oxidizedy.
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O 0 00 ¢Q

19
00 O 00 ¢Q

(20)
o] cO 00 1Q

(21)

Although a number of reactions can be written for the direct electrochemical
oxidation of CH, these reactions are thought to be only minor pathwelgtive to the
oxidation of H.2” Kinetics play an important role withinthe anpttee dr i vi ng f or c
for the electrochemi¢axidation of CH and CO are much lower than that of &hd the
H2 reaction is much faster, with less stémsidation of CH would theoretically be an eight
electron processMuch of the surface area of the porous anode will also interact with the
fuel before reaching the electrochemically active siteseasing the probability that the
methands largely convertedo H, and CO beforét reaches an electrochemically active
site.For these reasons, it is common practice to expewubttage ofan intemally reformed

SOFG regardless of fuel, is that establisliedthe hydrogen equilibrium.

The nickel component of the anode cermet can provide adequate reforming
catalysisputis prone to degradation by carbon deposition and is less active as thangperat
temperatures are loweretihe same properties that makiekel an effective reforming
catalyst make it an excellent catalyst for the deposition of cdrpaquation (18)The
growth of solid carbon decreases the number of active sites, inhibitogasfld causes
substantiamechanicaktress orthe cell. These affects have been mitigated by increasing
the levels of steam in the fuel, towards compositions in which Carbon formation is not

thermodynamically favored, but the excessive steam requirgd3(d. Steam to Carbon)
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comes withthe unattractive drawbacks of fuel dilution and system complexity. Therefore,
considerable work has been done in studying déwdondeposition mechanisms and
identifying different materials which inhibit this growth aacde therefce able to tolerate

low steangas compositions.

The incorporation of reforming catalysts that can efficiently canfieels to
hydrogen, with higher activity and stability than the Ni component already present in the
cermet anode, is an intetieg strategyfor direct methane SOFCgernouxetal were the
first to propose the strategy of Gradual Internal Reform{iGéR): adding aanode

reforming layeroptimized forhydrocarbonreforming before the porous anode support

(Figure14).282°
|
CHi * ooger  CH, + H,0 ===~ 3H,+CO |lcATaLysis
e H,0 ' : = ; ANODE
- -
ELECTROCHEMISTRY
Imcmowm
9" COLLECT
CATHODE
0; =i

SS222S22222220802220 20200000 R2s

Figure 141 Diagram showing the operating principle of gradual internal reforming
by an Anode Reforming Layer (ARL). Products of electrochemical reactions diffuse
into ARL layer where they drive reforming reactions. In this design, hydrogen
should ideally be the only species reaching electrochemically active region. (Figure
reproduced from Klein et al)*°
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The Nibased anode is protected from coking due to large concentration gradient that is
established across the anode and catalyst latyerdpcally high concentratn of steam
produced near the electrochemically active regions prevents low steam:carbon ratio
atmospheres from being established over the Ni component of théhaaiet algenerated
renewed interested in theg@proactby demonstrating high performanaed stability while
operatingdry octane fuelsThis was accomplished Ipjacing a layer of Cefsupported

Ru on top of a conventional anode supported SE£EThe anode reforming layewas
effective enough to achieve power densities of 0.6 VZ/atm770 °C without significant
coking, even with a relatively large hydrocarbon, octane, as fuel. A Ru/@&@®ming

layer has since been utilized in a number of other direct hydrocarbon SOFC designs, where
the ARL is consistently found to be critical for power density and cell staB#§/This
strategy has demonstrated impressnternal reformingperformance anthe addition of

active anode reforming layete anode support cells is likely a requirement for next

generation direct methane SOFCs

There are fundamental reasons tm&thane fueled SOFC exhibit higher performance at
high temperaturesRelevant reforming reactions, as well as their Gibbs free energy
changes,are given infable 1 and the Gibbs free energy changes and equilibrium constants

for each reaction are plottédFigure15.
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Table 11 Calculated Gibbs free energy changes for various methane reforming
reactions, calculated with HSC 5.1 software.

PG PG PG @
Name Reaction @200°C @500° 700 °C

(kJ) C (kJ) (kJ)

CH;+ 0.5G=CO

Partial Oxidation (PO) + 2H, -118 -175 -214
Boudouard Reaction (BR 2CO =G+ CO, -89 -35 0
Water Gas Shift was) ©©* Hf: Ca+ 5 10 4
Methane Pyrolysis (MP) CHs= Cg)+ 2H: 35 5 -16
Reverse Bosch (RB) Cort 2+I-2|2|_O|2 =CQ 46 15 -4
Steam Reforming (SR) T ¥ gio'z =CO+ o 30 20
Dry Reforming DR) 4+ (;(gzoz 2Fet 4oy 40 16
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Figure 157 Gibbs free energy (a) and Equilibrium Constan (b) of relevant

reforming reactions as a function of react
represent gas phase reactions, l i nes with
solid carbon and the gas phase. SR= Steam Reforming, DR= Dry Reforming,

WGS=Water Gas Shift, PO=Partial Oxidation, BR=Boudouard Reaction,

MP=Methane Pyrolysis, RCGS=Reverse Coal Gas Shift or Reverse Bosch
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Il t 6 s | mpmpt thé aitical terhperature near 650 °C, where the energy changes for
many reactions reverse sign. Tgr@nary reactions which produce hydrogen from methane
in internally reformed SOFCs (Steam Reforming, Dry Reforming, and Methane Pyrolysis)
are only thermodynamically favored at high temperatures (>650 This clearly
demonstrates the inherent challenfgesng internal reforming LISOFCs and acts a clear

delineating temperature betwe@termediate antbw temperaturdydrocarborSOFCs.

At first glance, these calculations suggest that internal reforming of methane at these
temperatures is very difficulif not impossible. In fact, the weknown Sabatier process
utilizes Ni catalysts to form methane from Bnd CO at ~350 °C, the exact opposite
reaction desired in internally reformed SOF€$ortunately, in an operating SOFC
chemical species are in flux through a membrane. Oxygen is added to the system through
the SOFC electrolyte artie subsequemtxidationof Hz to HO or CO to CQ. This will

shift the equilibrium quotient, driving the reamtias long as the flux afxygenremains
sufficiently high,(byL e Ch et | i e ). BaderrPcatalyticnemlbrame reactors have
demonstrated this affect, by selectively removing the product from the rghet@team

reforming reactiortan indeed bdrive n t o near compl eti d at 50

In addition to different reforming conditions, the deposition ofeciskalso affected by
decreasing temperatures. Traditionally, carbon deposition oot @®FCsby Methane
Pyrolysis (edL8), but the Boudouard reaction becomes favoréelatww 650 °Candexcess

CO in the system magause cokindpy:
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¢coo 60 0O
(22)

Carbon deposited at low temperatures is also expected to have a different structure than the
graphite, carbon nanotubes and carbon fibers commonly aestandard operating
conditions. Deposited Carbon has been reported as encapsulating polymers at low
temperatures, and materials that show coking tolerance at high temperatures may not
possess the same resilience to coking by CO disproportion and palycaeborf:42
Identification of coke structure and deposition kinetics is critical to engineering coking
tolerant anodes, therefore the relative latknowledge regarding low temperature carbon

deposition in SOFC is a significant obstacle to §DFC desigri®

Based on this thermodynamic analysis, the efficient transfer of species #weoss
electrolyte and introduction into the gas phase is a critical requirement for internal
reforming SOFC alow temperaturesCathode activityand electrolyteconductivitymust

be high enough to facilitate this flux and shift the equilibrium in order dovert high
percentages of the methane fu@hce this high flux of oxygen is established in must be
paired with a highly active reforming catalyst that can effectively utilize the flux of oxygen
containing electrochemical reaction product®rder to kep H2 and CO concentrations

high enough for the cell to operate efficiently.

4.1.2 lonic precious metals as ARL catalysts

Reforming catalysts have been identified for SOFC applications largely through traditional
thermal catalysts techniques, such as flowingtrea gases through a fixed bed reactor

and quantifying conversion and selectivity through Mass Spectronaaidy Gas
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Chromatography. Unfortunately, this does not represent the actual operating environment
of the catalysin aSOFC especially at low tempatureswhere reforming reactions are not
favored and therefore maximum methane conversion is limited by fuel gas equilibrium. By
evaluatingARL performance during SOFC operation, the thermodynamic limitations on
the catalgis are shifted by the flux okggen into the system awydrogen out of the system.
Drastically different conversion and reforming rates are expected during SOFC operation
and the gas composition near the active sites is expected to be much different than that of

the final exhaust stream

At lower temperatures, it may be possible to make use of ionic precious metals, singly
dispersed or doped within a Ce€lipportin contrast to the metal nanoparticle active sites,
the ionic precious metals (e.g. Rt or PJ are present asingle atans,ionically bound

to the Ce and O surface species or substitutionally doped inBethesupport bulkMetiu

et al found that ceria doped with 5% Ru was competitive with the best catalysts for
mehanation (the formation of CHrom syngas)and proposethatthe reaction occurred

on the reduced GRu-O site In addition,the dopantiramatically enhanced ti@s**/Ce**
reductionat lower temperatura®lative toun-dopedceria?**® M.S Hegde pioneered the
wor k on what he has dubbed ANobl e Met al | o
of oxidized noble metals are doped into support lattices, inclirRti@p-«O2, PdCerxOo,
andRuCe-x02.464" He has shown that this class of catalysts can drastically increase the
oxygen storage capacity of ceria, as well as introduce new active sités thachighly
electrophilic nature of oxidized noble metalsd the mobilized oxygen vacancies near
these dopantdMost interesting is the possibility of a synergy between thdopants,

which would provide optimal performance with the least amount optbeious metal
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dopans, which are often cogirohibitive*#4° Understanding the role of these dopants in
the anode reforming layer will enable further improvements and facilitate the transfer of

this relatively new class of catalyst into the SOFC field

4.1.3 Rationale of observed solubility of precious metals in £eO

The claim that precious or noble metals (e.g. Pt,ARd Ru, Ni) can be substitutionally
doped into the Cefattice requires explanation and verification, as most of these metals
do not show any bulk solid solubility according to respective phase diagrams. Therefore,
several works have reported extenssigicturalcharacterizatiorof thesematerialsto
confirm that these atoms are indeed doped into the material, although the exact mechanism
is still debated. Hegde et al was one of the first to report the ionic state of noble metals in
CeQ, which was confmed by combination of XRD, XPS, HREM, and XANES
analysis® They proposed that the mechanism for the observed solubility was due to an
electronic interaction between the metal dopant and ceria redox coupeés°NMnd
Ce"*/Ce* respectively. In addition, thesuggested that the relatively large difference in
valence band energy between Geddd the ionic dopant limit the ability of electron
exchange between the two species, effectively stabilizing them in thgthesized
oxidation state. Several works by Acerbi et al and Metiu et al have supported similar
explanations, in which the electronic interaction between the redox couple of thar@eO

the noble metal stabilize the dopant in an ionic state under corgditibich would
normally cause it to reduce and precipitate as a metalnterested readers can find more
detailed explanations of this observed solubility in these references, as the specific

mechanism for this stabilization was beyond thepscof this work.
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4.2 Design of high performing low temperature direct methane SOFC

From the above analysis, a high performing SOFC fueled directly by methane ‘@ 500
requiresseveral componentEirst,in order to effectively reform the methane at thedeno
the flux of oxygen to the anode compartm@aseline current densiiy H2) must be very
efficient and tterefore a thin electrolyte with high?Oconductivity must be usedn
addition the lowoperatingtemperatures wilslow the kinetics of thexygen reduction
reactions occurring at the cathode, so a highly active cathode must be delegcegdome
this cathodic polarizatiorilThe anodesupportmust be able to remain stable undery low
steam:carbon ratio atmosphevdsere coking reactions arev/fared Oncethesefactors are
addressed, the celiust therbe paired with a highly active anode reforming layer that will
take advantage of the high oxygen flux to internally reform the methane intach fuel.

A schematic of th@roposedlesign is gren inFigure16.
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Figure 1617 Schematic of Low Temperature Direct Methane SOFC design. AFL,
ASL and ARL represent Anode Functional Layer, Anode Support Layer, and
Anode Reforming Layer, respectively Figure adapted from publication, generated
by Dr. Bote Zhaa>3

A highly engineered nanofiber cathode was fabricated according to recent advancements
in low temperaire SOFC cathodes done within the Liu gréti$.An electrospun mat of
PBSCK(PrBa.sSh.sCorsF&n.505 +)ifibers was chosen as the cathode material. PBS&F

highly active double perovskite with high ionic and electronic conductivity at relatively
low temperature (low activation energy for ORR and conductianyl recent studies
performed in the Liu group have demonstrated the efficacy of the nanofiber architécture
Sm-doped Ce® (SDC) was chosen as the electrolyte material, duétstdiigh ionic
conductivityat low temperatures and commercial availability (it is a standard material for
stateof-the-artIT-SOFCs)A significantdrawback from using SDC as an electrolyte is the

possibility of electronic conduction under reducing conditiovisch can lower the OCV
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of the cellto leakage currenfo address this issue, the SDC electrolyte was paired with a
Ni-BZCYYb (BaZriCe&.7Y0.1Ybo.103.5) anode support materialThe BZCYYb is wel

known to provide additional coking tolerance to hydrocarbon fueled cells and has the
additional benefit of reacting with SDC during sintering temperatures to form a thin
electronblocking layer at the anoe@ectrolyte interface>*®°° This blocking layer enables

the cell toreach suitable OCV values and removes the deleteedfests of SDC
electrolyte reductiorDue to the aggressive coking conditions at the anode,BZKYB
cermet wadurther protected with an infiltrated coating of SDC patrticles, which enhances

the cokng tolerance oNi-based SOFC anodes

By using the highest performing materials set available for the baseline SOFC
performanceas described above, the current densities may be large enough to drive the
reforming reactions at the ARL even at relatively lemperatures (500 C). Themaining
challenge washento design a highly active anode reforming layer catalyer initial
screeningtess conduct ed i n Prof . Frankl in aTaods
Ruo.osNio.0sCen.od02-5 catalyst was chosen as the ARThe presence of thidi-Ru-doped

CeQ catalyst was observed to be a critical component for both power density and stability
under direct methane operation,caglined in the following sectionand therefore is the
focus of this chapter.Inspired by the high performance of the cell, advanced
characterization techniqgues were used to form more detailed strpotyerty
relationships for the edoped catalyst, as well as to support proposed reaction mechanisms
responsibldor the observed performancguggestions for further development are given

at the conclusion.

4.3 Key hypotheses
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1. Through incorporation of a edoped ReNi-CeQ catalyst into a highly active
SOFC design, efficient and stable internal reforming performanckecanhieved

at low temperatures (500 C).

2. The defect structure of Ce@ modified by the presence of ionic Ni and Ru, and
these modifications in structure affect the catalyst properties oaating

performance.

3. There exists a synergy between doped Rutimrand Nickel sites, where the
ability of the Ruthenium dopant tenhance Ce®reducibility drives oxygen
vacancyH20 activation, whereas the affinity of the Nickel dopsitefor C-H bond

enhances methane activation.

4.4 Fabrication of SOFCs

SOFC devices we fabricated usingmethods optimized in previous works:®°
BaZn.1Ce.7Y0.1Ybo.10si15 (BZCYYDb) powder was made thugh solidstate reaction of
stoichiometric amounts of barium carbonate, zirconium oxide, cerium oxide, ytterbium
oxide and yttrium.oxide (Aldrich Chemicals). Powders were mixed by ball milling in
ethanol for 48 h, followed by calcination at 1,100 °C infai 10 h. After calcination, the
powder was ball milled again for another 24 h, followed by another calcination at 1,100 °C
in air for 10 h.Ru and Ni doped CeOnanopatrticles were synthesized according to a
protocol adapted from Mai et &l.In a typical synthesis, stoichiometric aqueous nitrate

precursors were added dropwise iathM NaOH aqueous solution with vigorous stirring.
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Precipitation occurred immediately as sauag mixedforming an opaque slurry. After 30

min the slurry was transferred to PTFE lined Stainrtgéss| autoclaveand heated to 100

°C for 24 h. After cooling to RT, the solid product was separated by centrifugation and
washed withdH-O water until a eutral pH was observed. The product was then dried at
80 °C for 12 h, ground into a fine powder in an agate mortar, then calcined at 400 °C for 2

h in ambient air.

Cell fabrication was accomplished by fitapecasing theanode support (580 wt% Ni:
BZCYYDb), as described in section 3.1.1. The grage was firect 1000 °C for 2 hthen,

a higher surface area Anode Functional Layer (ABLNiOi BZCYYb (50:50 wt%) and

an SDC electrolyte were sequentially deposited on the anode support by a particle
susp@sion coating process followed by-smteringat 1,400 °C for 5 ho densify the
electrolyteand bond the anode support to the SDC. Electrospun PBSCHheasavere

mixed with a 006 ink vehiclgHeraeus®}o form the cathode pastéAfter printing the
cathode on the electrolyte surfadee tcellwasfired againat 950 °C for 2 h. SDC was
infiltrated on t hleof (alNVbSDE nittatgaqudausofuton. Afger 2 0 ¢
drying, a single layer othe Nio.osR .05 Cen.902 (Similarly mixed with VOO6)waspainted

on the anode outer surfaderming an ~L5um thick layer after calcining-inally, a5 ¢ L
volume of 0.1 M Praseodymium Nitrate aguesotution was infiltrated do the fiber
cathode surface. The cell with the anode infiltrate (SDC), ARL and cathode infiltrate
(PrOx) was then cfired at 800 °C for 2 Im air before mounting and testing on a standard

button cell rig(as described in section 3.1.2)
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An SEM crosssection of the final SOFC after fabrication is showrFigure 17. The
thickness of the electrolyte, cathode, and &noeforming layer were near the target

thicknesses of 15 um, 50 um, and 40 um respectively.

Figure 1717 SEM crosssection of(a) the anode/electrolyte/cathode interface an¢b)
of the ARL/anode interface (b) Figure adapted fram publication.53

4.5 Electrochemical performance of SOFC

At the target temperature of 500 C, th@imizeddevice achieved a peak powder
density of 0.4 W/crhat 0.5V in Hz, and 0.37 W/crhin CHs (3% H0). In addition, long
term stability testing at 0.75 V showed complete return to baseliqetformance after
exposure to nearly dry GHand stable operation in GHor 10 days. The basic device

performance is destrd inFigurel18.
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Figure 1871 (A) P-1-V curve for representative SOFC in B and CHa fuels. (B) Long

term potentiostatic testing at 0.75 V including multiple fuel transitions from H to
CHa. Figure adaptedfrom publication. 53

This result represents a significant contribution to the current SOFC technology. The
performance reported byselectionof recent works t&ing under similar conditions is

shown in TABLE
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Table 21 Comparison of low temperature direct methane SOFC performance to
similar works

Power

. . Testing
Cell Design Fuel o Density at :
(ARL/Anode/Electrolyte/Cathode Composition Temp. (°C) 0.75V T('E;e Reference
(Wem-2)
RuNiCeQ/ This
Ni-BZCYYb/ 97%CH:-
sbc/ 3%H,0 500 0.28 400 -
PBSCF wor
CeQy/
Ni-GDC/ o 500 0.12 NA 62
LSCFGDC
Ru(1.5%)/
Ni-BZCYYb/ 28.6%CH-
BZY20/ 71.4%H0 500 0.1 200 7
BCFzY
SDGCNio.gd.ap.050/ o
sDc/ e 500 0.15 0.75 6
SDGSCC
Ni-YSz/
vysz/ e 650 0.08 4 61
GDC-LSCF

To determine the contribution of the Rli-doped Ce@catalyst, a comparison was made
between cells with and without te@ode refaning layer Figurel9). The FV-P curve of
the ARL-containingcell shows significant peak power density increase in f0kl, 0.14

W/cn? compared to 0.10 W/ctnIn addition, the -V curve of the AR -containingcell
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shows a signifiant polarization loss at low current densities compared to the cell with the
ARL, suggesting significant anodic polarization for the AfRRée cell.Clear differences
were observed in the long term stability of the cells in methane, with thefrselsample
degrading steadily in methane over 60 h until the cell became inoperable, wipitevitre

density of theARL coated sample remained stable.

A 1.2 T T v T - 0.20
500 °C, CH, o With ARL
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Figure 1971 P-1-V curves (a) andlong-term testing (b) of SOFCs with and without
the Anode Reforming Layer.Figure adapted from publication®3 Note the difference
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between data shown in fig 18 and fig 19 is due to the use of LSCF cathode rather
than the electrospun fibers for the data shown in fig 19.

Post mortem analysis of thegh-performanceell confirmed that no carbon was deposited
after long term testing-igure 20 shows topdown SEM images of the high performing
SOFCafter 250 h of operation in GHSince the observation of coke can be subtle by SEM,
a Ni-YSZ cell, representing the commercially available stditthe-art anode material, was
alsorunin CHas. After only 24 h of operation, the NiSZ cell carbon fibers we clearly
visible on the Ni phase of the cermet anode, whereas the ARL coaBxiO¥Yb cell did

not show any evidence of carbon deposition by SEM.

‘)’v
- W

a

! ﬁon fibef 1um
5 | ——

Figure 201 Crosssection SEM of ARL coated NiBZCYYb (a,c) and ARL-free Ni-
YSZ (b,d) after long term testing in Hz and CHa. Crosssections were prepared from
fractured samples.Figure adapted from publication >3
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Raman analysis of the santwo samples showed that the G band (15520 cmt) and D
band (13551380 cm?), indicative of graphitic carbomvere only observed on the NiSZ
samples after operation in GH he ARL coated high performing SOFC did not show any
carbon peaks, in faché spectra of an ARL coated higlkrforming SOFC was nearly

identicalwhetherthe cell was operated ingldr CHa.

2000
—— 250 hrs, in 96.5% CH, on our anode
11— 250 hs, in 96.5% H2 on our anode

15004—— 24 hs, in 96.5% CH, on Ni-YSZ
=
m L
2 10004
)
c 4
L
£ 5004 .
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1000 1200 1400 1600 1800 2000
. -1
Raman shift, cm

Figure 217 Raman spectra collected from ARL coated NBZCYYb (250 h) and
ARL -free Ni-YSZ (24 h) anode support cosssections after testing in H and CHa
fuels. Figure adapted from publication >3

As the anode reforming layer catalyst was identified as the critical compesponsible
for the high performance of the SOFC, and it is exposed to the most aggressive coking
conditions (the lowest steam:carbon ratio occurs as the fuel enters the cell), colkieg on

ARL was aconcern. Posmortem XPS analysis of the catalyfigure 22) reveals two
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importantresults First, therewasvery little carbon signal (some adventitious carbon is
expected for nowleanroom samples) and the signal from the Ru and Ni active sites is
clearlyobservedIf any carbon hatbeen deposited at the active sites, the signal from the
Ru and Ni would not be observed due to the high surface sensitivity of theragft
technique (only signal from the outermosi@ nm is detected by XPSpherefore,the
presence of clear Ru and pieaks confirm that no carbon was deposited during the cell
operation. Second, the oxidation state of the Ru and Ni species remained cationic, even
under the reducing conditions and relatively high temperatures of the; einedxidation

state of the Rural Ni will be further discussed in following sections
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Figure 2271 High resolution XPS of the Ru.osNio.0sCen.9002 anode reforming layer
after 250 h of testing in CH; fuel. (a) Carbon1sregion (b) Ni 2p region. Data
collectedby Yu Tang at Kansas University, fgure adapted from publication.>3

Through SOFC device testing and basic postrtem characterizatiorthe following

conclusiors were made. First, this novel SOFC design (combination of PBSCF nanofiber
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cathode, SDC electrolyte, MiZCYYb anode, and RiNi-CeQ ARL) was indeedble to
achieve remarkable SOFC performance for direct methane operation at the low temperature
of 500 °C.Second, the most critical component was identified as th@sRig.osCe 0002

anode reforming layemwhich dramatically enhanced both power density and long term
stability. Third, there was no coking observed after testing on either the anode support or
the ARL, which would experience the most aggressi@amcarbon ratio environment in

the internally reformed cell. The performance of this device, and the critical nature of the
ARL, necessitated the further characterization and mechanistic understahthiegRu

and Ni doped Cegwhich is the focus of the remainder of this chapter.

4.6 Structural Characterization of Ruthenium doped CeQ

4.6.1 EXx situ characterization of Ruthenium doped €eO

In order to understand the effect of each dopant the influence of Ru iamgril
investigated separately and compaifedthenium, being the most expensive dopant, and

the most correlated with the high performance of the cell was investigated first.

The crystal sucture and phase purity of Ruthenium doped powder firstenvegigated

by X-ray Diffraction of thepowders using a zerdackground plate and B0% mass

loading of Tungsten powder as a convenient reference. A large windowWirsgare 23)

shows broad peaks corresponding to a nanocrystallimgifelstructure (Ceg) as well as

very sharp peaks resulting from ttumgsterr e f er ence ( her#e8ymbha)r k ed w
The XRD data suggest a singlaase material is produced, due to the absence of RuO

(rutile) or Ru (HCP) metal peaks inthe scalts. hi gher resolution sca

including the highest intensity peaks for Ru®alsoshown with no evidence oRuQG,
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signal even at the relatively high 10R&4 doping composition. One would reasonably

expect that there would be a peak shiftradiey substitutional doping, and therefore high

resolut on scans of arehneludadindeld, tRetk isra engall shift to higher

anglesas the Ruthenium contentisincreasedA s hi ft to higher 2d co
i n spaci ng law),bwhich Bsreapgaed from addition of the relatively small
Ruthenium cation. The results of a Reitfeld refinenadrftourtesy of Ryan Murphythe

spectra show a shift from 5.483to 5.402A for 0% Ru and 10% Ru, respectively.
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TEM analysis waslso used to probe the composition and structure of theC&uO»
particles. As shown ifrigure24, the majority of the particles were present as nanocubes,
with the(100) faceexposedalthough several smaller polycrystalline aggregates were also
observed. Most importantly, no metallic tRanium or rutile Ru@secondary phases were
observed on any of the particles. Energy Dispersive Spectroscopy (EDS) msipming

in Figure24(b-d) shows a homogeneous distribution of Ru throughout the particlegrfurth

suggesting the successful substitution of Ruthenium into the fex@ite structure.

STEM MAG: 800kx HV: 200kV
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Figure 24: (A,B) representative TEM images of Ruy.osCen.0502 particles, (C, D) EDS
spectrum and corresponding map collected from particlen (B), the green color in D
is indicative of Ruthenium signal. Nte that the Cu signal is from the Cu gridTEM
support, not the sample All scale bars are equivalent to 10 nm.
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XPS analysis ofhe assynthesizedRu doped Ce®sample is showm Figure25. Clear

peaks corresponding to Ce, O and Ruthenium are easily observed on thessafapée

as well as a small peak from the Silicon substrate which was used to reference the peak
positions. The adventitious carbon ped&k?84.6 was not chosen as a reference due to the
overlap from the Ruthenium 3d electron signal. The ratio of Ce:Ru atoms fodap8d

sample was measured as 83:17, which suggests an enrichment of Ru atoms near the surface

of the particles.
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Figure 25: X-ray photoelectron Spectroscopy analysis of Ru0.05Ce0.9502 samples,
(A) survey spectra of Ru.osCen.0502 sample (B) High resolution scan of Ru 3p region
(C) overlay of Rw.osCen.90502 3d scan and reference 3d for C¢ (D) high resolution
scan of Ols regiondeconvoluted to show contribution of metabxygen bonding

(red) and metathydroxyl bonding (blue).
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The oxidation state of the Ru is clearly ionic, with a Ru3p binding energy 2.9 eV higher
than metallic Ruthenium (464.1 eVropared to 462. eV, sed-igure25b). According to
Morgan et aP® this value is most similar to the Rwxidation state present Ru(OH)}

(see values iffable3).

Table 3: Measured and reference values for Ruthenium electron bindigp energies

3d5/2 282.26 280.7 282.9 282.3 279.8

3p3/2 464.1 462.6 464.1 464.1 461.2

High resolution scans of the Cerium 3d peak shows that the Cerium atolasyahgin

the 4 oxidation state(Figure 25c). This will be referenced in later Raman analysis
explaining the presence oftimsic oxygen vacasies observed in the materidhe O 1s

peak showswo distinct features: the peak at 529.5 eV corresponds to the-Meyajen

bonding, and the presence of a broad peak at 532.35 eV suggests the presence of strongly
bound HO and OH graps. Thissuggestshe Rudoped materiashows a strongffinity

toward water, as the-B is not desorbed even und#dV conditions (<1028 Torr).

The cationic state of the Ruthenium dopant remained stable under operating conditions. In
situ XANES and XPSpectra of the Ruthenium dopant, collected under steam reforming
atmospheres (97% GRB%HO) are shown ifrigure26. Clearly, the local bonding of the
Ruthenium is dissimilar to that of the metallic reference, and the bindingyerse
significantly higher than that reported for the metallic state. Note that the shift in binding

energy between 200 °C and 450 °C is due to the removal of bound hydroxyl species.
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Figure 267 (A) XANES spectra of Ruthenium dped CeQ and reference
Ruthenium metal foil collected200 °C under 97% CH: 3%H 20 directly after testing
at 500 °C. (B) Ambient Pressure XPS spectra of Ruthenium 3p collected at various
temperatures under 97% CH: 3%H 20, with the B.E. of Ruthenium metal indcated

by the dotted red line. Data collected by Yu Tang at University of Kansas, figure
adapted from publication.®®

4.6.2 Raman analysis of Ruthenium Doped €eO

Raman is ideally suited for the study of Gdéased materials due to the well
defined and highly active vibrational modes present, and the sensitivity of these vibrational
modes to the CeQlefect structure. The peak assignments used in this work rely heavily
on the analysis of Nakajimi et al, who prded one of the initial and mobkighly cited
fundamental analyses of the Raman spectra for,€€lhe most intensive signah peak
at 465 crit, originates from the /5 mode of M*Og vibrations within the fluorite lattice,
representing the oxygen atoms around &'@ation with O, symmetry Two other
important peaks originate at slightly higher wavenumbers negutom defects in the

fluorite speakisduetoly” tormatiorhaad al” Os-type configuration (also
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Onsymmetry, andt h gpeakresults from the NfOs-configuration which does not include

an oxygen vacancy but includes a cationic dopant wihésdess than fourAs CeQ is

reduced to Cegy, Vo~ and Cé" species are formedhter ef ore t he combi na
and b peaks are commomeffeacted epeald, twhiacsh a
measurement of the defect density of the £e3 a ratio normalized to thedypeak

intensity.°8%° Trivalent dopants (e.g. S Y3*, G&®") are often added to increase the
concentration of extrinsic oxygen vacandre€eQ, as theconcentration of these dopants
increases, the intensitytfand b peaks wi | | 3 dopantreguiresséhe s i nc
formation of an oxygen vacancy to satisfy the electroneutrality of the lattice. A
representative Raman spectrigishown inFigure27 of CeQ and 20%Smdoped CeQ

in order to illustrate these fundamental Rarpaaks.
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Figure 27: Representative spectra for polycrystallineCeO; (black) and

Smo.2dCen.8002 (red) powders with illustration of key vibrational modes. The

deconvoluion of t he <c¢ har acatnedroi sithitics dceofnesctti tfuDe nt
peaks is highlighted in (B).

The Raman spectra for Cegarticleswith increasing Ruthenium dopant concentration are

shown inFigure28. In additiontotheflsp eak and U/ b d eskverahew pe ak s,
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spectral featuresbserved as Ruthenium is addati~=329 crit, ~702 cmt, and ~970 cm

1. These features are not consistent witit possiblesecondary Ruthenium oxide phase,
such as Rug(522 cm?, 635 cmt, 703 cmt), RuG; (822-881 cm?), or RuQ (380-440 cm
1).79711n addition, areference Ru@spectra was collected and compared to thel&ed
Ce(Q spectra (under identat conditions) and intensities measured for the Ret@rence
were negligible compared to the foped Ce®@ associated peaks.hé&refore the
additional peaks present in Ruthenium doped a0 be assigned ttrgctural distortions

caused by the introduon of the Ruthenium into thée fluorite lattice.
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Figure 281 Raman spectra collected for @0z nanoparticles with Ruthenium
dopant concentrations ranging from 0 to 10%. Spectra collected with 514 nm laser

at 14mW and normalized to the ke peak maximum. Spectra represent the average
of signal from at least four separate locations on the powder sample.

These peaks havaso been observed in the few other works which have used Raman

spectroscopy to analyze Rioped andCeG supported Ru catalysts showing Strong Metal
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Support Interaction (SMSI¥:"”® These works have attributdtiese bands to bonding

between the Ruthenium and Cetize band near 700 ctis ascribed tdhe asymmetric

stretching of ReO-Ce bonds, which occur when Ruthenium is substitutionally doped into

a Cé" site or supported as a single atom on the £a@face.The Ru associated peak

between 940 and 980 chis not wel defined buthas been associated with the formation

of surface peroxide groupshich can be stabilized at mobile oxygen vacanardsidged

between surface Ce and Ru catidhss possible that the peak €700 cm! is related to

the CeQ b peak, sincéhe relatively lower mass of the Ricationwould be expected to

shift the M*Os-type vibration to higher wavenumbers, compared t& Gethe heavier

trivalent dopants (e.g. Sif) mentionedabove The observationf a D band Jandb peaks

between 54@m™* and 600cm* concurrent with the 700 ctnand 980 crit showsthat the

presence of Ruthenium in the lattice results in the formation of extrinsic oxygen vacancies,
suggesting that the oxidation state of the Ruthenium is less than fouat tié presence

of RU™ in the lattice causes the reduction of'@e Cé&*. For the remainder of this work,

the Raman band at ~700¢wi | | be | abeled as ARulwill+), 0 a
be | abeled as Asurface o0 sana ®foROCe bodh@0 r e p

present in the doped Ce@Catalyst.

The dependencies of thRu(x+) and SO peaks dRutheniumdoping concentrationare
guantified inFigure 29. In order to consistently compare the relative contribution of
different peaks, all intensity values were normalized to theEe®peak, following the
approach of similar work&:>7# Clearly the presence of Ruthenium dopants affects the
Raman spectra of the CeBased catalyst, and these affects scale with amount of dopant.

As Ruthenium is added, the peaks associatedoxitben vacancies and R+Ce bonding
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increaseFurther discussion of these peak assignments will be included alonidpevitew

information gathered from the experiments detailed in further sections.

0¢! M DF2G
| I Ru(x+):F2G
0.51 [ SO:F2G

0% Ru 1% Ru 5% Ru 10% Ru

Figure 297 Chart of Defect (D), Ru®** (ionic Ruthenium), and Surface Oxide (SO)
peak ratios for samples with varying dopant concentration. Values were collected
from spectra normalized to the ke peak of CeQ. Error bars represent one
standard deviation of data collected from atéast four samples.

Clearly, the presence of these peaks is dependent on the amount of Ru doped into the lattice,
and the presence of Ru(+) and SO peaks are associated with an increase in oxygen

vacancies in the CeQattice (D:Fg ratio).

To form a basistructureproperty relationship between these Ruthenium dopant features
and catalyst activity, a steam reformiegperiment was conducted. R&.-xO> samples
were placed in a fixed bed flow reactor coupled to a gas chromatograph, courtesy of Yu

TanginPof . Taobs group at Fiue2)). Uni versity of K
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Figure 30: Conversion of methane over a fixed bed of Rdoped CeO2 with 3:2
H20:CH4 fuel stream. 50 mg of sample was mixed with@ mg of purified quartz
and effluent stream was monitored via gas chromatographyData collected by Yu
Tang at Kansas University)

Although CeQ itself is a wellknown hydrocarbomxidationcatalyst, the addition of the
Ruthenium dopant dramatically impa the steam reformingperformance, and the
activity scaledwith the concentrabin of Rutheniundopant Therefore, there is a clear
correlation between thamountof ionic Rutheniumand ionic Rutheniurmassociated
defects(observed by Raman spectroscopmd steam reformingperformancein this

system

The combination of XRD, TEM, EDS, XPS and Raman experingiport thdollowing
claims made for this Ruthenium doped Ge@aterial. First, Ruthenium was
substitutionally doped into the Fluorite structan®l creaté extrinsic oxygenvacancies

andis therefore in an oxidation state greater than zero and less than four. Sheond,
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amount ofRutheniumdopantwasdirectly associated with the relatimemberof observed

defects in the CefXluorite structure (. intrinsic oxygen vacancies, surface peroxides,

and RuO-Ce bonding). The remaining sections focus on the dynamic behavior of these
Raman active features, and relationships between these features and observed performance

of the catalyst.

4.6.3 In situ Raman malysis of Ruthenium doped CGeO

In situ experiments are critical for understanding the structural influence on catalytic
performanceunder operating condition$n this section, in situ experiments are used to
show that the defect structure and surfacenisiey of Rudoped Ce®is dynamic under
operating conditions, and that these changes are directly related to the catalytic

performance of the material.

4.6.3.1 Enhanced in situ generation of vacancies due t®©Fie bonding

Ramarspectra collected at 500 {@etargetoperating temperature of the high performing
SOFC) under H atmosphere isshown in Figure 31. Under these conditionghe
characteristic peaks for RD-Ce bondingand surfacexygenspeciegbands at 64740
cm!and between 960 and 980 dnrespectivelyare removed. In addition, there is a slight
shift of the B peak from 457 to 448 cm(-9cntl), and theratio between the D anch.&

peakspothrepresentative of the formation of intrinsic oxygen vaas)cre inreased.
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Figure 31: in situ Raman spectra for Rudoped (A C) and un-doped (BD) CeO.
nanoparticles. Red lines rpresent spectra acquired while holding the stage at 500
°C in 40 sccmH2 humidified with 3%H 20. All spectra are normalized to the F2G
peak. Dotted lines are shown to guide the eye to changes in key peak positions and
relative intensities

The shifting kg peak andncreasediefect band are expected for pstoichiometricCeQ-
u asCe* is reducedto C€" but the degree to which the Rioped catalyst iseducedis
much greater than the pure Gefaseboth at room temperature and in & 500 C This
affect is quantified irFigure 32. The intensity ratio D:F2¢) of the Ru-doped samplés

much larger thantie undoped sampldn addition, he shift of the ks peakunder H for
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the CeQ sampleis 460.2 to 454.7 crh(-4.5 cm?), which is half the magnitude of that
observed for the Rdoped samplesThe greater fc shift and lower peak ratiosre
measures of enhanced reducibility at this temperature, and a greater concentration of

oxygen vacancies formed by Exposure
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Figure 321 (A) Chart of Defect (D), Ru(x+) (ionic Ruthenium), and Surface Oxle
(SO) peak ratios fo a 10% Ru doped sample collected at room temperature and at
500 C under H. (B) Comparison of D:Fg ratios at RT and 500 C in H2 for undoped
and 10% Ru-doped CeQ. Values were collected from spectra normalized to thezk
peak. Error bars represent one standard deviation of data collected from at least
four samples.
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The amount of Ruthenium dopant determines the degrdesoénhancededuction As
shown inFigure 33, the ratio (b:Ir2¢) under reducing atmosphere5t0 °C is lower for

the 5%Ru sample than the 10Ru sample.
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Figure 33: In situ analysis of Rudoped CeO2 at 500 °C imumidified (3%H 20) H2
atmosphere. The spectra irare presented in A, the D:F2G peak ratios are
guantified in B. Error bars represent one standard deviation of ratios collected over
four positions on the powder samples.
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This in situ analysis clearly shows that the initial presence and relative magnitude of the of
the RuO-Ce associated peaks predicts the presamdenagnitude of CeQdefect species
under in situ conditions (Hatmosphere, 500 C)t is likely that the R¢O-Ce bonding
reduces to R{V o]-Ce undehydrogen forming active oxygen vacancy sites. The activity
and role of these active sites will be discussed in a lateosedong with DFT simulation

results.

4.6.3.2 Thermal stability of ReO-Ce bonding and relation to performance

Although enhanced reducibility is wadhown predictor of catalytic activity for
severalCeQ supported catalysts, direct relationship between dbsrved RuO-Ce
structural features and catalytic properties must be niddeprevious section shedthat
the presence of R@-Ce bonding predicts enhanced reducibility of the €aipport, but
questions remain concerning the presence and role of anylimBial NPs which are
reasonably expectetb form at elevated temperatures. Raman analysis supports the
stability of the ionic Ruand its ability to enhance the reduction of the £k, at 500
°C, but at higher temperatures it is reasonable to exgsclution of the Ru to the surface
and the precipitation of metallic Nanoparticles. As Ruthenium r&at@we converted to
metallic ruthenium nanoparticles, the concentration eRDe type bonding will decrease
(limited only to the interface between the Rarticles and the CeQupport). Therefore,
with the goal of producing two samples with identical composition but different surface
chemistry (different concentrations of ®4Ce bonding), ReosCen 9502 powder was
treated tawo separatdorief high temprature reductia900 °C, 2 h, 4% BAr, and 500

°C, 2 h, 4% H) and these two groups were
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Indeed, after thaigh temperatureeduction theCeQ particle morphology waselatively
unchanged but several Ruthenium nangarticles exhibiting metallic (HCP) wystal
structurewere observed on the samplbich were not observed on samples tested at 500

°C, as shown by high resolution TEM and EDS mapping of each s&Rigiee34).
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Figure 34: Aberration corr ected HRTEM of the Rw.osCen.90502 sample after

exposure to(A) 500 C 4%H2/Ar, 2 hand (B) 900 C, 4%H/Ar, 2h. A STEM image
and the corresponding EDS map for the 500 C and 900 C samples are shown in (C)
and (D) respectively.

In addition to the newly obsexd metallic nanoparticles on the surface, the otedmstate

of the Ruthenium was alterdxy the higher temperatuteecatment as wellAs shown in
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Figure35, the reduction treatment shifts the B.E. of the Rutheniuml&girons-1.55eV
(464.1eV i 462.56eV). Although metallic Ruthenium was observed in the-HEV
images, the observed BE on the sample were still higher than that expected for%ure Ru
(461.2 eV). This can possibly be explained by an electronic interaction whiclinrema
between th&€e( support and metallic Ruthenium NRsie to the relatively high number

of Ru/CeQ interface that exists between the precipitated Ruthenium nanoparticles and the
CeQ. Regardless, there is a significant shift in both the Ru 3p and 3d peaérds a

lower BE for precipitated Ru/Ce@ompared to the esynthesized Raloped sample.
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Figure 35: XPS analysis of Ru 3p peak for a Ru0.05Ce0.9502 sample before (black)
and after (red) exposure to high temperature reductiortreatment (900 °C,

4%H2/Ar) . Both peaks are referenced to the elemental Si 2p pegbowders were
placed on a Si wafer for this reason)

In addition, the Raman spectedfiliated with the Redopantare absentin the high

temperature treated, Rurecipitded sample. A comparison between ithem temperature
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Raman spectra dRu idoped (treated to 500 C iikl2) and Ru fiprecipitated (treated to
900 C in H) samplesare compareth Figure36. There is amalldefect peak, as expected
for CeQ exposed to these conditions, but the features7) cm and~980 cn? are

absent after the high temperature reduction.
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Figure 3617 Raman spectra collected at room temperature in ambient air
Ruo.0sCen.90502 samples asynthesized (red) and after a previous reduction treatment
to form RuO particles on the surface (black). Data shown has been normalized to the
Fac peak
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The presence of precipitated Ranoparticles also affected the Raman spectra observed
in sity, relatve to the Redoped samplesSamples with exclusively ionic Ru species,
showed much higher D:E peak ratios, and therefore showed increased formation of
oxygen vacancies and €dFigure37). As before, the ionic Ruthenium asstedbands
(640-740 cm?) and surface oxygen bands (9880 cm') were removed as the sample was
heated in K, while the D band increased, relative to the mam@eQ peak. The sample
with the precipitated Ruthenium particles showed little evidence o€ iarthenium

associated bands, and a much lesser degree of reduction upon heatinto 500
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Figure 371 (A) Raman spectra collected at 500 °C in tfor Ruo.0sCen.90502 samples
as synthesized (red) and after 800 Creduction treatment (4%H 2/Ar) to form Ru®
particles on the surface (black)(B) Peak ratioscollected from at least four locations
on each sample, error bars represent one standard deviation.

Next, while theRu-doped andRu-precipitated samples were held at 8G0theatmosphere
was cyded between Kl and Ar, both humidified to 3% 4. A clear differencewas
observed between the Rwecipitated and Rdoped samples, in that the R4Ce bands
(640-740 cmY) and associated surface oxygen band-@80cm') were regenerat! in the
Ru-doped sampleshen exposed to the oxidizing humidified, Arhereas these bands were

entirely absent in the Ryprecipitated sampland only the D band wasriablewith the
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atmosphergFigure 38). Only the dopedmaterialwas able to regenerate the-ReCe
bonding through reaction with the steam, whereas the bands were irreversibly removed in

the sample with the precipitated metallic Ru nanopatrticles.
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Figure 3817 Raman spectra collected at 500C while cycling between 3% HO
humidified H2 and Ar atmospheres.Spectra in (a) were collected from the as
synthesized, Ru.osCen.0802 powder, whereas spectra in (b) were collected from an
aliquot of that powder that had been exposed to 4%Hat 900 °C for2 h, forming
metallic Ru nanoparticles on the Ce@surface.The powders were equilibrated for
30 min in each atmosphere before spectra were collected.
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From thisexperimentseveralclaims can be made. First, the spectral features assigned to
Ru-O-Cearelargely removedy exposure to a shdntgh temperature reduction treatment

(2 hin 4% H at900 °Q which causes the precipitation of metal Ru nanopatrticles on the
surface of the RiCerxO2> material. Second, théack of RuO-Ce associated Raman features
wascorrelated ta lowerrelative intensity of the CeQlefect peakvhen under operating
conditions (500 C, b). Thereforemetallic Ru nanoparticles are not as effective as ionic
Rutheniumdopantsn enhancing the formation of oxygen vacanaeSeQ. Thisanalysis
suggests that the more ®R4Ce bonding that is present in the material, the more reducible
the material will be at intermediate temperatures, and the more effective the catalyst.
Indeed, the steam reforming performance of the precipitated Ru&2etple is markedly

decreasedompared to the dopeRb.osCe.o502 sample(Figure39).
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Figure 39: Methane conversion (A) and % Yield to Hydrogen (B) under steam
reforming conditions (3:2 H20:CH 4 ratio) comparing Ru-doped and Ru
precipitated samples (Data collected by Yu Tang at Kansas University)
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Il tds i mportant to note that high temper at

fabrication (e.gsinteringAg paste connectionsjntering glass sealbliO reduction,and
electrode sintebonding), so this result has immediate relevance to the implementation of
ionic Ruthenium catalysts in SOFCEo preserve the high activity ionic species, the
catalyst must be added to the assembly after such high tempetrsatments, or the

processing temperatures may need to be lowered for optimized ARL performance.

4.7 Synergistic effect of Nickel cedopantin RuxCe1-xO2

4.7.1 Thermal catalysis of RGe1-xOz, NixCer-xOz, andRuNiyCer-xyO

During initial steam reforming screiag experimentsconducted by collaborators at
Kansas Universityit was observed that a combination of Ruthenium and Nickel dopants
was more effective than a molar equivalent of pure Ruthenium or Nickel doped into the
CeQ catalyst.Figure 40, shows that the catalytic performance, as quantified by CH
conversion and Turoverfrequency (per Ni and Ru atom) of the Ruthenium dopedCeO

is higher than that of the Ni doped Ce@nd made higher still by replacing half the

Ruthenium atomwith Nickel dopants.
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Figure 4071 (a) CHa conversion with selectivity to H and CO, and (b) Turn-over-
frequency of steam reforming reaction for singly doped and cdoped Ru-Ni-CeOz
catalysts with molar equivalent doping concentation. (Data collected by Yu Tang at
Kansas University), figure adapted from publication®®

In addition, the activation energy of the catalysts was variableskettihe Ru, Ni, and €o
doped catalysts, with the lowest fiar the cedoped caséFigure4l). Even though the Ni
dopal catalyst showed only modest activity on its piwwas able taignificantlypromote
the activity of the Ruthenm doped catalysi@s measured by GHonversion, TOF, and
Es). The remainder of this sectiagxplores thigoromotion effect, keeping in mind the

results of the previous anaégsof the Ruthenium doped case.
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Figure 4171 Arrhenius plot of Hz production rate, with activation energy (calculated

from linear fit slope), for singly doped and cedoped RuNi-CeO: catalysts. Data
collected by Yu Tang at Kansas University, figure adapted from publicatios?

4.7.2 Materials Characterization of Ni and Rvi co-doped Ce®

First, in a similar fashiorto that used fothe Ruthenium dope@e( analysis a basic
materials characterization was made for tHesstutional doping of Ni cations into CeO
Again, there was no evidea of secondary phase formatidfgure4?2). Significant peak
shifting observed in XRBuggestghat the Ni isindeedsubstitutionally doped into the
CeQ bulk, contracting the lattic€e® parameterSimilarly, XPS analysis of the Ni
dopant shows that the Ni is clearly rowetallic, and most siilar to a (II) oxidation state
TEM analysis of the particleoonfirmed thabnly singlephasenanoparticlesvere presnt,

with no evidence of metallic Ni or secondary NiO.
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Figure 4271 (a) XRD pattern collected for 10% Ni doped CeQ. (b) high resolution
scan of high angle peaks highlighting the contraction of the CeQattice due to the
substitutional doping of the Ni cations. (c) High resolution XPS spectra of Ni 2p
region showing the binding of the 10% Ni doped sample, the location of metallic Ni
is shown to highlight the fact that the Ni in the sample exhibits a higher BE and
therefore is ina non-metallic state. (D) TEM image of Nidoped CeQ patrticles

The cationic state of the Nickel dopant remained stable under operating conditions. In situ
XANES and XPS spectra of the Nickel, collected under steam reforming atmospheres
(97% CH: 3%H:0) are shown inFigure43. Clearly, the local bonding of the Ruthenium

is dissimilar to that of the metallic reference, and the binding energy is significantly higher

than that reported for the metallic state.
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Figure 431 (A) XANES spectra of Ni doped CeQ@and reference Ni metal foll
collected 200 °C under 97% CH 3%H 20 directly after testing at 500 °C. (B)
Ambient Pressure XPS spectra of Ni 2p collected at various temperatures under

97% CHa4 3%H 20, with the B.E. of Ni metal indicated by the dotted red line. Data
collected by Yu Tang at University of Kansas, figure adapted from publicatiof®

Raman analysis was used determinethe effect of the Nidopant on te CeQ defect
structurg(Figure44). In contrast to the Ruthenium dopant, the affectsudslerfor the Ni
addition, as Ni content increased theresvealy a slight increase in the D band
representative of oxygen vacancigpeak)an d wi t h | ower peak)Tlen c e
presence of botbla n dpeaksconfirmsthat these peaks are indicative of Ni cations doped
into the structure, and the formation of oxygen vacancies to accommodg@te vhkence

of the Ni cations, althougtihhe magnitude of the effect was less than that observed for Ru.
T h epedk could also be explained by the presence #f&¢ions, but this is not likely
since the XPS analysif these sampleshowed Ce primarily in the (IV) oxidation state.

This observaon is in agreement with number of DFworksof ionic Ni in CeQ, which
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concluded that the incorporation of?Ninto the Ce@ lattice resulted in the creation of

oxygen vacancies without requiring the reduction df@eCe*.’6 7677,
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Figure 441 (a) Raman spectra 6 CeOz with varying Ni dopant content, (b) chart of
D:F2c intensity ratio as a function of Ni dopant concentration. Error bars represent
one standard deviation of the data collected from four locations on the sample.
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It was also observed that the chardst& D band (made up dda n dpeals) included a
distinct shoulder or peak betweenGani' and &0 cnit, which was directly correlated

with the presence of ionic Ni dopant. This observation has not been discussed specifically
in the literature, although similar widening of thepeak with Ni dopingan be seeim the
spectra of other work€:"®. Andriopoulouet al, through a rigorous in situ Raman analysis

of various rare earth dopaih CeQ, observed a similar peak neg60 cm* which they
attributed tahighly detachable oxygen species located at interstitial sites, accessible due to
structural distortionsaused bythe inclusion of the various rare earth dop&htShe
presence of these Frenkel defects in £le@3 also been proposed by Mamontov et al, who
correlated the presence of these oxygen interstitials to the activity andnostygage

capacity of doped Ced*

Here,this additional shoulder will bl@belleda s t he ANi (+) 0 peak, and
to Ni-O-Ce bonding, analogous to the RuCe case discussed earji@though the

presence of the Frenkel defect remains a possible assigritrientlear that this @k is

directly related to the amount of ionic Ni doped into the structure, as well as with extrinsic
oxygen vacancies in the Ce@ttice, although a specific vibration assignment is not
detailed in this work. Further discussion on the assignment ofahlswill be includedn

the conclusion of this chapter, in light of the new information gdinenlighthe included

experiments.

4.7.3 In situ Raman analysis ofi doped Ce®

Under in situ conditiong500 C, h), the Ni dopant showedsubtlereffect on the Raran

spectrarelative to that of the Ruthenium dop@Rigure45). The D:kg peak ratioof Ni-
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doped Ce@wassimilar to the undoped casalthoughthough theband associated with
ionic Ni-O-Ce wadargelyremoved. In contrast to theehaviour of the Ruthenium doped
samples, the presence of ionic Ni in the d@ not seem tsignificantly enhance the

reducibility of the catalyst under in situ conditions.

A
0.4 —— RT 10% Ni Ce02
— 500 C10% Ni Ce02
—~ 0.3 a B Nik
=] . . .
S i i
> :
5 021 :
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(=]

D:F2G Ni(x+)

Figure 4571 (a) Raman spectra collected from 10% Ndoped CeQ at Room
temperature and at 500 °C in H. (b) Chart of values comparing D and Ni*) peak
intensity values at room temperature and at 500C in Hz. Error bars represent one
standard deviation of data collected from four locations on the sample.
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The degree of reduction was also not dependent on the concentration of Ni Bapaet.

46 shows that the in situ DzE ratio is similar for 0%, 5% and 10% Ni dopaAtthough

the presence of ionic Nickel increases the extringigen vacancies measured at room

temperature, the amount of vacancies formed under reducing conditions was similar to that

of undoped Ce®

2.2 Fac
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Figure 461 (A) Raman spectra collected at 500 C in Hfor varying concentrations
of Ni doped in CeQ (B) Chart of D:F2c ratios measured from the spectra shown in
(A), error bars represent one standard deviation of data collected from four

locations on the sample.

89



4.7.4 In stu Ramancomparison of Ru, Ni, and @toped Ce®@

Now that the in situ Raan behaviour of Ni and Ruthenium doped cases has been
described, these observations will be used to better understand the behaviour ef the co
doped caseAlthough H testing revealedeveraldynamic structural changes, the true
operating conditions of theatalyst is under methane fuel, therefore in situ Raman
experiments wereontinuedunder this condition and compared to the information gained

in previous sections.

The Raman spectra aindoped Ce®and samples withdirect equivalent total
dopantconcentationlevel (10% Ni, 10% Ru, 5%Ru+5%Ngnder ambient, 500 CaHand
500 C CH (3% HO) areshown inFigure47. The cedopedsampleshows similar peaks
as those observed ivoth the singly doped cases, including a relatively higtriesic
oxygen vacancy peak as well as the bands associated with Ni and Ru ionic bonding, as
described in earlier section&s before, after the edoped sample is heated to 500 C in
reducing H condition, the bands associated with the ionic dopant ayelyaremoved, and

the D bands increased.
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Figure 4717 Raman spectra collected at room temperature, 500 °C iH2, and 500 °C

in CH4, for (A) undoped CeQ, (B) 10% Ru doped CeQ, (C) 10% Ni doped CeQ,
and (D) 5%Ru 5%Ni co-dopedCeCQ;

When the atmosphere is switched from té humidified methaneseveral
interesting comparisons can be made. First, theddd&o of the undope@eQ sample is
dramatically reduced when after switching fromtblhumidified CHa. l'tdos lei kely
decrease in intrinsic defect concentration is due toeflagiveinertness of methane at these

temperaturesompared td1> andresulting ina less reducing atmosphere. The Ruthenium
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doped samples showed similar behavior as the undoped samples whbeedivim H

to CHg, in that the D:bkc peak was reduced, although tanachlesser degree. In contrast,
the Ni doped samples showed a slight increase in defect density during the switah to CH
In addition, the intensity of the ionic Ni band increased itharge relative to b} whereas

the intensity of the ionic Ruthenium band was stagnant. Tiidmped sample shows the
largest change between Bind CH, with a dramatic increase in Ddratio as well as an
increase in the ionic Ni band intensity. These ltssarequantified inFigure48, and an
alternative presentation dfigure 47 is given inFigure 49, plotting each composition

together under thiareedifferent conditions (Room TempP0°C H,, and 500C CH).
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Figure 4871 Ratios of (A) Defect to kg, (B) Ru(+) to R, and (C) Ni(+) to Foc peaks
observed for CeQ, 10% Ni doped CeQ, 10% Ru doped CeQ, and 5%Ru 5% Ni
co-doped CeQ, as sample was heated fromoom temperature to 500 °C in H, and
after switching to CHas at 500 °C. Error bars represent one standard deviation of the
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Although the 10% Ruthenium sample showed the highest in situ oxygen vacancy
concentratn (D:Fg) in Hz, the concentration of the -@pped sample was highest in £H

This could be explained by possiblehigher activity of the Ni site for the activation of
methane. Under the current testing condition, the steam:carbon ratio was very [Ow (3:9

to simulate the most aggressive conditions that would be encountered in an operating
SOFC. Under these conditions, the abitifyhe ionic Ni sitdo crack the @4 bond would
correlate withincreasededucing power of the atmosphgere. a more actie catalyst is

more likely to be reduced through the oxidation of methane.

The insitu Raman analysis shows that the presence of a Ruthenium cationic dopant
dramatically enhances the reducibility of the C&itice, whereas the Mlopant provides
enhancedctivity for the CH bond in methanelhis possibility will be discussed further

in the next section, with the help of DFT computational analysis of the system.

4.8 DFT Analysis d Ru and Ni doped CeQ

To better understand the possible reaction mechanisnpéag in the cedoped
catalystand how these mechanisms relate to the materials defect stridflire/as used
to simulate the surface of Ru and Ni doped €afder steam reforming condition.
periodic slab mode(periodic six-layer model with three iner layers fixed and three
surface layerselaxed) of th€100)CeQ surface of Ce@was used through the Vienna ab
initio simulation program (VASP) with generalized gradi¢rapproximation (GGA).
There are strong correlation effefts the partially filed 4f orbitals in Ceg) therefore a

Hubbard parameter a8 used to estimate the coulombic interaction (DFT+he
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adsorption geometry of reactive molecules was optimized usewy a forcebased
conjugate gradient algorithnand theirtransition states by constrained minimization
technique. These calculations weegried out with the helpf Dr. Ziyun Wang and Dr P.
Hu at Queends Whosevegperence was Bwaluablaasllecting and

analyzingthese results.

The RuO-Ce and NiO-Ce surfae site geometry was first determined by a free
energy minimization of each surface. The resulting, most stable, site is shieigarieb0,
with a Coordination number of three for Nickel and four for Ruthenium. The calculated
bondlengths were shorter for ND than RuO, at 1.89 A and 2.15 A, respectively. Next,
the energy barrier for the initial GHlisassociation step was calculated for the ionic Ru
and Ni sites, 2.01 eV and 1.88 eV, respectively. This suggests that the iosidhei i
primary active site on the edoped catalyst, since the initial dissociation ofs@Hoften

the ratelimiting step for steam reforming reactions.
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Figure 507 Thermodynamically favored sites for (a) Ni and (b) Ru cations
substitutionally doped into the surface layer of Ce@ DFT calculations provided by
Dr. Ziyun Wang at Queeno6s University® of Be

Fundamentally, team reformingof methanerequires four dehydrogenatioteps
and a carbon oxidation to fully activate the methane readteuat. possible reaction paths
were considered after the initial dissociation stighydrogenation of GHo CH2 + H and
oxidation of CH to CHO. In the Nickel doped case the activati@mergy for
dehydrogenation and oxidation were 1.39 and 1.33 eV, respectively. In addition, the
calculated enthalpy change for the dehydrogenation and oxidation were 0.5 eéd0&nd
eV, respectivelyTherefore,t is highly likely that over the ionic Nsite, the oxidation of
CHs to CH:O occurs after the initial CHactivation. In contrasthe dehydrogenation step
is more favored over the ionic Ruthenium site, with activationgregiofl.73 eV and 0.6
eV for dehydrogenation and oxidation, respectiyelyh enthalpy changes &f22 eV and
0.58 eV.Thereforethe two sites have distinctly different reaction pathwewt, oxidation
occurringimmediatelyafter the initial activatio for the ionic Ru site, and dehydrogenation
for the Ni site The following reaction stegsetweerCHs Y  C@ere similarly calculated

and are listed iTable4.
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Table 41 Activation energy and Free energy changes associated with @bixidation
over ionic Ru and Ni siteq(calculations provided by Dr. Ziyjun Wangat Queenads
University of Belfast)

Ni-doped CeQ Ru-doped CeQ

Reaction Step Ea(eV) ®G ( € Reaction Step Ea(eV) | pG ( €
CHyg+ 2 GHg* + H* 1.88 0.94 CHyg+ 2*P CHs* + H* 2.01 1.86

CHz* + O *CH30* + * 1.33 -0.03 CHz* +* Z g #H* 1.73 0.06
(CHg* + * z € #H¥) (1.39) (0.50) (CHs* + O *CHZO* + %) (2.22)

CH:O* + * Z,0OHH* 1.52 1.04 CH>* + O* Z2,0H* 1.30 -0.33
CHO* +* 2 CHO™* + K 0.01 -0.03 CHO* +* ZCHO* + HY 0.48 0.44
CHO* +* 2zCO* + H|0.17 -0.20 CHO* +* z2CO* +H* | 0.00 -1.29
CO* 7 Qo 0.07 0.64 CO* 7 Go* 0.12 |-0.13

From this analysisd clear that th@nic Ni site provides a lower activation energy foe th
initial methane dissociation step, and generally shows lowealkes for the remaining
steps relative to the Rutheniwtoped caselThereforethe ionic Nisite seems to be more
active towards the conversion of ¢t CO, butrecall that steam reforming requires the
presence of steam to provide tladtice oxygen used in these reactioss a similar

simulation was conducted investigating #utivationof water over each site.
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When the CO%s removed as C), there must be an oxygen vacancy left in the lattice.
Forthe reaction to repeat itself, this vacancy must be filhedugh the dissociation of an
H>O molecule (the oxidizing reactant in steam refoghiifter H.O adsorbs oto the
oxygenvacancysite, two hydroxyl species are formed on theface. The dissociation of

a water molecule onto an oxygen vacancy had no energy barrier for either the Ni or Ru
doped cases, although a significant differencieea energy change was calculated, 0.11
eV and-1.00 eV for Ni and Ru sites, respectivefyjter the vacancy has been filled by the
dissociation of HO, the lattice oxygen has been replenishmd the hydrogen must be
couplel and desorbed before thexidaion step of the CH intermediate
(CHz* + O* Z30*%H * for the ionic Ni andCHx* + O* z,0O** for ionic Ru)can
occur. Theenergy associated with this step was then calculated for each site, with
activation barrier®f 1.96 eV and 0.65 e\and free energy changes of 0.63 eV and 0.26
eV, for ionic Ni and Ru, respectivelyl he thermodynamic valgare summarized iable

5.
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Table 571 Activation energy and Free energy changes associated with®
dissociation at ionic Ru and Ni sitescalculations provided by Dr. Ziyun Wang at
Queends University of Bel fast

Ni-doped CeQ Ru-doped CeQ
Reaction Step Ea(eV) | G ( ¢ Reaction Step Ea(eV) PG (¢
HoOw + Vor 2 Of + 2H* 0 0.11 | HOg+Vo*z Of + 2H* 0 -1.00
2H2* 7 Hag) 1.96 0.63 2H2* 7 Hag 0.65 0.26

The basic conclusionsdm this DFT analysis illustrated schematically iRigure51. The
results support the following bastonclusionsFirst, the ionic Ni site shows the highe
activity toward methane activation than ionic;Recond, the ionic Ni and Ru sites likely
have two different reaction pathwayhird, the ionic Ru site isnuch more active for the
dissociation of HO and coupling of b and fourth, the presence of ionic Ruthenium
significantly lowers the &or oxygen vacancy formatioit.is proposed that the synergistic
effect of theco-doped catalyst is due to the comddion ofastrong CH activaing siteand

a strong water activating sifhe oxygen vacancyfs CH; is chemisorbed to thenic Ni
site it is oxidized by lattice oxygen to the €Bf intermediate and eventually the oxygen
is desorbed as G& The role ofthe Rutheniumite is to ensure the efficiesteation and
refilling of the oxygen vacancies which redutim the oxidation of CHl throughits higher

activity toward HO dissociation and +toupling, relative to the ionic Ni site.
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Figure 5117 (a) Proposed reaction mechanism sequence over ionic Ru and Ni sites.

Slow steps (as predicted by DFT simulation) are shown in red, whereas fast steps

are shown in green. (b)jSchematicof synergy occurringwhen Ru and Ni sites occur

nearby on the doped CeQ surface calculations provided by Dr. Ziyun Wang at

Queends University of Belfa®t, figure adap

This DFT analysis prodies a mechanistic explanation for the observed synergy in the co
doped ReNi-CeQ catalyst. Considering the results of the in situ Raman analysis, it is
proposed that the Ruthenium is enhancing the catalysis through multiple phenomena, first
by enhancing hte reducibility of the Ce@lattice, and second by providing efficient
dissociation of HO and coupling of B Since the Raman analysis did not show that the

presence of ionic Ni increased the number of oxygen vacancies formed under operating
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conditions, i is proposed that the primary role of the Ni dopant in the catalysis is to provide

a highly active site for Ckbxidation.

4.9 Conclusions

Through the combination of experimental evidence presented in this clsaptrgl

claims can now be made and supparte

First, i tos been demonstrated t hat Ra man
identification and characteation ofRu and Nidoped Ce@Evi dence of U and
with increasing dopant level, confirm that the substitution of these cations into&es

in the formation of oxygen vacancies and other structural defects. Unigue Raman bands
were also observed, attributediomic Ru and Nibonding. These modes were deqtemt

both on testing conditions amae-processing. Under reducing conditions, theseJRDe

bonds are reduced to Riu** -Ce bonds, anthis band is removed as the Defect band is
increased. Upon fexidation, the vacanciesefilled and the R«D-Ce signal returnsThe

relative concentration of oxygen vacancies (as determined by the relative ratio of the D
band) is dramatically enhanced by the presence of ionic Ruthenium, showing that the
oxygen storage capacity and overallucibility of CeQ is enhanced by the presence of

ionic Rutheniumwhereas thisnhancemeris not observed in Nidloped Ce@

The dramatic enhancement in reducibilgyunique to the case of ionic Ruthenium doped
into the Ce@, a sample which had beere-annealed at high temperature (900 C 4% H
2h) andhad precipitated its Ruthenium content as metabinoparticles on the surfadiel

not show the characteristic Rt¥Ce Ramanpeaks anddid not show as high of

concentration of oxygen vacancy defectsimy in situ measurementtn addition, by
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comparing the steam reforming performance of thelogged samples to precipitated
samples (with identical Ruthenium loading), a clear connection was made between the Ru

O-Ce bonding observed by Raman anel improed final catalyst performance.

Raman is a relatively simple technique, whi
high vacuum, or beatline access, therefore this study provides a more accessible strategy

to other groups seeking to stuidyic nobke metal doped CeOThis work has confirmed
thatRamanspectroscopys able topredictwhether thespreciousmetals aresuccessfully

doped into the lattice or simply supportesi metallic nanoparticlem the CeQ@patrticles

and has revealed unigue Ramaanbls resulting from the presence of noble metals
stabilized in a cationic state in the Gd@ttice These bands remain poorly defined, and

the results of this worlvarrantfurther analysis and more accurate assignments of Raman

bands present in these néés.

Second, a synergy was observed between ionic Ruthenium and Nickel dopantsfiorCeO
intermediate temperature steam reforming. By combining information gained from in situ
Raman spectroscopy and DFT simulations, a mechanism for the synergy pasepro

ionic Ni was found to be highly active for the activation and oxidation of ©HCO,
whereas ionic Ru provideghhanced ability to dissociate® and couple K Both sites
required the presence of mobile lattice oxygen and oxygen vacancies feattiens to
proceed, and the ionic Ruthenium was found to increase the number of these oxygen
vacancies present under operating conditions relative to Ni doped or undoped tisO
mechanism of synergy suggests that a similar strategy may be usedftdutbeational

design of other anode reforming layer materials, adding multiple dopants which each have

a specific role in the reaction, such as increasing oxygen storage capacity, defect
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concentration, and activity for different reactants. lonic Rutimaniloped into Cefis a
relatively undesstudied catalyst, and further application of this material for intermediate
temperatureand low temperaturesactions is suggestedspecially in combination with
highly active surface siteslue to its ability to isnultaneously increasm situ vacancy
concentration and surface activiglthough Ruthenium is a relatively expensive metal,
the loading amounts used in the SOFC are small (0.005 rdRur)) and the material cost

of the Ruthenium is expected to be ngifie relative to the bulk materials used in the
SOFC and the various components required for balance of plant. Still, since a likely
mechani sm has been constructed fsgeitiRut hen
possible another, less expensive, adpcould be identified which also increases the
formation of Ce@ defects and water activation with similar efficiency as the ionic Ru

dopant.

Finally, this work has directly contributed to the advancement of current SOFC technology,
demonstrating thathtough the development of highly active materials direct methane
operation is pasble at low temperatures (50Q). Through the advanced characterization

of thecritical AnodeReformingLayer(ARL) catalyst, a caloped RuNiyCerxyO2, new
strategies havbeen proposed for enabling the efficiemttrnalreforming of fuels at low
temperature The knowledge gained through this work has the potential to improve not
only SOFC technologies, but Ce®ased catalysis for a number of possible processes,
through the incorporation of ionic noble metal dopants and use of in situ Raman

spectroscopy assdrategyto analyzeand desigrihese materials.
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CHAPTER 5. FABRICATION AND VALIDATION OF NI -SDC

MODEL SOFC ANODES

5.1 Summary of chapter

Due to the complicated processes requiogdbricatesmallscale prototyp&OFCs
and the large number of different factors that influence cell performansalifficult to
rigorously compare the performance of different anode materials. A model cell was
developed which limits the cell perfoance to the anodigrocesseswhile providing a
open architecture for simplified characterization of the electroactive anode surface.
Through Electrochemical Impedance Spectros¢&p$), the activity of theanodecan be
guantified and normalized tbe active triple phase boundary of a-8IDC anode These
cells were used to make basic comparisons betweafSKiand NiSDC systems, and to
evaluate thébasic anodidehavior of the NSDC anode systenThe effect of several
functionalcoatings on cell aatity was evaluateddemonstratinghe use of this platform
for the quantitative screening of candidate materials for high performing S0Q&d:
coating materia In addition, an operando Raman spectroscopy chamber was designed
and fabricated, capable aifitbor+cell testing and uniquely suited to further characterization

of SOFC anode materials and model cells.

5.2 Patterned Model Electrodes

A solid oxide fuel cell is a complicated device, wibveraldifferent materials and

architectures working in unisoro tproduce electricity. This implies that the relative
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performance of a cell is dependent severallosses occurring throughout the cell,
described by various overpotentials associated with phenosaehaas bmic resistance

to ion or electron conductiomctivation barriers for reactions at anode or cathode, and
mass transport limitations. In addition, less obvious losses occur from the difficulties in
assembling the cell, such as poor lead connections, current leakages, or inadequate sealing
between thersode and cathode atmospheres. The objectieenuddel cell is to simplify

the analysis of SOFC devices by focusingjast one of these losses. By limiting the
number of active sites of the anode, relative to the cathode, the mass transport and
activationlosses occurring at the cathode candimmregardedvhen analyzing the cell
performance Similarly, by replacing the complicated porous amodith a twe
dimensional interfagaliffusion limitations at the anode aksonegligible This results in

a c edrforraamce being controlled by only the ohmic resistance of the electrolyte, and

the electrochemical reactions occurring on the anode.

Using Electrochemical Impedance Spectroscopy (EIS), the anodic polarization can be
separated from the ohmic polarizastby applying a simplified Randéeell circuit model.

The ionic impedance of the electrolyte will have no capacitive response, and therefore can
be determined by the-axis intercept of the Nyquist plot. By subtracting this ohmic
impedance from the-axis, the spectra can finally be reduced to a single representation of
the anodic impedancg&his is the main objective of the pattern model anode, to reduce the
impedance contributions from evepjpenomenorexcept for the anodic reacti®nThis
enables impeshce spectroscopy to compare and analyze the anodic behavior of an SOFC
under different temperatures, fuel compositions, and voltages, independent of complicating

factors occuring on other cell components.
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The electrochemical reactions occurring at thedanrequire a combination of electrons,
ionic species (®) and gas species fHand therefore the reaction can only occur where all

of these specgecoexist This is definecasthe Triple Phase Boundary (TPB), where the
electronically conductive phase @kel), ionically conductive phase (ceramic electrolyte)
and fuel meetas illustrated irfFigure52. The length of thelPB, or Lypg, is the region of

the anode that is electrochemically actiaedtherefore the performance of SOBGodes

scales with this length. This is one of the fundamental reasons why the SOFC architecture
affects the performance, anodes véthoptimized microstructure with grealié@®B length

will show higher performance independefithe inherent catalytic &eity of the anode

materials.
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Figure 5217 Macro and micro-scale illustrations of the Triple Phase Boundary (TPB)
active site for a NiYSZ SOFC. Figure adapted from Bessler et &P



In order to control for these microstructural effects,lthe length in a model anodeust

be welldefined. By fabricating a controlled pattern of Ni onto an electrolyte, theid

limited and easily quantified. By pairireywellcontrolled, twedimensional anode with a
standarchigh surface area cathode, the cell can be tested in a simpidegtmde st up

using the counter electrode as the referegasdllustrated irFigure53. Since the densit

of active sites isnuchgreater on the porous cathode, the cathodic contribution to the total
cell impedance is negligibleThis most resembles the operating condition of a true SOFC
device andavoids the placement of reference electrodes on a sotittalge, which is

highly sensitive to errors and a correct position of reference electrode remains a contentious

topic.

Previous work with patterned model anodes has increased the fundamental understanding
of the reactions and processes occurring overGS@éctrodes. Mizusaki et al was the first

to use this technique, using photolithography to deposit a Ni pattern on a polished YSZ
substraté®* They found that the impedance of the anodic reaction ov¥S¥i produced

one symmetric semicircle (on a Nyquist plot), and the activity of the cell was promoted by
increased ptD in the fuel, independently of the pH hey confirmed that the activity of

the cell was directly proportional to the triple phase boundary length)(&nd proposed

a reaction mechanism in which the rate limiting step was the dissociative adsorption of
hydrogen occurring over the Ni compohewith significant contributions from surface
diffusion. Similar work has been done with pattern anodes to build on this work, most
notably byBieberleet al and Besseler et, alonfirming the TPB dependence as well as
proposingmechanisrs for the observe activity improvement in the presence of increased

pH20 through hydrogen spillover from the Ni componerhydroxyl species othe YSZ
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surface®>®®, pPatterned model anodes héeen largelypeenlimited to the study of the Ni
YSZ system, although more recentriwdoneby Chueh et dhas included the study of Ni
SDC patterned anod@&® Due to the mixed ionic and electronic conduction of reduced
CeQ, the fundamental behavior of these anodes is different than thatYo®ZJiwith
evidence of ratdimiting reactionsoccurringon the ceramic phase seakmicrons away

from the TPB interfaceas well as lower dependence of the anodic activity on the.L

An attractive and relatively unexplored use for these patterned anodes is to study
the effect of various surface modifications and coatings on tleeaperformance.
Recently, Choi et al used solution based electrochemical deposition techniques to show
that the addition of a porous, nanostructured SDC coating significantly improved the
activity andstability of a patterned NYSZ anode.®® Although, the ability of infiltrated
catalyst coatings to dramatically improve performance and stability oCSBdes has
been well demonstrated in full cells, there is a need for suitable testing platforms to quickly
and quantitatively compare and study candidate coating materials faetegbplication
without the complications of a porous microstructure @oorly defined architectures
inherent to prototype button cell SOFE@gpplication of these modifications gratterned
Ni anodes on SDC is limited, and furthexploration of this system needexs NtSDC
anodes exhibit dramatically improved stability gperformance compared to NISZ

anodes for interediateand lowtemperaturé&sOFCapplications.

5.3 Embedded Nimesh Model Cells



Deposition of Ni patterns by standard lithography techniques can provide very high levels
of control, butells fabricated in thimannerequire cleanroom processing ardplagued

by a number of failure modes whichan convolute the result®®? Under moderate
temperatures, the thin Ni filman coalesce into several large particles, creating voids and
disconnections in the pattern during testing. Delamination of the film is also common, due
to the combination of CTE mismatch and to
ceramic substrées Grain coarsening is also a common artifact, as the temperatures
increase the TPB length can increase asduige of the pattern is roughened by facet
formation. Poor adhesion of the Ni to the electrolyte can lead to delamination and buckling.
These ballenges can blessenedby carefulcontrol of Ni film thickness, annealing above
temperature of interest, and optimization of sputtering conditiOtiser strategies have
been proposed to avoid these issues, most commonly point electrodes. In thisrapproa
single wire of Ni pressed against the electrolyte during testing, forming a single TPB site
on the surface. This technique can vyield important fundameatal buthasits own
drawbacks due to the lowrks and difficulty in accurately estimating theds resulting

from the contact of the wire to the surface.

An alternative strategy is to embadection of nickel mesh within a pressed pellet of the
electrolyte powder, sintering until dense, then polishing to reveal the Nickel surface.
Features betwee2D and 100 pmreadily available mesh sizesge able to provide suitable
Ltps for electrochemical measurementfie embedded mesh is mechanically supported
within the electrolyte, and sintered to temperature well above operating, therefore the Ni
patternis very robust compared to those deposited by photolithographic technigues.

addition, these feature sizes are within the spatial resolution of standard optical
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microscopes, and therefore are ideal for in situ and operando spectioasopgll as

optical measurement of1eg and post mortem characterization of the electrochemically
active regionThis strategy has been used in several works for in situ spectroscopy studies
of Ni-YSZ as well as in fundamental investigations 6BZiZYb reaction mechanisni§®*
Recently, Blinn et al used the embedded mesh cell to relate the electrochemical impedance
spectra of these eratided mesh cells to observed in situ Raman spectra, demonstrating the
ultimate potential of this platform for true operando spectroscopy of the electrochemically

active sites in SOFC anod®s.

Therefore, the fabrication of embedded mestSRIC model cells was investigated in this
work. This design, shown schematicallyFHigure53, satisfies the major goals of this work,

to find a suitable platform for investigating the inherent activity e BRIC anodes, and to
develop this platform for the screening and quantitative analysis of different functional
coatings applied to NSDC anodes. Through the development of this model cell, a novel
tool for exploring active coatings can be achieved, providing a more rigorous testing bed
for SOFC anode coating materials development than that provided through current button

cell methods.

111



. TPB site
SN S—

SDC Electrolyte

High Surface Area LSCF cathode

0,

Figure 531 Schematic of embedded Nmesh model cell, showing limited TPB sites
on the polished planar anode and high surface area porous cathode.

5.3.1 Fabrication of NtSDC model cells

Circles of Nimesh werdirst punched out of sheet of N{afa aesard0 mesh
woven from 0.13mm dia wijeTo flatten the mesh, each circle was placed in a 13 mm
pellet die and pressed to 1 ton. This created a simple 2D pattern and avoided any curvature
inherent to the Ngheetafter punchingAfter preparing the Ni patterns, 0.3 g of SDC
powder was added to a 13 mm pellet die, then pressed to 1 ton and held for 1 min. This
flattened the powder so that the-tdesh would lie flat. A prgressed Ni pattern was then
placed in the center of the powdertla¢ bottom of the die and then pressed again to 1.5
ton and held for 1 min. This step embedded the SDC within the first half of the powder.
Themeshpattern washencovered with another 0.3 g of SDC powder and then pressed to
5 ton and held for 2 min. Adr ejecting the pellet, it was placed in an alumina crucible with
a clean SDC powder bed. The pellets were then fired toX2@@cording to the following

schedule (1 C/min to 400 C, 30 min soak, 1C/min to 800 C, 30 min soak, 3 C/min to 1400
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C, 10 h soakl C/min to 1000 C, 3 C/min to RT). A reducing 4%ldlance Argon gas

was used to protect the Ni phase from NiO formation. Due to the reducing conditions, the
pellets were calcined to 40C€ for 30 min in air after the sintering treatment, to remove
theoxygen vacancies formed by the reducing atmosphehe SDC electrolyteThe mesh

was then reveatl through systematic polishing. A 8 mm diameter LSCF cathode was
applied to the opposite face through screen printing three layers of a commercially
available ink (FuelCellMaterials ®) to reach ~ 50 um thickness after drying for 4 hin a 80

C oven. Electrical connections were made using Ag wire and Ag paste before sealing the
cell to the end of a 0.50 diameter al umin
detailed in section 3.1.2A basic summary of the fabrication process is showRigure

54, and the polishing protocol is detailedTiable®6.
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Press Ni mesh Sinter at 1400 C for Polish sintered pellet
between powder 10hin4%H, to reveal pattern

b) Polished SDC
Electroe Embedded Nickel
o %
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Figure 54171 (a) illustration of embedded Ni mesh fabrication process (b) optical
image of cell after polishing and addition of Ag wire connection (c) tojgown SEM

of Ni-SDC interface.(d) Crosssection of embedded mesh after sintering at 1400 °C,
before polishing to reveal mesh. (e) Crossedion of embedded mesh after polishing
to reveal mesh Schematicin (a) is modified from that presented in Blinn et al®
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Table 61 Polishing protocol used to reveal Nmesh embedded in sintered SDC

pellets
Polishing Platen RPM  Sample Time (s)
Force (N) Cloth
compound RPM
15 um
Green Lube 9 Diamond 350 150 15
Grid
6 um 9 Diamat 350 150 60
3 um 4 Gold Label 350 150 240
White
1pum 4 Label 350 150 120
0.1 pm 4 Final A 350 150 120

The embedded mesh method providekatively fast fabrication, good thermal
stability of pattern during in situ analysis, and has been sisecessfully in previous
situ spectroscopyvork (using YSZ electrolytes)Unfortunately, there is an inherent lack
of control over pattern morphology in this approach since it depends directly on the mesh
patterns available, the alignment of the Ni megithin the pellet and the degree of

polishing. In addition, the standard sintering temperature for SOFC electrolyte materials,

11¢



such as YSZ, are 1450 °C, very near the melting temperature of Ni, 1485 @ellets
canfracture during sintering, likelyuk to the voids around the Ni mesh and the large
thermal expansion associated with heatng coolingNi to such temperatures. Pattern
morphology and choice of material is limited in this approach, but the ofézlare infinal

thermal stabilityandmore robusembeddegblanar interface.

The key assumptions of the model cell are thatolarization of the anode dominates the
nortohmic impedance of the cllue to the asymmetry of surface area between cathode
and anode) and that there are no mass@m limitation (due to the ngmorous, planar

architecture of the anode). These assumptions are tested in the following section.

5.4 Electrochemicalbehavior of model cells

The embedded mesh model cells were able to function as SOFCs, able to produce
currentand sustain a reasonable OCV unHerfuel. The representative baselir@pen
circuit voltage, impedance andM-P curves are shown iRigure 55. The overall
performance of the cellsiiglatively low, as expected for a planar anedth limited triple
phase boundary active sites. The observed voltage was consistently lower than the
theoretical Nernst potential, due to the electronic conductivity of partially reduced SDC
electrolyte. This result is not surprising, and the degresaBlge current is reasonable for

theseconditions
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Figure 5571 (a) Average measured OCYV values for NiISDC model cells compared to

theoretical OCV for 97% H2/3% H20 anode with ambient air cathode. (b) {V-P
curves collected betwen 550°C and 650°C for Ni-SDC model cells

The most criticakequirement for the application of the model dglthe relative
impedance of the anode, which is assumed in this model to be much larger than that of the
cathode or any mass transport liaibns.Figure 56 shows the relative impedance of an
analogous symmetric LSCF cell, overlaid with that of the representatt&DRILSCF
model cell. The impedance contribution of the cathodensistently less than 1086 the
totd impedance of the model cetlpnsisting of a single depressed ag therefore we

can confidently disregard the contribution of the cathode in further analysis.
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Figure 561 (a) Representative impedance spectra of an embedtimmesh NiSDC
model cell and a symmetric LSCF/SDC/LSCF cell, measured at 600 C (b) Rescaling
of the spectra in (a) highlighting the spectra from the symmetric cell.

Due to the low active site density of the embeddedhNsh, it is important to avoid any

other sources of anodic reaction that may effectively short the anodic impedance. Ag paste
was required to form electrical connections to the cell, and may haverdmnentactivity
towardH2 oxidation, obscuring the model cell measurement. To testftieist, cells were
fabricated without a Nmesh componeifonly Ag paste on the SDC surfaegld compared

to two groups of embedded mesh cells, one with a bare Ag paste connection and another
with the Ag paste covered by high temperagealantsed to dfx the cells (Ceramabond

552®).The impedance of these cells is showkigure57.
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Figure 571 Representative impedance spectra of (a) embedded meshSDC model
cell with Ag paste connection coveredypCeramabond sealent (b) Niree model cell
with Ag paste on a polished SDC surface, and (c) ffliee model cell with brush
painted Ag paste on a polished SCD surface, covered with Ceramabond sealant.
Measurements were collected at G0 C with 60 sccm H flowing over anode and
ambient air over cathode (screesprinted LSCF).



The impedance of the Ninesh cell is considerably lower than that of the Ag paste only
cell, although the Agpaste cell was able to provide a reasonable OCV. (~926 mV at 600
°Cin H). The OCV ofthe Ag paste cell with the Ceramabond seala effectively zero
(-1.22 mV), which confirmed that the addition of the Ceglaomd sealant to the Ag paste
connection effectively separated the connection from the experiment. Under this condition,
we can confidently assume that the contribution of the Ag paste is negligible in this cell

and can be disregarded in further analysis.

To make rigorous calculations of polarization between cells, it is critical that the cells are
stable over the long perisdf time and exposure to high temperatures required for these
experiments. To demonstrate the stability of the embedded mesh architecture, cells were
heated to 750 C under 60 sccm &hd held for threelays. Impedance spectra were
collected at 4 h, 28 land 72 h, as shown igure58. There was a slighthangein Rp

after the first 4 h, but the cell quickly stabilized at the spectra remained unchanged after 72
h. This result demonstrates that there is no significant degradattbe oéll during the
relevant testing periods used in this woakd indeed no stability issues were observed

during further testing of model cells inLH
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Figure 581 (a) impedance spectra collected after heating the cell t&@ C under 60
sccm H (3%H20) with ambient air over the cathode. (b) Rp values of the cell
collected at various times during the three day test.

The contribution of any mass transport limitatiorestested by varying the flow rate over

a modelcell from 15 to 120 sccm while collectingM-P curves and impedance specita
operating potentia(0.6 V). Current density and impedance at higher potentadse
unchanged while decreasing flow rate from 120 sccm to 60 sccm, but there was some effect
at lower fbw rates Similarly, the impedance spectra collected at 600 V3 mV from

OCV), was not strongly affected by flow rate until the flow was decreased below 15 sccm
Based on tbeseresuls, flow rates above 60 sccm were used for all further testing ta avoi

any concentration polarization due to gas diffusion.
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Figure 59171 (a) Representative $V-P curves for NkFSDC model cell collected at
increasing flow rates (b) impedance spectra collected 0.6 V at each of the flow rates

shownin (a). Data was collected at 700 C while flowing humidified H(3% H20)
over the anode and ambient air over the cathode.

Through these observations we can now make the folloeonglusiondor the N+SDC
model cell:Impedance contributions from cathodgirocesses are negligiblienpedance
contributions from mass transport limitations are negligiatel he presence of Apaste

connections do not interfere or amplify the anodic processes over-BieGlinterface
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With the assumptions of the cell validdf experiments were continued to analyze the

baseline anode electrochemical behavior using the model cells.

5.4.1 Analysis of embedded mesh impedance spectra

Representative impedance spectra oBBC model cells are shown igure60.
Temperature has a clear effect on the shape of the impedance spectra, with a low frequency
arc dominating at higher temperatures, and a high frequency arc contributing more to the

spectra as the temperature is decreased.
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Figure 601 Impedance spectra for NiISDC model cell collected between 500 °C and
700 °C (ae). 60 sccm H(3%H20) was used as fuel with ambient air at the cathode.
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This behaviour is in stark contrast to that observed in théS¥i model cells, shown in
Figure61. The shape of the impedance curve is clearly made up of multiple arcs, but the
general shapedlative contribution of LF and HF afjcdoes not change dramatically as

the temperature is decreased from 750 °C to 600 °C.
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Figure 611 Representative impedance spectra for embedded mesh-KN&Z cell

collected between 750 °C and 600 °C-#. 60 sccm H (3%H 20) was used as fuel
with ambient air at the cathode
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5.4.2 Voltage dependent electrochemical performance afaincells

The embedded mesh model cell operates as a SOFC, in contrast to a symmetric cell, with
two different atmospheres over the electrodes, therefore the application of voltage to the
model cell provides a more realistic environment for analysis afribde under operating
conditions. Impedance and-V-P curves were taken for both NiSZ and NiSDC
embedded mesh model cells. In theY8Z cells,the resistance of the celecreases with
increased applied potential, and produces the expegtedture tansition from activation
region (dominated by charge transfer) to the linear ohmic region (dominated by electrolyte
resistance). Notice that there is no mass transfer limited region observed ir¥8& Ni
model cell, as expected for the 2D planar surbaw60 sccm flow rate used. In contrast,

the NiFSDC model cell shows an inverse curvature to that of tRéS¥ cell, with the
impedance of the cefimoothlyincreasing with applied potentigbince the Rp does not
decrease with applied potential, the idaece of the NEDC model cell is likely not

dominated by a chaegtransfer process
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Figure 6271 Representative FV-P curves for Ni YSZ (a) and Ni SDC (b) model cells
collected at 600 °CCurrent density has been normalized byhe length of the Ni
Electrolyte interface (L ps)

This voltage dependency is also observed whdaatolg impedance spectra undgiplied
potentials. For the NYSZ case, the application of voltage decreases the anodic
polarization, as expected, with @hange in the ohmic polarization. In contrast, the Ni
SDC model cells show an increase in both Rp and Rohmic as potential is applied to the

cell, as shown ifrigure63.

12¢



>

= OCV (1060 mV)
« 800 mV
4 600 mV

-

o

o
1

L "

0;‘

-Zim (Ohm)
N
o
e

0_ T T
200 40 600 800
B Zre (Ohm)
. 101 = OCV (938 mV)
_g +« 800 mV
O 5/ 4 600 mV
£
™ i
8 10 12 14 16 18 20 22 24
Zre (Ohm)

Figure 6371 Impedance spectra colleted from (A) Ni-YSZ and (B) Ni-SDC model
cells as a function of applied voltage (OCV, 0.8 V, and 0.6 V), collected at 600 °C
with 60 sccm H flowing over anode and ambient air over cathode.

A common explanation for increased polarization with applied pidéns that the
impedance is due to concentration polarization, caused by insufficient flow of reactants to
the activesite on the NISDC surfacebut the effect ofasflow ratewas previously shown

to have no effect above 60 sccmsaswnearlierin Figure59. One possible explanation

for this behaviour is that there #@ssolid state diffusion limitatiorof the oxygen anions
and/or electron® the active sitest has been hypothesized by several authorsedated

CeQ and SO have significant activity towardzéxidation, independently of the presence

of the Ni componerit’®% In combinationwith the nixed ionic electronic conductivity

of reduced SDCthis activity careffectively widerthe triple phase boundawith a limited

active double phase boundary near the Ni currenécolt Chueh et al proposed that the



width of this double phase boundary site was found to be limited by the electronic
conductivity of the reduced Ce@ear the NiSDC TPB sitesand that the majority of the

H» oxidation occurred on the SDC surface nbarTPB interface.

Although thesgroposed explanatiomsayhelpexplain the behaviour observed on the Ni
SDC model cells, further mechanistic understanding of th8IML interface is not within
the scope of this work. These observations are made prirasigf a baseline performance
of the NkSDC model cell, for its potential use as a screening tool for different functional
coatings, as will be described in later sectidBg.comparing these model cells, the
fundamental differences in the anode behaviatg made clear: (i) NBDC shows
increased Rp as current is drawn,endas NiYSZ shows decreased Rfii)) Rohmic
remains constant with voltage in the-X8Z cell, but is increasem the NiSDC cell.
These observations suggest that the oxidation redstfandamentally different at the Ni
SDC interface compared to the-MBZ interface, and in order to effectively identify
functional coatings for intermediate temperature SOFC anodesY 8&lmodel electrode

will not be sufficient..
5.4.3 Dependence of Rp @2 and pHO

Empirical reaction orders can be determined by plotting the measured activity as a function
of the partial pressure of each component on a double logarithm diagram. Then a reaction

order can be calculated by fitting the following equation:

aeg aepry €za e (23)
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Where R represents the anode polarizationrgpresents the partial pressure »of
component (KA or H0O) and n is the empirical reaction order. The impedance spectra of
Ni-SDC model cells were collected while independently varying the qidl pHO
composition of the gas over the anode. Three mass flow controllers were nsi@dNg

3% H20 humidified N, and H, at 100 sccm total flow, with ambient air over the cathode.
Then calculated for the pkvariation was 0.24 (standard deviation of 0.04), whereas there
was essentially no dependence of impedance o®© ptariation, with am of -0.0017

(standard deviation of 0.00007). The impedance spectra and logarithmic plotsvane sho

in Figure64.
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Figure 641 Dependence of anodic polarization on pk(a,b) and pHO (c,d). The
slopes of the linear fits, representative of the reaction orders, in (b) and (d) are 0.24
and -0.0017. with R values of 0.94 and 0.96, respectively. Impedance spectra were
collected at 500 C while gas compositions over the anode was controlled by three
mass flow controllers mixing N, 3%H20 humidified N2, and Hz at 100 sccm total
flow, with ambient air over the cathode.



The significant dependence of the impedance on thesppports the assumption that the

cell impedance is dominated by the anodic processes; impedance due to cathodic processes
should not be effected by the gas composition on the anode sideadithung et al also
observed that bare SDC model anodes showed a strong dependency(6rv pH with

near negligible dependence onaH(0.09)?” They proposed that this dependency, in
contrast to NiYSZ, suggested that the rdimiting process foH, oxidation occurred on

the SDC suace near the TPB site, and that hydrogen spillover or proton transfer through
adsorbed hydroxyl species were not likely mechanilthoughthere are several reports
reporting the reaction of SOFC anodes as calculated with variousrghtbO, there is

little agreement on what mechanisms are responsible for these orders, and therefore
assignment of specific reaction mechanisms ove8DIC was determined as outside of the
scope of this work. This observation is primarily presented to show that changedim an
atmosphere will adgt total impedance of the cell whishpporedthe assumption of anode

dominated impedance.

5.4.4 Calculation ofRpand E from impedance spectra

With the key model celassumptionsiow validatedthe impedance curve che
defined asonly the polarizationresulting from the anodic processedlowing amore
simplified interpretation of the impedance specirgpically, the polarization resistance
(Rp) is simply calculated as the difference between the high and low frequency real axis
intercepts on a Nyquist plot, but an additional correction was required for th&daNi

model cells.The OCV of thecells were substantially lower thathe predicted Nernst
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potential, because Ce®ased electrolytesill become partially reduced when expdge
low pOe fuels, producingoxygen vacancies andcreaseckelectronic conductivity. This
electronic leakage current lowers the obse®€&Y andcomplicates the measurement of
the true interfacial resistancémpedance spectra collected from a cell witmxed
ionic/electraic conducting electrolyte willexhibit a smaller impedance curve, and
therefore calculation of Rp by a simple difference between the high freqaadckpw

frequency intercepts will underestimate the true value.

Following the approacatf Liu et al, the Rp values wecerrectedy applying the measured
OCV under the conditions of the impedance scan, and comparing tlmet tioebretical
Nernst potential® This correction stems from the derivation of a transference number

expression, which considers the effect of

Briefly, the ionic transference number of a material is defined as:

0 . ) Y
° B0 B Yy (24

These polarization values can be related to the open circuit potential and Néensap
by:

. W

o TP v (29

By considering the impedance spectra as showsygyist plot, the bulk ohmicesistance
(Rohm) ca be defined as the high frequency intera#ghe impedance loop with the real

axis:
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Y LEDO o (26)

Similarly, the total impedance;Rcan be defied as thedw frequency intercept of the real

axis:

A Y G— , 7

Through combination othe above equations, relations for theeRRon, and most
importantly, for the Rof the cell can be calculated from the observations of a standard EIS
measurement, namely, the open circuit potenti@c\and the high and low frequency

intercepts of theeal axis of a Nyquist plot (R« and Rota, respectively).

Yoo - : (28)

Indeed, the ionic transference numbers ranged from ~0.80 to ~0.96, with hihserved

at lower tenperaturesKigure65). This highlights the need for the Rp correction shown in
Equation 3, as without this correction the anodic Rpuld be largely underestimated (for
example, a cell presenting an OCV of 849 mV at 750 C woulérestimate the Rp as
0.116 Ohm, when the corrected value would be 0.195 OAIinlR, values presented in

this work, or used for further calculations, have been subjected to the equation above.
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Figure 651 Calculated ionic tranderence numbers for NiSDC model cells between
500 C and 750 Cmeasured with 60 sccm humidified Hflowing over the anode, and

ambient air over the cathode Error bars represent one standard deviation of the
calculated results.

Collecting Rp values at fiierent temperatures, and applying the values to an Arrhenius
plot, activation energies can be measured fordttrainantanodic process, as shown in
Figure66. The activation energy for the ohmic resistames calculated a8.74eV ( 0 =
0.05) in agreement witlseveralconductivity studies for SDC electrolytespresentative

of the diffusion of oxygen anions through the latfi&&he activation energgalculated for
theRpwasand 1. 09 3)eTWis \alde isswitiin.the broad range of values reported

for H2 oxidation over Ni based anodes, although is higher than that measuredviSZNi

in this work(0.86 evV.0 = 0. 03) suggesting that t her e

processes for N6DC compared to N¥SZ anodes.
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Figure 661 Arrhenius plots for Ronmic (a) and Ranope (b) collected from several

embedded mesh model cells. Humidified hydrogen was flowed over the anode at 60

sccm or above, with ambient air over e cathode Linear fits were used to calculate

the slope for each sampl egnucyained dli.n0g9 Oe.V7 4 Ue
0.13) for R..

5.5 Use of embedded Nmesh model anode to investigate anedactivity

5.5.1 Quantification of anodic activitgs function of kpg

Theactivity of an SOFC anode will scale with the number of active sites, therefore in order
to quantify the catalytic activity of a specific material, the activity must be normalized by
the relative amount of these active sites. One of the main advantéigeeofbedded mesh
architecture is thestraightforward observation anestimation of the tps. With this
information, the inverse of Rp, here defined as acti{difir,) following the approach of
Jung et &"1% can be normalized by the number of active gigssuming the active sites

are limited to the interface of Ni and SDC, the triple phase boundarythe performance

of individual materials can be more rigosly comparedacross different cells with

different Lypg.
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In Figure67, the process for calculation of theps is described. Since the measurement

of lengthwill change with magnification, a simpleXcoptical image was used to isate

the length. This reduces the resolution of the measurement but avoids measurement defects
and anomalies that may occur at the interface. Using the open source imageJ software
packagethe image is converted to 32 bit greyscale. By adjusting thehtbicesg of the

image, the Ni mesh is first defined assingle particle and with a defined geometry
(perimeter area, etc)Then the electrolyte regions fully enclosed byniNésh are redefined
asseveraparticles, and their perimeters are summed and addkd bulk mesh perimeter.

This results in values of anode area and triple phase boundary length.

Twows = y'sw-znk_g-gg_!‘
BE0T ELB351 20 pm (306x287), 8-bd (imveriing LUT), B 6391824835129 b (306x282). 6D, 54K
AT
J
A8
y 2
. &
P oo 8
=
“hf{, %\P‘&
Define Particle Perimeter & Area
e ) ™
a .::... Q,Qg,;@@@P
:~: ::.\::.. %Qgg 3’5@@’& ¥ Perimeter of mesh: 40.33mm
Nateg gy NI ¥ Projected Area: 1332 mm?
Ayt Ny S Vg 80 .
oy N\ ’378@ S ¥ Internal TPB: 75.52 mm
¥ Total TPB: 115.85 mm
Define Particles Internal TPB length

Figure 671 Process of ktrs estimation using ImageJ software package. An optical
image is first translated to a 32 bit grey sc&. Then the mesh is defined through
contrast definition to form particles, whose perimeters combine to give thetks.

To calculate th@ormalizedactivity of the triple phase boundary, the activity valikRy)
wasdivided by the measured+ks of that cell Average activity valuetor both NkSDC

and NiYSZ embedded mesh celise charted ifrigure68 as a function of temperature.
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| t s 1 mpor t anstscale differencd betwdern theHPC and NiYSZ data,
as the NiSDC anodeexhibitsroughly two ordersf-magnitude higher tpg normalized

anodic activity.
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Figure 681 Ltpe Nnormalized activity values for (A) Ni-YSZ and (B) Ni-SDC model
cellswith 60 sccm Hat anode and ambient air over porous LSE cathode.Error

bars represent one standard deviation of the data. Please note the differenaiyis
scale between (a) and (b).

Clearly, the inheent activity of the NiSDC interface is higer thanthat of the NiYSZ
interface This result further suppod the transition away from YSZ based anodes for
intermediate temperature usejdasuggests that significantly higher activity may be

achieved for cells with N6EDC anodes compared to-NEZ.
5.5.2 Observation of Triple Phase Boundary length dependence for meltkel

Previous studies utilizing patterned model anod®eehconsistently concluded that the
hydrogen oxidation reaction occurs onlyla triple phase boundary skig measuringhe

Rp of cells with varying krsandapplying the following equation:
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Where the exponent U should yield a value
limited to the TPE*#92 Previous works often give results short of this value, explained

by the difficulties in preventing the TPB of a Ni thin filmom changing during exposure

to the high temperature reducing atmospheres required for testing (e.g. delamination, grain

coarsening, or void formation can all increase the true TPB length).

This relation was applied to the data collected from the embeaddsHt cells, in order to
confirm the assumption that the model cell anode was indeed limited by the Ai®B, T

of bare Nimesh cells were plotted as a function of the measurag &nd thisdata was fit

to an Allometricequation (y= aX”b) using OriginP2016. From equatio(R9), if the site

is limited to the triple phase boundary location, th&alue should be equal th An
alternative approacis to plot the data in le@pg plot and run a linear fit. The rational for
this method is that the slope of the linear fit should be equivalent to the negative of this

term. Both plotsand the caldated valuesre shown irfFigure69.
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Figure 691 Rp and Ln(Rp) (a, c) as a function of kpes collected at 700 °C (a,c) and

600 °C (b,d). Dashed lingrepresent(a,c) allometric (y= a¥) and (b,d) linear
(y=mx+b) fits

Indeed, as the TPB length increased theffhe model cell decreased, withvalues near

the 1.0 valuegredicted Interestingly, as the temperature was reduced, there was a larger
deviation from thisUterm, but these values remain within the range reported by other
patterned anodeorks andverify the assumption that the embeddmesh model cell
polarization with the kpgs. Most importantly, this resuupports the use of the embedded
Ni-SDCplatform in he quantification of site anodic activity. Since the activity was found
to scale with kpg, the basic activity of different nerials may be confidently calculated

and compared by normalizing the activity (dYRy the measuredrks.
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5.6 Activity modification through deposition offunctional coatings

One of the primarpadvantages of the open architecture of the embedded meskartoki

is the relative ease of material deposition through-diasite coating techniques, for
example DC or RF sputterin§ince the activity of the cell (defined here aspliRlimited

by the anode, by depositing different materials on the modeleasurdace theffect of
different coating materials on performarean be quantified and compared. In this way,
the model cell can hased to confidently scredtifferent functional coatings for improved
SOFC performance, either through improved actiuitgtability to corrosion. This strategy
was demonstrated in this section by comparing a variety of candidate functiomajs.0at

including CeQ films with small amounts of Ru, Ni, and Pt dopants.

Films were deposited through R€eramic targetspr DC (metal targetsgputtering, as
described inSection 3.2.3Coating thicknesseand growth rates arksted for tested
coatings inTable7, measured by SEM crosgctions taken frorslicon wafer substrates

coated simultaneously alomgth the polished model cell&igure70).



Figure 7071 (a) Cross sectiorand (b) top-down SEM of SDCfilms sputtered on a
clean Si waferfor 120 min at 15 W, vacuum pressure set 6.3-B mBar by flowing 45
sccm Ar into the chamber.

Table 71 Growth rates resulting from DC or RF sputtering for catalyst coatings, as
measured by SEM crosssection on Si substrates. RF sputtering conditions were 15
W at 6.3E-3 mBar, DC conditions were65W at 3.4e2 mbar.

Material Growth Rate (nm/min)
SDC 0.70
Ru-metal (DC) 5.1
Ru/Ni/Ptdoped Ce® 0.73

XPS analysis of the films confirmed a significant amount of ionic dopant was present in

each film, and these dopants remained largely ionic afténge3the raw composition of

each film, as well as the dopant:Cerium ratio, is includéihlvie?.
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Table 81 Elemental composition of deposited catalyst films tested in this work,
collected by XPS survey scan data.

SbC Ru RuCeQ NiCe®» PtCeQ
Dopant:Ce ratio  0.22 0.04 0.26 0.%4
O1s 45.71 49.12 81.35 71.1 52.84
Ce3d 5.67 9.90 11.28 5.35
4Sm3d 1.27
Cls 47.35 36.29 8.33 14.68 17.13
Ru3p 8.26 0.42
Ni2p 6.34 2.94 20.81
Ptaf 2.88

The Ruthenium and Ni dopetlinis were able to retain their cationic statéh the Ru 3p
binding energies of 463.7 eV and 463.0 eV for the as sputtered and tested coatings,
respectively. Recall from Table 1 (chapter 4) that metallic Ruthenium shows a 3p binding
energy of 461.2 eV.iBiilarly, the Ni 2p binding energies were 853.8 eV and 853.0 eV for
the as sputtered and tested coatings, respectively, and the binding energy for métallic Ni
is only 852.4 eV. As observed for the nanopatrticle catalysts described in chapter 4, the
CeQ lattice has a substantial ability to stabilize Ru and Ni in ionic states, even after
exposure to high temperature reducing conditions. The platinum doped films showed a
more, although cationic Pt was observed for thepasgtered films, the tested coatings
showed substantial amounts of both ionic and metalljisM®h a new peak appearing at

66.1 eVin addition to the cationic Pt peak at 72.Zais is likely due to the much higher
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Pt loading of the sputtered PtCe@ims, relative to the RuCefOand NiCeQ, as the

stability of the ionic state is more likely as lower doping levels.

The activity of the SDC film lowered the activity of the cell, as the ceramic phase covered
the active Ni sites. Still, i tés i(#MpPOort ant
nm)only decreased the activity by ~50%, demonstrating that a pure SDC surface does have
reasonableslectro catalytiactivity toward H oxidation. As expected, the addition of a

film of porousRuthenium(65 W with 130 sccm Ar, 3.4 mbar, followingthe approach

of Takagi et d°%) on the N-SDC surface dramatically increased the activity, likely due to
both its intrinsic activity toward Foxidation, as well as its electronic conductivity creating
additional triple phase boundary sites on the surface, beyond {8BGliinterfaceln a

similar fashion, the activity and impedance spectra of ionicNRuand Ptdoped Ce®

were collected and compareidqure 71). lonically doped films were deposited using a
composite target fabricated by wrapping a wire of the noblalmebund a dense CeO
target, following the methodology of Matolin et'8 XPS analysis of the films confirmed

a significant amount of ionic dopant was present in each film, and these dopants remained

largely ionic after testing.
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Figure 7117 RepresentativeTPB normalized impedance spectra for A) bare Ni-
SDC, B) SDCcoated, C) Ru coated, D) Ru-CeO; coated, (E) NiCeOz coated and
(F) Pt-CeOz coatedmodel cells, each colleed at 600 °C with 60 sccnmumidified
(3%H20) H2 flowing over the anode, and ambient air over the cathode. Therks
normalized activities are given in (G) error bars represent one standard deviation
of the data.
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The presence of a functional coating @esed the relative contribution of the low
frequency arc observed for these model cells. Although there was subtlaeffect for

the plain SDC coating (which showed the least activity), the higher activity coatings
significantly affected the spectrajggesting that a different reaction process has become
ratelimiting over the coating anodes, relative to the bare cells. This is supported by the
changes iractivation energy of theoatedmodel cells calculatedoy measuring the Rp of
each cellat tempeaturesbetween 600 °C and 750 °C and applying a linear fit to an
Arrheniusplot. The presence of any coating significantly increased tiferghe anodic

reaction(Table9).

Table 91 Activation energy values measured from model cell Rp between 600 °C
and 750 °C in 60 sccm kfuel over anode with ambient air over cathode

Cell Type Ea(eV) Stdev (eV)
Bare NiSDC 1.09 0.13
SDCcoated 129 0.1
Ru coated 1.31 0.01
RuCeQ coated 1.50 0.09
NiCeQ; coated 1.39 0.13
PtCeQ coated 1.33 0.08

This result demonstrates the applicability of these model cell in the comparison of different
functional coatings for SOFC anodes, and introduces the potential use of noble metal doped

CeQ as an attractive candidate SOFC ametectrocatalyst for future development.

5.7 Design and fabrication of Operando SOFC chamber
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The ability to characterize materials in the environment they areatepgem is
essential in the advancementroéiterialsbaseddevices Raman spectroscopy is areal
characterization technique for opwcuanmdo e Xx
conditions or physical contact. A number of in situ studies of fuel cell materials have been
conductedby using an optical hot stage with controlled atmosphenghiwcan replicate
the temperature and reactive gas environsxéit Although this has provided critical
information on the operation and corrosion of SOFCs, the single atmosphere condition
doesnot accurately replicate the true operating conditions of the device, as a traditional full
cell requires separate atmospheres for the cathode and anode to provide a chemical
potential (OCV)and efficient flux of ionic species Q. Although voltage cabe applied
on a symmetric cell, this again does not fully replicate the conditions of a full cell, since
theatmospherés identical at both electrodeghis is especially important when studying
SDC based SOFCs, since the entirety of the electrolytb@dbme reduceid a symmetric
cell, dramatically affecting the electronic and ionic conductiafythe electrolyteThe
number of SOFC studies using operando Raman are rare, and therefore there is a present

need to improve this characterization technology

Button celltesting (@scribed in section 3.1.% the workhorse of the SOF@cademic
community as it allows small scgleototypetesting without the need for complicated stack
construction. The information gained is primarily dominated by electretiavior rather
than macroscale effects such as gas fleemperature management and fuel utilization,
which are important issues but not directly related to materials chemigstryully
replicating the buttowtell testingapparatus within a Ramaiwmpatble chamber, there is

less ambiguity between the conditions of a cell in the testing furnaces and one in the

14<



operando furnace, and therefore the results are expected to be more meaningful to the

SOFC device community.

Therearea fewcontemporizesshohae att empted t o address thi
group has been especiafyolific in this area, and hawecently published many works

using a home built system for operando Rai8@+Cexperiments, as wellsaperando
experiment usingeveral other ofital techniques®>1%, Their system, shown Figure72,

allows full button cell testing, but there are sevdralwbacks. The design éssentially a
vertically mounted furnace placed underneath a custom optics system which guides the
beam path into the furnace from a Raman system. This system is effective, with the ability
to collect Raman signal from working SOFCs at temperatures asa$igb0 °C with full

control over both anodic and cathodic atmosph&gl, there are sevelriey drawbacks

of this design. ie system is relatively large, and is not directiynpatiblewith a standard
Raman microscope stage. This limits the adaptadfothis design to other groups, and
restricts the use of the Raman system to only operando experiments while the furnace is
assembled. Critically, by not using a motorized stage to support the SOFC, there is no
spatial resolution or mapping capability. ®to the composite nature of SOFC anodes,
different regions of the cell can have dramatically different reactions taking place and this

system is not able to distinguish on which component these reactions are occurring.
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Figure 7217 Operando Raman SOFC apparatus designed and fabricated by the
Walker group. Cross-section diagram is shown in (a), highlighting the anode and
cathode chambers contained within the quartz tube under the optical path, (b)
photograph of the operando systm, including vertically mounted splittube furnace
and custom microscope optics (beam path shown by blue line). (c) Photo of anode
surface during operation.Figure reproduced from Kirtley et al.1%

Although the work done withithe Walker group is the most prominent, there are a few
alternative designs available in the literatuBeightman et al designed rainiaturized
system that fits a standard optical stage, as describf&duine26.1°6 This design satisfies

the requirement that the cell is mounted on a motorized stage for spatial resolution and
mapping capabty, while still reaching high operating temperatures (700 °C) and
providing true SOFC operation with both cathode and anode atmosphere control. While a
strong design, the complicated mounting and assembly of the unit does not replicate button
cell testig, and may introduce inconsistencies when compared to standard cell testing

methodologies.







































































































































