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ABSTRACT
In-situ environmental transmission electron microscopy (ETEM) is a powerful
tool for following the evolution of supported metal nanoparticles under different
reacting gas conditions at elevated temperatures. The ability to odsemseents
in real time under reacting gas conditions can provide significant information on
the fundamental processes taking place in catalytic materials, from \ubich t
performance of the catalyst can be understood.

The first part of this dissertation presents the application-situ ETEM
studies in developing structure-activity relationship in supported metal
nanoparticlesln-situ ETEM studies on nanostructures in parallel vexhsitu
reactor studies of conversions and selectivities were performed for partial
oxidation of methane (POM) to syngas (CQ}bin Ni/SiQ%, Ru/SiQ and
NiRu/SIG; catalysts. During POM, the gas composition varies along the catalyst
bed with increasing temperature. It is important to consider these @asiati gas
composition in order to design experimentsifesitu ETEM.

In-situ ETEM experiments were performed under three different reacting
gas conditions. First in the presence ef tHis represents the state of the fresh
catalyst for the catalytic reaction. Later in the presence afe@H Q in 2:1 ratio,
this is the composition of the reacting gases for the POM reaction and this
composition acts as an oxidizing environment. Finally in the presence oticd
is the reducing gas. Oxidation and reduction behavior of Ni, Ru and NiRu

nanoparticles were followed in amsitu ETEM under reacting gas conditions



and the observations were correlated with the performance of the cadalyst f
POM.

The later part of the dissertation presents a technique for determining the
gas compositional analysis inside thesitu ETEM using electron energy-loss
spectroscopy. Techniqgues were developed to identify the gas composition using
both inner-shell and low-loss spectroscopy of EELS. Using EELS@erédndo
TEM” technique was successfully developed for detecting the gas phalysisat
inside the ETEM. Overall this research demonstrates the importaimcsitf
ETEM studies in understanding the structure-activity relationship in supported-

metal catalysts for heterogeneous catalysis application.



DEDICATION
This thesis is dedicated to my parents, my brothers, my sisters, my friends for

their support and encouragement.



ACKNOWLEDGMENTS
| thank my advisor, Dr. Peter A. Crozier, for providing me the opportunity and
challenge to sharpen my skills under his guidance. Without his encouragement,
valuable suggestions and constant assistant, this research would have been
impossible. | am very grateful for all his support throughout my Ph.D.

| would like to thank my committee members, Dr. Karl Sieradzki, Dr. Ray
Carpenter, Dr. William Petuskey, for their valuable suggestions. | would like to
thank all the Crozier group members for making the work place enjoyable. |
would also like to thank Ben K. Miller for his help in calibrating the energy the
energy-loss peaks. | am grateful to Karl Weiss and Zhenquian Liu for traigng m
on the TEM.

The financial support provided by the National Science Foundation NSF-
CBET-0553445 and Department of Energy DE-FG02-07ER46442 are also
gratefully acknowledged. The use of TEM at the John M. Cowley Center for High
Resolution Microscopy at Arizona State University is gratefully ackedged.

Finally, I would like to thank my best friend Ms. Sanjiarani Santra, my
parents, brothers and sisters for their support. | specially want to thank my elde
brothers Hari Krishna and Mahesh for providing me the financial support to come

to Arizona State University.



TABLE OF CONTENTS

LIST OF TABLES ..ot mmm et

LIST OF FIGURES ...ttt

CHAPTER

1 GENERAL INTRODUCTION .....ccctiiiiiiiiiiiimreee e

1.1. Introduction to Catalysis.........cccceevveeeeeniiiiieeee i,

1.2. Introduction to In-Situ Environmental Transmisstdactron

IMICTOSCOPY eeeeeeeiiirtiiieaeeeeitteeeee e s smmmeereee e e e s e nnbae e e e e e e snnreeeeens
1.2.1. LItErature.....c.co i e e e

1.2.2. Environmental Cell.................ocoo i,

1.2.3. Heating Holders.............ooov i,

1.2.4. Support Considerations.............c.ccvvennens

1.3. Partial Oxidation of Methane .............ccooevvieeeeennnnee.
1.4, OULIING ..o e e e e
REFEIENCE. ... .
2 INSTRUMENTATION AND EXPERIMENTAL METHODS.........
P2 I [ 01 oo (U Tod 1T o PR
2.2. Catalyst Synthesis Procedure ...........ccceeeeeeeeeeiinnee.
2.2.1. Catalyst Support: SiSpheres............cccoeeenne.

2.2.2. Metal/SIQSynthesis.............cooi i

2.3. Catalytic Measruments .........oocuveeveeereneeeenivieeee e

2.3.1. ISRIRIG-150 Reactor.........cvvvvvvieiinennnn.

\

...... 8.



CHAPTER Page
2.3.2. Varian 3900 Gas Chromatography...............25
2.4. Nanoscale Characterization ............ceeeceeeeeeeveeeesiieeesninnnnns 28
2.4.1. TEM and STEM Imaging.............c.cccvevvee... 28
2.4.2. In-Situ Environmental TEM Characterization..31.
2.4.3. Chemical Analysis using EDX and EELS...... 34
REIEIENCES. ... oo 38

3 STRUCTURE-ACTIVITY RELATIONSHIP IN NI CATALYST F®&

PARTIAL OXIDATION OF METHANE ... 52
3.1, INrOAUCTION ...t e 52
3.2. Ni/SIQ Catalyst Preperation............ccccooeiuceeeacc e escviieeeee s 53
3.3. NI/SIQ Catalyst Performance................ccocoeeevicnnnvnvnnnnnnen. 53

3.4. Dynamic Nanoscale Evolution under Reacting Gas iGams!

3.4.1. In-Situ Environmental TEM Characterization...... 55
3.4.2. Initial Stage of Ramp-Up: NiO Formation.......... 56

3.4.3. Final Stage of Ramp-up: NiO Reduction and Syngas

Formation..........cooooiei 61
3.5. Structure-Activity Relationship for Ni/Si@atalyst .............. 66
3.6. Effect of Particle Size on the Catalyst Perfmpe................. 67
3.7 SUMMATY i emmmmmn e e e e e e e e aaaaaeeeas 69
REIEIENCES. ... oo 72

Vi



CHAPTER

Page

4 IN-SITU ENVIRONMENTAL TEM STUDIES OF RU/SIO2 FOR

PARTIAL OXIDATION OF METHANE .........cooiiiiiiiceeeiiies 88
A1, INFOAUCTION ...t et e e e e e e e e 88
4.2. RU/SiQ Catalyst Preparation ...........ccccooecuvveemccecsiiieeeeeeene 88
4.3. Ru/SiQ Catalyst Performance..............ccccvvvmmmmmeenennnnnnnnnen. 89
4.4. Nanostructural Characterization.........cccceeeeeeiiiiiieeeneennee. 91
A.5. SUMIMAIY ...eiiiiiiiiiiiiieieeeee e e e e e e e emeeme e e e e e e e e e e e e e s s e annebsseseeeeeeees 95
REIEIENCES. ... e ee e 97

5 UNDERSTANDING THE EVOLUTION OF NI-RU BIMETALLIC

NANOPARTICLES UNDER REACTING GAS CONDITIONS

USING IN-SITU ENVIRONMENTAL TEM........coooeiiiiee 112
5.1, INErOTUCTION ..coeiiiiiiiiiee et e+t 112
5.2. Ni-Ru/SIQ Catalyst Preparation...........ccccoecuvvvmmmeneeenn. 113
5.3. EDX Analysis of NiRu Bimetallic Nanopatrticles.............. 114
5.4. Ni-Ru/SIQ Catalyst Performance ..........ccccccceeevviienennnn. 115

5.5. Dynamic Evolution of Ni-Ru Bimetallic Nanopatrticles.... 117
5.5.1. Initial Stage Ramp-Up: NiO Surface Segregation 117

5.5.2. Final Stage of Ramp-Up: NiRu Alloy Formation. 123

5.6. Low Ru Composition Sample .........ccccooviieeeieniiiiiieennn. 124

5.7. Structure-Activity Relationship.........oceeecoviiiiieeneiiiiieen. 126
5.8, SUMMAIY ... a e e 127
REIEIENCES. ... e 129



CHAPTER

Page

6 ELECTRON ENERGY LOSS SPECTROSCOPY OF GASES. 144

6.1, INFOTUCTION ....ceiiiiiiieiiieee e e 144
6.2. Experimental APProCh..........oooiiiiimeeeeeee e 145
6.3. Inner-Shell SPectroSCOPY .........ceeviiiimreemiiiiiee e 146
6.4. LOW-LOSS SPECIrOSCOPY ...coeveeieiiiimmeeeeee e 151
6.5. Gas DiffuSiON ISSUES ...........eeeiiiieercme e 156
6.6. H QuaNtification .........ccceeeeiiiiiiiiiiiieeeeeeeeccee e 158
B.7. SUMMANY ..oiiiiiiiiieie ittt reememae e e e e e e e e e e e e e e e e e e e e aannns 161
REIEIENCES. ... oo 163

7 OPERANDO TEM - DETECTION OF GAS PHASE CATALYSIS |

AN ENVIRONMENTAL TEM WITH EELS ...........cccoeeee 176
7.1, INEFOTUCTION ...t et 176
7.2. ISRI RIG-150 Reactor vs. ETEM Reactor ........ccc........... 177
7.3. CO Oxidation on Pt MeSh ................mmmmmmnereeeiiiiieeniiieenns 179
7.4. Sample Preparation for Operando TEM .........cccccoenneeee. 182
7.5. CO Oxidation on RU/SKD......oiiiiiiiiiiiiiiieiieee e 183
7.6. Carbonyl Contamination ISSUES ...........commmerreeeeeeeiinnnnn. 184
7.7. CQ Methanation on RU/SKQ..........cccoeeviiiviiiiiiiiiiiiieeeeeees 186
7.8, SUMMANY ..o reeeemae e e e e e e e e e e e e e e e e e e e e s aanns 190
REIEIENCES. ... 192
8 SUMMARY AND FUTURE WORK ..o 208
8.1. SUMMARY ...ttt 208



CHAPTER Page

8.1.1. Structure-Activity Relationship...................208

8.1.2. Electron Energy-Loss Spectroscopy of Gases..... 211
8.2. FUTURE WORK ...ttt 213
8.2.1. Effect of Catalyst Support.............ccoeevennns 213
8.2.2. NiRu Bimetallic Catalysts ...........cccceiviiennnnns 213
8.2.3. 0Operando TEM.......cooiiii e, 214
APPENDIX
| MOIRE ANALYSIS ...t 215

I DETERMINATION OF CONVERGENCE AND COLLECTION

SEMI-ANGLES FOR EELS ... 217

Il EELS LINE SCAN PROFILES FROM 50NIS0RU BIMETTALIC

NANOAPRTICLES IN THE PRESENCE OF CH4.............. 220



Table

2.1.

3.1.

4.1.

5.1.

6.1.

6.2.

6.3.

6.4.

LIST OF TABLES

Thermal conductivity Of gaSes .........ceeccceeriiiiiieniiiiiiieee e 41
Experimental conditions showing the gas enviromsneeaction
temperatures and reaction times used duringhtsgéu ETEM studies
PSPPSR 74
Experimental conditions showing the gas enviromsneeaction
temperatures during the-situ ETEM studies . ........ccccceeeeeiiiiiiinn, 98

d-spacings of Ni, Ru, 50Ni50Ru and RuO2 obtaired #CPDS

List of conditions used of EELS spectra acqarssti ..................... 165
Scattering parametei\tialues for different gases at a given pressure
et EeeeeEteeeheeeeseeeaEeeeastee ettt amemamaEeeeReeeanteeeateeeanbeeannteeanreeenrnanns 166
Low-loss peak positions for different gas g®ecC...........cccceeeeneeeee. 167
Nominal and measured CQfiHolar concentrations in a variety of

different CO/B MIXIUIES . ..o 168



Figure

1.1.

1.2.

1.3.

1.4.

2.1.

2.2.

2.3.

2.4.

2.5.

2.6.

2.7.

2.8.

2.9.

LIST OF FIGURES
Page

Energy diagram showing the effect of catalyst omghetion path .... 19
Schematic showing the principle of heterogeneoulysiata.............. 19
Schematic representation of reactor under higlytatconversions and

SEIECHIVILY . .eeiieeeiieiee e 20
Plot showing the thermodynamic equilibrium conversubii3H, and

O, and there selectivity towards ¢é@nd CO at 1 atmosphere. . ..... 20

a) TEM image of Sigspheres, b) Sigspheres size distribution . ..... 42

Glove bag set up used for incipient impregnation................c........ 43
ISRI RIG-150 MIiCroreactor UNIt ..........cccceeeveeeeiiineeeiniieee e 44
Schematic of reactor tube ... A4
Varian 3900 Gas Chromatograph unit ........cccceeeciiieeeeniniiiiieneenns 45
Plot showing the schematic of typical gas chromatogra.............. 45

Ray diagram showing a) image formation and bjedifion formation

JEOL JEM 2010 transmission electron microscopeizona State

UNIVEISILY ooeiiiiiiiiiiiee et erreeee e A8

2.10. FEI Tecnai F2-situ environmental transmission electron microscope

at Arizona State UNIVEISILY .........cooiiiceeecc i 49

Xi



Figure Page
2.11. External gas handling system connected to the TE2AaIEM
COIUMN L. D)
2.12. Schematic diagram showing the mixing tank setutsacdnnection to
the environmental cell in the ETEM, the mixing tank is
approximately 1 m fromthe cell ... 50
2.13. Schematic of environmental cell in the ETEM, shgvdifferent levels
(o)1 o101 0010 ][ T RSP 50
2.14. Schematic of TEM sample loading on to a Gatam#ldwt stage .. 51
2.15. Schematic showing the basic principle of x-ray géonarby a primary
EIECIION .o 51
3.1. Ni particle size distribution for 2.5 wt% Ni{himetal loading ......... 75
3.2. Plot showing conversion of GEnd Q and their selectivity towards
CO; and CO during partial oxidation of methane over a model
2.5Wt% NI/SIQ catalySt. .....coovvieeieeeiiiiierrrree e, 76
3.3. Variations in the gas composition along thelystthed (regions |, 1l
and Ill) over different temperature ranges for 2.5 wt/siD,
(0= 12 1)V ST PPPRRPR 76
3.4. In-situ ETEM images and electron diffraction patterns of Ni)/Sga) in
presence of 0.8 Torr oft 406C (Condition A) and (b) from the
same region in presence of 0.8 Torr of mixture of, @kt Q in 2:1

ratio at 400C (Condition B) ........c.coeeveeveeieereiteereceeeee e 77

Xii



Figure Page

3.5. Sequential images of void formation in NiO insgrece of Cihland Q
(L 20 R =1 1o ) PR RPRRRT 87
3.6. In-situ high resolution TEM image of void structured NiO/Si®

presence of 0.8 Torr of GHind Q in 2:1 ratio at 40T (Condition

3.7. Background subtracted energy-loss spectrum fronmxtare of 2.6 Torr
CHs and Q in 2:1 ratio showing C and O K-edges ..........coum. 79
3.8. Ex-situTEM image and electron diffraction of Ni/Si@fter ramping to
400°C in CH, and Q and then cooling to room temperature in
FIOWING HE .o 79
3.9. In-situ ETEM images of Ni/Si@(a) in presence of 0.8 Torr ot ldt
400°C (Condition A) (b) from the same region in presence ®fTorr
of mixture of CH and Q in 2:1 ratio at 408 (Condition B) (c)
superposition of colorized images shown in a and b................ 80

3.10. Schematic representation of NiO void formatioKiskendall

3.11. Fractional surface area associated with Ni pastal different sizes
2.5WE% NI loadiNg ..ccooiiiiiiiiee e et 81
3.12. Electron diffraction pattern of Ni/Si@uring the reduction in presence

of CO and H (in 1:2 ratio) at 40 (Condition D) ...........ccecuee..... 82

Xiii



Figure Page
3.13.In-situ high resolution ETEM image along with the FFT’s of NUS
during the reduction in presence of 0.1 Torr of CO apn@rHL:2
ratio) at 400C (Condition D) .......ccccveeeieeeeieeee et 82
3.14.In-situ high resolution ETEM images along with FFT’s of Ni/Si®
presence of 0.3 Torr of GHat 500C at different reduction times
(Condition H). (a) and (b) shows the initial stage of réidncand c)
intermediate stage of reduction ...............comeeeeeeeeeeniniiieeeeens. 83
3.15. Schematic representation of NiO to Ni transfaomnainder two
different mechanisms (a) Mechanism I: O is the dominiiisthg
species (b) Mechanism II: Ni is the dominant diffusipgaes ..... 84
3.16.In-situ high resolution ETEM image of Ni/Sp&howing graphite
formation of Ni after the complete reduction of NiO iegence of
0.3 Torr of CH at 500C (Condition H) ........c.cccoeveveeeeriereerieens 84
3.17. CH conversion and CO selectivity of 2.5 wt% Ni/gi&h showing the
comparison between two consecutive runs on the same tatalgd
3.18. Plot showing Clconversion and CO selectivity for partial oxidation
of methane over a 2.5 wt% Ni/SiGsolid curves) catalyst and
7.3wt% Ni/SIQ catalyst (dotted Curves) .........ccccceeevvieccccevnnenn. 85
3.19. a) Ni particle size distribution and b) Fractichaface area associated

with Ni particles of different sizes for 7.3. wt% Ni mdtading on

Xiv



Figure Page

3.20. Plot showing Clconversion and CO selectivity for partial oxidation

of methane over a 2.5 wt% Ni/Sifr the two consecutive runs

Run1l (solid curves) and Run2 (dotted curves) .....cccceeee. 87
4.1. TEM image of 2.5wt% Ru/SIO2 catalyst .....ccccceeeeeeeiiiiiiiieeeennee. 99
4.2. Plot showing the catalytic performance during paskimlation of

methane on 2.5 Wt% RU/SIO........ccooiiiiiiiiiiiieeeeee e 100
4.3. Variations in the gas composition along thelgsttded (regions |, II

and 1ll) over different temperature ranges for 2.5 wit30,

(072 12 1)V S PRI 100
4.4. a)in-situ ETEM images in presence of Ru/SiOTorr of H at 406C

and b) corresponding diffraction pattern .........cccccoveeeeeenenen... 101
4.5. In-situ high resolution ETEM image of Ru/Si@ presence of 1 Torr of

Ho @t 400C ..ottt ettt 102
4.6. a)ln-situ ETEM images from the same area in presence of 1 Torr of

CH; and Q in 2:1 ratio at 30 and b) corresponding diffraction

PAEEIN e 103
4.7. In-situ high-resolution ETEM image of Ru/Si@n presence of 1 Torr of

CHsand Qin 2:1ratio at 40T ......veeeeeeeeeeeeeeeeee e e 104
4.8. Background subtracted energy-loss spectrum iprésence of 1 Torr

of CH; and Q at 300C a) from the core region of the nanoparticle b)

from the surface of the nanoparticle ..........ccoeeeeriiinnee... 105

XV



Figure Page
4.9. Ex-situSTEM image of Ru/Si@after ramping to 40 in presence of

CH, and Q in 2:1 ratio and cooling to room temperature in flowing

4.10. Background subtracted energy-loss spectrum fro®iGuefter

ramping to 408C in presence of CHand Q in 2:1 ratio and cooling

to room temperature in flowing He. a) from the coreae@f the

nanoparticle b) from the surface of the nanoparticle............... 107
4.11.In-situ TEM images of Ru/Si@ a) In presence of 1 Torr of Gldnd Q

in 2:1 ratio at 408 and b) from the same region in presence of 1

Torr of mixture of CH at 400C ........ooviveeeeeeeeeeeeeeee e e 108
4.12.In-situ high-resolution ETEM image of Ru/Si@ presence of 1 Torr

Of CHAAE A0OC ...ttt e e e eeeenneas 109
4.13.In-situ ETEM image and the electron diffraction pattern of 6D,

a) in vacuum at 20C b) in presence of 1 Torr of Gldt 406C . 110
4.14.In-situ high-resolution ETEM image of Ruy(3I10; in presence of 1

TOIr Of CHi @t 40OC ...t 111
5.1. Schematic showing the different forms of intéoaci bimetallic

NANOPAITICIES ...oeiiiiiiiiiiie e e 131
5.2. a) STEM image of NiRu/Sib) typical EDX spectra from one of the

NIRU NANOPAITICIE .......eeeieiiiiiiieei e 132
5.3. Compositional analysis from a NiRu standard shotiaegntensity

ratio Of Ni Kou 1O RU KO ..eneeee e 133



Figure Page

5.4. EDX composition analysis for 50Ni50Ru sample........ccuveeee.. 133

5.5. Plot showing the catalytic performance during parkimlation of
methane on 2.5 wt% 50NI50RU/SIO........ccoeeiiiiiiiiiiiieieeeeeeeeees 134

5.6. In-situ ETEM images and the corresponding EELS spectra from a
50Ni50Ru/SiQ catalyst in the presence of 1 Torr gfdd 400C. 135

5.7. In-situ ETEM images and the corresponding EELS spectra from a
50Ni50RuU/SIQ catalyst in the presence of 1 Torr of mixture of,CH
and QN 2:1ratio At 40TT . .......ooooeeeeeeeeeeee e e 135

5.8. In-situ high-resolution ETEM images of 50Ni50Ru/3i8) In presence
of 1 Torr of H at 406C and b) from the same nanoparticle in

presence of 1 Torr of mixture of Gldnd Q in 2:1 ratio at 400C

5.9. Schematic illustration of difficulties assoeivith sample drift during
the collection of STEM EELS line scans.........ceeooocveeininnne.. 137
5.10. In-situ environmental STEM images and EELS line scans from
50NiRu50/SiQ a) In presence of 0.3 Torr obldt 406C and b) from
the same nanoparticle in presence of 0.3 Torr of mixtu@Hpfand
020N 2:1 ratio @t 40T ..ot 137
5.11. Ni-Ru phase diagram. ..........ccuuiiieeeerrce e 813
5.12. a)n-situenvironmental STEM image and b) compositional profile
obtained from EELS spectra from a 50Ni50Ru/Sithe presence
of 0.3 Torr of mixture of Cland Q in 2:1 ratio at 40%C. .......... 138

XVii



Figure Page
5.13. Schematic showing the various oxidation behavtossrved in two-
phase alloys (a) the two metals oxidize independémfigrm a
nonuniform scale (mechanism I) (b) the two metals aridi
cooperatively to form a uniform scale (mechanism Il). (& metal
oxidizes rapidly and protects the other metal from oxodati
(mechanism H1) [B].. .ooeoiiieiiieee e 139
5.14. Schematic representation of possible oxidatibaber in 50NiS0Ru
nanoparticles. a) showing a uniform NiRu alloy, b) iniigidation
of the ally surface forming both metal oxides, c) formatbn
depletion layer at the interface due to the preferedifi@ision of Ni
onto the surface d) after complete oxidation................cc......... 139
5.15. In-situ ETEM image of 50Ni50Ru/Si&n the presence of 1 Torr of
mixture of CH, and Q in 2:1 ratio at 408C, showing the formation
of voids at the interface...........coouvviiimeeeee 140
5.16.In-situ environmental STEM images and EELS line scans from
50NIi50RuU/SIQ a) in the presence of 0.3 Torr of C&hd Q in 2:1
ratio at 406C b) corresponding composition profile obtained from
EELS c) from the same nanopatrticle in the presence&dfdir of
mixture of CH, at 606C d) corresponding composition profile
obtained from EELS. ... 141
5.17. Plot showing the catalytic performance during partiaation of
methane on 2.5 wt% 95NISRU/SIO..........ccccvvveeviiiiiviiiieeeeeennnnn 421

Xviii



Figure

Page

5.18. In-situ ETEM images of 95Ni5Ru/SiDa) In presence of 1 Torr ohb,H

at 400C and b) from the same region in presence of 1 Torr of

mixture of CH and Qin 2:1 ratio at 408C. ........covovvvveieeeeeen 142

5.19. Ex-situTEM image of 95Ni5Ru/Si@sample after ramping to 4D

6.1.

6.2.

6.3.

6.4.

6.5.

6.6.

in CH; and Q and then cooling to room temperature in flowing

H e 143
Energy loss spectrum from CO at 3 Torr pressure shdivetdges

from C and O (condition A). The background before the cartiga e

has been extrapolated and removed from each spectrum for clari

Energy loss spectrum €@t 3.8 Torr pressure showing K-edges from C
and O (condition A). The background before the carbon edge ha
been extrapolated and removed from the spectrum............... 169

Background subtracted energy loss spectrum fidral®wing K-edges
from B and N (condition A). The background before the boron edge
has been extrapolated and removed from the spectrum......... 170

Schematic showing the differences in the inelastttering behavior
from a solid and the gas .........coccueeiiiiiimmcee e 170

Background subtracted energy loss spectrum2rérifiorr of air
showing K-edges from Nand Q (condition B) .........cccccvveeeeenns 171

Background subtracted energy loss spectrum2rériiorr of mixture
of 2CH, and Q showing C and O K-edges (condition B) ............ 171

XiX



Figure Page
6.7. Low-loss spectra from a variety of gases recordadeat Torr ...... 172
6.8. Normalized low-loss spectra from air at aboBitTarr pressure (solid

curve). The dotted curve is the linear combination ofritlvidual
spectra from @and N recorded at 2 Torr and 2.1 Torr, respectively.
The ti values for these three spectra were 0.13, 0.115 anddd.09 f
air, N and Q , reSpecCtively .......ccoevcciiiieeeiiiiee e 173
6.9. Normalized low-loss spectra from mixture of 26, at about 2.6
Torr pressure (solid curve). The dotted curve is the linear
combination of the individual spectra from £&hd Q both recorded
at 2 Torr. The ¥ values for these three spectra were 0.11, 0.08, 0.09
for 2CH, + O,), CHy and Q , respectively ........cccoceeeeiiiiinennn. 731
6.10. Evolution of energy loss spectrum in reactiohvagh time after
charging the mixing tank with 2G- H, , adding Q to the mixing
tank first. (a) Immediately after changing gas mixture, (ey 80 m
and (c) after 1 h (cell pressure = 2.5 TOIT) ....comeeeemvveeeeeeeeenn. 174
6.11. Normalized low-loss spectra from a nominal mewfri2H +CO at
about 2.9 Torr pressure (solid curve). The dotted curveibnear
combination of the individual spectra from &hd CO recorded at 3.8
and 1.8 Torr, respectively. The Walues for these three spectra were
0.06, 0.05, 0.08 for (2H+CO), H and CO, respectively ............. 175
7.1. Schematic representation of a) ISRl RIG-150 reaeiand b) ETEM

(ST (01 (0] T 194

XX



Figure

7.2.

7.3.

7.4,

7.5.

7.6.

7.7.

7.8.

7.9.

Page
Background subtracted energy-loss spectra fronTayr bf CO and b)
1 Torr of CQ and c) normalized EELS spectra from a mixture of CO
and CQin 1l:1ratio at 1 TOIr PresSsure ........ccooveeeeeeeeeeeeeeninnnns 195
Plot showing the CO oxidation reaction on a Phrpesformed in an
RIG-150 FrEACION .......evveiiiii ittt emmmmnei e 196
Background subtracted energy-loss spectra ac@ickffierent

temperatures during CO oxidation on Pt mesh in an ETEktoe

Background subtracted energy-loss spectra acauifgfC during CO
oxidation on inconel heating holder ...........cccceeeeviiiiiiiiienennns 197
Normalized EELS spectra from a mixture of CO@fdin 1:1 ratio at
1 Torr pressure (solid curve). The dotted curve is thatdine
combination of the individual spectra from both CO @} ..... 197
Plot showing the CO conversion with increase irpégature on Pt
mesh measured from-situ energy-loss spectroscopy ................. 198
TEM image of glass fiber with Ru/Si€ample loaded .................... 198
Plot showing the CO oxidation reaction on a Phrpesformed in an

| [CRN RS O N ¢=T- Tex (o] ST 199

7.10. Background subtracted energy-loss spectra acqtindteeent

temperatures during CO oxidation on Ru/Statalyst in a ETEM

ST = Tox () S 199

XXi



Figure Page
7.11. Plot showing the CO conversion with increasempgrature on

Ru/SiG catalyst measured from-situ energy-loss spectroscopy.

7.12.In-situ TEM images of Ru/Si@in the presence of CO and @as
mixture in 2:1 ratio at a) 8C, b) 300C ......c.cceeeeiieiieeeeeee, 201
7.13. Background subtracted energy loss spectrum frd@i®ucatalyst at
300°C, showing the presence of Fe and Ni contamination along with
O K-edge from the Sigsubstrate ...........cccccceeveeeeeeeeeeeescosssnn... 202
7.14. TEM image of Si@sphere in the presence of CO at®D0........... 202
7.15. Plot showing the Gonversion and its selectivity to gEnd CO
with increase in temperature during O@ethanation on 2.5Wt%
RU/SIG catalyst in RIG-150 reactor .............ceeceeeemeeeeeeeeeeneenn. 203
7.16. Background subtracted energy-loss spectra of C &-autpuired at
different temperatures during G@ethanation on Ru/Sigatalyst
IN @ ETEM FrEACIOI ......ooiiiiiiiiiiiiiee e 203
7.17. Plot showing the thermodynamic equilibrium calculatiohCQ
conversion to Chland CO at a) 1 atmosphere and b) 1 Torr ....... 204
7.18. Plot showing the amount of €&nversion to CO with increase in
temperature during COnethanation on Ru/Sgatalyst measured
from in-situ energy-losSs SPECIrOSCOPY .....cvvvveveeiiiicceeemeieeenn. 205
7.19. Background subtracted low-loss reference speotraindividual gases
a) CQ, b) H, C) CH;,, d) CO and €) bD ..ocveevvvveeieeiecieerieeieie 206

XXii



Figure Page
7.20. Background subtracted low-loss spectra acquir@@®C during CQ
methanation on Ru/SgZatalyst ..........ccccveeeeeiiiiiiiiieeeeee, 207

7.21. TEM image of Ru/Sigxduring CQ methanation in am-situ ETEM

xxiii



Chapter 1
GENERAL INTRODUCTION
1.1.Introduction to catalysis
Catalysis plays a major role in our life and livelihood. The word “Catalysiséca
from Greek meaning “down” or “to loosen” [1]. Catalysis is the change énofat
a chemical reaction due to the participation of a catalyst. Nature haspbelo
some of the most efficient catalytic processes like photosynthesigamleare
chlorophyll in leafs is a type of photocatalyst and converts carbon dioxide and
water to glucose and oxygen in the presence of sun light [2]. Enzymes are
catalysts that present in biological cells which control the rate of chémi
reactions sufficient for life [3]. Catalysts are also important for modern
technology impacting areas such as energy, health, environmental control and
food industry. More than 90% of commercially produced chemicals involve
catalysts at some stage in the processes of their manufacture [4]. THe globa
demand on catalysts was estimated at US$29.5 billion in 2010 which will increase
further with rapid recovery in automotive and chemical industries [5].
Catalysts increase the reaction rate by providing an alternativeoreact
path way by lowering the activation energy. Figure 1.1 shows the energy diagram
for a chemical reaction A and B converting to C and D. In the absence of Gatalys
reaction proceeds along a reaction pathway indicated by the solid curve. The
presence of a catalyst lowers the activation energy by changingttiene

pathway as shown by the dotted curve. The final products and the overall



thermodynamics of the reaction remain the same, only the rate of themeaacti
affected by the presence of the catalyst.

Most industrial catalysts are heterogeneous catalysts with suppotiad me
particles. In a heterogeneous catalyst, the phase of the catalystrierdiffom
the reactants. In most of energy related applications, the catalyst solid
phase with reactants in the gas or liquid phase. In this thesis, the reaetamts a
the gas phase. Figure 1.2, schematically illustrates the reactionmseclzand
fundamental steps taking place for a reaction conducted on the surface of a
heterogeneous catalysts. One or more gaseous species (reactarsyradsie
surface of the catalyst, dissociate, diffuse on to the surface, and combined to form
product molecules which then desorb giving products. Poisoning of the catalyst
can take place if the desorption does not odauring these gas-solid
interactions, the phase and morphology of the catalyst can significantlyechang
which can influence the catalytic properties of the material. Théysastructure
after the reaction may not be a true representative of the active phaesadtsat
during the reaction. One of the challenges is to characterize the catadyérial
at high temperatures and pressures that typically exist in the reaatoe, leese
structural changes must be studied under reacting gas conditiongnesitog

techniques.



1.2.In-situ environmental transmission electron microscopy

1.2.1 Literature

Since the invention of transmission electron microscope (TEM) by Ernst Ruska in
1939 [6], electron microscopy has become a key technique for obtaining the
atomic scale structural and chemical information of the materials. Ghe of

earliest applications of electron microscopy studies of catalysts washgalohn
Turkevich in 1945 [7]; electron micrographs of several industrial catalyses we
presented in this paper. Since then, electron microscopy has become vital tool for
studying the catalytic materials to obtain information on particle sizehapks

and atomic structure information of the catalyst surfaces [8,9]. Andlgt@etron
microscopy can provide much more information than just particle size and shape.
Information such as, oxidation state of the catalyst, elemental distributions i
bimetallic catalysts can be obtained from analytical microscopyest{itid,11].

TEM has been extensively used for studying heterogeneous catalysts) se

works and reviews can be found in the literature on the use of TEM for studying
these catalytic materials [12-16]. Althougk-situTEM provides significant
information on the catalyst structure and composition, the observations may not
be representative of the catalyst in its working state. A fresh damadysundergo
significant changes during a reaction (such as phase transformation,
morphological changes, etc.) based on the surrounding gas environment which
may affect its catalytic propertidsi-situ techniques have to be applied for
understanding the dynamic nanoscale changes of the catalysts under geescting
conditions, which is the main focus of this thesis.
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The word in-situ” came from Latin which means “in the place”. The
techniqudn-situ transmission electron microscopy (TEM) refers to the
observations of dynamic responses of the material to an externally applied
stimulus. The ability to observe the events in real time is whsitu TEM offers
to the world of materials science research. Researchers have developadrseve
situ TEM techniques to understand the fundamental processes in materials under
different external stimuli. The electron microscopes or microscope haaerse
modified to introduce external stimuli such as, heating, cooling, mechanical
straining, electric or magnetic fields, gas environments, and light [17-19].
Nanostructural changes observed under these controlled conditions can then be
correlated with the properties of the materials. In this thesstu environmental
TEM (ETEM) studies were performed on supported metal catalysts undengeacti
gas conditions at elevated temperatures for developing structure-activity
relationship.

In-situ ETEM is a powerful tool that allows materials to be studied under
dynamic reacting conditions at high spatial resolutions. From these dynamic
observations, information on intermediate phases/structure can be determined
which can provide scientific information on the mechanisms of phase
transformations, shape changes etc and their effect on the catalyst pectarma
This kind of information on transitional forms may be difficult or impossible to
obtain fromex-situstudies of used catalystdoreover,ex-situstudies may not
provide a representative picture of the catalyst structure and compasitien i
working condition. Scanning probe microscopy (STM/AFM) can also be used to
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study the dynamic gas-solid interactions at very high spatial resolutionbebat t
are limited to study only the model flat surfaces [2®situ ETEM is an ideal
tool for studying the high surface area nanomaterials that are oftenyechpl®
catalysts in industry.

The history oin-situ environmental TEM dates back to 1950's. Ito et al.,
in 1958 first developed a specimen reaction device for the electron microscope to
observe the sample during the reaction [21]. Hasimoto and group in 1968 have
constructed a gas reaction chamber for an electron microscope that catelde he
up to 1006C at gas pressures of 300 Torr [22]. Baker et al., used the design
developed by Hasimoto for performing controlled atmosphere electron
microscopy studies and the dynamic changes were recorded continuously on a
videotape with the help of a camera [23]. Baker and co-workers were the first to
applyin-situ ETEM studies for heterogeneous catalysis. Baker et al., followed the
carbon deposition and growth of filamentous carbon on different metal particles
and were able to measure the activation energy of the reaction [24-27]. Gai et al,
has applied atomic resolution ETEM for probing gas-solid interactions at atomic
level under controlled reacting gas conditions [28]. Creemer et al., have
performed atomic scale electron microscopy at ambient pressure byausing
nonreactor made of MEMS technology [29].

Many groups also have shown the power of ETEM for studying dynamic
gas-solid reactions in catalytic materials [30-31]. At Arizona Staigdusity,in-
situ ETEM has been used for many years to understand the fundamental processes
that take place at the nanoscale under controlled gas environments. Foreexampl
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Li et al., performedn-situ studies to understand the fundamental process that
takes place during the synthesis of supported mono-metallic and bi-metallic
catalysts [32-34]. Wang et al., performaesitu studies of dynamic changes that
take place in the ceria-based oxides during redox process for solid oxide fuel cell

application [35,36].

1.2.2.In-situ environmental cell

An environmental cell in thm-situ ETEM is a chamber around a TEM specimen
into which a controlled amount of desired gas can be introduced. In general
TEM'’s are used under high vacuum conditions®f®10° Torr) in order to

avoid scattering from gas molecules and increase the life of electron source. B
the introduction of gases into the TEM, the vacuum conditions are disturbed and
the electron gun life time can be degraded. The main requirement for bunlding
situ ETEM is to confine the gases within the environmental cell so that the
vacuum of the column and the gun region remains undisturbed.

There are three possible ways the gas can be introduced into the sample
region without disturbing the microscope vacuum. One type of environmental cell
is the gas-injection system that is equipped with the TEM holder [36,37], the
pressure near the sample region is determined by the flow rate of the gas. The
advantage of this is it is easy to operate, but very low pressures can lvecchie
by this technique (only about 2T orr). The other technique that is used for
achieving gas environments near the sample region are by the use of vdndowe
cells [29,38]. In a windowed cell, two electron transparent membranes were used
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above and below the sample to confine the gas environments near the sample
region. The gases are introduced through the fine tubes inside the specimen holder
rod. By this technique gas pressures of up to 1 atm can be achieved, however the
spatial resolution obtained by this method is rather low due to the presence of
membrane windows above and below the sample. One more disadvantage is the
reliability of the windows, once the membrane of the cell is broken during the
operation, it can give serious problems to the microscope and recovery from

which can take long times. A major advantage of windowed cells is that, any
conventional microscope can be turned into an ETEM just by building a

windowed cell holder for that specific microscope.

The differential pumping system is the other technique with which
reasonable gas pressures can be achieved near the sample region without
disturbing the microscope vacuum and the electron gun [31-35,39,40]. In this
thesis, a differential pumping system was used for performisgu ETEM
studies. Gas was introduced into the environmental cell and was pumped at
different levels. Gas was confined near the sample region with the help of
apertures, gas pressures of up to few Torr can be achieved by this technique. The
gaspressurensidethecell is limited by the choiceof aperture size, pumping
speed, and distance between apertures. Detailed information of this technique is
discussed in chapter 2, section 2.4.2. The spatial resolution that can be obtained
by using this technique is in general much better. With recent developments in
aberration correctors, information can be obtained at sub-angstrom resolution
under dynamic conditions [28]. The major disadvantage of this technique is a
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dedicated microscope has to be specially built for performuisgu ETEM

studies, which can be very expensive.

1.2.3. Heating holders

Several heating holders are available in the market depending on the application
[41,42]. The material used for making the holder should be compatible with the
TEM sample grid, reacting gases and reaction temperature used for tl@nreact
For example heating holder made of Ta furnace will corrode when heated to high
temperatures in the presence of oxygen. A major challenge in obtairsitg

ETEM high resolution imaging is associated with the sample drift when the
holder is heated to high temperatures. It will take about 30 to 60 minutes for the
drift to stabilize for obtaining high resolution imaging. Recently heatindensl|

are built with MEMS technology, where small area of the holder near the sample
region is heated, which will stabilize very quickly. By using these holdeis, hig
resolution imaging is possible within few minutes of reaching the desired

temperature.

1.2.4. Support considerations

One of the challenges in following the evolution of supported metal catalysts
under reacting gas conditions relates to the inherent complexity that is often
present in the nanostructure and composition of real working catalysts. Even
underex-situconditions, many “simple” heterogeneous catalysts show a variety
of structures and morphologies between and within individual nanograins. Many
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common high surface area supports may be composed of nanocrystals possessing
multiple crystal facets and complex surface defect structures. FopéxéeLi et

al., found that in Ni supported on TiQhe nature of the metal-support interaction
depended on whether the metal nucleated on anatase or rutile grains and on the
particular crystal facet of these two different titanias [43]. The contplekhigh
surface area support structures can lead to significant heterogenbéy in t
microstructure of supported monometallic catalyst and provide rich but complex
nanostructure in bimetallic systems [32,33]. Fesitu work in which dynamic
structural changes take place during reaction conditions, this structural giynple
greatly complicates the interpretation of the TEM data. For this reason amorphous
SiO, spheres have been chosen as a simple model system on which metal
nanoparticles were dispersed. The surface of the §ifteres is relatively
homogenous, which implies that the interaction of the support with the
nanoparticles is similar everywhere for the catalyst. Moreover the simple
geometry of this support is ideal for observing and interpreting changes in metal

particle size, shape and composition durmgitu ETEM studies.

1.3.Partial oxidation of methane

Partial oxidation of methane (POM) was considered as a model reaction. Methane
is the predominant gas component of natural gas, which is found abundantly in
many locations around the world. The product gas ratfC®F2) obtained from
partial oxidation of methane is suitable as input for Fisher-Tropsch synthesis
[44,45]. POM is an important reaction for syngas production because of its slight
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exothermic nature [46-48], and the POM may also be useful for other energy
related process such as fuel reforming for high temperature fueppbtations
[49].

The catalytic partial oxidation of methane was first reported in 1946 by
Prettre et al, where methane and oxygen was fed stoichiometrically fati)L
over Ni catalyst [50]. It was found that the Ni catalyst deactivated byatiher
formation. Ashcroft and co-workers showed that methane could be converted to
high conversions and selectivities to synthesis gas without coke formation over
noble metal catalysts like Rh, Ru, and Ir [51, 52]. Several monometallic and
bimetallic catalysts on variety of supports were studied for this rea&®n [
Figure 1.3 shows the thermodynamic equilibrium conversions ga@#HQ and
their selectivity towards C£and CO at different temperatures at 1 atm,
calculated using Factsage program [54]. These thermodynamic limiteset
maximum achievable catalytic activity that can be obtained for this ceadti
best catalyst will reach the thermodynamic equilibrium values very quickly

For partial oxidation of methane under high conversion conditions, the gas
composition in the reactor changes along the catalyst bed changes from 100%
reactant gas at the entrance of the bed to close to 100 % product gas at the exit,
with intermediate gas products in the middle (Figure 1.4). The gas composition
across the reactor is influenced by the reaction pathway for syngas formation.
Two main reaction mechanisms have been proposed for the POM reaction [Eq. 1
below]. One is the indirect POM, where the reaction proceeds through complete
combustion of methane to G@nd HO [Eq. 2] followed by carbon dioxide and

10



steam reforming [Eq. 3 and 4] [55,56]. The other is direct POM to syngas without

the formation of C@and HO.

CH, + %0, > CO + 2H AH%qg = —36 kJ moft (1)
CHs + 20, > CO; + 2H0 AH%gg = —802 kJ mot (2)
CH,+ CO, > 2CO + 2H AH%gg = +247 kJ mof* (3)
CH, + H,O0 > CO + 3H AH%qg = +206 kJ mot* (4)

Most experimental findings support that £&nhd BHO are the products
that form initially at low temperatures by complete combustion during the
temperature ramp-up in Glnd Q and syngas forms at high temperatures
[46,53, 55,]. Thus the gas composition present in the reactor will involve gas
mixtures of CH, O,, CO,, CO, HO and H with theexactcompositiondepending
onthelocation and temperatumn thereactorbed. Moreoverduringthereactor
ramp-up the catalyststructureandactivity will changewith temperaturéeading
to furtherchangesn theambientgas compositionThus during ramp-up, the
“reactor condition” varies in time and space and it is important to take this into
account in the design and interpretation of environmental TEM experiments.

There are several groups that perform catalytic activity measurearents
supported metal catalysts and there are several groups that have beansiging
ETEM studies to understand the fundamental process during gas-solid
interactions. This thesis is focused in bridging these two fields by performing
catalytic activity measurements externally in a reactor or in the TiiEM a

performingin-situ ETEM studies under reacting gas conditions to get
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nanostructural informatiorn-situ ETEM observations are correlated with the
catalytic performance to get the structure-activity relationship.

Structure-activity relationship studies were performed on pure Ni and pure
Ru supported on Sigpheres. Ni was considered as a cheap catalyst and Ru is a
noble metal and efficient catalyst for POM reaction. The difference iptthgse
and morphological changes were studied under reacting gas conditions that are
relevant to POM and their affect on the catalyst performance is discustad. A
understanding the behavior of two metals a NiRu bimetallic catalyst waarede
and similar experiments were performed on NiRu to that of Ni an¢hRaitu
ETEM experiments were performed under different gas environments to
understand the interactions between Ni and Ru and these observations were

correlated with the catalyst performance.

1.4.0Outline

Chapter 2 introduces to the material synthesis procedures and the instrumentation
used in this thesis. Chapter 3 and 4 showstsgu phase transformations in
supported Ni and Ru nanoparticle respectively under reacting gas conditions and
their effect on the catalytic performance is discussed. In chapter 5 both Ni and Ru
were mixed together to get bimetallic NiRu nanopatrticlesiaisitu ETEM

experiments are performed under reacting gas conditions to follow the changes in
compositional distributions in individual nanoparticles. These changes in
nanoparticle composition are then correlated with the catalytic perfoenian

POM reaction. Chapter 6 discusses about the electron energy-loss spectroscopy
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(EELS) technique for determining the gas composition in the environmental cell
in the ETEM. In chapter 7OperandoTEM” technique will be discussed, where
EELS has been used to detect the gas phase catalysis inside the envaloretient
in a TEM. Chapter 8 summarizes the conclusions from this work and will finish

with some future directions on this project.
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Chapter 2

INSTRUMENTATION AND EXPERIMENTAL METHODS
2.1. Introduction
This chapter introduces to the synthesis procedures and characterization
techniques used in this dissertation. First the introduction of the catghypsirsu
SiO,, its synthesis will be described followed by incipient impregnation
procedures to get metal dispersions onto the support. The ISRI RIG 150 reactor
was used to perform the catalytic reactions and a Varian 3900 Gas
Chromatography was used to measure the catalytic actxitgituTEM
nanoscale structural characterization was performed in an analyt@hlJHEV
2010 F andn-situ environmental transmission electron microscopy (ETEM)
studies under reacting gas conditions were performed in an FEI Tecnai F20.
Several TEM techniques such as high resolution electron microscopy, scanning
transmission electron microscope, electron diffraction, energy dispersaye x-
spectroscopy, electron energy loss spectroscopy were used to obtain tlvaleanos

structural and chemical information.

2.2. Catalyst synthesis procedure

2.2.1 Catalyst support: Sj@pheres

SiO, spheres of uniform size were prepared using Stober’'s method [1]. Stober et
al., developed a system of chemical reactions that control the uniform growth of
SiO, spheres by means of hydrolysis of alky silicates in the presenceobbhlc
Chemicals used for this reaction are ethanol (100% pure), ammonium hydroxide
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(29% ammonia), deionized water and tetraethoxyorthosilicate (TEOS, 99.999%
from Sigma Aldrich) as a source for silica. Typical synthesis procedwelye

mixing a known amount of ethanol, deionized water and ammonium hydroxide in
a beaker and heating on a hot plate while stirring. Once the desired tengoisratur
reached, TEOS is added to this mixture and the reaction was left for 2 hours.
After 2 hours reaction was stopped and the remaining chemicals were esdporat
by heating to 10IC. Si0G; spheres were collected and heat treated 2C5m0air

for 2 hours.

Figure 2.1a shows the silica spheres prepared by Stober’s method. From
the image it is clear that the Si€phere have a well-defined morphology which
gives a great advantage in following the nanoparticle evolution under dynamic
gas reacting conditions in tiesitu TEM. Figure 2.1b shows the particle size
distribution of these spheres. The average size of the spheres measured from TEM
images is 305 nm +/- 23 nm with a specific surface area 7gm{determined

from TEM).

2.2.2. Metal/SiQ synthesis

The incipient wetness method was chosen for impregnation of metal precursors
on to the Si@support. In this method, metal salt solution of know concentration
was added to the support, the amount of precursor solution added is equivalent to
the pore volume of the support [2]. For determining the pore volume of the silica
spheres, precursor solution was added slowly drop by drop until the powder
turned damp. The amount of precursor solution added till the powder turned damp
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gave the approximate pore volume of the silica spheres. The specifiobares
for silica spheres obtained by this method is about.&@on.

The impregnation procedure was performed according to the method
outlined by Banerjee et al [3]. Ethanol was used as a solvent for preparing
precursor solution because of its lower surface tension than water, thishhelps i
better spreading of the precursor over the support [4]. The surface tension of
ethanol and water at 20 in air are 22.5 mN/m and 72.8 mN/m respectively.
Incipient wetness impregnation was carried out in a mortar by drop wiseoadditi
of nickel nitrate solution (ethanol solvent) equivalent to the pore volume of the
SiO; in a saturated ethanol atmosphere while mixing for 10 min. Saturated
ethanol vapor ambient prevents the drying of ethanol solvent from precursor
solution during mixing, this provides a better mixing between the precursor
solution and the support giving a better metal dispersions. To achieve aeshturat
ethanol atmosphere, impregnation was performed in a glove bag containing a
beaker with alcohol and the alcohol was stirred using a magnetic stirer aAf
couple of hours the glove bag was saturated with alcohol. Figure 2.2 shows the
glow bag set up established for performing incipient wetness impregnatiom. Afte
impregnation, the sample was dried at®@€br 2 hours followed by reduction in
5% H/Ar atmosphere at 400 for 3 hours. The conventional calcination step was

avoided to give improved metal dispersions in this case [5].
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2.3. Catalytic Measurements

2.3.1. ISRI RIG-150 Microreactor

Thein-situ research instruments (ISRI) RIG-150 microreactor (figure 2.3) is a very
convenient tool for catalyst synthesis and characterization. The capabiliRéS-

150 are: 1) It provides computerized control of the gas flows through the reactor,
which can be used to run either steady state or transient reactions that aequi
repeated number of different flow sequences. 2) To run temperature programmed
reactions such as temperature programmed reduction (TPR), temperature
programmed oxidation (TPO) and temperature programmed desorption (TPD). The
unit collects and stores both temperature and thermal conductivity cell datalas pe
user instructions. 3) To perform pulse adsorption experiments, this involves pulsing
of single gas or gas mixtures at specific time intervals. 4) To performsBEdce

area measurements.

The microreactor is equipped with mass flow controllers to provide
computerized control of the gas flows into the reactor. Various gases can bethsed wi
the given mass flow controllers by adjusting the flow calibration valueshélnass
flow controllers are calibrated for the gases of interest by mattihéngas flow from
the exit of the reactor with that of the value entered in the program. Gas flow from the
exit of the reactor was measured by using a digital mass flow matealsb
equipped with a thermal conductivity detector (TCD) used for measuring the gas
composition based on the thermal conductivity of gas. More details about the TCD

will be discussed in the next section.
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Catalytic reactions were performed in a reactor containing a quardiar fix-bed

flow furnace, with an internal diameter of 10 mm. A K-type thermo-couple is placed
at the top of the catalyst bed for measuring the temperature of the bledwasirs

figure 2.4. The effluent gas from the reactor outlet was analyzed by usiagea V

3900 gas chromatography system.

2.3.2 Varian 3900 Gas Chromatography

The gas chromatography (GC) is a chemical analysis instrument that ehables t
separation of different components in a gas mixture based on the chromatographic
separation principles. It consists of two phases, a mobile phase (or moving phase)
and a stationary phase. The mobile phase is a carrier gas, usually an isadhgas

as He, Ar or a nonreactive gas like NThe stationary phase is usually a layer of
polymer or an inert solid support (usually porous) packed inside a piece of metal
tubing called the column [6]. The column is the heart of the gas chromatography
that enables the separation of the components in a gas mixture. As theayas str
enters into the column, the individual components are separated at different rates
depending on its adsorption affinity towards the material used in the stationary
phase. Gas with relatively high affinity to the stationary phase will mimweer
compare to the one with lower affinity and thus migrates slowly through the
column. This difference in the migration velocity leads to the separation of
individual components in the gas mixtures [7]. The column can also be heated to
higher temperatures to facilitate faster migration of the gases tcatlotser

times. However, this will degrade the peak resolution in the chromatogram.

25



The specific model of gas chromatography used for measuring gas coompissit
Varian 3900 GC is shown in figure 2.5. This system is equipped with a parallel
setup of 2 Porous Layer Open Tube (PLOT) columns for separation of permanent
gases in short time. PLOT columns have the inner surface coated with a porous
layer of solid support or adsorbent. The sample is injected via a normal injection
port and is split into the parallel setup of 2 columns. A short CP-Molsieve is used
to separate the few gases (@, CH; and CO) before the first peak (composite
peak of all inert gases) elutes from the CP-PoraBOND Q PLOT column. Adter t
first peak, the Clland CQ elute from the CP-PoraBOND Q column (if water is
present, it will also be seen from the CP-PoraBond). TheaD® eventually

water that enters the Molsieve column will be adsorbed. Asdlildes from both
systems, the split ratio between the two columns can be calculated bydha rati
the methane peaks of CP-Molsieve 5 A and CP-PoraBOND Q. Baking of the
column at 258C for 24 hours is done frequently to remove any moisture that has
been adsorbed onto the surface of the stationary phase.

The gases that elute from the column will flow into the detector. There are
many types of detectors that can be used, such as thermal conductivity detector
(TCD), flame ionization detector (FID), mass spectrometer (MS) etcgd$e
chromatography employed for the experiments is equipped with TCD, which is
sensitive to the difference in the thermal conductivity of the gas compomehts a
the carrier gas. The TCD has two sides, a sample side and a referentaeside
sensors on each side of the cell are two delicate filaments, total of four; these
filaments form a Wheatstone bridge [8]. In order for the filaments to give a
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balanced signal, the same composition of gases must be flowing on both sides of

the cell at all times. As the composition of the gases change on the sample side

with respect to the reference side, this will give a change in the TCD.signa

Thermal conductivities of different gases are mentioned in table 2.1 [9]. $le wa

chosen as a carrier gas to get the high sensitivity detection for diffesest ga

With He as a carrier gas, chromatography can detect all the gasesritoesti

except H because of smaller difference in the thermal conductivities between He

and H. If H, needs to be detected thepdd Ar should be used as a carrier gas.
Figure 2.6 shows an example of gas chromatograph, the x-axis represents

the time scale at which the each gas component is eluted from the column and

detect by the TCD. The y-axis is the intensity of each peak given in micsp volt

the intensity of the peak depends on the amount of the component that is present

in the gas stream. Ratios of areas under the peaks will give the relative ga

composition ratio in the gas stream. Peak positions for individual gases@&;H

CO,, and CO) relevant to partial oxidation of methane are calibrated by flowing

pure gases. It is important to calibrate the correction factors &diveehreas

under the peaks for determining the gas compositions, because two gases of the

same concentration with different thermal conductivities can give elffgreak

intensities. The intensity of the peak also depends on the differences in the

thermal conductivity of the gas component and the carrier gas. The larger the

thermal conductivity difference between the carrier gas and the sample gas the

larger the signal intensity of sample gas. A correction factor for each gas

mixtures was calibrated by flowing equal amounts of gases into the GC and
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taking the ratio of the areas under the peaks. Conversions and selectivities for the
reaction are calculated from the gas chromatography signal andraplexar

partial oxidation of methane is shown below:

CH,4 and Q conversions along with Gnd CO selectivities were calculated by
using the following equations:

CH4 Conversion: (Chlin-CHg 0u)/CHa.in Q)

O, Conversion: (Qin-Oz,0u)/O2,in 2

CO;, Selectivity: CQ ouf(CHa,in"-CH4 019 (3)

CO Selectivity: 100- C@Selectivity 4)
where CH,in, CHy,outare the amount of methane gas going in and coming out of
the reactor respectively, similarly foLbGCO,,0t IS the amount of carbon dioxide

and carbon monoxide coming out of the reactor.

2.4. Nanoscale Characterization

2.4.1. TEM and STEM imaging

The transmission electron microscope (TEM) is a powerful tool to obtain atomic
scale information on materials. It uses a beam of electrons to illumieate t
specimen and a magnified image is produced with the transmitted electrons wit
the help of lenses. A basic TEM consists of an illumination system, image
forming system, transfer lens and a viewing screen or recording device. The
illumination system consists of an electron source to provide an intense beam of
high energy electron and condenser lenses (magnetic lenses) to transfer the
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electrons to the specimen giving either a broad beam or a focused beam. The
image forming system consists of objective lens, intermediate lens andtproj
lens. The role of the objective lens is to form the first intermediate iorage
diffraction pattern which are then magnified and projected onto the viewing
screen by the intermediate and projector lenses [10]. The image and diffracti
pattern are then magnified and projected onto the viewing screen by the
intermediate and projector lenses [10]. Figure 2.7 shows the ray diagram for
forming images (figure 2.7a) and diffraction patterns (figure 2.7b) in the TEM.
Low magnification TEM images will provide information about the particle size,
particle morphology, and metal dispersions on support [11,12]. High resolution
TEM images can provide atomic-scale information on interplanar spaoimg fr
which the structural information of the nanoparticles can be obtained [13].
Defects, surface structures, interface interactions, information on loglte-s
structures can also be obtained from high resolution TEM images [14-18].

In scanning transmission electron microscopy (STEM) mode, a focused,
convergent beam of electrons is focused and scanned across the specimen,
electrons scattered at different angles are collected by @ateti® form an image.
Scanning of the beam is accomplished by using two pairs of scanning coils
located between the condenser lens and the objective pole piece. One function of
the scanning coils is to keep the beam parallel to the optic axis while it scans
across the specimen [10]. The STEM signal generated at each point on the
specimen is detected, amplified, and proportional signal is displayed at an
equivalent point on the detector. The image builds up as the scanning takes place.
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In STEM imaging, serial recording is done instead of parallel recovannch is
the case in TEM imaging.

Two types of STEM images can be obtained depending on whether the
signal is collected from the beam which includes the direct beam or only the
scattered electrons. If the direct beam is detected it is called bagh&§TEM
imaging. If annular detector is used to collect the scattered eleatrensalled
annular dark-field. Figure 2.8 shows the schematic diagram illustrating the
formation of Z-contrast image in STEM mode. The integrated intensity formed on
the detector is roughly proportional to the square of the atomic numb{13].
Qualitative elemental distribution at atomic level can be obtained from Zasbnt
images as the difference in atomic numbers will have different intensitie
However it is not easy to differentiate between the two elements if they hav
similar atomic number. The advantage of STEM mode over TEM mode is the
precise control on the position of the beam on the area of interest, which can be
used to get local chemical information by using energy dispersive x-ray
spectrometer (EDX) or electron energy-loss spectrometer (EEL&toles.

Ex-situTEM characterization is performed on a JEOL JEM 2010 operated
at 200keV (shown in figure 2.9). This microscope has a point to point resolution
of 0.19 nm and an information limit of 0.14 nm. This microscope is equipped with
angle annular dark-field (ADF) detector for STEM imaging. TEM sasplere
prepared by dispersing catalyst powder onto a holy carbon film supported on a

copper grid.
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2.4.2.In-situ environmental TEM characterization

In-situ environmental TEM (ETEM) is a powerful tool for following the dynamic
gas-solid interactions on the surface of the catalyst [20-22]. It helps inrgjudy

the catalyst under reacting gas conditions and can provide information on
nanoscale changes taking place in the catalyst. This kind of information can
provide several fundamental insights into the gas-solid interactions, mechanisms
of phase transformation, sintering mechanisms, evolution of nanoparticles under
reacting gas conditions, growth kinetics etc [23-25]. Perfornmssgtu ETEM
experiments under reacting gas conditions will give information on the active
phases of the catalyst during catalysis. This kind of information helps in
correlating the nanostructures with the catalytic performance.

In-situ ETEM experiments were performed in an FEI Tecnai F20 field
emission TEM (figure 2.10) operating at 200kV with a point resolution of 0.24
nm and an information limit of 0.14 nm [26,27]. This instrument is capable of
performing both TEM and STEM under reacting gas conditions. It is equipped
with Gatan imaging filter, this allows us to follan+situ nanoscale chemical
changes using electron energy loss spectroscopy.

Figure 2.11, shows the external gas handling system connected to the
TEM. The gas handling system consists of a mixing tank, from which gas flows
along the stainless tube and a leak valve is used to control the amount of gas
flowing into the microscope column. Figure 2.12 shows the schematic of gas
handling arrangement. The mixing tank allows gases of arbitrary composition to
be mixed from up to 4 different gases. Gases were combined by injecting
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appropriate pressures into a mixing tank assuming Dalton’s law (motzs rati
ratio of partial pressures). Dalton’s law applies only to ideal gasesmaal
gases which are composed of interacting gas molecules [28]. However, in this
case, the pressures are equal to or less than one atmosphere where the
compressibilities are close to unity giving errors in molar ratios sftlean a few
percent. All gases (except lab air) used for our experiments are 99.999% pure
This microscope is equipped with a differential pumping system for
holding gas pressures near the sample region of the microscope and at the same
time protects the electron gun from damage because of exposure to high gas
pressures [27]. Figure 2.13 shows the schematic of the differential pumping
system, this system is capable of handling gas pressures of up to 8 Torr. Gas is
introduced in the sample area through the leak valve and the escape rate into the
rest of the TEM column is restricted by small differential pumping apeertoir
100um in size. Gas leaked through these apertures is pumped at different levels
using turbo molecular pumpS{ievel of pumping) and molecular drag pumf(2
level of pumping). The small opening of the differential pumping apertures helps
in holding high gas pressures near the sample region of the microscope [27].
Heating the samples was performed using a Gatan heating holder with a
furnace body made of inconel. This holder is capable of going up € %90
vacuum and the maximum temperature it can go in presence of gases depends on
the type of gas and its pressure. The amount of current required to heat the
furnace to a certain temperature is different in the presence of gasredrpa

that of in vacuum, which depends on the thermal conductivity (table 2.1) and the
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pressure of the gas. It requires relatively higher currents in thenpeestH and
He gas than the other gas components to maintain the same temperature. Since the
maximum current that can be passed through the holder is limited, the highest
temperature the holder can reach in the presence of gas will depend orthe typ
gas and its pressure. The heating holder is equipped with thermocouple to read the
temperature of the furnace. It is also equipped with a water cooling stgstem
keep the temperature low at the O-ring region when the furnace is heated to
temperatures above 5t Temperature of the holder is adjusted by changing the
current flow into the furnace. The error in determining local sample teraperat
was +/- 25C.

TEM samples fom-situ ETEM experiments were prepared by gently
crushing the catalyst sample between glass microscope slides and rlisthensi
onto a platinum (Pt) grid. The Pt grids were made by punching 3 mm grids from
Pt gauze (99.9% pure, 100 mesh woven from 0.0762 mm diameter wire) obtained
from Alfa Aesar. Pt grids were chosen because of its chemical iredues at
high temperatures. The operating temperatures are well below the iamma
temperature of Pt, this keeps the diffusion of Pt atoms extremely low and the
likelihood of Pt interacting with the sample is very small. Pt is one of the best
catalysts for most of the reactions, duringitu environmental studies under
reacting gas conditions, Pt can catalyze the reaction and can chaggs the
composition inside the environmental cell. The extent of catalysis on the Pt grid
will vary depending on the reaction. The volume of reacting gas inside the cell is
very large compared to the amount of Pt available for catalysis. Though there is a
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catalytic reaction taking place due to the presence of Pt, the amount of product
gas formation will be negligible compared to the amount of reactant gases.
Moreover electron energy loss-spectroscopy can be used to monitor any change in
the gas composition during-situ ETEM experiments. To make sure the platinum
grid is placed firmly onto the holder, two inconel washers were used on both sides
of the grid and secured with a hexring, both washers and the hexring are made of
inconel. Figure 2.14 shows the schematic of loading the sample onto the heating

holder.

2.4.3. Chemical analysis using EDX and EELS
Analytical transmission electron microscopy is capable of providing claémic
analysis at high spatial resolutions [30]. When a fast moving electrondits th
sample there are several interactions that take place between trenededithe
sample. Some are elastic interactions, where there is no change ircttenele
energy after the interaction with the atoms in the sample and some arednelasti
interactions, where a high energy electron can lose energy to an atom.
Spectroscopy takes advantage of these inelastic interactions to identify the
chemical species in the material.

In the process of loosing energy, the primary electron generates x-rays
which are detected by the energy dispersive x-ray (EDX) spectrometry. A
incident electron can ionizes the atom by removing one of the bound electrons
leaving the atom in an excited state. For example, suppose a K-shellrelectro
removed by the incident electron (as show in figure 2.15); this will leave a
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vacancy in the K-shell. The ion can lower its energy by filling the vacartby wi
an electron from the outer shell and the excess energy is radiated as a
characteristic X-ray. This characteristic X-ray energy is uniquieetgpecific
atom which can be used to identify the elements present in the sample. The main
component of the EDX is the x-ray detection unit which is made of
semiconductor material. X-rays from the sample hit the detector gegerat
electron-hole pairs; the number of electron-hole pairs generated is propodional t
the energy of the x-rays. The number of electron-hole pairs is detected by the
detector and converted into a signal. The detector is cooled to liquid nitrogen
temperature to deactivate the electron-hole pair generation due to therrggl ener
this will help in keeping the noise levels very low while detecting the xigamals

EDX can detect all the elements above lithium. EDX can be used for both
gualitative and quantitative analysis. The position of the peak on the energy scale
can be used to identify the elements present in the sample. Quantitativesanalysi
EDX can be performed using Cliff-Lorimer equation [30]. For example, the
elemental ratio in a bimetallic nanoparticle can be determined by tiging
following Cliff-Lorimer equation [30]:

CalCg =k * 1pllg

where G and G are the concentrations of elements A and B respectively in the
sample andal and g are the intensities of the characteristic peaks from elements
A and B respectively. ‘k’ is a sensitivity factor that depends on the atomiberum
correction factor, x-ray absorption within the sample, and x-ray fluorescence
within the sample. By assuming that the nanopatrticles are very small any
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absorption or fluorescence within the sample can be ignored, and hence k depends
only on the atomic number correction factor. ‘k’ factor can be obtained by taking
the EDX spectrum from known sample composition or can be calculated from the
theoretical cross-sections [30]. EDX was used to determine the elemeantal rat
individual bimetallic nanoparticles, the detailed procedure of EDX anailykis

be discussed in chapter 5. EDX analysis of bimetallic nanoparticles was

performed on a JEOL JEM 2010F TEM equipped with a EDAX EDX detector

with an energy resolution of 130 eV.

In electron energy-loss spectrometry (EELS), the inelasticallyesed
electrons are transmitted through the sample and are detected by the EELS
detector. Electrons enter into the spectrometer through a variable entrance
aperture and travel through the drift tube where these electrons areedelfigct
the magnetic field. Electrons with greater energy loss are defliertbdr than
the zero loss electrons. A spectrum is thus formed in the dispersion plane which
consists of a distribution of electron counts. Electrons that have undergone simila
energy losses are focused onto a same point on the dispersion place. The object
plane of the spectrometer is usually the back focal plane of the projector lens of
the TEM.

The EELS spectrum can be divided into two energy-loss regions, valence
loss and core loss. The valence-loss spectrum is formed by the energy loss of the
electrons due to the excitation of valence electrons. The core-loss spectrum is
formed by the energy loss due to the ionization of the inner-shell electrons in an
atom. EELS can be used for elemental identification, to determine elemental

36



composition, oxidation state, atomic bonding state and optical properties [31-33].
In this dissertation, EELS was used to determine the oxidation state of surface
layers (Chapter 4) and STEM-EELS line scans to determine the elemental
distribution in bimetallic nanoparticles (Chapter 5). In chapter 6, EELSusexb

to determine the gas composition inside the environmental TEM-ftu

studies. EELS was also used to measure the catalytic product formed ésring g

phase catalysis for heterogeneous catalysis application (Chapter 7).
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Table 2.1. Thermal conductivity of gases

Gas Thermal Conductivity (Wm™K™
Hydrogen 1684
Helium 1415
Nitrogen 243
Argon 162
Methane 302
Oxygen 244
Carbon monoxide 232
Carbon dioxide 145
Water vapor 158
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Figure 2.1. a) TEM image of Si@pheres, b) Sispheres size distribution.
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Figure 2.2. Glove bag set up used for incipient impregnation.
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Figure 2.3. ISRI RIG-150 microreactor unit.
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Figure 2.4. Schematic of reactor tube.
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Figure 2.5. Varian 3900 Gas Chromatograph unit.
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Figure 2.6. Plot showing the schematic of typical gas chromatogram.
45



Electron source

Condenser lens

Object

Objective lens
Back focal plane

First intermediate image

Intermediate lens

Projector lens

P N\ Image on viewing screen

Figure 2.7. Ray diagram showing a) image formation and b) diffraction formation
(contd.) [10].
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Figure 2.8. Schematic diagram showing the formation of Z-contrast STEM imag

Figure 2.9. JEOL JEM 2010 transmission electron microscope at Arizona State

University.
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Figure 2.10. FEI Tecnai F20-situ environmental transmission electron
microscope at Arizona State University.
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Figure 2.11. External gas handling system connected to the Tecnai F20 TEM
column.
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Figure 2.12. Schematic diagram showing the mixing tank setup and its connection
to the environmental cell in the ETEM, the mixing tank is approximately 1 m
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Figure 2.13. Schematic of environmental cell in the ETEM, showing different
levels of pumping [27].
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Figure 2.14. Schematic of TEM sample loading on to a Gatan inconel hot stage.
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Figure 2.15. Schematic showing the basic principle of x-ray generation by a
primary electron [30].
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Chapter 3
STRUCTURE-ACTIVITY RELATIONSHIP IN NI CATALYST FOR
PARTIAL OXIDATION OF METHANE

3.1. Introduction

The goal of this chapter is to understand the structure-activity relationship.n Si
supported Ni catalysts for partial oxidation of methane. Catalytic activity
measurements in parallel wiih-situ nanoscale structure characterization were
performed to develop structure-activity relationship in NifSi@talyst. Noble
metals are very efficient and stable for converting methane to syde@iswith
Ru and Rh being among the fastest for reaching thermodynamic equilibrium
conversions, but noble metals are costly for large scale applications. Supported Ni
catalysts have also been studied as less expensive options for partial oxidation of
methane. Ni catalysts show high conversion efficiencies at low cost [1,2,7]
although deactivation by coke forming and sintering can be problematic.

For partial oxidation of methane at high catalytic conversions, the entrance
of the catalyst bed sees mostly reacting gases (mixture p&&HQ in 2:1 ratio)
and the exit of the catalyst bed sees mostly product gases (mixture of CQ and H
in 1:2 ratio). The gas composition along the catalyst bed changes from an
oxidizing (with G as the oxidation gas) to a reducing environment (with, Ci®
and H as reduction gases) changing the oxidation state of the Ni nanoparticles.
Moreover, during the reactor ramp-up, the catalyst structure and awtilVity
change with temperature leading to further changes in the ambient gas

composition. Thus during ramp-up, the “reactor condition” varies in time and
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space and it is important to take this into account in the design and interpretation
of ETEM experimentdn-situ ETEM experiments under oxidizing and reducing
gas environments that are relevant to partial oxidation of methane were gefform

to follow the oxidation and reduction process in supported Ni nanoparticles.

3.2. Ni/SiG catalyst preparation

A 2.5 wt% Ni/SiQ catalyst was prepared by impregnating S@heres with

nickel nitrate hexahydrate (Ni[N{2.6H,0) solution using incipient wetness
techniques. Nickel nitrate hexahydrate solution was prepared by dissolving a
known amount of 99.999% Ni[Ng».6H,O (obtained from Sigma Aldrich) using
ethanol as a solvent. Incipient wetness impregnation was carried out in a mortar
by drop wise addition of nickel nitrate solution equivalent to the pore volume of
the SiQ in a saturated ethanol atmosphere while mixing for 10 min. After
impregnation, the sample was dried at®@fbllowed by reduction in 5%}AAr
atmosphere at 460 for 3 hours. The conventional calcination step was avoided
to get improved metal dispersions in this case [8]. Figure 3.1 shows the Nigpatrticl

size distribution after the reduction step.

3.3. Ni/SiQ catalyst performance

The activity and selectivity of the catalyst was determined witlm-stu
Research Instruments RIG 150 reactor. For a typical reaction, 10 mg o$tataly
was loaded into the reactor and initially reduced af@d0 5% H/Ar. Reactions

were typically performed using a feed mixture of &b4:He = 8:4:50 with a total
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flow rate of 62 cc mift. (Partial pressures of Glnd Q in the gas feed were 98
Torr and 49 Torr respectively). A typical run would involve ramp-up rates of
about 4C per minute. The effluent gas from the reactor outlet was analyzed with
a Varian 3900 gas chromatography. As He is used as a carriengeas Hot
directly detected; hence CO formation was taken as the referenceasunng
the activity of the catalyst for syngas (COyfbrmation. Conversion and
selectivities were calculated according to the details mentionedtiors@.3.2 of
chapter 2.

Figures 3.2 (a-d), shows the measured catalytic conversion cai@HQ
and their selectivity towards G@nd CO on Ni/Si@during partial oxidation of
methane. During the temperature ramp up, no catalytic conversion,dak
place at temperatures below 300Complete combustion of up to 24% of CH
takes place in the temperature regime of’80@ 750C giving CQ and HO in
1:2 ratio with 100% @consumption at 75C. A further increase in temperature
to 775C resulted in a sudden increase ofs@Hnversion from 24% to 97% with
almost all the Chlbeing converted to CO and Hn 1:2 ratio. A slight increase in
CH, conversion and CO selectivity was observed with a further stepwise increase
in temperature to 96C. A dramatic difference in the conversions and
selectivity’s compared to temperature ramp-up was observed when tlog react
temperature was gradually decreased fronf@Q@6 406C. CH, conversion
decreases gradually with decrease in temperature while,tben@ersion remains
at 100% down to 50C and drops to 5% at 48D. Interestingly, on ramp down,
significant CO selectivity was observed down to a temperature 6€450
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contrast with the ramp-up data which showed negligible CO selectivity until
775°C. No gas reactions were detected below’@00

Figure 3.3 schematically illustrates the possible variation in gas
composition along the catalyst bed for three different temperature regihees.
catalyst bed was divided into three regions (not necessarily equal). At
temperatures below 300, all regions of the bed are exposed to a mixture of CH
and Q (2:1). In the temperature range of 30@o 756C, region | at the front of
the bed sees a reactant mixture of mostly @ktl Q whereas regions Il and lli
are exposed to mixtures containing £8,, CO, and HO. With increasing
temperature, the Gnd BHO concentration will increase in region Il and 111 of
the bed at the expense of £&hd Q consumption. Above 785G, region Il is
exposed mostly to a mixture of GHCO;, and HO since now most of the,(as
been consumed during complete combustion of @Hegion |. Reforming of
methane with C@and HO takes place in region Il and region Il is exposed
mostly to a mixture of CO and.Hin 1:2 ratio). In reality there is a continuous
change in the gas composition across the bed and figure 3.3 simply illustrates the
dominant compositions present at different locations and temperatures in order to

facilitate the design of appropriate ETEM experiments.

3.4. Dynamic nanoscale evolution under reacting gas conditions
3.4.1.In-situ environmental TEM characterization

In-situ environmental TEM was performed on an FEI Tecnai F20 under gas

pressures of about 1 Torr. The samples were redoegtl in the presence of H
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at 400C before exposing them to the various gas mixtures of relevance for partial
oxidation of methane. To investigate the structure of the catalysts aediffer

points along the reactor bed at different temperatures, a series of ETEM
experiments were undertaken in gas mixtures corresponding to the various gas
compositions shown in figure 3.3. The ETEM conditions were labelled A - H and
are defined in table 3.1. Conditions A and B are always run in sequence at the
beginning of each experiment to mimic the initial start-up procedures in@e R
150 reactor (i.e. experiments exploring conditions C to H are always preceded by
A and B). The gases for each experiment were pre-mixed in a mixing tank in the
desired ratios before admission into the dalsitu reactions were carried out at
pressures of 0.1 to 0.8 Torr. The Ni/Si€amples were gently crushed between
glass microscope slides, loaded onto platinum grids and placed onto a Gatan
Inconel heating holder. Electron beam damage effects were minimizesingy
low-dose image conditions and blanking the beam during the temperature ramp.
Furthermore, to check that electron beam effects were not important, the
irradiated areas were compared with the non-irradiated areas to makieastine

phase transformations were identical between the two areas.

3.4.2. Initial stage of ramp-up: NiO formation

A typical low magnification image of S¥upported Ni nanoparticles in presence
of 0.8 Torr of H at 406C (Condition A) is shown in figure 3.4a, and diffraction
pattern (figure 3.4b) confirming the fcc Ni. Ni nanoparticles are de-wdttimg

SiO, in the presence of +atmosphere. In the presence of a 0.8 Torr mixture of
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CH; and Q in 2:1 ratio at 40%C (Condition B), the Ni nanoparticles transform to
a structure showing a void-like morphology that wets the silica surface, as show
in figure 3.4c. Electron diffraction shows the nanoparticles are now fcc NiO,
figure 3.4d. Figure 3.5 (a-e) shows the sequential images of void formation in
NiO in the presence of GHand Q mixture at 408C. This kind of information is

not easy to obtain during the-situ studies because of the thermal drift associated
with the holder when the reacting gases are introduced into the environmental
cell. The sequential images in figure 3.5 were obtained from a video taken at 15
frames per second during the reaction. Drift in the image is correctedngy usi
statistically determined spatial drift package (SDSD) [9] and tlagés of

individual frames are obtained after the drift correction. To reduce the noise, 20
individual frames were averaged to get the single image. From the sequential
images it is clear that the void nucleates at the interface of the NeSdgrows
away from the interface until the Ni oxidation is complete. Figure 3.6 shows a
high resolutiorin-situ ETEM image of void structured NiO particle at 400n

the presence of CHand Q mixture 60 minutes into the reaction. The high
resolution image shows multiple grains with restricted long-range ordering
suggesting the presence of defects in the nanopatrticle.

It was initially somewhat surprised to see the formation of NiO, since the
gas composition was rich in reducing gas gCHo check the gas composition in
the environmental cell, electron energy-loss spectroscopy of gasger@sned
in the environmental cell [10]. Figure 3.7 is a background subtracted energy-loss
spectrum from a mixture of GHnd Q in 2:1 pressure ratio during thresitu
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studies, showing C K-edge and O K-edge fromy@htd Q respectively. The
background was extrapolated beyond the edge, the K-edges integrated over a 100
eV range and the signal ratio converted to elemental ratios using Hartexe Slat
cross sections. The result from quantification gave an average value @iChe
ratio of 1.14+0.01. These values lie within about 15% of the nominal value of 1.0
that would be expected based on ratios of the two gases in the mixing tank. This
confirms that the Ni to NiO transformation takes place even though the gas
composition is rich in Cid More details on EELS of gases will be discussed in
chapter 6.

As a further check on the validity of thesitu observations, several
samples were analyzed from #esitureactor at an equivalent point in the ramp-
up. After the initial reduction step, the catalyst was heated fiC40theex-situ
reactor in the presence of ¢hind Q in a 2:1 ratio. The sample was then cooled
to room temperature and immediately transferred into a TEM for observation.
Figure 3.8, shows a typical image and diffraction pattern frorextkstusample
and confirms both the formation of the void structured morphology and the
complete conversion of the Ni to NiO. This shows that the void structure is an
intermediate phase formed in the catalyst during ramp-up. Nanoparticle evoluti
was followed in the presence of the £ihd Q mixture up to 808 and electron
diffraction confirmed that Ni existed as NiO even at this high temperature.
In the ETEM experiment, the phase transformation of Ni to NiO is caused by the
high partial pressure of Qabout 0.27 Torr, in the gas flow. In tee-situreactor,
the catalyst bed is also exposed to a high oxygen partial pressure at temperature

58



up to 700C. At these oxygen pressures, there is a strong thermodynamic driving
force for oxide formation [11]. The presence of the reducing agentdGés not
significantly affect the phase transformation because of the highersdrpton
energy of Qon the Ni surface compared to £fghemisorption energies for the
Ni (111) surface are 481 kJ mbfor the O-adatom, and 192.28 kJ mdbr CHs
adsorption) [12,13]. Consequently, the surface is mostly covered by O-adatoms
making initial NiO formation kinetically as well as thermodynamicédiyoured.
Figure 3.9a and 3.9b show timesitu ETEM images of Ni/Si@and
NiO/SiO, from the same area in presence gfiHd 2CH + O, at 4060C
respectively (Condition B). Superposition of figures 3.9a and 3.9b shows that the
void size is almost equivalent to the initial Ni particle size (Figure 3.9a¢3. T
suggests a Kirkendall type processes [14] where Ni cations diffuse festaht
O-anions through the NiO. After the initial oxidation of the Ni surface, there are
two possible mechanisms by which complete particle oxidation can take place,
either by the diffusion of O-anions through NiO to oxidize subsurface Ni or by the
diffusion of Ni-cations through NiO shell to react with dissociated oxygen on the
surface. The dominant mechanism depends on the rate of diffusion of Ni or O in
NiO. Diffusion process can take place via the bulk diffusion or along easy
diffusion paths like grain boundaries or other extended defects. Figures 3.6 shows
that the NiO patrticles are composed of more than one grain and that many grains
appear to show a high concentration of defects and restricted long-range orde
These defects may act as easy diffusion paths during the oxidation process. The
diffusion coefficient of Ni-cations and O-anions along the NiO grain boundaries
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at 400C are 10 cnf/sec and 18" cnf/sec respectively [15-17]. Thus it can be
seen that the diffusion coefficient of Ni in NiO along the grain boundarieghs ei
orders of magnitude greater than that for O. Diffusion of Ni through the NiO
creates vacancies inside the metal particle which migrate towardethlSiQ
interface and coalesce to form a void. The void formation process in NiO
nanoparticles is depicted schematically in figure 3.10. Similar morphologies ha
been observed by Railsback et al., and Nakumara et al., where they studied the
oxidation behaviour of Ni nanoparticles in the presence of pure oxygen [18,19].
Smaller Ni particles (those less than 4 nm) do not seem to undergo
oxidation via this mechanism. For these particles, the diffusion distancesyre ver
short and it becomes kinetically possible for the oxide particles to achiewe thei
thermodynamic equilibrium shape of a solid particle. (The void morphology is not
the equilibrium shape because of the larger total surface energy assadiate
the internal surface of the void). In this particular case, these smalietgzsart
represent a minor component of the surface area associated with the.catalyst
From the particle size distributions of figure 3.1, the total fraction of surfaee ar
associated with Ni particles of different size can be determined simply by
assuming that each particle is a sphere (a good approximation in thisTtése).
analysis is given in figure 3.11 and shows that the percentage of surface area
associated with particle sizes less than 4 nm is 7% for 2.5wt% Ni¢at@lyst.
Thus for these particular model catalysts, the oxidations (and reduction)
mechanisms associated with the larger particles will dominate thdl@atadytic
activity.
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3.4.3. Final stage of ramp-up: NiO reduction and syngas formation

NiO is not an active phase for syngas production. For syngas production, Ni metal
must be present on the surface so the NiO must eventually transform back to Ni
metal at some later point in the ramp-up process. From the reactor data, as the
temperature increases, the gas mixture in region Il and region Ur€fy3) of

the catalyst bed becomes more reducing gas €onsumed). Eventually it

becomes thermodynamically favourable for the oxide to transform back to metal
and at this point, the surface of the oxide will start to reduce.

In-situ reduction was performed under different gas environments in order
to understand the NiO reduction process. Initial reduction experiments were
performed in a mixture of CO and in 1: 2 ratio) which is relevant to the
product gas ratio that forms during the partial oxidation of methane. Figure 3.12,
shows a selected area electron diffraction pattern recorded during theeiditzie
stage of reduction of NiO to Ni in presence of 0.1 Torr of CO anidh B:2 ratio
at 406C (Condition D). The d-spacings of Ni (111) and NiO (200) are 0.203 nm
and 0.208 nm respectively, and are difficult to resolve in the diffraction pattern
from nanoparticles. However, formation of Ni metal during reduction may be
recognized from the appearance of Ni (200) reflections with d-spacing of 0.17
nm. Figure 3.13, shows amsitu high resolution ETEM image along with the
Fast Fourier Transforms (FFT) of Ni/Si@Quring the initial stage of reduction in
the presence of 0.1 Torr of CO anglai 400C (Condition D). Lattice spacing on
the surface of the nanoparticle matches with the NiO (200) spacing of 0.21 nm.
FFT from core region near to the Si@dterface shows two fundamental
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reflections from the lattice spacings that are very close to each otheg. Thes
reflections match with the Ni (200) and Ni (111) spacings of 0.21 nm and 0.20 nm
respectively, suggesting that Ni metal nucleates at the interfagedseNiO and

SiO, during the reduction process giving a Ni-NiO core-shell structure.

As the Q partial pressure goes down in the later part of the catalyst bed,
the main reducing gas exists in the reactor before the syngas formati@iyas
Complete reduction of NiO to Ni took place when heated t6G@0the presence
of CH, (Condition G).In-situ experiments were carried out in Cat relatively
low temperatures so that the intermediate morphologies could be determined.
Figure 3.14 shows high resolution images along with their Fast Fourier
Transforms (FFT) from particles observed in 0.3 Torr of, @-500C (Condition
H) at different stages of the reduction process. During the early stagguation,
some regions in the NiO particles may contain Ni nanodomains. If these domains
contain crystalline metallic Ni, then a Moiré pattern may show in the HREM
image due to the superposition of lattice fringes from the oxide and the metal.
Several of these Moiré patterns are indicated in figure 3.14a.

The appearance of a Moiré pattern does not prove that Ni metal is present
because Moiré patterns can also occur due to the superposition of two overlapping
crystallites of NiO. To correctly interpret the Moiré pattern it isassary to
analyze the pattern in terms of the two fundamental periodicities. Full dgtails
this procedure can be found in textbooks on TEM and involve expressing the
reciprocal lattice vector for the Moiré reflection in terms of the recigrlattice
vectors of the two fundamental reflections [20]. By knowing the Moiré reflecti
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and one of the fundamental reflections the other fundamental reflection can be
obtained. The detailed approach of the Moiré analysis is discussed in Appendix I.
FFT’s were taken from different positions on the nanoparticle shown in Figure
3.14a and the local lattice parameter was determined using the Diffpack module
for Gatan’s Digital Micrograph software. The FFT from position 1 shows only
one pair of spots with a lattice spacing of 0.24 nm corresponding to the NiO (111)
plane. The FFT from position 2 shows two pairs of NiO (111) reflections from
different lattice orientations along with the Moiré spacing of 1.48 nm. The Moiré
was formed from the interference of two NiO (111) lattices. The FFT from
position 3 shows only one pair of fundamental reflections corresponding to NiO
(111) and two pairs of Moiré reflections with a spacing of 1.08 nm and 0.66 nm.
In this case, the fundamental reflections can be found by expressing the unknown
reciprocal lattice vector in terms of the Moiré and NiO (111) reciprodaidat
vectors. This analysis shows that both Moiré reflections are formed from the
interference of NiO (111) with two different Ni (111) lattices orientedifétrent
angles. The Ni (111) reflections do not appear in this image because of loss of
resolution due to instabilities associated with the hot stage.

Figure 3.14b shows an example of a NiO particle with a void structure at a
later stage of reduction. In this case a particle with dark contrast warvetst
the interface of NiO and SOFrom the FFT’s the surface lattice spacing was
found to be 0.24 nm corresponding to the NiO (111), position 3, and the lattice
spacing’s in the dark particle are 0.20 nm and 0.17 nm corresponding to Ni (111)
and Ni (200) respectively. Figure 3.14c, shows the core-shell structure formed at
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later stage of the reduction in GHhe FFT confirms the lattice spacing to be

0.24 nm corresponding to NiO (111) in the shell region and 0.20 nm
corresponding to Ni (111) at the core region indicating a Ni core with NiO shell
during the reduction. As the reduction continues, the NiO shell grows thinner and
eventually a complete Ni metal particle remains.

In the CH, atmosphere, the primary thermodynamic driving force is to
reduce the entire NiO particle to Ni metal (not just the particle syrfahes
means that oxygen from the NiO must be continually present on the particle
surface so that it can react with CIAfter the initial surface reduction of NiO,
there are two possible transformation mechanisms for the oxide particle to
completely reduce to metal involving either predominant diffusion of O anions
(mechanism 1) or predominant diffusion of metal cations (mechanism Il).g=igur
3.15, schematically represents the morphology of the particles that would form
during the reduction process based on these two mechanisms.

If O anions are the primary diffusing species (Figure 3.15a), initially the
top layer of the metal oxide will reduce to a metal-rich shell. O continues to
diffuse through the metal-rich shell to react on the surface leaving oxygen
vacancies in the oxide core. The reduction process continues until all the O is
consumed creating a Kirkendall void at the centre of the metal particle. For
example low temperature reduction of PdO results in a Pd metal shell with a void
at the centre implying an O anion diffusion mechanism [21,22]. On the other
hand, if metal is the primary diffusing species (Figure 3.15b), cations will diffus
away from the surface along defects and grain boundaries exposing frath met
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oxide allowing reduction to continue. In this case, metal/metal oxide colle-shel
structures will form during the intermediate stage of reduction and eventually t
oxide skin will vanish leaving a solid metal particle. For syngas production, the
mechanism | involving the formation of an intermediate metal shell may be more
desirable since it would mean that even partially reduced NiO would be active for
the reaction.

Our observations collectively suggest that mechanism Il is the main
process for NiO reduction during ramp-up for POM. This interpretation is further
reinforced by comparing the respective diffusion coefficients. The diffusion
coefficient of Ni in NiO grain boundaries is ~10cnf s* at 500C and is much
greater than the value of T&cn? s™* at 506C [17,23] for O diffusing in Ni
metal. For the experiments performed in pure,Glear indicator of metallic Ni
on the surface is the formation of graphite which is easily observed in the HREM
image. Thus the decomposition of £id graphite is a powerful tool for detecting
metal species on the surface of the Ni particle atGOBigure 3.16, shows tlie-
situ ETEM image in presence of 0.3 Torr of Cat 506C (Condition H) after the
reduction of NiO showing graphite over layers formation on Ni surface by the
dissociation of Clon Ni surface according the reaction P C + 2H [1]. All
the above mentioned observations collectively show that, during the intermediate
stage of reduction, NiO remains on the surface of the nanoparticle and the
reduction process takes place via the diffusion of Ni cations along the grain

boundaries in NiO shell (Reduction Mechanism II).
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3.5. Structure-activity relationship for Ni/Si€Catalyst
The observed patrticle reduction mechanism can allow us to interpret the sharp
increase in syngas production observed in our reactor data’a. Thiring the
transformation of NiO to Ni, Ni cations will rapidly diffuse over the p&stic
surface to extended defect sites and then move to subsurface sites exposing fresh
NiO. The TEM images show that the average distance between grain boundaries
and extended defects is on the order of 5 nm. AIGOMe diffusion coefficient
for Ni diffusing on NiO is about I8" cnf s* suggesting that Ni species will
remain on the surface for only a few hundredths of a second. Ni metal crystallites
do not form on the surface and the catalyst surface remains predominantly NiO
during this process and syngas production is suppressed. Only towards the end of
the particle reduction process is there a significant increase in thetdNi me
concentration on the surface as growing Ni metal nuclei break through giving a
concomitant increase in syngas production.

The inactivity of the catalyst below 7%is in part caused by the
difficulty in reducing the metal particle surface as described above.\l¢owe
once the catalyst is activated, Ni remains as metallic during the teompenanp-
down favoring syngas formation. The lack of activity during most of the ramp-up
is associated with the undesirable intermediate transformation of Ni tm&taD.
However, if the ramp-up is carried out in a reducing atmosphere, the metal to
oxide transformation can be avoided in the downstream region of the bed and
thermodynamically limited performance is achieved over an extendedrearge
range. The experimentally measured,CHnversion and CO selectivity for such
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an experiment are shown in figure 3.17 on the same catalyst. In this case, the
reactor was ramped to 6@in an B flow and then the gas switched to the,CH

and Q mixture. The catalyst immediately produced syngas with methane
conversions near the thermodynamic limit of 60%. With continued ramping, the
methane conversion (and syngas production) continued to rise in accordance with
thermodynamic predictions approaching 99% af’@(qa] The ramp-up

procedure ensures that the entire catalyst bed contains only metallic Ni during the
H, ramp-up to 60%C. When CH and Q are introduced, the Ni metal may

initially oxidize (at least in region | of the reactor) but at®Déhis oxide will

rapidly convert the gas phase oxygen to,@ad HO via complete combustion of
methane. Thus the oxygen partial pressure in the system will be dramatically
lowered across most of the bed under our flow conditions allowing syngas

formation to occur.

3.6. Effect of particle size on the catalyst performance

Partial oxidation of methane reaction was performed on higher loadings of N
with 7.3 wt% Ni on Si@ support. Figure 3.18 shows the comparison between
CH, conversion and CO selectivity for 2.5 wt% Ni and 7.3 wt% Ni for partial
oxidation of methane during temperature ramp-up. Similar trends in the
conversion and selectivity were observed for both catalysts until the CO
formation; light-off temperature for both the catalyst is almost the sathe
775°C for 2.5 wt% loading sample and ?@5for 7.3wt% sample. A sharp rise in
the CH, conversion and CO selectivity was observed for 2.5 wt% loading at
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775°C. For 7.3wt% loading, CO selectivity increases gradually and a sharp rise in
the CH, conversion took place at 8%D) this sharp rise in the Gldonversion is

75°C great for 7.3wt % loading compared to 2.5 wt% loading sample. Figure 3.19
(a-b) shows the particle size distribution and the total fractional sunfeae a
associated Ni particles of different sizes for 7.3 wt% sample. The 2.5 wt%esampl
has as average particles size of about 5.5 nm with 80% of the patrticles lying in the
range 3 — 10 nm (figure 3.1). For the 7.3 wt% sample, the average particle size
was also 5.5 nm but with 50% of the particles lying in the range 3 — 10 nm.
Comparing the figure 3.19b with figure 3.11, it can be seen that the fractional
surface associated with the big Ni particles is greater for 7.3 wt¥lsdhan the

2.5 wt% sample.

The difference in the shift of sharp rise in {ténversion to high
temperatures 7.3 wt % can be explained as follows. During the temperature ramp-
up the Ni metal nanoparticles are oxidized to NiO and the NiO nanoparticles have
to reduce back to metallic Ni for producing syngas. During the reduction, NiO is
the phase that exists on the surface of the nanoparticle with Ni in the core region
(as discussed in section 3.4.3), syngas will form only when NiO completely
reduces back to metallic Ni. The large NiO particles will take longesst or
higher temperature for complete reduction compared to small NiO partioles. F
the 7.3 wt% sample, since the fractional surface area associated wétgthali
nanoparticles is higher, these large Ni nanoparticles will transformger IO
nanoparticles during the temperature ramp-up ig &idl Q. During the
reduction these large NiO particles will take longer time or higher tatyes
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for the NiO to reduce back to Ni, which can explain the shift in the temperature
for the sharp rise in C4tonversion for 7.3 wt % sample compared to 2.5 wt%
sample. The 7.3 wt% sample still contains significant amount of small NiO
nanoparticles which will completely reduce back to metallic Ni at lower
temperatures, this explains the similar light-off temperature fofd@@ation for

7.3 wt% sample to that of 2.5 wt% sample.

Similar observations were found when two consecutive ramp-ups were
performed on the same sample. Figure 3.20 shows the catalyst performance of 2.5
wt% Ni catalyst for the two consecutive runs (Runl and Run2) showing CH
conversion and CO selectivity. Solid curves shows the catalytic data for Runl and
dotted curves shows the catalytic data for Run2. From the plot it can be seen that
for the main rise in Cliconversion and the CO selectivity is shifted to higher
temperatures (about 8D higher) for the Run2 relative to Runl. During Runl, Ni
nanoparticles will sinter and the average particle size will incraad¢he
fractional surface area associated with large Ni particlesaisitl increase. During
Run2 on the same sample the larger Ni nanoparticles will give large NiClgmrti

which will require longer times or higher temperatures for the completetred.

3.7. Summary

In-situ ETEM was employed to develop an atomic level description of the
structure, composition and morphologies that develop in model Nitsi@lyst
during ramp-up for partial oxidation of methane under high conversion
conditions. The gas composition along the catalyst bed varies in space and time
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during ramp-up. Essentially there is no single “reactor condition” in this calse a
the variation in the gas composition must be taken into account in the design of
ETEM experiments so that the correct structure-property relations can be
determined.

During the temperature ramp-up, the Ni metal particles transform to NiO
at about 308 in the CH and Q reacting gas mixture before any significant
catalysis takes place. The void-like morphology present in NiO nanoparticle 5 nm
is due to a Kirkendall process in which Ni cations preferentially diffuse along
grain boundaries and extended defects presented in the initial oxide shell. The
front of the catalyst bed always sees the reacting gases and the Ni@parti
present at temperatures above80favour complete oxidation of GHAs the
temperature continues to increase, oxygen partial pressure in the latezgart (r
Il and Ill) of the catalyst bed goes down and the NiO in the later region ofdhe be
transforms back to metallic Ni leading to syngas formation.

ETEM experiments were carried out in a variety of relevant reducing
atmospheres and temperatures to investigate the NiO to Ni metal phase
transformation. CHlis the main reducing gas that exists in the reactor before the
syngas formation. In the GHeducing atmosphere, the NiO reduction mechanism
also involved diffusion of Ni cations along grain boundaries and extended defects
giving rise to an intermediate catalyst state corresponding to Ni-dli®©shell
structures. NiO is the phase that exists on the surface of the nanoparticle until
complete reduction takes place. Syngas formation will only take place doeing t
later stages of NiO reduction when Ni metal nanoparticles break througliQhe N
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shell. This explains the sharp increase in,€éhversion and CO selectivity that

is observed at 778. Increasing the particle size of the Ni nanoparticles shifts the
sharp rise in the CHconversion to higher temperatures. Ramping of the catalyst
in a reducing atmosphere avoids the syngas delay associated with NiOdarmati
in the latter part of the bed and yields thermodynamically limited conversion ove

a wide temperature range.
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Table 3.1. Experimental conditions showing the gas environments, reaction
temperatures and reaction times used duringntiséu ETEM studies

Experiment Gas Temperature Time Comments
Ramp ¢C) (hr)
A H, 25-400 2 Initial Reduction
B CH4+0.5G; 25-500 0.5-1 Ni Oxidation
C CH,+0.5G, 25-800 2 Ni Oxidation
D CO+2h 400 1-3 NiO Reduction
E 3CH+CO,+2H,0 400-700 1-3 NiO Reduction
F CO+2H 400-800 1-3 NiO Reduction
G CH, 25-700 0.5-1 NiO Reduction
H CH, 25-500 1-3 NiO Reduction
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Figure 3.1. Ni particle size distribution for 2.5 wt% Ni/Si@etal loading.
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Figure 3.2. Plot showing conversion of £&hd Q and their selectivity towards
CO; and CO during partial oxidation of methane over a model 2.5wt% Ni/SiO
catalyst.

<300°C 2CH,+0O0, —— i i@ —— 2CH,+0,
300°C-750°C 2CH,+ 0, — — . CH,(0y),
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>750C 2CH,+ 0, — I —— 2C0+4H,

2CH,+ 0, >1.5CH, + 0.5C0,+ H,0 > 2CO + 4H,

Figure 3.3. Variations in the gas composition along the catalyst bed (regibns I, |
and Ill) over different temperature ranges for 2.5 wt% Ni(SQi@alyst.
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Figure 3.4In-situ ETEM images and electron diffraction patterns of Ni/Si&)
in presence of 0.8 Torr of+at 400C (Condition A) and (b) from the same
region in presence of 0.8 Torr of mixture of Chd Q in 2:1 ratio at 40%C
(Condition B).
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Figure 3.5. Sequential images of void formation in NiO in presence pa@tH
O, (in 2:1 ratio).

Figure 3.61n-situ high resolution TEM image of void structured NiO/$i®
presence of 0.8 Torr of GHind Q in 2:1 ratio at 40%C (Condition B).
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Figure 3.7. Background subtracted energy-loss spectrum from a mixture of 2.6
Torr CH; and Q in 2:1 ratio showing C and O K-edges.
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Figure 3.8 Ex-situTEM image and electron diffraction of Ni/Si@fter ramping
to 400C in CH; and Q and then cooling to room temperature in flowing He.
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Figure 3.91n-situ ETEM images of Ni/Si@(a) in presence of 0.8 Torr ot lt
400°C (Condition A) (b) from the same region in presence of 0.8 Torr of mixture
of CH; and Q in 2:1 ratio at 408 (Condition B) (c) superposition of colorized
images shown in a and b.

Ni NiO

Figure 3.10. Schematic representation of NiO void formation by Kirkendall
effect.
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Figure 3.11. Fractional surface area associated with Ni particlederedif sizes
2.5wt% Ni loading.
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Figure 3.12. Electron diffraction pattern of Ni/SiQuring the reduction in
presence of CO and,Hin 1:2 ratio) at 40C (Condition D).
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Figure 3.13In-situ high resolution ETEM image along with the FFT’s of Ni/iO
during the reduction in presence of 0.1 Torr of CO ap@irH1:2 ratio) at 400C
(Condition D).
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Figure 3.14In-situ high resolution ETEM images along with FFT’s of Ni/Si®
presence of 0.3 Torr of GHat 500C at different reduction times (Condition H).
(a) and (b) shows the initial stage of reduction and c) intermediate stage of
reduction.
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Figure 3.15. Schematic representation of NiO to Ni transformation under two
different mechanisms (a) Mechanism I: O is the dominant diffusing spégies (
Mechanism II: Ni is the dominant diffusing species.

Figure 3.16In-situ high resolution ETEM image of Ni/S¥&howing graphite
formation of Ni after the complete reduction of NiO in presence of 0.3 Torr of
CH, at 500C (Condition H).
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Figure 3.17. Chiconversion and CO selectivity of 2.5 wt% Ni/Si@n showing
the comparison between two consecutive runs on the same catalyst.
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Figure 3.18. Plot showing GHonversion and CO selectivity for partial oxidation
of methane over a 2.5 wt% Ni/SiQsolid curves) catalyst and 7.3wt% Ni/SiO

catalyst (dotted curves).
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Figure 3.20. Plot showing GHonversion and CO selectivity for partial oxidation
of methane over a 2.5 wt% Ni/Si@r the two consecutive runs Runl (solid
curves) and Run2 (dotted curves).
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Chapter 4
IN-SITUENVIRONMENTAL TEM STUDIES OF RU/SIO2 FOR PARTIAL
OXIDATION OF METHANE

4.1. Introduction
Goal of this chapter is to understand structure-activity relationship in Ru/SiO
catalyst for partial oxidation of methane (POM) reaction. Catalytiopeance
for the POM reaction was performed on Ru/St@talyst andn-situ ETEM
experiments were performed to follow the nanostructural chahmgegu ETEM
experiments under oxidizing and reducing gas environments that are relevant to
partial oxidation of methane were performed to follow the oxidation and
reduction process in supported Ru nanoparticles and the observations are
correlated with the catalytic performance. Ru is one of the most actalgstat
for POM reaction [1,2], Ru is more expensive than Ni but reaches thermodynamic
equilibrium conversions very fast and has higher resistance to poisoning from
coke formation than Ni [3]. Experiments similar to Ni/2Mere performed and
the performance of Ru/Sis compared to Ni/Si© The oxidation and reduction
behaviors in Ru nanoparticles are compared with that of Ni and the differences in

catalytic behavior is discussed.

4.2. Ru/SiQ catalyst preparation

2.5 wt% RuU/SiQ catalyst was prepared by impregnating Ss@heres with
ruthenium chloride hydrate (RutH-O) solution using incipient wetness
techniques. Ruthenium chloride hydrate solution was prepared by dissolving a
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known amount of 99.98% RufH,0O (obtained from Sigma Aldrich) using
ethanol as a solvent. Incipient wetness impregnation was carried out in a mortar
by drop wise addition of ruthenium chloride solution equivalent to the pore
volume of the Si@in a saturated ethanol atmosphere while mixing for 10 min.
After impregnation, the sample was dried at®@fllowed by reduction in

5%H,/Ar atmosphere at 468G for 3 hours. Figure 4.1 shows a typical TEM

image of Ru/Si@catalyst after reduction.

4.3. Ru/SiQ catalyst performance

Catalytic measurements were performed imnasitu Research Instruments RIG
150 reactor. For a typical reaction, 10 mg of catalyst was loaded into thar reac
and initially reduced at 46Q in 5% H/Ar. Reaction conditions for partial
oxidation of methane on Ru/Si@ere the same as that of for Ni/Si€atalyst.

The effluent gas from the reactor outlet was analyzed with a VVarian 3900 gas
chromatography.

Figures 4.2, shows the measured catalytic conversion pa@tHQ and
their selectivity towards C£and CO on Ru/Si©during partial oxidation of
methane. During the temperature ramp up, no catalytic conversion,dbGid
place at temperatures below 260Similar to the Ni catalyst, GGs the initial
product that was formed on Ru by complete combustion qf i light-off
temperature for C&formation is about 5 less in case of Ru compare to Ni.
Complete combustion takes place in the temperature regime % 25@00C
giving CG; and HO in 1:2 ratio. At 408C about 10% of Cldand 40% of Qis
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converted giving C@and HO, similar conversions happen on Ni catalyst at
about 528C. A further increase in temperature to 42%Besults in a sharp rise in
CH, conversion from 10% to 28% and also a sharp rise ico@version from
40% to almost 100%. CO also starts to form at this temperature. The light-off
temperature for CO formation on Ru catalyst is about@G3%@wer than that of Ni
catalyst under the same ramp-up conditions. With a further increase in
temperature both Citonversion and CO selectivity increases, following the
thermodynamic limits of partial oxidation of methane [3]. A decrease inthe O
conversion from 100% at 425 to 95% at 90 was observed.

Figure 4.3 schematically illustrates the possible variation in gas
composition along the catalyst bed for three different temperature redimes.
temperatures below 2%0, all regions of the bed are exposed to a mixture of CH
and Q (2:1). In the temperature range of 26@0 406C, region | at the front of
the bed sees a reactant mixture of mostly @kt Q whereas regions Il and lli
are exposed to gas mixture containing,;0B, CO, and HO. The amount of ©
in regions Il and Il of the catalyst bed decreases rapidly from 100 % to 0 % in a
span of 158C. Above 408C, where CO formation starts to take place, region | is
still exposed to the reactant gases,@Hd Q. Region Il is exposed mostly to a
mixture of CH,, CQ,, H,O, and very small concentrations of unreacted O
Reforming of methane with G@nd HO takes place in region Il and region Ill is
exposed to a mixture of unreacted gases, € CO, and HO from region I

and the product gases CO ang(id 1:2 ratio). With increase in temperature,
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more reforming of Chitakes place in region Il, and the concentration of product

gases CO andHncreases in region lll.

4.4. Nanostructural characterization
Both ex-situandin-situ nanoscale characterization was performed on the Ru/SiO
catalyst. Foin-situ experiments, a series of ETEM experiments were performed
under the reactant gases that are relevant to partial oxidation of methane and are
listed in table 4.1.

Figure 4.4(a-b) shows the TEM image and electron diffraction of Rup/SiO
in the presence of 1 Torr oftt 400C (condition A). Electron diffraction
patterns confirm that the nanoparticles are metallic HCP Ru. A high riesolut
image from one of the nanopatrticles in the presence af WOGC is shown in
figure 4.5 with a lattice spacing of 0.235 +/- 0.014 nm corresponding to Ru (100).
Figure 4.6a shows the TEM image from the same nanopatrticle (as in figure 4.4a
in the presence of 1 Torr Gldnd Q gas mixture in 2:1 ratio at 38D showing a
formation of thin layer on the surface of the nanoparticle. Electron diffraction
shows reflection of 0.318 nm corresponding to tetragonabRLAM) along with
the Ru metal reflections, as shown in figure 4.6b. No change in the surface layer
was observed even with the increase in temperature t€ 4Byure 4.7 shows
the high resolution TEM image along with Fast Fourier Transforms (6FT)
Ru/SiG in the presence of 1 Torr of Gldnd Q gas mixture in 2:1 ratio at
400PC. Lattice spacing from the core region (region 1) measured from KES gi
value of 0.217 +/- 0.016 nm corresponding to the HCP Ru (002). Lattice spacing
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from the surface (region Il and Ill) of the nanopatrticle is 0.257 +/- 0.016 nm
corresponding to RuJ101).

In-situ electron energy-loss spectroscopy was also performed on these
particles. Energy-loss from the surface of the nanoparticle shows Oe<a&miyy
with the Ru edges confirming that the surface of the nanoparticle is [Rg@e
4.8a). Figure 4.8b shows the energy-loss spectra from the core region of the
nanoparticle showing Ru Mand M;s edges and small O K-edge is seen since the
particle is surrounded by an oxide shell. Ru-Ro@e-shell structures were
formed in the presence of Gldnd Q gas mixture.

Ex-situexperiments were also performed to validatdrkstu
observations. After the initial reduction step if) Hhe catalyst was heated to
400°C in theex-situreactor in the presence of ¢bhd Q in a 2:1 ratio with He
as a carrier gas. The sample was then cooled to room temperature and
immediately transferred into a TEM for observation. TEM characterizatisn
performed on JEOL JEM 2010 microscope. Figure 4.9 shows the STEM image of
Ru/SiQ after the reaction in C+and Q at 400C. Blow ups are shown from
different areas from the image showing the presence of core-sheilistruc
nanoparticles with a brighter core. Energy-loss spectra were colleactedHe
surface and the core regions and are shown in figure 4.10 (a-b), clearly indicating
that surface of the nanoparticle is Rudd the core region is Ru metak-situ
results are consistent with that of thesitu data, validating than-situ

observations.
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The formation of the oxide layer is due to the presence of high partial
pressure of @in the gas stream. The formation of the oxide layer even in the
presence of reducing gas ¢id due to the higher chemisorption energies 061©
to the Ru surface compared to Zfdissociative chemisorption energies ofadd
CHj on the Ru (211) surface are -4.62 eV/molecule and -0.88 eV/molecule
respectively) [4], which is the similar case observed in Ni. Complete oxidation of
the Ni nanopatrticle to NiO was observed for Ni, whereas in Ru only the surface of
the nanoparticle is oxidized. This may be due to the kinetic limitations for O
atoms to diffuse inwards and oxidize the Ru or for the Ru atoms to diffuse onto
the surface of the nanoparticle and react with thga3. Mott et al., [5] proposed
a theory for the formation of protective oxide films. Oxidation takes place by the
ionic and electronic diffusion. An initial oxide layer will form when the metal
surface is exposed to oxygen and the oxide layer grows as long as electrons from
metal can diffuse through the oxide layer and reach the surface. Electnons ca
move through the oxide layer by tunneling or by thermionic emission. As the
oxide layer grows, the film become too thick for the electron tunneling and if
electron cannot move freely by thermionic emission the oxide layer stops
growing. However Ru@can conduct electrons [6], and the Mott theory on
protective oxide formation fails in this case. At this moment, the oxidation
mechanism of Ru is not clearly understood. RigQhe structure that exists on
the nanoparticle surface up to 400during the POM reaction and favors

complete oxidation of methane to €and HO.
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With increase in temperature, the partial pressure;@o®s down and the
gas environment in the later part of the catalyst bed becomes reducing with CH
as the reducing gas. Figure 4.11 (a-b) showstsdéu TEM images in the
presence of 1 Torr of GHand Q mixture (2:1 ratio) and in the presence of pure
CH, at 400C from the same areas. From the images it is clear that the surface
oxide layer present in the Gldnd Q atmosphere is no longer present in the, CH
atmosphere, Figure 4.12 shows the high resolution TEM image of RurSiae
presence of Cldat 406C with a lattice spacing of 0.235 +/- 0.011 nm
corresponding to Ru (100). The reduction of Rt®Ru metal was very fast and
intermediate reduction steps were difficult to obtain. Once the,Ru@ace layer
reduces back to metallic Ru, reforming of {Bkes place with C£and HO
forming syngas and the CO selectivity increases with increasing tetugger
following the thermodynamic trends for partial oxidation of methane. Unlike Ni,
there is no evidence for formation of graphite layers on the surface of the Ru
metal. It is well known that Ni gets poisoned by the formation of coke on the
surface, (one of the ways for coke formation on surface is due to the dissociation
of methane) whereas Ru is much more resistant to the poisoning by coke [3]. Our
observations also suggest that Ru has higher resistance for C poisoning than Ni.

In-situ reduction of Ru@SiO; in the presence of CHivas also performed
to follow the reduction process in Rp@anoparticles. RuiBiO, samples were
prepared by calcination of Ru{H,0/SiC; at 606C for 2 hours. RuGIxH,O
heated in the presence of air decomposes and formg[Ru®igure 4.13 (a-b)
shows then-situ TEM images of RugSiO, in the presence of vacuum at 200
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and the corresponding electron diffraction pattern confirming the nanoparticles
are tetragonal RuOFigure 4.13 (c-d) shows thhe-situ TEM images from the

same area in presence of 1 Torr of,Gi#400C and the corresponding electron
diffraction pattern matches with the HCP Ru metal confirming the reduction.
Figure 4.14 shows tha-situ high resolution TEM image of Ru{5i0; in the

presence of 1 Torr of CHat 406C. The nanoparticle consists of void like

structures with several voids distributed within each the nanopatrticle; this
nanoparticle has lattice spacing of 0.23 nm corresponding to Ru (100). The
presence of these void structures suggests that the reduction mechanism of RuO
is by the diffusion O-anions. The reduction process in Rs@ifferent from that

of NiO. In the case of NiO, Ni cations are the faster diffusing spémi¢ke

reduction process giving solid Ni particles after reduction (figure 3.15b)reate

in RuG,, O-anion is the main diffusing species which will give void like

structures in the nanoparticle (figure 3.15a). Crozier et al., also observed void like
structures during the reduction of PdO to Pd metal resulting in Pd metal shel

[8,9].

4.5. Summary

Bothin-situ andex-situTEM experiments were performed on Ru/gScatalyst

for partial oxidation of methane reaction. During the temperature ramp-uputhe
metal particles transform to Ru-Rgi@ore-shell structures in the GEnd Q

reacting gas mixture at 380. RuQ is the species that exists on the surface of the
nanoparticle when complete oxidation of methane takes place givipgr€io
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H,O as the main products. As the temperature increased 16 4ft6ost all the

O, is consumed in the region | of the catalyst bed and oxygen partial pressure in
the later part (region Il and IIl) of the catalyst bed goes down and she ga
environment becomes reducing with £&$ the main reducing g&om then-

situ data, Ru@surface layer back to metallic Ru in presence of &#00C

favoring reforming reactions to take place and produce syngas.

Both oxidation and reduction processes are different for Ru nanopatrticles
compared to Ni. In the case of Ni, complete oxidation of Ni nhanoparticles was
observed in presence of ¢HNnd Q gas mixture (in 2:1 ratio) at 480 whereas
for Ru only the surface of the nanopatrticle is oxidized to Rafning Ru-RuQ@
core-shell structures. The kinetic limitation of diffusion of charged species
through the oxide layer prevents the complete oxidation of Ru metal. During the
reduction in CH, the NiO reduction mechanism involved diffusion of Ni cations
along grain boundaries and extended defects giving raise Ni-NiO core-shell
structures. NiO is the phase that is always exists on the surface of therhaleopa
until the complete reduction. In case of RuO-anion is the main diffusing
species leaving void like structures in the nanoparticle after the complete

reduction to Ru metal.
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Table 4.1. Experimental conditions showing the gas environments, reaction
temperatures during the-situ ETEM studies.

Experiment Gas Temperature Comments
Ramp {C)

A H, 25-400 Initial Reduction

B CH4+0.5Q% 35-400 Oxidizing
Condition

C CH, 25-450 Reducing
Condition

D CH, 25-400 Ru@Reduction
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Figure 4.1. TEM image of 2.5wt% Ru/SiO2 catalyst.
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Figure 4.2. Plot showing the catalytic performance during partial oxidation of
methane on 2.5 wt% Ru/SiO
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Figure 4.3. Variations in the gas composition along the catalyst bed (regibns I, |
and Ill) over different temperature ranges for 2.5 wt% Ru/Sadalyst.
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Ru (102)=
0.158 nm

Figure 4.4. a)n-situ ETEM images in presence of Ru/SiDTorr of H at 400C
and b) corresponding diffraction pattern.
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Ru (100) = e
0.235+/-0.014 nm .

Figure 4.51n-situ high resolution ETEM image of Ru/Si@ presence of 1 Torr
of H, at 400C.
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Figure 4.6. a)n-situ ETEM images from the same area in presence of 1 Torr of
CH, and Q in 2:1 ratio at 30%C and b) corresponding diffraction pattern.
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Figure 4.7 In-situ high-resolution ETEM image of Ru/Si@ presence of 1 Torr
of CH; and Q in 2:1 ratio at 40%C.
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Figure 4.8. Background subtracted energy-loss spectrum in the presence of 1 Torr
of CH; and Q at 306C a) from the core region of the nanoparticle b) from the
surface of the nanoparticle.
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Figure 4.9Ex-situSTEM image of Ru/Si@after ramping to 40T in presence
of CHs and Q in 2:1 ratio and cooling to room temperature in flowing He.
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Figure 4.10. Background subtracted energy-loss spectrum from R&f50

ramping to 408C in presence of CHand Q in 2:1 ratio and cooling to room
temperature in flowing He. a) from the core region of the nanopatrticle b) from the
surface of the nanoparticle.
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Figure 4.11In-situ TEM images of Ru/Si® a) In presence of 1 Torr of Gldnd
O, in 2:1 ratio at 408 and b) from the same region in presence of 1 Torr of
mixture of CH, at 400C.
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Figure 4.12In-situ high-resolution ETEM image of Ru/Si@h presence of 1
Torr of CH;at 400C.
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Figure 4.13In-situ ETEM image and the electron diffraction pattern of
RuQ,/SiO; a) in vacuum at 20C b) in presence of 1 Torr of Gldt 406C.
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2 nm

Figure 4.14In-situ high-resolution ETEM image of Ru3i0O; in presence of 1
Torr of CH, at 400C.

111



Chapter 5

UNDERSTANDING THE EVOLUTION OF NI-RU BIMETALLIC

NANOPARTICLES UNDER REACTING GAS CONDITIONS USIN@N-SITU
ENVIRONMENTAL TEM

5.1. Introduction

In the last two chapters, nanostructural changes in supported monometallic

nanoparticles (Ni and Ru) and their effect on the catalytic performance was

presented for partial oxidation (POM) of methane reaction. This chapteefocus

on bimetallic nanopatrticles (NiRu) for the POM reaction. Bimetallic gsisl

sometimes exhibit superior activity, selectivity and resistance wiidation [1].

In general noble metals are highly active for most of the chemical readiigns

are very expensive. A combination of a noble metal with an inexpensive metal is

ideal for improving the catalyst performance and at the same time keeping

material costs low. Ni and Ru were chosen to make bimetallic catalyse Whe

is an inexpensive metal and Ru is a noble metal.

A major challenge in bimetallic catalysts lies in the synthesis of these
particles, where the goal is to create a close interaction betwesvotheetal
species [2]. There are several possible interactions that can take plaeerbtte
two metals during the preparation of these bimetallic nanoparticles adbddsor
Figure 5.1 (a-e). There may be a possibility that the two metal species do not
interact with each other (figure 5.1a) in which case the catalyst belsies a
individual monometallic catalysts with no synergetic effect of the twalsnet
Figure 5.1b and 5.1c shows the core-shell type structures that can form, and there
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may be a possibility of phase separation in individual nanoparticles with non
uniform metal distributions (figure 5.1d) or they can from complete solid solution
with a uniform distribution (figure 5.1e). Moreover these nanostructures can
undergo significant changes when they are exposed to reacting gasogratit
elevated temperatures.

In this chapter nanostructural changes in supported NiRu nanopatrticles
were studied under reacting gas conditions that are relevant to POMnisihg
environmental transmission electron microscopy (ETEM) and the effect ef thes

nanostructural changes is correlated with the performance of the tatalys

5.2. Ni-Ru/SiQ catalyst preparation

Supported NiRu bimetallic nanoparticles were prepared by co-impregn#&dpg S
spheres with the precursor solution of nickel nitrate hexahydrate
(Ni(NO3),.6H,0) and ruthenium chloride (Ru$tH,0). Precursor solution was
obtained by dissolving a known amount of 99.99% NifN®H,O and 99.98%
(RuCk.xH20) (obtained from Sigma Aldrich) together in a alcohol solvent.
Incipient wetness impregnation was carried out in a mortar by drop wiseoadditi
of precursor solution equivalent to the pore volume of the Bi@ saturated
ethanol atmosphere while mixing for 10 min. The overall metal content in the
catalyst is 2.5 wt% with 50 at% Ni and 50 at% Ru. After impregnation, the
sample was dried at 120 followed by reduction in 5%#Ar atmosphere at

400°C for 3 hours.
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5.3. EDX composition analysis of NiRu bimetallic nanopatrticles
For determining the composition of the S€lpported bimetallic NiRu
nanoparticles, energy dispersive x-ray spectroscopy (EDX) was pedianrae
JEOL JEM 2010F transmission electron microscope with the microscope in
STEM mode. Figure 5.2a shows the STEM image of 50Ni50Ru/&h@ a
typical EDX spectrum is shown in figure 5.2b. EDX spectra from individual
nanoparticles was obtained in raster mode, where the beam is scannechacross t
entire particle this gives the average Ni and Ru composition in the individual
nanopatrticle. Spectra were collected for 60 to 120 seconds depending on the x-ray
counts generated by the particle.

The Cliff-Lorimer method can be used to determine the composition of
bimetallic nanoparticles by using the following equation [3]:

Cni/Cru = Kniru * Ini/lru 1)

where G and Gz, are the atomic composition fractions of the elements Ni and
Ru, ki and ky are the background subtracted intensities of diakd Ru Kx
peaks respectivelynkry is the sensitivity factor. For determining the k-factor,
EDX spectra were collected from a standard sample. The standard sample wa
prepared as follows, a known amount of nickel nitrate hexahydrate and ruthenium
chloride hydrate were mixed together to get a 50at% Ni and 50at% Ru metal
concentrations and was dissolved in an ethanol solvent. The solution was
ultrasonicated for 5 min to obtain a uniform mixing; a drop of this solution was
placed onto a holy carbon TEM grid for EDX analysis. EDX spectra were

collected from several areas and the ratio of intensities under the A& Ru
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Ko peaks was determined. Figure 5.3 showsghand k, ratio obtained from

several regions, the ratio varies by only 7% from the average value, suggesting
that a reasonably uniform composition of Ni, Ru is present in the standard sample.
By knowing the initial composition ratio and the intensity ratios for the Ni and

Ru, the k-factor can be determined by using equation 1. Jilag ébtained from

the standard is 0.33 with a standard deviation of 0.02. By knowing the k factor
and the intensity ratio of Nidé&and Ru Kr peaks, the composition in individual
nanoparticles can be obtained. Figure 5.4 shows the composition distribution for
50Ni50Ru sample from several nanoparticles. The average composition obtained
from the EDX analysis for 50Ni50Ru sample is 53.7 at% Ni and 46.3 at% with a
standard deviation of 15 at%, which is close to the nominal bulk composition used
for preparing this sample. From the plot it is clear that almost all the néickgsar
contain both Ni and Ru. EDX analysis shows that bimetallic nanoparticles of

NiRu were successfully obtained by performing co-impregnation prémarat

technique.

5.4. Ni-Ru/SiQ catalyst performance

The catalytic reaction for partial oxidation of methane was performadlmsitu

Research Instruments RIG 150 reactor. Conditions for performing catalytic

reactions are similar to that used for Ni/s#hd Ru/SiQ@ catalysts. The effluent

gas from the reactor outlet was analyzed with a Varian 3900 gas chromhtogra
Figures 5.5 shows the measured catalytic conversion ga@G#Q and

their selectivity towards C£and CO on 50Ni50Ru/Siluring partial oxidation
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of methane. During the temperature ramp up, no catalytic conversion,abQ
place at temperatures below 300CGQ; is the initial product that was formed on
NiRu bimetallic catalyst by complete combustion of CtHe light-off

temperature for CO&formation (306C) was the same as that for the pure Ni
catalyst and about 80 higher than that of pure Ru catalyst. Complete
combustion takes place in the temperature range €3@0500C giving CQ

and HO in 1:2 ratio. At 508C about 15% of Cldand 60% of @is converted to
CO, and HO, similar conversions happen on the Ni catalyst at aboliC576
further increase in temperature to 82%esulted in a sharp rise in ¢ebnversion
from 15% to 50% and also a sharp rise pc@nversion from 60% to almost
100%. CO also started to form at this temperature. Under the same ramp-up
conditions, the light-off temperature for CO formation on NiRu bimetallic ysttal
is about 258C lower than that of pure Ni catalyst (?Z5 and about 16C higher
than that of pure Ru catalyst (429. With a further increase in temperature both
CH, conversion and CO selectivity increased and reached the thermodynamic
limits of partial oxidation of methane [4].

The performance of 50Ni50Ru catalyst has some similarities with that of
pure Ru and pure Ni catalytic data. The conversion plots are more similar to Ru
performance (chapter 4, figure 4.2), except there is a shift in the tempeoature
higher values. Sharp rise in the CO formation for 50Ni50Ru catalyst iastmil
that observed in pure Ni (chapter 3, figure 3.2). The possible variation in gas

composition along the catalyst bed for 50Ni50Ru catalyst was similar to that of
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Ru (chapter 4, figure 4.3), however in case of 50Ni50Ru catalyst the temperature

regimes are shifted to higher values.

5.5. Dynamic evolution of Ni-Ru bimetallic nanoparticles
5.5.1. Initial stage of ramp-up: NiO surface segregation
Figure 5.6a shows the-situ TEM image of 50Ni50Ru bimetallic nanoparticle on
SiO, support in the presence of 1 Torr of &t 400C. A typical energy-loss
spectrum from one of the nanoparticle in the presence af #0C is shown in
figure 5.6b confirming that both Ni and Ru are present in the nanoparticle. Figure
5.7a shows the same nanoparticle as that in figure 5.6a in the presenceaodCH
O; (in 2:1 ratio) at 40%C. The nanoparticle contains a dark core with a thin shell
on the surface. Energy-loss spectrum from the surface of the nanopartiaie (fig
5.7b) shows that the shell contains predominantly NiO with a slight hint of Ru. It
is not clear at this moment whether Ru exists as metal or oxide because of the
weak signal from Ru and the O edges of metals overlap. However based on the
studies on pure Ru in chapter 4, Ru will form a layer of Ru®the surface in the
presence of CiHand Q (in 2:1 ratio). Hence it is reasonable to assume that any
Ru that is present on the surface would exist as,Rie@ all the energy-loss
spectra discussed in this chapter, the background was removed from the Ru, O
and Ni by fitting the power law to 60-80 eV pre-edge fitting windows before the
Ru ionization edge.

Figure 5.8a shows the-situ high resolution ETEM image of the
50Ni50Ru bimetallic nanoparticle in the presence of 1 Torr.cdtH406C. The
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lattice spacing in the nanoparticle measures to be about 0.229 +/- 0.011 nm which
does not belong to pure Ni or pure Ru within the error. According to the JCPDS
data (PDF file number: 04-001-2915) this lattice spacing matches to the
hexagonal NiRu (100) plane of 0.225 nm [5], with Ni to Ru atomic ratio of 1.

Table 5.1 shows the lattice spacings of different planes for Ni, Ru and 50Ni50Ru
obtained from JCPDS files.

Figure 5.8b shows tha-situ high resolution ETEM image of the same
nanoparticle as in figure 5.8a in the presence of 1 Torr ofed@d Q (in 2:1
ratio) at 400C. A core-shell structure can clearly be seen in the nanopatrticle. A
Fast Fourier Transform (FFT) from the core region is shown in the fidwre, t
lattice spacing measurement from the FFT is about 0.231 +/- 0.011 nm which
matches with the lattice spacing of the HCP Ru (100). Coarse fringes weratse
the interface between the surface oxide layer and the core Ru patrticlettithe la
spacing of the coarse fringes measured from the FFT is about 0.322 +/- 0.009 nm
which matches with the Ry@110).

To further evaluate the compositional distribution along the nanopatrticles,
in-situ electron energy-loss spectroscopy (EELS) line scans in STEM mode were
performed. A typical EELS line scan contains 20 spectra with a collecherof
about 500 ms each. The gas pressure in the environmental cell was lowered to 0.3
Torr while collecting the EELS spectra to avoid the energy-loss sigmaltfre
gases. The EELS line scans in STEM mode umdsitu ETEM conditions is
very difficult to perform due to drift associated with the sample holder at high
temperatures. Figure 5.9 schematically illustrates the difficulycaed with
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performing the EELS line scansimsitu ETEM. Suppose an EELS line scan was
performed along a nanoparticle; figure 5.9a represents the state of theesippor
nanoparticle image and a line profile was drawn for collecting the EELS spectra
along this nanoparticle as shown. It takes about 10 seconds for all the spectra to
be collected along the line profile. Within this time, the sample will drift away
from the line profile as represented in figure 5.9b. This gives EELS spextra fr
the regions that are not of interest (i.e. not along the nanopatrticle).

To overcome this issue, EELS line scans are carefully performed
according to the following procedure. Initially an estimate of the sadrftevas
made by looking at a sequence of STEM images. Line scans are always started
from the vacuum or from the Sj@urface. This will give two reference points,
one from the vacuum with no signal in the EELS spectra and the other from the
SiO, which gives an O K-edge in the EELS spectra. A complete scan along the
nanoparticle is considered only if both the boundary points are seen while
collecting the spectra. That is if the scan is performed from the vacuumsthe fir
spectrum in the EELS line scan will have no peaks and the final spectrum will
have an O-K edge signal from SiSimilarly if the scan was performed from the
SiO, surface, the first spectra in the EELS line scan will have an O-K edgé signa
from SiQ, and the final spectra will have no peaks when the electron beam
reaches the vacuum. The term “vacuumihisitu ETEM case is loosely used
since the sample is surrounded by the reactant gas environment. Low gas
pressures (0.3 Torr in this case) will not give enough signal in the STEM mode to
be detectable by EELS.
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Figure 5.10 (a-b) shows the STEM image and EELS line scan on the Ni-
Ru bimetallic nanopatrticle in the presence of 0.3 Terat#00C. According to
the bulk phase diagram (shown in figure 5.11) on Ni-Ru a complete phase
separation of almost pure Ni and pure Ru regions should exist at this temperature
(400PC), this means the nanoparticle should contain regions with 100% Ni and
100% Ru. From the line scan in figure 5.10b some evidence for phase separation
can be observed, however it is not as dramatic as the phase diagram prediction.
From the composition profile in figure 5.10b, it can be observed that, the
nanoparticle is more uniform towards the surface and rich in Ni towards the
support-particle interface. These bulk phase diagram may not represenugte act
Ni-Ru interaction for nanoparticles, moreover the presence of gasscdmeae
effect on the composition distribution.

Figure 5.10 (c-d) shows the STEM image and EELS line scan from the
same nanoparticle as that of figure 5.10a in the presence of 0.3 TpanGi®
(in 2:1 ratio) at 408C. The STEM image shows a bright core with a lighter shell
on the nanopatrticle, and EELS line scan shows preferential surface segregation of
Ni onto the surface with Ru in the core region.

For obtaining the oxygen distribution along the nanopatrticle, EELS line
scans were taken across the nanoparticle parallel to the silica sur&mavasin
figure 5.12a. This geometry makes it is possible to avoid the O-K edge signal
from the SiQ. Figure 12b is the composition profile obtained from the EELS
signal and shows a typical core-shell structure with Ni on both sides of theesurfac
of the nanopatrticle and Ru in the core. The oxygen profile almost matches the Ni
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profile confirming that the nanoparticle is surrounded predominantly by the NiO
shell. A dip in the oxygen profile in the core region suggests that Ru exist as
metallic Ru. Oxygen is always seen because the Ru core is surrounded by an
oxide shell, this oxide shell contributes oxygen signal in the EELS spectra even
from the core region. Ru signal is always seen from the oxide shell (which is
shown in figure 5.8, suggesting that the oxide shell consists of both Ni and Ru as
oxides; however the shell predominantly consists of NiO.

The oxidation process in alloy nanoparticles can significantly vary
depending on the metals that are forming the bimetallic system [6-10]eFigur
5.13 schematically shows the three possible mechanisms of oxidation behavior in
two-phase alloys, adopted from Gesmundo et al. 1995 [6]. In the first case
(mechanism 1) (figure 5.12a), both the metals can undergo an oxidation process
independently forming AO and BO. In the second case (mechanism lIl), the two
metals can undergo oxidation process cooperatively forming a uniform oxide
layer of (AB)O. In the third case (mechanism lll), one metal undergoes
oxidation process and the other does not. Frormtiséu ETEM observations,
the oxidation process in Ni-Ru bimetallic nanopatrticles is more close to
mechanism lll; however there is some presence of Ru oxide in the oxide shell.

Figure 5.14 schematically explains classic oxidation behavior of an allo
with a combination of a noble metal (Ru) and the metal that tends to undergo
complete oxidation (Ni). To start it is assumed that the nanoparticle comains a
almost uniform distribution of Ni and Ru (figure 5.14a). During the oxidation
process, both Ni and Ru on the surface of the nanoparticle will get oxidized and
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form a combination of NiO and RuO or (NiRu)O (figure 5.14b). From the
previous observations on pure Ni (chapter 4) and pure Ru (chapter 5), both metal
surfaces get oxidized when they are exposed to a gas mixture,@n@H in

2:1 ratio. Hence it is reasonable to assume that the initial oxidation process take
place by the formation of oxide scale formed by both Ni and Ru. The diffusion of
Ni takes place from the alloy-oxide interface onto the surface of the néinlegpar

and undergoes further oxidation. This will leave a Ni depletion region between
the alloy and the oxide which is rich in Ru, as shown in figure 5.14c. This
concentration gradient in the metallic core will lead to an inward diffusidmeof t

Ru from the depletion region and outward diffusion of Ni from the core towards
the interface. The driving force for Ni to form NiO in the presenceavilDlead

to further diffusion of Ni from the depletion region onto the surface and
undergoes oxidation. This process will continue eventually giving a nanoparticle
with an oxide shell rich in Ni with Ru metal core and the interface contains aa
mixed oxide layer (figure 5.14d). When metal species diffuses onto the surface
this will leave a vacancy and can lead to the formation of voids at the interface
between the oxide and the Ru metal core, these voids may not be stable and can
collapse. The void structures are occasionally observed in the nanoparticles, an
example is shown in figure 5.15.

The oxidation behavior does not exactly follow the mechanism as
described above, since there is always some presence of Ru in the oxide layer as
shown by EELS spectra in figure 5.7b. The surface oxide shell is a combination of
Ni and Ru oxides with predominantly rich in NiO. This suggests that there may be
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some diffusion of Ru is taking place on to the surface during the oxidation
process. The oxidation mechanism described in figure 5.14 assumes that the
bimetallic nanoparticles have a uniform composition to start with. Howeéneer, t
composition is not perfectly uniform for NiRu nanoparticles (as seen in figure
5.10 (a-b)) which can effect the composition distribution in the oxide scale during

the oxidation.

5.5.2. Final stage ramp-up: NiRu formation

From the reactor data, as the temperature increases, the gas mixtui@ninl reg
and region Ill of the catalyst bed becomes more reducingx&ssdonsumed)

with CH, as the main reducing gas. Eventually it becomes thermodynamically
favourable for the oxide to transform back to metal at this point.

In-situ reduction was performed in the presence of.Gtfure 5.16
compares the STEM image and the EELS line scan profiles from the same
nanoparticle in the presence of 0.3 Torr,GiHd Q (in 1:2 ratio) at 40%C and in
the presence of 0.3 Torr Gldt 606C. Figure 5.16a in CHand Q again shows
the similar behaviour as before, with Ni rich on the surface (which is in the form
of NiO) and Ru rich in the core. In the presence of, Gigure5.16b), the oxide
reduced back to metal and intermixing of Ni and Ru takes place. The EELS line
scan profiles of Ni and Ru from several nanoparticles in the presence of 0.3 Torr
CH, at 600C were shown in Appendix Ill. From these line scans it can be
observed that there is a variation in the distribution of Ni and Ru from one
nanoparticle to the other. Some nanoparticles show more or less uniform
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distribution of Ni and Ru and some show an inhomogeneous distribution. Some
nanoparticles contain Ru rich surface, which is in contrast with that of in the
presence of ClHand Q gas mixture. A nanoparticle with Ni rich surface in the
presence of CiHand Q mixture transforms into a Ru rich when the gas
environment was switched to pure £iThe apparent enrichment of Ru at the
particle-silica interface is an artifact of the EELS backgrounadttiaused by the
presence of the silicorpt.edge). From chapter 3, it has been observed that Ni is
the main diffusing species during the reduction of NiO. Since the oxide shell
contains predominantly NiO, it is reasonable to assume that the dominant
mechanism for the reduction to take place is by the diffusion of Ni cations to the
subsurface during the reduction process. As the NiO reduces back to Ni metal, it
will diffuse into the subsurface and the surface of the nanoparticle gegsirich

Ru.

5.6. Low Ru composition sample

The above data is shown for a bimetallic catalyst containing 50% Ni and 50% Ru,
high Ru content is used in this case to facilitate the easy detection of Ru while
performing spectroscopic studies. However if the cost of the catalyst has to be
lowered the use of noble metal (in this case Ru) should be much less. A very low
Ru content NiRu bimetallic sample was prepared and tested for the catalyti
performance for partial oxidation of methane. NiRu bimetallic catalyst wa
prepared with 95 at% Ni and 5 at% Ru on SiGing the co-impregnation

technique as described in section 5.2; the catalyst is labeled as 95Ni5Ru.
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Figures 5.17, shows the measured catalytic conversion p&atHQ and
their selectivity towards C£and CO on 95Ni5Ru/Sguring partial oxidation
of methane. During the temperature ramp up, no catalytic conversion,aak:H
place at temperatures below 300CGQ; is the initial product that was formed on
95Ni5Ru bimetallic catalyst by complete combustion of,GEbmplete
combustion takes place in the temperature regime §C3@0566C giving CQ
and HO in 1:2 ratio. A further increase in temperature to°68®sults in a sharp
rise in CH, conversion from 19% to 62%, CO also starts to form at this
temperature. Under the same ramp-up conditions, the light-off tempe@t@® f
formation on 95Ni5Ru bimetallic catalyst is aboutGhigher than that of
50Ni50Ru catalyst. However it is about 20elow the light-off temperature of
pure Ni. Just by addition of 5 at% Ru to Ni there is dramatic decrease in the light
off temperature for CO production. With a further increase in temperature both
CH, conversion and CO selectivity increases, following the thermodynamic limits
of partial oxidation of methane [4].

Some preliminaryn-situ ETEM experiments were performed on this
sample. Figure 5.18a shows thesitu ETEM image of 95Ni5Ru/Si©catalyst in
the presence of 1 Torr of,kt 400C. Figure 5.18b shows the-situ ETEM
image of 95Ni5Ru/Si@catalyst in the presence of 1 Torr of Cahd Q in 2:1
ratio at 400C. A solid nanoparticle in the presence efttas transformed to a
void like structure when the gas composition is changed tpa@#i Q. This void
structure formation is similar to that of the oxidation process in pure Ni, where the
Ni cations can diffuse faster onto the surface than of the O anions and undergoes
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oxidation process eventually leaving a void structure [11,12]. Figure 5.19 shows
theex-situTEM image of the 95Ni5Ru/Siatalyst after the reaction in GEnd

O, in a 2:1 ratio in aex-situreactor. Void structures are clearly seen in the low
magnification image, a high resolution image from one of this particle shows the
presence of NiO (111) and (200) lattice fringes confirming that the nanoparticle
are NiO. Moren-situ ETEM studies have to be performed under different

reacting gas in order to understand the Ni and Ru distribution in this sample.

5.7. Structure-activity relationship
During the temperature ramp-up in £&hd Q for SONi50Ru catalyst, an oxide
shell was formed on the surface of the nanoparticle containing predominantly NiO
with some Ru@ The surface oxide is an active phase for complete oxidation of
methane given C£and HO as the main product but not for syngas formation.
On the NiO surface almost all the @ converted at 77&, whereas on RuO
surface all the @is converted at 42&. On the mixed oxide surface the O
conversion is 100% at 525. Since the oxide layer contains both Ni and Ru
oxides, this gives a synergetic effect and the temperature at which 100% O
conversion takes place lies in between that of the pure metals. Similar abservat
can be correlated to the 95Ni5Ru catalyst. The surface of the catalystantzsh
a mixed oxide layer which can give a 100% conversion observed @ &8fich
is about 208C lower than that of on NiO.

Once the @conversion is 100%, oxygen partial pressure goes down in the
later part of the catalyst bed, with €&k the main reducing gas. From ithesitu
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ETEM data the oxide layer reduces back to metal which are active siteslfo

reforming reactions and favors the syngas formation.

5.8. Summary

SiO, supported Ni-Ru bimetallic nanoparticles were prepared by using co-
impregnation technique. EDX data from 50Ni50Ru catalyst confirms that most of
the nanoparticles contain both Ni and Ru and the composition variation among the
nanopatrticles is with the 15% of the nominal value used for preparing this sample

The performance of bimetallic 50Ni50Ru for partial oxidation of methane
is better than that of pure Ni and slightly worse than the pure Ru. The light-off
temperature for CO formation is lowered by about°@5@r 50Ni50Ru bimetallic
catalyst compared to pure Ni. The performance of 50Ni50Ru catalyst has some
similarities with that of pure Ru and pure Ni catalytic performance. The
conversion plots are more similar to Ru performance, except there is a shift in the
temperature to higher values. Sharp rise in the CO formation for 50Ni50Ru
catalyst is similar to that of observed in pure Ni.

In-situ environmental (TEM) experiments were performed under different
gas environments that are relevant to partial oxidation of methane. In the presenc
of H, at 406C, in-situ EELS line scans shows that both Ni and Ru were present
along the nanoparticle, with the uniform distribution of Ni and Ru towards the
surface and Ni rich region from the core to the support-particle interfacegDur
the temperature ramp-up in GBEnd Q, core-shell structures were observed from
thein-situ data at 408C. EELS line scan along the nanoparticle suggest that the
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surface of the nanoparticle is predominantly NiO with someRui and the

core region is metallic Ru. The presence of mixed oxide layer on the surface of
the nanopatrticle gives 100% @onversion at temperature lower than that of pure
NiO and higher than that or RyO

As the Q is consumed completely in the region | of the catalyst bed the
oxygen partial pressure in the later part (region Il and IIl) of theyshtakd goes
down and the gas environment becomes reducing withaSkhe main reducing
gas From thein-situ data, in the presence of ¢ht 600C oxide layer reduces
back to metal and intermixing of Ni and Ru takes place. The presence of NiRu
metal on the surface is active for £téforming reactions giving syngas.

A low Ru (95 at%Ni and 5 at%Ru) composition bimetallic sample was
also prepared and tested for the activity for partial oxidation of methane. A small
addition of Ru lowered the light-off temperature for syngas production by about
200°C. Preliminary TEM data on this sample suggest that void structures are
formed in the bimetallic nanopatrticles similar to that of the pure Ni. Further
studies have to be performed on this sample in order to understand the
compositional distribution of Ni and Ru in the nanoparticles under different

reacting gas conditions.
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Table 5.1. d-spacings of Ni, Ru, 50Ni50Ru and Raftained from JCPDS files.

Ni Ru 50Ni50Ru RuO,

a | 3.523A a| 2.706A a| 2.607/ a 4.499 A

b | 3.523A b | 2706 A b| 2.607A b 4.499 A

c | 3.523A c | 4.282A c| 4.1982 c 3.107 A
Sp.gr| Fm3m Sp.gn P63/mmc| | Sp.gr| P63/mmc| | Sp. gr| P42/mnm
K g omy | ™ aemy | ™ aem) | ™K g om)
111 | 0.2034 100]  0.2343 100  0.225 110  0.3183
200 | 0.1762 002| 0.2142 002  0.209 101  0.2558
220 | 0.1246 101  0.2056 101  0.198 200  0.2251
311 | 0.1062 102]  0.1580 102 0.153 111 0.22p3
222 | 0.1017 110 0.1253 11p  0.130 210  0.2013
400 | 0.0881 103 0.1218 108 0.118 211  0.1689
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Figure 5.1. Schematic showing the different forms of interactions in bimetall
nanoparticles.
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Figure 5.2. a) STEM image of NiRu/Si(b) typical EDX spectra from one of the
NiRu nanopatrticle.
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Figure 5.3. Compositional analysis from a NiRu standard showing the intensity
ratio of Ni Ka to Ru Kao..
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Figure 5.4. EDX composition analysis for 50Ni50Ru sample.
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Figure 5.5. Plot showing the catalytic performance during partial oxidation of
methane on 2.5 wt% 50Ni50Ru/SIO
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Figure 5.6In-situ ETEM images and the corresponding EELS spectra from a
50Ni50RuU/SiQ catalyst in the presence of 1 Torr of &t 406C.
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Figure 5.7In-situ ETEM images and the corresponding EELS spectra from a
50NI50RU/SIQ catalyst in the presence of 1 Torr of mixture of,@GHAd Q in 2:1
ratio at 406C.
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Figure 5.81In-situ high-resolution ETEM images of 50Ni50Ru/%i&) In
presence of 1 Torr of +at 406C and b) from the same nanoparticle in presence
of 1 Torr of mixture of CHand Q in 2:1 ratio at 40TC.
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Figure 5.9. Schematic illustration of difficulties associated with sadrgte
during the collection of STEM EELS line scans.
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Figure 5.10In-situ environmental STEM images and EELS line scans from
50NiRu50/SiQ a) In presence of 0.3 Torr obldt 400C and b) from the same
nanoparticle in presence of 0.3 Torr of mixture of;GHd Q in 2:1 ratio at
400°C.
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Figure 5.12. a)n-situ environmental STEM image and b) compositional profile
obtained from EELS spectra from a 50Ni50Ru/SiOthe presence of 0.3 Torr of
mixture of CH, and Q in 2:1 ratio at 40€C.
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Figure 5.13. Schematic showing the various oxidation behaviors observed in two-
phase alloys (a) the two metals oxidize independently to form a nonuniform scale
(mechanism 1) (b) the two metals oxidize cooperatively to form a uni$ocate
(mechanism Il). (c) one metal oxidizes rapidly and protects the other froatal

oxidation (mechanism IlI) [6].
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(NiRu)O
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region NiO+Ru0O, or Voids

(NiRu)O

Figure 5.14. Schematic representation of possible oxidation behavior in
50Ni50Ru nanopatrticles. a) showing a uniform NiRu alloy, b) initial oxidation of
the ally surface forming both metal oxides, c) formation of depletion layke at t
interface due to the preferential diffusion of Ni onto the surface d) after etenpl

oxidation.
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Figure 5.15In-situ ETEM image of 50Ni50Ru/Si£n the presence of 1 Torr of
mixture of CH, and Q in 2:1 ratio at 40%C, showing the formation of voids at
the interface.
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Figure 5.16In-situ environmental STEM images and EELS line scans from
50Ni50RuU/SiQ a) in the presence of 0.3 Torr of ¢&hd Q in 2:1 ratio at 40tC
b) corresponding composition profile obtained from EELS c) from the same
nanoparticle in the presence of 0.3 Torr of mixture of @6006C d)
corresponding composition profile obtained from EELS.
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Figure 5.17. Plot showing the catalytic performance during partial oxmdatio
methane on 2.5 wt% 95Ni5Ru/SIO

Figure 5.18In-situ ETEM images of 95Ni5Ru/SiDa) In presence of 1 Torr of
H, at 406C and b) from the same region in presence of 1 Torr of mixture pf CH
and Q in 2:1 ratio at 40%C.
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Figure 5.19Ex-situTEM image of 95Ni5Ru/Si@sample after ramping to 4%
in CH; and Q and then cooling to room temperature in flowing He.
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Chapter 6
ELECTRON ENERGY LOSS SPECTROSCOPY OF GASES

6.1. Introduction
The goal of this chapter is to demonstrate the application of electron energy-loss
spectroscopy (EELS) for determining the gas composition inside the
environmental cell in a transmission electron microscope (TEM). In previous
chapters, the importance iofsitu environmental TEM studies in understanding
the structure-activity relationship in supported metal catalysts ferdggneous
catalysis application was presented. It has been shown that, the phase and
structure of the catalyst can significantly vary based on the gas environment
around the catalyst. The gas composition around the sample can also vary during
an experiment due to the catalytic reactions that can take place on the surface of
the catalysts. It is important to determine the dynamic gas compositioreshang
near the sample region during an experiment for complete fundamental
understanding of the gas-solid interactions. The composition of the gas in the
environmental cell can be determined with residual gas analyzers and mass
spectrometers. However, these gas analyzers are usually placedistamee
away from the TEM because of space limitation and possible interference with
electron optical performance. Use of EELS is a simple and efficentav
determine the gas composition directly in the environmental cell whefdétiie
sample is located.

Both inner-shell and valence-loss part of the EELS spectra can be used to
determine the gas composition. The first part of the chapter is focused on using
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inner-shell spectra for determining the gas composition. Inner-sheltcpmapy
was initially performed on the reference gases, where the eldroemposition

is already known. This will help in identifying the potential artifacts and to
develop suitable acquisition procedures. Once the technique is successfully
developed for reference gases, inner-shell EELS quantification wasnpedfon

the gas mixtures. The later part of the chapter is focused on using the low-loss
region of the EELS spectra for determining gas composition. One advantage of
low-loss quantification is that it can be employed with gas mixtures camgaini
hydrogen. Finallyn-situ EELS gas analysis was used to identify and investigate
the mass transport issues associated with the gas flow systens thadirst

time that a detailed analysis of gas composition inside the environmentalzell i

TEM is performed using EELS.

6.2. Experimental Approach

Electron energy-loss spectra from various gases were acquired oh BechEi

F20 ETEM under gas pressures of about 1-3 Torr at room temperature. Energy-
loss spectra were recorded with a typical energy resolution of about 1.2 eV and an
acquisition time of between 0.1 and 4 s. Both inner-shell and low-loss spectra
were collected from individual gases and gas mixtures. Conditions fodiegor

the spectra for both inner-shell and low-loss are listed in table 6.1. Convergence
and collection semi-angles were determined by taking the diffractionrpatien

a known material at a given camera length and the details are discussed in
Appendix Il. Conditions A and C were chosen to get large signal intensities into
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the spectrometer, and condition B was chosen to collect the inelastic sigeal clos
to the optic axis.

All gases (except lab air) were 99.999% pure and were admitted to the
microscope via an external mixing tank as discussed in chapter 2. All theaspectr
are collected in a pressure range of 0.5 to 3 Torr. This pressure is large enough to
give enough signal in the core-loss region of the spectrum and is also low enough
to avoid plural scattering effects. At a few Torr of pressure, the oéthe
effective thickness of the gas column, t, to the inelastic mean freépatla
measure of the importance of plural scattering (the so-callecliie or
scattering parameter) [1]. The scattering parameters forehffgases at a certain
pressure were determined from the low loss spectra and are listed in table 6.2.
Scattering parameter values are determined by taking the ratio oftistenader
the inelastic part of the spectrum to the intensity under the zero-loss peak [2].
Since the intensity in the EELS spectrum falls rapidly with increasingghess,
only the low loss portion of the spectrum (up to 50 eV) can be considered to
calculate the inelastic intensity. EELS can be used to detect ggsessaires as

low as 0.01 Torr.

6.3. Inner-shell spectroscopy

Inner-shell spectroscopy is a well established technique to detehmine t
elemental composition in the solids [2,3]. The ratio of two elements A and B is
given by:

NA/NB = IA * GB/IB * oA
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where, h and k are the intensity under the peaks A andgBandog are the
ionization cross-sections for the elements A and B. Similar approach can be used
for determining the gas composition inside the environmental cell. This @guati
assumes that the sample is very thin neglecting the backscattering amdiawlsor
effects, and electrons contributing to the edge have undergone a single ionization
event.

Initial quantification was done on CO and £®ference gases to
determine O/C concentration; the advantage of using these gases is O/C ratio is
already known. Condition A in table 6.1 was used initially to collect the inner-
shell spectra. Figure 6.1 shows the background subtracted inner-shell spettra fr
CO and at 3 Torr pressure recorder using condition A. The spectrum demonstrates
the presence of large peaks in front of the carbon K-edges in agreement with
previously published data from Hitchcock et al. [4—6]. The background was
removed from the C and O edges by fitting the forn’ Aldth E the energy loss
and A and r constants) to 50-60 eV pre-edge fitting windows [2] before the C and
O ionization edges. The background was extrapolated beyond the edges and the
K-edge intensities were integrated over a 100 eV range, the large integratio
window averages out chemical bonding effects and maximizes the signal
reference. Hartree Slater cross sections in Gatan’s Digitallyliaph software
were used to convert the signal ratio to elemental ratio [7,8]. Several Jdetctra
6) were collected with the same conditions and the average elemental canpositi
was calculated. The resulting O/C ratio obtained for CO was 0.68+/-0.05, which

is about 30% less than the actual value of 1, ®&s considered as another
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reference gas to test the procedure; the O/C ratio should be 2 in this case. Figure
6.2 shows the inner-shell energy-loss spectra for &@.8 Torr pressure

acquired using condition A. Similar quantification procedures to that of CO were
used to calculate the O/C ratio. The O/C ratio for, @@s roughly twice the

value obtained for CO but was still systematically low by at least 25%.

The systematic error in the elemental ratio obtained from these spectra
suggests that there be may be an error with the quantification procedure or the
acquisition conditions used to collect the spectra. The 1s ionization cross sections
for light element are reasonably accurate [9-11] and should yield quéardiiEa
of 5% or better. Using Hydrogenic cross-sections in DigitalMicrograph did not
make any difference in the result. THe walues for the gases are small (see table
6.2.) hence contribution from the plural scattering can be excluded.

The error may be from the acquisition procedures used for collecting the
spectra for gases. To check the effect of acquisition conditions speotra we
recorded from a hexagonal BN standard, where the B/N elementalhaiilol $e
1. Hexagonal BN sample was dispersed onto a holey C grid and energy-loss
spectra were collected using the conditions A. Figure 6.3 is a typical spectrum
from the BN sample and shows the classic near edge features found in this
material at the B and N edges [18]milar quantification procedures to those of
CO and CQwere employed and obtained a B/N ratio of 0.98+/-0.01, which is in
good agreement with the nominal value, suggesting that EELS acquisition

conditions are reasonably well defined for thin films analysis.
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The convergence semi-angle, collection semi-angle and inelasticiscatter
angles are well defined for thin films but not for gases. Figure 6.4 schematically
shows the difference in the scattering behavior between the solid and gases. The
difference between these two is, for thin films signal is coming freamaple
thickness of 5 nm which is at eucentric height, but for gases the signal ig mostl
coming from a gas path of about 5.4 mm (the distance between the objective pole
pieces). The electrons that undergo similar inelastic scatterthg &ip and
bottom of the gas cell may follow very different trajectories through thecbbg
lens and the lower section of the TEM column. This will give rise to significa
differences in the fraction of inelastically scattered electronsiegtie
spectrometer. To check this hypothesis, CO gas was admitted into the
environmental cell by keeping the BN sample and the spectra were collected
simultaneously for the BN sample and the gas. Similar quantification procedures
as before gave a perfect match for B/N ratio but an error of about 30% low for
O/C ratio. This confirms that there is no simple relationship between inelastic
scattering angle and the convergence and collection semi-angle.

This difference in the collection efficiencies can be reduced by tiallec
signal scattering at low angles i.e. very near to the optic axes. This can be
accomplished by using a lower convergence semi-angle and collection semi-
angle. Condition B was used to collect the inner-loss spectra from CO agnd CO
and the quantification of O/C ratios of 0.94+/-0.02 and 1.95+/-0.05, respectively,
which lie within 5% of the correct values for CO and CtThis suggests that the
collection efficiency is different for different elements which can givers in
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the quantification. By going to lower convergence and collection angles the
acquisition conditions are reasonably defined for the gases.

As a next step, spectra were collected from the gas mixtures and the gas
composition was calculated from the spectra. Similar procedures were used to
determine the gas composition from the gas mixture. First inner-shglsenwas
tested on a gas samples from lab air where the O to N concentration ratio should
be close to 0.268. Spectra were collected with convergence and collection semi-
angles of 2.3 and 1.9 mrad, respectively (condition B). Figure 6.5 is a background
subtracted spectrum from air showing prominent peaks at the front of the N K-
edge at 400 eV and O K edge at 530 eV arising from transitions from the 1s state
to the unoccupied* states. Similar quantification procedures were used as
before. The results from quantification of 8 spectra gave a mean O/N ratio value
of 0.25+/-0.01 which lies within 7% of the correct O/N ratio for air. No
significant difference in the O/N ratio was observed in the spectra eallbgt
using condition A and condition B. This suggests that there is not much difference
in the collection efficiencies of the signal coming from O and N as thelpberc
together in energy and have similar average scattering angles.

Once the procedure is well established to quantify the gas compositions
inside the environmental cell in the TEM, composition analysis was performed on
a gas mixture from mixing tank where they are manually premixed. Innkr-she
analysis was performed on a gas mixture containing a mixture paaHQ,
mixed in 2:1 pressure ratio. Figure 6.6 shows the inner-shell spectrum from a gas

mixture of CH, and Q at 2.6 Torr acquired using condition B. Similar
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guantification procedures as that of air gave O/C ratio of 1.14+/-0.01 which is
within 15% of the expected value of 1. Part of the discrepancy in this case may be
associated with differential diffusion effects which will be discussted ia this

chapter (section 6.5).

6.4. Low-loss spectroscopy

This section demonstrates the application of the low-loss part of the EELS
spectrum to measure the gas compositions inside the environmental cell in a
TEM. The advantage of the low-loss spectra is thatdth be detected, which has

its first ionization at 12.5 eV. Figure 6.7 shows the valence loss spectra from
different individual gas species. Molar concentrations of the gas mixture can be
obtained by expressing valence loss spectra of gas mixtures as a linear
combination of individual component valence loss spectra. Weighting coefficients
can then be obtained from which gas compositions can be obtained. A linear
fitting procedure is appropriate for gases because the intensity under tsednela
scattering spectrum is the sum of contributions from individual gases depending
on the composition. There are no bonding effects between the gaseous species in
the gas mixtures as in the case of solids. This procedure should be straightforward
as the low-loss spectra from different gases in figure 6.7 have peak positions and
shapes that are significantly different. The positions of gas peaks foediffgas
species are listed in table 6.3. The energy calibrations for peak positions were
determined very carefully, first low-loss spectra from different gasesacquired
including the zero-loss peak. Longer acquisition times cannot be used because of
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the saturation of zero-loss peak; this will limit the intensity in the inelpatt of
the spectra. Four of such spectra are added together to improve the segrsayint
in the inelastic part. The positions for the strongest peaks were identitfred wi
respect to zero loss. The remaining peaks were identified from the dpattra
were collected at longer acquisition times by excluding the zero-loksnatba
respect to the calibrated peak. The collection efficiency problem as=mevith

the inner-shell approach should be negligible for valence-loss spectroscopy
because the energy losses and scattering angles are small.

To determine the relation between the valence loss spectra and the gas
composition, let us consider a gas mixture composed of a homogeneous gas
composition of two gases A and B. The gas in the environmental cell will have an
effective thickness of t in the beam direction and a mean free. paltich
depends on the pressure.

The intensity of the spectra undergoing inelastic scattering from gas A ¢
be written as

JA(E) = [aNaca(E) Q)

where, h is the number of incident electrons which can be approximated to the
number of electrons entering the spectrometer [18Jsthe number of gas
molecules per unit area, which is related to partial pressure of gaskR\, k =
constant)cp is the inelastic scattering cross section.
Similarly for gas B,

JB(E) = |BNBGB(E) (2)
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Now consider a homogeneous gas mixture of A and B with a fractional
molar concentration of ‘a’ and ‘b’ and at a pressuregf mitensity of the spectra
from the gas mixture will be the sum of the contributions from individual gases A
and B which is given by

Jng(E) = laeMaca(E) + laeMeos(E) 3)
where My and Ms are the number of gas molecules per unit area for gases A and
B respectively, and

a=Ma/(Ma+Mg) and b = M/(Ma+Mg)  (4)

Considering that the inelastic scattering intensity is a linear conmiinaiti

intensities from individual gas components, it can be written as
Jas(E) = ada(E) +BIs(E) (5)
where o’ and ‘B’ are the weighting coefficients of gases A and B to fit the signal
from the gas mixture.
Substituting equations (1) (2) and (3) in (5) gives
[sAeMAGA(E) + IagMgos(E) = alaNaca(E) + BlsNgos(E) (6)
For the above equation, the coefficientsgfE) andog(E) are equal, hence
lasMa = alaNa (7)
laeMg = BlgNg (8)
Taking the ratio of equations (7) and (8) gives,
Ma/Mg = alaNa/BlsNg (9)
Substituting equation (4) in equation (9) andkP, and Ns = kB, equation 9

becomes,
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a/b =alaPa/BlsPs (10)

In the above equation, Bind k are the total intensities of the spectra
including zero loss peak and inelastic part. In practice, to achieve thetbest fi
between the spectrum from the gas mixture and the pure gas components it is
desirable to measure the low-loss part of the spectrum with high counting
statistics. The zero loss peak is often saturated when a spectra withumghino
the inelastic part is acquired because of the weak scattering pasaofdter
gases. To get a spectrum with high counts it is desirable to avoid the zero loss
peak so that larger times can be used to get a better signal. Hence it is convenient
to develop an equation in terms of inelastic scattering intensities.

From Poisson statistics [2],
lot/lo = ém
where |} is the zero-loss peak intensity apgl(E Ia, Ig) is the sum of intensities
from zero-loss and inelastic-part of the spectrum. Expanding the exponential to
first order and puttingd: = loallows us to write
ltot = (A/)lin
Therefore,
Ia = Walin and
s = (Mt)glin®
Equation (10) can be written as
a/b =a(M)glin Pa/B(A)slin?Ps (11)
The molar concentration ratio from a gas mixture can be determined by

linear coefficients by knowing the individual gas pressures and thetersuat
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parameters. The equation is independent of the pressure of the gas mixture in the
environmental cell. The above equation can be simplified by normalizing the
inelastic area under individual spectra to unity before determining the linear
coefficients. Therefore the simplified equation will be

a/b =a(Mt)gPa/B(Mt)sPs (12)
This equation is valid provided the scattering parameters are small and plural
scattering is similar in all the spectra employed for the analysis.

In order to test this method, low-loss spectra were acquired from lab air
for which O/N molar ratio should be 0.268. Figure 6.8 (solid curve) shows the
typical low-loss spectra from lab air at 2.8 Torr. Reference spectra from
individual gases Nand Q are acquired at 3.2 Torr and 2 Torr respectively. For
guantifying the gas composition, first the energy calibration was done for the
reference spectra and the spectra from the gas mixture according petiei
positions (by using the values mention in table 6.3). All the spectra were
normalized to unity. The weighting coefficientsandp are obtained by fitting a
composite spectrum from individual gases to the experimental air spectrum. The
dotted curve in figure 6.8 shows the fitted composite spectrum from reference
gases. The air spectrum and the composite spectrum are almost indistiblguis
indicating that a good fit has been achieved over the range 5-50 eV. The quality
of the fit between the air spectrum and the component spectrum suggests that
plural scattering effects are negligible. The average O/N molar cwatien ratio

from several measurements combining different spectra was 0.28+/-0.01 which is
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within 4% of the expected value of 0.268. The integration to deterrpimad
performed over the range of 6.5-50 eV.

This method was also tested for a gas mixture of &td Q mixed in 2:1
pressure ratio in the mixing tank. Figure 6.9 shows the low-loss spectra from the
mixture of CH, and Q (solid curve). The dotted curve shows the composite
spectrum obtained by adding the reference spectraa@tiQ; again the fit is
indistinguishable from the experimental spectrum suggesting a good fiebas
obtained. The molar £ICH, ratio was determined to be about 0.6+/-0.02 and a
corresponding O/C ratio of 1.2. This is with 5% of the O/C elemental ratio of 1.14
determined with the K-shell approach. These quantification procedures can be

employed for spectra containing more than two gases.

6.5. Gas diffusion issues

During our initial experiments inconsistencies in the gas compositions in the
environmental cell were observed using the same acquisition and quantification
procedures. Later it was found that the difference in gas composition observed
was due to the mixing procedures employed in combining the gases in the mixing
tank. From the figure 2.11 (chapter 2), the gas handling system, gas enters into the
microscope from the mixing tank through a stainless tube of about 1 m in length
with an internal diameter of about 10 mm. In our initial experiments, if two gases
A and B have to mixed, first all the gases were pumped out from the mixing tank
and fill with gas A first and later with gas B. By using this procedure it has be
found that, the stainless steel pipe is first filled with gas A and acts dasiahf
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barrier for the gas B. This will create an inhomogeneous gas distribution laéng t
stainless steel pipe and the mixing tank. The gas that enters initially into the
environmental cell will be rich in gas A, with time there will be an increasiae
concentration of gas B.

EELS was used to monitor the change in the gas composition in the
environmental cell with time. Figure 6.10 illustrates the effect of #sedgffusion
barrier in the stainless steel pipe for a gas mixture,@@ H in 2:1 ratio.

Initially the tank was filled with @gas of about 500 Torr followed by adding 250
Torr of Hp. Gas was leaked into the microscope and the gas composition was
monitored at different times using low-loss spectroscopy. Figure 6.10 shows the
spectra collected at different times. Figure 6.10a, immediatelysaiteling the

gases into the column, figure 6.10b after 30 min and figure 6.11c after 60 min.
Figure 6.10a looks similar to the low-loss spectra taken from pure oxygen. After
30 min there is a small increase in the peak at 12.5 eV which corresponds to the
H, signal and it continues to increase with time. At about 60 min the peak remains
the same implying that the equilibrium gas composition was reachedaiSimil
observations were observed for other gas mixtures.

The gas that was added first will act as a diffusion barrier for the second
gas which gives inconsistencies in the gas compositions in the environméntal ce
which is essentially referred to as a “plug flow regime”. Under plug flow
conditions, the gas flowing in the line can be visualized as cylindrical slices of
mass moving along the line with relatively little mixing occurs betweerceaja
slices [14]. To get around this problem, a valve was installed in between the
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mixing tank and the stainless steel tubing. This valve is closed while adding to the
mixing tank, which stops the gas to flow into the stainless steel during gas mixing.
The way of adding gases into the mixing tank was also modified; instead of
adding full quantities of gas A followed by gas B, gases were addeadaaivety

in small quantities to get homogeneous gas mixture in the mixing tank. The valve
between the mixing tank and the stainless steel tube is opened after mixing the
gases in the mixing tank. By these modifications, gas composition changes in the
environmental cell were no longer observed. This apparently simple example
illustrates the power of being able to measure the gas composition in the

immediate vicinity of the TEM sample.

6.6. H quantification

Even with the modified gas handling system, still some diffusion related issues
were observed during the quantification of gas mixtures containingi¢ture

6.11 shows the low-loss spectra acquired from a gas mixture of CO,amd. 12
pressure ratio (solid curve). Individual gas spectra for CO amvdere collected

at 1.8 and 2.8 Torr respectively. The dotted curve in figure 6.11 is the composite
spectra obtained from the linear combination of reference spectra of CQ.and H
The composite spectrum is indistinguishable from the experimental spectrum
suggesting a good fit. The CO/khatio obtained from this spectrum was about 0.9
which is much higher than the nominal molar ratio of 0.5. Several spectra were
acquired from this composition with different mixing procedures, but still & larg
discrepancy in the calculated value with that of the expected value was observed.
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To explore the error associated with, Heveral spectra were collected from a
mixture of CO and klwith varying CO to Hratio. Table 6.4 shows the nominal
compositions used and the quantification results along with the systematic
percentage error. In all cases, the fit between the gas mixture and the itempos
spectra was similar to that of figure 6.11 demonstrating that fittiffgcist and
plural scattering effects were not the source of the observed discrepamoy

the table 6.4 it is clear that the systematic percentage error incvetdsagrease

in the H content in the gas mixture. The error is smallest for the higher £LO/H
ratio and increase with decrease in the GQO#tlo.

The systematic discrepancy between the EELS measurement and the
mixing tank composition is associated with the differential diffusion rate of H
relative to CO. From the kinetic theory of gases the average speeds ofahé H
CO molecules are 1900 and 500 m/s respectively at room temperature. Hence, the
diffusion rate for H is faster than that of for CO. Consideration of the mass
transport through the external gas handling system and ETEM is useful to
interpret the EELS observations. Consider that the gas is flowing in two steps, in
the first step it flows from the external gas handling system into the
environmental cell and in the second step it is pumped out from the environmental
cell to the external pumping system. Let’s consider the first case amdeafizat
a uniform gas composition of CO tg katio of 1 was filled in the mixing tank
pressurized to 1 atmosphere. When the leak valve is opened gas enters into the
environmental cell. Graham’s law states that the rate of effusion ofia gas
inversely proportional to the square root of its molecular weight. Hence éhatrat

159



which H, entering into the environmental cell is 4 times faster than that of the CO
this gives a CO rich gas at the entrance of the leak valve. As discussed earlier
now the CO rich mixture at the entrance of the leak valve will act as a diffusion
barrier for the Hthat is the stainless steel line and the mixing tank. With time
there will a uniform gas composition in the gas line equivalent to the mixing tank.

Similar arguments can be made for the second case, for gas pumping from
the environmental cell. The environmental cell is equipped with a differential
pumping system with the differential pumping apertures size ofif@0VNith the
same Graham’s law argument, as the gas enters into the environmenksl cell,
escapes faster into the pumping system than that of CO. This means that the
amount of time spent for Hs less than that of CO, which will decrease the
probability of inelastic scattering frompldiving lower H EELS signal. This
explains the large error in composition determination fogas. In the case of a
higher CO/H ratio, the CO acts as a diffusion barrier for thenHile pumping
from the environmental cell which lowers the systematic percentage error
observed in table 6.4.

Quantification of the @H, ratio from figure 6.10c also showed a similar
result. Even after reaching equilibrium, thgld} ratio obtained was about 2.8
which is 40% low in Hto the actual value of 2. Similar evidence were observed
with CH; and Q mixtures (figures 6.6 and 6.9), however the effect is smaller in
this case. This may be due to the fact of this faster diffusion rate of one gas
relative to the other. CHs a lighter molecule thanOAccording to Graham’s

law, CH,; would diffuse 40% faster than that of @iving enrichment in @ From
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the results also a higher value in\@as obtained suggesting that {#bes
diffuse faster through the environmental cell.

The above observations show the importance of EELS in determining the
gas composition in the environmental cell near the sample region. Use of gas
analyzers or mass spectrometers, which are usually far away from the
environmental cell, may not provide accurate gas compositions near the sample

region.

6.7. Summary

Electron energy-loss spectroscopy was used to determine the gas composition i
the environmental cell in a TEM fan-situ applications. The approach was
developed for quantification in a differential pumping environmental TEM,
however the same approach can also be used to determine gas composition in
windowed cells. Techniques were developed to identify the gas composition using
both inner-shell and low-loss spectroscopy of EELS. The advantage of using low-
loss spectroscopy is to detect thewhich has first ionization at 12.5 eV. A
systematic error in inner-shell quantifications was observed which soeiasd

with the inelastic scattering of the electron along the entire gas pat wim

(gap between the two pole pieces). Convergence semi-angle, collection semi-
angle and inelastic scattering angles are well-defined for thin filmsdbdor

gases. These systematic errors can be minimized by using small convergence

semi-angle and collection semi-angle. The inner-shell approach reguiyes
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knowledge of the ionization cross sections and provided compositional analysis
with an accuracy of better than 15% for the cases investigated here.

Molar concentrations of the gas mixture can be determined from low-loss
spectra by expressing valence loss spectra of gas mixtures as adméaration
of individual component valance loss spectra. The molar fraction of the gas
compositions can be obtained by knowing the gas pressures from the individual
reference gases, scattering parameters and the linear coeffaditrscomposite
spectra. The method gives results that agree with the inner-shell methdsloand a
appears to have an accuracy of better than 1%%itu EELS will give the
accurate gas composition in the environmental cell and can follow real time
changes in the gas composition. It helped in improving the gas handling sgstem
get accurate gas compositions into the environmental cell. It also helped in

revealing the mass transport issues and diffusion barrier effects.
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Table 6.1. List of conditions used of EELS spectra acquisitions

Condition TEM Mode Dispersion | Convergence| Collection
(eV) semi-angle semi-angle
(mrad) (mrad)
A Diffraction 0.5 1 8
B Diffraction 0.5 2.3 1.9
C EFTEM- 0.05 1 50
Image
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Table 6.2. Scattering parameteijt/alues for different gases at a given pressure

Gas Pressure (Torr) Scattering Parameter (t/A)
N 2.1 0.115 +/- 0.003

Oz 2 0.092 +/- 0.003
CH, 2 0.082 +/- 0.002
CO, 2.2 0.192 +/- 0.004
(6{0) 4 0.184 +/- 0.007

H> 3.8 0.049 +/- 0.001
H.0 2.4 0.078 +/- 0.002
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Table 6.3. Low-loss peak positions for different gas species

Gas Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
H, 12.5
N> 12.8 15.8
Oz 18.45 13 15.35 17.05 19.75 21.8
(6{0) 8.4 114 13.4 16.95
CO 11.2 13.25 16.05
CHq 9.7 12.90
H>O 7.25 9.8 10.9 13.2 16.8
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Table 6.4. Nominal and measured C@rfblar concentrations in a variety of
different CO/H mixtures

GasMixture Nominal CO/H, | Measured CO/H, Per centage
ratio ratio systematic error
2CO + 8H 0.25 0.51+/-0.05 100
CO +2H 0.5 0.82+/-0.05 64
CO+h 1 1.52+/-0.07 52
2CO+H 2 2.4+/-0.1 19
8CO + 2H 4 3.6+/-0.2 -10
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Figure 6.1. Energy loss spectrum from CO at 3 Torr pressure showing K-edges
from C and O (condition A). The background before the carbon edge has been
extrapolated and removed from each spectrum for clarity.
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Figure 6.2. Energy loss spectrum £4D 3.8 Torr pressure showing K-edges from
C and O (condition A). The background before the carbon edge has been
extrapolated and removed from the spectrum.
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Figure 6.3. Background subtracted energy loss spectrum from BN showing K-
edges from B and N (condition A). The background before the boron edge has
been extrapolated and removed from the spectrum.

Inelastic scattering from gas
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Inelastic scattering from solid

Figure 6.4. Schematic showing the differences in the inelastic segtberhavior
from a solid and the gas.
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Figure 6.5. Background subtracted energy loss spectrum from 2.6 Torr of air
showing K-edges from Nand Q (condition B).
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Figure 6.6. Background subtracted energy loss spectrum from 2.6 Torr of mixture
of 2CH, and Q showing C and O K-edges (condition B).
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Figure 6.7. Low-loss spectra from a variety of gases recorded atTeofe.
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Figure 6.8. Normalized low-loss spectra from air at about 2.8 Torr pressilice (
curve). The dotted curve is the linear combination of the individual spectra from
O, and N recorded at 2 Torr and 2.1 Torr, respectively. Thevélues for these
three spectra were 0.13, 0.115 and 0.09 for aigrd Q , respectively.
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Figure 6.9. Normalized low-loss spectra from mixture of 2&€8, at about 2.6
Torr pressure (solid curve). The dotted curve is the linear combination of the
individual spectra from ClHand Q both recorded at 2 Torr. Tha tyalues for
these three spectra were 0.11, 0.08, 0.09 for 2€&, ), CH, and Q ,
respectively.
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Figure 6.10. Evolution of energy loss spectrum in reaction cell with time after
charging the mixing tank with 2G- H, , adding Q to the mixing tank first. (a)
Immediately after changing gas mixture, (b) after 30 m and (c) hfigicell
pressure = 2.5 Torr).
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Figure 6.11. Normalized low-loss spectra from a nominal mixture oftZHD at
about 2.9 Torr pressure (solid curve). The dotted curve is the linear combination
of the individual spectra fromtand CO recorded at 3.8 and 1.8 Torr,
respectively. The i/ values for these three spectra were 0.06, 0.05, 0.08 fgr (2H
+CO), K and CO, respectively.
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Chapter 7
OPERANDO TEM - DETECTION OF GAS PHASE CATALYSIS IN AN
ENVIRONMENTAL TEM WITH EELS
7.1. Introduction
The surface structure of catalyst depends on several factors, such astemape
pressure, reactant gases, product gases, and concentration of diffe specyss
on the surface of the catalyst. Thus, in order to obtain information on the active
state of a catalyst, it is important to apply techniques that allow a studialyista
structure while catalytic reactions are taking place i.e. under the working
conditions of the catalyst. Chapters 3, 4 and 5 have shown the significance of
situ environmental transmission electron microscopy (ETEM) studies in
developing the structure-activity relationship in supported metal catabysts f
heterogeneous catalysis application. However in this case, the catalytic
measurements were performed inearsitureactor and the nanostructural
information is obtained fronm-situ ETEM studies. For determining the direct
structure-activity relationship, a measure of the catalyst perfagrsimould
preferably be obtained simultaneously with the structural information. An
“OperandoTEM” technique was developed for the first time that combines the
nanostructural characterization of the catalyst material during @logae with
the simultaneously measurement of the catalyst performance.
In Latin, operandomeans “working” or “operating”, since structural

studies are performed simultaneously with the catalytic measurements the
technique was called a®perandoTEM”. The composition of the gas in the
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environmental cell of the TEM can be determined with residual gas analpgers a
mass spectrometers; however this will require an extra cost for the
instrumentation. In chapter 6 it was demonstrated that electron enesgy-los
spectroscopy (EELS) can be used to measure gas composition around the sample
in the environmental cell. In this chapter, EELS has been used to detect the
product gases that are formed during the catalytic reactions. In genesabfm

the microscopes are equipped with EELS detectors and do not require any
additional cost. It may seem trivial to measure the product gas formation in the
environmental cell, but there are several challenges in approaching this technique.
This thesis chapter demonstrates the considerations for developoygetia@do

TEM methodology and will show the first attempts of this technique in

performing catalytic activity measurements in the environmental céleimf EM

using EELS.

7.2. ISRI RIG-150 reactor vs. ETEM reactor

Figure 7.1 (a-b) shows the schematics ofitlgtu research instruments (ISRI)
RIG-150 reactor bed and the Tecnai F20 ETEM reactor. In RIG-150 reactor gas
flows from the top of the reactor tube along the catalyst bed and the product gas
coming out of the reactor is analyzed by the gas chromatography. The flaf rate
the gases is controlled by the mass flow controllers. In ETEM reactor, gas
mixtures for the reaction are premixed in mixing tank and were introduced into
the environmental cell through the leak valve. Gas that has been admitted into the
environmental cell diffuses through the differential pumping apertures and was
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pumped by molecular pumps [1]. The gas composition in the environmental cell
is detected by EELS. In RIG-150 reactor, most of the gas molecules will be in
contact with the catalyst surface before exiting the bed, whereas in ET&Nbt

the case. The gas that is admitted into the environmental cell can esoagé th
the differential pumping apertures before interacting with the catalyatsur

The RIG-150 reactor works at 1 atmosphere with reactant gas partial
pressures typically ranging from 50 to 200 Torr and the rest is He carriethgas. T
ETEM reactor experiments are typically performed at reactanrgasures of
about 1 Torr and no carrier gas is used. In the RIG-150 reactor almost all the
length of the reactor tube is heated. The gas that is coming from the top of the
reactor tube will be at the reaction temperature by the time it comigltthe
catalyst surface. A small volume of the furnace, attached to the holder,ad heat
in the ETEM reactor. The gas admitted into the environmental cell is at room
temperature and will reach the reaction temperature only when it is in contact
with the sample.

One of the challenges in developingagerandoTEM technique is
associated with the TEM sample preparation. In RIG-150 reactor, the amount of
catalyst used will be in milligrams, which gives reasonable amounts of product
gases that can be detectable by gas chromatography. Whereas the amount of
sample present on a TEM sample is typically less than a microgram ayigive
some product gases but they cannot be detected by EELS. The challengadiere i

prepare a TEM sample with a large amount of catalyst sample, so that high
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catalytic conversions can take place giving significant amount of product gases

that can be detectable by EELS.

7.3. CO oxidation on Pt mesh
To solve the issues related to TEM sample preparation to get high catalytic
loadings, initial proof of concept experiments were performed on a Pt mesh. CO
oxidation (given by equation 1) on Pt mesh was chosen as a test reaction for
performingoperandoTEM experiments. Pt is one of the active catalysts for this
reaction [2].

CO +%Q > CO, 1)

CO oxidation is an easy reaction in terms of detecting the gas phase
catalysis by using EELS. Figure 7.2a and 7.2b, shows the background subtracted
inner-shell spectra from pure CO and pure,@Spectively at 1 Torr pressure
showing the presence of largepeaks in front of the carbon K-edges [3-5]. All
the inner shell energy-loss spectra were recorded with the microscope in
diffraction mode with an energy dispersion of 0.1 eV.

Then* peak positions are calibrated with the C K-edge from an
amorphous carbon film (284 eV). Ther€peaks are at 286.4 eV for CO and
289.7 eV for CQ. The difference of 3.3 eV between the twa'Qoeaks is useful
for differentiating CQ from CO using EELS in am-situ ETEM. During CO
oxidation, if there is any formation of G@ peak will be seen at 289.7 eV
corresponding to @* peak from CQ. Energy-loss spectra were acquired from a

mixture of CO and C@in 1:1 ratio and the background subtracted spectra is
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shown in figure 7.2c. From the figure it is clearly seen that th& 2aks of CO
and CQ are very sharp and easily resolved.

The CO oxidation reaction was initially performed on a Pt mesh (a typical
TEM grid of 3mm diameter) in an RIG-150 reactor to test its activity. Phmes
was initially reduced at 408G in the presence of 5%f#Ar for 3 hours. CO
oxidation reaction was performed by flowing He:C@i®50:8:4 ratio. Figure
7.3 shows the catalytic performance on Pt mesh for CO oxidation reaction. CO
conversions to C@start to take place at about 260CO conversion reaches
about 7% at 30%, above 30%C CO conversion increases rapidly with increase
in the temperature with almost all the CO converted te IGQI65C.

For performingopperandoTEM experiments, Pt mesh was loaded onto a
heating holder and the gas mixture containing CO an@hQ:1 ratio) was
admitted to the environmental cell of the TEM while gradually increasing the
temperature. Figure 7.4, shows the background subtracted energy-loss spectra of
C n* peaks obtained while heating the Pt mesh inside the environmental cell in
the presence of CO and 2:1) mixture at 1 Torr pressure. No catalytic
conversion of CO was observed below 4D0A small peak started to appear at
289.7 eV at 40T corresponding to @* peak from CQ, indicating the
formation of CQ by the CO oxidation reaction. This observation confirms that
catalysis has been detected inside the TEM.nFhpeak at 289.7 eV gradually
increases with increasing temperature. In order to exclude a possibjécata
effect from the inconel furnace, similar experiments were perfdonehe holder

without the presence of Pt mesh. Figure 7.5 shows the background subtracted
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energy-loss spectrum of C K-edge from CO andZ01) mixture at 50C
performed on inconel holder. The absence af @eak at 289.7 eV suggests that
no CQ has formed even at 58D on the inconel furnace indicating that the
product gas measured is due to the catalytic activity of Pt for CO oxidation to
CO..

Quantification of the catalytic conversions was performed by fitting the
energy loss spectra as a linear combination of individual component reference
spectra from CO and GQOAIl the spectra are normalized to unity before
performing the fitting. Weighting coefficients were determineditiiyg the
composite spectrum with the experimental spectrum from which catalytic
conversions can be obtained. Initially an EELS spectrum was collectedfrom
known mixture of CO and C{and the ratio of fitting coefficients were obtained
by performing fitting with the composite spectrum of CO and.G@ure 7.6,
shows the normalized reference spectrum from a mixture of CO anthQQ
ratio (solid curve). The dotted curve shows the fitted composite spectra from the
linear combination of CO and G@eference spectra. The spectra from the gas
mixture and the composite spectra are almost indistinguishable indicatirag that
good fit has been achieved. The ratio of linear coefficients fort€QGO from
the curve fitting was obtained to be about 0.95. Since a 1:1 ratio of COto CO
was used, this ratio corresponds to a CO conversion of 50%. This ratio is taken as
a calibration for calculating the CO conversion on Pt mesh in-aitu ETEM.

Figure 7.7 shows the corresponding plot of CO conversion during

catalysis at different temperatures, obtained from quantification proceatire
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described above. This demonstrates that EELS can be used to detect and measure
the gas phase catalysis inside the environmental TEM. The difference in the
catalytic CO conversions obtained from the RIG-150 reactor and the ETEM

reactor are due to the difference in the design of these reactors as disgtusse
section 7.2. In the RIG-150 reactor, the reactant gases are forced to go through the
catalyst bed and almost all the reactant gas is in contact with thestdtaling

the reaction. In the ETEM reactor, not all the reactant gases will be intcontac

with the catalyst surface, hence conversion values are lower in thisocagared

to RIG-150 reactor. To perform similar experiments on a metal supported

catalyst, TEM sample preparation techniques were developed for gettimg hig

catalyst loadings which is discussed in the next section.

7.4. TEM sample preparation foperandoTEM

A 2.5 wt% Ru/Si@Qsample was used a catalyst. The catalyst sample was prepared
using the impregnation techniques in the same way as described in chapter 5. Two
different techniques were tested for getting a high catalyst loading diiMa

sample. In the first technique (Method A), quartz wool was used as a support to
hold the catalyst sample. A large quantity of catalyst sample wasskdpanto

the quartz wool and a 3mm diameter sample was made out of the wool. The
guartz wool with the catalyst sample on it was placed onto an inconel heating
holder by placing it between the inconel washers and secured with the héxring
small hole was made at the center of the sample with the help of tweezers; the
hole allowed electrons to pass through and it left some dangling quartz fitkers w
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catalyst sample on them for TEM characterization. Figure 7.8 shows the low
magnification TEM image of Ru/Siticking on to the surface of the quartz
fiber.

In the second technique (Method B), catalyst was dispersed onto glass
wool and was heated to 6W@in air for about 30 minutes. Glass wool was chosen
over quartz wool because of its lower softening temperature. AC6€te glass
fibers will just start to flow and fuse at the contacts forming a networkefdi
From this a 3 mm disk was cut using a razor blade and used as a TEM sample.
Both procedures were quite successful in getting high loadings of catatgsh
TEM sample. However the sample prepared by method B was mechanically more

rigid than the sample prepared by method A.

7.5. CO oxidation on Ru/SiO
CO oxidation was performed on a Ru/gi€talyst. Ru is an active catalysts for
this reaction. There is an extensive debate in the catalysis community to
understand whether metallic ruthenium or ruthenium oxide that is responsible for
the activity for CO oxidation reaction [6-11]0perandoTEM” is ideal to
understand the surface structure under reacting gas conditions since structura
changes and catalytic measurements are determined together.

Catalytic activity of Ru/Si@catalyst for CO oxidation was tested initially
in a RIG-150 reactor. Figure 7.9 shows the performance of the R &i&byst
for the CO oxidation reaction performed in a RIG-150 reactor. CO conversion to
CO; starts to take place 8D, however the amount of conversions are very low at
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temperatures below 1%D. Above 156C, CO conversion increases rapidly with
increase in temperature with almost all the CO converted tca€Z806C.

In-situ catalytic activity measurements in an environmental TEM were
performed on a Ru/Siatalyst by preparing a TEM sample made of quartz wool
(Method A). Ru/SiQwas initially reduced in 1 Torr of +at 406C for 3 hours.

After the reduction step, the reactant gas mixture for CO oxidation (COzand O
2:1 ratio) was admitted to the environmental cell and the pressure was maintained
at 1 Torr. Inner-shell energy-loss spectra were collected atefffegmperatures

by slowly ramping up. Figure 7.10 shows the background subtracted energy-loss
spectra of Gt* peaks obtained while heating the Ru/Scatalyst inside the
environmental cell in the presence of CO and2)1) mixture at 1 Torr pressure.

No catalytic conversion of CO was observed until®’C5@ very small peak

started to appear at 289.7 eV at A5@orresponding to @ peak from CQ, this
temperature is 25 less than that observed on the Pt mesh. As the temperature
increases, the €* peak from CQ also increases. Figure 7.11 shows the
corresponding CO conversion to €ah Ru/SiQ during catalysis at different
temperatures using a spectral quantification method identical to that@elsicri

the previous section. Catalytic conversions of about 1% can be detected with this

approach.

7.6. Carbonyl contamination issues
Figure 7.12 (a-b) shows TEM images of Ru/Si@talyst at 8% and 306C

respectively. A dark layer was formed around the,Sithere at 30C (figure
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7.12b), these dark layers started to appear at abo%E 280 energy loss

spectrum from these regions showed the presence of Fe and Ni (figure 7.13).
There can be several possible sources from which the contamination can occur.
To determine the source of contamination, several heating experiments were
performed on pure Sg3pheres with no metal loading.

The inconel heating holder can be a potential contamination source which
contains significant amount of Fe and Ni. A Gatan holder with a furnace made of
tantalum was used instead of inconel. Fe and Ni contamination was still seen
within 10 minutes when the sample temperature reaché@€20@he presence of
CO and Qin 2:1 ratio. To test the effect of gas, samples were heated 16 #00
pure Q; no contamination was seen in this case. When the gas was switched to
pure CO, contamination started to appear again. Fe and Ni contamination was
always seen in the presence of CO. Figure 7.14 shows the TEM image of SiO
sphere in the presence of CO at ZD@learly showing the contamination as a
dark layer around the sphere. EELS confirm that the contamination seen is of Fe
and Ni.

The other source of contamination could be the stainless steel tubing used
for gas handling system that connects the mixing tank and the environmental cell
(chapter 2, figure 2.11). CO when contacted with stainless steel can react to form
Fe and Ni carbonyls; however the concentration of carbonyls will be very low at
room temperature [12]. These carbonyls can interact with the sample’GtaD
decompose on the surface of the sample, decomposition temperatures for Fe and
Ni carbonyls is about 18CG [13, 14]. The CO gas tank was directly connected to
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the environmental cell to reduce contact of CO gas with the stainlestibiagl
Fe and Ni contamination is still seen in this case, suggesting that thesstainl
steel may not be the source of contamination. The only other source of
contamination is the CO gas cylinder itself which is made of steel. @@ nedh
the cylinder forming Fe and Ni carbonyls. The presence of Fe and Ni cigliony
the gas mixture is the source of contamination which is always seen in the
presence of CO.

The contamination issues in the presence of CO gas limits the surface
characterization of Ru catalyst. The catalysis that has been observedfican be
Ru/SiG or from the Fe and Ni contamination that has formed all over the sample.
If the catalytic activity is due to the Fe and Ni contamination, @@uld have
been detected while performing EELS measurement on the bare inconel holder.
No CO, was detected on inconel holder even at’60@igure 6.5), suggest that
the gas phase catalysis detected in the environmental cell was from the Ru
catalyst.

It has been observed that some of the quartz fibers fell into the TEM
column and blocked the electron beam when the TEM sample was prepared by
method A. This was not good for the microscope, so as an alternative TEM

sample prepared by method B was used for further experiments.

7.7. CQ methanation on Ru/SiO
To avoid contamination problems associated with the use of CO, a reaction has to

be chosen that does not involve CO as one of the reactant gasiefidnation
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(given by equation 2) was chosen for perfornopgrandoTEM experiments on
Ru/SiG catalyst. Several catalysts were tested for this reaction [15, 16;dhe i
of the most efficient catalysts [17, 22].
CO; +4H, » CH, + 2H,0 (2)

Before performing theperandoTEM, the Ru/SiQ catalyst was tested for
CO, methanation. Figure 7.15 shows the catalyst performance of 2.5 wt%
Ru/SiG for CO, methanation. C@conversion starts to take place about’290
and increases gradually with increase in temperature and reaches to 47% at
430PC. The increase in conversion with temperature was not much in the
temperature range of 43D to 550C. Above 556C the CQ conversion increased
slowly and reached 75% at 8@ CH, is the initial product that formed at 2D
during CQ methanation; above 2%D small quantities of CO was started to from
along with the Clil Up to 496C the main product gas formed is Qhkith small
quantities of CO. Above 48Q, CO selectivity started to increase gradually with
decrease in Ciiselectivity, and almost all the G@hat has been converted
produced CO at 86C. Two different products, CHand CO, can form during
CO, methanation reaction depending on the reaction temperature. From a
fundamental point of view, it is interesting to follow the evolution of catalyst
surface structure under different product gas formation.

In-situ catalytic measurements were performed on Ry/8atalyst for
CO, methanation by preparing the sample using Method B and loading onto the
Gatan heating holder. TEM sample prepared by method B has a network of glass
fibers that are fused at the contacts; this will help the fibers to hold with each
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other and not to fall in the TEM column. A @@nd H gas mixture was admitted

to the environmental cell of the TEM in 1:4 pressure ratio and EELS spectra were
collected at different temperaturds-situ ETEM experiments were performed up

to a temperature of 500; from the reactor data Gl the main product gases

that is formed up to this temperature (Figure 7.15). Inner-shell energyeaks
positions of C K-edge from GOCO and Chjare 289.7 eV, 286.4 eV and 287.9

eV and this difference in peak position can be used to detect and differentiate
between different gas products.

Figure 7.16 shows the background subtracted C K-edge spectra in the
presence of Coand H (in 1:4 ratio) at different temperatures. No change in the
spectra was observed below AD0A shoulder peak started to appear a@0
about 286.4 eV corresponding to the CO formation. The shoulder peak increases
with increase in temperature as shown in figure 7.16. It was surprising teesee t
formation of CO instead of CHvhich was the main product gas that formed at
this temperature from thex-situreactor data. The difference between the reactor
experiments and tha-situ experiments is the pressures of the reactant gases. In
the reactor, experiments were performed at 1 atmosphere by flowin@#ld:C
in 50:4:16 (partial pressure of G@nd H in the gas feed 43 Torr and 172 Torr
respectively). In then-situ ETEM, experiments were performed at 1 Torr of gas
pressure with partial of C&and H at 0.25 Torr and 0.75 Torr respectively. This
pressure differences can have effect on the product gas formation.

To check the effect of pressure, thermodynamic calculations were
performed for this reaction using FACTSAGE program [19]. Figure 7.17a and
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7.17b shows the plots for G@onversion to Ciland CO obtained from the
FACTSAGE program for CO&methanation reaction at 1 atmosphere and 1 Torr
respectively. From this thermodynamic data, the main product gas in the
temperature range of 4% to 500C at 1 atmosphere is Gkhich is similar to
the reactor data and at 1 Torr it is CO which is consistent witim-tsieu ETEM
data. These experimental observations demonstrate the importapaido
TEM studies. In order to develop direct structure-activity relationshipststal
characterization of the catalyst must be performed while simultaneously
measuring the catalytic performance. Quantification of Gghversion to CO
during the catalysis can be obtained using the similar procedures used for
calculating CO conversions for CO oxidation reaction in sections 7.3 and 7.4.
Figure 7.18 shows the plot of G@onversion to CO in the presence of 1 Torr of
CO, and B mixture (in 1:4 ratio) at different temperatures performed im-asitu
ETEM.

The low-loss region of the energy-loss spectrum can also be used to detect
product gas formation. Figure 7.19 shows the low-loss reference spectra from
individual gases Cg H,, CO, CH, and HO that are relevant to G@nethanation
reaction. The formation of CO and®l can be identified by the presence of peaks
at 8.4 eV for CO and 7.25 eV for8, as pointed in the figure 7.19. Figure 7.20
shows the low-loss spectra in the presence of &@ H (in 1:4 ratio) at 50tC
and clearly shows the presence of peak at about 8.4 eV corresponding to
formation of CO. No peak was observed at 7.25 eV #@.Hrrom the
thermodynamic data there should be an almost equal amoup®adnd CO
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formation at 508C at 1 Torr of pressure during the £@ethanation. It is not
clear why there is no peak at 7.25 eV corresponding to the formatioi©of H
Further studies are required to clarify this issue. Figure 7.21 shows the TEM
image of Ru/Si@catalyst in the presence of ¢&nd H in 1:4 ratio at 50%C
taken in parallel while measuring the catalytic performance. High resoluti
microscopy studies were difficult to perform on this sample because of the

instabilities caused by the dangling fibers.

7.8. Summary

“OperandoTEM” methodology was successfully developed for heterogeneous
catalysis by applying EELS to detect the product gases inside the ensir@hm
TEM. One of the challenges in developingogrerandoTEM technique is
associated with the TEM sample preparation. In RIG-150 reactor, the amount of
catalyst used will be in milligrams, which gives reasonable amount of product
gases that can be detectable by gas chromatography. Whereas the amount of
catalyst sample used for TEM studies is much less (less than ramms)gr
compared to the catalyst used in the RIG-150 reactor.

As a proof of concept initial experiment were performed on a Pt mesh
(usual TEM sample) for CO oxidation reaction, and it has been successfully
demonstrated that it is possible to detect product gases using EEL $nisitiue
environmental TEM. To perform similar experiments on supported metal
catalysts, two different techniques were developed for preparing a TEMesam
with high catalyst loadings. A TEM sample was prepared from quagg/glaol
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by dispersing catalyst sample onto the wool. Product gas analysis was
successfully detected by EELS for CO oxidation and @@&thanation reactions

on Ru/SiQ catalyst. The amount of catalytic conversions in the ETEM reactor as
a function of temperature was also calculated with the help of referencespectr
from standard gas mixture. The catalytic conversions obtained in the ETEM
reactor are less compared to the RIG-150 reactor due to the differences in the
reactor design.

During CO oxidation, Fe and Ni contamination was observed due to the
presence of metal carbonyls in the CO cylinder. The contamination issues in the
presence of CO gas limits the surface characterization of Ru cakalyshe CQ
methanation reaction, a difference in the product gas formation was observed the
ETEM reactor compared to RIG-150 reactor.,@ks the main product formed
in the RIG-150 reactor up to 5 whereas CO is the main product observed in
the ETEM reactor. This difference in the product gas formation is addlatthe
pressure gap that exists between the RIG-150 reactor and ETEM reactor. ,The CO
methanation reaction further emphasized the importancepetandoTEM”
studies. In order to develop direct structure-activity relationships, wtalict
characterization of the catalyst must be performed while simultaneously

measuring the catalytic performance.
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Figure 7.1. Schematic representation of the ISRI RIG-150 reactor bed and the
ETEM reactor.
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Figure 7.2. Background subtracted energy-loss spectra from a) 1 Torr of CO and
b) 1 Torr of CQ and c) normalized EELS spectra from a mixture of CO angl CO
in 1:1 ratio at 1 Torr pressure.
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Figure 7.3. Plot showing the CO oxidation reaction on a Pt mesh performed in an
RIG-150 reactor.
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Figure 7.4. Background subtracted energy-loss spectra acquired at different
temperatures during CO oxidation on Pt mesh in an ETEM reactor.
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Figure 7.5. Background subtracted energy-loss spectra acquired@tdifihg
CO oxidation on inconel heating holder.
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Figure 7.6. Normalized EELS spectra from a mixture of CO angdi€D1 ratio
at 1 Torr pressure (solid curve). The dotted curve is the linear combination of the
individual spectra from both CO and €O
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Figure 7.7. Plot showing the CO conversion with increase in temperature on Pt
mesh measured from-situ energy-loss spectroscopy.
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Figure 7.8. TEM image of glass fiber with Ru/S€ample loaded.
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Figure 7.9. Plot showing the CO oxidation reaction on a Pt mesh performed in an
RIG-150 reactor.
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Figure 7.10. Background subtracted energy-loss spectra acquired antliffere
temperatures during CO oxidation on Ru/Sdatalyst in a ETEM reactor.
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Figure 7.11. Plot showing the CO conversion with increase in temperature on
Ru/SiG, catalyst measured from-situ energy-loss spectroscopy.
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Figure 7.12In-situ TEM images of Ru/Si@in the presence of CO and @as
mixture in 2:1 ratio at a) 8C, b) 300C.
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Figure 7.13. Background subtracted energy loss spectrum from Rwu8alyst
at 300C, showing the presence of Fe and Ni contamination along with O K-edge
from the SiQ substrate.

Figure 7.14. TEM image of SiGphere in the presence of CO atZ00
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Figure 7.15. Plot showing the G@onversion and its selectivity to Gldnd CO
with increase in temperature during £@ethanation on 2.5Wt% Ru/SiO
catalyst in RIG-150 reactor.
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Figure 7.16. Background subtracted energy-loss spectra of C K-edge actjuired a
different temperatures during G@ethanation on Ru/Sigatalyst in a ETEM
reactor.
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Figure 7.17. Plot showing the thermodynamic equilibrium calculations gf CO
conversion to Ciland CO at a) 1 atmosphere and b) 1 Torr [19].
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Figure 7.18. Plot showing the amount of 8fnversion to CO with increase in
temperature during COnethanation on Ru/Sp&atalyst measured froim-situ
energy-loss spectroscopy.
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Figure 7.20. Background subtracted low-loss spectra acquired’a 80fing
CO, methanation on Ru/Sigatalyst.

Figure 7.21. TEM image of Ru/S3@uring CQ methanation in am-situ ETEM.
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Chapter 8

SUMMARY AND FUTURE WORK
8.1. Summary
The research described in this thesis can be divided into two parts. The first part
of the thesis (chapter 3, 4 and 5) covers the applicationsifu environmental
TEM (ETEM) to understanding the structure-activity relationship in supghorte
metal catalysts. And the second part (chapter 6 and 7) involves the development
of the electron energy-loss spectroscopy (EELS) technique for detegntiie
gas composition and detecting the gas phase catalysis inside environméimtal cel

the ETEM.

8.1.1. Structure-activity relationship

In-situ ETEM studies on nanostructures in parallel weithsitureactor studies of
conversions and selectivities were performed on monometallic Ni, Ru and
bimetallic NiRu supported catalysts for partial oxidation of methane (POM) in
order to develop structure-activity relationships. Ssheres were chosen as a
model support; the advantage of the Sspheres is that they have a well-defined
morphology which is very helpful in following the nanoparticles evolution under
dynamic gas reacting conditions in thesitu ETEM. Supported metal
nanoparticles were synthesized using incipient impregnation techniques. Co-
impregnation technique were used form preparing NiRu bimetallic catap3t

analysis confirms that almost all the nanoparticles contain both Ni and Ru.
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From the catalytic data, during the temperature ramp-up iya@Gt Q,

CO, is the main product that forms initially at low temperatures for all the three
(Ni, Ru, NiRu) catalysts. The light-off temperature for CO formation was
different for different catalysts. Ru has the lowest light-off teimipee of 428C

for CO formation and Ni as the highest light-off temperature ofG78iRu
(50Ni50Ru) has an intermediate light-off temperature of628. sharp rise in

the CH, conversion and CO selectivity was observed for Ni and NiRu catalyst at
the light-off temperature. For Ru, there was also a sharp risejr@dersion at
CO formation temperature, however this sharp rise is relatively small cethpa
that of observed for Ni and NiRu catalytic data.

From the catalytic data it can be observed that the gas composition along
the catalyst bed varies in space and time during the temperature ramp-up.
Essentially there is no single “reactor condition” in this case and theivaria
the gas composition must be taken into account in the design of ETEM
experiments so that the correct structure-property relations can baidetkIn-
situ ETEM experiments were performed mainly under two different gas
environments, one was in the presence of &tl Q gas in 2:1 ratio (which is
reactant gas composition ratio for POM reaction) and the other gas is pure CH
(reducing gas component before the syngas formation).

During the temperature ramp-up in £&hd Q (in 2:1 ratio), both
monometallic and bimetallic nanoparticles undergo oxidation processes and the
oxidation behaviors are quite different for Ni and Ru. In case of Ni, the NI meta
nanoparticles transform completely to NiO forming void-like structures at
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temperatures above 3in the presence of GHind Q. The void-like structures
are formed due to the preferential migration of Ni cations along grain boesdari
and extended defects. For Ru metal nanopatrticles, a thin layer gfsRalDwas
formed on the surface at 3Win the presence of GHnd Q with Ru metal at

the core region. The RuyQayer acts as a barrier for the diffusion of electrons onto
the surface and protects the metal core from further oxidation. These me¢s ox
are active for complete combustion of methane giving &@ HO (in 1:2 ratio)

as the main product gases. Ru®more active for Cldand Q conversions that
NiO. Almost all the Qis consumed during complete oxidation of & RuQ
surface at about 426, whereas on NiO surface it was below 10%. 1002 O
conversion on NiO took place only at 7Z5

In 50Ni50Ru bimetallic nanopatrticle case, a fairly uniform NiRu
nanoparticle in the presence of & 400C was transformed to core-shell
structures, forming a mixed oxide shell with a Ru metal core when the gas
composition is switched to GHind Q (in 2:1 ratio). The oxide shell
predominantly contained NiO along with some RuThe presence of mixed
oxide layers on the surface of the nanopatrticle has a synergetic efféut f
complete oxidation of Clreaction. Almost all the £s converted on 50Ni50Ru
catalyst at 52%€.

With increase in temperature, the oxygen partial pressure in the later part
(region Il and 1ll) of the catalyst bed goes down and the oxide transforms$doac
metal leading to syngas formation. During the reduction ip, @t¢ NiO
reduction mechanism involved diffusion of Ni cations along grain boundaries and
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extended defects giving raise Ni-NiO core-shell structures. Nikeiphase that
always exists on the surface of the nanoparticle until reduction completése As
last layer of NiO reduces back to metallic Ni, the gas environment is suddenly
exposed to metallic Ni and reforming reactions take place on metaliwiNg @
sharp increase in GHtonversion and CO selectivity at PZ50bserved in the
catalytic performance data. In case of Rufe RuQ surface layer reduces back
to metallic Ru in presence of Gldt 400C favoring reforming reactions to take
place and produce syngas at lower temperatures. In case of Ni, formation of NiO
at intermediate temperatures inhibits syngas formation at lowgetatares. It
has been proven that if Ni exists in metallic form during the tempernatome-up,
syngas formation can take place at lower temperatures.

In case of 50Ni50Ru bimetallic nanoparticle, the reduction process is more
complex. From thén-situ data, in the presence of ¢Bt 600C, the surface oxide
layer reduces back to metal and intermixing of Ni and Ru take®.pks the

oxide layer reduces back to metal, syngas formation starts to take place.

8.1.2. Electron energy-loss spectroscopy of gases

Electron energy-loss spectroscopy was used for the first time toniledethe gas
composition in the environmental cell in a TEM fiossitu applications. The
approach was developed for quantification in a differential pumping
environmental TEM, however the same approach can also be used to determine
gas composition in windowed cells. Techniques were developed to identify the
gas composition using both the inner-shell and low-loss regions of the spectrum.
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The inelastic scattering for the gases is different compared to tham dris. In

the case of thin films, the inelastic scattering of the electron beaomisig from

a thin (about 50 nm) region and the relations between convergence semi-angle,
collection-semi angle and scattering angles are well defimedydses, inelastic
scattering of electrons takes place along the entire gas path of 5.4 mm (gap
between the two pole pieces), and there is not a straight forward relationship
between the convergence semi-angle, collection semi-angle and thersgatter
angle. This difference in the inelastic scattering gave a systematigreinner-

shell quantifications. These systematic errors can be minimized byamsaih
convergence semi-angle and collection semi-angle. Molar concentrafitires

gas mixture can be determined from low-loss spectra by expressingeviien
spectra of gas mixtures as a linear combination of individual component valance
loss spectra.

An “OperandoTEM” technique was demonstrated for the first time,
where the catalyst nanostructres can be studied while simultaneouslyingasu
the catalytic performance. EELS was used to determine the gas products in the
environmental cell formed due to the catalytic reactions that take place on the
surface of the catalyst. One of the challenges in developingerandoTEM
technique is associated with the TEM sample preparation. In the RIG-156r reac
the amount of catalyst used will be in milligrams, which gives reasonable
guantities of product gases that can be detectable by gas chromatography
However, the amount of catalyst sample used for TEM studies is muchetsss (
than micrograms) compared to the catalyst used in the RIG-150 reactor. A sample
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preparation technique was developed to get high catalytic loadings onto a TEM
sample and product gases from this catalyst was succesfully detected usthg EE
Catalytic conversions as low as 1% were detected for CO oxidation,torC®©

Ru/SiG, catalyst using EELS.

8.2. Future work

8.2.1. Effect of catalyst support

In this thesis, model amorphous Si€pheres were used as a support, which are

not the usual catalyst supports used for heterogeneous catalysis application. Mos
supports have very high surface area and are crystalline with multiple. fabet

use of model Si@spheres demonstrates the applicatiomaitu ETEM studies

in understanding the structure-activity relationship in supported metalstatal
Similar experiments can be performed on high surface areafither oxide
supports such as CeiO,, and AbO3; which are the usual oxide supports used

in heterogeneous catalysis.

8.2.2. NiRu bimetallic catalysts

During the oxidation process of 50Ni50Ru catalyst an oxide layer contains both
NiO and Ru@. Further studies on this sample can give more information on how
the Ni and Ru were distributed along the oxide scale, from which oxidation
mechanisms in nanoparticles can be obtained. Similarly, following the
intermediate reduction stages of this catalyst is useful in understanding the
reaction mechanism. More studies have to be performed on low Ru content
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bimetallic catalyst (95Ni5Ru) to understand the distribution of Ni and Ru along

the nanopatrticles.

8.2.3.0perandoTEM

This thesis successfully demonstrated the detection of gas phase catahgis
EELS. However the surface structure of the catalyst was not determined whi
measuring the catalytic performance. A better sample preparationgee has to
be developed to obtain stable imaging conditions inr#situ environmental
TEM. Two reactions (CO oxidation and ¢@ethanation) were used to
demonstrate the application of EELS in detecting gas phase catalysarey ¢

studies this technique can be used for any gas phase catalytic reaction.
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APPENDIX |

MOIRE ANALYSIS
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Figure 1 explains the determination of the unknown reflection by knowing Moiré

reflection and a known reflection in terms of the reciprocal lattice vectors.
Consider a vector OA representing the Moiré reflectigf épd vector

OB representing the known fundamental reflectiaf 49d6 is the angle between

them. Unknown reflection ¢ can be determined by drawing a vector from A to

B, andp is the angle between gnd g.

02 can be determined from the following equations:

OC=g,|cos0
AC =|g,,|sin0
BC=|g (g, cosO
B = tan''(AC/BC)
g1 =AC/sinf
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APPENDIX Il

DETERMINATION OF CONVERGENCE AND COLLECTION SEMI-

ANGLES FOR EELS
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Determination of convergence semi-angle:

Collection semi-
angle (o)

_y
1001
. ( 7 2 x Bragg angle (Op)

¥
/
4

(000)

Above schematic explains the determination of collection semi-angle and
convergence semi-angle for electron energy-loss spectroscopy.ciorle

diffraction pattern was initially obtained from a BN sample, which giviasta

reflection of (100) with a d-spacing of 2.173 A.

The distance between the (000) and (100) is equivalete 2/d

where,A is the wavelength of the electron beam, for a 200kV electron heam
0.0251 A and d is the lattice spacing of hexagonal BN (100) which is equal to

2.173 A. By measuring the distance between the (000) and (100) reflection and

the disk diameter of the (100), convergence semi-angle can be obtained.
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Determination of collection semi-angle:

Again a diffraction pattern from a BN sample was obtained initially on anGata
camera and the entrance aperture of the energy-loss spectromegiacgdson to
the diffraction pattern to cover both (000) beam and at least one of the (100)

reflection of BN, as shown in the following schematic.

Entrance aperture
diameter

EELS entrance aperture

The distance between the (000) and (100) is equivale®ite 2/d
By knowing the diameter of the entrance apertugeaid the distance between

the 000 and (100), collection semi-angle can be obtained.
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APPENDIX IlI

EELS LINE SCAN PROFILES FROM 50NI50RU BIMETTALIC

NANOAPRTICLES IN THE PRESENCE OF CH4
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