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FUNDAMENTAL STUDY OF CU-BASED CATALYSTS FOR METHANOL OXIDATION
Hao Chi, PhD

University of Pittsburgh, 2018

Heterogeneous catalysis plays a crucial role in addressing clean energy and chemical production
needs. Currently, controlling the nanoscale structures, metal-support interfaces, and chemical
states of heterogeneous catalysts via rational catalyst design are still major challenges. The aim of
this dissertation is to experimentally identify active phases and active sites of Cu-based catalysts,
which is the most widely used class of heterogeneous catalyst in the methanol industry. Firstly, Cu
oxidation states that present in Cu/ZnO catalysts was evaluated in partial oxidation of methanol
(POM) under different reaction conditions, a strong dependency between metallic Cu state and
POM H; selectivity was found. No such dependency was observed between POM CO: selectivity
and Cu oxidation state, CO> selectivity only depended on O partial pressure. In the second part of
the thesis, the active sites of Cu2O nano-islands was identified during MeOH induced reduction
using Environmental Transmission Electron Microscopy (ETEM). A two-stage reductive
shrinking mechanism for Cu20 nano-islands on Cu(100) facets was observed which featuring a
transition from anisotropic to isotropic shrinking which is caused by preferential adsorption of
methanol molecules on Cu(100) step edges rather than flat Cu(100) terrace. Finally, the third part
of the thesis examines the atomic scale dynamics of Cu>O nano-island and its interface with Cu
during MeOH induced reduction. Interfacial transformations from Cu.O to Cu facilitated by

preferential reactions at the perimeters of Cu.O islands was observed, which could alter interfacial
v



reactivity under MeOH and lead to island tilting resulting from the accumulation of Cu at Cu/Cu.O
interface. Overall, this project yielded key insights on identifying the active phases and sites of
Cu-based catalysts during MeOH oxidation which will enrich the fundamental understanding

towards selective designing heterogeneous catalysts in the future.



TABLE OF CONTENTS

PREFACE . ...ttt ne e XV
1.0 INTRODUCTION . ...ttt st 1
11 BACKGROUND AND SIGNIFICANCE. ...t 1

1.2 IN SITUCHARACTERIZATION OF CATALYTIC REACTIONS ............ 4

1.3 STRUCTURE AND PHASE CHANGE OF CU DURING REACTIONS.....6

2.0 OBJIECTIVE ... . ettt ettt ettt et e be e 10
3.0 ROLE OF CU OXIDATION STATES IN PARIAL OXIDATION OF
IMETHANOL ...ttt be e e ae e saee s 12

3.1 INTRODUCTION ... 12

3.2 EXPERIMENTAL SECTION......coiiiii et 13
3.2.1 Catalyst Preparation ...........ccccoceiiiiieiicic e 13

3.2.2 Catalyst CharaCterization ...........ccocuviiiiiiieienc e 14

3.2.3  Reactivity MeasUremMENTS. .......cccociviiieiiecie et 15

3.2.4  Analysis of Cu OXidation State...........cccoiiiiiniiiiiree e 17

3.2.5 First-Principles Calculations ............ccccvoviiieiieii i 18

3.3 RESULTS ettt ettt nte e nre e 19
3.3.1  Cu/ZnO CharaCterization ...........cooviviiiiiieieie e 19

3.3.2 Impact of O2/MeOH Molar Feed Ratio on POM Reactivity ..................... 23

3.3.3 Change of Cu Oxidation State during POM ...........ccccoooeivveiiiiiinc e, 26

Vi



4.0

5.0

3.4

3.5

4.1

4.2

4.3

4.4

4.5

5.1

5.2

5.3

3.3.4 Effect of Cu Oxidation State on POM SelectiVity...........cccccvevvvinirerieannnnn 33

DISCUSSTON ...ttt ettt 35
3.4.1 Proposed POM mechanism on Cu and Cuz0 .........cccecevievvenriiieiienie e, 35
3.4.2 First-Principles Evaluation of Proposed Reaction Mechanisms............... 38

CONCLUSION L. 42
ACTIVE SITE OF CU20 ISLAND UNDER METHNAOL REDUCTION......... 44

INTRODUCTION ... 44

EXPERIMENTAL SECTION......coiiiii it 47
4.2.1  Sample Preparation..........cocccoeieeiieie it 47
4.2.2 Insitu Oxidation and RedUCTION ..........cccveiriiiiiiiiieeee s 48
4.2.3  Images and videos analysiS .........ccceveiieiieiiiie s 49

RESULTS ettt ettt et nre e 50
4.3.1 Cu20 nano-islands on Cu(100) faCetS ........cceveririrerieniinieere s 50
4.3.2 Insitu reduction of Cu20 under MeOH ... 51
4.3.3 Ildentification of two-stage shrinking...........cccoevveviiiiiii i 52

DISCUSSTON ...ttt ettt ettt e sre e 56

SUMMARY AND CONCLUSIONS ..o 61
DYNAMICS OF CU20 ISLAND AND INTERFACE TRANSFORMATION
UNDER METHANOL REDUCTION ..ottt 62

INTRODUCTION ..ottt 62

EXPERIMENTAL SECTION.....coiiiiiee e 65
5.2.1  SampPle Preparation ... 65
5.2.2 Insitu Oxidation and RedUCION ...........cceieiiiiiiiiiiicec 65
5.2.3  Images and VideoS analySiS .........ccccuriiiriiiiiiie e 66

RESULTS ettt 67
5.3.1 Cu20 nano-islands 0N CU(110) ......ccccuririirieriniresesisesieeeee e 67

Vil



5.3.2 Insitu reduction of Cu20 under MeOH .........ooeeeeeiiiiieeeeee e 69

5.3.3 Atomic-scale dynamic of Cu20 and interfacial transformation................ 73

5.3.4 Tilting and collapsing of Cu20 iSland............cccoceiiriniiinieie s 77

5.4 CONCLUSION ...ttt srae e e srae e nneeas 79

6.0 OUTLOOK .ttt b et nne e e b e e nbe e e b e e nnn e neennees 81
BIBLIOGRAPHY ..ottt ettt e e st e e e e e e e e nnre e e e 114

viii



LIST OF TABLES

Table 1. Fitted island shrinking rate (linear and parabolic) for radius and height, with transition
island dimensions between both shrinking regimes. ... 54

Table 2. Adsorbate type, adsorption energies, MeOH orientation with respect to adsorbed surface
(fully vertical/orthogonal or tilted), and adsorbate site (bridge or top) for the most stable
adsorbate configurations on tested Cu(100), Cu(110), and Cu(111) surfaces. .............. 88

Table 3. F-test, degrees of freedom, and p-values serving as output from Chow tests for each island
and shrinking dimension over both anisotropic and isotropic regimes. ...........c.cccceveune.. 97

Table 4. Differences in AIC results between L, L+L, and L+P models for each shrinking dimension
of each island over both anisotropic and iSOtropiC regimes. ........ccccceevvevieiiveresieeseennens 99



LIST OF FIGURES

Figure 1. Oxygen chemisorption induced surface reconstruction on (a) Cu(100); (b) Cu(110); and
(o) T T TSSOSO 7

Figure 2. Effects of surface orientation and oxidation temperature on the morphology of oxide
islands formed during the in situ oxidation (Po,=5x10* Torr): (A) Cu(100); (B)
(O UT (0 I T o N (@3 T O U 5 ) USSR 8

Figure 3. The microreactor(Left): sample boat that holds three TEM grids and Reactor lid with gas
inlet and outlet. Schematic Schematic of gas flow pattern inside the microreactor.(Right)
...................................................................................................................................... 15

Figure 4. Powder XRD patterns of as-prepared CuO/ZnO (1) and Cu/ZnQO after being reduced in
H2 @t 250 T fOr 3N (2).iiiiiiiicieee e 20

Figure 5. SEM image of CuO/Zn0O as prepared. EDX indicates 32.25 wt% CuO for the area marked
DY the T8O DOX. ....veeieee e 20

Figure 6. (A) TEM image of the Cu/ZnO NPs after reduction. Inset: Cu and ZnO NP size
distribution. (B) HRTEM image with superimposed (colored) crystal phase domains of
Cu and ZnO. Inset: Example of a high magnification image showing Cu and ZnQO lattice
] 1= (6] 100 USRS P PP PR PRPRO 21

Figure 7. High-resolution TEM image of 30% Cu/ZnO. (b) Fast Fourier Transform (FFT) shows
CrYStal AtTICE VECTOTS. ...o.veeeeeeee ettt e 22

Figure 8. POM reactivity measurements showing the methanol conversion (A), Ha selectivity (B),
and CO- selectivity (C) vs. time-on-stream during POM at 250C for three different
02/MeOH molar ratios (red = 0.1, green = 0.3, and blue = 0.5). MeOH conversion
increases and H> selectivity decreases with O2/MeOH molar ratio and time-on-stream.
CO; selectivity increases with O2/MeOH molar ratio but remain constant with time-on-
R (=T 1 RSP RTRTP PP 23

Figure 9. XPS core level spectra of ZnO showing the Zn 2p binding energy. The sample was
collected after the reaction (250 C, O2/MEOH=0.1). .....ccceoeriririiiiiiieiese e 26



Figure 10. Reference spectra of each copper oxidation state collected from pure Cu NPs. Each
reference spectrum has a characteristic electron kinetic energy of 918.7 eV, 916.8 eV,
and 917.6 eV for Cu, Cu20, and CuO, respectively. The fits in Figure 11, Figure 12 and
Figure 13 are obtained by fitting a linear combination of the three Cu LsMasMas basis
FETEIENCE SPECIIA. ....viivieiieeie ettt e st e e et e teeneenneennas 27

Figure 11. Changes to the XPS Cu L3sMassMys feature during POM at 250 C, O2/MeOH = 0.1. Data
points are shown as black lines, while the light blue dashed lines indicate fitted results.
The vertical lines indicate peak position for Cu (red), CuO (green), and Cu2O (purple).
The fit is obtained by fitting a linear combination of three Cu L3sMasMas basis reference
SPECEra (SEE FIQUIE L10). .uviiuieiiiie ittt sttt sttt ene e 28

Figure 12. Changes to the XPS Cu L3MassMas feature during POM at 250 C, O2/MeOH=0.3. Data
points are shown as black lines, while the light blue dashed lines are fits. The vertical
lines indicate peak positions for Cu (red), CuO (green), and Cu20 (purple)............... 29

Figure 13. Changes to the XPS Cu L3M4sMgys feature during POM at 250 C, O./MeOH=0.5. Data
points are shown as black lines, while the light blue dashed lines are fits. The vertical
lines indicate peak positions for Cu (red), CuO (green), and Cu20 (purple)............... 30

Figure 14. The relative amount of each Cu oxidation state observed in the catalyst as a function of
reaction time at the three molar O./MeOH feed ratios of 0.1 (A), 0.3 (B), and 0.5 (C).
...................................................................................................................................... 31

Figure 15. H> selectivity (A) and CO: selectivity (B) versus percentage of combined oxidized Cu
during the POM reaction at 250 °C and over three different O2/MeOH molar ratios (red
circles = 0.1, green triangles = 0.3, and blue squares = 0.5). .......ccccevereieneiieniiniinnnns 33

Figure 16. Proposed schematic reaction pathway of POM on Cu and Cu;O at different feed
conditions, namely: POM (A) and methanol decomposition (in the absence of gas phase
O2; B) on metallic Cu, respectively, and POM in the presence (C) and in absence of gas
phase O2 (D) on Cu20. Atoms C (black), H (white), O (red), and Cu (yellow) are colored
CYototo] (0 [T a0 Y2 SRS R 37

Figure 17. Energy differences and activation barriers for CO, formation and CO desorption on
Cu20 (a) (100), (b) (110), and (c) (111) surfaces. Atoms C (brown), Cu (blue), O (red;
marked in light red if the lattice O is used to form CO.) are colored accordingly. ..... 38

Figure 18. In situ formation of Cu.O nano-island. (a) Bright-field TEM image of an as-prepared
faceted hole on Cu(100) film after annealing at 600 °C and 7.6x10° Torr Hp; the inset
shows the corresponding diffraction pattern. (b) HRTEM image of a Cu.O nano-island
on Cu(100) facet formed at 350 °C and 1.5%10™ Torr for 5min.........cccocevevevvrrrennnnen. 50

Figure 19. Reduction process of Cu2O nano-island on Cu(100) facets under 7.6x10° Torr MeOH
vapor and at 250°C. (a) HRTEM images depicting Cu20 nano-island shrinking over
time. (b) Time-dependent change of the radius (r) (half width) and height (h) of the
Cu20 nano-island during redUCTION. .........c.coiiiiiiiiic e 51

Xi



Figure 20. The time dependence of Cu20 island radius (red) and height (yellow) during reduction.
The dashed lines correspond to linear fitting for anisotropic shrinking and parabolic
fitting for iSOtropiC ShriNKINgG. .......cccovoiiiiice e 53

Figure 21. Ratio (radius/height) of shrinking rate for linear (orange) and parabolic shrinking (blue
with stripes). The region defined by isotropic shrinking is highlighted in purple. The
isotropic shrinking region is highlighted in light orange and defined by observed radius
and height shrinking rate ratios between 0.25 and 4. ..........cccccovveveeiereene e 55

Figure 22. Radius and height magnitudes of all Cu2O islands at starting, transition (between linear
and parabolic shrinking) and end points during island shrinking. ..............ccccceveenee. 55

Figure 23. The radii of Cu20 islands at initial (orange squares) and transition stages (blue circles).
...................................................................................................................................... 56

Figure 24. Simple schematic demonstration of two-stage shrinking of Cu,O under MeOH. ...... 57

Figure 25. DFT calculated adsorption (Eads) and dissociation barrier (Eqitf) energies of methanol
(@) for flat Cu20(100) (pink) and (b) stepped Cu.O(100){100} (green) candidate
systems, considering the effects of Hubbard U inclusion for (a) in parenthesis. Cu, O,
C, and H atoms are colored blue, red, brown, and white, respectively............c.cc.c...... 59

Figure 26. In situ formation of Cu.O nano-island. a Bright-field TEM image of an as-prepared
faceted hole on Cu(100) film after annealing at 600 °C and 7.6x10° Torr Hp; the inset
shows the corresponding diffraction pattern. b, ¢ HRTEM images of a Cu2O nano-
island on Cu(110) facet formed at 350 °C and 1.5x10* Torr for 5 min. .........cccev..... 67

Figure 27. Reduction process of Cu20 nano-island on Cu(110) facets under 7.6x10° Torr MeOH
vapor and at 300°C. a-d HRTEM images depicting Cu>O nano-island shrinking over
time. e Time-dependent change of the radius (half width) and height of the Cu2O nano-
island (marked in @) during reducCtion. ............cooeiiiiiieies e 69

Figure 28. Reduction process of buried part of Cu20 nano-island on Cu(110) facets under 7.6x10
® Torr MeOH vapor and at 300°C. a-d HRTEM images depicting Cu,O nano-island
shrinking over time. e Time-dependent change of the radius (half width) and height of
the buried Cu20 nano-island (marked in b) during reduction.............cccoceeirenininnnn. 72

Figure 29. Monolayer by monolayer reduction of Cu2O nano-island in Figure 26(b) under MeOH.
a-d high magnification view of the dynamics of the Cu20O monolayer reduction at under
7.6x10® Torr MeOH vapor and at 300°C, the black dashed box marks the vertical
atomic side layer of Cu.O nano-island. e Average shrinkage rate of 10 side layers on
the left (dark red) before the island start tilting and collapsing, the inset image shows
the appearance of Cu pile at 114 s and leads to subsequential acceleration of shrinkage
OF ACK QYT . e 73

Figure 30. Monolayer by monolayer reduction of Cu.O nano-island in Figure 26(c) under MeOH.
a-d high magnification view of the dynamics of the Cu.O monolayer reduction at under
7.6x10-6 Torr MeOH vapor and at 300°C, the black dashed box marks the vertical

xii



atomic side layer of Cu.O nano-island. e Average shrinkage rate of 20 side layers on
the 1t (ark red). ..o e 75

Figure 31. Cu20->Cu interfacial transformation at Cu>O nano-island bottom in Figure 26(b). a-c
HRTEM snapshots showing the Cu,O->Cu conversion at the Cu2O/Cu interface under
7.6x10® Torr MeOH vapor and at 300°C, the blue, red and yellow arrows point to the
Cu20O/Cu interface step edge at 4.2 s, 8.4 s and 10.6 s, respectively. .........ccccceveneee. 76

Figure 32. Cu20->Cu interfacial transformation at Cu.O nano-island bottom in Figure 26(c). a-c
HRTEM snapshots showing the Cu.O[JCu conversion at the CuO/Cu interface under
7.6x10® Torr MeOH vapor and at 300°C, the blue, red and yellow arrows point to the
Cu20O/Cu interface step edge at 10.4 s, 11.2 sand 11.6 s, respectively. .........c.c.......... 76

Figure 33. Tilting and collapsing of Cu20O nano-island under MeOH. a, b, e, f Time-sequence
HRTEM images of late-stage of Cu2O reduction under 7.6x10° Torr MeOH vapor and
at 300°C. ¢, d FFT of HRTEM images a and b, red dashed squares mark the Cu
diffractions spots; green dashed circles and green lines illustrate the diffraction spots for
(O10 @ USSP TO P RPPTRPRRPR 77

Figure 34. Schematic illustration of the reduction process. Reaction of methanol molecules with
lattice oxygen in Cu.O at perimeter site forms methoxy and water molecules that desorb
from the surface, causing layer-by-layer shrinkage for the side layer of Cu.O. a At the
metal oxide interface, Cu»O is gradually reduced through Cu,O—>Cu transformation at
Cu20//Cu(100) interface. b Cu start accumulating at perimeter site when buried Cu20
is reduced, the rugged perimeter leads to enhanced reaction rate of MeOH reduction and
faster shrinkage rate of side layer. ¢ Cu keeps accumulating and finally lead to tilting of

CU20 ISIANG. ...t 79
Figure 35. Shrinking profile of Cu20 island (#1 in Table 1) with fitting parameters................... 89
Figure 36. Shrinking profile of Cu20O island (#2 in Table 1) with fitting parameters................... 90
Figure 37. Shrinking profile of Cu20 island (#3 in Table 1) with fitting parameters................... 90
Figure 38. Shrinking profile of Cu2O island (#4 in Table 1) with fitting parameters................... 91
Figure 39. Shrinking profile of Cu20 island (#5 in Table 1) with fitting parameters................... 91
Figure 40. Shrinking profile of Cu20O island (#6 in Table 1) with fitting parameters................... 91

Figure 41. Sample Quantile-Quantile (Q-Q) plots depicting the normality of the regression
residuals (€) of island (#1 and #5) radii shrinking in anisotropic regimes. .................. 96

Figure 42. Flat Cu20(100) Cu (A) and O-terminated (B, C, D) structures featuring MeOH
adsorption energetics after dissociation of H to surface (B, C) and lattice (D) O sites.
.................................................................................................................................... 103

Xiii


file:///C:/Users/Hao%20Chi/Google%20Drive/Hao%20Chi%20ETD%20most%20updated_v3.docx%23_Toc531288196
file:///C:/Users/Hao%20Chi/Google%20Drive/Hao%20Chi%20ETD%20most%20updated_v3.docx%23_Toc531288196
file:///C:/Users/Hao%20Chi/Google%20Drive/Hao%20Chi%20ETD%20most%20updated_v3.docx%23_Toc531288196

Figure 43. Cu20(100){100} Cu-terminated stepped surfaces with MeOH adsorption and
dissociation, with MeO adsorption on shared (Figure 53B) or adjacent (Figure 53C)
interfaces relative to H adsorbates, as well as MeO adsorption on step edge interfaces
shared by H adsorbates (FIQUIE 53A) ....ocueiieiiiieiieiiee e 105

Figure 44. Cu20(100){100} O-terminated (O bonded to step edge) stepped surfaces with MeO
adsorption on the same (Figure 54A) and adjacent (Figure 54C) step edges as H
adsorbates, as well as MeO adsorption on flat surfaces shared by H adsorbates (Figure
BABY. ...ttt 106

Figure 45. Cu20(100){100} O-terminated (O not bonded to step edge) stepped surfaces with MeO
adsorption on the same (Figure 55B) and adjacent (Figure 55C) step edges as H
adsorbates, as well as MeO adsorption on flat surfaces shared by H adsorbates (Figure

1Y OO 107
Figure 46. Tested Cu sites — labelled MeO (A), MeO-H (B), and H (C) — for Hubbard U linear
response calculations, spanning the H diffusion path of MeOH dissociation............ 109
Figure 47. Unit cell representations of bulk CuCOs (A) and CuH20; (B) structures................. 110

Xiv


file:///C:/Users/Hao%20Chi/Google%20Drive/Hao%20Chi%20ETD%20most%20updated_v3.docx%23_Toc531288197
file:///C:/Users/Hao%20Chi/Google%20Drive/Hao%20Chi%20ETD%20most%20updated_v3.docx%23_Toc531288197
file:///C:/Users/Hao%20Chi/Google%20Drive/Hao%20Chi%20ETD%20most%20updated_v3.docx%23_Toc531288197
file:///C:/Users/Hao%20Chi/Google%20Drive/Hao%20Chi%20ETD%20most%20updated_v3.docx%23_Toc531288197
file:///C:/Users/Hao%20Chi/Google%20Drive/Hao%20Chi%20ETD%20most%20updated_v3.docx%23_Toc531288198
file:///C:/Users/Hao%20Chi/Google%20Drive/Hao%20Chi%20ETD%20most%20updated_v3.docx%23_Toc531288198
file:///C:/Users/Hao%20Chi/Google%20Drive/Hao%20Chi%20ETD%20most%20updated_v3.docx%23_Toc531288198
file:///C:/Users/Hao%20Chi/Google%20Drive/Hao%20Chi%20ETD%20most%20updated_v3.docx%23_Toc531288198
file:///C:/Users/Hao%20Chi/Google%20Drive/Hao%20Chi%20ETD%20most%20updated_v3.docx%23_Toc531288200
file:///C:/Users/Hao%20Chi/Google%20Drive/Hao%20Chi%20ETD%20most%20updated_v3.docx%23_Toc531288200
file:///C:/Users/Hao%20Chi/Google%20Drive/Hao%20Chi%20ETD%20most%20updated_v3.docx%23_Toc531288201

PREFACE

Foremost, | would like to express my sincerest acknowledgement to my research advisors,
Professor GOtz VVeser and Professor Judith Yang, for their guidance and support over the past five
years. They taught me how to do research and communicate effectively which benefit me in my
future career. Without their contribution of time, ideas and financial support, none of this work
would have been possible.

I would like to thank Professor Guangwen Zhou and his group for their contribution to this
collaborative project. | am also grateful to Professor Wissam Saidi and Professor Robert Enick for
serving as my committee members. | would like to thank them for their insightful comments and
suggestions.

I would like to thank Dr. Susheng Tan, Matt France, Mike McDonald, Dr. Cole Van Ormer
and Dr. Joel Gillespie for training and technical support.

I would like to thank Dr. Christopher Andolina, Dr. Matthew Curnan, and Dr. Meng Li for
helping me so much on my project, and also Dr. Yungchieh Lai, Dr. Stephen House, Dr. Qing Zhu,
Dr. Lianfeng Zou, Dr. Amey More for their help on my experiments and discussion of results.

I would like to thank to my colleagues and friends, Dr. Sharlee Mahoney, Yahui Yang,
Henry Ayoola, Dr. Jiagi Zhao, Jierui Liang, Dr. Ke Xu, Zhongmou Chao, Dr. Xiaoxiao Yu, for

their help on countless occasions.

XV



My final and most heartfelt acknowledgment must go to my parents and my beloved
fiancée Qing. Their support, encouragement, and companionship have kept me motivated, and

turned my journey through graduate school into a pleasure. They have my everlasting love.

XVi



1.0 INTRODUCTION

1.1 BACKGROUND AND SIGNIFICANCE

The diminishing supply of petroleum and the pollution problems associated with their combustion
necessitates the search for alternative fuel sources. One sustainable source of energy are alcohols,
which can be directly oxidized in fuel cells to generate electricity. Methanol is of particular interest
because of its high energy density, safe handling and easy synthesis from a variety of sources,
including fossil fuels, renewable (biomass) sources [1, 2], or even atmospheric CO2 and H2 [3],
and as a means of hydrogen storage [4-7]. Methanol can easily be converted into a Ho-rich gas
mixture (up to 75%) at relatively low temperatures (200-300 °C) using catalytic methanol
oxidation [8-11]. Methanol has a high hydrogen/carbon ratio (4:1), consists solely of C, O, and H,
and — in contrast to other fuels — contains no carbon-carbon bonds. Thus, the risks of coke
formation and catalyst fouling are minimized, the quantity of combustion reaction by-products
(such as CO», which contributes to global warming) is reduced, and sulfur is not present in the
fuel. Therefore, the next generation of methanol-based energy devices, which include Direct
Methanol Fuel Cells (DMFCs), are strong candidates for clean energy generation [12-17].
Hydrogen can be obtained directly from methanol by a variety of processes such as Steam
Reforming (SR) [18-21] and the Partial Oxidation of Methanol (POM) [9, 22]. The overall

reactions are summarized in Equation (1-1—1-2):



(POM):  CH,OH +%o2 —>2H,+CO, (AHS, =-191.9kJ /mol ) (1-1)

(SR):  CH,OH+H,0—53H,+CO, (AH,=+49.4kJ/mol) (1-2)

Steam reforming gives the highest hydrogen concentration; but the main disadvantage of the SR
reaction is its endothermicity, which inhibits short start-up and fast transient behavior due to the
required external heating. Moreover, the need to produce steam makes the process even more
energy-demanding. In comparison, hydrogen can be produced with no need for external heating
through the partial oxidation of methanol with oxygen or air, and this process can respond quickly
to the fuel cell in which it is performed at any given moment. Therefore, the experiments in this
work are mainly focused on POM.

Partial oxidation of methanol is typically catalyzed by metal. The most widely used
catalysts for hydrogen production from methanol by partial oxidation are Cu-containing catalysts
over conventional supports (such as Al,03z and SiO») [23-28]. Cu-based catalysts have also been
used in MeOH synthesis and oxidation for decades [29-31]. So far, much effort has been invested
in understanding the impact of Cu loading and the addition of metal promoters, in order to improve
catalyst stability and catalytic performance [32-37]. Although Cu is generally believed to require
low-temperature POM, the exact identity of the active species (Cu® or Cu* or Cu*) of copper [10,
38-55] and the effect of microstructural features, such as defects and surface orientations, of copper
catalysts on their reactivity are currently unclear[56-58].

Both Cu® and Cu®* species have been speculated to be essential for hydrogen generation
from MeOH [59, 60]. For example, Huang et al. proposed that Cu* species help to increase the

activity of Cu-based catalysts, in which both Cu® and Cu* species are essential for hydrogen



generation from CH3OH and catalyst activity is dependent on the ratio of Cu*/Cu® [61]. Recent
work furthermore has shown that co-feeding product gas (H2 and CO) to the reaction can modify
Cu oxidation state and hence catalytic performance. This work suggested that higher Cu® and Cu'*
content leads to higher H> selectivity [62]. However, other studies have suggested that, under
similar conditions, Cu® is active for MeOH oxidation to Hz and CO,, Cu'* is active for H.O and
CO formation, and Cu?* — as the least active species — only actively produces H20O and CO2 [33,
35, 62].

For any heterogeneous catalytic system including Cu based catalysts, only very limited
work on the relationship between structural features, such as surface structure, interface and
defects, of metal catalysts and their reactivity exists. However, the potentially dramatic impact of
structural changes on catalyst behavior is well-recognized. Reactions in which some crystal facets
are much more active than others are called structure sensitive [63]. One example is ammonia
synthesis over Fe catalysts, in which the Fe(111) surface is found to be more active than other Fe
surfaces [63, 64]. Although the activity of metals is influenced by pretreatments such as cold-
working, ion-bombardment, guenching, and annealing [65, 66], lattice defects and threading
dislocations at the surface of metal catalysts could also play an important part in catalytic reactions.

So far, the study of the impact of copper’s structural features on its catalytic activity in
methanol oxidation has been mainly using theoretical calculation methods such as density function
theory and Kinetic Monte Carlo simulations[67-70]. Although energetics of some key reaction
steps such as methanol dissociative adsorption and reaction intermediates such as methoxy and
formate from methanol oxidation have been calculated for certain Cu single crystal surfaces and
Cu oxides, direct experimental observation of the impact of these structural aspects of Cu that is

required to build structural-activity correlation is still insufficient. Lawton et al. have recently



observed that methoxy prefer to form and buildup at the Cu(111)/CuOy interface using scanning
tunneling microscope (STM) [71]. Behrens et al. reported that Cu steps decorated with Zn atoms,
stabilized by a series of well-defined bulk defects revealed by a combination study of density
function theory and transmission electron microscopy (TEM) are responsible for methanol
synthesis reaction[72]. Lunkenbein et al. observed the formation of metastable amorphous ZnO
layers around Cu during reduction activation of methanol synthesis [73]. With the significant
advancement of in situ techniques such as Environmental Transmission Electron Microscopy
(ETEM) in recent years, Cu based material and its structural impact in a catalytic reaction ought

to be better understood.

1.2 IN SITUCHARACTERIZATION OF CATALYTIC REACTIONS

The controversies and questions that arise in the understanding of heterogeneous catalysis, such as
Cu-catalyzed POM, are in part due to the lack of correlated structural and chemical information of
the catalysts under reaction conditions. Dynamic studies of catalysts are important because post-
reaction examinations of a static catalyst do not often accurately represent its states in reaction
environments [74]. For example, the morphology and the surface structure of metal particles upon
cooling differ from those under dynamic conditions [63], and catalytic surfaces have been shown
to reconstruct — often reversibly — upon exposure to adsorbates [75]. Another issue for post-
examination is atmospheric contamination that may also contribute to these controversies.
Catalytic gas-surface reactions are dynamic processes, therefore the dynamic structure and
chemistry of catalysts under working conditions play a pivotal role in these processes. Due to the

complexity of catalytic reactions, which involve the interplay between surface structure and
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surface chemistry, a single characterization technique is usually not sufficient to provide a
complete picture of their reaction mechanisms. Thus, a combination of in situ techniques providing
complementary information will be very helpful in solving the complex problems mentioned
above. These techniques and this information range from the nanoscale structure and morphology
given by Environmental Transmission Electron Microscopy (ETEM) to the overall surface
structure and chemistry provided by X-ray Photoelectron Spectroscopy (XPS). In order to correlate
structural changes to catalytic properties, kinetic measurements can also be performed by applying
reactor systems to samples matching those used in the in situ experiments.

Direct observations of the micro-structural evolution and active sites of catalysts under
reaction conditions are critical for understanding the catalytic mechanism [63, 76-83]. In situ E-
TEM is a powerful technique that can provide direct real-time dynamic information that cannot be
readily obtained other techniques such as XPS. Using in situ TEM techniques, the nanoscale
morphological evolution and chemical modifications and crystallographic orientation of a catalyst
can be visualized directly under gas environments, and therefore provide essential insights into
catalytically active phases, transient states, and reaction mechanisms [63, 78-83]. As an example,
using in situ E-TEM, Gai et al [78-83] has directly correlated the selectivity and reactivity of a
catalyst with the formation and density of defects such as crystallographic shear (CS) planes in
some oxide catalysts (e.g. Mo3O, TiO2, V20s) in C3Hs and methanol oxidation reaction. The
dynamic E-TEM observations have shown that CS defects in oxide catalysts form and grow by
consuming anion vacancies and the correlation studies with the reactivity indicate that CS planes
are detrimental to catalytic reactivity [63] and the CS planes are the consequence of catalyst

reduction reactions rather than the origins of catalytic reactivity [79-81, 84].



The above in situ techniques can provide important fundamental insights into the catalytic
mechanisms for specific catalyst structures. For example, they can help identify critical structural
aspects controlling POM reactions, such as Cu orientation, Cu defect structure, and oxide

nanostructure, while also measuring Cu catalyst performance using microreactor systems.

1.3 STRUCTURE AND PHASE CHANGE OF CU DURING REACTIONS

Clean copper surfaces are relatively inactive for methanol oxidation while the presence of oxygen
strongly promotes the decomposition of methanol on copper [85-91]. In general, the standard
method for determining the activity and performance of copper-containing catalysts includes a
reductive pretreatment in a diluted hydrogen stream carried out in situ and prior to the activity
measurement. The reduction pretreatment controls the structure and morphological characteristic
of the catalyst surface. These initial characteristics play a central role in the evolution of the
oxidation state and structural morphology during the reaction since the dynamic behavior of the
catalyst surface is determined by the gas atmosphere under the reaction. However, the poor control
in this pretreatment step in many studies contributes to the controversies in the literature. In situ
techniques such as TEM are good at addressing the structure stability of different oxidation phases
and surface defects under the POM reaction conditions, with the goal of gaining deeper insight
into the elementary steps governing the catalytic reaction. This is because the reactivity of
heterogeneous metal catalysts can be a strong function of the surface coverage of oxides,
quantifying the structures, properties, and especially the conditions that produce various oxidation
species is essential to developing both qualitatively and quantitatively correct models of surface

reactivity.



The initial stage of forming oxides through surface oxidation features oxygen surface
chemisorption. It has been observed that Cu(100), Cu(110) and Cu(111) surfaces exhibit different
structures upon oxygen surface chemisorption which can significantly change the reactivity of
methanol oxidation and methanol decomposition [92, 93]. As shown schematically in Figure 1,
oxygen chemisorption on Cu(100) and Cu(110) results in restructuring of the surfaces with

(V2x2/2)R45° O-Cu(100) and (2x1) O-Cu(110) structures, respectively [94-98]. The oxygen
adsorption on Cu(111) results in the adlayer domains with ordered ‘29’-(JER46.1°x7R21.8°) and

‘44’-(J73R5.8°XMR—10.9°) lattice structures comprising distorted hexagonal arrays of O atoms

which were considered to be analogous to the planes of Cu>0O(111) [99-103].

R45° O-Cu(100) (2x1)O-Cu(110) “297/744” O-Cu(111)
Cu(l)
L Sy
“—0
[GT)J] [Ofl -
—[010]
(a) (b (©)

Figure 1. Oxygen chemisorption induced surface reconstruction on (a) Cu(100); (b)

Cu(110); and (c) Cu(111).

Continued oxidation of the Cu surfaces will eventually lead to the formation of bulk oxides.
The oxidation of Cu surfaces results in two oxide phases, Cu20O or CuO, depending on the oxidation

conditions. The information gap between the above surface-science studies and such bulk oxides
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for the POM reaction can be bridged by in situ environmental TEM, which is an ideal tool for

visualizing the dynamic changes of nanoscale oxides.

Figure 2. Effects of surface orientation and oxidation temperature on the morphology
of oxide islands formed during the in situ oxidation (Po2=5x10* Torr): (A) Cu(100); (B)

Cu(110) and (C) Cu(111)

The Cu film can be cleaned in situ inside the TEM chamber by high-temperature annealing
in hydrogen gas to remove any native oxide on the surfaces. The production of Cu oxide islands
with controlled structure and phase can be achieved by oxidation of Cu under controlled
conditions. Past study (Figure 2) has revealed that the structure and morphology of Cu oxide
islands on Cu surfaces are sensitive to the oxidation conditions (e.g., temperature, oxygen gas
pressure, surface orientation, etc.) [104-111]. By controlling the oxidation conditions inside the
TEM, one can form Cu20 on Cu surfaces. Electron diffraction is normally utilized to identify the

phase and structure of the oxide islands on Cu surfaces. A sequential change in the oxide



morphology/structure obtained by in situ oxidation of Cu surfaces inside the TEM will offer a wide
variety of oxide structures and chemistry for establishing a comprehensive understanding of the

structure-reactivity relationships of copper catalysts for the POM reaction.



20 OBJECTIVE

The major goal of this project is to elucidate the relationship between the structure/chemistry
characteristics of copper catalysts and their reactivity. In spite of the widespread use of Cu-based
catalysts for methanol reactions, a microscopic understanding of their role in these reactions is still
lacking, especially in regard to the catalytically active sites and structural morphology. The
objective of this study is to address these issues by a systematic examination of methanol oxidation
over copper, copper oxides, and nanoparticle surfaces using in situ microscopy complemented with
kinetics measurements. The in situ technigques enable us to create and/or modify the physical and
chemical states of the catalyst surface as well as monitor structural changes in situ and microreactor
studies of similar samples provide the kinetics measurements needed to elucidate the relationship
between microstructures and reactivity/selectivity. The potential impact of this project is the
identification of the critical structural factors that control the catalytic reaction of methanol
oxidation that will lead to new fundamental understanding of the active sites and reaction
mechanisms as well as strategies for designing new catalysts with tailored reactivity and
selectivity.

In this project, nanoscale structure and morphology information were acquired by
environmental transmission electron microscopy (E-TEM), the overall surface structure and
chemistry through X-ray photoelectron spectroscopy (XPS). To correlate the structural changes

to catalytic properties, kinetic measurements were also conducted from a microreactor system
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designed in the lab. Different crystal orientations of Cu thin films with Cu,O nano-islands, Cu
nanoparticles sitting on faceted ZnO rods and ZnO thin film were created as model catalysts to
evaluate their hydrogen production ability in methanol partial oxidation. In addition, Cu-ZnO-
based powder catalysts was also be synthesized as an analogue of the catalysts used in industry to
enable a more direct comparison of performance with the model systems. The structural changes
of various Cu surfaces, Cu oxides and Cu-ZnO interface were also measured using in situ
transmission electron microscopy (TEM) to elucidate the critical structural and chemistry factors

affecting reactivity, leading to a better microscopic picture of catalytic reactions.
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3.0 ROLE OF CU OXIDATION STATES IN PARIAL OXIDATION OF METHANOL

3.1 INTRODUCTION

As mentioned in Chapter 1.0 , both Cu® and Cu'* species have been considerred to be important
for hydrogen production from methanol [59, 60]. However, other studies have also suggested that,
under similar conditions, Cu® is active for methanol oxidation to Hz and CO,, Cu'* is active for
H.0 and CO formation, and Cu?* — as the least active species — only produces H-O and CO; [33,
35, 62]. Furthermore, recent work has indicated that co-feeding product gas (H2 and COy) to the
reaction can modify the oxidation state of Cu and hence its catalytic performance. This work
suggested that higher Cu® and Cu®* content leads to higher H. selectivity [62]. However,
mechanistic insight into the correlation between Cu oxidation state and POM reaction selectivity
is still largely lacking. Given the hypothesis that different Cu oxidation states can alter the
reactivity and selectivity of POM reaction, this chapter aim to investigate the specific role of each
Cu oxidation state in POM reaction.

In this chapter, 30 wt. % Cu/ZnO catalysts were synthesized and evaluated in POM.
Methanol conversion, and H2 and CO> selectivity were monitored as a function of the oxidation
state of the active Cu phase in the catalyst, in order to elucidate correlations between these

experimental observables with different O, feed conditions. X-ray photoelectron spectroscopy
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(XPS) was used to characterize the Cu oxidation states of the catalyst at various stages of the
reaction. Based on the experimental observations, POM reaction pathways on Cu.O and Cu
surfaces are proposed, and key assumptions are probed using density functional theory (DFT)
calculations in order to gain an improved atomistic understanding of the POM mechanism as a
function of reaction conditions.

This chapter is structured as follows. Chapter 3.2 provides experimental and computational
methods and details. In the first two parts of Chapter 3.3, Cu/ZnO catalysts are synthesized and
characterized using multiple techniques such as SEM, TEM, XRD, etc. Catalysts’ performance is
then evaluated during partial oxidation of methanol with inside a home-built microreactor which
is essentially a fixed-bed set up. In the latter sections including Chapter 3.2.4 and Chapter 3.3.4,
the impact of gas phase Oz and reaction time to reactivity and selectivity of POM was showed.
And an unexpected correlation between POM selectivity and Cu oxidation state concentration
during the reaction was found. Chapter 3.4 discusses experimental results by proposing and

verifying a new reaction mechanism of POM on Cu20 surfaces, followed by conclusions.

3.2 EXPERIMENTAL SECTION

3.2.1 Catalyst Preparation

30 wt. % Cu/ZnO nanoparticle (NP) catalysts were prepared by co-precipitation from an aqueous
zinc and copper nitrate solution. Specifically, Cu(NO3)2-3H20 and Zn(NO3)2-6H20 (both >99%,
Sigma-Aldrich) were dissolved in deionized water (Milli-Q, 18.2 MQ-cm) to make a 1 M metal

nitrate solution with a mass ratio of Cu:Zn = 3:7. Na2COs (> 99%, Sigma-Aldrich) was dissolved
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in deionized water to make 1 M solution as a precipitation agent. The mixed metal solution (50
ml) was added dropwise to 300 mL of deionized water at 70 T under stirring. The pH was
monitored by pH meter (OAKTON) and maintained at pH = 7 by adding Na.COs solution via a
burette. The mixture was stirred at 70°C for 2 h; during this time, the pH increased to ~8.4. The
resulting blue precipitate was then separated by centrifugation and washed with deionized water
until the pH was 7. The remaining paste was dried at around 90 C in a vacuum oven overnight and

calcined in air at 400 C for 3 h.

3.2.2 Catalyst Characterization

X-ray diffraction (XRD; Bruker D8) was used to check the catalyst crystal phase, using CuK,
radiation at a wavelength of 1.54 A, a beam voltage of 40 kV, and a current of 40 mA. The pattern
was recorded with a 20 range from 20°to 90° and a scanning rate of 3.5min™. After baseline
subtraction and smoothing via fast Fourier transform (FFT), the particle sizes of Cu, CuO, and
ZnO were calculated using the Scherrer formula.

Scanning electron microscopy (SEM, JEOL JSM-6510LV) was used to determine the
catalyst morphology at low magnification (X3300) with a beam voltage of 15 kV. In order to
increase the electron conductivity of the sample and avoid charging effects, a thin palladium film
was sputter-coated onto the sample surface before measurement. The elemental composition was
determined by using an energy dispersive X-ray spectroscopy (EDX) detector mounted on the
SEM device.

High-resolution transmission electron microscopy (HRTEM, JEOL JEM-2100F) was used
to observe catalyst morphology at the nanoscale with an accelerating voltage of 200 kV. The TEM
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sample was prepared by re-dispersing powder in an ethanol solution, dropping solution on a Cu
type-B support grid (Ted Pella, Inc.) and vacuum drying. The size distributions of the resulting
NPs were determined using TEM images from various areas on the grid. ImageJ 1.47d (National
Institutes of Health, USA) was used to measure NP sizes and generate a histogram. In order to
generate an elemental mapping from the high-resolution image, different crystal phases were
identified from FFT processed images of lattice fringes of the crystals. By applying masks on a
given lattice position in an FFT processed image and inverting those positions, spatial locations of

Cu and ZnO were obtained and colored in red and blue, respectively.

3.2.3 Reactivity Measurements

Figure 3. The microreactor(Left): sample boat that holds three TEM grids and

Reactor lid with gas inlet and outlet. Schematic Schematic of gas flow pattern inside the

microreactor.(Right)
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The conversion of methanol (>99.8%, Fisher Scientific), as well as H2 and CO; selectivities, were
determined in an in-house manufactured microreactor made of an iron/chromium alloy coated with
Au to avoid blind activity (as verified over the range of experimental conditions, Figure 3). The
30 wt% Cu/ZnO catalyst (2 mg) was packed inside the microreactor and methanol was introduced
to the setup through a syringe pump at an injection rate of 0.127 cc/h. The entire setup was
maintained at 200 C via heating tape in order to avoid condensation of reactants or products. The
molar ratio between O2 (99.995%, Matheson) and methanol was controlled at 0.1, 0.3, and 0.5. Ar
(99.995%, Matheson) was used as a carrier gas to maintain a fixed gas hourly space velocity
(GHSV) of 3150 ht. Methanol molar concentration in the feed gas (MeOH, O, and Ar) was fixed
at 62.5 mol%. The outlet gas composition which consisted of only Hz, H.O, CO2, CO and methanol
was measured by a mass spectrometer (Pfeiffer Omnistar QMS 200), and the corresponding molar
flow rates (ni) were calculated.

The experiments were run until steady state was attained (defined as no more than 10%
change of measured concentrations over 10 min) which occurred within 1 h for all experiments
shown. The selectivity (S) and conversion (X) of various gaseous products were calculated

according to Equations (3-1) -(3-3):

Ncn,oH,in — NCH,0H,0ut

XCH3OH - X 100‘%}
N¢cH,0H,in (3-1)
n

Sy, = <k X 100%

* 2 X (Mcu,oHin — NcH,0H,0ut) (3-2)

n

Sco. = €0, X 100%

°  Ncny,0H,in — NCH,0H,0ut (3-3)
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Since CO, CO3, Hz, and H2O were the only detectable products, CO and H>O selectivities are
simply the “mirror image” of CO2 and Ha selectivities (i.e. Sco2= 1-Sco2 and SH2o0=1-Shz2). In order
to check the accuracy of the reactivity measurements, the carbon molar balance was calculated and

found to be within <10% for all reported experiments [Equation (3-4)].

Nel,0H,in = NcH,0H.0ut T Nco + Nco, (3_4)

3.24 Analysis of Cu Oxidation State

X-ray photoelectron spectroscopy (ESCALAB 250XI1, Thermo Scientific, Inc.) was used to
determine the Cu oxidation states in the catalysts ex-situ after undergoing POM for various extents
of time. After a specified time interval, the reaction was stopped by purging the system with Ar
gas flow, and the sample was cooled to room temperature in Ar flow and stored under vacuum for
transfer to XPS analysis. A fresh catalyst sample was used for measurement at each time interval.
Cu LzM4sMas Auger spectra were obtained for each sample with a monochromated, micro-focused
Al Ka X-ray source (spot size = 200 um; step size = 0.1 eV, pass energy = 50 eV). In order to
identify and quantify Cu oxidation states from Cu Auger spectra, reference spectra of each copper
oxidation state were collected from pure Cu NPs with similar particle size by the same instrument.
Each reference spectrum has a characteristic peak at an electron kinetic energy of 918.7 eV, 916.8
eV, and 917.6 eV for Cu, Cu20, and CuO, respectively. The quantification of Cu oxidation states
via Cu Auger lines was implemented following Holse et al. [112]. A linear combination of three

reference spectra was fitted to Cu LsMassMas Auger lines collected via XPS, and the relative amount
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of each oxidation state was determined from this fit. The errors in the relative ratios were
determined at the 99% confidence level, or 3 standard deviations (36) of the mean relative ratio

values.

3.25 First-Principles Calculations

Theoretical calculations that are included in this chapter were conducted by collaborators. First-
principles DFT calculations were performed using the Vienna Ab-initio Simulation Package
(VASP)[113-116] with the PW91 parameterization of the generalized gradient approximation
(GGA) functional[117] and projector augmented wave (PAW)[118, 119] pseudopotentials.
Atomic structures and charge differences were visualized via the VESTA package [120, 121]. The
climbing image nudged elastic band (CI-NEB) method[122] was applied to calculate POM
reaction energy barriers, applying five intermediate images between initial and final stable
adsorption states. In order to account for the strong electronic correlation shown to affect the
energetics of CuxO and related systems, [123, 124] the rotationally invariant Dudarev
implementation of the Hubbard U model was used to account for electron-electron interaction error
in DFT calculations, combining both Coulombic and exchange terms into a single effective U
parameter (Uesr) to account for exchange-correlation errors on Cu 3d orbitals[125]. To account for
Hubbard U induced changes on Cu-O structures adjacent to reactant species and related energetics
[126, 127]. An a priori resolved bulk Cu20 Ues value of 7.45 + 0.54 eV was found, which was
applied to Cu in surface calculations as 7.5 eV. [128, 129] Relative to past research, the

measurement uncertainty in this Hubbard U calculation spans the effect magnitude (about 0.3 eV)
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observed when changing the coordination of oxygen-bonded metal atoms in similar surface
systems [130], while also being consistent with previously fitted empirical properties involving
Cu-0 bulk and surface systems. [69]

Cu20 surfaces were simulated by slabs including 4 Cu layers. Since the unit cell sizes
associated with the (100), (110) and (111) surfaces differed, different periodic surface repetitions
were applied to obtain similarly sized surfaces. The bottom two layers of each surface were fixed
at their bulk determined positions, while all other atoms were allowed to fully relax during
structural optimization. Overall, structural specifications for modeling the surfaces studied in this

work were established through past work on related systems [131].

3.3 RESULTS

331 Cu/Zn0O Characterization

30 wt% Cu/ZnO catalysts were synthesized by co-precipitating copper nitrate and zinc nitrate
aqueous solution and calcination in air at 400 C, resulting in the formation of copper oxide and
zinc oxide. Subsequent reduction with Hx under 250 C for 2 h reduced the CuO phase, yielding
the final Cu%ZnO catalyst[32, 33, 60]. Characterization of the powdered catalysts by XRD (Figure
4) confirms that Cu oxide was reduced to metallic Cu while ZnO remained oxidized under these
conditions. Based on Scherrer’s equation, the crystallite sizes of CuO and ZnO after calcination
were calculated to be 4.0 nm and 7.8 nm, respectively. After reduction, Cu and ZnO showed

crystallite sizes of 6.7 nm and 10.3 nm, respectively.
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Figure 4. Powder XRD patterns of as-prepared CuO/ZnO (1) and Cu/ZnO after being

reduced in Hz at 250 C for 3 h (2).

SEI  15kV WD17mm  SS50 x3,300 5um S —

Figure 5. SEM image of CuO/ZnO as prepared. EDX indicates 32.25 wt% CuO for

the area marked by the red box.
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SEM measurements (Figure 5) reveal the morphology of the CuO/ZnO catalyst. EDX
measurements show a weight loading of CuO 32.25wt%, close to the initial mass ratio applied
during synthesis (Cu:Zn = 3:7). Cu and ZnO NPs are randomly dispersed in the catalyst (see Figure
6B) and show similar sizes with a fairly narrow size distribution and an average particle size of
7.31 £ 1.49 nm (inset, Figure 6), in good agreement with the particle sizes calculated from XRD.
HRTEM (Figure 6) confirms the random localization and spatial elemental distributions of Cu and

ZnO on the nanoscale.

<d,>=7.31£1.49nm

4 ¥ g
- Cul111)=2A

45678091011
Particle Size(nm)

Figure 6. (A) TEM image of the Cu/ZnO NPs after reduction. Inset: Cu and ZnO NP
size distribution. (B) HRTEM image with superimposed (colored) crystal phase domains of
Cu and ZnO. Inset: Example of a high magnification image showing Cu and ZnO lattice

spacing.
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Figure 7. High-resolution TEM image of 30% Cu/ZnO. (b) Fast Fourier Transform

(FFT) shows crystal lattice vectors.
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3.3.2 Impact of O2/MeOH Molar Feed Ratio on POM Reactivity
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Figure 8. POM reactivity measurements showing the methanol conversion (A), H2
selectivity (B), and CO:z selectivity (C) vs. time-on-stream during POM at 250°C for three
different O2/MeOH molar ratios (red = 0.1, green = 0.3, and blue = 0.5). MeOH conversion
increases and H: selectivity decreases with O2/MeOH molar ratio and time-on-stream. COz

selectivity increases with O2/MeOH molar ratio but remain constant with time-on-stream.
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The catalytic performance of the 30 wt% Cu/ZnO during the partial oxidation of methanol (POM)
was evaluated in a microreactor setup. Figure 8 shows measurements of POM reactivity at 250°C
for three different O2/MeOH molar feed ratios.

The conversion of methanol as a function of time-on-stream is shown in Figure 8A. At
02/MeOH = 0.1, methanol conversion increases from 25% to about 40% after 1 h. With increasing
O2/MeOH ratio, methanol conversion increases overall and continues to show this increase with
time on stream (from 52% to 64% for O2/MeOH = 0.3, and from 63% to 81% for O2/MeOH = 0.5
over 1 h time-on-stream). It is reasonable to assume that these gradual increases result from a slow
oxidation of the Cu phase in the catalyst, increasing the availability of lattice oxygen for the partial
oxidation reaction. Since the relative concentration of O in the feed is below or equal to the
0O2/MeOH stoichiometric ratio of 0.5, Oz is a limiting reactant and O conversion is hence complete
at all three feed ratios (not shown here).

Selectivity of the POM reaction is shown in Figure 8B and 8C for Hz and CO, formation,
respectively. Hz selectivity (Figure 8B) starts at 100% and 86% for O2/MeOH = 0.3 and 0.5 and
subsequently drops to 70% and 15%, respectively. For O2/MeOH = 0.1, the H> selectivity is
maintained at ~100% for 15 min and then decreased gradually over time. Finally, for the
stoichiometric feed (O2/MeOH = 0.5), H> selectivity levels off after ~20 min time on stream at
15% and remains unchanged for the remainder of the reaction time.

Unlike the significant change observed in H2 selectivity, CO2 selectivity (Figure 8C)
remains constant over the entire reaction time (~1h) but drops significantly with decreasing of
O2/MeOH ratio from 88% (O2/MeOH = 0.5) over ~50% (O2/MeOH = 0.3), to ~30% (O2/MeOH =

0.1).
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Overall, these results show, unsurprisingly, that both conversion and selectivity in POM
strongly depend on oxygen availability, i.e. on the O2 concentration in the gas phase: Higher O>
partial pressure leads to higher methanol conversion, lower Hy selectivity, and higher CO;
selectivity. This is consistent with prior reports in the literature [32, 132] and is an expected result
since increasing availability of the oxidant (O2) as the limiting reactant at these conditions will
result in increased conversion and deeper oxidation of the fuel (methanol).

However, the difference in behavior over time between H> selectivity and CO, selectivity
is surprising: If this trend is correlated with a change in catalyst oxidation state, one would assume
that the same trend (i.e. increase or decrease in selectivity) would likely be observed for the
selectivity along both the C and the H oxidation pathways. Therefore, the oxidation state of the

catalyst at various stages of the reaction was further investigated.
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3.3.3 Change of Cu Oxidation State during POM
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Figure 9. XPS core level spectra of ZnO showing the Zn 2p binding energy. The

sample was collected after the reaction (250 °C, O2/MeOH=0.1).

In order to trace the oxidation state of Cu in the catalyst during the reaction, the samples were
quenched via Ar purge and cooled to room temperature, followed by transfer under a vacuum to
XPS studies. Previous studies reported that ZnO remains in its oxidized form during POM [34,
133-135], which was also confirmed from the present study (Figure 9). In contrast, Cu is easily
oxidized and reduced at POM conditions, and the Cu oxidation states present in the Cu/ZnO-
catalysts were hence determined from the positions of the Cu Auger LsMisMas peaks. Cu® and
Cul* present very similar Cu 2ps2 peak positions of ~932.8 eV but show distinct Cu L3sMasMas
energies of 918.7 eV and 916.8 eV, respectively, with the Cu?* L3sMasMas peak positioned at 917.6
eV [33, 35, 62] (Figure 10). Therefore, Cu LsMa4sMas Auger spectra were collected to analyze Cu

oxidation states.
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Figure 11 shows representative Cu LsM4sMas Auger spectra taken after different times on
stream during POM for a feed ratio (O2/MeOH) of 0.1. The spectra confirm qualitatively that Cu°
is being gradually oxidized to Cu,O throughout the POM reaction. A similar analysis was

conducted for samples collected at 0.3 and 0.5 O2/MeOH feed ratios (Figure 12 and Figure 13).
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Figure 10. Reference spectra of each copper oxidation state collected from pure Cu
NPs. Each reference spectrum has a characteristic electron kinetic energy of 918.7 eV, 916.8
eV, and 917.6 eV for Cu, Cuz20, and CuO, respectively. The fits in Figure 11, Figure 12 and

Figure 13 are obtained by fitting a linear combination of the three Cu L3Ma4sMas basis

reference spectra.
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Figure 11. Changes to the XPS Cu L3sMasMas feature during POM at 250 'C, O2/MeOH
= 0.1. Data points are shown as black lines, while the light blue dashed lines indicate fitted
results. The vertical lines indicate peak position for Cu (red), CuO (green), and Cu20
(purple). The fit is obtained by fitting a linear combination of three Cu L3MaisMas basis

reference spectra (see Figure 10).
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Figure 12. Changes to the XPS Cu L3M4sMas feature during POM at 250C,
02/MeOH=0.3. Data points are shown as black lines, while the light blue dashed lines are

fits. The vertical lines indicate peak positions for Cu (red), CuO (green), and Cu20 (purple).
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Figure 13. Changes to the XPS Cu LsMassMas feature during POM at 250C,
02/MeOH=0.5. Data points are shown as black lines, while the light blue dashed lines are

fits. The vertical lines indicate peak positions for Cu (red), CuO (green), and Cu20 (purple).
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This observation is quantified further in Figure 14, where the XPS data for the three different feed
ratios are summarized by showing the relative percentage of Cu®, Cu'*, and Cu?* vs time-on-
stream. For the lowest O>/MeOH ratio of 0.1 (Figure 11), one can see that 5 minutes after the start
of the reaction, the relative Cu® concentration has dropped from 100% to 80% and subsequently
decreases further to ~30% at t=1 h. In parallel, the relative Cu'* concentration increases from 10%
to > 60%. The Cu?* concentration remains at ~10% or below for the entire duration of the reaction,
indicating that oxidation to Cu?* is hindered by the low oxygen availability.

Figure 14B and Figure 14C show the temporal evaluation of Cu for the other two O2/MeOH
ratios studied (0.3 and 0.5, respectively). Changes in Cu oxidation state follow the same trends as
those described above for O./MeOH = 0.1. However, with increasing Oz concentration in the gas
phase, the oxidation of Cu® proceeds more rapidly and Cu'* quickly becomes the dominant
oxidation state in the catalyst. Specifically, for O2/MeOH = 0.5, the Cu* concentration rapidly
increases from 0% to almost 60% already after 5 min on stream, while at the same time this
concentration only increased to ~50% and 10% for O2/MeOH = 0.3 and 0.1, respectively.

Overall, these results demonstrate that the Cu oxidation state in the Cu/ZnO catalyst is
changing dynamically during POM and that this change is strongly influenced by the feed
composition. Cu?* remains below 20% at all conditions and shows no significant change over time,
indicating that it is not a reaction-relevant species. The dominant Cu oxidation state over a wide

range of reaction conditions is Cu'*, in agreement with previous reports [133].
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3.34 Effect of Cu Oxidation State on POM Selectivity

In order to illustrate correlations between reactivity and Cu oxidation state, Figure 15 combines
the results from the reactivity studies (Figure 8) and the XPS investigations (Figure 14). Figure 15
plots methanol conversion and Hz and CO- selectivities vs. relative amounts of oxidized Cu species
(i.e. Cul* and Cu?") in the catalyst over time, displaying all three O2/MeOH feed ratios studied

(O2/MeOH = 0.1, circles; O2/MeOH = 0.3, triangles; and O2/MeOH = 0.1, squares).
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Remarkably, the H> selectivity data gathered at the three different feed ratios collapse onto
a single curve (Figure 15A), i.e. Hz selectivity appears to only depend on the (average) Cu
oxidation state in the catalyst: H, selectivity is near 100% up to ~50% Cu° content, and then drops
rapidly with further increase in the degree of Cu oxidation (Cu* and Cu?*) in the catalyst. This
apparent oxidation of H, with lattice O in Cu oxides, reducing Cu oxides while producing H20O, is
hence seems to impact H: selectivity only indirectly via controlling the oxidation state of Cu.

In contrast to that, Figure 15B shows that CO: selectivity has virtually no correlation with
the Cu oxidation state as CO> selectivity remains constant over a wide range of Cu® concentrations
at any given Oo/MeOH ratio. Instead, CO- selectivity depends strongly on the O. concentration in
the feed gas. This observation contradicts previous work, which suggests, somewhat counter-
intuitively, that Cu® favors formation of CO, and Cu'* favors CO formation [33]. However, the
transient, time-resolved reactivity measurements in the present study (compared to steady-state
measurement in the previous work) [33] enable us to capture the temporal dynamics of the reaction
kinetics and thus reveal a rather clear and unambiguous correlation of CO; selectivity with gas
phase oxygen, rather than lattice oxygen.

Overall, results in this chapter thus show that H> production is entirely controlled by the
Cu oxidation state, while no correlation between CO2 production and Cu oxidation state is
observed and CO; production is entirely governed by the oxygen partial pressure in the gas phase.
Furthermore, the concentration of Cu'* increases with reaction time, consistently becoming the
dominant Cu oxidation state at each feed condition as the reaction approaches steady state. This
suggests different reaction pathways of the metallic Cu and Cu20O surfaces, respectively, observed

at the earlier and later stages of the POM reaction, which will be further discussed below.
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3.4  DISCUSSION

34.1 Proposed POM mechanism on Cu and Cu20

Overall, results showed above suggest that the POM reaction mechanism is controlled both by the
oxidation state of the catalyst and the prevalence of gas-phase oxygen. It seems hence helpful to
break down the mechanistic discussion of the reaction into four cases: POM on metallic (Cu®) and
on oxidized (Cu'*) surfaces, respectively, each in the presence and absence of gas phase oxygen,
respectively.

Numerous mechanisms for POM on Cu® surfaces have been derived either experimentally
or theoretically [59, 132, 136-138]. As previous studies have mentioned, the overall reaction
pathway for POM may be considered as a combination of partial oxidation, steam reforming,
methanol decomposition, water-gas shift, and reverse water-gas shift reactions, all of which share
the same set of reaction intermediates [132]. In fact, POM on CuP surfaces also shares reaction
intermediates with methanol synthesis from Hz and CO: (a slightly modified inverse reaction to
POM) such as CH30*, CH>0*, and HCOO* that are well-studied in the literature [72, 126, 139].
Therefore, the POM reaction mechanism on Cu® surfaces is summarized in Figure 16A: In the
presence of gas phase oxygen (Pathway A), the reaction starts with O-H bond activation facilitated
by chemisorbed O on the surface. The resulting CH.O* is further oxidized by neighboring OH* to
form HCOOH* and then HCOO*. Finally, decomposition of HCOO* gives CO; and H: as final
products [62, 140]. In the absence of O in the feed gas (Pathway B), methanol will follow a
decomposition pathway on metallic Cu to generate CO and Hy, i.e., the reverse reaction of

methanol synthesis via CO hydrogenation, as shown in Figure 16B [141]. Both of these
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mechanisms on a Cu® surface have been studied in detail before and are hence supported by

multiple studies in the existing literature [33, 37, 132, 133, 136, 142].

In contrast, very few studies investigated the influence of Cu oxidation state on the POM
mechanism [143]. Therefore, a mechanism for POM on Cu20 is proposed in order to explain the
impact of the Cu oxidation state on POM selectivity observed in experiments.

Figure 16C illustrates the proposed POM reaction pathway on Cu20 in the presence of gas
phase oxygen. CH3OH, CH30* and CH.O* bond to Cu20 surfaces via their O atoms, according
to previous studies [69]. The H atom from dissociative methanol adsorption bonds to lattice oxygen
and can reduce the oxide surface via water formation [126]. In the presence of gas phase O, O
vacancies resulting from this desorption can be refilled quickly by chemisorbed O [144]. In
contrast with the reaction pathway on Cu® (Figure 16A), in which CH.O* is oxidized by adjacent
OH* to form HCOOH*, the corresponding pathway on CuO (Figure 16C) features further
decomposition of CH20* to CHO* via O-H bond activation is proposed [126]. The CHO* on
Cu20 then gives H to neighboring lattice O, subsequently becoming further oxidized by OH* to
COOH* via a reverse water gas shift reaction step[145]. In this proposed mechanism, further
decomposition of COOH™* will then yield CO: as the final product [126, 145].

In contrast, the POM reaction pathway on Cu20O in the absence of gas phase oxygen (Figure
16D) is proposed to proceed via a sequence of CH3OH dehydrogenation steps, since there is no
surface O to facilitate OH* formation. This sequence forms CO as a final product, while the

dissociated H* atoms will be oxidized by lattice O and form H;O as the final product.
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Figure 16. Proposed schematic reaction pathway of POM on Cu and Cu20 at different
feed conditions, namely: POM (A) and methanol decomposition (in the absence of gas phase
Oz2; B) on metallic Cu, respectively, and POM in the presence (C) and in absence of gas phase
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accordingly.
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3.4.2 First-Principles Evaluation of Proposed Reaction Mechanisms
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The proposed mechanisms are consistent with the experimental observations summarized in Figure
15: Regarding the dependence of H. selectivity on Cu oxidation state, the proposed mechanisms
show a switch from H to H»>O as a predominant final product when moving from metallic Cu to
Cu20, since lattice O can be accessed by H and removed via water formation. Therefore, H;
selectivity is controlled by the Cu oxidation state. This observation is further supported by recent
literature which indicates that the energy barrier of forming Hz from associative desorption of two
H* (0.29 eV) is much lower than the energy barrier of forming H>O from H* and OH* (1.39 eV)
on Cu(111) surfaces[126, 127]. Similar results can also be found on the Cu(110) surface[137].
Thus, H2 formation would be energetically favored over H20 on Cu surface ever with O, present
in the gas phase.

As to CO: selectivity, in agreement with experimental observations, the formation of CO»
is favored over the formation of CO in the presence of gas phase oxygen (Figure 16A, Figure 16C).
Switching from Cu (Figure 16A, Figure 16B) to Cu20 (Figure 16C, Figure 16D) does not shift the
preference of product formation from CO to CO, mainly because lattice O does not directly
interact with adsorbed CO species.

The methanol synthesis/POM reaction system has been studied previously in much detail
for (metallic) Cu surfaces and is well reported in the published literature [29, 30, 41]. In contrast,
the reaction mechanism over Cu20 has been studied much less and is hence less well understood.
The key —and so far unproven — assumption in the proposed mechanism is hence the lack of lattice
O interaction in Cu20 with CO, which results in the preference for CO over CO; selectivity that is
particularly prevalent in environments featuring a high Cu oxidation state (Cu.O) and low O>
partial pressure (Figure 16D). In order to verify this assumption, DFT calculations were employed

to evaluate the formation of CO> from surface CO and subsequent desorption of CO», as well as
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the direct desorption of surface CO, on the three low index planes [(100), (110), and (111)] of
Cu20. The results of these calculations are shown in Figure 17. Since the facets present on the
actual catalytic NPs are unknown, these three low index surfaces were selected, as testing every
possible facet is computationally unfeasible and these low index planes are the most stable and
hence typically most prevalent surface orientations. The energy barriers for the formation of CO>
(Ea) and CO desorption (Eq) reactions were compared over the three surfaces, as well as the total
energy differences between initial reactants and final products (AE). COz is formed by CO bonding
with a nearby lattice O atom, which was highlighted in Figure 17 in light red for clarity. The O-
terminated (100) and (111) surfaces are covered with O atoms that have low coordination numbers,
which make the O atoms behave like adsorbed O atoms, rather than lattice O. In addition, O-
terminated surfaces indicate a high O partial pressure scenario not representative of the previously
mentioned environment in which CO desorption is selected over CO, formation [144]. Thus, Cu-
terminated surfaces were chosen for (100) and (111) surfaces. The Cu-O terminated surface was
used for the (110), as this termination contains lattice O in the uppermost layer. These terminations
feature lattice O near the surface accessible to adsorbed CO species for CO2 formation.

The most stable configurations for CO and CO2 on Cu.0 surfaces were found by testing
different orientations and adsorption sites (i.e. horizontal and vertical orientations and bonding via
C or O). For the (100) surface, CO and CO- are found most stable on the Cu bridge sites. For the
(110) and (111) surfaces, CO and CO> are found most stable on the Cu top sites. CO. was found
to be weakly adsorbed on all three surfaces compared to CO. Adsorption configurations and
energies can be accessed in the Supporting Information. CO is adsorbed on the surface, with the
single lattice O atom removed. CO desorption was simulated by placing the CO molecule far above

the surface (over 4 A above the surface).
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Figure 17 summarizes the key results: For the (100) and (110) surfaces, the energy barriers
for CO, formation (Ea) are higher than the CO desorption energies (Eq), indicating a preference
for CO desorption. In contrast, for the (111) surface, the energy barrier for CO formation is lower
than the CO desorption energy. Differences between initial and final state energies (AE) of
adsorbed CO oxidizing to CO are negative for (100) and (110) surfaces (-0.61 and -0.73 eV,
respectively), while the AE between adsorbed CO and desorbed CO are positive (1.21 and 0.27
eV). However, the AE between adsorbed CO and COz, and the AE between adsorbed vs. desorbed
CO for the (111) surface are both positive (0.63 and 1.05 eV, respectively). Since the activation
barrier for CO2 decomposition on (111) is only 0.15 eV, CO desorption may be competitive with
CO oxidation. The positive AE for CO oxidation on the (111) surface could be explained by the
formation of an oxygen vacancy in the second layer. Compared to the (100) and (110) surfaces,
the oxygen vacancy formation energy on (111) surface is 1.39 eV and 0.48 eV higher, respectively.
This indicates that the oxygen vacancy causes the (111) surface to be more unstable after CO
oxidation compared to oxygen vacancies for the (100) and (110) surfaces. Note that the CO
desorption barriers (Eq) are the same as AE for CO desorption, since CO desorption is a non-
activated step.

Theoretical results for the (100) and (110) surfaces support the key experimental
observations of unidentifiable catalyst surface facets. Even on oxidized Cu surfaces, adsorbed CO
prefers to desorb rather than interact with lattice O atoms to form CO2 in low O partial pressure

environments, hence rendering CO> selectivity insensitive to the oxidation state of the catalyst.
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3.5 CONCLUSION

The study in this chapter aimed to elucidate the reaction mechanism of methanol partial oxidation
to H> and COz on Cu catalysts. A specific focus was the dependence of reaction selectivity on the
oxidation state of the catalyst. It was found that MeOH conversion and reaction selectivity to Ha
and COgz is strongly affected by the O>/MeOH feed ratio and shows a strong dependence on time-
on-stream while approaching steady state. Post-reaction analysis by XPS revealed that during this
transient Cu® was gradually oxidized to Cuz0O and that the rate of this oxidation depends on the O
partial pressure in the gas phase. Crucially, H> selectivity depends strongly on the presence of
metallic Cu, i.e. it increases with increasing concentration of Cu®. On the other hand, CO;
selectivity shows no dependence on Cu oxidation states and instead is controlled by the O3
concentration in the gas phase. These observations were explained by a lack of interaction between
adsorbed CO and lattice oxygen in Cu20, i.e. by the fact that CO> formation occurred exclusively
through interaction with chemisorbed surface oxygen, as confirmed via DFT calculations. In
contrast, Hz can easily access lattice oxygen to form H.O. It is worth to mention that possible
reaction pathways on Cu/Cu20O are just proposed to explain the experimental observation and
providing necessary DFT calculation to the unproven assumption. The present study focused
entirely the role of Cu oxidation states in partial oxidation of methanol. It is well known that in
methanol synthesis the Cu-ZnO interface plays an important role as well. While ZnO remains
oxidized under all conditions of the reported experiments is verified experimentally, it hence seems
likely that the Cu-ZnO interface also affects reactivity in partial oxidation of methanol. However,
this aspect was beyond the scope of the present studies and suggests that combination of in situ
environmental TEM studies with reactivity studies as reported here will be helpful to shed further

light on structure-activity correlations for Cu-ZnO catalysts in partial oxidation of methanol.
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Overall, the study thus not only produced new insights into the POM mechanism on Cu-
based catalysts, but along the way also suggests a rational procedure for optimizing catalyst
selectivity in POM: A logical conclusion from this study is that maximizing selectivity toward Hy
and CO- requires maintaining Cu in a metallic state within the Cu/ZnO catalyst while at the same
time maintaining a high oxygen partial pressure. Clearly, these are contradictory demands, as
higher oxygen partial pressures will generally result in faster and deeper oxidation of the catalyst.
This hence points towards a target for rational design of next-generation POM catalysts: It is well
known that alloying metals can strongly affect their resistance to oxidation [146-149]. Hence,
identifying components for alloying of Cu-based catalysts which help to suppress or minimize Cu
oxidation may be a promising way to optimize Cu-based POM catalysts for future clean energy
applications. First-principles calculations could be used further as a guide and screening tool in

such an undertaking.
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40 ACTIVE SITE OF CU20 ISLAND UNDER METHNAOL REDUCTION

4.1 INTRODUCTION

Cu and copper oxides are applied in a wide range of applications especially in heterogeneous
catalysis[72, 150-153]. The oxidation of Cu and reduction of Cu oxides (Cu20, CuO) as well as
the formation of a metal/oxide interface play an important role in controlling reaction mechanisms
of catalytic reactions. Phase transformations between Cu and Cu oxides under oxidizing or
reducing conditions are usually found to alter the reactivity and selectivity of the reaction during
many catalytic prcoesses such as methanol oxidation [62, 143, 150, 154], water-gas shift [155,
156], and methanol synthesis [153, 157, 158]. For example, Cu® can be oxidized to Cu* and Cu?*
during methanol oxidaiton or steam reforming. Previous investigators have suggested that Cu® is
active for methanol oxidation to H, and CO-, Cu®* is active for H,O and CO formation, and Cu?*
— as the least active species — only produces H>0 and CO> [33, 35, 62]. The first reaction step that
these catalytic reactions share involves dissociative adsorption of methanol into methoxy speices
(CH30) and H on Cu surfaces which still requires structual observation at atomic scale using in
situ techniques. [92, 159, 160]

Previous experimental studies showed that methanol interacted weakly on clean Cu(100)
[160], Cu(110) [159] and Cu(111) [92] surfaces. Yates et. al showed that pre-absorbed O are

necessary to activate Cu surfaces for methanol adsorption and determining subsequential reaction
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pathways using Auger electron spectroscopy (AES) [92]. Sexton [160]used electron energy loss
spectroscopy (EELS) to investigate the structure of methoxy on Cu(100) and concluded that the
reaction was not sensitive to the crystal plane. Besides, the oxygen coverage on Cu surfaces also
plays a key role in determining the reactivity and reaction pathway of methanol reforming
reactions. There have been many theoretical studies on methanol oxidaiton on low-index Cu
surfaces. Sakong et al. studied partial oxidaiton of methanol (POM) on clean and oxygen-covered
Cu(100) and Cu(110) surfaces using density funtional theory (DFT) and kinetic Monte Carlo
(kMC) [67, 70, 161, 162]. Methanol has been studied on Cu(111) with several isolated oxygen
atoms or a chemisorbed O layer [69, 141, 163] using DFT. Both experimental measurements and
theoretical calculations consistently suggested that decomposition of methanol on Cu is strongly
promoted by the presence of surface oxygen. Under realistic methanol oxidation conditions, Cu is
likely to be oxidized to Cu20, which make studies on Cu2O another important step towards
understanding these catalytic reactions [68, 69, 164, 165]. Previous studies found that Cu,O(111)
is more effective than Cu>0(100) for methanol dehydrogenation because both CH-bond breaking
and CO-scission are active on its surface that has co-existing of copper vacancies and oxygen [68,
165].

While these reactions have been studied in much detail in terms of active oxidation states
on Cu with methanol using a range of spectroscopic techniques, such as photoelectron
spectroscopy (XPS) [71, 92, 150], infrared reflection adsorption spectroscopy (IRRAS) [166-168],

x-ray power diffraction (XRD) [150, 169, 170] and computational methods[151, 171, 172], the

active structure of Cu and the microstructural evolution of the concomitant phase tranformations
under methanol is little explored. Recent study on methanol synthesis showed that the active site

of this system consists of Cu steps decorated with Zn atoms, and stablized by well-defined bulk
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defects using a combination appoach of XPS, TEM and theoretical modeling [72, 153, 157]
However, understanding of the structural evolution of the Cu catalyst, especially at the atomic
scale, is required to furhter attain a fundamental understanding of the processes and reaction
mechnisms governing these transformations.

In situ Environmental Transmission Electron Microscopy (ETEM) has emerged in recent
years as a powerful technique to bridge this gap. By introducing gas to the sample area, together
with other external stimuli like heat, ETEM allows the study of atomic-scale structural evolution
during gas-solid reactions, thus enabling new insights into reaction mechanisms and active sites of
gas-solid reactions [73, 173-179]. During the past, people have employed in situ TEM techniques
to study the nucleation, stability, kinetics, and morphology of Cu oxide islands formed during Cu
oxidation under different temperatures, gas pressures, and substrate orientations [180-182].
However, for the interaction of Cu,O with methanol, which has much broader applications
especially in heterogeneous catalysis [68, 92, 93], there is no literature report on the microstructure
evolutions so far.

Here, we use in situ ETEM to observe the reduction dynamics of Cu2O on Cu(100) under
methanol (MeOH) vapor. We find that the MeOH induced reduction of Cu.O proceeds via a two-
stage shrinking process of Cu»O islands, characterized by a transition from anisotropic to isotropic
shrinking. This transition is explained by the preferential adsorption and dissociation of MeOH
along Cu20 surface steps, a connection that is verified by Density Functional Theory (DFT). These
investigations hence yield a new atomistic understanding of the active sites of CuO during MeOH
reforming reactions.

This chapter is structured as follows. Chapter 4.2 provides experimental preparation and

video processing details. In the first two parts of Chapter 4.3, ETEM was used to grow Cu20 nano-
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islands under controlled oxidation and reduce them under MeOH environment. Then the island
dimension profile during reduction reaction was quantitatively measure. In Chapter 4.3.3, a
uniform two-stage shrinking behavior from anisotropic to isotropic shrinking was identified
statistically. And such observation was explained by the preferential adsorption of MeOH on
Cu20(100) step edges which was further verified using Density Functional Theories (DFT) in

Chapter 4.4 followed by conclusions in Chapter 4.5.

42 EXPERIMENTAL SECTION

4.2.1 Sample Preparation

Multiple single-crystalline Cu(100) films used in this work were produced by e-beam evaporation
of 99.999% pure Cu pellets on NaCl(100) substrates. The films were grown in a UHV evaporator
system with an approximate base pressure of 1x107° Torr. The deposition rate was measured by
quartz crystal thickness monitors and the NaCl substrate was heated by e-beam with a temperature
stability of +5 K. Prior to mounting the substrate into the evaporator, the single-crystalline
NaCl(100) substrate was cleaved under ambient atmosphere along its (100) surface to get fresh,
atomically flat (100) surfaces. Cu(100) thin films were epitaxially grown on the NaCl(100)
substrate, with a deposition rate of 1.2 A/s and a substrate temperature of 300 °C. Cu films with
an average thickness of 60 nm were used in this study. After deposition, Cu films were cut into

TEM sample sizes and then floated off from the NaCl substrate in deionized water (Milli-Q, 18.2M
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Q cm). Residual NaCl on the films was removed by transferring the films into fresh deionized

water several times. Films were then floated onto sample supports, namely Cu TEM mesh grids

purchased from Ted Pella.

4.2.2 In situ Oxidation and Reduction

A differentially pumped ETEM (Hitachi H-9500, LaBe) operated at 300 keV, equipped with a
double-tilt heating holder (Hitachi) and a homemade gas injection system with up to 3 lines of gas
injection (NFCF, University of Pittsburgh) is used for this study. Real-time TEM videos and
images were recorded by an Orius SC1000A camera at a frame rate of 5 frames/s.

Since Cu oxidizes when exposed in air, the in situ TEM experiment contains three steps:
H> annealing, growing of Cu>O nano-islands, and Cu20O reduction under MeOH. First, the native
oxide (Cu20) on Cu films was removed by applying Hz at a partial pressure of 7.6x10° Torr to the
oxidized film, while keeping the sample at 650 °C. The elevated temperature annealing also
facilitates the formation of faceted holes — with (100) and (110) facets —on Cu films, which enables
ensuing observation of Cu20 nano-island reduction from the edge-on view. H> was then pumped
out of the microscope. Second, CuO nano-islands were grown under O partial pressure
Po2=1.5x10"* Torr and T=350 °C for ~5 min, which is a typical condition for Cu2O nano-island
growth [180, 183]. In order to observe the subsequent reduction of Cu,O under MeOH, O is
pumped away and then MeOH vapor is introduced into the specimen chamber controlled by a
needle valve. In situ TEM observation of Cu.O reductive shrinking is carried out by imaging the
overall Cu20 nano-island geometry under MeOH vapor at 7.6x10° Torr and 250°C. To rule out

any geometric change induced solely by e-beam, the Cu>O nano-islands were observed under
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relatively low beam dosage; before MeOH injection, each island was illuminated under vacuum
condition for 5 min. No significant geometric change of Cu,O was captured during this period,
which diminishes the possibility of e-beam effects impacting Cu.O island shrinking. In

comparison, all of reported Cu.O nano-islands can be reduced completely by MeOH within 3 min.

4.2.3 Images and videos analysis

All TEM images are processed and edited using Gatan Micrograph and Fiji ImageJ. All useable
frames of videos are aligned to compensate for thermal drift and were measured using Fiji ImageJ.
To properly process the in situ videos which have a format of MP4. The “ffmpeg” plugin for Fiji-
Imagel is installed to analyze MP4 videos. The stabilization of videos is achieved through template
matching function which is also available online as a plugin for Fiji-ImageJ.

The measurement of island dimension during one piece of video is achieved through
reslicing the video under certain line of interest. The outcome will be a figure that plotting the
contrast along line of interest versus time. By properly adjusting the tolerance of wand tool from
imageJ, the boundary of contrast reflected from different subjects can be easily generated and
transferred to XY coordinates (Pixel location and frame) through Fiji-ImageJ, which can be further

converted to distance of measurement versus video time.
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43 RESULTS

4.3.1 Cu20 nano-islands on Cu(100) facets
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Figure 18. In situ formation of Cu20 nano-island. (a) Bright-field TEM image of an
as-prepared faceted hole on Cu(100) film after annealing at 600 °C and 7.6x10° Torr Hz;
the inset shows the corresponding diffraction pattern. (b) HRTEM image of a Cu20 nano-

island on Cu(100) facet formed at 350 °C and 1.5x10* Torr for 5 min.

Figure 18(a) shows a faceted hole with well-defined (100) and (110) facets after annealing under
7.6x10° Torr H, at 600 °C. These freshly created facets are atomically clean and well-suited for

growth of Cu20 under O». Figure 18(b) shows a typical High Resolution TEM (HRTEM) image
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of a Cu20 nano-island on a Cu(100) facet generated under 1.5x10* Torr Oz at 350 °C. The Cu20
phase is confirmed by measuring the periodic lattice spacing, which has an epitaxial relationship
of Cu20(100)//Cu(100). This Cu20 island generally has a trapezoidal shape, with a top facet of

Cu20(100) and higher indexed side facets.

43.2 In situ reduction of Cu20 under MeOH

20 30 40
Time (s)

Figure 19. Reduction process of Cu20 nano-island on Cu(100) facets under 7.6x106
Torr MeOH vapor and at 250°C. (a) HRTEM images depicting Cu20 nano-island shrinking
over time. (b) Time-dependent change of the radius (r) (half width) and height (h) of the

Cu20 nano-island during reduction.
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The Cu20 nano-islands formed from in situ oxidation are ideal for studying oxide dynamics during
reduction by MeOH. Figure 19 shows a time-sequence of TEM images depicting the Cu2O island
during a reductive shrinking process under MeOH vapor (7.6x10° Torr MeOH and 250°C; fig.
19a) along with the dimensional change (radius and height) of the Cu20 island during reduction
(fig. 19b). The Cu20 nano-island is located on the Cu(100) facet with an initial height of 2.3 nm
and radius (half of the width) of 5.2 nm. During the first 20 s of reduction, Cu2O island structural
dynamics demonstrate a pronounced anisotropic shrinking, in which the island radius strongly
decreases from 5.2 to 2.3 nm while the island height remains virtually constant (minor decrease
from 2.3 nm to ~2 nm). When the measured island radius roughly matches its height of 2 nm (at
t= 23 s), island shrinking suddenly switches from anisotropic to isotropic, as both island height

and radius decrease with similar rates until the whole island is removed at around t= 31 s.

4.3.3 Identification of two-stage shrinking

To further confirm this two-stage shrinking behavior, i.e. the transition from anisotropy to isotropy,
careful statistical analysis of the data was conducted before fitting the change of island radius and
height in two parts. (Details of the statitistical data analysis is given in the supplemental
information). As Figure 20b and Table 1 demonstrate, both island radius and height can be fitted
into linear and parabolic parts using piecewise fitting. The linear radial shrinking rate (0.14 nm/s)
is an order of magnitude larger than that of island height (0.017 nm/s), indicating the anisotropic
shrinking of the island. In the parabolic regime, the radial shrinking rate (0.015 nm?/s) is close to
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that of height (0.011 nm?/s), confirming isotropic shrinking. The transition dimensions between
anisotropic and isotropic shrinking for radius and height are determined to be 2.2 and 2.1 nm,

respectively.
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Figure 20. The time dependence of Cu20 island radius (red) and height (yellow)
during reduction. The dashed lines correspond to linear fitting for anisotropic shrinking and

parabolic fitting for isotropic shrinking.

Similar analysis was adapted for six additional Cu20 islands and found that their shrinking
profiles (radius and height) can be best fitted with two regimes describing linear and parabolic
shrinking (Figure 22, Table 1) [184]. Fitting parameters and determined transition dimensions for
each island were summarized the results in Table 1. By comparing the linear shrinking rates of

radius and height, all island radii have significantly higher
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decreasing rates than heights, while decreasing rates of height are all close to zero or slightly above.

However, decreasing rates of radius and height are comparable in value during parabolic shrinking.

The described observation can be observed more directly from Figure 21, in which radius and

height shrinking rate ratios are compared in a logarithmic scale for both linear and parabolic

shrinking regimes. Ratios for the linear regime (blue) are all significantly higher than ratios for the

parabolic regime (orange), emphasizing the two-stage shrinking from anisotropy to isotropy. The

isotropic shrinking region is highlighted in purple and defined by observed radius and height

shrinking rate ratios between 0.25 and 4. Moreover, the radii at transition points (between linear

and parabolic shrinking) of all islands are around or below 2 nm, regardless of their initial sizes

(Figure 23). The fact that shrinking rates during isotropic shrinking are generally faster than those

during anisotropic shrinking indicate that all islands start collapsing when their radii drop to 2 nm

or below (Figure 22).

Table 1. Fitted island shrinking rate (linear and parabolic) for radius and height,

with transition island dimensions between both shrinking regimes.

Island Linear Shrinking Rate Parabolic Shrinking Rate (nm?/s . Initia! Transition Dimension

# (nm/s x 103) x 103) Dimension (nm)
(nm)
r h r h r h r h

1 -22.3+0.22 | -0.420+0.41 -6.2310.61 -2.73+0.37 2.94 1.40 | 1.72+0.02 | 1.30+0.06
2 -12.2+0.10 -2.1940.14 -0.45040.02 -1.14+0.02 2.35 1.92 | 1.67£0.21 | 1.54+0.22
3 -31.3+1.21 | -0.910+0.66 -7.01+2.63 -4.81+0.24 2.62 1.61 | 1.73+£0.12 | 1.4310.12
4 -24.7£1.25 | -0.230%0.19 -0.680+0.03 -0.270+0.05 241 1.88 | 1.70+£0.12 | 1.81+0.04
5 -235+2.97 -39.2+2.89 -8.8614.44 -8.95+3.37 5.49 1.97 | 1.63+£0.03 | 1.36+0.21
6 -144+1.80 -0.680+0.54 -1.55+0.82 -1.28+0.20 4.66 2.14 | 1.83+0.11 | 2.08+0.05
7 -142+1.55 -14.7£1.94 -15.3%1.85 -9.10+2.36 5.22 2.36 | 2.18+0.07 | 2.06%0.08
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Figure 21. Ratio (radius/height) of shrinking rate for linear (orange) and parabolic
shrinking (blue with stripes). The region defined by isotropic shrinking is highlighted in
purple. The isotropic shrinking region is highlighted in light orange and defined by observed

radius and height shrinking rate ratios between 0.25 and 4.
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Figure 22. Radius and height magnitudes of all Cu20 islands at starting, transition

(between linear and parabolic shrinking) and end points during island shrinking.
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Figure 23. The radii of Cu20 islands at initial (orange squares) and transition stages

(blue circles).

44  DISCUSSION

Past literature has shown that the shape transition of Cu20 islands under oxidative conditions was
controlled by the energetic balance between surface and interface energies, as well as elastic stress
relaxation [185, 186]. Besides thermodynamics, kinetics also plays an important role in
determining metal oxide morphology during gas reactions [181, 183, 185, 187]. Cu20 island
shrinking under vacuum annealing has been shown to follow linear decay behavior, while a kinetic
model based on the dissociation along the island perimeter was developed [183].

The reduction of Cu>O under dissociative adsorption of MeOH can be described by Cu20

+ 2CH30H — 2Cu + 2CH30 + H20, yielding Cu atoms that diffuse back to Cu substrate and water
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molecules that desorb from the surface [188]. Our results suggest that the structural dynamics of
Cu20 islands on Cu(100) under MeOH are controlled by the molecular interaction between MeOH
and different CuO structures. Previous experimental and theoretical studies suggest that MeOH
binds more strongly to Cu20 than Cu surfaces, and that they prefer to adsorb and react with lower-
coordinated Cu and O atoms [68, 70, 161, 188]. The top surface of an epitaxial Cu20 island has a
well-defined (100) orientation; hence, O atoms on top surfaces are highly coordinated. However,
island side facets are made of numerous single or multilayer atomic steps in the (100) direction,
which are comprised of different combinations of Cu and O atoms that depend on surface
termination. Hence, O atoms on these step edges are generally less coordinated than those at top
facets. As a result, we hypothesized that MeOH would most likely adsorb and react at the side

steps of an island, causing the anisotropic shrinking that is seen in our experimental observations.

Anisotropic Isotropic
Shrinking Collapsing

—

Figure 24. Simple schematic demonstration of two-stage shrinking of Cu20 under

MeOH.

When islands have similar radii and heights (below 2 nm), Cu20 islands generally have a
semi-spherical shape, in which there is no well-defined top surface. For such small nano-islands,

radius magnitude equals approximately only four Cu.O unit cell lengths. At the atomic level,
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interfacial Cu and O atoms should hence all become undercoordinated, regardless of placement on
top or side facets. We hence expect that MeOH molecules will favorably absorb and react with Cu
and O atoms on all island surfaces proportionally, resulting in the observed isotropic shrinking.
Our proposed shrinking mechanism also qualitatively explains the linear and parabolic shrinking
rates we observed in island dimension profiles. During the anisotropic shrinking, MeOH molecules
preferentially adsorb and react on Cu.0O side facets, which, for constant island height, scale directly

with the island radius (Ast =2 @ r h, where Ast is the area of the side facet, and r and h are the island

radius and height, respectively). In contrast, during isotropic shrinking, reactions take place on the

entire island surface (Art), which scales parabolically with the island radius (Ar=n = r2, where n is

a constant determined by the overall island shape and volume).

In order to further verify our hypothesis, we employed DFT calculations to compare the
dissociative adsorption processes of MeOH molecules on Cu>0O(100) flat surfaces and Cu20(100)
atomic steps. This is accomplished by comparing the adsorption and dissociation barrier energies
[189, 190] of flat and stepped interfaces using three-step models, as is shown in past work on Cu-
containing surfaces [191-193]. All adsorption energies (Eags) for systems with adsorbates are set
relative to the energies of corresponding surfaces without adsorbates. MeOH dissociation barriers
(Editf) to CH3CO (MeO) and H adsorbate formation are set relative to undissociated MeOH Eags,
and are calculated using the Climbing Image Nudged Elastic Band (CI-NEB) method [194, 195].
A linear response derived Hubbard U of 9.3 eV is applied to Cu 3d orbitals based on previously
developed techniques when evaluating the sensitivity of results to electronic correlation correction
[128, 129]. Further information on all DFT results used to validate the anisotropic relationship
observed in previous experiments can be found in the Appendix D, which contains selected

candidates for tested adsorption sites generally based on past work [68, 165].
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Figure 25. DFT calculated adsorption (Eadas) and dissociation barrier (Eadifr) energies
of methanol (a) for flat Cu20(100) (pink) and (b) stepped Cu20(100){100} (green) candidate
systems, considering the effects of Hubbard U inclusion for (a) in parenthesis. Cu, O, C, and

H atoms are colored blue, red, brown, and white, respectively.

Figure 25 shows the most favorable, O-terminated flat Cu.O(100) (Figure 25a) and the
stepped Cu20(100){100} (Figure 25b) interfaces used to validate experimental anisotropic
shrinking. Simulation of these dissociated MeO and H adsorbate systems, in addition to the
reaction processes needed to achieve them starting from corresponding systems without
adsorbates, was completed using separate structures. Eags and Egi for flat Cu2O(100) surfaces that
either consider (bold) or omit (parentheses) Hubbard U agree within 0.13 eV or less, while the Egift

of the most favorable stepped Cu.0O(100){100} and flat surface systems not considering electronic
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correlation agree within 0.06 eV. These differences are small compared to the difference (0.69 eV)
between MeOH Eags on the most favorable flat (-1.55 eV) and stepped (-2.24 eV) Cu20(100)
surfaces. As shown in Appendix D, these most favorable structures were resolved by testing
different relative MeO and H adsorbate site configurations on Cu and O terminated interfaces.
Ultimately, this evaluation of candidate structures found that the most favorable flat surface
featured H adsorbing to nearest neighbor O on O terminated Cu.O(100), while H and MeO
adsorbing to adjacent O terminated steps form the most favorable Cu,O(100){100} surface. The
relative energetic favorability of MeO and H adsorption on stepped Cu20(100) structures indicates
an initial selective reaction of MeOH with CuO island side facets, supporting the observation of
anisotropic island shrinking. The energetic favorability of MeOH adsorbing on Cu2O steps around
island substrate perimeters (Cu2O//Cu interface) may be slightly different than that on isolated
Cu20 surface steps. However, this energetic difference is expected to be significantly smaller than
that between MeOH adsorption energies on flat Cu0(100) surfaces and Cu20(100) steps, since O

atom coordination on steps is generally less than that on flat facets [164, 174].
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45 SUMMARY AND CONCLUSIONS

The present study employed in situ ETEM to capture the structural evolution of Cu.O nano-islands
on Cu(100) during reduction with methanol. By careful statistical analysis of island dimension
profiles during reduction, we observed a two-stage reductive shrinking behavior, starting from
anisotropic shrinking, in which the island radius shrinks much faster than the island height, to
isotropic shrinking, in which island radius and height shrink at a comparable rate. To our
knowledge, this is the first time that a careful quantitative statistical analysis was used to identify
and justify the presence of such different kinetic regimes. We then proposed that the preferential
dissociative adsorption of methanol molecules on Cu>O(100) atomic steps compared to flat
terraces led to the dominantly observed anisotropic shrinking from island side facets, which was
further verified by DFT calculations. This explanation is furthermore consistent with the fact that
the anisotropic regime can be described with a linear rate law for the radius while the isotropic
regime shows a parabolic behavior.

Overall, our study produced new atomistic insights on the active sites of Cu.O nano-islands
on Cu(100) during reductive shrinking under methanol. Our results suggest that stepped surfaces
on small CuO nanoparticles (radius<2 nm) significantly enhance the rates of methanol
reformation on such nanoparticles, yielding a clear target for rational design of optimized
nanocatalysts for this reaction. Furthermore, our work demonstrated that the combination of in situ
ETEM experiments with DFT computational studies is a powerful approach towards gaining
fundamental insights into important catalytic reactions. Given the increasing access to this high-
end instrumentation, our understanding of heterogeneous catalysis and related gas-solid

phenomena is poised to make significant advances over the near future.
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5.0 DYNAMICS OF CU20 ISLAND AND INTERFACE TRANSFORMATION

UNDER METHANOL REDUCTION

5.1 INTRODUCTION

Cu-based material is very good option for making heterogeneous catalysis due to its active nature
and inexpensive cost [72, 158, 196]. The oxidation of Cu to CuOx under oxidzing condition and
the reduction of CuOx to Cu under reducing condition are very important processes during a wide

range of catalystic reactions that mainly contain solid-gas reactions [30, 150, 183, 197].

Specifically, redox processes of Cu-based catalysts are found to be able to alter the reactivity for
reactions such as partial oxidaiton of methnaol, methanol synthesis and water-gas shift [32, 150-
152]. Additionally, reduction of Cu oxides under methanol (MeOH) is also applied in the
pretreatment or regeneration of a catalyst [73, 151, 152]. Although Cu-based catalytic reactions
have been studied in much detail in terms of active phases of Cu using both experimental and

theoretical methods [67, 71, 92, 150, 169-171, 198], observing atomic scale transformations

among different Cu phases under real catalytic conditions is still necessary to gain a fundamental
knowledge on active sites of reactions and underlying reaction mechnisms.

Thanks to the recent development of in situ transimission electron microscopy (TEM). We
are now able to observe atomic-level structual evolutions of nanomaterials under heat and gas

enviroments which are trying to mimic real reaction conditions [73, 173, 174]. For example,
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Topsge et.al showed supported Cu nanoparticles undergo dynamic reversible shape changes in
response to change of gaseous environment using in situ TEM [199]. So far, in situ TEM has been
used to study many fundamental solid-gas reactions such as oxidation and reduction. Nickel oxide
reduction in Hz has been studied using in situ TEM in the past few years because of its importance
in heterogeneous catalysis [200]. Jeangros et.al observed that the growth of Ni crystallites and the
movement of interfaces result in the formation of pores whin the NiO grains to accommodate the
volume shrinkage associated with the reduction [201]. Crozier et. al found that the NiO reduction
mechanism under CH4 involved diffusion of Ni cations along grain boudnaries and extended
defects, and syngas formation only takes place during the later stages of NiO reduction, when Ni
metal nanoparticles have broken through the NiO shell [202]. Recently, study on redox reactions
between different Fe oxides using in situ TEM elucidated the atmomistic mechanism for the

formation of hybrid structures of Fe oxides [175, 176, 203]. During the past, people have also

employed in situ TEM techniques to study the nucleation, stability, kinetics, and morphology of
Cu oxide islands formed during Cu oxidation under different temperatures, gas pressures, and
substrate orientations [180-182]. However, few studies focused on atomic level observation of
reduction of Cu oxides. Under vacuum annealing condition, the decomposition of Cu20 islands
back to Cu was reported to proceed along Cu20 island perimeters, rather than the surface of Cu.O
island or interface between Cu.O and Cu substrate[181]. A recent in situ TEM study done by Zhou
et. al demonstrated that the reduction dynamics of Cu20 islands under H: is governed a layer-by-
layer transformation from Cu20 to Cu occurring at the Cu,O//Cu(100) interface [174]. However,
for the reduction of Cu2O under methanol, which has much broader applications especially in

heterogeneous catalysis [68, 92, 93]. The limited amount of in situ work on Cu2O reduction
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emphasizes the ambiguity of atomic-level CuO reduction, especially under different reducing
environments, and hence requires further study to more comprehensively understand.

In the present work, we use enviromental TEM to investigate the structural dynamics of
Cu20 nano-island and its interfaces with Cu(110) substrate which is different from the Cu(100)
substrate that we investigated from our previous work [204] in order to show the impact of
changing Cu2O/Cu interface on the reaction under similar conditions. Besides, we will focus on
the atomic level dynamic under real time reduction by MeOH inside the microscope in this work.
The Cu20/Cu(110) serves as a model system for us to undertand the stability of Cu.O nano-island
and its interface, as well as crystalography dependent reactivity under MeOH reducing
environment. We find that the MeOH-induced Cu.O reduction results in monolayer by monolayer
shrinking on side layers of Cu20 nano-island which is caused by preferencial adsorption of MeOH
on island perimeter sites that is verified by Density Functional Theory (DFT). This study
demonstrates the importance of Cu.O/Cu internface in determining active sites of Cu20O at atomic
level during MeOH reforming reactions.

This chapter proceeds in the following sequence. Chapter 5.2 describes sample preparation,
in situ oxidation and reduction procedures. Chapter 5.3 demonstrates the high-resolution results

collected from ETEM and frame-by-frame analysis.
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5.2 EXPERIMENTAL SECTION

521 Sample Preparation

Single-crystalline Cu(100) films used in this work were produced by e-beam evaporation of
99.999% pure Cu pellets to NaCl(100) substrates. The films were grown in a UHV evaporator
system with an approximate base pressure of 1x107° Torr. The deposition rate was measured by
quartz crystal thickness monitors and the NaCl substrate was heated by e-beam with a temperature
stability of +5 K. Prior to mounting the substrate into the evaporator, the single-crystalline
NaCl(100) substrate was cleaved along its (100) surface. Cu(100) thin films were epitaxially
grown on the NaCI(100) substrate, with a deposition rate of 1.2 A/s and a substrate temperature of
300 °C. Cu films with an average thickness of 60 nm were used in this study. After deposition, Cu
films were cut into TEM sample sizes and then floated off from the NaCl substrate in deionized

water (Milli-Q, 18.2M Q cm). Residual NaCl on the films was removed by transferring the films

into fresh deionized water several times. Films were then floated onto Cu TEM mesh grids

purchased from Ted Pella.

5.2.2 In situ Oxidation and Reduction

Same ETEM and operation conditions as stated in Chapter 4.0 was used in this chapter. Since Cu
is easy to oxidize when exposed in air, such as during sample preparation and transfer, and the
morphology of these native oxides is not suitable for this study, the in situ TEM experiment

contains three steps: H. annealing, growing of Cu20 nano-islands, and Cu20 reduction under
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MeOH. First, the native oxide (Cu20) on Cu films was removed by applying H at a partial
pressure of 7.6x10® Torr to the oxidized film, while keeping the sample at 650 °C. The elevated
temperature annealing also facilitates the formation of faceted holes — with (100) and (110) facets
—on Cu films, which enables ensuing observation of Cu.O nano-island reduction from the edge-
on view. H> was then pumped out of the microscope. Second, Cu2O nano-islands were grown
under O partial pressure Po,