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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 H2 selectivity was found. No such dependency was observed between POM CO2 selectivity 

and Cu oxidation state, CO2 selectivity only depended on O2 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 Cu2O 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 Cu2O nano-island and its interface with Cu 

during MeOH induced reduction. Interfacial transformations from Cu2O to Cu facilitated by 

preferential reactions at the perimeters of Cu2O islands was observed, which could alter interfacial 



v 

reactivity under MeOH and lead to island tilting resulting from the accumulation of Cu at Cu/Cu2O 

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.  
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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 H2-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 CO2, 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): 
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(POM):   ( )molkJHCOHOOHCH /9.1912
2

1 0

2982223 −=+→+                         (1-1) 

(SR):       ( )molkJHCOHOHOHCH /4.493 0

2982223 +=+→+                                   (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 Al2O3 and SiO2) [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 (Cu0 or Cu1+ or Cu2+) 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 Cu0 and Cu1+ 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 Cu0 and Cu+ species are essential for hydrogen 
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generation from CH3OH and catalyst activity is dependent on the ratio of Cu+/Cu0 [61]. Recent 

work furthermore has shown that co-feeding product gas (H2 and CO2) to the reaction can modify 

Cu oxidation state and hence catalytic performance. This work suggested that higher Cu0 and Cu1+ 

content leads to higher H2 selectivity [62]. However, other studies have suggested that, under 

similar conditions, Cu0 is active for MeOH oxidation to H2 and CO2, Cu1+ is active for H2O and 

CO formation, and Cu2+ – as the least active species – only actively produces H2O 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, quenching, 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 
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observed that methoxy prefer to form and buildup at the Cu(111)/CuOx 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 SITU CHARACTERIZATION 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, V2O5) in C3H6 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].   
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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.   
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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 

( )222  R45º O-Cu(100) and (21) O-Cu(110) structures, respectively [94-98]. The oxygen 

adsorption on Cu(111) results in the adlayer domains with ordered ‘29’- ( ) 8.2171.4613 RR   and 

‘44’- ( ) 9.10218.573 − RR  lattice structures comprising distorted hexagonal arrays of O atoms 

which were considered to be analogous to the planes of Cu2O(111) [99-103].  

 

 

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, Cu2O 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=5×10-4 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 Cu2O 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 
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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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 10 

 

2.0  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 techniques 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 Cu2O 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 Cu0 and Cu1+ species have been considerred to be important 

for hydrogen production from methanol [59, 60]. However, other studies have also suggested that, 

under similar conditions, Cu0 is active for methanol oxidation to H2 and CO2, Cu1+ is active for 

H2O and CO formation, and Cu2+ – as the least active species – only produces H2O and CO2 [33, 

35, 62]. Furthermore, recent work has indicated that co-feeding product gas (H2 and CO2) to the 

reaction can modify the oxidation state of Cu and hence its catalytic performance. This work 

suggested that higher Cu0 and Cu1+ content leads to higher H2 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 CO2 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 O2 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 Cu2O 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 O2 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 Cu2O 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)2·3H2O and Zn(NO3)2·6H2O (both >99%, 

Sigma-Aldrich) were dissolved in deionized water (Milli-Q, 18.2 MΩ·cm) to make a 1 M metal 

nitrate solution with a mass ratio of Cu:Zn = 3:7. Na2CO3 (> 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   ̊C under stirring. The pH was 

monitored by pH meter (OAKTON) and maintained at pH = 7 by adding Na2CO3 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 CuKα 

radiation at a wavelength of 1.54 Å, a beam voltage of 40 kV, and a current of 40 mA. The pattern 

was recorded with a 2θ range from 20 ̊ to 90 ̊ and a scanning rate of 3.5 ̊min-1. 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 CO2 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 h-1. Methanol molar concentration in the feed gas (MeOH, O2, and Ar) was fixed 

at 62.5 mol%. The outlet gas composition which consisted of only H2, H2O, 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): 

 

                                                                               (3-1)                                                                  

                               (3-2) 

                                                                                      (3-3) 
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Since CO, CO2, H2, and H2O were the only detectable products, CO and H2O selectivities are 

simply the “mirror image” of CO2 and H2 selectivities (i.e. SCO2= 1-SCO2 and SH2O= 1-SH2). 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)]. 

 

                                                                              (3-4) 

 

3.2.4 Analysis of Cu Oxidation State  

X-ray photoelectron spectroscopy (ESCALAB 250XI, 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 L3M45M45 Auger spectra were obtained for each sample with a monochromated, micro-focused 

Al Kα X-ray source (spot size = 200 µm; 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, Cu2O, 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 L3M45M45 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 (3σ) of the mean relative ratio 

values.  

3.2.5 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 Cu2O 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 (Ueff) 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 Cu2O Ueff 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-O bulk and surface systems. [69]  

Cu2O 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 

3.3.1 Cu/ZnO 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 H2 under 250 ̊C for 2 h reduced the CuO phase, yielding 

the final Cu0/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 H2 at 250  ̊C for 3 h (2). 

 

 

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.  

 

 

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 

 

Figure 8. POM reactivity measurements showing the methanol conversion (A), H2 

selectivity (B), and CO2 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 H2 selectivity decreases with O2/MeOH molar ratio and time-on-stream. CO2 

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 250oC 

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 

O2/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 O2 in the feed is below or equal to the 

O2/MeOH stoichiometric ratio of 0.5, O2 is a limiting reactant and O2 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 H2 and CO2 formation, 

respectively. H2 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 H2 selectivity is 

maintained at ~100% for 15 min and then decreased gradually over time. Finally, for the 

stoichiometric feed (O2/MeOH = 0.5), H2 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 O2 

partial pressure leads to higher methanol conversion, lower H2 selectivity, and higher CO2 

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 H2 selectivity and CO2 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 

 

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 L3M45M45 peaks. Cu0 and 

Cu1+ present very similar Cu 2p3/2 peak positions of ~932.8 eV but show distinct Cu L3M45M45 

energies of 918.7 eV and 916.8 eV, respectively, with the Cu2+ L3M45M45 peak positioned at 917.6 

eV [33, 35, 62] (Figure 10). Therefore, Cu L3M45M45 Auger spectra were collected to analyze Cu 

oxidation states.   
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Figure 11 shows representative Cu L3M45M45 Auger spectra taken after different times on 

stream during POM for a feed ratio (O2/MeOH) of 0.1. The spectra confirm qualitatively that Cu0 

is being gradually oxidized to Cu2O 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). 

 

 

 

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, Cu2O, and CuO, respectively. The fits in Figure 11, Figure 12 and 

Figure 13 are obtained by fitting a linear combination of the three Cu L3M45M45 basis 

reference spectra. 
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Figure 11. Changes to the XPS Cu L3M45M45 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 L3M45M45 basis 

reference spectra (see Figure 10). 
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Figure 12. Changes to the XPS Cu L3M45M45 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 Cu2O (purple). 
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Figure 13. Changes to the XPS Cu L3M45M45 feature during POM at 250 ̊C, 

O2/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 Cu2O (purple). 
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Figure 14. The relative amount of each Cu oxidation state observed in the catalyst as 

a function of reaction time at the three molar O2/MeOH feed ratios of 0.1 (A), 0.3 (B), and 

0.5 (C). 
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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 Cu0, Cu1+, and Cu2+ vs time-on-

stream. For the lowest O2/MeOH ratio of 0.1 (Figure 11), one can see that 5 minutes after the start 

of the reaction, the relative Cu0 concentration has dropped from 100% to 80% and subsequently 

decreases further to ~30% at t=1 h. In parallel, the relative Cu1+ concentration increases from 10% 

to > 60%. The Cu2+ concentration remains at ~10% or below for the entire duration of the reaction, 

indicating that oxidation to Cu2+ 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 O2/MeOH = 0.1. However, with increasing O2 concentration in the gas 

phase, the oxidation of Cu0 proceeds more rapidly and Cu1+ quickly becomes the dominant 

oxidation state in the catalyst. Specifically, for O2/MeOH = 0.5, the Cu1+ 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. Cu2+ 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 Cu1+, in agreement with previous reports [133]. 
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3.3.4 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 H2 and CO2 selectivities vs. relative amounts of oxidized Cu species 

(i.e. Cu1+ and Cu2+) 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). 

 

 

Figure 15. H2 selectivity (A) and CO2 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). 
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Remarkably, the H2 selectivity data gathered at the three different feed ratios collapse onto 

a single curve (Figure 15A), i.e. H2 selectivity appears to only depend on the (average) Cu 

oxidation state in the catalyst: H2 selectivity is near 100% up to ~50% Cu0 content, and then drops 

rapidly with further increase in the degree of Cu oxidation (Cu1+ and Cu2+) in the catalyst. This 

apparent oxidation of H2 with lattice O in Cu oxides, reducing Cu oxides while producing H2O, is 

in agreement with previous reports [33, 35, 60, 62, 133]. The O2 concentration in the gas phase 

hence seems to impact H2 selectivity only indirectly via controlling the oxidation state of Cu.  

In contrast to that, Figure 15B shows that CO2 selectivity has virtually no correlation with 

the Cu oxidation state as CO2 selectivity remains constant over a wide range of Cu0 concentrations 

at any given O2/MeOH ratio.  Instead, CO2 selectivity depends strongly on the O2 concentration in 

the feed gas. This observation contradicts previous work, which suggests, somewhat counter-

intuitively, that Cu0 favors formation of CO2 and Cu1+ 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 CO2 selectivity with gas 

phase oxygen, rather than lattice oxygen.  

Overall, results in this chapter thus show that H2 production is entirely controlled by the 

Cu oxidation state, while no correlation between CO2 production and Cu oxidation state is 

observed and CO2 production is entirely governed by the oxygen partial pressure in the gas phase. 

Furthermore, the concentration of Cu1+ 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 Cu2O 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 

3.4.1 Proposed POM mechanism on Cu and Cu2O 

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 (Cu0) and 

on oxidized (Cu1+) surfaces, respectively, each in the presence and absence of gas phase oxygen, 

respectively.   

Numerous mechanisms for POM on Cu0 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 Cu0 surfaces also shares reaction 

intermediates with methanol synthesis from H2 and CO2 (a slightly modified inverse reaction to 

POM) such as CH3O*, CH2O*, and HCOO* that are well-studied in the literature [72, 126, 139]. 

Therefore, the POM reaction mechanism on Cu0 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 CH2O* is further oxidized by neighboring OH* to 

form HCOOH* and then HCOO*. Finally, decomposition of HCOO* gives CO2 and H2 as final 

products [62, 140].  In the absence of O2 in the feed gas (Pathway B), methanol will follow a 

decomposition pathway on metallic Cu to generate CO and H2, 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 Cu0 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 Cu2O 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 Cu2O in the presence of gas 

phase oxygen. CH3OH, CH3O* and CH2O* bond to Cu2O 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 O2, O 

vacancies resulting from this desorption can be refilled quickly by chemisorbed O [144]. In 

contrast with the reaction pathway on Cu0 (Figure 16A), in which CH2O* is oxidized by adjacent 

OH* to form HCOOH*, the corresponding pathway on Cu2O (Figure 16C) features further 

decomposition of CH2O* to CHO* via O-H bond activation is proposed [126]. The CHO* on 

Cu2O 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 CO2 as the final product [126, 145].  

In contrast, the POM reaction pathway on Cu2O 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 H2O as the final product. 
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Figure 16. Proposed schematic reaction pathway of POM on Cu and Cu2O 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 Cu2O. Atoms C (black), H (white), O (red), and Cu (yellow) are colored 

accordingly.  
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3.4.2 First-Principles Evaluation of Proposed Reaction Mechanisms 

Figure 17. Energy differences and activation barriers for CO2 formation and CO 

desorption on Cu2O (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 CO2) are colored accordingly. 
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The proposed mechanisms are consistent with the experimental observations summarized in Figure 

15: Regarding the dependence of H2 selectivity on Cu oxidation state, the proposed mechanisms 

show a switch from H2 to H2O as a predominant final product when moving from metallic Cu to 

Cu2O, since lattice O can be accessed by H and removed via water formation. Therefore, H2 

selectivity is controlled by the Cu oxidation state. This observation is further supported by recent 

literature which indicates that the energy barrier of forming H2 from associative desorption of two 

H* (0.29 eV) is much lower than the energy barrier of forming H2O 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 H2O on Cu surface ever with O2 present 

in the gas phase.  

As to CO2 selectivity, in agreement with experimental observations, the formation of CO2 

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 Cu2O (Figure 16C, Figure 16D) does not shift the 

preference of product formation from CO to CO2, 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 Cu2O 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 Cu2O with CO, which results in the preference for CO over CO2 selectivity that is 

particularly prevalent in environments featuring a high Cu oxidation state (Cu2O) and low O2 

partial pressure (Figure 16D). In order to verify this assumption, DFT calculations were employed 

to evaluate the formation of CO2 from surface CO and subsequent desorption of CO2, as well as 
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the direct desorption of surface CO, on the three low index planes [(100), (110), and (111)] of 

Cu2O. 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 CO2 

(Ea) and CO desorption (Ed) reactions were compared over the three surfaces, as well as the total 

energy differences between initial reactants and final products (ΔE). CO2 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 O2 partial pressure scenario not representative of the previously 

mentioned environment in which CO desorption is selected over CO2 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 Cu2O 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 CO2 are found most stable on the Cu bridge sites. For the 

(110) and (111) surfaces, CO and CO2 are found most stable on the Cu top sites. CO2 was found 

to be weakly adsorbed on all three surfaces compared to CO. Adsorption configurations and 

energies can be accessed in the Supporting Information. CO2 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 Å above the surface).  
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Figure 17 summarizes the key results:  For the (100) and (110) surfaces, the energy barriers 

for CO2 formation (Ea) are higher than the CO desorption energies (Ed), indicating a preference 

for CO desorption. In contrast, for the (111) surface, the energy barrier for CO2 formation is lower 

than the CO desorption energy. Differences between initial and final state energies (ΔE) of 

adsorbed CO oxidizing to CO2 are negative for (100) and (110) surfaces (-0.61 and -0.73 eV, 

respectively), while the ΔE between adsorbed CO and desorbed CO are positive (1.21 and 0.27 

eV). However, the ΔE between adsorbed CO and CO2, and the ΔE 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 ΔE 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 (Ed) are the same as ΔE 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 O2 partial pressure 

environments, hence rendering CO2 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 H2 and CO2 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 H2 

and CO2 is strongly affected by the O2/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 Cu0 was gradually oxidized to Cu2O and that the rate of this oxidation depends on the O2 

partial pressure in the gas phase. Crucially, H2 selectivity depends strongly on the presence of 

metallic Cu, i.e. it increases with increasing concentration of Cu0. On the other hand, CO2 

selectivity shows no dependence on Cu oxidation states and instead is controlled by the O2 

concentration in the gas phase. These observations were explained by a lack of interaction between 

adsorbed CO and lattice oxygen in Cu2O, i.e. by the fact that CO2 formation occurred exclusively 

through interaction with chemisorbed surface oxygen, as confirmed via DFT calculations. In 

contrast, H2 can easily access lattice oxygen to form H2O. It is worth to mention that possible 

reaction pathways on Cu/Cu2O 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 H2 

and CO2 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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4.0  ACTIVE SITE OF CU2O 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 (Cu2O, 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, Cu0 can be oxidized to Cu1+ and Cu2+ 

during methanol oxidaiton or steam reforming. Previous investigators have suggested that Cu0 is 

active for methanol oxidation to H2 and CO2, Cu1+ is active for H2O and CO formation, and Cu2+ 

– as the least active species – only produces H2O and CO2 [33, 35, 62]. The first reaction step that  

these catalytic reactions share involves dissociative adsorption of methanol into methoxy speices 

(CH3O) 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 Cu2O, which make studies on Cu2O another important step towards 

understanding these catalytic reactions [68, 69, 164, 165]. Previous studies found that Cu2O(111) 

is more effective than Cu2O(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 Cu2O 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 Cu2O proceeds via a two-

stage shrinking process of Cu2O islands, characterized by a transition from anisotropic to isotropic 

shrinking. This transition is explained by the preferential adsorption and dissociation of MeOH 

along Cu2O 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 Cu2O 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 Cu2O 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 

Cu2O(100) step edges which was further verified using Density Functional Theories (DFT) in 

Chapter 4.4 followed by conclusions in Chapter 4.5.  

4.2 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 1×10-9 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 Å/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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Ω 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, LaB6) 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: 

H2 annealing, growing of Cu2O nano-islands, and Cu2O reduction under MeOH.  First, the native 

oxide (Cu2O) on Cu films was removed by applying H2 at a partial pressure of 7.6×10-6 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 Cu2O nano-island reduction from the edge-on view.  H2 was then pumped 

out of the microscope. Second, Cu2O nano-islands were grown under O2 partial pressure 

PO2=1.5×10-4 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 Cu2O under MeOH, O2 is 

pumped away and then MeOH vapor is introduced into the specimen chamber controlled by a 

needle valve. In situ TEM observation of Cu2O reductive shrinking is carried out by imaging the 

overall Cu2O nano-island geometry under MeOH vapor at 7.6×10-6 Torr and 250°C. To rule out 

any geometric change induced solely by e-beam, the Cu2O 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 Cu2O was captured during this period, 

which diminishes the possibility of e-beam effects impacting Cu2O island shrinking. In 

comparison, all of reported Cu2O 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-

ImageJ 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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4.3 RESULTS 

4.3.1 Cu2O nano-islands on Cu(100) facets  

 

 

 

Figure 18. In situ formation of Cu2O nano-island. (a) Bright-field TEM image of an 

as-prepared faceted hole on Cu(100) film after annealing at 600 °C and 7.6×10-6 Torr H2;  

the inset shows the corresponding diffraction pattern.  (b) HRTEM image of a Cu2O nano-

island on Cu(100) facet formed at 350 °C and 1.5×10-4 Torr for 5 min. 

 

 

 

Figure 18(a) shows a faceted hole with well-defined (100) and (110) facets after annealing under 

7.6×10-6 Torr H2 at 600 °C. These freshly created facets are atomically clean and well-suited for 

growth of Cu2O under O2. Figure 18(b) shows a typical High Resolution TEM (HRTEM) image 
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of a Cu2O nano-island on a Cu(100) facet generated under 1.5×10-4 Torr O2 at 350 °C. The Cu2O 

phase is confirmed by measuring the periodic lattice spacing, which has an epitaxial relationship 

of Cu2O(100)//Cu(100). This Cu2O island generally has a trapezoidal shape, with a top facet of 

Cu2O(100) and higher indexed side facets. 

 

4.3.2 In situ reduction of Cu2O under MeOH 

 

 

Figure 19. Reduction process of Cu2O nano-island on Cu(100) facets under 7.6×10-6 

Torr MeOH vapor and at 250°C. (a) HRTEM images depicting Cu2O nano-island shrinking 

over time. (b) Time-dependent change of the radius (r) (half width) and height (h) of the 

Cu2O nano-island during reduction. 
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The Cu2O 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 (7.6×10-6 Torr MeOH and 250°C; fig. 

19a) along with the dimensional change (radius and height) of the Cu2O island during reduction 

(fig. 19b). The Cu2O 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 nm2/s) is close to 



53 

that of height (0.011 nm2/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.  

Figure 20. The time dependence of Cu2O 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 Cu2O 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 
(nm/s × 103) 

Parabolic Shrinking Rate (nm2/s 
× 103) 

Initial 
Dimension 

(nm) 

Transition Dimension 
(nm) 

 
r h r h r h r h 

1 -22.3±0.22 -0.420±0.41 -6.23±0.61 -2.73±0.37 2.94 1.40 1.72±0.02 1.30±0.06 

2 -12.2±0.10 -2.19±0.14 -0.450±0.02 -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 1.43±0.12 

4 -24.7±1.25 -0.230±0.19 -0.680±0.03 -0.270±0.05 2.41 1.88 1.70±0.12 1.81±0.04 

5 -235±2.97 -39.2±2.89 -8.86±4.44 -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 

 



 55 

 

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.  

 

 

Figure 22. Radius and height magnitudes of all Cu2O islands at starting, transition 

(between linear and parabolic shrinking) and end points during island shrinking. 
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Figure 23. The radii of Cu2O islands at initial (orange squares) and transition stages 

(blue circles). 

 

4.4 DISCUSSION 

Past literature has shown that the shape transition of Cu2O 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]. Cu2O 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 Cu2O under dissociative adsorption of MeOH can be described by Cu2O 

+ 2CH3OH → 2Cu + 2CH3O + H2O, 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 

Cu2O islands on Cu(100) under MeOH are controlled by the molecular interaction between MeOH 

and different Cu2O structures. Previous experimental and theoretical studies suggest that MeOH 

binds more strongly to Cu2O 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 Cu2O 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.  

 

 

 

Figure 24. Simple schematic demonstration of two-stage shrinking of Cu2O under 

MeOH. 

 

When islands have similar radii and heights (below 2 nm), Cu2O 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 Cu2O 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 Cu2O side facets, which, for constant island height, scale directly 

with the island radius (Asf =2πr h, where Asf 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 (AT), which scales parabolically with the island radius (AT=nπr2, 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 Cu2O(100) flat surfaces and Cu2O(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 (Eads) for systems with adsorbates are set 

relative to the energies of corresponding surfaces without adsorbates. MeOH dissociation barriers 

(Ediff) to CH3CO (MeO) and H adsorbate formation are set relative to undissociated MeOH Eads, 

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 (Eads) and dissociation barrier (Ediff) energies 

of methanol (a) for flat Cu2O(100) (pink) and (b) stepped Cu2O(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 Cu2O(100) (Figure 25a) and  the 

stepped Cu2O(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. Eads and Ediff for flat Cu2O(100) surfaces that 

either consider (bold) or omit (parentheses) Hubbard U agree within 0.13 eV or less, while the Ediff 

of the most favorable stepped Cu2O(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 Eads on the most favorable flat (-1.55 eV) and stepped (-2.24 eV) Cu2O(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 Cu2O(100), while H and MeO 

adsorbing to adjacent O terminated steps form the most favorable Cu2O(100){100} surface. The 

relative energetic favorability of MeO and H adsorption on stepped Cu2O(100) structures indicates 

an initial selective reaction of MeOH with Cu2O 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 

Cu2O surface steps. However, this energetic difference is expected to be significantly smaller than 

that between MeOH adsorption energies on flat Cu2O(100) surfaces and Cu2O(100) steps, since O 

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

The present study employed in situ ETEM to capture the structural evolution of Cu2O 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 Cu2O(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 Cu2O nano-islands 

on Cu(100) during reductive shrinking under methanol. Our results suggest that stepped surfaces 

on small Cu2O 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 CU2O 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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Topsøe 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 H2 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 Cu2O islands 

back to Cu was reported to proceed along Cu2O island perimeters, rather than the surface of Cu2O 

island or interface between Cu2O and Cu substrate[181]. A recent in situ TEM study done by Zhou 

et. al demonstrated that the reduction dynamics of Cu2O islands under H2 is governed a layer-by-

layer transformation from Cu2O to Cu occurring at the Cu2O//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 Cu2O 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 

Cu2O 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 Cu2O/Cu(110) serves as a model system for us to undertand the stability of Cu2O nano-island 

and its interface, as well as crystalography dependent reactivity under MeOH reducing 

environment. We find that the MeOH-induced Cu2O reduction results in monolayer by monolayer 

shrinking on side layers of Cu2O 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 Cu2O/Cu internface in determining active sites of Cu2O 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 

5.2.1 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 1×10-9 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 NaCl(100) substrate, with a deposition rate of 1.2 Å/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, 18.2MΩ 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: H2 annealing, growing of Cu2O nano-islands, and Cu2O reduction under 
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MeOH.  First, the native oxide (Cu2O) on Cu films was removed by applying H2 at a partial 

pressure of 7.6×10-6 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 Cu2O nano-island reduction from the edge-

on view.  H2 was then pumped out of the microscope. Second, Cu2O nano-islands were grown 

under O2 partial pressure PO2=1.5×10-4 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 Cu2O under MeOH, O2 is pumped away 

and then MeOH vapor is introduced into the specimen chamber controlled by a needle valve. In 

situ TEM observation of Cu2O reductive shrinking is carried out by imaging the overall Cu2O 

nano-island geometry under MeOH vapor at 7.6×10-6 Torr and 250°C. To rule out any geometric 

change induced solely by e-beam, the Cu2O nano-islands were observed under relatively low beam 

dosage; before MeOH injection, each island was illuminated under vacuum condition for 5 min. 

No significant geometric change of Cu2O was captured during this period, which diminishes the 

possibility of e-beam effects impacting Cu2O island shrinking. In comparison, all of reported Cu2O 

nano-islands can be reduced completely by MeOH within 3 min.  

5.2.3 Images and videos analysis  

All TEM images are processed 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, he “ffmpeg” plugin was installed 

for Fiji-ImageJ 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.  
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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 plots the contrast 

along line of interest versus time. By properly adjusting the tolerance of the 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 distances of measurement versus video time.  

5.3 RESULTS 

5.3.1 Cu2O nano-islands on Cu(110) 

Figure 26. In situ formation of Cu2O nano-island. a Bright-field TEM image of an as-

prepared faceted hole on Cu(100) film after annealing at 600 °C and 7.6×10-6 Torr H2;  the 

inset shows the corresponding diffraction pattern.  b, c HRTEM images of a Cu2O nano-

island on Cu(110) facet formed at 350 °C and 1.5×10-4 Torr for 5 min. 
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Figure 26(a) shows multiple faceted holes with well-defined (110) and (100) facets identified using 

a diffraction pattern, after being annealed under 7.6×10-6 Torr H2 at 600 °C. These facets are 

atomically clean and flat, providing an ideal substrate for substantial growth of Cu2O nano-islands 

under controlled oxidation. Figure 26(b) and Figure 26(c) show high-resolution TEM (HRTEM) 

images of a Cu2O nano-island on Cu(110) facets generated under 1.5×10-4 Torr O2 at 350 °C. The 

epitaxial relationship between the Cu2O nano-island and its Cu(110) substrate is confirmed by 

measuring the periodic lattice spacing of the image. Figure 26(b) shows a Cu2O island that has a 

rectangular shape, with a well-defined Cu2O(110) surface on its top and side facets. The Cu2O 

nano-island also has a large part at its bottom that is buried into Cu(110) substrate. The buried 

Cu2O island has inverted trapezoid shape. Figure 26(c) demonstrates another Cu2O island that has 

similar geometry as a comparison for in situ experiments. The island’s right side contains 

Cu2O(110) surface on its top and side facets. It also has its bottom part buried into Cu(110) 

substrate.   
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5.3.2 In situ reduction of Cu2O under MeOH 

 

 

Figure 27. Reduction process of Cu2O nano-island on Cu(110) facets under 7.6×10-6 

Torr MeOH vapor and at 300°C. a-d HRTEM images depicting Cu2O nano-island shrinking 

over time. e Time-dependent change of the radius (half width) and height of the Cu2O nano-

island (marked in a) during reduction.  

 

The Cu2O nano-islands could be formed during controlled in situ oxidation under 350 °C and 

1.5×10-4 Torr of O2 for 5 min. These islands are ideal for studying oxide dynamics under MeOH 

reduction. Figure 27a-d shows time-sequence TEM images of the Cu2O island during a reductive 

shrinking process under MeOH vapor. As can be seen, the Cu2O island can maintain its rectangular 

shape during reductive shrinkage until its tilting at 148 s as shown in Figure 27d. To further reveal 

the structural evolution of the island during reduction, the dimension change (radius and height) 
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of the Cu2O island (marked in Figure 27a) during the entire reduction is measured as shown in 

Figure 27e. This profile can be further fitted into a linear and a parabolic part based on AIC 

comparisons [184]. As shown from Figure 27e, the Cu2O nano-island is initially located on the 

Cu(110) facet with a maximum height of 3.5 nm and radius (half of the width) of 4.8 nm. During 

the first 120 s of reduction, Cu2O island structural dynamics demonstrate a unique anisotropic 

shrinking similar to what was observed in previous work, in which island radius gradually 

decreases from 4.8 to 3.1 nm. However, island height barely changes during this period by 

maintaining its height at around 3.2 nm during the initial 130 s. The anisotropic shrinking can be 

confirmed quantitatively when comparing the fitting parameters. The linear shrinking rate (0.016 

nm/s) for radius is about 4 times larger than that for height (0.004 nm/s).  

When the measured island radius roughly matches its height of 3 nm at around 130 s, island 

shrinking switches from anisotropic to isotropic, as both island radius and height begin 

simultaneously decreasing with comparable rates (0.003 and 0.008 nm2/s, respectively) that are 

both faster than the initial anisotropic shrinking rate. The transition time between anisotropic and 

isotropic shrinking is determined to be about 125 s which is around the time when the buried part 

of Cu2O almost gets reduced as can be seen from Figure 27c. The reducing reaction now has no 

additional source of lattice O to react, leading to the removal of lattice oxygens at the bottom layer 

of the Cu2O nano-island and causing the island height to start deceasing. The island after this point 

starts shrinking in both directions (horizontal and vertical), leading to the observed parabolic 

shrinking profile. Moreover, there is a Cu pile forming at the bottom leftward perimeter of the 

island. This is probably due to the accumulation of freshly reduced Cu from side layers. At around 

148 s, the Cu2O nano-island radius and height have decreased down to a bit over 2 nm, and Cu 

pile at the bottom perimeter have grown bigger, destabilizing the entire Cu2O nano-island and 
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causing the island to tilt towards its left side (Figure 27d). Followed by the island tilting, both 

island dimensions start decreasing drastically and the entire island is removed within 10 s as is 

shown in Figure 27e. On the other hand, the buried Cu2O bottom shows a different reductive 

shrinking dynamic. As shown in Figure 28, the buried part has an initial radius of 4.5 nm and 

height of 3.8 nm. By fitting the change of island radius and height into a linear and a parabolic part 

using piecewise fitting based on AIC [184], it can be seen that both radius and height of buried 

Cu2O nano-island gradually decreases at comparable rate until the entire buried bottom part is 

reduced at around 135 s. The geometry of the buried Cu2O has initially maintained the trapezoid 

shape until the bottom side shrinks to almost a point at around 70 s. After that, the buried Cu2O 

has been able to maintain a triangle shape as shown in Figure 28b until its total removal at around 

136 s. This could be attributed to the faster phase transformation from Cu2O→Cu along 

Cu2O//Cu(100) interface which essentially make of the two sides of the buried Cu2O island shrink 

faster than the Cu2O//Cu(110) interface which is the orientation of top and bottom surfaces of the 

trapezoid island.  

 

 

 



 72 

 

Figure 28. Reduction process of buried part of Cu2O nano-island on Cu(110) facets 

under 7.6×10-6 Torr MeOH vapor and at 300°C. a-d HRTEM images depicting Cu2O nano-

island shrinking over time. e Time-dependent change of the radius (half width) and height 

of the buried Cu2O nano-island (marked in b) during reduction. 
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5.3.3 Atomic-scale dynamic of Cu2O and interfacial transformation 

 

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 Cu2O monolayer reduction 

at under 7.6×10-6 Torr MeOH vapor and at 300°C, the black dashed box marks the vertical 

atomic side layer of Cu2O 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 each layer. 

 

In situ videos during reduction also reveals atomic-scale dynamics of the Cu2O nano-island. Figure 

29 shows an in situ TEM observation of how the Cu2O nano-island in Figure 26(b) is being reduced 

monolayer by monolayer under MeOH. Black dashed frames highlight the vertical atomic layers 

on the side of the island. Figure 29a mark the starting point (0 s) for this time sequence. During 

the reduction process, the side layer of Cu2O island perpendicular to the Cu(110) substrate is being 

reduced, while its height decrease vertically until the entire layer is removed as shown in Figure 
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29c. This entire process takes about 4 s before the next side layer starts being reduced at around 

12 s (Figure 29d). However, the top layer of the oxide island does not change at all during this 

process. It maintains its initial position and the overall island height does not change by comparing 

Figure 29a→d. Therefore, the Cu2O nano-island is being reduced by MeOH solely from the side 

through this iterated monolayer-by-monolayer removal process. The observation here is consistent 

with the measurement from Figure 29e, in which only radius is decreasing during the first 120 s 

of reaction. Similar shrinking dynamic of side layers can be also observed in Figure 30 a→d. The 

rate of shrinkage for each side atomic layer can be further quantified through in situ videos. Figure 

29e shows an average shrinking rate of 10 side layers on the left side of the island before the island 

start tilting and collapsing. As can be seen, the shrinking rate of the left side of the island generally 

stays at around 1.5 nm/s during the first 6 layers (before 110 s). Starting at the 7th layer, the 

shrinking rate starts increasing for each layer and finally reaches about 3 nm/s for the 10th layer 

which happens right before the island starts tilting at around 147 s. The shrinking rate of layers on 

the right side of the island are also quantified. However, they observe a lower shrinking rate with 

only 4 layers being reduced within the same amount of time. This is probably due to the uneven 

reaction rate on both sides of the island, which could be caused by present defects. Shrinking rate 

of layers for the island in Figure 26(c) is also quantified and showed in Figure 30(e). Unlike the 

rate acceleration for the first island observed in Figure 29(e), the average shrinking rate of side 

layers for the second island is around 1 nm/s and the rate stays generally constant for total of 20 

side layers that are quantified as shown in Figure 30(e).  
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Figure 30. Monolayer by monolayer reduction of Cu2O nano-island in Figure 26(c) 

under MeOH. a-d high magnification view of the dynamics of the Cu2O monolayer reduction 

at under 7.6×10-6 Torr MeOH vapor and at 300°C, the black dashed box marks the vertical 

atomic side layer of Cu2O nano-island. e Average shrinkage rate of 20 side layers on the right 

(dark red).  

 

The removal of buried Cu2O is attributed to the interfacial transformation from Cu2O to 

Cu. Figure 31a-c show snapshots of the Cu2O//Cu interface around the buried Cu2O portion at 

higher magnification. The blue, red and yellow arrows help to trace the movement of the Cu2O/Cu 

interface depicted in Figure 31. The Cu2O//Cu interface is initially flat with the presence of atomic 

steps highlighted by blue arrow at Figure 30a.  The atomic step at the interface serves as a starting 

point for the Cu2O→Cu transformation. The conversion propagates along the Cu2O/Cu interface 

which has a (100) orientation. The red and yellow arrows in Figure 31b & 31c point to the new 

locations of atomic steps at 8.4 s and 10.6 s, respectively. Therefore, the side of buried Cu2O is 

being reduced via the Cu2O→Cu interfacial transformation along the (100) direction.  
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Figure 31. Cu2O→Cu interfacial transformation at Cu2O nano-island bottom in 

Figure 26(b). a-c HRTEM snapshots showing the Cu2O→Cu conversion at the Cu2O/Cu 

interface under 7.6×10-6 Torr MeOH vapor and at 300°C, the blue, red and yellow arrows 

point to the Cu2O/Cu interface step edge at 4.2 s, 8.4 s and 10.6 s, respectively.  

 

 

 

Figure 32. Cu2O→Cu interfacial transformation at Cu2O nano-island bottom in 

Figure 26(c). a-c HRTEM snapshots showing the Cu2O Cu conversion at the Cu2O/Cu 

interface under 7.6×10-6 Torr MeOH vapor and at 300°C, the blue, red and yellow arrows 

point to the Cu2O/Cu interface step edge at 10.4 s, 11.2 s and 11.6 s, respectively. 
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5.3.4 Tilting and collapsing of Cu2O island 

Figure 33. Tilting and collapsing of Cu2O nano-island under MeOH. a, b, e, f Time-

sequence HRTEM images of late-stage of Cu2O reduction under 7.6×10-6 Torr MeOH vapor 

and at 300°C. 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 

Cu2O. 
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During the last 20 s of the reduction, the Cu2O nano-island starts to tile and then is reduced 

completely. From Figure 33a to 33b, the island starts tilting towards its left where there is a huge 

Cu pile accumulated beneath the island. Figure 33c and 33d are the diffractograms of 5a and 5b. 

As highlighted in green spots and lines from Figure 31c, the Cu2O island shows two-dimensional 

lattice fringes and maintains its epitaxy with the Cu(110) substrate (highlighted in red).  At 148.2 

s, the Cu2O island start losing its epitaxy with the Cu substrate due to a counter-clockwise tilting 

of 7°, as is measured from Figure 33d. The island tilts to further to its left and starts losing its 

lattice fringe contrast at around 150 s. Upon further tilting and reducing, the left half of the island 

has collapsed and the Cu2O island has now turned into a round particle, namely with radius less 

than 2 nm as shown in Figure 33d. 
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Figure 34. Schematic illustration of the reduction process. Reaction of methanol 

molecules with lattice oxygen in Cu2O at perimeter site forms methoxy and water molecules 

that desorb from the surface, causing layer-by-layer shrinkage for the side layer of Cu2O.  a 

At the metal oxide interface, Cu2O is gradually reduced through Cu2O→Cu transformation 

at Cu2O//Cu(100) interface. b Cu start accumulating at perimeter site when buried Cu2O is 

reduced, the rugged perimeter leads to enhanced reaction rate of MeOH reduction and faster 

shrinkage rate of side layer. c Cu keeps accumulating and finally lead to tilting of Cu2O 

island.  

 

5.4 CONCLUSION 

The present study employed the in situ ETEM to monitor the transformation of Cu2O islands on 

Cu(110) at atomic level under MeOH reducing environment. We revealed that the reduction of 

Cu2O under MeOH on Cu(110) substrate proceeded through layer by layer shrinkage along the 

side layers of Cu2O island and interfacial transformation of Cu2O to Cu initiated at step sites along 

interface. Additional accumulation of O vacancies on Cu2O//Cu(110) interface resulted in build-

up of Cu along interface, which further accelerate the shrinking process and further lead to the 
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tilting and collapsing of the Cu2O island. The entire reduction process is demonstrated in 

schematics shown in Figure 34.  We then proposed that the preferential dissociative adsorption of 

methanol molecules along perimeter of Cu2O islands led to the atomic dynamic described above 

which was further verified using DFT.  

Although we observed two shrinking regimes existed during the reduction similar to our 

previous study on Cu(100), we found that the underlying mechanism at atomic level on Cu(110) 

is distinctly different thanks to the access of in situ capabilities using ETEM. Building on our study 

on Cu2O reduction on Cu(100), the present study revealed additional atomistic insights on the 

active sites of Cu2O nano-island on Cu(110) during reductive shrinking under MeOH. Our results 

suggest that creating additional structural irregularity along Cu2O/Cu perimeter could further 

enhance the rates of methanol reformation on Cu2O nanoparticles. Furthermore, our work 

demonstrated that the fundamental impact of metal substrate on determining reaction mechanisms 

during metal oxide reduction. The atomic-level evolution observed during the entire Cu2O 

reduction process significantly complement and enhance the current understanding of metal oxide 

reduction as well as reaction mechanisms. These observations have broader impact on 

understanding supported oxides in heterogeneous catalysis and general gas-solid reaction kinetics.   
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6.0  OUTLOOK 

Overall, this dissertation demonstrates experimental approaches on correlating activity of Cu based 

material in methanol oxidation with its oxidation states, atomic structure at Cu2O surface and 

Cu2O/Cu interface. In Chapter 3.0 , metallic Cu was found to be responsible for H2 generation 

from partial oxidation of methanol while Cu1+ promotes water production. In Chapter 4.0 , atomic 

steps on surface of Cu2O nanoparticle on Cu(100) was showed to be very effective in facilitating 

dissociative adsorption of methanol which is one of the key steps for methanol oxidation on Cu 

catalysts. Chapter 5.0  further shows the decisive role of Cu2O/Cu(110) interface in determining 

the preferential adsorption site of methanol and facilitating phase transformation between Cu and 

Cu2O during methanol induced reduction. Future investigation should focus on bridging the gap 

of pressure between current in situ experiments which are running at high vacuum (10-4~10-3 Torr) 

and real catalytic reaction condition which typically runs at atmosphere or even higher pressure. 

Moreover, upgrade the current Cu single crystal sample (model catalyst) used in in situ TEM 

experiments to industrial type of Cu nanoparticles should also reveal more direct structural-activity 

correlation for methanol oxidation catalyzed by Cu based material.   

In summary, suggested directions for future work are focused towards three key areas, 

which can be understood as three projects for future research:  

1. Cu2O/Cu interface has been showed to play a key role in determining the crystal structure of 

Cu2O nano island and the preferential site for methanol dissociative adsorption in previous 
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chapters. To further complete and complement the work already done on Cu(100) and Cu(110) 

facets, probing the structure-activity relationship for Cu oxide island formation and reduction on 

Cu(111) facet – the remaining unstudied facet among all three Cu lower indexed facets –under 

MeOH or MeOH/O2 mixture using ETEM is necessary.  

2. One limitation for the experimental approach used in Chapter 3.0 is that sample’s reactivity 

and chemical composition were not evaluated under exact same conditions.  In order to extend 

the understanding of Cu active phase during catalytic reaction, Cu oxidation state should be 

correlated with Cu catalyst reactivity at elevated pressures (different O2/MeOH feed ratios) using 

AP-XPS attached with RGA.  

3. To better represent the industrial Cu/ZnO catalysts and correlate the structure aspects such as 

Cu nanoparticle shape and Cu/ZnO interface with reactivity, model Cu/ZnO catalysts with well-

defined structure should be synthesized and investigated under MeOH or MeOH/O2 mixture 

using ETEM.   
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APPENDIX A 

COMUTATIONAL DETAILS FOR CHAPTER 3 

For calculations assessing adsorption energetics and diffusion activation energy barriers, an energy 

cutoff of 400 eV was employed. Corresponding Brillouin-zone integration was performed using 

(4×2×1) k-point meshes based on Monkhorst-Pack grids [205] and with broadening of the Fermi 

surface according to the Methfessel-Paxton smearing technique [206] applying a smearing 

parameter of 0.2 eV. Derivation of the Hubbard U value applied to all Cu2O surface systems 

studied was completed by applying first-principles linear response theory [128] to a (2×2×(22), 48 

atom bulk Cu2O system employing a 600 eV energy cutoff and a (8x8x8) Monkhorst-Pack sampled 

k-point mesh set relative to the Cu2O unit cell.[205] In linear response calculations, Hubbard U

parameters are applied to the 3d orbitals of Cu atoms with 4b site symmetry characterized by the 

Pn-3m structural symmetry. Projector Augmented Wavefunction (PAW) pseudopotentials and the 

Perdew-Burke-Ernzerhof (PBE) parameterization of the generalized gradient approximation 

(GGA) functional were also used in these linear response calculations, [207, 208] with other 

attributes of these linear response calculations matching those employed in surface adsorption and 

diffusion calculations or – when this cannot be accomplished – the VASP linear response 

calculator developed in Curnan et al. [129]. 
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The vector lengths of the planes perpendicular to the cell dimensions of surface adsorption 

and diffusion calculations containing a vacuum for (100), (110), and (111) surfaces are 8.54 Å x 

12.81 Å, 9.80 Å x 13.86 Å, and 6.04 Å x 12.08 Å, respectively. Structural optimizations of these 

surface slabs were completed until all force components acting on non-fixed atoms were below 

0.02 eV/Å. Successive slabs were separated by a vacuum region of 12 Å.  

In determining how to address the presence of possibly unphysical electronic correlation 

interactions affecting Cu-O bonding and thus the results of pertinent adsorption site energy and 

NEB calculations, multiple issues potentially affecting the magnitude of the Hubbard U term 

modifying this interaction were considered. For example, the application of a Hubbard U resolved 

for a fully coordinated Cu2O bulk system may not represent the constant partial coordination of 

surface Cu not directly displaced during NEB calculations or the varying coordination of surface 

Cu directly involved in the displacements performed through NEB. However, given that the effect 

magnitude (about 0.3 eV) observed when changing the coordination of oxygen-bonded metal 

atoms in past research [130] is within the measurement uncertainty of the calculated U value (0.54 

eV), the magnitude of this concern is not significant with respect to the limitations of the linear 

response calculation. Given also that a single value of Hubbard U is required to directly compare 

the energetics of different NEB images depicting a common reaction pathway, the resolved U 

value of 7.5 eV is applied to all images of studied diffusion paths. Additionally, note that values 

of U within the uncertainty of the linear response calculation result (Ueff = 7.45 ± 0.54 eV) have 

been applied to successfully describe energetics, electronic structure, and structural characteristics 

of Cu-O surface systems distinctly different from their analogous bulk structures. [123] 

Additional concerns contributing to differences between studied Cu surface systems or 

corresponding bulk calculations include the effects of surface orientation on the oxidation states 
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of variously layered Cu adjacent to desorbing O, in addition to the varied use of either PW91 or 

Perdew-Burke-Ernzerhof (PBE) functionals.[207, 208] These concerns can be addressed by 

observing that empirically fitting U to the electronic structure and magnetic properties of CuO and 

Cu2O systems with and without defects studied using PBE and PW91 functionals[209, 210], as 

well as performing first-principles constrained DFT U calculations on the 3d orbitals of Cu in CuO 

using the PBE functional[211], yield U values (7.00-7.14 eV) within the previously mentioned 

measurement uncertainty. The additional empirical fitting of U to different albeit related properties 

yields qualitatively consistent values of 6-8 eV,[212, 213] while U values lower than this are 

generally achieved while employing different pseudopotentials.[212, 214] Pseudopotential 

selection is known to potentially have significant effects on first-principles calculated U 

results.[215]  

Though very recent work on CuO surface chemistry has fitted a Hubbard U value of 4.5-

5.5 eV to the adsorption energy of H2 on CuO and less successfully applied a value of U = 7 eV to 

Cu in these calculations, note that this has been applied to describe Cu-O bonding affected by O-

H bonding. A range of local structural coordination changes representative of coordination changes 

occurring during the reaction or diffusion processes affected linear response U measurements 

much less (~0.3 eV) [127, 216] than the range of U differences between the values of U mentioned 

previously (1.5-2.5 eV). [217] Changes in Cu oxidation state observed in studied systems from 

Cu+1 to Cu+2, vice versa, or between other oxidation states – which are characteristic of transitions 

from Cu2O to CuO bulk structures – also have been demonstrated to likely produce smaller effects 

on implemented Hubbard U, as linear response calculations have resolved smaller differences 

(~0.3 eV) between linear response derived Hubbard U for Cu2O (7.45 eV in this study) and CuO 

(7.14 eV) [210]. Consider that the propagated uncertainty from both local coordination and Cu 
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oxidation considerations (~0.43 eV) is less than the uncertainty of the linear response Cu2O Ueff 

resolved in this study (0.54 eV), as well as that the difference between U values applied to represent 

Cu-O bonding affected [217] and not affected [123] by H bonding in past work (1.5-2.5 eV) is 

distinctly greater than both of these quantities. Therefore, the presence of H bonding local to 

studied reaction pathways – as opposed to isolated structural coordination or Cu oxidation state 

changes – is likely the most prevalent cause for the discrepancy between U values fitted from H2 

adsorption of CuO surfaces and U values derived for Cu2O via linear response theory.  

Calculations performed in this study do not feature O-H bonding and thus would not be 

affected by the postulated prevalent effects of H bonding on Hubbard U, rather only the smaller 

local structural and Cu oxidation state effects mentioned previously. Furthermore, even though 

anisotropic changes in relative surface defect energetics – which are comparable to adsorption site 

energetic differences – can occur with changes in Hubbard U, these are generally not sufficiently 

large to change adsorption site preferences. [123] Perhaps most importantly, energetic barriers to 

desorption of atomic species from Cu-O surfaces involving lattice O – which are of primary 

concern to the CO and CO2 selective desorption energetics evaluated using NEB in this study – 

are show to change slightly (~0.01 eV) within selected U values ranging from 5 to 7 eV. [217] 

Therefore, though the effects of excluding consideration of Hubbard U in this study could be 

demonstrably large, inclusion of U = ~7 eV more accurately represents Cu-O systems excluding 

H bonding than inclusion of U = ~5 eV (which can be used when H bonding is present), site 

adsorption preferences are not expected to change within U = ~5-7.5 eV, and relative desorption 

energetic changes resulting from change within U = ~5-7.5 eV are inconsequential (~0.01 eV) in 

magnitude relative to the differences in CO vs. CO2 desorption selectivity measured in this study 

(0.12-0.27 eV). 



87 

The determination of relaxed, bulk, cubic Cu2O structure proceeded with the calculation of 

sets of constant volume, constant lattice dimension proportion (ISIF = 2) energies over ranges of 

consistently incremented lattice dimension or volume around the equilibrium calculated Cu2O 

volume. This was completed for 1x1x1 or unit cell Cu2O, while equilibrium lattice dimensions (a 

= 4.31 Å) were determined using the Birch-Murnaghan Equation of State (EOS), in strong 

agreement with analogous experimental results (a = 4.27 Å). [218] The volume fitted from this 

EOS was applied to 2x2x2 supercell representations of Cu2O, forming a supercell to be relaxed for 

linear response analysis.  

The bare perturbation response [214] required to calculate linear response derived values 

of Hubbard U needs an initially converged charge density (CHG) file as input when using the 

VASP calculation procedure detailed in Curnan et al. The other file contents completed to perform 

structural relaxations on 2x2x2 Cu2O supercells are retained. The initial perturbations (χ0) form 

the perturbation response over the range of perturbation values [-0.15, 0.15] (LDAUU and LDAUJ 

below) in increments of 0.05, in conjunction with the CHG file previously mentioned. All other 

files needed to relax Cu2O are retained in these calculations. The final perturbations (χ) form the 

perturbation response over the range of perturbation values [-0.15, 0.15] (LDAUU and LDAUJ 

below) in increments of 0.05. All other files needed to relax Cu2O are retained in these calculations. 

Adsorption energy calculations for CO and CO2 were performed on (100), (110) and (111) 

surfaces. Cu-terminated surfaces were used to model the (100) and (111) surfaces, and a Cu-O 

terminated surface was used for the (110) surface. For CO2 adsorption site calculations, an O-

deficient surface was used to simulate the removal of a lattice oxygen atom. The most stable 

configurations were determined by placing CO and CO2 on the surface and varying the orientation 

and adsorption sites. The adsorption energy (ΔE) is calculated using the equation:  
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∆𝐸 = 𝐸𝑎𝑑𝑠 − 𝐸𝑟𝑒𝑓 − 𝐸𝑔𝑎𝑠      (A-1) 

Where Eads is the total energy of the system including both Cu2O surface and adsorbate, Eref is the 

total energy of the surface without its corresponding adsorbate. Egas is the energy of a molecule in 

its gas phase, calculated by placing an isolated molecule in a box. The table below states the 

adsorption energies, orientation (vertical or tilted), and the bonding site (Cu top or Cu bridge) for 

the most stable configurations of CO and CO2. CO is bonded to the surface by its C atom, while 

CO2 is bonded by its O atom. 

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. 

Adsorbate (100) (110) (111) 

CO 1.22 eV Vertical 

Cu Bridge 

0.26 eV Tilted 

Cu Top 

1.09 eV Vertical 

Cu Top 

CO2 0.03 eV Tilted 

Cu Bridge 

0.10 eV Tilted 

Cu Top 

0.05 eV Tilted 

Cu Top 
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APPENDIX B 

TEM IMAGES AND QUANTITATIVE ANALYSIS FOR THE REST CU2O ISLANDS IN 

CHAPTER 4 

Figure 35. Shrinking profile of Cu2O island (#1 in Table 1) with fitting parameters. 
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Figure 36. Shrinking profile of Cu2O island (#2 in Table 1) with fitting parameters. 

Figure 37. Shrinking profile of Cu2O island (#3 in Table 1) with fitting parameters. 
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Figure 38. Shrinking profile of Cu2O island (#4 in Table 1) with fitting parameters. 

Figure 39. Shrinking profile of Cu2O island (#5 in Table 1) with fitting parameters. 

Figure 40. Shrinking profile of Cu2O island (#6 in Table 1) with fitting parameters. 
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APPENDIX C 

STATISTICAL APPROACH FOR IDENTIFYING CU2O SHRINKING RATE 

TRANSITIONS 

As shown in Figure 35-50, studied Cu2O islands shrink over two apparently distinct and

regimes, the first of which features the anisotropic shrinking of island radius with relatively 

constant island height. The subsequent regime features the isotropic, relatively proportional 

shrinking of island radius and height. These two shrinking regimes characterize shrinking 

rates with different functional forms. 

In order to preliminarily evaluate whether defined anisotropic and isotropic shrinking 

regimes have numerically distinct shrinking rates, the presence of breaks in shrinking rates at 

anisotropic-isotropic shrinking transition points will be determined via the Chow test which is 

a test of whether the true coefficients in two linear regressions on different data sets are equal. 

Modeled shrinking results from the diffusion of Cu away from oxide islands and to the perimeter 

formed by the island and its Cu substrate. The shrinking or dissociation of Cu2O oxide islands with 

methanol (MeOH) reduction has been modeled as linear decay in past work. More specifically, 

this work has modeled Cu dissociation as linear atom loss along single island perimeter 

dimensions, as well as linear shrinking of surface areas along sets of two island perimeters. The 

latter of these descriptions can be equated to parabolic shrinking along single dimensions. 
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As can be calculated from Table 1 in the main document of this work, anisotropic shrinking 

rate ratios between radii and height of the seven islands tested observe a mean of 61.07, a minimum 

of 5.58, and a maximum of 211.09. Respective isotropic shrinking rate ratio statistics include a 

mean of 1.50, a minimum of 0.39, and a maximum of 2.52. Thus, Cu diffusion occurring in the 

anisotropic regime appears to occur largely (if not entirely) along a single dimension (radius) in 

this work. Therefore, anisotropic shrinking will be initially approximated via first-order rate 

kinetics during the Chow test. In contrast, isotropic Cu diffusion can occur primarily along either 

the height or the radius of a given island (usually radius), though all radius vs. height ratios are 

distinctly closer to unity in the case of isotropic than anisotropic shrinking. In this case, either first-

order or second-order rate kinetics may potentially model Cu diffusion, depending on the 

proportionality of island shrinking along radius and height. For the purposes of determining the 

significance of the break between anisotropic and isotropic rates of shrinking within the limitations 

of the Chow test, isotropic shrinking will be initially evaluated using first-order rate kinetics. 

Nevertheless, future analysis within this Supporting Information will seek to determine whether 

first or second-order kinetics model isotropic shrinking more effectively. 

Consistent with the assumptions and approximations made above and in past work, the 

shrinking of oxide islands can be modeled using the following reaction: 

Cu2O (s) + 2CH3OH (g) → 2Cu (s) + 2CH3O (g) + H2O (g)  (C-1) 

The methanol decomposition component of this reaction can be stated to explicitly indicate the 

production of O: 



94 

2CH3OH (g) → 2CH3O (g) + 2H (g)         (C-2) 

2H (g) + O (g) → H2O (g)  (C-3) 

Combination of [C-1], [C-2], and [C-3] ([C-1] - [C-2] - [C-3]) yields the reaction shown in past 

work: 

         Cu2O (s) → 2Cu0 (s) + O (g)   (C-4) 

Applying reaction [C-4] and first-order rate kinetics to anisotropic (ra = ka [Cu]) and isotropic (ri 

= ki [Cu]) island shrinking as tentative approximations, two linear regression models can be derived 

from given rate equations for the Chow test as follows: 

𝑟𝑗 =
𝑑[𝐶𝑢]

𝑑𝑡
= 𝑘𝑗[𝐶𝑢] | 𝑗 = 𝑎 (𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐) 𝑂𝑅 𝑖 (𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐)   (C-5) 

𝑑[𝐶𝑢]

[𝐶𝑢]
= 𝑘𝑗𝑑𝑡 → ln([𝐶𝑢]) = −𝑘𝑗𝑡 + ln ([𝐶𝑢]0)         (C-6) 

𝑦𝑗 = ln([𝐶𝑢])𝑡,𝑗 | 𝑦0,𝑗 = ln([𝐶𝑢]0)𝑗 | 𝑥𝑗 = 𝑘𝑗𝑡 → 𝑦𝑡,𝑗 = −𝑘𝑗𝑥𝑡,𝑗 + 𝑦0,𝑗 + 𝜀     (C-7) 

The Chow test evaluates the Sums of Squared Residuals (SSR) of both combined (a + i) and 

separate (a, i) anisotropic and isotropic shrinking measurement regressions. Given respective 

sample sizes Na and Ni, as well as the number of parameters tested (k), the Chow test inferentially 
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evaluates whether the two regressions depicted above are equivalent using the null hypothesis (H0), 

alternate hypothesis (HA), and F-statistic shown below: 

𝐻0 : ln([𝐶𝑢]0)𝑎 = ln([𝐶𝑢]0)𝑖  𝐴𝑁𝐷 𝑘𝑎 = 𝑘𝑖  (C-8) 

𝐻𝐴 : ln([𝐶𝑢]0)𝑎 ≠ ln([𝐶𝑢]0)𝑖  𝐴𝑁𝐷/𝑂𝑅 𝑘𝑎 ≠ 𝑘𝑖     (C-9) 

𝐹 =
[𝑆𝑆𝑅𝑎+𝑖−(𝑆𝑆𝑅𝑎+𝑆𝑆𝑅𝑖)]

(𝑆𝑆𝑅𝑎+𝑆𝑆𝑅𝑖)/(𝑁𝑎+𝑁𝑖−2𝑘)
  (C-10) 

For these calculations, note that the breakpoints or transition points defining the anisotropic and 

isotropic regimes were taken from Figure 22 and derived using the Levenberg-Marquardt (LM) 

Algorithm and piecewise function analysis routines of the Origin software platform. Results 

presented in the table and figures below were achieved using the “gap” and “nortest” packages, as 

well as other built-in routines, of the R statistical software platform.  
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Figure 41. Sample Quantile-Quantile (Q-Q) plots depicting the normality of the 

regression residuals (ε) of island (#1 and #5) radii shrinking in anisotropic regimes. 

The Chow test assumes that regression residuals (ε) are independently and identically 

distributed from a normal distribution. A representative illustration of the normality of sample 

regression residuals, which is shown in Figure 41 in Quantile-Quantile (Q-Q) plots, indicates that 

sample deviations from a normal distribution – or deviations from the 45° degree lines in plotted 

data – occur almost entirely in ranges of data more than one quantile away from fitted regression 

results and at sparsely sampled distances from those results. The Shapiro-Wilk test results of island 

#1 (p-value = 0.299), which is representative of most sampled islands, and island #5 (p-value = 

0.057) show that rejecting the overarching assumption of regression residual normality under a 

quantitative premise can only occur by using a large confidence interval (such as α = 0.1). In 

combination, these Q-Q and Shapiro-Wilk results indicate that pertinent data is normally 

distributed or approximates being normally distributed to the extent of not impeding Chow test 
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evaluations, given that Chow test p-values are sufficiently lower than typically given confidence 

intervals (such as α = 0.05).

As can be shown in Table 3 below, Chow test results for each island (1-7) and both its 

radius (r) and height (h) dimensions reveal that the null hypothesis can be strongly rejected for all 

sampled islands. Therefore, distinct anisotropic and isotropic regimes are statistically justified for 

the analysis completed in this paper, especially considering the very low magnitude of all p-values 

evaluated and the further statistical evaluation of this data completed below. 

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. 

Island # Dimension F-value Na + Ni - 2k p-value

1 r 234. 216 8.96 x 10-55 

2 r 197. 551 2.70 x 10-65 

3 r 181. 97 1.89 x 10-33 

4 r 46.4 61 5.68 x 10-13 

5 r 211. 346 1.47 x 10-60 

6 r 20.6 82 5.71 x 10-8 

7 r 91.6 102 1.67 x 10-23 

1 h 413. 280 3.01 x 10-84 

2 h 210. 527 1.04 x 10-67 

3 h 99.0 90 1.86 x 10-23 

4 h 39.4 60 1.18 x 10-11 

5 h 333. 280 1.02 x 10-74 

6 h 48.0 74 4.27 x 10-14 

7 h 51.4 51 5.98 x 10-13 

In order to evaluate whether isotropic shrinking is characteristic of first or second-order 

rate kinetics, the Akaike Information Criterion (AIC) of each system is resolved. Relative AIC 

(ΔAIC) values evaluate the trade-off between the inclusion of additional parameters to different 

models and the minimization of their errors, determining whether the information loss observed 
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by different kinetic models can justify the subtraction of terms from them. Lower ΔAIC values 

comparing different kinetic models sharing the same data set indicate better model quality with 

respect to their ordering and their relative magnitudes. Through the analysis performed below, the 

AIC of linear (first-order) decay models without two distinct anisotropic and isotropic rates (L), 

linear decay models with two distinct rates (L+L), and a model with anisotropic linear decay and 

isotropic parabolic (second-order) decay (L+P) are compared. Therefore, this analysis determines 

whether the addition of parameters required to distinguish two separate kinetic rates from one 

another is justified relative to observed error reduction, as well as whether error is best minimized 

by applying first or second-order rate kinetics to the isotropic regime. Also note that, given AIC 

orderings and relative AIC magnitudes of L, L+L, and L+P models of the same shrinking data are 

being compared, relative results will not vary with monotonic logarithmic transformations of data. 

AIC results are summarized in Table 4 below. 
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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. 

Island 
# Dimension 

ΔAIC 
(L) 

ΔAIC 
(L+L) 

ΔAIC 
(L+P) 

1 r 662 6.02 0.00 

1 h 242 10.9 0.00 

2 r 986 39.9 0.00 

2 h 1790 373 0.00 

3 r 89.0 0.00 4.63 

3 h 237 46.5 0.00 

4 r 8.44 2.54 0.00 

4 h 1.77 8.60 0.00 

5 r 317 84.2 0.00 

5 h 320 23.7 0.00 

6 r 86.5 1.84 0.00 

6 h 166 4.37 0.00 

7 r 542 113 0.00 

7 h 95.8 2.36 0.00 

As can be shown in Table 4, L+P models are almost universally favored over L+L and L 

models, while L+L models are almost universally favored over L models. Given the relative 

magnitudes of differences between L+P and L+L models, as well as those between L+L and L 

models, distinguishing between two kinetic rates is very strongly preferred (L+L or L+P) over not 

doing so (L). In other words, L-P/L-L differences are much smaller than L-L/L differences, 

frequently by an order of magnitude. Therefore, the two-stage mechanism proposed in this work 

is both inferentially and informationally justified in a statistical context, given the decay model 

established in past work shows that L+P models should be used over L+L models in isotropic 

shrinking over surface areas. Also relative to these differences, exceptions to the general 

conclusions presented previously occur due to slight differences comparable in size to smaller L-

P/L-L differences. Therefore, small quantities of these results can be classified as outliers.  
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Overall, these results numerically support that first-order rate kinetics describe the 

anisotropic regime and second-order rate kinetics describe the isotropic regime. Therefore, 

reactions modeling the rates of anisotropic (ra) and isotropic (ri) island shrinking resulting from 

anisotropic (ka) and isotropic (ki) kinetic rate constants can be described via:  

      ra = ka [Cu] (C-11) 

ri = ki [Cu]2 (C-12) 
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APPENDIX D 

COMPUTATIONAL DETAILS FOR CHAPTER 4 

Density Functional Theory (DFT) calculation results featured in this work were achieved using the 

Vienna Ab Initio Simulation Package (VASP, version 5.4.4). These calculations applied the 

Perdew Burke Ernzerhof (PBE) functional,12 an electronic self-consistent loop break condition of 

5x10-5 eV, and an ionic relaxation loop break condition of 0.02 eV/Å. Projector Augmented Wave 

(PAW) method resolved pseudopotentials for Cu, O, C, and H elements were used, namely those 

respectively labelled “Cu”, “O_s”, “C_s”, and “H”. The modeling of MeOH adsorption on Cu2O 

interfaces, as well as the subsequent MeOH dissociation to form Methoxy and H adsorbates, was 

completed using the Climbing-Image Nudged Elastic Band (CI-NEB) method, with each CI-NEB 

calculation employing five images. DFT energetic comparisons were made between structures 

modeling flat Cu2O(100) surfaces and stepped Cu2O(100) interfaces with {100} oriented facets, 

which most closely resembled experimental structures. Modeled structures tested Cu and O 

terminated surfaces to consider a broader set of O surface coverage conditions. Selective dynamics 

were used to constrain the bottom half of the flat surface constituting both flat and stepped 

structures, as well as constrain the columns of atoms perpendicularly intersecting the top flat 

surfaces of stepped Cu2O(100) structures. 
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Initial determinations of energetically favorable candidates for MeOH adsorption and 

dissociation calculations were made using DFT calculations to screen for the most energetically 

stable dissociated (MeO and H adsorbates) Cu2O surface structures that resembled the stepped and 

flat surfaces resolved in experiment. Pursuant to this screening, stepped Cu2O(100){100} 

structures were evaluated, in accompaniment with complementary flat Cu2O(100) structures, while 

considering both Cu-terminated and O-terminated surfaces. Energetic results achieved during this 

screening used an energy cutoff (ENCUT) of 300 eV and were sampled only at the Γ-point (1x1x1 

k-point grid). Calculations of MeO+H adsorption energies (after dissociated of adsorbed MeOH)

were achieved using the expression below, with MeOH molecular energies determined using the 

convergence of similarly parameterized calculations with increasing box size (up to 12 Å x 12 Å 

x 12 Å): 

 ∆𝐸𝑀𝑒𝑂+𝐻 = 𝐸𝑀𝑒𝑂+𝐻 − (𝐸𝑀𝑒𝑂𝐻 + 𝐸𝐶𝑢2𝑂)     (D-1) 

Using the above notation, MeO+H adsorption energies following dissociation (ΔEMeO+H) are 

calculated from the DFT energies of simulations featuring separate adsorption of MeO and H 

adsorbates on a given Cu2O interface (EMeO+H), an isolated MeOH molecule (EMeOH), and a 

corresponding Cu2O interface calculation without any adsorbates (ECu2O). MeOH adsorption 

energy screening results for flat Cu2O(100) surfaces are summarily depicted for both Cu and O-

terminated structures in Figure 42 below. Note that, in all structures visualized in future figures, 

Cu, O, C, and H atoms are respectively represented as blue, red, brown, and white spheres using 

the VESTA software package. 
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Over all structures evaluated, note that the O atoms of MeO adsorbates initially had two-

fold coordination, as each of them was most closely attached to single C and Cu atoms. In the case 

of the Cu-terminated flat Cu2O(100) surface (Figure 42A), only lattice or subsurface O atoms can 

bond to H atoms. Given that subsurface O atoms serve as nearly structurally equivalent sites for H 

adsorption from MeOH dissociation due to being in Cu surrounded environments, only the O atom 

nearest to the H atoms was tested. Relaxation of the MeO adsorbate upon dissociation yielded an 

adsorbed O with three-fold coordination and a relatively high adsorption energy (ΔES13A = +0.23 

eV). This relaxation to three-fold coordination leads to a structure in which MeO adsorbates are 

Figure 42. Flat Cu2O(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.
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closest to nearly structurally equivalent matching H adsorbate sites within three nearest-neighbor 

sites, further justifying past testing of only nearest neighbor sites. 

Subsequently tested O-terminated flat Cu2O(100) surfaces (Figure 42B, 52C, 52D) initially 

evaluated four structures systematically, featuring H adsorbing to a nearest neighbor surface O 

(Figure 42C), nearest neighbor subsurface O, next nearest neighbor surface O (Figure 42B), and 

next nearest neighbor subsurface O (Figure 42D). The initial structure used to initialize the relaxed 

structure depicted in Figure 42B placed an H adsorbate on the nearest neighbor subsurface O, 

which then relaxed into a structure (Figure 42B) placing an H atom at an intermediate distance 

between the MeO adsorbate and the next nearest neighbor surface O adsorption site. Subsequent 

evaluations revealed that the most energetically favorable structure tested adsorbs H at the nearest 

neighbor surface O site (Figure 42C) and the least favorable structure adsorbs H at the next nearest 

neighbor subsurface O site. Consistent with previous calculations, MeOH dissociation to MeO 

leads to a transition from three-fold to two-fold coordination during relaxation. Also consistent 

with past work [69, 70], flat O-terminated surfaces are shown to much more (1.45 eV) favorably 

adsorb and dissociate MeOH. 
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Cu-terminated Cu2O(100){110} interfaces depict several sites for MeO and H dissociative 

adsorption that can be distinguished from one another based on the locations of MeO and H relative 

to one another. Given that O within Cu-terminated Cu2O steps is solely located in the subsurface 

of the Cu2O step, MeO adsorbate positions are limited to allow diffusion of H from MeOH to 

subsurface O in single linear paths. From this limitation, three distinct structures are readily 

defined and tested as candidates for MeOH dissociation, including MeO adsorbed to a {100} step 

Figure 43. Cu2O(100){100} Cu-terminated stepped surfaces with MeOH adsorption 

and dissociation, with MeO adsorption on shared (Figure 43B) or adjacent (Figure 43C)

interfaces relative to H adsorbates, as well as MeO adsorption on step edge interfaces 

shared by H adsorbates (Figure 43A)
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edge that extends from a flat surface shared by a complementary H adsorbate (Figure 43A). 

Additionally, MeO can be adsorbed to a flat surface adjacent to an H adsorbate on a shared or 

adjacent (Figure 43C) flat surface. In each of these cases, initial two-fold coordination was given 

to MeO adsorbates, though relaxation generally lead to MeO assuming three-fold coordination. 

Over these cases, MeO adsorbing on the step edge (Figure 43A) is shown to be most energetically 

favorable. 

Figure 44 and Figure 45 both depict Cu2O(100){100} structures with O-terminations. 

However, the 6 atom Pn-3m Cu2O unit cell used for constructed all flat and stepped surfaces 

Figure 44. Cu2O(100){100} O-terminated (O bonded to step edge) stepped surfaces 

with MeO adsorption on the same (Figure 44A) and adjacent (Figure 44C) step edges as H

adsorbates, as well as MeO adsorption on flat surfaces shared by H adsorbates (Figure 

44B).
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contains two O atoms that become symmetrically inequivalent when forming stepped Cu2O(100) 

surfaces. Figure 44 depicts MeO and H adsorption on O-terminated structures with O bonded to 

the Cu atoms constituting the edges of the stepped interface, while Figure 45 shows structures with 

O bonded to the corners formed from the perpendicular intersection of (100) planes constituting 

the Cu2O(100){100} step. This perpendicular intersection renders evaluation of both terminations 

necessary. Upon evaluation, all structures tested in Figure 44 are found to be more favorable than 

those in Figure 45. In all cases, structures were initialized by applying two-fold coordination to 

the O of adsorbed MeO. 

Figure 45. Cu2O(100){100} O-terminated (O not bonded to step edge) stepped 

surfaces with MeO adsorption on the same (Figure 45B) and adjacent (Figure 45C)

step edges as H adsorbates, as well as MeO adsorption on flat surfaces shared by H 

adsorbates (Figure 45A).
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Applying screening criteria similar to those used to test MeO and H adsorption sites in 

Figure 43, tested structures include MeO on matching (Figure 44A) and adjacent (Figure 44C) 

steps as adsorbed H, with MeO adsorbed to two-fold coordinate Cu atoms forming step edges. 

Another structure tests MeO adsorbed to a three-fold coordinate Cu constituting a flat surface 

(Figure 44B), which is positioned adjacent to an adsorbed H. The most favorable structure, 

depicted in Figure 44C, features relaxation of a MeO adsorbate with initial two-fold O coordination 

to three-fold O coordination, consistent with past test results. 

The testing of structures shown above constitutes the screening of Cu and O-terminated 

Cu2O(100) and Cu2O(100){100} surfaces needed to select candidates for evaluating 

disproportionate adsorption energetics, which can be linked to anisotropic island shrinking. In 

summary, the screening of Cu and O-terminated Cu2O(100) and Cu2O(100){100} interfaces 

revealed that O-terminated structures are more favorable than Cu-terminated structures overall. 

Additionally, adsorbate configurations on the most favorable structures were shown to initialize O 

(in MeOH) with two-fold coordination and subsequently relax to yield O (in MeO) with three-fold 

coordination primarily affected by additional Cu-O bonding. Cu2O(100){100} structures proving 

more favorable than the most favorable Cu2O(100) flat surface adsorbate configurations (-1.19 

eV) always featured MeO adsorption on relatively under-coordinated step edge sites, consistent 

with experimental expectations for anisotropic island shrinking. Furthermore, the most favorable 

Cu2O(100){100} structure resolved observed MeO and H adsorbates on adjacent edge sites. 

Therefore, the structures selected as candidates for Figure 25, namely from evaluations performed 

via Figure 42-45, are shown in Figure 44A and Figure 44C, respectively.
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Evaluation of the effects of electronic correlation starts with the calculation of Hubbard U 

(U3d) parameters using a linear response approach on pertinent Cu atoms of evaluated structures. 

Preliminary relaxation and linear response calculations are completed by applying an energy cutoff 

(ENCUT) of 550 eV and calculation parameters otherwise matching those used in previous test 

calculations. Linear response techniques employed in past work were first applied to the most 

favorable flat Cu2O(100) system (Figure 42C), using a 4x4x1 Γ-point centered grid. Linear 

response calculations are applied to Cu sites over which H diffuses from MeO to next nearest 

neighbor O adsorbates, given that these Cu sites are closest to the dissociation processes being 

modeled. As depicted in Figure 45, Cu sites nearest MeO, between MeO and H, and nearest H 

adsorbates are calculated to have Hubbard U values of 8.81 ± 0.49 eV, 9.84 ± 0.60 eV, and 8.78 ± 

0.54 eV, respectively. Validation for these results is provided by calculation of the Hubbard U 

values for bulk CuCO3 and CuH2O2 systems, which respectively model Cu-O-C and Cu-O-H 

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. 
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bonding and were resolved from OQMD. Using respective 2x2x2 (40 atoms) and 1x2x1 (20 atoms) 

supercells based on 8x8x8 Γ-point centered grid scaled for dimensions, respective Hubbard U 

values of 10.30 ± 0.50 eV and 10.14 ± 0.50 eV values were calculated for the systems shown in 

Figure 47.  

Given the Hubbard U values and their respective overlapping uncertainties, a single 

Hubbard U value of 9.3 eV was used to model all MeOH adsorption and dissociation processes 

involving electronic correlation in this work. Considering that the under-coordination of metal 

cations has been shown to produce changes in calculated linear response U values of ~0.5 eV, 

CuCO3 and CuH2O2 can be equated to the previously calculated 9.3 eV result within uncertainty 

and other considerations. Reviewing the effects of surface undercoordination on calculated U 

values, this result is consistent with a similar Hubbard U value, which was calculated from fitting 

the band gap of bulk Cu2O, applied to ethanol adsorption on Cu2O(111) surfaces[164, 219]. 

Figure 47. Unit cell representations of bulk CuCO3 (A) and CuH2O2 (B) structures. 
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Final results comparing the most favorable flat surface (Figure 42C) to the most favorable 

stepped surface (Figure 44C) are displayed in Figure 25. Adsorption and diffusion energetics 

resolved in these sections apply an energy cutoff (ENCUT) of 400 eV, a Monkhorst-Pack k-point 

grid of 2x2x1, the DFT-D3 Grimme method for modeling dispersion effects, the Dudarev 

implementation of the Hubbard U method, and otherwise matching criteria compared to what was 

described previously. Including DFT-D3 in Hubbard U linear response calculations had effects 

(~0.1 eV) on those results that were well within reported uncertainties. 

For all interfacial systems calculated in this section, Δ[ΔE] were calculated from a starting 

structure featuring MeOH adsorbates and two-fold O coordination, while leading to a terminal 

structure with three-fold O coordination and both MeO and H adsorbates. The Δ[ΔE] result 

calculated for MeOH dissociation on the most favorable flat Cu2O(100) surface (0.25 eV) is 

strongly consistent with the most favorable barriers associated with MeOH diffusion processes on 

Cu2O(111) in past work [165]. Beyond validating prior experimental sections, illustration of the 

link between adsorption site energetics and island shrinking retroactively validates the sole use of 

ΔE (Figure 42-57) in screening candidate structures for MeOH adsorption and dissociation. 
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3. Add ammonium hydroxide (28-30%) to this solution dropwise from a glass pipette (~10

drops), until the pH of the solution is approximately 10

4. Mix this solution for 20 min, then centrifuge, wash, dry, and finally calcine Cu/ZnO

precipitates at 300 oC in air
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