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Abstract 

 

Catalytic Activity of 2-D Bimetallic Surfaces and  

3-D Metal Organic Frameworks 

 

 

Sungmin Han, Ph. D. 

The University of Texas at Austin, 2020 

 

Supervisor:  Charles Buddie Mullins 

 

The first part of this dissertation involves understanding the fundamentals of 2-D 

palladium (Pd) - gold (Au) bimetallic surfaces. The special catalytic capabilities of Pd–

Au bimetallic surfaces are mainly attributed to ensemble effects related to the 

compositions of inert Au atoms and active Pd atoms. In particular, we focus on the 

activation of O2 and various oxidative reactions on the Pd–Au surfaces. Using molecular 

beam techniques under ultrahigh vacuum (UHV), we prove that H2O and O2 admolecules 

form hydrogen bonded clusters, which enhance O2 activation. The direct dissociative 

adsorption of O2 is also possible on the Pd–Au surfaces. We experimentally estimate the 

activation barriers for O2 dissociation and the reactivity of oxygen adatoms as a function 

of the Pd coverage on the Au(111) surface, where a relatively low O2 dissociation barrier 

(high Pd coverages) corresponds to a higher reaction barrier for oxygen adatoms (due to 

the higher Pd coverages). Based on these results, we also discover that acetaldehyde 

molecules can be selectively oxidized to acetic acid on less Pd deposited surfaces, since 



 viii 

the small Pd ensembles on this surface can prevent the decomposition of acetate, which is 

an intermediate state in the formation of acetic acid.   

The second part of this dissertation involves growing and analyzing HKUST-1 

metal-organic framework (MOF) thin films. MOFs are a new class of ultra-porous 

material based on inorganic-organic hybrid structures. We explain a new growth method 

for HKUST-1 thin films by sequential deposition of Cu and H3BTC under vacuum. This 

procedure resulted in first MOF thin film to be controllably grown under vacuum, and the 

strategy can be applied in various applications. Since this growth method allows delicate 

quantity control of Cu, we successfully grow 4-6 nm or 8-12 nm Cu nanoparticles (NP) 

incorporated in HKUST-1 thin films. Applying temperature programmed desorption 

under vacuum, Cu NP incorporated HKUST-1 thin films show different catalytic activity 

for the methanol oxidation depending on the Cu NP sizes. The film with smaller Cu NP’s 

has improved selectivity for formaldehyde, and the film with larger Cu NP’s generates 

formaldehyde along with other products, CO2 and H2.     
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Chapter 1: Introduction 

1.1. SURFACE SCIENCE FOR HETEROGENEOUS CATALYSTS 

Various types of catalysts are used to produce more than 90 % of industrial 

products.1,2 In particular, heterogeneous catalysts are the most widely used type of 

catalysts, which covers approximately 80 % of global catalyst market shares.1,2 

Heterogeneous catalysts are typically solid materials composed of active and support 

materials, which exist in a different phase compared to the reactants which are presented 

either via the gas or solution phase. The active materials are generally nobel metal 

nanoparticles (e.g., Pt, Pd, Ir, Rh), and the support materials are typically porous metal 

oxides (e.g., Al2O3, TiO2, SiO2) which provides dispersion sites for the active metal 

nanoparticles. Catalytic reaction steps on heterogeneous catalysts are simply as follows: 

(1) Diffusion of reactants from bulk gas or liquid phases to the surface of the catalyst 

particles (2) Adsorption of reactants on the active sites of the surface of catalyst particles 

(3) Catalytic conversion of adsorbed reactants and (4) Desorption of products.1,2 Since 

heterogeneous catalysis is primarily a surface phenomenon, in order to understand 

detailed catalytic reaction steps, it is necessary to investigate surface morphology, 

compositions, and the active metal particle size of heterogeneous catalysts, which affect 

the adsorption and catalytic conversion of reactant molecules.1–4 Because of these 

complexities, fundamental understanding in detailed heterogeneous catalytic reaction 

mechanisms have been slowly discovered from the late 1950s with the invention of 

various molecular spectroscopies and material characterization techniques, even though 

heterogeneous catalysts have been heavily used in the chemical industries since the early 

20th century.5 
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Molecular level interactions between heterogeneous catalysts and various gas 

molecules have been investigated using vacuum surface science techniques. In contrast to 

catalytic reactions conducted with powder heterogeneous catalysts under high pressure of 

reactants, ultrahigh-vacuum (UHV) systems combined with model catalytic surfaces 

allow us to directly observe adsorption, desorption, adsorbate-adsorbate interactions, and 

catalytic transformations of target molecules.3,4 With selected facets of metals or 

controlled metal oxide layers for a certain chemical reaction in the UHV systems, we can 

determine specific characteristics of the catalysts related to certain product yields. 

Moreover, the UHV condition itself minimizes the quantity of contaminants that can be 

also adsorbed on the surface at the time of reaction, which leads to less chances of 

external molecules influencing the catalytic reaction. Adopting a vacuum surface science 

approach, Professor Gerhard Ertl successfully identified detailed molecular level reaction 

mechanisms of the Haber-Bosch process and became a Novel laureate in 2007.6 I also 

applied various vacuum surface science techniques in order to investigate the reactivity of 

oxygen adatoms on a 2-D Pd–Au bimetallic surface and the methanol oxidation reaction 

on a Cu nanoparticle (NP) incorporated 3-D HKUST-1 metal organic framework (MOF), 

which will be further discussed in the following sections.   

1.2. 2-D PD–AU BIMETALLIC SURFACES 

When two different metals are mixed and form a bimetallic heterogeneous 

catalyst, it frequently shows improved catalytic performance compared to those of the 

parent metals, induced from diverse changes in the physical and chemical properties of 

the metallic components: (i) ensemble effects and (ii) ligand effects.4,7–9 Ensemble effects 

originate from local compositions and structures of primary and secondary metallic atoms 

required to facilitate certain catalytic reactions; ligand effects are derived from 



 3 

modifications in electronic structures caused by forming metal-metal bonds between two 

different metal atoms.4  

Palladium (Pd) and gold (Au) are broadly known to form a bimetallic catalyst, 

showing promising catalytic properties in the synthesis of H2O2 directly from H2 and 

O2,10–12 the acetoxylation of ethylene to vinyl acetate,13–15 low temperature CO 

oxidation,16–22 and selective alcohol oxidation.23–27 The catalytic activity of Pd−Au 

catalysts primarily originates from ensemble effects which are directly related to the local 

composition of catalytically active Pd and inert Au atoms.4 In this respect, it is possible to 

control the activity of the Pd–Au catalyst for specific chemical reactions by changing the 

composition of Pd and Au atoms on the catalytic surfaces. For instance, alloyed 

Pd−Au/SiO2 nanoparticles with 4:1 ratio of Pd and Au showed better catalytic activity 

and stability in CO oxidation compared to other ratios of Pd and Au (16:1 and 8:1) or 

pure Pd.22 Moreover, it was observed that Au−Pd/TiO2 catalysts provide a largely 

improved turnover frequency (∼270000/h) for the oxidation of 1-phenylethanol in 

comparison to hydroxyapatite-supported Pd catalysts (Pd/ HAP, ∼12000/h).24 These 

catalytic reactions using Pd−Au nanoparticles were conducted under solvent-free 

conditions, which suggests the use of Pd−Au bimetallic catalysts with an approach for 

green chemistry. 

The Pd–Au model catalyst study under UHV has been adopted to understand the 

detailed molecular level surface interactions. By investigating ethylene acetoxylation to 

vinyl acetate on Pd–Au (100) and Pd–Au (111) model catalysts under UHV,28 it was 

verified that the dispersion of Pd atoms on the Au surface is a key factor for the reaction 

between an acid and ethylene fixed on Pd atoms. Moreover, various catalytic reactions 

involving H2 on the Pd–Au surface have been discovered, such as the generation of H2 by 

decomposing HCOOH,29 and the adsorption and activation of H2.30–32 In particular, O2 
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molecules shows interesting behavior on the Pd–Au model catalyst, where molecular O2 

desorption was observed below 200 K, and recombinative O2 desorption by dissociated O 

adatoms occurred at 750K on the Au–Pd (100) surface.18 It was also found that 

continuous Pd atoms are necessary to dissociate O2 admolecules on the Au–Pd (100) 

surface.17 Based on these findings, I have further investigated the activation mechanism 

of O2 and have conducted the oxidation of acetaldehyde on the Pd–Au(111) surface, 

showing different catalytic behavior depending on the quantity of deposited Pd atoms. 

1.3. 3-D HKUST-1 METAL-ORGANIC FRAMEWORK THIN FILMS 

Metal-organic frameworks (MOFs) consist of inorganic metal cation building 

units and organic linkers, which can form long-range ordered highly porous structures.33 

Thin films of MOFs have been widely studied because the chemical and structural 

characteristics of MOFs can be applied in drug delivery, microporous membranes, and 

microelectronic devices (e.g., gas sensors,34–38 low-k dielectrics,39–41 other electronic & 

opto-electronic devices11–13). For the growth of MOF thin films, the most commonly used 

method is adapted from bulk MOF powder synthesis methods typically using various 

solutions of metal cations and organic ligands.36 These solvent based methods allow 

control of the crystallinity and thickness of the MOF thin films. Moreover, they can be 

applied in the direct fabrication of interdigitated electrodes, microbeams, and other 

various supports as gas sensors.34,35 In spite of these capabilities, the solvent based 

methods are not suitable for the majority of microelectronic fabrication processes (e.g., 

semiconductor microchips) which are typically operated under vacuum. This is primarily 

because the solvents can contaminate and corrode the fabrication system, and they are 

also considered to be chemical waste after being used, incurring extra costs for safe 

disposal.  
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These limits in the solvent based MOF film growth methods have motivated 

researchers to develop solvent-free and gas-phase growth of MOF thin films. For 

example, Stassen et al.45 developed a gas-phase ZIF-8 thin film growth method by 

depositing 2-methylimidazole molecules using chemical vapor deposition (CVD) on ZnO 

layers grown by atomic layer deposition (ALD), a top-down approach. Furthermore, an 

ALD (or molecular layer deposition, MLD) technique was exclusively used for the 

sequential deposition of metal cations and organic ligands in a layer-by-layer (LBL) 

bottom-up growth approach, which was applied to MOF-546 and UiO-6647,48 thin film 

deposition. For advances in gas-phase MOF deposition methods, I have recently made 

additional progress regarding bottom-up gas-phase MOF growth strategies adopting 

physical vapor deposition (PVD) of Cu and CVD of H3BTC in order to grow a HKUST-1 

thin film under vacuum.49  

The HKUST-1 [M3(BTC)2] series of MOFs, where M = Cu (II), Zn(II), Mo(II), 

Cr(II), Ru(II) and BTC = 1,3,5-benzenetricarboxylic acid, have been widely studied 

because of their environmental friendliness, relatively low cost, high synthesis yields, and 

coordinately unsaturated open metal sites.50–53 In particular, the open metal sites in 

HKUST-1 function as chemically active centers, so the HKUST-1 series have been 

applied to selective gas adsorption and separation centers,54–58 Lewis acid catalysis,59 and 

proton transfer channels.60 Additionally, it was reported that the HKUST-1 MOF, once 

damaged, can be easily reconstructed with a simple treatment using ethanol.61 These 

interesting properties of the HKUST-1 series have also led to this structure being widely 

applied to 2-D thin films deposited on various substrates. Currently there are two types of 

interfaces mostly used for the growth of 2-D thin film of HKUST-1: Self-assembled 

monolayer (SAM) interfaces and metal-oxide interfaces. SAMs are a multifunctional 

organic thin film covalently bound to a metal or metal oxide substrate. They are famous 
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for their relatively easy preparation and can be patterned using facile micro contact 

printing.62,63 Employing SAMs can allow the synthesis of surface bound thin film 

SURMOFs (SURfaceMOFs) which are large homogeneous atomically flat MOF thin 

films. Specifically, the -COOH or -OH terminated SAMs are known to promote the 

growth of highly-oriented HKUST-1 films (the -COOH for the {200} planes and the -OH 

for the {222} planes).64,65 As mentioned above, the HKUST-1 MOF thin film can be 

directly synthesized on bare metal oxide interfaces without SAMs. This method is surface 

selective and strongly depends on the acid/base properties between the organic linkers 

and the particular bare oxide surface. In detail, the ligand employed for the HKUST-1 

MOF series, H3BTC, is acidic, so it is difficult to grow the HKUST-1 thin film on a SiO2 

surface which is also acidic (IEP, Isoelectric point = 2.0 - 2.5), but it can be grown on a 

bare Al2O3 surface which is basic (IEP = 9.0).66 To grow HKUST-1 on a SiO2 surface, it 

is necessary to modify the SiO2 surface with -COOH or -OH functional groups (e.g.,  

similar to the SAMs on Au substrates).63 Additionally, copper oxides and copper 

hydroxides can be precursors for the HKUST-1 thin film growth on various 

substrates.67,68 Although SAMs and other oxide interfaces provide growth sites for the 

deposition of HKUST-1 thin films, they are still solution-based methods basically 

following the HKUST-1 powder preparation method, which restricts the broader use of 

HKUST-1. Thus, I have developed a new growth method for HKUST-1 which is fully 

under vacuum adopting chemical vapor deposition of H3BTC and physical vapor 

deposition of Cu. Furthermore, this method allows delicate control of the quantity of Cu 

in each Cu deposition cycle, so that Cu nanoparticles can be incorporated within the 

HKUST-1 structure. These Cu nanoparticles have shown interesting catalytic activity 

under vacuum depending on their sizes. More detailed discussion is contained in the 

following chapters. 
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1.4. DISSERTATION OVERVIEW 

My Ph. D. studies have been composed of two parts: (i) O2 activation and 

oxidative reactions on 2-D Pd–Au bimetallic surfaces and (ii) full vacuum growth of 3-D 

HKUST-1 metal-organic framework thin films and its catalytic behavior. Specifically this 

dissertation consists of seven chapters. Chapter 1 provides general background related to 

my Ph. D. studies and an overview for this dissertation. Chapters 2 – 4 are about 

published studies regarding 2-D Pd–Au bimetallic surfaces, and Chapters 5 – 6 regard 3-

D HKUST-1 metal-organic framework thin films.  

In Chapter 2, we discuss H2O improved O2 activation on Pd–Au(111) surfaces. 

Using CO reactive molecular beam scattering (RMBS), we found that the O2 and H2O 

coadsorbed Pd–Au surface generates more CO2 molecules because of more activated 

atomic oxygen species compared to the O2 solely adsorbed surface. This study was 

published in Chemical Communications.69 As an extension of this study, we continuously 

worked on investigating the direct dissociation of O2 and the reactivity of atomic oxygen 

on the Pd–Au surface. With various surface analysis skills, we successfully estimated the 

dissociation barrier of O2 and the reaction barrier of oxygen adatoms based on the Pd 

coverages on the Au (111) surface. This research is explained in Chapter 3, which was 

published in ACS Catalysis.70 On the basis of the results regarding the reactivity of 

oxygen adatoms on the Pd–Au surface, we conducted acetaldehyde oxidation on Pd–Au 

surfaces and found that a 2.0 ML Pd deposited Pd–Au surface (composed of 45 % Pd and 

55 % Au) can selectively oxidize acetaldehyde to acetic acid near room temperature. On 

a 3.0 ML Pd deposited surface (composed of 80 % Pd and 20 % Au), acetaldehyde 

molecules were not selectively oxidized to acetic acid involving the generation of CO2, 

CH4, and H2O. Adopting DFT calculations, we verified that acetate species (formed by 

oxygen adatoms and acetaldehyde) can be easily decomposed to CO2 and CH4 on bigger 
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Pd ensembles. We discuss more details regarding this study in Chapter 4, which was 

published in ACS catalysis.71 

In Chapter 5 and 6, we demonstrate a new growth method for HKUST-1 thin 

films under vacuum and their use for methanol oxidation by incorporating catalytically 

active Cu nanoparticles (NPs) within the HKUST-1 structures. Specifically in Chapter 5, 

inspired by supramolecular structures of H3BTC, we sequentially deposited H3BTC from 

a chemical vapor deposition process and Cu from a physical vapor deposition process for 

the growth of HKUST-1 thin films. The transition of Cu0 to Cu2+ by forming paddle-

wheel units of HKUST-1 was facilitated by background gas molecules, O2 and H2O, with 

no indication of copper oxide formation, as confirmed by XPS and XRD. Additionally, 

our HKUST-1 thin films were highly oriented, which showed two distinct planes, the 

(220) and (222) planes, detected by glancing angle XRD and in-plane XRD respectively. 

The thickness of the HKUST-1 thin films linearly increased with the number of LBL 

cycles by ~ 20 nm for each LBL cycle as measured by AFM. Finally, we measured the 

desorption of H2O from a 100 nm HKUST-1 film and observed the existence of strongly 

bound H2O molecules absorbed within the HKUST-1 film, which predominantly desorb 

at 398 K. This study was published in the Journal of Material Chemistry A.49 Since with 

our growth method it is easy to control the quantity of Cu in each growth cycle, we 

incorporated extra Cu atoms in the HKUST-1 thin film structures to see their catalytic 

activity in Chapter 6. Using tunneling electron microscopy (TEM), we observed 4-6 nm 

of Cu NPs or 8-12 nm of Cu NPs in/on the HKUST-1 thin films depending on deposited 

Cu coverages (4 ML or 8 ML Cu) in each growth cycle. Employing UHV temperature 

programmed desorption methods, the HKUST-1 film with 4-6 nm Cu NPs showed the 

selective oxidation of methanol to formaldehyde, while the HKUST-1 film with 8-12 nm 

Cu NPs more strongly oxidized the methanol to generate not only formaldehyde, but also 
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CO2 caused by the formation of formate species. This study demonstrates the potential to 

control Cu nanoparticle size during the vacuum deposition of HKUST-1 thin films and 

how incorporated Cu clusters of different size affect the methanol oxidation catalytic 

activity under vacuum controlled conditions, which was submitted to ACS Catalysis. 

In Chapter 7, I summarize my overall Ph. D. studies and suggest future research 

directions on the basis of my discoveries. 
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Chapter 2: H2O-Improved O2 Activation on the Pd–Au Bimetallic 
Surface 

2.1. INTRODUCTION 

Palladium (Pd) – gold (Au) alloys have demonstrated their ability for various 

oxidative reactions as classical23,72–74 and electrochemical75,76 catalysts in aqueous 

solutions. To contribute to a more fundamental understanding of the oxidation process, 

we investigate the enhanced reactivity of O2 from co-adsorbed H2O on Pd–Au (111) 

model catalysts (Pd: 2.5 ML) under ultrahigh vacuum (UHV) conditions. Model catalyst 

studies of Pd–Au bimetallic surfaces under UHV have allowed enhanced understanding 

of the detailed molecular level interactions on this catalytic surface, including studies of 

various physical properties,77–79 the adsorption and activation of H2,30–32 the generation of 

vinyl acetate from C2H4 and CH3COOH and the production of H2 by decomposition of 

HCOOH.28,29 The interaction of O2 and the Pd–Au surface has also been investigated in 

previous model catalyst studies,6 which verified that continuous Pd sites are necessary to 

dissociate O2 admolecules on the Pd–Au surface. In a previous study of O2 on the Pd–Au 

(111) surface,80 we have shown that the desorption energy of O2 depends on the size of 

the Pd ensembles, and CO oxidation can be initiated at ~180 K, much lower than the 

threshold temperature for CO oxidation on the pure Pd surface (~ 400 K).81,82 

The experiments reported in this chapter were performed in a UHV chamber with 

a base pressure of ~ 1.0 × 10-10 Torr employing temperature programmed desorption 

(TPD) methods as well as molecular beam techniques.  

*Han, S.; Evans, E. J.; Mullen, G. M.; Mullins, C.B. H2O-Improved O2 Activation on the 
Pd–Au Bimetallic Surface. Chem. Commun., 2017, 53, 3990-3993. 
S. Han, E. J. Evans, and G. M. Mullen and C. B. Mullins conceived and designed 
experiments, analyzed and discussed results, and commented on the manuscript. S. Han 
performed experiments, analyzed data and wrote the paper. 
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2. 2. EXPERIMENTAL METHODS 

The experiments were performed in a UHV chamber which has been described 

previously,83 however brief details regarding the apparatus and experiments are described 

below. The Au (111) single crystal sample (12 mm in diameter × 2 mm thickness) is held 

in the UHV chamber by a Mo wire that can resistively heat the sample and also provide 

thermal contact with a liquid nitrogen bath. For the preparation of the Pd–Au bimetallic 

model surface, we believe the growth of Pd overlayers on Au (111) is governed by a 

layer-by-layer mechanism, in which the Pd atoms can diffuse in to the bulk of the Au 

(111) sample upon heating to form a Pd–Au alloy at the surface.78 The Pd–Au surface for 

this chapter was made by depositing 2.5 ML of Pd atoms from a homemade thermal 

evaporator onto the Au (111) surface at 77 K, and then the surface was annealed at 500 K 

for 10 min. All the gas molecules were delivered to the sample surface via a collimated 

molecular beam, enabling accurate control of the number of target molecules impinging 

on our model catalyst. We also utilized a Fourier transform infrared (FTIR) spectrometer 

with a mercury-cadmium-telluride (MCT) detector cooled by liquid nitrogen for 

reflection-adsorption infrared spectroscopy (RAIRS). 

2.3. RESULTS AND DISCUSSION 

2.3.1. Temperature Programmed Desorption (TPD) of O2 and H2O from the Pd–
Au(111) Surface 

Initially, we conducted TPD experiments to understand O2 desorption behaviour 

from the Pd–Au (111) surface. In these tests, we directed O2 molecules to the surface at 

77 K via a molecular beam and then heated the sample to 500 K at 1 K/s for the TPD 

measurement. As indicated in Figure 2.1a, 1 ML of adsorbed O2 on the Pd–Au surface 

shows a broad desorption spectrum compared to TPD tests for O2 on Pd (111), where 
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sharp molecular O2 desorption peaks can be observed at the following temperatures (~ 

130 K, ~ 160 K, ~ 210 K) with O2 dissociation occurring between 180 K – 200 K.84–86 

There are no desorption features above 200 K for our Pd–Au surfaces indicating that O2 

molecules are more weakly bound on the Pd–Au surface compared to the pure Pd 

surface. Furthermore, the broad O2 desorption feature is likely caused by the 

heterogeneity of the annealed Pd–Au surface since the O2 desorption energies are mainly 

dependent on the sizes of the Pd ensembles as explained by Yu et al.80 Specifically, for 

Figure 2.1.  TPD of various coverages of (a) O2 and (b) H2O on the Pd–Au (111) 
surface. Each sample was dosed at 77 K and then heated to 500 K with 1 K/s 
of heating rate. Above 200 K, there were no extra peaks observed for any of 
the cases. 
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lower O2 coverages such as 0.4 ML, most of the O2 molecules desorb in a relatively high 

temperature range (150 K – 180 K) compared to the broader TPD spectrum observed 

with 1.0 ML of O2. We believe this is because at low coverages the O2 molecules are 

mainly adsorbed on the relatively larger Pd ensembles, where they can more strongly 

interact with Pd atoms. However, when more O2 molecules are adsorbed (0.6 ML to 0.7 

ML), the additional O2 molecules adsorb on relatively smaller Pd ensembles, so the onset 

for O2 desorption continuously moves to lower temperatures, and finally for 1.0 ML of 

O2, the overall O2 desorption occurs from 80 K to 200 K, with most of the desorption 

complete by 180 K. 

The TPD experiments for adsorbed H2O on the Pd–Au surface show similar 

desorption behaviour compared to previous TPD measurements for H2O on Pt group 

metals.87–90 It has been observed that H2O molecules on the Pd surface form hydrogen-

bonded (H-bonded) clusters, which consist of the strongly bound H2O desorbing at 180 K 

and weakly bound H2O desorbing at 165 K.88–92 Consistent with this desorption 

behaviour, and as indicated in Figure 2.1b, H2O molecules on our Pd–Au surface strongly 

interact with the Pd ensembles, and this water desorbs with a peak at 177 K. With 

increasing amounts of H2O another peak appears at 160 K, which is made up of more 

weakly bound H2O molecules on the Pd ensembles. An additional peak is also observed 

at 148 K after the peak at 160 K is saturated. Based on previous studies, the peak at 148 

K corresponds to the desorption temperature of H2O molecules from a clean gold 

surface93 or multilayers of H2O molecules87,94. Thus, in this chapter, we define 1.0 ML of 

H2O on the Pd–Au surface to be when the 160 K peak is just saturated, which implies that 

all the H2O molecules are associated with the Pd ensembles as with a 1.0 ML coverage of 

O2 molecules on the Pd–Au surface. Additionally, to further characterize adsorbed H2O 

on our Pd–Au surface, we conducted reflection-adsorption infrared spectroscopy 
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(RAIRS) measurements, which shows two different –OH vibrational ranges for 1 ML of 

H2O in Figure A.1b consistent with TPD results. (see the Appendix A for more details.) 

2.3.2. Co-adsorbed H2O and O2 Desorption from the Pd–Au(111) surface 

After separately measuring the desorption of O2 and H2O molecules from the Pd–

Au bimetallic surface, we investigated the effects of co-adsorbed H2O and O2 on the Pd–

Au surface. In these experiments, we first adsorbed 1.0 ML of O2 on the Pd–Au surface, 

Figure 2.2.  TPD of O2 and H2O from Pd–Au (111) surface. All the samples were 
initially dosed with 1.0 ML O2 at 77 K, and then 0.6, 1.0, 1.5, and 2.1 ML of 
H2O were impinged also at 77 K. (a) shows 1.0 ML of O2 desorption in each 
H2O coverage, and (b) indicates various coverages of H2O desorption when 
1.0 ML of O2 is pre-adsorbed. 
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and then co-adsorbed various coverages of H2O molecules. Additionally, during H2O 

exposure, negligible O2 desorption/displacement is observed (Figure A.5). However, as 

shown in Figure 2.2, H2O molecules dramatically change the O2 desorption behaviour 

compared to the clean surface. Upon increasing the coverage of H2O, O2 molecules are 

more strongly adsorbed on the Pd–Au surface, showing a concerted desorption between 

150 K and 190 K. Specifically, as shown in Figure 2.2a, when 0.6 ML of H2O is co-

adsorbed, a higher proportion of O2 molecules remain on the surface until near 190 K 

compared to the case in which no water is co-adsorbed. The co-adsorbed 0.6 ML of H2O 

molecules (Figure 2.2b) also leave the surface within a relatively higher temperature 

range (160 K – 190 K) showing just one peak at 180 K (compare to 1.0 ML of H2O alone 

on the Pd–Au surface). When the H2O coverage is increased to 1.0 ML, most of the O2 

molecules desorb from the Pd–Au surface between 150 K and 190 K with a peak at 165 

K, while the H2O molecules have two different desorption peaks, at 152 K and 180 K.  

Thus, we can expect that the H2O molecules are bound differently depending upon the 

degree of molecular interactions with O2. This supposition is supported by results from 

RAIRS as shown in Figure A.1c, where it shows two -OH vibrational regions for the 1 

ML of H2O / 1ML of O2 case, which are different than the 1 ML of H2O solely-adsorbed 

case. Moreover, the desorption of O2 and H2O does not measurably affect the Pd 

ensembles as confirmed via CO-RAIRS (shown in Figure A.6). When O2 adsorbed on the 

Pd–Au surface is exposed to more than 1.0 ML of H2O, the H2O desorption peak at 152 

K is shifted a little bit to 155 K but higher and sharper as shown in Figure 2.2b, and the 

O2 starts to show a new desorption peak at 156 K as indicated in Figure 2.2a. It seems 

that the new peak for O2 is caused by the strong interactions with the additional H2O 

molecules, which causes more O2 desorption below 165 K compared to the 1.0 ML H2O 

case. Thus, we can speculate that the weakly bound O2 molecules on the relatively small 
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Pd ensembles are more likely to interact with surrounding H2O molecules instead of Pd 

atoms if they are exposed to a relatively large amount of H2O (> 1.0 ML).  

These strong interactions between the co-adsorbed O2 and H2O shown in Figure 

2.2 suggest that the H2O molecules are not just physically adsorbed. When the H2O 

coverage is higher than 1.0 ML, the adsorbed O2 and H2O molecules desorb over similar 

temperature ranges (150 K – 190 K), and even 0.6 ML of H2O apparently affects the 

desorption behaviour of O2. Since the amount of H2O used in these experiments is quite 

small we do not expect to form a crystalized porous film which could yield “molecular 

volcano-like” effects (which used ~ 30 ML of H2O)95,96. The conditions used here are 

closer to those used in previous research for hydrogen and water interactions on transition 

metal surfaces.97,98 As shown in Figure A.3, we also find that the small amount of O2 

admolecules exposed after pre-adsorbing 1 ML of H2O on the Pd–Au surface can change 

the desorption behaviour of H2O compared to when it is solely adsorbed. To understand 

the nature of these O2 – H2O interactions, we conducted TPD experiments using H218O 

with 16O2 co-adsorbed on the Pd–Au model surface to explore the generation of 16O18O 

(m/z+ = 34), which could indicate the formation of hydroxyl (–OH) groups on the 

surface.93 However, in testing with 1.0 ML of H218O / 1.0 ML of O2, we observe only a 

very small amount of 16O18O generation (Figure A.4a), so we conclude that co-adsorbed 

O2 and H2O on the Pd–Au surface are more likely to form a strong H-bonded complex 

rather than adsorbed hydroxyls (–OH). (More details are in Appendix A.) 

To understand the interactions between Pd–O2 and H2O more quantitatively, 

using Figure 2.2, we estimated the relative amount of desorbing O2 molecules in the 

range from 77 K – 145 K to reflect the weakly bound O2, and the quantity from 165 K – 

200 K to account for the strongly bound O2, and compared each of them to the 

corresponding total amount of O2 desorption from 77 K to 200 K. As summarized in 
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Table A.1, the percentages of O2 molecules that desorb below 145 K continuously 

decreases with increasing coverage of H2O, from 58.4 % for 1.0 ML O2 without any 

water adsorbed on the surface to 19.6 % for the case 2.1 ML H2O / 1.0 ML O2. The ratio 

of O2 molecules desorbing above 165 K also continuously increases from 17.8 % on the 

1.0 ML O2 surface without co-adsorbed water to 42.9 % on the 1.0 ML H2O / 1.0 ML O2 

surface, but it decreases slightly when the H2O coverages are 1.5 ML (~ 40 %) and 2.1 

ML (~ 37 %). This is related to the second O2 desorption peak at 156 K formed by the 

extra H2O molecules, which means the extra water molecules not only affect the weakly 

bound O2, but also influence some of the strongly bound O2 molecules that desorb above 

165 K. Moreover, if we assign the total amount of molecular O2 desorption below 200 K 

from 1.0 ML of O2 adsorbed on the surface to be 100 %, the relative amount of O2 

desorption below 200 K continuously decreases with growing H2O coverages until 1.0 

ML (81.5 %) and then slightly increases when the Pd–Au surface is covered with 1.5 

(81.7%) and 2.1 ML (84.8 %) of H2O, which is the same trend for relative amounts of O2 

molecules desorbing above 165 K. Thus, we can expect that the more O2 desorption that 

occurs in the higher temperature range, the more activated oxygen species remain on the 

Pd–Au surface above 200 K, which can enhance the oxidative reactivity of the Pd–Au 

surface. We will verify this supposition by measuring the amount of generated CO2 via 

CO-reactive molecular beam scattering (CO-RMBS) in the latter part of this paper 

because we are unable to detect recombinative O2 desorption during TPD tests, which has 

been observed at 750 K on a Au–Pd (100) surface.18 Since Pd atoms significantly diffuse 

into the Au (111) sample when annealed higher than 500 K,80 we avoid heating above 

this temperature. 
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2.3.3. Oxidative Reactivity of the Pd–Au surface by H2O and O2 

Now we discuss the measurements of the oxidative reactivity of the Pd–Au 

surface after treatment with H2O and O2 co-adsorption via CO-RMBS, which is a titration 

technique that can probe surface oxygen at lower temperatures.17,18 To do this, we 

prepared samples similar to those used in acquiring the data displayed in Figure 2.2. After 

that, samples were heated to 250 K and then a molecular beam of CO was directed onto 

Figure 2.3.  (a) The generation of CO2 detected from QMS during CO-RMBS 
measurements at 250 K ((i) for H2O coverages less than 1.0 ML and (ii) for 
more than 1.0 ML of H2O) and (b) the plots for the O2 desorption ratio in 
165 K – 200 K (%, bottom x axis) and the remaining O2 ratio above 200 K 
(%, top x axis) vs the relative CO2 production (%). 
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an inert flag placed in front of the Pd–Au sample (blocking the beam) for 5 s (from 5 – 10 

s in Figure 2.3), which gives a baseline signal with minimal surface chemical reactions, 

and then the beam was directed onto the O2 and H2O treated Pd–Au surface (a 

temperature of 250 K showed the highest activity for CO2 generation in a previous 

study80). As shown in Figure 2.3 and Table A.1, the measured quantity of CO2 has a clear 

relation with the amount of O2 desorbing above 165 K, which indicates that for the cases 

in which H2O was co-adsorbed with O2 there are apparent enhancements in the CO2 

generation, and hence the creation of active oxygen species (likely oxygen adatoms), 

compared to the case of O2 solely adsorbed on the Pd–Au surface. To be specific, in 

Figure 2.3a–(i), the 1.0 ML H2O / 1.0 ML O2 co-adsorbed sample shows the highest yield 

of CO2, but the quantity of generated CO2 molecules continuously decreases with 

decreasing coverages of adsorbed H2O (with 1.0 ML of O2). If we assign the total amount 

of CO2 evolved from the 1.0 ML of H2O / 1.0 ML of O2 co-adsorbed surface as 100%, 

the 0.6 ML of H2O / 1.0 ML of O2 co-adsorbed surface gives 65.5 % and the 1.0 ML of 

O2 solely adsorbed sample accounts for 32.2 %. In Figure 2.3a–(ii), the 1.5 ML of H2O 

case has no clear differences compared to the 1.0 ML H2O case, but the 2.1 ML H2O case 

shows slightly lower CO2 generation (~ 83 % compared to the 1.0 ML H2O case – note 

that the generated CO2 is lower from ~16 s onward compared to the 1.0 ML and 1.5 ML 

H2O adsorbed cases). As mentioned earlier, the quantity of generated CO2 is strongly 

related to the amount of O2 remaining on the surface after 165 K and the generated active 

oxygen species. Specifically, as described in Figure 2.3b, the quantity of O2 remaining 

above 165 K shows a linear relationship with the relative amounts of CO2 generated in 

CO-RMBS until the percentage of O2 reaches around 40%, and then the production of 

CO2 levels out. The ratios (%) of remaining O2 above 200 K, which can be estimated 

from the relative O2 desorption coverages (77 K – 200 K) in Table A.1 (i.e., taking 100 
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(%) minus each of the relative total O2 desorption coverages (%)), also form a 

proportional relationship with the CO2 generation. From this analysis, we believe that the 

interactions between O2 and H2O on the Pd–Au surface cause more O2 molecules to 

remain at higher temperatures (i.e., above 165K) inducing O2 admolecules to become 

more activated, so they have a higher probability to be converted into reactive oxygen 

species. Furthermore, the presence of Au on the surface enables CO oxidation to proceed 

at 250 K, which is a much lower temperature than for CO oxidation on the pure Pd 

surface (~ 400 K)81,82. We also conducted CO-RMBS experiments using H218O to test for 

the generation of C16O18O (m/z+ = 46). This is another way to check for the formation of 

hydroxyls (-18OH) formed by the interactions between O2 and H218O.93 As indicated in 

Figure A.4b, the intensity for C16O18O (m/z+ = 46) is much lower than the C16O2 (m/z+ = 

44) signal, so we speculate once again that co-adsorbed H2O and O2 molecules on our 

model Pd–Au surface are mainly forming a H-bonded complex, and only a small fraction 

of them exist as hydroxyls.  

2.4. CONCLUSION 

In summary, we have observed enhanced reactivity of O2 molecules on the Pd–Au 

surface (Pd: 2.5 ML) when co-adsorbed with H2O molecules. The strong interactions 

between O2 and H2O allow more O2 molecules to become activated oxygen species on 

the surface above 200 K, which results in more CO2 generation at 250 K from 

impingement of a CO molecular beam. Therefore, H2O apparently improves the activity 

of O2 on the Pd–Au surface, and it can be used in various oxidative reactions on Pd–Au 

bimetallic catalysts which may require additional activated oxygen. 
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Chapter 3: Surface Alloy Composition Controlled O2 Activation on 
Pd−Au Bimetallic Model Catalysts 

3.1. INTRODUCTION 

Adding a second metal to a host metal can create favorable catalytic properties 

(e.g., selectivity, activity, and stability) in forming a bimetallic catalyst.7–9,99 The 

combination of palladium (Pd) and gold (Au) is widely known as a bimetallic catalyst 

and it has shown promising catalytic properties in the synthesis of vinyl acetate13–15 and 

hydrogen peroxide10–12. The catalytic activity of Pd–Au catalysts primarily originates 

from ensemble effects which are directly related to the local composition of catalytically 

active Pd and inert Au atoms.4 The relative compositions of Pd and Au can be controlled 

in various chemical ways,100,101  and, as mentioned above, Pd–Au catalysts have shown 

enhanced reactivity and selectivity in several oxidative reactions including the oxidation 

of alcohols,23–27 CO, 16–22 and aromatic C-H bonds102. Specifically, when the Pd and Au 

ratio is 4:1, alloyed Pd–Au/SiO2 nanoparticles not only have better catalytic activity than 

other ratios of Pd and Au (16:1 and 8:1) or pure Pd, but also become more stable than the 

pure Au catalysts for long term usage.22 Furthermore, Au–Pd/TiO2 catalysts can provide a 

largely improved turnover frequency (~270,000/hour) for the oxidation of 1-phenyl 

ethanol compared to hydroxyapatite-supported Pd catalysts (Pd/HAP, ~ 12,000/hour),24 

and they are also highly active for the selective oxidation of toluene to benzyl  

benzonate.102 All these catalytic reactions based on Pd–Au nanoparticles were 

conducted under mild solvent free conditions, which supports the use of Pd–Au 

*Han, S.; Mullins, C.B. Surface Alloy Composition Controlled O2 Activation on Pd−Au 
Bimetallic Model Catalysts, 2018, 8, 3641-3649. 
S. Han and C. B. Mullins conceived and designed experiments, analyzed and discussed 
results, and commented on the manuscript. S. Han performed experiments, analyzed data 
and wrote the paper. 
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bimetallic catalysts as an approach for green chemistry. The goal in this chapter is to 

uncover additional fundamental insights into the interactions and activation of molecular 

oxygen with Pd–Au surfaces of various compositions. It is our hope the experimental 

results and analysis reported here will assist in the rational design of improved Pd–Au 

bimetallic catalysts. 

Striving for a better understanding of chemical reactions on these catalysts, Pd–

Au bimetallic model surfaces have been widely studied under ultrahigh vacuum (UHV) 

conditions.4 It has been shown that the Pd–Au interface is a critical portion of the surface 

regarding promising catalytic reactions such as H2 production from formic acid29 and the 

generation of vinyl acetate from ethylene and acetic acid, where the distance between the 

mono-dispersed Pd atoms is especially important.28 Moreover, Pd monomers on the 

Au(111) surface are known to be able to dissociatively adsorb hydrogen molecules.32 

Dissociated hydrogen atoms at the Pd–Au interface recombinatively desorb at 

temperatures lying between 150 K and 300 K, which are higher than those for H2 

desorption from the pure Au(111) (~ 110 K)103 surface and lower than on pure Pd 

surfaces (~ 350 K)104,105. When the Pd coverage on the Au(111) surface is large enough 

to form Pd(111)-like islands, H2 desorbs with features appearing at temperatures above 

300 K, similar to H2 desorption from a pure Pd surface.30 In particular, dissociated H 

atoms were observed on the top-layer of the surface,32 and they are not likely to diffuse 

into the sublayers below the Pd–Au surface to form a palladium hydride when the surface 

is held at 77 K during H2 exposure.30 Since the spillover of H from Pd to Au, which is 

necessary for H diffusion between Pd ensembles across Au atoms, is known to be 

unfavorable,106,107 H2 molecules provide information regarding the Pd ensembles from 

which they desorb. Thus, the different H2 desorption behavior regarding various Pd 
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coverages have been used for the characterization of the surface composition: namely, 

Pd–Au interface sites and Pd(111)-like island sites.29,30,108  

Pd–Au surfaces can also activate the dissociation of O2 molecules between 180 K 

– 200 K: indeed, during temperature programmed desorption broad desorption features 

appear until ~200 K without evidence of the “sharp desorption peaks” observed from 

pure Pd surfaces.69,80 It has been shown that neighboring adsorbed Pd atoms are 

necessary to initiate O2 dissociation, in contrast to H2 activation.17,80 Furthermore, H2O 

molecules can form hydrogen bonded clusters with adsorbed O2 molecules on Pd–Au 

surfaces, which can enhance O2 activation.69  This activated oxygen on the Pd-Au 

surface is very reactive compared to that on pure Pd surfaces (since it can oxidize CO 

molecules below 200 K80 however, oxygen adatoms on pure Pd surfaces will not react 

with CO to generate CO2 until about 400 K81,82). The enhanced reactivity on the Pd-Au 

bimetallic surface is likely related to the existence of Pd–Au interface sites, in which the 

alloyed Au can weaken the oxygen–Pd interactions.  

The activated O2 is involved in catalytic reactions on the Pd–Au surfaces as a 

Brønsted base in the synthesis of vinyl acateate (CH3COOH + C2H5 + ½O2 " 

CH3COOCHCH2 + H2O) and as an oxidant in the oxidation of CO (CO + ½O2 " CO2). 

Although  there have been several studies regarding the properties of atomic oxygen on 

pure Pd surfaces created by adsorbing O2 at 300 K (to eliminate molecularly adsorbed 

oxygen),89,94,109,110 the direct observation and analysis of active oxygen species (likely 

oxygen adatoms) on Pd–Au surfaces have not yet been carefully studied. Thus, we adopt 

an approach developed for the successful investigation of pure Pd surfaces89,94,109,110 for 

the study reported here with Pd–Au bimetallic surfaces. We have found that the 

dissociative adsorption of O2 is measureable on the Pd–Au surface at temperatures above 

300K, and these formed oxygen adatoms are sufficiently reactive for oxidizing CO at 140 
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K. By controlling the amount of Pd on the Au(111) surface, we can also estimate the 

relationship between the Pd coverage and the activation barriers for O2 dissociation and 

CO oxidation. These results elucidate the roles of Pd and Au on the Pd–Au bimetallic 

surfaces, in which the Pd(111)-like island sites are responsible for the dissociative 

adsorption of O2, and the dissociated oxygen adatoms at the Pd–Au interface sites are 

likely the relevant species in subsequent oxidative reaction chemistry. 

3.2. EXPERIMENTAL METHODS 

All of the experiments in this chapter were performed in a UHV molecular beam 

system which has been described in detail previously.83 Briefly, the UHV chamber (base 

pressure of ~ 1.0 x 10-10 Torr) is equipped with two separate molecular beams, a 

quadrupole mass spectrometer (Extrel C-50), an Auger electron spectrometer (Physical 

Electronics 10-500), and a Fourier transform infrared spectrometer (Bruker Tensor 27) 

with a mercury-cadmium-telluride (MCT) detector.  A disk-shaped Au(111) single 

crystal sample (12 mm in diameter × 2 mm thickness) is held by a Mo wire fitted in a 

groove cut on the edge of the Au(111) sample in the UHV chamber. This wire is both 

used to resistively heat the sample and provide thermal contact with a liquid nitrogen 

bath. The temperature of the sample was measured by a K-type (Alumel-Chromel) 

thermocouple which lies in a small hole on the top edge of the disk type sample. The 

Au(111) surface was regularly cleaned by Ar sputtering, and then annealed to 800 K. 

We prepared the Pd–Au bimetallic model surface based on a layer-by-layer 

growth mechanism of Pd overlayers on the Au(111) surface, in which the Pd atoms can 

diffuse into the bulk of the Au (111) sample upon heating to form a Pd–Au alloy at the 

surface.78 The deposition rate of Pd in this chapter was calibrated by a quartz crystal 

microbalance (QCM) controller (Maxtek Inc.) with an assumption of the thickness of 1 
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monolayer (ML) of Pd as 0.274 nm. Based on the QCM calibrations, various amounts of 

Pd (1.0, 1.5, 2.0, 2.5, 3.0, 4.0, and 6.0 ML) were deposited on the Au(111) surface at 77 

K, and then annealed to 500 K for 10 min as with previous studies from our 

laboratory.29,30,69,80 Moreover, in this chapter, we exposed our Pd–Au surfaces to O2 

molecules at various temperatures (200 K – 475 K) for measuring the dissociative 

adsorption of oxygen. Exposure to oxygen at elevated temperatures can increase the size 

of Pd ensembles based on the stronger affinity of O towards Pd than Au, which induces 

the Pd atoms to remain in the top layer instead of interdiffusing into the sublayers of 

Au(111).111 We exposed each prepared surface to O2 molecules at 475 K via the 

molecular beam to treat the surface with O2 after the annealing of the Pd–Au sample to 

500 K. We believe that this provides us with a surface which is consistent over the entire 

temperature range that we employed for studying adsorption (77 – 475 K).  

All of the tested gas molecules were delivered to the sample surfaces via a 

collimated molecular beam, which allows for the accurate control of the exposure of 

target molecules impinging on the model catalyst. We conducted H2-TPD to identify the 

surface compositions of the Pd–Au surfaces after initially saturating the surface with H2 

at 77 K via a H2 molecular beam, a method which has been used in previous studies.29 As 

with the H2-TPD, the O2-TPD spectra were also measured on the samples saturated with 

O2 at 77 K, which was heated to 500 K at 1 K/s. The King and Wells technique112 was 

adopted to investigate the overall O2 adsorption behavior. Specifically, the O2 molecules 

were first impinged on a stainless steel inert flag in the chamber which blocks the beam 

from the sample and the partial pressure in the chamber is monitored by the QMS to 

provide a measure of the intensity of the beam. Subsequently, the O2 beam was directed 

on the Pd–Au sample surfaces (i.e., the inert flag was moved from blocking impingement 

on the sample) while monitoring the QMS signal for O2 (m/z+ = 32); here the decreased 
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signal intensity indicates the fraction of impinging O2 molecules that adsorb on the 

surface. To simplify determination of the initial adsorption probability we employed a 

modified King and Wells technique113 in which the O2 beam exposure time is controlled 

to both the flag (for 1.5 seconds) and the sample (for 1.5 seconds – as shown in Figure 

B.1). The signal-time area under each of the gas pulses as measured by the QMS are then 

used to determine the initial adsorption probability: in particular the area under the gas 

pulse from the sample is divided by the area from the gas pulse impinging on the inert 

flag and this quantity is subtracted from one to obtain the initial adsorption probability.  

Carbon monoxide reactive molecular beam scattering (RMBS) was used as a measure of 

the reactivity of the surface oxygen adatoms on the various Pd covered surfaces.17–

19,69,77,80 In particular, O2 molecules from an oxygen molecular beam were directed onto 

the sample surfaces at 300 K to cover the surface with oxygen adatoms prior to exposing 

the surface to carbon monoxide molecules via a CO molecular beam. For observing the 

reactivity of the oxygen adatoms, the oxygen adatom pre-covered surfaces were first 

heated to specific temperatures (100 K – 400 K), where 400 K is a temperature at which 

atomic oxygen on the pure Pd surface can oxidize CO,81,82 and then CO molecules were 

directed at the surface and the generation of CO2 (m/z+ = 44) was measured.  

3.3. RESULTS AND DISCUSSION 

3.3.1. H2 and O2 Desorption from the Various Pd–Au Surfaces 

To quantify the surface composition dependence on Pd exposure, we conducted 

H2-TPD tests on the various Pd–Au surfaces that we synthesized. During the TPD tests, 

we avoid heating the samples above 500 K because Pd atoms significantly diffuse into 

the Au(111) bulk at this and higher temperatures.80 H2-TPD spectra on Pd–Au surfaces 

show two features based on the relative surface compositions which correspond to (i) Pd–
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Au interface sites (or discontinuous and small Pd ensembles, 150 K – 300 K) and (ii) 

Pd(111)-like island sites (or big enough Pd ensembles to have pure Pd like properties, 

300 K – 400 K).29,30 We investigated the surface composition of our Pd–Au surfaces 

employing H2-TPD and performing peak deconvolution of the spectra. Since we exposed 

these surfaces to O2 (via molecular beam) at 475 K after annealing the Pd-as deposited 

samples at 500 K for 10 minutes, which is known to make the Pd ensembles larger,111 the 

samples studied here tend to have relatively stronger Pd(111)-like character compared to 

our previous study.29  As shown in Figure 3.1a, there is no indication of palladium 

hydride formation in any of our H2-TPD spectra, which would show a clear H2 desorption 

feature at ~140 K, as we previously observed.30 The desorption of H2 from a 1 ML Pd 

deposited Au(111) surface is completed below 300 K, which means the surface is mainly 

composed of  Pd–Au interface sites.29,30  With a 1.5 ML Pd on Au (111) surface we 

begin to observe desorption features for H2 above 300 K. This result indicates that at this 

Figure 3.1.  TPD of H2 (a) and molecularly adsorbed O2 (b) from Pd–Au surfaces with 
various coverages of Pd (1.0 – 4.0 ML). All the gas molecules were 
impinged via the molecular beam at 77 K until the samples were saturated. 
After that, the saturated samples were heated to 500 K by 1 K/s for the TPD 
measurement.  
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Pd coverage there are continuous Pd ensembles which show Pd(111)-like behavior.  At 

a coverage of 2.0 ML of Pd, the intensity of the desorption peak representing the 

Pd(111)-like sites becomes slightly larger than the intensity of that representing the Pd–

Au interfaces (gray lines). After this point, the deconvoluted peaks for the Pd–Au 

interface sites are continuously lower and shifted to higher temperatures upon increasing 

Pd coverages, but the H2 desorption features for the Pd(111)-like islands grow larger and 

clearly show a peak at ~ 330 K, similar to that observed on pure Pd surfaces104,105. 

Interestingly, at a Pd coverage of 4.0 ML, we observe that the surface is largely covered 

with continuous Pd atoms but also includes some small number of discontinuous Pd–Au 

interface sites because the overall H2 desorption spectrum is composed of a large peak at 

~ 340 K and a smaller peak at ~ 290 K. Similar to our previous study,29 we also observed 

an apparent Pd–Au interface caused H2 desorption peak even at a coverage of 4 ML of Pd 

without the O2 treatment at 475 K (Figure B.2), but as we mentioned above, the O2 

treatment made the Pd(111)-like character stronger as suggested by Yu et al.111 Since our 

samples have been annealed after the Pd deposition, their initial Pd coverages cannot be 

directly interpreted as the quantity of Pd on top of the Au(111) surface. Therefore, we 

conducted H2-TPD for a 6.0 ML Pd deposited surface to estimate the relative number of 

Pd atoms as a function of the initial Pd coverage.  As shown in Figure B.3, the 6.0 ML 

Pd deposited surface does not show any hydrogen desorption peaks below 300 K, and it 

also does not show peaks for Au in the Auger spectra, which confirms the top layer of 

this surface is fully covered with Pd atoms even after the annealing process.  By 

integrating the H2-TPD spectra, we calculated the relative number of Pd atoms on each 

surface compared to the 6.0 ML Pd deposited surface. As indicated in Table 1, the 

relative number of Pd atoms is 1.0, 0.89, 0.8, 0.64, 0.48, 0.34, and 0.15 corresponding to 

6.0, 4.0, 3.0, 2.5, 2.0, 1.5, and 1.0 ML Pd deposited surfaces, respectively. Additionally,  
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we estimated the ratios between the deconvoluted regions in Figure 3.1a, which is also 

listed on Table 3.1. This analysis once again confirms that with increasing the initial Pd 

coverages, the relative amount of Pd–Au interface sites steadily decreases, and the 

relative amount of Pd (111)-like island sites continuously increases. 

The O2 desorption spectra in Figure 3.1b also shows different desorption behavior 

based on the Pd coverages on the Au (111) surface. Most of the O2 molecules on a 1.0 

ML Pd deposited Au(111) surface desorb below 150 K, but beginning with a coverage of 

1.5 ML of Pd, the O2 desorption spectra continues to broaden to ~200 K. Although the 

tested Pd–Au surfaces show broad desorption spectra instead of the strong desorption 

peaks observed on pure Pd surfaces,84,85,94 the higher the coverage of Pd on the Au(111) 

surface, the more O2 desorption occurs above 150 K and continues over 180 K at which 

O2 dissociation has been observed on continuous domains of Pd atoms during molecular 

O2 desorption.17,80 Thus, it seems that the Pd(111)-like islands, which exist for a coverage 

of 1.5 ML of Pd (and higher), is a key for strong adsorption and dissociation of O2 on Pd–

Initial Pd coverages 
(ML) 

Relative Pd atomsa Fraction of Pd–Au 
interfacesb 

Fraction of Pd(111) 
like islandsb 

1 0.15 1 - 
1.5 0.34 0.68 0.32 
2 0.48 0.34 0.66 

2.5 0.64 0.21 0.79 
3 0.8 0.22 0.78 
4 0.89 0.04 0.96 
6 1.0 - 1.0 

Table 3.1.   Relative amount of surface Pd atoms, Fraction of Pd–Au interfaces, and 
Fraction of Pd(111) like islands depending on Initial Pd coverages. aRelative 
to the annealed 6 ML of Pd–Au(111) surface. bEstimated from the H2-TPD 
spectra in Figure 3.1a. 
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Au surfaces, so we carefully examined the dissociative adsorption of O2 at surface 

temperatures of 300 K and higher.89,94,109,110 

3.3.2. King and Wells Measurements of O2 on the Various Pd–Au Surfaces. 

As shown in Figure 3.2a, we conducted King and Wells measurements on 

variously prepared Pd–Au surfaces to observe the general O2 adsorption trends at 77 K 

and 300 K. In these measurements, the O2 molecular beam was first directed on the inert 

flag for 5 seconds to determine the relative intensity and then on the Pd–Au surface 

(again, the decreased signal intensity is proportional to the fraction of O2 molecules that 

adsorb on the surface). At 77 K, more O2 molecules are absorbed with increasing Pd 

coverages. Interestingly, the dissociative adsorption of O2 at 300 K is just observable 

with a 1.5 ML Pd deposited surface, which has some Pd (111)-like islands. However, the 

Figure 3.2.  (a) King and Wells measurements of O2 on the Pd–Au surfaces at 77 K 
(top) and 300 K (bottom). The O2 molecular beam impinges on the inert flag 
for 5 seconds and is then directed on 1.0, 1.5, 2.0, 2.5, 3.0, and 4.0 ML of Pd 
deposited Pd–Au surfaces at t=10 seconds. (b) CO-RMBS on 1 ML of Pd 
deposited Au (111) surface. The surface was first exposed to the O2 
molecular beam at 300 K, and then exposed to the CO molecular beam 
(from 10 seconds forward) at 100 K, 140 K, 200 K, 300 K, and 400 K which 
indicates no production of CO2 suggesting no adsorbed oxygen adatoms. 
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1.0 ML Pd deposited surface case, which is composed of predominantly Pd–Au interface 

sites, does not show measureable (via King and Wells) dissociative adsorption of O2 at 

300 K despite the fact that it can molecularly adsorb O2 at 77 K. To verify the 

presence/absence of oxygen adatoms on the 1ML Pd deposited surface, we conducted 

CO-RMBS at various temperatures (100 K – 400 K) after exposing the sample to O2 at 

300 K, which titrates the oxygen adatoms via generation of CO2.17–19,69,80 This method 

was adopted to avoid heating the surfaces above 500 K, so we are not able to observe the 

recombinative desorption of O2 during TPD tests, which has been observed at ~ 750 K on 

a Au–Pd(111) surface.18 Furthermore, for our experimental conditions, CO molecules do 

not make observable changes to the surface composition. (More details are in Figure 

B.8). As indicated in Figure 3.2b, there is no CO2 generation observed for any of the 

tested temperatures on the 1ML Pd deposited surface. This result once again confirms 

that Pd(111)-like islands are necessary for dissociative adsorption of O2 on the Pd–Au 

surface. In the following section, we will also analyze the results of CO-RMBS 

measurements on 1.5 – 4.0 ML Pd deposited surfaces to verify the presence of surface 

oxygen atoms and their reactivity. 

3.3.3. CO Oxidation on the Various Pd–Au Surfaces at 140 K, 200 K, and 400 K 

As seen in Figure 3.3a, all of the tested Pd–Au surfaces clearly show CO2 

generation at the lower temperature of 140 K, a temperature at which CO molecules do 

not accumulate on the Au sites.93,114 Although we are also able to observe CO2 generation 

at a temperature as low as 100 K (as shown in Figure B.4), the CO2 signals are weak and 

uncertain especially for the 3.0 ML and 4.0 ML Pd deposited surfaces, compared to their 

CO2 generation at 140 K.  Moreover, the amount of CO2 generated at 140 K (Figure 

3.3a) and 200 K (Figure 3.3b) is not proportional to the Pd deposition, which, as 
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mentioned earlier, is related to the amount of dissociatively adsorbed O2 at 300 K. In 

Figure 3.3.  The CO2 generation measured from the QMS at (a) 140 K, (b) 200 K, and 
(c) 400 K during CO-RMBS. The CO molecular beam was exposed to the 
samples starting from 10 seconds. The y-scale for (a) and (b) are magnified 
by x 10 and x 5 compared to (c). Insets in each figure indicate the relative 
amount of generated CO2 by integrating the QMS signals. 
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particular, as shown in the inset on each figure, we also investigated the relative amount 

of reactive oxygen adatoms on each surface at those tested temperatures by integrating 

the generated CO2 signal following impingement by the CO beam. When we compare the 

amount of CO2 produced by these reactive oxygen adatoms, the 2.0 ML Pd deposited 

surface shows the highest CO2 generation at 140 K and 200 K, and the 2.5 ML case is 

also higher than the 3.0 ML and 4.0 ML cases. It seems that the Pd–Au interfaces, or 

small sizes of the Pd ensembles, affect the low temperature reactivity, which can have Au 

like reactivity. We have reported earlier in this paper that the Pd–Au interface character is 

stronger on the 2.0 ML and 2.5 ML Pd deposited surfaces as shown in Figure 3.1a. (It is 

hard to directly compare the quantity of CO2 generated from the 1.5 ML Pd deposited 

surface to others since it only shows a tiny amount of O2 dissociation at 300 K as shown 

in Figure 3.2. However, it has the lowest general activation barrier for CO oxidation 

compared to others, which will be provided in the next section.) With increasing surface 

temperatures, the quantity of generated CO2 molecules is a strong function of the quantity 

of adsorbed oxygen adatoms, which is directly related to the Pd coverage, because the 

oxygen adatoms on relatively larger Pd ensembles, which have more Pd like properties, 

are able to oxidize CO molecules at high temperatures. Specifically in Figure 3.3c, the 

4.0 ML Pd deposited surface, which is largely covered with the Pd(111)-like islands, 

shows the highest quantity of CO2 generation at 400 K, and it continuously diminishes 

with decreasing Pd coverages. As we just mentioned, this is primarily because the 4.0 

ML case has many Pd(111)-like islands, so it can hold the largest amount of oxygen 

adatoms among the tested samples, which are reactive at relatively high temperatures as 

with pure Pd surfaces. Moreover, the amount of generated CO2 in all tested samples 

continuously grows with increasing temperatures, as shown in Figure B.5 for the 2.0 ML 

case. It is also because the oxygen atoms on the bigger Pd ensembles or Pd(111)-like 
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islands, which exist for the 1.5 ML Pd deposited surface and higher coverages, need more 

thermal energy to be reactive. Thus, the higher temperatures lead to more oxygen 

adatoms being reactive on the Pd–Au surfaces. 

3.3.4. O2 Dissociation Barriers Depending on Pd Coverages  

To relate the O2 dissociation behavior to the reactivity of the resulting oxygen 

adatoms (which depends on Pd coverage), we estimated the dissociation energy barriers 

for O2 and compared these values to the reaction energy barriers for CO oxidation, which 

indirectly indicates the reactivity of the adsorbed atomic oxygen. To determine an 

activation barrier to dissociation, we adopted a simple model used to describe molecular 

chemisorption-mediated oxygen dissociation, which has been used previously for O2 

dissociation on transition metals such as Pd,85,115,116 Pt,117–121 Ir,122 and Ru.123 It is based 

on a two potential energy well model for O2, one for the molecularly chemisorbed O2 and 

Figure 3.4.  (a) Initial adsorption probability (S0) of O2 on 2.0, 2.5, 3.0, and 4.0 ML of 
Pd deposited  Pd–Au (111) surfaces at different temperatures. We assumed 
a as a S0 value measured at 77 K and drew (b) Arrhenius plots of ln (a/S0-1) 
vs 1/T based on the S0 values measured in (a). The table in (b) shows Ed-Ea 
derived from the slopes, vd/va estimated from the y intercepts, and R2 values 
resulting from linear fittings.  
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the other for the dissociated (atomic) oxygen (ignoring a well for physical adsorption). To 

provide data for the analysis, we obtained values for the experimental initial dissociative 

adsorption probability for O2 (S0) as a function of surface temperature. S0 values are 

generally higher with higher Pd deposited surfaces, which means that O2 dissociation 

more readily occurs on the more highly Pd covered surfaces, and steadily decreases when 

the samples were held at higher temperatures as indicated in Figure 3.4a. Without 

explicitly considering the kinetic effects of physically adsorbed molecules, S0 in the limit 

of zero coverage is modeled as written below: 

𝑆" =
𝛼𝑘&

𝑘& + 𝑘(
, 

where α indicates the probability of molecular chemisorption, and ka and kd are 

the rate constants for the dissociation and desorption of chemisorbed molecular species, 

respectively. Assuming that ka and kd can be accurately described by the Arrhenius 

equation, S0 can be rewritten in the following form: 

ln ,
𝛼
𝑆"
− 1/ = ln	(𝑣( 𝑣&) −

(𝐸( − 𝐸&)
𝑘5𝑇7

8 , 

where kB is Boltzmann's constant, Ts represents the sample temperature, Ed and Ea 

Illustration 3.1.  One dimensional potential energy surface schematic for oxygen 
adsorption on 1 ML (black), 1.5 ML (red), 2.0 ML(blue), 2.5 ML (dark 
yellow), 3.0 ML (pink), and 4 ML (green) of Pd deposited Pd–Au (111) 
bimetallic surface.  
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indicate activation energies for desorption and dissociation, and vd/va is the ratio of pre-

exponential factors.115–120,124,125 Arrhenius plots of ln (α/S0-1) vs 1/T for 2 ML, 2.5 ML, 

3.0 ML, and 4 ML Pd deposited surfaces are shown in Figure 3.4b assuming α as the 

adsorption probability at 77 K, which allows us to calculate the value of Ed – Ea from the 

slope. By comparing the 4 ML Pd deposited surface with the 2 ML Pd deposited surface, 

we notice that the 4 ML case shows a higher Ed – Ea value (0.086 eV, 8.3 kJ/mol) and 

lower vd/va ratio (1.002) than the corresponding values for the 2 ML case, 0.058 eV, 5.6 

kJ/mol for Ed – Ea and 2.411 for vd/va. Since the positive Ed – Ea value indicates that Ea is 

lower than Ed, O2 dissociation on the 4ML Pd deposited surface is more likely to occur 

(since the Ed – Ea value is larger) than for the 2 ML case. Furthermore, the larger vd/va 

ratio for the 2ML case can be entropically interpreted as the transition state for the 

dissociation of O2 is more constrained on the 2ML case than on the 4 ML case and/or the 

available phase space for desorption is relatively larger for the 2 ML case. The 2.5 ML 

and 3 ML Pd deposited surfaces also follow these trends, where their Ed – Ea values (2.5 

ML: 0.064 eV and 3 ML: 0.078 eV) and vd/va ratios (2.5 ML: 1.779 and 3.0 ML: 1.268) 

fit between the corresponding values from the 2 ML and 4 ML cases. The schematic one 

dimensional potential energy surface is described in Illustration 5.1 based on the 

estimated Ed – Ea values.  Since the 1 ML Pd deposited surface does not show 

measureable O2 dissociation (confirmed from no measureable CO2 generation during the 

CO-RMBS measurements), its Ed – Ea could be negative, suggesting that Ea is higher 

than the vacuum level energy (= 0). The 1.5 ML Pd deposited surface does show CO2 

generation by CO-RMBS measurements, but it is still difficult to directly observe the 

dissociative adsorption of O2 via King and Wells measurements; thus, we believe that the 

Ed – Ea value for the 1.5 ML case is close to zero but is probably a positive value. From 

2.0 ML to 4.0 ML, the Ed – Ea values continuously increase, surmised as lowering Ea 
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values with increasing Pd coverages. Therefore, these results support the notion that O2 

dissociation is more favorable on the more Pd covered surfaces as one might expect 

intuitively.  

3.3.5. Reactivity of Oxygen Adatoms Depending on Pd Coverages 

We estimate the Ea values as a function of Pd deposition by calculating Ed values 

based on a Redhead analysis.126 The desorption energy of molecularly adsorbed O2 (Ed) 

at low coverages (20 ~ 30 % for each of the saturated coverages) turns out to be ~ 41 

kJ/mol on all tested Pd–Au surfaces (a desorption peak near 170 K is observed as shown 

in Figure B.6). By combining these data, we determined the activation barrier for the 

dissociation of O2 (Ea) for the various Pd–Au surfaces, and these values are plotted in 

Figure 3.5 (red line). The overall trend for O2 dissociation on Pd–Au surfaces shows it to 

be more likely to occur on the more highly Pd covered surfaces. Thus, the 4 ML Pd 

deposited case shows a value of ~ 0.34 eV (~ 33 kJ/mol) for Ea, which is close to a 

previously measured value, 0.32 eV, for a pure Pd (111)115 surface. We have also 

Figure 3.5.  The estimated activation barriers for CO oxidation (blue) and O2 
dissociation (red) on the various amount of Pd deposited Pd–Au (111) 
surfaces. 
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estimated the general tendency for the reactivity of oxygen adatoms on each of the Pd 

deposited surfaces.  For this analysis, we derive the Arrhenius plots regarding the 

overall generation of CO2 at different temperatures (Figure B.7) to estimate a general 

activation barrier for CO oxidation (Er) by CO and oxygen adatoms on each of the 

oxygen pre-covered Pd–Au surfaces. Thus, Er does not involve the energetics of O2 

activation, which is known as a main rate limiting factor for CO oxidation on Au and Pd 

based catalysts.127–129 As we mentioned early, the surface temperatures affect the quantity 

of “reactive” oxygen adatoms on each sample, which means that the higher the 

temperatures applied to a sample, the more oxygen adatoms on the relatively larger Pd 

ensembles can be involved in the reaction with CO. Nevertheless, we also have seen that 

the surface compositions still determine the total amount of oxygen adatoms on each Pd–

Au surface and strongly influence their reactivity, particularly at relatively low 

temperatures. Thus, from this analysis, we want to understand the general reactivity of 

oxygen adatoms as a function of Pd coverage. Specifically to do this, we integrated the 

area of the generated CO2 signal after the initial CO molecular beam impingement for all 

the tested temperatures; 140 K, 200 K, 300 K, and 400 K (and for the different Pd-

covered surfaces). We then plotted the CO2 production (P) as ln P vs 1/T to create an 

Arrhenius plot of the CO oxidation rate on each of the Pd covered surfaces and from this 

plot a general activation energy for reaction could be determined (Figure B.7).  In 

contrast to the O2 dissociation barriers, the general activation barrier for CO oxidation 

(blue line in Figure 3.5), which is directly related to the reactivity of the surface oxygen 

atoms, increases with the more heavily Pd covered surfaces. These trends once again 

confirm the roles of Pd and Au on the Pd–Au surfaces: the Pd (111)-like islands most 

easily dissociatively adsorb O2 on their surfaces, and the dissociated oxygen atoms react 
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at the Pd–Au interfaces with CO where the existence of Au makes the surface oxygen 

highly reactive compared to that of a pure Pd surface. 

3.4. CONCLUSION 

In summary, we have studied the dissociative adsorption of O2 and the reactivity 

of oxygen adatoms on various Pd–Au bimetallic surfaces. We first analyzed the surface 

compositions of various Pd covered Au (111) surfaces employing H2 temperature 

programmed desorption, and found that more Pd(111)-like islands are on the Pd–Au 

surfaces with higher Pd coverages. It has been found that the existence of the Pd(111)-

like islands is directly related to the dissociative adsorption of O2 at 300 K, and the 

amount of dissociatively adsorbed O2 is also proportional to the quantity of Pd(111)-like 

islands. CO-RMBS (Reactive Molecular Beam Scattering) was used to titrate the surface 

oxygen atoms and determine their reactivity by observing the rate of generation of CO2 at 

various temperatures. CO2 generation began to be clearly observed at 140 K, and we 

found that the rate of CO2 generation at low temperatures (below 200 K) is strongly 

related to the quantity of Pd–Au interface sites.  Moreover, at relatively high 

temperatures (~ 400 K), the amount of generated CO2 depended on the quantity of 

Pd(111)-like islands since this temperature is in the range in which oxygen atoms on pure 

Pd surfaces can react with CO to produce carbon dioxide. We also estimated the 

activation barriers for O2 dissociation and CO oxidation as a function of Pd coverage. 

From this analysis, it was verified that when the Pd coverage is increased on the Au (111) 

surface, the O2 dissociation energy barrier is lower, but the CO oxidation reaction barrier 

is relatively higher. Therefore, we confirmed that the enhanced reactivity of the oxygen 

atoms is based on Pd–Au interfaces, and the amount of dissociatively adsorbed O2 

correlates with the coverage of Pd(111)-like islands. 
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Chapter 4: Selective Oxidation of Acetaldehyde to Acetic acid on Pd–Au 
Bimetallic Model Catalysts 

4.1. INTRODUCTION 

Acetic acid (CH3COOH, AcOH) is familiar as a food preservative, such as 

vinegar, and is produced by alcohol fermentation. AcOH is also a major reactant for 

synthesizing commercial chemicals such as vinyl acetate, acetic anhydride, and various 

esters (e.g., ethyl acetate, n-butyl and isobutyl acetate).130–132 Because of its wide use the 

global demand for AcOH grew from 5.4 million tons in 1997 to 13 million tons in 2015, 

and it is expected to reach 18 million tons in 2020.130,131 

 One of the conventional routes for manufacturing AcOH is the oxidation of 

acetaldehyde (CH3CHO, AcAl) at 150 °C and 55 atm with manganese (II) or cobalt (II) 

acetate catalysts.130–132 This process produces some side products, such as ethyl acetate, 

formic acid, and formaldehyde, although the overall yield of this process can reach 95%. 

After the first adaptation of the methanol carbonylation process in 1960 by BASF, most 

industrial synthesis of AcOH has followed the Monsanto and Cativa processes, which are 

the more advanced methanol carbonylation schemes.130–132 In these operations, Rh and Ir 

based organometallic catalysts are used in the temperature and pressure ranges of 150 - 

200 °C and 30 - 50 atm, and the selectivity towards AcOH is ~99%.130,131 Since all the 

methanol carbonylation processes are solution based, distillation and separation steps are 

necessary for purifying the AcOH from the reaction mixture.133  

Here we report a new vapor-phase heterogeneous catalytic process for the 

*Han, S.; Shin, K.; Henkelman, G.; Mullins, C.B. Selective Oxidation of Acetaldehyde to 
Acetic Acid on Pd–Au Bimetallic Model Catalysts, ACS Catalysis, 2019, 9, 4360-4368. 
S. Han and C. B. Mullins conceived and designed experiments, analyzed and discussed 
results, and commented on the manuscript. K. Shin and G. Henkelman conducted DFT 
calculations. S. Han performed experiments, analyzed data and wrote the paper. 
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selective oxidation of AcAl to AcOH near room temperature over Pd–Au bimetallic 

model catalysts which would require fewer separation steps. 

  Pd–Au nanoparticles have shown impressive catalytic activities in the synthesis 

of vinyl acetate,13,14 H2O2,10–12 the oxidation of alcohols23,24,27 and CO,16,21,22 which are 

mainly due to the so-called ensemble effect, determined by the local compositions of Pd 

and Au atoms. For a better understanding of these catalytic reactions based on surface 

composition, the detailed molecular level chemistry has been also investigated by 

adopting Pd–Au model catalytic surfaces under ultrahigh vacuum (UHV). Specifically, it 

has been found that the distance between Pd monomers on Au surfaces is a key for the 

promotional effect in vinyl acetate synthesis,28 and that the Pd–Au interfaces are the 

reactive areas for the selective production of H2 from the decomposition of formic acid 

(HCOOH).29 The behavior of simple molecules (e.g., O2,70,80 H2,30,32,134 CO,17,18,82 H2O,69 

and CH3CH2OH108) on Pd–Au surfaces has also been widely studied. In particular, the H2 

desorption behavior can be used to analyze the surface composition of Pd and Au. The 

recombinative desorption of H2 occurs between 150 K - 300 K for Pd–Au interface sites 

(or discontinuous and small Pd ensembles),29,30,70,108 which is higher than the desorption 

temperatures of H2 on the pure Au(111) surface (< 150 K)103 and lower than on pure Pd 

surfaces (> 300 K)104,105. When the Pd coverage on the Au(111) surface becomes large 

enough to form Pd(111)-like islands (or sufficiently large Pd ensembles to have pure Pd-

like character), there is another H2 desorption feature above 300 K, which corresponds to 

the desorption of H2 from pure Pd surfaces.29,30,70,108 Moreover, we have experimentally 

verified that Pd(111)-like island sites (large enough Pd ensembles to have Pd(111)-like 

character) are necessary for the dissociative adsorption of O2.70 Furthermore, the 

reactivity of the dissociated oxygen adatoms depends on the concentration of Pd–Au  

interface sites.70  
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Motivated by these results, we now focus on the oxidation of AcAl to AcOH on 

Pd–Au(111) model catalysts. Previously, it has been found that oxygen adatoms placed 

on Au(111) [via ozone] can oxidize acetaldehyde to acetic acid from ~ 460 K.135 

Although AcOH is also produced from the oxidation of AcAl on pure Pd surfaces above 

400 K,136 it is accompanied by the generation of other oxidized products (e.g. CO, CO2, 

and H2O), thereby decreasing the selectivity towards AcOH. This is primarily because the 

acetate species (CH3COO*) on pure Pd surfaces, formed by oxygen adatoms (O*) and 

acetyl (CH3CO*, deprotonated acetaldehyde) can be decarboxylated, which is initiated by 

the dissociation of β-C-H bonds in the acetate species.136–138 However, we have found 

that the decarboxylation of acetate can be prevented by controlling the surface 

composition of Pd and Au, and it leads to the selective oxidation of AcAl to AcOH near 

room temperature. We have investigated the detailed chemistry using quadrupole mass 

spectroscopy and FT-IR spectroscopy as well as density functional theory (DFT) 

calculations. 

4.2. EXPERIMENTAL & COMPUTATIONAL METHODS 

4.2.1. Ultrahigh Vacuum (UHV) Experiments   

All experiments in the present chapter were conducted in a UHV molecular beam 

surface scattering system with a base pressure of 1.0 x 10-10 Torr, which has been 

carefully described in a previous paper.83 In brief, the apparatus can generate two 

separate molecular beams, and is equipped with an Auger electron spectrometer (Physical 

Electronics 10-500), a quadrupole mass spectrometer (Extrel C-50), and a Fourier 

transform infrared spectrometer (Bruker Tensor 27) with a mercury−cadmium−telluride 

(MCT) detector. A disk shaped Au(111) single crystal sample (12 mm in diameter x 2 

mm thickness) is held by a Mo wire fitted in a groove cut on the edge of the Au(111) 
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sample in the UHV chamber. This Au(111) sample was periodically cleaned by Ar 

sputtering and then annealed to 800 K. The Mo wire is used to resistively heat the sample 

and also to cool the sample to 77 K by providing thermal contact with a liquid nitrogen 

bath. The sample temperature was measured by a K-type thermocouple placed in a small 

hole in the edge of the sample. 

  The Pd–Au model surface was prepared based on a layer by layer growth 

mechanism, in which the Pd atoms can diffuse into the bulk of the Au(111) sample by 

heating to form a Pd–Au alloy on the top surface.78 The Pd deposition was calibrated by a 

quartz crystal microbalance (QCM) and controller (Maxtek Inc.) with the assumption of a 

thickness of 1 monolayer (ML) for Pd as 2.74 Å. In this chapter, two different Pd 

coverages (2.0 ML and 3.0 ML) were deposited on the Au(111) surface at 77 K and then 

annealed to 500 K for 10 minutes as with our previous studies to form a Pd–Au alloy at 

the surface.29,69,70,80 Each of the annealed Pd–Au surfaces was also exposed to O2 

molecules at 475 K via the molecular beam to treat the surfaces with O2 for consistency 

with our previous O2 activation and reactivity study.70 

  All gas molecules were delivered via a molecular beam, which allows for the 

accurate control of the amount of adsorbed target molecules on the surface. Temperature-

programmed desorption (TPD) was adopted in this chapter to analyze the surface 

composition of Pd–Au surfaces using H2 and to investigate the oxidation chemistry of 

acetaldehyde. For the H2-TPD, we initially saturated the Pd–Au surfaces with H2 via a H2 

molecular beam at 77 K and then heated to 500 K at 1 K/s while observing the m/z+ = 2 

signal with the QMS. To test the oxidation of AcAl, each Pd–Au surface was first 

exposed to a O2 molecular beam at 300 K until it was saturated with oxygen adatoms, and 

then the surface was cooled to 77 K. AcAl molecules were then impinged on the O-

precovered Pd–Au surfaces at 77 K via an AcAl molecular beam, followed by heating of 
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the sample to 500 K at 1 K/s while detecting various masses using the QMS. Heating the 

surfaces to 500 K did not affect to their Au and Pd compositions, which has been verified 

in our previous studies.69,70,80 After finishing the TPD of AcAl, we titrated remaining CO 

or other carbon species on the surface by imping O2 via the molecular beam at 475 K (as 

we did during the sample preparation step) in order to conduct other experiments. We 

also used reflection adsorption infrared spectroscopy (RAIRS) to characterize the 

remaining molecular species on the Pd–Au surfaces during the desorption and oxidation 

of the AcAl. All the IR spectra were averaged from 512 scans with a resolution of 4 cm-1. 

4.2.2. Density Functional Theory (DFT) Calculations   

We performed spin-polarized DFT calculations with the Vienna ab initio 

simulation package.139 The projector augmented wave framework was employed to treat 

interactions between the core and valence electrons.140 Electronic exchange and 

correlation were described with the Revised-Perdew-Burke-Ernzerhof (RPBE) 

functional.141 The cutoff energy of the plane wave basis was set to 400 eV and the 

Brillouin zone was sampled at 2 x 2 x 1 with the Monkhorst-Pack scheme142. The 

convergence criteria for the electronic structure and geometry were set to 10-5 eV and 

0.01 eV×Å-1, respectively. 

The Au slabs used in this chapter supported different size Pd ensembles in the 

surface layer.  These slabs were constructed with a 5 x 5 supercell containing 4 atomic 

layers with the bottom 2 layers fixed in their bulk positions. Different numbers of Pd 

atoms (2, 3, 4, 7, and 25 atoms) of the ensemble were considered to study the effect of the 

Pd ensemble on adsorption of each intermediate during the AcAl oxidation reaction. 

These structures are shown in Figure C.8 Each slab is separated by a 10 Å vacuum gap in 

the z-direction to avoid self-interaction. 
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4.3. RESULTS AND DISCUSSION 

4.3.1. Pd–Au Composition Analysis Using H2-TPD 

Since our samples have been annealed at 500 K after the initial deposition of Pd 

onto Au(111) at 77 K, which causes Pd atoms to diffuse into the Au lattice, the 

temperature programmed desorption (TPD) of H2 was conducted on both 2.0 and 3.0 ML 

Pd deposited surfaces to quantify the fraction of Pd atoms remaining on the surface after 

annealing, identified as 0.45 Pd / 0.55 Au and 0.8 Pd / 0.2 Au respectively. As previously 

verified,30,32 H2 molecules can be dissociatively adsorbed on the Pd–Au surface. 

Hydrogen adatoms located at Pd–Au interfaces (or discontinuous and small Pd 

ensembles) recombinatively desorb between 150 K and 300 K, which is higher than the 

desorption temperature of H2 from the pure Au(111) surface (100 K – 150 K)103 and 

lower than pure Pd surfaces (> 300 K)104,105. When the Pd coverage is increased to have 

Pd(111)-like islands (or continuous and sufficiently large Pd ensembles to have pure Pd-

Figure 4.1.  Temperature-programmed desorption (TPD) of H2 on Pd–Au surfaces. H2 
molecules were impinged at 77 K via a molecular beam on a 2.0 ML Pd 
initially deposited surface (purple) and 3.0 ML Pd initially deposited surface 
(green) until the samples were saturated. The saturated samples were heated 
to 500 K by 1 K/s. Each spectrum is deconvoluted to indicate Pd–Au 
interface sites (blue) and Pd(111)-like island sites (red). The inset quantifies 
the relative coverages of the Pd–Au interface sites. and the Pd(111)-like 
island sites on the 2.0 ML and 3.0 ML Pd deposited surfaces. 
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like character), the recombinative desorption of H2 can also occur above 300 K, similar to 

pure Pd surfaces.29,30,70,108 As shown in Figure 4.1, we performed a peak deconvolution of 

the H2-TPD spectra for which the blue trace represents H2 desorbing from the Pd–Au 

interface sites and the red trace indicates H2 desorption from the Pd(111)-like islands. 

Based upon the deconvoluted peak areas, the 2.0 ML Pd deposited surface is composed 

of 40 % Pd–Au interface sites and 60% Pd(111)-like islands. On the 3.0 ML Pd deposited 

surface, the H2 TPD peak due to the Pd–Au interface sites decreases in magnitude and is 

shifted to higher temperatures (compared to the 2.0 ML case) showing 20 % Pd–Au 

interface sites and 80 % Pd(111)-like island sites. The relative fraction of surface Pd 

atoms is estimated to be 0.45 for the 2.0 ML case and 0.8 for the 3.0 ML case, 

determined by comparing each of their H2-TPD spectra to the spectrum for a 6.0 ML Pd 

deposited surface (Figure C.1) which is fully covered with Pd atoms on its top layer (even 

after annealing). All these analyses confirm that the 3.0 ML Pd deposited surface has a 

stronger Pd-like character than the 2.0 ML case; later we will describe how the surface 

composition affects the interaction between acetaldehyde (CH3CHO, AcAl) molecules 

and oxygen adatoms. 

4.3.2. AcAl Desorption from the O-free and O-precovered 2.0 ML Pd Initially 
Deposited Au(111) Surfaces. 

For a better understanding of AcAl surface chemistry, we conducted TPD tests of 

various coverages of AcAl on the O-free and atomic O-precovered Pd–Au surfaces (Pd: 

2.0 ML), where we found that the AcAl molecules are more stabilized on the O-

precovered Pd–Au surface and selectively oxidized to acetic acid. In these TPD 

measurements, we deposited various quantities of AcAl molecules on the Pd–Au surface 

at 77 K via a molecular beam and then heated the surface to 500 K (at or below which the 
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surface composition is stable). As shown in Figure 4.2, molecular AcAl desorption (m/z+ 

=29) begins at slightly higher temperatures on the O-precovered Pd–Au surface (solid 

lines) compared with the oxygen-free Pd–Au surface (dashed lines), and no desorption 

features are observed above 200 K for either surface. Specifically, the oxygen-free 

surface does not show a molecular desorption feature for 0.3 ML AcAl, but it is observed 

on the O-precovered surface at ~ 175 K. This is an indication that all the AcAl molecules 

dissociate on the oxygen-free Pd-Au surface (the products of dissociation are displayed in 

Figure C.2) but total dissociation is prevented on the O-precovered surface – a point that 

will be discussed more fully in the following section. When the AcAl coverage is at 0.4 

ML, the oxygen-free surface also starts to show molecular desorption of AcAl with a 

small peak at 155 K; nevertheless, it does not continue above 175 K. At a coverage of 0.9 

ML, the AcAl desorption from the oxygen-free surface begins at 125 K and ends at 175 

K with a peak at 150 K, which is a slightly lower temperature than for that on the pure Pd 

Figure 4.2.  TPD of AcAl on the 2.0 ML Pd deposited surface. Different coverages of 
the AcAl were impinged via a molecular beam at 77 K, and then they were 
heated to 500 K by 1 K/s. No desorption features were observed above 200 
K. The solid lines indicate AcAl desorption from the oxygen-precovered 
Pd–Au surface, and the dashed lines describe the AcAl desorption from the 
oxygen-free Pd–Au surface. 
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surface (~160 K).143 The intensity of the AcAl desorption peak at 150 K is a maximum at 

a coverage of 0.9 ML AcAl. This can be verified via comparison with the 1.5 ML AcAl 

adsorbed surface (as shown in Figure C.3) which fully covers the surface (i.e., 1 ML) 

with AcAl and also shows some multilayer desorption of AcAl at 110 K. The desorption 

spectrum of 0.9 ML AcAl on the O-precovered surface is from 130 K to 200 K forming a 

peak at 160 K, where the overall desorption spectrum is shifted to a slightly higher 

temperature range compared with the oxygen-free surface. This suggests that the 

interactions between the AcAl molecules and the surface oxygen adatoms stabilize the 

AcAl molecules on the Pd –Au surface (which has also been observed on the pure Pd 

surface136). 1.5 ML of AcAl on the O-precovered surface also shows a multilayer 

desorption peak at 110 K, as with the O-free surface.  

On the basis of the results above, we conducted a detailed product analysis during 

the TPD of AcAl on both oxygen-covered and oxygen-free Au–Pd (2.0 ML Pd) surfaces. 

In brief, we have discovered that the AcAl molecules are decomposed on the O-free 

surface, but they are selectively oxidized to AcOH near room temperature on the O-

precovered surface. From previous studies on pure Pd, it has been found that residual 

AcAl molecules remaining after molecular AcAl desorption are fully decomposed to 

generate H2 (~300 K), CH4 ( ~ 290 K), and CO (~ 475 K).143,144 AcAl decomposition also 

mainly occurs on the oxygen-free Pd–Au surface (Pd: 2.0 ML). In the TPD spectra for 

0.9 ML AcAl on the oxygen-free Pd–Au surface (Figure 4.3a), H2 desorption takes place 

from 175 K to 400 K, immediately following the desorption of the molecularly adsorbed 

monolayer of AcAl. The initiation of H2 desorption from the oxygen-free Au–Pd (2.0 

ML) surface is lower than that from pure Pd surfaces, since the Pd–Au interfaces are the 

sites for the H2 desorption from 150 K to 300 K, and the Pd(111)-like islands evolve H2 

desorption from 300 K to 400 K, as with pure Pd surfaces. The desorption of CH4 is 
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observed from 250 K to 375 K, which is evidence of C-C bond dissociation, and this 

temperature range corresponds to CH4 desorption subsequent to AcAl decomposition on 

pure Pd surfaces.143,144 After CH4 desorption begins, the intensity of desorbing H2 

molecules decreases. This observation indicates that the CH3* fragments from AcAl 

recombine with H adatoms and leave the surface as CH4 (CH3*+ H*), which diminishes 

the H2 desorption intensity during CH4 generation. The remaining C-O fragments on the 

surface desorb from the surface as CO molecules above 400 K. 

 On the O-precovered 2.0 ML Pd deposited surface (Figure 4.3b), the AcAl 

chemistry is different from that of the oxygen-free Pd–Au surface and, as mentioned 

earlier, a large increase in the selectivity to production of acetic acid is observed. 

According to a previous study regarding the O-precovered Pd (pure) surface, oxygen 

Figure 4.3.  Detailed product analysis during the desorption of 0.9 ML AcAl adsorbed 
on (a) the O-free Pd–Au surface (Pd: 2.0 ML) and (b) the O-precovered Pd–
Au surface (Pd: 2.0 ML). The 0.9 ML AcAl was impinged on the samples at 
77 K via the molecular beam, and then the AcAl covered surfaces were 
heated to 500 K by 1 K/s with observing CO (m/z+ = 28, blue), H2 (m/z+ = 2, 
dark blue), CH4 (m/z+ = 16, mauve), CO2 or AcAl (m/z+ = 44, red), AcOH 
(m/z+ = 60, green), and AcAl (m/z+ = 29, magenta). To include all those 
spectra in the same scale, the intensity of m/z+ = 60 is increased by a factor 
of 7, and the intensity of m/z+ = 28 is decreased by half.    
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adatoms fully oxidize the AcAl molecules to form H2O (~300 K and ~ 400 K), CO2 and 

AcOH (~ 400 K), and CO from 450 K.136 However, we have recently discovered that 

oxygen adatoms on the Pd–Au surfaces have higher reactivity at relatively low 

temperatures (especially below 200 K) compared to pure Pd surfaces.70 Thus, the AcAl 

molecules can be more selectively oxidized to the acetate and desorb from the surface as 

AcOH before the decarboxylation of the acetate on the surface occurs. As shown in 

Figure 4.3b, when 0.9 ML of AcAl is adsorbed on the O-precovered surface (which is 

prepared by exposing the Pd–Au surface to O2 at 300 K70) the amount of H2 and CH4 

generated from the dissociation of AcAl largely decreases during the production of 

AcOH from 250 K to 340 K. Specifically, the H2 desorption peak is no longer broad and 

continuous as on the oxygen-free Pd–Au surface; instead there are two desorption 

features, one before the generation of AcOH, from 200 K to 250 K, and the other after 

most of the AcOH generation is complete, from 325 K to 400 K. These results indicate 

that H atoms are still deprotonated from adsorbed AcAl molecules and are closely related 

to the formation of AcOH because H2 desorption terminates during AcOH generation. 

The desorption intensity of CH4 (300 K - 325 K) is less than for the oxygen-free Pd–Au 

case, and the CO generation starts from 450 K, which is higher than for the oxygen-free 

case (from 400 K) and indicates a lower amount of CO on the oxygen-precovered 

surface.145,146 Thus, the O adatoms on the Pd–Au surface both prevent the AcAl 

molecules from being dissociated and contribute to the formation of AcOH. Since we do 

not observe the production of CO2 and H2O, which is key evidence for the full oxidation 

of AcAl, it is likely that most of the oxygen adatoms are used to generate AcOH. The 

AcOH production and desorption temperature is the same as the desorption temperature 

of AcOH molecularly adsorbed on this Pd–Au surface suggesting a desorption-limited 

process. The production of AcOH via the oxidation of 0.9 ML of AcAl is estimated to be 
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~ 0.3 ML AcOH based on the experiment illustrated in Figure C.4 which involves an 

exposure of 0.3 ML AcOH and its molecular desorption from the surface between 240 K 

to 340 K which gives the same integrated area. Therefore, the AcAl can be selectively 

oxidized to AcOH on the 2.0 ML Pd deposited surface without generating other oxidized 

products during the AcOH production, such as CO2 and H2O, which have been observed 

on the pure Pd(111) surface.136 

For a detailed understanding of the dependence of the production of AcOH on the 

AcAl coverage, we also analyzed the relative amount of generated H2 (from C-H bond 

dissociation) CH4 (from C-C bond dissociation) and AcOH as shown in Figure 4.4.  

(The TPD spectra for 0.3 ML and 1.5 ML AcAl are shown in Figure C.5.) Since the 

surface is fully saturated with AcAl on a 1.5 ML AcAl covered surface, it shows about 

Figure 4.4.  Relative integrated QMS signal intensities of H2 (m/z+ = 2), CH4 (m/z+ = 
16), and AcOH (m/z+ = 60) generated during the TPD of 0.3 ML, 0.9 ML, 
and 1.5 ML AcAl on the O-precovered Pd–Au (Pd: 2.0 ML) surface. 
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5%, 7.5 %, and 6.5 % more production of CH4, H2, and AcOH respectively, compared to 

a 0.9 ML AcAl covered surface, which indicates that 0.9 ML of AcAl molecules react 

with most of the precovered oxygen adatoms to make AcOH on the 2.0 ML Pd deposited 

Au (111) surface. The 0.3 ML AcAl covered surface still shows ~ 55 % of the AcOH 

production in comparison to the 1.5 ML AcAl case, but the generation of CH4 and H2 

molecules can be no greater than 5%, as the features at the temperatures over which these 

molecules desorb have a low signal-to-noise ratio.  These results mean that H2 and CH4 

generation from the 0.9 ML or 1.5 ML AcAl cases are primarily a result of the over-

abundance of AcAl molecules which do not interact with the surface oxygen atoms. This 

again confirms that the oxygen adatoms are the principal contributor to oxidation of AcAl 

to AcOH and that selectivity toward AcOH can be enhanced when the appropriate 

coverage of AcAl is provided to the O-precovered Pd–Au surface. 

4.3.3. Reflective-Absorption Infrared Spectroscopy (RAIRS) on the AcAl Adsorbed 
Pd–Au Surfaces  

After observing the selective oxidation of AcAl to AcOH on the oxygen 

precovered surface from the TPD measurements, we performed reflective-absorption 

infrared spectroscopy (RAIRS) measurements to confirm the formation of acetate via the 

interaction of oxygen adatoms and adsorbed acetaldehyde molecules, which is additional 

evidence for the production of AcOH, as previously determined. 136,137,147–149 As shown in 

Figure 4.5, we focus on the range from 1300 cm-1 to 2000 cm-1, in which the carbonyl 

groups of the adsorbed species can be identified, since we want to compare the v(CO) 

stretch from the adsorbed acetaldehyde to the v(CO) stretch from acetate formation. At 

160 K, AcAl molecules on the oxygen-free Pd–Au surface (Pd: 2.0 ML) in Figure 4.5a 

have two different adsorbed configurations: h2(C,O)-acetaldehyde as identified by v(CO) 
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at ~1400 cm-1 and h1(C)-acetyl as identified by v(CO) at ~1600 cm-1 (via the 

deprotonation of AcAl); these assignments correspond to previous observations on pure 

Pd surfaces.143,150 After the desorption of most of the AcAl molecules (at 200 K),  the 

intensity of the h2-acetaldehyde peak increases because some of the weakly bound or h1-

coordinated AcAl molecules are converted to the h2(C,O) configuration while heating the 

surface, but this h2-acetaldehyde peak begins to decrease above 240 K. (These changes in 

the h2(C,O)-acetaldehyde peak are consistent with a previous study on the pure Pd(111) 

surface.150) When the temperature reaches 260 K, the h2-acetaldehyde peak finally 

disappears; however, the h1-acetyl peak still exists on the surface, and becomes slightly 

larger and broader than when it was annealed to 200 K. A small and broad peak at ~1805 

cm-1 begins to be observed from 260 K, and this peak is likely from carbonyl species via 

Figure 4.5.  Reflective-absorption infrared spectroscopy (RAIRS) spectra of (a) 0.9 ML 
AcAl on the oxygen-free Pd–Au surface (Pd: 2.0 ML), (b) 0.9 ML of AcAl 
on the oxygen-precovered Pd–Au surface (Pd: 2.0 ML), and (c) 0.3 ML 
AcOH on the oxygen-free Pd–Au surface (Pd: 2.0 ML). All gas molecules 
were directed on the samples at 77 K via the molecular beam, and then the 
samples were heated and held at 160 K, 200 K, 240 K, 260 K, 280 K, and 
320 K for the IR spectroscopy. The y-axis of all of IR spectra under the 
same scale. 
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the decomposition of the AcAl molecules on Pd ensembles. This feature continuously 

grows larger and sharper at higher temperatures with a peak at ~ 1815 cm-1, 

corresponding to CO via the decomposition of the AcAl as previously detected on pure 

Pd surfaces.143,150 This transition indicates C-C bond dissociation, in which the h1-acetyl 

peak also fades out during this process. All of these results are not only similar to the 

previous observations regarding the decomposition of AcAl on pure Pd surfaces,143,150 but 

also agree with our observations from TPD measurements. 

For the case of the O-precovered surface (Pd coverage is still 2.0 ML), the IR 

spectrum of 0.9 ML AcAl in Figure 4.5b generally shows different vibrational behavior 

compared to the oxygen-free surface. At 160 K, Figure 4.5b shows a more intense peak at 

~ 1400 cm-1 compared with the peak at the same wavenumber in Figure 4.5a (the AcAl 

on the oxygen-free surface) via the formation of h2-acetaldehyde. Although we can also 

see a very weak signal from h1-acetyl at ~1600 cm-1 in Figure 4.5b from 160 K to 260 K, 

it is not as indicative as in Figure 4.5a and it is also hard to distinguish the peak from the 

background noise. Based on these differences in molecular behavior, we can expect the 

peak at ~1400 cm-1 in Figure 4.5b to be due to h2(O,O)-acetate since AcOH generation 

was detected on this surface. This assignment is also supported by the detection of a 

v(CO) peak near 1400 cm-1 by h2-acetate as reported in previous studies regarding 

acetaldehyde oxidation on Pd(111)136 and AcOH adsorption and desorption from 

Pd(111),137,147 Au–Pd(100)148 and Au–Pd(111)149 surfaces. This peak is highest at 200 K, 

and starts to diminish at 240 K, which is near the temperature at which the initial 

production of AcOH is observed. At 280 K, a weak peak at ~1800 cm-1 is observed, and it 

grows slightly larger at 320 K, but is still much less intense than for the oxygen-free 

surface case. This peak can be attributed to decomposed CO species such as on the 

oxygen-free surface, but these temperatures are still in the range of AcOH production, so 
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the peak at 1800 cm-1 could also possibly be formed by physisorbed AcOH monomer 

based on previous observations, which has v(CO) positioned at ~ 1799 cm-1.149 To 

compare these results with the AcOH adsorbed on the oxygen-free Pd–Au surface, we 

measured the IR spectrum of 0.3 ML AcOH adsorbed at 77 K on the oxygen-free Pd–Au 

(Pd: 2.0 ML) surface. Figure 4.5c shows similar IR spectra to the case of AcAl co-

adsorbed on the O-precovered surface for all tested temperatures. Specifically, at 160 K, 

there is one strong peak near 1400 cm-1, which is the v(CO) feature for h2-acetate formed 

by the deprotonation of AcOH.137,147–149 With increasing temperatures, the h2-acetate 

peak becomes larger at 200 K, but starts to decrease from 240 K onwards. At 280 K the 

h2-acetate peak disappears but there is a weak peak at ~ 1800 cm-1, which grows slightly 

larger at 320 K. These measured vibrational features for a 0.3 ML coverage of AcOH on 

the oxygen-free surface are analogous to that obtained with 0.9 ML AcAl on the O-

precovered surface. This confirms the formation of acetate via the interaction between 

AcAl and oxygen adatoms. Furthermore, the acetate species formed on this surface can 

desorb primarily as AcOH instead of undergoing decarboxylation and forming other 

products as observed on the O-free 2.0 ML Pd deposited surface in Figure 4.3a. 

4.3.4. AcAl Oxidation on the 3.0 ML Pd Initially Deposited Au(111) Surface 

As shown in Figure 4.6, when the initial Pd coverage is increased to 3.0 ML, the 

AcAl molecules can be fully oxidized to CO2 and H2O at ~ 375 K while also generating 

H2, CH4, AcOH and CO, similar to results from pure Pd surfaces. With an increased Pd 

coverage, there are more Pd-(111) like islands, as verified from the H2 TPD in Figure 4.1, 

leading to a stronger Pd character for the surface. On the oxygen-free 3.0 ML Pd 

deposited surface, thus, there is less molecular desorption of AcAl, which is 60 % as 

compared to the 2.0 ML Pd deposited surface, so the production of CH4, H2, and CO 
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from decomposing AcAl is increased, as shown in Figure C.6.  These results indicate 

stronger interactions between the surface and adsorbed AcAl molecules as with pure Pd 

surfaces.143  Moreover, more oxygen adatoms can be adsorbed onto the 3.0 ML Pd 

deposited surface because of the higher Pd coverage, which is about 2.6 times more than 

the 2.0 ML case, observed via the titration of O adatoms using CO at 400 K in our 

previous study.70 However, we have also found that the stronger Pd character in the 3.0 

ML case causes the oxygen adatoms to be more strongly bound on the surface and 

become less reactive at relatively low temperatures compared to the 2.0 ML case.70 Thus, 

the 0.9 ML AcAl molecules on the O-precovered surface (Pd: 3.0 ML) in Figure 4.6 have 

stronger interactions with the surface itself and also react with oxygen adatoms at higher 

temperatures in comparison with the 2.0 ML Pd case discussed previously. Specifically, 

the production of AcOH is observed above 350 K and forms a peak at 375 K, which 

Figure 4.6.  TPD of 0.9 ML AcAl adsorbed on the O-precovered Pd–Au surface (Pd: 3.0 
ML). The 0.9 ML AcAl was directed on the surface at 77 K via the 
molecular beam and then heated to 500 K by 1 K/s with observing CO 
(m/z+ = 28, blue), H2 (m/z+ = 2, dark blue), CH4 (m/z+ = 16, purple), CO2 
or AcAl (m/z+ = 44, red), AcOH (m/z+ = 60, green), and AcAl (m/z+ = 29, 
magenta). To include all those spectra in the same scale, the intensity of 
m/z+ = 60 is increased by a factor of 7, and the intensity of m/z+ = 28 is 
decreased by half. 
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accompanies the generation of CO2, H2O, and CH4. H2 also evolves from this surface 

starting at 375 K, which is quite different from the 2.0 ML case (as shown in Figure 4.3b) 

since it only generates AcOH without other oxidized species (e.g., H2O and CO2). While 

the m/z+ = 44 signal can be due to either AcAl or CO2, we notice that its lower 

temperature peak is coupled with a m/z+ = 29 signal, and its higher temperature peak does 

not have a corresponding m/z+ = 29 signal, indicating that the lower temperature m/z+ = 

44 peak is caused by AcAl desorption, and the higher temperature peak is generated via 

CO2 production. The oxidized species, AcOH, H2O, and CO2, are evidence of the 

decarboxylation of acetate on the surface, which is known to be initiated by dissociating 

C-H bonds of the acetate species on the surface. This chemistry has also been observed in 

previous studies regarding the oxidation of AcAl on Pd(111)136 and the desorption of 

AcOH on Pd(100)138 and Pd(111)147. Note that in Figure 4.6 there are two desorption 

features for H2O, one of which is from 225 K to 330 K while the other is from 330 K to 

380 K. The lower temperature feature is mainly due to extra oxygen adatoms which 

scavenge the deprotonated hydrogen atoms on the surface instead of interacting with 

adsorbed AcAl molecules.136 The higher temperature water desorption feature is 

generated during the decarboxylation of the acetate which also generates CO2 and AcOH. 

The lower H2O desorption feature indicates that the H atoms are still deprotonated from 

the AcAl molecules by forming the acetate species as with the 2.0 ML case, but there is 

no desorption feature for the AcOH because the formed acetate species on this surface do 

not recombine with the H adatoms. The less reactive acetate species seem to be 

decarboxylated from 350 K onwards leading to the production of AcOH, H2O, CO2, CH4, 

and H2. Although there are some differences in the intensity of the desorbing molecules, 

the lower (0.3 ML) and higher (1.5 ML) AcAl coverages also show the production of 

AcOH, H2O, and CO2 simultaneously as shown in Figure C.7, which means the 
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decarboxylation occurs on this surface independent of the coverage of AcAl. Once again, 

these observations are similar to previous studies conducted on pure Pd surfaces.136 Thus, 

the increased Pd coverage (and hence size of the Pd ensembles) allows the AcAl 

molecules to be more easily dissociated and less selectively oxidized to AcOH while also 

generating CO2 and H2O, which does not occur on the 2.0 ML case. These results can be 

understood via DFT calculations of AcAl oxidation at the Pd ensembles on the Au 

surface. 

4.3.5. DFT Calculations for the AcAl Oxidation Mechanisms on the Pd–Au Surfaces  

With our DFT calculations, we aimed to determine the general size effect of Pd 

ensembles on the adsorption and reaction of AcAl molecules employing a range from 2 

Pd atoms to 25 Pd atoms (which covers the whole Au slab as one ML). We subdivide the 

catalytic oxidation of AcAl into its component steps to understand the chemistry on the 

Pd–Au surface, where various intermediates are adopted from the experimental TPD 

analysis to get the most feasible reaction pathways. As shown in Figure 4.7, the first step 

involves introducing atomic oxygen onto the surface. The oxygen adatom does not spill 

over to pure Au sites and is more stable on larger Pd ensembles, as also shown in 

previous studies.70 When an AcAl molecule is subsequently adsorbed on the surface in 

the second step, there are two possible reaction pathways with adsorbed atomic oxygen. 

In the energetically favorable pathway, a hydrogen atom deprotonates from the AcAl and 

then the deprotonated AcAl molecule reacts with an oxygen adatom to form a surface 

bound acetate (CH3COO*), where the deprotonated H atoms do not spill over to pure Au 

sites but stay on the Pd(111)-like islands as experimentally verified from the H2 

desorption temperatures in Figure 4.1 and Figure 4.3. A less favorable pathway has the 

oxygen adatom scavenging the deprotonated hydrogen from AcAl, which leads to the 
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formation of a hydroxyl (OH*) and an acetyl (CH3CO*) on the surface.  Acetate 

formation is about 1 eV favorable as compared to acetyl and hydroxyl formation on all 

surfaces tested, and the acetate species are more stable on higher Pd coverages as shown 

in Figure 4.7a. Specifically, the acetate formation is more energetically favorable on the 

atop sites of the interior of Pd atoms than on the Pd–Au interfaces or on the pure Au sites 

as shown in Figure C.9. We have also found (in Figure 4.5) that the vibrational frequency 

of the h2(O,O)-acetate (~ 1400cm-1) on the 2.0 ML Pd deposited surface is close to 

previously studied values on pure Pd surfaces.136,148 Moreover, the acetate with a 

deprotonated hydrogen formed on the 2 or 3Pd atoms is less stable than on the 7Pd atoms 

as indicated in Figure 4.7a (-1.83 eV  on 2Pd and -2.14 eV on 3Pd, and -2.37 eV on 

Figure 4.7.  (a) Energy diagram for the catalytic oxidation of AcAl to AcOH or 
CH4+CO2 as a function of Pd ensemble size: 2Pd, 3Pd, 4Pd, 7Pd, and 25Pd 
(1 ML). (b) The reaction pathways that we consider for AcAl oxidation. 
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7Pd) because the acetate and deprotonated hydrogen cannot simultaneously occupy the 

most stable adsorption sites (e.g., the interior of Pd atoms) on the relatively smaller Pd 

ensembles. In the third step, the acetate species on each surface has two possible reaction 

paths: initiation of decarboxylation (blue path); and the formation of AcOH (red path). As 

shown in Figure 4.7b (blue arrows) decarboxylation is initiated by dissociation of the β-

C-H acetate bond, as has been observed in previous studies.136–138,147 This process is not 

energetically favorable; the acetate molecule requires additional energy to surmount this 

step. The energy difference between the acetate and the initial decarboxylation step 

(CH2COO*+2H*), as indicated by the blue bar graph in the inset of Figure 4.7a, is highly 

dependent on Pd ensemble size, where 2 Pd atoms (black) show a 1.08 eV energy 

difference, and 25 Pd atoms (1 ML Pd, orange) shows only 0.06 eV. Although AcOH 

formation (red path in Figure 4.7a and 4.7b) is an energetically favorable path for all Pd 

coverages, its relative stability compared to acetate continuously decreases, as indicated 

by the red bar graph in the inset of Figure 4.7a. Thus, the energy differences between 

acetate and the initial decarboxylation step are reduced with Pd coverage and become 

very small at 1 ML, indicating that it is feasible for the acetate species to overcome the 

initial decarboxylation step and become fully decarboxylated as CH4 and CO2 on highly 

Pd-covered surfaces. This analysis implies that higher Pd coverages lead to a lower 

selectivity towards AcOH in the oxidation of AcAl. These calculations support the 

experimental observations described above, in which AcOH production is less selective 

on surfaces with more Pd (3.0 ML), and more selective on surfaces with less Pd (2.0 

ML). 

Based on these experimental and computational results we can say that the 

selectivity towards AcOH formation is highly dependent on the Pd ensemble size. As 

described in Figure 4.7b (blue arrows), acetate is tilted on the surface to initiate 
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decarboxylation by dissociating the β-C-H bond. If the Pd ensembles are small enough, 

the tilted acetate species will spill over to the Pd–Au interface or pure Au sites, which are 

less reactive compared to the Pd(111)-like islands. Thus, the acetate species on the 

smaller Pd ensembles are unlikely to undergo decarboxylation, and instead desorb as 

AcOH below the initiation temperature for decarboxylation.  

4.4. CONCLUSION 

We have investigated the selective oxidation of acetaldehyde (AcAl) to acetic 

acid (AcOH) on Pd–Au(111) heterogeneous model catalysts. For testing AcAl oxidation, 

we used two different Pd coverages on the Au(111) surface: 2.0 ML and 3.0 ML (0.45 

and 0.8 relative amount of Pd atoms on the top surface respectively after annealing to 500 

K). On the 2.0 ML Pd deposited surface, the selective production of AcOH from 250 K to 

340 K was observed during temperature programmed desorption measurements without 

generating CO2 and H2O. We also detected the formation of acetate species on this 

surface from 160 K to 260 K using RAIRS, which is a representative adsorbed 

configuration of the AcOH molecule on metal surfaces. We also confirmed that the 

molecular vibrations caused by co-adsorbed oxygen adatoms and AcAl molecules are 

quite similar to the molecular vibrations of AcOH molecules placed on this surface. 

However, on a 3.0 ML Pd deposited surface, AcAl molecules were less selectively 

oxidized to AcOH at higher temperatures (~ 375 K) and CO2, H2O, CH4, and H2 were 

also generated. This is clear evidence for the decarboxylation of the acetate, chemistry 

which has also been observed on pure Pd surfaces.136–138,147 DFT calculations show that 

the relative energy between the acetate state and the initial decarboxylation step is 

systematically reduced with increasing Pd ensemble size, which leads to facile 

decarboxylation at higher Pd coverages. This chapter shows that it is possible to 
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selectively oxidize acetaldehyde to acetic acid near room temperature by controlling the 

Pd ensemble sizes on a model palladium gold alloy surface. 
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Chapter 5: Solvent-free Vacuum Growth of Oriented HKUST-1 Thin 
Films 

5.1. INTRODUCTION 

Metal-organic frameworks (MOFs) are a new class of microporous materials, 

which consist of metal containing inorganic nodes and organic linkers.151,152 Because of 

their ultrahigh porosity and tunability, they have been widely applied in gas storage,153–159 

CO2 capture,160–164 hydrocarbon separation,165–171 catalysis,172–174 and as microporous 

magnets37,175–178. In addition to these applications, the growth of MOF thin films has 

received significant attention because it could facilitate the  direct fabrication of MOFs 

into microelectronic devices, such as gas sensors,38,179,180 electronic & opto-electronic 

devices,42–44 and also drug delivery181,182. MOF thin films can be also applied to 

microporous membranes for gas separations.183–185 The majority of MOF thin film 

deposition methods that have been developed thus far have been adapted from powder-

type MOF preparation methods using various solvents. In particular it has been reported 

that solvent based MOF thin film growth methods can be widely applied in the field of 

gas sensors by directly fabricating the MOF on the surface of electrodes and other 

supports.34–37,186,187 However the solvent based MOF growth methods have limits 

regarding direct applications in the semiconductor micro-chip fabrication process which 

is typically conducted under vacuum.  

Primarily because the aqueous solvents can contaminate the vacuum chambers 

*Han, S.; Ciufo, R. A.; Meyerson, M. L.; Keitz, B. K.; Mullins, C.B. Solvent-free 
Vacuum Growth of Oriented HKUST-1 Thin Films. J. Mater. Chem. A, 2019, 7, 19396-
19406. 
S. Han, R. A. Ciufo, M. L. Meyerson, B. K. Keitz, and C. B. Mullins conceived and 
designed experiments, analyzed and discussed results, and commented on the manuscript. 
S. Han performed experiments, analyzed data and wrote the paper. 
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and also corrode the fabrication system. Furthermore, the used solvents become 

environmentally harmful chemical wastes, involving additional costs for their safe 

disposal.  

  To overcome these disadvantages, vapor-based methods for growing MOF 

films are required. Stassen et al. has recently reported a solid-vapor based ZIF-8 thin film 

growth method using chemical vapor deposition (CVD) of 2-methylimidazole 

(HmIm).188,189  In this study, the ZnO layers grown by an atomic layer deposition (ALD) 

technique were exposed to HmIm vapor for the transformation of ZnO to ZIF-8 on the 

basis of a neutralization reaction (ZnO + HmIm è ZIF-8 + H2O). They showed that 

patterned ZIF-8 films could be prepared employing patterned ZnO layers. An analogous 

ZIF-8 growth method was used to grow gas separation membranes by converting ZnO 

layers to ZIF-8 on permeable Al2O3 substrates.185 Because these techniques for ZIF-8 

film growth involve the conversion of ZnO precursor layers to the ZIF-8 structure, which 

is a top-down approach, they are susceptible to self-inhibition when thick ZnO layers are 

used. Specifically, in both studies,185,188 the authors found that the continuous diffusion of 

HmIm to the bottom ZIF-8 - ZnO interface is slower and limited by initially converted 

ZIF-8 layers, which are on the top of the ZnO layers. These studies highlight the need for 

improved methods to control MOF thin film synthesis. 

  HKUST-1, [Cu3(BTC)2] (BTC: Benzene-1,3,5,-tricarboxylic acid), is one of 

several commercialized MOFs and is widely studied because of its coordinately 

unsaturated open metal sites.52,53  The open metal sites in HKUST-1 function as 

chemically active centers, and thus, HKUST-1 has shown various interesting applications 

such as selective gas adsorption and separation,54–58 Lewis acid catalysis,59 and proton 

transfer channels.60 Thin films of HKUST-1 have also been widely investigated primarily 

regarding highly-oriented growth using self-assembled organic monolayers (SAMs).64,65 
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The SAMs are famous for their relatively easy preparation and can be patterned using 

facile micro contact printing. Thus, employing the SAMs can allow the synthesis of 

surface bound thin film SURMOFs (SURfaceMOFs) which are homogeneous and 

atomically flat. Specifically, the -COOH or -OH or -CH3 terminated SAMs, which are the 

main functional groups in the organic linker for HKUST-1 (H3BTC), can promote the 

successful growth of 2D thin film HKUST-1 via immersing SAM coated films in the 

metal ion (e.g., Cu2+ or Zn2+) and the ligand (BTC) containing solutions sequentially.64,65 

This SAM based method leads to the growth of  highly-oriented HKUST-1 films (the -

COOH for the {200} planes and the -OH for the {222} planes). HKUST-1 MOF thin 

films can also be directly grown on basic metal oxide interfaces (e.g., Al2O3) without 

SAMs,66 and the overall growth can be controlled using UV irradiation.190 Similar to the 

case of ZnO, copper oxides and copper hydroxides can be precursors for HKUST-1 thin 

film growth on various substrates.66–68 Although  SAMs and other oxide interfaces 

provide growth sites for the deposition of HKUST-1 thin films, they are still solution-

based methods basically following the HKUST-1 powder preparation method. 

  As a new approach, we report the physical vapor deposition (PVD) of Cu0 and 

Illustration 5.1.  Schematic description of HKUST-1 thin film growth in the high vacuum 
chamber 
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the chemical vapor deposition (CVD) of H3BTC on a SiO2/Si(100) substrate for the 

solvent-free growth of HKUST-1 thin films (~20-200 nm in thickness) in a high vacuum 

chamber (base pressure 2.0 x 10-8 Torr), which is also expected to be applicable in the 

microelectronic fabrication process. (See Illustration 5.1). Similar to the suggested 

growth concept in this chapter, the combined method of PVD of metal atoms and CVD of 

organic ligands has been applied to forming “so-called” 2D-metal organic networks on 

various metal surfaces previously (typically one layer in thickness).191–193 Improving this 

2D based method, the layer-by-layer (LBL) growth concept was adopted in this chapter 

as a way of achieving bottom-up thin film growth. Our successfully grown HKUST-1 

thin films have polycrystalline features, but they are preferentially grown and show the 

(220) and (222) planes as their primary planes measured from glancing angle XRD and 

in-plane XRD respectively. We have further analyzed our HKUST-1 thin films using 

XPS and AFM and also successfully measured the adsorption and desorption of H2O on 

our HKUST-1 thin films under high vacuum. Overall, we suggest a new growth method 

of highly oriented HKUST-1 thin films by controlling the depositions of H3BTC and Cu 

under high vacuum.  

5.2. EXPERIMENTAL METHODS 

HKUST-1 thin films were grown in a high vacuum system with a base pressure of 

~2.0 x 10-8 Torr. Our high vacuum system consists of two different parts. One part is a 

sample growth chamber equipped with an e-beam evaporator for the PVD of Cu and a 

thermal evaporator for the CVD of H3BTC. The other part is a sample loading and 

thermal analysis chamber equipped with a quadrupole mass spectrometer (QMS). We 

used a SiO2/Si(100) wafer from MTI as a substrate for the growth of HKUST-1 thin 

films, where 300 nm SiO2 layers were grown on a Si(100) substrate. A piece of the 
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SiO2/Si(100) wafer, which has the dimensions 0.9 cm x 0.9 cm x 0.5mm, was loaded on 

to a sample holder composed of a tantalum plate located in the sample loading chamber. 

The sample holder is mounted to two tantalum wires which can resistively heat the 

loaded sample and also provide a thermal contact between the sample and a liquid 

nitrogen bath for cooling. The sample temperature was measured by a K-type 

thermocouple spot-welded to the top edge of the tantalum plate. 

As mentioned earlier, we used an e-beam evaporator for the PVD of Cu. The 

electrons from a tungsten filament were directed (via biasing) to metallic Cu pellets filled 

in a molybdenum (Mo) crucible. The Cu deposition rate was held at 0.05 Å/s, as 

calibrated by a quartz crystal microbalance (QCM) and its controller (Inficon SQM-160) 

assuming the thickness of 1 ML (monolayer) Cu to be 2.56 Å. To perform the CVD of 

H3BTC, 95% H3BTC powders (from Sigma Aldrich) were placed in a Al2O3 crucible and 

resistively heated while also monitoring its temperature by a K-type thermocouple. The 

H3BTC temperature was fixed at 473 K (200 °C)  during the deposition process. Using 

manual shutters in front of both the Cu and H3BTC evaporators, it was possible to control 

the deposition time of each evaporator. Before the beginning of the HKUST-1 thin film 

growth, the sample growth chamber was back-filled with H2O (2.5 x 10-5 Torr) and O2 

(2.5 x 10-5 Torr), which increased the chamber pressure to 5.0 x 10-5 Torr. 4 ML Cu were 

initially deposited on the SiO2/Si(100) wafer sample, and then H3BTC and Cu were 

exposed sequentially. The sample was held at 323 K during the deposition of Cu and 

H3BTC, followed by annealing at 343 K for 15 minutes after completion of the 

deposition process while maintaining the back-filled H2O and O2 in the chamber at 5.0 x 

10-5 Torr. Successfully grown HKUST-1 thin film samples were further characterized by 

ex-situ analysis using X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 

and atomic force microscopy (AFM). To minimize complications due to the SiO2/Si(100) 
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substrate during XRD analysis, we adopted two different XRD techniques with Cu Kα 

radiation in the Rigaku Ultima IV; glancing-angle XRD (GAXRD) and in-plane XRD 

(IPXRD), which allow us to observe the crystallinity of the HKUST-1 thin films. The 

GAXRD was conducted with a scan rate of 0.5°/min in 0.02° steps, and the IPXRD was 

operated with a scan rate of 0.1°/min in 0.02° steps. Surface chemical states and bonds 

were identified by a Kratos Axis Ultra XPS system using a monochromatic Al-Kα X-ray 

source (1486.6 eV), and the spectra were calibrated by the C1s peak at 284.6 eV as a 

standard. Casa XPS analysis software was used to conduct peak deconvolution of 

measured XPS spectra adopting a Shirley background and line shapes with a combination 

of the Gaussian and Lorentzian functions, which keeps the full-width at half maximum 

(FWHM) of deconvoluted peaks in all XPS spectra lower than 2.5 eV. The thickness and 

roughness of the HKUST-1 thin films were characterized by a non-contact atomic force 

microscope (XE-100). We also measured H2O adsorption and desorption capability of the 

HKUST-1 thin films employing temperature programmed desorption (TPD). To conduct 

the TPD experiments, we first activated the HKUST-1 thin film sample by heating it 

from 298 K to 398 K at a temperature ramp rate of 0.5 K/s and then holding it at 398 K 

for 20 minutes, at which time there was no longer any further H2O desorption as detected 

by the QMS. The activated HKUST-1 thin film was then cooled to 120 K and exposed to 

back-filled H2O molecules at 2.0 x 10-6 Torr for 30 minutes. After that, the H2O exposed 

HKUST-1 thin film was heated from 120 K to 398 K at a rate of 0.5 K/s and held at 398 

K for 20 minutes to complete the H2O desorption. During this process, a m/z+ =18 signal 

was recorded by the QMS (Extorr xt100m). We did not increase the HKUST-1 sample 

temperature above 398 K in order to prevent the decomposition of the deposited HKUST-

1 structures. 
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5.3. RESULTS AND DISCUSSION 

As shown in Illustration 5.1, the CVD of H3BTC and the PVD of Cu are 

performed to grow the HKUST-1 thin film on a SiO2/Si(100) substrate under vacuum. 

Oxidized Cu  precursor layers (e.g., CuxOy, Cu(OH)2)66–68 were not required to grow the 

HKUST-1 film. Adopting a bottom-up growth concept, H3BTC and Cu were directly 

exposed to the substrate sequentially establishing a layer-by-layer (LBL) growth 

protocol. At the beginning of the growth, 4 ML of Cu (~ 1 nm thick) was deposited 

directly on the SiO2//Si(100) substrate. This initial Cu layer was mainly used as a 

substrate upon which H3BTC molecules in the first deposition cycle can be organized. It 

is known that H3BTC molecules can form porous supramolecular structures not only by 

themselves but also on various surfaces, such as Cu, Ag, Au and graphite.194–202 We were 

inspired by these studies to use the supramolecular structures of H3BTC as templates to 

grow the HKUST-1 thin films. 

5.3.1. Optimization of the Quantity of Cu in Each Growth Cycle 

We found the optimized growth conditions to consist of an exposure time of 

H3BTC of 3 minutes in each cycle while holding the evaporation temperature of H3BTC 

at 473 K (200 °C). The vacuum chamber was back-filled with H2O and O2 to a total 

pressure of 5.0 x 10-5 Torr. During the growth, the sample was held at 323 K, which was 

followed by annealing at 343 K for 15 minutes all with 5.0 X 10-5 Torr of H2O and O2. 

As shown in Figure 5.1, we optimized the amount of Cu in each cycle using a 5 LBL 

cycled HKUST-1 thin film as a representative case by measuring the oxidation state of 

Cu via XPS, which is a widely used analysis method for confirming the Cu2+ state in 

HKUST-1.42,203–210 Specifically, a 1 ML Cu deposition in each cycle for the 5 cycled film 

shows the highest ratio of Cu2+ to Cu1+(or Cu0), 92 % and 8 % respectively by integrating 
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the deconvoluted peak area of Cu2+ (~ 934 eV, light-blue line) and Cu1+/Cu0 (~ 932 eV, 

brown line), which also has clear satellite peaks by Cu2+ from 936 eV – 946 eV.  This 

Cu2+ to Cu1+/Cu0 ratio is similar to previously reported values from the HKUST-1 

powders and thin films.209,210 When we decreased the amount of Cu to 0.5 ML, the Cu2+ 

peak intensity is about a half of the 1.0 ML case, which indicates that 0.5 ML Cu does 

not fully saturate the H3BTC layers. However, a deposition of 1.5 ML Cu in each cycle 

causes over-saturation of the H3BTC layers, as it shows a higher intensity of the Cu1+/Cu0 

ratio with almost the same intensity of Cu2+ compared to the 1.0 ML Cu case. This result 

indicates that the extra Cu atoms are partially oxidized or remain unreacted. Based on 

these results, we fixed the deposition amount of Cu in each cycle at 1 ML. There was no 

indication of copper oxide formation in any of the tests since their O1s XPS spectra do 

Figure 5.1.  XPS analysis for the Cu2p region of 5 LBL cycles of HKUST-1 thin films. 
To optimize the amount of Cu in each layer, the 5 cycled HKUST-1 thin 
films were grown by using 0.5 ML Cu (purple), 1.0 ML Cu (green), and 1.5 
ML Cu (red) in each LBL cycle. We highlighted the main peak for Cu2+ (~ 
934 eV) and its sub peak with light-blue and the Cu1+/Cu0 peak (~ 932 eV) 
and its sub peak with brown. 
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not show any components in the range of 530.5 eV - 529.5 eV as shown in Figure D.1, 

which is a typical range for the O1s feature from Cu2O and CuO.204,211,212 

5.3.2. Characteristics of the H3BTC and HKUST-1 Thin Films 

As mentioned above, Cu and H3BTC deposited samples were annealed at 343 K 

for 15 mins to complete the HKUST-1 film growth. After finishing growth, we measured 

the crystallinity of our samples using glancing-angle XRD (GAXRD). GAXRD is a 

widely adopted asymmetric out-of-plane XRD technique, which can analyze variously 

oriented planes in thin films with less interruption from their supporting substrates and 

the techniques have also been adopted for HKUST-1 thin film analysis 

previously.42,43,213–215 Our HKUST-1 thin films displayed peaks at ~ 9.2° and ~ 18.5° in 

the GAXRD (gray line in Figure 5.2a), which corresponds to the (220) and (440) planes 

of HKUST-1 respectively. (We will further discuss its crystallinity in the following 

section.) The unannealed 5 cycles of H3BTC (blue line in Figure 5.2a, five consecutive 

rounds of H3BTC deposition on the substrate for 3 mins each, 15 mins in total), which is 

directly grown on the initial Cu layer without including Cu deposition between each 

H3BTC deposition, shows very similar XRD patterns compared to the HKUST-1 thin 

films even though there are still some differences between these two XRD patterns above 

25° in 2θ as shown in Figure D.2. The unannealed 5 cycled H3BTC fully covers the top 

surface of the substrate, which shows a different color compared to a blank SiO2/Si(100) 

substrate. (Figure D.3) Moreover we did not detect Cu features in the Cu2p region in its 

XPS spectrum in Figure D.2b, which would appear if the H3BTC molecules did not fully 

cover the 4 ML Cu deposited SiO2/Si(100) substrate. This means there are multilayers of 

H3BTC forming 3D structures by themselves. From the XRD results, we propose that the 

deposited H3BTC molecules are long-range ordered on the initial Cu layer (~ 1 nm of 
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thickness) on the SiO2/Si(100) substrate to form the supramolecular structures based on 

hydrogen bonds (H-bonds) which leads to the HKUST-1 like structures.  Similar to this 

Figure 5.2.  (a) XRD patterns for the 5 cycles of unannealed H3BTC (blue, 5 times of 
H3BTC deposition for 3 minutes in each), the 5 cycles of HKUST-1 films 
(gray), and the 5 cycles of annealed H3BTC at 343 K for 15 mins (red). (b) 
and (c) show the XPS spectra of O1s and C1s regions respectively for the 5 
cycles of annealed H3BTC and the 5 cycles of HKUST-1 film.  



 73 

chapter, it has been found that the Cu layer on the Au(111) surface provides binding and 

regular organization sites for H3BTC molecules without changing the oxidation state of 

the Cu atoms.216   

Since the H3BTC molecules are connected to each other only by H-bonds, they 

lose their crystallinity after annealing at 343 K for 15 mins (red line in Figure 5.2a), 

likely being converted into randomly ordered H-bonded clusters. Even though the 5 

cycles of H3BTC were annealed at 343 K, it is not a high enough temperature to cause the 

desorption of multilayers of H3BTC, which needs to be heated to ~ 573 K as previously 

found.217 There is also no color change between the unannealed and annealed films as 

shown in Figure D.3, and it was possible to detect the H3BTC molecules on the annealed 

surface by O1s and C1s XPS measurements (which will be discussed in the following 

section). The lack of crystallinity in the annealed 5 cycled H3BTC sample (see Figure 

5.2a) supports the notion that Cu atoms in the initial 4 ML Cu layer do not broadly 

diffuse into the H3BTC layers to form a HKUST-1 structure and also there is no trace of 

Cu in the Cu2p region in XPS as described in Figure D.2b. This lack of crystallinity is 

very interesting since an HKUST-1 structure can be annealed to 343 K and retain its 

crystallinity after annealing.  

As we mentioned above, the XRD patterns of the 5 cycled HKUST-1 are similar 

to the unannealed 5 cycled H3BTC. Both cases have a main peak at ~ 9.2° of 2θ. The full-

width half maximum (FWHM) of this peak in the unannealed 5 cycled H3BTC is ~ 0.3°, 

which is slightly smaller than the FWHM of the same peak in the 5 cycled HKUST-1 (~ 

0.37°) indicating the decrease of average grain sizes. Relatedly, deposited Cu atoms in 

each cycle react with H3BTC molecules, which shrinks the structure by forming 

coordinate bonds between Cu and H3BTC, which leads to the FWHM of the HKUST-1 

film at ~ 9.2° being increased. We can also see that the unannealed 5 cycled H3BTC have 
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a stronger peak at ~ 9.2° than the corresponding peak on the  HKUST-1 film, but its 

peak at 18.5° is weaker than the one on the HKUST-1 film related to the (440) plane of 

HKUST-1. These results indicate that the crystal structures of the HKUST-1 thin film are 

originating from the 3D supramolecular structures of H3BTC, but there are still some 

structural changes caused by the 1.0 ML Cu deposition after each H3BTC deposition. 

Furthermore, it has been found that H3BTC molecules can be densely packed and 

regularly organized on Cu surfaces by forming chain structures composed of up-right 

oriented H3BTC molecules anchored on Cu atoms, and then extra H3BTC molecules form 

3D structures based on hydrogen bonds (H-bonds) with each other.217,218 

We also compared differences in O1s and C1s XPS spectra of the annealed 5 

cycles of H3BTC (the same growth conditions as the HKUST-1 thin film except with no 

Cu deposition between H3BTC cycles) and the 5 cycled HKUST-1 thin film in order to 

prove that the deposited Cu atoms interact with the H3BTC structure. The O1s spectrum 

of the annealed 5 cycles of H3BTC shows two peaks having similar intensities at 531.5 

eV for C=O/O-C=O bonds by carboxyl groups and its split peak at 532.8 eV for C-OH 

bonds,207,219–221 which is similar to previously observed H-bonded H3BTC molecules on a 

Ag coated Au(111) surface and a Cu(100) surface.200,217 However, the 5 cycled HKUST-

1 films has a peak at 533.1 eV for C-O bonds (ester type oxygen) and the other peak is at 

531.5 eV for C=O/O-C=O bonds (carboxylate type oxygen).207,219–221 Consistent with 

previous HKUST-1 studies,208,219,220 the C-O bond peak shows lower intensity than the 

C=O/O-C=O bond peak. This ester type C-O bond can be formed when the H3BTC is 

deprotonated and forms coordinate bonds with Cu2+, Cu-O-C. These results also confirm 

that H3BTC molecules in the annealed 5 cycled H3BTC are not fully deprotonated to 

make new covalent bonded clusters by forming ester type C-O bonds with each other, but 

they still exist as H-bonded clusters. The C1s XPS spectra of H3BTC and HKUST-1 also 
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shows clear differences depending on their chemical status (see Figure 5.2c). The 

annealed 5 cycles of H3BTC mainly shows C-C sp2 bonds at 284.6 eV203,219,222,223 and 

also has a peak for O-C=O(~ 288.7 eV) bonds from the carboxyl group of 

H3BTC219,222,224,225. When we compare these results to the 5 cycled HKUST-1 thin film, 

the HKUST-1 sample has a peak at 284.6 eV for C-C bonds and shows the formation of 

C-O bonds at ~ 285.9 eV by the ester type bond formation with Cu2+ ions (Cu-O-C) as 

previously observed,219,222,223 which also has been detected in the O1s spectrum.  

Furthermore,  there is a peak at 288.3 eV indicating C=O bonds,219,222,225 which is 0.4 

eV lower than the peak of carboxyl groups (O-C=O) observed in the annealed H3BTC 

sample, so it also supports the deprotonation of H3BTC to form the Cu-O-C bond in 

HKUST-1. 

5.3.3. Effects of H2O and O2 During the HKUST-1 Thin Film Growth 

 As we explained above, we directly deposited Cu0 atoms on the H3BTC covered 

surface instead of using other Cu based solid precursors, such as CuO and Cu(OH)2, 

which have been used in previous studies.66–68 However, we adopted O2 as a background 

gas expecting it to work as the ionization agent of Cu and the deprotonation agent of 

H3BTC. Furthermore, it has been found that water vapor enhances the solid state 

conversion of ZnO to ZIF-8.188 To investigate the synergistic effect of the background 

gases, H2O and O2, we grew HKUST-1 films under two different pure O2 back-filled 

conditions (2.5 x 10-5 Torr and 5.0 x 10-5 Torr) and compared them to the sample grown 

under a H2O and O2 mixed condition (total pressure: 5.0 x 10-5 Torr, H2O (2.5 x 10-5 

Torr) + O2 (2.5 x 10-5 Torr)). Since the formation of copper oxide has not been found in 

XPS in any of our tests (see Figure D.1 and D.4), we assumed that the oxidation of Cu0 to 

Cu2+ is caused by the formation of the paddle-wheel units of HKUST-1, which consist of 
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BTC3- (deprotonated H3BTC) and Cu2+. As shown in Figure 5.3, it is possible to detect 

Cu2+ in XPS even by back-filling the chamber with the pure O2. However, there are 

differences in the ratio of Cu2+ to Cu1+(or Cu0) depending on the applied pressure of O2. 

When the O2 pressure is increased from 2.5 x 10-5 to 5.0 x 10-5, there is more Cu2+ 

formation, which means the O2 molecules are involved in the oxidation of the Cu atoms. 

There is still no indication of any Cu oxides based on the O1s XPS in each case (Figure 

D.4), so the O2 molecules mainly work to ionize Cu and deprotonate H3BTC. The H2O 

and O2 mixed case showed the highest ratio of Cu2+ compared to others. This 

phenomenon can be caused by the solvation effect of water, for which it has been 

thermodynamically proven that the coordinated H2O molecules stabilize the paddle-

wheel units of the HKUST-1.51,226,227  In particular, it is also known that the 

deprotonation of ligands is essential in the growth of various MOFs,228 so we suspect that 

Figure 5.3.  XPS analysis for the Cu2p region of 5 LBL cycles (1 ML Cu deposited in 
each cycle) of HKUST-1 thin films grown with H2O + O2 background gases 
at total pressure of 5.0 x 10-5 Torr (2.5 x 10-5 Torr in each), pure O2 at 5.0 x 
10-5 Torr, and pure O2 at 2.5 x 10-5 Torr. We highlighted the main peak for 
Cu2+ (~ 934 eV) and its satellite peak (~ 954 eV) with light-blue and the 
main Cu1+/Cu0 peak (~ 932 eV) and its satellite peak (~ 952 eV) with 
brown. 
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the background H2O molecules facilitate the deprotonation of H3BTC, which allows more 

facile oxidation of Cu0 to Cu2+.  

5.3.4. Crystallinity, Roughness, and Thickness of the Vacuum-Deposited HKUST-1 
Thin Films 

We also grew 2, 5, and 10 cycled samples to check their crystallinity by adopting 

two different XRD techniques, the glancing-angle XRD (GAXRD) and the in-plane XRD 

(IPXRD) as shown in Figure 5.4a and 5.4b respectively. These samples are uniformly 

coated on the substrates and highly reflective, like a mirror, which show different color 

depending on the number of growth cycles as indicated in Figure D.5. In overall XRD 

measurements, the (220) plane at 9.2° in 2θ shows the strongest intensity in the GAXRD 

(Figure 5.4a), and the (222) plane at 10.8° in 2θ is a dominant plane in the IPXRD 

(Figure 5.4b), which means our HKUST-1 thin films are highly oriented.42,43,52,229 

However, additional peaks for HKUST-1 above 20° appear as indicated in Figure D.6, 

which are due to the polycrystalline properties of our HKUST-1 thin films. The XRD 

peaks in both measurements are slightly shifted towards lower angles compared with 

HKUST-1 simulated peaks52 It has been found that the top surface compositions of the 

substrate directly affect the thin film structures grown on it.230 Thus, we suspect that the 

XRD peak shifts could be related to the alignment of H3BTC molecules on the Cu 

covered SiO2/Si(100) substrate since we have already found that the HKUST-1 structure 

is derived from the deposited H3BTC layers as shown in Figure 5.2. Moreover, there 

would be some accumulated strains within the H3BTC-Cu-SiO2/Si(100) structures, which 

possibly affects the HKUST-1 thin film structures.230–232  Specifically in the GAXRD 

measurements, the peak intensity for the (220) plane at 9.2° continuously gets bigger with 

increasing number of LBL cycles, but the FWHM of this peak stays almost the same, ~ 
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0.37°, in all tested HKUST-1 films. The (440) plane is also observed at ~ 18.5°, which is 

a sub-plane of (220).  However, our samples do not show other main planes for 

HKUST-1, such as peaks at ~ 6.5° for the (220) plane and ~ 11.5° for the (222) plane. For 

the IPXRD, the peak for the (220) plane located between 9° and 10° is not observed, but 

all the samples have a peak at 10.8°, which is close to the (222) plane of HKUST-1. As 

with the (220) peak in the GAXRD, the thicker the sample is, the more intense the peak 

for the (222) plane, with a similar FWHM value (~ 0.36°). From the 5 cycled samples, 

Figure 5.4.  (a) the glancing-angle and (b) the in-plane XRD measurements for 2, 5, 10 
LBL cycles of HKUST-1 thin films with simulated HKUST-1 XRD patterns 
(black lines at the bottom of each figure). (c) shows the thickness of these 
HKUST-1 thin films measured by AFM. Top and lateral views of the 10 
cycled HKUST-1 film are also included as insets. 
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XRD peaks for the (200) and (400) planes are also observed at ~6.5° and ~ 13° 

respectively, and they also get larger on the 10 cycled sample. Although the (222) plane 

is detected as a main plane in the IPXRD measurement, which shows our HKUST-1 thin 

films are highly oriented, the observation of the (200) plane on thicker films indicates a 

polycrystalline character for our samples. The two dominant planes in our measurements, 

(220) and (222), have also been observed in a previous study in which octahedral shaped 

HKUST-1 particles grown along the <100> direction are well organized on a gold 

substrate.229 

After analyzing the structural properties of our HKUST-1 thin films, we 

investigated their thickness and surface characteristics using atomic force microscopy 

(AFM). As shown in Figure 5.4c, the thickness of our 2, 5, and 10 cycled HKUST-1 thin 

films are analyzed. (more detailed results are in Figure D.7) To conduct these 

measurements, we masked some portions of the substrates and then grew the HKUST-1 

films. With more LBL cycles, the thickness of our samples linearly increases, as 

expected, with a R2 value of 0.99. Specifically, the 2, 5, and 10 cycled samples have 

average thicknesses of 37.5, 97, and 210 nm respectively, where each LBL cycle deposits 

a ~ 20 nm-thick HKUST-1 film. The root mean square (RMS) roughness also increases 

depending on the number of LBL cycles as with other MOF thin film growth studies,233 

but our samples are quite flat since even the 200 nm thick sample (10 cycles) has ~ 1 nm 

for the RMS roughness. This can be observed from the top view and lateral view of the 

10 cycled HKUST-1 film in the inset to Figure 5.4c. The top view shows its continuous 

and homogeneous top surface. In the lateral view, it is interesting to see that the densely 

packed nano rods on the surface are regularly organized in an up-right orientation. These 

AFM observations are further evidence for the highly-oriented structure of our HKUST-1 

thin films. 
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5.3.5. H2O Desorption from the 5 Cycled HKUST-1 Thin Film 

It is known that the HKUST-1 is an exceptional H2O sensor, which tends to be 

adsorbed at the 9 Å main cages of HKUST-1.180,234–236 Although the adsorption energy of 

H2O is known to be 48 - 55 kJ/mol,237–240 previous H2O isotherm measurements have 

shown hysteresis during the H2O desorption process,241,242 which indicates some water 

molecules are strongly chemisorbed in the HKUST-1 structure. These strongly 

chemisorbed H2O molecules can be removed by an activation process, which typically 

involves holding the HKUST-1 structure at ~ 120 °C under vacuum.190,239,242 Furthermore 

it has been found that the weight of HKUST-1 powders rapidly decreases from the 

evaporation of strongly bound H2O and other solvent molecules when the temperature 

increases from 25 °C to 150 °C in previous TGA analysis.206,243 In this chapter, we also 

Figure 5.5.  (a) The desorption spectra of H2O molecules exposed to the 5 cycled 
HKUST-1 thin film at 120 K (red), 200 K (blue), and 240 K (orange) for 30 
mins at 2 x 10-6 Torr H2O for each. As a reference, we also added the 
desorption spectrum of H2O exposed to the sample holder (made of 
tantalum) at 120 K for 30 mins at 2 x 10-6 Torr H2O (black). After the H2O 
adsorption at different temperatures, the samples were held at 120 K for 2 
mins and then heated to 398 K at 0.5 K/s to conduct temperature 
programmed desorption (TPD). The inset describes a 5 times magnified 
temperature range of 130 K to 300 K. When the samples reached at 398 K, 
they were kept at 398 K for 20 mins for the isothermal H2O desorption. (b) 
Zoomed out H2O desorption spectra. (c) Relative amount of H2O desorption 
by different H2O exposure times at 200 K. (30, 15, 8, and 4 mins) 
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tested the adsorption and desorption of H2O in order to measure the porosity and gas 

uptake properties of our HKUST-1 thin films. To conduct this experiment, the activated 5 

cycled HKUST-1 thin film was exposed to back-filled H2O molecules (2.0 x 10-6 Torr). 

This is a constant pressure H2O adsorption experiment at a significantly lower pressure 

compared to previous isotherm tests using HKUST-1 powders in which the vapor 

pressures of H2O were varied up to its saturated vapor pressure (~23 Torr) at room 

temperature.237–242 We first tested the adsorption of H2O while the sample was held at 

120 K for 30 mins. Shown in Figure 5.5a are the results of temperature programmed 

desorption (TPD) measurements. Our measurement protocol is similar to that used 

extensively in surface science experiments performed under ultrahigh vacuum conditions. 

Here we measured the desorption of H2O by heating the sample from 120 K to 398 K at a 

rate of 0.5 K/s to 398 K and then holding the sample at 398 K for 20 mins to complete the 

desorption of water [again, we did not heat the sample above 398 K to prevent 

decomposition of the HKUST-1 film]. It is the same heating process used for the 

activation of our HKUST-1 thin films in this chapter. The H2O desorption shown in 

Figure 5.5a and Figure 5.5b first displays a desorption peak at 190 K, which starts from 

150 K. This peak is due to the multilayers of H2O on the HKUST-1 surface and is 

characterized by the H2O signal intensity increasing sharply from ~ 150 K and then 

rapidly dropping right after 190 K. This desorption behavior is similar to the zeroth order 

desorption by multilayers of H2O molecules on metal and metal oxide surfaces as 

previously studied.96,244 Although the H2O molecules continuously desorb until 270 K, 

the desorption behavior is slightly changed after finishing the multilayer H2O desorption 

at 190 K, which could involve another desorption feature. Moreover, the sample holder 

itself, which is made of tantalum (Ta), shows multilayer H2O desorption at ~ 190 K  

(black line in Figure 5.5a), but its intensity quickly drops above 190 K, and also has a 



 82 

lower intensity compared to the 5 cycled HKUST-1, which is indicated in the inset of 

Figure 5.5a and Figure D.8. Thus, we also tested the adsorption of H2O at 200 K with the 

same H2O pressure and exposure time as with the 120 K experiments to avoid the 

formation of H2O multilayers. Water adsorption at 200 K will not create a multilayer so 

no desorption feature for multilayer water is expected.  

During the desorption test of H2O adsorbed on the 5 cycled HKUST-1 film at 200 

K, there is a new broad desorption peak at ~ 240 K. Its desorption range (200 K to 270 K) 

corresponds to the temperature range in which the desorption behavior of H2O adsorbed 

at 120 K was changed.  The H2O molecules desorbing in this temperature range could 

be molecularly adsorbed H2O molecules near the MOF-vacuum interface.245 If we 

assume that these H2O molecules desorb from the near surface, a Redhead analysis can 

be adopted to estimate the desorption energy of the H2O,126 and this analysis yields a 

value of ~ 60 kJ/mol. This value is close to previously measured H2O adsorption energies 

for HKUST-1 (48 - 55 kJ/mol).237–240 As shown in Figure D.8, chemisorbed H2O 

molecules on our Ta sample holder desorb from 215 K to 290 K when the Ta sample 

holder is solely exposed to H2O at 200 K. Although this temperature range is a little bit 

higher than the low temperature H2O desorption feature observed in the HKUST-1 

sample, it could contribute to the H2O desorption from the 5 cycled HKUST-1 film. 

However, we have already observed in the H2O adsorption tests at 120 K that the 5 

cycled HKUST-1 film shows more H2O desorption above 190 K compared to the Ta 

sample holder. Furthermore, the top surface of the sample holder was covered by a 

HKUST-1 thin film sample during the H2O adsorption and desorption tests of the 

HKUST-1 thin film. Thus the H2O generation during the TPD of the HKUST-1 thin film 

can be mainly attributed to the HKUST-1 structures. When adsorption of H2O is 
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conducted at 240 K, the relatively small desorption feature between 200 and 270 K 

disappears as indicated in Figure 5.5 (blue traces).  

In all the H2O desorption tests, with H2O molecules adsorbed at 120 K, 200 K, 

and 240 K, the remaining strongly chemisorbed H2O molecules begin to desorb from ~ 

320 K and continue the desorption through 398 K. In particular, most of the H2O 

desorption occurs while the sample is held at 398 K, which is further evidence for the gas 

capture capability of our HKUST-1 thin films, since the Ta sample holder itself does not 

show any H2O desorption features above 190 K. This H2O desorption temperature range 

is similar to the previous TGA analysis of HKUST-1,206,243 which shows a rapid weight 

loss from 25 °C (298 K) to 150 °C (423 K) by water and other solvents. The number of 

adsorbed H2O molecules is also controllable based on the H2O exposure time as shown in 

Figure 5.5c for an adsorption temperature of 200 K. Here we arbitrarily define the 

relative quantity of desorbing H2O molecules for the 30 minute H2O exposure case as 1.0. 

With decreasing H2O exposure time from 30 mins to 4 mins, the quantity of desorbing 

H2O molecules linearly decreases, with a R2 value of 0.99. After these H2O adsorption 

and desorption tests, GAXRD of the HKUST-1 film showed the same XRD diffraction 

patterns as the fresh sample (shown in Figure D.9). These results indicate that our 

HKUST-1 thin films grown under vacuum also have the capability to repeatably capture 

gas molecules in their pores similar to HKUST-1 powder samples. Our results 

demonstrate that TPD is an effective experimental method for analyzing the desorption 

behavior of strongly adsorbed gas molecules on MOFs under vacuum at various 

temperatures, some of which may be difficult to be detected in conventional isotherm 

experiments. 
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5.4. CONCLUSION 

We developed a new solvent-free HKUST-1 thin film growth method employed 

under vacuum by adopting a LBL deposition strategy involving the sequential physical 

vapor deposition of Cu followed by chemical vapor deposition of H3BTC. After back-

filling O2 and H2O gases up to 5.0 x 10-5 Torr, we initially deposited 4 ML of Cu (~ 1 

nm) on a SiO2/Si(100) substrate and then exposed H3BTC and Cu in turn using layer-by-

layer (LBL) growth. The H3BTC source evaporator was held at 200 °C during the 

growth, and we fixed the amount of evaporation time of H3BTC in each cycle at 3 mins. 

Based on this fixed amount of H3BTC, we optimized the amount of Cu in each cycle by 

growing 5 cycled samples and measuring XPS to verify the oxidation state of Cu. As 

determined by XPS, 1 ML Cu deposition after each H3BTC deposition cycle showed the 

best Cu2+ to Cu1+/Cu0 ratio compared to other tested amounts of Cu (0.5 ML and 1.5 ML) 

in our experimental setup, and there was no trace of copper oxide formation. We also 

found that the unannealed 5 cycles of H3BTC formed supramolecular structures which 

exhibited similar XRD patterns to the 5 cycles of the HKUST-1 film. However, after 

annealing the 5 cycled H3BTC at 343 K for 15 mins, which is the same annealing process 

to finalize the growth of our HKUST-1 films, they no longer showed crystallinity and 

became randomly ordered. This suggests that the HKUST-1 thin film structures are 

derived from the 3D supramolecular structures of H3BTC molecules, and deposited Cu 

atoms work as joints for the H3BTC ligand to keep their HKUST-1 like structure. For 

investigating the effect of background gases of O2 and H2O during HKUST-1 growth, we 

grew several 5 cycled HKUST-1 films with different background gas conditions and 

discovered that H2O molecules clearly enhance the conversion of Cu0 to Cu2+ in the 

HKUST-1 film deposition. In the analysis of the crystallinity of the HKUST-1 thin films, 

the (220) and (222) planes were determined to be dominant planes in the GAXRD and 
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IPXRD measurements respectively, which shows that our HKUST-1 thin films are highly 

oriented. Furthermore, the thickness of HKUST-1 thin films increased linearly depending 

on the number of LBL cycles, ~ 20 nm for each LBL cycle as verified by AFM. We also 

conducted H2O adsorption and desorption tests on a 5 cycled HKUST-1 film, which has a 

thickness of ~ 100 nm. The H2O adsorption was conducted at 120 K, 200 K, and 240 K 

by back-filling the vacuum chamber with 2.0 x 10-6 Torr of H2O for 30 mins. The H2O 

desorption measured by QMS showed that most of the H2O desorption occurred when the 

sample was isothermally heated at 398 K (125 °C). These results correspond to previous 

TGA measurements on HKUST-1 and indicate that these constant pressure H2O 

adsorption and desorption tests under vacuum are able to detect strongly bound H2O 

molecules in HKUST-1. Therefore, this chapter suggests that HKUST-1 thin films can be 

grown under vacuum without the use of any solvents, where its thickness is also 

controllable within ~ 20 nm scale. We expect this vacuum based MOF growth can be 

applied in various fields such as semiconductors, sensors and membranes.  
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Chapter 6: Methanol Oxidation Catalyzed by Copper Nanoclusters 
Incorporated in Vacuum-Deposited HKUST-1 Thin Films 

6.1. INTRODUCTION 

As a relatively new class of porous materials, metal organic frameworks (MOFs) 

have been widely studied because of their potential with regard to sensors, 

microelectronics, and gas capture & separation.36,37,163,171,190,246,247 MOFs are composed 

of inorganic metal cation units and organic ligands, which provide diverse structural 

configurations.33 Thus, they can have uniform long-range ordered pores and structures 

with relatively larger surface areas compared to conventional micro and mesoporous 

materials, such as zeolites and silica.173,248  

 Inspired by the structural tunability and high surface area of MOFs, many 

researchers have investigated methods to use MOFs as catalysts, especially for 

heterogeneous catalysis.173,174,248 Although some MOFs can be directly applied as Lewis 

acid catalysts based on their coordinately unsaturated open metal sites,174,249 more 

interesting catalytic properties can be realized through the inclusion of secondary metal 

nanoparticles (MNPs) in/on the pores of mechanically and thermally stable MOFs (e.g., 

ZIF-8,250–255 MOF-5,256–259 NU-1000,172,260–263 UiO-66264–272 etc.). The pores of MOFs 

can provide good dispersion sites for MNPs, which prevents the MNPs from 

aggregating.251,265–267,269,273,274 Specifically, various MNPs, such as Au, Pd, Ag/Pd, Ni/Pt, 

and Ir, have been incorporated into ZIF-8 and showed impressive catalytic activities.250–

*Han, S.; Ciufo, R. A.; Wygant B. R.; Keitz, B. K.; Mullins, C.B. Methanol Oxidation 
Catalyzed by Copper Nanoclusters Incorporated in Vacuum-Deposited HKUST-1 Thin 
Films, ACS Catalysis, 2020, Accepted.  
S. Han, R. A. Ciufo, B. R. Wygant, B. K. Keitz, and C. B. Mullins conceived and 
designed experiments, analyzed and discussed results, and commented on the manuscript. 
S. Han performed experiments, analyzed data and wrote the paper. 
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255 Moreover, it was found that Cu NPs in MOF-5 can generate methanol from synthesis 

gas mixtures (CO/CO2/H2), and it shows better catalytic activity when Cu atoms are 

loaded on ZnO nanoparticles imbedded in MOF-5.256,257 NU-1000 has been used as a 

stable support for single atom catalysts by introducing secondary metal atoms into its 

stable Zr(IV)-oxo couples based structures.172,260 Secondary Cu(II)-oxo clusters can also 

be placed in the NU-1000 MOF to work as catalytically active centers for oxidizing 

methane to methanol.261 

Additionally, UiO-66 has stable Zr(IV)-oxo building units, and has been used as a 

substrate for single metal atoms, MNPs, and metal oxide clusters for catalysis.264–272 In 

particular, Cu268 and Pd269 NPs incorporated into UiO-66 performed better for methanol 

production from CO2 & H2 mixtures and H2 generation from ammonia borane 

respectively, when those particles are fully surrounded by the UiO-66 structures instead 

of simply resting on the surface of the UiO-66 MOF. This interesting phenomenon is 

related to the concentration of MNP-MOF interfaces, at which the catalytic activity can 

be improved.268,269  

Most of the previous studies regarding MOF-heterogenous catalysts have been 

powder-based high pressure experiments. This study of methanol oxidation by Cu NP 

incorporated HKUST-1 thin films is the first surface science study of a MNP 

incorporated MOF thin film under vacuum. The Cu paddle-wheel unit is a basic 

component of HKUST-1, which is composed of two Cu2+ cations coordinated with four 

deprotonated H3BTC (benzene-1,3,5-tricarboxylic acid) molecules in a square planar 

shape as highlighted with blue planes in Figure 6.1.  The continuously connected Cu 

paddle-wheel units link one pore to other neighboring pores of HKUST-1, which has two 

different sizes of pores with diameters of ~ 9 Å and ~ 5 Å as indicated in Figure 6.1b 

with red and blue colored arrows respectively. HKUST-1 is also well-known as a 



 88 

potential gas storage material because of the Cu open metal sites on its paddle-wheel 

units.234,241,275,276  Recently, we successfully developed a new growth protocol for 

HKUST-1 thin films under vacuum without the use of solvents.49 We found that highly 

oriented HKUST-1 films can be grown by directly depositing Cu0 (physical vapor 

Figure 6.1.  (a) The Cu paddle-wheel unit composed of Cu2+ cations and deprotonated 
H3BTC ligands. The square planar type coordination is also highlighted. (b) 
The periodic structure of HKUST-1 composed of the Cu paddle-wheel units 
which have two different cage sizes, with the larger (red) one having a ~ 9 Å 
diameter and the smaller one (blue) with a ~ 5 Å diameter. 
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deposition, PVD) and H3BTC (chemical vapor deposition, CVD) on a SiO2/Si(100) 

substrate sequentially based on a layer-by-layer (LBL) growth concept. Different from 

other solvent-free and CVD adapted growth methods, our HKUST-1 thin film growth 

procedure is a bottom-up approach, which does not use any precursor layers (e.g., ZnO 

for the growth of the ZIF-8 thin film45,185). Thus, it is possible to control the deposited 

amount of Cu and H3BTC in each growth cycle. Using this method here, we report on our 

investigations of methanol oxidation catalyzed by various sizes of Cu NP’s incorporated 

within vacuum deposited HKUST-1 thin films.  

Previously, there have been several studies regarding the oxidation of methanol 

(MeOH) catalyzed by a Cu(110) surface.277–285 It was discovered that adsorbed oxygen 

atoms enhance the adsorption of MeOH and its deprotonation to form methoxy (CH3O*) 

above 170 K while also generating H2O.279–281,284 The accumulation of H2O on the Cu 

surface during the methoxy formation can be prevented by increasing the MeOH 

exposure temperature higher than 240 K based on previous studies, in which H2O 

generation was not observed during MeOH oxidation.279,280,285  The methoxy species on 

the Cu surface are known to be stable up to 300 K.279–281,284  The decomposition of 

methoxy species on the Cu(110) surface was detected above 300 K, generating 

formaldehyde (H2CO) and H2 (CH3O* à H2CO(g) + H*) accompanied by the 

recombinative desorption of MeOH as well.279,282,283,285 Some formaldehyde molecules 

were found to be oxidized to formate (HCOO*) followed by decomposition to CO2(g) 

and H2(g) above 400 K.279,281 It was also determined that too high a coverage of oxygen 

adatoms on the Cu(110) surface decreased the surface reactivity, which leads to less 

uptake of methanol, generating less oxidized species, e.g., H2CO and CO2.277,279,285  

Furthermore, Cu NPs on a TiO2 (110) were not aggregated even after annealing at 800 K 

under vacuum.286 In this current chapter, we investigate methanol oxidation employing a 
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HKUST-1 thin film with incorporated Cu NPs. By controlling the amount of Cu in each 

growth cycle, we were able to grow 4-6 nm Cu NPs as well as 8-12 nm Cu NPs that are 

incorporated within HKUST-1 thin films. Depending on the Cu NP sizes, they show 

different MeOH oxidation behavior under vacuum. Henceforth in this paper we discuss 

the use of HKUST-1 as a support for MNPs to conduct catalytic reactions and analyze the 

detailed chemistry related to the MeOH oxidation reaction via various sizes of Cu NPs 

incorporated within the HKUST-1 thin film. 

6.2. EXPERIMENTAL SECTION 

6.2.1. Growth of Cu NP Incorporated HKUST-1 Thin Films 

In order to grow HKUST-1 films with Cu NP’s incorporated within the film, we 

used a layer-by-layer (LBL) growth concept in our high vacuum chamber (base pressure: 

2.0 x 10-8 Torr)  and deposited more copper than that required to simply grow the 

stoichiometric HKUST-1 thin film. Our high vacuum system is composed of two parts: 

one for the sample growth and the other for the thermal catalytic behavior analysis. The 

part of the chamber used for sample growth is equipped with an e-beam evaporator for 

physical vapor deposition (PVD) of Cu and a thermal evaporator for chemical vapor 

deposition (CVD) of H3BTC (benzene-1,3,5,-tricarboxylic acid). Small SiO2/Si(100) 

wafers (~10 mm X 10 mm X 0.5 mm - from MTI) were used as the growth substrate for 

various HKUST-1 thin films by placing it on to a sample holder made of a tantalum (Ta) 

plate. The sample holder is mounted on two Ta wires which resistively heat the sample 

and also work as a thermal contact between the sample and a liquid nitrogen cooling bath. 

The sample temperature was detected by a K-type thermocouple spot-welded on to the Ta 

sample holder.  
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For the HKUST-1 film growth, we followed our previously developed growth 

method.49 In brief,  the sample growth chamber was back-filled with 5.0 x 10-5 Torr of 

H2O and O2, and H3BTC and Cu were sequentially deposited on the substrate. Based on 

the LBL growth concept, we define one growth cycle in this chapter as a H3BTC 

deposition by CVD followed by a subsequent Cu deposition by PVD.  For the CVD of 

H3BTC, H3BTC powders (95%, Sigma Aldrich) were placed in a Al2O3 crucible and 

heated to 473 K (200 °C) during the H3BTC deposition cycle. We used an e-beam 

evaporator for the PVD of Cu, which used a tungsten filament to supply electrons which 

were accelerated by a voltage bias to a molybdenum crucible holding metallic Cu pellets. 

The amount of deposited Cu was monitored by a quartz crystal microbalance (QCM) and 

its controller (Inficon SQM-160) assuming the thickness of 1 monolayer (ML) of Cu to 

be 2.56 Å. The sample was held at 323 K (50 °C) during H3BTC and Cu deposition 

cycles, and then it was annealed at 343 K (70 °C) for 15 minutes with an ambient of 5.0 x 

10-5 Torr of O2 and H2O each.  The SiO2/Si(100) substrate was placed about ~ 10 cm 

away from the H3BTC  and Cu evaporators. We found in our previous study that 3 

minutes of deposition of H3BTC with the crucible held at 473 K during evaporation  

followed by  1 ML of Cu deposition creates what we are reporting as 1 growth cycle and 

is the optimized growth condition in our experimental setup for HKUST-1 thin film 

deposition (without incorporated Cu nanoparticles). Following this procedure yields Cu2+ 

as its main oxidation state.49 In this chapter, we deposited more Cu atoms than the 

optimized amount (1 ML Cu) in each growth cycle in order to incorporate Cu NPs in/on 

the HKUST-1 structure. In particular, we grew two different extra Cu deposited 5 cycle 

HKUST-1 films: a 4 ML Cu-HKUST-1 film (i.e., 3 additional ML’s of Cu beyond the 

“optimized amount” of Cu required to grow the HKUST-1 thin films without Cu 

nanoparticles) and 8 ML Cu-HKUST-1 (i.e., 7 additional ML’s of Cu beyond the 
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optimized amount), and compared their catalytic activities for the methanol oxidation 

reaction. 

6.2.2. Characterization 

To characterize the physical and chemical properties of the extra Cu deposited 

HKUST-1 thin films, we employed X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), atomic force microscopy (AFM), and transmission electron 

microscopy (TEM) techniques. XRD measurements were conducted by using a Rigaku 

Ultima IV with Cu Kα radiation; glancing-angle XRD (GAXRD), which is asymmetric 

out-of-plane XRD,214 and in-plane (IPXRD) techniques were used to minimize the 

complications due to the SiO2/Si(100) substrate and maximize signals from the grown 

HKUST-1 thin film. These two XRD techniques have been used previously for analyzing 

the crystallinity of MOF thin films.42,43,287,288 The GAXRD was operated with a scan rate 

of 0.5° min-1 in 0.02° steps, and the IPXRD was conducted with a scan rate of 0.1° min-1 

in 0.02° steps. The chemical states of samples were measured by a Kratos Axis Ultra 

XPS system with a monochromatic Al-Kα X-ray source (1486.6 eV). All measured XPS 

spectra were calibrated by the C1s peak at 284.6 eV as a standard, and we used the Casa 

XPS analysis software package to conduct peak deconvolution of  the measured XPS 

spectra adopting a Shirley background and fitting line shapes with a combination of 

Gaussian and Lorentzian functions, which makes the full-width at half maximum 

(FWHM) of deconvoluted peaks lower than 2.5 eV. The thickness and roughness of the 

HKUST-1 thin films were detected by a non-contact atomic force microscopy (Park 

systems NX10), and the measured images were analyzed by Gwyddion software289.  A 

JEOL 2010f-TEM operating at 200 keV was used to image Cu NPs that have 

incorporated in/on the HKUST-1 films. 
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6.2.3. Temperature-Programmed Desorption (TPD) Tests 

We employed temperature programmed desorption (TPD) to probe MeOH 

oxidation on the 4 ML Cu and 8 ML Cu deposited HKUST-1 films in the high vacuum 

chamber. Initially, both samples were activated by holding them at 398 K (125 °C) for 15 

minutes as we have done in our previous study.49 Each activated sample was exposed to 

1.0 x 10-6 Torr of O2 at 300 K for 3 minutes to make sure that the sample was saturated 

with oxygen adatoms. After that, it was cooled to 250 K and was also exposed to 5.0 x 

10-7 Torr of MeOH for 20 minutes. After finishing the exposure to MeOH, it was heated 

from 250 K to  398 K at a rate of  0.5 K/s and held at 398 K for 15 minutes while 

monitoring various masses using a quadrupole mass spectrometer (QMS, Extorr xt100m). 

We avoided heating the HKUST-1 thin films above 398 K in order to prevent the 

decomposition of the deposited HKUST-1 structures.49 

6.3. RESULTS AND DISCUSSION 

6.3.1. Crystallinity of the Extra Cu Deposited HKUST-1 Thin Films 

In this chapter, we tested three different 5 cycled HKUST-1 films by depositing 1 

ML Cu (optimized amount of Cu for a simple HKUST-1 thin film without Cu NPs), 4 

ML (~ 1 nm thick) Cu, and 8 ML (~ 2 nm thick) Cu in the Cu deposition cycle of each 

sample. Specifically, following the HKUST-1 vacuum growth protocol developed in our 

previous study,49 the vacuum chamber was back-filled with H2O and O2 to a total 

pressure of 5.0 x 10-5 Torr, and then H3BTC molecules were sequentially deposited by 

CVD and Cu atoms by PVD on the 4 ML Cu (~ 1 nm thick) initially covered 

SiO2/Si(111) substrate. (1 growth cycle = 3 minutes of H3BTC deposition + Cu 

deposition) After H3BTC and Cu deposition cycles, the samples were annealed at 343 K 

for 15 minutes while still in an ambient of 5.0 x 10-5 of H2O and O2 (each) to finish the 
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overall growth. We discovered that the sequential depositions of H3BTC for 3 minutes 

and 1 ML Cu form the optimized HKUST-1 structures, where most of the Cu atoms are 

in a Cu2+ state.49 By depositing more Cu atoms than the optimal amount to form the 

HKUST-1 structure, we investigated whether excess Cu atoms could serve as catalytic 

reaction centers.  

As shown in Figure 6.2a, we measured the crystallinity of the HKUST-1 thin film 

samples using glancing angle XRD (GAXRD) to maximize signals from the coated films, 

which is a broadly adopted asymmetric out-of-plane XRD technique and is also used for 

analyzing MOF thin films. 42,43,213–215,287,288 Although the optimized HKUST-1 film (1 

ML Cu in each growth cycle) is poly-crystalline, it is highly oriented, showing a main 

peak at 9.2° in 2θ for the (220) plane of HKUST-1 as detected by GAXRD.49 In-plane 

XRD (IPXRD) was also conducted, with results shown in Figure 6.2b. The (222) plane is 

measured as a main plane for the optimized HKUST-1 film in the IPXRD while also 

Figure 6.2.  (a) The glancing angle and (b) the in-plane XRD measurements for three 
different 5 cycled HKUST-1 thin films. 1 ML Cu (optimized amount for 
HKUST-1), 4 ML Cu, and 8 ML Cu were deposited in their growth cycles 
respectively. The XRD pattern from a pure Cu thin film (10 nm thick) is 
also added, and the simulated XRD pattern of HKUST-1 is at the bottom of 
each figure as a black solid line. 
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showing a weak peak for the (200) plane. As with our previous study,49 these peaks in 

both XRD measurements are slightly shifted to lower angles compared to simulated XRD 

patterns for HKUST-1. These shifts are likely caused by some accumulated strain within 

the H3BTC-Cu-SiO2/Si(100) structures and could have also originated  from the 3D 

supramolecular structure of H3BTC, which forms the template for HKUST-1 thin films 

and also affects the crystallinity of HKUST-1 thin films in our growth method as 

previously discovered.49  

Employing the growth method described here, it was possible to control the 

amount of Cu during the deposition to accommodate extra Cu within the HKUST-1 

structure. As indicated with green and brown lines in Figure 6.2a and 6.2b, we 

successfully grew extra Cu deposited HKUST-1 thin films, where 4 ML Cu and 8 ML Cu 

were deposited in each sample. By depositing more Cu than its optimized amount, the 

HKUST-1 related peaks of both samples in XRD get less intense and more broad as 

indicated by larger FWHM values for the (220) plane peak (0.36° for 1 ML Cu HKUST-

1, 0.55° for 4 ML Cu HKUST-1, and 0.65° for 8 ML Cu HKUST-1). However, a peak for 

metallic Cu at ~ 43.5° for 2θ continuously increases with additional Cu deposition in each 

growth cycle as shown in the inset of Figure 6.2a, in which the trace for the 1 ML Cu-

HKUST-1 is flat. Similar trends in XRD have also been observed in previous studies, 

where the primary peaks related to the main MOFs decrease or are broadened, but the 

metal peaks continuously grow with an increasing quantity of 

MNPs.250,251,266,267,269,273,274,290 In these studies, the incorporated MNPs are larger than the 

pores of their corresponding MOF structures, so they are surrounded by the MOF 

structures instead of fitting into the pores. From our XRD results, we also believe that the 

extra Cu deposited samples may have Cu NPs that are larger than the pore size of 

HKUST-1, which leads to less intense HKUST-1 related XRD peaks and broader FWHM 
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values, likely caused by more discontinuous HKUST-1 grains which are induced by the 

Cu NPs. (This will be confirmed and more discussed in following sections.) In these two 

extra Cu deposited samples, there is also no indication of new peaks for copper oxides 

(Cu2O or CuO) compared to the optimized HKUST-1 sample (1 ML Cu), which are 

expected to be located in the range of 30° - 40° for 2θ based on previous studies.291,292 

(See Figure E.1) These XRD results confirm that our HKUST-1 growth method allows us 

to incorporate extra metallic Cu in/on the HKUST-1 structure. Moreover the HKUST-1 

thin films show slightly different colors depending on the amount of deposited Cu as 

shown in Figure E.2. 

6.3.2. Chemical Effects of Extra Cu Atoms on the HKUST-1 Structures 

For a better understanding of the chemical state and bonds of the extra Cu 

deposited HKUST-1 films, we conducted XPS analysis. In Figure 6.3a, the Cu 2p region 

was initially analyzed to prove the existence of extra Cu atoms in the HKUST-1 

structure. The optimized HKUST-1 sample grown with 1 ML Cu in each cycle is 

Figure 6.3.  The XPS spectra of the (a) Cu2p, (b) O1s, and (c) C1s regions of 1 ML Cu 
(blue), 4 ML Cu (green), and 8 ML Cu (brown) deposited 5 cycled HKUST-
1 thin films. The inset in (a) schematically describes a 2-D Cu paddle-wheel 
unit and a nucleated Cu NP mainly covered by oxygen atoms after the extra 
Cu deposition. 
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composed of 92 % Cu2+ and 8 % Cu1+/Cu0, which corresponds to previous XPS results of 

HKUST-1 powders.63,210 On extra Cu deposited samples, their overall Cu2p intensities 

are largely increased, especially for the Cu1+/Cu0 region (~ 932 eV). However, the Cu2+ 

peak areas are decreased to 80 % and 58 % in the 4 ML Cu and the 8 ML Cu-HKUST-1 

thin films respectively compared to the 1 ML Cu-HKUST-1 film, which might be caused 

by the extra Cu atoms covering Cu2+ cations in the paddle-wheel units. From the metallic 

Cu peak in the XRD measurements shown in Figure 6.2, without any evidence of copper 

oxide, we believe that the increase of the Cu1+/Cu0 peak from the extra Cu deposited 

samples is mainly caused by the accumulation of metallic Cu atoms.  

More interesting features were observed in the O1s (Figure 6.3b) and C1s (Figure 

6.3c) regions. In general, the O1s and C1s spectra from the optimized HKUST-1 is 

similar to previous spectra from powder-type HKUST-1.63,207,208,293 Increasing the 

amount of Cu in each growth cycle, the overall intensity of the O1s region is largely 

decreased, while the C1s intensity is slightly diminished. As schematically described in 

the inset of Figure 6.3a, we suspect that the extra Cu atoms are mainly nucleated and 

grown near oxygen atoms of deprotonated BTC  ligands which form paddle-wheel 

structures with Cu2+ cations. Specifically, on the 4 ML Cu deposited HKUST-1, the 

C=O/O=C-O peak (carboxylate oxygen, 531.5 eV) and the C-O peak (ester type oxygen, 

533.1 eV) are significantly lower than the optimized HKUST-1 film (1 ML Cu).207,208,219–

221,293 We also observed features from oxygen adatoms (O*) directly bonded on Cu atoms 

(Cu-O*) at ~ 530.5 eV.294 The 8 ML Cu deposited HKUST-1 exhibits slightly lower 

intensities for the C=O/O=C-O & C-O peaks compared to the 4 ML Cu-HKUST-1, but 

shows about a 1.5 times larger intensity for  the Cu-O* peak than the 4 ML Cu-HKUST-

1. By doing so, the relative area ratios of the C=O/O=C-O and C-O bonds in the 8 ML 

Cu-HKUST-1 decrease (78.7 % and 8.5 % respectively in the 4 ML Cu-HKUST-1à 64 
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% and 7.4 % in the 8 ML Cu-HKUST-1) because of the increased oxygen adatom signal 

from 12.8 % (the 4 ML Cu case) to 28.5 % (the 8 ML Cu case). As we mentioned earlier, 

the Cu-O* peak in both cases is primarily caused by surface oxygen adatoms on extra 

metallic Cu clusters instead of forming bulk CuxOy since we have not observed any peaks 

for copper oxides in XRD, but the metallic Cu peak has been clearly detected from 

increasing amounts of Cu. The surface oxygen atoms are possibly formed during the 

growth cycles and the annealing process, in which the sample is exposed to 5.0 x 10-5 

Torr of O2 and H2O at 323 K and 343 K respectively, which is known to be suitable 

conditions for the dissociative adsorption of O2 on Cu surfaces under vacuum.277,279,285 

These temperatures are also higher than the temperature (~ 290 K) at which hydroxyl 

groups on Cu surfaces disappear because of the disproportionation reaction (2 OH* à 

H2O + O*) leaving O adatoms on the surface. Thus, the Cu-O* is caused by the O 

adatoms on Cu.295,296 Additionally, this condition is not possible to cause a Cu to CuxOy 

transition since it has been shown that Cu surfaces need to be annealed above 473 K after 

saturating them with O* adatoms or exposing them to O2 above 473 K in order to form 

CuxOy layers.297–299 We also did not observe any traces of CuxOy in TEM images, which 

will be discussed in more detail later.  

Even though the overall C1s intensities of the 4 ML and 8 ML cases in Figure 

6.3c do not decrease like the O1s spectra, we still find clear chemical changes in the 

HKUST-1 structure caused by the extra Cu atoms. In particular, by increasing the amount 

of Cu, the C=O bond peak at 288.3 eV219,222,223 has decreased (19 %, 1 ML Cu à 8.8 %, 

4 ML Cu à 7.7 % 8 ML Cu in the relative area ratio), but the peak for C-O bonds at 

285.9 eV219,222,223 becomes larger and shifted to a slightly lower B.E., ~ 285.4 eV (16 %, 

1 ML Cu à 18.4 %, 4 ML Cu à 28.8 %, 8 ML Cu in the relative area ratio), which is 

still in the range for C-O bonds.224,300 These results in the O1s and C1s regions indicate 
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that the extra Cu atoms are mainly nucleated and grown near the square planar 

coordinated Cu-O atoms of the paddle-wheel units, and they strongly interact with the O 

atoms. We can also understand this phenomenon based on the geometry of the paddle-

wheel units, at which the square plane formed by Cu and O is perpendicular to benzene 

rings of the deprotonated H3BTC ligands as shown in Figure 6.1a. Thus, the Cu NPs 

grown on the Cu-O square plane will have less contact with C atoms than O atoms of the 

deprotonated H3BTC ligands. For building HKUST-1 structures, Cu atoms should 

interact with O atoms of deprotonated H3BTC ligands to form Cu-O bonds, so the O 

atoms can provide nucleation sites for Cu NPs. By doing so, the O atoms in BTC ligands 

less strongly interact with C atoms consisting of the carboxylate/ester groups verified 

from the weakened C=O bond peak, but the peaks related to C-O bonds get intensified by 

the interaction between the O atoms in BTC and the extra Cu atoms. In particular, the 

paddle-wheel units are surrounding the pores of HKUST-1 by connecting one pore to 

other neighboring pores, so the initially nucleated Cu atoms can be continuously grown 

and aggregated across pores and neighboring paddle-wheel units to form various sizes of 

Cu NPs, which will be confirmed in the following section.  

6.3.3. Cu NP Sizes and Surface Roughness on the Cu NP Incorporated HKUST-1 
Thin Films 

On the basis of the XPS results above, the extra Cu atoms were predicted to form 

discontinuous clusters. To confirm this, we conducted TEM measurements with 4 ML 

and 8 ML Cu deposited HKUST-1 thin films (2 growth cycles for these samples to make 

them thin enough (~ 40 nm) for TEM). As described in Figure 6.4a for the 4ML Cu-

HKUST-1 and 3b for the 8 ML Cu-HKUST-1, Cu nanoparticles are clearly observable in 

these two samples. Fast Fourier transform (FFT) patterns of lattice fringes in each film 
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shown in Figure E.3 verify that they are Cu NPs without CuxOy formation. The 4 ML Cu-

HKUST-1 film shows homogeneously dispersed 4-6 nm Cu nanoparticles. The 8 ML Cu-

HKUST-1 film has larger Cu nanoparticles, 8-12 nm, and some of them have aggregated 

to form continuous clusters of Cu. The observed Cu NPs in both samples are bigger than 

the pore size of HKUST-1, so they are surrounded by the HKUST-1 structures instead of 

fitting into pores, where similar phenomena have also been observed in previous MNP 

incorporated MOFs.250,251,266,267,269,273,274,290 We also used AFM to compare general 

surface morphology for 1 ML, 4 ML, and 8 ML Cu deposited 5 cycled HKUST-1 films.  

The top surface morphology is shown in Figure 6.4c, and we observe that the extra Cu 

deposition lifts the overall top surface height of the samples.  Thus, the 4 ML and 8 ML 

Cu deposited cases have more heightened features compared to the 1 ML Cu-HKUST-1, 

which are likely caused by the Cu nanoclusters. Moreover the 8 ML Cu-HKUST-1 has 

broader and larger features in comparison to the 4 ML Cu-HKUST-1, which correlates 

Figure 6.4.  The TEM images of 2 cycles of (a) 4 ML Cu-HKUST-1 and (b) 8 ML Cu-
HKUST-1 thin films. In Figure 4a and 4b, i and ii describe more (i) and less 
(ii) magnified TEM images. Some Cu NPs in each magnified TEM image 
are highlighted with red circles for clarification. (c) shows the top and lateral 
AFM images of 5 cycles of (i) 1 ML Cu-HKUST-1, (ii) 4 ML Cu HKUST-
1, and (iii) 8 ML Cu HKUST-1 films.   
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with the TEM images. The 1 ML and 4 ML Cu-HKUST-1 films show similar root mean 

square (RMS) roughness, ~ 500 pm, but the 8 ML Cu-HKUST-1 is  slightly rougher, 

with an ~ 530 pm RMS roughness. The overall thickness of the 1 ML Cu-HKUST-1 film 

is measured as 104.1 nm, which is consistent with our previous measurement,49 and the 4 

ML and 8 ML Cu HKUST-1 films are slightly thicker, 107.8 nm and 111.1 nm 

respectively. More details regarding the film thicknesses are available in Figure E.4. 

6.3.4. Methanol Oxidation on the Cu NP Incorporated HKUST-1 Thin Films  

After characterizing the structural and chemical properties of the extra Cu 

deposited HKUST-1 films, we conducted methanol oxidation experiments in the vacuum 

chamber to measure the catalytic activity of MOF incorporated Cu nanoparticles. In 

previous studies on a 0.25 ML oxygen-precovered Cu(110) surface, methoxy (CH3O*) 

species were formed by the deprotonation of MeOH molecules, based on their 

interactions with O* adatoms, in which the O* adatoms scavenged H atoms from the 

adsorbed MeOH molecules.279–281,284 The methoxy species can be deprotonated to 

formaldehyde (> 300 K),279,282,283,285 and some were further oxidized to CO2 by the 

decomposition of formate (HCOO*) species (~ 400 K).279,281 The generation of H2O was 

also observed during these reactions above 170 K.279–281,284 However the accumulation of 

H2O on the Cu(110) surface caused by MeOH oxidation could be prevented by exposing 

the surface to MeOH above 240 K.278–280,285 This was because most of the generated H2O 

molecules during the reaction between MeOH and O* are known to desorb at 

temperatures below 240 K.278–280,285. Following these previous studies, we first exposed 

the 4 ML and 8 ML Cu-HKUST-1 thin films   (5 cycles) to 1.0 x 10-6 Torr of O2 for 3 

minutes at a substrate temperature of 300 K in order to insure saturation with O*, 

although they had previously been exposed to 5.0 x 10-5 Torr of O2 and H2O at 343 K for 
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15 minutes during their growth.   If this amount of O2 is exposed to pure single-

crystalline macroscopic Cu surfaces, the Cu surfaces could be deactivated as observed in 

Figure 6.5.  The desorption spectra of CH3OH (black), H2CO (red), CO2 ( blue), H2 
(magenta), CO (dark blue) from (a) 4 ML Cu-HKUST-1, (b) 8 ML Cu-
HKUST-1 films (5 growth cycles in each), and (c) 10 nm thick 
polycrystalline Cu film. They were treated with 1.0 x 10-6 Torr of O2 at 300 
K for 3 minutes and then were exposed to 5.0 x 10-7 Torr of methanol at 250 
K for 20 minutes. The samples were heated from 250 K to 398 K at a rate of 
0.5 K/s, and they were isothermally held at 398 K for 15 minutes. 
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previous studies.277,279,285 However, our Cu NP incorporated HKUST-1 films clearly 

show catalytic activity, as is discussed below.   

Following the O2 exposure, the 4 ML and 8 ML Cu deposited 5 cycled HKUST-1 

films were exposed to 5 x 10-7 Torr of MeOH for 20 minutes at 250 K in order to avoid 

the interruption of background molecules, especially H2O, as with the previous studies 

mentioned above.278–280,285 It was also found that MeOH molecules are dissociatively 

adsorbed on Cu surfaces as methoxy species at 250 K,278–280,285 so we also believe that the 

methoxy is the main species adsorbed on Cu NPs on our Cu-HKUST-1 thin films. There 

is also the molecular adsorption of MeOH on the HKUST-1 structure since it can also 

uptake MeOH under this condition as shown in Figure E.5. Using a temperature-

programmed desorption (TPD) method, we observed the desorption of various molecules 

from these samples by heating them from 250 K to 398 K at a rate of 0.5 K/s and holding 

them at 398 K isothermally for 15 min. We belive that our MeOH exposure condition 

causes MeOH molecules to be mainly adsorbed near the top surface of each sample since 

the exposure pressure is much lower than the saturated vapor pressure of MeOH (~ 97 

Torr at room temperature) as used previously in conducting BET measurements to 

saturate powder-type HKUST-1 samples.276 Moreover when we compared the amount of 

desorbing MeOH molecules adsorbed on the 4 ML Cu-HKUST-1 film at 120 K and 250 

K in Figure E.6, the total amount of MeOH desorption above 250 K from the 250 K 

adsorbed case is less than 1% of the MeOH desorption above 250 K from the 120 K 

adsorbed case. 

The 8ML Cu-HKUST-1 film in Figure 6.5b shows more desorption of MeOH and 

other products (CO, H2CO, CO2, and H2) compared with the 4 ML Cu-HKUST-1 film 

shown in Figure 6.5a. We speculate that the Cu NPs on each sample, which have been 

measured by TEM and XPS as discussed previously, can improve the adsorption of 
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MeOH and also oxidize the adsorbed MeOH molecules. This conclusion is supported by 

the fact that the 1 ML Cu-HKUST-1 film (see Figure E.5), generates the least amount of 

MeOH desorption (compared to the 4 ML Cu case it is about 33 % less).  Additionally 

the 1 ML Cu-HKUST-1 film (with no Cu MNPs) shows almost flat mass spectra signals 

for CO, H2, and CO2, which indicates there is no catalytic reaction. One of the ionized 

MeOH fragments also has a m/z+= 30 fragment signal as with H2CO molecules;301 the 

m/z+= 30 signal from the 1 ML Cu-HKUST-1 film is primarily from the fragmented 

MeOH signal, since it follows the exact same trend as the MeOH signal (m/z+=  31). 

However, the m/z+=30 signal from the 4 ML and 8 ML Cu-HKUST-1 samples shows a 

distinct desorption behavior. Moreover, as mentioned above, more oxidized products of 

MeOH are observed on the higher Cu deposited samples while also involving increased 

MeOH desorption.   

Specifically, MeOH desorption occurs with heating the sample from 250 K for 

both the 4 ML and 8 ML Cu- HKUST-1 films, and desorption continues until 398 K. 

Previous studies have shown that formaldehyde (H2CO) and H2 generation through 

methoxy decomposition  are observed in the range of 250 K - 398 K along with the 

recombinative desorption of MeOH.279–285 Although the fragmented MeOH signal can 

affect the m/z+= 30 signal, the H2CO (m/z+= 30) signal increases rapidly until 300 K and 

then slowly rises up to 398 K in both samples. While each sample is held at 398 K, the 8 

ML Cu-HKUST-1 film shows a relatively steady generation of H2CO for ~ 3 minutes, 

but the H2CO from the 4 ML Cu-HKUST-1 film continuously decreases. Furthermore the 

H2 and CO2 signals in the 8 ML Cu-HKUST-1 film increase slowly during the sample 

heating from 250 K to 398 K and show their maximum intensities when the sample is 

held at 398 K. The H2 generation can be caused by two different reaction pathways; one 

is the decomposition of methoxy (CH3O* à H2CO(g) + H*), which also generates 
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formaldehyde (280 K – 400 K), and the other is formate decomposition (HCOO* à 

CO2(g) + H*).279–285 The formate species are formed by extra O* and H2CO remaining on 

the surface (H2CO* + O* à HCOO* + H*), which can be decomposed to CO2 and H2 on 

the Cu(110) surface.279,281 Via formate decomposition, H2 was observed to desorb from 

the surface from 350 K to 440 K, and the CO2 generation was detected from 390 K to 480 

K on Cu surfaces previously.279,281  Therefore, the MeOH oxidation on Cu surfaces is a 

reaction-limited process, which is also applicable in our Cu NP incorporated HKUST-1 

thin films. The 4 ML Cu-HKUST-1 film produces significantly less CO2 and H2, which 

can be related to less uptake of MeOH at 250 K and also its catalytic superiority based on 

the smaller Cu NPs compared to the 8 ML Cu-HKUST-1 film, which will be further 

investigated in the following section. In previous studies, CO generation was observed 

from the decomposition of methanol.302–309 We also observe CO generation, however, 

there is less production of CO with the 4 ML Cu-HKUST-1 film than with the 8 ML Cu-

HKUST-1 film. As shown in Figure E.7, both samples show the same XRD peaks 

regarding HKUST-1 structures before and after the methanol oxidation experiment, 

which proves the HKUST-1 structures are durable under this experimental condition.  

Interestingly, a polycrystalline Cu film (10 nm thick) which was grown and 

treated with the same amount of O2 as the HKUST-1 films loses its reactivity, so there is 

less uptake of MeOH and less generation of oxidized products of MeOH as shown in in 

Figure 6.5c (even compared to the 4 ML Cu-HKUST-1 film). Similar phenomenon was 

observed on the Cu (110) surface with a large amount of O2 exposure, during which 

populated O adatoms prevented the adsorption and activation of MeOH.277,279,285 Even 

though the extra Cu deposited HKUST-1 films are also exposed to a large amount of O2, 

which causes the polycrystalline Cu surface to be deactivated, Cu NPs incorporated on 

HKUST-1 are not deactivated and show their catalytic activity by oxidizing MeOH. We 
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suspect the Cu NP – HKUST-1 interface could be the site at which the MeOH molecules 

become stabilized and react with O* adatoms on Cu NPs. This MNP–MOF interface is 

also suggested as the main reaction site in the CO2 hydration to MeOH on Cu NP 

incorporated UiO-66268 and in the dehydration of ammonia borane on Pd NP incorporated 

UiO-66269. Therefore, these results indicate that our Cu NP incorporated HKUST-1 films 

have higher reactivity for oxidizing MeOH compared with a polycrystalline Cu film. 

Moreover, the 8 ML Cu-HKUST-1 film, which has less Cu NP – HKUST-1 interfaces, 

shows similar catalytic behavior compared to the 0.25 ML O*-precovered Cu(110) 

surface, but the 4 ML Cu-HKUST-1 film, which has more Cu NP – HKUST-1 interfaces, 

seems to more selectively oxidize MeOH to formaldehyde. 

To estimate the relative selectivity towards H2CO between the extra Cu deposited 

HKUST-1 films, we compared the relative production of target molecules (H2CO, CO2, 

and H2, directly generated by the MeOH oxidation) between the 4 ML and 8 ML Cu-

HKUST-1 films derived from the TPD results in Figure 6.6. As explained above, each 

Figure 6.6.  The relative production of H2CO, CO2, and H2 from 5 cycled 4 ML Cu-
HKUST-1 (blue) and 5 cycled 8 ML Cu-HKUST-1 (red) thin films 
normalized by the amount of methanol desorption from each sample. These 
results were calculated based on the TPD data.  
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sample adsorbs a different amount of MeOH depending on the amount of Cu, which can 

be indirectly estimated from the MeOH desorption. Thus, it is incorrect to directly 

compare the absolute amount of each product between the samples for evaluating the 

relative H2CO selectivity, since the amount of adsorbed MeOH affects the amount of 

generated target molecules. In order to reflect this factor in our analysis, we normalized 

the amount of desorbing target molecules by the amount of the corresponding MeOH 

desorption. For the case of H2CO in this analysis there is an additional complicating 

matter that arises due to the fact that gas-phase methanol can decompose via electron 

bombardment in the quadrupole mass spectrometer into a mass 30 fragment which 

overlaps with the H2CO m/z+= 30 signal. Thus, to evaluate the true amount of 

formaldehyde production from each sample we must subtract the mass 30 signal caused 

by the ionization fragment of MeOH.  To do this, we determined the ratio between 

m/z+= 31 and m/z+= 30 signals that are generated from only MeOH and then used this 

parameter as a multiplier of the methanol signal for Cu nanoparticle containing samples 

for subtraction from the m/z+= 30 signal created by both the MeOH ionization fragment 

and formaldehyde. The results of all of this analysis are shown in the bar graphs in Figure 

6.6 which display the relative production of H2CO, H2, and CO2 from the 8 ML Cu-

HKUST-1 compared to the 4 ML Cu-HKUST-1, and show that there is 95 % of the 

production for H2CO for the 4 ML Cu-HKUST-1 sample with less relative production of 

CO2 and H2, 53 % and 57 %, respectively. These results clearly verify a better H2CO 

selectivity for the 4 ML Cu-HKUST-1 film than for the 8 ML-Cu-HKUST-1 film. In 

particular, the CO2 production is directly related to the formate (HCOO*) formation on 

each sample, so we suspect that there are less formate species on the 4 ML Cu-HKUST-1 

film. Moreover, we believe that this could be affected by the quantity of O* adatoms on 

each sample, where the 8 ML Cu-HKUST-1 has 1.5 times more O* adatoms than the 4 
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ML Cu-HKUST-1 as measured in Figure 6.3 by XPS. This is primarily because the extra 

O* adatoms are known to oxidize formaldehyde, which is already oxidized from MeOH, 

in order to form formate on the Cu(110) surface.279,281 Thus, these analyses confirm that 

the 4 ML Cu-HKUST-1 thin film, which has well dispersed 4-6nm Cu nanoparticles, can 

more selectively oxidize MeOH to formaldehyde compared to the 8 ML Cu-HKUST-1 

thin film. Furthermore, it has been proven that HKUST-1 can be a good scaffold for 

incorporating Cu nanoparticles which have catalytic activity. 

6.4. CONCLUSION 

This is the first study to grow MNP incorporated MOF thin films under vacuum 

and investigate their catalytic activity by surface science methods. We successfully grew 

two different extra Cu deposited HKUST-1 thin films in a high vacuum system and 

measured their catalytic activity for MeOH oxidation. As described in Illustration 6.1, we 

grew 4 ML and 8 ML Cu in Cu deposition cycles of each sample to incorporate Cu NPs 

in/on the HKUST-1 structure. This quantity of Cu is more than the optimized amount 

needed (1 ML Cu) for one growth cycle of a simple HKUST-1 thin film without Cu NPs. 

Illustration 6.1.  Schematic descriptions of main products from the methanol oxidation 
on both 4 ML Cu and 8 ML Cu deposited HKUST-1 thin films.  
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Various sizes of Cu NPs were incorporated in/on the HKUST-1 structure: the Cu NPs 

were in the range of 4-6 nm for the 4 ML Cu-HKUST-1 and 8-12 nm for the 8 ML Cu-

HKUST-1 films, as determined by TEM measurements. In particular, the XPS 

measurements showed a large intensity decrease in the O1s spectra for these two films 

compared to the optimized HKUST-1 film. This could be related to the notion that extra 

Cu atoms are mainly interacting with O atoms in BTC3- ligands. In the MeOH oxidation 

experiments, the optimized HKUST-1 film (without Cu NPs) did not show any catalytic 

behavior, but the extra Cu deposited HKUST-1 films showed different catalytic behavior 

depending on the size of the Cu particles. The 4 ML Cu-HKUST-1 film (5 growth cycles) 

more selectively oxidized MeOH to formaldehyde than the 8 ML Cu-HKUST-1 film (5 

growth cycles) which less selectively oxidized the MeOH to generate not only 

formaldehyde, but also CO2, caused by the generation of formate species. We believe that 

this is mainly because more O* adatoms are introduced on the 8 ML Cu-HKUST-1 film, 

as measured by XPS, so the additional O* adatoms oxidize formaldehyde to CO2, as was 

also observed on a Cu (110) surface.279–285 Moreover, when we conducted MeOH 

oxidation reactions on a Cu polycrystalline film, which was also treated with the same 

amount of O2 as the other samples, its catalytic activity was much lower than the 4 ML 

and 8 ML Cu-HKUST-1 films, since this surface was deactivated due to being fully 

surface saturated with O* adatoms, as previously investigated.277,279,285 Therefore, we 

believe that the Cu NP – HKUST-1 interface sites can facilitate MeOH molecule 

stabilization for continuous oxidative reactions. In this chapter, we have shown that the 

HKUST-1 MOF can be a scaffold for incorporating Cu NPs without their aggregation in 

order to conduct catalytic reactions. 

 



 110 

Chapter 7: Conclusions 

7.1. OVERVIEW OF COMPLETED STUDIES 

In this dissertation, we conducted three projects using 2-D Pd–Au(111) bimetallic 

surfaces and two projects growing 3-D HKUST-1 metal-organic framework thin films 

under vacuum. From Chapter 2 to Chapter 4, we investigated the enhanced O2 activation 

and a new catalytic reaction mechanism for selective oxidation of acetaldehyde to acetic 

acid on Pd–Au(111) surfaces. Specifically in Chapter 2, we found improved activation of 

adsorbed O2 by co-adsorbed H2O on the Pd–Au(111) surface. When co-adsorbed with 

H2O, O2 admolecules on the Pd–Au surface were more strongly bound via their 

interactions with H2O. This interaction leaded to large enhancements in the dissociation 

of O2 as determined via the generation of CO2 upon exposure to CO. With advancing the 

study in Chapter 2, we probed the influence of the atomic makeup of the surface of 

Pd−Au catalysts regarding control of the catalytic activity toward O2 dissociation and the 

reactivity of the resulting oxygen adatoms in Chapter 3. From various investigations, we 

found that, upon increasing Pd coverage, the dissociation barrier for O2 steadily decreases 

and, further, the reaction barrier for CO oxidation continuously increases. Finally, oxygen 

molecularly adsorbed on the Pd−Au bimetallic surface and was a precursor to 

dissociative O2 chemisorption, just as with pure Pd surfaces, and additionally, the 

enhanced reactivity of adsorbed atomic oxygen originated at the interfaces between Pd 

and Au domains. In Chapter 4, we reported a catalytic reaction pathway for the gas-phase 

selective oxidation of acetaldehyde to acetic acid on the Pd–Au surfaces. On an oxygen 

precovered Pd−Au surface (composed of 45 % of Pd and 55 % of Au), acetaldehyde was 

selectively oxidized to acetic acid from 250 to 340 K. With higher Pd coverages (80 % 

Pd and 20 % Au), the acetaldehyde was less selectively oxidized to acetic acid, and near 



 111 

375 K, CO2 , H2O, CH4 , and H2 are evolved, evidence for the decarboxylation of acetate. 

In our density functional theory calculations, we confirmed that the relative energy 

difference between the acetate state and the decarboxylated state decreases as Pd 

ensemble size increases. 

In Chapter 5 and 6, we introduced the newly developed HKUST-1 thin film 

growth method under vacuum and the use of HKUST-1 thin films as catalytic supports 

with incorporating Cu NPs. Adopting a layer-by-layer (LBL) growth concept, we 

sequentially deposited H3BTC by CVD and Cu by PVD. With this methodology, we 

grew HKUST-1 thin films by sequentially depositing one monolayer (ML) of Cu after 

each H3BTC deposition cycle. The successfully grown HKUST-1 thin film had highly 

oriented crystallinity showing the (220) and (222) planes as its main plane depending on 

XRD operating methods, glancing angle XRD and in-plane XRD respectively. More 

details regarding the HKUST-1 thin film growth under vacuum are explained in Chapter 

5. Advancing this study, we incorporated Cu NPs in/on the HKUST-1 thin film to 

observe the catalytic activity for methanol oxidation using UHV temperature 

programmed desorption methods in Chapter 6. The Cu-HKUST-1 film with 4-6 nm Cu 

NPs selectively oxidized methanol molecules to formaldehyde. However the Cu-

HKUST-1 film with 8-12 nm Cu NPs generated not only formaldehyde, but also CO2 and 

H2 from methanol, caused by the decomposition of formate species. These papers are the 

first to report the growth and use of HKUST-1 thin films under vacuum. Our growth 

technique can be further applied to growing other MOFs, especially for H2BDC 

(benzene-1,4-dicarboxylic acid) containing MOFs. Several H2BDC MOFs (e.g. MOF-5 

and UiO-66) are widely known for their thermal and chemical stability. By growing 

various MNP incorporated H2BDC based MOFs under vacuum, we can investigate 
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various molecular level catalytic reactions. I will discuss this topic in more detail in the 

following section. 

7.2. ONGOING AND FUTURE WORKS 

The schematic diagram directly below pictorially describes the essential features 

of the technical aspects of the proposed project. Briefly, we propose to study the use of a 

supporting substrate with adsorbed H2BDC molecules which will self-organize into a 

surface aligned lattice template for the growth of several different terephthalic acid-based 

MOF ultrathin films. Growth of the ultrathin MOF film will proceed from the surface 

aligned template without solvents (in vacuum) through a layer-by-layer growth method in 

which alternating layers of the H2BDC ligand and metal atoms are evaporatively 

deposited to achieve the desired film thickness. We will also incorporate metal 

Illustration 7.1. Schematic of Technical Portion of the Proposed Study  
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nanoparticles (MNPs) both in and on MOF structures. Such MNP incorporated MOF thin 

films will allow us to investigate molecular level catalytic reactions under vacuum and 

also apply them to catalytic membranes for gas separation and conversion at relatively 

high pressures. The deposited films will be characterized ex situ employing x-ray 

diffraction, atomic force microscopy, scanning and transmission electron microscopy, 

and x-ray photoelectron spectroscopy. We will also use ultrahigh vacuum (UHV) surface 

science tools for study of these films and their chemistry. The primary UHV surface 

science techniques to be employed include (i) molecular beam scattering methods for 

high precision measurements of adsorption of relevant molecules by the MOF structure, 

and (ii) temperature programmed desorption mass spectrometry which will provide 

information regarding catalytic reactions by various reactants on and within the MOF. 

Specifically, we will begin our catalytic investigations by studying the oxidation 

of methanol along with two oxidizing agents, molecular oxygen and water, and then 

extend it to other complex alcohol molecules. Selective oxidation of methanol to 

formaldehyde is industrially important since formaldehyde is a precursor for other 

syntheses, e.g. urea-formaldehyde, melamine resin, and 1,4-butanediol. Moreover, formic 

acid, which can be another possible product from methanol oxidation, is widely used as a 

preservative and an antibacterial agent in livestock feed and is also employed as a 

hydrogen storage molecule for fuel cells. Thus, discovering new catalytic mechanisms for 

methanol oxidation using MOFs can contribute to industrial progress. Employing a quartz 

crystal microbalance in our vacuum chamber, control over the quantity of deposited 

metal atoms can be achieved and we can measure their oxidation states via XPS to check 

whether they remain as metal atoms or convert to metal cations via their interactions with 

the H2BDC ligands. Previously, when Cu atoms were loaded into the ZnO nanoparticle 

imbedded MOF-5 which formed a (Cu/ZnO)@MOF-5 composite, the methanol yield 
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generated from the synthesis gas mixture was about 60% of that typically produced via 

the industrial Fischer-Tropsch process, even at a relatively low Cu loading (~ 1.4 wt%) 

and with a small Cu specific surface area < 1 m2g-1.256 Moreover, Cu NPs incorporated in 

UiO-66 showed different activity in the synthesis of methanol from CO2 and H2 

depending on the quantity of MOF-Cu NP interface sites.267 This study verified that 

additional MOF-MNP interface sites turn out to improve catalytic activity.267 Inspired 

from this study we plan to control the size of MNP’s, as we have done for the Cu NP 

incorporated HKUST-1,49 which will directly affect the concentration of MOF – MNP 

interface sites, and investigate the difference in catalytic mechanisms. In particular, we 

will investigate the methanol oxidation/decomposition mechanisms in Cu NP 

incorporated MOF-5 and UiO-66. In previous studies on a Cu (110) surface under 

vacuum, methanol molecules were oxidized to CO2 accompanied with generation of H2 

and H2CO. However, as demonstrated in our prior experiments using Cu NP incorporated 

HKUST-1 thin films, methanol can be selectively oxidized to H2CO depending on the Cu 

NP sizes. Although we found meaningful results from methanol oxidation experiments 

using our Cu-HKUST-1 thin films, the HKUST-1 MOF is not thermally stable above ~ 

420 K, which does not allow us to conduct catalytic activity tests at higher temperatures. 

Thus we seek to develop Cu incorporated MOF-5 and UiO-66, which are stable up to 

~770 K, and verify more detailed oxidation/decomposition mechanisms for methanol 

oxidation by conducting experiments at high temperatures while also comparing them to 

the results from our HKUST-1 studies. 
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Appendix A: Supporting Information for H2O-Improved O2 activation 
on the Pd–Au bimetallic surface 

A.1. RAIRS SPECTRA OF H2O ON VARIOUS PD–AU SURFACE 

As indicated in Figure A.1b, when the Pd–Au surface is covered with 0.4 ML of 

H2O, RAIRS shows a peak near 3200 cm-1, but the overall spectrum becomes broader 

with 0.6 ML of H2O, and then 1.0 ML of H2O makes two different regions, 3100 cm-1 – 

3360 cm-1 and 3360 cm-1 – 3540 cm-1, corresponding to weaker O–H bonds induced by 

stronger Pd–H2O interactions (177 K peak on TPD in Figure 1b) and stronger O–H bonds 

with weaker Pd–H2O interactions (160 K peak on TPD in Figure 2.1b). As a reference, 

we also measured RAIRS for H2O on Au (111) where the H2O molecules are not so 

strongly interacting with the surface, and here there is just a broad spectrum for the 

different coverages as shown in Figure A.1a. The intensity of each spectrum increases 

Figure A.1.  RAIRS spectra measured in the region of O–H bond frequencies for 0.4 
ML, 0.6 ML, and 1.0 ML of H2O impinged on (a) Au (111) (b) Pd–Au 
(111), and (c) 1.0 ML of O2 adsorbed Pd-Au (111) surface. All those spectra 
were measured at 77 K, and the H2O coverages were controlled based on the 
results from the H2O desorption on Pd–Au surface (Figure 1b). 
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with H2O coverage since more H2O molecules make more H-bonds among them. This 

interpretation is also supported by the TPD results shown in Figure A.2, which shows a 

peak temperature for each H2O coverage on Au (111) that is shifted a little bit from near 

140 K to 146 K as coverage increases.  

Increasing the amount of H2O coverage on the 1ML of O2 adsorbed Pd–Au 

surface, it also shows two different regions for O–H bond frequencies. Different from the 

H2O solely adsorbed cases, however, the intensity for the lower frequency region in the 

1.0 ML of H2O / 1ML of O2 adsorbed Pd–Au surface, 3100 cm-1 – 3250 cm-1 for the 

relatively weaker O–H bonds (180 K peak on TPD in Figure 2.2b), is higher than the 

higher frequency region, 3250 cm-1 – 3500 cm-1 for the relatively stronger O–H bonds 

(152 K peak on TPD in Figure 2.2b), depending on the degree of interactions with the 

adsorbed O2 on the Pd–Au surface. 

Figure A.2.  TPD results for H2O (m/z+ = 18) from 0. 4 ML, 0.6 ML, 1.00 ML of H2O 
adsorbed Au (111).  
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A.2. O2 ADSORPTION ON 1 ML OF H2O COVERED PD–AU SURFACE. 

As described in Figure A.3a and A.3b, relatively small amount of O2 molecules 

are adsorbed on 1 ML of H2O pre-adsorbed Pd–Au surface compared to the pure Pd–Au 

surface. However, even this small amount of O2 admolecules clearly affects the 

desorption of the pre-adsorbed H2O molecules, where they simultaneously desorb in the 

range of 140 K – 190 K. 
 

 

 

Figure A.3.  (a) TPD spectra of 1 ML of H2O without O2 (gray dotted line) and small 
amount of O2 (black solid line) adsorbed above 1 ML of H2O (red solid line) 
on the Pd–Au surface and (b) King and Wells measurements of O2 directly 
adsorbed on the Pd–Au surface (red solid line) and 1 ML of H2O pre-
adsorbed Pd–Au surface (black solid line). 
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A.3. ISOTOPICALLY LABELED H218O USED TPD AND CO-RMBS 

In our TPD experiments for H2O and O2 co-adsorbed on the Pd–Au surface, as 

shown in Figure 2.2, we do not observe another H2O desorption peak around 240 K 

which would be related to the associative desorption of hydroxyl (–OH) groups on the 

surface, and which has been reported in previous Pd model catalyst studies.89,90 For the 

Pd–Au bimetallic surface case, thus, it is expected that O2 and H2O molecules tend to 

form H-bonded complexes instead of making hydroxyls (–OH) by dissociating O=O and 

H–OH bonds. To confirm this, we also conducted TPD experiments using H218O with 

16O2 co-adsorbed on the Pd–Au model surface to measure the generation of 16O18O (m/z+ 

= 34). Based on our previous study regarding co-adsorbed H218O with atomic O on an Au 

Figure A.4.  (a) TPD and (b) CO-RMBS results from 1.0 ML H218O and 1.0 ML O2 
adsorbed Pd–Au surface. The inset in (a) shows a very low desorption of 
16O18O, and the inset in (b) also describes a very low generation of C18O16O. 
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(111) surface,93 formation of adsorbed hydroxyls (–OH), should generate 16O18O (m/z+ = 

34) during TPD via the associative desorption of O2 from the coupling of the isotopically 

labeled hydroxyls (–16OH + –18OH). However, in testing with 1.0 ML of H218O and 1.0 

ML of O2 co-adsorbed on the model Pd–Au surface, we do not observe the generation of 

16O18O (see Figure A.3a in which the signal for m/z+ = 34 is very small compared to the 

16O2 (m/z+ = 32) signal). Therefore, we conclude that co-adsorbed O2 and H2O on the Pd–

Au surface are more likely to form a strong H-bonded complex rather than adsorbed 

hydroxyls (–OH). 

Additionally, we also conducted CO-RMBS experiments on a 1.0 ML of H218O + 

1.0 ML of O2 co-adsorbed surface to test for the generation of C16O18O (m/z+ = 46). This 

is another way to check for the formation of hydroxyls from the interactions of adsorbed 

H2O and O2 on the Pd–Au surface.114 In Figure A.3b, the intensity for C16O18O (m/z+ = 

46) is much lower than for the standard CO2 (m/z+ = 44) signal, and the m/z+ = 46 signal 

only becomes visible by magnifying the scale by a factor of 10. This very small signal is 

possibly caused by a tiny amount of -18OH on the surface. Therefore, from these results, 

it is expected once again that co-adsorbed H2O and O2 molecules on our model Pd–Au 

surface are mainly forming a H-bonded complex, and only a small fraction of them exist 

as hydroxyls. 
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A.4. OTHER SUPPORTING DATA 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.5.  King-Wells measurement of a H2O beam impinging on 1 ML of O2 covered 
Pd–Au surface. From 10 s to 15 s, the H2O beam was directed to the inert 
flag and then hit the sample from 15 s to 28 s for impinging 1 ML of H2O. 
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As shown in Figure A.6, our Pd – Au (111) surface has Pd ensembles, which can 

be verified from the existence of vibrational frequencies for CO molecules on the 

continuous Pd sites (vCO: 1900 – 2000 cm-1). Furthermore, the desorption of 1.0 ML 

H2O/ 1.0 ML O2 negligibly affect the compositions of Pd ensembles because the IR 

spectra of before and after the desorption of O2 / H2O are almost identical to each other. 
 

 

 

 

 

Figure A.6.  RAIRS spectra of saturated CO on Pd–Au (111) surface before (bare 
surface, black) and after (red) the adsorption and desorption of 1.0 ML of O2 
and 1.0 ML of H2O. 
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H2O 
coverages 

(ML) 

O2 
desorption 

ratio in 77 K 
– 145 K (%) 

O2 
desorption 

ratio in 145K 
– 165 K (%) 

O2 
desorption 
ratio in 165 
K – 200 K 

(%) 

Total amount 
of O2 

desorption 
ratio in 77 K 
– 200 K (%) 

Total amount 
of CO2 

generation 
ratio (%) 

0 58.4 23.8 17.8 100 32.2 

0.6 44.5 24.2 31.3 85.4 65.5 

1 28.2 28.9 42.9 81.5 100 

1.5 24.2 35.6 40.2 81.7 100.2 

2.1 19.6 43.9 36.5 84.8 82.7 

Table A.1.  Estimated percentages for O2 desorption and CO2 generation on the basis of 
H2O coverages. 
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Appendix B: Supporting Information for Surface Alloy Composition 
Controlled O2 Activation on Pd–Au Bimetallic Model Catalysts 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1.  A sample of King and Wells measurement of O2 on the Pd-Au surfaces for 
estimating an initial adsorption probability.  The O2 molecular beam was 
first impinged on the inert flag for 1.5 seconds to generate a saturated signal, 
and then directed on the sample for 1.5 seconds. The ratio of the decreased 
area from the sample to the saturated area from the flag indicates the initial 
adsorption probability. 
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Figure B.2.  H2-TPD to show the effect of O2 treatment at 475 K on the anned 4.0 ML of 
Pd covered Pd–Au (111) surface. The gray line is for the Pd–Au interfaces, 
and the black line indicates the amount of the Pd (111) like islands.  
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Figure B.3.  (a) H2-TPD spectra for the annealed 4 ML and 6ML of Pd covered surfaces. 
(b) Auger spectra for Au (111) and the annealed 6 ML of Pd covered Pd–Au 
(111) surface.  
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Figure B.4.  CO-RMBS at (a) 100 K and (b) 140 K. Overall peaks are weak at 100 K 
compared to 140 K. The CO molecular beam was impinged on the samples 
from 10 seconds forward.  
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Figure B.5.  CO-RMBS at 140 K, 200 K, 300 K, and 400 K on the 2.0 ML of Pd 
deposited Pd–Au surface.  
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Figure B.6.  O2-TPD spectra for 20 – 30 % of O2 saturated surfaces compared to the 
fully saturated surfaces in Figure 1b. The scale is 3 times enlarged over that 
of Figure 1b in the text of the paper.  
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Figure B.7.  Arrhenius plots for log of total productions of CO2 (P) vs 1/T on various 
Pd–Au surfaces. The slope in each plot indicates the reaction barrier (Er) for 
CO oxidation on each particular Pd covered surface. 
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We analyzed the surface composition of 2.5 ML of Pd desposited Pd – Au (111) 

surface using CO molecules, which widely used for the analysis of surface compositions 

of Pd – Au surfaces.  As shown in Figure B.8, the CO desorption negligibly affects the 

surface composition in our experimental conditions since there is no apparent difference 

between the RAIRS spectra.   

 

 

 

Figure B.8.  RAIRS spectra of saturated CO on 2.5 ML of Pd deposited Pd–Au (111) 
surface before (black) and after (red) the adsorption and desorption of CO. 
vCO at 1800 – 2000 cm-1 corresponds to CO on continuous Pd sites, and 
vCO at 2050 - 2100 cm-1 is for atop CO on isolated Pd atoms, and vCO > 
2100 cm-1 is for atop CO on Au sites. 
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Appendix C: Selective Oxidation of Acetaldehyde to Acetic acid on Pd–
Au Bimetallic Model Catalysts 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.1.  Temperature-programmed desorption (TPD) of H2 on 2.0 ML, 3.0 ML, and 
6.0 ML of Pd deposited surfaces.  
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Figure C.2.  Detailed TPD of 0.3 ML AcAl adsorbed on the oxygen-free Pd–Au (Pd: 2.0 
ML) surface. There is no molecular desorption feature for the AcAl 
(m/z+=29), but it still shows desorption features for CH4 and H2, which are 
strong evidences for the decomposition of the AcAl. 
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Figure C.3.  TPD of AcAl on the oxygen-free Pd–Au surface (Pd: 2.0 ML). Different 
coverages of the AcAl were impinged via a molecular beam at 77 K, and 
then they were heated to 500 K by 1 K/s. No desorption features were 
observed above 200 K. The desorption peak intensity at 150 K is saturated 
with 0.9 ML AcAl. 
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Figure C.4.  TPD of (a) various coverages of acetic acid (m/z+=60) on 2.0 ML Pd 
deposited surface. The comparison between the acetic acid generated by the 
1 ML acetaldehyde (CH3CHO, AcAl) oxidation (green) and the desorption 
of 0.3 ML acetic acid (CH3COOH (blue)) is described in (b), which is 1.4 
times magnified in Y-axis compared to (a). 
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Figure C.5.  Detailed TPD of (a) 0.3 ML acetaldehyde (AcAl) and (b) 1.5 ML AcAl on 
the oxygen-precovered Pd–Au (Pd: 2.0 ML) surface. The AcAl molecules 
were impinged via the molecular beam at 77 K. The AcAl covered surfaces 
were heated to 500 K by 1 K/s with observing CO (m/z+ = 28, blue), H2 
(m/z+ = 2, dark blue), CH4 (m/z+ = 16, mauve), CO2 or AcAl (m/z+ = 44, 
red), AcOH (m/z+ = 60, green), and AcAl (m/z+ = 29, magenta)  
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Figure C.6.  Detailed TPD of 0.9 ML AcAl on (a) 2.0 ML Pd deposited surface and (b) 
3.0 ML Pd deposited surface. (Both are bare surfaces.) The AcAl was 
impinged on the samples at 77 K via the molecular beam, and then the AcAl 
covered surfaces were heated to 500 K by 1 K/s with observing CO (m/z+ = 
28, blue), H2 (m/z+ = 2, dark blue), CH4 (m/z+ = 16, mauve), CO2 or AcAl 
(m/z+ = 44, red), and AcAl (m/z+ = 29, magenta)  
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Figure C.7.  Detailed product analysis during the desorption of (a) 0.3 ML AcAl and (b) 
1.5 ML AcAl on the oxygen-precovered Pd–Au surface (Pd: 3.0 ML). Each 
coverage of the AcAl molecules was impinged on the samples at 77 K via 
the molecular beam, and then the AcAl covered surfaces were heated to 500 
K by 1 K/s with observing CO (m/z+ = 28, blue), H2 (m/z+ = 2, dark blue), 
CH4 (m/z+ = 16, mauve), CO2 or AcAl (m/z+ = 44, red), AcOH (m/z+ = 60, 
green), and AcAl (m/z+ = 29, magenta)  
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Figure C.8.  Illustrations of Pd–Au (111) surfaces for density functional theory 
calculations. (a) shows the side view of our slab model, and (b) – (f) shows 
the top view of 2, 3, 4, 7, and 25 (1 ML) Pd atoms introduced Au(111) 
surface. The yellow and blue balls indicate Au and Pd respectively.  
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Figure C.9.  Illustrations of calculated H, O and acetate (CH3COO) adsorption sites on 
(a) 2Pd, (b) 3Pd, and (c) 7Pd ensembles on Au (111) surfaces. In (a) 2Pd 
ensemble case, i and ii show a H atom on a pure Au site and a Pd–Au 
interface site, iii and iv are for a O atom on a pure Au site and a Pd–Au 
interface site, and v – vii indicate an acetate on a pure Au site, a Pd–Au 
interface site, and the interior of Pd atoms respectively. In (b) 3Pd ensemble 
and (c) 7Pd ensemble, i – iii  are for a H atom, iv – vi are for a O atom, and 
vii – ix are for an acetate formed on a pure Pd site, a Pd–Au interface site, 
and the interior of Pd atoms respectively. (d) shows the relative calculated 
energies of H, O, and acetate binding energies on 2, 3, 4, and 7Pd 
ensembles, where the more negative energy means the more stable 
configuration.  
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Appendix D: Supporting Information for Solvent-free Vacuum Growth 
of Oriented HKUST-1 Thin Films 

 

 

 

 

 

 

 

 

 

Figure D.1.  The O1s XPS spectra for 5 cycled HKUST-1 thin films grown with (a) 0.5 
ML Cu , (b) 1.0 ML Cu, and (c) 1.5 ML Cu depositions in each cycle. There 
is no component for copper oxides in all spectra, which is supposed to be 
shown at 530.5 – 529.5 eV.  



 141 

 

 

 

 

 

 

 

Figure D.2.  (a) XRD patterns for the 5 layers of unannealed H3BTC (blue, 5 layers 
mean 5 times of H3BTC deposition for 3 minutes in each),  the 5 cycles of 
HKUST-1  films (gray), and the 5 layers of annealed H3BTC at 343 K for 
15 mins (red). (b) The Cu2p XPS spectra for 5 layers of unannealed (red) 
and annealed (black) H3BTC  
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Figure D.3.  Photographs of blank SiO2/Si(100) substrate, 5 layers of annealed H3BTC, 
and 5 layers of unannealed H3BTC. 
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Figure D.4.  The O1s XPS spectra for 5 cycled HKUST-1 thin films (1.0 ML Cu 
deposited in each cycle) grown with back-filled O2 at (a) 2.5 x 10-5 Torr and 
(b) 5.0 x 10-5 Torr. There is no component for copper oxides in both spectra, 
which is typically located at 530.5 ~ 529.5 eV.  
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Figure D.5. Photographs of 2, 5, and 10 cycles of HKUST-1 films 
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Figure D.6. XRD of 2, 5, and 10 cycles of HKUST-1 films.  
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Figure D.7.  AFM images of (a) 2 cycles, (b) 5 cycles, and (c) 10 cycles of HKUST-1 
thin films. (I) and (II) show profiles for thickness, and III and IV describe 
top and lateral views of each sample respectively.  
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Figure D.8.  Temperature programmed desorption (TPD) of H2O (m/z+= 18) adsorbed 
on the 5 cycled HKUST-1 film at 120 K (red) and 200 K (blue) by 2.0 x 10-6 
Torr of H2O for 30 mins. We also conducted the H2O-TPD tests for the 
tantalum (Ta) sample holder with the same amount of H2O exposures at 120 
K (black) and 200 K (gray). 
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Figure D.9.  XRD patterns of  before (black) and after (red) H2O adsorption & 
desorption tests on the 5 cycled HKUST-1 thin film. 
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Appendix E: Supporting Information for Methanol Oxidation 
Catalyzed by Copper Nanoclusters Incorporated in Vacuum-Deposited 

HKUST-1 Thin Films 
 

 

 

 

 

 

Figure E.1.  XRD patterns of a polycrystalline Cu film (10 nm thick), 1 ML, 4 ML, and 
8 ML Cu-HKUST-1 films in the range of 30° – 50° of 2θ. 
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Figure E.2.  Color variations of 5 cycled HKUST-1 thin films depending on the amount 
of deposited Cu. (a) SiO2/Si(100) substrate, (b) 5 cycles of 1 ML Cu-
HKUST-1, (c) 5 cycles of 4 ML Cu-HKUST-1, and (d) 5 cycles of 8 ML 
Cu-HKUST-1.  
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Figure E.3.  Magnified TEM images of (a) 4 ML Cu-HKUST-1 (b) 8 ML Cu-HKUST-1 
with FFT of their lattice fringes (red square box in each TEM images) 
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Figure E.4.  The thickness of (a) 1 ML Cu-HKUST-1, (b) 4 ML Cu-HKUST-1, and (c) 8 
ML Cu-HKUST-1 films (5 growth cycles in each film) measured by AFM. 
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Figure E.5.  The desorption spectra of CH3OH (black), H2CO (red), CO2 ( blue), H2 
(magenta), CO (dark blue) from (a) 4 ML Cu-HKUST-1, (b) 1 ML Cu-
HKUST-1 films (5 growth cycles in each), and (c) polycrystalline Cu film 
(10 nm thick). They were treated with 1.0 x 10-6 Torr of O2 at 300 K for 3 
minutes and then were exposed to 5.0 x 10-7 Torr of methanol at 250 K for 
20 minutes. The sample were heated from 250 K to 398 K at a rate of 0.5 
K/s, and they were isothermally held at 398 K for 15 minutes. 
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Figure E.6.  The desorption spectra of CH3OH from the  5 cycled 4 ML Cu-HKUST-1 
thin film. They were treated with 1.0 x 10-6 Torr of O2 at 300 K for 3 
minutes and then were exposed to 5.0 x 10-7 Torr of methanol at 120 K (red) 
and 250 K (green) for 20 minutes. The sample were heated from 120 K (red) 
and 250 K (green) to 398 K at a rate of 0.5 K/s, and they were isothermally 
held at 398 K for 15 minutes. The y-axis scale of this figure is 1/600 
compared to other TPD spectra in this study. 
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Figure E.7.  XRD patterns regarding HKUST-1 structures on the 5 cycled 4 ML and 8 
ML Cu-HKUST-1 thin films before and after the methanol oxidation 
experiment. 
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