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ABSTRACT OF THE DISSERTATION 
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One of the major challenges in heterogeneous catalysis is the preparation of highly 

selective catalysts. Cu catalysts have been ubiquitous in many applications, including for 

the promotion of the low temperature water-shift reaction and hydrogenation of carbon 

monoxide. By combining with a second metal, Cu can also assist in the selective 

hydrogenation of organic molecules with multiple double and triple bonds. In this work, 

Pt-Cu alloy catalysts have been studied to obtain better understanding of some 

fundamental questions, such as what the oxidation state of Cu under reaction conditions 

is, where the atoms of the two metals are. 

The majority of this work has focused on the Pt-Cu bimetallic catalyst, so-called single 

atom catalyst, where Pt atoms are diluted in Cu nanoparticles. Pt is presumed to activate 

H2 while Cu is believed to aid in the selective addition of the resulting H atoms to C=O 

bonds. In fact, catalysts with Pt content as low as 0.1% of the total composition have 

shown improved selectivity. In this catalysis, it is reasonable to expect the active catalyst 



 

 

x 

 

to be metallic copper. However, in situ x-ray absorption spectroscopy (XAS) and CO 

infrared (IR) titration experiments have suggested that at low temperatures, below 100C, 

copper-containing nanoparticles dispersed on silica support develop a thin layer of copper 

oxide film. This was found even in the presence of a hydrogen atmosphere for several 

different experiment setups. However, our latest synchrotron-based experiment indicated 

that such oxidation may be prevented, although the way to accomplish this may require 

further investigation. At high temperatures, Cu is fully reduced to metallic state, and the 

interconversion is reversible. Nonetheless, plenty of hydrogenation catalysis is carried out 

under mild temperature, under which reaction may take place on oxidized copper sites. 

In addition to the oxidation of Cu surface, several CO IR titration experiments were 

carried out and suggested that Pt sites are not available on the surface until the Pt content 

surpasses about 10% of the total metal loading. Where are the Pt atoms during reaction, 

on the surface or inside Cu nanoparticles, or attached to the oxide support? XAS 

absorption spectroscopies and in-situ IR have been carried out. Both in vacuum and under 

gaseous atmospheres, Pt atoms are found to be diffusing within the Cu-Pt nanoparticles. 

From in situ IR in CO atmosphere, for diluted single atom catalysts, Pt was found to 

reversibly segregate to the surface and diffuse back into the bulk when ramp up the 

temperature from 295 K to 495 K and cool back.  

A comparison of the thermodynamics of the adsorption of CO on the metal surface of a 

Cu/SBA-15 catalysts was made as well, under two different environments: under vacuum 

versus in the presence of atmospheric pressures of CO. Changes associated with entropic 

effects introduced by the presence of CO gas such as adsorbate displacement and 
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adsorbate-assisted adsorption steps need to be introduced to explain the differences seen 

between the two environments. 

Also, core-shell Pt@Cu catalysts were prepared successfully, and it will be utilized to 

study the behavior of Pt atoms under reaction conditions.  

Future follow-up work of this project might include designing a flow reactor for in-site 

infrared experiments and optimizing current core-shell Pt@Cu catalysts to minimize the 

amount of single Cu atom site on the surface and test them with in situ IR and XAS 

absorption spectroscopies.  
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Chapter 1 Introduction and Overview 

 

1.1 Selective Heterogeneous Catalysis 

Catalysis, a term used to describe the phenomenon in which the rate of a chemical 

reaction is promoted by a substance (the catalyst) that is not consumed during the 

process, was first created by Berzelius in 1835 and well-defined by Ostwald in 1895. By 

decreasing the activation energy of reactions, catalysts can thereby facilitate efficient, 

cost-effective, and environmentally sustainable production of chemicals. In recent 

decades, catalysts are playing a significant role in about 90% of the entire chemical 

industrial processes and contribute to approximately 35% of the world’s gross domestic 

product (GDP)1. Catalysis can be mainly divided into two types; heterogeneous and 

homogeneous.  

 

In the field of heterogeneous catalysis, the development of highly selective catalysts 

represents a significant challenge. Historically, the primary focus of catalysis has been to 

enhance reaction rates. However, in recent years, selectivity has increasingly become a 

crucial aspect in the design of contemporary catalytic processes. Many benefits can be 

found for selective catalysts, such as the requirement of lower amounts of feedstocks, the 

elimination of the requirement for additional separation steps, and the decrease of the 

formation of byproducts that may have a negative environmental impact. 
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The selective hydrogenation of double bonds plays an important role in the synthesis of 

many fine chemicals, especially for flavor and fragrance chemistry2 and the production of 

medicine3. However, compared to homogeneous catalysis with discrete molecules4, 

heterogeneous media often shows the limitation of relatively lower chemical selectivity. 

The reason is that, typically, complex catalytic sites which are capable of distinguishing 

among a number of similar molecular functionalities, are one of the keys in improving 

selectivity in the conversion of organic compounds. In addition, such need is easier to be 

achieved in discrete molecular homogeneous catalysts than from solid surfaces5.  

 

1.2 Copper-Platinum Bimetallic Catalysts 

In an attempt to address the lack of complex sites in heterogeneous catalysts, one way 

that has been discovered is by introducing several components within the solid. 

Typically, a vast majority of hydrogenation reactions involving organic feedstocks are 

facilitated through the utilization of late transition metals.6-8. In the past, such approaches 

have been extensively developed for converting unsaturated aldehyde9-10. For example, 

Pt, Pd, and Rh possess significant catalytic activity and are widely employed in various 

industrial processes. However, the drawback of these metals is their lack of selectivity, 

leading to the hydrogenation of both double and triple bonds present in organic molecules 

with multiple unsaturations. For instance, supported platinum-group metals have shown 

relatively low selectivity11. To our knowledge, there are a handful of studies that have 

been conducted regarding this and several factors are considered to impact the 

selectivities. For example, the work by Ruiz et al.12, indicated that the degree of steric 
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hindrance around the C=C double bonds is affecting the selectivity, which is suggested 

by work by Bernard13 and Ponec V.14. In addition, numerous works show reaction 

conditions (including pressure15-16, solvent used16-18, temperature17, 19) are playing an 

important role on the effect of selectivity. It should also be noted that the size and 

morphology of the loading metal nanoparticles, and the selection of supporting materials 

lead to different selectivity. Among a considerable number of ways to modify supported 

platinum-group metals, it has been long developed that introducing a suitable additive 

can substantially improve the selectivity14, 20-24. Among numerous published works, 

Germanium, 10, 25-28 tin, 10, 26, 28-32 and iron 33-37 are the most researched additives in 

relation to catalyst systems and a lot of studies have shown the mechanism regarding the 

modification of the performance of the catalysts. For example, In Mónica L. Casella’s 

work 28, it was indicated that adding germanium as the promoter shows good selectivity 

to obtain furfuryl alcohol. Typically, selectivity towards unsaturated alcohol can be 

improved by adding a metal that is more electropositive, but there is still insufficient 

understanding of the reason. In addition, the oxidation state of the second metal is still 

under hot debate. Some work argues it could be an adatom in a metallic form ,38-39 in 

alloy form,40-44 in an ionic state,45-46 or in a partially oxidized form.44, 47  

 

As noted above, the utilization of Bi- and multi-metallic catalysts has a long history and 

has been extensively used for decades;48-50 mixed metals may display unique electronic 

properties, often (but not always) a weighted average of the electronic properties of the 

individual components,51-54 and/or mixed-metal ensembles of atoms on the surface with 
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unique catalytic properties 55-57. However, an agreement regarding how the second metal 

is promoting the reaction is not reached yet. As previously stated, the bulk of the recent 

work has been focusing on combining tin with platinum. It would benefit the field if the 

set of additives has been expanded. Therefore, in this work we propose to investigate the 

Cu-Pt catalysts. There are a number of reasons to choose Cu as the additive due to its 

attractive properties. For example, copper is stable under oxidation states, such as Cu+, 

and Cu2+, but the reduction of oxidized copper is easy, and this offers flexibility 

regarding the exploration of the role of different oxidation states of Cu during the 

reaction. In addition, Cu behaves as a good catalyst with atomic hydrogen for 

hydrogenation reactions.58  

 

1.3 Single-Atom Alloy Catalysis with CuPtx/SBA-15 

To improve the design of alloyed Cu-Pt alloy catalysts and predict their activities, the 

Brønsted−Evans−Polanyi (BEP) relationship can be employed as a methodology to 

obtain valuable insight without having to discuss all the factors mentioned previously 

(particle size, ligand effects, pressure, temperature). BEP implies a linear correlation 

between the activation barrier and the reaction energy associated with a chemical 

transformation.59-60 Namely, the reaction energy can be estimated from utilizing 

thermodynamic scaling relationships and assessing the binding energies of key 

intermediates.61 It was suggested that alloying catalysts allows tuning the surface binding 

energies, therefore moving the position along the linear BEP line. Nevertheless, this 

approach is constrained by BEP scaling, which entails a compromise between low 
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activation energy and weak binding. Therefore, it is crucial to explore a potential solution 

for which alloy catalysis can escape the BEP linear scaling.  

 

In recent years, a new type of alloying in catalysis has garnered attention where single 

atoms of one metal are mixed with another metal in an isolated form to create so-called 

single-atom alloys (SAAs). Different from traditional bimetallic catalysts, in SAA, it is 

believed that the minority metal atoms are dispersed on the surface layer of the majority 

component.62-63 For SAA catalysts, the premise guiding the design is by adding the 

single-atom sites then therefore improve the specific functionality lacking in the majority 

component, which was originally designed to selectively promote the reaction. In the case 

of designing hydrogenation catalysis with SAA catalysts, for example, Pt or Pd can be 

used as the minority component and providing single-atom sites were used to help with 

the activation of molecular hydrogen, for which coinage metals such as Cu or Au are not 

effective.  

 

It has become clear that SAA catalysts can significantly enhance the activity of the 

majority component, coupled with exceptional selectivity. 64-66 However, an 

understanding of how that occurs, is still being developed. Some significant surface-

science work using model metal surfaces such as single crystals and controlled ultra-high 

vacuum (UHV) environments has been performed. This elegant work has been 

complemented with quantum mechanics calculations, supporting a proposed mechanism 

for the dissociation of molecular hydrogen on individual Pt or Pd atoms on the surface. 
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The resulting adsorbed H atoms then spill over to the Cu or Au surface, where organic 

molecules are subsequently hydrogenated. On the other hand, our preliminary result has 

suggested that the performance of SAA catalysts under realistic hydrogenation conditions 

may be affected by additional factors, in particular the single-atom metal may segregate 

to the surface and/or diffuse into the metal bulk upon exposure to different chemical 

environments. It has been observed that at room temperature, typically under which 

hydrogenation reactions are performed, Pt atoms diffuse to the bulk for single-atom 

catalyst CuPt0.005/SBA-15. Based on the proposed mechanism, if the active metal in 

SAAs was to diffuse deep into the bulk, its activity may be hindered. In other words, the 

hindrance of molecular hydrogen dissociation due to the diffusion of Pt atoms into the 

bulk may restrict the reaction rate, as anticipated. Surprisingly, this catalyst was found to 

show the best reaction performance in our preliminary result. It appears that Pt inside the 

bulk could promote the dissociation of hydrogen molecules in a remote way, which is 

different from the proposed mechanism. The details are provided in the following 

chapters.  

 

1.4 Work of dissertation 

In this thesis, we aimed to study Cu-Pt nanoparticles (NPs) on SBA-15. Various 

characterizations will be conducted to investigate the nature of Cu-Pt catalysts for 

hydrogenation reactions. What is the oxidation state of copper as the additive for those 

Pt-Cu catalysts? Where is platinum among those NPs during the reaction? These are the 
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fundamental questions in this thesis work. The specific objectives of the thesis were the 

following: 

 

1.4.1 In Situ Identification of Surface Sites in Cu-Pt Bimetallic 

Catalysts: Gas-Induced Metal Segregation 

The problem of where the position of Pt is discussed in this part. The study of the impact 

of various gaseous species on the surface of Cu-Pt nanoparticles has revealed that Pt 

atoms exhibit diffusion within the bimetallic structure, both in a vacuum and in the 

presence of a gaseous atmosphere. It has been found that the surface composition of Cu-

Pt catalysts is temperature-sensitive and that the position of Pt within the bimetallic 

structure is unstable. These findings highlight the importance of considering the effect of 

gaseous exposure on the stability and performance of Cu-Pt bimetallic catalysts. 

 

1.4.2 Oxidation State of Copper in Cu-Pt Single-Atom Catalysts under 

Hydrogenation Conditions 

A comprehensive examination of the oxidation state of copper in Cu-Pt catalysts was 

performed utilizing in-situ X-ray absorption (XAS) and infrared absorption (IR) 

spectroscopies. The results indicated that a thin layer of oxidized copper sometimes 

forms on the supporting material, even in hydrogen atmospheres, at low temperatures. 

More recent XAS experiments failed to reproduce our earlier observations, however, 

suggesting that the copper oxidation may be related to the way the experiments are 
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performed; more research is needed to settle this. Additional, full reduction of copper can 

be expected at higher temperatures, the interconversion between the metallic and 

oxidized states is considered to be reversible. These findings have significant 

implications for hydrogenation catalysis, as the reaction may occur at oxidized copper 

sites under mild reaction conditions which is where hydrogenation catalysis usually takes 

place. 

 

1.4.3 Thermodynamics of Carbon Monoxide Adsorption on Cu/SBA-15 

Catalysts: In Vacuum versus Under Atmospheric Pressures 

In this part of the work, data from in situ infrared absorption spectroscopy experiments 

are studied and thermodynamics properties of the adsorption of carbon monoxide on a 

copper-based catalyst are discussed.  

 

1.4.4 Core-shell Pt@Cu catalyst 

To better understand how Cu-Pt bimetallic catalysts, such a unique nanostructured 

Pt@Cu was made. Various characterizations were conducted here to confirm its structure, 

such as in situ infrared spectroscopy, Energy dispersive spectrometry, and Inductive 

coupled plasma.  
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Chapter 2 Instrumental and Catalyst Characterization 

 

2.1 Catalysts synthesis 

2.1.1 Material and Chemicals 

10 of Cu-Pt bimetallic catalysts, denoted CuPtx/SBA-15, copper nitrate (Cu(NO3)2·3H2O, 

Sigma-Aldrich, 98% purity) and chloroplatinic acid (H2PtCl6·6H2O, Sigma-Aldrich, 

≥37.50% Pt basis) were used as metal precursors. Commercial SBA-15 (ACS Material) 

was used as supporting material.  

 

For the synthesis of core-shell catalysts, Copper (II) nitrate hemi(pentahydrate) 

(Cu(NO3)2·2.5H2O, Sigma-Aldrich, 98% purity) and Chloroplatinic acid hexahydrate 

(H2PtCl6·6H2O, Sigma-Aldrich, ≥37.50% Pt basis) are used as metal sources. 

Commercial SBA-15 (ACS Material) was used as supporting material. 

Poly(vinylpyrrolidone) (PVP, MW = 10,000, Sigma-Aldrich) was used as a stabilizing 

agent for colloidal nanoparticles. All materials are used as received unless otherwise 

noted. Ethylene Glycol (Certified, Fisher Chemical) was used as a reducing agent for the 

synthesis of Pt nanoparticles. Ethanol (200 Proof, Fisher Chemical) was used to wash the 

catalysts. Tert-Butylamine (98%, Sigma-Aldrich) was used to remove the capping agent. 

L-ascorbic acid (99%, Sigma-Aldrich) was used to reduce Cu cation to metallic Cu 

nanoparticles.  
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Carbon monoxide used in in situ infrared spectroscopy was purchased from Matheson. 

Hydrogen and most other gases were purchased from Airgas.  

 

2.1.2 Catalyst Synthesis 

CuPtx/SBA-15 

In this work, CuPtx/SBA-15 are prepared by a previous member of our group (Dr. 

Yueqiang Cao) via incipient wetness impregnation method1. A total of 10 CuPtx/SBA-15 

catalysts were prepared by using an incipient wetness impregnation method, with x, 

which represent the molar fraction of Pt added to the constant 5 wt% Cu load, varying 

from 0 (pure Cu) to  (pure Pt). In detail, certain amounts of copper nitrate and 

chloroplatinic acid were mixed with deionized water, followed by impregnating it with 

approximately 2 grams of SBA-15. In all ten catalysts, the loading of Cu is about ~5wt 

%. In addition, the ratio of Cu/Pt was altered by changing the amount of chloroplatinic 

acid added in the liquid mixture before impregnation. After the impregnation step, our 

sample was kept at room temperature for 1 day, namely 24 hours, followed by drying it at 

350 K for 24 hours again and then grounding it into powder. At the end, CuPtx/SBA-15 

are reduced under H2 at 625 K prior to use.  

 

Core-shell Pt@Cu catalysts 

Detailed synthesis procedure is mentioned in the following chapter. To start with, 

Pt/SBA-15 was prepared by reducing Pt on SBA-15, then the catalyst was washed with 

deionized water/ethanol mixture. After that, TBA was used to further remove all the 
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capping agent left on the surface of our catalyst. For the synthesis of core-shell 

Pt@Cu5.25/SBA-15, Cu atoms were deposited onto Pt/SBA-15 by reducing Cu with L-

ascorbic acid.  

 

2.2 In Situ Infrared Absorption Spectroscopy (IR) 

One of the heavily used techniques in this work is the in situ infrared absorption 

spectroscopy (IR) study. It was carried out in a homemade NaCl-terminated quartz cell 

capable of sustaining pressure of up to approximately 2 bar and of cooling or heating to 

temperatures within the range from 125 to approximately 700 K, and a Bruker Tensor 27 

FTIR spectrometer equipped with a deuterated triglycine sulfate (DTGS) detector.2-3, All 

spectra were acquired with a resolution of 2 cm-1, and correspond to an average of 16 

scans.  
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Figure 2-1. Typical experimental setup  

 

 

Figure 2-2. Picture of Transmission cell covered with heating type used in this dissertation.  
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Typically, testing IR spectra can be divided into several steps: sample preparation and 

loading, alignment, collecting background spectra, and taking sample spectrum. Example 

steps are shown below from a to g. 

 

a) Sample Preparation, Mounting, and Processing  

i. Sample Preparation and Loading 

1. Powder catalyst (10-15 mg) is pressed into a self-support disk (13 mm in diameter) by 

using a manual press kit.  

2. The catalyst pellet is mounted on a sample holder held in the center of the IR cell. 

3. Both ends of the IR cell are sealed with NaCl windows. 

4. The IR cell is connected to a gas manifold. 

5. The IR cell is pumped to reach a background pressure to ~10-2 Torr range. 

 

ii. Sample Heating and cooling. 

Heating the IR cell is performed by using a Variac and a temperature controller 

(homemade). Usually, it can be heated above 350 ℃ by setting the Variac at 100%. For 

lower temperatures, a combination of electrical heating (Variac at 50%) and N2 cooling 

can be used to alter the temperature. Stepped heating is accomplished by adjusting the 

Variac settings to alter the power ratio. From RT to 345 K, setting the Variac at 30 %. 

From 345 K to 395 K, setting the Variac at 35 %. From 395 K to 445 K, setting the 

Variac at 40 %. From 445 K to 495 K, setting the Variac at 45 %.  
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iii. Sample Pretreatment with H2 

1. Anneal to 350 ℃ slowly.  

2. The pellet is degassed and dried in vacuum while ramping. 

3. Keep the catalyst at 350 ℃ for 3~4 hours under 200~500 Torr of H2. 

4. Pump H2 gas for 30 min. 

5. Cool down to room temperature. 

 

b) Alignment 

1. Select “Measure”, “Measurement” and “Check Signal” in the Measurement 

window. 

2. If everything is OK, an interferogram will be displayed on the screen. 

3. Check the amplitude; select ADC Count to see a numerical value.  

4. Slowly move the IR cell within its position in the sample compartment until a 

maximum value is obtained.  

5. Insert polyethylene foam tubes at both sides of the IR cell, between the NaCl 

windows of the cell and the windows of the FTIR spectrometer to purge the IR 

beam path (Both ends of the cell should touch the windows on the wall of the 

sample compartment). 

6. Purge those tubes with dry air or N2 gas.  

 

c) Collecting Background Spectra with sample under vacuum (ex-situ) 
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For temperature-dependent sequences, reference spectra can be obtained during the 

cooling after pretreatment. These spectra are used as background spectra at the 

corresponding temperatures.  

1. Cool down the sample to the desired or lowest temperature. 

2. When the sample reaches the desired temperature, take a background spectrum.  

3. Go to “Background” and Click “Save Background” to save the spectrum. The 

Filename (####.0) is saved automatically on the hard drive and displayed on the 

left (Window List) of the screen.  

4. The file can be saved as other formats on the hard drive. Select "Save File As", 

then check the file name and path to be saved.  

5. In temperature-dependent sequences, take and save background spectra during the 

cooling of the catalyst with about a proper interval (10 to 50 ℃). 

 

d) Sample Spectrum (ex-situ, sample results taken without gas inside the 

transmission cell) 

For the ex-situ experiment, once the temperature reaches the lowest temperature, 

introduce 20 ~ 30 Torr of the CO into the IR cell, then keep it for 5 min. 

1. Pump the gas out from the IR cell until it reaches ~10-2 Torr. 

2. Start taking the IR data with an interval of 10 K. 

3. Remove the liquid N2 reservoir until it’s reaching room temperature. 

4. Start heating once the temperature reaches room temperature.  

5. Take data until 473 K.  
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e) Reference Spectrum (in-situ, without sample pellet under different pressure of 

gases) 

1. Empty the transmission cell by removing the previously used sample pellet. 

2. Pump the cell to ~10-2 Torr.  

3. Introduce x Torr of CO into the cell (x = 1, 2, 5, 10, 20, 50, 100, 200 Torr). 

4. Start taking IR data followed by heating the transmission cell from room 

temperature to 495 K, with an interval of 50 K.  

5. Pump the cell once all data is taken. 

 

f) Sample Spectrum (in-situ, with sample pellet under different pressures of gases) 

For the in-situ experiment, once the sample pellet is put inside the transmission cell, 

pump the cell to vacuum to ~10-2 Torr under room temperature. 

1. Introduce x Torr of CO (x = 1, 2, 5, 10, 20, 50, 100, 200 Torr) into the IR cell. 

2. Take data followed by heating the transmission cell from RT to 495 K, with an 

interval of 50 K (RT, 345, 395, 445, 495 K). 

3. Cool the IR cell down to room temperature and take data at 495, 445, 395, 345, 

RT. 

4. Pump the cell and stop the experiment. 

5. Subtract the reference spectra from Reference Spectrum.  
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g) Taking Sample Spectrum for three cycles (in-situ, with sample pellet under 

different pressures of gases) 

For the in-situ experiment, once the sample pellet is put inside the transmission cell, 

pump the cell to vacuum to ~10-2 Torr under room temperature. 

1. Introduce x Torr of CO (x = 1, 2, 5, 10, 20, 50, 100, 200 Torr) into the IR cell. 

2. Take data followed by heating the transmission cell from RT to 495 K, with an 

interval of 50 K (RT, 345, 395, 445, 495 K). 

3. Cool the IR cell down to room temperature and take data at 495, 445, 395, 345, 

RT. 

4. Pump the cell for 30 minutes or until the pressure is lowered to ~10-2 Torr. 

5. Introduce another x Torr of CO. 

6. Retake data during the temperature cycling process, both while heating from room 

temperature (RT) to 495 K and during cooling from 495 K back to RT. 

7. Repeat step 4-6.  

8. Pump the cell and stop the experiment. 

9. Subtract the Reference Spectrum from the obtained data.  

 

2.3 Other Characterizations 

Nanoparticle size distribution 

The metal NPs size distributions were estimated from electron microscopy images taken 

using a scanning transmission electron microscopy (STEM) FEI Titan Themis 300 

instrument equipped with an X-ray spectrometer for energy dispersion spectroscopy 
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(EDS) imaging. The images were acquired by Dr. Ilkeun Lee at the UCR Central Facility 

for Advanced Microscopy and Microanalysis. 

 

Catalyst composition 

The metal loadings were quantified by inductively coupled plasma atomic emission 

spectrometry (ICP-AES), using a PerkinElmer Optima 7300DV ICP-OES apparatus that 

combines an SCD detector and an echelle optical system which enables the unit to 

measure all wavelengths simultaneously-in the ultraviolet wavelength range from 165 to 

403 nm and in the visible wavelength range from 404 to 782 nm. The results were 

obtained by David H. Lyons at the Department of Environmental Sciences.  

 

Typically, about 10 mg of sample catalyst was dissolved in 20 ml of aqua regia, namely, 

a mixture of 15 ml of HCl (concentrated, ~37% solution in water) and 5 ml of HNO3 

(Nitric acid, 65-75% solution in water). The entirety of the mixture was maintained in 

aqua regia at a temperature of 370 K for a duration of one hour, followed by an elevation 

to 395 K for an additional hour. Subsequently, the resultant mixture underwent filtration 

and was employed to formulate a 100 mL solution, intended for subsequent analysis. 

 

X-ray Photoelectron Spectroscopy (XPS) 

The ex-situ XPS data were acquired by using a Kratos analytical AXIS instrument 

equipped with a 165 mm mean radius semi-hemispherical electron energy analyzer and a 

monochromatized Al anode X-ray source. The spectra were taken by Dr. Ilkeun Lee at 
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the UCR XPS Facility. The ex-situ XPS data in Figure 4-1 were acquired by using a 

Kratos analytical AXIS instrument equipped with a 165 mm mean radius semi-

hemispherical electron energy analyzer and a monochromatized Al anode X-ray source.  

 

X-ray Absorption Spectroscopy (XAS) 

The in situ X-ray absorption spectroscopy (XAS) experiments were carried out at three 

different synchrotron facilities. The data for the CuPt0.05/SBA-15 catalyst shown in 

Figure 4-5 was acquired at the ISS (Inner-Shell Spectroscopy) beamline of the National 

Synchrotron Light Source II (NSLS-II) facility of Brookhaven National Laboratory, with 

the assistance of Dr. YuanYuan Li and Prof. Anatoly Frenkel. For the in-situ 

measurements, the sample powders were loaded on a quartz tubing (O.D. = 2.4 mm, I.D. 

= 2 mm) and mounted in a Clausen cell.4 The Pt L3 XAS data were collected in 

fluorescence mode and the Cu K edge XAS data were collected in transmission mode.  

 

The H2-reduction results in Figure 4-6 and Figure 4-7, from studies with the 

CuPt0.005/SBA-15 sample, were obtained by Debora Motta Meira and Mahalingam 

Balasubramanian at the Advanced Photon Source (APS) at Argonne National Laboratory. 

A Si (111) double-crystal monochromator and a toroidal focusing mirror were employed. 

The first harmonic of the undulator was used along with full scanning of the undulator. 

Harmonic rejection was facilitated by detuning 30% of the incident beam intensity at hν 

= 1000 eV above the edge of interest. A capillary furnace, composed of resistively-heated 

quartz tubes (O.D. = 1.5 mm, I.D. = 1.3 mm), was used. Each sample was treated with 
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heat and gas, and Cu K-edge data were collected in situ in the presence of the gases and 

while heating the sample to the indicated temperatures, in fluorescence mode using a 

Vortex 4-element detector.  

 

The in-situ oxidation reaction under H2 results, from studies with CuPt0.05/SBA-15 

sample, were acquired with the assistance of Debora Motta Meira at the Advanced 

Photon Source (APS) at Argonne National Laboratory. About 30 mg of CuPt0.05/SBA-15 

was pressed into a pellet and tested. 

 

Finally, the in-situ spectra for the CuPt0.005/SBA-15 solid during the hydrogenation of 

crotonaldehyde were recorded at the Stanford Synchrotron Radiation Light source 

(SSRL) of the Stanford Linear Accelerator Center with the help of Jiyun Hong, Adam S. 

Hoffman, and Simon R. Bare. The experiment was conducted at beamline 9–3, which is a 

16-pole, 2-tesla wiggler beamline with a vertically collimating mirror for harmonic 

rejection and a cylindrically bent mirror for focusing. The liquid-nitrogen cooled, double-

crystal Si (220) monochromator was used at crystal orientation of phi = 0˚. Finely 

powdered and sieved ~4 mg of CuPt0.005/ SBA15 sample was packed between Quartz 

wool inside a Quartz capillary tube (I.D. = 0.96 mm, O.D. = 1.0 mm) to make a 10-cm 

long bed. Both ends of the capillary tube were carefully glued to Swagelok connectors, 

which were used to connect to a flow-through reactor.5 The reactor was mounted on the 

sample stage at a 45° angle relative to the incident X-ray beam. N2-filled ion chambers 

were used to measure the incident X-ray intensity and the transmission signal from the 
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sample. XAS data were acquired in situ while flowing either pure H2 of a mixture of H2 

with crotonaldehyde at a total flow of 20 mL/min; the crotonaldehyde was added to the 

gas stream using a bubbler (saturator), kept at 288 K; the estimated crotonaldehyde 

partial pressure obtained this way was estimated to be 0.04 bar. A mass-spectrometer 

(Hiden QGA) was used throughout the experiments to follow the composition of the 

exhaust gas during catalysis: 100% hydrogenation conversion was attained at 375 K. 

 

The Cu K-edge EXAFS data were analyzed by using a model that included Cu–O and 

Cu–Cu paths. For the PtCu0.05/SBA-15 sample, the fitting k range was 2-11.5Å-1 and the 

r range 1-2.8 Å, and for the PtCu0.005/SBA-15 sample they were 2-10.5 Å-1 and 1-2.8 Å, 

respectively. An amplitude reduction factor (0.86 ± 0.03) was obtained by fitting the Cu 

foil data.  
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Chapter 3 In Situ Identification of Surface Sites in Cu-Pt 

Bimetallic Catalysts: Gas-Induced Metal Segregation 

 

In this chapter we discuss the results from our studies of Cu-Pt bimetallic catalysts using 

in-situ infrared (IR) and X-ray (XAS) absorption spectroscopies to probe the effect of 

gases on the surface composition of them. It has been found that Pt atoms are diffusing 

within the Cu-Pt nanoparticles both in vacuum and under gaseous atmosphere. Vacuum 

IR spectra of CO adsorbed on CuPtx/SBA-15 catalyst (x = 0 to ∞) at 125 K showed no 

bonding on Pt, no matter of Pt content. However, reservable Pt segregation to the surface 

of nanoparticles was observed for high-Pt-content (x ≥ 0.2) catalysts upon heating to 225 

K. In situ IR spectra in CO atmospheres also emphasize the reversible segregation of Pt 

to the surface and its diffusion back into the bulk when cycling the temperature from 295 

K to 495 K and back, most evidently for diluted single-atom alloy catalysts (x ≤ 0.01). 

Similar behavior was possibly seen under the Hydrogen atmosphere, in which a small 

amount of CO was used as a probe molecule. In situ X-ray absorption near-edge structure 

(XANES) data taken for CuPt0.2/SBA-15 under both CO and He pointed to the metallic 

nature of the Pt atoms irrespective of gas or temperature, but analysis of the extended X-

ray absorption fine structure (EXAFS) identified a change in coordination environment 

around the Pt atoms, from a (Pt-Cu):(Pt-Pt) coordination number ratio of 6:6 at or below 

445 K to 8:4 at 495 K. Our main conclusion is that Cu-Pt bimetallic catalysts are 
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dynamic, with the composition of their surfaces being dependent on temperature, 

especially in gaseous atmosphere.  

 

3.1 Introduction 

A new version of alloying in catalysis has garnered significant interest in recent years 

where a majority metal is mixed with a small amounts of a second component to create 

so-called single-atom alloys (SAAs).1-4 The distinctiveness of single-atom alloys (SAAs) 

compared to conventional bimetallic catalysts is that, in SAA, the minority component is 

believed to be present on the surface of the nanoparticles (NPs) in isolated form, far from 

other atoms of the same metal. The premise guiding the design of SAA catalysts is that 

the single-atom sites add specific functionality lacking in the majority component, which 

otherwise is assumed to selectively promote process of interest.4-5 In the case of 

hydrogenation catalysis, for example, the addition of small amounts of an active metal 

such as Pt or Pd may help with the activation of molecular hydrogen, something for 

which coinage metals such as Cu or Au exhibits insufficient efficacy;6-8 this way, it may 

be possible to exploit the presumed selectivity of those coinage metals during the 

promotion of the hydrogenation steps.3-4, 9-12 

 

Empirically, it has become clear that SAA catalysts can in many instances improve the 

selectivity of hydrogenation reactions.13-18 An understanding of how that occurs, 

however, is still being developed. A significant amount of elegant surface-science work 

using model metal surfaces such as single crystals and controlled ultra-high vacuum 
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(UHV) environments has been performed14, 19-21 and complemented with quantum 

mechanics calculations22-24 to support a proposed mechanism by which H2 molecules are 

dissociated on individual Pt or Pd atoms present on the surface, after which the resulting 

adsorbed H atoms spill over to the Cu or Au surfaces where the organic molecules are 

hydrogenated. On the other hand, most recent evidence However, more recent evidence 

from our group and from others has suggested that the performance of real SAA 

catalysts, which typically consist of SAA NPs dispersed on a high-surface-area oxide 

support, may be affected by additional factors, in particular the ease with which specific 

metals segregate to the surface and/or diffuse into the metal bulk upon exposure to 

various chemical environments.17, 25-30.  

 

The fact that one of the metals in alloys may segregate to the surface or diffuse into the 

bulk depending on the conditions and chemical environments is well known; a beautiful 

example was provided a few years ago by the Salmeron group, who showed using near-

ambient-pressure X-ray photoelectron spectroscopy (NAP-XPS) that Rh-Pd core-shell 

NPs undergo reversible changes in composition and chemical state in response to 

oxidizing or reducing conditions: Rh segregates to the surface in a pure NO environment, 

whereas a more mixed-metal layer with significant amounts of Pd on the surface 

develops during NO + CO conversions.31 In a case involving hydrogenation catalysis, for 

the selective conversion of cinnamaldehyde, the Rh-Au bimetallic catalyst was shown to 

undergo segregation into Janus NPs during catalysis.32 If the active metal in SAAs were 

to diffuse deep into the bulk, its activity may be hindered. For instance, the group of 



 

 

32 

 

Crooks and coworkers proved that coating Pt NPs with a layer of Cu, to form Pt@Cu 

core-shell structures, leads to the inhibition of the electrochemical hydrogen evolution 

reaction (HER).33 It is therefore imperative to characterize the composition of the surface 

in bimetallic catalysts in situ to determine the true nature of the active sites. In this work 

we do that for the case of Cu-Pt bimetallic catalysts by combining the use of in situ 

infrared (IR) and X-ray (XAS) absorption spectroscopies during exposures to 

atmospheric pressures of different gases, both reactive (CO, H2) and inert (He). Our 

results indicate that, indeed, selective metal segregation does occur as a function of 

temperature. The details are provided below. 

 

3.2 Results and Discussion 

A total of 10 CuPtx/SBA-15 catalysts were prepared by Dr. Yueqiang Cao using an 

incipient wetness impregnation method, using copper nitrate (Cu(NO3)2·3H2O, Sigma-

Aldrich, 98% purity) and chloroplatinic acid (H2PtCl6·6H2O, Sigma-Aldrich, ≥37.50% Pt 

basis), as reported previously.17-18 In our nomenclature, x represent the molar fraction of 

Pt added to a constant 5 wt% Cu load, and was varied from 0 (pure Cu) to  (pure Pt). 

The physical characterization and pretreatment details of these catalysts have been 

provided before.17-18  

 

Early indication that exposure of CuPtx/SBA-15 catalysts to different gas environments 

may lead to metal segregation was provided by ex situ IR characterization experiments 

using carbon monoxide as a probe.17 Figure 3-1 displays the IR spectra obtained in the C–
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O stretching region for all 10 catalysts after saturation with CO at 125 K. The data were 

acquired under vacuum, after pumping of the CO used for dosing, while the IR cell was 

slowly heated; the four panels provide results for four different temperatures (125, 225, 

325, and 425 K). It is seen in Figure 3-1 that the main peaks for CO adsorbed on all of the 

CuPtx/SBA-15 SAA catalysts (x = 0.001 to 0.75) at low temperatures are at frequencies 

in the 2100 - 2135 cm-1 (main feature) and 2157 - 2170 cm-1 (shoulder) ranges, blue-

shifted as the Pt content in the catalysts is increased. These values are close to those seen 

with the pure Cu/SBA-15 catalyst, at ~2124 and ~2160 cm-1 (Figure 3-1, left panel, top 

trace), and far from the much larger feature seen with the pure Pt/SBA-15 catalyst 

(bottom trace, peak at 2097 cm-1). In fact, no signal that can be ascribed to CO adsorption 

on Pt atoms was seen in any of the alloy catalysts, with the possible exception of the 

broad feature seen around 2070 cm-1 with the CuPt0.75/SBA-15 sample. It was concluded 

that no Pt atoms are present on the surfaces of any of the CuPtx/SBA-15 (x ≤ 0.5) within 

the detectability limit of the IR technique. In terms of the oxidation state of the Cu 

surface, we have, on the basis of the extensive studies available in the literature,34-39 

assigned the main 2124 cm-1 peak and the 2160 cm-1 shoulder to adsorption on metallic 

and oxidized Cu, respectively;39 it would appear that the catalysts is not yet fully reduced 

at the start of these experiments (it does become fully reduced upon heating in the 

presence of CO, see below). 
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Figure 3-1. IR spectra for CO adsorbed on 10 different CuPtx/SBA-15 catalysts (x = 0 to ) as a 

function of temperature: data for four values of T (125, 225, 325, and 425 K) are provided, each 

in a separate panel. 

 

Heating to 225 K leads to some noticeable changes (Figure 3-1, 2nd-from-left panel). For 

one, the high frequency peak, associated with adsorption on oxidized Cu, is no longer 

evident in the spectra. It could be argued that CO bonding to those sites is weak and that, 

therefore, molecular desorption takes place at low temperatures, below 225 K. 

Alternatively, that adsorbed CO may react with the surface oxygen atoms and form CO2, 

thus reducing the surface; the fact that the IR signal for gas-phase CO2 increases upon 

heating of these samples (not shown) lead us to favor this second explanation. In any 

case, some CO desorption from metallic CO also occurs by 225 K, since the intensity of 

the main peak from all Cu/SBA-15 and CuPtx/SBA-15 catalysts decrease. Particularly 

noteworthy is the evolution of a new peak in the low-frequency range for the samples 
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with high (x ≥ 0.2) Pt loads: that feature is weak and detected at 2050 cm-1 in 

CuPt0.2/SBA-15 but it grows and red-shifts with increasing Pt fraction in the bimetallic 

NPs, to 2045 cm-1 in CuPt0.5/SBA-15 and to 2044 cm-1 in CuPt0.75/SBA-15. This signal is 

most likely associated with CO bonded to Pt atoms, which must therefore segregate to the 

surface. Given that the observed frequencies are below the values reported for CO 

adsorption on either pure Pt surfaces (even at low coverages),40-42 or supported Pt 

catalysts,43 we conclude that the Pt atoms in our bimetallic catalysts may be atomically 

dispersed within the Cu matrix. Similar frequencies have recently been reported for 

CuPt0.39/Al2O3
44 and AgPtx/Al2O3

45 SAA catalysts. 

 

The third panel of Figure 3-1 shows the IR spectra recorded after heating to 325 K. By 

this temperature, most of the CO adsorbed on Cu is gone (notice the change of scale 

between the first two and the last two panels in Figure 3-1); the binding energy on pure 

Cu/SBA-15 is on the order of ∆Hads = –82 kJ/mol, and desorption in that case peaks at 

245 K.39 A small amount of CO on Cu is still detectable in some of the CuPtx/SBA-15 

samples, and the peak for CO adsorption on Pt sites in the high-content bimetallic 

catalysts broadens and blue-shifts, possibly because the molecules no longer interact with 

other CO molecules bonded to adjacent Cu sites. Finally, by 425 K (Figure 3-1, right 

panel), only small peaks for CO bonded to Pt are seen, and only for the high-Pt-content 

cases (at 2058 cm-1 with CuPt0.1/SBA-15 and CuPt0.2/SBA-15, and at 2042 cm-1 with 

CuPt0.75/SBA-15). It should be noted that the CO seen in these high-Pt-content catalysts, 

although persistent to higher temperatures than the CO adsorbed on Cu, still desorbs at 
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temperatures below those seen on pure Pt/SBA-15; the Pt–CO binding is clearly stronger 

than that of Cu–CO, but not as strong as on non-alloyed Pt surfaces. 

 

In the end, the data in Figure 3-1 evidence the ability of CO to draw the Pt atoms in 

CuPtx/SBA-15 catalysts from the bulk to the surface as those are heated. Additional 

experiments were performed to test the reversibility of this behavior. Figure 3-2 shows 

the IR data collected with the CuPt0.5/SBA-15 (top) and CuPt0.75/SBA-15 (bottom) 

catalysts as they were saturated with CO and heated under vacuum three times in a row. 

The left panels show the results in the form of 3D "heat" plots: the x axis represents the 

frequency range and the y axis temperature, and the peak intensities are color-coded from 

low (blue) to high (red, with yellow for intermediate values); on the right side of Figure 

3-2, representative IR traces are provided for low (125 K) and high (225 K) temperatures 

for the three cycles. The spectra for the first cycle mimic those seen in Figure 3-1, and 

demonstrate that, upon heating to 225 K or above, some CO adsorbed on Cu desorbs (all 

of the CO on the oxide sites plus approximately half of those on metallic Cu) and new 

Pt–CO sites develop, the consequence of Pt segregation to the surface. The data from the 

second cycle looks similar to that from the first: upon cooling down the catalysts and 

saturating them again with CO the peaks for CO bonded to CO reappear and the signals 

for adsorption on Pt go away, but heating to 225 K again leads to the desorption of CO 

from Cu–CO sites and to the re-segregation of Pt to the surface. The results recorded 

during the third cycle are somewhat different, pointing to a possible irreversible change 

in the Cu-Pt bimetallic NPs, but the general trends are still the same, namely, the 
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dominance of CO adsorption on Cu is restored at low temperatures but gives way to CO 

bonding to segregated Pt after heating the samples up. Also to notice here is the 

observation that the Pt–CO still desorbs by 300 K, a temperature clearly higher than that 

for Cu–CO but much lower than when CO desorbs from pure Pt surfaces (≥ 350 K).46-48 
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Figure 3-2. IR spectra for CO adsorbed on CuPt0.5/SBA-15 (top) and CuPt0.75/SBA15 

(bottom) catalysts, recorded as a function of heating temperature during 3-cycle dose-

pump-heat sequences. The left panels correspond to 3D "heat" plots, whereas the right 

figures report representative spectra for low (125 K) and high (225 K) temperatures 

during each of the three cycles. 
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The data presented so far were acquired ex situ, that is, under vacuum after having 

pumped the CO atmosphere from the IR cell. More relevant to the main goal of this 

project was the investigation of the behavior of the Cu-Pt bimetallic NPs in situ, in the 

presence of a gas phase. To achieve that, IR spectra were recorded under similar 

conditions, at different temperatures and in the presence of a fixed pressure of CO, both 

in the presence and in the absence of the catalysts in the path of the IR beam. This way, 

the contribution from the gas phase species detected in the latter could be subtracted 

directly from the former to extract the peaks attributable to the adsorbed species. This 

approach is feasible because when dealing with supported catalysts the area of the 

reactive surfaces is high and the total number of adsorbed molecules probed can reach 

values close to those of the gas-phase species. Figure 3-3 displays an example of the 

results acquired this way, in this case for the in situ titration of Cu and Pt sites in a 

CuPt0.2/SBA-15 catalyst as a function of temperature using 10 Torr CO. Several features 

are seen, in particular a peak at 2137 cm-1 at low temperatures (295 K) corresponding to 

adsorption on copper surfaces. Interestingly, that feature slowly disappears with 

increasing temperature, presumably because CO binds weakly to Cu and desorbs at low 

temperatures, and is replaced by a new signal around 2050 cm-1 easily associated with Pt 

sites. A smaller and broader feature is already seen in this frequency region at low 

temperature, but the peak sharpens and grows at 495 K. It appears that the Pt atoms in the 

CuPt0.2/SBA-15 catalyst, which may initially be located in the subsurface region, 

reversibly segregate to the surface at higher temperatures driven by the CO atmosphere. 
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Figure 3-3. In situ IR spectra of CO adsorbed on a CuPt0.2/SBA-15 catalyst as a function 

of temperature. The spectra were taken in the presence of 10 Torr of CO in the gas phase 

in order to maintain a steady-state coverage of adsorbed CO at temperatures typical of 

catalytic processes. Additional reference spectra were acquired without the catalyst (light 

traces) in order to subtract the contribution from the gas phase to the spectra. 
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Similar experiments were carried out with other CuPtx/SBA-15 catalysts in order to 

characterize the behavior of these catalysts as a function of Pt content. Key results are 

displayed in Figure 3-4: spectra recorded under 50 Torr CO at room temperature (left 

panel), after heating to 495 K (center), and after cooling back down to room temperature 

again (to test the reversibility of the temperature-induced changes; right) with 8 catalysts, 

namely, the pure Cu/SBA-15 and Pt/SBA-15 samples, and CuPtx/SBA-15 with x = 0.001, 

0.005, 0.01, 0.05, 0.1 and 0.2. Here, the spectra after subtraction of the gas-phase 

contribution are shown for clarity. Similar features to those reported in Figure 3-3 were 

seen, namely, the peaks in the 2120 - 2130 and 2040 - 2080 cm-1 associated with bonding 

to Cu and Pt atop sites, respectively, and also an additional small feature at 2200 cm-1 

most likely due to adsorption on oxidized Cu sites. A few trends become clear upon 

observation of this figure. For one, most (although not all) of the CO bonded to Cu 

desorbs by 495 K, due to the weak binding energy of those surface species. Not all of the 

CO is gone, however: the peak for Cu–CO retains approximately 20 - 30% of its initial 

intensity in going from 295 to 495 K, a reflection of the equilibrium that is established 

between the adsorbed and gas-phase molecules. In fact, the steady-state CO surface 

coverage can be increased by increasing the gas-phase CO pressure, as we have already 

demonstrated for the case of Cu/SBA-15 in a previous publication,39 and as it can be seen 

in Figure 3-5, to be discussed later. 
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Figure 3-4. In situ IR spectra of CO adsorbed on a family of CuPtx/SBA-15 catalyst as a 

function of Pt content (x), in the presence of 50 Torr of CO in the gas phase (after 

subtraction of the gas-phase contribution). Three panels are provided, showing the traces 

recorded at 295 K (left), after heating to 495 K (center), and upon cooling back down to 

295 K again (right). These temperature cycling was designed to test the reversibility of 

the changes seen as a function of temperature. 

 

The behavior of the IR peak associated with the Pt–CO species is somewhat different. 

With the more diluted alloys, for x ≤ 0.01, the Pt content is low, and therefore the peak 

due to adsorption on Pt atoms is weak, as expected. What is significant is the fact that it is 

only seen at high temperatures, in the traces recorded at 495 K; the peaks at 2060 cm-1 

(with CuPt0.01/SBA-15) and 2035 cm-1 (CuPt0.005/SBA-15) appear only while heating the 
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reactor, and go away again once the sample is cooled back down to room temperature. In 

addition, the value of the frequencies is low but do not follow the same trends seen with 

higher Pt content; notice in particular that the C–O stretching of the Pt–CO species in 

CuPt0.01/SBA-15 (2060 cm-1) is higher than with CuPt0.05/SBA-15 (2040 cm-1), in spite of 

the fact that the intensity of the peak in the former case is much lower than in the latter. 

The Pt surface atoms in the diluted bimetallic catalysts appear to behave differently than 

in the catalysts with higher Pt content, and are likely to be isolated, as expected in SAAs. 

The most relevant observation here is the fact that, as already suggested by the ex situ IR 

experiments, adsorbed CO appears to help draw the Pt atoms toward the surface at high 

temperatures, and reversibly drive them into the bulk at low temperatures. 

 

For the alloys with high Pt content, x ≥ 0.05, the peak position associated with CO 

bonded to Pt blue-shifts significantly with increasing Pt content in the Cu-Pt bimetallic 

NPs, from 2040 cm-1 in CuPt0.05/SBA-15 to 2070 cm-1 in Pt/SBA-15. These shifts are 

accompanied by related increases in peak intensity, due to increases in the surface 

coverage of Pt atoms, and can be explained by an increase in dipole-dipole intermolecular 

interactions, as has been reported and amply discussed in studies with Pt single 

crystals.49-51 It seems that at these high Pt loadings CO behaves as in regular alloys with 

multi-atom Pt assemblies on the surface; these are not SAA catalysts. It is interesting to 

point out that the peak shifts seen in the IR feature for Cu–CO sites are well less marked, 

suggesting that the surfaces of these catalysts are still dominated by Cu. It is also worth 

noticing that in Figure 3-4 both the peak positions and the peak intensities of the feature 
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for Pt–CO do not change significantly upon heating or cooling of the catalysts. Some 

sharpening and growth of that peak was seen in some cases, more clearly in the data in 

Figure 3-3 (the data in Figure 3-3 and Figure 3-4 are from different experiments, 

performed at different CO pressures), but the changes are not as significant as with the 

more diluted alloys.  

 

That lack of sensitivity of the IR features to changes in temperature with the high-Pt 

content catalysts as explored in more detail next. It was found that thermal treatment of 

the high-Pt-content catalysts in the presence of a gaseous atmosphere still leads to 

intermetallic atom mobility within the individual NPs, only that the behavior is complex 

as it depends on both temperature and CO pressure. This can be seen more clearly in 

Figure 3-5, where CO IR spectra are shown for CuPt0.2/SBA-15 as a function of 

temperature for several CO pressures. Peaks for both Cu–CO and Pt–CO sites are seen in 

all cases, but their absolute and relative intensities as well as their shapes change with 

varying conditions. The signals from the Cu–CO species go up in intensity with CO 

pressure, and down with increasing temperature, both expected behaviors. In the case of 

the Pt sites, however, the trends are reversed. Interestingly, in general, the peak for Pt–

CO is more intense and sharper at the lower CO pressures, with the one exception of the 

1 Torr CO at 495 K (in that case, the CO may have been consumed in oxidation 

reactions). These results suggest that at low temperatures higher gas pressures induce 

partial segregation of Pt into the bulk of the bimetallic NPs. It is also seen that more 

surface Pt is detected in going from 295 K to 395 K, following the same trend discussed 
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above for the more diluted alloys, but then less Pt–CO is seen at 495 K. It could be 

thought that Pt may diffuse back into the bulk in this latter case, but in fact we believe 

that the observed behavior is the result of a thermodynamic effect, as the rate of CO 

desorption increases with T and leads to lower steady-state surface CO coverages. In the 

end, the in situ IR data are all consistent with Pt diffusing into the bulk in the presence of 

CO at low temperatures and segregating back to the surface as the catalysts are heated. 

 

 

Figure 3-5. In situ IR spectra of CO adsorbed on the CuPt0.2/SBA-15 catalyst as a function 

of CO pressure (after subtraction of the gas-phase contribution). Three panels are 

provided, showing the traces recorded at 295 K (left), 395 K (center), and 495 K (right). 
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The IR characterization of our Cu-Pt bimetallic catalysts has been carried out by using 

CO as a probe molecule, in a CO environment. CO is an important reactant in many 

catalytic processes, but is to be avoided in hydrogenation reactions. More relevant in 

those cases is the behavior of the surface of the catalyst under reducing conditions, H2 

atmospheres if possible. Unfortunately, adsorbed hydrogen is virtually invisible in IR, at 

least in supported catalysts (vibrational spectra, taken using high-resolution electron loss 

spectroscopy –HREELS–52-53 or inelastic neutron scattering –INS–,54-56 have been 

reported with some Pt systems). Instead, an attempt was made here to test the 

performance of the CuPtx/SBA-15 catalysts under hydrogen atmospheres in an indirect 

way. Two types of experiments were carried out (Figure 3-6). In the first, the catalyst 

(CuPt0.1/SBA-15 in this case) was first reduced in a H2 atmosphere (200 Torr at 495 K) 

and then probed by adding a small amount of CO to the gas at room temperature (300 K; 

Figure 3-6, left panel): after an initial addition of 0.2 Torr CO no adsorption could be 

detected, but upon adding another 0.2 Torr CO, two peaks were clearly seen at 2127 and 

2029 cm-1 corresponding to the C–O stretching mode of CO adsorbed on atop sites of 

metallic Cu and Pt surfaces, respectively. The interesting observation here is that the 

intensities of both features increase after each of two consecutive cycles of heating the 

sample from 300 K to 495 K and cooling it back to 300 K. The growth of the peak for 

Cu–CO is explained by the reduction of the Cu2O surface layer that presumably was not 

fully removed during the H2 treatment by the added CO, and to the resulting creation of 

additional metallic Cu sites available for CO uptake; further confirmation of this 

interpretation is given by the growth of the peaks in the 2300 - 2400 cm-1 range due to 
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gas-phase CO2, the product of CO oxidation. Importantly, the signal for the Pt–CO site 

grows faster relative to that for Cu–CO, suggesting that H2 may help draw the Pt atoms to 

the surface as a result of the high-temperature cycling. 

 

The second set of experiments were done using H2 + CO gas mixtures, 100 Torr H2 + 0.2 

Torr CO in the example shown in the right panel of Figure 3-6 (which corresponds to a 

CuPt0.2/SBA-15 catalyst). The peak at 2132 cm-1 for CO adsorption on metallic Cu is 

again seen to grow upon cycling to 495 K and back, a procedure that was carried out 

three times in this example. The same explanation applies to this system, namely, that the 

small amount of CO added to the H2 gas helps complete the reduction of the metal NPs, 

removing the residual Cu2O layer present on the surface under H2 atmospheres at low 

temperatures. Unfortunately, in this case adsorption on Pt atoms was not evident at any 

stage of the experiments. In the end, small amounts of CO were used in both examples in 

order to minimize its interference in the behavior of the catalyst under H2 atmospheres, 

but a CO reducing effect was nevertheless identified. Some interference is unavoidable, 

more obviously perhaps in the second example, where the chances of surface site 

poisoning are greater. An alternative experimental approach is needed to probe the 

surfaces of these catalysts in situ in atmospheres not containing CO. We addressed this 

challenge by incorporating XAS to our studies. 
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Figure 3-6. IR spectra of CO adsorbed on CuPtx/SBA-15 catalysts after different H2 

reduction treatments. Left: Spectra for CuPt0.1/SBA-15 reduced in a 200 Torr H2 

atmosphere, after adding a small amount (0.2 Torr twice) of CO and cycling the 

temperature to 495 K and back to 300 K. Right: Data for CuPt0.2/SBA-15 exposed to a 

100 Torr H2 + 0.2 Torr CO mixture; the spectra were obtained after each of three 

consecutive heating cycles to 495 K and cooling back down to 300 K.  
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XAS characterization of our catalysts can provide information on several aspects of their 

physical properties. In Figure 3-7, we report data recorded in situ under different gas 

atmospheres in the near-edge region (XANES) around the Pt L3-edge in order to probe 

the electronic properties of the Pt atoms. The two low traces in the left panel of that 

figure contrast the spectra obtained for a CuPt0.2/SBA-15 catalyst as is, before any 

pretreatment, versus that for a reference PtO2 sample. The similarity between the two 

indicates that, initially, the platinum in our alloy catalyst is in an oxidized state, most 

likely in a Pt4+ state. The match of the two spectra is not complete because of the 

dispersed nature of the Pt atoms within the Cu-based matrix in the supported NPs of the 

catalyst. 

 

 



 

 

50 

 

 

Figure 3-7. In situ X-ray absorption near edge spectra (XANES) recorded around the Pt L3 

edge for a CuPt0.2/SBA-15 catalyst exposed to different gases (H2, He, CO) and cycled 

between 300 and 495 K. Reference spectra from PtO2 (left) and a Pt foil (right) are also 

provided at the bottom for reference. No detectable changes in Pt electronic properties 

were seen in any case after initial reduction of the catalyst. 
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The reminder of the traces reported in Figure 3-7 corresponds to the Pt L3-edge XANES 

of the same CuPt0.2/SBA-15 catalyst obtained after high-temperature (625 K) 

pretreatment in H2. The data are grouped to highlight the behavior of the catalyst as they 

were subjected to heating-cooling cycles (from 300 K to 625 K and back) under different 

gas atmospheres: H2 (left panel, 3rd to 5th traces, counting from the bottom), He (left 

panel, 5 top traces), and CO (right panel, 2nd to 6th traces from the bottom). 

Interestingly, all these spectra look the same, indicating that the electronic properties of 

the Pt atoms in the bimetallic catalyst are not significantly affected by the nature of the 

gas or the temperature (within the range tested here). Comparison with a spectrum 

obtained with a reference Pt foil (right panel, bottom) points to the fact that the Pt atoms 

are most likely in a zero-valent state; the peaks are seen at approximately the same 

energies, and their lower intensities can again be explained by the dilute nature of the Pt 

within the Cu-based alloy. Even after exposure to air (at room temperature, 30 min; right 

panel, top three traces), not much change is detected: a minor oxidation may be 

detectable then, but the Pt atoms in that case are readily re-reduced to metallic Pt upon re-

exposure to CO. 

 

Additional information on the local environment surrounding the Pt atoms in our 

catalysts can be extracted from analysis of the extended X-ray absorption fine structure 

(EXAFS) in the spectra at the Pt L3-edge region. In Figure 3-8, the radial distributions 

obtained by Fourier transformation of that fine structure as a function of momentum (k) is 

reported for the CuPt0.2/SBA-15 catalyst while cycling the temperature from 300 to 495 
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K and back under CO (left panel) and He (right) atmospheres. In all cases, the main peak 

is seen at R ~ 2.23Å, which corresponds to individual Pt atoms bonding to Cu neighbors; 

it suggests that the Pt is dispersed within the Cu-Pt alloyed NPs. A shoulder is also seen 

around 2.9 Å, pointing to the fact that some Pt atoms are directly bonded to other Pt 

atoms. The peak intensities decrease with increasing temperature, but that can be mostly 

accounted for by the so-called Debye-Waller factor that reflects the attenuation of X-ray 

scattering caused by thermal motion. Noticeably, similar behavior is seen in CO versus 

He atmospheres. 
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Figure 3-8. Pt L3-edge EXAFS radial distributions obtained for our CuPt0.2/SBA-15 

catalyst in situ in CO (left) and He (right) atmospheres as a function of temperature, 

which was cycled between 300 and 495 K. 
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Figure 3-9 shows the results from processing of the EXAFS data to extract quantitative 

parameters on the coordination sphere around the Pt and Cu atoms, specifically on 

coordination numbers (left, CN) and bond distances (right, d) as a function of 

temperature under both CO and He atmospheres. Data are reported for data from both the 

Pt L3 and Cu K edges (the raw data for the Cu K edge are not shown). The coordination 

number around the Cu atoms hovers around 10-11 in all cases, almost all to other Cu 

atoms (red lines and symbols). This number is just shy of the value of 12 expected in bulk 

Cu, a reflection of the small size of the NPs and to the resulting existence of a detectable 

fraction of Cu atoms in lower-coordination surface sites. Using a back-of-the-envelop 

calculation, since in 5 nm spherical NPs (the average size in our CuPt0.2/SBA-15 

sample)18 the fraction of atoms on the surface is approximately 25%, an average CN of 6 

for those (it is 9 in the (111) plane) results in an average total CN of 10.5, within the 

range measured here. There is a slight decrease in CN at 495 K, which we associate with 

the higher coordination of Cu atoms to Pt atoms highlighted by the changes in CNs for Pt 

discussed next. The Cu–Cu bond distances are also within the value measured for bulk 

Cu. (2.542 Å). 
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Figure 3-9. Coordination numbers (CN, left panel) and bond distances (d, right) extracted 

from analysis of the EXAFS data obtained at the Pt L3 and Cu K edges (the latter not 

shown) for the CuPt0.2/SBA-15 catalyst under either CO or He environments, all as a 

function of temperature. 
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More relevant to our discussion is the environment surrounding the Pt atoms. Again, the 

behavior seen for those atoms as a function of temperature are similar in the CO and He 

atmospheres. In both cases, the coordination around individual Pt atoms is split about 

evenly, ~ 6:6, between Cu and Pt neighbors for temperatures up to 445 K. At 495 K, 

however, the Pt atoms are surrounded by a significantly larger number of Cu neighbors, 

at the expense of Pt–Pt pairs (Cu:Pt ~ 8:4). At the very least, this indicates some mobility 

of the Pt atoms within the bimetallic NPs induced by heating in a gaseous atmosphere. 

The changes also point to better Cu-Pt mixing at high temperatures, consistent with the 

CO IR data, and can be explained by segregation of Pt to the surface. The total CN 

around the Pt atoms adds up to approximately 12 in all cases, as expected for atoms in the 

bulk, but the lower values expected from having a fraction of the Pt atoms on the surface 

are within the experimental errors of the EXAFS data. There are still some Pt–Pt bonds in 

all cases, with bond distances slightly lower than that seen in the Pt foil reference (2.764 

Å), and there also seem to be a slight contraction of that bond at 495 K. Incidentally, all 

of these changes proved to be reversible, as the structural parameters return to the initial 

values upon cooling of the catalyst back to room temperature. 

 

The main purpose of this research has been to characterize the behavior of CuPtx/SBA-15 

bimetallic catalysts in situ in the presence of atmospheric pressures of reactive and non-

reactive gases. Because of their potential use in selective catalysis, in particular to 

promote selective hydrogenation conversions, the surface chemistry of the Cu-Pt 

bimetallic combination has been characterized extensively under controlled vacuum 
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conditions (as mentioned in the Introduction). However, much less is known about its 

performance under realistic catalytic conditions. It is well known that both temperature 

and chemical environments can induce segregation of one or more components of metal 

alloys toward the surface, and if so, change the nature of the catalytic surface. In the case 

of single-atom alloy (SAA) catalysts in particular, the placement of the minority 

component, on the surface versus dissolved inside the bulk, is expected to determine the 

mechanism by which reactions occur on such catalysts. Here we have investigated the 

specific case of Cu-Pt bimetallics, but these issues are general. In situ characterization of 

SAA catalysts is required to develop a picture of the nature of the surface that promotes 

the catalytic reactions. 

 

One of the clear conclusions of this work is that, indeed, the presence of a gaseous 

atmosphere leads to the thermally promoted diffusion of Pt within the Cu-Pt bimetallic 

NPs. In fact, even under vacuum a reactive gas such as CO can cause the segregation 

and/or desegregation of Pt atoms in those catalysts. Specifically, Figure 3-1 shows that, at 

least for high-content CuPtx/SBA-15 catalysts (x ≥ 0.2), binding of CO to Pt atoms 

cannot be detected at 125 K but it is seen to develop at temperatures as low as 225 K. 

This change indicates that the Pt atoms diffuse to the surface in between those two 

temperatures, likely aided by the presence of CO molecules on the surface. The binding 

of CO on the new sites is weaker than on pure Pt, but it is clearly stronger than on 

Cu/SBA-15. Another important observation regarding the changes of the CuPtx/SBA-15 

catalyst upon thermal cycling after exposure to CO is that the Pt segregation seen in 
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Figure 3-1 is reversible; cooling the catalysts back down to room temperature followed 

by CO re-dosing leads to the disappearance of the IR features associated with CO 

adsorption on Pt (Figure 3-2). By and large, this behavior is reproduced during multiple 

CO-dosing/heating cycles. 

 

A similar behavior was observed in situ in the presence of CO atmospheres, as indicated 

by the IR data in Figure 3-3, Figure 3-4, and Figure 3-5: clear peaks are seen at 2137 and 

2050 cm-1 at 295 and 495 K with CuPt0.2/SBA-15 clearly originating from surface species 

and easily assignable to CO bonding to Cu and Pt sites, respectively. Additionally, the 

changes seen upon heating and cooling of the CuPtx/SBA-15 catalysts are, again, 

reversible. It should be indicated that in the catalysts containing high Pt loadings (x ≥ 

0.05) CO adsorption on Pt was seen at all temperatures; it is only with the diluted SAA 

catalysts (x ≤ 0.01) that no surface Pt is detected at low temperatures and reversible 

segregation of Pt to the surface is clearly observed at high temperatures, possibly driven 

by bonding to CO. This does not indicate that segregation does not occur with the high-

Pt-content catalysts, only that in those cases the behavior is masked by the combined 

response of the bimetallic NPs to changes in both temperature and CO pressure. 

 

Complementary information could be extracted from in situ XAS experiments. The 

XANES data reported in Figure 3-7 for CuPt0.2/SBA-15 does not show much change in 

the electronic structure of Pt as a function of temperature or the nature of the gas 

surrounding the surface of the catalyst, consistent with the IR experiments. The main 
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conclusion that can be driven there is that the features in the XANES traces with the 

bimetallic catalysts are much less defined than in pure Pt samples, suggesting good 

mixing with the Cu matrix and broadening of the Pt d band. On the other hand, analysis 

of the EXAFS data in Figure 3-8 and Figure 3-9 does highlight a critical structural 

transition in CuPt0.2/SBA-15 upon heating to 495 K. Specifically, the coordination sphere 

around the Pt atoms exhibits approximately the same number of Pt and Cu neighbors at 

low temperatures, but a significant increase in Cu–Pt bonds, at the expense of Pt–Pt pairs, 

is seen after heating to 495 K. This transition was observed in both reactive (CO) and un-

reactive (He) atmosphere, and was found to be reversible, with the atoms redistributing 

back to their original configuration upon cooling back down to room temperature. 

The high coordination number of Pt bonding to other Pt atoms at low temperature 

indicates that Pt must form large ensembles within the bimetallic NPs. Two possible 

models can be conceived to explain the results: either Pt forms small clusters within the 

larger Cu-Pt NPs, or, more likely, it may form shells, in a layered distribution of the 

metals within the NPs. The detection of CO adsorption in the IR experiments indicates 

that some Pt atoms are present on the surface of the catalyst at all temperatures, but the 

majority of the Pt may still be located in the sub-surface at low temperatures, perhaps 

separated by an intermediate Cu layer. After heating to 495 K, on the other hand, the CN 

for Pt–Pt pairs is significantly reduced, pointing to a better intermixing of the two metals. 

In addition, the CO IR peak associated with bonding to Pt becomes somewhat larger and 

sharper (Figure 3-3), possibly because of a higher coverage of Pt on the surface but in a 

better dispersed fashion. Old reports on the structure of Cu-Pt bimetallic samples provide 
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support for this interpretation of the data, in that: (1) Cu and Pt are completely miscible in 

both bulk and NP forms,57 and (2) the superlattice of Cu-Pt alloys is characterized by 

successive alternating Cu-only and Pt-only layers.58 More relevant to the understanding 

of our results, Cu-Pt alloys are known to transition from solid solutions at high 

temperatures to a number of ordered structures at low temperatures.59-60 For a x = 0.2 

composition (Pt molar fraction) this transition has been reported to take place at T ≥ 900 

K, but that is in bulk samples; the thermodynamics of NPs is expected to be different. In 

fact, several layered structures with surface Pt rows and/or subsurface Pt sheets have been 

shown to be stable in CuPtx NPs by density-functional theory (DFT) calculations.61-62 In 

addition, we suggest that the interaction of the bimetallic NPs with gases may help lower 

the temperature of the transition. Importantly, the transitions reported here were seen with 

both CO and He atmospheres, which means that the strong binding of CO to Pt may not 

be the dominating force driving them. 

 

Changes in surface chemistry due to the preferential segregation of one element in 

bimetallic NPs has been recognized in the past, as discussed in the Introduction, and 

some specific examples have already been reported for Cu-Pt and similar cases. For 

instance, high-temperature CO-induced segregation of Pt atoms in Pt-doped Cu(111) 

surfaces has been identified by NAP-XPS.26 The same behavior was seen with 

Pd/Ag(111),29 but not with Pt/Cu(111) when H2 is used instead of CO.30 It is also 

interesting to note that no isotope scrambling within H2-D2 mixtures was detected in 

experiments with CuPdx alloy films at any temperature below ~ 550 K until a ∼ 15 mol 



 

 

61 

 

% Pd content was reached, a result that implies than no Pd atoms are accessible on the 

surface of diluted alloys for this catalysis.10 Even under UHV, CO oxidation on Pt-doped 

O-dosed Cu(111) surfaces has been shown to lead to the diffusion of the Pt atoms 

underneath the Cu–O layer,63 a behavior consistent with our temperature-dependent IR 

observations reported in Figure 3-1 and Figure 3-2. 

 

3.3 Conclusion 

 A synergy between Cu and Pt in Cu-Pt bimetallic catalysts was evidenced by their 

behavior both upon the uptake of CO under vacuum and their exposure to atmospheric 

pressures of either CO or He. CO adsorption on CuPtx/SBA-15 catalysts only involve 

bonding to Cu sites at low (125 K) temperatures regardless of the Pt content (the x value), 

indicating the absence of Pt atoms on the surface (Figure 3-1, left). Pt segregation 

becomes evident after heating to 225 K for x ≥ 0.2 by the growth of a new peak in the IR 

spectra around 2044 - 2050 cm-1 (Figure 3-1, second-from-left) but CO adsorption on 

those sites is still weaker than in pure Pt, desorbing at lower temperatures (Figure 3-1, 

two right panels). The low frequency of the peaks for the Pt–CO IR sites suggest atomic 

dispersion, as expected in single-atom alloy (SAA) catalysts, and the Pt segregation is 

partially reversible under the vacuum conditions of these experiments, as CO 

readsorption at room temperature leads to the disappearance of the IR feature for Pt–CO 

IR seen at the higher temperatures (Figure 3-2). 
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Pt surface segregation at high (495 K) temperatures is also observed under a CO 

atmosphere, evidenced by the growth of a new peak around 2050 cm-1 in the in situ IR 

data (Figure 3-3). The absence of CO adsorption at low temperatures and the reversibility 

of the Pt segregation to the surface at high temperatures are easy to see in diluted SAA 

CuPtx/SBA-15 catalysts (x ≤ 0.01; Figure 3-4). With bimetallic catalysts with higher Pt 

content some Pt–CO sites can be detected even at low temperatures (Figure 3-4), but 

some Pt diffusion in and out of the surface still occurs, only that it is highly dependent on 

the temperature and CO pressure used (Figure 3-5). The possible Pt atom mobility within 

Cu-Pt NPs in the presence of H2 atmospheres was also probed indirectly with in situ IR 

by adding small amounts of CO added to the gas mixtures either during or after the 

thermal cycles (Figure 3-6): it would appear that Pt segregation is also aided by H2, but 

this conclusion is not definitive because of the possible interference of the CO probe 

molecule. 

 

Finally, the behavior of the CuPt0.2/SBA-15 catalyst under CO and He atmospheres was 

also investigated in situ by XAS. The near-edge region (XANES) of the spectra attests to 

the metallic and dispersed nature of the Pt atoms, and an electronic structure not 

significantly affected by the presence of gases or temperature (Figure 3-7). On the other 

hand, analysis of the extended structure (EXAFS; Figure 3-8) highlights a significant 

change in the coordination sphere around the Pt atoms upon heating of the catalyst. 

Specifically, the coordination numbers for neighboring Cu and Pt atoms switch from 

approximately 6:6 at 445 K or below to 8:4 at 495 K (Figure 3-9), indicating better 
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intermetallic mixing at high temperatures and possibly additional Pt segregation to the 

surface, consistent with the IR results. Interestingly, the same behavior was seen with 

both CO and He, suggesting that the strong binding of CO to Pt may not be the main 

driving force justifying the diffusion reported here. It should be indicated that the 

segregation of Pt atoms in between the bulk and surface of the bimetallic NPs with high-

Pt-content catalysts is not easy to isolate because of the presence of some Pt atoms on the 

surface even at low temperatures. For that, work with more diluted SAAs is desirable. 

We are in the process of performing in situ IR and XAS experiments like those reported 

here with more diluted alloys. 
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Chapter 4 Oxidation State of Copper in Cu-Pt Single-Atom 

Catalysts under Hydrogenation Conditions 

 

In this chapter and Chapter 5, the oxidation state of copper in Cu-Pt single-atom alloy 

catalysts was analyzed. Copper catalysts are widely used in various applications, to 

promote the hydrogenation of carbon monoxide and the low-temperature water-shift 

reaction, among other processes. In combination with a second metal, in so-called single-

atom alloy catalysis, it can also help in the selective hydrogenation of organic reactants 

with multiple double and triple bonds. In all these reducing processes, it is reasonable to 

expect the active catalyst to be metallic copper. However, data from in situ x-ray 

absorption in Section 4.2 and infrared spectroscopy experiments in Section 5.1108 have 

indicated that copper nanoparticles dispersed on silica supports sometimes develop a thin 

copper oxide film at low temperatures, below approximately 450 K, even in the presence 

of a hydrogen atmosphere. Full reduction to the metallic state does occur at higher 

temperatures, and the interconversion is reversible. On the other hand, more recent XAS 

results indicated that oxidation for Cu/SBA-15 and CuPt0.05/SBA-15 under H2 

atmosphere may be avoided, in contrast with what had been seen before. In light of these 

findings, it may be concluded that copper oxidation may occur under some 

circumstances, even in reducing environments, even if those circumstances have not been 

fully identified yet. The important information derived from these studies is that, given 

that much hydrogenation catalysis is conducted under mild conditions, it is possible that 
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such oxidation may take place on oxidized copper sites. Possible reasons for this metal 

nanoparticle oxidation under reducing conditions are discussed. 

 

4.1 Introduction 

 

Coinage metals (Cu, Ag, Au) are known for their general unreactivity, but over the years 

have been found multiple uses in heterogeneous catalysis. Gold, a metal that is practically 

inert in bulk form, has shown to promote a number of reactions in nanoparticle (NP) 

form, including selectives,1-3 acetylene hydrochlorination,4 and other organic 

transformations,5-8 as well as processes related to environmental remediation.9-10 Silver 

has long been used for the epoxidation of olefins.11-14 Copper is perhaps the most 

versatile of the three, being the main element in catalysts for the low-temperature water-

shift reaction,15-17 and for CO hydrogenation18-22 processes, among others. When 

investing coinage-base catalysts, the question often arises regarding the oxidation state of 

the active sites. Chemical intuition suggests that cationic species may be present, and 

perhaps participate, in oxidation reactions, whereas metallic sites are expected in catalytic 

reductions. However, ex situ X-ray photoelectron spectroscopy (XPS) data from studies 

on the selective hydrogenation of unsaturated aldehydes using CuPtx-based single-atom 

alloy (SAA) catalysts recently indicated that, counterintuitively, the Cu NPs in that case 

may be partially oxidized.23 Here, we report results from in situ spectroscopic studies 

confirming that, in some cases, such metal NPs are covered with a thin layer of copper 

oxide at the low temperatures used in most hydrogenation catalysis, even though the 
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reaction environment consists mainly of H2 gas. These results have not been fully 

reproduced, however, and more experiments will be needed to better understand the 

conditions under which the catalyst becomes oxidized. 

 

4.2 Discussion of XAS Analysis of Cu-Pt Catalysts 

The surface of solid Cu readily oxidizes when exposed to air, and the copper in Cu-based 

catalysts usually start as copper oxides. On the other hand, such catalysts are relatively 

easy to reduce to their metallic state through pretreatment with H2 or other reducing 

agents.24-27 The ex situ XPS data provided in Figure 4-1 clearly corroborate this 

conversion for the case of the 5 wt% CuPtx/SBA-15 SAA samples previously shown by 

us to promote the selective hydrogenation of unsaturated aldehydes,23, 28 the same 

catalysts used in this study. Data are shown for two catalysts, one with pure Cu 

nanoparticles (Cu/SBA-15) and the other containing a 0.05 molar fraction of Pt 

(CuPt0.05/SBA-15). The left panel shows the Cu 2p XPS traces obtained before ("As 

Prepared", blue traces) and after ("After Reduction", red traces) pretreatment with 

hydrogen gas (500 Torr H2 at 625 K for 3 h, after which the sample was immediately 

transferred to the XPS spectrometer with minimum –less than 1 min– exposure to air), 

whereas the right panel displays the corresponding Cu L3VV Auger electron 

spectroscopy (AES) spectra. The fact that the Cu NPs in the original catalysts are 

oxidized to CuO (possibly mixed with some CuSiO3) is clearly indicated by the high 

binding energies Cu 2p peaks seen at BE(Cu 2p3/2) = 933.2 and 935.5 eV with both the 

Cu/SBA-15 and the CuPt0.05/SBA-15 catalysts (the reported BE for Cu2O is 932.2 eV),29 
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by the broad shakeup features observed at about ∆E ~ 10 eV higher energies, and by the 

KE = 914.5 eV peak seen for the Cu L3VV AES feature. On the other hand, the spectra 

recorded after catalyst reduction shows a sharp Cu 2p3/2 peak at BE = 932.4 eV 

characteristic of metallic Cu. This reduction of the initial NPs to metallic Cu upon H2 

exposure at high temperatures was seen with all the catalysts studied regardless of the 

amount of Pt incorporated in the SAA (although Pt seems to facilitate the reduction, 

allowing for the transition to occur at lower temperatures).28 
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Figure 4-1. Ex situ Cu 2p XPS and Cu L3VV AES data for pure Cu/SBA-15 and for 

CuPt0.05/SBA-15 catalysts obtained before and after reduction pretreatments (exposure to 500 

Torr of H2 at 625 K for 3 h). 
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Although the activated catalysts (i.e., after H2 pretreatment) contain copper in their 

metallic state, it is possible for their surfaces to be further affected by the gases present 

during catalysis; partial oxidation may occur at that stage, as previously suggested.23 This 

possibility was probed here by using in situ X-ray absorption spectroscopy (XAS) at 

three different synchrotron facilities. An example of the data obtained near the Cu K-edge 

(using beamline 8-ID of the National Synchrotron Light Source-II –NSLS-II– at 

Brookhaven National Laboratory) is provided in Figure 4-5, for a 5 wt% CuPt0.05/SBA-15 

catalyst (which consists of Cu metal nanoparticles (NPs) of <d> = 4.3 nm average 

diameter alloyed with 5 atom% Pt and dispersed on a SBA-15 mesoporous silica support, 

Figure 4-2 and Figure 4-3 exposed to a flowing atmosphere of pure H2: the left panel 

provides X-ray absorption near edge spectra (XANES) recorded as the catalyst was 

heated from room temperature (300 K) to 495 K and back, whereas the right panel 

displays data for reference solids (CuO, Cu2O, and metallic Cu) as well as the best fits of 

the 300 and 495 K traces to linear combinations of those for metallic and oxidized copper 

(the results from fits to all of the spectra are provided in Figure 4-4.) 
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Figure 4-2. Regular and high-angle annular dark-field (HAADF) scanning transmission electron 

microscopy (STEM) images of the CuPtx/SBA-15 catalysts used in this study, as a function of x 

(Pt molar fraction). The Cu metal load in all catalysts was 5 wt%. 
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Figure 4-3. Nanoparticle (NP) size distributions and average NP sizes for the CuPtx/SBA-15 

catalysts used in this study, as a function of x (Pt molar fraction). The Cu metal load in all 

catalysts was 5 wt%. 
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Figure 4-4. Fraction of metallic Cu in the CuPtx NPs of CuPt0.05/SBA-15 (left panel) and 

CuPt0.005/SBA-15 (right) as a function of temperature while exposed to a H2 atmosphere, as 

estimated from best-linear-combination fits of the XANES data in Figure 4-5 and Figure 4-6 to 

the Cu metal and Cu2O reference data. 
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The Cu in the initial sample, which was pre-reduced in a H2 atmosphere at 625 K for 3 h, 

is mainly in metallic form, the same as in the ex situ experiments reported in Figure 4-1: 

compare the first (bottom) trace in Figure 4-5-left with the metallic Cu data in Figure 4-5-

right. However, the Cu K-edge XANES spectra changes significantly after continuous 

exposure of the catalyst to a flowing H2 gas environment, as manifested by the next trace 

shown in Figure 4-5-left, obtained at 345 K. Several changes are evident there, in 

particular the washing out of the features for photon energies above 9000 eV as well as a 

slight sharpening and blueshift of the peak at 8984 eV. A similar spectrum was acquired 

after heating to 395 K, but by 445 K the original features reappear. Those are preserved at 

495 K, but reversibly disappear again upon cooling down under the same H2 atmosphere. 

By comparison with the reference spectra in Figure 4-5-right, it was concluded that the 

low-temperature data exhibit a significant component from partially oxidized Cu, most 

likely from a surface Cu2O film, which is reduced at higher temperatures. Fitting of the 

data suggests a reversible conversion in the Cu NPs from ~30-40% Cu2O at room 

temperature to almost fully metallic Cu at 495 K (Figure 4-5-right, thick dotted lines, and 

Figure 4-4-left). These are approximate values: the fits do not account for all the spectral 

features, possibly because of the presence of additional Cu2O-Cu, and even Cu/SiO2, 

interfacial states in our catalysts. Nevertheless, the reduction of the metal nanoparticles at 

high temperatures is quite evident by simple observation of the spectra, as is the 

reversible nature of the conversion and the re-oxidation at low temperatures. Given that 

in our catalysts the average NP size is <d> ~ 4.3 nm, it is estimated that the Cu2O surface 

layer in the low-temperature limit may be approximately 0.7 nm in thickness. It is 
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important to highlight the fact that there is a kinetic limitation to these conversions, as 

manifested by the hysteresis seen in the data in Figure 4-4-left: given that the time 

interval between consecutive data points was approximately 40 minutes, it would appear 

that it may take on the order of an hour for the Cu to become oxidized or get reduced 

back to its metallic state at temperatures around 400 K. 

 

The reversibility of this redox behavior was further corroborated by performing repeated 

heating and cooling cycles onCuPt0.005/SBA-15. Figure 4-6 shows typical in situ Cu K-

edge XANES data obtained from such experiments (at the Advanced Photon Source –

APS– of Argonne National Laboratory), in this case for a CuPt0.005/SBA-15 catalyst (Cu 

NPs containing 0.5 atom% Pt) cycled twice between 300 and 495 K after initial reduction 

at 625 K (the fresh catalyst, right after synthesis, displays a spectrum assignable to CuO, 

bottom trace in the CuPt0.005/SBA-15 set in Figure 4-6). Similar transitions to those 

reported for CuPt0.05/SBA-15 in Figure 4-5 are observed here, with a significant 

component due to Cu2O (about 40%) seen at 300 K and mainly metallic Cu (> 90%) 

detected at 495 K. The results from linear-combination fits of these data to the reference 

spectra are summarized in Figure 4-4-right. 
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Figure 4-5. Left: in situ Cu K-edge XANES spectra for a CuPt0.05/SBA-15 catalyst as a function 

of temperature while under 1 bar of flowing H2 gas. The temperature was cycled between 300 and 

495 K and back while recording spectra in 50 K intervals. Center: Reference data for CuO, Cu2O, 

and a metallic Cu foil, together with data for the CuPt0.05/SBA-15 catalyst at the extreme 

temperatures, 300 and 495 K. The experimental spectra (solid thin lines) are contrasted with fits 

based on linear combinations of the traces for Cu and Cu2O (thick dotted lines); the total 

Cu2O:Cu composition ratios were estimated to be 30:70 and 2:98 for the low- and high-

temperatures, respectively. Right: Summary of the linear combination fitting of all the data in the 

left panel, in the form of the fraction of Cu in metallic form. 
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Figure 4-6. In situ Cu K-edge XANES spectra for a CuPt0.005/SBA-15 catalyst, obtained as 

the temperature was cycled twice between 300 and 495 K, all in the presence of 1 bar of a 

flowing mixture of 5 vol% H2 in He. Similar reference spectra as in Figure 4-5 are provided for 

comparison. 
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Additional corroborating evidence of the reversible redox chemistry reported above was 

obtained from analysis of the corresponding in situ Cu K-edge extended X-ray absorption 

fine structure (EXAFS) spectra. Figure 4-7 displays data from the temperature cycling 

experiments in H2 with the CuPt0.005/SBA-15 catalyst associated with the XANES in 

Figure 4-6. The spectral changes induced by the temperature cycling are already evident 

in k space (Figure 4-7-left panel): notice in particular the development of a new 

oscillation at k ~ 7.2 Å-1 in the low-temperature traces, a feature that is significantly 

reduced in amplitude when the catalyst is heated up. The catalyst changes are better 

visualized in the radial distribution plots (Figure 4-7-right). For one, a detectable feature 

grows at R ~ 1.5 Å every time the catalyst is treated in H2 at 300 K; this peak is 

associated with the Cu–O bond distance in the copper oxide component, which, on the 

basis of the IR data presented below, we ascribe to a surface film. Heating to higher (495 

K) temperatures leads to the virtual elimination of that signal, and to the enhancement of 

new features around R = 3.4 and 4.1 Å as well as an increase in the intensity of the main 

Cu–Cu peak at R ~ 2.2 Å. All this suggests the reduction of the Cu2O surface layer and 

an increase in the radius of the metallic Cu component of the catalyst NPs. 
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Figure 4-7. In situ Cu K-edge EXAFS spectra for a CuPt0.005/SBA-15 catalyst acquired 

during a two-times temperature cycling experiment between 300 and 495 K, all in the presence of 

1 bar of a flowing 5 vol% H2: 95 vol% He mixture. The data are reported as a function of both k 

(left panel) and magnitude of the Fourier transform R (right).  
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Modelings of the Cu K-edge EXAFS data provided quantitative support for the 

qualitative interpretation discussed above. Figure 4-8 summarizes some of the key values 

obtained from fitting of the raw data in terms of coordination numbers (CNs) and bond 

distances. The left panel shows the evolution of the Cu–Cu and Cu–O CNs for the 

CuPt0.05/SBA-15 catalyst under a 1 bar of H2 as the temperature was cycled from 300 to 

495 K and back in 50 K increments. The Cu NPs in the initial catalyst, at 300 K, have an 

average Cu CN of 6, in addition to approximately one O neighbor (on average; the actual 

number is below that one). However, upon raising the temperature to 445 K or above, the 

Cu–Cu CN increases to approximately 9, and no Cu–O bonding is detected. This process 

is reversible, albeit with a hysteresis (indicated when discussing the XANES data in 

Figure 4-5), an observation that points to slow kinetics around 400 K. The low CNs seen 

here are explained by the small dimensions of the metal NPs, as they are not corrected by 

the fraction of Cu in the oxide shell. Assuming a Cu@Cu2O core-shell nanostructure, 

using published estimates of Cu–Cu average CNs truncated cuboctahedral particles,30 and 

the NP average diameters measure by TEM from Figure 4-2, the CN numbers reported in 

Figure 4-8 (CN ~ 6 and 9.5 for the low and high temperatures, respectively) are estimated 

to correspond to Cu2O shells of ~0.7 and <0.1 nm in thickness, respectively. The CNs 

trend for the CuPt0.005/SBA-15 sample qualitatively mimics that of the CuPt0.05/SBA-15 

catalyst, but the actual values are systematically lower; this is explained by a self-

absorption effect in the former sample, which was measured using fluorescence detection 

(the CuPt0.05/SBA-15 catalyst was measured in transmission mode). 
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Figure 4-8. CNs and bond distances for the CuPt0.005/SBA-15 (light colors and open symbols 

in middle panel) and CuPt0.05/SBA-15 (dark colors and filled symbols in all three panels) catalysts 

estimated by fitting the in situ Cu K-edge EXAFS spectra acquired during temperature cycling 

between 300 and 495 K in the presence of a H2 atmosphere. Left: Cu–Cu and Cu–O CN data for 

the CuPt0.05/SBA-15 sample measured during a one-time temperature cycle from 300 K to 495 K 

and back in 50 K intervals. Center: Cu–Cu and Cu–O CN data for both catalysts acquired during 

two consecutive 300 - 495 - 300 K heating-cooling cycles. Right: Cu–Cu and Cu–O bond 

distances for the same experiments as those in the left panel.  
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The data in Figure 4-8-center, which correspond to the CNs determined from Cu K-edge 

EXAFS data for two catalysts with different Pt content (CuPt0.005/SBA-15 and 

CuPt0.05/SBA-15) and for two 300 - 495 - 300 K temperature cycles, attest to the 

reversibility of the redox changes. Similar qualitative behavior is seen with both catalysts, 

although lower CNs were estimated for the CuPt0.005/SBA-15 catalysts, likely a reflection 

of small differences in average NP size. Finally, the data in Figure 4-8-right are the bond 

distances associated with the experiments reported in Figure 4-8-left. Interestingly, a 

contraction of the Cu–Cu bond (and a slight elongation of the Cu–O bond) is seen upon 

the reduction seen at high temperatures, by approximately 0.02 Å. This is explained again 

by the small size of the NPs: the Cu–Cu bond distances are well known to decrease with 

decreasing NP size.31 

 

Cu surface oxidation was also seen during the catalytic hydrogenation of crotonaldehyde. 

Figure 4-9 shows in situ Cu K-edge XANES data for the CuPt0.005/SBA-15 catalyst 

acquired during the hydrogenation of crotonaldehyde with gas-phase H2 (at the Stanford 

Synchrotron Radiation Light source –SSRL– of the Stanford Linear Accelerator Center). 

As in the studies reported above, the initial catalyst, before pretreatment, was fully 

oxidized (in CuO form; Figure 4-9, bottom trace) but could be reduced following a high-

temperature (625 K) H2 treatment (Figure 4-9, second-from-bottom trace). Some partial 

re-oxidation takes place during the hydrogenation of the unsaturated aldehyde: the Cu K-

edge XANES spectrum recorded under steady-state conditions, at both 375 K (Figure 

4-9-third from top) and 345 K (Figure 4-9-top) resemble more closely those reported in 
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Figure 4-5 below 395 K, which we already established reflect the formation of a Cu2O 

surface film on the Cu NPs. The catalyst could be fully reduced even at 375 K after 

reaction, in pure H2 (Figure 4-9-second from top), and the oxidation is less extensive 

during catalysis at the lower temperature, suggesting that crotonaldehyde adsorption may 

inhibit the uptake of hydrogen on the surface and with that its reduction. Previous kinetic 

studies of this reaction with the same catalyst already suggested that this may be the 

case.23, 28 
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Figure 4-9. Cu K-edge XANES spectra for a CuPt0.005/SBA-15 catalyst, obtained in situ 

during the catalytic hydrogenation of crotonaldehyde. Shown are the traces for, from bottom to 

top: (1) the fresh catalyst; (2) at 375 K under a flowing atmosphere of pure H2, after 3 h reduction 

in H2 at 625 K; (3) during the steady-state catalytic hydrogenation of crotonaldehyde (PCALD = 

0.04 bar) at 375 K; (4) after reaction, under pure H2 at 375 K; and (5) during the steady-state 

catalytic hydrogenation of crotonaldehyde (PCALD = 0.04 bar) at 345 K. 
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4.3 Further XAS Experiments on Cu/SBA-15 and CuPt0.05/SBA-15 

In order to further investigate the mechanism of the oxidation for Cu, in situ Cu K edge 

XANES was obtained at the Advanced Photon Source (APS). Several conclusions were 

made based on the analyzed data.  

 

4.3.1 XAS Result of Cu/SBA-15 

Firstly, an in situ XAS experiment was performed on Cu/SBA-15. During this part, the 

catalyst was pre-treated with H2 flow and reduced. After that, experiment was performed 

as shown in Figure 4-10. In this figure, Cu K edge data of Cu/SBA-15 were obtained 

while the catalyst was exposed to H2 under 623 K and 290 K shown in blue and red trace, 

respectively. However, the new results indicate that Cu was not oxidized after cooling 

down to RT under H2 flow, which seems inconsistent with our conclusion from 4.2. To 

repeat the oxidation of Cu as we found previously, a small amount of O2 was then 

introduced in the H2 flow as the form of O2/He on purpose, the results are shown in 

Figure 4-11. A sequence of treatments was tested, described in Figure 4-11 as steps. To 

start with, the trace of step 13 indicates that initially Cu was in metallic state. After 

adding 1 ml/min of O2/He into the gas mixture, Cu seems to become oxidized in the 1st 

scan, indicated by the increase of the absorption edge, which is usually referred as the 

white line, but it was then quickly reduced with the aid of H2, as we can see from the 2nd 

scan. Since it would appear that the addition of 1 ml/min of O2/He to the gas stream was 

insufficient to sustain catalyst oxidation, that was increased to 5 ml/min in step 15. It 
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should be noted that the absorption edge changed since additional O2/He was introduced 

to the flow, which indicates the oxidation of Cu under RT. Later on, at step 17, Cu was 

again reduced to metallic state, which indicates that higher temperatures suppress the 

oxidation effect of O2, which can be further supported by later results from step 19, in 

which Cu was oxidized again while the catalyst was cooled back down to RT. This might 

result from the reaction happening in between O2 and H2 at high temperature, leading to 

the consumption of O2 before it could oxidize the catalyst. Unfortunately, such transient 

behavior does not match what was seen in the previous experiments, which means that 

the possible presence of traces of oxygen in the H2 gas stream cannot account for the 

persistent copper oxidation reported above. More experiments will be needed to settle 

this issue and to identify the experimental factor that leads to the in situ oxidation of the 

Cu nanoparticles under H2 atmospheres.  

 

In Figure 4-12 we show the EXAFS results corresponding to the same experiments. The 

top panel reports the original signal, after background subtraction and conversion of the 

energy scale to k values, starting at the absorption edge. The bottom panel then shows the 

radial distribution function obtained from Fourier transformation of those data. It can be 

seen in that latter panel that there is a detectable feature at R ~ 1.5 Å that corresponds to 

the formation of Cu–O bonds in oxidized copper; the main peak at R ~ 2.2 Å represents 

the expected Cu–Cu bond. These observed features deviate from the actual Cu-O and Cu-

Cu bond lengths due to phase-shift. These results are consistent with our XANES data.  
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As illustrated in the lower section of Figure 4-12, the complete reduction of Cu is evident 

at step 13. For 1st scan of step 14, an increased shoulder located at ~1.5 Å with the 

decline of feature at ~2.2 Å can be observed. This phenomenon signified the oxidation of 

Cu upon initial exposure to O2 at ambient temperature. Nevertheless, during the second 

scan of step 14, both features exhibit inverse alterations. Rather than the continued 

growth of Cu-O and diminution of Cu-Cu, a reduction in the Cu-O feature and an 

enhancement in the Cu-Cu feature were observed. This observation implies that the 

catalyst is reduced under O2/H2 flow conditions, suggesting that Cu/SBA-15 remains 

unoxidized in the presence of H2 flow with trace amounts of O2.  

 

In the two scans performed during step 15, evident oxidation is manifested through the 

increased feature at ~1.5 Å and the decreased feature at ~2.2 Å a result congruent with 

increased O2 in the flow. Throughout the two scans in step 17, conducted at 350 °C, the 

absence of a feature at approximately ~1.5 Å is apparent, while the predominant feature 

resides at approximately ~2.2 Å. It is noteworthy that the feature at approximately ~2.2 Å 

exhibits a smaller magnitude compared to the scan in step 13, potentially attributable to 

the temperature effect. The final two scans in step 19 reveal the reoxidation of Cu under 

O2/H2 flow at room temperature, as evidenced by the presence of two features at 

approximately ~1.5 Å and ~2.2 Å. 

 

In summary, the oxidation state of the Cu/SBA-15 catalyst was influenced by the gas 

atmosphere under various conditions. In the presence of H2 flow with trace amounts of 
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O2, the catalyst remained predominantly reduced. However, when the O2 concentration in 

the flow increased, a clear oxidation trend was observed. Upon exposure to O2/H2 flow at 

elevated temperatures, the oxidation state was further impacted, and a reoxidation 

occurred under O2/H2 flow at room temperature. 

 

Figure 4-10. In situ Cu K-edge XANES spectra for Cu/SBA-15 catalyst , obtained under 300 

ml/min of flowing H2 gas. The blue trace represents data taken at 623 K while the other red trace 

represents data taken right after the sample was cooled down from 623 K to 290 K.  
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Figure 4-11. In situ Cu K-edge XANES spectra for Cu/SBA-15 catalyst. The Cu K edge spectra 

were obtained from several steps, numbers of steps are shown at the front of the name of each 

trace. Step 13 represents the data obtained after the reduced sample under H2 flow under RT, step 

14 are two scans of sample under the mixture of H2 flow and 1 ml/min of O2/He flow, step 15 is 

data acquired when O2/He flow was increased to 5 ml/min, step 17 corresponds to data acquired 

under 623 K under the mixture of H2 flow and O2/He flow (5 ml/min), step 19 is collected after 

the sample was cool back down to RT under H2 flow and O2/He flow (5 ml/min). 

 



 

 

95 

 

 

  

Figure 4-12. In situ Cu EXAFS spectra for Cu/SBA-15 catalyst. The Cu EXAFS spectra were 

obtained from Figure 4-11. The data are reported as a function of both k (top panel) and 

magnitude of the Fourier transform R (bottom). 
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4.3.2 XAS Results of CuPt0.05/SBA-15 

In this section, in situ XANES results are acquired for CuPt0.05/SBA-15 under H2, H2 

mixed with O2/He, and H2 mixed with H2O vapor. The absorption edge of these traces in 

Figure 4-13 are all similar to the trace of step 20, which is Cu K edge after reduction. 

This indicates there was no oxidation happening when exposing CuPt0.05/SBA-15 to H2 

with impurities like H2O or O2. Similar results can be obtained from the EXAFS results 

shown in Figure 4-14. In the bottom panel, a distinct observation can be made that, upon 

analyzing the data from step 20 and the four traces from step 21, there is a remarkable 

resemblance among them, primarily characterized by a predominant feature located at 

~2.2 Å. For the rest two scans for step 22, little change can be observed other than 

slightly decreasing feather located at ~2.2 Å, suggesting negligible oxidation. 

 

These results assist in excluding the possibility that trace quantities of O2 or H2O 

impurities contribute to the low-temperature oxidation of Cu. Like in the case of the pure 

Cu/SBA-15 catalyst, the oxidation of the surface observed in the earlier experiments still 

requires proper explanation. 
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Figure 4-13. In situ Cu K-edge XANES spectra for CuPt0.05/SBA-15. The Cu K edge spectra were 

obtained from several steps, number of steps are shown at the front of the name of each trace. 

Step 20 represents the data obtained with the catalyst been reduced at RT under H2 flow, step 21 

are four scans of sample under the mixture of H2 with H2O (H2 bubble through water) at RT, step 

22 are two scans of data acquired when O2/He flow at RT (10 ml/min). 
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Figure 4-14. In situ Cu EXAFS spectra for CuPt0.05/SBA-15 catalyst. The Cu EXAFS spectra 

were obtained from Figure 4-13. The data are reported as a function of both k (top panel) and 

magnitude of the Fourier transform R (bottom). 
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4.4 Conclusion 

There appears to be anomalies in our results, since two experimental sections in this 

chapter appear to contradict each other. On the one hand, in section 4.2, oxidation of Cu 

was proved by our XAS experiments (also supported by part of our results in Chapter 5). 

On the other hand, our latest results with Cu/SBA-15 and CuPt0.05/SBA-15 indicated that 

Cu oxidation appears not to occur in the presence of H2 gas even if O2 or H2O impurities 

are added to the gas stream. Further experiments will be required to settle this issue.  

 

In spite of the lack of reproducibility of the Cu oxidation results, an explanation for this 

behavior is required. For one, thermodynamic data clearly indicate the preference for 

bulk Cu to remain in metallic form under hydrogen atmospheres: as seen in the first two 

rows in Table 4-1, the standard enthalpies of reaction (∆H°r) for the reduction of CuO 

and Cu2O are both highly negative, indicating that those reactions are highly exothermic. 

Moreover, the high stability of solid silica precludes the possibility of copper oxides 

being oxidized by the support (third and fourth row in Table 4-1). However, what we 

have observed in our catalysts is likely the formation of a thin surface oxide layer on 

small Cu-based NPs: the data in Figure 4-5 and Figure 4-8 provide an estimate for the 

thickness of the Cu2O surface layer in the low-temperature regime of ~0.7 nm. Both the 

facts that the oxide forms on the surface, not the bulk, and that the metal is in the form of 

small NPs significantly affect the associated thermodynamics. In fact, the surface tension 

of metal oxides is significantly lower than that of metals, so, if metal oxides are mixed 

with zero-valent metal solids, the oxide is expected to segregate to the surface. In the case 
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of Cu, its surface tension in liquid phase is reduced upon exposure to O2, from γ = 1.37 

J/m2 for pure Cu to γ = 0.53 J/m2 under 0.88 wt% O2 (at 1370 K),32 and the surface 

tension of a 80% Cu2O + 20% CuO melt at 1573 K is γ = 0.46 J/m2.33 The values of the 

surface tension of solids are harder to come by, but for metals at least, are higher than for 

liquids:34 values of γ = 1.52 and 1.70 J/m2 have been reported for Cu bulk at 1253 K35 

and for 20 nm Cu NPs at 750 K,36 respectively.  

 

Table 4-1. Thermodynamic data for the reduction of bulk copper oxides with hydrogen gas and 

solid silica.37-39 

Reaction ∆H°r ∆S°r ∆G°300 K ∆G°495 K 

CuO (s) + H2 (g) → Cu (s) + H2O (g) –85.77 48.74 –100.39 –109.90 

Cu2O (s) + H2 (g) → 2 Cu (s) + H2O (g)  –73.21 31.36 –82.62 –88.73 

2 CuO (s) + Si (s) → 2 Cu (s) + SiO2 (s)  –593.37 7.35 –595.58 –597.01 

4 Cu2O (s) + Si (s) → 4 Cu (s) + SiO2 (s)  –568.25 –93.75 –540.13 –521.84 

 

There are multiple possible scenarios that could account for the observed low-

temperature oxidation of the metal. It is possible that the H2 feed contains trace amounts 

of oxidizing impurities. In addition to that, based on our further analysis in 4.3, it is less 

likely that oxidation of Cu took place with a relatively small amount of H2O or O2.  

 

It may be tempting to dismiss the results on this basis, concluding that we may not have 

been careful enough to avoid this interference. However, we did work hard to prevent the 
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introduction of such contamination into our gas streams and observed the same reversible 

redox chemistry in four entirely different experimental setups (in three different flow 

reactors at three different synchrotron facilities –NSLS II, APS, and SSRL– as well as in 

the batch reactor used for the IR data acquisition). We are still in the process of exploring 

the possible reasons for the oxidation. Moreover, it is important to realize that the 

catalysts are always reduced after high-temperature H2 treatments (even with impurities 

like O2 at 623 K as shown in Figure 4-11 in step 17); it is only when the temperature was 

lowered below approximately 350 K that (reversible) oxidation takes place. It is also 

worth mentioning that this temperature dependence can be justified on the basis of 

entropic arguments, as the entropies of CuOx reduction with H2 are all positive (Table 

4-1-third column); the magnitude of the Gibbs free energy for the reduction decreases 

with decreasing temperature (Table 4-1-fourth versus fifth columns), and could 

eventually flip to favor the oxide.  

 

Given that the catalytic hydrogenation of most organic reactants is typically carried out at 

low temperatures and high probability of impurities entering the hydrogenation catalysis 

process, the formation of thin oxide layers on Cu-based catalysts reported here may be of 

high relevance to their performance. At the very least, it is an issue that needs to be kept 

in mind when designing Cu-based hydrogenation catalytic systems. Fortunately, in the 

particular case of the selective hydrogenation of unsaturated aldehydes using CuPtx 

single-atom alloys, thermal desorption experiments with model single-crystal Cu surfaces 

showed that oxygen-modified surfaces hydrogenate the unsaturated aldehydes with 



 

 

102 

 

similar energetics and high selectivities as those seen on metallic substrates.40-41 Also, the 

addition of Pt does not seem to affect this reversible Cu redox chemistry, at least not in 

the limit of low Pt content as is the case in SAAs.42  
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Chapter 5 In Situ IR Study of Oxidation State of Copper in 

Cu-Pt Single-Atom Catalysts 

Oxidation state of Cu-Pt single-atom catalysts was discussed in Chapter 4 in regard to the 

XAS results. In this chapter, in situ IR results of CuPtx/SBA-15 are discussed.  

 

5.1 Discussion of In Situ Infrared data 

5.1.1 Reducibility of the CuPtx/SBA-15 

The reducibility of the CuPtx/SBA-15 catalysts was also tested in an indirect way by 

using in situ infrared absorption spectroscopy (IR), together with carbon monoxide as a 

probe molecule.43-44 Representative data obtained from these experiments are presented 

in Figure 5-1 in our previous work45. Two types of experiments were carried out. In the 

first, the catalyst (CuPt0.1/SBA-15 in this case) was first reduced in a H2 atmosphere (200 

Torr at 495 K) and then probed by adding a small amount of CO to the gas at room 

temperature (300 K, Figure 5-1-left panel): after an initial addition of 0.2 Torr CO, no 

adsorption could be detected, but upon adding another 0.2 Torr CO, two peaks were 

clearly seen at 2029 and 2127 cm-1 corresponding to the C–O stretching mode of CO 

adsorbed on atop sites of metallic Pt46-48 and Cu25, 27, 49 surfaces, respectively. The 

interesting observation is that the intensity of both features increases after each of the two 

cycles of heating the sample from 300 K to 495 K and cooling it back to 300 K. This is 

explained by the reduction of the Cu2O surface layer that presumably was not fully 
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removed by the H2 treatment, and to the resulting creation of additional metallic Cu sites 

available for CO uptake; further confirmation of this interpretation is given by the growth 

of the peaks in the 2300 - 2400 cm-1 range due to CO2, the product of CO oxidation. The 

second set of experiments were done with H2 + CO gas mixtures, 100 Torr H2 + 0.2 Torr 

CO in the example shown in the right panel of Figure 5-1 (which corresponds to a 

CuPt0.2/SBA-15 catalyst). The peak at 2132 cm-1 for CO adsorption on metallic Cu is 

again seen to grow upon cycling to 495 K and back, a procedure that was carried out 

three times in this case. The same explanation applies here, namely, that the small 

amount of CO added to the H2 gas helps complete the reduction of the metal NPs, 

removing the residual Cu2O layer present on the surface under H2 atmospheres at low 

temperatures. 
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Figure 5-1. IR spectra of CO adsorbed on CuPtx/SBA-15 catalysts after different H2 reduction 

treatments. Left: Spectra for CuPt0.1/SBA-15, first reduced in a 200 Torr H2 atmosphere, after 

adding a small amount of CO and cycling the temperature to 495 K and back to 300 K. Right: 

Data for CuPt0.2/SBA-15 exposed to a 100 Torr H2 + 0.2 Torr CO mixture; the spectra were 

obtained after each of three consecutive heating cycles to 495 K and cooling back down to 300 K. 

Adapted with Permission of AIP Publishing from [In situ identification of surface sites in Cu–Pt 

bimetallic catalysts: Gas-induced metal segregation]. 
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5.1.2 Results of In Situ IR Studies Dependent on Temperature and 

Pressure 

In addition to Figure 5-1, other work has been performed regarding the IR experiments as 

a function of temperature for several CO pressures on several catalysts. Peaks for Cu-CO 

and Pt-CO can be seen for all CuPtx catalysts, but their peak area and their shapes change 

in different conditions. Consistent with our previous work, the signals from Cu-CO 

species were enhanced in intensity with the pressure of CO and attenuated with the 

increasing temperature. However, the trend is the opposite for CO adsorbed on atop sites 

on the surface of metallic platinum NPs. This can be seen in Figure 5-2, where CO IR 

spectra are shown for a family of CuPtx as a function of temperature for 10 Torr CO. 

Typically, due to the reduction of CuOx by introducing CO, it is expected that the 

intensity of peak locates at 2124 cm-1 increased after one cycle of heating and cooling, 

corresponding to the increasing CO bonded on atop sites on the surface of the metallic Cu 

NPs of the catalyst. It should be noted that the peak area increased for most of the 

catalysts after heating up to 495 K and then cooling back to 295 K in the following 

Figure 5-2, except for sample CuPt0.05/SBA-15 and under 20 Torr CO. This could result 

from the consumption of CO by CuOx or other impurities inside the transmission cell. 

 

Table 5-1 and Figure 5-3 correspond to the peak area of Cu-CO in Figure 5-2, and thus 

provide a straightforward way for us to understand how the peak intensity changed as a 

function of temperature.  
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Table 5-1 Peak area on CO/Cu from In-Situ CO Adsorption on CuPtx/SBA-15, P(CO) = 10 Torr. 

Temperature (K) Cu CuPt0.2 CuPt0.1 CuPt0.05 CuPt0.01 CuPt0.005 

295 3.42 7.81 6.87 5.43 1.27 1.51 

395 4.82 6.37 1.00 1.92 0.98 1.35 

495 2.35 2.84 0.00 1.09 0.49 0.91 

395 5.34 10.73 1.28 1.08 2.12 3.14 

295 11.38 26.50 8.69 4.51 4.29 6.75 

 

 

 

 

Figure 5-3. Peak area of CO/Cu from In-Situ CO Adsorption on CuPtx/SBA-15 as a function of 

temperature, P(CO) = 10 Torr.  
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To better understand the surface of Cu atoms on the same catalysts under different CO 

pressure, Figure 5-3, Figure 5-4, Figure 5-5, Figure 5-6, Figure 5-7, and Figure 5-8, are 

shown below. They are In-Situ IR Spectra as a function of the temperature of CO 

adsorbed on Cu/SBA-15, CuPt0.2/SBA-15, CuPt0.1/SBA-15, and CuPt0.05/SBA-15, 

CuPt0.01/SBA-15, and CuPt0.005/SBA-15, respectively. Similar conclusions can be drawn 

from them. After one cycle of heating and cooling, the peak intensity of Cu-CO goes up 

due to the reduction of the CO atmosphere, which is consistent with our previous work1-2. 

In addition to the conclusions above, one thing that seems anomalous is that the peak 

located at around 2200 cm-1, which can be assigned to CO on CuOx, are slightly 

increasing for CuPt0.01/SBA-15 while exposed to CO when heated from room 

temperature (300 K) to 495 K and back. However, such a phenomenon should be 

considered an error since the peak area of CO on CuOx only oscillates within a certain 

range. 
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Figure 5-4. In situ IR spectra of CO adsorbed on Cu/SBA-15 catalyst as a function of temperature 

in the presence of x Torr of CO in the gas phase (after subtraction of the gas-phase contribution). 

Four panels are provided, showing the traces recorded at 5 Torr (left), 10 Torr (second to left), 20 

Torr (second to right), and 50 Torr (right). 

 

Table 5-2. Peak area of CO/Cu from CO Adsorption on Cu/SBA-15 for one cycle of heating and 

cooling, In-Situ IR Spectra vs. P(CO)  

Temperature (K) 
Pressure of CO (Torr) 

5 10 20 50 

295 12.25 3.42 9.13 4.73 

395 4.54 4.82 5.09 3.53 

495 1.1 2.35 1.86 0.75 

395 3.34 5.34 4.73 4.57 

295 10.68 11.38 9.84 9.66 
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Figure 5-5. In situ IR spectra of CO adsorbed on CuPt0.2/SBA-15 catalyst as a function of 

temperature in the presence of x Torr of CO in the gas phase (after subtraction of the gas-phase 

contribution). Four panels are provided, showing the traces recorded at 5 Torr (left), 10 Torr 

(center), and 50 Torr (right). 

 

Table 5-3. Peak area of CO/Cu from CO Adsorption on CuPt0.2/SBA-15 for one cycle of heating 

and cooling, In-Situ IR Spectra vs. P(CO)  

Temperature (K) 
Pressure of CO (Torr) 

5 10 50 

295 11.78 7.81 6.8 

395 4.48 6.37 2.8 

495 1.49 2.84 0.7 

395 5.41 10.73 2.5 

295 19.43 26.5 6.3 

 

 



 

 

117 

 

 

Figure 5-6. In situ IR spectra of CO adsorbed on CuPt0.1/SBA-15 catalyst as a function of 

temperature in the presence of x Torr of CO in the gas phase (after subtraction of the gas-

phase contribution). Four panels are provided, showing the traces recorded at 10 Torr 

(left), 20 Torr (center), and 50 Torr (right). 

 

Table 5-4. Peak area of CO/Cu from CO Adsorption on CuPt0.1/SBA-15 for one cycle of heating 

and cooling, In-Situ IR Spectra vs. P(CO)  

Temperature (K) 
Pressure of CO (Torr) 

10 20 50 

295 6.87 12.54 14.23 

395 1 3.4 4.55 

495 0 0.96 1.19 

395 1.28 2.98 3.81 

295 8.69 10.18 11 

 

 



 

 

118 

 

 

Figure 5-7. In situ IR spectra of CO adsorbed on CuPt0.05/SBA-15 catalyst as a function of 

temperature in the presence of x Torr of CO in the gas phase (after subtraction of the gas-phase 

contribution). Four panels are provided, showing the traces recorded at 5 Torr (left), 10 Torr 

(center), and 50 Torr (right). 

 

Table 5-5. Peak area of CO/Cu from CO Adsorption on CuPt0.05/SBA-15 for one cycle of heating 

and cooling, In-Situ IR Spectra vs. P(CO)  

Temperature (K) 
Pressure of CO (Torr) 

5 10 50 

295 8.01 5.43 5.3 

395 1.72 1.92 1.8 

495 0.44 1.09 0.8 

395 2.84 1.08 2.3 

295 13.75 4.51 6.1 
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Figure 5-8. In situ IR spectra of CO adsorbed on CuPt0.01/SBA-15 catalyst as a function of 

temperature in the presence of x Torr of CO in the gas phase (after subtraction of the gas-phase 

contribution). Four panels are provided, showing the traces recorded at 10 Torr (left), 20 Torr 

(center), and 50 Torr (right). 

 

Table 5-6. Peak area of CO/Cu from CO Adsorption on CuPt0.01/SBA-15 for one cycle of heating 

and cooling, In-Situ IR Spectra vs. P(CO)  

Temperature (K) 
Pressure of CO (Torr) 

10 20 50 

295 1.27 2.47 2.49 

395 0.98 2.1 3.3 

495 0.49 0.93 3.22 

395 2.12 3.62 6.87 

295 4.29 6.95 10.32 
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5.1.3 Results and Discussion on Thermodynamics 

In this section, we only reported thermodynamics results for CuPt0.1/SBA-15 and 

CuPt0.005/SBA-15, since results from experiments with other samples appear to be 

unreliable and require further exploration. CO surface coverages were estimated by 

integration of the areas of the IR peaks, and reported in monolayers (ML) relative to the 

estimated saturation coverage (set to θCO,sat = 1 ML).  

 

In detail, to start with, normalized peak areas were estimated in the following steps. For 

sample CuPt0.1/SBA-15, a nonlinear curve fitting was performed with the peak area of 

CO/Cu as a function of pressure (under 295 K) as shown in Table 5-7. The function used 

for the fitting, developed on the basis of the need to first convert transmission into 

absorbance in the spectra, was A = A1*exp(-P/t1) + y0, where A = Peak area of CO/Cu 

and P = pressure (bar).  The resulting fitting parameters obtained were y0 = 14.92716 ± 

1.10323, A1 = -15.12418 ± 1.34445, and t1 = 0.01788 ± 0.00379. With all the information 

given above, the maximum A (Peak area of CO/Cu) was found to be 14.92716 ± 1.4435 

when P = 4.0771 ± 0.4125 bar. Therefore, the maximum peak area was set to be 14.92, 

and the minimum peak area was set to be 0 for normalization, respectively. The coverage 

of CO (θCO) was then set using the normalized peak area (the same procedure was used 

for CuPt0.005/SBA-15 in this section), and reported in Table 5-8. These CO coverage data 

were analyzed to develop isothermal curves of CO surface coverage of the CuPt0.1/SBA-

15 and CuPt0.005/SBA-15 catalysts as a function of CO pressure (PCO). The results are 

shown in Figure 5-9 and Figure 5-11: those symbols represent experimental values, 
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whereas the solid lines are the best fits to Langmuir isotherm equation. The data are 

plotted in two modes: in the original θCO versus PCO form (left panel), and in a linearized 

form to help extract the corresponding adsorption equilibrium constants (Kads). The latter 

were then plotted in van’t Hoff mode, that is, as ln(K°ads) = ln(KadsP°CO) versus 1/T, to 

extract the appropriate thermodynamic parameters. In these calculations, the 

thermodynamics standard states were taken as P°CO = 1 bar, θ°CO = 0.5 ML, and θ°empty = 

1 − θ°CO = 0.5 ML, as typically used in cases where the adsorbates are presumed to be 

immobile. 

 

Table 5-7. Peak area of CO/Cu from CO Adsorption on CuPt0.1/SBA-15 at 295, 345, 395, 445, 

495 K, In-Situ IR Spectra vs. P(CO). 

 Pressure 295 K 345 K 395 K 445 K 495 K 

Peak area 

10 CO 6.87 3.44 1 0.42 0 

20 CO 12.54 7.38 3.4 1.61 0.96 

50 CO 14.23 9.73 4.55 2.09 1.19 

 

Table 5-8. CO coverage (Normalized peak area obtained from Table 5-7) of CO/Cu from CO 

Adsorption on CuPt0.1/SBA-15 at 295, 345, 395, 445, 495 K. 

Peak area 

Pressure (bar) 295 K 345 K 395 K 445 K 495 K 

1.33E-02 0.46 0.23 0.07 0.03 0.00 

2.67E-02 0.84 0.49 0.23 0.11 0.06 

6.67E-02 0.95 0.65 0.30 0.14 0.08 
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As indicated in Figure 5-10, ΔH°ads,CO‑atm = −30.23 kJ/mol and ΔS°ads,CO‑atm = −60.15 

J/(mol K) were estimated from this analysis for CuPt0.1/SBA-15.  

 

 

Figure 5-9. CO adsorption isotherms on 5 wt% CuPt0.1/SBA-15 estimated from the area of the IR 

peaks of CO/Cu in data such as those shown in  

Figure 5-6. The data are displayed both in their basic form, as CO coverage versus CO pressure 

(left), and in linearized form, using the Langmuir isotherm formulation (right). 
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Figure 5-10. Van't Hoff plot of the equilibrium constants for the adsorption of CO on 5 wt% 

CuPt0.1/SBA-15 (Kads, the slope in the traces in the right panel of Figure 5-9) as a function of 

temperature, from which the values for the standard enthalpy and the standard entropy of 

adsorption were extracted. 
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Figure 5-11. CO adsorption isotherms on 5 wt% CuPt0.005/SBA-15 estimated from the area of the 

IR peaks of CO/Cu. The data are displayed both in their basic form, as CO coverage versus CO 

pressure (left), and in linearized form, using the Langmuir isotherm formulation (right). 

 

As shown below in Figure 5-12, ΔH°ads,CO‑atm = −15.80 kJ/mol and ΔS°ads,CO‑atm = −15.65 

J/(mol K) were estimated from this analysis for CuPt0.005/SBA-15.  
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Figure 5-12. Van't Hoff plot of the equilibrium constants for the adsorption of CO on 5 wt% 

CuPt0.005/SBA-15 (Kads, the slope in the traces in the right panel of Figure 5-11) as a function of 

temperature, from which the values for the standard enthalpy and the standard entropy of 

adsorption were extracted. 
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With all that has been mentioned in this section, it should be noted that thermodynamic 

values reported here are approximate, as there are large errors due to the fact that they do 

not include coverage effects or the potential of the existence of different adsorption sites 

within the Cu NPs of the catalysts. Additionally, the subtraction of the gas phase 

contribution of CO could also have led to experiment errors.  

 

5.2 Conclusion 

In the first part of this chapter, due to the reduction of Cu2O surface layer and the creation 

of additional metallic Cu sites available for CO uptake, it should be noted that the 

catalysts were not fully reduced under H2. The growth of the peaks in the 2300 - 2400 

cm-1 range due to CO2, which is the product of CO oxidation, further supported this 

conclusion. In the second part of this chapter, a set of in situ IR results of CuPtx/SBA-15 

further confirm our conclusion that pre-treatment with H2 did not fully reduce the catalyst 

by removing the Cu2O layer present on the surface.  
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Chapter 6 Thermodynamics of Carbon Monoxide Adsorption 

on Cu/SBA-15 Catalysts: In Vacuum versus Under 

Atmospheric Pressures 

 

In this chapter, we studied the data from in situ infrared absorption spectroscopy 

experiments and estimated the thermodynamics properties of the adsorption of carbon 

monoxide on a copper-based catalyst. After comparing the energetics under a vacuum 

environment to in the presence of CO atmosphere, it has been found that the magnitude 

of enthalpy of adsorption is reduced by almost a factor of four in going from the first case 

to the second, from ∆H°ads,vacuum = -82 kJ/mol to ∆H°ads,CO-atm = -21 kJ/mol. In addition, 

isosteric analysis of the data demonstrated that the magnitude of the latter decreases in 

the low-coverage limit, to values below ∆H°ads,CO-atm = -18 kJ/mol, a trend on the contrary 

to what has been reported in other systems. These finding can be understood in terms of 

associated standard entropy of adsorption, which in the presence of gas phase CO was 

estimated at approximately ∆S°ads,CO-atm ~ –24 J/(mol K), a value much smaller in 

magnitude than the standard entropy of CO condensation. The excess entropy of CO 

adsorption compared to that of CO condensation is attributed to additional phenomena 

induced by the gas-phase molecules, such as adsorbate displacement and adsorbate-

assisted adsorption steps, which contribute to the excess entropy in the adsorbed state. 
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6.1 Introduction 

Adsorption of reactants on the surface of the catalytic phase and desorption of products 

are crucial steps in nearly all chemical reactions promoted by solids. In numerous 

instances, these steps can determine the kinetics of the overall process. However, to date, 

limited information is available regarding the thermodynamics and kinetics of these steps 

under realistic conditions. Modern surface-science techniques, particularly temperature-

programmed desorption (TPD), and more recently, the aid of quantum mechanics 

calculations, have provided general insight into the energetics of adsorbate bonding to 

surfaces in recent decades. The information obtained through these methods has proven 

to be invaluable, though it typically refers to the adsorption of molecules onto surfaces 

under vacuum conditions, often at low coverage levels. It is well-known that increasing 

coverages, as expected when in the presence of gases or a liquid phase1, usually leads to a 

drastic reduction in adsorption energy. Additional effects on the adsorption−desorption 

process are also expected to be introduced by the gas or liquid phase itself, although this 

has not been discussed in the literature in much detail; in general, in situ studies of the 

kinetics and thermodynamics of adsorption in the presence of reactants are scarce2-3. Here 

in, we estimate the enthalpy and the entropy of the adsorption of carbon monoxide on 

copper catalysts, with emphasis on contrasting the behavior of this system under vacuum 

versus in the presence of the adsorbing gas. Carbon monoxide is a reactant in many major 

catalytic processes and a commonly used prototypical adsorbate, and copper catalysts are 

used for the hydrogenation of CO to methanol4-8, and the low-temperature promotion of 

the water-shift reaction9-11, among other processes. When a second transition metal is 
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added in small amounts, to form so-called single-atom alloys (SAA)12, copper can also be 

used as a selective catalyst for other reactions, for the hydrogenation of organic reactants 

with multiple unsaturations, for instance13-18. This latter application has been the 

motivation behind this study19-20. 

 

Our findings indicate that the thermodynamics of carbon monoxide (CO) adsorption on 

copper catalysts exhibit significant differences between the conditions of vacuum and in 

the presence of the gas phase. In particular, the magnitude of both the enthalpy and the 

entropy of adsorption are reduced drastically upon the addition of gas-phase CO. We 

interpret this change as the result of the incorporation of new steps by the free molecules, 

including adsorbate displacement and adsorbate-assisted adsorption steps. We propose 

that the changes seen here and the explanation provided may be quite general and apply 

to many reversible adsorption processes. 

 

6.2 Results and Discussion 

The in situ infrared absorption spectroscopy (IR) studies reported below were carried out 

in a transmission IR cell reported in previous publications,21-24 a standard setup similar to 

that seen in many other laboratories.25-30 The catalyst, a 5 wt% Cu/SBA-15 solid, was 

prepared by incipient wetness impregnation (using copper nitrate),19 and made into a 

pellet that was placed in the center of the IR cell and pretreated before use by exposing it 

to a H2 atmosphere (200 Torr) at 625 K for 3 h. For the experiments involving an 

equilibrium with gas-phase CO, the IR cell was filled with the desired pressure of carbon 
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monoxide, and the IR spectra recorded in situ in the presence of the gas as the sample 

was heated and cooled to evaluate the temperature dependence of the adsorption 

equilibrium; three cycles were carried out to corroborate that the CO surface coverages 

measured by the IR peaks correspond to equilibrium states. In the case of the low 

temperature adsorption measurements under vacuum, the catalyst was exposed to 50 Torr 

of CO for 0.5 h, after which the cell was evacuated for 10 min and the IR spectra 

recorded from 125 to 475 K at 20 K intervals as the sample and cell were warmed up. All 

spectra were acquired with a resolution of 2 cm-1 by average the data from 16 scans and 

corrected using background spectra obtained under the same condition before adsorption. 

The desorption of adsorbed carbon monoxide on the Cu/SBA-15 catalyst was first probed 

as a function of temperature under vacuum. The corresponding infrared absorption 

spectroscopy data are shown in Figure 6-1. The main peak seen at 2124 cm-1, visible 

from 125 K to approximately 350 K, is assigned to CO adsorption on metallic Cu atop 

site on the basis of previous reports31-35; a brief discussion of this assignment is provided 

later. At low temperatures, below 150 K, an additional feature is detected on the high-

frequency side at approximately 2160 cm-1, most likely from adsorption of CO on 

oxidized copper sites, and a weaker broad double feature is also seen in the 1950 to 2050 

cm-1 range at intermediate temperatures (205 - 325 K), the origin of which we do not 

understand at the present time. Focusing on the CO bonded to metallic copper, the 

intensity of the peak was followed versus annealing temperature to extract information 

about the energetics of the adsorption (Figure 6-1, right panel). It was determined that the 

desorption rate peaks at approximately 245 K, a result roughly consistent with that seen 
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in temperature programmed desorption (TPD) experiments on Cu single crystals once the 

differences in heating rate are considered. Using Redhead's analysis36, an estimated value 

of A = 1 x 1015 s-1 for the pre-exponential factor, and a heating rate of 20 K in 10 min, the 

activation energy for CO desorption from this Cu/SBA-15 catalyst, which can also be 

associated with the enthalpy of adsorption, is estimated to be Ea = –ΔH°ads,vacuum = 82 

kJ/mol, a value in the range of what has been reported in the past for stepped Cu single 

crystals37. 
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Figure 6-1. Left: Transmission infrared absorption (IR) spectra in the C–O stretching region for 

CO adsorbed on a 5 wt% Cu/SBA-15 catalyst as a function of temperature during heating under 

vacuum, after initial adsorption at 125 K in 50 Torr CO. Right: Normalized peak intensity for the 

main Cu–CO feature in the spectra at 2124 cm-1 as a function of temperature, together with a fit to 

a sigmoidal curve. 
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Next, CO adsorption was probed in situ in the presence of a CO atmosphere. Typical IR 

data recorded in those experiments are shown in Figure 6-2: the left panel shows the C–O 

stretching region for both the catalyst in the presence of the gas (dark traces, 50 Torr in 

this case) and the blank experiments with CO gas only, with the catalyst pellet removed 

(light traces). The gas-phase molecules are clearly detected, seen as the expected two 

broad features between 2000 and 2250 cm-1 due to the different rotational levels within 

the main C–O stretching vibrational mode. Nevertheless, additional signal, in the form of 

a sharper peak at about 2124 cm-1, is visible in these spectra assignable to CO adsorbed 

on Cu. The right panel of Figure 6-1 displays the same spectra after subtracting the gas-

phase contribution: a clear peak remains at 2124 cm-1 corresponding to CO bonded on 

atop sites on the surface of the metallic Cu nanoparticles of the catalyst. The peaks in the 

2300 - 2400 cm-1 region correspond to gas-phase CO2, from both incomplete purging of 

the IR beam path (ambient air contains some level of CO2) and oxidation of CO (see 

below). 
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Figure 6-2. In situ IR spectra in the C–O stretching region for a 5 wt% Cu/SBA-15 catalyst 

exposed to 50 Torr (67 mbar) of carbon monoxide as a function of catalyst temperature. Left: raw 

data recorded in the presence of the gas-phase CO (dark traces), together with reference spectra 

obtained in the absence of the catalyst, for the gas alone (light traces). Right: Spectra for the 

adsorbed CO, obtained via subtraction of the corresponding traces shown in the right panel. The 

peak highlighted at 2124 cm-1 corresponds to CO adsorbed on atop sites on the surface of the 

copper nanoparticles. 
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The adsorption of CO reported in Figure 6-2 is reversible. In order to confirm this, 

repeated heating and cooling cycles were performed in situ the presence of the same CO 

gas atmosphere. The resulting data are exemplified by the plots reported in Figure 6-3, 

with 100 Torr of CO in that case. It should be noted that initial CO adsorption at room 

temperature was minimal (bottom trace in left panel of Figure 6-3); in spite of the in situ 

H2 pretreatment performed before the use of the catalyst, it appears that the Cu 

nanoparticles retain an oxide layer that prevents binding of the adsorbate. Luckily, CO is 

itself a strong reducing agent that helps remove such oxide layer: a significant increase in 

CO uptake is seen in the first heating cycle as a temperature of 495 K is reached, in 

conjunction with the generation of CO2 gas product of CO oxidation with the oxygen 

atoms of the oxidized Cu surface (Figure 6-1, left panel). After that sequence of events, it 

can be seen from Figure 6-3 that the IR peak associated with CO bonded to metallic Cu 

increases and decreases in size reversibly as subsequent cooling and heating cycles are 

followed. The peak intensities measured at any of the given temperatures are quite similar 

in all cases, evidencing the reversibility of the process.  
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Figure 6-3. In situ IR spectra in the C–O stretching region for a 5 wt% Cu/SBA-15 

catalyst exposed to 100 Torr (133 mbar) of carbon monoxide as a function of catalyst 

temperature. Shown are the data for three consecutive heating and cooling cycles to 

highlight the reversibility of the adsorption. 

 

Data such as those reported in Figure 6-2 and Figure 6-3 were analyzed to develop 

isothermal curves of CO surface coverage (θCO) on the Cu/SBA-15 catalyst as a function 

of CO pressure (PCO). The results are shown in Figure 6-4: the symbols correspond to the 

experimental values, whereas the solid lines originate from the best fits to the Langmuir 

isotherm equation. The data are plotted in two modes, in the original θCO versus PCO form 

(left panel, with CO coverages reported in monolayers, ML: 1 ML corresponds to surface 

saturation), and also in a linearized form to help extract the corresponding adsorption 

equilibrium constants (Kads). The latter were then plotted in van't Hoff mode, that is, as 

Ln(Kads) versus 1/T, to extract the appropriate thermodynamic parameters. As indicated 
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in Figure 6-5, values of ΔH°ads,CO-atm = –21.3 kJ/mol and ΔS°ads,CO-atm = –23.7 J/(mol K) 

were estimated from this analysis. 

 

 

Figure 6-4. CO adsorption isotherms on 5 wt% Cu/SBA-15 estimated from the intensity of the IR 

peaks in data such as those shown in Figure 6-2 and Figure 6-3. The data are displayed both in 

their basic form, as CO coverage versus CO pressure (left), and in linearized form, using the 

Langmuir isotherm formulation (right). 
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Figure 6-5. Van't Hoff plot of the equilibrium constants for the adsorption of CO on 5 wt% 

Cu/SBA-15 (Kads, the slope in the traces in the right panel of Figure 6-4) as a function of 

temperature, from which the values for the standard enthalpy and the standard entropy of 

adsorption were extracted. 
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Two issues need to be considered when interpreting the thermodynamic data reported 

above. First, the intensity of the IR peak due to the adsorbed CO is in many cases not 

linearly dependent on the surface coverage of the adsorbate, as it has implicitly been 

assumed here. Instead, that intensity tends to grow at a lesser rate in the high coverage 

range because of intermolecular dipole-dipole and other interactions38-40, although the 

effect is less pronounced with supported metal nanoparticles because of the higher degree 

of disorder involved. Second, because of those inter-adsorbate interactions, the 

adsorption energy of CO on metals tends to change with surface coverage, typically 

dropping considerably close to monolayer saturation. In order to check on these potential 

dependences of adsorption energy on coverage, an alternative isosteric analysis of the 

data was performed in the limit of low coverages. For that, the pressures of CO required 

to reach a certain pre-established coverage were estimated via linear interpolation of the 

experimental data (a linear dependence is expected in the low-coverage limit on the basis 

of the Langmuir isotherm equation), and plotted versus temperature in linearized form (as 

Ln(PCO) versus 1/T). The left panel of Figure 6-6 shows the resulting isosters for θCO = 

0.05, 0.1, and 0.2, and 0.5 ML, and the right panel the thermodynamic parameters 

calculated from that analysis. For θCO = 0.5 ML, the enthalpy of adsorption is estimated 

at ΔHads,CO-atm(θCO = 0.5 ML) ∼ -28 kJ/mol, much smaller in magnitude than that reported 

above for the same coverage under vacuum, ΔHads,vacuum(θCO = 0.5 ML) ∼ -82 kJ/mol. 

Interestingly, it was found that the magnitudes of both the enthalpy and the entropy of the 

adsorption are lower, not higher as usually reported, at low coverages (Figure 6-6, right). 

A third possible approach to analyze the CO adsorption data is in isobaric form. The 



 

 

141 

 

corresponding plots of Ln[θCO/(1- θCO)] vs. 1/T are displayed in Figure 6-7. Values of 

H°ads,CO-atm = –21.9 ± 2.0 kJ/mol and ΔS°ads,CO-atm = –22.8 ± 6.0 J/(mol K) were estimated 

from the slopes of that figure.  

 

 

Figure 6-6. Left: Isosteric plots of CO pressure versus temperature, in Van't Hoff form, for four 

low values of the CO coverage (θCO = 0.05, 0.1, 0.2 and 0.5 ML). Right: standard enthalpy and 

standard entropy of adsorption estimated from the plots in the left panel. 
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Figure 6-7. Isobaric plots of CO coverage versus temperature, in Van't Hoff form, for several CO 

pressures (PCO = 1, 5, 50 and 100 Torr). 
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In this section, we start by briefly discussing our assignment of the main IR band at 2124 

cm-1 seen in the spectra reported above to CO adsorbed on atop sites of metallic Cu, as 

there has been some discussion in the literature about such assignment, which is not 

straightforward.41 Certainly, the C–O stretching frequency of carbon monoxide adsorbed 

on atop sites of copper single-crystal surfaces is typically below 2100 cm-1;41-45 features 

in the spectra at higher frequencies have been assigned to CO bonding to oxidized Cu 

atoms32, 46. Nevertheless, higher frequencies are seen on stepped and kinked metallic Cu 

surfaces47, and also on supported Cu catalysts31-34, 48-49. We here put forward two main 

arguments for why we believe that the peak seen at 2124 cm-1 in our data corresponds to 

adsorption on metallic copper. First, we are confident that our catalyst is fully reduced in 

the experiments carried out in the presence of a CO atmosphere. The catalyst was always 

pretreated in H2 in situ before each experiment, but that sometimes may not be sufficient 

to fully reduce the Cu nanoparticles in the supported catalyst; a thin layer of an oxide 

may be still retained on the surface after that. However, carbon monoxide is itself an 

excellent reducing agent, and the data in Figure 6-3 show that, indeed, it is capable of 

removing any remaining oxygen from the Cu surface upon heating to high (495 K) 

temperatures; witness the formation of gas-phase carbon dioxide, as indicated by the IR 

features in the 2300 - 2400 cm-1 range, and the subsequent increase in CO uptake on the 

surface. Our second argument relates to the thermal stability of the adsorbed CO under 

vacuum, as indicated by the data in Figure 6-1: the CO associated with the 2124 cm-1 

peak remains bounded to the catalyst until approximately 245 K, whereas the second 
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feature seen at 2160 cm-1 identified with the weaker adsorption on oxidized Cu goes 

away by 150 K. 

 

The adsorption energetics of CO on the Cu/SBA-15 catalyst was first probed under 

vacuum by performing a temperature-programmed experiment using IR for surface 

coverage determination. The data in Figure 6-1 indicate that the CO desorption rate peaks 

at about 245 K, which corresponds to an adsorption enthalpy of approximately 

∆Hads,vacuum = –82 kJ/mol. This value is consistent with results obtained in the past with 

single crystals, with the caveat that the CO adsorption energy is highly dependent on 

surface coverage. For instance, a value of Edes ~ – ∆Hads,vacuum = 84 kJ/mol has been 

reported for the zero-coverage limit of the adsorption of CO on the atop step-edge sites of 

Cu(410).37 Earlier reported data are also in the appropriate energy range, albeit with 

lower values for flat terraces: Edes ~ 50 to 55 kJ/mol was reported for both CO/Cu(111)50 

and CO/Cu(110)51 for θCO < 1/3 ML, and CO desorption from the steps in defective 

Cu(110) peaks at 205 K, a temperature equivalent to Edes ~ 60 kJ/mol.47 

 

The equilibrium enthalpy of adsorption for CO on Cu/SBA-15 under an atmosphere of 

gas-phase CO turns out to be much lower in magnitude. Indeed, the isothermal adsorption 

data reported in Figure 6-4 and Figure 6-5 yielded an adsorption enthalpy value of 

∆Hads,CO-atm = –21.3 kJ/mol, about a fourth of the value measured under vacuum. It could 

be argued that the difference originates from differences in surface coverage, but the 

isosteric analysis reported in Figure 6-6 indicates that this is not the case; if anything, the 
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magnitude of the adsorption enthalpy decreases somewhat when approaching the low CO 

coverage limit. The isobaric plot in Figure 6-7 further confirms these results. 

 

It may be worth asking if the ∆Hads values obtained here for CO adsorption on Cu/SBA-

15 in the presence of gas-phase CO make sense. Unfortunately, because of the weak 

adsorption energy involved, attempts to detect reversibly-bonded CO on Cu under a CO 

atmosphere with model systems, on Cu single-crystal surfaces and by using modern 

surface-science instrumentation, have not been successful; both infrared absorption45 and 

atmospheric-pressure X-ray photoelectron spectroscopy (AP-XPS)52 experiments with Pt-

doped Cu could only reach CO pressures of up to 0.1 Torr, and could therefore only see 

the CO bonded to Pt sites. On the other hand, a couple of early reports on CO adsorption 

on supported Cu catalysts are consistent with our results. Using Cu/SiO2 catalysts, 

Kohler and coworkers reported heats of adsorption on metallic copper surfaces 

approaching a value of ∆Hads,CO-atm ~ –22 kJ/mol at coverages close to saturation,32 

essentially the same as what we have measured here. They did also report a CO coverage 

dependence of that parameter, with higher magnitudes for the adsorption energy at lower 

coverages (a trend opposite to that seeing by us in Figure 6-6), but this effect was the 

most pronounced with catalysts with high Cu loadings (>6 wt%), and minimal for Cu 

loadings below 4 wt%. In a more recent report, Dandekar et al. reported ∆Hads,CO-atm = –

20.1 kJ/mol for CO adsorption on the metallic sites of a 5.1 wt% Cu/SiO2 catalyst,33 

again in good agreement with our results. It does appear that the severe reduction in CO 



 

 

146 

 

adsorption energy observed on Cu catalysts when transitioning from vacuum to an 

atmosphere of CO is real. 

 

What remains to be discussed here is an explanation for the difference. For that, we 

investigate the entropy of the adsorption processes, which has not been reported before 

but that we were able to extract from our data: values of ΔS°ads,CO-atm = –23.7 and –22.8 

J/(mol K) were obtained from the isothermal and isobaric analysis in Figure 6-5 and 

Figure 6-7, respectively. For comparison, the standard entropy of CO vaporization (the 

negative of the standard entropy of condensation) at the boiling point of CO (T°b = 81.6 

K) is ΔS°vap,81.6 K = –ΔS°cond,81.6 K = 74 J/(mol K).53 If we assume that the liquid remains 

fully frozen and that only the heat capacity of CO gas contributes to the entropy of 

vaporization change in transitioning from the boiling point to room temperature 

(admittedly an extreme approximation), the standard entropy of vaporization at room 

temperature is estimated at ΔS°vap,298K = –ΔS°cond,298 K ≤ 111 J/(mol K).53 The fact that the 

magnitude of the adsorption entropy determined in our studies is so much lower than that 

or the CO condensation indicates that there is an entropy deficit in the former process 

beyond that related to immobilization of CO molecules on the surface. Stated a different 

way, the entropy of the adsorbed CO is larger than that expected for CO fully anchored 

on the solid surface. We suggest that such excess may reflect a certain degree of 2D 

mobility of the adsorbed CO within the surface, perhaps because of a relatively low 

barrier for surface diffusion. In that context, it is interesting to note that, according to the 

data in Figure 6-6, the magnitude of the adsorption entropy decreases significantly at low 
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coverages, presumably because there is more room on the surface for the few CO 

molecules on the surface to diffuse around without the hindrance of other adsorbates. It is 

also possible that additional entropy is introduced by the presence of gas-phase CO 

because of possible adsorbate displacement by incoming molecules54-56 and/or adsorbate-

assisted desorption57-60 steps, as seen in other systems. Both these processes can add 

degrees of disorder, and hence entropy, to the CO-covered surface. Note that the same 

argument does not hold for CO desorption in vacuum environments: according to 

transition state theory, a pre-exponential factor of A = 1 x 1015 s-1 for that process (as 

typically assumed) amounts to an increase in entropy upon desorption at room 

temperature of ∆S‡des,298 K = 43 J/(mol K), and if the value of A = 1 x 1019 s-1 reported by 

Kokaji et al. for CO desorption from Cu(410) is used, ∆S‡des,298 K ~ 120 J/(mol K). 

Clearly, low desorption entropies appear to be unique to processes taking place under 

atmospheric pressures of the adsorbing gas. This difference may explain the large 

reductions in desorption enthalpies seen in going from vacuum to atmospheric pressures, 

and it is likely to be general, not only applicable to the CO adsorption on Cu/SBA-15 but 

also to most reversible adsorption processes. 

 

6.3 Conclusion 

In this study, the thermodynamics of the adsorption of CO on the metal surface of a 

Cu/SBA-15 catalyst was contrasted in two different environments, under vacuum versus 

in the presence of atmospheric pressures of CO. Interestingly, marked differences were 

seen. Specifically, the enthalpy of adsorption was estimated to vary from ΔH°ads,vacuum = –
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82 kJ/mol to ΔH°ads,CO-atm ~ – 21 kJ/mol. This difference could not be explained by 

coverage effects, as isosteric calculations in the low CO surface coverage limit indicated 

that the enthalpy of CO adsorption actually decreases (instead of increasing, as seen in 

many other systems) as the coverage decreases. Instead, we explain the change on the 

basis of entropic effects introduced by the presence of CO gas such as adsorbate 

displacement and adsorbate-assisted adsorption steps. 
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Chapter 7 Core-shell Pt@Cu catalysts 

 

In the previous chapter, the oxidation state and position of Cu and Pt atoms within Cu-Pt 

nanoparticles were analyzed. To further investigate the promotion of hydrogenation 

chemistry of Pt-Cu catalysts following our surface-science approach, we needed to 

prepare Pt-Cu in a unique nanostructure such as a core-shell. This will enable a direct 

comparison regarding catalytic performance to be made between fully mixed and 

segregated bimetallic samples. Above all, the best core-shell Pt@Cu5.25/SBA-15 obtained 

will be shown here in this chapter including how it was synthesized and how our 

preparation method was developed.  

 

7.1 Experimental Details 

Different from the incipient wetness impregnation method mentioned in our previous 

work1-2, sequential deposition was used in the synthesis of Pt@Cu catalysts via the 

reduction of proper precursors. All catalysts were prepared of commercial SBA-15 (ACS 

Material) using Copper(II) nitrate hemi(pentahydrate) (Cu(NO3)2·2.5H2O, Sigma-

Aldrich, 98% purity) and Chloroplatinic acid hexahydrate (H2PtCl6·6H2O, Sigma-

Aldrich, ≥37.50% Pt basis). 

 

Synthesis of Pt/SBA-15. First prepare 20 mg/ml H2PtCl6 ·6H2O solution in deionized 

water. Then Mix 45 ml Ethylene glycol (EG), 0.060 g Polyvinylpyrrolidone (PVP, Mw= 
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10,000), 0.31 g SBA-15, and 0.4 ml of H2PtCl6 aqueous solution in a 100 ml flask. 

Sonicate for 30 minutes, followed by stirring the mixture with a magnetic stir bar for one 

hour. Then reflux the mixture for three hours. After cooling the mixture to room 

temperature, wash the sample with 350 ml EtOH and water mixture (1:1) overnight. Then 

filter and dry in an oven overnight.  

 

 

Figure 7-1. Process of synthesize Pt/SBA-15 

 

Treat Pt/SBA-15 with Tert-Butylamine (TBA, Sigma-Aldrich). 300 mg Pt/SBA-15 is put 

in a 100 ml flask and filled with 100 ml of tert-Butylamine. Proceed to agitate the 

mixture with vigor for a period of 72 hours. Following agitation, cleanse the product 

thrice using ethanol, and allow it to desiccate overnight. 
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Figure 7-2. Process of pretreatment of Pt/SBA-15 with TBA to remove surfactant. 

 

Synthesis of Pt@Cu5.25/SBA-15. Prepare 20 mg/ml H2PtCl6 ·6H2O solution and 20 

mg/ml Cu(NO3)2·2.5H2O with deionized water, respectively. Prepare L-ascorbic acid 

(AA) solution (mix 12.5 ml H2O with 1 gram of L-ascorbic acid). Mix 0.1 g Pt/SBA-15 

(washed with TBA for three days) with 0.56 ml Cu precursor solution with 12.5 ml water. 

Heat to 80 °C then add AA solution to the mixture above dropwise and heat for 16 hours 

at 80 °C. Then wash the resulting catalysts with distilled water and EtOH two times, 

respectively. Finally, dry the catalyst overnight.  
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Figure 7-3. Process of synthesizing Pt@Cu5.25/SBA-15. 

 

The transmission Fourier transform infrared (FTIR) spectroscopy characterization 

experiments were performed by pressing about 15 mg of the catalyst into a self-

supporting wafer and loading it inside a homemade quartz cell with NaCl windows. In 

this experiment, initially the transmission cell was evaluated, followed by adding 20 Torr 

carbon monoxide into the cell and then taking the data while heating the temperature 

from room temperature to 220 °C, then data was taken while cooling down the cell to RT. 

The heating-cooling cycle was repeated twice.  
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7.2 Results and Discussion 

7.2.1 Characterization of Pt/SBA-15 and Core-shell Pt@Cu5.25/SBA-15 

Catalysts 

This study was initiated by producing a well-defined Pt catalyst before synthesizing core-

shell catalysts. Figure 7-4 provides TEM results for Pt/SBA-15. It should be noted that 

nanoparticles of Pt are well-dispersed on SBA-15 with an average size of 3.59 ± 0.54 nm. 

Afterward, the surfactant was removed by treating Pt/SBA-15 with TBA before 

depositing Cu atoms onto Pt atoms. From Figure 7-5, it can be seen that after the loading 

of Cu atoms, nanoparticles maintain well-dispersed all over the supporting material. 

Furthermore, the top panel of Figure 7-6 presents a clear indication of Pt@Cu5.25 core-

shell structure, as demonstrated by the existence of Cu signals on both sides of Pt signals 

and Cu seems to always extend beyond Pt. In other words, Pt nanoparticles are fully 

covered by a Cu shell. This is also consistent with IR data from Figure 7-7. However, it 

should be noted that for our optimized core-shell sample Pt@Cu5.25/SBA-15, one 

potential pitfall still exists, which is the excessive Cu deposition on SBA-15 directly. 

This might arise from the forming Cu seeds on the surface of SBA-15 during the 

deposition process onto Pt NPs. Such a limitation could result in the occurrence of 

hydrogenation reactions not only on the core-shell Pt@Cu NPs but also on Cu-only NPs. 

We are still in the process of eliminating Cu-only NPs.  
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Figure 7-4. Pt/SBA-15 TEM & Particle size distributions. Scale bars (from left to right): 20 and 

50 nm. 

 

 

Figure 7-5. Pt@Cu5.25/SBA-15 TEM & Particle size distributions. Scale bars (from left to right): 

20 and 50 nm. 
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Figure 7-6. Pt@Cu5.25/SBA-15 EDS images and line scan results, with the Pt and Cu atoms 

colored in red and green, respectively. Top row, 1st batch of Pt@Cu5.25/SBA-15, bottom row, 2nd 

batch of Pt@Cu5.25/SBA-15. Scale bars (from top to bottom): 10 and 5 nm. 

 

In addition, the core-shell catalyst has been produced several times and nanoparticles are 

always approximately the same size as shown in Table 7-1 obtained from Figure 7-6. 
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Energy dispersive spectrometry (EDS) images of core-shell structure being found in 

those batches prove the reproducibility of our methods. 

 

Table 7-1. Properties of Pt/SBA-15 and two batches of Pt@Cu5.25/SBA-15. 

Name  Batch 
Weight percent from ICP 

Particle size (nm) 
Pt Cu 

Pt/SBA-15 \ 0.826 \ 3.59 ± 0.54 

Pt@Cu5.25/SBA-15 1st batch 0.966 1.959 4.10 ± 0.92 

Pt@Cu5.25/SBA-15 2nd batch \ \ 4.28 ± 0.84 

 

7.2.2 FTIR Results 

The preparation of core-shell Pt@Cu catalysts requires verification of the absence of Pt 

atoms on the surface. Carbon monoxide adsorption can therefore be used here to assess 

the metal nanoparticles on the surface in the presence of CO atmosphere. Three 

consecutive heating and cooling cycles experiments are presented in Figure 7-7. It should 

be noted that there is one peak located at approximately 2118 cm-1 but no peak located at 

around 2029 cm-1, which can be assigned to CO adsorbed on Cu and Pt, respectively 

(bottom trace in the left panel of Figure 7-7). This indicates that initially on the surface of 

this catalyst, Pt cannot be observed. In other words, Pt is fully covered by Cu, which is 

consistent with our EDS data from Figure 7-6. After one cycle of heating-cooling, CO/Pt 

signal can be seen at around 2029 cm-1 under room temperature (bottom trace in second 

to left panel of Figure 7-7), suggesting Pt atoms are segregating to the surface. After that 

sequence of cycles, Pt can be continuously detected on the surface at RT, indicating the 

segregation of Pt atoms is not reversible. 
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Figure 7-7. In-situ IR spectra in the C-O stretching region for Pt@Cu5.25/SBA-15 catalyst exposed 

to 20 Torr (27 mbar) of carbon monoxide as a function of catalyst temperature, obtained via 

subtraction of the corresponding traces (recorded in the absence of the catalyst, for the gas alone). 

Shown are the data for three consecutive heating and cooling cycles. 

 

7.3 Exposing Core-Shell Catalysts to CO Under Different 

Temperature 

In this section, the same batch of core-shell Pt@Cu5.25/SBA-15 were exposed to CO 

under different temperatures. In detail, about 10 mg of catalyst was exposed to 100 Torr 

(133 mbar) CO in our infrared transmission cell at temperature X (X = 300, 493 K) for 1 

hour for 3 times in total. To be noted, at the end of the CO exposure experiment, CO was 

evacuated from the cell before the temperature was lowered to RT.  
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Figure 7-8. Pt@Cu5.25/SBA-15 TEM results after exposing to 100 Torr CO under RT. The top left 

figure corresponds to the EDS mapping result and the bottom right figure corresponds to the EDS 

line scan results. The right figure corresponds to the HAADF image and nanoparticle size 

distribution for this sample.  
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Figure 7-9. Pt@Cu5.25/SBA-15 TEM results after exposing to 100 Torr CO under 493K. The top 

left figure corresponds to EDS mapping results and the bottom right figure corresponds to EDS 

line scan results. The right figure corresponds to the HAADF image and nanoparticle size 

distribution for this sample. 

 

Our results suggest that the structure of our core-shell catalysts was maintained after 

being exposed to CO at room temperature (RT) and 493 K. This suggests the presence of 

a relatively thick Cu shell that effectively prevented CO-induced migration of Pt atoms to 

the surface. 
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7.4 Development of Preparation Method 

7.4.1 Overview of the Development Route 

Following the successful synthesis of well-defined Pt/SBA-15 catalyst, we deposited Cu 

onto Pt. The evolution of our synthesis method is depicted in Figure 7-10. Our first 

approach involved a sequential deposition method of preparing Pt@Cu core-shell 

catalyst, as shown in step 1 of Figure 7-10. Namely, after the deposition of Pt atoms onto 

SBA-15 in EG, the previously prepared Cu precursor solution was added directly to the 

mixture of Pt/SBA-15 and EG. However, such a reduction in EG led to the formation of 

large NPs. Moreover, our in situ IR results reveal the presence of Pt on the surface, 

indicating that the Cu shell did not fully encapsulate Pt NPs. This could be attributed to 

the high temperature used during the reduction of Cu under the reflux of EG (198 °C/ 471 

K). After that, we found that L-ascorbic acid (AA) can be also applied here to reduce 

Cu2+ to Cu. In step 2, we added the prepared Cu precursor solution directly into AA 

solution mixed with Pt/SBA-15, but it would seem that adding Cu precursor solution (20 

mg/ml) would introduce a very high concentration at the beginning of this reaction and 

therefore they could cause a high nucleation rate. Then in step 3, a syringe-pump was 

applied to add a diluted Cu precursor solution, and varied pumping rates were used for 

the same diluted Cu precursor solution. A reduction in pumping rate results in a 

diminished addition of copper precursor solution per unit of time, leading to a lower 

concentration. However, this did not lead to a core-shell catalyst with no Pt atoms on the 

surface. Therefore, we attempted to increase the ratio of Cu:Pt to as high as 12:1 in step 
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4, but this approach was also unsuccessful. Additionally, in step 4 we also considered the 

possibility that residual surface surfactant (PVP) could impede the deposition of Cu onto 

Pt NPs. Rather than calcinating the Pt/SBA-15 at high temperature, we used TBA to 

remove PVP. However, Pt can still be seen on the surface as well. At this point, we 

realized Cu2+ might not have been fully reduced by AA. Therefore, in step 5, an 

excessive amount of L-ascorbic acid was employed. Subsequently, it was observed that 

the color of the solution changed from dark red (0.12 g of L-ascorbic acid) to purple (1 g 

of L-ascorbic acid). This further supported our hypothesis, indicating that the reducing 

reaction was still ongoing with the aid of an additional 0.88 g of L-ascorbic acid. 

However, despite these observations, the presence of Pt signals remained. Up until step 5, 

we had been altering the quantity of Cu, adding an excessive amount of reducing agent, 

removing surfactant on Pt/SBA-15, and reducing Cu2+ under relatively low temperatures. 

We started to look at the initial reduction of Cu when we added Cu into the reducing 

environment to prompt an immediate reduction of Cu2+, which resulted in an overly rapid 

reaction for the Cu precursor solution, preventing even dispersal throughout the mixture. 

Therefore, in step 6, we tried the opposite way by mixing Cu precursor solution with 

Pt/SBA-15 and H2O first, then gradually adding the AA solution into the mixture. This 

method ultimately proved successful, as indicated by the absence of Pt signals in the in 

situ IR results. However, the ratio of Cu:Pt in step 6 was relatively high at 6:1. While we 

were trying to figure out why such a high ratio was required, multiple ways were 

deployed to decrease the high ratio of Cu:Pt, to eliminate the possibility of unfavored Cu-

only NPs on the surface. Most of them failed. Also, during the synthesis process, the 
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presence of floating black particles in the supernatant was observed. One reason for 

demanding such a high ratio could be: after filtration of the mixture of Pt/SBA-15 in EG, 

these particles were found to have adhered to the Pt/SBA-15 catalysts, thereby requiring 

an additional amount of Cu to cover all the Pt surface sites. In step 7, we modified our 

method of collecting Pt/SBA-15 to remove the floating particles first, then get the 

precipitation via filtration. With the aforementioned modification, in step 8, we obtained 

our optimized core-shell catalyst, Pt@Cu5.25/SBA-15.  
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Figure 7-10. Development of synthesis method of Pt@Cu5.25/SBA-15 
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7.4.2 Results and Discussion of Unsuccessful Catalysts 

With the development of the synthesis method discussed in the previous section, some 

results of unsuccessful catalysts are shown here.  

 

a) Example of unsuccessful Pt/SBA-15 

As already mentioned in step 7 in Figure 7-10, Pt/SBA-15 catalyst was obtained by 

getting rid of the supernatant after mixing Pt/SBA-15 with EtOH/H2O then getting the 

precipitation catalyst via filtration. However, as shown below, our initial synthesis 

method encountered issues with aggregated NPs. In Figure 7-11, aggregated NPs can be 

seen for Pt/SBA-15. The aggregation was caused by the method used to obtain the 

precipitation within the solution. For this catalyst, after three hours of reflux in EG, it was 

washed and centrifuged with D.I. water and ethanol twice, respectively. This washing 

step may have led to the formation of aggregated nanoparticles. Therefore, washing was 

replaced with mixing the catalyst with EtOH/H2O. 
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Figure 7-11. Pt/SBA-15 (#60-1) TEM results with scale bar as 50 nm. After three hours of reflux 

in EG, sample #60-1 was washed and centrifuged twice with D.I. water and ethanol twice, 

respectively.  

 

Furthermore, various techniques were employed to eliminate PVP from the surface of our 

catalysts. One way is by annealing the catalyst under O2 at high temperatures (773K), 

which has been demonstrated to be effective in previous studies conducted by our group. 

However, the issue for aggregated Pt NPs became even more severe when annealing was 

carried out under such conditions, compared to TEM results from Figure 7-11. This 

suggested that the most optimal way to remove PVP may not be through annealing at 

high temperatures under O2, but rather through washing with TBA. 
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Figure 7-12. Pt/SBA-15 (#60-1-1) TEM results with scale bar as 100 nm. Sample #60-1-1 was 

obtained by annealing sample #60-1 in O2 (773 K) for 24 hours.  

 

b) Some examples of unsuccessful Pt@Cu/SBA-15 without core-shell structure 

i. Deposit Cu atoms via the reduction in Ethylene Glycol 

TEM, EDS linescan, and in-situ IR spectroscopy results are shown for Pt@Cu5.8/SBA-15 

in Figure 7-13, Figure 7-14, Figure 7-15, respectively. This catalyst was discussed in step 

1 in Figure 7-10, which represents the failure of obtaining well-dispersed NPs with 

Ethylene Glycol as the reducing agent for Cu. As shown in Figure 7-15, it should be also 

noted that in situ IR results indicated Pt atoms can be observed on the surface of the 

catalysts, suggesting Pt NPs were not fully covered by Cu shell. It should be mentioned 

that linescan results in Figure 7-14 indicated excess deposition of Cu on the surface of 

SBA-15, while Cu are expected to only exist around Pt NPs signal.  
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Figure 7-13. Pt@Cu5.8/SBA-15 TEM results. Scale bars (from left to right): 50 and 20 nm. 

 

 

Figure 7-14. EDS linescan results of Pt@Cu5.8/SBA-15. Pt@Cu6/SBA-15 above indicated 

estimated ratio and Pt@Cu5.8/SBA-15 indicated ratio obtained after ICP analysis. 
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Figure 7-15. In-situ IR spectra in the C-O stretching region for Pt@Cu5.8/SBA-15 catalyst 

exposed to 20 Torr (27 mbar) of carbon monoxide as a function of catalyst temperature, obtained 

via subtraction of the corresponding traces(recorded in the absence of the catalyst, for the gas 

alone). 

 

ii. Excess amount of Cu atoms  

Furthermore, we endeavored to achieve complete coverage of Pt atoms by depositing a surplus of 

Cu onto Pt/SBA-15, in addition to Pt@Cu5.8/SBA-15. In-situ IR results for this sample is shown 

in Figure 7-16. In this sample, the atomic ratio of Cu to Pt was 12:1. However, the existence of 

peak locates at around 2029 cm-1 still indicated the presence of Pt atoms on the surface. This 

result further confirms our conclusion that the surface of Pt/SBA-15 may be affected by 

surfactant and therefore hinder the deposition of Cu atoms.  
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Figure 7-16. In-situ IR spectra in the C-O stretching region for Pt@Cu12/SBA-15 catalyst exposed 

to 20 Torr (27 mbar) of carbon monoxide as a function of catalyst temperature, obtained via 

subtraction of the corresponding traces(recorded in the absence of the catalyst, for the gas alone). 

 

iii. Synthesizing Pt@Cu NPs, then deposit onto SBA-15 

One commonly used approach to synthesizing alloyed catalyst is to prepare alloy 

nanoparticles, then deposit them on the substrate. Such method was also tried here. For 

example, first Pt NPs are synthesized, then Cu atoms are deposited onto those Pt NPs. 

Until this step, it can be seen from Figure 7-17 that NPs seemed to be well-dispersed. 

Then the NPs were deposited onto SBA-15 and tested with in situ IR. The existence of 

peak locates at ~2045 cm-1 suggested that Pt are not fully covered by Cu as well. 

Although this approach appears promising, further investigation is necessary to achieve 

full coverage of Pt in the future. 
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Figure 7-17. TEM images and size distribution of Pt@Cu4.5 NPs 

 

 

Figure 7-18. In-situ IR spectra in the C-O stretching region for Pt@Cu4.5/SBA-15 catalyst 

exposed to 20 Torr (27 mbar) of carbon monoxide as a function of catalyst temperature, obtained 

via subtraction of the corresponding traces. 
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7.5 Conclusion 

The ultimate goal of synthesizing core-shell catalysts is to gain a better understanding of 

how catalytic performance can be affected differently when comparing fully mixed and 

segregated bimetallic samples. In this work, Pt/SBA-15, and core-shell Pt@Cu5.25/SBA-

15 were synthesized. TEM, EDS, and CO adsorption experiments were performed to 

study them.  

 

Figure 7-6 is the data taken with a copper grid and might indicate there are some Cu 

small-size nanoparticles dispersed alone. In the future, the synthesis method will be 

optimized to obtain a core-shell catalyst with only Pt@Cu nanoparticles but not Pt@Cu + 

Cu nanoparticles. To summarize, Pt/SBA-15 and core-shell structure were obtained with 

only Cu atoms on the surface. 
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Chapter 8 Conclusion and Thoughts on Future Work 

 

8.1 Conclusions 

Over the last decades, the hydrogenation of unsaturated aldehydes has played a crucial 

role in the manufacturing of many fine chemicals, such as perfumes1 and medicine2, via 

the synthesis of many valuable intermediates. Understanding the fundamental nature of 

Cu-Pt catalysts in hydrogenation is the goal we put forward in this Pd.D. thesis. The 

oxidation state of copper and the location of copper atoms, the position of platinum 

atoms, and the synthesis of core-shell structure Pt@Cu were explored.  

 

It is noteworthy to highlight that our findings from the study of SAA catalysis have 

contravened previously established hypotheses regarding the mechanism of  

hydrogenation reactions facilitated by SAA catalysts. It can be seen in Figure 8-1, prior 

surface-science works have suggested that the H2 molecule would be dissociated by 

individual Pt atoms on the surface of the catalyst. Then the resulting H atoms would spill 

over to the Cu surface.3 
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Figure 8-1. Previous proposed mechanism of H2 dissociation on SAAs catalysts 

 

On the other hand, our results indicated that there would be a different mechanism. First 

of all, as shown in Figure 8-2 - Figure 8-4, models for CuPtx/SBA-15, where x = 0.2, 

0.05, and 0.005, were analyzed with the help of Dr. Yuanyuan Li. These models are 

analyzed based on IR spectroscopies and XAS results. IR assisted to determine the metal 

composition and oxidation state on the surface of the substrate. XANES helped to 

identify the oxidation state of metal and EXAFS provided information regarding 

coordination environments. 

 

From Figure 8-2 and Figure 8-3, two models for CuPt0.2/SBA-15 and CuPt0.05/SBA-15 

are initially proposed, respectively. In the left panel of each figure, the models exhibited a 

single bimetallic Cu-Pt interstitial layer situated between the exterior shell and the Cu-

rich core. Conversely, the right panel of the respective models showed the presence of 

discrete Pt atoms either on the surface or interspersed within the Cu-enriched 
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nanoparticles. Upon the models for CuPt0.2/SBA-15, XAS data revealed a Pt-Pt 

coordination number (CN) of approximately 6, and a Pt-Metal CN in the vicinity of 12. 

This evidence supported the hypothesis that platinum atoms segregate and are primarily 

situated within the bulk structure. Consequently, the proposed models depicted in the 

right panel appears to be more consistent with the observed phenomena. Regarding 

CuPt0.05/SBA-15, XAS results shows a Pt-Pt CN to be around three, and a Pt-Metal CN 

near 9. These observations imply a segregation of Pt atoms and an increased presence of 

Pt atoms on the surface compared to CuPt0.2/SBA-15. Consequently, the model depicted 

in the right panel of Figure 8-3 was considered to be more scientifically coherent. In 

summary, the models of CuPt0.2/SBA-15 and CuPt0.05/SBA-15, which align with our 

experimental findings, both demonstrated the presence of Pt atoms on the surface of the 

catalyst at RT. On the other hand, the coordination environment of Pt within the 

CuPt0.005/SBA-15 catalyst exhibited interesting characteristics. The Pt-Pt CN is 

approximately two, while the Pt-Metal CN is around 8, and the Pt-Si CN is equal to or 

less than one. These observations implies that Pt atoms undergo segregation, are not 

located within the bulk, and interact with the support. Furthermore, the Pt-Cu CN of 

approximately 6 signifies that some Pt atoms are not situated at perimeter sites. Based on 

the findings above, a structural model was analyzed, as depicted in Figure 8-4. This 

model of CuPt0.005/SBA-15 suggested the absence of Pt atoms on the surface at room 

temperature (RT) and the majority of Pt atoms residing at the SiO2 interface. 
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In addition, our preliminary results have demonstrated that CuPt0.005/SBA-15 exhibits the 

best activity for the hydrogenation reaction under room temperature. These results 

indicated that the SAA catalyst with no Pt atoms on the surface displays the highest 

activity. It appears that Pt atoms are dissociating H2 molecules in a remote way. The 

nature of the interaction between Pt atoms and H2 molecules is yet to be fully elucidated. 

 

 

 

Figure 8-2. Models of CuPt0.2/SBA-15, based on XAS results 
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Figure 8-3. Models of CuPt0.05/SBA-15, based on XAS results 

 

 

Figure 8-4. Models of CuPt0.005/SBA-15, based on XAS results 
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The subsequent primary conclusions of the work are presented below. 

 

First of all, in-situ IR and XAS studies of Cu-Pt bimetallic catalysts demonstrated the 

diffusion of Pt atoms within the nanoparticles under both vacuum and gaseous 

atmospheres. Results from CO adsorption experiments on CuPtx/SBA-15 catalysts at low 

temperatures (125 K) revealed no Pt bonding, but heating to 225 K led to reversible 

segregation of Pt to the surface of high-Pt-content catalysts. The in situ IR study under 

the CO atmosphere indicated the reversibility of Pt segregation with temperature cycling 

between 295 K and 495 K, while the same trend was observed under H2 atmosphere, 

albeit with some uncertainty due to interference from the CO probe molecule. XANES 

data showed that the change in gaseous atmosphere or temperature has an insignificant 

effect on the metallic and dispersed nature of Pt atoms or electronic structure. In the 

meantime, EXAFS analysis discovered a change in the coordination sphere of Pt atoms 

upon heating, namely, the ratio of Cu to Pt changed from 6:6 at 445 K to 8:4 at 495 K. 

This implies better intermetallic mixing at elevated temperature and possible additional 

surface segregation of Pt. These findings imply that the surface composition of Cu-Pt 

bimetallic catalysts is dynamic and temperature-sensitive in gaseous atmospheres. 

 

Secondly, even though thermodynamic data have indicated the preference of bulk Cu to 

remain in metallic form under the hydrogen atmosphere, our result showed the metallic 

Cu catalysts became oxidized under such reducing conditions, resulting from the 

formation of a thin layer of oxidized copper, as indicated by a variety of techniques 
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including in situ IR and XAS studies. However, our recent XAS results suggested such 

oxidation for Cu/SBA-15 and CuPt0.05/SBA-15 under H2 atmosphere may be avoided, 

contrary to previous observations. These results suggest that copper oxidation can occur 

under certain circumstances, even in reducing environments, although the specific 

circumstances have not been fully identified. The formation of oxide on the surface 

instead of the bulk and small NPs have a non-negligible impact on the associated 

thermodynamics. This is because the surface tension of metal oxides is lower than that of 

metals and if metal oxides are mixed with zero-valent metal solids, the oxide is expected 

to segregate to the surface. The probable scenario for low-temperature metal oxidation is 

the presence of small amounts of oxidizing impurities, in the H2 feed. The formation of 

these thin oxide layers on Cu-based catalysts is an issue that needs to be kept in mind 

when designing Cu-based hydrogenation catalytic systems, especially as the catalytic 

hydrogenation of most organic reactants is typically carried out at low temperatures. 

However, it has been observed that oxygen-modified surfaces still hydrogenate 

unsaturated aldehydes with similar energetics and high selectivities as metallic substrates. 

 

Thirdly, the thermodynamics of CO adsorption onto the Cu/SBA-15 metal surface was 

evaluated with in situ IR data in two distinct environments, under vacuum conditions and 

in the presence of atmospheric CO pressures. The results revealed significant disparities, 

with the enthalpy of adsorption estimated to range from ΔH°ads,vacuum = –82 kJ/mol to 

ΔH°ads,CO-atm ~ – 21 kJ/mol. This discrepancy could not be attributed to coverage effects, 

as low CO surface coverage calculations indicated that the enthalpy of CO adsorption 
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actually decreased as coverage decreased, contrary to the typical observation in many 

other systems. In our conclusion, the observed change was instead attributed to entropic 

effects introduced by the presence of CO gas, including adsorbate displacement and 

adsorbate-assisted adsorption processes. 

 

Last but not least, core-shell Pt@Cu5.25/SBA-15 was successfully synthesized, evident by 

TEM, EDS, and in situ IR spectroscopy. In situ IR experiments indicated no Pt atoms on 

the surface even NPs were exposed to CO under 495 K. In addition, the development of 

our synthesis method was also discussed.  

 

8.2 Future Work 

8.2.1 Flow Reactor for In Situ IR Experiments 

Our current in situ IR spectroscopy is limited to a certain stable gaseous atmosphere. In 

the future, we plan to run IR experiments with reactions under gas flow. For this reason, 

such a flow reactor is designed and will be assembled, as shown in Figure 8-5. In this 

reactor, we design to allow reactant flow through the reactor with other specific gas such 

as H2 or O2.  

 

8.2.2 Further Investigation and Optimization of Core-Shell Catalysts 

As mentioned in the previous chapter, our core-shell catalysts might have the limitation 

of Cu-only NPs on SBA-15. We are in the progress of confirming that and will work 

synthesizing Pt@Cu only nanoparticles onto SBA-15.  
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Additionally, in order to delve deeper into the mechanism of SAA catalysts and to 

explicate the reason for optimal activity in the absence of Pt on the surface, we plan to 

manipulate the thickness of the Cu shell. As shown in Figure 8-6, by varying the 

thickness, we aim to determine the optimal distance between Pt and H2 molecules for 

hydrogenation reactions. Subsequently, we intend to investigate the mechanisms 

underlying these remote interactions. 

 

 

 

Figure 8-5. Setup for gas flow reactor for in situ IR spectroscopy 
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Figure 8-6. Core-shell Pt@Cux/SBA-15 catalyst 
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