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 CuxPd1-xO forms a homogeneous solid solution over the wide range of 0 ≤ x ≤ 

0.725 in which compositional variation can be correlated with structural and chemical 

environmental changes.  After a small lag at low Cu
2+

 concentrations, where the lattice 

cell parameters are pinned to that of the pure PdO structure, CuxPd1-xO lattice parameters 

follow Vegard’s law in which the cell volume decreases linearly with x, indicating a 

homogenous solution in which Cu
2+ 

randomly replaces the larger Pd
2+ 

cation.  The crystal 

structure also undergoes an increase in the c/a cell ratio, which relaxes the tetragonal 

distortion around the metal cation and shifts the metal-oxygen distance towards that of 

pure CuO (tenorite).  X-ray photoelectron spectroscopy (XPS) shows a linear increase in 

Pd
2+

 3d and Cu
2+

 2p binding energies with increased Cu
2+

, a result of the increased 

Madelung energy and relaxation effects which occur during the photoemission process.  

XPS and Auger Electron Spectroscopy (AES) indicate that the surface composition is 

comparable to that of the bulk, and copper XPS Auger parameter analysis confirms a 

different, and variable, environment for copper in CuxPd1-xO than is found in pure 

tenorite. 

 Solid solutions of CuxPd1-xO have been prepared with x values of 0, 0.2, 0.4, 0.6, 

and 1 for use as catalysts in the dehydrogenation of isopropanol to form acetone.  Solid 

solution catalysts were shown to be less efficient catalysts when compared to mixtures of 



 
 

equal atomic composition.  SEM images were obtained and showed morphology changes 

after heating of the samples.  Surface area of the catalysts was determined by BET.  

UV/VIS was used to determine reactant and product concentrations.  XPS data were 

obtained on the catalysts before and after the reactions, showing reduction of the catalyst 

occurred during catalysis. 
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Chapter One: Introduction 

I. A. Purpose of Study 

 The purpose of this study is to examine the physical and catalytic properties of the 

CuxPd1-xO solid solution series up to the limit of solubility.  Copper oxide and 

palladium oxide were chosen because they both show promise as catalysts and it is 

known that CuO has a high solubility in PdO
1
.  While they do not have the same lattice 

structure, the structures do have some similarities in metal coordination and metal-

oxygen bonding, and copper cations will dissolve into the palladium oxide and take on its 

parent lattice structure.  X-ray diffraction (XRD) data will be used to show that as the 

copper concentration increases, the palladium oxide lattice constants decrease to 

accommodate a smaller ionic radius.  X-ray photoelectron spectroscopy (XPS) and Auger 

electron spectroscopy (AES) will be used to compare the surface composition of the 

samples to that of the as prepared bulk composition.   BET surface area measurements 

were performed on select solid solution samples and compared to non-solid solution 

mixtures of equal composition.  Scanning electron microscope images were taken of 

select samples to better understand surface morphology.  Solid solution samples and non-

solid solution samples were utilized as catalysts in the dehydrogenation of isopropanol to 

acetone. 

I. B. PdO, CuO and CuxPd1-xO Systems  

Transition metal oxides are often used as catalysts because they are able to serve 

as a source of oxygen, which can then be readily replenished to the surface under fairly 

mild reaction conditions.  It is thought that PdOx is the active phase of the Pd metal 
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catalysts such as in the Pd/Al2O3 supported catalytic systems
2
.  For it to be catalytically 

active, studies suggest that PdO must have some oxygen defects which is indicated by 

writing PdOx
3
.  PdO is a fairly strong oxidation catalyst and is known to have high 

activity as a catalyst for methane combustion
4
.  PdO has also been shown to catalyze such 

reactions as the photocatalytic bacteria inactivation
5,6

, photocatalytic degradation of 

organic pollutants
7
, and CO oxidation

8
.  

CuO is generally a milder catalyst than is PdO and is thus often employed in 

partial oxidation catalysis.  CuO has been utilized as a catalyst in many processes such as 

methanol synthesis from CO2 hydrogenation
9
, steam reforming

10
, the water-gas shift 

reaction
11,12,13,14,15

, and NOx decomposition
16

.  CuO has also been shown to be more 

catalytically active than many other metal oxides in the oxidation of phenol and other 

alcohols to aldehydes
 17

. When combined with co-catalysts such as CeO2, CuO has been 

shown to have an increased activity in several catalysis reactions such as the oxidation of 

CO
18,19,20,21,22,23,24

 and the steam reforming of ethanol and dry reforming of ethanol.
25

 

CuO has many other uses, for example as in solar-absorbing selective coating in 

solar cells.
26

  CuO is a p-type semiconductor
27

 with a band gap of 1.2eV and has 

photoconductive properties.
28

  In nanoparticle form, CuO has been shown to exhibit room 

temperature ferromagnetism
29

.  CuO is also used in gas sensors
28

, desulfurization 

sorbent
30,31

, superhydrophobic surfaces
32

, and even as a textile bactericide
33

 and as an 

antimicrobial agent
34

.  CuO may even have a place in lithium ion batteries as an anode 

material
35

.  

 Palladium oxide and copper oxide, while both active in oxidation catalysis exhibit 

substantially different catalytic activity. Pd and Cu have been shown to have better 
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catalytic activity for the water gas shift reaction when the two metals were combined.  It, 

therefore, might be beneficial to combine copper oxide with palladium oxide to produce a 

more active oxidation catalyst, and we propose that the effect will be more pronounced if 

the two are intimately mixed, as is found in the CuxPd1-xO solid solution.  This system 

has the added benefit of having a substantial range of solubility
36

 of 0 ≤ x ≤ 0.7 leading to 

the possibility of tailoring the catalytic activity compositionally.  In addition to enhanced 

catalytic activity, cost can also be a factor in choosing the solid solution over the pure 

oxide.  PdO is expensive and CuO can be dissolved into PdO to reduce catalyst cost and 

maintain the PdO lattice structure.  The CuxPd1-xO solid solution is proposed to have new 

or different catalytic activities from the individual components and it is hoped that by 

dissolving CuO into PdO that a cheaper/more efficient catalyst will be realized.   

I. C.  Copper and Palladium oxide Crystal Structure 

PdO is a p-type semiconductor.  In PdO, palladium is in the Pd
2+

 form, giving it 

an electronic configuration of 1s
2
2s

2
2p

6
3s

2
3p

6
3d

10
4s

2
4p

6
4d

8
, with the associated tendency 

to square planar coordination.  This leaves two 5s and two 4d orbitals available for 

molecular interactions and participation in catalytic processes. Palladium oxide is found 

in a tetragonal crystal lattice structure as shown in figure 1.1.  PdO has lattice parameters 

of a = b = 3.0434 Å and c = 5.3363 Å and a cell volume of 49.43 Å
37

,
38

,
39

 The 

coordination in palladium oxide is approximately square-planar around Pd
2+

, with four 

equidistant oxygen ions, and O
2−

 in tetrahedral coordination. A distortion relaxes the 

local symmetry around the palladium from a nominally D4h point group, with equivalent 

Pd to O nearest neighbor bond lengths of 2.024 Å but with pairs of O−Pd−O angles of 
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82.5°/97.5°. CuO forms a monoclinic structure with lattice parameters of a = 4.6837 Å, b 

= 3.4226 Å, c = 5.1289 Å, and β = 99.54° and a cell volume of 82.23 Å
40

,
41

.  

CuO is found as the mineral tenorite and has a monoclinic lattice structure as seen 

in figure 1.2.  The lattice belongs to the C2/c space group.  Copper is also formally Cu
2+

 

and the ion has a 1s
2
2s

2
2p

6
3s

2
3p

6
3d

9
 electronic configuration leaving two 4s orbitals and 

one 3d orbital unoccupied and available for molecular interactions or participation in 

catalytic processes.  CuO nominally places Cu
2+

 in 6-fold coordination; however, the 

structure is severely distorted from an ideal octahedron.  As in PdO, Cu
2+

 is also 

surrounded by four O
2−

 in approximate square-planar coordination at ~ 2 Å but has two 

more distant apical O
2−

 ions. The formal configuration of [Ar]3d
9
 makes the Cu

2+
 ion an 

ideal candidate for Jahn−Teller distortion due to the odd number of electrons in the d-

orbital, and the two apical Cu to O bond distances are elongated by about 42%, at 2.784 

Å, relative to the planar Cu to O nearest-neighbor bonds found at 1.956−1.958 Å. The 

PdO structure can be envisioned as an extreme form of Jahn-Teller distortion in which 

the apical oxygens are removed to infinity. Thus, a solid solution of Cu dissolved into the 

PdO lattice should produce copper in a very different environment than that found in its 

native tenorite. 
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 Figure 1.1  Copper Oxide Lattice Structure.  Copper  ions are blue and oxygen 

ions are white. 
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 Figure 1.2 Palladium Oxide Lattice Structure.  Palladium  ions are represented by 

the pink/purple spheres and oxygen by the white spheres. 

 

I. D. Solid solutions 

Solid solutions are formed when a solute atom is placed into a solvent crystal 

lattice without changing the solvent crystal structure.  Solid solutions can contain 

interstitial or substitutional atoms.  Interstitial solid solutions have solute atoms placed in 

between atoms normally occupied in the crystal lattice.  Substitutional atoms exist when a 

lattice atom is replaced by a solute atom.  In each case, the original crystal lattice 

structure is maintained, but the lattice parameters can be affected by the addition of the 

solute atoms.  There are some general guidelines that can be used to help determine 
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whether a solid solution will form and a rule of thumb is that for substitutional solid 

solutions the size of the solute atoms should be similar to that of the solvent atoms and of 

equal oxidation state.    

Vegard's law
42,43,44,45

 is an empirical observation that the unit lattice cell 

parameters vary linearly with solute concentration to accommodate the different size of 

the solute cation relative to the solvent cation.  According to Vegard’s law, substitution of 

smaller solute ions into a crystal lattice structure decreases the lattice constants linearly as 

the smaller ion concentration increases up to the point of phase separation.  Vegard's law 

only applies to substitutional solid solutions and not interstitial atoms in which a small 

atom such as hydrogen may fit in between lattice atoms without changing the lattice 

constants significantly while maintaining the original crystal lattice structure. 

The solid solution forms because entropy drives it.  The entropy of mixing will 

overcome the increased lattice energy of the mixed metal oxide over that of the pure 

oxide.  When entropy can no longer do this, phase separation occurs.  

For an oxide solid solution to form in a reasonable timeframe, diffusion must 

generally be increased by heating the sample.  In the case of the solid solution CuxPd1-xO, 

the two separate CuO and PdO powders are mixed together very well and then pressed 

together in order to put the two materials as close as possible to minimize the necessary 

migration distance.  Then sufficient energy in the form of heat is applied at just below the 

lowest melting point until a solid solution is formed.  At sufficiently high temperatures, 

the atoms will have energy that the Cu
2+

 ions atoms will diffuse into the PdO lattice, 

allowing them to substitute for the Pd
2+

 cations.  In the solid solution, when the smaller 
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Cu
2+

 (ionic radius r ≈ 0.57 Å) replaces the Pd
2+

 (r ≈ 0.64 Å) in the PdO lattice the CuxPd1-

xO lattice constants will decrease. 

I. E. Conclusion 

 Both CuO and PdO are useful catalysts.  The ability of Cu
2+

 to dissolve into the 

PdO lattice structure at high concentrations allows for a wide compositional range to 

tailor a catalyst for specific properties.  A solid solution of CuxPd1-xO is able to maintain 

the PdO lattice structure over a substantial range of solubility up to about 72.5 mol% and 

unit cell constants decrease according to Vegard's law as the CuO concentration is 

increased
46

.  The solid solution does not show improved catalytic activity over the simple 

mixture samples; it could be that the oxidation of isopropanol is not as efficient by PdO and 

the catalytic reaction is dominated by single-site surface atoms.     
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Chapter 2: Experimental 

II. A. X-Ray Diffraction  

 X-ray diffraction (XRD) is a technique in which a sample is irradiated by an x-ray 

source to determine crystal lattice spacings.  The electron density associated with the 

elements in the sample causes the x-rays to be scattered and the periodic structure of the 

atoms creates a diffraction pattern that is imaged by the detector.  Through the use of 

peak positions and Bragg’s law
47,48

 the diffraction pattern can be used to obtain lattice 

parameters of the sample and its crystal structure.   

 

Figure 2.1  X-rays are diffracted with a pattern determined by interplanar spacings.  

 Bragg's law can be derived from figure 2.1 as set forth in the following steps.  

From figure 2.1 we see that:  

sin θ =AB/d. 

Where d is the interplanar spacing and θ is the diffraction angle equal to the angle of the 

incident beam. In order for the x-rays to be in phase, the extra distance (ABC) traveled by 

wave 2 compared to wave 1 must be an integer n multiplied by the wavelength (λ).  Then 

n λ = ABC = 2AB or (1/2)n λ=AB.  This can be substituted in the previous equation to 

get Braggs law:  

2dsinθ = n λ 
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Figure 2.2  A typical X-ray diffraction setup containing the x-ray source, sample, 

detector, and axis sample and detector are rotated on. 

 

 Figure 2.2 is a typical X-ray diffraction setup, illustrating the incident angle θ 

relative to the surface plane and the detector angle 2θ relative to the incident X-ray beam.  

For this experiment, a copper X-ray source was used to produce Cu kα1,2 X-rays, at kα1 = 

1.540562 Å and kα2 = 1.544390 Å.  All samples were characterized by XRD using a 

Bruker-AXS D8 Discover diffractometer equipped with a General Area Detector 

Diffraction System (GADDS) area detector to confirm the phases present and to 

determine lattice parameters. Scans were taken in transmission mode over a 2θ range of 

0−100° with a step size of 0.03°. A mirror exit slit size of 1.2 mm was used with pinhole 

slit size of 0.5 mm and a 0.5 mm snout. XRD analysis was performed using Topaz 2.1 

software and since the source was not monochromatized, the data were fit with a kα1,2 

lineshape in Rietveld analysis
49

,
50

. 

II. B. Sample mounting and preparation for XRD 

 Samples were ground into a fine powder with a mortar and pestle to present a 

uniform distribution of crystal planes in the diffraction experiment and thus avoid 
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artifacts in relative diffraction peak intensities.  The Bruker-AXS D8 utilizes a vacuum 

mount system and a convenient way to mount a sample for XRD analysis was to spread a 

thick layer of powder onto a one inch length of double-sided sticky tape that was 

previously attached to a glass slide.  This allows the sample to cover a large area and 

gives a low noise, high peak intensity spectrum.  

Figure 2.3 shows an XRD spectrum of palladium oxide and peak locations agree 

very well with accepted literature values
51,52,53,54,55,56

.  The PdO XRD gives very low 

background noise and good peak intensity with the <101> showing the greatest intensity.  

In order to verify that no other structures are present, a 2θ range of 10 to 100
o
 was used.   

Figure 2.4 is an XRD spectrum for Cu0.50Pd0.50O.  The lattice pattern is that of the 

pure PdO lattice structure noted in figure 2.3 but with a noticeable peak shift observed 

due to the lattice contraction that occurs when smaller Cu
2+

 ions are substituted for the 

larger Pd
2+

 in the same crystal lattice structure.  This phenomenon is described in greater 

detail in chapter 3 over a wide range of Cu
 2+

 ions substituted in the PdO lattice structure. 

Figure 2.5 contains an XRD pattern for pure copper oxide in the tenorite structure. 

The pattern is very different from that of the palladium oxide sample and also agrees very 

well with literature values
57,58,59,60

.  CuO XRD has a low background with many peaks 

due to its lower monoclinic symmetry.  CuO has many overlapping peaks as noted in the 

figure; for example, the peak at about 36
o
 contains both the <-111> and the <002> 

diffraction feature.  This big difference between the XRD diffraction patterns of PdO and 

CuO allow for quick identification of the presence of either phase.  
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Figure 2.3 X-ray Diffraction pattern of PdO with labeled diffraction planes. 
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Figure 2.4 X-ray Diffraction pattern of Cu0.50Pd0.50O with labeled diffraction planes. 
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Figure 2.5  X-ray Diffraction pattern of CuO.  

 

II.C.   X-Ray Photoelectron Spectroscopy 

 X-Ray Photoelectron Spectroscopy (XPS) is a surface-sensitive technique in 

which a sample is placed in ultra-high vacuum and is irradiated with soft X-rays., This, in 

turn, excites electrons sufficiently that they are photoejected and travel towards an 

electrostatic analyzer that measures their kinetic energy and directs them through a slit 

and onto an electron multiplier for detection.  A plot can then be produced with intensity 

vs. kinetic energy.  It is customary however to use the label of binding energies (B.E.) 

instead of kinetic energies (K.E.).   
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 B.E. = hυ – K.E. – ϕ 

where ϕ is the work function of the spectrometer and hυ is the energy of the X-ray 

photons.   XPS can be used to determine not only which atoms are present in the sample, 

but also their chemical environment, or oxidation state.  The surface sensitivity of the 

XPS method ranges from 3-10nm, depending on the kinetic energy of the photoelectron.  

XPS can be used quantitatively to determine atomic concentrations of elements in the 

surface. 

Figure 2.6 depicts a diagram for the XPS/AES chamber that was used for this 

research project.  The sample is in powder form and is pressed into indium foil.  The 

indium foil typically does not interfere with sample data collection and keeps other 

impurities out of the chamber that could be introduced by other sample holding methods 

such as tape.  This foil, covered with the sample to be analyzed, is then placed in the 

center of a platen and secured with copper-beryllium “spoons” held in place with screws.  

The sample is loaded onto a magnetic rapid transfer arm that allows for the sample to be 

exchanged without venting the main chamber.  Once the side arm is at a vacuum of 10
-3

 

Torr or below the sample is placed in the main chamber and attached to the sample holder 

via a quick exchange mechanism.  This quick exchange system works by turning the 

platen so that the prongs on the back side attach to its holder and then releases the front 

prongs that hold it to the transfer arm.  The transfer arm may then be removed from the 

chamber.  This process may increase the chamber pressure from 10
-10

 Torr to 10
-8

 Torr, 

but the ultra high vacuum quickly recovers to 10
-9

 Torr or below, low enough to begin 

acquiring data.  Once the sample is loaded into the main chamber the sample tilt and 

rotation can be adjusted to maximize signal intensity.  A sample is typically rotated to 
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place the surface normal parallel with the spectrometer detection angle and about 5
o
 

relative to the spectrometer axis.  The sample is electrically grounded to prevent charging 

which could occur for many metal oxide samples. 

 AES and XPS  analyses were performed using a Physical Electronics (Φ) model 

15-255G double pass cylindrical mirror analyzer in pulse count detection for XPS and in 

lock-in mode for AES with the analyzer driven by a Perkin Elmer Φ 11-055 ESCA/Auger 

system control. XPS photoemission was initiated with Al Kα radiation produced by a Φ 

04-548 dual Mg/Al anode at 300 W and 15 kV using a Φ 14-040 X-ray generator.  The 

XPS data were collected in 0.1 eV increments with a dwell time of 250 ms, and the 

spectra were signal averaged for 50− 200 scans depending upon the element and 

concentration. Pass energies of 50 eV were employed, unless otherwise noted. AES 

spectra were initiated with a 2 keV beam of electrons from a gun located concentric with 

the analyzer and controlled by a Φ Model 11-010 electron gun controller to produce a 

beam of 0.2 μA/mm
2
. Data were obtained in the dN(E)/dE mode and were summed for 

five scans, each taken in 1 eV increments with a time constant of 0.1 s and a lock-in 

modulation energy of 5 eV.  The XPS data were curve-resolved using XPS Peak 4.1 

software.
61

 A Shirley background
62,63

 was used as a baseline for all peaks, and the data 

were curve-resolved using a 20% Lorentzian/80% Gaussian sum.  

 

II. D. Sample mounting and preparation for XPS and AES analysis 

 Powder samples were freshly ground to produce a new surface prior to their 

admission into the ultrahigh-vacuum chamber by use of the rapid transfer admissions 
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system. The samples were mounted on clean indium foil for analysis and were measured 

by XPS and AES with no surface pretreatment or additional in situ UHV conditioning. 

 

Figure 2.6  XPS/AES Chamber Setup. 

Figure 2.7 shows an XPS broad scan of pure PdO powder with peaks labeled to 

indicate their origin.  The background in the spectrum is created by photoelectrons that 

have lost energy due to inelastic scattering, which is also responsible for the asymmetric 

shape of the photoemission peak which tails to higher binding energy. The carbon peak is 

from carbon contamination of the sample that occurs over time from exposure to the air 

or from manipulation of the sample as it is being mounted on the indium foil, and is used 

as a reference peak
64

.  The oxidation state of an atom can be determined by its binding 

energy and the atomic concentration can be calculated from the peak intensity ratios.  

Examples are written in chapter three.  The O 1s peak is very near the Pd 3p3/2 peak and 

is resolved only upon taking a higher resolution scan as done in chapter three.  The Auger 
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peaks are labeled according to nuclear physicists’ nomenclature K, L, M, N.  The letter K 

indicates a 1s shell electron or n = 1 shell.  Subscripts indicate the orbital, where a 1 is for 

an s orbital (omitted for the K designation), 2,3 are for p orbitals, 4,5 are for d orbitals, 

and 6,7 are for f orbitals.  The letter L denotes a n = 2 shell so L1 is a 2s level, L2,3 is a 2p 

level and with M representing n = 3, N representing n = 4, and O representing n =  5 

shells.  V is commonly used to denote a valence band.  The Auger process is drawn out in 

figure 2.10.  Auger label order is 1st ionized electron, decay electron, Auger Electron 

giving a three letter designation.  

Figure 2.8 shows the XPS broad scan for a pure CuO sample with labeled peaks.  

It can be seen that there is good separation of the Cu 2p1/2 and the Cu 2p3/2 peaks as well 

as the O 1s peak.  In figure 2.9 we see a broad scan of Cu.05Pd.95O.  The peak intensity of 

Cu is much less than that of Pd due to the low Cu concentration of the selected sample.  

Relative peak intensity is proportional to the elemental concentration, discussed more 

extensively in chapter three. 
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Figure 2.7  XPS broad scan of as purchased PdO powder. 



26 
 

 

Figure 2.8  XPS broad scan of as purchased CuO powder sample. 
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Figure 2.9  XPS broad scan of Cu.05Pd.95O powder. 

 

II. E.  Auger Electron Spectroscopy 

 

Figure 2.10: Auger process diagram. 
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 AES spectra result from electrons produced through the three-electron Auger 

process, depicted in figure 2.10.  The kinetic energy (KE) can be calculated as KE = E1 – 

E2 - E3, where KE is kinetic energy of the Auger electron, E1 is the energy of the first 

ionized electron, E2 is the energy of the "decay" electron and E3 is the energy of the 

electron ejected in the Auger process. 

To generate an Auger spectrum, a sample is placed in ultra-high vacuum and is 

bombarded with electrons of a known energy.  The kinetic energy of the Auger electron 

is then measured with the same electrostatic analyzer used in the XPS experiment.  A 

spectrum can then be obtained by plotting the electron intensity vs. the kinetic energy 

passed by the analyzer.  Figure 2.11 contains an Auger spectrum for a Cu0.50Pd0.50O 

sample with labeled peaks for atoms comprising the solid solution.  A differentiated 

spectrum is used to help reduce the effect of a high background when peaks are small.  

The background arises from electrons that have lost energy due to random inelastic 

collisions while escaping the sample surface.  The mean free path of an Auger electron is 

typically 5 nm or less with energies between 40 and 2500 eV.  Only Auger electrons 

within a few monolayers of the surface will escape with losing energy. 

 Figure 2.12 illustrates an Auger spectrum for a pure PdO sample.  This is a broad 

scan, taken over a kinetic energy range of 100 to 1100 eV, and reveals Auger transitions 

for Pd and O.  The carbon Auger peaks should appear at about 256 eV, but cannot be 

distinguished from the background in  figure 2.13, and would otherwise overlap with the 

Pd peaks in figures 2.11 and 2.12.   Figure 2.13 shows an Auger spectrum for a pure 

CuO sample.  This is the broad scan for CuO and has peaks for Cu and O and allows for 

quick differentiation when compared to figure 2.12.  The peak positions for both the pure 
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PdO and CuO samples may be compared to that of the solid solution sample in figure 

2.11, which indicates that the contributions to the spectrum from the individual elements 

are well-resolved and can be used reliably for concentration measurements.  Spectra were 

integrated in order to facilitate peak area determinations.  Peak areas, often referred to as 

intensity, are compared and plugged into equation 1 in chapter 3.  This equation uses 

sensitivity factors and peak areas to determine the atomic percent.  Sensitivity factors can 

be determined experimentally using a known pure sample.  A set of relative sensitivity 

factors  normalized to a reference material can then be tabulated for each beam voltage.
65

   

 

 

Figure 2.11  Differential Auger Spectrum of the Cu0.50Pd0.50O solid solution. 



30 
 

 

Figure 2.12  Differential Auger Spectrum of PdO. 
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Figure 2.13  Differential Auger Spectrum of CuO. 

 These methods are well suited to the purpose of this study.  X-ray diffraction is 

first used to identify the crystal structures present in each starting material CuO or PdO.  

These diffraction patterns are then used to reveal the solubility limit of CuO into the PdO 

lattice.  XRD is able to clearly identify the two phases, even at low concentrations.  XRD 

is also used to identify peak shifting due to the changes in the lattice parameters as a 

smaller Cu atom in substituted into the PdO lattice.  Both XPS and  AES 

characterizations are also performed.  While XPS and AES are different techniques, they 

are done in the same vacuum chamber and both allow for the detection of atoms present 
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on the sample surfaces.  XPS and AES give information that is used to calculate atomic 

concentrations of the sample surface.  XPS uses X-rays to excite electrons in the sample 

while AES used electrons.  This leads to very different spectra being obtained.  XPS 

spectrums not only reveal what atoms are present, but they also reveal the chemical 

environment of each atom that is present.  For example, the O peak from a metal oxide is 

different that an oxygen peak that arises from a hydroxyl group.  This leads to the 

identification of the oxidation states present of many of the atoms.   AES spectra are 

produced from the Auger process.  These Auger electrons have energies that are specific 

to the atom and electron shell that the originate from.  Further use of these 

characterization methods is discussed in the following chapters. 
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Chapter 3 - CuxPd1-xO Solid Solution Characterization Study 

"Reprinted with permission from (Christensen, G. L., and Langell, M. A., Characterization of 

Copper Palladium Oxide Solid Solutions by X-ray Diffraction, X-ray Photoelectron 

Spectroscopy, and Auger Electron Spectroscopy, J. Phys. Chem. C, 2013, 117 (14), pp 7039–

7049) Copyright 2013 American Chemical Society." 

III A.  Abstract 

 CuxPd1-xO forms a homogeneous solid solution over the wide range
66

 of 0 ≤ x ≤ 

0.725 in which compositional variation can be correlated with structural and chemical 

environmental changes.  After a small lag at low Cu
2+

 concentrations, where the lattice 

cell parameters are pinned to that of the pure PdO structure, CuxPd1-xO lattice parameters 

follow Vegard’s law in which the cell volume decreases linearly with x, indicating a 

homogenous solution in which Cu
2+ 

randomly replaces the larger Pd
2+ 

cation.  The crystal 

structure also undergoes an increase in the c/a cell ratio, which relaxes the tetragonal 

distortion around the metal cation and shifts the metal-oxygen distance towards that of 

pure CuO (tenorite).  X-ray photoelectron spectroscopy (XPS) shows a linear increase in 

Pd
2+

 3d and Cu
2+

 2p binding energies with increased Cu
2+

, a result of the increased 

Madelung energy and relaxation effects which occur during the photoemission process.  

XPS and Auger Electron Spectroscopy (AES) indicate that the surface composition is 

comparable to that of the bulk, and copper XPS Auger parameter analysis confirms a 

different, and variable, environment for copper in CuxPd1-xO  than is found in pure 

tenorite.   

 

Key words:  palladium oxide, copper oxide, XPS satellite structure, Vegard’s law.
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III B.  Introduction 

Transition metal oxides (TMOs) find use in a variety of catalytic and materials 

applications.  In practice, working TMOs often comprise several transition metal 

compounds to tailor the material to the task at hand.  For the monoxides PdO and CuO, 

the facile nature of oxygen exchange at their surface gives them extensive applications as 

gas sensors
67-79

 and partial oxidation catalysts.
80-88  

While both PdO and CuO exhibit 

catalytic activity towards oxidation of CO and various organic materials, PdO shows 

greater reactivity and thus is often used in total oxidation applications, as in methane 

turbines, whereas CuO shows milder, more selective partial oxidation behavior, as in 

methanol 

 synthesis.  When combined, the effect can be cumulative, with palladium providing 

hydrogen spillover for CuO-initiated partial oxidation catalysis and perhaps helping 

reduce the CuO.  However, there is evidence that the two oxides are symbiotic and that 

their admixture alters the basic physical properties of the sample beyond that expected by 

simply combining the two oxide materials.   PdO and CuO form homogeneous solid 

solutions over a wide range of composition.  The solid solution retains the PdO crystal 

structure, which places the copper in a distinctively different site than is found in CuO, 

but also varies the environment around the Pd
2+

 cation proportional to the copper content.  

We show that the surface properties of the solid solution also vary with copper content 

and differ from that of the two constituent single-metal monoxides. 

PdO
89

 and CuO
90

  are both a p-type semiconductors.  PdO adopts the P42/mmc tetragonal 

lattice structure with lattice parameters of a = b = 3.0434 Ǻ and c = 5.3363 Ǻ, and a cell 
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volume of 48.93 Ǻ
3
.
91,92 

 The coordination in palladium oxide is approximately square 

planar around Pd
2+

, with four equidistant oxygen ions, and O
2-

  in tetrahedral 

coordination.  A distortion relaxes the palladium from a nominally D
9

4h space group, with 

equivalent Pd-O nearest-neighbor bond lengths of 2.024 Å but with pairs of O-Pd-O 

angles of 82.5
0
/97.5

0
.  CuO forms a monoclinic structure with lattice parameters of a = 

4.6837(5) Ǻ, b = 3.4226(5) Ǻ, c = 5.12886(6) Ǻ and β = 99.54
o
, and a cell volume of 

82.23 Ǻ
3
.
93

  Found as the mineral tenorite, CuO nominally places Cu
2+

 in six-fold 

coordination; however the structure is severely distorted from an ideal octahedron.  As in 

PdO, Cu
2+

 is also surrounded by four O
2-

 in approximate square planar coordination at ~ 

2 Ǻ, but has two more distant apical O
2-

 ions.  The formal valence configuration of 4s3d
9
 

makes the Cu
2+

 ion an ideal candidate for Jahn-Teller distortion, and the two apical Cu-O 

bond distances are elongated by about 42%, at 2.784Å, relative to the planar Cu-O 

nearest-neighbor bonds found at 1.95-1.96 Å.   Thus, a solid solution of Cu dissolved into 

the PdO lattice should produce copper in a very different environment than that found in 

its native tenorite, one which can be viewed as the limiting case in Jahn-Teller distortion 

that completely removes the apical oxygen from the Cu
2+

 coordination sphere. 

 While both Pd
2+

 and Cu
2+

 form stable or metastable monoxide compounds under 

common ambient conditions; the ionic radius of Cu
2+
, r ≈ 0.57Ǻ, is somewhat smaller 

than that of Pd
2+

, where r ≈ 0.64Ǻ.
94

  Yet, the two systems have been reported to form 

solid solutions over a wide range of miscibility.
95

  Despite their technological 

significance, only a single study has reported on their bulk miscibility
95

 and none has 

appeared that describes the surface properties or the chemical nature of the CuxPd1-xO 

solid solution.  
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 In this study, solid solutions of CuO dissolved into PdO were synthesized with 

copper concentrations up to 72.5%, above which the material was found to phase separate 

into Cu0.725Pd0.275O and CuO.  The solid solutions were characterized with x-ray 

photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES) and x-ray 

diffraction (XRD).  Crystal structures and homogeneity were determined by XRD, which 

confirmed the solid solutions follow Vegard’s law over a wide compositional range and 

demonstrated decreasing angular distortion from 90
o
 around the metal cation with 

increasing Cu
2+ 

concentration.  Surface composition was determined with both XPS and 

AES, and was found to be comparable to the bulk value.  XPS data were also used in 

Auger parameter analysis and in determination of binding energies for the constituent 

elements, showing environmental changes for Pd
2+

 and Cu
2+

, which varied with copper 

concentration as described below.  

    

III C.  Experimental Methods 

   Cupric oxide, black lot 754948, was obtained from Fisher Scientific Company 

Chemical Manufacturing Division.  Palladium (II) oxide, lot 02704KJ, was obtained from 

the Sigma-Aldrich Company. Synthesis of solid solutions consists of grinding a sample 

of PdO and CuO in the desired stoichiometry with an agate mortar and pestle for ten 

minutes and compressing the powders with a stainless steel die and LooMis Engineering 

& MFG Company hydraulic pellet press at 15,000 psi for ten minutes to make a pellet of 

23 mm diameter and approximately 1 mm thickness.  The pellet was then placed in a 

furnace in air at 750 
0
C for at least three days and homogeneity was determined by 

powder x ray diffraction (XRD).  To obtain solid solutions of 70 % or higher copper 
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concentration, it was necessary to perform the grinding and heating routine three times to 

obtain a single-phase, homogeneous material.  Samples of lower concentration did not 

require these extra repetitive steps.  The temperature of 750 
0
C was chosen to remain 

below the melting point of PdO,
96

 but yet provide facile enough diffusion to form 

homogeneous samples within a reasonable timeframe. 

All samples were characterized by XRD using a Bruker-AXS D8 Discover diffractometer 

equipped with a GADDS Area Detector to confirm the phases present and to determine 

lattice parameters.  Scans were taken in transmission mode over a 2θ range of 0-100
0
 

with a step size of 0.03 
0
.  A mirror exit slit size of 1.2 mm was used with pinhole slit size 

of 0.5 mm and a 0.5 mm snout. XRD analysis was performed using Topas 2.1 software.   

 AES and XPS analysis was performed using a Physical Electronics (Φ) model 15-

255G double pass cylindrical mirror analyzer in pulse count detection for XPS and in 

lock-in mode for AES with the analyzer driven by a Perkin Elmer Φ 11-055 ESCA/Auger 

System Control.  XPS photoemission was initiated with Al Kα radiation produced by a Φ 

04-548 dual Mg/Al anode at 300 Watts and 15 KV using a Φ 14-040 X-ray generator.  

The XPS data were collected in 0.1 eV increments with a dwell time of 250 ms, and the 

spectra were signal averaged for 50-200 scans depending upon the element and 

concentration.  Pass energies of 50 eV were employed, unless otherwise noted. AES 

spectra were initiated with a 2 KeV beam of electrons from a gun located concentric with 

the analyzer and controlled with a Φ Model 11-010 electron gun controller to produce a 

beam of 0.2 μamp/mm
2
.  Data were obtained in the dN(E)/dE mode and were summed for 

5 scans, each taken in 1 eV increments with a time constant of 0.1 s and a lock-in 

modulation energy of 5 eV.  XPS data were curve-resolved using XPSPeak 4.1 
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software.
97

  A Shirley background
98,99

 was used as a baseline for all peaks and the data 

were curve-resolved using a 20% Lorentzian/80% Gaussian sum.  Examples of the curve-

fitting procedure are given below. 

Powder samples were freshly ground to produce a new surface prior to their admission 

into the ultrahigh vacuum chamber by use of a rapid transfer admissions system.  The 

samples were mounted on clean indium foil for analysis and were measured by XPS and 

AES with no surface pretreatment or additional in situ UHV conditioning. 

 

III D.  Results  

 Evidence for bulk homogeneity of the CuxPd1-xO solid solutions is provided by 

powder x-ray diffraction.  The XRD data in Figure 3.1 show the anticipated PdO 

diffraction pattern,
91,92 

with features that shift to higher 2θ values as the copper 

concentration is increased, indicating a decrease in lattice parameters with increasing x. 

The XRD pattern of the tetragonal CuxPd1-xO unit cell is distinct from that of CuO 

(tenorite), and the data clearly indicate phase separation into CuxPd1-xO and CuO for 

traces in Figure 3.1 with x ≥ 0.75, best seen in the intense (111) tenorite diffraction 

feature at 39
o
.  
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Figure 3.1  XRD of CuO/PdO as a function of copper concentration.  Phase separation is 

detectable at Cu0.75Pd0.25O and above, with diffraction features from CuO (tenorite) 

superimposed upon that of the solid solution at higher CuO ratios. The arrow indicates 

the most intense CuO peak position in the Cu0.75Pd0.25O trace and the fractional copper 

concentration (x value) is indicated at the left side of each trace. 

 

 Lattice parameters were calculated using the Topaz 2.1 program, and the cell 

volume is plotted in Figure 3.2 as a function of copper concentration.  The linear nature 

of the plot is an illustration of Vegard’s law
100

 in which the cell parameters vary 

smoothly with concentration over the range of single-phase formation in the solid 

solution.  Extrapolation of the linear variation range to x = 1 predicts the unit cell 

parameters for pure CuO if it were to adopt the P42/mmc PdO crystal structure.  

Adherence to Vegard’s law is generally accepted as a measure of homogeneity in a solid 

solution where, in this case, Cu
2+

 randomly substitutes for Pd
2+

 in the PdO lattice.  The 

data are somewhat noisier after phase separation due, in part, to the difficulty in fitting 

scattering from the CuxPd1-xO crystal structure in the presence of overlapping CuO 

diffraction features, but the scatter is also exacerbated by a greater difficulty in forming a 
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uniform, single-phase material close to the phase separation point.  There is an apparent 

lag in the change in cell volume at the lowest copper concentrations (x  ≲  0.1), 

indicating that low dopant levels of copper do not appear to affect the crystal lattice 

structure measurably.  This lag in physical properties for low x values in CuxPd1-xO is 

also seen in other data presented below. 
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Figure 3.2  Lattice volume of CuxPd1-xO as a function of fractional copper concentration 

(x).  The volume decreases linearly with x up to the point of phase separation (x ≈ 0.75) 

after which the volume remains pinned to the phase-separated value, with some scatter in 

the data. 

 

 Individual lattice parameter variations and relative c/a unit cell parameter ratios 

are shown in Figure 3.3 as a function of copper concentration.  It is interesting to note 

that while both lattice parameters decrease up to the point of phase separation, their ratio 

increases with increasing copper content.  Thus, while the overall symmetry of the crystal 

structure is preserved in the solid solution, substitution of the smaller copper cation for 
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palladium causes an increased relative tetragonal elongation. This is illustrated pictorially 

in Figure 3.4 where, although the unit cell volume and unit cell parameters all decrease 

with dissolution of copper, the c unit cell parameter decreases at a more rapid rate than a 

to give a net increased c/a ratio.  The increase in c/a partially removes the angular 

distortion of oxygen ligands found in PdO from the ideal 90
0
 square planar geometry, 

with α increasing from 82.5
o
 to 83.1

o
 and β decreasing from 97.5

o
 to 96.9

o
 in PdO to 

Cu0.725Pd0.275O, respectively.  While the lattice retains the PdO P42/mmc tetragonal 

symmetry, the nearest neighbor M
2+

-O
2-

 distance decreases from 2.02 Å in PdO to 1.96 Å 

in Cu0.725Pd0.275O, comparable to that of CuO (tenorite). There is an apparent lag in the 

onset of the increased tetragonal distortion, up to a solute concentration of approximately 

x = 0.1, as measured by the c/a unit cell parameter ratio, in the range where copper is 

initially added to the system.  A deviation from Vegard’s law is also seen in the 

individual lattice parameters at these very low copper concentrations; however, the trend 

is masked by a slight overall lattice expansion relative to pure PdO as copper is doped 

into the system at the lower concentration limits.  
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Figure 3.3 Lattice values for CuxPd1-xO as a function of fractional copper concentration 

(x value), a) lattice parameters a and c in angstroms and b) c/a parameter ratio. 
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Figure 3.4 Schematic of effect of c\a increase on angular distortion around square planar 

Pd
2+

 coordination, where α = 82.5
o
 increases to α' = 83.1

o
 and β = 97.5

o
 decreases to β' = 

96.9
o
 as x varies from 0 to 0.725 in CuxPd1-xO.  The distortion has been exaggerated for 

ease of illustration. 

 

 Auger electron spectroscopy (AES) was used to determine the copper and 

palladium surface concentrations in the solid solutions, which were then compared to that 

of the bulk. To accomplish this, the AES dN(E)/dE differential spectra that were obtained 

directly in lock-in detection mode were integrated to obtain N(E) data, and the areas 

under the N(E) peaks were obtained as a measure of integrated Auger intensity.  For this 

study, AES peaks of interest included the Cu L3M4,5M4,5 transition at approximately 920 

eV and the Pd M5N4,5N4,5 transition at approximately 330 eV.   Eqn. 1 was used to 

determine xsurface, the fractional copper metal content at the surface: 

          
       

               
             (1) 

where Ii is the integrated Auger intensity of peak i (i = Cu or Pd) and Si is the sensitivity 

factor for i specific to the transition and analyzer.
101

  Eqn. 1 assumes a homogeneous 

distribution of metals within the Auger sampling depth of approximately 50-100 Å.  The 

data are presented in Figure 3.5, and indicate that the surface concentration is equal to 
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that of the bulk to within the error of the measurement with perhaps a slight deviation at x  

≲  0.1. 
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Figure 3.5  Surface vs. bulk copper concentration determined by XPS and AES.  Error 

bars are estimated from the uncertainty in the peak fitting routine. 

 

 Eqn. 1 can be adapted for XPS analysis by use of core-level integrated 

photoemission data along with the appropriate sensitivity factors for the specific 

transitions employed.
102

 XPS analysis of Cu 2p3/2 and Pd 3d5/2 intensities corroborates the 

results obtained with the AES measurements.  Surface compositions correlate directly 

with bulk values, and the linear function that is found when xsurface is plotted as a function 

of xbulk yields a slope of 1.118 ± 0.006 for AES and 0.940 ± 0.005 for XPS, where errors 

are given as the statistical value resulting from linear regression.  While both AES and 

XPS are surface-sensitive techniques, AES is slightly more surface-sensitive to palladium 

due to the lower kinetic energy of Pd M5N4,5N4,5  relative to Cu L3M4,5M4,5 used in the 

Auger measurements, but XPS is slightly more surface-sensitive to copper due to the 
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lower kinetic energy of the Cu 2p core photoelectron relative to that of Pd 3d  transition 

used in the XPS analysis.  That the two techniques with slightly different surface 

penetration depths give similar surface concentrations supports the assumption of 

uniform concentration in the near-surface region. 

 XPS peak shapes and binding energies provide greater detail of the chemical 

environment for palladium and copper in the solid solutions. Figure 3.6a shows XPS data 

for the Pd 3d region as a function of copper content.  The pure PdO spectrum presents 

characteristic 3d5/2 and 3d3/2 main peaks at 336.43 eV and 341.70 eV, respectively, and 

shows very weak satellite structure with intensities of  ≈ 15% relative to the main peak in 

agreement with literature data.
113,103-109

  As copper is added to the PdO lattice, the overall 

palladium 3d XPS intensity decreases as a result of palladium dilution by copper.  

However, the peak shape remains comparable to that of pure PdO throughout the series. 

Satellite structure in transition metal oxides is often intense and very characteristic of the 

TMO valence band character due to highly-correlated electrons in the partially-filled d 

orbitals, and NiO with a 3d
8
 valence configuration is a prototype for this effect.

110-112
   Pd 

is directly below Ni in the periodic table and while PdO also shows electron 

correlation
113,114

 the diffuse nature of the 4d
8 

Pd
2+

orbitals makes the interaction weak 

which results in less intense satellite structure for the palladium oxide.  Because of the 

weak intensity of the satellite and the problem of accurately resolving it from the 

background and the main peaks, the positions and intensities of the weak satellite 

structure are difficult to fit precisely.  Figure 3.6b illustrates the peak fit procedure used 

to analyze the CuxPd1-xO materials for pure PdO and for the Cu0.65Pd0.35O solid solution.   
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Figure 3. 6  Pd 3d XPS for CuxPd1-xO solid solution spectra a) as a function of copper 

concentration (x value), and b) with representative peak fits.  The experimental data are 

represented as circles, with the fits given as solid lines.  Details of the peak fitting are 

documented in the experimental section. 

 

 While the peak shape and satellite structure remain constant to within the error of 

the XPS measurement and curve resolution, the main peak binding energies show a 

definite shift to higher binding energy with increasing copper concentration.  The Pd 3d5/2 

and 3d3/2 main peak binding energies are plotted as a function of copper concentrations 

for CuxPd1-xO solid solutions in Figure 3.7, which indicates a clear shift to higher binding 

energy with increased copper content.  The data are calibrated relative to two different 

“standard” peaks in the CuxPd1-xO XPS spectrum, adventitious carbon, taken to have C 1s 

= 284.60 eV and lattice oxygen with O 1s = 529.83 eV.  Adventitious carbon, resulting 

from exposure to ambient contamination, is extensively used as calibrant for XPS.
115

  

However, it is not always present in sufficient amounts to give good C 1s spectral 

intensity and it is not strictly an internal calibrant, being heterogeneously mixed with the 



50 
 

sample and sometimes developing contact potential differences that lead to errors in the 

binding energy values.  The lattice O 1s binding energy often remains constant upon 

adsorption or dissolution of guest materials in TMO oxides,
110

 and is a true internal 

calibrant. As can be seen in Figure 3.7, the two different calibrants yield comparable 

values, although reference to C1s yields slightly noisier data.   Binding energies for the 

Pd 3d transitions are summarized in Table 3.1.
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Figure 3.7  Pd 3d binding energies for CuxPd1-xO solid solutions, calibrated relative to O 

1s at 529.8 eV and C 1s at 284.6 eV for the a) 3d5/2 and b) 3d3/2 transitions. Error bars 

reflect uncertainty in measuring peak positions whereas error in slope results from linear 

least squares analysis. 

 

  Figure 3.8 shows Cu
2+

 2p XPS data for monoclinic CuO (tenorite) along with that 

for the tetragonal CuxPd1-xO solid solutions.  The Cu 2p peak structure is complex, with 
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intense satellite peaks that remain fairly consistent in peak shape and intensity across the 

series.  The structure is characteristic of the late 3d transition metal oxides with a 

partially-filled valence band that hybridizes with the O 2p band,
 116

 as described by the 

charge-transfer insulator model.
112,117

 

                      (2) 

In eqn. 2,      is the ground state valence band structure of the oxide, L represents a hole 

in the O 2p valence band and α is a mixing parameter that determines the amount of 3d – 

O 2p hybridization.  Upon photoemission of a copper 2p core electron, overlap between 

Cu 3d and O 2p leads to final state effects where the screened 2p
5
3d

n+1
L state is 

approximately 9 eV lower in binding energy than the unscreened 2p
5
3d

n
 state, as is 

labeled in Figure 3.9b.
117,118-122

  The “main” peak, comprising peaks A and B in Figure 

3.8c, represent the screened 2p
5
3d

n+1
L final state with the individual features due to local 

and nonlocal screening, the former term describing a final state that primarily involves a 

hole created on the nearest-neighbor oxygen atoms surrounding the copper ion 

undergoing photoemission and the latter involving a more delocalized hole in the O 2p 

band structure.  Delocalization of the O 2p hole helps ameliorate repulsive O 2p hole - Cu 

2p hole interactions and cluster calculations carried out on copper oxide models
119

 assign 

the lower binding energy A peak to the non-locally screened 2p
5
3d

n+1
L final state and the 

higher binding energy B peak to the locally-screened state.   The combined “satellite” 

peaks C and D represent the unscreened 2p
5
3d

n
 final state, the peak structure of which 

reflects the spin-orbit multiplet structure of the partially-filled 3d valence band.
119

  Due to 

the partially-filled nature of the strongly electron-correlated 3d band, the spectrum 

reflects a complex set of closely-lying final states resulting from multiplet splitting
123

 and 
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other effects.
124,125

  However complicated the constituent states contributing to the 

photoemission, the shape for each feature is generally curve-resolved into a set of two 

Gaussian-Lorentizian peaks as shown in Figure 3.8b.  The background is particularly 

difficult to approximate for the Cu 2p spectrum due to the wide energy range and the 

large, cumulative secondary electron contribution at the high binding energy of the Cu 2p 

transition.  Quantitative analysis has therefore been restricted to the 2p3/2 contribution, as 

shown in Figure 3.8c. 

 The peak shapes and relative intensities of the copper photoemission have been 

related to the stoichiometry and the band structure of the copper oxides.  The relative 

intensity of the unscreened (C+D) to screened states (A+B) for pure tenorite (CuO), 

measured here to be (IC+ID)/(IA+IB) = 0.47,  is in good agreement with literature 

values.
121,126

  However, the solid solutions appear to provide the copper ion with less 

efficient access to the screened final state, and the unscreened/screened (IC+ID)/(IA+IB) 

ratio for Cu0.05Pd0.95O is significantly higher at (IC+ID)/(IA+IB) = 0.66.  As shown in 

Figure 3.9, the ratio decreases with increase in copper concentration, approaching that of 

CuO at higher x values as the Cu-O bond length decreases from the longer metal-oxygen 

distance for low copper concentration CuxPd1-xO solid solutions to that more closely 

approximating that found in CuO.  The individual component ratios, IA/IB  = 1.0 ±  0.3 

and IC/ID = 1.1 ± 0.5, remain constant to within error for the solid solutions and compare 

to the pure CuO value of IA/IB  = 0.92 although the pure CuO IC/ID = 1.8 is slightly 

higher.  Both pure CuO IA/IB and IC/ID ratios measured here compare well to literature 

values.
121

   Thus the copper 2p spectrum is qualitatively similar to that found for literature 
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CuO data, although the relative rate of the screened photoemission channels is somewhat 

lower relative to that of the unscreened state. 

 

Figure 3.8 Cu
2+

 2p XPS spectra a) as a function of copper concentration (x value) in 

CuxPd1-xO solid solutions, b) for CuO fit with a modified Shirley background (straight 

line + Shirley) over the entire 2p region and c) 2p3/2 region for Cu0.45Pd0.65O spectrum 

with a simple Shirley background.   

 

 The nonlocal component of the main 2p
5
3d

n+1
L peak (A) and both unscreened 

2p
5
3d

n
 satellite peaks (C and D) shift to higher binding energies with increase in copper 

concentration, as shown in Figure 3.10.  From the viewpoint of the copper, this is perhaps 

unsurprising since the PdO lattice environment initially places the Cu-O bond length at 

longer distances than found in pure CuO (2.024 Ǻ v.s. 1.95-1.96 Ǻ) and these distances 

shorten significantly as the copper concentration increases in the CuxPd1-xO solid 
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solutions.  However, the palladium core binding energy also shows a substantial binding 

energy shift of almost 1 eV to higher values (Figure 3.7).  Since final state effects play an 

insignificant role in Pd core photoemission and since the main contribution to the satellite 

peaks in Cu is unscreened, binding energy shifts for these features can be described in 

terms of initial state effects and core hole relaxation effects. 
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Figure 3.9  Satellite to main peak intensity ratio for the Cu 2p3/2 transition for the CuxPd1-

xO solid solutions as a function of copper concentration (x). 
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Figure 3.10  Cu 2p intensities for a) the main (2p
5
3d

10
L) peak component s and b) the 

satellite (2p
5
3d

9
) peak components, with A, B, C and D obtained by fitting as illustrated 

in Figure 3.9c. 

 

 Binding energy shifts for compound oxides in the absence of final state effects 

have been successfully modeled for oxides through a simple formula
127,128
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where ΔEb(A) is the binding  energy shift between the free atom A and the atom in the 

oxide, qA is the valence charge on the atom in the oxide, k is a proportional coefficient 

that relates this charge to the potential energy due to the valence charge and can be 

approximated as the derivative of the core potential on atom A with respect to charge.
129

   

The     term is responsible for the general rule of thumb that binding energies for a 

given element shift to higher values in XPS as the oxidation state of the element 

increases.  The term    
    corrects for relaxation effects and Mad(A) is the Madelung 

energy, defined as 

           
  

    
   

               

Eqn. 4 sums over all other ions in the crystal except for the central cation A, qB is the 

charge on the other cation in the sum and rA-B is the distance from A to the B coordination 

shell.   The Madelung energy is positive for cations, where negatively charged terms from 

the anions outweigh the positive terms from the cations, and negative for anions.  

Equation (3) can be adapted to the present analysis by considering the changes that occur 

in the various parameters as a function of increased copper concentration. 

 The Madelung constant for the oxygen anion is negative in eqn. 3 and tends to 

balance the positive relaxation term for oxygen in oxide lattices, making the O 1s binding 

energy shift dependent on the valence charge term.
128

  The O 1s binding energy remains 

constant to within the error of the measurement across the CuxPd1-xO series and it is, 

therefore, unlikely that the first term, kqA, changes significantly for the lattice oxygen.  

Since it is difficult to imagine how the charge on the cation could vary without a 

corresponding change in the compensating anion, we assume that the first term varies 
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negligibly for the Cu
2+

 and Pd
2+

 cations in the solid solutions.  In eqn. 3, both        

  
      are positive for the cations, and the shift in binding energies observed within the 

solid solution series, shown in Figures 3.7 and 3.10, will reflect a positive shift in binding 

energy from the Madelung term since the lattice contraction that occurs with increased 

copper concentration will result in a decrease rA-B, and therefore a larger positive Mad(A) 

contribution as x increases.   

 For the main components of the copper 2p photoemission peaks, final state effects 

modeled by valence band “shake up” transitions must be considered as well.  All copper 

and palladium peaks show a positive shift in binding energy except for Cu peak B, 

implying that the final state core hole screening becomes less efficient as copper is added 

to the system.  Cluster calculations
119

 have assigned this peak to the locally-screened 

2p
5
3d

10
L Cu 2p final state with non-local screening a lower binding energy due to 

lowering of hole-hole repulsion due to delocalization of the hole in the O 2p valence 

band.   Cu core hole – O 2p valence band hole repulsion would be further exacerbated by 

a decrease in the Cu-O bond length, as occurs as copper is added to the system, and the 

shift to lower binding energy for peak B is attributed to final state effects. 

 Auger parameter analysis is also helpful in elucidating changes that occur upon 

formation of the CuxPd1-xO solid solution.  The modified Auger parameter,   , is defined 

as:
 130,131

 

                                          (5) 

where KEAES is the kinetic energy of an Auger electron and BEPES is the binding energy 

of a core-level photoelectron from the element of interest.  The Auger parameter is useful 
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in distinguishing among different ligand environments for the photoemitting atom, 

including different coordination numbers, bond lengths and polarizability of the 

surrounding next-nearest neighbor ligand anions.  Since both electron energies are 

obtained in the XPS spectrum on the same sample under identical spectral conditions, the 

Auger parameter has an added benefit that no corrections are need to compensate for 

surface charging.   

 Figure 3.11 shows the Auger parameter variation as a function of copper 

concentration for    calculated using the Auger transition CuL3M45M45 at a kinetic energy 

of approximately 918 eV and the core Cu 2p3/2 main photoemission peak maximum 

binding energy at approximately 933 eV (Table 3.2).  As can be seen, the Auger 

parameter initially is found with values that lie well below that of CuO and, while the 

parameter values increase with copper concentration, they level out at a value that is still 

approximately 0.6 eV smaller than that found in CuO, in agreement with the tendency of 

the Auger parameter to increase with increased coordination.
131 

 As with the unit cell 

lattice parameter variation in Figures 3.2 and 3.3, there is a small lag in Auger parameter 

variation at low copper concentrations.  The shift in the Auger parameter has been related 

to relaxation effects involving polarization from small electron density changes on the 

surrounding ligands
130,131

  

         
                              ) 

in response to the creation of the photoelectron core hole. While eqn. 6 is strictly valid 

only for Auger parameters involving photoemission without final state effects, if we 

assume that final state effects that contribute to peak A in the Cu 2p3/2 main 

photoemission feature are constant within the series, the external relaxation effects are 
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found to increase with increased copper concentration in agreement with the shortening 

of the Cu-O nearest neighbor bond. 
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Figure 3.11  Copper Auger parameter as a function of copper concentration, x.  Values of 

the solid solution approach a value of 1851 eV for high copper concentrations, still 

significantly less than that found in CuO tenorite.  

 

 Auger parameter analysis on the palladium component is, unfortunately, less 

successful due to the absence of a suitable Auger transition in PdO.  In order for Auger 

parameter analysis to be performed with any precision, a sharp, distinctive Auger 

transition must be employed and upon oxidation all palladium Auger transitions 

accessible with the Al Kα x-ray anode used here become rounded with a poorly defined 

peak maximum.  Attempts to locate a maximum in the Auger transition by differentiation 

and peak fitting did not yield consistent results for either the Pd Auger transitions, 

M4,5N2,3V at KEAES ≈ 273 eV and M5VV at KEAES ≈ 327 eV.  While the two palladium 



60 
 

Auger parameters calculated using these transitions, α1' =                  

         
  
  at 609.7 ± 0.3 and α2' =                        

  
  at 663.8 ± 0.3, 

are within error of that obtained for pure PdO, no clear trend in variability can be found 

within the series.  The palladium Auger parameter data are summarized in Table 3.1. 

 Finally, the O 1s region for the PdO, CuxPd1-xO and CuO samples is shown in 

Figure 3.12  The region is partially obscured by the Pd 3p3/2 photoemission feature,
109 

which is most problematic for pure PdO and low x-content (high Pd concentration) 

samples.  The lattice oxygen peak at 529.83 eV is easily resolvable for all samples with 

curve fitting, as described above.  A weaker peak, found at approximately 531.5 eV, is 

only clearly apparent in spectra with low Pd 3p3/2 intensity. At approximately 15-25% the 

intensity of the oxide lattice peak, the intensity of the 531.5 eV peak is reasonable for 

monolayer –OH formation atop the surface of the oxide material upon brief exposure to 

the ambient air during the transfer into the UHV system.  Under-coordination lattice sites 

or other species intrinsic to the polycrystalline oxide surface have also been suggested as 

a possible assignment for similar features in other metal oxide XPS investigations.
132

  

With the exception of the weak 531.5 eV feature, the O 1s spectrum is free of 

contamination and is well-resolvable.  It serves as a good internal reference for the 

CuxPd1-xO solid solutions. 
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Figure 3.12 O1s XPS spectral region for CuxPd1-xO solid solutions as a function of 

copper concentration (x).  The lattice oxygen and Pd3/2 core photoemission peaks are 

indicated with vertical lines, as labeled in the figure, and the approximate position of the 

hydroxyl species is indicated by the arrow. 
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Table 3.1  Pd XPS data for core level binding energies, kinetic energies of Auger 

transitions and Auger parameters, all in eV.   Kinetic and binding energies were 

calibrated relative to the lattice O 1s, taken to be at 529.83 eV. 

 PdO solid solution
a
 literature

b 

Pd
2+

 3d5/2 336.43 336.51-337.23 336.0-336.8 

Pd
2+

 3d5/2 satellite  338.47 339.09-337.89  

Pd
2+

 3d3/2 341.70 342.53-341.83 341.9-342.5 

Pd
2+

 3d3/2 satellite 344.29 345.66-344.16  

O 1s lattice 529.83 529.83  529.65 

Pd M4,5N2,3V (as kinetic 

energy) 

273.0 273.0 273.6 

α1 (Auger parameter 1) 609.4 609.7 609.7 

Pd M5VV (as kinetic energy) 327.1 327.2 327.5-327.8 

α2 (Auger parameter 2) 663.5 663.8 662.9 
a
Solid solution Pd 3d binding energies vary with x, as shown in Figure 3.7. 

b
Literature references taken from refs. 113,103-109. 

 

Table 3.2 Cu XPS data for core level binding energies, kinetic energies of Auger 

transitions and Auger parameters, all in eV.  Kinetic and binding energies were 

calibrated relative to the lattice O 1s, taken to be at 529.83 eV. 

 CuO solid 

solutions
a 

literature
b
 

Cu
2+

 2p3/2 peak 1 933.0

6 

932.34-

933.45 

933.51-933.6 

Cu
2+

 2p3/2 peak 2 934.7

1 

934.52-

935.35 

933.74-933.8 

Cu
2+

 2p3/2 satellite 1 941.4

2 

938.94-

941.48 

 

Cu
2+

 2p3/2 satellite 2 943.8

0 

942.39-

943.94 

 

Cu
2+

 2p1/2 peak 1' 952.6

5 

952.65-

953.53 

953.45 

Cu
2+

 2p1/2 peak 2' 954.6

9 

954.44-

956.39 

 

Cu
2+

 2p1/2 satellites  (not 

resolved) 

961.9

4 

962.03-

962.36 

 

O1s 529.2

8 

529.83 529.31-529.9 

Cu L3VV (as kinetic energy) 918.6

0 

916.90-

918.59 

917.1-918.6 

Cu Auger parameter 1851.

66 

1849.43-

1851.23 

1851.7 

a
Solid solution Cu 2p binding energies vary with x, as shown in Figure 3.10. 

b
Literature references taken from refs.

 133-136
. 
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III E.  Discussion 

 Solid solutions of copper dissolved into a palladium oxide lattice can be formed 

homogenously, in single phase up to copper concentrations of approximately 

Cu0.725Pd0.275O.  The tetragonal PdO lattice creates a different environment for the Cu
2+

 

cation than that found in its stable CuO tenorite crystal structure.  Initially the four 

nearest-neighbor lattice bonds O
2-

 are elongated by about 4% over the tenorite lattice 

(2.024 v.s. 1.95-1.96 Ǻ) and the planar oxygen arrangement, while square planar in pure 

CuO, is distorted to create 82.5/97.5
0
 angle pairs in PdO.  The apical oxygens found at 

2.784Å in tenorite have no counterpart in the square planar PdO crystal structure and the 

new-found environment for Cu
2+

 in this crystal structure can be viewed as an extreme 

case of Jahn-Teller distortion in which the apical oxygen are completely removed to 

infinity. 

 The CuxPd1-xO solutions follow Vegard’s law over the majority of the single 

phase concentration range, in which the lattice contracts linearly with copper 

concentration as the smaller Cu
2+

 replaces Pd
2+

 in the PdO lattice, with the exception of a 

slight lag for low copper concentrations where the PdO lattice appears to be able to 

accommodate the smaller Cu
2+

 cation for up to approximately 10% of the total metal 

content without significant changes from the pure PdO lattice.  The initial lag in lattice 

parameter is not well understood, since there is no apparent bulk phase change in the 

XRD data, and variation from ideality that result in clustering or other inhomogeneity  

seem more likely to occur at high concentrations of the solute cation.  One possibility is 

that copper solution into the PdO lattice is initially accompanied by defect formation.  
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AES intensity quantification of surface composition implies that copper surface depletion 

might occur for these very low copper concentrations.  Surface and bulk concentrations 

are, otherwise, comparable to within error of the measurement.   

 Given the extreme elongation of 42% for the apical oxygen in the CuO tenorite 

structure, it is perhaps not surprising that the square planar coordination results in similar 

Cu 2p peak shapes and satellite structure.  The peak structure has been analyzed in a 

number of studies
109,118-126

 and the relative intensities and peak shapes of the individual 

components used to model the peak structure (Figure 3.8) have been described in terms 

of hybridization with the O 2p levels, which leads to screened, main-peak states (A+B) 

which share copper photoemission “hole” density with the surrounding oxygen ligands 

and unscreened satellite states resulting in peaks C+D.  Initially at low copper 

concentration, the intensity of copper photoemission from unscreened states is higher in 

the CuxPd1-xO solid solution than in pure tenorite, but as copper content increases and the 

Cu-O distances become comparable the relative intensities approach that observed in 

tenorite.  The presence of the apical oxygen appears to have very little effect on the 

copper photoemission, with hybridization largely controlled by overlap with planar 

oxygen.  

 The peak width of the main Cu 2p feature has also been associated with CuO 

structural variation.  Copper oxide thin crystalline films grown atop SrTiO3
121

 showed a 

tetragonal CuO unit cell, which produced a broadened Cu 2p peak shape relative to that 

found for monoclinic CuO (tenorite).  The broadening was reported to be due to the 

change in relative component intensities IA/IB and IC/ID. The SrTiO3-templated tetragonal 

CuO system is quite different than the present CuxPd1-xO solid solutions, with the former 
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formed as a 4-5 layer thin film forced into a highly strained structure by the templating 

SrTiO3 substrate, but which retains similar Cu-O bonding distances to the CuO tenorite 

structure.  In the CuxPd1-xO solid solutions, the Cu-O distance varies with copper 

concentration, and the binding energies of the component vary accordingly. In the present 

study, the relative intensities IA/IB and IC/ID remain constant to within the error of the 

measurement, regardless of c/a lattice parameter ratio or the distortion from the ideal 90
0
 

planar Cu-O bonding arrangement. Rather, a significant shift in binding energy occurs 

with copper concentration within the solid solutions, with peak A shifting to higher 

values, whereas peak B shifts slightly to lower values, resulting in a narrowing of the 

compound (A+B) main peak.   

 Binding energy shifts that occur for both Pd
2+

 and Cu
2+ 

components of the solid 

solutions appear to be due primarily to an increase in Madelung energy with copper 

concentration as the lattice contracts upon substitution of Pd
2+

 with the smaller Cu
2+

 

cation and to relaxation effects that occur due to ligand polarization during photoemission 

in response to the creation of the core hole.  Both Pd 3d and Cu 2p binding energies show 

substantial shifts of approximately 1 eV over the range of the solid solution, 0 ≤ x ≤ 

0.725 for CuxPd1-xO.  In the absence of final state screening, operant for the Pd 3d peaks 

and the C and D components of the Cu 2p satellites, the individual components all shift to 

higher binding energy.  For the main Cu 2p peak, which results from non-local (peak A) 

and local (peak B) O 2p screened final states, only the local peak does not shift to higher 

binding energies, but shows a slight negative shift with increasing copper concentration.  

While screening lowers the binding energy relative to the unscreened final state through 

both local and nonlocal mechanisms, local screening which places a hole on the 
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surrounding nearest-neighbor oxygen ligand suffers from repulsive interactions with the 

core copper 2p hole that are ameliorated by delocalization of the O 2p hole.
119

  The hole-

hole repulsion will only be intensified as increased copper concentration results in a 

decrease in Cu-O bonding distance. 

 

III F.  Conclusions 

 CuxPd1-xO has been synthesized as single-phase, homogeneous solid solutions 

over a wide range of 0 ≤ x ≤ 0.725 and, with the exception of a small, low-concentration 

lag follow Vegard’s law over the range of homogeneity.  While individual unit cell 

parameters decrease linearly as Cu
2+

 is substituted for the larger Pd
2+

 cation, the c/a ratio 

increases, decreasing the distortion from 90
o
 found in the square planar PdO crystal 

structure.  The copper environment differs from that of CuO tenorite, initially at low x-

values having longer bonding distances and with no apical oxygen coordinating the 

copper cation.  However, the peak structure found for the Cu 2p XPS spectra remains 

relatively constant, indicating that the planar oxygen coordination is most influential in 

controlling hybridization effects that contribute to the satellite structure.  Both copper and 

palladium core XPS peaks shift to higher binding energies with increased copper content, 

which can be explained by increased Madelung energies and relaxation effects that occur 

with decreased Cu-O bonding distance. 
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Chapter 4 - Catalytic Dehydrogenation of Isopropanol 

IV A.  Abstract 

 Solid solutions of CuxPd1-xO were prepared with x values of 0, 0.2, 0.4, 0.6, and 

1.  These solid solutions were utilized as catalysts in the dehydrogenation of isopropanol 

to form acetone.  Solid solutions were found to be less efficient catalysts under the 

anaerobic conditions used when compared to heterogeneous mixtures of equal atomic 

composition under the same reaction conditions.  SEM images were obtained and 

indicate that the surface morphology changes after the sample is heated.  The surface area 

of the catalysts was determined by BET.  UV/VIS was used to determine reactant and 

product concentrations.  XPS data were obtained for the catalysts before and after the 

reactions, which determined that reduction of the catalyst occurred during catalysis and 

that palladium segregation to the near-surface region was significant. 

 

IV B.  Introduction 

 Catalysts have dramatically changed our world and made many things possible.   

This research focuses on the metal oxide catalysts CuO and PdO and the solid solutions 

thereof for the partial oxidation of alcohols.  Dehydrogenation of isopropanol is a 

reaction of great interest due to industrial demand for acetone production
137,138,139

. 

Copper oxides are active in partial oxidation catalysis
140

 and copper II oxide, in 

particular, is used as the active catalyst in the dehydrogenation of isopropanol
141,142

.  

Palladium in its oxidized form is also useful catalyst
143

 for the oxidation or partial 

oxidation of alcohols,
144,145,146,147

 although it tends to be somewhat harsher resulting in 
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total oxidation of some hydrocarbon reactants, thus requiring very precise control of the 

reaction conditions. 

IV C.  Experimental  

 The surface area of each catalyst was determined using a Micromeritics ASAP 

2020 Surface Area and Porosity Analyzer Instrument using nitrogen as the adsorptive gas 

and held at liquid nitrogen temperature.  SEM images were also taken and reveal surface 

morphology of the as-purchased PdO and CuO before and after heating, along with some 

solid solution samples.  Heterogeneous catalysis was carried out in the liquid phase using 

isopropanol as the liquid phase.  Setup consisted of a 500ml three-neck round bottom 

flask equipped with a large condensing column on the center neck.   A volume of 250ml 

of isopropanol was poured into the flask and heated to boiling with stirring.  The other 

necks were capped with septums.  Once the normal boiling temperature of acetone, 56
0
C, 

was achieved, one septum was removed and about 0.2g of catalyst powder was added to 

the flask, taken to be time zero, by means of a scoopula and the neck was immediately 

capped with a septum.  Hydrogen was allowed to escape through the top of the 

condensing column.   Samples of the liquid phase were taken by syringe beginning at 30 

minutes and then every hour for the first ten hours.  Then a sample was taken at about 

24hrs and intermittently until the reaction was stopped.  Reactant and product 

composition of the liquid-phase samples were determined with UV/VIS spectroscopy on 

a Shimadzu UV-2401 PC UV-VIS Recording Spectrometer.  Standard samples of the 

liquid phase were prepared with acetone concentrations in isopropanol varying in 

increments of 0.05% from 0 to 2% acetone concentrations by volume. The absorbance of 

each standard sample was measured and plotted.  This produced a linear plot from which 
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an equation was generated that could be used to determine the concentration of acetone in 

a sample in the reaction mixture.   

  Acetone has a high molar absorptivity
148

 of 13.9 L/mol*cm at 280 nm, making 

UV/VIS a very sensitive method for its detection
149

.  The presence of isopropanol and 

acetone were also confirmed by NMR using a BrukerAdvance III-HD 400 Mhz NMR.  

Stopping the reaction consisted of turning off the heat and allowing the reaction flask to 

cool while stirring.  Once cooled to room temperature the reaction mixture was vacuum 

filtered.  The solid catalyst was recovered and analyzed by x-ray photoelectron 

spectroscopy to identify changes that occurred on the catalyst surface during catalysis.     

Results 

 BET surface area analysis results, given in tables 4.1 and 4.2, indicate that the 

catalysts have moderately low surface area, as expected because the synthetic procedure 

was not optimized for surface area.  Surface areas of heterogeneous mixtures of 

CuO/PdO, used for comparison to solid solution activity, were estimated from the 

average surface areas of the pure metal oxides that have undergone the same heating 

process used to synthesize the solid solutions.   

 A representative isotherm of the solid-solution Cu0.40Pd0.60O is shown in Figure 

4.1. The first plateau is the region where one monolayer of N2 has been absorbed on the 

sample surface.  Figure 4.2 is an expansion of the plot in the region that indicates a 

complete monolayer of N2 has been formed.  A complete monolayer is all that is needed 

in order to determine the surface area of the sample if it is assumed that the first 

monolayer forms completely before the beginning of adsorption of the second layer.  The 

surface area is then estimated by the area of the adsorbed nitrogen molecule multiplied by 
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the amount of nitrogen adsorbed in the monolayer.  The best linear fit to this region 

results in a y-intercept that is equal to the quantity of N2 absorbed when then monolayer 

is complete.  This information is used to calculate the surface of the sample.    

 

Figure 4.1  Representative BET isotherm of Cu0.40Pd0.60O demonstrating the relative 

pressure vs. the quantity absorbed.  The first plateau is the region where one monolayer 

of N2 has been absorbed on the sample surface. 
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Figure 4.2  Expanded BET isotherm of Cu0.40Pd0.60O with best fit line of monolayer 

plateau region. 

 According to the BET measurements, results for which are given in table 4.1, the 

solid solution samples have a larger surface area than the pure PdO or CuO, yet as 

observed in figure 4.7 CuO produced the most acetone per unit surface area for a given 

reaction time.  PdO produced the least amount of acetone.  The heterogeneous samples 

also has much smaller surface areas according to table 4.1 and 4.2 since they were 

averaged values of the composite pure metal monoxides.   

Sample 

Sample 

Size 

(g) 

Quantity Adsorbed when monolayer 

is complete (cm
3
/g) 

Surface Area (m
2
/g) 

(Calculated from 

monolayer) 

Heated PdO  0.6665 0.1420 0.7650 

Cu0.20Pd0.80O 0.3228 0.4000 2.1550 

Cu0.40Pd0.60O 0.3419 0.3639 1.9605 

Cu0.60Pd0.40O 0.1415 0.1578 0.8501 

Heated CuO 4.7976 0.0573 0.3087 

Table 4.1 Surface area the solid solution samples and heated CuO and PdO.   

y = 0.0741x + 0.3639 
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Sample 
Non Solid Solution (Estimated from heated PdO and CuO measurements) 

Surface Area (m2/g) 

Cu0.20Pd0.80O 0.6738 

Cu0.40Pd0.60O 0.5825 

Cu0.60Pd0.40O 0.4912 

Table 4.2  Estimated Surface area of  heterogeneous mixture samples. 

 

 SEM images of select samples were taken in order to understand the surface 

morphology changes that occur upon heating.  It is expected that heating CuO and PdO to 

high temperatures would decrease the surface area and indications of this are observed in 

figures 4.3 and 4.4.  CuO as purchased has a very interesting morphology which after the 

heating cycle changes dramatically to a smoother stacked structure.  PdO as purchased 

has a slightly porous structure which upon heating changes to a very non-porous surface.  

Two solid solution sample SEM images are observed in figure 4.5.  These samples 

resemble the heated CuO and PdO samples.  Heating in sample synthesis is, therefore, 

one significant factor in the low surface areas obtained, and synthesis by alternative 

methods instead of thermal diffusion might be considered if high-surface area particles 

are desired. 
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CuO Unheated - as purchased CuO Heated  

Figure 4.3  SEM images of as purchased CuO and CuO that has been heated showing the 

change in surface area and morphology when CuO is heated. 

 

 

 

  

PdO Unheated - as purchased  PdO Heated  

Figure 4.4  SEM images of as purchased PdO and PdO that has been heated.  The surface 

appears to be less porous and smoother after heating. 
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Cu0.10Pd0.90O Cu0.40Pd0.60O 

  

Cu0.70Pd0.30O Cu0.80Pd0.20O 

Figure 4.5  SEM images of solid solution samples.  These samples somewhat resemble 

the heated CuO and PdO samples. 

 

 The most likely reaction mechanism for isopropanol to acetone production 

catalyzed by oxide surfaces
150,151

 is in equation 1. 

 (1) 

This reaction is endothermic and requires heat input.  Another mechanism that has also 

been proposed is exothermic and is in equation 2. 
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 (2) 

 

and requires temperature control.  A competing reaction in which the oxygen is 

completely removed from the isopropanol molecule to produce propene has also been 

observed [150], but this a minor by-product which can be controlled through the use of 

selective catalysts.  Figure 4.6 illustrates a possible mechanism
152,153,154,155

 as to how the 

catalyst surface participates in the conversion of isopropanol to acetone.  The first step is 

the attraction of the hydrogen atom on the hydroxyl  group to an oxygen atom in the 

metal oxide.  The hydrogen atom is then removed from isopropanol as the hydrogen stays 

with the oxide and the hydroxyl oxygen is attracted to one of  the metals from the oxide.  

The next step is for another oxide oxygen atom to attract to the hydrogen atom on the 

same carbon atom.  The final step for the removal of  that second hydrogen atom.  The 

newly formed acetone molecule is free to leave, and the two hydrogen atoms on the oxide 

surface may now combine to form hydrogen gas. 

 

 

Figure 4.6  Possible mechanism for conversion of isopropanol  to acetone on the surface 

of a metal oxide catalyst.  The labels M and O are for metal and oxygen respectively.   
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Figure 4.7 Time vs. (mol/L)/(m
2
/g).  

 

Figure 4.7 shows acetone production catalyzed by the oxide surfaces over time. The y-

axis of figure 4.7 shows that the concentration of acetone was divided by the surface area 

of the catalyst to correct for variations in surface area.  This surface area adjustment 

allows us to focus on catalyst performance based on the other catalyst properties such as 

elements present and their concentrations.    It is apparent that CuO outperforms PdO.  In 

both the solid solutions and the non-solid solution mixture we see that the acetone 

production increases as the Cu concentration is increased.  An interesting observation is 

that all of the heterogeneous solution mixtures outperform the solid solution counterparts.  

Perhaps this is because the solid solutions have the PdO unit cell structure which must 

not perform as well as the CuO lattice structure due to oxygen transport problems.  
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However, the segregation of palladium during catalysis must also be taken into account, 

and the solid solutions in part deactivate as the surface becomes enriched in palladium.  

Even the heterogeneous mixture with only 20% Cu outperforms the solid solution with 

60% Cu.  

 

 
Pure 

PdO 

Pure PdO 

(Used as 

Catalyst) 

Solid Solution 

Solid Solution 

(Used as 

Catalyst) 

Pd
2+

 3d5/2 336.43 334.57 336.51-337.23 333.57-334.23 

Pd
2+

 3d3/2 341.70 339.79 342.53-341.83 338.79-339.42 

O 1s lattice 529.83 531.31 529.83 531.76-532.29 

Pd M4,5N2,3V 

(as kinetic energy) 
273.0 262.16 273.0 265.49-261.09 

α1 

(Auger parameter 1) 
609.4 596.73 609.7 595.32-599.06 

Pd M5VV 

(as kinetic energy) 
327.1 331.3 327.2 331.62-330.19 

α2 

(Auger parameter 2) 
663.5 665.87 663.8 663.87-665.85 

Table 4.3 Pd XPS data in eV, Intensity was too low to identify any satellite peaks.  
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 Pure CuO Pure CuO 

(Used as 

Catalyst) 

Solid Solutions
* 

Solid Solution 

(Used as 

Catalyst) 

Cu
2+

 2p3/2 peak 1 933.06 934.05 932.34-933.45 930.23-930.69 

Cu
2+

 2p3/2 peak 2 934.71 934.52-935.35 

Cu
2+

 2p1/2 

peak 1' 

952.65 954.09 952.65-953.53 950.27-950.40 

Cu
2+

 2p1/2 

peak 2' 

954.69 954.44-956.39 

O1s 529.28 529.45 529.83 531.76-532.29 

Cu L3VV 

(as kinetic energy) 

918.60 917.32 916.90-918.59 920.63-920.62 

Cu Auger 

parameter 

1851.66 1851.40 1849.43-1851.23 1850.90-

1851.30 

Table 4.4 Cu XPS data in eV; Cu
2+

 2p3/2 peak 1 was not resolved from Cu
2+

 2p3/2 peak 2 

and Cu
2+

 2p1/2 peak 1' was not resolved from Cu
2+

 2p1/2 peak 2'.  

 

 Tables 4.3 and 4.4 contain XPS data for some of the catalysts before and after use.  

There are noticeable peak shifts observed.  The Pd
2+

 3d5/2 and the Pd
2+

 3d3/2 peaks for 

both the pure PdO and the solid solutions shifted to lower binding energy indicating 

reduction while the O 1s shifted higher.  The Pd M4,5N2,3V  and α1 (Auger parameter 1) 

shifted lower for both PdO and the solid solutions while the Pd M5VV and α2 (Auger 

parameter 2) shifted higher.  In chapter 3 it was noted that there was not a consistent 

trend for the Pd Auger transitions and that seems to apply here as well.  The Auger 

parameter was given as equation 5 in chapter 3 and is labeled listed in tables 4.3 and 4.4.  

The CuO sample did not change significantly after use as a catalyst indicating a more 

robust catalyst for the selected reaction possibly due to its ability to transport oxygen to 

the surface region.  The solid solutions however, did show some peak shifts and may help 

explain why the heterogeneous samples outperformed the solid solution samples.  The 

solid solutions had the Cu
2+

 2p3/2 peak 1, Cu
2+

 2p3/2 peak 2, Cu
2+

 2p1/2 peak 1', and the 
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Cu
2+

 2p1/2 peak 2' shift lower indicating reduction.  The O 1s, Cu L3VV and the Cu Auger 

parameter shifted higher.  The Cu Auger parameter is still very similar to that of the solid 

solutions before being used as a catalyst.  The slight increase may be due to the shift in 

copper concentration that occurred as well as the sample reduction that was observed.   

 XPS of the catalysts after use was performed, but was more challenging to obtain 

good intensities for the copper component.  Cu0.20Pd0.80O  initially had a Cu concentration 

of 20.4% and a Pd concentration of 79.6%, but no peaks  for Cu were present after use as 

a catalyst.  It is noted that in table 4.5 the surface oxygen concentration increased 

dramatically.  This is likely due either acetone or isopropanol remaining on the sample.  

It was expected that the oxygen concentration of the samples would decrease as that 

would be consistent with catalyst reduction.   

 The Pd and Cu concentrations were compared for the two remaining catalysts and 

revealed conflicting results.  The Cu concentration decreased for Cu0.40Pd0.60O, but 

increased for Cu0.60Pd0.40O.  This phenomenon is hard to explain and would require 

further investigation. 

 

 
Surface Oxygen 

Concentration Before 

Catalysis 

Surface Oxygen 

Concentration After 

Catalysis 

CuO 60.2% 82.3% 

PdO 76.0% 98.4% 

Table 4.5 Surface Oxygen concentration before and after use as a catalyst as determined 

by XPS. 
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Surface 

Palladium 

Concentration 

Before Catalysis 

Surface 

Palladium 

Concentration 

After Catalysis 

Surface Copper 

Concentration 

Before Catalysis 

Surface Copper 

Concentration 

After Catalysis 

Cu0.40Pd0.60O 
61.1% 78.2% 38.9% 21.8% 

Cu0.60Pd0.40O 
44.0% 38.6% 56.0% 61.4% 

Table 4.6 Comparison of Palladium and Copper Concentration before and after use as a 

catalyst determined by XPS. 

 

IV D.  Conclusion 

 Solid Solutions have been prepared and compared to heterogeneous samples of 

equal atomic compositions for the production of acetone from isopropanol.  While all 

samples were capable of producing acetone under the given conditions, samples were 

easily distinguished by their results.  It is clear that CuO outperformed PdO and that both 

the heterogeneous and solid solution catalysts increased in performance with increasing 

CuO.  Solid solutions did not perform as well as their heterogeneous counterparts.   
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Chapter 5 - Conclusions and Future Work 

 It is surprising that the solid solutions showed lower performance than the 

heterogeneous mixtures in the production of acetone from isopropanol.  XPS of the 

samples after use as a catalyst shows some difference compared to before.  This may give 

us some insight into how metal oxide samples change when used as catalysts.  It seems 

that for the PdO and the solid solutions there was some sample reduction, and this was 

not noted for the pure CuO.  XPS was not done for the heterogeneous samples, but if this 

trend continued it may explain why the heterogeneous samples outperformed the solid 

solution samples.  A more in-depth XPS study would need to be done in order to verify 

that this was also the case for the heterogeneous samples.  It may be that the CuO in the 

heterogeneous samples was not reduced as quickly as it was in the solid solutions.  When 

XPS was used to determine atomic percents of oxygen, palladium, and copper, some 

unexpected results were obtained.  If the increased O concentration was due to the 

presence of acetone or isopropanol then perhaps the samples could be heated some to 

drive off these residual hydrocarbons in order to get a better idea of the oxygen 

concentration present on the surface of the catalyst.   

 Reactions were allowed to continue for at least 24 hours.  A further study could be 

done to determine the catalyst lifetime and also if a catalyst could be regenerated or not.  

The surface area measurements leave a lot of unanswered questions.  While the BET data 

looks reasonable, the sample size was limited and further investigations could be done to 

understand why the solid solutions would have larger surface areas than either the CuO or 

the PdO.   
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 It would be interesting to measure the hydrogen output of the reaction to verify 

that it agrees with the acetone concentration and with the assumed reaction route for its 

formation.  It would also be interesting to introduce oxygen into the reaction from  a 

source other than the catalyst that has very limited oxygen.  With only 0.2 grams catalyst 

material there is very little oxygen available from the catalyst.  This may help since it was 

noted that the catalyst surface was reduced. 

 Catalysts of higher surface areas may produce much better acetone yields and 

synthesis of high surface area samples could be explored in order to understand its role in 

the chosen reaction.   
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