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Introduction: 
 Metal films and particles on oxide surfaces are important in many industrial applications, 
such as heterogeneous catalysis[1], microelectronics[2], and photovoltaic devices[3].  Active 
industrial processes apply catalysts consisting of metal nanoparticles supported on oxides to a 
variety of important reactions.[4-8]  The reaction typically takes place on the metal particles, but 
their interaction with the underlying support is thought to be critical for some systems.  In many 
cases the oxide-supported nanoparticle catalysts are rendered inoperable due to particle sintering.  
One key to improving these types of catalysts is therefore to fundamentally understand the 
interaction between the supported nanoparticles and the oxide surface. 
 The goal of our research is to measure the strength of the interaction between metal 
nanoparticles and the oxide support.  One method to measure this strength is temperature 
programmed desorption (TPD).  However, on oxide surfaces transition metals sinter before the 
metal desorbs in TPD, providing no information about the strength of the metal-to-oxide 
interface on the un-sintered (smaller) metal particles.[9, 10]  Measuring this interaction is possible 
using calorimetric techniques in ultrahigh vacuum (UHV).  Early UHV calorimetry techniques 
used polycrystalline samples, whose surfaces were not well-defined.[11]  King’s group created the 
first single-crystal UHV adsorption calorimeter, which measured the emitted infrared radiation 
due to heating by adsorbed molecules on a thin single-crystal.[12]  The Campbell group improved 
on King’s design, enabling high temperature annealing (for cleaning purposes), and enabling low 
temperature calorimetry measurements (for adsorbates that have low sticking probabilities on 
room temperature single-crystals).[9]  The calorimeter we use for this research is unique in its 
ability to directly measure the heat released when metal atoms adsorb onto well-defined oxide 
surfaces. 
 We apply calorimetry to answer fundamental questions on the interaction between metal 
nanoparticles and the oxide surface support: what is the heat of adsorption of a metal onto an 
oxide surface, how does this depend on the size of the metal cluster to which it attaches and the 
nature of the oxide surface, and how the energetics, reactivity, and electronic properties vary 
with metal coverage?[1]  In addition, by varying the deposited metal we can show if any periodic 
trends for metal-to-oxide energetics can be observed.  Answering these questions could lead to 
the development of sinter resistant catalysts, and improvements in catalysis designs. 

Previous studies in our group measured metal atom adsorption onto MgO(100).  Three 
metals have been deposited onto this oxide film: Cu, Pb, and Ag.[10]  These studies found that the 
interaction between metal and oxide was weaker than metal-to-metal bonding: Cu on MgO(100) 
releases 240 kJ/mol, Pb releases 103 kJ/mol, and Ag releases 176 kJ/mol while the heat of 
sublimations of the metals are 337 kJ/mol, 195 kJ/mol, and 285 kJ/mol respectively [Fig. 1].  The 
metals were found to grow as 3D particles on MgO(100).  In addition, it was noted that the 
sticking probability was proportional to the strength of the interaction.  For example, Pb had the 
lowest heat of adsorption, and the lowest sticking probability.  Recent density functional 
calculations agree with the growth model and adsorption energetics for Cu[13] and Ag.[14, 15]  The 



measurements showed that these metals would sinter rapidly on MgO(100) and would not wet 
the surface.  

Recently we have studied the adsorption of Ca and Li onto MgO(100).  These 
electropositive adsorbates show different adsorption behavior than the noble metals studied 
previously.  The main difference is that these adsorbates (Ca and Li) can act as probes for the 
defects present on the MgO(100) surface.  This allows us to measure calorimetrically the 
interaction between the adsorbates and the surface defects.  It was observed that Ca adsorbates 
on MgO(100) are highly mobile, and that adsorption occurs mainly at defect sites (steps or 
kinks).  On the other hand, Li adsorbates are less mobile due to strong Li interactions with more 
sites on the MgO(100) surface; including, structural defect sites (steps or kinks), oxygen 
vacancies, and MgO divacancies.  Our experimental observations have been augmented by 
comparison to calculations from our collaborators at the University of Texas at Austin (Prof. 
Graeme Henkelman and Dr. Lijun Xu).[16, 17] 
 We have also studied single-crystal oxides of CeO2(111) grown on Pt(111).  Oxides of 
cerium are very interesting catalytically due to the relative ease in which the oxide can be 
reduced.[18-20]  The reduction of ceria generates oxygen that can then be used in the catalytic 
processes taking place on the supported metal nanoparticles.  Catalysts that leverage this ability 
of cerium oxides have been in use for decades (the three way auto catalytic converter used in 
automobiles).  A new application for these reactive oxide supports is for use in fuel cell 
applications.[21-25]  We have measured the adsorption energetics of Ag on CeO2(111).  The 
measurements show that Ag interacts weakly with oxygen vacancies on CeO2(111).   
 
Future Plans: 
 We will continue to explore the interactions of metals with CeO2(111).  Experiments 
using a scanning tunneling microscope will be performed to observe the binding site of Ag and 
Cu on CeO2(111), which will allow us to extract more information from the heat of adsorption 
measurements.  Further heat of adsorption measurements of Ag on ceria at low temperatures 
(190 K) will allow us to extract the adhesion energy (important for understanding the oxide to 
metal bonding), and adsorption of Ag onto damaged ceria will allow us to probe defect to metal 
interactions.  We will continue by studying the binding of catalytically interesting Cu on 
CeO2(111), and through the adsorption of Ca we will continue investigating the defects on the 
ceria surface.   
 
Experimental Details: 

To study the oxide surface we need to ensure that the surface is clean and free from 
contaminants, to this end the calorimeter was installed in an UHV chamber that has been 
described in detail in the literature.[26]  UHV conditions (pressure <10-9 mbar) keep the surface 
clean during the time it takes to perform an experiment, and ensures we are studying only the 
interaction between metal atoms and the oxide surface.  The UHV chamber is equipped with 
surface analysis techniques: Auger electron spectroscopy (AES), ion scattering spectroscopy 
(ISS), low energy electron diffraction (LEED), mass spectroscopy (MS), and a quartz crystal 
microbalance (QCM).  Sample cleanliness was verified using AES and ISS, and its crystallinity 
was checked using LEED.  MS was used to analyze the residual gases in the vacuum chamber 
and for measuring sticking probability.  The QCM was used to measure the flux from the metal 
atom beam. 



 The calorimeter consists of a pyroelectric polymer (β-polyvinylidene fluoride, PVDF) 
ribbon that is put into contact with the back of a single-crystal [Fig. 2].  The heat released by the 
adsorption of gas phase species generates a voltage pulse on the ribbon. The voltage pulse is then 
amplified and recorded on a computer.  A He-Ne laser of known power is used to calibrate the 
voltage pulse from the adsorbing atoms. 
 Gas phase atoms are generated in an effusive vapor source from high purity metals.  The 
vapor is collimated through a series of three water-cooled apertures in order to generate a 
deposition spot of ~4 mm in diameter on the single-crystal [Fig. 3].  The collimated beam is 
chopped into 0.1 second pulses which delivers ~0.01 of a ML (a ML is ~1x1015 atoms/cm2) 
every 2 seconds [Fig. 4].  The flux from the effusive source is measured using a QCM that can 
be positioned between the source and the single-crystal.  It is also necessary to measure the 
portion of the incident flux that does not stick to the single-crystal; this sticking probability is 
measured by MS during deposition.    
 The metal atom beam strikes a single-crystal oxide thin-film that is grown onto a 
Mo(100) single-crystal.  The Mo(100) crystal is one micron thick and 10 mm in diameter.  The 
crystal was cleaned using a combination of Ar+ bombardment and high temperature annealing 
(>1400 °C) prior an experiment.  The MgO(100) thin-films are grown using the recipe of Wu et 
al.; in short, Mg vapor is generated from a resistively heated Ta boat containing a rod of Mg, 
which is deposited in a background pressure of oxygen.[27]  The films are grown to ~4 nm in 
thickness (as measured using AES).  A new MgO(100) thin-film is grown for each experiment in 
order to avoid contamination from previous experiments.   
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Figures: 
 

 
Figure 1:  Heat of adsorption of Cu, Ag, and Pb onto MgO(100) at 300 K.[10] 
 

 
Figure 2:  Schematic showing UHV calorimeter, single-crystal sample holder, and metal atom 
beam.  The two figures on the right show how contact is made between the single-crystal and the 
pyroelectric ribbon.[26] 
 



 

 
Figure 3:  Schematic of the metal atom beam source.  Showing the effusion source (Knudsen 
cell), prism and He-Ne laser for heat detector calibrations, and the chopper wheel and apertures 
which generate the pulsed collimated beam.[26] 
 

 
 
Figure 4:  Pyroelectric ribbon response to a train of three laser pulses.  The black bars represent 
the time span that the sample was exposed to the laser source (100 ms).  The trace corresponds to 
the voltage response of the ribbon to the heat input.16    
 
 


