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Abstract 

Adsorption and Thin-Film Adhesion on Single-Crystalline Surfaces: Enthalpies, Entropies, and 
Kinetic Prefactors for Surface Reactions 

Jason R. V. Sellers 

Chair of the Supervisory Committee: 
Professor Charles T. Campbell 

Chemistry 

Chemical bonding at solid surfaces and interfaces is influential in a wide range of 

important technological applications including catalysis, fuel cells, batteries, chemical sensors, 

and device fabrication for microelectronics, computers, solar cells, and all variety of coatings.  

Adsorption and adhesion energetics are key elements in understanding interfacial properties, and 

these properties can be used to develop functional industrial materials.  First, the properties of 

single-crystalline oxide surfaces are reviewed in detail, particularly in regards to the adsorption 

energetics of these surfaces.  This includes the largest collection of experimental adsorption data 

on single-crystalline oxide surfaces ever presented, from which trends in the thermodynamic 

properties of adsorbates are revealed which greatly expand our understanding of the physical 

processes occurring on these surfaces.  Among these trends is the discovery that the entropy of 

adsorbed molecules tracks their gas-phase entropy, retaining ~2/3 of that entropy upon 

adsorption.  This allows for a method of predicting not only entropies of adsorption, but also the 

kinetic prefactors associated with many classes of elementary surface reactions.  These 

estimations of desorption prefactors are then used to improve calculations of adsorption energies 

from temperature programmed desorption (TPD) measurements for many systems.   

Metal adsorption on oxide surfaces and the strength of the binding at metal / oxide 

interfaces are then discussed.  The motivation here is to understand oxide-supported transition 

metal nanoparticles such as those used in industrial heterogeneous catalysis.  For metal atom 
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adsorption, adsorption energetics and adhesion energies are directly related to the energy of the 

adsorbed atoms, which define their stability, sintering rates, and reactivity, and which are found 

to vary with both the size of the nanoparticle and the nature of the oxide support.  The 

experimental techniques necessary for obtaining these values, as well as the data analysis 

involved, is explained, and in several cases improved upon.  In particular, a new single crystal 

adsorption calorimeter capable of making the first direct measurements of adsorption energies 

for metals with high bulk cohesive energies has recently been completed. 

These studies greatly expand upon the understanding of and ability to measure the 

thermodynamic properties associated with adsorption on single-crystalline surfaces. 
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Figure 4.4.  Schematic representation showing how entropy is lost in the transition state for 
the dissociation of an adsorbate, in this example for an adsorbed methoxy on a metal surface 
losing a methyl H to form adsorbed -OCH2 plus -H.  The reactant has two relatively free 
rotations, but those motions are lost as the methyl starts to form its own bond to the metal in 
the transition state.  Reprinted with permission from Reference 27. Copyright 2013 de 
Gruyter. ……………………………………………………………………………………….. 149 
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2/3).  Black points are based on 
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without verification of surface cleanliness, from Table 5.1.  Lines through the subsets of 
data are the best linear fits.  Reprinted with permission from Reference 28.  Copyright 2013 
Royal Society of Chemistry.…………………………………………………………………… 177 

Figure 5.2.  Adhesion energies of different metals on clean MgO(100) measured in 
ultrahigh vacuum (from Table 5.2) plotted versus the bulk metal’s value of 
[∆Hsub,M/NA]/ΩM

2/3 (a) and versus [(∆Hsub,M – ∆Hf,MOx)/NA]/ΩM
2/3, where ∆Hf,MOx is the 

standard heat of formation of the most stable bulk oxide of that metal (per mole of metal 
atoms) (b).  The best-fit lines are also shown.  Different symbols correspond to different 
measurement methods.  Reprinted with permission from Reference 28.  Copyright 2013 
Royal Society of Chemistry.…………………………………………………………………... 178 

Figure 5.3:  Adhesion energies of the same metal (normalized to 2γM) on different oxide 
supports plotted versus the heat of formation of the oxide support per mole of oxygen 
(∆Hf,OxSup).  Different colors of points and lines are for different metals.  Black points are 
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Table 5.1.  These metals are grouped together since they have very similar sublimation 
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through the subsets of data are the best linear fits.  Reprinted with permission from 
Reference 28.  Copyright 2013 Royal Society of Chemistry. …………………………………. 179 
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permission from Reference 28.  Copyright 2013 Royal Society of Chemistry. ………………. 180 

xv 



Figure 5.5.  The chemical potential of Ag atoms in Ag nanoparticles on different oxide 
surfaces versus the average Ag particle size.  The chemical potential here is estimated by the 
difference in magnitude between the bulk heat of sublimation of the metal and its 
differential heat of adsorption on particles of that size (using the data in Fig. 2.12), and 
neglects entropy differences.  Reprinted with permission from Reference 28.  Copyright 2013 
Royal Society of Chemistry. .…………………………………………………………………. 181 
 
Figure 6.1.  A schematic of the calorimeter, which uses an e-beam evaporator and a chopper 
to create a pulsed atomic beam of gaseous metal atoms (copper colored in the figure) which 
impinges upon the surface of a single crystalline sample.  The transient heat input due to the 
adsorption of each gas pulse is detected by a flexible pyroelectric PVDF ribbon that is 
gently pressed against the back of the single crystal.  As shown, this ribbon is mounted in 
the shape of an arch on the “cal head”, which can be translated to bring the ribbon into 
contact with the single crystal, or removed for crystal cleaning and surface analysis.  The 
single crystal is mounted to a platen, which sits on a fork on a thermal reservoir during 
calorimetry but is moved for surface analysis.  Also illustrated are the components for the 
real-time flux and relative reflectivity measurements.  Not to scale.  Reprinted with 
permission from Reference 30.  Copyright 2013 American Institute of Physics. ..……………. 203 
 
Figure 6.2.  (a) Plot of the flux from the electron beam evaporator running at constant 
emission current vs. time at both the sample position QCM and the off-axis monitor QCM.  
Measured flux data are plotted as points, while the calculated flux at the sample position is 
plotted as a continuous red line.  Also plotted is the ratio between the two fluxes, which is fit 
to the linear dashed line as a function of time.  The flux ratio is used to calculate the flux at 
the sample position based on the flux at the monitor QCM.  (b)  Similar data for a control 
run where the flux was collected with a QCM located at the sample position throughout the 
entire experiment.  This shows that the changing flux ratio is well approximated as changing 
linearly with time.  The dashed line showing the best linear fit to the flux ratio is essentially 
hidden within the scatter of the data.  Reprinted with permission from Reference 30.  
Copyright 2013 American Institute of Physics. .……………………………………………… 204 
 
Figure 6.3.  Calorimetry heat pulses as detected via SCAC from Cu adsorbing onto ~17 ML 
of Cu on ~1 μm single crystals at 300 K, where the Cu vapor was generated by: (a) the 
Knudsen cell used in our earlier calorimeter 31, and (b) and (c) the e-beam evaporator of this 
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evaporator onto ~17 ML of Cu on Pt(111).  The differences in line shapes arise from 
differing time constants for the high-pass filters and differences in the quality of the thermal 
contact between the sample and detector.  Curves were smoothed with a low-pass filter.  

xvi 
 



One ML is defined as the Cu(111) surface atom density, 1.77 × 1015 atoms/cm2.  Reprinted 
with permission from Reference 30.  Copyright 2013 American Institute of Physics ………… 205 

Figure 6.4.  A sample run demonstrating the in-situ relative diffuse optical reflectivity 
measurement.  Every third pulse from the metal atom beam line is replaced with a pulse 
from a HeNe laser at a 45° angle of incidence.  The black portion of the curve is the 
response to heat deposition from the atomic beam line, while the red portions are the heat 
response from the laser.  In this manner the absorbance of the sample at 633 nm can be 
monitored throughout the experiment so that the reflectivity of the sample can be accurately 
determined at all coverages.  Heat pulses from the atomic beam were simulated with a laser 
directed down the atomic beam path in this example.  Reprinted with permission from 
Reference 30.  Copyright 2013 American Institute of Physics………………………………… 206 

Figure 6.5.  Heat of adsorption versus coverage for 100 pulses of Cu (each pulse containing 
0.017 ML) onto a Cu multilayer on Pt(111) at 300 K.  The data in the figure have been 
normalized so that their average value equals the literature value for the enthalpy of 
sublimation of bulk Cu solid at 300 K (337.4 kJ/mol 1, shown as the solid red line), to 
remove a small error in absolute calibration.  The pulse-to-pulse standard deviation is 0.83 
kJ/mol.  One ML is defined as the Cu(111) surface atom density, 1.77 × 1015  atoms/cm2. 
Reprinted with permission from Reference 30.  Copyright 2013 American Institute of 
Physics.………………………………………………………………………………………… 207 

Figure 6.6.  Heat of adsorption versus coverage for Cu on MgO(100) 29 (blue circles) and 
CeO1.95(111) 32 (red squares) at 300 K.  The dashed black line is the heat of sublimation of 
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Chapter 1 

Introduction 

 

1.1:  Background 

Chemical bonding at solid surface and interfaces is crucial for a wide range of important 

technologies, including catalysis, fuel cells, batteries, chemical sensors and the fabrication of 

countless devices such as microelectronics, computers, solar cells and all variety of coatings.  

Wolfgang Pauli was famously quoted as having said that “God made the bulk; the surface was 

invented by the devil” when discussing the relative complexity of the two forms of matter.  This 

is due to the fact that the physical properties of an atom are directly influenced by its chemical 

environment.  In the bulk, the uniform surrounding of the atoms provides a relatively simplistic 

system.  When looking at an atom on a surface, however, its physical properties are controlled 

not only by the bulk with which it is still connected, but also by the medium that extends beyond 

it.  This drastically increases the complexity of the system being observed, and therefore 

increases the difficulty in characterizing and defining its physical properties. 

But if one wants to approach an understanding of the functional use of a solid material, 

the physical properties of the surface are extremely important.  The surface, or more directly the 

interface between two substances, is where many useful functions of a solid material will take 

place.  Optical properties, thermodynamic stability, and electronic properties are all directly tied 

to the interfacial energy of the material, which is in turn controlled by the environment at the 

interface.  The physical processes underlying adsorption and adhesion on solid surfaces have 

therefore been the subject of intense scientific interest for many decades. 
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The chemistry of adsorption, metal nanoparticle growth, and adhesion on oxide surfaces 

will be a major focus of this dissertation.  Oxide surfaces play a central role in many current 

technologies, and promise to play an ever-increasing role in future technologies.  Oxides are 

commonly used as reactive substrates or supports in catalytic and electrocatalytic materials, and 

are also central ingredients in photocatalysts, photoelectrocatalysts, transparent electrodes for 

photovoltaics, solid electrolytes, superconductors, microelectronics, computer chips, protective 

coatings, windows, optics, batteries, piezoelectrics, pyroelectrics, and ceramics, just to name a 

few current fields of interest.  When compared to metal surfaces, however, much less is 

understood about the chemistry of oxide surfaces 33.  

Most realistic surfaces such as those used in industrial applications consist of multi-

faceted surfaces whose complex properties largely influence their interaction with adsorbates. 

Adsorbates can not only bind to differently faceted terraces and their defects, but the domain 

boundaries between the facets also provide unique sites at which binding can occur.  

Experimental results from such systems are often so complex that it is impossible to gain any 

significant insight into the physical processes at play.  It is therefore useful to reduce these 

surfaces to model single crystals 34.  On a single-crystalline surface, the exact arrangement of the 

atoms and the available binding sites for adsorbates are well known, making the data much more 

easily interpretable. 

However, even for these simplified surfaces, the strength of the interaction between an 

adsorbate and a single-crystalline oxide support is often unknown.  In order to properly 

understand the strength of these interfacial interactions, it is important to be able to define the 

basic thermodynamic properties of the adsorbates, which differ from their bulk or gas-phase 

properties.  The enthalpies (Had) and entropies (Sad) of the adsorbates define their relative 
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thermodynamic stability, and the changes in these two properties upon adsorption from the gas 

phase (ΔHad and ΔSad, respectively) can be used to determine how strongly they are bound to a 

surface 33.  The relationship of the enthalpies of adsorption to the integrated heat of adsorption 

(qad), the change in internal energy of adsorption (ΔHad), and the adsorption energy (Ead), is 

defined by the equation 

qad  =  -∆Had
0  =  -∆Uad

0  + RT  =  Ead  + RT,  (1.1) 

for a given temperature (T), where the superscript 0 denotes the values at the standard pressure of 

1 bar.  These terms are often used interchangeably in the literature since the RT correction only 

amounts to ~2.5 kJ/mol at room temperature, which is usually within the uncertainty of the 

experimental techniques. 

In interface formation by thin film growth, physical properties that describe the strength 

of the interactions between two disparate materials, such as systems’ adhesion energy, are related 

to the adsorption energetics 33.  The energy released upon adsorption provides essential 

information about the thermodynamic properties that impact interface formation and thin film 

growth, and trends in these properties can provide insight into reactions at solid surfaces as well 

as the reactivities of adsorbed nanoparticles. 

Unfortunately, for many adsorbate / support systems these basic properties have not been 

measured, and these data for adsorbates on oxide supports in particular are very scarce 3.  With 

oxide supports, a particular problem has been the difficulty of preparing well-ordered single-

crystalline surfaces of oxides, and the fact that even once prepared they are often not electrically 

conductive enough to be amenable to many of the techniques for surface characterization.  

Fortunately, the past decade has seen the development of many new sample preparation 
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techniques for oxide surfaces that have overcome these problems 35, allowing for experiments 

that can characterize adsorption and surface reactions on a variety of well-defined oxide surfaces. 

Of particular interest, oxides are often used industrially as supports for nanoparticulate 

catalysts due to their stability, relative inexpensiveness, and high surface areas 36. These 

properties are particularly important in heterogeneous catalysts such as those used in many 

important applications including fuel production, pollution reduction, and chemical mass-

production 37, 38.  Among the most promising catalysts are those consisting of late transition 

metal nanoparticles on high surface area oxide supports 39, 40.  The large surface / bulk ratio in 

nanoparticles makes them ideal for creating the most reactive area with the least amount of 

material, which is particularly important in commercial applications where the cost of these 

catalytically active metals is a major factor.  Nanoparticles also exhibit quantum confinement 

effects which have been shown to generate catalytic properties in metals such as Au that are 

relatively inert in the bulk 41.  The size of these particles can be tuned to affect their catalytic 

properties and selectivity 42, 43.  At small particle sizes, the nanoparticle’s properties depend on 

the nature of the surface upon which they are supported, and it has also been shown that the 

interaction between an adsorbed nanoparticle and the substrate can have a large effect on the 

catalytic activity and selectivity of the adsorbed nanoparticles 42. 

1.2:  Experimental Techniques for Measuring Adsorption Thermodynamics 

In order to be able to gain insight into trends in the strength of interfacial interactions, it 

is important to have data from experiments which are performed under conditions in which the 

surface to be studied can be prepared and maintained for the time of the measurement in an 

atomically clean state, and where its cleanliness can be verified with a variety of surface analysis 
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techniques.  Ultrahigh vacuum (UHV) is ideal for these purposes 44.  Techniques for measuring 

adsorption energetics on single-crystalline oxide surfaces in UHV include equilibrium adsorption 

isotherms (EAI), temperature programmed desorption (TPD), and single crystal adsorption 

calorimetry (SCAC). 

 

1.2.1:  Equilibrium Adsorption Isotherms (EAI) 

Equilibrium adsorption isotherms use the relationship between adsorbate coverage, 

equilibrium vapor pressure, and sample temperature to obtain thermodynamic information from 

the system.  In a typical EAI experiment, a sample at constant temperature is exposed to 

increasing back pressures of a gas while monitoring the amount that adsorbs to the surface.  A 

series of these experiments over a reasonably narrow range of sample temperatures can be used 

to produce a curve of vapor pressure versus 1/T, with a slope equal to ∆Had
0/R and a y-intercept 

equal to -∆Sad
0/R (where both values correspond to a specific coverage and 1 bar pressure), 

where R is the ideal gas constant 7, 45.  The measurements are fairly straightforward, with the 

ability to extract both enthalpies and entropies of adsorption directly, but do require that the 

adsorption ⇌ desorption process is reversible. 

Historically, EAI is the only experimental method for which entropies of adsorption have 

accurately been extracted.  However, this technique has not been widely applied with single-

crystalline oxide surfaces.  The only EAI studies of adsorption on single-crystalline oxide 

surfaces that have been reported in the literature were performed with small molecules on 

nanocubic MgO(100) smoke 7, 45, 46, so the available data is very limited. 
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1.2.2: Temperature Programmed Desorption (TPD) 

Temperature programmed desorption, also referred to as thermal desorption spectroscopy 

(TDS), is much less direct and requires some explanation and interpretation of the measured 

TPD spectra in order to extract enthalpies of adsorption.  In a typical TPD experiment, an 

adsorbate pre-covered surface is heated incrementally while monitoring for desorbing molecules.  

The temperature at which the adsorbates in the first monolayer desorb can be used to analyze the 

strength of a specific adsorbate–surface bond 47.  Since the physical process being observed is the 

desorption of pre-adsorbed molecules, in the best case TPD only provides an accurate activation 

energy for desorption, Ed.  This can only be equated with the adsorption energy, Ead, when both 

the adsorption ⇌ desorption process is reversible and the activation energy for adsorption is 

negligible.  The high temperatures often required in TPD of adsorbed metals is particularly 

problematic in that supported atoms can sinter or diffuse into the support at temperatures below 

that at which desorption occurs 15, 48. 

To extract Ed from TPD experiments, the surface species are usually assumed to be in 

equilibrium, in which case the desorption rate is a single-valued function of coverage (θ ) and 

temperature (T): r(θ,T) .  For cases of reversible molecular adsorption ⇌ desorption, where it is 

reasonable to assume that desorption is a first-order process, the Polanyi-Wigner equation gives: 

r(θ,T)   =  -dθ /dt   =   ν exp(-Ed(θ )/RT) θ,   (1.2) 

where ν is the pre-exponential factor, which is typically assumed to be constant over all 

coverages and temperatures, Ed(θ ) is the coverage-dependent desorption activation energy, and 

R is the ideal gas constant.  This adsorption energy changes with coverage because various 

adsorption sites (e.g. defects, terrace sites, etc.) have different strengths of interaction, and 

interactions between the adsorbates change with the average adsorbate-adsorbate distance, so Ed 
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is certainly expected to vary with coverage.  By mathematical inversion of the rate data, the 

value of Ed(θ ) can be obtained from the Polanyi-Wigner equation if ν is known 49: 

   Ed(θ )  =  -RT ln[(-dθ /dt)/(νθ )].    (1.3) 

Typically, one treats ν as a variational parameter to optimize the fit between experimental and 

simulated TPD spectra, thus finding the prefactor that best matches the kinetics of the desorption 

process 8, 24.  The value of the prefactor can be used to estimate the adsorption entropy, since the 

transition state for desorption is very similar to the gas. 

One can also extract Ed using the first-order Redhead equation, which relates the 

temperature at which the desorption rate maximizes (Tp) to Ed, the heating rate (β) and ν  47: 

   Ed/(RTp
2)  =  (ν /β ) exp[-Ed/(RTp)].    (1.4) 

The most common practice has been to simply use Eq. (1.4) and an assumed value for ν, which 

gives reasonable accuracy if the value of ν is approximately correct.  A factor of 10 error in ν 

corresponds to an error of only ~2.3RTp in Ed, which is only 6 kJ/mol, or ~7%, for Tp = 300 K 

and ν = 1015 s-1. 

 Until recently there has been no method for extracting reliable information on the entropy 

of adsorbates from TPD measurements.  In Chapter 3 a recently developed method is described 

for determining entropies from TPD that works well in cases where the sticking probability for 

that gas is near unity 9.  There have also been relatively few TPD experiments for metal 

adsorbates on single-crystalline oxide supports, and for these strongly bound adsorbates 

adsorption energies for the smallest particles from TPD have often been misinterpreted.  A new 

method for extracting more reliable metal atom adsorption energies vs. coverage from TPD 

experiments is presented in Chapter 2.  
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1.2.3:  Single Crystal Adsorption Calorimetry (SCAC) 

The Campbell group has pioneered the development of UHV adsorption 

microcalorimetric techniques that make it possible to directly measure adsorption energies for a 

large variety of systems 31, 50-52.  A thin polyvinylidene fluoride (PVDF) ribbon serves as the heat 

detecting element of the calorimeters.  The 9 μm thick ribbon consists of amorphous PVDF in 

which poled β-PVDF crystals, which are both piezoelectric and pyroelectric, have been 

embedded.  When brought into gentle mechanical contact with the back of a sample, the 

pyroelectric properties of β-PVDF respond to a slight increase in temperature with a measurable 

change in the face-to-face voltage of the ribbon. 

The samples are typically 1 μm thick metal single crystals.  For studies on oxide surfaces, 

~4 nm single-crystalline oxide thin films are grown in-situ on the metal surface, which is made 

possible by the removable nature of the heat detector.  The metal atom beam is chopped into 

pulses, with the spatial distribution defined by a series of apertures.  When heat is deposited on 

the face of a 1 μm crystal, ~10% of the energy is transferred to the ribbon.  The intimate thermal 

contact between the sample and the ribbon allows for the heat released from the adsorption 

events to be detected almost instantaneously.  With this setup, adsorption energies are 

determined to within 3% in most cases and with a point-to-point standard deviation of only 0.6 

kJ/mol when depositing 2% of a monolayer per pulse 51.  In this manner heats of adsorption are 

determined by directly monitoring the adsorption process, so the results are unambiguous. 

The details of this technique are discussed in greater detail in Chapter 6, where an 

improvement in SCAC design is described that allows for measurements of adsorption energetics 

using metals that have high enthalpies of vaporization, such as Pt, Pd, Rh, Ni, and Au, for which 

direct measurement of heats of adsorption and adhesion energies were previously not possible 30. 
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It has also been shown recently that adsorption energetics can be extracted from SCAC 

measurements using adsorbates which transiently adsorb to the single-crystalline surfaces, for 

which their surface residence time at a given temperature (or desorption rate constant) can also 

be extracted  53.  In Chapter 3, it is shown that these values can be analyzed to determine 

adsorbate entropies for species with sticking probabilities near unity. 

 

1.3:  Theoretical Methods for Calculating Adsorption Energetics 

Accompanying the rapid developments in the experimental study of adsorption on oxide 

surfaces mentioned above, there also has been a dramatic increase in efforts to understand the 

surface reactivity of oxides and trends in their surface reactivity at the electronic-structure level, 

through computational quantum mechanical approaches. Approaches using density functional 

theory (DFT), with the generalized gradient approximation (GGA) and periodic boundary 

conditions, which have proven so effective in explaining and even predicting the reactivity of 

metal surfaces 54-60, have been shown to have greater limitations when applied to oxide 

surfaces 61-63.  An improved version, "DFT+U", cures some of the problems by introducing the U 

parameter in the Hamiltonian to localize the d- or f-electrons. This U can be chosen to give a 

better fit than GGA-DFT to some reaction energies 64.  GGA+U is now the most widely used 

methodology, but it still has limitations in energy accuracy. Due to the greater challenges 

presented by oxide surfaces, there are currently many efforts worldwide to improve such 

computational methodology for applications in oxide surface chemistry, for example through use 

of hybrid functionals, which is a much more computationally intensive alternative. 

Currently, the main experimental benchmarks that are used for validating these new 

theoretical approaches are bulk properties like the heats of oxide formation, band gaps, lattice 
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parameters, phonon spectra, etc.  Experience with metal surfaces has proven that to achieve the 

most effective theoretical codes, they must also be validated against experimental measurements 

of surface properties, namely enthalpies of adsorption, surface reaction energies, and adsorbate 

geometries for well-defined adsorbates at well-defined surface sites.  Such measurements are 

only possible using single-crystalline surfaces. 

Therefore, experimental analyses of adsorption energetics are necessary for 

understanding the properties of adsorbed materials.  For metal adsorption, the physical behavior  

of the adsorbates, such as dispersion, particle size, sintering, and sub-surface diffusion, are all 

directly related to the bond energy between the metal and its support 2.  The strength and nature 

of these interactions also affects the way these nanoparticles bind small molecules, thereby 

influencing their catalytic properties 65. 

1.4:  Overview of This Dissertation 

In order to gain a greater insight into trends in adsorption energetics for adsorbates on 

oxide surfaces, it is useful to look at experimental measurements of adsorption energetics for a 

wide range of adsorbates on single-crystalline oxide surfaces.  In Chapter 2, all of the current 

experimental thermodynamic data for small molecule and metal adsorption on single-crystalline 

oxide surfaces are presented.  While still limited, this large set of data can be used to draw some 

broad conclusions about periodic trends in adsorption on oxide surfaces. 

The collection of data in Chapter 2 also allows for the chance to look at periodic trends in 

the basic thermodynamic properties of adsorbed molecules.  Among the observations was the 

discovery of a correlation between the entropy of an adsorbed molecule and the gas phase 

entropy of that same molecule at the same temperature.  This is presented in detail in Chapter 3. 
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Surface chemists usually think about adsorbate entropies in terms of the two limiting cases that 

have been discussed in statistical thermodynamics texts: the 2D lattice gas model and the 2D 

ideal gas model 66.  In calculating rate constants for surface reactions based on quantum 

mechanical calculations (mainly DFT) of reactant and transition state energies, surface chemists 

almost exclusively rely on harmonic transition state theory approaches, which assume that each 

adsorbate is a localized oscillator with only vibrational modes 66.  Vibrations generally have very 

low entropy compared to translations and rotations of their gas-phase analogues.  From the data 

collected in Chapter 2, it is seen that these common approximations greatly underestimate the 

entropies of adsorbed molecules even when they are held together in islands by attractive 

interactions.  Instead, their entropies are almost 2/3 of the entropy of their gas-phase analogue 9 

(at temperatures high enough to measure desorption rates or adsorption ⇌ desorption equilibria), 

suggesting that all components of motions in two out of the three dimensions are nearly as labile 

as in the gas phase. 

It is well established that one must know the enthalpies and entropies of the reactants if 

one is to develop systematic theories that can predict equilibrium constants and rate constants for 

chemical reactions of any type.  It is further shown that the correlation described in Chapter 3 

between the entropies of adsorbed and gas-phase molecules can be quite useful in predicting rate 

constants for adsorbed molecules.  Chapter 4 describes in detail the application of this powerful 

tool for estimating entropies of adsorption in improving estimates of desorption prefactors for 

TPD 27.  Much of the TPD literature in which adsorption energies have been reported uses 

calculations that rely upon assumed pre-exponential factors for desorption 3.  In these cases, 

reevaluation of the adsorption energies using instead values for ν estimated from the correlation 

in Chapter 3 provides more reliable estimates for adsorption energies of molecularly adsorbed 
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species.  Chapter 4 goes on to describe how these adsorbate entropies can also be used to 

estimate the other main classes of adsorbate reactions: dissociation, association and diffusion. 

The studies presented in Chapters 2 through 4 provide further insight into the behavior of 

adsorbed molecules.  In Chapter 5, the ramifications of these properties are discussed in relation 

to metal atoms and metal nanoparticles adsorbed on oxide surfaces 28.  Metal-doped oxide 

surfaces and late transition metal nanoparticles supported on oxide surfaces form the basis for 

many important industrial catalysts used in energy and environmental technology.  The energy, 

or chemical potential, of the metal atoms in a nanoparticle vary with both the size of the 

nanoparticle and the nature of the surface on which it is supported.  When the chemical potential 

of the metal atoms in a nanoparticle is larger, so is the drive for those particles to sinter.  Since 

the chemical potential increases with decreasing particle size below 6 nm, this explains the 

tendency for highly disperse nanoparticles to deactivate under realistic conditions.  However, the 

high chemical potential of these smallest nanoparticles also results in an increase in the strength 

of the bonds they can form to small molecules, so it is intimately related to their reactivity. 

Chapter 5 presents the first ranking of small selection of oxide supports by the strength of the 

bonds they form with metal nanoparticles, which is the first step in developing a systematic 

method for designing the most efficient catalysts. 

As can be seen in Chapter 5, experimental studies characterizing adsorption energetics 

for metal adsorbates on oxide surfaces are still very limited.   If progress is to be made in 

understanding trends in adsorption on oxide surfaces, it is therefore necessary to further improve 

the techniques with which these data are acquired.  Chapter 6 reports on the design, construction, 

and experimental details of a new SCAC which modifies the Campbell group’s established UHV 

adsorption microcalorimetric techniques in order to directly measure adsorption energetics for a 
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wider range of metals on well-defined oxide surfaces of relevance to industrial oxide-supported 

metal catalyst systems 30.  Specifically, the instrument’s metal atom beam source has been 

improved so that it is now capable of producing a pulsed atomic beam with lower vapor pressure 

metals (Pt, Pd, Rh, Ni, Au, etc.), allowing for the measurement of heats of adsorption for these 

industrially and scientifically important transition metal catalysts.  This was accomplished by 

replacing the Knudsen cell type metal vapor source with an electron beam evaporator, which 

localizes the heat input to the surface of the metal melt and produces much less optical radiation, 

thereby increasing the signal/noise of the calorimetry measurements.  This improvement will 

allow for experiments that can clarify the interfacial bonding strengths of a wide variety of metal 

/ support systems.   
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Chapter 2 

Enthalpies and Entropies of Adsorption on Well-Defined Oxide Surfaces: 

Experimental Measurements 

2.1:  Introduction 

The chemistry of oxide surfaces plays a central role in many current technologies, and 

promises to play an ever-increasing role in future technologies.  In addition to their importance in 

catalytic and electrocatalytic materials, oxides are central ingredients in photocatalysts, 

photoelectrocatalysts, transparent electrodes for photovoltaics, solid electrolytes, 

superconductors, microelectronics, computer chips, protective coatings, windows, optics, 

batteries, piezoelectrics, pyroelectrics, and ceramics, just to name a few.  When compared to 

metal surfaces, however, much less is understood about the chemistry of oxide surfaces.  This is 

mainly related to the greater difficulty of preparing well-ordered single crystalline surfaces of 

oxides, and the fact that even once prepared they are often not electrically conductive enough to 

be amenable to many of the techniques for surface characterization.  However, the past decade 

has seen the development of many new sample preparation techniques for oxide surfaces that 

overcame these problems, and consequently an explosion of experimental results characterizing 

adsorption and surface reactions on well-defined oxide surfaces, where the nature of the surface 

sites involved is well known. 

Here we review what has been learned about the enthalpies and entropies of adsorption 

reactions on well-defined oxide surfaces from experimental measurements. In discussing well-

defined oxide surfaces here, we refer to studies on ordered surfaces of bulk single crystal oxides 

and single-facet nanomaterials, and of ordered thin films of oxides that have been grown 

epitaxially on the surfaces of bulk single crystals of metals.  We will refer to these collectively as 
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“single-crystalline oxide surfaces” below.  Since adsorption energies on thin-film oxides have 

been shown to be strengthened by interactions with the underlying metal when the oxide film is 

1 nm thick or thinner, we limit this review to include only those cases where the oxide films are 

thicker than 1 nm.   Trends in experimental adsorption energies and entropies are revealed and 

discussed.   These energies and entropies will serve as important experimental benchmarks to 

guide the currently intense worldwide efforts to improve theoretical methods, like density 

functional theory (DFT) with periodic boundary conditions, with respect to their accuracy at 

predicting the relative energies of adsorbates on oxide surfaces. 

Accompanying the rapid developments in the experimental study of adsorption on oxide 

surfaces mentioned above, there also has been a dramatic increase in efforts to understand the 

surface reactivity of oxides and trends in their surface reactivity at the electronic-structure level, 

through computational quantum mechanical approaches. Approaches using density functional 

theory, with the generalized gradient approximation (GGA-DFT) and periodic boundary 

conditions, which have proven so effective in explaining and even predicting the reactivity of 

metal surfaces 54-60, have been shown to have greater limitations when applied to oxide 

surfaces    61-63.  An improved version, "DFT+U", cures some of the problems by introducing the 

U parameter in the Hamiltonian to localize the d- or f-electrons. This U can be chosen to give a 

better fit than GGA-DFT to some reaction energies 63.  GGA+U is now the most widely used 

methodology, but it still has limitations in energy accuracy. Due to the greater challenges 

presented by oxide surfaces, there are currently many efforts worldwide to improve such 

computational methodology for applications in oxide surface chemistry, for example through use 

of hybrid functionals, which is a much more computationally intensive alternative. 
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Currently, the main experimental benchmarks that are used for validating these new 

theoretical approaches are bulk properties like the heats of oxide formation, band gaps, lattice 

parameters, phonon spectra, etc.  Experience with metal surfaces has proven that to achieve the 

most effective theoretical codes, they must also be validated against experimental measurements 

of surface properties, namely adsorption energies, surface reaction energies, and adsorbate 

geometries for well-defined adsorbates at well-defined surface sites.  Such measurements are 

only possible using single crystalline surfaces.  Currently, there is no easily accessible source for 

adsorption energies of well-defined adsorbates at well-defined sites on single crystalline oxide 

surfaces.  This review presents by far the most extensive compilation of such energies yet 

available. In many cases, these energies have been extracted directly from the source literature, 

but in many cases the data in the source literature were treated here with kinetic and 

thermodynamic models to provide reliable estimates of the adsorption energies and metal / oxide 

adhesion for vapor-deposited metal films. 

Adsorption energies on single-crystalline oxide surfaces have been measured by single 

crystal adsorption calorimetry (SCAC); equilibrium adsorption isotherms (EAI); and temperature 

programmed desorption (TPD), also referred to as thermal desorption spectroscopy (TDS).  The 

SCAC measurements provide these energies very directly, so they are unambiguous. Equilibrium 

adsorption isotherms are also relatively straightforward, but do require that the adsorption ⇌ 

desorption process is reversible. 

On the other hand, TPD is much less direct and requires some explanation and, for many 

of the cases here, our own interpretation of the measured TPD spectra to extract adsorption 

energies.  In the best case, TPD only provides an accurate activation energy for desorption, Ed. 

This can only be equated with the adsorption energy when both the adsorption ⇌ desorption 
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process is reversible and the activation energy for adsorption is negligible.  We will limit 

ourselves to such cases here.  Also, many of the papers used here for extracting adsorption 

energies in such cases have already reported such estimates of adsorption energies, but only by 

assuming a pre-exponential factor for desorption, ν.  In these cases, and when the adsorbate is 

molecularly adsorbed, we will reevaluate the adsorption energies using instead values for ν 

estimated from a recently discovered correlation between the pre-exponential factor for 

desorption and the entropy of the gas phase product 9, which applies only to reversible molecular 

adsorption ⇌  desorption where the activation energy for adsorption is negligible.  This new 

approach provides more reliable estimates for adsorption energies of molecularly adsorbed 

species. 

In some cases of dissociative adsorption and associative recombination in desorption, the 

criteria also hold that adsorption ⇌ desorption is reversible and the activation energy for 

adsorption is negligible. We will also estimate adsorption energies from TPD data for these 

cases, using instead estimates for the pre-exponential factor determined in similar cases from 

detailed kinetic analyses of the TPD peak line shapes versus coverage.  Unfortunately, there are 

few cases of this type.  There are no other cases where we know the adsorption energy associated 

with molecular fragments on single crystal oxide surfaces by either EAI or direct calorimetric 

measurements.  These must await SCAC measurements, which we have recently initiated for 

studying dissociative adsorption on single crystal oxide surfaces. 
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2.2:   Experimental Methods for Measuring Adsorption Energies and Entropies on Single 

Crystals 

2.2.1:  Single Crystal Adsorption Calorimetry (SCAC) 

Calorimetric measurements of heats of adsorption of gases on high surface area metal 

films were being performed already in the 1950s (67-69 and refs. therein).  However, on such 

complex surfaces, it is generally not clear what are the structures or even the chemical formulas 

of the adsorbates being formed upon gas adsorption. Single crystals provide much simpler 

surfaces which offer tremendous advantages for determining the chemical formulas and 

geometric structures of the adsorbates formed upon gas adsorption. Adsorption microcalorimetry 

thus became much more powerful when methods were developed which allowed it to be done on 

such single crystal surfaces by measuring the tiny temperature increase associated with 

exothermic gas adsorption. 

Masel’s group published a description of the first apparatus that could measure heats of 

adsorption on single crystal surfaces 70. The precision of that method for heat detection, based on 

a thermistor, was problematic and not further applied.  The real breakthrough came with an 

apparatus developed by David King’s group, who named the measurement of heats of adsorption 

on single crystal surfaces “single crystal adsorption calorimetry,” or SCAC for short.   Their 

apparatus, shown schematically in Fig. 2.1, detects the transient temperature rise of a single 

crystal (proportional to the heat of reaction) upon adsorption of gas pulses from a molecular 

beam onto surface using infrared optical pyrometry 6, 71-77.  This method is sensitive enough to 

detect the heat of adsorption of gas pulses containing only ~5% of a monolayer of adsorbate, 

thus allowing measurements of the heat of adsorption versus coverage. However, since the heat 

signal in that method varies as T 

3, where T is the sample temperature, it is not sensitive enough 
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for measurements on samples well below room temperature. King’s group subsequently 

developed a method that works at very low temperatures wherein the single crystal is fused to a 

pyroelectric crystal (lithium tantalate) 78, but this has not been further applied since it does not 

allow most samples to be annealed to high enough temperature to obtain a well ordered surface. 

Most recently, our group has developed 31, 79-81 and further perfected 50, 51, 82, 83 a heat 

detection method for SCAC based on gently touching a soft pyroelectric polymer ribbon against 

the back surface of the single crystal sample during calorimetry measurements, and removing it 

during sample cleaning and annealing.  This heat detection method has proven to have much, 

much higher sensitivity.  It is now routinely applicable at cryogenic conditions 51, 84-86.  Precision 

is high, with a pulse-to-pulse standard deviation as good as 1.3 kJ/mol from 100 K to 300 K 

when using gas pulses that contain only 1.5x1013 molecules per cm2 (1% of a monolayer) 51. The 

pulse-to-pulse standard deviation mentioned above sets the detection limit at ~5 kJ/mol.  This 

heat detection method has the added advantage that it can use much thicker single crystals 82, 

which are easier to obtain, clean and maintain.  The absolute accuracy of this type of calorimeter 

depends on the accuracy of its calibration, but also the accuracy of measuring the absolute beam 

flux and area, and the sticking probability.  When applying it to measure the energy of metal 

vapor adsorption, where the high-coverage limit should equal the literature value for the bulk 

heat of sublimation, we generally found the agreement to be within 3% (based on the average of 

several runs). Most of those measurements will be reviewed below.  Our more recent low-

temperature measurements with molecules which form multilayers, whose heat can also be 

compared to the bulk sublimation energy, also gave absolute accuracies better than 3% 85. The 

re-adsorption of gases in the molecular beam that do not stick upon first hitting the sample makes 

a negligible contribution to the heat for all the systems we have studied, and will generally be the 
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case when the sticking probability is higher than 0.3 and the gases are well pumped.  Also, we 

have never noticed any contamination on the front face of the sample from the ribbon touching 

the back of the sample. 

In SCAC, one derives the differential heat of adsorption (qad) from the measured heat 

(qcal) using 31, 50: 

qad  =  -∆Had
0  =  -∆Uad

0  + RTsample  =  qcal – 4/2 RTsource + 5/2 RTsample ,  (2.1) 

where ∆Had
0 is the standard enthalpy change for the adsorption reaction (gas →adsorbed, with 

gas and solid both at the temperature of the single crystal, Tsample), R is the universal gas 

constant, and Tsource is the temperature of the effusive molecular beam source.  The heat of 

adsorption as defined here is identical to the isosteric heat of adsorption.  The superscripts 0 here 

on ∆Had
0 and ∆Uad

0 refer to their values at the standard pressure of 1 bar.  Both ∆Uad
0 and ∆Had

0 

are always negative numbers, so ∆Uad
0 is always smaller in absolute value than ∆Had

0. 

Methods for and results from SCAC have been reviewed several times 

previously 2, 52, 87-89. 

2.2.2:  Equilibrium Adsorption Isotherms (EAI): Enthalpies and Entropies of Adsorption 

The use of equilibrium adsorption isotherms to determine the enthalpy change upon 

adsorption of a gas (∆Had) is analogous to making a Clausius-Clapeyron plot to determine the 

enthalpy of vaporization (∆Hvap).  In the latter, the equilibrium vapor pressure above a liquid 

(Pvap,eq) is measured versus temperature (T).  The plot of ln(Pvap,eq/P0) versus 1/T over a 

reasonably narrow range of T gives a straight line with slope equal to -∆Hvap
0/R (where P0 is the 

standard pressure of 1 bar and R is the gas constant) and a y-intercept equal to ∆Svap
0/R, where 

∆Svap is the entropy of vaporization.  The superscripts 0 here on ∆Hvap
0 and ∆Svap

0 refer to their 
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values at the standard pressure of 1 bar. Their values correspond to the average temperature in 

the range over which this straight line is fitted to the data.  Similarly, to determine an adsorption 

enthalpy, the equilibrium vapor pressure (Pθ,eq) above an adlayer at fixed coverage (θ ) is 

measured versus temperature (T).  The plot of ln (Pθ,eq/P0) versus 1/T over a reasonably narrow 

range of T gives a slope equal to ∆Had
0/R and a y-intercept equal to -∆Sad

0/R, where both values 

correspond to that specific coverage and 1 bar pressure.  The change of signs here is due to 

reversing the reaction direction from vaporization to condensation.  The coverage dependence 

can be determined by repeating the measurements and data analysis at a different coverage.  

Coverage can be measured by any of a variety of probes.  We will cite here examples where it 

was measured on flat single crystals by LEED and helium atom scattering for the purposes of 

EAI measurements. 

The simplest way to generate the needed data (Pθ,eq versus T at several fixed coverages) 

is to perform an isotherm, starting with a clean surface in a fixed volume, and then introducing 

more and more gas in fixed increments, allowing the system to come to equilibrium at the same 

constant temperature after each incremental dose.  The pressure (Pθ,eq) and coverage (θ ) are 

measured at each increment and plotted as θ  versus Pθ,eq.  After plotting a series of these 

isotherms, a horizontal cut at any constant θ  gives the needed Pθ,eq versus T data points 7, 45. 

Starting already before 1978, a group at the University of Washington made the first 

quantitative measurements of adsorption enthalpies on any oxide single crystal surfaces using 

EAI measurements on “MgO(100) smoke” 7, 45.  This special MgO powder was produced by 

burning Mg filaments as done in early camera flash bulbs.  This results in a powder with 

relatively large specific area which, upon examination by electron microscopy, proved to consist 

primarily of single-crystal nanocubes of MgO (with sizes from 20 to 200 nm) with only the (100) 
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surface exposed except at the edges 7.  The advantage of such a single-facet powder (which we 

will refer to here as “MgO(100) smoke”) compared to a flat crystal is that the surface coverage 

can be measured with much simpler equipment.  Thus, the equilibrium coverage was measured 

by simple volumetric measurements of the amount of gas consumed by adsorption (i.e., by 

monitoring the decrease in pressure compared to that for the same number of moles of gas 

introduced into the same volume in the absence of any adsorbent). 

An advantage of EAI measurements is that they also provide the entropy of adsorption.  

To our knowledge, the only cases where this entropy has actually been determined in this way 

for any single crystal oxide surface are about a dozen examples using MgO(100) smoke, which 

we will discuss in detail.  The entropy of adsorption is important since it can be combined with 

the enthalpy to provide the equilibrium constant for adsorption, Keq, and its temperature 

dependence: 

ln Keq  =  ∆Sad
0/R – ∆Had

0/(RT).    (2.2) 

As we discuss below, the entropy of adsorption is also needed to calculate the rate constant for 

reactions of the adsorbate using transition state theory.  We apply it below to do just that, 

specifically in predicting pre-exponential factors for desorption from entropy trends. 

This MgO(100) smoke was also used by that same group for calorimetric measurements 

of the heat capacity of He adlayers on MgO(100) back in 1985 46, which to our knowledge was 

the only calorimetric measurement ever reported for the heat capacity of any adlayer on any 

single crystal surface, until our recent report for adsorbed water on Pt(111) 85.  Interestingly, 

while that same calorimeter could have been used to determine adsorption energies on 

MgO(100) smoke, it was not applied for that purpose. 
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2.2.3: Temperature Programmed Desorption (TPD): Activation Energies and Prefactors 

for Desorption 

In TPD, a sample with pre-adsorbed species is heated in ultrahigh vacuum, typically at a 

constant heating rate between 0.1 and 100 K/s, while monitoring the rate of appearance of gases 

emitted by the surface 47. The rate of appearance of gases is typically monitored using a mass 

spectrometer.  A typical example of TPD, measuring the rate of butane desorption from 

MgO(100) after different initial doses 8, is shown in Fig. 2.3. 

Methods for improving mass spectrometric measurements of desorption rates for TPD 

have been discussed 90.  Frequently the ionization source of the mass spectrometer or its entrance 

aperture is located in line-of-sight, near and normal to the surface to enhance the signal of the 

desorbing species being monitored. In well-pumped systems this has the advantages that (1) the 

signal from the front surface of the sample is greatly enhanced compared to its back and edges, 

and (2) the signal for a given species is directly proportional to the flux of desorbing molecules 

(provided the common assumptions hold that all the molecules desorb with the same velocity 

distribution and that their internal energy distribution does not change, or at least that the 

changes in this distribution do not affect the ionization probability). It is necessary for kinetic 

analyses to be able to relate the measured signal (flux) at any time, t, to the total instantaneous 

desorption rate, r(t). 

Commonly, it is assumed that this total desorption rate is directly proportional to the 

instantaneous mass spectrometer signal for a given species, but this is not true for such line-of-

sight measurements if the angular distribution of desorbing molecules changes.  To minimize the 

error when the desorption angular distribution changes, the mass spectrometer can be placed so 

that the measured flux is at the so-called magic angle (~38° from the surface normal) 91.  If the 

signal is sufficient, it is better to instead monitor the non-line-of-site increase in the background 
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pressure of the desorbing gas, which is proportional to the total desorption rate for well-pumped 

systems even when the velocity and angular distributions of the desorbing gas change with 

temperature. 

Once desorption rate data versus temperature and coverage of the type shown in Fig. 2.3 

are obtained, one analyzes it to determine the activation energy for desorption, Ed.  There are 

many methods that have been used to do this. A useful comparison on these methods and their 

accuracy in extracting Ed and other kinetic parameters has been published 92.  That report shows 

that some methods are much more accurate than others.  When the adsorption ⇌ desorption 

process is reversible and the activation energy for adsorption is negligible, Ed can be related to 

enthalpy of adsorption, ∆Had
0, by adding ½ RT: 

qad  =  -∆Had
0   =   Ed + ½ RT, (2.3) 

where R is the gas constant and T is the average sample temperature where the desorption rates 

were measured 87.  When the sticking probability for adsorption is near unity, as is usually the 

case for simple molecular adsorption, it is safe to assume that the activation energy for 

adsorption is negligible. 

To extract Ed, the surface species are always assumed to be in equilibrium, in which case 

the desorption rate is a single-valued function of coverage and temperature: r(θ,T).  We next 

describe our recommended method for extracting Ed for the case of most importance here: 

reversible molecular adsorption / desorption, where it is reasonable to assume that desorption is a 

first-order process, in which case the Polanyi-Wigner equation gives: 

r(θ,T)   =  -dθ /dt   =   ν exp(-Ed(θ )/RT) θ,    (2.4) 

where ν is the pre-exponential factor, which we typically assume does not vary with coverage or 

temperature, and Ed(θ ) is the coverage-dependent desorption activation energy.  This adsorption 
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energy changes with coverage because various adsorption sites (e.g. defects, terrace sites, etc.) 

have different strengths of interaction, and interactions between the adsorbates change with the 

average adsorbate-adsorbate distance, so Ed is certainly expected to vary with coverage.  By 

mathematical inversion of the rate data, the value of Ed(θ ) can be obtained from the Polanyi-

Wigner equation if ν is known 49: 

   Ed(θ )  =  -RT ln[(-dθ /dt)/(νθ )].    (2.5) 

Typically, one treats ν as a variational parameter to optimize the fit between experimental 

and simulated TPDs, thus finding the prefactor that best matches the kinetics of the desorption 

process.  This was the method used for alkanes on MgO(100) 8, 24.  As to be discussed below, the 

value of the prefactor can be used to estimate the adsorption entropy, since the transition state for 

desorption is very similar to the gas. 

One can also extract Ed using the first-order Redhead equation, which relates the 

temperature at which the desorption rate maximizes (Tp) to Ed, the heating rate (β ) and ν  47: 

   Ed/(RTp
2)  =  (ν /β ) exp[-Ed/(RTp)].    (2.6) 

The most common practice is to simply use Eq. (2.6) and an assumed value for ν, which gives 

reasonable accuracy if the value of ν is approximately correct.  A factor of 10 error in ν 

corresponds to an error of only ~2.3RTp in Ed, which is only 6 kJ/mol, or ~7%, for Tp = 300 K 

and ν = 1015 s-1.  We review below our recent discovery of a new method for estimating this 

prefactor 9,which gives values with a standard deviation in log(ν/s-1) of only 0.86 from a 

tabulation of 24 measured prefactors.  We apply this below in Eq. (2.6) to estimate Ed for many 

systems. 

Whenever molecular adsorption / desorption is not completely reversible such that partial 

dissociation competes with desorption, it leads to complexity that invalidates the above analyses. 
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A creative way to circumvent that problem whenever that dissociation involves C–H, O–H or 

N–H dissociation is to use the deuterated isotope, since this often greatly suppresses the 

dissociation probability during TPD (via the primary kinetic isotope effect), so that molecular 

desorption can now dominate 93. 

If adsorption is dissociative but the two adsorbed products are attracted to each other and 

prefer to populate neighboring sites, their associative desorption kinetics can be treated as a 

pseudo-first-order process using the same first-order analyses as described above to get Ed.  This 

still requires that the adsorption ⇌  desorption process be reversible and the activation energy for 

adsorption be negligible (i.e., sticking probability near unity).  We will analyze some cases like 

this below. 

2.3:  Intact Molecular Adsorption and Noble Gas Adsorption on MgO(100) 

Table 2.1 summarizes reported measurements of the adsorption enthalpies and entropies 

determined on MgO(100) by EAI for several noble gases and molecules which remain intact 

upon adsorption. The standard entropies of the gas phase species at the average temperature of 

the measurement, Sgas
0, are included for comparison. Part A shows results for MgO(100) smoke 

where the surface coverage was measured by volumetric techniques and Part B is for planar 

MgO(100) single crystals where the surface coverage was measured using ultrahigh vacuum 

(UHV) techniques.  Note that for several of these studies, the structure of the adlayer as 

determined by neutron diffraction or other diffraction-based techniques was also reported. 
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Table 2.1.  Enthalpies and entropies of molecular adsorption on MgO(100) determined by 
equilibrium adsorption isotherms in a temperature range with the specified average temperature.  
When a range of enthalpy or entropy values are given, the arrow indicates that this is the 
direction of increasing coverage. 

 

adsorbate 
-ΔHad

0                 
/(kJ/mol) 

-ΔSad
0(T)                   

/(J/mol/K) 
Sad

0(T)                   
/(J/mol/K) 

Sgas
0(T)                

/(J/mol/K) 
temperature     

/ K citation 
PART A: MgO(100) smoke 

Ar 8.4    60 7 

Kr 11.7    85 7 

Xe 15.5    115 7 

N2 14.7     94 

NH3 71 → 25 36 → 161 126 → 1 162 170 95 

methane 12 91 49.5 141 77 96 

ethane 18 100 93.9 193 120 96 

propane 23 96 138 234 140 96 

butane 27 100 169 269 163 96 

pentane 31 140 161 301 185 96 

neopentane 30.4 146 112 258 200 97 

hexane 34 142 198 340 207 96 

methanol 72 124 112 235 264 98 

CH3Cl 25±4    168 99 

PART B: Flat MgO(100) crystals 

H2Oa 50 → 85±2    203 100 
C2H2 
(2×2)b 29±2    91 101 

a     HAS = He atom scattering 
b     LEED = low energy electron diffraction 
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2.3.1:  Entropies of Adsorption on MgO(100) and Other Surfaces: Correlation with 

Gas-Phase Entropies 

Figure 2.4 shows the standard entropies of these adsorbates (Sad
0 = Sgas

0 + ∆Sad
0) on 

MgO(100) smoke, determined by EAI from Table 2.1, plotted versus the standard entropy of the 

gas phase species at the temperature of the measurement. We add to this plot the standard 

entropies of these same and other adsorbates determined from desorption prefactors measured in 

TPD (at different temperatures), using transition state theory as described next.  The values of 

these prefactors, desorption temperatures, heats of adsorption and corresponding adsorbate 

entropies based on TPD data are listed in Table 2.2, to be described in more detail below. 

When the adsorption ⇌ desorption process is reversible and the activation energy for 

adsorption is negligible, as it is for the cases in Table 2.2, the transition state for desorption is the 

molecule with its center of mass constricted to lie on a plane parallel to the surface at some 

distance far enough away from the surface that its interaction with the surface is negligible for 

any angle of rotation.  In this case, the transition state is very well defined. Its entropy (STS, des
0) 

is identical to that for the gas (Sgas
0) at the same temperature, except that it is missing one 

translational degree of freedom (the one perpendicular to the surface): 

STS, des
0 =  Sgas

0 – Sgas,1D-trans
0.     (2.7) 

The value of Sgas,1D-trans
0 for any gas can easily be calculated using statistical mechanics (the 

Sackur-Tetrode equation) 26, assuming that each translational degree of freedom contributes 1/3 

of the total 3D translational entropy.  This gives that: 

Sgas,1D-trans
0 = (1/3){ SAr,298K

0 + R ln[(m/mAr)3/2(T/298K)5/2]},   (2.8) 

where m is the molar mass of the gas, mAr is that for argon, and SAr,298K
0 is the entropy of Ar gas 

at 1 bar and 298 K (= 18.6R). 
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Table 2.2. Adsorption enthalpies and entropies for molecularly adsorbed species on MgO(100) determined by TPD, showing also the 
peak temperature and heating rate.  Prefactor and enthalpy values in bold were determined in the original paper by careful analysis of 
the TPD data, so the resulting adsorbate’s entropy at Tp determined from this prefactor using Eq. (11) are also in bold.  The remaining 
prefactor, enthalpy and entropy values not in bold were estimated using Eqs. (16), (6) and (11), resp.  The entries in bold under 
“Adsorption site” are as reported in the original paper.  Those not in bold are based on our tentative assignments as justified in 
Section 4.  When a range of Tp and enthalpy values are given, the arrow indicates that this is the direction of increasing coverage. 

adsorbate adsorption 
site Tp / K β       

/(K/s) log(ν / s-1) -∆Had
0           

/(kJ/mol) 
Sad

0(Tp)             
/ R 

Sgas
0(Tp)       

/ R citation 

H2O Mg 235 3 14.5 67.9 11.9 21.7 102 

CO 
 59 → 57 0.2 13.8 16.9 → 16.3 9.38 → 9.30 18.1 → 18.0 103 
 63 → 59 0.6 13.9 → 13.8 17.6 → 16.5 9.53 → 9.40 18.3 → 18.1 49 

c(4×2) phase 45 0.6 13.7 12.3 8.72 17.2 49 

NO  84 → 75 0.5 14.0 24.1 → 21.3 10.4 → 10.1 19.6 → 19.2 104 
methane 

  47 0.6 13.1 12.3 8.20 15.0 24 

ethane  75 0.6 14.9 22.5 9.76 20.9 24 

propane  93 0.6 15.6 29.4 11.9 24.9 24 

butane  111 0.6 15.7±1.6 35.4±3.9 15.8 27.8 8 

hexane  144 0.6 16.0 47.0 22.3 36.4 24 

octane  175 0.6 17.9 63.6 27.4 46.1 24 

decane  204 0.6 19.1 77.9 34.9 56.3 24 

benzene 
parallel to 

surface 175 5 15.0 51.1 16.5 28.3 105 

tilted 148 5 14.9 42.6 15.9 27.3 105 

methanol 
Mg 296 → 275 3 15.3 90.5 → 83.7 16.9 → 16.6 28.8 → 28.4 106 

oxygen 240 3 15.2 72.3 16.2 27.8 106 
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Within transition state theory 107, the desorption prefactor is given by: 

ν  =  kBT/h exp(∆STS, des
0/R)   =   kBT/h exp[(STS, des

0 – Sad
0)/R],   (2.9) 

where kB is Boltzmann’s constant and h is Planck’s constant.  Substitution using Eq. (2.7) gives: 

ν  =   kBT/h exp[(Sgas
0 – Sgas,1D-trans

0 – Sad
0)/R].   (2.10) 

This can be rearranged to give an expression for calculating Sad
0 from an experimentally 

determined value of ν: 

Sad
0  =  (Sgas

0 – Sgas,1D-trans
0) – R ln [νh/(kBT)], (2.11) 

where all entropies are for the same temperature T as the measurement of ν.  This expression was 

used to calculate the adsorbate entropies listed in Table 2.2 and Table 2.3 and plotted in Fig. 2.4 

for the points from TPD.  The values of Sgas
0 for these molecules are found in standard 

thermodynamic tables and, when necessary, extrapolated to different temperatures using 

tabulated heat capacities.  The validity of Eq. (2.11) is verified by the excellent agreement seen 

in Fig. 2.4 between the adsorbate entropies on MgO(100) obtained using Eq. (2.11) and those 

directly measured by EAI.  Below we summarize its applications to understanding the 

thermodynamics of adsorption, some of which have already been described 9, and which prove 

quite powerful. 

By combining the adsorbate entropies on MgO(100) measured by both EAI and TPD in 

Fig. 2.4, one can see that there is a nearly perfect linear correlation between Sad
0 and Sgas

0, with a 

slope of 0.70, a y-intercept of -4.7R and a correlation coefficient (Ɽ2) of 0.96 (standard deviation 

= 1.6R).  Note that this is for temperatures where desorption is fast enough to perform these EAI 

and TPD measurements (~10-3 to 100 ML/s), which are the most relevant temperatures for many 

types of experiments.  We showed that this correlation becomes a direct proportionality if we 

first subtract from Sgas
0 the entropy associated with one degree of translational freedom, 
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Sgas,1D-trans
0, to correct for the fact that an adsorbate has very restricted motion (i.e., sits in a very 

steep potential well) in the direction perpendicular to the surface, z 9. The proportionality: 

   Sad
0   =   0.68 (Sgas

0 – Sgas,1D-trans
0)    (2.12) 

was found to fit the data very well, with  Ɽ2 = 0.96 and a standard deviation of 1.7R.  This proves 

that the adsorbate maintains ~2/3 of the entropy of the gas-phase species (after subtracting the 

entropy of its z translation motion). 

As shown in Fig. 2.5, the linear relationship between Sad
0 and Sgas

0 for MgO(100) in 

Fig. 2.4 was found to hold with the same slope and almost as high Ɽ2 (0.94) when we include 

entropies for all the other molecules whose prefactors for desorption had been determined 

experimentally from fitting TPD data in a reliable way on any other oxide single crystal surface 

(as listed in Table 2.3, to be discussed below) and our own experimental determinations of 

prefactors for linear alkanes on graphite(0001) and Pt(111) from TPD data 10.  Again, Eq. (2.11) 

was used to convert measured prefactors into adsorbate entropies.  The equation for this line in 

Fig. 2.5: 

   Sad
0(T)   =   0.70 Sgas

0(T) – 3.3R    (2.13) 

agrees very well with the measured entropies, with a standard deviation of only 2.2R.  Including 

this much larger data set shifted the y-intercept only very slightly (up by 1.4R) from the line for 

MgO(100), and the slope stayed the same. This indicates that this linear relationship is 

independent of both the surface material and the adsorbed molecule.  As we show below, 

Eq. (2.13) provides a very useful and simple method for estimating adsorption entropies for 

molecularly adsorbed gases on oxide surfaces.  We also show below that this can be applied to 

estimate pre-exponential factors in rate constants for reactions involving adsorbates, like 

desorption. 
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The explanation we offered for the slope of ~2/3 in Figs. 2.4 and 2.5 and Eqs. (2.12) and 

(2.13) is that there is a very weak corrugation of the molecule / surface interaction potential for 

translational and rotational motions parallel to the surface, with saddle points that are lower than 

RT at temperatures where desorption is fast enough for EAI and TPD, but a steep energy well for 

motion perpendicular to the surface. Thus, all x and y components of translational and rotational 

motion of the gas molecule are maintained upon adsorption, but any z components are lost.  If 

the entropies of these motions are equally distributed between x, y and z directions in the gas, 

then 2/3 of the entropy will be maintained after adsorption (when vibrational entropy is 

negligible) 9. 

We found that the behavior is somewhat different for molecules with gas entropies above 

~60R, where the slope increased to almost unity up to 100R (i.e., for n-alkanes with >10 

atoms) 9.  The reason for this change is the slower increase of the rotational entropy in the gas 

phase molecules due to the bends in these longer-chain alkanes and the increased importance of 

vibrational entropy in these larger molecules (which desorb at higher temperatures) 9. This is the 

same reason that the prefactors for n-alkane desorption stop increasing with chain length above 

10 carbons 25, 108, as explained on the basis of molecular dynamics simulations 109-111. 

The only case where ∆Sad
0 was measured versus coverage by EAI is for NH3 on 

MgO(100) smoke, which shows a large decrease with coverage from -47 J/mol/K (after defects 

are populated) to -172 J/mol/K 95.  A large decrease in ∆Sad
0 is predicted for an ideal 2D lattice 

gas model where adsorbate-adsorbate interactions are negligible, due to the large decrease in 

configurational entropy of the adsorbate as the fractional occupation of sites (θ ) increases 66: 

Sconfig = R ln [(1-θ )/θ ].    (2.14) 
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The accompanying decrease in the heat of adsorption with coverage, from 71 to 25 

kJ/mol here 95, indicates that there are repulsive lateral interactions between adsorbed ammonia 

molecules.  However, at low coverage where the average adsorbate-adsorbate separation is large, 

these can be neglected and the adlayer still should have very large configurational entropy.  The 

point for NH3 was omitted from Fig. 2.5 since it drops from 5R above the line to 10R below the 

line (i.e., ~zero) with increasing coverage.  No variation with coverage was reported for the other 

adsorbates studied by EAI, attributed to the fact that they had attractive interactions and thus 

condensed into islands.  Thus, Fig. 2.5 and Eq. (2.13) are only valid for cases with such attractive 

interactions.  A huge decrease in Sad with coverage is probably characteristic of adsorbates with 

strong repulsive interactions. 

There is no significant configurational entropy for the adsorbates that gave rise to the 

linear relationships of Figs. 2.4 and 2.5 and Eqs. (2.12) and (2.13).  Those were for high 

coverages and mainly for cases where there are attractive adsorbate-adsorbate interactions, so 

they cluster into 2D islands.  The usual statistical mechanics model adapted for that case is the 

2D crystal lattice model, and not the 2D ideal lattice gas model, which is only appropriate when 

there are negligible or weakly repulsive adsorbate-adsorbate interactions.  There is no 

configurational entropy in a 2D crystal lattice, only vibrational entropy (including frustrated 

rotational and translational entropy).  It is surprising that ~2/3 of the entropy associated with 

motion in the gas phase remains after adsorption, suggesting that these 2D islands may be liquid-

like at these temperatures where desorption is fast enough for TPD and EAI measurements.  

Rotations and translations parallel to the surface somehow remain unhindered in such adsorbate 

islands. The data points in Fig. 2.5 are also reasonably fit by the trend predicted for 3D liquids 

based on Trouton’s Rule 9, which again illustrates how large these adsorbate entropies are. 
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Table 2.2 summarizes TPD measurements of the activation energies (Ed) and pre-

exponential factors (ν ) for desorption determined on MgO(100) for molecules which remain 

intact upon adsorption and desorption.  We first list the peak temperatures for desorption (Tp) 

and heating rates (β ).  We also list the values reported for Ed and ν when the analysis method 

used to determine these was rigorous, and the enthalpy of adsorption determined from Ed using 

Eq. (2.3). We do not include here reported values for Ed and ν in those cases where the value for 

ν was simply assumed.  Instead, we list here what we believe to be a more reliable estimate for ν 

(determined based on the entropy correlation of Fig. 2.5 and Eq. (2.13) and transition state 

theory, as described next), and its corresponding value for Ed (determined from Tp, ν and β, 

using simple first-order Redhead analysis, Eq. (2.6)). 

2.3.2:   Predicting Desorption Prefactors using this Adsorption Entropy Correlation 

Combining Eq. (2.7) with the approximation for Sad
0 given by Fig. 2.5 and Eq. (2.13) 

(i.e., Sad
0 = 0.70 Sgas

0 – 3.3R), we get that the standard entropy of activation, ∆STS, des
0, is: 

       ∆STS, des
0 = STS, des

0 – Sad
0 = (Sgas

0 – Sgas,1D-trans
0) – (0.70 Sgas

0(T) – 3.3R) 

=  0.30 Sgas
0 + 3.3R – Sgas,1D-trans

0, (2.15) 

where Sgas,1D-trans
0 can be calculated from Eq. (2.8).  Simply plugging this value for ∆STS, des

0 into 

Eq. (2.9) gives the prefactor ν : 

        ν  =  (kBT/h) exp(∆STS, des
0/R)   =   kBT/h exp[(0.30 Sgas

0 + 3.3R – Sgas,1D-trans
0)/R] 

=  (kBT/h) exp{0.30 Sgas
0/R + 3.3 – (1/3){18.6 + ln[(m/mAr)3/2(T/298K)5/2]}}. (2.16) 

Figure 2.6 shows a plot of the predictions of this equation plotted versus experimentally 

measured desorption prefactors for all molecules on single crystal oxides listed in Table 2.3, plus 

our own values for alkanes on Pt(111) and graphite(0001) 10.  The predictions agree very well 
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with these experimental prefactors with a standard deviation in log(ν /s-1) of only 0.86, 

confirming the validity of Eq. (2.16) for estimating prefactors.  Several discussions of the values 

for desorption prefactors have been published, but none of these have presented any relationships 

with prediction integrity anywhere near as good as Eq. (2.16) 112-118. 

For the other molecules/surfaces listed in Tables 2.2 and 2.3 where the desorption 

prefactor was not measured by fitting TPD data, we used Eq. (2.16) to estimate ν, and then used 

this ν in Eq. (2.6) to estimate Ed, and from that the heat of adsorption.  These are the values 

listed in Tables 2.2 and 2.3 for those systems (except for the species at defect sites).  Using twice 

the standard deviation on log(ν/s-1) of 0.86 in Fig. 2.6 gives a factor of 50 maximum error in ν at 

the 95% confidence limits, corresponding to a maximum error in the heat of adsorption of 

4.0RTp, or 8 kJ/mol when Tp = 250 K. 

Note that Eq. (2.16) is for the majority sites on single crystal surfaces, and therefore 

appropriate for species on terraces only.  We do not think it is appropriate for the entries in these 

tables that are assigned to defect sites.  These are most frequently at step edges, and we have 

shown previously that metal adatoms have a desorption prefactor that is 105-fold large at step 

edges than at terraces on Mo(100), due to the loss of all translational motion except in the one 

direction along the step edge 118.  For this reason, the prefactors in Table 2.3 for all species at 

defect sites have been taken as the predicted value from Eq. (2.16) but increased by this same 

factor of 105.  We do not know the accuracy of these prefactors for defect sites. 
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2.3.3:   Trends in Adsorption Enthalpies on MgO(100) 

Table 2.1 shows that, within a given class of adsorbates (like noble gases or alkanes), the 

heat of adsorption onto MgO(100) measured by EAI increases with the mass of the adsorbate.  

This is attributed to the increase in polarizability with the mass of the atoms and the number of 

atoms in the molecules.  As an example, Fig. 2.7 shows that the adsorption enthalpies for noble 

gases increase almost linearly with atomic number. 

Table 2.1 also shows that molecules containing accessible lone pairs of electrons (water, 

ammonia, methanol, ethyne) have higher heats of adsorption compared to the other molecules, 

which we attribute to a strong attraction associated with the donation of this lone pair into the 

unoccupied orbitals of the Mg2+ ion.  The coverage dependence of ∆Had
0 in the 1st ML was 

determined by EAI only for the cases of NH3 and H2O. Surprisingly, it changes in the opposite 

direction, increasing from ~50 to 85 kJ/mol with coverage for H2O, but decreasing from 71 to 25 

kJ/mol for NH3. We attribute this to the fact that the only lone pair in each NH3 binds to a Mg2+ 

ion, so that the only NH3–NH3 interactions will be their dipole-dipole repulsion (see below), 

whereas for H2O, one lone pair of the O can bind to Mg2+ while the other lone pair binds to a H 

atom in a neighboring H2O molecule, to form an attractive hydrogen bond. 

These NH3–NH3 repulsive lateral interactions have also been observed in desorption 

kinetics 119.  The most stable binding configuration has the NH3 axis perpendicular to the surface 

with the N lone pair donating to the Mg2+ ion 119, 120.  Such oriented dipoles always give rise to 

repulsive adsorbate-adsorbate interactions.  Part of the decrease in heat of adsorption is probably 

also associated with the reported change to a less stable adsorbate structure at higher coverage, 

wherein one H atom of NH3 makes a hydrogen bond to an O2- ion of the MgO 120.  Surprisingly, 

the heat of adsorption of NH3 on MgO(100) smoke (71 to 25 kJ/mol) is much higher than that 
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reported from calorimetric measurements on normal powdered MgO with heterogeneous 

surfaces (14 to 6 kJ/mol 121). 

Combining the adsorption energy values from Tables 2.1 and 2.2 allows us to make a 

number of conclusions about how adsorption enthalpies on MgO(100) depend on the adsorbate.  

Figure 2.8 shows that the adsorption enthalpies for alkanes at ½ ML coverage (by TPD) 

increases nearly proportional to chain length, with a slope of 7.1 kJ/mol per C atom.  We add 

here results for graphite (0001) and Pt(111) to show that this trend seems to be independent of 

substrate, with a proportionality constant that increases with the electrical conductivity (and 

therefore polarizability) of the substrate: MgO < C < Pt.  This suggests that the bonding 

interaction is dominated by induced dipole / induced dipole interactions, which increase 

proportional to polarizability.  It is surprising that the permanent dipole of MgO does not 

dominate over the induced dipoles in graphite and Pt, suggesting that the bonding mechanism(s) 

may be somewhat more complex. In any case, the adsorption energy scales nearly proportionally 

with the number of CHx groups for these alkanes, with a slight offset indicating that CH3 and 

CH4 have slight more attraction than CH2 groups. 

The adsorption energies for alkanes on MgO(100) smoke determined by EAI at full, 

saturated ML coverage are also shown in Fig. 2.8.  At short chain length, these agree with the 

TPD results at ½ ML, but as chain length increases, these full ML energies drop further and 

further below the ½ ML results.  We attribute this to repulsive interactions which come into play 

at the highest coverage which are not present at ½ ML total coverage, in spite of the fact that this 

condition probably corresponds to islands held together by attractive interactions at high-local-

coverages (but not as high as at the true saturation coverage before second ML growth probed by 

EAI measurements).  The other oxides in Fig. 2.8 will be discussed below. 
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2.4:  Intact Molecular Adsorption on Oxide Single Crystal Surfaces: Adsorption 

Enthalpies from TPD Studies of Desorption Energies 

Table 2.3 summarizes TPD measurements of the activation energies (Ed) and pre-

exponential factors (ν ) for desorption determined on single crystal oxide surfaces for molecules 

which remain intact upon adsorption and desorption.  The format is the same as Table 2.2, listing 

first Tp and β, followed by reported values for Ed, ν and ∆Had
0 when the analysis method used to 

determine ν was rigorous fitting to TPD data.  For all the other cases, the values for Ed, ν and 

∆Had
0 listed here were those determined using the value for ν estimated using Eq. (2.16), based 

on the entropy correlation of Fig. 2.5 and transition state theory.  The table is organized by the 

molecules, and under each molecule the oxides are listed according to the position of the cation 

in the periodic table, moving from its top left to its bottom right.  As noted below, the heats of 

adsorption for some molecules correlate with the position of the oxide’s cation in the period 

table, with the maximum heats being observed near the center of the transition metals where the 

d orbitals are approximately half filled. 

While the nature and structure of the oxide surface sites for many of the adsorbate / 

substrate systems listed in Tables 2.1 through 2.3 have been characterized in depth using 

experimental measurements (spectroscopy, diffraction, etc.) and /or ab initio modeling methods, 

we do not describe those results in any detail here. 
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Table 2.3:  Adsorption enthalpies and entropies for molecularly adsorbed species on oxide surfaces determined by TPD, showing also 
the peak temperature and heating rate.  Prefactor and enthalpy values in bold were determined in the original paper by careful analysis 
of the TPD data, so the resulting adsorbate’s entropy at Tp determined from this prefactor using Eq. (2.11) are also in bold.  The 
remaining prefactor, enthalpy and entropy values not in bold were estimated using Eqs. (2.16), (2.6) and (2.11), resp.  The entries in 
bold under “Adsorption site” are as reported in the original paper.  Those not in bold are based on our tentative assignments as 
justified in the text.  When a range of Tp and enthalpy values are given, the arrow indicates that this is the direction of increasing 
coverage. 

Adsorbate 
oxide 

surface 
adsorption 

site 
Tp 
/ K 

β       
/(K/s) log(ν / s-1) 

-∆Had
0          

/(kJ/mol) 
Sad

0(Tp) 
/ R 

Sgas
0(Tp)       

/ R citation 

N2 TiO2(110) 
metal 105 → 

90 1 14.1 → 
14.0 

29.7 → 
25.3 

10.3 → 
9.91 

19.4 → 
18.8 

122

oxygen 70 → 
45 1 13.8 → 

13.6 
19.3 → 

12.0 
9.29 → 

8.21 
18.0 → 

16.4 
122

O2

TiO2(110) 
metal 71 → 

60 1 13.9 → 
13.8 

19.6 → 
16.4 

9.69 → 
9.27 

18.5 → 
17.9 

122

oxygen 44 → 
41 1 13.6 11.8 → 

10.9 
8.53 → 

8.37 
16.9 → 

16.7 
122

TiO2(110) 
8% reduced 

oxygen 
vacancies 410 2 19.8* 162 14.0 24.7 123

Cr2O3(0001) 320 → 
310 4 14.7 → 

14.6 
93.5 → 

87.3 
13.4 → 

13.2 
23.8 → 

23.6 
124

PdO(101) 
metal 250 → 

233 1 14.5 74.7 → 
69.2 

12.8 → 
12.6 

23.0 → 
22.7 

125

oxygen 117 1 14.1 33.4 10.9 20.3 125

CO MgO(100) 

59 → 
57 0.2 13.8 16.9 → 

16.3 
9.38 → 

9.30 
18.1 → 

18.0 
103

63 → 
59 0.6 13.9 → 

13.8 
17.6 → 

16.5 
9.53 → 

9.40 
18.3 → 

18.1 
49

c(4×2) phase 45 0.6 13.7 12.3 8.72 17.2 49
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Table 2.3 (continued) 

Adsorbate 
oxide 

surface 
adsorption 

site 
Tp 
/ K 

β       
/(K/s) log(ν / s-1) 

-∆Had
0          

/(kJ/mol) 
Sad

0(Tp) 
/ R 

Sgas
0(Tp) 

/ R citation 

CO 

TiO2(110) 

153 → 
137 1 14.3 44.5 → 

39.6 
11.7 → 

11.4 
21.4 → 

21.0 
122

170 → 
135 0.5 14 42.1 → 

32.8 
13.1 → 

11.9 
21.8 → 

21.0 
126

Cr2O3(0001) 
metal 180 → 

175 1 14.4 52.9 → 
51.4 

12.1 → 
12.0 

22.0 → 
21.9 

127

105 1 14.1 29.9 10.8 20.1 127

Fe3O4(111) 

Fe3+        
step edges 230 3 19.6* 88.1 12.7 22.9 128

Fe2+ 
terraces 

200 → 
180 3 14.5 → 

14.4 
57.4 → 

51.3 
12.4 → 

12.1 
22.4 → 

22.0 
128

110 3 14.2 30.4 10.9 20.3 128

NiO(100) 137 → 
115 3 14.3 → 

14.2 
38.4 → 

31.9 
11.4 → 

11.0 
21.1 → 

20.4 
103, 104

ZnO(10-10) 360 2.5 14.8 108 13.8 24.4 129

NO 

MgO(100) 84 → 
75 0.5 14.0 24.1 → 

21.3 
10.4 → 

10.1 
19.6 → 

19.2 
103

TiO2(110) 129 → 
126 0.5 13.5 35.7 → 

34.8 
13.3 → 

13.2 
21.1 → 

21.0 
130

RuO2(110) 
495 → 

430 3 15.0 → 
14.9 

150 → 
129 

14.8 → 
14.4 

25.8 → 
25.3 

131

250 3 14.6 72.8 13.1 23.4 131

NiO(100) 220 → 
216 3 14.6 → 

14.5 
63.6 → 

62.4 
12.8 → 

12.7 22.9 103, 104
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Table 2.3 (continued) 

Adsorbate 
oxide 

surface 
adsorption 

site 
Tp 
/ K 

β       
/(K/s) log(ν / s-1) 

-∆Had
0          

/(kJ/mol) 
Sad

0(Tp) 
/ R 

Sgas
0(Tp) 

/ R citation 

H2O 

MgO(100) metal 235 3 14.5 67.9 11.9 21.7 102

CeO2(111) 

metal 
271 2 14.6 79.9 12.3 22.3 132

320 → 
265 1 14.7 → 

14.6 
97.1 → 

79.5 
12.8 → 

12.3 
23.0 → 

22.2 
133

oxygen 

185 → 
170 2 14.4 → 

14.3 
53.2 → 

48.6 
11.3 → 

11.0 
20.8 → 

20.4 
132

207 → 
195 1 14.4 61.1 → 

57.3 
11.6 → 

11.4 
21.2 → 

21.0 
133

CeO1.93(111) 
metal 265 → 

240 1 14.6 → 
14.5 

79.5 → 
71.5 

12.3 → 
12.0 

22.2 → 
21.8 

133

oxygen 190 1 14.4 55.8 11.4 20.9 133

CeO2(001) oxygen 200 2 14.4 57.8 11.5 21.1 134

TiO2(110) 

metal 

306 → 
278 1 14.7 → 

14.6 
92.6 → 

83.7 
12.7 → 

12.4 22.5 122

300 → 
272 5 14.7 → 

14.6 
86.8 → 

78.2 
12.6 → 

12.4 
22.7 → 

22.3 
135

oxygen 
189 → 

183 1 14.4 55.5 → 
53.6 

11.3 → 
11.2 

20.9 → 
20.7 

122

170 7.5 14.3 46.8 11.0 20.4 135

TiO2(101) 
metal 257 → 

246 1 14.6 → 
14.5 

76.9 → 
73.4 

12.2 → 
12.1 

22.1 → 
21.9 

136

oxygen 190 1 14.4 55.8 11.3 20.9 136

TiO2(100) 
metal 280 → 

250 1.8 14.6 → 
14.5 

83.0 → 
73.5 

12.4 → 
12.1 

22.4 → 
22.0 

137

oxygen 171 1.8 14.3 49.0 11.1 20.5 137
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Table 2.3 (continued) 

Adsorbate 
oxide 

surface 
adsorption 

site 
Tp 
/ K 

β       
/(K/s) log(ν / s-1) 

-∆Had
0          

/(kJ/mol) 
Sad

0(Tp) 
/ R 

Sgas
0(Tp) 

/ R citation 

H2O 

α-
Cr2O3(001) 

metal 310 2 14.7 92.2 12.7 22.6 138

oxygen 210 2 14.4 60.9 11.6 21.3 138

oxygen 185 2 14.4 53.2 11.3 20.8 138

α-
Cr2O3(001) 
2% strained 

metal 295 2 14.6 87.4 12.6 22.8 138

oxygen 210 2 14.4 60.9 11.6 21.3 138

oxygen 185 2 14.4 53.2 11.3 20.8 138

Fe3O4(111) oxygen 210 → 
190 1 14.6 → 

14.5 
76.9 → 

73.4 
12.2 → 

12.1 
21.3 → 

20.9 
139

Fe3O4(001) oxygen139 225 2 14.5 65.5 11.8 21.6 140

RuO2(110) metal 400 4 14.8 119 13.4 23.9 141

PdO(101) oxygen 197 1 14.4 58.0 11.4 21.0 142

Cu2O(100) oxygen 210 → 
183 2 14.4 60.9 → 

52.6 
11.6 → 

11.2 
21.3 → 

20.7 
143

ZnO(0001) metal 320 7.5 14.7 91.9 12.8 23.0 144

ZnO(000-1) oxygen 
207 5 14.4 58.4 11.6 21.2 145

190 7.5 14.4 52.7 11.3 20.9 144

ZnO(10-10) 
metal 

370 1 14.8 113 13.2 23.6 146

340 7.5 14.7 98.1 13.0 23.2 144

oxygen 190 7.5 14.4 52.7 11.3 20.9 144
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Table 2.3 (continued) 

Adsorbate 
oxide 

surface 
adsorption 

site 
Tp 
/ K 

β       
/(K/s) log(ν / s-1) 

-∆Had
0          

/(kJ/mol) 
Sad

0(Tp) 
/ R 

Sgas
0(Tp) 

/ R citation 

CO2 
TiO2(110) 

oxygen 
vacancies 

206 → 
200 2 19.6* 79.7 → 

77.2 
13.5 → 

13.4 
24.1 → 

24.0 
147

metal 177 → 
158 2 13.6 49.2 → 

39.2 
15.3 →  

14.9 
23.5 → 

23.1 
147

ZnO(0001) metal 135 → 
125 1.3 14.4 → 

14.3 
39.0 → 

35.9 
12.5 → 

12.3 
22.6 → 

22.3 
148

SO2 CeO2(111) oxygen 380 3 15.4 118 18.0 30.5 149

Methane 
MgO(100) 47 0.6 13.1 12.3 8.20 15.0 24

PdO(101) 143 → 
140 1 14.7 40.6 → 

44.6 
9.15 → 

8.95 
19.4 → 

19.2 
150

Ethane 

MgO(100) 75 0.6 14.9 22.5 9.76 20.9 24

PdO(101) 
unsaturated 182 → 

165 1 14.7 54.6 → 
49.2 

13.8 → 
13.6 

24.5 → 
24.1 

150

saturated 100 1 14.4 28.8 12.2 22.1 150

Propane 

MgO(100) 93 0.6 15.6 29.4 11.9 24.9 24

PdO(101) 

205 → 
184 1 15.1 63.1 → 

56.3 
16.4 → 

16.1 
28.1 → 

27.6 
151

151 → 
135 1 14.9 45.6 → 

40.5 
15.5 → 

15.2 
26.9 → 

26.4 
151

n-butane 

MgO(100) 111 0.6 15.7±1.6 35.4±3.9 15.8 27.8 8

PdO(101) 

222 → 
218 1 15.9 71.6 → 

70.2 
20.6 → 

20.5 
34.2 → 

34.0 
152

175 1 15.6 55.1 19.1 32.0 152

160 → 
152 1 15.5 → 

15.4 
50.0 → 

47.2 
18.5 → 

18.2 
31.1 → 

30.7 
152

137 1 15.3 42.1 17.5 29.7 152
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Table 2.3 (continued) 

Adsorbate 
oxide 

surface 
adsorption 

site 
Tp 
/ K 

β       
/(K/s) log(ν / s-1) 

-∆Had
0          

/(kJ/mol) 
Sad

0(Tp) 
/ R 

Sgas
0(Tp) 

/ R citation 

n-butane ZnO(0001) metal 190 → 
165 1.3 15.7 → 

15.5 
60.0 → 

51.3 
19.6 → 

18.7 
32.7 → 

31.4 
148

Isobutene ZnO(0001) metal 140 → 
130 1.6 13.4 39 → 

33
20.7 → 

20.0 
28.6 → 

27.9 
153

n-hexane MgO(100) 144 0.6 16.0 47.0 47.0 36.4 24

n-octane MgO(100) 175 0.6 17.9 63.6 61.5 46.1 24

n-decane MgO(100) 204 0.6 19.1 77.9 34.9 56.3 24

Cyclohexane ZnO(000-1) oxygen 210 5 15.6 63.6 19.4 32.4 154

Ethylene 

Cr2O3(0001) 

220 → 
210 4 14.8 64.2 → 

61.1 
14.2 → 

14.1 
25.0 → 

24.8 
155

120 → 
130 4 14.5 33.6 → 

36.6 
12.5 → 

12.7 
22.5 → 

22.8 
155

RuO2(110) 
320 3 15.1 96.7 15.5 26.8 156

repulsive 
interactions 

120 to 
250 3 14.5 to 

14.9 
33.9 to 

74.2 
12.5 to 

14.6 
25.5 to 

22.5 
156

Propene TiO2(110) 180 5 15.2 53.3 16.9 28.8 157

Isobutene TiO2(110) 210 → 
190 2 15.6 → 

15.5 
65.5 → 

58.7 
19.3 → 

18.7 
32.3 → 

31.5 
158

Benzene 

MgO(100) 
parallel 

to surface 175 5 15.1 51.3 16.6 28.5 105

tilted 148 5 15.0 42.8 16.0 27.6 105

Al2O3(111) 
parallel 

to surface 163 5 15.0 47.5 16.3 28.1 105

tilted 156 5 15.0 45.3 16.4 27.9 105

ZnO(000-1) 250 5 15.4 75.6 18.3 31.0 159

ZnO(10-10) 260 → 
235 5 15.5 → 

15.4 
78.9 → 

70.6 
18.5 → 

18.0 
31.1 → 

30.4 
160
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Table 2.3 (continued) 

Adsorbate 
oxide 

surface 
adsorption 

site 
Tp 
/ K 

β       
/(K/s) log(ν / s-1) 

-∆Had
0          

/(kJ/mol) 
Sad

0(Tp) 
/ R 

Sgas
0(Tp) 

/ R citation 

methanol 

MgO(100) 
metal 296 → 

275 3 15.3 90.5 → 
83.7 

16.9 → 
16.6 

28.8 → 
28.4 

106

oxygen 240 3 15.2 72.3 16.2 27.8 106

TiO2(101) 
metal 295 → 

260 1 15.3 → 
15.2 

92.8 → 
81.1 

16.9 → 
16.4 

28.8 → 
28.1 

136

oxygen 170 1 14.9 51.5 15.1 26.2 136

TiO2(110) 
metal 

370 → 
323 1.5 15.5 → 

15.4 
117 → 

101 
17.8 → 

17.3 
30.2 → 

29.3 
161

350 → 
295 2 15.5 → 

15.3 
110 → 
91.1 

17.6 → 
16.9 

29.8 → 
28.8 

162

oxygen 183 1.5 15.0 55.1 15.3 26.5 161

165 2 14.9 49.0 15.0 26.1 162

ZnO(1010) 440 1.5 15.7 141 18.7 31.3 163

Al2O3(0001) 325 → 
217 5 15.4 → 

15.1 
98.7 → 

64.0 
17.3 → 

15.8 
29.4 → 

27.3 
164

Ethanol TiO2(110) 

metal 
395 → 

337 1.5 16.3 → 
16.1 

131 → 
110 

22.3 → 
21.2 

36.6 → 
35.0 

161

310 4.5 16.0 97.5 20.7 34.2 165

oxygen 
188 1.5 15.5 58.4 18.3 30.8 161

225 → 
185 4.5 15.6 → 

15.5 
68.8 → 

55.7 
19.0 → 

18.2 
31.9 → 

30.7 
165

1-propanol TiO2(110) 
metal 413 → 

352 1.5 17.1 → 
16.8 

143 → 
120 

26.9 → 
25.3 

43.1 → 
40.9 

161

oxygen 204 1.5 16.0 65.6 21.5 35.4 161

Isopropanol TiO2(110) 
metal 400 → 

340 1.5 16.5 → 
16.8 

137 → 
114 

25.5 → 
23.9 

41.2 → 
38.9 

161

oxygen 213 1.5 15.8 67.8 20.6 34.0 161
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Table 2.3 (continued) 

Adsorbate 
oxide 

surface 
adsorption 

site 
Tp 
/ K 

β       
/(K/s) log(ν / s-1) 

-∆Had
0          

/(kJ/mol) 
Sad

0(Tp) 
/ R 

Sgas
0(Tp) 

/ R citation 

1-butanol TiO2(110) 
metal 438 → 

366 1.5 17.9 → 
17.5 

159 → 
130 

31.8 → 
29.5 

50.2 → 
46.8 

161

oxygen 206 1.5 16.5 68.1 24.3 39.4 161

2-butanol TiO2(110) 
metal 425 → 

347 1.5 17.8 → 
17.3 

154 → 
122 

31.3 → 
28.7 

49.4 → 
45.7 

161

oxygen 213 1.5 16.5 70.3 24.2 39.2 161

t-butanol TiO2(110) 
metal 430 → 

351 1.5 17.4 → 
16.9 

152 → 
120 

28.8 → 
26.1 

45.8 → 
42.0 

161

oxygen 225 1.5 16.0 72.6 21.9 35.9 161

Acetone 

CeO2(111) 
metal 300 2 16.1 97.2 21.5 35.6 166

metal 210 2 15.7 65.9 19.5 32.7 166

TiO2(110) 
oxygen 375 2 16.5 125 23.2 38.0 167

metal 320 → 
285 2 16.2 → 

16.1 
104 → 
91.9 

22.0 → 
21.2 

36.2 → 
35.1 

167

formic acid 
NiO(111) 375 5 15.6 116 18.6 31.4 168

ZnO(000-1) 167 5 15.0 48.7 15.8 27.3 169

*Prefactors at defects were calculated using the value from Eq. (16) multiplied by 105 (see text).
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2.4.1:   CO 

The heats of adsorption of CO on the oxides in Table 2.3 seem to maximize for the 

oxides of metals near the middle of the transition metals in the periodic table (e.g., Fe and Ru), 

which probably have the maximum number of valence d electrons available for bonding to CO.  

Transition metals farther to the left may have used up all their d electrons in bonding to lattice O, 

and transition metals further to the right have fewer d electrons anyway and are well known for 

their lack of reactivity. The weakest bonds to CO in this table are for MgO(100), which has no 

valence d electrons for bonding. 

2.4.2:   Alkanes 

Adsorption enthalpies of alkanes on MgO(100) were discussed in detail above. As shown 

in Fig. 2.8, the heats of adsorption of linear alkanes are ~30 kJ/mol higher on the PdO(101) 

surface than on MgO(100).  Indeed, this Pd oxide surface binds alkanes even more strongly than 

the Pd metal itself, a very unusual and unexpected result, and it even dissociates alkanes during 

TPD.  The reasons for this have been discussed in light of DFT calculations 150, 170.  Note that for 

the larger alkanes on PdO(101), dissociation competes with desorption, but much less so when 

using the perdueterated alkane, yet the TPD peak temperature hardly shifts upon 

perdeuteration 171.  Therefore, Redhead analysis of the TPD data for PdO(101) to get heats of 

adsorption should not be changed by more than 5% due to this competition.   Both the Zn- and 

O- polar faces of ZnO(0001) bind alkanes with the same number of carbon atoms slightly more 

strongly than MgO(100) (Table 2.3). 
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2.4.3:  Water 

Molecularly adsorbed water generally shows two TPD peaks from oxides, one near 

300 K due to binding through its O atom to metal cation sites (with perhaps H-bonding to O 

anions) and one near 200 K due to water bound to oxygen anion sites.  We will refer to these 

states below as corresponding to metal and oxygen sites, respectively.  In general, the metal sites 

are populated first, and saturate at one water per metal site.  As shown in Table 2.3, the heat of 

adsorption at the metal sites generally falls in the range 70-100 kJ/mol.  This is considerably 

stronger than water binds to late transition metal surfaces (e.g., 51 kJ/mol for Pt(111) 85).  The 

heats of adsorption for the O sites are in the range 50 to 60 kJ/mol, similar to that for water on 

Pt(111) and only slightly larger than the sublimation enthalpy of bulk water (47 kJ/mol 1).  Note 

that in the cases indicated in Table 2.3, we used the TPD peak temperatures to assign the site of 

that water binding, based on the general trend outlined above, indicating there if this differs from 

the assignment in the original paper (but not if there was no such assignment). 

In some cases, the TPD peak due to molecularly adsorbed water on metal sites does not 

appear, due to the fact that these species dissociate to make an -OH at the metal site and an -H 

bound to the neighboring O site, or two different types of surface hydroxyls.  We will discuss the 

water TPD peaks due to the recombinative desorption of these adsorbed dissociation products 

(OH+H) below when we discuss TPD studies of associative desorption energetics. There, we 

will also discuss the same species when produced instead at surface defects.  In many cases, this 

TPD peak is at much higher temperature than the ~300 K characteristic of molecularly adsorbed 

water at metal sites, but in some cases, the peak is near or just above 300 K.  In those cases, it 

has generally been difficult to determine what fraction of the desorption intensity is due to 

molecularly adsorbed water and what fraction is associative desorption, and the assignments to 
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one or the other in some cases are debatable.  Indeed, it seems that there may be an equilibrium 

between molecularly adsorbed water (dominant) and dissociated water (minority species) in this 

state, which complicates assignments.  For these species, we analyzed this peak to get the heats 

of adsorption listed in Table 2.3 as if it were purely molecularly adsorbed. 

2.4.4:  Alcohols 

Molecularly adsorbed methanol on oxides, like water, generally shows two TPD peaks at 

high coverage, one near 300 K generally attributed to methanol binding to metal cation sites 

through its own O atom (with perhaps H-bonding to the oxygen atoms of another methanol or to 

O anions) and one nearer to 200 K attributed to methanol bound to oxygen anion sites.  Although 

these site assignments are not yet definitive, we will refer to these states below as corresponding 

to metal and oxygen sites, respectively.  In general, the metal sites are populated first, and 

saturate at one methanol per metal site.  As shown in Table 2.3, the heats of adsorption at the 

metal sites generally fall in the range 80 to 100 kJ/mol.  This is considerably stronger than 

methanol bonds to late transition metal surfaces (e.g. 57 kJ/mol for Pt(111) 53).  The heat of 

adsorption at the O sites is in the range 49 to 72 kJ/mol, similar to that for methanol on Pt(111) 

and only slightly larger than the sublimation enthalpy of methanol (45 kJ/mol 1).  Note that in the 

cases indicated in Table 2.3, we used the TPD peak temperatures to assign the site of that 

methanol binding, based on the general trend outlined above. 

It has generally been difficult to determine whether the TPD peak at ~300 K from oxides 

surfaces is due to molecularly adsorbed methanol or associative desorption or some combination 

of both, and the assignments to one or the other is often based on limited evidence. Where 

available, direct STM images show mainly a single bump for this species on the terrace metal 
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sites 172-174, implying that molecular adsorption is more favorable there.  This is also the case for 

larger alcohols 175-178.  As with water above, it seems that there may be an equilibrium between 

molecularly adsorbed methanol (dominant) and dissociated water (minority species) in this peak, 

with the two states quite similar in energy for many oxides (see, for example, the combined 

experimental and DFT study on TiO2(110) 174), which complicates TPD peak assignments. For 

these species, we analyze this peak to get the heats of adsorption listed in Table 2.3 as if it were 

purely molecularly adsorbed, since this seems to be the dominant structure.  Further evidence to 

support this is presented below, where we show that when analyzed in this way the heats of 

adsorption of linear alcohols on TiO2(110) increases with the number of C atoms with the same 

average slope (7 kJ/mol per C) as that for alkanes on MgO(100). 

For some oxide surfaces, a TPD peak near 300 K for molecularly adsorbed methanol on 

metal sites does not appear, due to the fact that methanol on metal sites instead dissociates to 

make methoxy at the metal site and an -H bound to the neighboring O site.  In these cases, a 

methanol TPD peak appears at considerably higher temperature and has been attributed to the 

recombinative desorption of these adsorbed dissociation products (OCH3+H).  We will discuss 

these cases below when we discuss TPD studies of associative desorption energetics, where we 

also discuss associative desorption of these same species when they are instead produced at 

defect sites on oxide surfaces. 

Ethanol at high coverage has a TPD peak near 340 K, slightly above that for methanol.  

Again, it now seems that this state is mainly due to molecularly adsorbed ethanol on metal sites, 

which are probably in equilibrium with some dissociated ethanol (ethoxy plus -H) 177, 178.  We 

initially assigned this TPD peak on TiO2(110) to dissociated ethanol, based on the fact that it 

was also seen at the same temperature when ethoxy was added to the surface by a different route 
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(the dissociation of adsorbed tetraethoxy silane), albeit in the presence of surface or subsurface 

H 165.  However, since ethanol was the observed gas phase product, it could have resulted mainly 

from the desorption of molecularly adsorbed methanol, produced at lower temperature by the 

association of surface ethoxy plus -H.  We now think that this was the case, based on STM 

showing that ethanol on terrace Ti sites is mainly molecularly adsorbed 177, 178. 

Figure 2.9 shows a plot of the heat of adsorption of linear alcohols up to butanol on the Ti and O 

sites of rutile TiO2(110) versus the number of carbon atoms.  (Again, the assignments to metal 

and O sites are still tentative.)  As with the n-alkanes on MgO(100) (Fig. 2.8), there is a linear 

increase with the number of C atoms, with a slope of 4.6 and 9.4 kJ/mol per C atom for O and Ti 

sites, respectively. The slope versus carbon number, averaged over both O and Ti sites (7.0 

kJ/mol per C atom), is the same as that for the n-alkanes on MgO(100) at ½ ML (7.1 kJ/mol per 

C atom), and both are more than twice the slopes of the heats of vaporization of both bulk 

alkanes and bulk alcohols (~3 kJ/mol per C atom).  The larger slopes here imply that the van der 

Waals interactions of the CHx groups are stronger with both TiO2 and MgO than with other 

alkane chains. The large, constant slope in Fig. 2.9 can only be understood if these alcohols are 

lying flat along the surface, which would allow near optimal van der Waals interaction with the 

oxide for every CHx group.  This strongly supports the interpretation that these TPD peaks are 

due to simple desorption of molecularly adsorbed alcohols, rather than associative desorption of 

its fragments, which would instead have an activation barrier associated with H addition to the O 

atom of the alkoxy and thus should be much less dependent on chain length.  The y-intercept 

here (50 and 91 kJ/mol for O and Ti sites, respectively) is much larger than for alkanes (7 

kJ/mol).  This is clearly due to the strong interaction of both the O and metal sites with the -OH 

group, and possibly hydrogen bonds between neighboring -OH groups, that are not present for 



the alkanes.  The intercept is larger for the Ti sites due to the stronger interaction of -OH with the 

metal sites than the O sites. 

2.4.5: Comparison to Adsorption Calorimetry on Powdered Oxides 

Cardona-Martinez and Dumesic 121 have reviewed calorimetry measurements of 

adsorption energies of a variety of molecules on powdered oxide samples which had much more 

heterogeneous surface structures than the samples discussed above.  These included studies of 

molecular adsorption on powdered oxides of Mg, Al, Si, Zn, Fe and Ti.  As might be expected, 

for a given metal oxide and molecule, those heats on powdered samples generally covered a 

much broader range than the heats reported above for single crystalline oxide surfaces, which we 

attribute to the heterogeneity of sites on those powdered samples.  Due to this complexity, we 

found it too challenging to identify other trends which we should mention here in comparison to 

the more well-defined single crystal oxide surfaces, which are the focus of this present review.  

However, since powdered samples are used in most industrial applications of oxides as catalysts 

or sorbents, understanding their heterogeneous site distributions is also highly important.  Also, 

for specific adsorbate / oxide combinations, we have found it very helpful for interpreting results 

on single crystal samples to use information from published data on powdered samples, and vice 

versa. For example, our early study of water on TiO2(110) relied heavily on insights from TPD 

and FTIR data from powdered samples 135. However, that type of integration of data requires a 

level of detailed analysis of the literature for specific systems that is beyond the scope of this 

review. 
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2.5:  Reversible Dissociative Adsorption on Oxides: Adsorption Enthalpies by TPD 

As noted above, when adsorption is dissociative but the two adsorbed products have 

attractive interactions and thus prefer to occupy neighboring sites, or if they are immobile and 

simply remain at neighboring sites, their associative desorption kinetics can be treated as a 

pseudo-first-order process.  Therefore, one can use Eq. (2.4) through (2.6) to get Ed and, with 

Eq. (2.3), the enthalpy of adsorption.  This is only valid when the adsorption ⇌ desorption 

process is reversible and the activation energy for adsorption is negligible (i.e., when the sticking 

probability is near unity).  In Table 2.4, we have analyzed some cases in this way, mainly for 

cases where the two adsorbed fragments are expected to have attractive interactions (i.e., -OH 

and -H in the case of dissociatively adsorbed water and -OCH3 and -H in the case of 

dissociatively adsorbed methanol).  Based on the gas exposures reported for all these species 

(less than ~30 L), the initial sticking probabilities were estimated to be large enough (>0.05), 

given the surface temperature during exposure, that the activation energies for adsorption were 

negligible (and certainly below 7 kJ/mol). 

In most cases, calculating the adsorption enthalpy for these dissociatively adsorbed 

species requires the use of an assumed prefactor for recombinative desorption.  For this, we 

assumed a value of 1017 s-1, based on the value we think is the most reliable prefactor actually 

determined experimentally for the associative desorption of similar species on single crystal 

oxides, as reported for water on α-Fe2O3(012) (1x1) 179.  This prefactor is higher than that for 

desorption of molecularly adsorbed water.  This is expected within transition state theory, since 

the adsorbed fragments (-OH and -H in the case of dissociatively adsorbed water) are expected to 

have a tighter binding to the surface, wherein free motions like rotations of the undissociated 

molecule have been converted into vibrational motion of the fragments with respect to the 
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surface.  Since vibrations contribute less to the partition function, this gives a lower partition 

function to the initial state for the reaction and thus a higher prefactor. 

The energetics of the dissociative adsorption of H2 on ZnO were measured by Griffin and 

Yates 180.  Although these results were obtained on ZnO powders, the three states observed were 

so beautifully characterized by infrared spectroscopy that one can hope to relate them to more 

recent observations on ZnO single crystal surfaces.  They observed three dissociatively adsorbed 

states for H2 with distinct peaks in the TPD spectra for associative recombination.  State Ia, 

which has a Zn–H stretching frequency, ν (Zn–H), of 1710 cm-1, ν (O–H) of 3455 cm-1 and Tp = 

170 K, has a heat of adsorption of 31 kJ/mol and an activation energy for adsorption of 21 

kJ/mol.  State Ib and Ic both have ν (Zn–H) = 1710 cm-1 and ν (O–H) of 3498 cm-1, but Ib has Tp 

= 232 K with a heat of adsorption of 52 kJ/mol and an activation energy for adsorption of 17 

kJ/mol, and Ic has Tp = 300 K with a heat of adsorption of 57 kJ/mol and an activation energy for 

adsorption of 33 kJ/mol.  The latter frequencies are not greatly different than the values of 1613 

and 3670 cm-1 observed after dosing atomic H gas to the most stable face of ZnO, the (10-10) 

surface, which also starts to desorb as H2 at a similar temperature of 250 K upon heating in 

UHV 181.  In contrast, dosing H gas to the ZnO(0001)-Zn surface leads to much higher 

temperature peaks in the removal rate of adsorbed H upon heating in UHV, at 383 and 

536 K 182, 183. 
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Table 2.4.  Adsorption enthalpies for dissociatively adsorbed molecules on oxide surfaces, based 
on TPD analysis of peaks for their associative desorption.  Prefactor and enthalpy values in bold 
were determined in the original paper by careful analysis of the TPD data.  The remaining 
prefactors not in bold were assumed to be 1017 s-1 as justified in the text, and the corresponding 
enthalpies were estimated using Eqs. (2.6) and (2.3).  For all these species, the sticking 
probabilities are large enough to analyze TPD assuming negligible activation energy for 
dissociative adsorption. 
dissociatively 

adsorbed 
molecule oxide surface 

adsorption 
site 

Tp 
/ K 

β         
/(K/s) log(ν/s-1) 

-∆Had
0               

/(kJ/mol) citation 
O2 PdO(101) defects 760 1 17 269 125

H2O 

CeO2(001) 
defects 

exposing 
metal sites 

275 2 17 93.5 134

TiO2(110) defects 507 1.5 17 176 161

TiO2(100) metal 340 → 
320 1.8 17 116 → 

109 
137

α-Cr2O3(001) metal 355 2 17 121 138

α-Cr2O3(001)       
2% strained metal 345 2 17 118 138

Fe3O4(111) metal 282 → 
268 5 17 93.8 → 

89.0 
139

Fe3O4(001) defects 520 2 17 179 140

Fe3O4(001) metal 325 → 
260 2 17 111 → 

88.2 
140

α-Fe2O3(012) 
(1X1) metal 350 2 17 118 179

α-Fe2O3(012) 
(2X1) metal 405 → 

380 2 17 139 → 
130 

179

PdO(101) defects 354 1 17 123 142

Cu2O(100) metal 465 2 17 160 143

ZnO(000-1) 
defects 

exposing 
metal sites 

315 7.5 17 104 144

ZnO(10-10) metal 450 1 17 157 146

α-
Al2O3(0001) metal 395 1 17 138 184

MeOH 

TiO2(101) defects 410 1 17 143 136

TiO2(110) defects 480 2 17 165 162

ZnO(10-10) ordered 
bi-layer 370 1.5 17 127 163
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2.6:  Metal Atom Adsorption on Oxide Surfaces and Metal / Oxide Interfacial Adhesion 

Metal / oxide interfaces play key roles in many technologically important applications, 

including metal / oxide contacts in microelectronics and photovoltaic devices, metal / oxide seals 

in device and medical implant construction, coatings for corrosion passivation, and novel 

structural materials based on metal / ceramic composites.  One would therefore like to 

understand the atomic-level structure of metal / oxide interfaces, the electronic character of the 

metal atoms at these interfaces, their interfacial chemical bond strengths to the oxide, and the 

thermodynamic stability of these interfaces.  These must control their technologically-relevant 

functional properties such as the efficiency of photovoltaic devices, the speed and size of 

microelectronics, the corrosion resistance of passivation layers, the peel strength of metal / oxide 

contacts, and the hardness of composite materials.  Oxide surfaces that are decorated with sub-

monolayer amounts of metals as either adsorbed cations or small metal nanoparticles are also 

extremely important in energy and environmental technologies as catalysts, electrocatalysts, 

photocatalysts and gas-sensors.  Again, one would like to know the atomic-level structure of the 

surface, the electronic character of the metal atoms at these oxide surfaces, and their chemical 

bond strengths to the oxide, since these properties should correlate with the catalytic activity and 

selectivity of oxide-supported metal nanoparticles or cations, their resistance to sintering, and the 

sensitivity and lifetime of sensors.  Our understanding of these key scientific questions about 

metals on oxide surfaces has improved considerably over the past two decades 2, 33, 185-205. 

Here we review progress which has been made in understanding the adsorption energy of 

isolated metal atoms to oxide surfaces and how that adsorption energy of metal atoms depends 

on coverage due to metal-metal bonding as metal particles grow for mid to late transition metals, 

or alternatively due to metal-metal repulsions for alkali metals.  First, we start with a discussion 
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of how chemical bonding enthalpies can be used to predict which chemical structure forms when 

a metal is deposited onto an oxide surface, and the observed relationships between interfacial 

chemical bonding strength as measured by metal atom adsorption energies and the adhesion 

energies at the thick metal film / oxide interface. 

2.6.1: Predicting when the Adsorbing Metal Will Reduce the Underlying Oxide 

It is easy to predict what bulk phase(s) should form at equilibrium (i.e., in the absence of 

any kinetic constraints) when a large amount of metal is dosed onto an oxide, since this simply 

depends on the relative thermodynamic stabilities of the various bulk oxides and intermetallic 

compounds that might form 33.  If metal A is deposited onto oxide BO, then A should reduce the 

surface of BO to metallic B and itself become oxidized to AO if the reaction 

A(s) + BO(s)   →  AO(s) + B(s) 

is thermodynamically downhill  (i.e., if it has a negative standard free energy change).  (Here, s 

will refer to solids, and g to gas.)  Neglecting differences in formation entropies of the oxides, 

this occurs when the standard heat of formation, ∆Hf
0, of the bulk oxide of A is more negative 

than that of the bulk oxide of B.  It is reasonable to neglect entropy differences, since the 

entropies of formation of metal oxides (per mole of oxygen) is nearly independent of the 

metal 206.  To take more complex stoichiometries like A3O4  into account, one should make this 

comparison using heats of formation per mole of oxygen, using the most negative value amongst 

all oxides of A (i.e., the value for the most stable oxide of A).   Many of these heats of formation 

have been tabulated 1.  The late transition metals have the least stable oxides (least negative 

∆Hf
0), and therefore the lowest affinity for oxygen.  The affinity of transition metals for oxygen 

generally decreases from left to right across the periodic table. 
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If the substrate oxide can be easily reduced to a lower oxide, as in the case of TiO2: 

2 TiO2(s)   →  Ti2O3(s)  +  1/2 O2(g) 

(∆H0 = ∆Hf,Ti2O3

0  –  2∆Hf,TiO2

0 = 368 kJ/mol at 298 K), 

then one must also consider the possibility for reactions like: 

A(s)   +   2 TiO2(s)    →    AO(s)  + Ti2O3(s). 

This type of reaction should occur when ∆Hf
0 of the oxide of A is more negative 

than -∆Hreaction
0 for the reduction of the substrate to its lower oxide, when compared per mole of 

oxygen.  Evidence for this is seen for several metals on rutile TiO2, for example 207-212. 

If the two metals form stable intermetallic compounds, then one must also consider 

whether reactions like: 

   2 A(s) + BO(s)  →   AO(s) +  AB(s) 

are thermodynamically downhill.  This often occurs when depositing metals with very stable 

oxides onto alumina 213, 214, or when depositing Al onto oxides 215, since metal aluminides tend to 

be very stable.   Finally, one must consider any mixed oxides that are known to form.  For 

example, NiAl2O4(s) is known to form at the Ni/Al2O3 interface, but only when the deposition is 

done in the presence of oxygen gas 214.  Heats of formation of many single metal oxides are 

conveniently tabulated 1.  Those of mixed oxides and intermetallic compounds are harder to find 

(see, for example 216). 

Experimental measurements of thick metal films on oxides at room temperature often fail 

to give these thermodynamically expected bulk phases, due to kinetic limitations (e.g., slow 

diffusion).  However, the first monolayer usually shows evidence for the onset of the 

thermodynamically expected bulk reaction, and thin interfacial layers of the thermodynamically 

expected phases can often still be seen at thicker layers 33, 211-214.  This agreement implies that the 
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energetics of metal adsorption in such cases where the adsorbing metal steals oxygen from the 

substrate oxide are similar to the bulk ∆Hreaction
0 discussed for the above types of reactions. 

Since this quantitative explanation of the observed reactivity trends is based on bulk heats 

of formation, and since heats of formation for both the metal and the oxide can depend on 

particle size (see below), finite size effects may be important.  Thus, these predictions based on 

bulk thermodynamics will not always apply. 

Note that for late transition metals on semiconducting oxides like TiO2(110) and 

ZnO(0001)-O, bulk thermodynamics predict neutral metal adsorption, and that is observed.  

However, even in these cases it is common for the first few percent of a monolayer to donate 

electron density into the oxide and induce downward band bending on the order of a few tenths 

of an eV 33. 

2.6.2: Metal / Oxide Adhesion Energies and Wetting of Oxide Surfaces by Metal Films 

Whether or not wetting occurs when metal is evaporated onto an oxide can be predicted 

based on a comparison of the metal / oxide interfacial free energy, γm/ox, with the difference 

between the surface free energy of the clean oxide in vacuum, γv/ox, and that of the clean metal, 

γv/m 33.  If the metal wets the oxide, then γm/ox equals γv/ox – γv/m at equilibrium.  In this case, a 

continuous metal film is formed whose thickness is simply related to the volume of metal 

deposited.  If 

γm/ox  > γv/ox - γv/m      (2.17) 

then the metal does not wet the oxide / vacuum interface 217, 218.   In this case, the metal should 

make thicker, three dimensional (3D) particles and leave regions of clean oxide surface between 

particles. 
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The interfacial free energy, γm/ox, reflects the strength of metal - oxide bonding.   All real 

interfacial energies γ are positive, and strong bonding between the phases at the metal / oxide 

interface would lead to small positive values of γm/ox.  Since the surface free energy of metals is 

usually larger than or comparable to that of oxides 219, Eq. (2.17) means that the metal / oxide 

interfacial free energy must be very small; or there must be very, very strong bonding at the 

metal / oxide interface; for wetting to occur. 

The adhesion energy or the work of adhesion, Eadh, is the work needed to separate the 

metal / oxide interface in vacuum.  It is given by 217, 218, 220: 

Eadh   =   γv/m  +  γv/ox  -  γm/ox. (2.18) 

Therefore another way of specifying the thermodynamic criterion for wetting is simply that, if 

wetting occurs at equilibrium: 

Eadh   =   2 γv/m.     (2.19) 

If Eadh < 2 γv/m, then wetting does not occur and 3D metal particles are instead expected to form 

on the oxide surface. 

Adhesion energies have been measured using the contact angle method for liquid metals 

on alumina, silica, MgO and ZrO2, often under controlled inert gas or H2 atmospheres (although 

not under conditions of proven surface cleanliness), and have been tabulated 219).  A contact 

angle of less than 100° was never reproducibly observed for mid to late transition metals on any 

of these oxides 219-226.  The values of Eadh were usually only 20-70% of γv/m for these metals, and 

thus a factor of at least three too low for wetting.  Contact angles have also been measured for 

liquid metals on more reducible oxides (ZnO, chromia, etc.) 221, 227, and even here the late 

transition metals usually have a contact angle near or above 90°.  Assuming that the solid metal 

has a similar interfacial energy on the oxide as the liquid metal, and realizing that γv/m is even 
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larger for the solid than for the liquid metal (typically by ~ 18% 228), this indicates that these 

metals as solids also should not wet such oxides.  Indeed, the mid-to-late transition metals as 

solids do not wet such oxides, in the thermodynamic sense, under clean UHV conditions, but 

instead form 3D solid particles on these surfaces 33.  Adsorbed gases also influence the wetting 

thermodynamics:  the adsorption of gases like CO which can bind much more strongly to metals 

than to these oxides can add a large enthalpic driving force for wetting 33. 

2.6.3: Relating Metal Atom Adsorption Energies with Metal / Oxide Adhesion Energies 

and Sublimation Energies of the Bulk Metal 

Metal atom adsorption enthalpies have been connected to adhesion energies by a 

thermodynamic cycle 33.  That cycle proved that the integral heat of adsorption per mole, qad, int, 

at some multilayer coverage where the differential heat of adsorption has just reached the bulk 

heat of sublimation of the metal per mole, ∆Hsub, is given by: 

qad,int     =    ∆Hsub  –  (2γv/m  –  Eadh)/(n/A),    (2.20) 

where n/A is the coverage in moles of metal atoms per unit area. We used here the convention 

adopted above that both qad,int and ∆Hsub are positive, and neglected entropy.  For metals which 

don’t wet, qad,int < ∆Hsub.  Roughness factors must be incorporated into the above derivation to 

account for any surface roughness of the multilayer metal film, which is done by simply 

replacing 2γv/m  with (1 + fr)⋅γv/m, where fr is the roughness factor 33.  This can even be applied to 

cases where the metal film is not continuous but instead is in the form of large particles, as 

shown below. 

If we imagine the hypothetical case where the metal had grown in a layer-by-layer 

fashion, and assume that the adsorption energy of a metal onto an oxide is equal to its 
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sublimation energy in all layers beyond the first monolayer, the (hypothetical) integral heat of 

adsorption in the first monolayer is given from the above equation as: 

  qad,int,ML     =    ∆Hsub  –  (2γv/m  –  Eadh)/( n1/A),   (2.21) 

where n1/A is the coverage for one ML.  Combining this with the result that Eadh is usually 20 to 

100% of γv/m for late transition metals on alumina, silica and zirconia 33, we have shown that 33: 

   qad,int,ML   =    ∆Hsub  –  (1.4±0.4).γv/m / (n1/A).   (2.22) 

Overbury et al. 219 have shown from experimental data for many solid metals that: 

γv/m   =   (0.16±0.02).( n1/A) ∆Hsub.    (2.23) 

Substituting this into Eq. (2.22) gives a simple way to estimate heats of adsorption for late 

transition metals on those oxides 33: 

   qad,int,ML  =   (0.77±0.09) ∆Hsub.    (2.24) 

This estimate is based upon surface free energies and adhesion energies measured 

without the aid of tests that prove surface cleanliness.  Experimental measurements of the heats 

of adsorption for late transition metals on MgO(100), CeO2(111), Fe3O4(111), alumina and 

silica (summarized below) are at least qualitatively consistent with this prediction that qad,int,ML is 

some fraction of  ∆Hsub, but we cannot yet verify that this fraction is generally in the range 

0.77±0.09.  Using that Eadh is usually 20 to 100% of γv/m for such systems, together with Eq. 

(2.23), we showed that 33: 

Eadh   =  (0.10±0.07).( n1/A) ∆Hsub. (2.25) 

This gives a very imprecise way of estimating the range of adhesion energies for such systems. 
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2.6.4: SCAC Studies of Metal Adsorption Enthalpies on Single Crystal Oxide Surfaces 

Our group has calorimetrically measured the heats of adsorption of a variety of different 

metal atoms onto a number of different single crystal oxide surfaces, including MgO(100), 

CeO2(111), and Fe3O4(111) 2, 11-17, 29, 81, 229-233.  Example heats of adsorption versus coverage 

data are shown in Fig. 2.10, expressed here as the standard enthalpies of adsorption, ∆Had
0, at the 

stated temperature (where standard simply implies one bar gas pressure).  These calorimetric 

measurements have allowed us for the first time to directly assess the energetic stability of metal 

atoms on a well-defined oxide surfaces and that of metal atoms within metal nanoparticles 

supported on these oxide surfaces. Here we review those studies, showing how the heat of metal 

atom adsorption, its coverage dependence, and the metal adhesion energy are determined by the 

position of the metal in the periodic table; the nature of the oxide material; and the presence of 

hydroxyls, steps and oxygen vacancies on the oxide surface.  Finally, we show how the stability 

of oxide-supported metal clusters depends on cluster size and the nature of the oxide surface. 

2.6.4.1:  Adsorption Enthalpies of Different Metal Atoms on Defective MgO(100) 

Our studies of metal adsorption enthalpies on MgO(100) used ordered, 4 nm thick 

MgO(100) thin films grown epitaxially on Mo(100) 11-13, 29, 81, 229-233.  These MgO(100) surfaces 

contain ~5% defect sites, mainly step and kink sites 233, 234.  Example measurements are shown in 

Fig. 2.10.  Heats of adsorption for Ca, Li, Cu, Ag and Pb measured at 300 K are summarized in 

Table 2.5, where they also are compared to DFT calculations for terrace, step and kink sites 

when available. 
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Table 2.5: Comparison of the initial heats of adsorption (∆Had
0) measured calorimetrically for 

selected metals on MgO(100) at 300 K with values for the adsorption energy of isolated metal 
atoms on the most stable sites where they can adsorb on terraces, steps and kinks calculated with 
DFT slab models at 0 K. Included are also the measured initial sticking probability (S0) and the 
heat of sublimation of the bulk metal (∆Hsub, from 1). Light grey spheres represent oxygen 
atoms, black magnesium, and light blue adsorbed metal atoms.  Reprinted with permission from 
Reference 2. Copyright 2009 Elsevier. 

system 

(experimental) (bulk) -Ead from DFT /(kJ/mol) 

-∆Had
0 

/(kJ/mol) S0 
∆Hsub 

/(kJ/mol) terrace step kink 
Ca / 

MgO(100) 410 13 1.00 13 178 82 13 205 13 376 13

Li / 
MgO(100) 260 232 0.97 232 159 78 232, 233, 

58, 85 235 161 232, 233 343 232, 233

Cu / 
MgO(100) 240 29 1.00 29 337 60 236, 90 237, 

91 238 144 238 228 238

Ag / 
MgO(100) 176 12 0.94 12 285 52 239, 38 236, 

47 240 - - 

Pb / 
MgO(100) 103 11 0.70 11 195 - - - 

The calorimetry results in Table 2.5 are probably best understood for the cases of Ca and 

Li on MgO(100), since these calorimetry studies also included complementary DFT calculations 

and kinetic simulations by our collaborators (Graeme Henkelman and Lijun Xu) 13, 233, 241, 242.  

The calorimetry and film morphology measurements for the slightly defective MgO(100) surface 

and this surface after intentionally adding increasing numbers of defect sites (mainly steps, with 

some kinks) were well fitted by a kinetic model which included the following heats of 

adsorption: defect sites (mainly steps) = 420 kJ/mol for Ca and 400 kJ/mol for Li, and terrace 

sites at the edges of 2D clusters = 174 kJ/mol for Ca and 159 kJ/mol for Li.  According to DFT, 

the binding energies at steps and kinks are 205 and 376 kJ/mol for Ca and 161 and 343 kJ/mol 
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for Li, respectively.  It thus appears that DFT must be underestimating the strength of Ca– and 

Li–MgO binding at steps by ~50%.  According to DFT, the binding energies at the edge of 2D 

islands on terraces are 100 and 116 kJ/mol for Ca and Li, respectively, which is again too low, 

now by 30 to 40%. 

According to DFT 233, 241, 242, small 2D clusters of Li atoms nucleated at step edges are 

more stable than Ca atom clusters, which tend to dissociate at room temperature.  That is, for the 

case of Li, when a third metal adatom diffuses to a terrace site nearest to two neighboring metal 

adatoms both bound on a step edge, it makes a stable trimer, whereas for the case of Ca it would 

continue migrating until it found a third defect site or a 3D Ca particle.  The kinetic simulations 

mentioned above included this effect, and proved that it can explain the observed tendency for Li 

to maintain 2D growth to higher coverages than Ca 233. 

These DFT calculations showed charge transfer from adsorbed Ca and Li monomers to 

the MgO(100) terrace of -0.24 e and -0.35 e, respectively, and much more at steps 241, 242.  In 

agreement, the work function was observed to decrease between 0 and 0.5 ML by 1.1 and 1.8 eV 

for Ca and Li, respectively 13, 232.  It is surprising that in spite of their large charges and the 

expected charge-charge and dipole-dipole repulsions, both Ca and Li adatoms show attractive 

interactions and 2D clustering on MgO(100) in both experiments and DFT 13, 232, 233, 241, 242. 

The heats of formation of CaO (-152 kJ/mol O) and Li2O (-141 kcal/mol O) are very 

similar to that for MgO (-144 kJ/mol), such that some transfer of oxygen from the lattice to the 

admetal might be expected based on thermodynamics.  This was not observed, but the low 

temperature (300 K) may have prevented overcoming an activation barrier. 

In contrast to the case of Ca and Li on the left side of the periodic table, the metals Cu, 

Ag, and Pb from the right side of the periodic table do not bind very strongly to the steps and 
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kinks on MgO(100).  One can conclude this easily by looking at their heat of adsorption versus 

coverage curves (Fig. 2.10), which start low and increase toward the heat of sublimation with 

coverage 11, 12, 29, 81, 229-231, exactly the opposite as seen for Ca and Li 13, 232.  This very weak 

bonding of late transition metals to step sites on MgO(100) is supported by DFT calculations, 

which found that a palladium atom has an adsorption energy of only ~185 kJ/mol at steps, which 

is only about half of its heat of sublimation of 377 kJ/mol but is still ~47 kJ/mol stronger than 

adsorption at terrace sites 243.  The same trend is seen in the DFT results in Table 2.5 for Cu at 

steps and kinks on MgO(100) by Henkelman 238. 

Metals from the right side of the periodic table (Cu, Ag and Pb) show correlations 

between their measured heats of adsorption on MgO(100) and their bulk heats of sublimation, 

sticking probabilities, and film growth morphologies 231.  These metals were all found to grow as 

3D clusters on MgO(100).  Late transition metals are typically observed to nucleate at step edges 

when microscopy data are available 33, 190, 193, 195, 198, 244.  At the lowest coverage studied (~2% of 

a monolayer), these metals are probably adsorbed at step and/or kink sites, possibly in tiny, two-

dimensional (2D) clusters.  The measured initial heats of adsorption in Table 2.5 thus include not 

only the bond energies of these metal atoms to the step edges on the MgO(100) surface, but 

possibly some contribution from metal-metal bonding.  As seen in Table 2.5, the initial heats of 

adsorption for these three metals increase with their bulk sublimation enthalpies, and their initial 

sticking probabilities at 300 K increase with their initial heats of adsorption 231.  The resulting 

saturation number densities of metal particles also were found to increase with the magnitude of 

their initial heats of adsorption 231.  (The number of clusters per unit area grows initially with 

coverage, but quickly reaches a saturation value at very low coverage 33, 245, 246.)  This supports a 

transient mobile precursor model for adsorption 231, which is consistent with DFT-calculated 
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energetics for adatoms at terrace sites (see Table 2.5) and with estimated diffusion barriers.  It is 

also consistent with classic mechanistic / kinetic models developed by Venables to explain 

electron microscopy observations of cluster nucleation and growth for such systems 245-248. 

The effect of surface hydroxyl groups on the adsorption energies of Cu and Pb on 

MgO(100) was also investigated 230.  It was found that surface hydroxyls increase the initial heat 

of adsorption for both metals (by ~10 and 20 kJ/mol, respectively).  The saturation number 

density of metal nanoparticles also increased, consistent with the trends and nucleation / growth 

model mentioned above. 

As noted previously, the adhesion energy between a multilayer metal film and the 

underlying oxide surface can also be determined from the integral heat of metal adsorption on 

the oxide 31, 33, 79.  This was done for several systems 11, 12, 29, 81, 229. On MgO(100), the reported 

adhesion energies are: Pb = 77±20 µJ/cm2, Ag = 30±30 µJ/cm2, and Cu = ~192±50 µJ/cm2.  

Thus, the adhesion energy does not clearly increase with the initial heat of adsorption and the 

bulk sublimation enthalpy (see Table 2.5), as one might expect.   That the value for Pb is higher 

than Ag may be related to the fact that Pb–O bonding is much stronger than Ag–O bonding, as 

evidenced by the much larger heat of formation (per mole metal) for the most stable bulk oxide 

of Pb than for that of Ag 1.  These adhesion energies have been discussed together with adhesion 

energy data from contact angle measurements for Pd on MgO(100) 231, where it was found that 

these adhesion energies correlate with the sum of the magnitudes of the metal’s bulk sublimation 

enthalpy plus the heat of formation of the bulk oxide of the metal per mole of metal atoms. This 

suggests that local chemical bonds, both metal–oxygen and covalent metal–Mg, dominate the 

interfacial bonding.  Similarly, STM observations of whether metals grow as flat 2D films or as 

3D particles when deposited onto TiO2(110) were shown to correlate with a combination of the 
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metal’s bulk sublimation enthalpy and the heat of formation of the bulk oxide of the metal per 

mole of metal atoms 249. 

For metals that grow as 3D particles, heat of adsorption versus coverage data of the type 

shown in Fig. 2.10 can be replotted as heat of adsorption versus average particle size, if the 

mapping between coverage and average particle size can be determined.  We did this first for the 

case of Pb on MgO(100) 15, as shown in Fig. 2.11.  Careful measurements of Pb and MgO peak 

intensities versus coverage in Auger electron spectroscopy (AES) were well fitted by a 

quantitative intensity model (with accurate, in situ measurements of relative sensitivities and 

mean-free paths) assuming that the Pb grows as three-dimensional (3D) Pb particles with a fixed 

number density (N) of 8x1011 particles/cm2, independent of Pb coverage 11.  As noted above and 

shown in many experiments and by Venables’ kinetic models 245, 246, it is common for such 

systems that as metal is first deposited the number of nuclei at first increases, but after only a few 

percent of a monolayer the number density of clusters reaches a saturation value, Nsat, and stays 

constant thereafter (until the particles start growing so large that they touch neighboring 

particles, after which N decreases).  Thus, the assumption of a constant number density for the 

coverage range applied is justified.  It was further assumed that the particles have the shape of a 

hemispherical cap.  The data is not sensitive to the exact shape of the 3D particles, and is equally 

well fitted by any shape with an aspect ratio (thickness ÷ length parallel to the oxide surface) of 

~1:3.  Dividing the Pb coverage (atoms/cm2) by Nsat (particles/cm2) gives the average number of 

Pb atoms per particle at any given Pb coverage, which can be combined with the bulk density of 

Pb (atoms/cm3) to give the average particle volume (V) at each coverage.  This hemispherical 

volume then gives the average Pb particle diameter at that coverage: d = (6V/π)1/3. 
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We were thus able to plot the heat of adsorption versus Pb coverage data from Fig. 2.10 

instead as heat versus Pb particle radius 15, as shown in Fig. 2.11.  As can be seen, the heat of 

adsorption decreases dramatically with particle radii below 3 nm (diameters below 6 nm).  This 

is due to the fact that when a Pb atom adsorbs to a very small Pb cluster, it makes fewer Pb–Pb 

bonds than it does to a very large Pb particle, where it makes six Pb-Pb bonds, on average.  For 

example, when a fourth Pb atom adds to a Pb trimer, it makes only three Pb–Pb bonds. Also, the 

bonds of Pb atoms to the underlying MgO are weaker than Pb–Pb bonds. 

A widely used approach for estimating the dependence of particle energy on size has 

been to use the Gibbs-Thompson (GT) relation, which states that the chemical potential (partial 

molar free energy) of a metal atom in a particle of radius R, µ(R), differs from that in the bulk, 

µ(∞), by: 

µ(R) - µ(∞)   =   2γΩ/R                                           (2.26) 

where γ is the surface free energy of the metal and Ω is the volume per atom in the bulk solid 250.  

Neglecting entropy differences, this gives that: 

∆Had(R) + ∆Hsub  = µ(R) – µ(∞) = 2γΩ/R,     (2.27) 

remembering that we define ∆Had as a negative number in this review.  As seen in Fig. 2.11, this 

GT model severely overestimates the stability of Pb in small Pb particles, by ~60 kJ/mol at 1 nm 

radius.  This is because the surface energy increases substantially as the radius decreases below 

~3 nm, since the average coordination number of the surface atoms decreases. This is the same 

reason more open or stepped crystal facets of metals (i.e., where the metal atoms have lower 

coordination numbers) have higher surface energies 33, 251. 

The simple, modified pairwise bond-additivity (MBA) model shown in Fig. 2.11 

reproduces the dramatic dependence of adsorption enthalpy on cluster size surprisingly well.  In 
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this MBA model, described in detail elsewhere 15, 252, the energies of discrete, compact clusters 

were calculated assuming that all metal-metal bond energies equal their bulk value (32.5 kJ/mol 

for Pb, which is 1/6 of the sublimation energy of the bulk sold 1).  Very stable cluster shapes 

were chosen by adding successive hexagonal close-packed layers.  The effective radius, R, of 

each such cluster was calculated from its volume (V) assuming hemispherical shape using the 

equation V = (number of atoms per cluster).Ω = 2πR3/3. The energies for other cluster sizes were 

assumed to vary linearly with radius between these compact clusters, thus modifying true bond-

additivity.  There are two compensating errors in this MBA model.  First, metal–metal bond 

energies actually increase as the coordination number of the metal atoms involved 

decreases 253, 254. Second, MBA interpolates linearly between points calculated only for the most 

compact clusters, whereas atoms in most small clusters are actually less stable due to their lower 

average coordination number.  Because these errors roughly compensate, there is reasonable 

agreement with the data. 

We also used molecule beam / surface scattering of a beam of Pb atoms from an 

MgO(100) surface (prepared in the same way as prepared for the SCAC measurements above) to 

mass-spectrometrically determine the surface residence times of Pb adatoms on this surface at 

300 K.  We measured the average lifetimes of the Pb adatoms which transiently adsorbed but did 

not permanently stick on the MgO(100) surface at 300 K (while the other 70% stick permanently 

to Pb clusters on the MgO), and extracted from these the heats of adsorption of these transiently 

adsorbed Pb adatoms, resulting in heats of 69 to 78 kJ/mol and 92 to 101 kJ/mol for the two 

weakest adsorption sites 118.  These may be attributed to monomers (or clusters smaller than the 

critical nucleus size) at terrace and step sites, respectively.  (“Critical nucleus size” here is 

defined, based on its use in kinetic models for nucleation and growth of metal clusters during 

70 



metal vapor deposition onto oxide surfaces 33, 245, as the size wherein the metal atoms have the 

highest chemical potential. Smaller clusters spontaneously decompose but large clusters are 

thermodynamically stable and continue to grow.)  The initial heat of adsorption measured 

calorimetrically at 300 K (103 kJ/mol, from Table 2.5) is slightly larger than the heat of 

adsorption at steps, consistent with cluster formation on the surface during the first gas pulse 

during calorimetry. This initial calorimetric heat of adsorption was almost identical at 190 K and 

300 K 11, 81.  Given the strong increase in heat with cluster size noted above, this implies that the 

same average cluster size was formed in the first pulse of metal gas at 190 and 300 K, even 

though the saturation number density of clusters was much larger at 190 than at 300 K and took 

more pulses to reach 81. Using the saturation number density of clusters measured at higher 

coverage and 300 K (8.1x1011 clusters/cm2) and the average coverage during the first pulse 

(1.2x1013 atoms/cm2) 11 gives that these clusters contain 15 Pb atoms on average during the first 

pulse’s heat measurement 11. For Ag on MgO(100), this number is 12 atoms at 300 K 12. 

Oxide-supported metal nanoparticles are among some of the most important 

heterogeneous catalysts in use today. These metal particles supported on oxides often sinter or 

ripen with time during standard industrial operation, starting from a collection of many small, 

highly dispersed particles and eventually converting to their thermodynamically-preferred state: 

fewer, larger particles 33, 250, 255-270.  Thus, understanding the kinetics of sintering is quite 

important.  Before the results of Fig. 2.11 were published, the use of the GT relation was implicit 

in all atomistic models for catalyst sintering 265-267, starting with the pioneering models of 

Wynblatt and Gjostein 250, 255.  We have shown that when incorporated into kinetic models for 

catalyst particle sintering, the MBA model helps provide a much more accurate kinetic model for 

sintering, with physically more reasonable parameters, and it helps explain previous anomalies in 
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sintering kinetics 15, 252.  It also helps explain the size-focusing observed in colloidal nanoparticle 

growth from liquid solutions 271. 

2.6.4.2:  Silver Atom Adsorption Enthalpies on Different Oxide Surfaces 

To assess how different oxides affect the stability of nanoparticles of the same metal, 

SCAC was used to measure the adsorption enthalpies of Ag atoms onto several different oxides: 

the MgO(100) surface, two slightly-reduced CeO2(111) surfaces, and the Fe3O4(111) surface. 

The Ag film morphology was measured versus Ag coverage at 300 K by measuring the AES and 

He+ ISS peak intensities for the Ag and for the oxide elements (O and/or the oxidized metal) 

versus Ag coverage.  For all these oxide surfaces, these AES and ISS data was well fitted by 

assuming the Ag particles have the shape of hemispherical caps, with a fixed number density that 

is independent of Ag coverage after the first 2% of a ML 12, 17, where the fits were shown to give 

saturation Ag particle densities (N) of 2.5x1012
, 4x1012, and 4x1012 particles/cm2 for MgO(100), 

CeO2(111), and Fe3O4(111), respectively.  This value of N was the same for CeO2(111) 

independent of whether the surface had a reduced stoichiometry of CeO1.9(111) or CeO1.8(111) 

within the probe depth of XPS.  For the less reduced CeO1.9(111) surface, most of the oxygen 

vacancies are thought to reside at the step edges 17.  (Calculations by DFT generally indicate that 

oxygen vacancies are much more stable at step edges than on terraces of oxide surfaces.) 

Dividing the Ag coverage (atoms/cm2) by N (particles/cm2) gives the average number of Ag 

atoms per particle at any given Ag coverage, which is converted to the average Ag particle 

diameter at that coverage just as described above for Pb on MgO(100). 

Figure 2.12 shows the measured heat of adsorption of Ag gas atoms on these four oxide 

surfaces plotted versus the average Ag particle diameter to which it adds, using the above 
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approach to convert from Ag coverage to Ag particle diameter.  As can be seen, the heat of 

adsorption increases rapidly with Ag particle size (coverage) on all these oxides, but reaches a 

saturation value for large silver particles which is indistinguishable from the bulk heat of Ag 

sublimation (285 kJ/mol 1, shown by the horizontal line). 

Figure 2.12 also shows that there are large differences between the different surfaces in 

the stability of metal atoms adding to particles of the same size.  Most notably, Ag atoms bind 

much more strongly to sub-4-nm Ag particles on the Fe3O4(111) and reduced CeO2(111) 

surfaces than to the same size particles on MgO(100).  When a pulse of metal atoms adds to the 

particles, some add on the tops and sides of the particles but some add to the perimeters, where 

they bind to the oxide as well. The difference in average adsorption energy may come from this 

nearest-neighbor bonding difference, with perhaps a lesser contribution from next-nearest-

neighbor sites.  Also, the growing Ag lattice may adopt its lattice parameter to that of the oxide 

surface, and vice versa, thus providing sites for the next Ag atom where the Ag–Ag bond 

energies are different due to lattice strain effects.  For example, a slightly stretched oxide lattice 

might provide thermodynamically more stable sites for Ag adsorption.  This type effect cannot 

continue forever, since lattice strain builds up as the Ag island gets larger. 

In all four oxide surfaces, the metal particles are probably nucleated mainly at step 

edges 17, 18, 33, 190, 193, 195, 198, 244, but the particles are big enough in the 1.5 to 4 nm range that most 

of the metal atoms at the metal / oxide interface are not directly bonding to oxide step atoms, but 

instead bind to terrace atoms. This can be seen, for example, in the STM image of Ag particles 

grown on this same type of CeO2(111) film (here only 2.6 nm thick) by Luches et al. 18 (Fig. 

2.13).  Thus, these heat data indicate that the bonding of Ag particles to the oxide is stronger also 

at the terrace sites of Fe3O4(111) and reduced CeO2(111) than MgO(100). 
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The data in Fig. 2.12 are all for oxide thin films that are 4 nm thick, grown on a metal 

single crystal support.  For CeO2(111), we also measured heats of Ag adsorption using oxide 

films that were only 1, 2 and 3 nm thick (all grown on Pt(111)).  While the 2, 3 and 4 nm films 

all gave the same results as shown here, the 1 nm thick oxide gave considerably higher heats of 

adsorption for the same particle size, by 20-50 kJ/mol for Ag particles below 1.5 nm diameter 17. 

This indicates that 1 nm oxide films are not thick enough to represent the bulk, whereas 2 nm 

and above are.  In this case, the Ag feels additional attraction to the surface when the CeO2 film 

is only 1 nm thick, probably due to long-range electronic interactions with the underlying 

Pt(111) substrate.  Other related effects have been observed experimentally and theoretically in 

this ≤1 nm thickness range, with the extent of charging of the adsorbed metal even being affected 

by oxide thickness 202, 232, 239, 272. 

Another way to view the data in Fig. 2.12 is to plot the enthalpy of a metal atom after it 

adds to a particle relative to its enthalpy in bulk Ag (or the partial molar enthalpy) versus particle 

size, as shown in Fig. 2.14.   In this figure, we express particle size as the number of metal atoms 

per particle, rather than as diameter.  The increase in stability with particle size in all these 

curves is dominated by the effect of particle size on the number of metal-metal bonds per atom, 

as it was in Fig. 2.11.  The Pb data for MgO(100) from Fig. 2.11 fall almost on top of the Ag / 

MgO(100) data (as shown in 17, where they are presented in the same plot).  These MgO(100) 

data are distinctly different from the Ag data for the CeO2-x(111) and Fe3O4(111) surfaces.  As 

seen, Ag atoms are 30 to 70 kJ/mol more stable in Ag nanoparticles for any given size smaller 

than ~1000 atoms when those particles are attached to CeO2-x(111) and Fe3O4(111) surfaces 

than to MgO(100) surfaces.  This difference gets smaller for larger particles, and essentially 
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disappears by ~5000 atoms/particle, where the energy of the added metal atom reaches the 

stability of the bulk solid even on MgO(100). 

The curves in Fig. 2.14 directly reflect the thermodynamic driving force for nanoparticle 

sintering.  If a metal atom is on a relatively small particle within a collection of particles on an 

oxide, it is less stable and prefers to migrate to a larger particle where it is more stable (i.e., move 

down and to the right on each of these curves until it reaches the minimum, or zero).  Such 

migration of individual monomers from smaller to larger particles (typically by diffusion across 

the surface of the oxide) is referred to as Ostwald ripening, and is the same effect that gives rise 

to raindrops in clouds, where water monomers migrate through the gas.  Similarly, it is downhill 

in enthalpy for two small particles to diffuse together and form one larger particle.  This 

mechanism for sintering is called particle diffusion / coalescence.  Both mechanisms have been 

observed experimentally (see 250, 252, 255, 256 and references therein). 

The enthalpic driving force for sintering shown in Fig. 2.14 drops below 10 kJ/mol 

already for ~400-atom (3 nm) particles on the CeO2-x(111) and Fe3O4(111) surfaces, but similar 

energies are not reached until ~3000-atom (6 nm) particles on MgO(100).  Clearly, sintering will 

stop at much smaller particles on CeO2 and Fe3O4(111) surfaces!  Since Au nanoparticles are 

very active for several catalytic reactions when 3 nm in diameter but almost completely inactive 

above 6 nm 42, 273-277, this range of particular sizes is critical.  Our derivation of kinetic rate 

equations for sintering by both mechanisms showed that this enthalpy in Fig. 2.14 is 

exponentially reflected in the sintering rate, as a negative contribution to the apparent activation 

energy 15, 252, 271.  Thus, the sintering rates for small particles should be much, much slower on 

CeO2 and Fe3O4(111) surfaces than on MgO(100).  This is consistent with observations that 

ceria offers a more sinter-resistant support for late transition metals than other oxides 278, 279. 
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In Fig. 2.14 we also see that small Ag nanoparticles (<1.5 nm or 30 atoms) on 

CeO2-x(111) are ~15 kJ/mol more stable on the more reduced CeO1.8(111) surface than on 

CeO1.9(111).  This increase in stability with vacancy concentration is consistent with DFT 

calculations that Ag adatoms bind >100 kJ/mol more strongly to vacancy sites on CeO2-x(111) 

than to stoichiometric sites 280. 

We have integrated the measured heat versus coverage curves (up to the coverage where 

the heat reaches the bulk sublimation energy), for each of these oxide surfaces, and extracted 

from that integral the adhesion energies for Ag nanoparticles to these oxide surfaces using 

Eq. (2.20) and the roughness factor of hemispherical caps (fr = 2).  This is exactly the same 

procedure as outlined in Ref. 12, which gave an adhesion energy of 0.3 J/m2 for Ag on 

MgO(100).  In all cases, we assumed a hemispherical shape for the Ag nanoparticles.  The 

results are summarized in Table 2.6. 

Table 2.6.  The calorimetrically-measured adhesion energies of Ag nanoparticles to MgO(100), 
two reduced CeO2-x(111) surfaces and Fe3O4(111), and the initial heats of Ag adsorption 
(∆Had,init

0) for the first pulse (~0.03 monolayer) of Ag gas at 300 K.  Also listed are the Ag 
particle size and Ag coverage used to get the adhesion energy.  The adhesion energy for Ag on 
Ag (i.e., twice the surface energy of bulk solid Ag) is given for comparison. 

substrate surface 
Eadh 

/(J/m2) 
Ag coverage 
/(atoms/cm2) 

Ag particle 
size / nm 

-∆Had,init
0 

/(kJ/mol) 
MgO(100) 0.3±0.3 12 9.6x1015 6.6 176 

CeO1.9(111) 2.3±0.3 2.8x1015 3.6 200 

CeO1.8(111) 2.5±0.3 2.8x1015 3.6 220 

Fe3O4(111) 2.5±0.3 2.8x1015 3.6 220 

Ag(solid) 2.44 12 ∞a ∞a 285b 
a. Bulk Ag(solid), so the high coverage / large particle limit.
b. Heat of sublimation of bulk Ag(solid).
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These results show that the adhesion energies of Ag nanoparticles to CeO2(111) and 

Fe3O4(111) are much larger than for the same particles to MgO(100), and that this adhesion 

energy increases with the extent of reduction of the CeO2.  These adhesion energies correlate 

with the initial adsorption energy of the first Ag gas pulse (Table 2.6).  Both values reflect the 

strength of Ag–oxide bonding. 

The adhesion energies of Ag nanoparticles to these CeO2-x(111) and Fe3O4(111) surfaces 

(~2.3 to 2.5 J/m2) approach and even exceed the adhesion energy of Ag to itself (2.44 J/m2 12). 

For an adhesion energy equal to or larger than the Ag–Ag adhesion energy, one would generally 

not expect the Ag to cluster into 3D islands, but instead to wet the surface.  However, these Ag 

particles bind locally to some part of the oxide surface where there is greater defect (step, kink, 

or vacancy) concentration than elsewhere, and thus the local adhesion energy is likely less on the 

stoichiometric oxide terraces.  Furthermore, the lattice mismatch between Ag(111) and the 

underlying oxide will cause the Ag lattice to expand or contract to match the underlying oxide 

lattice, and also cause the oxide lattice under the Ag island to contract or expand to gain 

interfacial bonding stability.  This strain in the oxide under a Ag island will also force the oxide 

lattice immediately adjacent to the island to strain in the opposite direction, thus destabilizing Ag 

bonding there more and more as the island size grows (and also causing particle-particle 

repulsions) 17. 

The stain arising from such lattice mismatch has been directly observed by electron 

microscopy for Pd particles on MgO(100), where measurements of the 3D particle shape showed 

that the adhesion energy increases with decreasing Pd particle size from 0.91 J/m2 for 10 to 15 

nm particles up to >1.64 J/m2 below 5 nm 281.  Such tiny Pd particles were seen to increase their 

lattice parameter to match that of the MgO, whereas regularly-spaced Pd dislocations appeared at 
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the interface for particles larger than 10 nm.  STM measurements of the 3D particle shape for Cu 

particles on the ZnO(0001)-Zn surface gave an adhesion energy of 3.4 J/m2 282. 

The types of calorimetric results summarized above may eventually reveal correlations 

between the strength of metal–oxide bonding and the structural, electronic, chemisorption, and 

catalytic properties of oxide-supported metal nanoparticles, their dispersion, and their resistance 

to long-term sintering.  This would substantially improve our fundamental understanding of 

structure / function relationships in heterogeneous catalysis. 

2.6.5:  TPD studies of Metal Atom Adsorption Enthalpies on Oxides 

The probability that a metal gas atom striking an oxide surfaces become at least 

transiently adsorbed has always been observed to be >0.1 at 300 K or colder for the papers 

reviewed here and in the Section 2.6.4 on SCAC studies of metal adsorption energies on ordered 

oxide surfaces.  Therefore, it is safe to assume that the activation energy for adsorption is <10 

kJ/mol.  As described above, the activation energy for desorption determined from TPD studies 

can be used to estimate the heat of adsorption when the activation energy for adsorption is small 

by simply adding ½ RTp.  Adsorption enthalpies determined from TPD measurements of 

sub-monolayer coverages of metals adsorbed on oxides are summarized in Table 2.7. 
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Table 2.7:  Adsorption enthalpies for metal atoms adsorbed on oxide surfaces, listing the parameters in Eq. (2.28) used to fit the 
coverage dependence.  Desorption energies at each initial coverage were determined by Redhead analysis of the TPD data in the 
citations listed, using  Tp and the prefactor estimated using Eq. (2.16) (also listed for the range of Tp values analyzed).  Also listed are 
the bulk metal’s sublimation enthalpy and surface energy from the literature, and the metal /oxide adhesion energy and contact angle 
determined from these using Eqs. (2.30-2.32). 

adsorbate oxide surface 
Tp / 
K log(ν / s-1) 

-∆Had,init          
/(kJ/mol) 

∆Hsub             
/(kJ/mol) 

θc             
/ ML 

γv/m       
/(J/m2) 

Eadh                
/(J/m2) θcontact citation 

Pd disordered SiO2
/Mo(110) 

1140 → 
1290 14.5 304 373 1.2 2.00 2.8 66° 283

Cu 

α-Al2O3(0001)   
or γ-Al2O3(111) 

/Mo(110) 

980 → 
1130 

14.4 → 
14.5 279 

337 

1.2 

1.76 

2.6 62° 20

disordered SiO2 
/Mo(110) 

980 → 
1140 

14.4 → 
14.5 271 1.3 2.3 71° 284

Ag 
α-Al2O3(0001)  
or γ-Al2O3(111) 

/Re(0001) 

740 → 
900 

14.3 → 
14.4 224 285 1.0 1.22 1.6 71° 21, 22

Au 

TiO2(001) 
/Mo(100) 

1080 → 
1180 

14.4 → 
14.5 318 

377 

2.3 

1.54 

1.8 79° 285

disordered SiO2 
/Mo(110) 

1070 → 
1250 

14.4 → 
14.5 314 1.3 2.0 73° 19
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2.6.5.1:  TPD studies of the Adsorption of Late Transition Metals and Noble Metals 

Figure 2.15 shows TPD spectra as a function of coverage for Au particles on a 5 nm thick 

SiO2 thin film on Mo(110) 19.  As shown in this typical example, the TPD peak temperatures 

increase strongly with coverage for sub-monolayer coverages of late transition metals on such 

oxides.  This has been attributed to the influence of metal particle size on the adsorption energy, 

associated with the decrease in the number of metal-metal bonds that form as the metal particles 

become smaller 19, 20, 286, which is consistent with our SCAC results above.  The inset shows heat 

of adsorption calculated from the desorption energies determined from these TPD spectra by 

leading-edge analysis, as reported in the original paper 19.  Next, we show why desorption 

energies determined in this way are highly inaccurate for low coverages of late transition metals 

which grow as 3D particles, and explain the alternate method we have adopted for estimating 

desorption energies for such cases to get the values listed in Table 2.7.  Heats of adsorption 

determined with this preferred method are also shown in the inset of Fig. 2.15. 

While leading-edge analysis and so-called complete analysis of TPD spectra are usually 

excellent methods for extracting accurate desorption energies, we feel that it has serious 

problems when applied to systems like late transition metals on oxides, where the adsorbates 

clusters into 3D particles and the adsorption energy varies so strongly with particle size, as we 

have shown above.  This is because of a breakdown of the basic assumption used in applying 

Eq. (2.4) above to extract Ed.  Equation (2.4) assumes that the surface species are always in 

equilibrium so that the desorption rate is a single-valued function of coverage and temperature: 

r(θ,T).  This is far from true here, since sintering is fast for tiny particles but the sintering rate 

decreases so dramatically with particle size (see Section 2.6.4.2).  As shown above, the same 

total coverage of large metal particles (>6 nm in diameter) will have a much larger Ed (larger 
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heat of adsorption) than particles with size ~1 nm.  The large particles will also have a much 

smaller total surface area. The net effect is a desorption rate that is many orders of magnitude 

slower at the same temperature for an oxide surface with large metal particles than for one with 

small particles, when both samples have the same total coverage.  We are convinced that this is 

the reason that Arrhenius plots of constant-coverage cuts from TPD spectra for Ag on alumina 21 

do not show straight lines, but instead the slope decreases dramatically with temperature. This is 

because the average particle size gets larger with temperature during a TPD experiment, due both 

to the selective removal of smaller particles because of their faster desorption rates, and to 

sintering driven by the increasing temperature.  For the same reason, leading-edge analysis will 

give an Arrhenius plot that has a slope that is biased toward smaller magnitude (resulting in 

lower Ed than reality) since the fastest desorption rates are for the smallest particles in the 

distribution of initial particle sizes present, but these particles disappear almost immediately and 

further desorption is biased toward slower and slower rates. 

For these reasons, we propose that a simple 1st-order Redhead analysis using the 

desorption peak temperature for each coverage with a prefactor estimated as suggested above is a 

much better method for estimating desorption energies from TPD for such systems.  To support 

this, Figure 2.16 compares heats of adsorption versus coverage for Cu and Ag on single-

crystalline Al2O3 surfaces determined from TPD data reported by Goodman’s group 20, 22 and by 

Van Campen et al. 21 using this preferred method (i.e., using the first-order Redhead equation 

with a prefactor of ~1015 s-1 from Eq. (2.16)) with those determined from the same data by the 

original authors using leading-edge analysis. (We also added ½ RT to the desorption energies 

originally reported to convert to heats of adsorption.)  At low coverages, the values reported in 

the original papers fall far below the values from our preferred Redhead analysis.  At the lowest-
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coverages here, this leading-edge analysis gives a prefactor of only ~105 s-1 for Ag, which are 

many orders of magnitude too low according to transition state theory estimates with any 

reasonable assumptions.  Leading-edge analysis of the low-coverage Cu data gave a prefactor of 

only ~1010 s-1, also lower than expected. 

Table 2.7 summarizes the analyses we performed in this way for late transition metals on 

oxides.  The prefactor was estimated in each case using Eq. (2.16) based on the entropy 

correlation we summarized above in Section 2.3.2. 

As shown in Fig. 2.16, for both Cu and Ag on these ordered Al2O3 surfaces, the heat of 

adsorption increases by 60 to 70 kJ/mol with coverage, eventually leveling off at the heat of 

sublimation.  As shown, these heats of adsorption are all well fitted by an equation of the form: 

qad(θ )    =    qad,0 + (∆Hsub – qad,0)(1 – e−θ /θc),  (2.28) 

where qad,0 is the heat of adsorption in the limit of zero coverage, θ is the initial coverage for 

each TPD spectrum used in this Redhead analysis, and θc is a constant proportional to how 

quickly the heat increases with coverage between qad,0 and ∆Hsub.  The value for ∆Hsub was not 

treated as a fitting parameter but instead taken from the literature 1.  The data in Fig. 2.15 were 

also well fitted by this equation. 

Similar analyses to those in Fig. 2.16 were performed on many previously published TPD 

spectra for late transition metals on oxides.  The results are summarized in Table 2.7.  We list 

there the parameters qad,0, ∆Hsub and θc which characterize the heat versus coverage curves thus 

obtained and fitted to Eq. (2.28).  That these data were all well fitted by Eq. (2.28) proves that 

this Redhead analysis and the choice of prefactors using Eq. (2.16) gives accurate values of 

qad(θ ).  Otherwise, the data points would not so nicely approach ∆Hsub asymptotically at high 

coverage in each case. 
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If Eq. (2.28) is integrated versus coverage to high coverage, and is combined with 

Eq. (2.20) (assuming the metal makes a flat film), it can be rearranged to give the adhesion 

energy in terms of these parameters: 

Eadh = 2γv/m –  (∆Hsub – qad,0)(n/A)θc. (2.29) 

Correcting for surface roughness gives: 

       Eadh = (1 + fr)γv/m –  (∆Hsub – qad,0)(n/A)θc,   (2.30) 

where fr is the roughness factor of the metal film.  If the metal film consists of spherical caps 

each with a contact angle to the oxide surface of θcontact, it is a simple geometric derivation to 

prove that: 

fr  =  2.[1 – cos(θcontact)] / [sin2(θcontact)].   (2.31) 

The adhesion energy is also related to the contact angle by the equation of Young and Dupre 33: 

           Eadh = γv/m [1 + cos(θcontact)].    (2.32) 

After substituting Eq. (2.31) into Eq. (2.30) to remove fr, Eqs. (2.30) and (2.32) provide 

two equations in two unknowns, Eadh and θcontact.  For systems where the parameters for 

Eq. (2.28) have already been measured, such as for the systems in Table 2.7, these can be solved 

to provide Eadh and θcontact. Note that the initial coverages in the TPD curves that most strongly 

influence the values of qad,0 and θc are low enough that the surface is only partly covered by 

individual particles during desorption, whereas the overall analysis of Eq. (2.30) involves 

integration of Eq. (2.28) to much higher coverages.  This is valid because qad(θ ) already closely 

approaches ∆Hsub at the higher coverages where the particles merge into a continuous film and 

the surface roughness factor from Eq. (2.31) is no longer reasonable. 

The metal / oxide adhesion energies and contact angles estimated in this way for the 

systems in Table 2.7 are also listed there.  The surface free energies for the metals were taken 
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from 12, 29, 228, 287, and n/A was taken as the packing density of the (111) face of the metal.  In 

Table 2.7, we have listed θc using the definition of one monolayer (ML) as given in the original 

TPD paper cited, which was defined as one adatom per surface atom of the underlying metal 

substrate (i.e., under the oxide thin film).  (The definition was not always clearly stated, but it is 

the way that group generally defined ML in these types of studies.)  To use θc in Eq. (2.29), it 

must first be converted from those units to the fraction n/A. 

2.6.5.2:  TPD Studies of the Adsorption of Alkali Metals 

Since alkali metals have repulsive lateral interactions as adatoms on oxides (see below), 

the problem with analyzing TPD data to extract desorption energies mentioned above for late 

transition metals is not a problem here. 

The TPD spectra of Cs from TiO2(110) is shown in Fig. 2.17 as a function of coverage 23.  

The sharp peak at ~300 K in the highest coverage spectrum in the lower panel and ~285 K in the 

upper panel is due to multilayer Cs. Using Eq. (2.16) to estimate a desorption prefactor for this 

285 K multilayer peak gives a prefactor of 1014 s-1.  Analyzing this peak temperature with the 1st-

order Redhead equation gives a heat of adsorption of 78 kJ/mol for this multilayer, in nearly 

perfect agreement with the standard enthalpy of sublimation of bulk Cs(solid) of 78.2 kJ/mol 1. 

Starting from the lowest coverage shown, there is a continuous population of desorption intensity 

to increasingly lower temperature with Cs coverage.  Coverages below 0.4 ML do not start to 

desorb until above the highest temperature studied (800 K).  This reflects a nearly continuous 

decrease in heat of adsorption with coverage from above 200 kJ/mol down to the sublimation 

enthalpy of bulk Cs, 78 kJ/mol.  A very similar large, smooth decrease in adsorption energy with 

coverage is also typically observed for alkali metals on metal surfaces, where it is attributed to 
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increasing dipole-dipole repulsions as these positively charged adsorbates pack closer and closer 

together 91.  These repulsions lead to mutual depolarization of the alkali adsorption complexes 

with increasing coverage within the first monolayer on metals 91.  This also occurs for alkali 

metals on oxide surfaces, as judged by the decrease in local dipole moment with coverage 33. 

Work function measurements for Cs on TiO2(110) indicate that the adsorbate-substrate complex 

has a local dipole moment of ~6 Debye at 0.1 ML coverage, but that the dipole moment 

decreases at higher coverage 23. 

Adsorbed Cs on alumina also shows TPD spectra similar to Fig. 2.17 in that Cs 

desorption extends in a broad peak from 1100 to 300 K, reflecting a continuous decrease in the 

Cs adsorption energy from 263 to 75 kJ/mol with increasing Cs coverage 288.  Photoemission also 

showed that this Cs is cationic at low coverages.  Similarly for K on TiO2(110) 289, TPD spectra 

showed evidence for strongly repulsive K–K interactions in the first layer, with a peak extending 

from ~780 K down to 380 K.  Note that the timescale of the experiment is important for the Cs 

and K on TiO2 systems, where reduction of the oxide by the metal is thermodynamically allowed 

but only marginally, so that it does occur but only after long waiting times 33. 

TPD for both K and Cs on NiO(100) 290-292, where thermodynamics strongly favor 

reduction, showed results consistent with strong reduction of the NiO by the alkali metal 33. 
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2.7:  Figures 

Figure 2.1.  Schematic of the single crystal adsorption calorimeter developed by the group of Sir 
David King. Pulses of a molecular beam impinge on the clean surface of a very thin single 
crystal, held in ultrahigh vacuum.  The transient temperature rise is measured by infrared optical 
pyrometry of the back of the crystal. The heat signal associated with this temperature rise was 
calibrated using pulses of light of known power from a He-Ne laser, which are directed down the 
molecular beam path.  Reprinted with permission from Reference 6. Copyright 1996 Elsevier. 

86 



Figure 2.2.  Typical equilibrium adsorption isotherm (EAI) 
data, in this case volumetric measurements of  Kr  adsorption 
on MgO(100) smoke.  Isotherm temperatures (in K): (a) 66.76, 
(b) 67.82, (c) 69.10, (d) 70.97, (e) 72.56, (f) 75.21, (g) 77.47, 
(h) 78.97, (i) 80.28, (j) 81.59, (k) 83.16, (1) 84.52, (m) 85.87, 
(n) 87.56, (o) 90.88, (p) 95.21, and (q) 98.66 K.  The Kr 
pressure (Pθ,eq) at the adsorbed volume in the middle of the 
first large vertical riser (i.e., at θeq = ½ ML coverage) was used 
to determine the enthalpy and entropy of the first monolayer 
from a plot of ln (Pθ,eq/P0) versus 1/T, as described in the text. 
Dashed lines indicate estimated phase boundaries.  Reprinted 
with permission from Reference 7. Copyright 1984 American 
Physical Society. 

Figure 2.3.  Typical TPD data for butane on MgO(100) at a 
heating rate of 0.6 K/s for 16 initial coverages in the range of 
0–1.76 ML: 0.00, 0.10, 0.19, 0.28, 0.42, 0.51, 0.66, 0.76, 0.88, 
1.05, 1.13, 1.21, 1.31, 1.38, 1.52, and 1.76 ML. Two 
desorption peaks are resolved, multilayer (99 K) and first-layer 
(110 K) desorption, as well as a high-temperature tail on the 
first-layer peak due to desorption from defect sites on the 
surface (mainly step edges).  Reprinted with permission from 
Reference 8. Copyright 2005 American Institute of Physics. 
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Figure 2.4.  Plot of the standard entropies of adsorbates (Sad
0 = Sgas

0 + ∆Sad
0) on MgO(100) smoke determined by equilibrium 

adsorption isotherms (EAI) plotted versus the standard entropy of the gas phase species at the same temperature from Table 2.1. The 
standard entropies of these same and other adsorbates determined using desorption prefactors and peak temperatures from TPD data 
together with Eq. (2.11) are also included from Table 2.2.  The agreement with EAI results proves the accuracy of this method. The 
best linear fit to these data is also shown, along with the standard deviation (σ ) of the adsorbate entropies from this line.    Reprinted 
with permission from Reference 9.  Copyright 2012 American Chemical Society. 
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Figure 2.5.  Plot of the standard entropies of adsorbates (Sad
0) on several surfaces plotted versus the standard entropy of the gas phase 

species at the same temperature. Data for MgO(100) and other oxides are from Tables 2.1 through 2.3.  Entropies for linear alkanes on 
Pt(111) and graphite(0001) were calculated using Eq. (2.11) with experimental prefactors and peak temperatures reported in 67.  The 
best-fit line is also shown.  Adapted with permission from Reference 9. Copyright 2012 American Chemical Society.
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Figure 2.6.  Prefactors for the desorption of molecularly adsorbed species as predicted from the 
gas-phase entropies using Eq. (2.16) (which was derived from the linear relationship in Fig. 2.5 
using transition state theory) plotted versus the experimentally measured prefactors.  Data are 
mostly for molecules on oxide single crystals from Table 2.3, but also shown are data for 
n-alkanes on graphite(0001) and Pt(111), from 10.  The line shows the expectation based on 
Eq. (2.16), which the data fit with a standard deviation in log(ν /s-1) of 0.86.  Reprinted with 
permission from Reference 9. Copyright 2012 American Chemical Society. 
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Figure 2.7.  Heats of adsorption for noble gases on MgO(100) determined by EAI versus atomic number.  Data from Reference 7, and 
also listed in Table 2.1.  Reprinted with permission from Reference 3.  Copyright 2013 American Chemical Society. 
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Figure 2.8.  Heats of adsorption determined by TPD for linear alkanes on MgO(100), 
graphite(0001) and Pt(111), all at ½ ML coverage plotted versus alkane chain length, from 
Reference 10.   Also plotted are adsorption enthalpies for alkanes on PdO(101) from TPD 
(Table 2.3) and on MgO(100) smoke determined by EAI at full, saturated ML coverage (Table 
2.1).  For comparison, the bulk vaporization enthalpies of pure liquid alkanes at their normal 
boiling point are also shown, from Reference 1.  Reprinted with permission from Reference 3. 
Copyright 2013 American Chemical Society. 
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Figure 2.9.  Heats of adsorption for linear alcohols on rutile TiO2(110) near saturation coverage 
(determined by TPD, see Table 2.3) plotted versus the number of carbon atoms in the alcohol 
molecule.  Data for both the Ti sites and O sites are shown.  For comparison, the bulk 
vaporization enthalpies of the pure liquid alcohols are also shown, from Reference 1.  Reprinted 
with permission from Reference 3.  Copyright 2013 American Chemical Society. 
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Figure 2.10.  Example heats of adsorption versus coverage data for metals on single crystal 
oxides as measured by SCAC at 300 K.  Data are shown for: Pb, Ag and Ca on MgO(100) as 
well as Ag on CeO2(111) (with 5% oxygen vacancies in XPS probe depth).  Data from 
References 11-14; where these original papers show data to higher coverages.  One monolayer 
here is defined as the number of oxygen ions per unit area in the topmost atomic plane 
(1.12x1015 cm-2 for MgO(100) and 7.9x1014 cm-2 for CeO2(111)).  Solid horizontal lines mark 
the bulk heats of sublimation from the literature. Reprinted with permission from Reference 3.  
Copyright 2013 American Chemical Society. 
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Figure 2.11.  Heat of adsorption of Pb onto Pb nanopartcles on MgO(100) versus average Pb 
particle radius.  Also shown is the Gibbs-Thomson model of Eq. (2.26), which assumes that the 
surface energy is the bulk value, independent of particle size.  This is seen to fit the experimental 
data very poorly at small radii.  In contrast, the modified bond additivity (MBA) model, which is 
also shown (see details in text), is a much better estimate for the experimental data.  Adapted 
with permission from Reference 15. Copyright 2002 American Association for the Advancement 
of Science. 
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Figure 2.12.   The heat of Ag atom adsorption during experiments where Ag is vapor deposited 
onto oxide surfaces at 300 K where Ag atoms transiently adsorb on clean parts of the oxide 
surface but quickly diffuses across the surface and add to growing Ag particles on the surface.  
Plotted here is the measured heat of Ag atom adsorption versus the Ag particle diameter to which 
it adds (i.e., the average Ag particle size at the Ag coverage corresponding to that heat value).  
Data are shown for four different surfaces:  Fe3O4(111) thin film and two CeO2(111) thin films 
with different extents of surface reduction (x = ~0.1 and 0.2 in CeO2-x), all grown on Pt(111) to 4 
or 5 nm thickness, and a 4 nm thick MgO(100) film grown on Mo(100).  The data for 
Fe3O4(111) are from Reference 16  and those for CeO2(111) and MgO(100) are from 
Reference 17.  Adapted with permission from Reference 16.  Copyright 2011 Royal Society of 
Chemistry. 
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Figure 2.13.  An STM image of Ag nanoparticles grown on the same type of CeO2(111) film on 
Pt(111) as in Fig. 2.12 (here only 2.6 nm thick).  Reprinted with permission from Reference 18. 
Copyright 2012 American Chemical Society. 
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Figure 2.14.  Partial molar enthalpy of Ag atoms in Ag nanoparticles (i.e., the enthalpy of the 
last Ag atom to be added to the particle (relative to bulk solid Ag) versus the average Ag particle 
size for Ag adsorption on different oxide surfaces.  These enthalpies were taken from the data in 
Fig. 2.12.  Copyright 2013 American Chemical Society. 
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Figure 2.15.  TPD spectra from different Au coverages adsorbed on a 2.5 nm thick SiO2 film on Mo(110).  Reprinted with permission 
from Reference 19. Copyright 2001 Elsevier. The insert shows the heat of adsorption as a function of initial Au coverage determined 
from the peak temperatures as described in the text, and, for comparison, as determined by the original authors by fitting the leading 
edge of each TPD spectrum to the Arrhenius law.  We present several reasons in the text why such an analysis leads to very large 
errors at low coverage. Reprinted with permission from Reference 3.  Copyright 2013 American Chemical Society.
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Figure 2.16.  Comparison of heats of adsorption for Cu (upper curves) and Ag (lower curves) on 
alumina determined from TPD data by simple first-order Redhead analysis assuming a prefactor 
for desorption based on Eq. (2.16) using the entropy correlation of Eq. (13), which gives a 
prefactor of ~1015 s-1.  Also shown for comparison are the results by leading-edge analysis as 
reported by the original authors.  The Cu data are for an ordered Al2O3 film grown on Mo(110) 
whose hexagonal LEED pattern was attributed to either α-Al2O3(0001) or γ-Al2O3(111) 20.  The 
Ag data are from a bulk sapphire α-Al2O3(11-20) surface  and a thin Al2O3 film grown on 
Re(0001) (also to either α-Al2O3(0001) or γ-Al2O3(111)), from References 21 and 22, 
respectively.  The lowest-coverage heat of adsorption for Ag by the leading-edge analysis gave a 
prefactor of only ~105 s-1, which is clearly many orders of magnitude too low.  The text argues 
that the results from our Redhead analysis are much more accurate. Also shown are best fits of 
Eq. (28) to these data analyzed by this preferred method. Reprinted with permission from 
Reference 3.  Copyright 2013 American Chemical Society. 
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Figure 2.17.  TPD curves for Cs desorption from TiO2(110) after adsorption at ~230 K to 
increasing initial coverages of Cs. The completion of a monolayer is easily identified by the 
appearance of the sharp multilayer peak at ~ 300 K.  Coverages below 0.4 ML are so strongly 
bound that they do not desorb by the highest TPD temperature.  The heating rate was ~5 K/s. 
Reprinted with permission from Reference 23. Copyright 1997 American Physical Society. 
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Chapter 3 

The Entropies of Adsorbed Molecules 

Adsorbed molecules are involved in many reactions on solid surface that are of great 

technological importance.  As such, there has been tremendous effort worldwide to learn how to 

predict reaction rates and equilibrium constants for reactions involving adsorbed molecules.  

Theoretical calculation of both the rate constant and equilibrium constant for such reactions 

require knowing the entropy and enthalpy of the adsorbed molecule.  While much effort has been 

devoted to measuring and calculating the enthalpies of well-defined adsorbates, few 

measurements of the entropies of adsorbates have been reported.  We present here a new way to 

determine the standard entropies of adsorbed molecules (Sad
0) on single crystal surfaces from 

temperature programmed desorption data, prove its accuracy by comparison to entropies 

measured by equilibrium methods, and apply it to published data to extract new entropies.  Most 

importantly, when combined with reported entropies, we find that at high coverage they linearly 

track the entropy of the gas-phase molecule at the same temperature (T), such that Sad
0(T) = 0.70 

Sgas
0(T) – 3.3R (R = the gas constant), with a standard deviation of only 2R over a range of 50R.  

These entropies, which are ~2/3 of the gas, are huge compared to most theoretical predictions.  

This result can be extended to reliably predict prefactors in the Arrhenius rate constant for 

surface reactions involving such species, as proven here for desorption. 

3.1:  Introduction 

Surface chemical reactions play a central role in many technologies that will be crucial 

for our energy and environmental future, including solar cells, microelectronics, computer chips, 

chemical and biochemical sensors, prosthetic medical devices, reflective and protective coatings, 
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optical, electro-optic and opto-electric devices, adhesives, sorbents, solid reactants, catalysts for 

clean fuels and chemicals production and pollution cleanup, photocatalysts, fuel cells and 

batteries.  It is well established that one must know the enthalpies and entropies of the reactants 

if one is to develop systematic theories that can predict equilibrium constants and rate constants 

for chemical reactions of any type.  While the enthalpies of adsorbates involved in surface 

reactions are starting to be understood, our knowledge of the entropies of adsorbates is very 

poor.  Indeed, we know of no previous systematic studies of how the entropies of adsorbed 

species depend on their physical properties.   

Surface chemists usually think about adsorbate entropies in terms of the two limiting 

cases that have been discussed in statistical thermodynamics texts: the 2D lattice gas model and 

the 2D ideal gas model 66.  In calculating rate constants for surface reactions based on quantum 

mechanical calculations (mainly density functional theory, DFT) of reactant and transition state 

energies, surface chemists almost exclusively rely on harmonic transition state theory 

approaches, which assume that each adsorbate is a localized oscillator with only vibrational 

modes.  Vibrations generally have very low entropy compared to translations and rotations of 

their gas-phase analogues.  We show here that these common approximations greatly 

underestimate the entropies of adsorbed molecules even when they are held together in islands 

by attractive interactions.  Instead, their entropies are almost 2/3 of the entropy of their gas-phase 

analogue (at temperatures high enough to measure desorption rates or adsorption ⇌ desorption 

equilibria), suggesting that all components of motions in two out of the three dimensions are 

nearly as labile as in the gas phase.  We further show that the correlation we have discovered 

here between the entropies of adsorbed and gas-phase molecules can be quite useful in predicting 

rate constants for adsorbed molecules. 
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3.2:  Experimental and Theoretical Methods 

While writing a review of the energetics of adsorption on single crystalline oxide surfaces 

recently, we also collected data for the standard entropies of adsorption (∆Sad
0 where the 

superscript 0 refers to the standard pressure of 1 bar) that had been experimentally measured 3, 

which were rather few.  All of these had been measured at high coverages by the volumetric 

equilibrium adsorption isotherm (EAI) method on MgO(100) smoke (a powder consisting of tiny 

cubes terminated in (100) faces).  We calculated the standard entropies of these adsorbates at the 

measurement temperature, T, by simply adding the entropy of the gas at T:  Sad
0 = Sgas

0 + ∆Sad
0. 

The values of Sgas
0 for these molecules were found in standard thermodynamic tables and, when 

necessary, extrapolated to different temperatures using tabulated heat capacities.  These values of 

∆Sad
0, Sgas

0, Sad
0 and T are tabulated in 3, and reproduced in Table 3.1.  Figure 2.4 presented in 

the previous chapter is a plot of Sad
0 versus Sgas

0 for those data. 

Table 3.1.  Adsorbate and gas-phase entropies determined by EAI and by using the prefactors 
determined from TPD data analysis as described in the text, taken from Reference 3. 

adsorbate surface 
T 

/ K 
β       

/(K/s) log(ν /s-1) 
-∆Sad

0            
/ R 

Sgas
0(T) 

/ R 
Sad

0(T) 
/ R citation 

equilibrium adsorption isotherms 

methane 

MgO(100) 

77 11.0 16.9 5.95 

96

ethane 120 12.0 23.3 11.3 

propane 140 11.6 28.1 16.5 

n-butane 163 12.1 32.4 20.3 

n-pentane 185 16.8 36.2 19.4 

neopentane 200 17.1 40.9 23.8 97

n-hexane 207 17.6 31.1 13.5 96

CH3OH 264 15.0 28.3 13.3 98
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Table 3.1 (Continued) 

adsorbate surface 
T 

/ K 
β       

/(K/s) log(ν /s-1) 
-∆Sad

0            
/ R 

Sgas
0(T) 

/ R 
Sad

0(T) 
/ R citation 

temperature programmed desorption 

CO TiO2(110) 170 0.5 14 8.81 21.8 13.0 126

NO TiO2(110) 128.5 0.5 13.5 7.77 21.0 13.2 130

CO2 TiO2(110) 177 2 13.6 8.16 23.3 15.2 147

methane 

MgO(100) 47 0.6 13.1 6.77 15.0 8.20 24

PdO(101) 143 1 14.7 10.2 19.3 9.06 150

Pt(111) 63 0.6 12.1 4.41 16.1 11.7 10

methane C(0001) 55 

0.6 

13.0 6.51 15.6 9.09 10

ethane 

MgO(100) 75 14.9 11.1 20.9 9.76 24

Pt(111) 106 13.6 8.10 22.3 14.2 
10

C(0001) 87 14.3 9.74 21.5 11.8 

propane 

MgO(100) 93 15.6 12.9 24.9 11.9 24

Pt(111) 139 14.8 11.0 26.5 15.5 
10

C(0001) 110 14.6 10.6 25.5 14.9 

n-butane 

MgO(100) 111 15.7 13.3 27.8 14.5 8, 24

Pt(111) 171 14.7 10.9 31.9 21.0 
10

C(0001) 135 15.2 12.1 30.2 18.1 

isobutane ZnO(0001) 130 1.6 13.4 7.96 28.2 20.3 153

n-hexane 

MgO(100) 144 

0.6 

16.0 14.1 36.4 22.3 24

Pt(111) 229 17.2 16.8 42.8 26.0 
10

C(0001) 179 17.7 18.0 39.4 21.4 

n-octane 
MgO(100) 175 17.9 18.6 46.0 27.4 24

C(0001) 218 16.5 15.3 50.0 34.6 10

n-decane 
MgO(100) 204 19.1 21.4 56.3 34.9 24

C(0001) 254 17.8 18.4 61.7 43.3 10
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Inverse gas chromatography has also been used to determine adsorbate entropies on high-

area powders, but to our knowledge it has not been applied to single crystalline surfaces 

(e.g., MgO(100) smoke) where the adsorbates are more well defined, which is the focus here. 

Temperature programmed desorption (TPD) has been widely used to measure activation 

energies for desorption (Ed) on single crystals. To extract Ed from TPD data, the surface species 

are always assumed to be in equilibrium, in which case the measured desorption rate is a single-

valued function of coverage (θ ) and temperature: r(θ,T).  For the case of importance here, 

molecular adsorption / desorption, it is generally assumed that desorption is a first-order process, 

in which case the Polanyi-Wigner equation gives:   r(θ,T) = -dθ /dt = ν exp(-Ed(θ )/RT) θ,  where 

ν is the pre-exponential factor and R is the gas constant.   One typically assumes that ν does not 

vary with coverage or temperature but that Ed does (as Ed(θ )).  One then finds the prefactor and 

Ed(θ ) that best match the measured rates over a large range of coverages and temperatures.  This 

method has been widely used.  We next show how the prefactor found in this way can be used to 

get the adsorbate entropy, Sad
0, at the desorption peak temperature, Tp. 

When the adsorption ⇌ desorption process is reversible and the activation energy for 

adsorption is negligible, as it is for many cases of molecular adsorption of interest here, the 

transition state (TS) for desorption is the molecule with its center of mass constricted to lie on a 

plane parallel to the surface at some distance far enough away from the surface that its 

interaction with the surface is negligible for any angle of rotation 24, 293.  In this case, the 

transition state is very well defined. Its entropy (STS, des
0) is identical to that for the gas (Sgas

0) at 

the same temperature, except that it is missing one translational degree of freedom (the one 

perpendicular to the surface):   

STS, des
0 = Sgas

0 – Sgas,1D-trans
0. (3.1) 
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The value of Sgas,1D-trans
0 for any gas can easily be calculated using statistical mechanics 

(the Sackur-Tetrode equation) 26, assuming that each translational degree of freedom contributes 

1/3 of the total 3D translational entropy.  A useful formula for doing this is: 

Sgas,1D-trans
0  =  (1/3){SAr,298K

0 + R ln[(m/mAr)3/2(T/298K)5/2]},   (3.2) 

where m is the molar mass of the gas, mAr is that for argon, and SAr,298K
0 is the entropy of Ar gas 

at 1 bar and 298 K (= 18.6R).  Within transition state theory 107, the desorption prefactor is 

given by: 

ν  =  kBT/h exp(∆STS, des
0/R)   =   kBT/h exp[(STS, des

0 – Sad
0)/R],   (3.3) 

where kB is Boltzmann’s constant.  Substitution using Eq. (3.1) gives: 

ν  =   kBT/h exp[(Sgas
0 – Sgas,1D-trans

0 – Sad
0)/R].   (3.4) 

This can be rearranged to give an expression for calculating Sad
0 from a measured value of ν : 

Sad
0  =  (Sgas

0 – Sgas,1D-trans
0) – R ln (ν h/(kBT)),   (3.5) 

where all entropies are for the same average temperature as the measurement of ν  (or ~Tp). 

We also applied Eq. (3.5) to get the entropies of a variety of reversibly adsorbed 

molecules on MgO(100) from their measured desorption prefactors as reported in the literature. 

The values are also found along with ν, Tp and Sgas
0(Tp) in Table 2.3, and reproduced here in 

Table 3.1.   

3.3:  Results 

In Fig. 2.4, the standard adsorbate entropy, Sad
0, for molecularly adsorbed species on the 

MgO(100) surface, as measured by the equilibrium adsorption isotherm (EAI) method on 

MgO(100) smoke (from Table 3.1), is plotted versus the gas-phase entropy at the same 

temperature, Sgas
0.  There is a strong, linear correlation between Sad

0 and Sgas
0. 
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The entropies of a variety of reversibly adsorbed molecules on MgO(100), determined 

from their reported, experimentally-measured desorption prefactors by using Eq. (3.5) (and 

tabulated in 3), were also added to Fig. 2.4.  The excellent agreement between the adsorbate 

entropies on MgO(100) obtained in this way and those directly measured by EAI verifies the 

accuracy of Eq. (3.5).  To our knowledge, this is the first experimental verification that one can 

indirectly measure adsorbate entropies from TPD data for such systems.  Below are its first 

applications, which prove quite powerful. 

By combining the adsorbate entropies on MgO(100) measured by both methods in 

Fig. 2.4, one can see that there is a nearly perfect linear correlation between Sad
0(T) and Sgas

0(T): 

Sad
0(T)  = 0.70 Sgas

0(T) – 4.7R, (3.6) 

with a correlation coefficient (Ɽ2) of 0.96 (standard deviation = 1.6R).  Note that each point here 

is for a different molecule (or method) at a temperature where its desorption was fast enough to 

perform the EAI and TPD measurements (~10-3 to 100 monolayers/s), which is the most relevant 

temperature for applications.  

As shown in Fig. 3.1, this linear correlation becomes a direct proportionality if we first 

subtract from Sgas
0 the entropy associated with one degree of translational freedom, Sgas,1D-trans

0. 

This plot is for the data on MgO(100) only, obtained by both EAI and TPD.  That this plot now 

goes through (0,0) shows that the x-intercept in Fig. 2.4 was approximately Sgas,1D-trans
0.   This 

much of the gas phase entropy is totally lost in the adsorbates due to the fact that they generally 

sit in a potential energy well that is very steep in the direction perpendicular to the surface (the 

z direction).  Thus they have very restricted center-of-mass motion in z, appearing now only as a 

nearly negligible vibrational entropy. The proportionality constant between Sad
0 and     

Sgas
0 – Sgas,1D-trans

0 is 0.68 in Fig. 3.1, so that: 
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Sad
0   =   0.68 (Sgas

0 – Sgas,1D-trans
0). (3.7) 

This proportionality, which has Ɽ2 = 0.96 and a standard deviation of 1.7R over a range of 40R, 

shows that the adsorbate maintains ~2/3 of the entropy of the gas-phase species (after subtracting 

the entropy of its z translation motion).  

Encouraged by the excellent agreement between the entropies extracted from TPD 

prefactors using Eq. (3.5) and those directly measured by EAI in Figs. 2.4 and 3.1, we calculated 

the entropies of a variety of other adsorbed molecules on single crystal from their experimentally 

determined desorption prefactors.  This includes all the prefactors we could find for adsorbates 

on other oxide single crystal surfaces 3, for linear alkanes on Pt(111) 10 and graphite(0001) 10, 25, 

108.  As shown in Fig. 3.2, a very similar linear relationship between Sad
0 and Sgas

0 as found in 

Fig. 2.4 for MgO(100) alone was found to hold when we include also the entropies for all these 

other molecularly adsorbed species and other types of surfaces.  For the same range of data as in 

Fig. 2.4 (i.e., up to Sgas
0 = ~60R), these measured entropies were very well fitted by the line: 

Sad
0(T)   =   0.70 Sgas

0(T) – 3.3R, (3.8) 

with a standard deviation of only 2.2R over a range of ~50R.  Including this much larger data set 

shifted the y-intercept only very slightly (up by 1.4R) from the line for MgO(100) alone, and the 

slope stayed the same. This indicates that this linear relationship is nearly independent of the 

molecule and the solid material.  Thus, Eq. (3.8) provides a very useful and simple method for 

estimating adsorption entropies for molecularly adsorbed gases on oxide surfaces when Sgas
0 is 

below ~60R.  We also show below that this can be applied to estimate pre-exponential factors in 

rate constants for reaction involving adsorbates, like desorption. 

Table 3.2 shows that Eq. (3.8) is independent of the material.  Here we list the slope and 

y-intercept values of the best-fit straight lines (below Sgas
0 = ~60R) to subsets of the data in 
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Fig. 3.2 corresponding to the different surfaces.  As seen, the slope varies from 0.56 to 0.76 

between the different surfaces, but these slopes are all within two standard deviations of each 

other.  More importantly, the standard deviation of the data for each subset about the line given 

by Eq. (3.8) is always less than 2.8R, versus 2.18R for the full data set in Fig. 3.2.  We also show 

here the best-fit parameters to the EAI data alone for MgO(100).  

In Figs. 2.4 and 3.1, we have labeled the identities of the molecules.  While most of the 

points are for linear alkanes, the plot includes neopentane (which is nearly spherical) and 

methanol (which binds specifically through its O atom to Mg sites).  Figure 3.2 includes all these 

type molecules and also points for CO, NO, CO2 and isobutane.  There are no points for large 

molecules on corrugated surfaces, so it is not clear if this can be generalized to highly corrugated 

surfaces. 

The behavior is somewhat different for molecules with gas entropies above ~60R, as seen 

in Fig. 3.2, where the slope increased to 1.0 at high entropy (i.e., for molecules with >35 atoms).  

We will discuss these separately below. 

Table 3.2.  Parameters for best linear fits to subsets of the data in Fig. 3.2 corresponding to 
different materials’ surfaces. 

data set slope 
std. dev. of 

slope 
y-intercept 

/ R 
std. dev. in 
Sad

0(T) / R 

std. dev. in 
Sad

0(T) / R 
from Eq. (3.8) 

all points in 
Fig. 3.2 0.70 0.03 -3.25 2.18 2.18 

MgO(100) 
data only 0.70 0.04 -4.69 1.60 2.18 

Pt(111)    
data only 0.56 0.05 -2.00 3.61 2.36 

C(0001)   
data only 0.76 0.05 -4.42 5.01 2.34 

MgO(100) 
EAI data only 0.72 0.10 -5.92 4.96 2.75 
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3.4:  Discussion 

One possible explanation for the slope of ~2/3 in Figs. 2.4, 3.1 and 3.2 is to remember 

that the motions of the gas molecule which give rise to most of its entropy are its translations and 

rotations, and these can be decomposed into their x, y and z components.  If we assume their 

associated entropy is equally divided between x, y and z components, with all components of 

motion in the x and y directions (e.g., x and y translation and helicopter rotations) not changed 

from the gas, but with all components of motion in the z direction (e.g., z translation and 

cartwheel rotations) frozen out by the steep interaction potential well in the z direction, we arrive 

at a proportional relationship with slope 2/3 in Figs. 2.4 and 3.2. This is certainly too simplified, 

but captures the dominant physical effect at play here. It is consistent with a very weak 

corrugation of the molecule – surface interaction potential for translational and rotational 

motions parallel to the surface, with saddle points that are lower than RT at temperatures where 

desorption is fast enough to perform EAI and TPD, but a steep well for any type of molecular 

motion perpendicular to the surface.  This is similar to the model offered to explain trends in 

prefactors for alkane desorption 10, 24. 

The weak corrugation parallel to the surface for polyatomic molecules is probably due to 

“lattice mismatch” between the surface’s lattice constant and the bond lengths within the 

adsorbate: The farther the molecule extends along the surface, the bigger the fraction of its atoms 

not fitting in their most stable binding sites 109.  This is the same reason that the activation barrier 

for diffusion of a small 2D metal islands decreases with island size when the lattice mismatch 

with the underlying substrate is large 294.  Furthermore, within a given class of adsorbates (like 

alkanes), the larger the adsorbate, the larger is its adsorption energy and the hotter is Tp, so that 
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the barrier to motions parallel to the surface could even increase in energy with size while 

remaining the same relative to RTp (i.e., remain smaller than these barriers). 

The entropy Sgas
0 3 – Sgas,1D-trans

0 plotted in Fig. 3.1 is approximately R ln q, where q is 

the partition function corresponding roughly to the number of quantum states of the gas molecule 

that are thermally accessible in rotational, vibrational and 2D translational motion.  The average 

value of ~25R in Fig. 3.1 corresponds to ~1011 accessible states.  The slope of 2/3 here implies 

that the number of accessible states drops to ~(1011)2/3 = ~107 after adsorption.  That is a large 

number of states, but still down by a factor of ~104 from the gas phase. 

The only case where ∆Sad
0 was measured versus coverage by EAI is for NH3 on 

MgO(100) smoke, which shows a large decrease with coverage from -47 J/mol/K (after defects 

are populated) to -172 J/mol/K 95.  A large decrease in ∆Sad
0 is predicted for an ideal 2D lattice 

gas model where adsorbate-adsorbate interactions are negligible, due to the large decrease in 

configurational entropy of the adsorbate as the fractional occupation of sites (θ ) increases 66: 

Sconfig = R ln [(1–θ )/θ ]. (3.9) 

The accompanying decrease in the heat of adsorption with coverage, from 71 to 25 kJ/mol 95, 

indicates that there are repulsive lateral interactions between adsorbed ammonia molecules. 

However, at low coverage where the average adsorbate – adsorbate separation is large, these can 

be neglected and the adlayer still should have very large configurational entropy, as observed.  

We have left the point for NH3 off of Fig. 2.4 since it drops from 5R above the line to 10R below 

the line (i.e., ~zero) with increasing coverage.  No variation with coverage was reported for the 

other adsorbates studied by EAI.  That is, the shapes of their EAI curves were well fit by 

assuming that the entropy does not vary with coverage.  We think this lack of coverage variation 

is due to the fact that they had attractive interactions and thus condensed into islands. Attractive 
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adsorbate-adsorbate interactions are expected for these alkanes and alcohol, due to van der Waals 

attractions and hydrogen bonding, respectively. Since ammonia has a large dipole moment 

oriented perpendicular to the surface, it instead is expected to have repulsive adsorbate-adsorbate 

interactions, as observed.  Thus, Fig. 2.4 and Eq. (3.6) are only valid for cases with attractive 

interactions.  A huge decrease in Sad with coverage is probably characteristic of adsorbates with 

strong repulsive interactions. 

Equation (3.9) brings up the question: What is the configurational entropy for those other 

systems that gave rise to the linear relationships of Fig. 2.4 and 3.1 and Eqs. (3.6) and (3.7)? 

Those were generally for cases where it appears that there are attractive adsorbate – adsorbate 

interactions at coverages of ½ ML and above, so they are clustered into 2D islands.  The most 

common statistical mechanics model for that case is the 2D crystal lattice model, and not the 2D 

ideal lattice gas model, which is only appropriate when there are negligible or weakly repulsive 

adsorbate – adsorbate interactions.  There is no configurational entropy in a 2D crystal lattice, 

only vibrational entropy (including frustrated rotational and translational entropy).  Recognizing 

this, it was surprising to these authors that 2/3 of the entropy associated with rotational and 2D 

translational motion in the gas phase still remains after adsorption.  It must be that rotations and 

translations parallel to the surface somehow remain unhindered in such adsorbate islands.  Thus, 

it may be more appropriate to think of these adsorbate islands at these temperatures as 2D liquids 

rather than as 2D crystals.   

Indeed, Eq. (3.8) is similar to Trouton’s Rule, which says that the standard entropy of the 

liquid at the normal boiling point varies approximately linearly with Sgas
0 with a slope of unity 

and a y-intercept of -10.3R 107.  For comparison, we show liquid entropies at the normal boiling 

point (as estimated by Trouton’s Rule) in Fig. 3.2.  Adsorbate entropies drop below 3D liquid 
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entropies only when Sgas
0 exceeds ~30R, but then above ~60R, they start tracking the liquid 

entropies with the same slope (within 1%), but remaining lower by a constant amount of 10.4R. 

Interestingly, this offset is almost exactly the same amount that liquid entropies fall below 

standard-state gas entropies according to Trouton’s Rule (10.3R).  

Although in some cases these adsorbate islands are probably in equilibrium with a low-

density 2D gas phase adsorbed in the empty areas between islands (and on top of the islands), 

and desorption may be happening from these low-density phases 10, 111, the standard entropies we 

report here are for adsorbates within the dense islands themselves, and not for any low-density 

phases that may be in equilibrium with them.  This is because the measurements upon which 

these entropies are based tracked the dominant-species coverage in the islands and not the low 

density phase(s).  Note too that in the derivation of transition state theory, one only assumes that 

equilibrium is established between the reactant and the transition state, and so it does not change 

when there are intermediate states between them. 

The reason for the change in slope to 1.0 above ~60R in Fig. 3.2 is the same reason that 

the prefactors for n-alkane desorption stop increasing with chain length above 10 carbons, which 

has been examined thoroughly 25, 108 and beautifully reproduced in molecular dynamics 

simulations 109-111.  Below C10, there is a large increase in gas-phase entropy with chain length 

mainly due to the increasing translational entropy with mass and then the increasing moment of 

inertia and thus rotational entropy of these rigid-rod like molecules as they get longer.  Due to 

the increasing probability for bends as the chains grow longer than C10, the rotational entropy 

stops increasing above C10, and the increasing entropy with chain length is now mainly due to 

increases in vibrational entropy.  These vibrations are not effected by adsorption, so the slope 

goes to unity.  That is, this change in slope is associated with a change in the reason that gas-
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phase entropies increase with molecular size:  Below ~60R, the entropy increase is mainly due to 

increases in translational and rotational entropy (of which ~1/3 is lost upon adsorption), whereas 

above ~60R, the gas-phase entropy increases with molecular size mainly due to increasing 

vibrational entropy (which is nearly unchanged upon adsorption).  Since all the points above 60R 

in Fig. 3.2 are for linear alkanes, it is not clear if this change in slope will be generally true. It 

may not appear for other classes of molecules that do not have this change from linear to non-

linear structure at a size corresponding to ~60R. 

The adsorbate entropies plotted here are huge compared to most prior models for 

adsorbates.  In particular, the harmonic approximation, which is very widely applied to DFT 

calculations of adsorbate energies to estimate their rate constants, is only valid at low 

temperatures, but it dramatically underestimates their entropies at the temperatures of Figs. 2.4, 

3.1, and 3.2, where desorption rates and equilibria are measured.  This is not because the 2nd 

derivatives of energy versus distance at the energy minima are incorrect (as that would lead to 

much smaller errors), but instead due to the low energies of the next maxima in the potential 

energy surface (relative to RT).  This is the same reason that the hindered rotation of one methyl 

group about the C–C axis in gas-phase ethane contributes only low vibrational entropy at low 

temperature but, when RT exceeds the barrier for that methyl rotation, that mode becomes a free 

rotor; and, when RT is only 15% of  the barrier, there is already a very large increase in 

entropy 26.  The large error of the harmonic approximation in estimating prefactors was recently 

pointed out for propane desorption from PdO(101) 170.    

Note that the conclusion of Eq. (3.8), that the adsorbate entropy is a large fraction of the 

gas-phase entropy, is qualitatively consistent with the findings of Santiago et al. 295.  They 

approximated the entropy of an adsorbed species as a fraction Floc of  the gas-phase entropy 
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minus that for its three translational components, Sad
0 = Floc (Sgas

0 – Sgas,3D-trans
0), where Floc is 

the fraction of the non-translational entropy that is preserved upon adsorption. By fitting a 

microkinetic model to kinetic data for the selective reduction of acetic acid, methyl acetate, and 

ethyl acetate over silica-supported copper catalysts, they found F loc to be very large, between 

0.91 and 1.00. Three later studies also found large values near 0.95 for other adsorbates on metal 

catalysts using similar fitting methods, as reviewed by Goldsmith 296. We next show that 

one can use the entropy correlation of Fig. 2.4 (Eq. (3.8)) to make reliable estimates of prefactors 

in rate constants for adsorbate reactions using transition state theory.  We demonstrate this for 

the simplest case: desorption after non-activated molecular adsorption with attractive adsorbate – 

adsorbate interactions.  Substituting Eq. (3.8) into Eq. (3.4) gives the prefactor: 

        ν  =  (kBT/h) exp[(0.30 Sgas
0 + 3.3R – Sgas,1D-trans

0)/R] 

=  (kBT/h) exp{0.30 Sgas
0/R + 3.3 – (1/3){18.6 + ln[(m/mAr)3/2(T/298K)5/2]}}. (3.10) 

where Sgas,1D-trans
0 can be calculated from Eq. (3.2).  A plot of the predictions of Eq. (3.10) 

plotted versus experimentally measured desorption prefactors for all the molecules on single 

crystals surfaces in Fig. 3.2 except alkanes longer than C10 was shown previously in Fig. 2.6.  

The predictions agree very well with these experimental prefactors with a standard deviation in 

log(ν /s-1) of only 0.86, confirming the validity of Eq. (3.10) for estimating prefactors.  For 

alkanes longer than C10, the prefactor stays constant at ~1019 s-1 25, 108.  Several discussions of the 

values for desorption prefactors have been published, but none of these have presented any 

relationships with prediction integrity anywhere near as good as Eq. (3.10) 10, 24, 25, 108-118, 297.  

Using twice the standard deviation on log(ν /s-1) of 0.86 in Fig. 2.6 gives a factor of 50 

maximum error in ν at the 95% confidence limits.  This analysis corresponds to terrace sites.  We 

are not confident in the accuracy of its application to defect sites, since we have shown 
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previously that metal adatoms have a desorption prefactor that is 105-fold larger at step edges 

than at terrace sites on Mo(100), due to the loss of all translational motion except in the one 

direction along the step edge 118. 

While this potential error in rate constant seems terrible, it marks a huge improvement 

over the current state.  There are two dominant applications of estimated prefactors. The most 

important is in using adsorbate and transition state energies calculated with DFT together with 

prefactors (estimated using the second derivative of energy with coordinates and the harmonic 

approximation) to estimate rates of elementary steps in catalysis, and from this to propagate rates 

from microkinetic models of catalytic reactions 298-302.  As noted above, the harmonic 

approximation is much worse.  The second use of prefactors is in extracting desorption energies 

from TPD data.  Here, the maximum error in ν of 50 corresponding to a maximum error in the 

desorption energy of only 4.0RTp (<10 kJ/mol when Tp = 300 K). 

Note that Eq. (3.10) is based on Fig. 3.2’s experimental correlation between adsorbate 

and gas-phase entropies (i.e., Eq. (3.8)).  Since most of the entropies plotted in Fig. 3.w come 

from the same prefactors as plotted in Fig. 2.6, it is thus not surprising that Eq. (3.10) fits the 

prefactors in Fig. 2.6 rather well. However, many of the points in Fig. 3.2 are from entropies that 

were instead directly determined by EAI and not from prefactors.  More importantly, Fig. 3.2 

shows that EAI entropies (when plotted alone) are well fitted by Eq. (3.8), and Table 3.2 shows 

that a fit to the EAI data alone gives a very similar slope and y-intercept.  Thus, a line with a 

very similar slope and y-intercept to Eq. (3.10) in Fig. 2.6 would also result if we had not used 

any of the entropies determined from prefactors to get Eqs. (3.8) and (3.10), and instead 

used only EAI entropies. 
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3.5:  Figures 

Figure 3.1.  Plot of the standard entropies of molecular adsorbates (Sad
0 = Sgas

0 + ∆Sad
0) on MgO(100) determined by EAI and TPD, 

from 3, plotted versus the standard entropy of the gas-phase molecule at the same temperature minus the entropy for one degree of 
translational freedom.  Reprinted with permission from Reference 9. Copyright 2012 American Chemical Society. 
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Figure 3.2. Plot of the standard entropies of molecular adsorbates (Sad
0) on several surfaces 

plotted versus the standard entropy of the gas-phase molecule at the same temperature. Data for 
MgO(100) and other oxides are from 3.  Entropies for linear alkanes on Pt(111) and 
graphite(0001) calculated using Eq. (3.5) with experimental prefactors reported in 10, 24, 25.  
(Since the prefactor was shown to be constant between C12 and C24 25, we used the C12 prefactor 
value for C14 and C16.) The best linear fits to the data for molecules smaller and larger than 35 
atoms are also shown.  For comparison, the standard entropies of bulk 3D liquids at the normal 
boiling point (as estimated by Trouton’s Rule) are also shown. Reprinted with permission from 
Reference 9. Copyright 2012 American Chemical Society. 
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Chapter 4 

Kinetic Prefactors of Reactions on Solid Surfaces 

Adsorbed molecules are involved in many reactions on solid surface that are of great 

technological importance.  As such, there has been tremendous effort worldwide to learn how to 

theoretically predict rates for reactions involving adsorbed molecules.  Theoretical calculations 

of rate constants require knowing both their activation energy and prefactor. Recent advances in 

ab initio computational methods (e.g., density functional theory with periodic boundary 

conditions and van der Waals corrections) promise to soon provide activation energies for 

surface reactions with sufficient accuracy to have real predictive ability.  However, to predict 

reaction rates, we also need accurate predictions of prefactors.  We recently discovered that the 

standard entropies of adsorbed molecules (Sad
0) linearly track the entropy of the gas-phase 

molecule at the same temperature (T), such that Sad
0(T) = 0.70 Sgas

0(T) – 3.3R (R = the gas 

constant), with a standard deviation of only 2R over a range of 50R.  This correlation, which 

applies only to conditions where their surface residence times are shorter than ~1000 s, provides 

a powerful new method for estimating the partition functions for adsorbates and the kinetic 

prefactors for their reactions.  For desorption, we show that the prefactors obtained with DFT 

using transition state theory (TST) and the harmonic oscillator approximation to get the partition 

function predicts prefactors for desorption that are of order 103 times larger than experimental 

values while our approach gives much better estimates.  We also explore the applications of this 

approach to estimate prefactors within TST for the main classes of adsorbate reactions: 

desorption, diffusion, dissociation and association, and discuss its limitations.  We discuss 

general issues associated with applying TST to rate laws and multi-step mechanisms in surface 
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chemistry, and argue that rates of adsorbate reactions which are often taken to be proportional to 

coverage (θ ), might better be taken as proportional to θ /(1 − θ ) (unless the adsorbate forms 

islands), to account for the configurational entropy or excluded volume effects on the adsorbate’s 

chemical potential. 

4.1:  Introduction 

Chemical reactions on solid surfaces play a central role in many technologies that will be 

crucial for our energy and environmental future, including the production and use of solar cells, 

catalysts for clean fuels and chemicals production and pollution cleanup, photocatalysts, fuel 

cells, batteries, sorbents and solid reactants.  They are also critical to a number of other 

technologies including microelectronics, computer chips, chemical and biochemical sensors, 

prosthetic medical devices, reflective and protective coatings, optical, electro-optic and opto-

electric devices and adhesives.  Thus, there is great motivation to learn how to accurately predict 

rate constants for the elementary steps that occur in chemical reactions on solid surfaces.  To this 

end, there have been decades of outstanding research from both experimental and theoretical 

perspectives to measure and calculate rate constants for elementary steps on solid surfaces.  The 

calculations have been largely guided by various adaptations of transition state theory (TST) as 

introduced for simple gas reactions by Eyring and Polanyi 303.  By far the most common current 

approach for ab initio calculations of rate constants for surface reactions involves the use of 

Density Functional Theory (DFT) with periodic boundary conditions to calculate potential 

energy surfaces in the most important regions around the minima (reactants and products) and 

saddle points (transition states).  These generally use efficient saddle-point-finding algorithms 

such as the Nudged Elastic Band (NEB 304) and Dimer methods 305 to locate the transition state. 
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The harmonic oscillator approximation is generally invoked around these minima and maxima to 

calculate the partition functions (q) of the adsorbed reactants and transition states (except for the 

transition state for desorption, which is more often a 2D gas) in calculating the rate constant.  

This is referred to as harmonic transition state theory (HTST) and assumes that all modes of any 

adsorbed reactant or transition state are vibrations 306. 

Our recent discovery of the very high entropies of adsorbed molecules at the 

temperatures where their desorption equilibria and rates are measured implies that the harmonic 

approximation grossly underestimates adsorbate partition functions at such temperatures 9.  Here, 

we explore the implications of this discovery with respect to predicting rate constants for surface 

reactions, and particularly their pre-exponential factors, ν, and suggest new approximations for 

estimating these prefactors which go beyond HTST.  We discuss in detail when this new 

approach will be necessary.  We expect that HTST remains valid at temperatures where all the 

reactants involved in the elementary step have rates of desorption below 10-3 monolayers/s, 

which includes a very wide range of important processes. 

4.2:  Entropies of Adsorbed Molecules 

We recently presented the first extensive tabulation of the experimentally-measured 

entropies of adsorbed molecules on well-defined surfaces 9.  From this, we found that the their 

standard entropies at the measurement temperature, Sad
0(T), linearly track the standard entropy of 

the gas-phase molecule at the same temperature, Sgas
0(T), such that  

Sad
0(T) = 0.70 Sgas

0(T) – 3.3R, (4.1) 

where R is the ideal gas constant.  As shown previously in Figs. 2.5 and 3.2, this correlation is 

essentially independent of the surface material, with a standard deviation of only 2R over a range 
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of 50R.  These entropies, which are ~2/3 of the gas, are huge compared to most theoretical 

predictions.  Note that these entropies were measured at temperatures T such that desorption 

could be observed (i.e., at T such that the desorption rate was at least ~10-3 monolayers (ML) per 

s), or more appropriately, where the surface residence time τ is less than ~1000 s. 

4.3:  Prefactors for Desorption 

The total instantaneous desorption rate of an adsorbed molecule is typically assumed to 

be a single-valued function of its coverage (θ ) and temperature (T), r(θ,T),  given by: 

r(θ,T)   =  -dθ /dt   =  kdes θ  =  νdes exp(-Edes(θ )/RT) θ, (4.2) 

where kdes is the first-order rate constant and νdes is the pre-exponential factor, which is typically 

assumed not to vary with coverage or temperature, and Edes(θ ) is the coverage-dependent 

desorption activation energy.  This approximation will certainly fail in some cases since it 

neglects the excluded-volume of adsorbates, which is the first correction to a 2D ideal gas model 

for the adsorbate 307, and since the first-order factor of θ at the end here should be replaced by 

θ /(1–θ ) in the ideal lattice gas approximation (see below), which is closely related to the 

excluded-volume effect.  Much more sophisticated models have been put forth 307-309. 

When the activation energy for adsorption is negligible and the sticking probability is 

near unity, as is usually the case for molecular adsorption, the transition state for desorption is 

the molecule with its center of mass constricted to lie in a plane parallel to the surface at some 

distance far enough away from the surface that its interaction with the surface is negligible for 

any angle of rotation 112, 310.  In this case, the transition state is very well defined. Its entropy 

(STS,des
0) is identical to that for the gas (Sgas

0) at the same temperature, except that it is missing 

one translational degree of freedom (the one perpendicular to the surface):   

123 



STS, des
0 =  Sgas

0 –  Sgas,1D-trans
0. (4.3) 

The value of Sgas,1D-trans
0 for any gas can easily be calculated using statistical mechanics (the 

Sackur-Tetrode equation) 26, assuming that each translational degree of freedom contributes 1/3 

of the total 3D translational entropy.  This gives: 

Sgas,1D-trans
0 = (1/3){ SAr,298K

0 + R ln[(m/mAr)3/2(T/298K)5/2]}, (4.4) 

where m is the molar mass of the gas, mAr is that for argon, and SAr,298K
0 is the entropy of Ar gas 

at 1 bar and 298 K (= 18.6R).  The value of Sgas
0 can generally be found from standard 

thermodynamic tables, using the heat capacity to extrapolate to unlisted temperatures. 

Within transition state theory, the rate constant for first-order desorption is given 

by 112, 307, 310: 

kdes =  (kBT/h) (qTS
0/qi

0) exp(-∆ETS
0/kBT), (4.5) 

where qTS
0 is the partition function for the transition state (omitting motion in the coordinate 

perpendicular to the surface) and qi
0 is the partition function for the adsorbate.  The superscript 

"0" in both cases means that these are both evaluated about their zero-point energies (i.e., taking 

all energies relative to the ground state for that species), and ∆ETS
0 is the difference between 

these two zero-point energies.  The desorption prefactor (approximately equal to (kBT/h) 

(qTS
0/qi

0)) is given by 107: 

νdes  =  kBT/h exp(∆STS, des
0/R)   =   kBT/h exp[(STS, des

0 – Sad
0)/R], (4.6)  

where kB is Boltzmann’s constant and h is Planck’s constant, and Edes is the standard enthalpy of 

activation.  (If one takes the strict definition of activation energy as -R times the slope of 

ln(rate constant) versus 1/T, one gets that Edes = -∆Had
0(T) – ½RT 87), where ∆Had

0(T) is the 

standard enthalpy of adsorption.  One also gets an additional factor of exp in the expression for 
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νdes in Eq. (4.6), which arises from the contribution of kBT/h to this slope 311, and which we 

neglect below.)  Substitution using Eq. (4.3) gives: 

νdes  =   kBT/h exp[(Sgas
0 – Sgas,1D-trans

0 – Sad
0)/R], (4.7) 

where all entropies are for the same temperature T as the measurement of νdes.  We show below 

that if one uses the harmonic oscillator approximation to get Sad
0 (i.e., HTST) for this equation, it 

results in prefactors that are many orders of magnitude too large. We further show that using the 

empirical correlation of Figs. 2.5 and 3.2 to get Sad
0 gives much, much better results. 

Equation (4.7) can be rearranged to give an expression for calculating Sad
0 from an 

experimental value of νdes: 

Sad
0  =  (Sgas

0 – Sgas,1D-trans
0) – R ln [νdesh/(kBT)]. (4.8) 

We used this approach to obtain the entropies for many of the points in Figs. 2.5 and 3.2, but 

many also were obtained from more direct measurements using equilibrium adsorption 

isotherms.  Note that if we included the neglected factor of exp in Eq. (4.6) mentioned above, all 

these Sad
0 values determined from TPD in Figs. 2.5 and 3.2 would increase by R, increasing the 

y-intercept in Eq. (4.1) for Sad
0 from -3.3R to -2.5R with no change in slope.  However, all of this 

difference (except 0.2R) cancels when we then turn around and use these entropies to estimate 

prefactors using Eq. (4.6), which is our main focus below.  Similarly, the y-intercept for the line 

in Fig. 3.2 for alkanes longer than C10 would increase from -20.7R to -19.7R. 

The entropy correlation of Figs. 2.5 and 3.2 (Eq. (4.1)) can be used to estimate Sad
0, and 

this allows for more reliable estimates of prefactors in rate constants for adsorbate reactions 

using transition state theory than HTST.  We have already demonstrated this for the simplest 

case, desorption after non-activated molecular adsorption with attractive adsorbate – adsorbate 

interactions, as follows 9.  Substituting Eq. (4.1) for Sad
0 into Eq. (4.7) gives the prefactor: 
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        ν  =  (kBT/h) exp[(0.30 Sgas
0 + 3.3R – Sgas,1D-trans

0)/R] 

=  (kBT/h) exp{0.30 Sgas
0/R + 3.3 – (1/3){18.6 + ln[(m/mAr)3/2(T/298K)5/2]}}. (4.9) 

where Sgas,1D-trans
0 can be calculated from Eq. (4.4).  In Fig. 2.6 a plot of the predictions of 

Eq. (4.9) plotted versus experimentally measured desorption prefactors for all the molecules on 

single crystals surfaces in Fig. 2.5 was shown.  The predictions agree very well with these 

experimental prefactors with a standard deviation in log(νdes/s-1) of only 0.86, confirming the 

validity of Eq. (4.9) for estimating prefactors.  For alkanes longer than C10, the prefactor stays 

constant at ~1019 s-1 25, 108.  Several discussions of the values for desorption prefactors have been 

published 10, 24, 25, 108-118, 297.  This analysis corresponds to terrace sites.  We showed previously 

that metal adatoms have a desorption prefactor that is 105-fold larger at step edges than at terrace 

sites on Mo(100), due to the loss of all translational motion except in the one direction along the 

step edge 118. 

There is a huge difference between the prefactor for desorption one gets using Eq. (4.1) 

to get Sad
0 (which gives Eq. (4.9)) compared to that obtained using instead the harmonic 

oscillator approximation to get Sad
0 (i.e., HTST), in both cases starting from Eq. (4.7).  For 

example, consider the case of methanol on Pt(111).  We recently measured the prefactor for its 

desorption at 210 K to be 4x1015±0.5 s-1, with a heat of adsorption of 61.2 ± 2.0 kJ/mol 53.  Using 

Eq. (4.9) gives νdes = 1.3x1015 s-1, which agrees within a factor of 3.  In contrast, DFT 

calculations combined with HTST gives a value that is 1000-fold too large.  We performed DFT 

calculations for methanol on Pt(111) using VASP 312-314 with the projector augmented 

wavefunction (PAW) method 315, 316 together with the GGA-PBE and  GGA-PW91 317-319 

functionals.  The Pt(111) surface consisted of 45 atoms (3x3 unit cell, five layers deep) with one 

methanol per unit cell. During optimization, the top two Pt layers were allowed to relax, and the 
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methanol was found to adsorb with the oxygen atom on the atop site and two carbonic hydrogens 

pointing towards the surface, in good agreement with earlier DFT results 320.  Then, the 

frequencies for all the normal vibrational modes of the methanol atoms were calculated for the 

adsorbed molecule, keeping all the Pt atoms frozen.  The calculated frequencies of these 

vibrations are in excellent agreement with those same previously reported calculations 320 which, 

however, did not report the six lowest-frequency modes that contribute essentially all of the 

entropy.  In the harmonic approximation, our DFT frequencies give a vibrational partition 

function at 210 K (evaluated about its zero-point energy) of only qvib
0 = 65 to 187 , depending on 

the functional (PBE and PW91, respectively), and an entropy for the adsorbate at 210 K, Sad,HO
0

(equal to the sum over all vibrational modes of R{(hν vib/kT)/[exp(hν vib/kBT) – 1] – ln[1 –   

exp(-hνvib/kBT)]}, where ν vib is the frequency of that mode 26) of only 77 J/mol/K (for the PW91 

functional, even less for PBE). Using Eq. (4.3) and (4.4) together with gas-phase entropies 

(obtained by extrapolating from tabulated values at the nearest temperature using tabulated heat 

capacities, from standard tables 321)  gives an entropy for the transition state for its desorption 

(STS,des
0) of 177 J/mol/K.  Using these two entropies in Eq. (4.6) gives νdes = 7x1017 s-1 or more, 

which is larger than the experimental value by a factor of 200 or more.  This huge discrepancy 

arises because the entropy for the adsorbate estimated in this harmonic approximation is at least 

53 J/mol/K lower than the value of 130 J/mol/K estimated using Fig. 2.5 and Eq. (4.1).  One gets 

even worse agreement if one estimates the entropy for the adsorbate in the harmonic 

approximation as R ln(qvib
0), which is essentially what is done in HTST when the prefactor is 

estimated as νdes = (kBT/h)(qTS/qi
0). This gives an entropy of only 44 J/mol/K for the PW91 

functional (even less for PBE) and a prefactor of 4x1019 s-1, 104-fold larger than the experimental 

value (or ~105 larger for PBE). 
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4.4:  Why Do Adsorbates Have Such Large Entropies? 

Before we can extend the above approach for estimating prefactors to other classes of 

surface reactions besides desorption, and before we can even understand how generally valid 

Eq. (4.9) is for estimating νdes, we must first examine the origin of the very high entropies of 

adsorbed molecules and the slope of ~2/3 seen in Figs. 2.5 and 3.2.  Our qualitative explanation 

of this has been published 9.  Briefly, the motions of the gas molecule which give rise to most of 

its entropy are its translations and rotations, and these can be decomposed into their x, y, and z 

components.  If we assume their entropy is equally divided between x, y, and z components, with 

all components of motion in the x and y directions (e.g., x and y translation and helicopter 

rotations) not changed from the gas, but with all components of motion in the z direction (e.g., z 

translation and cartwheel rotations) frozen out by the steep interaction potential well in the 

z direction, we arrive at a proportional relationship with slope 2/3 in Figs. 2.5 and 3.2.  It implies 

a very weak corrugation of the molecule / surface interaction potential for translational and 

rotational motions parallel to the surface, with saddle points that are lower than kBT at the 

measurement temperature, but a steep well for any type of molecular motion perpendicular to the 

surface.  This same model was offered to explain trends in prefactors for alkane desorption 10, 24. 

The weak corrugation parallel to the surface for polyatomic molecules is probably due to 

“lattice mismatch” between the surface’s lattice constant and the bond lengths within the 

adsorbate:  In Fig. 4.1(a), it can be seen that the farther a 2D island, or analogously a polyatomic 

molecule, extends along the surface, the bigger the fraction of its atoms not fitting in their most 

stable binding sites 109, thereby increasing the energy of the adsorbates.  This is the same reason 

that the activation barrier for diffusion of small 2D metal islands decrease with island size when 

the lattice mismatch with the underlying substrate is large 294.  Notice that when the 11-atom 
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island in Fig. 4.1 is translated to move from a situation in which the central atom is in its (a) most 

favorable binding site to one in which it is at its (b) least favorable binding site the per atom 

diffusion barrier is reduced to only ~28% of the single atom diffusion barrier due to the 4% 

lattice mismatch.  This diffusion barrier could decrease even more if such large adsorbates were 

to form islands. 

Eq. (4.1) is similar to Trouton’s Rule (the entropy of a liquid at the normal boiling point 

= Sgas
0 – 10.3R 107), also plotted in Fig. 3.2.  As seen, adsorbate entropies are nearly as high as 

liquid entropies.  This is far above what would be expected based on the statistical 

thermodynamics models most widely applied to adsorbates, the lattice gas and 2D lattice crystal 

models, which only include vibrational entropy through the harmonic (or harmonic oscillator, 

HO) approximation.  While this is clearly valid at very low temperatures, it dramatically 

underestimates their entropies at the temperatures of Figs. 2.5 and 3.2, where the surface 

residence time is less than 1000 s.  This is not mainly because the 2nd derivatives of energy 

versus distance at the energy minima are incorrect (as that would lead to much smaller errors), 

but instead due to the low energies of the next maxima in the potential energy surface (relative to 

kBT).  This is the same reason that the hindered rotation of one methyl group about the C–C axis 

in gas-phase ethane contributes only low vibrational entropy at low temperature but, when kBT 

exceeds the barrier for that methyl rotation, that mode becomes a free rotor; but even when kBT 

is only 15% of the barrier, there is already a very large increase in entropy 26.  The large error of 

the HO approximation in estimating prefactors was recently pointed out for propane desorption 

from PdO(101) 322. 

The most well studied example of a hindered rotor involves the rotation of one methyl 

group about the C–C axis in gas-phase ethane.  Its potential energy (V) versus rotational angle 
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(φ ), shown in Fig. 4.2, is a repeating cosine wave that has a maximum potential barrier of W 

repeating every 120O.  For the generalized hindered rotor, the potential can be written: 

V = (W/2)(1 – cos nφ ), (4.10) 

where W is the height of the potential barrier and n is the number of equivalent minima in a full 

rotation (3 for Fig. 4.2).  This potential gives a Schrödinger’s equation for motion that has been 

solved numerically, with the eigenvalues tabulated; and these have been used to compute the 

partition function and entropy versus temperature 26, 323.  Note that this potential looks like a HO 

near the energy minima and consequently has energy levels similar to those of a HO, with 

separations approximately given by ε = (nh/2π)(W/2I)1/2, where I is the reduced moment of 

inertia of the rotor.  When the ratio r = W/ε is huge, these equal the HO energies, but at lower 

W/ε  these have lower energy separations than ε. 

Goddard’s group 323 has calculated approximate analytical solutions for the eigenvalues 

and the partition function (q) for this hindered rotor problem versus W/ε and kBT/ε, and has 

constructed a simple-to-calculate interpolation function, called the Hindered Rotor Density-of-

States (HRDS) interpolation function, having these asymptotic forms. This HRDS function 

allows one to easily calculate q and S at any temperature for a potential energy function like 

Fig. 4.2 or the more general Eq. (4.10).  One could easily calculate the partition function and 

entropy associated with the hindered rotations of adsorbates parallel to the surface using this 

HRDS approach, and would get a far more accurate result than the harmonic approximation.  

Periodic DFT could be used to calculate estimates for the only three parameters in this model 

(W, n, and I) as described below.  (Note that ε is a simple function of these parameters.)  Other 

efficient computational approaches have been used to estimate entropies of hindered internal 

rotations 324, and these could also be adapted to these helicopter-type rotations of adsorbates on 
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surfaces. Note too that hindered internal rotations of adsorbates should also be treated properly 

when kBT is not small compared to the barriers for these hindered internal rotations. 

It might even be possible to apply the same HRDS approach to calculate the partition 

function and entropy associated with the translations of adsorbates parallel to the surface.  Note 

that the potential energy of Fig. 4.2 and Eq. (4.10) for rotations parallel to the surface maps 

directly into that for adsorbate diffusion if we simply replace nφ with 2π x/a, where x is distance 

and a is the site-to-site separation along the surface.  Here W is the diffusion barrier.  If we 

replace φ with x and I with mass (m), Schrödinger’s equation has the same form (albeit with 

different boundary conditions), so one might be able to modify this HRDS approach 323 to 

estimate the partition function and entropy associated with such hindered translational motions of 

adsorbates as well.  In this case, the high-temperature-limit entropy should resemble that of an 

ideal 2D gas instead of a free rotor.  A closely related approach has already been proposed by 

Hill 66, which may be nearly as accurate.  Again, DFT could be used to calculate the parameters 

in this modified-HRDS model or in Hill’s model (i.e., a and W, with ε being a simple function of 

a and W.)  As an example, our reported DFT calculations for water on Pt(111) give a diffusion 

barrier W = 19 kJ/mol and site-to-site separation a =  0.28 nm. 325  When fitted to cosine wave 

like Eq. (4.10), these give a second derivative at the minimum corresponding to a vibrational 

frequency of ~67 cm-1, or ~0.8 kJ/mol excitation energy. 

Note that many or even most of the adsorbates systems in Figs. 2.5 and 3.2 have 

attractive lateral interactions and exist mainly as 2D islands 9.  In the simplest model, this should 

lead to more restricted motions parallel to the surface.  However, if one considers concerted 

motions of groups of adsorbates, this can lead to much smaller values of W, especially when the 

preferred adsorbate-adsorbate separation does not match the site-to-site separation on the lattice. 

131 



Now that we understand the origin of the empirical relationship in Fig. 3.2 and Eq. (4.1) 

between (high) adsorbate entropies and gas-phase entropies, we can predict that it will also hold 

for more strongly-bound adsorbates for the following reason.  For a given surface, the barrier 

height W for different adsorbates should increase roughly proportional to the desorption energy, 

Edes.  The temperature (T) on Figs. 2.5 and 3.2 and Eq. (4.1) is limited to the range where 

desorption has the proper rate to perform equilibrium adsorption isotherm (EAI) and 

temperature-programmed desorption (TPD) measurements (i.e., ~10-3 to 100 monolayers/s).  

Thus, T is also roughly proportional to Edes.  So for the temperature range where Figs. 2.5 and 

3.2 and Eq. (4.1) are expected to hold, T/W is expected to be nearly independent of Edes, and it is 

this ratio that determines to what extent the system has approached the high-temperature limit. 

For a similar reason, Trouton’s Rule is independent of the heat of vaporization, since it only 

applies at the normal boiling point, and this T increases proportional to the heat of vaporization. 

To test this expectation, Fig. 4.3 reproduces Fig. 2.6 but now also includes several 

experimental prefactors reported for more strongly bound adsorbates (CO, NO and Pb).  The 

details of these new data points, which are for low coverages, are listed in Table 4.1.  Except for 

the case of Pb at step edges on Mo(100), these data are also reasonably well predicted by 

Eq. (4.9), but on average it underestimates these by a factor of ~3.  Table 4.1 is not nearly an 

exhaustive list of experimental prefactors for these species, but is representative and probably 

biased toward higher values than average.  As noted previously 118, the energy barrier for Pb to 

detach from the step edges of Mo(100) is so high that it loses another degree on freedom (i.e., 

surface diffusion away from the step edge) compared to Pb at terraces, so its entropy is much 

lower and its desorption prefactor is correspondingly 20,000-times larger.  Similarly, the ratio 
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Table 4.1.  Experimentally measured prefactors for desorption of strongly adsorbed small 
adsorbates and comparison to the predictions of Eq. (4.9). 

adsorbate surface 
T         

/ K 
log(νdes /s-1) 
experiment 

log (νdes /s-1) 
from Eq. (4.9) 

Sgas(T) 
/ R 

Sad(T) 
/ R citation 

CO 

Ru(001) 477 16.0 15.0 25.4 12.1 310

Ni(110) 435 15.7 14.9 25.1 12.4 326, 327

Pt(111) 410 15.5 14.9 24.9 12.7 328

Pt(111) 600 15.1 15.1 26.2 15.0 329

NO Pt(111) 575 14.5 15.1 26.2 16.4 330

MeOH Pt(111) 210 15.6 15.1 27.1 14.5 53

Pb 

Mo(100) 
terraces 1210 15.7 14.5 24.6 11.1 118

Mo(100) 
steps 1210 20.0 14.5 24.6 1.3 118

W/Edes should depend on the surface’s atomic-scale corrugation with, for example, a larger 

W/Edes ratio expected for the (110) than (111) faces of FCC metals, so there may be some crystal 

face dependence.  A weak trend in this respect seems apparent in the data for CO on Ni 

surfaces 74. 

At least from looking at the example of CO/Pt(111) from Table 4.1, it seems that HTST 

also greatly overestimates the desorption prefactor for these more strongly bound adsorbates.  To 

estimate this, we used the vibrational frequencies for this system calculated by DFT reported by 

Greeley et al. for atop sites 57 except for the two lowest frequency modes, which were not 

reported.  For these, we used the same group’s reported DFT values for Cu(111) instead (193 and 

194 cm-1 331), which should be even smaller than on Pt since CO bonds more weakly to Cu.  

These give a prefactor in HTST at 600 K of ~1019 s-1, which is larger than the experimental 

values by a factor of ~104. 
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We repeat that Figs. 2.5 and 3.2 and Eq. (4.9) only hold at temperatures high enough for 

desorption rates to exceed ~10-3 ML/s (i.e., where τ is less than ~1000 s).  At some point, the 

adsorbate entropy will decrease and the prefactor will increase as temperature is lowered such 

that kBT is much less than W. 

4.5:  Estimating Prefactors for Other Elementary Surface Reactions 

We now estimate prefactors for other elementary surface reactions using the qualitative 

picture of the potential energy surface for individual adsorbates in Fig. 4.3 together with the 

limiting case entropy represented by Eq. (4.1) and Figs. 2.5 and 3.2, which applies when the 

temperature is high enough for desorption to be observed in EAI or TPD measurements.  Again, 

this is for terrace sites only since species at step edges have much lower entropies. 

4.5.1: Adsorbate Diffusion 

Within TST, the rate constant for adsorbate diffusion is given by: 

kdiff  =  (kBT/h) (qTS
0/qi

0) exp(-∆ETS
0/kBT), (4.11) 

where qTS
0 is the partition function for the transition state (omitting one mode of motion along 

the reaction coordinate) and qi
0 is the partition function for the adsorbate.  The superscript "0" in 

both cases means that these are both evaluated about their zero-point energies (i.e., taking all 

energies relative to the ground state for that species), and ∆ETS
0 is the difference between these 

two zero-point energies. To be most rigorous, one would plot ln(kdiff) versus 1/T to get the 

activation energy (Eact = the slope at the temperature of interest times -R) and the prefactor νdiff 

(where ln(νdiff) = the y-intercept).  Both will vary slowly with T.  Alternatively, one can get the 

prefactor from νdiff = kBT/h exp[(STS, diff
0 – Sad

0)/R], where both entropies are evaluated at the 
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temperature of interest.  As noted above, within HTST, the entropy of both species is calculated 

from the sum over all vibrational modes of R{(hνvib/kT)/[exp(hνvib/kT) – 1] – ln[1 –               

exp(-hνvib/kT)]}.  For simplicity, νdiff is often approximated as (kBT/h)(qTS
0/qi

0), with Eact 

approximated as ∆ETS
0.  This is not as accurate as these other two methods for calculating either 

separate value (νdiff or Eact), but their combination obtained in this way at any temperature gives 

the correct rate constant. 

Diffusion rates are usually measured at temperatures where kBT is very small compared 

to the barriers in Fig. 4.2 for motion parallel to the surface.  In this case, HTST should be 

accurate, wherein both qTS
0 and qi

0 are pure vibrational partition functions.  Note that this is for 

temperatures far below those where Figs. 2.5 and 3.2 and Eq. (4.1) are valid, since those are 

valid only when desorption rates are fast enough to measure (which requires much higher 

temperature than diffusion for the same adsorbate). Thus HTST has been used, for example, 

together with embedded atom potentials to calculate the barrier, fundamental vibrational 

frequencies and prefactor for diffusion of Cu on Cu(100), and this gave good agreement with 

experimental results 332.  We used it together with energetics and vibrational frequencies 

calculated using DFT with periodic boundary conditions to calculate the prefactors for the 

diffusion of small Pdn clusters (n = 1 to 4) on MgO(100) 333.  The values at 250 K were in the 

range ~1011 to 1014 s-1, with the tetramer having a prefactor 100- to 1000-fold larger than the 

monomer and dimer, due to a "floppy" transition state. 

It is possible that some adsorbates might have relatively free rotations parallel to the 

surface while kBT is still very small compared to the barrier for diffusion.  In these cases, it is 

unlikely that the partition function for these rotations will be much different between the 
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adsorbed state and its transition state for diffusion, so the rotational contributions will nearly 

cancel.  Hence, HTST should still offer a reasonable approximation for νdiff. 

If one is trying to predict diffusion rates at much higher temperatures (i.e., where 

desorption rates are fast enough to measure), then HTST is no longer valid.  Instead, the 

entropies for the initial state and the transition state should both be much larger than the 

vibrational entropies and similar to the entropy given by Eq. (4.1).  Keeping this in mind, the 

ratio qTS
0/qi

0 in Eq. (4.1) can be estimated by recognizing that qTS
0 and qi

0 will be very similar 

except that qTS
0 is missing one translational mode (the reaction coordinate for diffusion).  The 

entropy for this translational mode, Sgas,1D-trans
0, can be calculated using Eq. (4.4), and the 

prefactor is given by: 

νdiff  =  kBT/h  exp(-Sgas,1D-trans
0/R). (4.12) 

This is much smaller than the value that would be predicted by Eq. (4.11) using HTST, which 

reflects the increasing contribution to the partition function of the initial adsorbate state of the 

motion in the direction of the reaction coordinate (i.e., motion in the direction of diffusion) with 

increasing temperature.  Note that this contribution is not included in the partition function of the 

transition state.  

4.5.2: Adsorbate Dissociation 

Consider an adsorbate's dissociation reaction of the type: 

ABad   ⇌   ABad,TS  →   Aad  +  Bad, (4.13) 

where ABad,TS is the transition state.  We have previously tabulated a list of 25 values of the 

prefactor for the dissociation of different adsorbates on different single crystal surfaces 116.  

Those values showed a clear trend in that the prefactor for dissociation (νdiss) was only 1/10 to 
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1/105 of the prefactor for desorption (νdes) of the same molecule at the same temperature, with an 

average ratio (νdiss/νdes) of ~1/1000.  (This was for low coverages where both reactions were 

assumed to be first-order in coverage.)  In that work, the main emphasis was on this ratio of 

prefactors rather than the absolute value for νdiss, since the latter was usually only determined by 

multiplying the experimentally measured ratio by some assumed value of νdes, typically 1013 s-1 

which we showed above can be many orders of magnitude too low (Fig. 2.6).  A recent 

experimental study of the kinetic competition between dissociation and desorption of propane on 

PdO(101) also shows a ratio νdiss/νdes of ~1/1000, that was also reproduced by DFT calculations 

when the extra entropy of the adsorbates mentioned above was approximately included 322. 

The low value for the ratio νdiss/νdes can be understood as follows.  If a relatively freely 

moving part of the adsorbate starts forming a new bond to the surface in the transition state, the 

partition function of this three-center transition state will naturally be smaller than that of the 

reactant.  An example is shown in Fig. 4.4, where adsorbed methoxy on a metal surface (metal-

OCH3) loses a methyl H to form adsorbed -OCH2 plus -H.  In the reactant, the methyl could be 

nearly a free rotor both around its own central axis of symmetry and around the metal–O bond 

axis, but those motions are lost as the methyl starts to form its own bond to the metal in the 

transition state.  This effect is analogous to the situation in gas-phase or solution-phase reactions 

where the partition function is generally lowered when forming three-center transition states 334. 

For a similar reason, the cyclization of a more linear molecule generally leads to decrease in 

entropy. 

The simplest approach to estimating νdiss for dissociation of adsorbates is to multiply the 

value of νdes for the same molecule, estimated from Eq. (4.9), by this average ratio of 10-3 

mentioned above: 
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νdiss   =   ~10-3 νdes. (4.14) 

Since dissociation rates for molecular adsorbates are usually measured in the same temperate 

range as desorption rates, using Eq. (4.9) for νdes is treating its behavior in the proper 

temperature regime.  However, this is often not true for non-molecular adsorbates (i.e., molecular 

fragments) like the methoxy species shown in Fig. 4.4, which would have a much higher 

desorption temperature (to make a methoxy radical) than the temperatures where it is typically 

seen to dissociate (i.e., one often wants to evaluate νdiss at temperatures where the surface 

residence time exceeds ~1000 s).  For the dissociation of such adsorbed molecular fragments, it 

may be better to estimate νdes (or νdiss directly) using HTST.  One must do something like what 

is recommended in Section 4 above to get partition functions or entropies that would be more 

generally accurate. 

4.5.3: Association of Two Adsorbates 

Consider the association reaction of two adsorbates of the type: 

Aad  +  Bad   ⇌   ABad,TS  →   ABad , (4.15) 

where ABad,TS is again the transition state.  The standard entropy change for this net reaction, 

∆Sass
0, must equal the sum of ∆Sstep

0 for the two elementary steps in Reaction (4.15) above: 

∆Sass
0   =  ∆Sstep1

0 + ∆Sstep2
0   =  ∆STS, ass

0 – ∆STS, diss
0, (4.16) 

where ∆STS, diss
0 is the standard entropy of activation for dissociation Reaction (4.13), which is 

the reverse of this association Reaction (4.15).   Here we have used the fact that ∆Sstep2
0 = 

-∆STS, diss
0.  Dividing both sides by R and then taking the exponent of both sides gives: 

   exp(∆Sass
0/R)  =  exp(∆STS, ass

0/R – ∆STS, diss
0/R)  =  exp(∆STS, ass

0/R) / exp(∆STS, diss
0/R). (4.17) 
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Since ν  step = kBT/h exp(∆STS,step
0/R) for each step, the ratio on the right side of this expression is 

just νass/νdiss, so that: 

νass   =   νdiss exp(∆Sass
0/R)  =   νdiss  exp[(SAB,ad

0 – SA,ad
0 – SB,ad

0)/R]. (4.18) 

One can estimate νass using Eq. (4.18) by getting νdiss by the method described in the previous 

section and getting Si,ad
0 for each adsorbed species i (A, B and AB) from Figs. 2.5 and 3.2 or 

Eq. (4.1).  Obtaining any adsorbate’s entropy using Figs. 2.5 and 3.2 or Eq. (4.1) requires 

knowing its standard gas-phase entropy at the same temperature, which is easy to estimate 26, 107 

by extrapolating from tabulated entropies at similar conditions using tabulated heat capacities 

(such as the NIST tables of thermodynamic data).   

One cannot use Figs. 2.5 and 3.2 to estimate the entropy for adsorbed A or B in this 

application if one is studying the rate of their association reaction at a temperature far below its 

desorption temperature, since Figs. 2.5 and 3.2 is only known to be valid for temperatures where 

the desorption rate is at least 10-3 ML/s (τ < ~1000 s).  For example, a prefactor of 1017 s-1 was 

determined experimentally for the associative desorption of water from adsorbed -OH plus -H on 

α-Fe2O3(012) (1x1) 179.  This prefactor is higher than that for desorption of molecularly adsorbed 

water, and higher than would be expected based on the above analysis.  This was attributed to the 

expectation that at the low temperature of that study, most of the translational and rotational 

motion of these adsorbed fragments (-OH and -H) have probably been frozen out into vibrational 

modes, thus lowering their entropy below that predicted by Figs. 2.5 and 3.2 3.  At such 

temperatures, standard HTST should be valid. 

139 



4.6: Dealing with Mechanistic Complexity:  When an Adsorbate Must Assume Some 

Special Minority Structure Before Producing the Transition State 

In surface reactions, it is very common for the adsorbate in its dominant form on the 

surface to first convert to some minority species before producing the transition state for the 

types of reactions discussed above.  For example, for most of the desorption reactions in Fig. 2.6, 

the dominant form of the adsorbate is in 2D islands, yet at coverages below 50% of saturation, it 

probably desorbs by first detaching from the islands to make adsorbed monomers (as a dilute 2D 

lattice gas or ideal 2D gas), and then desorbing from this dilute state.  Similarly, association 

reactions often occur by a mechanism where one species is in islands and the other diffuses up to 

populate a special site at the edge of those islands (where it may be much less stable in energy 

than as an isolated monomer at a site well separated from island).  Also, dissociation reactions 

for adsorbates often happen mainly at defect sites.   

How does one relate the rates for such processes that involve minority structures for an 

adsorbate to the coverage of the dominant state of that adsorbate, which is usually the only type 

of coverage that one can actually measure?  One of the beauties of TST is that its derivation 

requires thermal equilibrium between the reactants and transition state.  Thus, it does not matter 

how many intermediate states there are between the measureable reactants and the transition 

state, if they are also in equilibrium with the reactants one arrives at the same rate expression. 

Thus, one only needs to be able to fully describe the measureable reactants and the transition 

state to use its results.  For example, consider the association reaction of two adsorbates of the 

type originally considered in Reaction (4.15) above, but let us now add the mechanistic 

complexity that the dominant form of reactant A is now in islands (Aad,dominant), but that it must 
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be in some special minority form (Aad,special), like an isolated monomer or at some defect site, 

before it can react with Bad:   

Aad,dominant  +  Bad   ⇌   Aad,special  +  Bad   ⇌   ABad,TS  →   ABad . (4.19) 

As long as Aad,dominant is in equilibrium with Aad,special, one can ignore this intermediate state in 

deriving the TST rate expression, and one still arrives at the same result.  Since surface migration 

processes are often so fast compared to the rate-controlling step(s) in the overall surface reaction 

mechanism, it is often safe to assume that the equilibrium Aad,dominant ⇌ Aad,special is fast enough 

to apply this.  For example, in catalytic reactions, the rate-controlling steps usually have much 

larger activation energies than surface migration steps.   Also, this assumption is particularly 

likely to be true under steady-state reaction conditions where the surface coverages of all species 

are constant.  Of course, if the transition state is at some special site like a defect, one must take 

this into consideration in describing the nature (energy and partition function) for the transition 

state, but one need not know how to describe Aad,special in any detail, or even know that it exists. 

4.7:  Statistical Models for Adsorbates:  2D Ideal Gas, 2D Lattice Gas, and 2D Crystals 

Surface chemists usually think about the statistical mechanics of adsorbates in terms of 

the two limiting cases that have been discussed in statistical thermodynamics texts: the 2D ideal 

gas model and the 2D lattice gas model, with or without lateral adsorbate-adsorbate 

interactions 66 (for more sophisticated models and applications, see also 307-309).  If adsorbates 

have attractive interactions and form large 2D islands, one can also treat them as perfect 2D 

crystals.  Depending on which model is used to represent each adsorbate, one gets different 

expressions for the rate constant and the coverage dependence of the rate using transition state 

theory.  These differences arise entirely through the different expressions one gets when 
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calculating the concentration of the transition state assuming it is in equilibrium with the 

reactants, as shown below. 

Consider again Reaction (4.15), the association of two adsorbates:   Aad + Bad ⇌ ABad,TS 

→ ABad.  If adsorbed A, B and the transition state are all ideal 2D gases, the TST rate for 

Reaction (4.15), rass, is: 

rass  =  kass CA CB (4.20) 

where Ci is the concentration of adsorbed i (in moles per unit area) and kass is the rate constant in 

units of (moles per area × time)-1, so that rass has units of (moles AB produced per area per time).  

By equating the chemical potential of ABad,TS with the sum of the chemical potentials for Aad  + 

Bad (i.e., the equilibrium criterion), the rate constant in TST can be shown to equal: 

kass  =  NA(kBT/h){(qTS
0/A)/[(qA

0/A)(qB
0/A)]} exp(-∆ETS

0/kBT), (4.21) 

where qi
0/A is the molecular partition function per unit area for each species i evaluated about its 

own zero-point energy (i.e., taking its zero-point energy as energy = 0), and ∆ETS
0 is the 

difference in zero-point energy between the reactants and transition state. Note that qTS
0 has a 

special definition in that one must remove from it one degree of freedom (the reaction 

coordinate’s contribution, which is related to the A–B stretching vibration of the product AB).  

(As usual in the derivation of the TST rate, this contribution cancels with a factor in the rate at 

which the transition state itself converts to products.)  Such removal also applies to all its uses 

below.  Since all three partition functions in Eq. (4.17) include two degrees of translational 

motion, their values are proportional to area A, and so A cancels out in kass.  Its prefactor-like 

product NA(kBT/h){(qTS
0/A)/[(qA

0/A)(qB
0/A)]}will usually be much, much less than NA(kBT/h) = 

~NA(1013 s-1) since this ratio of q values includes two more degrees of translational motion in its 

denominator. 
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If A, B and TS are all treated instead as ideal (i.e., non-interacting) 2D lattice gases, the 

TST rate for Reaction (4.15) is: 

rass,LG  =  kass,LG [θA/(1 – θA)][θ B/(1 – θ  B)], (4.22) 

where θ i is the fractional occupation of sites by adsorbed i (unitless) and kass,LG is the rate 

constant in units of time-1, so that rass has units of time-1 (which really means monolayers 

converted per unit time).  (This equation assumes that A and B use different, independent sites.  

If A and B compete for the same sites, which is more likely, the denominators here should both 

be changed to (1 – θ  total), where θ  total is the total coverage of all adsorbates.)  The rate constant in 

TST is: 

kass,LG  =  (kBT/h) [qTS
0/(qA

0qB
0)] exp(-∆ETS

0/kBT), (4.23) 

where qi
0 is the molecular partition function for each species i evaluated about its own zero-point 

energy, and ∆ETS
0 is the difference in zero-point energy between the reactants and transition 

state.  Again, these equations can be derived by equating the chemical potential of ABad,TS with 

the sum of the chemical potentials for Aad + Bad (i.e., assuming equilibrium), with an identical 

derivation to that above except for the difference in the expressions for the chemical potentials of 

ideal 2D lattice gases versus ideal 2D gases.  Note that qi
0 has only vibrational contributions at 

low temperature, but the adsorbate might be a hindered rotor or even free rotor in its lattice site 

at higher temperatures, but still not so hot that the lattice site model breaks down. 

The unusual 1/(1 – θ  i) factors in this rate expression arise because the chemical potential 

of i includes the term kBT ln[θ  i/(1 – θ i)] in the ideal 2D lattice gas model, which increases with 

θ  i below ½ monolayer but decreases above that, due to the configurational entropy of the 

adsorbate 66. 
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If one derives the rate expression for desorption of molecularly adsorbed species for 

cases where the sticking probability is near unity (i.e., non-activated adsorption, like the 

situations treated in Chapter 4.3 above), TST gives that the rate of desorption is also proportional 

to θ /(1 – θ ) for the ideal lattice gas model.  This arises from equating the chemical potential of 

the adsorbed 2D lattice gas (which includes kBT ln[θ /(1 – θ )]) with that for the transition state 

(an ideal 2D gas).  The sharp decrease in activation energy for desorption (Ed) with increasing 

coverage near saturation so commonly seen as θ approaches 1 when rates are analyzed as 

proportional to θ  i as in Eq. (4.2) instead of θ /(1 – θ ) is at least partly an artifact of omitting this 

θ /(1 – θ ) in the denominator.  Similarly, the exponential increase in apparent prefactor for 

desorption with coverage reported for some cases 307 can be attributed at least partially to 

neglecting this.  Note that we cancelled the 1/(1 – θ  TS) factor in the derivation of this rate 

expression for association above, since it is safe to assume that the coverage of the transition 

state is so low that this factor equals unity.  Note too that this θ /(1 – θ ) factor leads properly to 

the first-order Langmuir adsorption isotherm relating θ to gas pressure when derived using 

equilibrium thermodynamics 66, and it is also easily derived from kinetics by setting this 

desorption rate equal to the adsorption rate for this case where the sticking probability (S) is 1 at 

all coverages.  This derivation gives the same result as the more common kinetic derivation 

which assumes the desorption rate is proportional instead to θ  and S is proportional to (1 – θ ), 

but conceptually it is quite different.  When measured carefully, sticking probabilities are often 

observed to be very close to unity right up to saturation, with the apparent decrease in long-term 

sticking probability above 90% of saturation coverage actually due to desorption of transiently 

adsorbed species 53, 84, 335.  This (1 – θ ) factor in the desorption rate expression fully explains 
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their short lifetimes on the surface at such high coverages: new sites or strongly repulsive lateral 

interactions are not needed to qualitatively explain such observations. 

Returning to the case of associative desorption, Reaction (4.15), if we assume that A and 

B are both 2D crystal islands (i.e., are lattice gases but have attractive interactions so they reside 

in larger, perfect 2D islands of pure A and pure B), but that TS is still a lattice gas, then the 

coverage dependence drops completely out of the rate expression in Eq. (4.18).  In this case, the 

rate simply equals the rate constant (rass,crystal = kass,crystal), where the rate constant kass,crystal equals 

kass,LG, the same expression as Eq. (4.20). 

If one must use different models for the two adsorbates (e.g., ideal 2D gas for A and ideal 

2D lattice gas for B), derivation of the TST rate expression starting with the equilibrium 

assumption again shows that one can still calculate the rate constant using Eq. (4.23) but one 

must replace qi
0 with qi

0/(NAA) for every species that is treated as an ideal 2D gas.  In the rate 

expression, Eq. (4.22), one must also replace θ  i/(1 – θ i) with Ci for every reactant species that is 

treated as an ideal 2D gas.  One must take the units on NA to be mole-1 so that the units work, 

with the rate having units of moles produced per area per s, or s-1 (i.e., monolayer per s), 

depending on whether the transition state is treated as an ideal 2D lattice gas or ideal 2D gas. 
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4.8:  Figures 

Figure 4.1.  An illustration of the effects of a lattice mismatch of 4% between an adsorbate and 
an underlying support for a 40 kJ/mol hypothetical diffusion barrier across the surface.  (a) This 
leads to an increase in the energy of 14.5 kJ/mol per atom with the central atom at the most ideal 
binding site.  (b) When the central atom is translated to its least idea binding site, this energy 
increases by only 11 kJ/mol per atom, so that the barrier for diffusion is just 28% of the single 
atom diffusion barrier.  This logic could also be applied to explain why large polyatomic 
adsorbates whose atom-to-atom spacing does not match the substrate have low diffusion barriers.
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Figure 4.2.  Bottom axis:  The classic hindered rotor:  Potential energy versus rotational angle for the rotation of one methyl group 
about the C–C axis in gas-phase ethane.  From McQuarrie 26.  The same form of potential applies to helicopter-type rotations of an 
adsorbate.  Top axis:  Potential energy versus distance along the surface (x) for the diffusion of an adsorbate, where a = site-to-site 
separation.  Reprinted with permission from Reference 27. Copyright 2013 de Gruyter. 
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Figure 4.3.  Prefactors for the desorption of adsorbed species as predicted using Eq. (4.9) plotted 
versus the experimentally measured prefactors.  The line shows the expectation based on 
Eq. (4.9).  Most of the data points were already shown in Fig. 2.6, but the new points (red 
squares) are for more strongly bound adsorbates (see Table 4.1 for details).  Reprinted with 
permission from Reference 27. Copyright 2013 de Gruyter. 
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Figure 4.4.  Schematic representation showing how entropy is lost in the transition state for the dissociation of an adsorbate, in this 
example for an adsorbed methoxy on a metal surface losing a methyl H to form adsorbed -OCH2 plus -H.  The reactant has two 
relatively free rotations, but those motions are lost as the methyl starts to form its own bond to the metal in the transition state.  
Reprinted with permission from Reference 27. Copyright 2013 de Gruyter. 
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Chapter 5 

Anchored Metal Nanoparticles:  Effects of Support and Size on Their Energy, 

Sintering Resistance and Reactivity 

Many catalysts consist of metal nanoparticles anchored to the surfaces of oxide supports.  

These are key elements in technologies for the clean production and use of fuels and chemicals.  

We show here that the chemical reactivity of the surface metal atoms on these nanoparticles is 

closely related to their chemical potential:  the higher their chemical potential, the more strongly 

they bond small adsorbates.  Controlling their chemical potential by tuning the structural details 

of the material can thus be used to tune their reactivity.  As their chemical potential increases, 

this also makes the metal surface less noble, effectively pushing its behavior upwards and to the 

left in the periodic table.  Also, when the metal atoms are in a nanoparticle with higher chemical 

potential, they experience a larger thermodynamic driving force to sinter.  Calorimetric 

measurements of metal vapor adsorption energies onto clean oxide surfaces in ultrahigh vacuum 

show that the chemical potential increases with decreasing particle size below 6 nm, and, for a 

given size, decreases with the adhesion energy between the metal and its support, Eadh.  The 

structural factors that control the metal / oxide adhesion energy are thus also keys for tuning 

catalytic performance.  For a given oxide, Eadh increases with (∆Hsub,M – ∆Hf,MOx)/ΩM
2/3 for the 

metal, where ∆Hsub,M is its heat of sublimation, ∆Hf,MOx is the standard heat of formation of that 

metal’s most stable oxide (per mole of metal), and ΩM is the atomic volume of the bulk solid 

metal.  The value ∆Hsub,M – ∆Hf,MOx equals the heat of formation of that metal’s oxide from a 

gaseous metal atom plus O2(g), so it reflects the strength of the chemical bonds which that metal 

atom can make to oxygen, and ΩM
2/3 simply normalizes this energy to the area per metal atom, 

since Eadh is the adhesion energy per unit area.  For a given metal, Eadh to different clean oxide 
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surfaces increases as:  MgO(100) ≈ TiO2(110) ≤ α-Al2O3(0001) < CeO2-x(111) ≤ Fe3O4(111).  

Oxygen vacancies also increase Eadh, but surface hydroxyl groups appear to decrease Eadh, even 

though they increase the initial heat of metal adsorption. 

5.1:  Introduction 

Metal nanoparticles dispersed across the surfaces of oxide and carbon supports form the 

basis for many catalysts and electrocatalysts of importance to future energy technologies, 

pollution prevention and environmental protection, all necessary for any sustainable 

technological infrastructure that maintains a high quality of life.  The catalytic activity per 

surface metal atom and selectivity can vary with particle size when the metal particles are below 

about 7 nm in diameter 42, 44, 187, 277, 336-349, in some cases dramatically 42, 274, 275, 277, 350-357.  

Measurements have even shown that the activity depends on the nanoparticle shape for particles 

of the same size 358.  The activity can also depend strongly on the choice of support, even for 

particles of the same size 42, 44, 277, 336, 340, 342, 344, 354, 357, 359-371, the extent of reduction if an oxide 

support 41, 357, 372-375, and the extent of oxidation if a carbon support 368, 369, 376. 

In general, these effects are poorly understood, largely due to the difficulty in structurally 

characterizing high-area catalysts with sufficient detail, resulting in an inability to analyze 

thoroughly any structure / reactivity relationships that control the effects.  Furthermore, the metal 

nanoparticles often sinter rapidly under catalytic reaction conditions, resulting in particle growth 

and loss of metal area during activity measurements, and thus challenging the ability to even 

measure area-specific activity let alone correlate it to size and support.  The relationships of 

sintering kinetics to catalyst structure are also poorly understood. 
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In order to better understand structure / reactivity relationships in such catalysts and their 

sintering kinetics, a number of researchers including our own group have adopted a model-

catalysts approach whereby structurally well-defined samples of metal nanoparticles on oxides 

are prepared by vapor deposition of the metal onto single-crystalline oxide        

surfaces 33, 34, 185-193, 204, 350-354, 356, 357, 372, 373, 377-410.  The deposited metal atoms generally nucleate 

small particles, whose size and number density can be controlled by the amount of deposited 

metal and the temperature.  The aim of this approach is to correlate the metal’s chemisorption, 

catalytic, sintering and/or electronic properties with the lateral diameter, thickness and 

composition of the nanoparticles and with the structure and extent of reduction of the oxide 

support upon which they sit. 

In this chapter, we review studies of well-defined model metal nanoparticulate catalysts 

supported on clean, single-crystalline oxide surfaces, structurally characterized using a variety of 

ultrahigh vacuum surface science techniques.  The main goal here is to relate the reactivity of 

late transition metal nanoparticles and the rates at which they sinter with the energies of metal 

atoms in these supported nanoparticles measured using unique adsorption calorimetry tools.  To 

better understand how the choice of oxide support material affects the energies of metal atoms in 

nanoparticles, we also analyze temperature programmed desorption (TPD) measurements of 

metal desorption energies from metal nanoparticles anchored to clean oxide surfaces as well as 

measurements of metal / oxide adhesion energies obtained from microscopic measurements of 

metal particle and molten metal droplet shapes. 

We find that the concept of metal atom chemical potential is very powerful for predicting 

how chemisorption bond strengths and sintering rates depend on metal particle size for a given 

support, and on the support material for a given particle size of late transition metal.  We further 
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show how this chemical potential depends on the structural properties of the catalyst including 

the metal particle size and the composition and extent of reduction of the oxide support surface. 

5.2:  The Chemical Potential of Metal Atoms in Anchored Nanoparticles 

We will show below that in order to understand how anchored metal nanoparticles 

function with respect to surface reactivity, catalytic activity and sinter resistance, we must first 

understand how the chemical potential of the metal atoms in a nanoparticle depends on the 

structural details of the material.  These structural details include:  the nature of the metal, the 

composition and structure of the support surface upon which they sit, the size of the metal 

nanoparticle, and the shape of the metal nanoparticle.  A metal atom’s chemical potential is so 

important because it directly reflects how aggressive that atom will be in its chemical bonding to 

adsorbates, but at the same time it is also a direct measure of how unstable it is with respect to 

sintering into very large particles.  We will limit this discussion of structural effects on metal 

chemical potential (µ, or partial molar Gibb’s free energy) to a description of only the internal 

energy differences that arise due to these structural differences, since entropic differences are 

small and nearly constant in these respects, and since the difference between enthalpy (H) and 

internal energy (U) is also nearly constant from system to system.  We will often refer to these 

simply as “energy.” 

The internal energy of a free metal (M) particle in vacuum relative to the bulk solid 

metal is: 

UM   =   ŪM,bulk nM + γM AM   =   γM AM,   (5.1) 

where ŪM,bulk is the molar internal energy of the pure, bulk metal (which we set to the zero 

reference energy), nM is the number of moles of metal atoms in the particle, γM is the surface 
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energy of the metal / vacuum interface (which we will show depends on particle diameter below 

6 nm), and AM is the particle’s surface area.  When this same particle adheres to a support 

without any change in its shape, the system’s total energy decreases by the adhesion energy 

(Eadh) times the total area of metal / support contact (A):   

∆U  =  -Eadh A, (5.2a) 

so that the system’s total energy is given by: 

U  =  UM + USup – Eadh A  =  γM AM + USup – Eadh A,  (5.2b) 

where USup is the internal energy of the particle-free support before adhesion.  The metal’s 

chemical potential (µM, relative to the bulk metal reference state) is the partial derivative of this 

with respect to nM (neglecting entropy differences, which are relatively small).  Both AM and A 

depend on nM (typically varying as nM
2/3), so µM will have a term that increases with γM and a 

second term that decreases with Eadh.  As the adhesion energy increases, the metal’s chemical 

potential decreases.  So, to understand how the chemical potential of metal nanoparticles 

depends on a nanomaterial’s structural properties, we must first understand how the adhesion 

energy depends on these properties.  Note that both γM and Eadh can depend on particle size for 

particles below ~6 nm in effective diameter 15, 17.  We address in the next section how Eadh 

depends on the nature of the metal and of the support surface in the large-particle limit. 

5.3:  How Metal / Oxide Adhesion Energies Depend on the Metal and the Oxide 

Metal / oxide adhesion energies have mainly been measured for molten metal drops on 

flat oxide surfaces, using sessile drop / contact angle techniques, often under controlled inert gas 

or H2 atmospheres (although not under conditions of proven surface cleanliness).  Two extensive 

compilations of such values have appeared 4, 33, with much of these data coming from Chatain 
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et al. 220, 222, 223, 225.  There are similar measurements for facetted solid particles which instead of 

the contact angle use a ratio of distances that is similar to an aspect ratio (height / width) but 

which is specific to the Wulff construction of the particle shape (the ratio of the distance from 

the particle’s center of symmetry or Wulff’s point to the oxide surface divided by the distance 

from the Wulff’s point to one exposed face of the particle) 411.  Some older values for solid 

particles that were collected on single crystal oxide surfaces but not under conditions of proven 

surface cleanliness have been summarized by Li 4.  The Eadh reported from such studies of 

molten drops and solid particles is directly proportional to the value for the bulk surface energy 

of the pure metal used in the data analysis, and many of the surface energy values originally used 

are now outdated.  These Eadh values have been recalculated using the latest surface energies of 

the metals, as reported in 5, and are presented in Table 5.1 along with the new surface energies 

used.  More recently, such measurements have been extended to the clean conditions of ultrahigh 

vacuum (UHV) on single crystal oxide surfaces that were proven to be clean using surface 

spectroscopies.  Table 5.2 lists many of those results. 
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Table 5.1: Adhesion energies of metals on oxide surfaces measured by sessile drop / contact angle techniques for the liquid metal 
drops (top section) and by the shape of the particle for solid metals (bottom section).  All data are from Ref. 4, but the values marked 
with an asterisk have been recalculated based on newer values for the surface energies of the pure metals reported in Ref. 5.  Metals 
are ordered by their bulk heat of sublimation (∆Hsub,M) divided by the area per metal atom (ΩM

2/3).  Also listed is the heat of formation 
of the bulk oxide support (per mole of oxygen atoms), ∆Hf,OxSup. 

Liquid metal drops 

metal oxide 
apparent 

θcontact 
γM 

/(J/m2) 
Eadh 

/(J/m2) 
Eadh           
/ 2γM 

ΔHsub,M 
 /(kJ/mol) 

ΩM
2/3 

/(Å2) 
-ΔHf,OxSup 

/(kJ/mol O) atmosphere 
Pb α-Al2O3(0001) 125±7° 0.44412 0.19±0.05* 0.22 195.2 6.01 558.6 Ar + H2 

In α-Al2O3(0001) 124° 0.700 0.309* 0.22 243 8.79 558.6 vacuum 

Sn α-Al2O3(0001) 125° 0.709 0.302* 0.21 301.2 9.03 558.6 vacuum 

Ga α-Al2O3(0001) 118° 0.881 0.467* 0.27 271.96 7.27 558.6 vacuum 

Ag α-Al2O3(0001) 130° 1.22 0.436* 0.18 284.9 6.63 558.6 Ar + H2 

Ge α-Al2O3(0001) 104° 0.555 0.421 0.38 372 8.01 558.6 vacuum 

Al α-Al2O3(0001) 103±8° 1.14 0.89 ±0.16* 0.39 330.9 6.51 558.6 vacuum 

Mn α-Al2O3(0001) 103° 1.54 1.19* 0.39 283.3 5.39 558.6 Ar 

Au α-Al2O3(0001) 120° 1.51 0.77* 0.25 368.2 6.60 558.6 vacuum 

Si α-Al2O3(0001) 80° 0.745 0.875 0.59 450.0 7.37 558.6 He 

Pd α-Al2O3(0001) 
120° 

2.00 
1.00* 0.25 

376.6 6.01 558.6 
He 

104°* 1.52* 0.38 vacuum 

Cu α-Al2O3(0001) 128° 1.76 0.676* 0.19 337.4 5.18 558.6 vacuum,          
Ar + H2 
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Table 5.1 (Continued) 

Liquid metal drops 

Metal oxide apparent 
θcontact 

γM 
/(J/m2) 

Eadh 
/(J/m2) 

Eadh           
/ 2γM 

ΔHsub,M 
 /(kJ/mol) 

ΩM
2/3 

/ Å2 
-ΔHf,OxSup 

/(kJ/mol O) atmosphere 

Fe 

CaO 132° 

2.42 

0.806* 0.17 

415.5 5.18 

634.9 Ar 

BeO 127° 0.970* 0.20 609.4 He 

MgO 123° 1.11* 0.23 601.6 vacuum 

UO2 123° 1.11* 0.23 542.5 Ar + H2 

ZrO2 115° 1.37* 0.28 550.3 Ar + H2 

α-Al2O3(0001) 
111° 1.55* 0.32 

558.6 
Ar + H2 

109° 1.63* 0.34 Ar + H2 

Cr2O3 88° 2.52* 0.52 379.9 Ar 

Co 

ZrO2 118° 

2.35 

1.26* 0.27 

426.7 4.96 

550.3 Ar + H2 

α-Al2O3(0001) 
115° 1.36* 0.30 

558.6 
Ar + H2 

113° 1.53* 0.30 Ar + H2 

CoO 70° 3.18* 0.68 237.9 Ar 

Ni 

CaO 135° 

2.38 

0.697* 0.15 

430.1 4.93 

634.9 - 

MgO 132° 0.788* 0.17 601.6 vacuum 

BeO 127° 0.965* 0.20 609.4 He 

SiO2 125° 1.02* 0.21 455.4 vacuum 

ZrO2 121° 1.16* 0.24 550.3 Ar + H2 
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Table 5.1 (Continued) 

Liquid metal drops 

Metal oxide apparent 
θcontact 

γM 
/(J/m2) 

Eadh 
/(J/m2) 

Eadh           
/ 2γM 

ΔHsub,M 
 /(kJ/mol) 

ΩM
2/3 

/ Å2 
-ΔHf,OxSup 

/(kJ/mol O) atmosphere 

Ni 

UO2 112° 1.49* 0.31 542.5 Ar 

α-Al2O3(0001) 
111° 1.52* 0.32 558.6 Ar + H2 

109° 1.61* 0.34 vacuum, Ar, He, 
H2, Ar + H2 

TiO2 105° 1.76* 0.37 472.0 vacuum 

NiO 60° 3.57* 0.75 244.3 - 

CoO 58° 3.64* 0.76 237.9 Ar 

Pt α-Al2O3(0001) 98° 1.70 2.16* 0.43 565.7 6.10 558.6 vacuum 

Solid metal particles 

Metal oxide 
apparent 

θcontact 
γM 

/(J/m2) 
Eadh 

/(J/m2) 
Eadh           
/ 2γM 

ΔHsub,M   
/(kJ/mol) 

ΩM
2/3 

/ Å2 
-ΔHf,OxSup 

/(kJ/mol O) atmosphere 
Ag α-Al2O3(0001) 125° 1.22 0.51±0.07 0.21 284.9 6.63 558.6 - 

Au α-Al2O3(0001) 125° 1.51 0.63±0.09 0.21 368.2 6.60 558.6 - 

Cu α-Al2O3(0001) 131° 1.79 0.61±0.11 0.17 337.4 5.18 558.6 - 

Ni α-Al2O3(0001) 130° 2.38 0.84±0.09 0.18 430.1 4.93 558.6 - 

Fe α-Al2O3(0001) 124° 2.42 1.06±0.17 0.22 415.5 5.18 558.6 - 
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Table 5.2:  Adhesion energies of solid metals measured on clean oxide surfaces under ultrahigh vacuum conditions.  Methods used are 
based either on the particle shape (HRTEM and GISAXS) or on the integral heat of adsorption of metal vapor at multilayer coverage 
(SCAC and TPD).  All data are from the citations listed, but the values marked with an asterisk have been recalculated based on newer 
values for the surface energies of the pure metals reported in Ref. 5.  Also listed is the heat of formation of the most stable bulk oxide 
of that metal (per mole of metal atoms), ∆Hf,MOx.  Metals are ordered by their bulk heat of sublimation divided by the area per metal 
atom.  (Table 5.1 lists these values.) 

Metal oxide 
particle size / 

nm 
apparent 

θcontact 
Eadh              

/(J/m2) 
Eadh                

/ 2γv/m 
ΔHf,MOx 

/(kJ/mol M) method citation 

Pb MgO(100) 10+ 
(4.75 ML) 72° 0.57±0.20* 0.65 -219 SCAC 11

Ag 

MgO(100) 6.6 150±30° 0.30±0.30 0.12 

-15.1 

SCAC 12

α-Al2O3(0001)  
or  γ-

Al2O3(111) 
- >70.8° <1.6 <0.66 TPD 3

CeO1.9(111) 3.6 90° 2.3±0.3 0.94 SCAC 17

CeO1.8(111) 3.6 90° 2.5±0.3 1.0 SCAC 17

Fe3O4(111) 3.6 90° 2.5±0.3 1.0 SCAC 16

Au 

MgO(100) 1-5 124° 0.67* 0.22 

9.65 

HRTEM 413

TiO2(110) 2-8 130±5° 0.54±0.10* 0.18±0.03 GISAXS 414

TiO2(110) >4 122±5° 0.71±0.11* 0.24±0.04 HRSEM 415

TiO2(001) - >79.1° <1.8 <0.58 TPD 3

disordered SiO2 - >72.8° <2.0 <0.65 TPD 3
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Table 5.2 (Continued) 

Metal oxide 
particle size / 

nm 
apparent 

θcontact 
Eadh              

/(J/m2) 
Eadh                

/ 2γv/m 
ΔHf,MOx 

/(kJ/mol M) method citation 

Pd 
MgO(100) 

10-15 116° 1.11* 0.28 

-85.4 

HRTEM 416

2-8 109° 1.34* 0.34 GISAXS 417

disordered SiO2 - >65.8° <2.8 <0.70 TPD 3

Cu 

MgO(100) 10+                
(7 ML) 41° 1.92±0.60 0.55 

-168.2 

SCAC 29

disordered SiO2 - >71.4° <2.3 <0.65 TPD 3

α-Al2O3(0001)  
or  γ-

Al2O3(111) 
- >62.4° <2.6 <0.74 TPD 3

Pt MgO(100) 1-5 113° 1.51* 0.30 -54.3 GISAXS 418
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Our group added another approach for determining adhesion energies, whereby we 

measure the heat of adsorption of metal atoms as they are vapor deposited onto the clean and 

ordered surface of a single-crystal oxide under UHV using single crystal adsorption calorimetry 

(SCAC).  We derived the relationship between metal atom adsorption enthalpies on flat 

substrates and Eadh using a thermodynamic cycle 33.  That cycle proved that the integral heat of 

adsorption per mole (qad,int) at some multilayer coverage where the differential heat of adsorption 

has just reached the bulk heat of sublimation of the metal per mole (∆Hsub,M) is given by: 

qad,int     =    ∆Hsub,M  –  [(1 + fr) γM – Eadh]/(nM/A),   (5.3) 

where nM/A is the coverage in moles of metal atoms per unit area of substrate covered by the 

metal and fr is the roughness factor of the resulting multilayer metal film. We use here the 

convention that both qad,int and ∆Hsub,M are positive, and neglected entropy.  For metals which 

don’t wet, qad,int < ∆Hsub,M 33.  This approach has also been applied to cases where the metal film 

is not continuous but instead the deposited metal assumes the form of large 3D particles 16, 17, 229. 

Table 5.2 lists all the values we have determined in this way. 

Heats of adsorption of late transition metals on clean oxide single crystal surfaces have 

also been determined by temperature programmed desorption (TPD) in UHV, in a series of 

beautiful measurements made by the group of the late D. W. Goodman.  We recently discovered 

that the leading-edge analysis used to analyze their TPD data, while is usually quite valid, fails 

for these particular types of systems due to the simultaneous increase in particle size with time 

(due to both sintering and selective removal of the smaller particles by desorption) 3.  We 

therefore reanalyzed much of their TPD data to get the heat of adsorption versus coverage for 

each system 3.  We then used those heats together with Eq. (5.3) to extract adhesion energies 

(and equilibrium contact angles, assuming the solid particle shape can be approximated as a 
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spherical cap to approximate the effect of surface roughness) 3.  Those results are also listed in 

Table 5.2.  However, we list these values here not as we originally reported them, but instead as 

upper limits.  This is because we originally treated A in Eq. (5.3) as if it were the full area of the 

oxide support surface.  We recognize now that these multilayer metal films could have 

agglomerated into 3D particles that cover much less than 100% of the oxide during the heating of 

TPD prior to desorption.  This is especially likely to happen on oxides with low adhesion 

energies.  Decreasing A in Eq. (5.3) leads to lower values of Eadh, thus the values we reported 3 

should instead be considered as upper limits. 

Combining the adhesion energy data in Tables 5.1 and 5.2 reveals several important 

trends.  As shown in Fig. 5.1, the adhesion energies for different metals on a given oxide (in this 

case α-Al2O3(0001)) increase nearly linearly with the surface energy of the metal, and with its 

sublimation energy (∆Hsub,M) divided by the area per metal atom (approximated here as the 

atomic volume of the bulk metal, ΩM, to the 2/3 power).  The adhesion energies for molten metal 

drops are larger than for solid particles by 50 to 100 %, but both follow the same trend.  We can 

summarize the results for solids in Fig. 5.1b by the relationship: 

Eadh  =  m[(∆Hsub,M/NA)/ΩM
2/3] + b,    (5.4) 

where NA is Avogadro’s number.  The slope and y-intercept for α-Al2O3(0001) are m = 0.15 and 

b = -0.43J/m2, respectively. 

The trends in Fig. 5.1 can be easily explained as follows.  Both the heat of sublimation 

and the surface energy of a metal reflect the strength of metal-metal bonding in that pure bulk 

metal.  The same electronic properties that determine the strength with which a metal surface 

bonds to its own metal atoms also determine to a large extent the strength with which it bonds to 

other elements, and thus also to oxide surfaces.  Similarly, noble gases bond very weakly to 
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themselves, as reflected in very small sublimation energies and surface energies, and thus they 

also bond very weakly to all other elements and surfaces.  Two important exceptions to such 

trends are the elements Au, which has relatively high sublimation energy but bonds very weakly 

to oxygen (as measured by the positive heat of formation of Au oxide 1), and Pb, which has low 

sublimation energy but bonds relatively strongly to oxygen (as measured by the large negative 

heat of formation of Pb oxide 1).  Since the dominant bonding of the metal to the oxide is to the 

oxygen anions (rather than to the cations, see below), it is surprising how well Au and Pb fit the 

trends in Fig. 5.1. 

Figure 5.2a shows the same type plot as Fig. 5.1, but now only using the Eadh values from 

Table 5.2 for different metals measured on clean MgO(100) under UHV conditions, where the 

oxide surface was proven to be clean.  The fit for these clean-surface data is very poor 

(correlation coefficient = Ɽ2 = 0.49).  Note that the points for metals with high heat of oxide 

formation (Pb and Cu) fall left of this line, and those with low heats of oxide formation (Au and 

Ag) fall to its right. 

Several other models have been offered to explain trends in metal / oxide adhesion 

energies 4, 220, 225, 226, 231, 249, 419.  We suggested earlier that the adhesion energy on a given oxide 

correlates better with the sum of the magnitudes of the metal’s heat of sublimation plus the 

standard heat of formation of the most stable bulk oxide of that metal (per mole of metal atoms), 

∆Hf,MOx 231, which followed a similar suggestion by Chatain’s group, where they used the 

enthalpy of formation of the alloy of the metal with the metal of the oxide support instead of the 

metal’s heat of sublimation 220, 222, 223, 225.  In Fig. 5.2b, we have reanalyzed the same data from 

Table 5.2 for Eadh of different metals measured on clean MgO(100) in UHV based on our earlier 

correlation with ∆Hsub,M – ∆Hf,MOx 231, but now also dividing that by ΩM 2/3, as was done in 
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Fig. 5.1 and 5.2a.  As can be seen, the correlation for MgO(100) improves markedly if we add -

∆Hf,MOx per mol metal to ∆Hsub,M on the x-axis.  These UHV data for MgO(100) are well fitted 

with the equation: 

Eadh  =  m[(∆Hsub,M – ∆Hf,MOx)/NA]/ΩM 2/3 + b,    (5.5) 

where m = 0.14 and b = -0.56 J/m2 (Ɽ 2 of 0.88).  This quantity ∆Hsub,M – ∆Hf,MOx equals the heat 

of formation of the metal’s most stable oxide from a metal gas atom plus O2(g), so it more 

directly reflects the strength of the chemical bonds which each metal can make to oxygen. 

Obviously, this is a better way to estimate how strongly different metal surfaces can bond to the 

oxygen anions on the surface of an oxide like MgO than ∆Hsub,M alone.  Again, the denominator 

on this axis (ΩM
2/3) simply normalizes this energy to the number of metal atoms per unit area, as 

before. 

Unfortunately, replotting the non-UHV data of Fig. 5.1 for α-Al2O3(0001) using this new 

x-axis of Fig. 5.2b results in a poorer fit (Ɽ2 = 0.24 for the liquid points, versus 0.81 in Fig. 5.1b).  

These non-UHV points are less reliable since these surfaces could easily have surface impurities 

covering a large fraction of the surface, which were proven to be absent on the UHV points using 

surface spectroscopies.  So we believe that the correlation in Eq. (5.5) and Fig. 5.2b is more 

accurate than that in Figs. 5.1 and 5.2a. 

Figure 5.3 shows how the adhesion energy for a given metal varies from oxide to oxide.  

We have plotted these adhesion energies versus the heat of formation of the oxide support per 

mole of oxygen (∆Hf,OxSup), as suggested by earlier correlations of more limited data with this 

parameter 4, 231.  The points for liquid Ni, Fe and Co are combined into a single line since, 

according to Fig. 5.1, these three metals should have about the same adhesion energy to any 

given oxide, as indeed is observed here.  As seen, Eadh for a given metal (or similar group of 

164 



metals like Fe/Ni/Co) correlates almost linearly with -∆Hf,OxSup.  As -∆Hf,OxSup decreases (i.e., for 

oxides where the oxygen in the oxide lattice is less stable), the adhesion energy increases.  This 

linear increase continues only up to a point, since Eadh must saturate at 2γM.   This is its 

maximum possible value since complete wetting occurs when Eadh reaches 2γM 33. 

To clarify the above discussion, we should point out that deciding which oxide of a given 

metal is more stable depends upon which perspective is being considered: the stability of the 

oxygen atoms or that of the metal atoms in that oxide.  Consider the case of Cu oxides.  The 

equilibrium  

Cu2O(s)  ⇌  CuO(s) + Cu(s) 

defines the stability and reactivity of O in these two oxides.  If you have only a small amount of 

O, in which oxide form is it most stable?  The answer is:  the one with highest -∆Hf,ox per mol O, 

which in this case is Cu2O.  (Actually, one should really compare free energies of formation, but 

we will neglect entropic differences here.)  On the other hand, the equilibrium 

Cu2O(s) +1/2 O2(g)  ⇌  2 CuO(s) 

defines the relative metal stability and reactivity of the metal in the oxides.  If you have only a 

small amount of Cu in excess O2, in which form does Cu prefer to be?  In this case the answer is:  

the one with highest -∆Hf,ox per mol Cu, which is CuO instead.  Choosing the most stable oxide 

depends on which perspective you are taking: that of the O stability/reactivity (as, for example, 

desired in Fig. 5.3 where the x-axis approximates the reactivity of the O on the surfaces of 

different oxides), or that of the metal stability/reactivity (like Fig. 5.2b, where the x-axis 

approximates instead the reactivity of different metals toward the same oxide lattice). 

To explain this increase in adhesion energy with the decreasing magnitude of the heat of 

formation (or stability) of the oxide seen in Fig. 5.3, we will again use the principle of chemical 
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potential mentioned above.  Note that the oxide substrates with the least negative heats of 

formation per mole of O (i.e., those on the far left in Fig. 5.3), have the highest chemical 

potential of oxygen atoms in their oxide lattice (and in their surfaces).  We assume that the 

dominant contribution to the bonding between the metal surface and the surface of the oxide 

lattice is from the bonds of the metal atoms to the oxygen anions of the oxide surface, and not to 

the lattice anions.  This is based on the fact that DFT calculations generally prove that late 

transition metal adatoms on stoichiometric oxide terraces prefer to bind to oxygen anions rather 

than cations (see, for example, 33, 333, 420).  We also recognize that the higher the chemical 

potential of the surface oxygen atoms in an oxide lattice, the more strongly these atoms can bond 

to the metal atoms of a metal surface to which it attaches.  That is, the more weakly a surface 

oxygen ion is bound to its neighboring cations within the oxide lattice, the more strongly it can 

bond to a metal atom or metal particle that approaches its surface. 

We see very different slopes for the different metals (and simultaneously different 

methods) in Fig. 5.3.  We have no explanation for this, but the data for solids and clean surfaces 

are still very limited. 

If we look only at the data in Table 5.2, which are from UHV studies on surfaces that 

were verifiably clean, and compare Eadh on pairs of oxides for the same metal, we get the 

following order of increasing adhesion energy: 

MgO(100) ≈ TiO2(110) ≤ α-Al2O3(0001) < CeO2-x(111) ≤ Fe3O4(111). (5.6) 

According to the general trend from liquid metals that Eadh should decrease with -∆Hf,OxSup in 

Fig. 5.3, this order should be: MgO < Al2O3 < CeO2 < TiO2 ≤ SiO2 < Fe3O4, which is the same 

as Eq. (5.6) for those five oxides except for TiO2(110), which binds more weakly than expected.  

Thus, this general trend in Fig. 5.3 should not be used too rigorously, especially since Eadh 
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should also depend sensitively on the crystal face of the oxide.  This illustrates that there seem to 

be other factors besides ∆Hf,OxSup that determine the differences between Eadh for different oxide 

surfaces.  Differences between oxides, and even between different faces of the same oxide, in the 

ability of surface oxygen atoms to stabilize the system by rearranging their bonding to nearby 

cations after the oxide surface is created, will also determine the chemical potential of the surface 

oxygen atoms.  The x-axis in Fig. 5.3 does not take these differences into account. 

Since oxygen vacancies are known to accumulate under late transition metal 

nanoparticles on reducible oxide surfaces 346, oxygen vacancies appear to stabilize metal / oxide 

interfacial bonding.  This is also supported by our calorimetric measurements which show that 

Ag adsorption and adhesion energies on CeO2-x(111) increase with the extent of surface 

reduction (x) 14, 17, and DFT calculations which show that oxygen vacancies stabilize metal 

adsorption on various oxides 18, 280, 346, 421, 422.  Thus, the availability and mobility of near-surface 

oxygen vacancies may also play a role in determining adhesion energies.  The increase in Ce3+ 

signal in XPS seen upon Ag adsorption on CeO2-x(111) 18, 64 which was not accompanied by any 

measureable loss of electron density from the Ag 64, could be due to the Ag-induced segregation 

of oxygen vacancies to the surface.  The well-known availability and fast transport of oxygen 

ions in ceria could help explain the high adhesion energies of metals to CeO2-x(111). 

Surface impurities surely have a large effect on adhesion energies too, so one should also 

be careful using the adhesion energies from Table 5.1 where the degree of cleanliness was 

uncertain.  We should point out that “clean” oxide surfaces prepared under UHV conditions can 

vary in atomic-level structure and even composition depending on the details of the recipe used 

to prepare them.  Thus, one must be careful in interpreting the phrase “clean surface” as used 

here.  This means that impurity elements were proven to be below the detection limit of some 
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surface spectroscopy (generally 1-2% of a monolayer).  One should refer to the literature to learn 

more details about the exact structures of these “clean surfaces.” 

Hydroxyls are often present on the surfaces of oxide supports.  We found that surface 

hydroxyls increase the initial heat of adsorption for Cu measured on MgO(100) by 6-17% 230, 

showing that they stabilize metal / oxide bonding when the metal clusters are smaller than ten 

atoms.  However, this added stability does not persist to high metal coverage, so it appears from 

those data that the high-coverage integral heat of adsorption goes down with -OH addition.  This 

means that the addition of surface -OH decreases Eadh.  Other studies have found that hydroxyls 

stabilize small Au clusters on MgO(100) 403, 404. 

5.4: The chemical potential of metal atoms in nanoparticles increases quickly with 

decreasing particle size below 6 nm, but less quickly on “strong” supports 

We have previously reported measurements by single crystal adsorption calorimetry 

(SCAC) of the heats of adsorption of several metal atoms (Ag, Cu, Ca, Li, and Pb) onto clean 

and ordered single crystal surfaces of several different oxides, including MgO(100), CeO2(111), 

Fe3O4(111), and the p(2x1) oxide film on Mo(100) 2, 11-17, 29, 81, 229-233, as well as onto a clean but 

disordered oxide films on W(100) 79.  Figure 5.4 shows the heat versus coverage data for several 

of these systems of most interest here.  Heats are converted here to standard enthalpies of 

adsorption, ∆Had
0, at the stated temperature. (“Standard” means 1 bar gas pressure, with ∆Had 

independent of pressure below 1 bar.) 

For metals from the right side of the periodic table, the heat of adsorption starts low on 

these oxides and increases with coverage to eventually equal the bulk heat of sublimation, as 

seen for all the cases in Fig. 5.4.  When such metals are vapor deposited onto single crystal 
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surfaces of the types of oxides  used as supports for metal catalysts, they typically grow as 3D 

clusters rather than wetting the surface 33.  The number of clusters per unit area grows initially 

with coverage, but usually saturates after a few percent of a monolayer (ML).  With further 

increasing coverage, these clusters grow in size at nearly fixed number density until the particles 

grow together and coalesce 33, 246.  For the systems in Fig. 5.4, this saturation cluster density is 

expected to have been reached already after the first pulse with the fluxes used (~0.02 

ML/pulse).  A variety of observations support the conclusion that isolated adatoms of metals like 

Ag, Cu and Pd on such oxides are highly mobile at room temperature, and diffuse rapidly from 

site to site across the oxide until finding a growing metal cluster 419.  The increase in heat with 

coverage in Fig. 5.4 is then dominated by the increasing number of metal-metal bonds that are 

formed upon adsorption as the cluster size grows:  The fourth atom that adds to a trimer can 

make 3 metal-metal bonds at most, whereas a metal atom that adds to a kink site on an extended 

metal surface of an FCC(111) or HCP(0001) metal makes six metal-metal bonds, giving twice 

the heat of adsorption in the simplest pairwise bond additivity model whereby these metal-metal 

bonds have the same energy independent of size, and only nearest-neighbor bonding is 

significant.  The final heat saturates at the bulk heat of sublimation of the metal, as expected for 

metal atoms adsorbing on an extended metal surface (or the surface of a very large metal 

nanoparticle). 

However, there are subtle differences in heat of metal adsorption versus coverage 

between different supports that arise from the differences in the bond energies (adhesion 

energies) between a given metal and the different oxide surfaces.  Indeed, these are exactly the 

types of heat of adsorption versus coverage data that were integrated to obtain the adhesion 

energies summarized in the SCAC entries in Table 5.2 above. 
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To separate out the effects of metal particle size from the effect of the support oxide on 

the heats of adsorption such as those in Fig. 5.4, it is better to plot these heats of adsorption 

versus the average metal particle size at each coverage instead of directly versus coverage.  We 

have done this for a variety of systems, by estimating the average particle size versus coverage 

from various spectroscopic measurements (XPS, AES and LEIS), assuming particles have the 

shape of hemispherical caps and a fixed number density of particles per unit area 15-17.  The data 

for Ag were summarized previously in Fig. 2.12, where the heat of adsorption is plotted versus 

the effective particle diameter (a measure of the particle volume, assuming hemispherical shape). 

As seen, the heat of adsorption increases rapidly with Ag particle size below 6 nm, but then 

saturates at the heat of sublimation (285 kJ/mol 1 for Ag).  This increase with size is dominated 

by the effect of particle size on the number of metal-metal bonds per atom, as noted above.  

However, for particles smaller than 6 nm, there are also very important differences between the 

supports:  the heat of adsorption of Ag is much larger for the same particle size on the 

Fe3O4(111) and reduced CeO2(111) surfaces than on MgO(100).  This is due to the higher 

adhesion energy of Ag nanoparticles to Fe3O4(111) and CeO2-x(111) than to MgO(100), as 

summarized in Table 5.2 and discussed already above.  Part of the heat of Ag adsorption here 

comes from the metal / oxide adhesion energy, since the average contact area of the particles on 

the oxide support also increases with coverage or size.  Since these metal particles nucleate 

mainly at steps 17, 18, 33, the stronger bonding at defects also contributes.  However, the steps here 

comprise only ~5% of the surface, so when the particles exceed ~1.5 nm diameter, most of the 

metal atoms at the metal/oxide interface are bonded to oxide terraces and not to ions at the 

oxide’s steps.   
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Comparing the more reduced CeO1.8(111) surface with CeO1.9(111) in Fig. 2.12 also 

shows that Ag binds considerably more strongly to Ag clusters smaller than 2 nm when there are 

more oxygen vacancies present.  This increase in stability at surface vacancies is consistent with 

DFT predictions 280.  Note too that these oxygen vacancies are expected to be mainly at the step 

edges on CeO2-x(111) 14. 

Neglecting entropy differences, the chemical potential of a metal atom in a particle of 

diameter D is higher than that in the bulk metal (infinite diameter, which we set to zero as the 

reference state) by an amount: 

µ(D) - µ(∞)  =  µ(D)  =   ∆Had(D) + ∆Hsub,M,    (5.7) 

where ∆Had(D) is the differential enthalpy of adsorption at that particle diameter.  Thus, the heats 

in Fig 2.12, when added to ∆Hsub,M directly, equal this chemical potential µ(D).  These data have 

been replotted in this format in Fig. 5.5, to more directly reflect µ(D). 

Anchored metal nanoparticles frequently sinter or coarsen with time during use, starting 

from a collection of many small, highly dispersed nanoparticles and eventually converting to 

their thermodynamically-preferred state: fewer, larger particles 33, 250, 255, 259, 262, 263, 270.  The value 

µ(D) directly measures the thermodynamic driving force for such sintering.  As seen in Fig. 5.5, 

it is large at small D and drops to zero as -∆Had(D) approaches ∆Hsub,M.  This approach to 

∆Hsub,M occurs at much smaller particle size on Fe3O4(111) and reduced CeO2(111) surfaces 

than on MgO(100).  Thus, the driving force for sintering disappears at much smaller particle size 

for Ag on Fe3O4(111) and CeO2-x(111) surfaces than on MgO(100).  This is entirely attributable 

to the much larger adhesion energies of Ag to these surfaces than to MgO(100), discussed above.  

Clearly, sintering should be slower for small Ag nanoparticles on CeO2-x and Fe3O4(111) 

surfaces than on MgO(100) if the rate accelerates with the thermodynamic driving force as 
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expected.  Indeed, rate equations derived based on microkinetic models of sintering mechanisms 

show that the quantity µ(D) enters the expression for the rate of sintering quite directly as a 

negative contribution to the apparent activation energy 15, 252, 267, 271, 419.  This is true whether 

sintering occurs mainly via the Ostwald ripening mechanism, or instead via particle 

diffusion/coalescence.  Thus, sintering must be much slower on CeO2-x and Fe3O4(111) surfaces 

than on MgO(100).  Indeed, it has been reported that ceria is a more sinter-resistant support for 

late transition metals than other oxides 278, 279.  This is also consistent with our scanning 

tunneling microscopy (STM) and non-contact atomic force microscopy (nc-AFM) results which 

showed that Pd nanoparticles sinter far more rapidly on α-Al2O3(0001) 423 than on 

CeO2-x(111) 419. 

In summary, the chemical potential of metal atoms in a nanoparticle of effective diameter 

D, µ(D), increases very quickly with decreasing particle size below ~6 nm.  Exactly how quickly 

µ(D) increases with decreasing D depends on the support. This occurs much more quickly for 

“weak” supports like MgO(100) (i.e., ones that have a low adhesion energy to the metal particle) 

than for “strong” supports like CeO2-x(111) or Fe3O4(111) (which have large adhesion energies 

to the particles). 

The metal particle shape should also affect the metal chemical potential, since different 

facets have quite different surface energies 5, and the product of these energies times the area of 

each facet add to the total free energy of the particle and its derivative with size.  In general, one 

would expect that comparing two particles of the same volume and area of attachment to the 

same support, the shape with the larger fraction of higher-energy facets will have the higher 

metal chemical potential.  To our knowledge, there are no experimental measurements to support 

this prediction. 
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5.5: Increasing the chemical potential of surface metal atoms by decreasing particle size 

or anchoring them to a “weaker” support increases the strength with which they 

bond adsorbed catalytic intermediates 

We next show that the reactivity of a metal atom in a supported metal nanoparticle 

correlates with the chemical potential of that metal atom.  In general, the higher the chemical 

potential of an atom, the more strongly it can bond to a new neighbor.  A common example of 

this is found in organic chemistry, where the strength with which C atoms bind to other C atoms 

is known to depend on the energetic stability of the C atoms involved:  Relative to the elements 

in their standard states (solid graphite and H2 gas), the standard enthalpy of formation per mole 

C of -CHx species increases in the order -CH3 < -CH2 < -CH 321, 424.  Consequently, if two of 

each of these species is bonded together at their C atoms, the resulting C-C bond energy 

increases in this same order, in this case rather dramatically, from 380 to 730 to 970 kJ/mol as 

the number of H atoms on each of these two C atoms decreases from 3 (ethane) to 2 (ethene) to 1 

(ethyne).  Note that this occurs while the total bond order for each of the two C atoms remains 

fixed at 4.  Similarly, a common trend in organometallic chemistry is that the reactivity of a 

metal center increases as its “degree of coordinative unsaturation” increases:  the higher the 

degree of coordinative unsaturation of an atom, the higher its energy and the more strongly can it 

bond to other species.  The simple bond energy - bond order (BEBO) conservation  model 425-427 

quantified this qualitative trend and even proved accurate in estimating activation energies for 

gas-phase organic reactions 425. 

Extending this qualitative picture to metal atoms in catalytic surfaces leads to the 

following prediction:  the more weakly a surface metal atom is bound to the surface of a catalytic 

material (i.e., the higher its chemical potential), the more strongly that metal atom is expected to 
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covalently chemisorb small molecules.  This is consistent with the well-known trend that low-

coordination metal atoms at steps on metal surfaces bind small molecules more strongly than do 

more stable metal atoms in higher-coordination environments such as in close-packed terraces. 

The same effect is commonly seen in bimetallic surfaces, but going in the opposite direction 

when the metal atoms have lower chemical potential on the bimetallic surface than on a pure 

metal surface of the same element.  For example, when a metal atom resides in a monolayer 

supported on some other metal to which it binds more strongly than to itself (i.e., when its 

chemical potential is lower than on the surface of the pure metal), as, for example, in Pd 

monolayers on Ta(110), Nb(110), Re(0001) and W(110), it binds small molecules like CO more 

weakly, often dramatically so 428. 

Since surface metal atoms on a given support are bound more weakly to smaller metal 

nanoparticles than to large metal particles in the size range below 4 nm (Fig. 2.12), and have 

lower coordination number there, they have higher chemical potential on the smaller particles. 

Thus, one expects metal atoms in the smaller metal particles to bind small adsorbed catalytic 

reaction intermediates more strongly than larger particles, for a given support.  Consistent with 

this are numerous cases for which CO has been reported to bind more strongly to smaller 

particles of late transition metals in this size range, as we summarized previously 33, including Pt 

on bulk α-Al2O3(000), Pt on a highly ordered thin alumina film on NiAl(110), Cu on 

ZnO(000-1)-O, Pt on ZnO(000-1)-O, Pt on ZnO(0001)-Zn, and Pd on MgO(100).  Similarly, 

adsorbed NO shows greater dissociation probability on smaller supported nanoparticles of Pt, Pd 

and Rh 33.  Also consistent with this model, the desorption activation energies for O adatoms on 

Au nanoparticles on TiO2(110) to produce O2 gas are ~50 kJ/mol O2 larger from the smallest Au 

particles (which were only 1.3 layers thick, on average) compared to the largest particles (which 
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resemble step sites on bulk Au(211)).  This 50 kJ per mol O2 difference implies that O adatoms 

are at least 25 kJ/mol more stable on the smallest Au particles than on bulk Au 16, 429. 

However, the calorimetrically measured heats of adsorption we reported for CO on Pd 

nanoparticles on Fe3O4(111) go in the opposite direction with particle size.  The initial heat of 

adsorption increased by almost 30 kJ/mol as the particle size increased from 2 to 4 nm, with the 

particle sizes characterized by STM 430, 431.  In marked contrast, the initial heat of adsorption 

(desorption activation energy) decreased by 33 kJ/mol as Pd particle size increased from 2 to 

5 nm on MgO(100) 432.  The only way to explain these apparently contradictory results, whereby 

the strength of bonding to CO changes by ~25% with particle size in the same size range but in 

opposite directions, is to attribute it to differences in the way the Pd particles interact with the 

two different supports used here:  Fe3O4(111) and MgO(100).  Indeed, the chemical potential 

concept can again explain at least the qualitative difference between these supports.  As shown in 

Fig. 5.3, metal particles have much higher adhesion energies to Fe3O4(111) (which is on the far 

left side of this figure) than on MgO(100) (which is on the far right).  Thus, the chemical 

potential of a Pd atom in a 2 nm Pd particle on Fe3O4(111) will be much lower than for that 

same particle on MgO(100).  As shown in Fig. 5.5, the chemical potential of Ag atoms is lower 

by ~50 kJ/mol for 2 nm Ag particles on Fe3O4(111) than for that same size particle on 

MgO(100).  Indeed, the chemical potential of Ag atoms in 2 nm Ag particles on Fe3O4(111) is so 

low it is already within 20 kJ/mol of the bulk metal, whereas on MgO(100) it is still 70 kJ/mol 

higher than bulk Ag(s).  If this difference in chemical potential for 2 nm Ag also applies to 2 nm 

Pd, at least qualitatively as expected, it explains why the 2 nm Pd particle bonds CO much more 

strongly when on MgO(100) than on Fe3O4(111).  This does not, however, explain why the trend 

with size goes in the opposite direction on Fe3O4(111) from what would be expected based on 
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the size dependence summarized above, which should apply to any support.  It has been 

suggested that this might be connected to a weakening of the chemisorptive interaction due to the 

contraction of the lattice parameter of the Pd particle with decreasing size.  Such lattice 

contractions, however, only partially reduce the effect of particle size on metal atom chemical 

potential (as obvious in Fig. 5.5), so that this effect is unlikely to be large enough to explain the 

complete reversal in the trend of CO adsorption energy with particle size observed.  The size 

range where this change in CO stability was observed (2 to 4 nm) also seems to be too large for 

this type of effect 433.  Some other effect is likely at work here, which has yet to be identified.  

Perhaps the 2 nm Pd particles absorb a tiny amount of Fe or FeOx, which could be too small to 

distinguish from the large signal for the Fe3O4(111) support in surface spectroscopies, but still in 

sufficient quantity to weaken the Pd bond strength to CO. 

In any case, it seems that this concept of metal atom chemical potential will also prove to 

be useful for predicting how chemisorption bond strengths depend on the support material for a 

given particle size of late transition metal.  That is, for a given particle size below 6 nm, metal 

atoms are much less stable on a “weak” support like MgO(100) than on “strong” supports like 

CeO2(111) and Fe3O4(111).  Thus, they are predicted to bind small adsorbates more strongly.  

They should also reach the large-particle limit in this respect at smaller particle sizes when on 

“strong” supports than when on “weak” supports. 

The discussion above is related to small adsorbates like O, CO and NO on later transition metal 

particles, where the chemical bonds are rather strong and dominated by their covalent character.  

When the adsorbate is only held to the surface by van der Waals interactions, the trend with 

particle size mentioned above may not hold.  That is because larger metal particles are more 

polarizable, and thus are likely to make stronger van der Waals bonds to adsorbates.  Indeed, 
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methane has been shown to bind more strongly to larger Pd particles when supported on a highly 

ordered but few-atomic-layer-thick alumina film on NiAl(110), and this trend continues to rather 

large sizes (above 7 nm) 434. 

5.6:  Figures 

Figure 5.1.  Adhesion energies of different metals on α-Al2O3(0001) plotted versus (a) the 
surface energy of the metal and (b) the bulk metal’s sublimation enthalpy per atom (∆Hsub,M/NA) 
divided by the area per metal atom (ΩM

2/3) (b).  Black points are based on measurements of 
particle shapes for molten metal drops (round) and solid particles (squares) without verification 
of surface cleanliness, from Table 5.1.  Lines through the subsets of data are the best linear fits.  
Reprinted with permission from Reference 28.  Copyright 2013 Royal Society of Chemistry. 
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Figure 5.2.  Adhesion energies of different metals on clean MgO(100) measured in ultrahigh 
vacuum (from Table 5.2) plotted versus the bulk metal’s value of [∆Hsub,M/NA]/ΩM

2/3 (a) and 
versus [(∆Hsub,M – ∆Hf,MOx)/NA]/ΩM

2/3, where ∆Hf,MOx is the standard heat of formation of the 
most stable bulk oxide of that metal (per mole of metal atoms) (b).  The best-fit lines are also 
shown.  Different symbols correspond to different measurement methods.  Reprinted with 
permission from Reference 28.  Copyright 2013 Royal Society of Chemistry. 
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Figure 5.3.  Adhesion energies of the same metal (normalized to 2γM) on different oxide 
supports plotted versus the heat of formation of the oxide support per mole of oxygen 
(∆Hf,OxSup).  Different colors of points and lines are for different metals.  Black points are for 
liquid Ni, Fe and Co droplets on oxide surfaces whose cleanliness was not proven, from Table 
5.1.  These metals are grouped together since they have very similar sublimation energies (and 
thus appear at nearly the same place on the x-axis of Fig. 5.1).  Colored points are for solid 
metals collected on clean oxide surfaces in UHV, from Table 5.2.  Lines through the subsets of 
data are the best linear fits.  Reprinted with permission from Reference 28.  Copyright 2013 Royal 
Society of Chemistry. 
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Figure 5.4.  Example heats of adsorption versus coverage data for metals on single-crystal 
oxides as measured by calorimetry at 300 K.  Data are shown for: Pb, Ag and Cu on MgO(100) 
and Ag on CeO2(111) (with 5% oxygen vacancies in XPS probe depth).  Data from 
References 11, 12, 14, 29.  One ML equals the number of oxygen ions per unit area in the topmost 
atomic plane (1.12x1015 cm-2 for MgO(100) and 7.9x1014 cm-2 for CeO2(111)).  Horizontal lines 
mark the bulk heats of sublimation of the metal adsorbate.  Reprinted with permission from 
Reference 28.  Copyright 2013 Royal Society of Chemistry. 
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Figure 5.5.  The chemical potential of Ag atoms in Ag nanoparticles on different oxide surfaces 
versus the average Ag particle size.  The chemical potential here is estimated by the difference in 
magnitude between the bulk heat of sublimation of the metal and its differential heat of 
adsorption on particles of that size (using the data in Fig. 2.12), and neglects entropy differences.  
Reprinted with permission from Reference 28.  Copyright 2013 Royal Society of Chemistry. 
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Chapter 6 

Adsorption Calorimetry during Metal Vapor Deposition on Single Crystal 

Surfaces:  Increased Flux, Reduced Optical Radiation,        

and Real-Time Flux and Reflectivity Measurements 

Thin films of metals and other materials are often grown by physical vapor deposition.  

To understand such processes, it is desirable to measure the adsorption energy of the deposited 

species as the film grows, especially when grown on single crystal substrates where the structure 

of the adsorbed species, evolving interface, and thin film are more homogeneous and well-

defined in structure.  Our group previously described in this journal an adsorption calorimeter 

capable of such measurements on single-crystal surfaces under the clean conditions of ultrahigh 

vacuum (UHV) 31.  Here we describe several improvements to that original design that allow for 

heat measurements with ~18-fold smaller standard deviation, greater absolute accuracy in energy 

calibration, and, most importantly, measurements of the adsorption of lower-vapor-pressure 

materials which would have previously been impossible.  These improvements are accomplished 

by:  (1) using an electron beam evaporator instead of a Knudsen cell to generate the metal vapor 

at the source of the pulsed atomic beam, (2) changing the atomic beam design to decrease the 

relative amount of optical radiation that accompanies evaporation, (3) adding an off-axis quartz 

crystal microbalance (QCM) for real-time measurement of the flux of the atomic beam during 

calorimetry experiments, and (4) adding capabilities for in-situ relative diffuse optical reflectivity 

determinations (necessary for heat signal calibration).  These improvements are not limited to 

adsorption calorimetry during metal deposition, but also could be applied to better study film 

growth of other elements and even molecular adsorbates.  
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6.1:  Introduction 

Thin films of metals and other materials are grown by physical vapor deposition for a 

wide variety of technological applications, for example in the fabrication of microelectronics and 

computer parts, solar cells, light-emitting diodes, reflective and protective coatings, chemical 

sensors, and electrodes of various types.  Thin films and nanoparticles are also grown by 

physical vapor deposition for a wide variety of fundamental research applications aimed at 

studying the properties of surfaces, interfaces, nanoparticles, and nanomaterials.  A great deal of 

basic understanding of the film growth process, the thermodynamic stability of the resulting 

films or nanoparticles, and the strength of chemical bonding at the resulting interface(s) is 

provided by measuring the adsorption energy versus coverage during such deposition 

processes 15, 17, 31, 79, 435.  The strengths of chemical bonding at interfaces between materials have 

a remarkable impact on almost all areas of science, technology, and industrial manufacturing 436.  

The adhesion energy between two solids can also be determined by measuring the adsorption 

energy versus coverage during vapor deposition 79, even in cases where the deposited material 

grows as nanoparticles rather than a continuous film 12.  Adhesion energies define the relative 

stability of the interface, control the mechanical properties of composite materials, and define the 

shape of supported nanoparticles such as, for example, those used in catalytic or fuel-cell 

materials consisting of metal nanoparticles supported on high-area oxide or carbon supports 33.  

In this latter example alone, the adhesion energy also dictates how the chemical potential of the 

metal atoms depends on the particle size and support material, which in turn controls catalytic 

reactivity and its deactivation by coarsening or sintering 28. 

Thus, there is great motivation to measure adsorption energies during physical vapor 

deposition of one material onto another.  Such measurements are particularly enlightening when 
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performed on the clean surface of a single crystal of the substrate material, since this enables 

better structural homogeneity and structural characterization of the adsorbed precursors, 

nanoparticles, and thin films whose energies are being measured 2, 44, 437.  We previously 

described in this journal the first adsorption calorimeter capable of such measurements of metal 

adsorption energies on single-crystal surfaces in a ultrahigh vacuum (UHV) chamber where the 

substrate surface cleanliness and the structure of the resulting thin film or nanoparticles could 

also be measured with surface analysis techniques 31.  Here we describe a new apparatus that 

incorporates several major improvements to the capabilities of that original design.  These 

decrease the pulse-to-pulse standard deviation of the metal adsorption energy measurements by 

~18-fold, while also improving the absolute accuracy of the energy calibration.  Most 

importantly, these improvements allow for measurements of the adsorption energies of metals 

which would have been impossible to study with our earlier design, namely metals with very low 

vapor pressures or high heats of sublimation (e.g., Pt, Pd, Rh, Ni, Au, etc.).   

The ability to determine heats of adsorption on clean surfaces of single crystals in UHV 

is not new.  Techniques such as temperature programmed desorption (TPD) and equilibrium 

adsorption isotherm (EAI) analysis have often been used to measure adsorption properties of 

atoms and molecules on single crystalline supports.  However, with these techniques, heats of 

adsorption are measured indirectly in a way that requires completely reversible adsorption.  In 

cases where adsorption is not reversible, a technique for directly measuring heats of adsorption is 

necessary.  Single crystal adsorption calorimetry (SCAC) was developed for such cases 71.  This 

approach is particularly important for studying metal adsorption and metal thin-film growth, 

since metal adatoms frequently sinter into very large particles or diffuse into the substrate upon 

heating at temperatures well below those necessary for desorption 15, 48.   This was the motivation 
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for designing the instrument mentioned above for SCAC of metal vapors 31, 79.  Subsequently, it 

has been employed to measure the adsorption energies of several metals on a variety of different 

single crystal surfaces as a thin metal film is grown and the metal / substrate interface is    

formed 11-14, 17, 29, 79, 81, 229-233, 438. 

We describe here a new calorimeter for SCAC of metal adsorption energies which offers 

several important advantages over that previous design.  It uses an electron beam evaporator as 

the metal atom source instead of the Knudsen cell metal evaporator previously used.  This 

localizes the heat input to the surface of the metal melt and produces much less optical radiation 

than the Knudsen cell type metal vapor source, thereby increasing the signal/noise of the 

calorimetry measurements.  The atomic beam design was also modified to further decrease the 

relative amount of optical radiation that accompanies evaporation.  In addition, an off-axis quartz 

crystal microbalance (QCM) was added for real-time measurement of the flux of the atomic 

beam during calorimetry experiments, and optics were added that allow for in-situ relative 

diffuse optical reflectivity determinations (necessary for heat signal calibration). 

These improvements allow more sensitive and accurate measurements of metal 

adsorption energies and the interfacial bonding strengths of a wider variety of metal / support 

systems.  The methods described here are not limited to adsorption calorimetry during metal 

deposition, but also could be applied to study film growth of other elements and even molecular 

adsorbates that are relevant not only to heterogeneous catalysis, but also to technologies such as 

coatings, microelectronics, computers, optoelectronics and solar cells. 
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6.2:  Experimental Details 

The principles behind the design of this calorimeter have their basis in the ground-

breaking designs from the group of Sir David King 72, 75, 78.  Their original single crystal 

adsorption calorimeter (SCAC) design used optical pyrometry to measure the transient 

temperature rise that occurs upon adsorption of a pulse of gas from a molecular beam onto a ~0.2 

μm thick single crystal.  In a later experiment, the single crystal was fused directly onto a 

LiTaO3 crystal, whose pyroelectric properties were used to measure the heat, allowing for 

improved sensitivity to heat released upon adsorption at low temperature 78, although this 

technique was limited since the detector could not tolerate the high temperature annealing that is 

necessary for creating well-ordered surfaces for many materials.  This new calorimeter described 

here instead uses a pyroelectric ribbon as the heat detector, which we introduced and improved    

previously 31, 50-52, and which has several important advantages over the heat detectors used by 

King’s group.   

A general schematic of the new calorimeter can be seen in Fig. 6.1.  A thin 

polyvinylidene fluoride (PVDF) ribbon serves as the heat detecting element of our calorimeters, 

as described in detail elsewhere 31, 51. Briefly, the 9 μm thick ribbon consists of amorphous 

PVDF in which poled β-PVDF crystals, which are both piezoelectric and pyroelectric, are 

embedded.  When brought into gentle mechanical contact with the back of a sample, the 

pyroelectric properties of β-PVDF respond to a slight increase in temperature with a measurable 

change in the face-to-face voltage of the ribbon. This method of heat detection increases the 

sensitivity by a factor of ~100 over detection via optical pyrometry at 300 K.  This improvement 

factor is also estimated to increase as 1/T3 with decreasing temperature of the single crystal      

186 



(T) 71, thus allowing for routine cryogenic measurement that would have been impossible using 

optical pyrometry. 

The samples are typically 1 μm thick single crystals 31, although a new method for 

mounting the ribbons has been developed to allow the use of much thicker crystals 51.  When 

heat is transiently deposited on the face of a 1 μm crystal, as in the experiments described here, 

~10% of the energy is transferred to the ribbon.  The intimate thermal contact between the 

sample and the ribbon allows for the heat released from adsorption of a 100 ms pulse of gas to be 

detected almost instantaneously (i.e., with an instrument response time capable of detecting 

kinetic delays in heat deposition as short as 10 ms 439).  The measured calorimetric heat response 

in these instruments corresponds to the change in internal energy for the adsorption of the hot 

metal atoms in the beam onto the single crystal at its chosen temperature.  The difference in 

temperature between the gas and the support is accounted for as described previously to give the 

adsorption energy for the system, with both gas and surface at the crystal’s temperature, which is 

the negative of the internal energy change for adsorption (ΔUad) 31.  Since the ideal gas law holds 

up to 1 bar, the standard enthalpy of adsorption (ΔHad) is just  RT less than this change in 

internal energy: ΔHad = ΔUad – RT, where R is the gas constant and T is the temperature of the 

single crystal 31.  The heat of adsorption is defined here as the negative of this standard 

adsorption enthalpy.  With this setup, we have been able to determine heats of adsorption to 

within 3% accuracy in most cases and with a point-to-point standard deviation of only 0.6 kJ/mol 

when depositing 2% of a monolayer per pulse, and a temperature range of 100 to 350 K 51. 

The basic design of this new calorimeter is similar to two other calorimeters that have 

been constructed previously by our group for measuring the heats of adsorption for various 

systems 31, 50, 51.  The metal atom adsorption calorimetry, sample preparation, and surface 
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characterization are all performed in a single UHV system, with a four-axis translator used to 

manipulate the sample in vacuum. 

Surface characterization spectroscopies are performed using a PHI 10-360 precision 

energy analyzer equipped with a PHI 72-250 position sensitive detector, which is used to 

measure the kinetic energy distribution of electrons or ions originating from the sample surface 

after irradiation by an electron beam for Auger electron spectroscopy (AES), an x-ray beam for 

x-ray photoelectron spectroscopy (XPS), or an ion beam for low energy ion scattering 

spectroscopy (LEIS).  This combination of techniques provides detailed information on the 

surface structure, with XPS or AES analysis providing information on the elemental composition 

of a surface down to ~3 nm from the surface, and LEIS providing the elemental composition of 

the top-most atomic layer.  The chamber is also equipped with a low-energy electron diffraction 

(LEED) screen, which allows for verification of the crystallinity of the sample and any thin film 

grown on its surface.  The instrument also includes a sample preparation chamber that can be 

closed off with a gate valve during preparation of the single crystal’s surface in order to protect 

the UHV conditions in the calorimeter and surface analysis region. 

The most significant improvement in this calorimeter involves the method for generating 

the pulsed atomic beam of metal atoms.  The SCAC measurements require a very high flux from 

a source located far from the sample in order to reduce optical radiation from the oven.  Typical 

fluxes are 4x1014 atoms/cm2/s at the sample, which corresponds to >4x1017 atoms/cm2/s at the 

source located 353 mm away (if we approximate the source as a 15 mm diameter sphere).  The 

original metal atom adsorption microcalorimeter design uses a Knudsen cell type thermal 

evaporator as the metal adatom source 31.  In the Knudsen cell, the entire metal crucible is heated 

to the temperature required to evaporate or sublimate the metal of interest.  This system has been 
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used successfully to study the heats of adsorption of Li 232, Ca 13, Pb 81, 438, Ag 12, and Cu 29. 

However, heating this large element to the high temperatures (upwards of 1660 K for Cu) 

required for the very high fluxes necessary in our calorimetry experiments produced too much 

background radiation that also contributes to the measured heat signal, and it therefore proved 

unsuitable for studying metals with larger enthalpies of vaporization than that of Cu.  The 

excessive heat load from the Knudsen cell also causes problems with background pressure 

increase for such metals, which can give rise to surface impurities. 

To overcome this issue, we have instead used a Thermionics 150-0010 crucible-fed 

electron beam evaporator as the source for the metal atom beam.  Its 4 kV electrons are focused 

directly onto the surface of the metal to be evaporated, thereby localizing the heating to the metal 

itself.  The metal to be evaporated is electrically grounded so that there is no difference in 

potential between the metal source and the single crystal, thus preventing acceleration of any 

charged species from the source to the sample.  We found that electron beam evaporation allows 

for a significant flux of evaporated metals with a significant reduction in the heat and source 

radiation output when compared to a traditional Knudsen cell, and therefore will allow us to use 

this new calorimeter with metals such as Pt, Pd, Rh, Ni, and Au.  This also results in lower 

background pressures at higher evaporation temperatures for any metal, thus decreasing surface 

contamination. 

The evaporated metal atoms are used to create a temporally- and spatially-resolved 

pulsed atomic beam by passing them through a chopper and a series of collimating apertures.  

The metal atom beam is typically chopped into 100 ms pulses at a rate of 0.5 Hz, although both 

the duration of each pulse and the time between pulses can be varied.  The spatial distribution of 

the metal atom beam is defined by two apertures.  The first 4.00 mm diameter beam-defining 
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aperture is located 33.4 mm from the lip of the crucible, with the metal melt estimated as being 

an additional 3 mm further from the aperture.  A second beam-defining 4.00 mm aperture is 

located 295.9 mm further downstream from the first aperture, and is positioned 19.2 mm from 

the sample surface.  This geometry results in a circular deposition area with ~89% of the metal 

atoms deposited within an umbra of 4.00 mm in diameter.  Line of sight calculations were used 

to determine that the resulting spot has an outer penumbra with a diameter of 4.52 mm.  Images 

of white light projected down the beam path accurately reproduce the ratio between the umbra 

and the outer penumbra.  Assuming a linear gradient in the deposition thickness versus radius 

beyond the umbra gives an effective beam diameter of 4.26 mm and an effective deposition area 

of 14.3 mm2 for a square beam profile of the same intensity as in the umbra and with the same 

area-integrated intensity as the entire real beam spot.  

The flux of the metal atom beam is measured using a quartz crystal microbalance (QCM) 

that is positioned in front of the sample.  A UTI 100C quadrupole mass spectrometer (QMS) in 

line-of-sight to the sample provides a signal that is proportional to the number of metal atoms 

reflected from the surface and can be used to determine the fraction of atoms in each pulse that 

stick to the surface using a modified King and Well’s method 440.  The QMS ion source is 

located at the “magic angle” of θ = 35° from the surface normal in order to minimize deviations 

in signal due to changes in the angular distribution of the atoms leaving the surface 31.  The 

sticking probability of each pulse is measured simultaneously with its heat.  A heated Ta flag is 

placed in the sample position before or after these measurements to record the QMS signal 

associated with zero sticking probability (100% reflected), and with this information we can 

determine the fractional sticking probability of the gaseous atoms in each pulse.  Multiplying this 
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sticking probability by the metal atom flux gives the incremental increase in surface coverage 

associated with that pulse.  The details of this analysis have been presented previously 50. 

The voltage response of the PVDF ribbon to the applied energy is calibrated using a 

stabilized HeNe laser that is first diffused with a lens and then directed along the atomic beam 

path using a translatable mirror.  By passing the laser through the same apertures and choppers as 

the atomic beam, the calibration pulse reaches the sample with the same spatial and temporal 

distribution as that of the atomic beam pulse. The laser power at the sample position is 

determined by positioning a mirror in front of the sample that reflects the beam through a quartz 

window equipped with a power meter. This measured value is scaled using a previously 

determined linear relationship between the laser power at the window and the laser power at the 

sample position. Using this method, the voltage response of the ribbon to transient energy 

changes can be calibrated directly before each experiment.  The heat detector’s response 

intensity is proportional to laser pulse energy over the range of deposited energies used in our 

experiments 31. 

The evaporation sources used in our metal atom beams heat the metal to a temperature at 

which sublimation or evaporation occurs rapidly.  The optical radiation from these hot sources is 

included with each pulse, and its contribution to the heat signal must be measured and 

subtracted.  This is accomplished using a BaF2 window, which can be translated into the atomic 

beam path.  The window blocks all metal flux, but is >90% transparent to photons between 300 

nm and 9.5 μm in wavelength 441.  The heat signal from the HeNe laser passing through this 

window is periodically measured in order to determine its exact transparency, which decreases 

with use over its lifetime.  Thus, the heat signal due to optical radiation from the source is 

measured using this BaF2 window, corrected for transparency, and subtracted from the total heat 
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signal, to determine the portion of the signal that corresponds to the actual heat of metal atom 

adsorption, as described previously 31. 

Both the thermal reservoir of the calorimeter and the sample manipulator fork are 

plumbed with internal tubes for carrying gaseous or liquid nitrogen at controlled temperature, 

which are used to either cool or warm these parts during experiments, as described previously 51.  

In brief, two streams of heated or cooled gases are mixed in various ratios and flowed through 

these lines, allowing us to perform calorimetry experiments over a wide range of temperatures.  

Similar setups on our other calorimeters have enabled effective measurements of heats of 

adsorption on surfaces at any temperature between 100 and 300 K 51.  In principle, hot water 

could also be used to heat our thermal reservoirs, allowing for stable sample temperatures 

between 77 and 350 K 51.  Since surface mobility of adsorbed metal atoms decreases with 

temperature, metal atoms deposited at lower temperatures will grow as smaller, more dispersed 

nanoparticles.  Performing these calorimetry experiments over a large range of temperatures will 

allow us to determine the effect that particle size has on heats of adsorption.  The relationship of 

surface dispersion and particle size to energetic stability and reactivity are extremely important 

for understanding heterogeneous catalytic applications of nanoparticulate metals. 

 

6.3:  Real-time Flux Determination in the Metal Atom Beam 

In order to analyze the calorimetry data, the flux of the metal atoms colliding with the 

sample surface must be known at all times.  In previous calorimeter designs for SCAC, this was 

accomplished by measuring the flux before and after the experiment to prove that it had been 

stable during the calorimetry measurements 31, 50, 71. However, this requires a stable beam flux, 

which is more difficult to accomplish with metals with high vaporization enthalpies, as desired 
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here.  In other groups, stabilization of the metal flux of an e-beam evaporator has been 

accomplished by controlling the e-beam emission current with feedback loops which monitor 

either the ion current associated with the ~1% of metal atoms that are ionized in by the e-beam 

evaporator of the atomic beam 442, 443 or the atomic adsorption spectrum of the metal atoms in the 

beam 444.  This new system was originally set up with a rod-fed e-beam evaporation source.  

Attempts were made to stabilize this source using the ion current, but it was found that, with the 

high fluxes required, sudden changes in the shape of the tip of the rod caused large instabilities in 

the flux which could not be overcome.  To minimize the effects of the changing shape of the 

metal source on the flux, we switched to the crucible-fed evaporator described above. 

An off-axis QCM was installed so that the flux of the source can be monitored at all 

times during the calorimetry experiments.  This monitor QCM was installed 225 mm from the 

metal source (compared to 353 mm to the sample) at a 70° angle from the atomic beam path to 

the sample. This QCM head was mounted directly onto a cooled 4.5” conflat flange to reduce its 

temperature drift and fluctuation.  Using a QCM to stabilize the flux of an e-beam evaporator is a 

well-established practice 445, but in our system the ratio between the flux at the sample position 

and the flux at the monitor QCM was found to increase as the flux decreases over time when the 

evaporator is run at constant emission current, as can be seen in Fig. 6.2.  For this reason, simple 

feedback regulation of the flux failed in this instrument. 

Instead, we developed a scheme to determine the real-time flux at the sample position 

based on the flux at the monitor QCM (seen in Fig. 6.1), which can be recorded simultaneously 

with the calorimetry data.  An example run using Cu is illustrated in Fig. 6.2(a), where the 

physically measured values are plotted along with the calculated fits.  The ratio between the 

fluxes of the two QCMs is measured before and after the calorimetry experiments.  As shown in 
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Fig. 6.2(b), this ratio was found to increase linearly with time while the source is being operated 

at constant emission current (provided the source has not used up almost all of its metal load).  A 

linear fit to the ratio of the experimentally measured fluxes at the beginning and end of the 

calorimetry experiment (seen as a solid black line in Fig. 6.2(a)) was used to scale the flux at the 

monitor QCM so that it represents the actual flux at the sample position in real time over the 

entire duration of the calorimetry experiment.  The end result is plotted in Fig. 6.2(a) as a solid 

red line.  Monitoring flux in real time in this way not only allows for more accurate calculations 

of heats of adsorption vs. coverage, but also allows us to use data sets in which there is a sudden 

shift in the flux of the metal atom beam, which can occur due to flow effects in the metal melt in 

the crucible and are especially problematic at high evaporation rates 446. 

6.4:  Optical Radiation from the Metal Atom Beam 

When any metal evaporation source is used as a directed doser, as is the case in our 

calorimetry experiments, the atomic flux is also accompanied by optical radiation from the hot 

source.  This contribution to the heat signal must be measured and subtracted from the signal in 

order to correctly determine the heat of adsorption 31.  In our instrument, the source is located 

353 mm from the sample and is collimated to a 4 mm diameter beam.  This distance is necessary 

to minimize the effect of the radiated heat from the oven, which decreases as the square of the 

distance.  However, the flux per unit area from an effusion oven also decreases as the square of 

the distance.  Because of this, very high temperatures in the source are required to reach the 

fluxes necessary for the signal/noise of our experiments (~0.5 Å/s at 353 mm).  Fortunately, the 

flux increases with temperature as an Arrhenius equation (proportional to e-∆Hvap/RT, where ∆Hvap 

is the enthalpy of vaporization for molten metals) while the optical radiation increases only as 
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~T4.  For the enthalpies of vaporization of typical metals, the increase in flux is much faster than 

the increase in radiation, so that higher temperatures give larger fluxes and have a smaller 

contribution from optical radiation in this design. 

In our original metal atom source for SCAC of metal vapors, the source-to-sample 

distance is ~330 mm, with the first beam-defining aperture 108 mm from the source (which was 

necessary due to the dimensions of the commercial thermal evaporation oven) and only 87 mm 

between the first and last beam-defining apertures 31.  Geometric constraints resulted in a 

situation in which the sample has direct line-of-sight to not only the metal melt in the thermal 

evaporator, but also to a portion of the heated crucible.  In this new calorimeter, we have 

increased the source-to-sample distance by 13% while drastically reducing the distance between 

the source and the first beam-defining aperture to 33.4 mm and increasing the distance between 

the first and last beam-defining apertures to 295.9 mm.  With this new geometry, the sample can 

now see only a 4.90 mm diameter portion of the metal source, which is substantially less than the 

~15 mm diameter e-beam evaporator crucible. 

The overall combined effect of the changes in geometry along with the new type of metal 

atom source on the thermal radiation from the evaporative oven can be seen in Fig. 6.3, where 

the voltage responses of the pyroelectric detectors to adsorption of gaseous Cu atoms on ~17 ML 

of Cu on ~1 μm single crystals are shown as black lines for the different experimental setups.  

One monolayer (ML) here is defined as the Cu(111) surface density of 1.77 × 1015 atoms/cm2.  

The solid blue lines are the corresponding optical radiation component in each pulse measured 

through the BaF2 window, where these values have been scaled by the inverse of the measured 

transmission of BaF2 (~90%).  The difference in the two solid lines is proportional to the heat 
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response from only the adsorption of the gaseous metal atoms, and is plotted as a dashed red line 

to which the other data is normalized. 

In Fig. 6.3(a), the signal for 0.014 ML Cu pulses (which correspond to a flux of ~0.3 Å/s 

at the sample in our systems with the Cu melt at 1500 to 1510 K) adsorbing onto 17 ML of Cu 

on a ~4 nm MgO(100) film on Mo(100) from our older calorimeter using a Knudsen cell 31 are 

shown.  As seen, the optical radiation accounts for ~65% of the total heat signal.  In Fig. 3(b), the 

signal for 0.014 ML Cu pulses adsorbing onto 17 ML of Cu on Pt(111) in this new calorimeter 

using an e-beam evaporator are plotted in the same manner.  In this case, the optical radiation is 

reduced to only ~14% of the total signal, which greatly improves the signal/noise ratio in the 

final heat of adsorption determinations.  Since the Cu source was almost the same distance from 

the sample in these two cases (it is 7% longer in this new design), and the Cu flux is the same, 

the effective temperature of the Cu source (which defines the evaporation rate) was almost the 

same, but the new e-beam source clearly generates much less optical radiation at the detector. 

The difference in the line shapes between the two instruments is merely due to the use of a 

different time constant for the high-pass filter. 

It should be noted that some of this apparent improvement is probably due to the 

difference in reflectivity of the samples.  However, based on the reflectivities of Mo (R ≈ 

0.57 447) and Pt (R ≈ 0.76 325), the maximum reduction in absorbance of optical radiation for the 

sample used in the e-beam evaporator (compared to that in the Knudsen cell experiment) would 

be 44%.  We instead see a reduction in the absorbed optical radiation of 92%.  This proves that 

there is a minimum 51% reduction in optical radiation reaching the sample with our new 

calorimeter using an e-beam evaporator.  It is likely that this improvement is even greater 

considering that the reflectivities of the two samples should be approaching that of bulk Cu as 
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the metal coverage increases.  However, this may not be entirely due to the difference in the 

metal sources, as it is impossible to rule out a contribution from decreased internal reflections in 

the atomic beam path due to improvements in the design of the light baffles. 

Since this new metal atom beam is capable of easily generating much larger fluxes of 

gaseous metal atoms without any significant rise in the background pressure, and since the 

atomic flux increases with temperature much faster than the optical radiation flux, the ratio 

between the radiative and adsorption heats can be further improved as needed.  Fig 6.3(c) shows 

heat pulses from the same instrument onto the same sample used in Fig. 6.3(b), but the flux has 

been increased by a factor of ~4 to 0.058 ML per pulse (a flux of ~1.2 Å/s at the sample).  In 

order to achieve this larger flux, the temperature of the melt was increased to 1600 K by 

increasing the emission current of the e-beam evaporator.  This results in a decrease in the 

optical radiation with respect to the total heat signal, so that the optical radiation now only 

accounts for 7% of the total heat signal.  This high-temperature capability also proves that we 

will be able to use this atomic beam to perform adsorption calorimetry measurements with 

metals that have higher enthalpies of vaporization than Cu, such as Au and Pt. 

Based on the T4 temperature dependence of the optical radiation, we expected an increase 

in optical radiation of only 26% in Fig. 6.3(c) compared to Fig. 6.3(b), yet its signal nearly 

doubled.  This could be due to an increase in the relative contribution to the optical radiation 

signal from indirect light coming from the hot crucible and filaments in the e-beam evaporator. 

Therefore, increasing the number of baffles for blocking indirect radiation could allow for an 

even greater reduction of the radiation reaching the sample, which would further increase the 

signal/noise ratio in our calorimetry measurements.   
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6.5:  Real-time In-situ Relative Diffuse Optical Reflectivity Determination 

When using the laser to calibrate the calorimeter’s heat response, the optical reflectivity 

of the sample must be taken into account.  This is also true when correcting for the optical 

radiation from the hot metal source of the beam.  Reflectivities of single crystalline metal 

samples are taken from literature, and are also compared to integrating sphere measurements 

performed at atmospheric pressure.  However, deposition of a thin film changes the reflectivity 

of a single crystal even when the overlayer thickness is much less than the wavelength of 

light 448-450.  This effect is generally linear with coverage, though nanoparticulate films with 

particles in the 20-100 nm range cause more rapid changes in the reflectivity versus coverage 

than equivalent films of uniform thickness 451. 

Previous attempts at UHV in-situ direct relative optical reflectivity determination have 

measured the change in spectral reflectivity 83 or attempted to estimate diffuse reflectivity by 

measuring the total angular-integrated change in reflectivity over a larger area 11.  For our 

purposes, the diffuse reflectivity is more appropriate since we need to know the total amount of 

light absorbed by the sample.  Determination of the relative diffuse reflectivity using the 

absorbed portion of an incident heat source measured with a pyroelectric detector, such as the 

one in our calorimeter, has also been proposed and applied 11, 452, 453.  In previous SCAC 

experiments, the voltage response of the PVDF ribbon to laser pulses on the sample surface was 

measured as a function of coverage by interrupting the metal deposition at several points during 

coverage build-up 11.  This method introduces a ±3-4% error associated with repositioning the 

mirror to reflect the laser through the atomic beam path.  Also, because of the time required, it 

has only ever been performed over large coverage steps and is usually not repeated in successive 

experiments. 
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In an attempt to more accurately account for the change in reflectivity with coverage, and 

to allow real-time measurements of the reflectivity during the course of an experiment, we have 

designed and built a setup for performing in-situ relative diffuse optical reflectivity 

determinations.  A beam sampler, seen in Fig. 6.1, picks off 5% of the HeNe laser intensity used 

for calibrating the calorimeter’s heat response and reflects it directly onto the sample at a 45° 

angle of incidence.  It has been shown previously that changes in optical absorbance estimated 

using direct measurements of the relative total angular-integrated reflected light intensity at an 

incident angle of 45° agree well with changes in the absorbance of laser pulses normal to 

surface 11.  An external chopper and aperture are used to break the 45° beam into pulses of the 

same time duration and spatial distribution as that of the pulses travelling down the atomic beam, 

for convenience.  The external chopper is synchronized with the internal chopper of the beam 

line, with the ability to change both the pulse window and the duration between pulses so that 

there is no overlap in the heat signal.  This staggering is accomplished by having the chopper 

wheels pause in a closed position for a fixed amount of time.  This setup also allows deposition 

of multiple pulses of metal atoms between each laser pulse, saving both time and material. 

The laser-on-sample measurements can now be made without the need for any 

mechanical manipulation, and the change in diffuse optical reflectivity can be calculated without 

the noise associated with repositioning the mirror.  A sample run, where the heat pulses from the 

calorimeter are simulated by the laser reflected down the beam path, is seen in Fig. 6.4.  The 

black portions of the curve are the signal response due to heat from the atomic beam path, while 

the red portions are the response from the 45° laser pulses.  All pulses still have the typical 2 s 

interval and 100 ms window, but with an absorbance measurement occurring after every second 

pulse from the beam path.  In this manner it is possible to monitor the relative diffuse optical 
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reflectivity in real time during the entire calorimetry experiment at coverage increments as low 

as 1% of a monolayer.  As the coverage increases, the reflectivity of the sample will eventually 

reach the bulk reflectivity of the deposited metal.  Using literature values for bulk metal 

reflectivities allows for determination of the absolute diffuse optical reflectivities of clean single 

crystalline oxide thin films.  

6.6:  Absolute accuracy of Heats of Adsorption for Metals on Single-Crystalline Supports 

from SCAC 

In this section we show a simple example application of this new atomic beam source for 

measuring heats of adsorption on single crystals.  Figure 6.5 shows typical measurements of the 

heat of Cu atom adsorption on Cu multilayers on Pt(111) at 300 K.  The voltage response of the 

β-PVDF ribbon as seen in Figs. 6.3(b) and 6.3(c), along with the flux and radiation 

determinations described above, were used to determine the heat of adsorption per mole for each 

pulse of the atomic beam, as described previously 31.  The standard small corrections for the 

excess translational energy of the hot, gaseous metal atoms in the beam above their energy at 

300 K and for the conversion from internal energy to enthalpy have also been applied, as 

described elsewhere 31, so that the y-axis values plotted in Fig. 5 equal the heat of adsorption 

(defined as the negative of the standard enthalpy of adsorption with both the surface and gas at 

300 K, -∆Had). The heat measurements shown in Fig. 6.5 were performed for Cu pulses 

containing 0.017 ML of Cu adsorbing onto clean Pt(111) at 300 K.  Shown here is a single run of 

100 Cu pulses over the multilayer coverage range from 4.5 to 6.2 ML.  Copper is known to grow 

layer-by-layer on Pt(111) when vapor deposited in UHV at 300 K 454-457, so the data presented in 

Fig. 6.5 represents the multilayer heat of adsorption, which is equal to the enthalpy of 
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sublimation of bulk Cu (337.4 kJ/mol 1) at these conditions.  This is generally true for metals that 

grow in a continuous film, as they typically do at room temperature and above.   

The pulse-to-pulse standard deviation in the heats of adsorption in Fig. 6.5 for the 100 

data points shown, about their average value (equal to the bulk enthalpy of sublimation of Cu), is 

0.83 kJ/mol, or 0.25%.  This standard deviation is a factor of ~18 better than that reported using 

our previous Knudsen cell atom source (which gave standard deviations for multilayer Cu 

adsorption of 6% using 0.01 ML/pulse and almost 2% with ~0.03 ML/pulse 31, which 

interpolates to 4.6 % for the flux used in Fig. 5 of 0.017 ML/pulse).  The pulse-to-pulse standard 

deviation in measuring the heat from simple laser pulses, for the 13 calibration pulses used in the 

same experiment as Fig. 6.5 and which deposited almost the same amount of heat per pulse as in 

Fig. 6.5, was also 0.25%.  This implies that this standard deviation of 0.25% in Fig. 6.5 is 

dominated by the noise in the pyroelectric heat detection system rather than from variations in 

the metal atom flux or additional noise due to heat from the optical radiation.  The 18-fold 

decrease in relative standard deviation compared to our previous measurements of the heat of Cu 

adsorption is mostly due to an improvement in the design of the heat detector reported 

previously 51 and incorporated in this new system, but approximately one-third of this 

improvement is due to the removal of a large amount of heat signal from optical radiation, which 

also contributes to the noise.  

We have previously shown that the absolute accuracy of heat of adsorption measurements 

with this type of SCAC heat detector and laser calibration method is within 3%, after averaging 

several runs 53.  This was done by comparing the average multilayer heat of adsorption of four 

different molecules to their known bulk enthalpies of sublimation at the same temperatures.  

Since these same methods are used here, similar accuracy can be expected. 
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6.7:  Example Application of New Calorimeter:  Cu Adsorption on CeO1.95(111) and 

MgO(100) Surfaces 

The first heats of adsorption versus coverage measurements for metal atoms on an oxide 

surface performed in this newest calorimeter are for Cu adsorption on CeO1.95(111) 32.  This data 

is presented for the first time in Fig. 6.6, along with data from a previous SCAC study of Cu 

adsorption on MgO(100) 29.  It can be seen that the two curves are very similar in form.  This is 

not surprising, since it has been shown that Cu interacts only weakly with oxide films, and 

therefore the adsorption energy is dominated by the strength of Cu–Cu bonds  29, 132, 458.  The 

most important difference is in the coverage range below 0.2 ML, where the smallest Cu 

particles are present.  The smallest Cu nanoparticles are much more strongly bound to the 

CeO1.95(111) surface than they are to the MgO(100) surface, by upwards of 50 kJ/mol.  

However, the initially high adsorption energies for Cu on CeO1.95(111) that is present only up to 

~0.05 ML suggests that the smallest particles are bound to defect sites, most likely the oxygen 

atoms on step and kink sites which are present on such CeO2–x thin films as the ones grown here 

(see Fig. 2.12).  Between 0.05 and 2 ML, the heat of adsorption is slightly larger on CeO1.95(111) 

than on MgO(100), which agrees with the assignment of CeO2–x as a “stronger” support than 

MgO(100), as discussed in Chapter 5, although for Cu this effect is minimal.  Further 

measurements on Cu adsorption energies on more reduced CeO2–x(111) surfaces and 

interpretation of these data, all done in a collaboration with Trevor James and Stephanie 

Hemmingson, will be presented elsewhere 32.   
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6.8:  Figures 

Figure 6.1.  A schematic of the calorimeter, which uses an e-beam evaporator and a chopper to 
create a pulsed atomic beam of gaseous metal atoms (copper colored in the figure) which 
impinges upon the surface of a single crystalline sample.  The transient heat input due to the 
adsorption of each gas pulse is detected by a flexible pyroelectric PVDF ribbon that is gently 
pressed against the back of the single crystal.  As shown, this ribbon is mounted in the shape of 
an arch on the “cal head”, which can be translated to bring the ribbon into contact with the single 
crystal, or removed for crystal cleaning and surface analysis.  The single crystal is mounted to a 
platen, which sits on a fork on a thermal reservoir during calorimetry but is moved for surface 
analysis.  Also illustrated are the components for the real-time flux and relative reflectivity 
measurements.  Not to scale. Reprinted with permission from Reference 30.  Copyright 2013 
American Institute of Physics. 
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Figure 6.2.  (a) Plot of the flux from the electron beam evaporator running at constant emission 
current vs. time at both the sample position QCM and the off-axis monitor QCM.  Measured flux 
data are plotted as points, while the calculated flux at the sample position is plotted as a 
continuous red line.  Also plotted is the ratio between the two fluxes, which is fit to the linear 
dashed line as a function of time.  The flux ratio is used to calculate the flux at the sample 
position based on the flux at the monitor QCM.  (b)  Similar data for a control run where the flux 
was collected with a QCM located at the sample position throughout the entire experiment.  This 
shows that the changing flux ratio is well approximated as changing linearly with time. The 
dashed line showing the best linear fit to the flux ratio is essentially hidden within the scatter of 
the data. Reprinted with permission from Reference 30.  Copyright 2013 American Institute of 
Physics. 
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Figure. 6.3.  Calorimetry heat pulses as 
detected via SCAC from Cu adsorbing 
onto ~17 ML of Cu on ~1 μm single 
crystals at 300 K, where the Cu vapor 
was generated by: (a) the Knudsen cell 
used in our earlier calorimeter 31, and (b) 
and (c) the e-beam evaporator of this new 
instrument.  The solid black lines are 
calorimetry data from Cu atom pulses, 
the solid blue lines are the heat due to 
optical radiation from the hot metal 
source (measured through the BaF2 
window at the end of the experiment) and 
the dashed red lines are the heat signal 
due only to Cu adsorption, as determined 
by the difference in the two solid curves. 
These signals are for (a) 0.014 ML pulses 
of Cu from the Knudsen cell used in our 
earlier calorimeter 31 onto ~17 ML Cu on 
Mo(100) (pre-coated with 4 nm of 
MgO(100), which only slightly changes 
the reflectivity 29), (b) 0.014 ML pulses 
of Cu from the e-beam evaporator onto 
~17 ML of Cu on Pt(111), and (c) 0.056 
ML pulses of Cu from the e-beam 
evaporator onto ~17 ML of Cu on 
Pt(111).  The differences in line shapes 
arise from differing time constants for the 
high-pass filters and differences in the 
quality of the thermal contact between 
the sample and detector.  Curves were 
smoothed with a low-pass filter.  One ML 
is defined as the Cu(111) surface atom 
density, which is 1.77 × 1015 atoms/cm2. 
Reprinted with permission from 
Reference 30.  Copyright 2013 American 
Institute of Physics. 
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Figure 6.4.  A sample run demonstrating the in-situ relative diffuse optical reflectivity 
measurement.  Every third pulse from the metal atom beam line is replaced with a pulse from a 
HeNe laser at a 45° angle of incidence.  The black portion of the curve is the response to heat 
deposition from the atomic beam line, while the red portions are the heat response from the laser. 
In this manner the absorbance of the sample at 633 nm can be monitored throughout the 
experiment so that the reflectivity of the sample can be accurately determined at all coverages. 
Heat pulses from the atomic beam were simulated with a laser directed down the atomic beam 
path in this example. Reprinted with permission from Reference 30.  Copyright 2013 American 
Institute of Physics. 
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Figure 6.5.  Heat of adsorption versus coverage for 100 pulses of Cu (each pulse containing 0.017 ML) onto a Cu multilayer on 
Pt(111) at 300 K.  The data in the figure have been normalized so that their average value equals the literature value for the enthalpy 
of sublimation of bulk Cu solid at 300 K (337.4 kJ/mol 1, shown as the solid red line), to remove a small error in absolute calibration. 
The pulse-to-pulse standard deviation is 0.83 kJ/mol.  One ML is defined as the Cu(111) surface atom density, 1.77 × 1015  atoms/cm2. 
Reprinted with permission from Reference 30.  Copyright 2013 American Institute of Physics. 
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Figure 6.6.  Heat of adsorption versus coverage for Cu on MgO(100) 29 (blue circles) and CeO1.95(111) 32 (red squares) at 300 K.  The 
dashed black line is the heat of sublimation of bulk Cu solid at 300 K (337.4 kJ/mol 1).  One ML is defined as the Cu(111) surface 
atom density, 1.77 × 1015  atoms/cm2. 
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Chapter 7 

Conclusions 

In this dissertation, I have presented several advances in the understanding of and ability 

to measure the physical properties of adsorbates on oxide surfaces.  The data presented in 

Chapter 2 represents the most comprehensive collection of quantitative experimental data on the 

enthalpies and entropies of adsorption on single crystalline oxide surfaces to date.  While still 

rather limited, this compilation of data reveals a number of important trends.  Heats of molecular 

adsorption track molecule size, with linear relationships and similar slopes found for both 

n-alkanes and linear alcohols versus the number of carbon atoms in the chain.  The heats of 

adsorption of noble gases vary linearly with atomic number.  The heats of adsorption of late 

transition metals on MgO(100) are less than, but increase with, the bulk metal’s sublimation 

energy.  The heat of adsorption of the same late transition metal atom can vary widely between 

different oxides.  Alkali and alkaline earth metals bind more strongly to oxides, dramatically so 

at defects. The late transition metals cluster into 3D nanoparticles on oxides of the type used for 

catalyst supports.  The heat of adsorption of the metal atoms to these nanoparticles varies 

strongly with particle size below 6 nm diameter, and this size dependence varies strongly with 

the nature of the oxide.  There are almost no reliable heats of adsorption for dissociatively 

adsorbed molecules on single crystalline oxide surfaces, so data of that type are badly needed.  

While Chapter 2 summarizes many conclusions that could not have been realized without the 

tremendous work of a large, talented, and dedicated scientific community over the past few 

decades, it also highlights the need to expand upon our basic knowledge set when it comes to the 

properties of oxide supports and the thermodynamics of their interactions with adsorbed species.   
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In chapter 3, it was shown that the standard-state entropies of molecularly adsorbed 

species which have attractive adsorbate-adsorbate interactions are large and track their 

corresponding gas-phase entropies as Sad
0(T) = 0.70 Sgas

0(T) – 3.3R up to Sgas
0(T) = 60R.  This 

relationship applies at temperatures where desorption rates are fast enough to perform EAI and 

TPD measurements (~10-3 to 100 monolayers/s).  For longer adsorbed molecules where Sgas
0(T) 

exceeds 60 K (e.g. linear alkanes with >11 carbons), their entropies remain a constant 20.7R 

below gas entropies, and ~10.4R below Trouton’s Rule for liquid entropies. 

As discussed in Chapter 4, the entropy correlation presented in Chapter 3 can be used to 

estimate kinetic prefactors for surface reactions involving desorption, diffusion, dissociation, and 

association of adsorbates, provided the temperature is high enough that the adsorbate’s surface 

residence time is less than ~1000 s.  At these temperatures, harmonic transition state theory 

(HTST) does a very poor job of predicting such prefactors, but at temperatures where kBT is 

small compared to the barriers for adsorbate diffusion and helicopter-type rotation, HTST is 

more accurate.  At intermediate temperatures where kBT approaches or exceeds the magnitude of 

the barriers for rotational and translational motions, a new approach must be developed, and 

Chapter 4 offers a suggestion for that approach that can be adopted from the methods used to 

treat hindered internal rotations of gas molecules.  Whereas the rates of adsorbates’ reactions are 

usually treated as being first-order in adsorbate coverage (θ ),  transition state theory shows that 

it is better to use θ /(1 – θ ) as the “concentration” factor (when not 2D islands), since it more 

accurately reflects the tremendous increase in the adsorbate’s chemical potential as coverage 

approaches saturation due to the configurational entropy or excluded volume effect. 

The analysis of temperature programmed desorption (TPD) data has been discussed in 

detail.  The kinetic prefactors for desorption that the entropy correlation in Chapter 3 provides 
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have been applied as described above in Chapter 2 to improve the accuracy of desorption 

energies extracted from TPD data, and hence adsorption enthalpy measurements by TPD.  It was 

also shown in Chapter 2 that TPD can be used to estimate adsorption and adhesion energies for 

later transition metals on oxides, but that the method for data analysis must be changed from that 

previously used in the literature, since leading-edge analysis fails dramatically for these systems. 

The properties of adsorbed metal nanoparticles were discussed in Chapter 5, with 

particular focus on the effects of nanoparticle size and the identity of the support on the energy, 

resistance to sintering, and reactivity of these catalytically important systems.  It was shown that 

trends in these properties are highly related to the chemical potential of the atoms in the 

nanoparticles.  As the chemical potential of the surface metal atoms increase, the stronger they 

bond small molecules.  Simultaneously, the surface mobility and therefore drive for sintering 

also increases with the chemical potential of the nanoparticle.  The chemical potential of 

adsorbed nanoparticles is shown to be dependent upon both the nanoparticle size, increasing with 

decreasing size for particles below ~6 nm in diameter, and the strength of the interactions with 

the underlying support.  These properties are all related to the adhesion energy of these 

nanoparticles, which can be tuned based on the size and nature of the support, allowing for 

control over their catalytic properties and stability.  Experimental evidence was shown that 

allows us to rank several oxides in order of increasing adhesion energies to nanoparticulate 

metals, such that MgO(100) ≈ TiO2(110) ≤ α-Al2O3(0001) < CeO2-x(111) ≤ Fe3O4(111).  These 

results are the first step in developing a method for designing the most efficient nanoparticulate 

catalysts based on the physical properties the adsorbate and the substrate.  

In Chapter 6, the detail of an improved UHV single crystal adsorption calorimeter for 

measuring heats of adsorption of metal atoms onto single crystal surfaces were presented.  This 
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new instrument utilizes an e-beam evaporator as the metal atom source.  Its decreased optical 

radiation as compared to a Knudsen cell type evaporator allows for an 18-fold improvement in 

signal-to-noise ratio.  Its ability to operate at higher temperatures allows for the use of metals 

with higher enthalpies of vaporization than that of Cu (such as Pt, Pd, Rh, Ni, and Au), for which 

heats of adsorption have never been determined experimentally.  The calorimetric technique has 

also been improved by monitoring the flux of the metal atom beam in real time, which corrects 

for momentary instabilities in the flux of atoms reaching the surface.  The system also allows for 

in-situ relative optical reflectivity measurements on the single crystal, which improves the 

accuracy of the heat signal calibration and the correction for optical radiation from the hot 

source. 

The first measurements of heats of adsorption of metal atoms on single-crystalline oxide 

surfaces performed on this instrument were for Cu on CeO1.95(111).  As is typical for metal atom 

adsorption, Cu adsorbs less strongly to the oxide surface than it does to itself.  When compared 

to data for Cu on MgO(100), it becomes clear that the adsorption energetics of Cu are dominated 

by Cu–Cu interactions to such a degree that the heats of adsorption are nearly identical above 0.2 

ML for both oxide surfaces.  Below 0.2 ML, Cu adsorbs more strongly to CeO1.95(111) than it 

does to MgO(100), which is expected due to the “strong” and “weak” characterizations of CeO2–

x (111) and MgO(100), respectively, described in Chapter 5.  Cu also grows as 3D islands up to 

~2.5 ML, at which point it reaches the bulk heat of sublimation of Cu metal. 

While the work presented here signifies a large step forward in the general understanding 

of the properties of oxide surfaces and their interaction with adsorbates, it is clear that the picture 

is far from complete.  While the correlations discussed agree with experimental results more 

closely than any proposed before, a more basic understanding of these systems is necessary.  
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Using the data contained in this dissertation as benchmarks can help improve theoretical 

methods, which may provide further insight into the fundamental properties that govern the 

behavior of oxide surfaces.  The discussed trends can also be further improved by expanding the 

range of systems for which the adsorption energetics are well known.  This is already being done 

in the Campbell group, where we have recently completed experiments measuring the heats of 

adsorption of Cu on CeO2–x(111) as a function of the reduction of the oxide surfaces.  By cooling 

the single-crystalline oxide samples, we will also be able to observe the dependence of these 

adsorption and adhesion energies on nanoparticle size, and hopefully allow us to more accurately 

extract the single atom bond energy of Cu on CeO2–x(111).  Soon to follow will be experiments 

with Au and Pd on CeO2–x(111) and Fe3O4(111), which will be the first experimental 

measurements of the heats of adsorption for these catalytically important transition metals on any 

surface.  These experiments will not only allow for further investigation into the periodic trends 

in metal / oxide adsorption energies which will expand upon the revelations in this dissertation, 

but the data can also be compared to measurements of adsorption energies of small molecules on 

oxide-supported metal nanoparticles, which will provide more direct insight into the catalytic 

properties of these supported nanoparticulate catalysts.  Hopefully this dissertation represents 

only the beginning of many advances that will be made in the near future in understanding the 

properties of single-crystalline surfaces, which will ultimately play a vital role in helping 

advance many technologies. 
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