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Chemical Engineering

We live in a society based upon the mass production of chemicals. Whether it is the fuel
in a car, the fertilizers used to make food, or the plastics present in just about everything, these
chemicals are so ubiquitous that it is difficult to imagine living in a world without them. Nearly
all consumer chemicals are produced through a catalytic process, the vast majority of which are
heterogeneous. On top of their current, massive presence, heterogeneous catalysts are also
expected to play an important role in new emerging technologies such as fuel cells, hydrogen
production, green chemistry, and more. Considering their ubiquity in the present and their
potential uses in the future, it is no surprise that improving catalyst performance is a very active
area of research. Yet despite their ubiquity, and despite their long history of active study, there
remains much which is unknown about the fundamentals of catalysts on surfaces. One of the

major gaps is in quantitative understanding of the energetics of elementary steps in catalytic



reactions on surfaces. The stability or instability of molecules and molecular fragments adsorbed
on surfaces in these elementary steps is KEY to understanding what makes one material an

effective catalyst and another less effective.

In general, one must use single-crystal model catalysts to produce well-defined
adsorbates. Classic studies of the energetics of adsorbates on such surfaces have typically
involved techniques (such as temperature programmed desorption or equilibrium adsorption
experiments) which limit the types of systems which can be studied to those where adsorption is
reversible. For most catalytic intermediates present in these elementary steps, this is not the case.
Upon adsorption and heating many molecules fall apart and produce strongly bound adsorbates
which further dissociate at higher temperatures, or will not leave the surface until they have
reacted with something else. Single crystal adsorption calorimetry (SCAC) is a fairly new

technique which allows one to probe the heats of formation of such adsorbates for the first time.

In this thesis SCAC is used to study the dissociative adsorption of diiodomethane on
Pt(111) to produce adsorbed -CH; and -CH, and water on Fe;04(111) and NiO(111) to produce
adsorbed -OH. This work expands the library of adsorbates on transition metal surfaces which
has been studied by SCAC, and is among the first ever measurements of molecules on well-
defined oxide surfaces using SCAC. These results are compared to density functional theory
(DFT) calculations of adsorbate energetics, and their use as computational benchmarks is
discussed. A new, universally-applicable method of data analysis for SCAC is also developed
which allows for the extraction of heat data even in the presence of complex surface
reaction/diffusion dynamics without any need for kinetic modeling as required in previous

analysis methods, thus greatly expanding the versatility of SCAC.



Finally a new method of computational catalyst screening is presented which uses the
concept of degree of rate control to simplify calculations compared to the standard method
developed by Jens Nerskov’s group. It greatly reduces the number of adsorbate energies needed
to predict the reaction rate for a new catalyst, and provides greater accuracy when studying
materials with similar properties to the reference catalyst used. The Norskov method is more
robust when extended to materials that are dissimilar. The new method presented here is thus
expected to be an important complimentary tool to Nerskov’s method for high-throughput

computational screening.

Taken together, the results presented in this dissertation show the importance of
experimental measurements for guiding the development of fast quantum mechanical methods
like DFT to more closely approach thru “chemical accuracy” in energetic prediction, and how
one could use “chemically accurate” DFT energies to rapidly screen potential catalysts for

computational catalyst discovery to advance energy and environmental technologies.
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the range: Ecoxn> Eco*rn and Ec.o#n < Ec.o*rn. In these reaction conditions, there are actually
three species with high degrees of rate control on Rh, so greater accuracy could be achieved by
including this third species in Eq. (6.6), as done in Fig. 6.3 below. .......c.cccceevvvieniiiciienienieenen. 138
Figure 6.3. A comparison of the expected relative rate versus Rh(211) for different metals at the
conditions of Table 6.1 as a function of distance from Rh on a plane of M-C (Ecx), M-O (Eo+)
formation energies. Four sets of numbers are shown. The purple triangles are the rates calculated
in this paper using the Norskov-Bligaard Direct method with linear scaling relationships, NB
Direct LS. The rates from this NB Direct LS method are off scale for Ag, and Au at values of -
18.8 and-19.0, respectively. The X points are calculated using the DRC method of this paper (ie.,
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Eq. (6.6)) with three descriptors (3D), the energies of the three species with the largest DRCs:
CO*, C-O*, and C*, with the formation energies for each species in this case (DRC: LS, 3D)
taken from the linear scaling relationships used to generate Fig. 6.1 (except for the Rh reference).
These green X’s and the purple triangles show excellent agreement for metals similar to Rh. The
blue diamonds are calculated also using the DRC method of this paper with the same three
descriptors, s only now getting their energies directly from DFT calculations without invoking
linear scaling approximations (DRC: DFT, 3D). Lastly, the orange circles are calculated using
the DRC method of this paper with numbers from DFT, but now only using two descriptors
(2D), the energies of the two species with the largest DRCs: CO* and C-O* (DRC: DFT, 2D).
These points are identical to the points in Fig. 6.2. The X-axis positions for Pt and Pd are nearly
identical and so their points have been nudged apart by 0.1eV here in order to more clearly
differentiate those points. Points not shown are outside the range shown.............c.ccoeeeennenen. 139
Figure 6.4. Degrees of rate control for different species as functions of Ec+ and Eo+ descriptors
used in linear scaling relationships calculated by CATMAP. Species are A) C*, B) CO*, C) O*,
D) C-O*, E) C-OH*, and F) O-CH*. The variability in these degrees of rate control corresponds
to the observation in Fig. 6.3 that the further one moves from Rh in descriptor space, the more
inaccurate the “constant DRC method” of predicting rates (i.e., Eq. (6.6)) becomes. ............... 140
Figure 6.5. Comparison of estimated computer time needed for catalyst screening as a function
of the number of surfaces to be screened. The black line shows the time for the traditional
Norskov-Bligaard approach. The blue line shows the integrated DRC method with transition-
states computed using DFT, while the red line assumes that transition-states are estimated from
linear scaling relationships. For this plot, reasonable values of Ny=Nr=M =a = 10 and Njx =
Ntk =1 were used. These numbers will differ from system to system, and in particular o will
vary considerably based on the transition-state and the search algorithm used. However, the
qualitative behavior shown here Will Temain. ..........ccccovieriieiiiiniieiiee e 141
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Chapter 1: Introduction

The modern technological world could not exist without the development and
improvement of heterogeneous catalysis over the past century in critical areas such as fertilizer
production, fuel refining, and plastics production' . Given the significance and scale of these
three industries in particular it is no surprise that there is a tremendous amount of effort spent to
understand and improve catalytic efficiency, selectivity, and to drive down catalyst cost through

rational catalyst design’. At the same time there is desire for improved catalytic materials for

12-17 18-22 I

new applications such as fuel cells®"", green chemistry'*"'”, and hydrogen production n
order to improve the rate of heterogeneous catalyst development it is necessary to gain a better
understanding of the fundamentals of catalysis, a task which surface scientists have been
pursuing for years with great success, recognized with the 2007 Nobel Prize.

Classically, much of catalyst design has often been done through complicated
combinatorial experimentation built around tweaking existing catalysts or trying to find catalysts
with similar but improved behavior to those currently available”>. Given the complexity of a
typical industrial catalyst, which might typically include mixed metal nanoparticles with dopants
on a nanostructured oxide support, this process of catalyst discovery and improvement is slow,
expensive, and often of a limited scope. Instead of trying to test every possible real catalyst, the
surface science approach is to study model systems in an attempt to gain better fundamental
understanding of which factors of a real catalyst play an important role*’.

The simplest version of model catalyst is the single crystal catalyst surface. These

surfaces possess a single repeated structure consisting of only a few atoms, allowing for precise
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determination of what is happening on a molecular scale upon exact surface sites. These studies
can provide a tremendous amount of fundamental understanding regarding particular chemical
reactions, from the significance of structure to exact energetic and kinetic information regarding
reactions on the surface” 2. The value of these discoveries was brought to the public eye with the
2007 Nobel Prize for Gerhard Ertl’s work on studying ammonia synthesis on an iron catalyst
using surface science techniques.

While many surface science studies have been shown to have value and aid in catalyst
design, this fundamental information has a second and perhaps more important role to play. Even
with the guiding information provided by surface science studies, the number of potential
catalysts to study remains vast. With the advent of rapid computation and the developments of
sophisticated molecular simulation software, particularly density functional theory (DFT),
theoretical and computational approaches are poised to take the forefront in catalyst design®’ .
If accurate and efficient computational methods can be developed it would be possible to screen
hundreds or even thousands of potential new catalysts before ever sitting down at the bench.

Work continues on the development of the efficiency and accuracy of current
computational tools®”***"* but in order to gauge that accuracy it is necessary to have precise
experimental values to compare to. Without an extensive library of information to compare to, it
is difficult to say whether a particular computational package is valuable or not. As far as the
energetics of catalytic intermediates on surfaces go, this library is currently rather small, limited
to a small number of surfaces and adsorbates. It is an ongoing task of our group to try and
expand this library of adsorbate energetics.

Typical surface science techniques used to study adsorbate energetics are limited to those

compounds which adsorb reversibly to the surface®”. Temperature programmed desorption
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(TPD) and Langmuir adsorption experiments®® have been used to study the energetics of
adsorption of species such as CO, O,, H,, N,, and other simple gases on a variety of different

36-38
surfaces

. These techniques cannot directly study any species which adsorbs irreversibly on a
surface, such as any species which dissociates upon adsorption or decomposes before desorbing.
Unfortunately it is these dissociated species which are the molecular fragments which are so
critical to catalysis. Surface bound species such as alkyls, hydroxyls, formate, and alkoxys
cannot be studied directly on any surface with these techniques, and instead necessitate the
development of kinetic models to interpret the measured data.

While many single crystal catalyst studies are performed on transition metals due to their
high catalytic activity for many reactions, metal-oxides also represent an import class of catalysts
which are studied. As catalysts metal oxides display unique behavior due to the ionic nature of
their surfaces. The presence of adjacent metal and oxygen sites act as acid-base pairs on the
surface. At the same time oxides with narrow band gaps can also possess delocalized electrons
granting catalytic properties more typically associated with metals™*. Additionally the presence
of oxygen in the surface allows for unique chemical kinetics to occur through the Mars-van-
Krevelen mechanism® where the oxygen is removed from the surface temporarily during
reaction and replaced at the end of the catalytic cycle. However due to the complexity and
difficulty in working with oxide surfaces much work remains to be done to study these systems
using surface science.

Single crystal adsorption calorimetry (SCAC) is an ultrahigh vacuum technique
developed in the early 1990’s by Sir David King™. In his original technique an ultrathin single

crystal is dosed with a collimated molecular beam of high vapor pressure molecules and the

minute temperature change resulting from adsorption on the sample was measured using an
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optical pyrometer. This technique allowed for the measure of the heats of adsorption directly on
single crystals for the first time. Over the years many improvements were made to this technique,
including by our own group which pioneered the use of a pyroelectric polymer ribbon detector*!
to dramatically increase signal to noise, as well as allowing measurements to be performed at
cryogenic temperatures. This development was coupled with the use of a molecular beam used
for low vapor pressure molecules to dose and measure a wider range of adsorbates*”. At the core
of the technique is the measurement of a minute change in temperature for a laser pulse of
known intensity and duration. A molecular beam pulse is then dosed on the surface using the
same orifices and pulse duration which were used to shape the laser pulse. Comparing the
magnitude of these two responses allows for the extraction of the amount of heat deposited by
the molecular beam pulse. More information about this technique and our instrumentation will be
provided in Chapter 2.

In this dissertation new work is presented which 1) adds significantly to the small library
of measured molecular fragment adsorption energetics on well-defined transition metal surfaces,
2) lays the ground work for studies on well-defined oxide surfaces using SCAC, 3) expands the
utility of SCAC with a new data analysis methodology, and 4) develops a new computational
catalyst screening tool utilizing adsorption energies obtained from DFT. In Chapter 4,
experimental results are presented using SCAC that extend the number of well-defined catalytic
intermediates whose energies are known on well-defined transition metal surfaces. Specifically.
results are presented for CH; g and CH,q on Pt(111) which is a model catalyst surface/adsorbate
system which occurs in many real world catalytic systems. In Chapter 5, preliminary work
studying the adsorption of water and hydroxyls on Fe;O4(111) and NiO(111) is presented. No

published papers describe SCAC measurements of any molecules or molecular fragments on any
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oxide surface, although metal atom adsorption energies have been reported by our group. All of
these adsorbate energies on well-defined crystal surfaces are crucial as benchmarks to check the
energy accuracy of new DFT techniques that are being developed worldwide to improve energy
accuracy. In the course of these studies, we developed a new, direct methodology to analyze
SCAC data without any assumption about the kinetic model, which is presented in Chapter 3,
and expands the capabilities of SCAC considerably. Previously is was observed that surface
reaction/diffusion kinetics occurring on the same time scale as the experimental measurements
caused line shape broadening in the heat signal pulse, requiring kinetic modeling to extract
meaningful adsorption energies. Finally in Chapter 6, we move to a purely theoretical study
where we assume that computational techniques like DFT give “chemical accuracy”, a
possibility we see as being close on the horizon and aided by the benchmarking energy
measurements mentioned above. We address there how one most efficiently uses computational
energetics of catalytic intermediates and transition states to screen materials to find better
catalysts. A new method of computational screening is presented which uses the concept of the
degree of rate control to define new search ‘descriptors’ that dramatically reduce the number of
adsorbates on a potential new catalyst whose energy needs to be calculated in order to predict the
catalytic activity on that new material.

Because of the SCAC technique is still fairly new and highly specialized, the technique
itself is still being refined. While studying the adsorption of water on Pt(111)*, it was found that
the molecular beam heat detector response did not possess the same shape as the laser pulse heat
detector response. The cause of this mismatch was found to be caused by the occurrence of a
“slow” heat deposition which was occurring on the same timescale as the pulse duration (~100

ms). It was necessary to account for this shape mismatch with a kinetic model in order to extract
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quantitative heat data from the experiment. A similar phenomenon was observed for the
adsorption of CH3I on Pt(11 1)** and CHOOH on Pt(111)**, which was caused by a combination
of a fast and slow heat step. This resulted in yet another method*® of data analysis for
“broadened” molecular beam heat pulses requiring a multistep kinetic model. While studying the
adsorption of CH,I, on Pt(111) (Chapter 4 of this thesis), it was found that the adsorption process
resulted in multiple slow steps, and none of the previous methods could be used to analyze the
data. A new, universal method of SCAC data analysis was developed which relied on Fast
Fourier Transforms (FFTs) to extract the heat signal from the detector response which functions
regardless of the complexity of the adsorption process and requires no kinetic model what so
ever. The development of this new data analysis method is discussed in Chapter 3.

Analyzing the work done by our group up to now, a variety studying different
intermediates on Pt(111) produced from water”, methanol”’, formic acid®, and methyl iodide®,
and more. Chapter 4 of this report will focus on a recent project looking at the adsorption of
diiodomethane on Pt(111). Other work was completed previously by our group studying
molecular adsorption of complex organic species on Pt(111) which decompose during
desorption. This work investigated the adsorption of benzene, naphthalene, and cyclohexane™.
All of this work has provided a tremendous amount of information about different adsorbates on
Pt(111) and has been invaluable to the DFT community as a way of quantifying the accuracy of
their simulations. Table 1.1 shows a comparison of different surface species energetics measured
by our group compared to numbers calculated by different DFT groups. It can be seen that DFT
seems to work well for certain species, but less so for others, and no clear trends in accuracy

seem to present themselves. These differences can have a significant impact on the reaction
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pathway and kinetics predicted by a model and they show the necessity of continuing to improve
DFT.

Once one possesses accurate DFT numbers for a variety of adsorbates and intermediates
on a catalyst surface, what can one do with them? Because only one surface has been studied,
one cannot use this data to predict a better catalyst. Even if one has data for several surfaces, the
trends are often murky and other methods of screening for improved catalysts are necessary. An

d® 31343052 which develops linear scaling

approach was developed by Nerskov and Bligaar
relationships between adsorbates in a chemical reaction and a single other chemically adsorbed
species. For example, the energy of adsorbed CO scales linearly with the energy of adsorbed C
across different metal surfaces. Using this approach, a small number of descriptors (typically C
and O binding energies) can be in conjunction with a microkinetic model to construct a volcano
plot of catalyst activity for a wide range of metals. This simple approach allows for easy probing
of potential new catalysts (such as alloys) by simply finding their descriptors and seeing where
they fall on the volcano plot. This approach is not without its flaws however, most notably the

30,31 -
> of using

scatter which exists in the linear scaling relationships, and the potentially high cost
the state of the art, high accuracy DFT to extract meaningful numbers. In Chapter 6 of this thesis
a new method of catalyst screening is developed using the concept of degree of rate control®>>*
to improve the accuracy of these screening tools and limit the number of high accuracy DFT
calculations necessary in computational catalyst screening.

From the improvement of experimental techniques to measure thermodynamic quantities
through the development of a universal data analysis methodology (Chapter 3), to an application

of that technique to quantify previously unmeasured energetics of catalytically important

molecular fragments and the tie between those measurements and the accuracy of DFT (Chapter
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4), to the beginnings of measuring heats of adsorption on more complex oxide surfaces (Chapter
5), to the development of a new computational catalyst screening tool to rapidly identify new
potential catalysts from a small number of descriptors based on degree of rate control (Chapter
6), taken together these pieces represents a snapshot in the quest to better understand the
fundamentals of catalytic processes. Chapter 4 is a prime example of how SCAC and DFT are
coupled together, and also represents a further piece in building a library of energies of
adsorbates on Pt(111) shown in Table 1.1. The developments of new methodologies for SCAC
data analysis and catalyst screening (Chapters 3 and 6) in particular have the potential to be

highly referenced and impactful work because of their broadly applicable nature.
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Tables

Adsorbates on Pt(111) Experiment | GGA-PBE | GGA-RPBE | GGA-PWI1
AE (kJ/mol) | AE (kJ/mol) | AE (kJ/mol) | AE (kJ/mol)

Methyl 200*%+ 174, 192> 163%3¢ 197%
tert-butyl 216°%F 125
Methane 15.2%7% 12 -3% 3.8%¢
Propane 41.5°7% 6.3,6 0%’
Propane 41.5°7% 6.3¢ -9%0a
Benzene 166°! 78.6, 78% g 6.224’5?1’ 465
Methylidyne 561.5* 630, 643> 5693 ¢ 620
OH within (H20-OH)complex 248%04 262 217%4
Methanol 59.4%7¢ 2467 ¢8
Methanol 59%74 72.4%¢ 31'28(:791 e
Methoxy 186" 204 95 16124
Water hexagonal network 51.3%7 38.7 305/
Formate (monodentate w/ OH,q) 22274 15174
Formate (bidentate w/ H,O,) 25774 24174 15974 2237
0 34806 4 384 352004 3607, 389"
CO 1167784 1607 12974 176"

Table 1.1. Comparison of previously measured adsorbate energies for species measured by
SCAC on Pt(111) with those calculated by different DFT methods. (Prepared by Trent
Silbaugh®®)

All coverages are 1/9 ML unless otherwise noted

All experimental data from SCAC unless otherwise noted

* Temperature programmed desorption data

tcoverage of 1/20 ML coadsorbed with 1/20 ML atomic iodine

¥ adsorbed on H,O-sat. Pt(111)

“ coverage of 1/4 ML

b coverage of 1/8 ML

“ coverage of 1/16 ML

d coverage of 1/3 ML

¢ coverage of 1/37 ML

! coverage of 2/3 ML

Experimental data entries without citations are in manuscripts under preparation
GGA-PBE DFT calculations without citations performed by Ye Xu (currently unpublished)
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Chapter 2: Instrumentation

Single crystal adsorption calorimetry (SCAC) is an ultrahigh vacuum (UHV) surface
science technique. All of the experiments performed or proposed in this work have been or will
be using a custom built instrument which is discussed in exhaustive detail in a 2004 article in
Review of Scientific Instruments™. In this section I will briefly discuss the instrument as well as
the single crystal adsorption technique.

Briefly, a pulsed molecular beam strikes the surface of a thin single crystal. The resulting
surface reaction is exothermic and thus creates a transient temperature rise in the single crystal
with each pulse of the beam. This transient temperature rise is monitored with a heat detector,
whose response is calibrated using pulses of known heat.

The SCAC is part of a UHV system with base pressure <2x10"° mbar which contains
two levels. The lower ‘calorimetry’ level, photographed in Figure 2.1, houses the calorimeter
itself as well as all of the components necessary for SCAC experiments including a collimated
pulsed molecular beam, a quartz crystal micro balance (QCM), a quadruple mass spectrometer
(QMS), and a gold flag. The upper ‘surface analysis’ level, not shown in Figure 2.1, contains a
variety of classic surface science analytical tools including Auger Electron Spectroscopy (AES),
X-Ray Photoelectron Spectroscopy (XPS), Low Energy lon Scattering (LEIS), and Low Energy
Electron Diffraction (LEED), which are used together to check the cleanliness, composition, and
order of the surface. Additionally the upper level includes a metal evaporation source used to
deposit material for thin film growth like the Fe;O,4 films discussed in Chapter 5.

The calorimeter’s heat detector itself is made from a 4mm wide, 9um thick metal-coated
pyroelectric polymer ribbon made of B-polyvinylidene fluoride (PVDF)*'. This ribbon is held as

an arch and is driven into contact with the back surface of the single crystal. The single crystals
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are 1um thick and about 1 cm in diameter, and were prepared by Jacques Chevalier at Aarhaus
University in Denmark. The ribbon and sample are capable of being cooled by a liquid nitrogen
cryostat down to temperatures of ~100 K. The molecule of interest is dosed onto the surface
using the pulsed molecular beam (~102ms per pulse, one pulse every 5 seconds), whose flux is
measured using a liquid nitrogen cooled QCM. In the molecular beam a constant backing
pressure of gas is collimated through a heated glass capillary array (GCA). The beam is then
shaped by passing through five liquid nitrogen cooled orifices to produce a spot 4.36mm in
diameter on the sample. With each molecular pulse heat is deposited on the surface resulting in a
miniscule temperature change which causes a transient voltage rise across the pyroelectric
ribbon. Simultaneous to the heat measurements being made using the calorimeter, the sticking
fraction is measured using the King-Wells non-line of sight method™. In brief, this method uses
a non-line of sight QMS to observe a rise in the chamber background pressure of the molecule
being dosed. This is then calibrated using a gold zero sticking flag, which in our experiments is a
room temperature gold flag to determine the sticking fraction. The sticking fraction is divided
into two parts, the short term sticking which is the fraction of molecules that desorb during the
102ms pulse, and the long term sticking which takes into account the number of molecules that
desorb in the entire 5 second pulse window. An illustration of how this is performed is shown in
Figure 2.2. The short term sticking impacts the measured heat of adsorption while the long term
sticking determines the total coverage on the surface. Finally, a laser pulse from a HeNe
(632.8nm) laser of known intensity and duration is then shone through the same orifices in the
molecular beam on to the surface, whose reflectivity is known, and a similar transient voltage
rise is observed in the calorimeter signal. Comparing the magnitude and shape of the molecular

beam and laser calorimeter responses as is shown in Figure 2.3 allows for the calculation of the
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heat deposited by each molecular beam pulse. Combining this information along with the
sticking fraction and measured beam flux allows the extraction of the differential heat of
adsorption as a function of coverage. Additionally if dissociation occurs on the same timescale as
the heat measurement, it is possible to extract kinetic information for the surface adsorption and
reaction*®

The number of SCAC apparatus currently in operation is quite small. Each SCAC
instrument has been specialized to a great degree to probe a specific kind of adsorption system
with recent systems being developed to study ultra-low vapor pressure metals®, gas adsorption
on nanoparticles®, and electrochemical systems®’. Though the SCAC instrument discussed in
this report was the third SCAC apparatus built; it has been one of the most prolific, resulting in a
vast number of papers during the first decade of its operation due largely to the tremendous
variety of adsorbates it is able to utilize. Future work on this instrument will likely continue by
expanding the list of adsorbate/surface systems it studies beyond Pt(111) to include other metals

and metal-oxides it is likely this instrument can continue to be just as productive going forward.
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Figures
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Figure 2.1. Photograph of the interior of the SCAC instrument described in this chapter. Each
element is labeled as corresponds to those used in text.
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Figure 2.2. Quadruple mass spectrometer response for zero sticking pulse on Au flag (blue) and
a the non-sticking fraction of an experimental pulse (red). Shaded area is 100ms pulse window
used to differentiate short and long term sticking. Comparing the areas of the shaded region
between the Nonsticking and zero sticking fractions allows the calculation of the fraction of
molecules sticking to the surface during the timescale of the heat measurement. Because some
molecules may also desorb slowly, it is necessary to calculate the “long term” sticking fraction,
which determines the total coverage of molecules on the surface. This is accomplished by
comparing the areas of the two peaks across the entire pulse window.
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Figure 2.3. Pyroelectric heat detector response for laser pulse and molecular pulse. In the
simplest case (shown here), without and slow heat deposition step, the energy of the molecular
beam pulse can be determined by scaling the energy in the laser pulse so that the two curves
match. If a slow heat deposition step occurs, the molecular pulse appears broadened relative to
the laser, and a more complicated analysis is needed to extract heat data (see Chapter 3).
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Chapter 3: Method for Direct Deconvolution of Heat Signals in Transient
Adsorption Calorimetry

This chapter is reprinted with permission from: C.A.Wolcott, C.T. Campbell, Method for direct
deconvolution of heat signals in transient adsorption calorimetry, Surf. Sci. (2014),
http://dx.doi.org/10.1016/j.susc.2014.11.005

Chapter Abstract

A method of heat signal analysis is presented for transient adsorption calorimetries
including single crystal adsorption calorimetry (SCAC) which uses fast Fourier transforms (FFT)
to determine the instrument response function and deconvolute the heat-versus-time signals. The
method utilizes a heat signal generated by a laser pulse of known power-versus-time to extract
the instrument response function for the calorimeter. The instrument response function is then
used to extract the heat power signal from a molecular beam heat pulse of unknown intensity.
This method allows for the extraction of the total heat deposited by the molecular beam pulse
without any kinetic modeling even in the event of complex reaction dynamics. This method is
compared to previous methods used to analyze SCAC data using example data from the two-step
dissociative adsorption of methyl iodide on Pt(111). It is found to be equally accurate for

extracting total heats and simpler to perform than the previous methods.

Introduction

The measurement of reaction enthalpies for elementary steps occurring on solid surfaces
is crucial for fundamental understanding in heterogeneous catalysis and many other technologies.
Few techniques exist to measure these quantities directly, especially on single crystal surfaces
which allow for the adsorbed species to be fully characterized using a variety of surface science

techniques and computationally modelled using state-of-the-art density function theory (DFT)
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with periodic boundary conditions. Typical techniques used to extract reaction enthalpies for
surface processes are indirect, such as temperature programmed desorption (TPD) and
equilibrium adsorption experiments (typically performed in either isobaric or isothermal
conditions). These techniques require that a process be reversible to extract thermodynamic
information such as the heat of adsorption for a particular surface species®. Since many surface
processes of interest, especially in heterogeneous catalysis are irreversible processes such as
dissociative or reactive adsorption, these techniques cannot be used to probe many important
species. Though some qualitative information about the stability of molecular fragments can be
gained through very clever application of these classic techniques such as the work of Friend et
al.*® looking at competitive adsorption of different species on a surface, quantitative information
remains largely unattainable. Common surface processes such as dissociative adsorption or other
surface reactions require a different technique in order to extract quantitative thermodynamic

information about adsorbed species.

Single crystal adsorption calorimetry was developed to study the energetics of adsorption
on single crystal surfaces directly®’. It does not require that a process be reversible, nor that a
kinetic model be developed to extract the heats of adsorption in most cases. A tremendously
wide range of adsorbates have been studied using this technique, from simple gases® like CO,
NO, O,, and C,Hy, to larger, low vapor pressure molecules like benzene“, napthalene89,

43,91, 92

cyclohexene90, water , methanol47, formic acid®, methyl jodide** 48, t-butyl jodide” , and

diiodomethane’, and even to metals like Ca’ , Li*™ %, Pb97'99, Agmo’ 101, and Cu'". The same
general type of technique that works on single crystals and is known as SCAC also works on
many other types of planar surfaces, and has recently been applied to CO adsorption on oxide

104, 105

supported metal nanoparticles'”, metal adsorption on spin-coated polymers and even to
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: 106, 10
electrochemical systems'** '%’

with a solid-liquid interface. For the purposes of this present
paper, we describe these more generally as “transient adsorption microcalorimetry”, and the
signal analysis techniques we describe below apply to all such methods. In many of these
systems, the heat that is generated upon adsorption is transferred nearly instantaneously to the
calorimeter’s heat detector, allowing a simple calibration to a known heat signal to be used to
extract the adsorption heat of the unknown process. In these cases, simply scaling the calibration
signal until it matches the unknown signal exactly lets one determine the amount of energy in the
unknown signal. We address here what happens when the heat deposition instead is not

instantaneous, and occurs with some time delay on the same millisecond time scale as the heat

measurement, due to slower surface reaction kinetics.

This phenomena of a non-instantaneous or “slow” heat deposition was first reported by
Lew et al., who observed that the calorimeter signal seen for the adsorption of D,O on a
Pt(111) surface did not possess the same normalized lineshape as the calibration signal generated
with a laser pulse (which deposits its heat to the sample’s surface instantaneously). The heat
signal pulse appeared to be “broadened” relative to the laser signal, possessing a larger full width
at half max (FWHM). The mismatch was very slight, with only a 6% mismatch between the
FWHM of the measured heat signal and the laser calibration signal. By convoluting the
measured laser calibration signal with an exponential decay function with a time constant of
~30ms, they were able to produce an identical signal to the heat signal measured, suggesting the
heat of adsorption was produced by a single slow process which had a characteristic time
constant equal to ~30ms. This slow heat process was attributed to adsorption and relaxation of

the adsorbed D,O molecules into their most stable packing arrangement on the Pt(111) surface.
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This slow heat deposition phenomenon was observed again for the adsorption of methyl
iodide on a Pt(111) surface™. In this instance the heat of adsorption could not be fit using the
convolution method of Lew et al., suggesting that the process was more complex than a single
slow process. A new method was developed by Silbaugh et al.*®, which modelled the adsorption
process as a single instantaneous “fast” step followed by a slower step modelled by convoluting
the laser signal with an exponential decay function as was done in the method of Lew et al.. The
sum of the signals from these “fast” and “slow” steps could then reproduce the measured signal.
This method had three variables to fit, the heat of the fast step, the heat of the slow step, and the
time constant for the slow step time decay function. When appropriately fit, this method
produced a unique solution which yielded not only the heats of both the initial fast step and
second slow step, but also for the first-order rate constant for the slow reaction (i.e., the inverse
of the time constant obtained from the fit). This powerful method, while labor intensive as it
requires fitting three parameters for each pulse’s lineshape (or an average lineshape from a small
number of pulses), yields a wealth of information on adsorption energetics and dynamics. In
addition to being used for methyl iodide adsorption on Pt(111) to yield information about the
heat of adsorption of CHsl, CHj3, and the dynamics of the reaction CH3l,g — CHj3 5 + Lug, this
method has also been used to study the adsorption of formic acid on Pt(111)*, yielding
information about the energetics of molecular formic acid, monodentate and bidentate formate,
and kinetic information about the reactions HCOOH,q + 0,9 — HCOOa4 mono + OHag and
HCOO,4,mono = HCHOO,qi. Both of these methods present valuable and highly functional
techniques for analyzing simple adsorption-relaxation and adsorption-reaction processes.
Through the development of a mechanistic and kinetic model, they allow the extraction of both

thermodynamic and kinetic information in whatever system they are applied. They each
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however, have their limitations. The key limitation is that they only work for the precise
processes they model, i.e. a single slow step or a combination of a single fast step followed by a
single slow step. While in theory the method of Silbaugh et al. could be expanded to include any
number of fast and slow steps occurring either in series or parallel, this rapidly becomes
infeasible as the number of parameters which are necessary to fit increases, making it more labor
intensive and at the same time harder to show the uniqueness of a solution. As a result a new
method is needed to analyze any reaction with more complex surface reaction dynamics than

those modelled by Lew and Silbaugh.

This paper presents a more general method for analysis of transient adsorption
calorimetry data which requires no kinetic modelling or parameter fitting even in the event of
signal broadening. This new method utilizes FFTs to extract heat data directly from the
calorimeter signal without any scaling or kinetic parameters. This method successfully yields the
total heat deposited on the surface regardless of any signal broadening. This method possesses
universal applicability and a complete absence of fitting parameters or requirements for pulse
averaging give it many distinct advantages. This technique is demonstrated here by applying it to
study the heat of adsorption of diiodomethane on Pt(111), whose adsorption, reaction, and
diffusion dynamics were sufficiently complex that they could not be modelled using the method
of Silbaugh et al.. A more extensive presentation of the results of this application is presented

elsewhere’.

Signal Generation and Pulse Shape
We describe here the technique is association with SCAC, although the same principles
could be applied to any transient adsorption calorimetry. For the purposes of clarity, a brief

explanation of the SCAC technique itself will be given first. The explanation given here is for
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ultrahigh vacuum (UHV) gas / solid interactions, which is the most common form of SCAC. For
full details of this version of SCAC, see Ajo et al..*? For details of the electrochemical version of

SCAC, see Schuster et al..*

SCAC is typically performed in a stainless steel UHV chamber (base pressure < 2x107'°
mbar). Other surface science techniques such as Auger electron spectroscopy (AES), low energy
ion scattering (LEIS), low-energy electron diffraction (LEED), and x-ray photoelectron
spectroscopy (XPS) are used to verify sample cleanliness and order. A very thin (typically 1um)
single crystal is used as the sample, to minimize thermal mass while maintaining structural
stability. A heat detector, typically a pyroelectric polymer ribbon made of B-polyvinylidyne
fluoride (B-PVDF), is driven into gentle contact with the back of the sample, and is then used to
measure minute temperature changes in the sample upon heat adsorption, which are recorded as
a transient voltage signal after preamplification and further amplification and electronic signal
filtering. This gives rise to the observed instrument response lineshape, as discussed
previously*® '%. The heat detector is calibrated using a laser pulse whose intensity is measured
using a photodiode. Molecules are dosed using a molecular beam and the sticking fraction of
molecules is measured using the King-Wells method®*. The duration of a pulse, either laser or
molecular, is controlled by chopping the beam with the same mechanical chopper. The flux of
molecules is measured using a liquid nitrogen cooled quartz crystal microbalance (QCM). Each
pulse of molecules or laser is typically around 100 ms long. The output from the detector is

recorded as a voltage signal as a function of time shown, such as in the top of Fig. 3.1.

If the heat deposition from the molecular beam pulse occurs rapidly (<10 ms) the
resulting detector signal will have the identical shape as the laser pulse (which also deposits heat

extremely rapidly). By simply scaling the molecular beam pulse to match the magnitude of the
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laser pulse, whose intensity is known, the amount of heat deposited by the molecular beam pulse

can be found.

If the heat deposition is on the same timescale as the pulse duration (~10 ms — 1000 ms)
then the molecular beam pulse appears broadened, as shown in Fig. 3.1. This figure shows a
superposition of the laser calibration response and the heat deposition of CHxI, on Pt(111) at
125K. In this case, a more complex analysis is necessary. The approach depends on what the
expected reaction dynamics are. If the reaction is simple, consisting of two or fewer steps, then
the method of Silbaugh et al.*® can be used. An example of a two-step process where this occurs

is shown in Eq. 3.1.

fast slow
CH3ly — CHslyg — CHs gq + log (3.1)

A model is generated consisting of the sum of scaled laser pulse and another scaled laser pulse

which has been convoluted with an exponential decay function shown in Eq. 3.2.
D=1/tet/" (3.2)

The scaling factors of each of the pulses and the time constant in the exponential decay function
are varied until the sum of the two pulses matches the measured pulse. The method of Lew et al.
discussed in the Introduction can be seen as identical to the method of Silbaugh et al. if the
instantaneous heat is zero. If there is a heat deposition process which occurs with a time constant
slower than the time between pulses, it is not measurable using SCAC and will appear as if it is
not occurring, since it contributes only to an increase in the background. In practice, even
processes that occur with a time constant longer than 1/5 of this (i.e., > 1 s) are difficult to see

about the background noise, since such extreme broadening decreases pulse amplitude too much.
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If the adsorption process has more than one step with a rate constant on the same order as
the pulse duration, then in theory it could be fit using the method of Silbaugh et al.. This
approach of convoluting multiple contributions to try to fit the signal rapidly becomes unfeasible,
however, as more variables are added along with the possibility of each additional step occurring
either in series or in parallel with other steps. In addition to being extremely labor intensive, one
should be skeptical of the uniqueness of any solution found when very many variables are

needed to fit the data.

This scenario of multiple slow steps was encountered when studying the energetics of
diiodomethane on Pt(111). The dissociation of diiodomethane (Eq. 3.3) on Pt(111) to produce

CH.,q, 21,4, and H,q 1s expected at temperatures as low as 130K,

dissoc.+diff. dissoc.+dif f.
(1) CHylp g — > CHy qq + 215 — > CHyq + 214q + Hyq (3.3)

This process involved the breaking of two C-I bonds, one C-H bond, as well as surface diffusion
of strongly bound surface species such as I,g and CHy 4. If any two or more of these processes
are slow, then the data cannot be analyzed using the method of Silbaugh et al.. Attempts were
made using the two step method Silbaugh et al. to fit the data, but the complete reaction
dynamics could not be captured (as evidenced by a poor fit of the models to the data). Attempts
were made to modify the method of Silbaugh to include a third step either in series or in parallel
and even this did not seem to capture the complete reaction dynamics (again evidenced by a poor

fit). To extract meaningful heats out of the signals, a different approach was necessary.

Direct heat extraction using FFT
The shape of the detector response signal, S(t),results from the convolution of a heat
input (I(t)) with an instrument response function (R(t-t”)):
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S(t) = *R)(®) = [~ IRt — tdt’ (3.4)

For the heat detector used in this paper the functions, S(t), I(t), and R(t) are shown
graphically in Fig. 3.2. If the heat input is known for any given measured detector response
signal, it is possible to use deconvolution via FFT to extract the instrument response function
from the measured detector response signal. This is done by first taking the a discrete Fourier
transform of the measured signal, F[S(t)], which allows the convolution to be split into the
product of two separate Fourier transforms, as a direct mathematical consequence of Eq. (3.4)

above:

F{S(©O} = F{U * RA)(O)} = F{U(O)}F{R(t)} (3.5)
Equation (3.5) is only true when the detector response is linear. One should always test the
calorimeter response during calibration with different laser powers to ensure that the signal
magnitude scales linearly with laser power and the lineshape is independent of power, as
described previously*"'*®. Simple mathematical rearrangements, followed by an inverse Fourier

Transform, then provides a direct solution for the instrument response function via:

R() = FFYF{S@®)}/F{I(D}}(0), (3.6)

where F/[X] represents the inverse Fourier Transform of X.

Similarly if the instrument response function is known for any given measured detector
response signal but the heat input is unknown, the heat input can be found using an identical

method only solving for I(t) instead of R(t):
1(6) = FH{F{S(O}/F{(R(O)}}, 3.7)
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During laser calibration of the calorimeter, the magnitude of the heat input from the laser
pulses is measured with a photodiode and properly scaled to correct for imperfect transmittance
through a window on the UHV chamber (which separates the photodiode from the sample). The
pulse width is of both the laser and the molecular beam is set by adjusting the speed of the
chopper in the molecular beam line. The laser pulse lineshape is trapezoidal and can be
calculated exactly from the known geometry of the chopper blade. However, it is closely
approximated by a square wave as shown in Fig. 3.2. This square wave “model” of the laser heat
input was then used to extract the instrument response function from the detector response to the
laser pulse (as shown in Fig. 3.2) using the mathematical procedure described above. We also
used the true trapezoidal lineshape of the laser pulse, and found this to produce results that were
indistinguishable from the approximate square-wave lineshape, so we use this simpler square-

wave model in the results below.

All calculations and FFTs were performed in Wolfram Mathematica 9.0 using its built-in
functions. Once the instrument response function had been found, the same analysis can be done
using the detector response signal for the molecular beam pulses, only solving for the heat input
instead. An example result showing one heat input for a pulse of CH;I, adsorbed on Pt(111) at
125K is shown in Fig. 3.3. Superimposed on Fig. 3.3 is the laser power model square wave used
to extract the instrument response function from the average of 50 laser pulse signals, and an
individual laser pulse heat input which was deconvoluted using that instrument response
function. Immediately, it is clear that the heat input of the molecular beam pulse is broadened to
longer times compared to the laser pulse heat input. Additionally it can be seen in Fig. 3.3 that
there is a periodic baseline noise in the deconvoluted signal, which is an unavoidable

mathematical artefact of the deconvolution procedure. The deconvoluted heat signal presented in
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Fig. 3.3 has already been low-pass filtered and further filtering to attempt to remove the periodic
noise which remains resulted in a change in the shape and magnitude of the signal. No
apodization functions were used in this FFT, although it is possible they would clean the signal

€ven more.

It is obvious that integrating the heat input obtained in Fig. 3.3 would yield the adsorption
energy for that pulse. Integrating across the entire five-second pulse period would be the ideal
integration window for this. However, the baseline noise present in the deconvoluted signal
contributes to noise in this time-integrated heat, and the magnitude of that noise contribution
grows with increasing integration time, as shown below. The best integration window depends
on the time duration of the actual heat input, which varies with the reaction being studied and
surface temperature. In general, heat deposition for first-order processes shows as an exponential
time decay with some characteristic time constant, t. The limits of the integration window can
then be understood in terms of the fraction of heat captured at specific times after the pulse
center. By integrating out to 1 1, 63% of the heat is captured, 2 1 yields 86%, and 3 t yields 95%,
and so on, increasing as the integral of Eqn. 3.2. Alternatively, for any fixed time window, we
can calculate the largest T for which we capture 95% of the heat. In our example we chose a start
time ~200 ms before the middle of the molecular beam pulse (which is 102 ms long) and a stop
time ~500 ms after that. This means we miss any heat deposited slower than ~ 500 ms, and
means we get >95% of the heat for any reactions that happen with t <~170 ms. Further
discussion of the method for intelligent selection of the integration window is discussed below
with numerical examples. By measuring the amount of molecules sticking in the pulse using the
same methods typically used in SCAC,* the heat of adsorption in kJ per mole adsorbed can be

found from the time-integrated heat for each pulse.
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Since the limited data range used for the Fourier transform deconvolution introduces
periodic oscillations in the deconvoluted heat input, one should also fine-tune the integration
start- and stop-times to fall halfway between the minima and maxima of these noise oscillations
to avoid systematic error. It is easy to identify the periodicity and time locations of these minima
and maxima by averaging multiple curves like Fig. 3.3. To assess the significance of this
potential source of error, we stepped through the period of oscillation in 4 increments on both
ends of the integration window. The resulting heat vs. coverage plots are shown in Fig. 3.4.
These heats are averaged across four sets of data collected upon the adsorption of CH,I, on
Pt(111) at 125K. The result shows that there is no systematic offset at almost all coverages
produced by changing the integration windows in this way (Fig. 3.4a), showing that the periodic
noise does not contribute significantly to the averaged or integral heat of adsorption. However,
there is a systematic increase in the heats at very low coverage when the end point of integration
is increased (Fig. 3.4b). These low-coverage pulses were the most broadened by contributions
from the slow process, and this systematic increase is due to capturing more and more of this
slowly deposited heat. This result highlights the problem with picking a window that is too
short, and thus not capturing all of the heat input when a significant part of it occurs in a reaction

step with a long time constant, as it does at very low coverages here.

Several different end points for integration were tested using the same raw sets of data as
in Fig. 3.4 and are shown in Fig. 3.5. It can be seen that although the noise present in the data
increases with increasing the size of the window, integrating beyond 1000 ms no longer changes
the magnitude of the low-coverage heats as it did up to 750 ms (Fig. 3.4). By inspection of the
raw pulse shapes, we found that the largest noise spikes in Fig. 3.5 all come from a few isolated

spikes in the baseline signal which are picked up at large integration times but not at short times.
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Figure 3.6 shows the pulse-to-pulse standard deviation of the heat in the coverage range
0.2-0.4 ML in Fig. 3.5 (where the heat is relatively constant) plotted versus the width of the
integration window. As seen, the noise increases nearly proportional to the width of the
integration window. Thus, to minimize noise, one should choose the shortest window that
captures all of the heat, which unfortunately gets longer the slower the reaction rate for the heat

deposition reactions being studied.

Returning to Fig. 3.4 in light of Fig. 3.6, it can be seen that the additional noise
introduced by increasing the integration window from 300 to 400 ms there increased the standard
deviation only by about ~10kJ/mol, a very small amount compared to the magnitude of the heat

signals measured.

Striking the right balance between collecting as much slow heat deposition as possible in
the integration window and minimizing the noise in the data is important in the use of this
method. The appropriate selection of the end points of integration is clearly very important, and
it must be carefully selected when using this technique. Since it depends on the time duration of
heat input, which varies with the reaction kinetics, it will depend sensitively on both the reaction

being studied and surface temperature.

Comparison of Results to Method of Silbaugh

To showcase the functionality of this new method, we reanalyzed a set of raw data which
had been previously analyzed using the method of Silbaugh et al.***. The experiment consists
of the measured heat of dissociative adsorption for CHsI on Pt(111) at 270 K. A plot showing
both the method of Silbaugh and the method of this paper are shown in Fig. 3.7. The heat plotted

here is the total heat from Silbaugh, which is the sum of the slow and fast step heats from Eq.
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3.1. In the method of Silbaugh, sets of four pulses were averaged in order to produce clean
enough data to fit with that method. This averaging of multiple pulses was not necessary for the
method of this paper, which can extract heat for every pulse individually. The two methods can
be seen to yield nearly identical heat-versus-coverage plots when both are fitted to straight lines,
as shown. Each point from Silbaugh’s method should nearly equal the average of the four
adjacent points around it using the method of this paper. This is indeed found to be the case, with
an average difference of 6.5+11.8 kJ/mol (95% confidence) between the two sets of data when
compared in that way. This can be compared to the 1.7 kJ/mol pulse-to-pulse standard deviation
of this particular SCAC instrument at similar conditions but when the data pulses show no

broadening and can be quantified by simply comparing pulse amplitude to the laser calibration®'.

One advantage of this FFT technique over the method of Silbaugh can be readily seen in
Fig. 3.7 by the point at ~0.009 ML coverage, highlighted with a green arrow. Because the
method of Silbaugh required the averaging of four pulses to get a clean enough lineshape to
model, outlying points can be incorporated into that average without the knowledge of the person
analyzing the data. That is not the case with this new method, and that highlighted point can
easily be identified as an outlier, as shown here. Upon looking through the raw pulse lineshape

for this pulse, it was found that this point was the result of a baseline noise spike.

The method of Silbaugh et al. ** also allows for the extraction of kinetic parameters as
well as thermodynamic heats of adsorption. The details of this methodology are discussed briefly
in the Introduction above, and in detail in that paper. Two attempts were made to extract kinetic
information in the same vein as the method of Silbaugh et al but instead using the FFT
deconvoluted heat pulse lineshape. The first approach was to simply fit the tail of the

deconvoluted heat pulse with an exponential of the form of Eq. 3.2. Attempting to fit the same
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data of Silbaugh et al. but instead using this method resulted in fit parameters that were similar in
magnitude to those reported by Silbaugh. However, it was found that even minor variations in
the starting point of the fit would results in changes in the time constant by 50% or more. A
method for properly determining the correct starting point could not be found, due to the small

magnitude of the slow heat signal compared to the noise present in the deconvoluted signal.

To demonstrate that kinetic information can be obtained in principle by this FFT method
when the signal / noise ratio is good enough, we simulated a nearly noiseless heat signal
lineshape that would be expected in the absence of noise due to the heat of adsorption followed
by dissociation for CHsI on Pt(111), as shown in Fig. 3.8. At the conditions modelled here,
Silbaugh et al.*® showed that CH;I first adsorbs molecularly with a heat of 184 kJ/mol and then
dissociates via a first-order reaction with time constant T = 170 ms and heat of 64 kJ/mol Curve
(a) at the bottom shows the reaction heat input to the sample versus time for this two-step
process. The curve at the top shows the signal waveform simulated for this same heat input
model generated using the simulation method of Silbaugh et al.*’, which sums heat-scaled
waveforms for its two steps. This simulation uses the nearly noiseless measured response to
laser heating (averaged over many pulses) for the first, fast step and its convolution with first-
order kinetics for the slow step. Curve (b) at the bottom shows the heat input versus time
obtained by deconvolution of this nearly noiseless signal to remove the instrument response
function using the FFT method of this paper. As seen, curves (a) and (b) agree very closely,
except for the damped periodic noise in (b). It is clear that one could model this red curve with
the sum of the blue and green curves to extract values for the two separate heat contributions and
the time constant for the exponentially decaying tail, although somewhat different values would

be obtained due to the small amount of noise present even in this heat-versus-time curve.
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Conclusions
A universal method is demonstrated to analyze transient adsorption calorimetry data

regardless of reaction dynamics on the surface. Traditional methods* **

require that the heat
of adsorption consist of either a single fast step, a single slow step step, or a combination of a
single fast and a single slow step in order to extract thermodynamic information. In the event of
the presence of a slow step, these other methods require fitting the measured heat data with a
mechanistic and kinetic model to obtain any heat information, something this new universal
method does not require. In addition to being less labor intensive than these other methods, this

new technique allows for the extraction of the total adsorbed heat from even extremely complex

adsorption-reaction-diffusion-relaxation systems.

This new data analysis method has been applied to the study of the adsorption of
diiodomethane on Pt(111), providing coverage dependent heats of adsorption for this system at
temperatures ranging from 100 K to 210K’*. The complex, many-step dynamics of this system
made it impossible to analyze using any of the previous methods, showcasing the unique power
of this new method. The method has also been used to reanalyze and compare with data from
Silbaugh et al.*’, showing that both of the methods yield the same total heat of adsorption for a

process consisting of a single fast and a single slow step.
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Figure 3.1. Comparison of typical normalized response signals measured for single pulses of the
laser beam and the molecular beam (MB), for a case where the latter shows peak broadening due
to slow kinetics. Also shown is the incident beam profile, which is approximately a square wave.
This profile is essentially identical for both the laser and the molecular beams, and its shape is
determined by the diameter of the beam, the geometry of the chopper wheel and its rotational
velocity. The incident beam profile shown here was collected by measuring the direct molecular
beam intensity with a quadruple mass spectrometer (QMS).
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Figure 3.2. A typical heat deposition profile (I(t), here a square-wave model of the incident
laser power) is convoluted with the instrument response function (R(t)) to yield the measured
detector signal (S(t)). Here, R(t) was actually calculated by deconvolution of the known I(t) from
the measured S(t), as detailed in the text. Because the instrument response is partially determined
by the quality of the physical contact between the heat detector and the sample, it is necessary to
extract the instrument response function every time a new contact is established (once for each
heat-versus-coverage run). The laser power input function is modelled here as a square wave. It
was also modelled as a trapezoidal wave based on the known open/close profile of the chopper in
this system, which produced an identical instrument response function (see text).
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Figure 3.3. Top: The incident beam profile and typical response signals measured for the laser
beam and the molecular beam (MB), reproduced from Fig. 3.1. Bottom: the incident power at
the detector from the molecular beam as a function of time, extracted by deconvoluting the
instrument response function from the MB heat signal using the FFT method. The square wave
incident beam model is also shown. The deconvoluted MB signal is the result of deconvoluting
the MB heat signal with the instrument response function, while the deconvoluted laser signal is
the result of deconvoluting a single laser heat signal with that same instrument response function.
(The average of many laser heat signals is used to extract the instrument response function.) It
can be seen that for this individual MB pulse, the deconvoluted heat signal is broader than the
incident beam, showing that heat is deposited on a slower time scale than during the laser pulse.
The deconvoluted pulse tail decays quickly towards the baseline zero, but continues to be
distinguishable above the baseline noise for almost 1s before being overwhelmed by the periodic
noise introduced by this method.
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Figure 3.4. Differential heat of adsorption of CH,I, on clean Pt(111) at 125K as a function of
CH;lI, coverage, extracted by integrating each deconvoluted pulse (see Fig. 3.3) over the
different integration windows stated. By increasing the integration window by time increments
that are % of the period of the dominant periodic noise by moving either to earlier start times (a)
or later stop times (b), this shows that no systematic change in heat is found at most coverage.
Thus, the periodic noise does not have a significant impact on the choice of window for
integration. However, at very low coverages, which had the most broadened heat signal pulses,
increasing the integration window to longer times does increase the heats systematically as it
captures more and more of the slow heat deposition. The heat stops increasing when this is
extended to ~1000 ms, after which the effect saturates (see Fig. 3.5).
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Figure 3.5. Differential heat of adsorption of CH,I, on Pt(111) at 125K as a function of CH,I,
coverage obtained using different time window widths for integrating the heat pulses. These
heats were extracted by integrating each deconvoluted pulse (see Fig. 3.3) over the specific time
windows shown. A large enough window must be selected to capture all of the heat deposited
(see low coverage results in Fig. 3.4), and ideally one would integrate across the full time
window. This shows, however, that as the integration window gets larger, the noise increases,
although the average heat remains unchanged at most coverages. At low coverages where the
heat signal is most broadened, the heat increase with integration window until 300-1000 ms,
above which it has the same average. This shows that whatever slow kinetics are occurring on
the surface, they have already completed by 1000 ms.
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Figure 3.6. The standard deviation of the heat measured in Fig. 3.5 over the coverage range
from 0.2 to 0.4 ML (where the heat is nearly constant with coverage) as a function of integration
window width beginning at 0.3 s. The standard deviation increases proportional to the
integration window width. The best selection of window width was decided based on seeking to
minimize this noise while simultaneously capturing all of the heat deposition occurring for a
pulse of gas (which time duration varies depending upon the reaction being studied and surface
temperature).
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Figure 3.7. Comparison of differential heat of adsorption versus coverage results for CHsl on
clean Pt(111) at 270 K, between the convolution fitting method of Silbaugh et al.*® (blue points)
and the direct deconvolution method of this paper (red points). In Silbaugh’s method, four pulses
were averaged to reduce noise. Each of the points of Silbaugh is essentially the average of the
four adjacent points from the method of this paper. The best-fit lines shown are very similar, and
represent the equations: y = (259-969x) kJ/mol using the convolution fit method, and y = (263-
911x) kJ/mol using the direct deconvolution method.
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Figure 3.8. Bottom: Comparison of the input power versus time due to the heat of adsorption

followed by dissociation for CHsl adsorption on Pt(111) at 270 K for a typical 0.0046 ML pulse
within the coverage range 0-0.02 ML, as calculated from:

(a) The two-step model of Silbaugh et al.* for this condition wherein CH;I first adsorbs
molecularly with a heat of 184 kJ/mol and then dissociates via a first-order reaction with time
constant T = 170 ms and heat of 64 kJ/mol (purple, dashed curve). Also shown are the separate
heat inputs from the fast step (blue) and slow step (green). The curve at the top shows the
simulated signal waveform for this same exact two-step heat input model, as generated using the
simulation method of Silbaugh et al. which sums heat-scaled waveforms for its two steps, using
the measured lineshape for the signal response to laser heating for the first, fast step and its
convolution with first-order exponential decay kinetics for the slow step.

(b) Deconvolution of top simulated signal to remove the instrument response function (shown in
Fig. 3.2).

Curves (a) and (b) agree, except for the damped periodic noise that results from deconvoluting
over the finite time window used (4000 points over 5 s).
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Chapter 4: Energetics of Adsorbed CH, and CH on Pt(111) by Calorimetry:
the Dissociative Adsorption of Diiodomethane

This chapter reprinted with permission from: C.A. Wolcott, I. X. Green, T.L. Silbaugh, Ye Xu,
and C.T. Campbell, Energetics of Adsorbed CH; and CH on Pt(111) by Calorimetry: The
Dissociative Adsorption of Diiodomethane, J. Phys. Chem. C, Article ASAP, DOI:
10.1021/jp505494a

Chapter Abstract

The enthalpies of molecular and dissociative adsorption of CH,I, on Pt(111) at 100-210
K were studied using single crystal adsorption calorimetry (SCAC) and density functional theory
(DFT). Gaseous CHzl, was found to adsorb on the Pt(111) surface at 100 K to form CHj 4 plus
2 T4, with a calorimetric heat of adsorption that decreases with coverage as 222-4800 kJ/mol for
0 < 1/8, where 0 is the coverage in monolayers, ML, defined as the number of dissociatively
adsorbed CH;I, molecules per Pt(111) surface atom . These coadsorbed iodine atoms greatly
destabilize the methylene species even at the lowest coverage, which we attribute to their
inability to diffuse away from the near-neighbor sites where they are initially produced on the
short time scale of the heat measurement. A mixture of dissociative adsorption fragments of
methylene and methylidyne were detected at elevated temperatures between 125 K and 190 K.
At 210 K, CHzI; adsorption produced CH,q, Hag, and 2 1,4, with the I, now able to diffuse away
to minimize repulsions on the time scale of heat measurements. The calorimetric heats for this
reaction provide an estimate of the heat of formation of CH,g on Pt(111) of -71 kJ/mol with a
HC-Pt(111) bond enthalpy of 665 kJ/mol at 0.04 ML coverage. These results are used together
with prior measurements to construct an energy landscape for the stepwise dehydrogenation of
methane on Pt(111), and are compared to previous experimental results and theoretical

predictions. DFT calculations reproduce the experimental stability of CH,q and CH3 ,q on Pt(111)
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to within ~20 kJ/mol, and the experimentally measured I,4-Ioq repulsion energy between
coadsorbed iodine adatoms to within 25%, and show that there is very strong repulsion between
CH, a4 and I,q when in nearby sites, which seems to be the case when formed at 100 K from

CH;l,, even at very low coverage.

Introduction

The fossil fuel industry relies heavily on heterogeneous catalytic processes, such as
hydrocarbon reformation, isomerization, hydrogenation, and dehydrogenation®. With the
increasing scarcity of crude oil and a boom in newly discovered methane resources,
understanding the catalysis of methane conversions is crucial for both advancing current catalytic
processes and the discovery of new generations of catalysts. Despite this importance, the
enthalpies of formation of the adsorbed fragments produced by methane dissociation on various
catalyst surfaces are still largely unmeasured. These have only been measured on Pt(111), where
only the values for adsorbed CH; (CH3,q) and CH,q4 have been reported44. That value for CHyq
was only measured in the presence of high coverages of coadsorbed iodine and CH,4. The
Pt(111) single crystal surface is the simplest and most studied model of Pt catalysts. It is the
lowest energy Pt surface, and is believed to be the dominant facet of Pt nanoparticles. Here we
report direct measurements of the enthalpies of formation of CH; .4 and CH,q4 species on the
Pt(111) single crystal surface versus surface coverages using single crystal adsorption
calorimetry (SCAC) to study the dissociative adsorption of diiodomethane. The enthalpy for the
low-temperature CH 54 species is complicated by the presence of nearby I,4 even at the lowest
coverage. Together with our previously reported measurements of the enthalpies of formation of
CH3 44 and CH,qg on Pt(111) from the dissociative adsorption of methyl iodide* and prior results

110,111

from temperature programmed desorption (TPD) , these combined results allow us to build
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a complete energy diagram for the stepwise dehydrogenation of methane on this important model
catalyst surface. The results also provide benchmarks for validating the accuracy of new
methods for density functional theory (DFT) calculations of reaction energies for adsorbed
species on metal catalysts. Improving such computational methods is very important in
improving basic understanding of catalytic mechanisms and in rational catalyst design.

Methane dehydrogenation products on the Pt(111) surface have been studied intensively

112,113

using a variety of techniques including infrared spectroscopy (IR) , electron energy loss

114 110

spectroscopy (EELS) ™, X-ray photoelectron spectroscopy (XPS) ", sum frequency generation

spectroscopy (SFG)'"®, and TPD''®. The first dehydrogenation fragment, CHj ., is usually

117,118 110

generated by CH3sl dissociative adsorption or high energy CH4 impingement . It has been
reported that CHs 44 is stable on Pt(111) up to 270 K112,110,117’ and dissociates to form CH,q
species at higher temperatures''''". CH, ,q is proposed to be a very unstable intermediate, and
CH.q species is stable up to 500 K."'*'% Our SCAC study of CH;I dissociative adsorption on
Pt(111) found that the enthalpy of formation of CHj3 44 is -53 kJ/mol at 0.04 ML coverage. The
CH, .4 species is not produced in significant quantities on the Pt(111) surface when CH3 44 is
heated up to its dissociation temperature (~270 K). Instead, when its first C-H bond breaks, it

44, 111 (probably via transient CH; ,g + Hag

converts almost immediately to CH,q and methane gas
intermediates). Thus, it is impossible to acquire enthalpy information on the CH, 54 intermediate
using CH3 54 dissociation, whether produced from CH3I or some other reagent. This is because

the C-I bond in CH3I does not readily break until over 190 Km, while the C-H bond in CHj 54 on

109

Pt(111) (produced by dissociative adsorption of CH,l,) breaks already at ~130 K'™. In an

attempt to study the energetics of CH; o4 here, we therefore study the dissociative adsorption of
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CH:I, below 130 K, and the energetics of CH,q (the product of its further dissociation) above
130K.

The surface adsorbed CH, intermediate on Pt(111) has been observed by reflectance
adsorption IR spectroscopy (RAIRS) by Deng et al., following the dissociative adsorption of
CH.L,'”. Diiodomethane was found to adsorb dissociatively on the Pt(111) surface at 85 K
forming CH, »4 and 2 I,4. Further increase of the surface temperature induced the dissociation of
CH, a4 species to CH,g and Hyg on the Pt(111) surface, where a combination of CH; 54 and CHyg
species was observed in IR spectra at 130 K and 150 K. Only CH,q4 species was observed
between 200 K and 500 K, as all CH .4 species had dissociated by 200 K. No reaction products
were detected by TPD below 200 K, while C,H4 and CHy4 desorption peaks were observed at 224
K and 266 K respectively. Following this report, we probe here the dissociative adsorption of
CH,l, molecule on Pt(111) surface at a variety of temperature ranges, aiming to measure the heat
of formation of CH, ,4, and CH,q. It is important to note that the time scale on the RAIRS
experiments is quite long, minutes or longer, whereas the SCAC measurements have a relatively
short measurement window of 102 ms dosing time with 5 s delay between doses. It is crucial for
these calorimetric experiments to find the “perfect” temperature where the adsorption and
dissociation of CH,I, on Pt(111) is complete on the SCAC measurement time scale with clean

production of the desired fragment.

Experimental Methods
Experiments were performed in a stainless steel ultrahigh vacuum (UHV) chamber (base
pressure < 2x 107" mbar) equipped with XPS, Auger electron spectroscopy (AES), low energy

ion scattering spectroscopy (LEIS), low-energy electron diffraction (LEED), quadrupole mass
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spectrometry (QMS), liquid N, cooled molecular beam, and SCAC. This apparatus and the
procedures for SCAC have been described in detail previously*. In short, a 1 pm thick Pt(111)
single crystal was employed and was routinely cleaned by cycles of sputtering with 1.25 kV Ar",
annealing at 1123 K for 1 min, and annealing to 873 K in 1x10™® mbar of O, for 2 min. After
each cycle the cleanliness of the sample was checked using AES until no carbon residue was
detected. The order of the cleaned Pt(111) surface was confirmed by LEED with a sharp hexagon
pattern. Between each SCAC experiments, a quick flash to 1173 K of the Pt(111) sample was
performed to restore a clean surface.

SCAC was performed by exposing the Pt(111) surface to a pulsed molecular beam of
diiodomethane gas. Each pulse of CH;I, was 102 ms long and there was a five-second delay
between pulses to avoid adsorption/reaction overlap. The dilodomethane was purchased from
Sigma-Aldrich (99+%) and further purified by repeated freeze-pump-thaw cycles. The liquid
CHo,l, reservoir was held at room temperature and shielded from light to prevent its dissociation
(cite 15). The molecular beam was created by expanding ~0.9 mbar of CHxl,, (its vapor pressure
near room temperature) through a glass capillary array heated to 328 K, and was collimated via a
series of five liquid N, cooled apertures producing a spot 4.36 cm in diameter on the sample.
Based on the large barrier to isomerize CHal, (estimated to be ~200 kJ/mol by DF T)119 and the
short residence time of gas molecules (<20 s) in the heated part of the beam (the glass capillary
array alone), it is unlikely that isomers formed in any appreciable quantity. (Note that CHxI,
molecules at 328K have less than 2 kJ/mol more energy than at room temperature based on the
reported heat capacity of CHal . 12%) The purity of the diiodomethane molecular beam was also

verified periodically with the QMS cracking pattern when monitoring the direct CH,I, beam. The
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flux of the CH,I, beam was measured using a liquid N, cooled quartz crystal microbalance
(QCM) and each CH,I, pulse was determined to be ~5x10'" CH,I, molecules.

The heat released by each pulse of CH,I, was measured using a pyroelectric polymer
ribbon gently pushed to the backside of the sample. The sensitivity of the pyroelectric ribbon was
calibrated using a HeNe (632.8 nm) laser with known energy for each individual experiment.
Calorimetric measurements versus coverage at each temperature were repeated at least 5 times
and the average values are reported.

The heat response during each pulse is recorded as a function of time. When calibrating
the total heat deposited using the laser pulse, the shape of the molecular deposition heat pulse
determines how to extract the heat of adsorption data. If the heat deposited by a molecular beam
pulse happens very quickly (<10 ms) no advanced analysis is needed, and the heat can be
determined by scaling the laser pulse heat data to fit the molecular pulse heat data. If there is a
single slow (~10-1000 ms) rate-limiting step, the molecular heat pulse data appears broadened
relative to the shape of the laser pulse heat data. The data then can be fitted by modelling the
molecular pulse heat data as the sum of two components from a two-step mechanism as
described previously*; an instantaneous heat due to molecular adsorption, which has the same
shape as the heat signal from laser pulses, and heat from a slow dissociation step, which is a
convolution of the laser pulse signal’s line shape with an exponential decay function. If the any
heat deposition of a step is too slow (>1000 ms) then it will not contribute measurably to the heat
signal measured. If the heat deposition is slow (>10 ms) and there is not a single rate-
determining step, as was the case for CH,l, adsorption on Pt(111), neither of these methods will

work.
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A new method was developed and used here for the first time to extract the heats of
adsorption from SCAC data. During a SCAC experiment, each calorimeter heat signal versus
time collected for a single pulse of gas is a convolution of the heat deposition function generated
during the adsorption/reaction process and the calorimeter’s instrument response function. This
new method uses basic signal processing techniques to extract the instrument response function
for the calorimeter from the signal measured for a known heat-versus-time input, and then uses
that instrument response function to extract the heat-versus-time data for each pulse directly. In
brief, the laser heat signal is the convolution of the instrument response function and the laser
pulse heat deposition profile, which is a square wave of known intensity and duration. Using
deconvolution by Fourier transformation and basic signal processing techniques it was possible
to extract the instrument response function from the heat signal averaged from many laser pulses.
Using this instrument response function and the molecular beam heat signal versus time for each
pulse of the molecular beam, the heat deposited during each pulse of adsorbing gas was deduced
as a function of time using the same Fourier transformation signal deconvolution method. This
method of data processing was tested on data from our group which was modeled using both of
the previously used methods of data processing and was found to agree extremely well with
them. Fig. 4.1 shows a typical heat versus time plot extracted from the signal for one gas pulse
using this new method. To extract the energy deposited in a pulse one simply integrates the heat
curve over time. Care is required in choosing the integration window of the heat signal since the
noise grows with the total time integrated but one wants to capture all the relevant heat. To
balance this, we chose a start time ~200 ms before the middle of the molecular beam pulse
(which is 102 ms long) and a stop time ~500 ms after that. This means we miss any heat

deposited by reactions that occur slower than ~650 ms, which means we get >95% of the heat for
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any reactions that happen with a time constant faster than ~200 ms. It should be noted that while
increasing the integration window to as much as ~1500 ms after the peak of the pulse increased
the point-to-point noise in our differential heat measurements, the integral heat remained the
same to within 2%. Since the limited data range used for the Fourier transform deconvolution
introduces periodic oscillations in the heat versus time, one must also fine tune these integration
limits to fall halfway between these minima and maxima to avoid systematic error. It is easy to
identify the periodicity and time locations of these minima and maxima by averaging multiple
curves like Fig. 4.1. It was found that in these experiments the periodic noise contributed

negligibly to the heat.

Computational methods
Self-consistently periodic DFT calculations were performed using the Vienna Ab Initio
Simulations Package'*'"'** (VASP) with the Perdew—Burke—Ernzerhof functional in the

124 as well as with the optB86b van der Waals

generalized gradient approximation (GGA-PBE)
functional (optB86b vdW-DF) developed by Klimes et al..'* '*® Both GGA-PBE and optB86b
vdW-DF reproduced reasonable accurately the experimental differential heat of adsorption of Iy
alone and its coverage dependence (see Table 4.1), with a slope versus I,4 coverage of -148
kJ/mol per ML, which is within 25% of the reported experimental slope of -199 kJ/mol per ML.
Furthermore, we showed previously that optB86b vdW-DF provides excellent predictions for the
adsorption properties for fert-butyl iodide and the #-butyl group on Pt(111)”. The core electrons
were described by the projector augmented wave (PAW) method'** '?7 (Pt, 230 eV cutoff; I, 176

eV cutoff; C, 400 eV cutoff; and H, 250 eV cutoff) and the Kohn-Sham valence states (including

Pt(5d6s); 1(5s5p); C(2s2p); and H(1s)) were expanded in a plane wave basis set up to a cutoff
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energy of 400 eV. The electronic states were smeared using a first-order Methfessel-Paxton
scheme with a temperature of 0.075 eV.'*® All total energies were extrapolated back to 0 K.

The gas-phase species were calculated in an 18x18.2x18.4 A* unit cell. The majority of
the adsorbates were modeled on a Pt(111) slab with a (4x4) surface unit cell, corresponding to
1/16 monolayer (ML) of coverage. In addition, (V3x13), (2%2), (3%3), and (6x6) surface unit
cells were also used in a limited number of cases, corresponding to 1/3, 1/4, 1/9, and 1/36 ML of
coverage, respectively. The surface Brillouin zone was sampled on a 5x5%1 Monkhorst-Pack k-
point mesh for the (2x2)—(4x4) surface unit cells, and on a 2x2x1 Monkhorst-Pack k-point mesh
for the (6x6) surface unit cell. A vacuum space of ~16 A was included in the z direction,
together with electrostatic decoupling in the z direction,'* to minimize interactions of
neighboring images. The calculated lattice constant for Pt was 3.978 A in PBE and 3.958 A in
optB86b vdW-DF, both in close agreement with experiment (3.92 A""). Spin polarization was
found to be negligible for all of the surface species in this study.

All of the Pt(111) slabs consisted of four Pt(111) layers. The top two layers were fully
relaxed and the bottom two were fixed at bulk positions during geometry optimization. All

geometry optimization was converged to 0.01 eV/A for each relaxed degree of freedom.

Adsorption and bond energies were calculated as AE=E,,, + (E +EY ) — (Emm, +E™ ), where

slab mol mol total

Eiap, Emor, and Ey,,p are the total energies of the clean surface without any adsorbate, the
adsorbate isolated in the gas phase in a neutral state (closed-shell or radical), and the surface with

the adsorbate. E*TE

is the corresponding zero point energy (ZPE; see below). A more positive
AFE therefore corresponds to stronger adsorption. All DFT-calculated [1E’s reported below

included ZPE corrections unless stated otherwise. In all cases the ZPE correction for the same

system was practically identical in GGA-PBE and optB86b vdW-DF. For the adsorption of gas-
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phase species, the DFT total energy AE’s can be converted to the corresponding adsorption
enthalpies (AH’s) by adding kg7 (or RT) to AE, the amount of which is small at the experimental
temperatures (100~210 K). The AFE of a set of coadsorbates at the zero-coverage limit was
estimated using the energy of each individual adsorbate calculated on a separate (4x4) surface
unit cell. The convergence of the adsorption energies with respect to parameters including the
valence state cutoff energy, k-point sampling density, and number of metal layers in the Pt(111)
slab had been previously verified”.

The minimum-energy reaction path for an elementary step and the associated transition
state (TS) were determined using a combination of the climbing-image nudged elastic band (CI-

NEB) method"" and the dimer method."** The activation energy was calculated as

E, = (ETS +EX E) - (E st E éPE) , where IS and TS denote the initial state and transition state,

respectively. Each TS was verified to possess only one vibrational mode with imaginary
frequency in the direction of the dissociating bond. The vibrational modes and frequencies were
calculated in the harmonic oscillator approximation from a finite difference approximation of the
Hessian matrix. The magnitude of the displacement was 0.01 A in each relaxed degree of

freedom. The zero point energies were calculated from the vibrational frequencies (v;) of a

1
molecule (gas-phase or adsorbed) as £ P = Ezh V..

Experimental Results

Diiodomethane adsorption on Pt(111) was studied over a range of temperatures between
100 K and 210 K. Coverages (0) are reported in CH,I, monolayers (MLs), and defined as the
number of CH,l, molecules irreversibly adsorbed to the surface (irrespective of whether they

dissociated or not) normalized to the atomic surface density of Pt(111), 1.50% 10" Pt atom/m”.
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We report below the heat of adsorption, defined here as the negative of the differential standard
molar enthalpy change for the adsorption reaction with the gas being at the same temperature as
the Pt(111) surface. This heat required small corrections of the raw measured heats as described
previously42. The sticking probability of CH,I, molecules was measured by the King and Wells
method®” simultaneously with the heat measurements. Unity sticking probability was observed
for all the coverage ranges and their corresponding temperatures reported below.

Dissociation of CH,I; to produce CHj 4 plus 2 1,4 on Pt(111) was reported to take place
at 85 K by Deng et al.'””, giving the net reaction:

CHylby = CHzaq + 2 L. (4.1)

Fig. 4.2 shows the heat of adsorption of CH,I, on Pt(111) at 100 K versus coverage, which
decreases linearly with coverage (6, in ML) as (222-4800) kJ/mol in the first 1/8 ML.
Continuing to dose eventually leads to saturation of the Pt sites and formation of a multilayer of
molecular CHl; solid, which is indicated by a sharp change of slope in Fig. 4.2 to nearly zero at
~0.20-0.22 ML. The negative slope in the chemisorbed layer is due to the increasing lateral
repulsion between adsorbed fragments and molecules with increasing coverage. The sharp
change in slope at ~1/8 ML is attributed to the saturation of the dissociative adsorption of CH,l,
to produce CH; 4 + 2 Ig. This coverage agrees well with that expected based on the footprint of
each product, as follows: Assuming that each [,4 blocks three Pt atoms since it adsorbs on three-

133,134

fold hollow sites and has a saturation coverage of 0.33 ML and that each CH> »4 blocks two

Pt atoms since it adsorbs on the bridge sites on Pt(11 H'*

, the dissociative adsorption of CH,l,
will need at least eight platinum atoms for its three products, if none share the same Pt surface

atoms in bonding. These should therefore saturate at 1/8 ML. The heat decreases rapidly

between 1/8 ML and ~1/4 ML. In this coverage range, we propose that the CH,I, or its
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dissociation products are still bonding directly to Pt atoms but now in a much less stable bonding
configuration, whereby two adsorbates must now bind to the same Pt atom. By 0.20 to 0.25 ML,
the heat has almost reached its multilayer value, but is slightly higher up to 0.4 ML, possibly due
to a long-range attraction to the underlying metal when separated from it by only one layer of
adsorbates, which damps to nearly zero for thicker layers.

Fig. 4.2 shows that at higher coverages, the heat reaches a constant multilayer value of
89.1 kJ/mol. This multilayer heat should be nearly identical to the heat of sublimation of CH,l,
and indeed agrees well with our estimate of the heat of sublimation of bulk CH,I, s 0f 87 kJ/mol
at 100 K. This heat of sublimation was estimated using the reported heats of vaporization and
fusion of CH,I; at their normal transition temperatures as well as the heat capacities of the gas
and liquid phase CH,I, at 298 K'*% %7 The heat capacity of the CHal, could not be found, and
was estimated to be the same as the heat capacity of the liquid. All heat capacities were assumed
to be independent of temperature with the same value as reported at 298 K.

Adsorption heats were measured for CHI, on Pt(111) at 210 K to study the formation of
CHaq species, based on the IR observation of CH,q as the only adsorbed hydrocarbon species

109

after adsorbing CH:I; at 85 K and warming briefly to 200 K™™. This was attributed to the net

reaction:

CHylby, = CHag+ Hag + 2 L. (4.2)
Fig. 4.3 shows the differential heat of adsorption of CH,I, on Pt(111) at 210 K as a function of
coverage in the range below 0.15 ML, where the short-term sticking probability remained at
unity. The long-term sticking probability drops from ~unity at 0.16 ML to ~zero by 0.18 ML.
The heat of adsorption of CHzI, on Pt(111) at 210 K forming CHag + Hag + 2 1.q was well fitted

by the straight line (533-14800) kJ/mol in the first 0.09 ML, as shown in Fig. 4.3. Above 0.09
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ML, the heat drops much more rapidly, then almost levels off between 0.11 and 0.15 ML, with
the heat slowly decreasing from 120 to 100 kJ/mol, very similar to the heat measured in this
same coverage range at 100 K (Fig. 4.2) and attributed above to molecularly adsorbed CH:lI,
only partially bonded to Pt atoms between the adsorbed fragments produced at lower coverages.
The rapid drop in heat starting at 0.09 ML suggests that the full decomposition of CH,I, to CHag
+ Hagq + 2 L4 stops at this coverage. This coverage agrees well with the expected coverage of
0.10 ML required to block all of the Pt atoms by these products, based on the following: Each
CH;I, should require a total of ten platinum atoms: three for each CH,q which should sit in a

135

threefold hollow site ~°, three for each of the two 1,4 (see above) and one for each Hyg (Whose

saturation coverage is 1 ML'*®

). No CH,I, multilayer formation was observed at this
temperature, indicated by the drop of the sticking probability from ~unity at 0.15 ML to ~zero by
0.18 ML. This temperature range for multilayer stability agrees with Zaera et al."*’, who reported
the desorption of CH,I, multilayers from Ni(110) surface already at 198 K in a TPD study.
Figure 4.4 presents the differential heat of adsorption of CHI, on clean Pt(111) as a
function of total CH,l, coverage measured at six different temperatures in the range 100-210 K.

The data at intermediate temperatures show a transition between the behavior at 100 K and 210

K with increasing temperature. They are interpreted in detail in the Discussion section below.

DFT Results

Adsorbed CH;I,, CH;I, CHs, CH,, and CH on Pt(111) were calculated at the low
coverage of 1/16 ML. The minimum-energy adsorption geometries of these species are shown in
Fig. 4.5 a-e, and the associated bond energies, in both functionals used (optB86b vdW-DF and
GGA-PBE) are reported in Table 4.2. Also shown in Fig. 4.5 are the minimum-energy structures

for CH, aq1214 at two different low coverages (f and g) and the transition states for C-1 bond
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scission in CHyI, 54 and in CH,l,4 coadsorbed with one L4 (h and i). The adsorption of atomic I4
on Pt(111) was investigated theoretically previously and found to sit in three-fold hollow sites”
10 as also in these coadsorbed structures here. Fig. 4.6 shows the DFT-calculated reaction
energy profiles for the dissociative adsorption of CHsl, , at low coverage based on the two
different functionals, both of which indicate that the step-wise loss of the two I atoms and then
an H atom is exothermic at each step. The activation barrier along the minimum-energy reaction
path for the initial C-I bond scission in CHxl; .4 Was calculated to be £, = 31/27 kJ/mol
(optB86b/PBE). The barrier for the 2™ C_1 bond scission (i.e., in CHyl,q) was calculated to be
E.>=7/10 kJ/mol (optB86b/PBE) and the barrier for C-H bond scission in CH; 44 was previously
reported by Michaelides et al. to be £, 3= 14 kJ/mol (PBE without ZPE at 1/6 ML coverage) 141,

both of which are lower than the first barrier. These results will be discussed in detail below.

Discussion

The standard enthalpies of formation (AHy) of CH, .4 and CH,q can be estimated using the
integrated heats of the dissociative adsorption of CH,I, on Pt(111) measured by SCAC at 100K
and 210K, respectively, in both cases at 0.04 ML. The thermodynamic cycles employed to
estimate AH{CHa ,q) and AH{CH,q) as well as the bond enthalpies for these two adsorbed
species, D(Pt=CH;) and D(Pt=CH), are shown in Figs. 4.7 and 4.8, respectively. The enthalpies
of formation are calculated assuming repulsive interactions from adsorbed iodine has a negligible

contribution'*?

at this low coverage, an assumption discussed below to be very inaccurate for
CH3 44 but not for CH,q4. The enthalpies of formation of the gaseous methylidyne (CH) and
methylene (CH,) and iodine (I) radicals shown here were adopted from measured values'*,

while the enthalpy of formation of adsorbed iodine atoms as a function of iodine adatom

coverage (0)) is adopted from a careful TPD study carried out by Labayen et al."**, which is
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given as a function of iodine coverage as (255-1996;) kJ/mol. The enthalpy of formation of Hyqg
on Pt(111) is calculated from the reported enthalpy of adsorption of H,; (-36 kJ/mol, which is an
average from several reports%). The AH{CH3,44) and AH{CH,q) on Pt(111) are calculated to be
188 kJ/mol and -71 kJ/mol, respectively, both at 0.04 ML total coverage. The subsequent bond
dissociation energies for adsorbed CH, and CH detaching from Pt(111), D(Pt=CH,) and
D(Pt=CH), were calculated to be 198 kJ/mol and 665 kJ/mol respectively. The bonding enthalpy
for the Pt=CH bond is in excellent agreement with the bond enthalpy of 633 kJ/mol measured by
Yeo et al."** for the Pt=CCHj species which contains an equal number of Pt-C bonds but where
the H is replaced with CHj. (The number reported here from Yeo et al. was corrected from their
reported value to account for a heat calibration error, following the same procedure we reported
earlier®.) The coverage used for Figs. 4.7-4.8 (0.04 ML) was chosen to be approximately half
the saturation coverage for the CH; ,q and CH,q formation processes captured at 100 K and 210 K
(in Figs. 4.2 and 4.3, respectively), and was selected to balance the possible influence of surface

defect sites (<0.01 ML for this sample*-*" % %2

) and lateral repulsion from adsorbed species due
to surface crowding (high coverage).

The slopes of the straight lines through the differential heats from zero to saturation
coverage in Figs. 4.2 and 4.3 (-480 and -1430 kJ/mol per ML, respectively) can be used to
correct these heats of formation and bond energies from 0.04 ML to other coverages in the range
up to ~0.09 ML. Figs. 4.7 and 4.8 use the integral heats, which vary with exactly half these
slopes. One must also correct for the variation in the integral heat of iodine adsorption with I,q
coverage (using the equation given above for pure iodine adlayers). Table 4.1 shows the

resulting variations with coverage in the heats of formation and bond energies for these three

species, as well as for CHs 44 from our previous paper. Table 4.1 shows that decreasing the

69



coverage of adsorbed iodine and CH,q or CH3 4 pushes the enthalpies of formation more negative
(more stable) and makes the apparent bond energies to Pt stronger, while increasing the coverage
of adsorbed iodine and CH,q or CHj3 54 has the opposite effects. This strong coverage dependence
seen in Table 4.1 is attributed to lateral repulsion between the adsorbed products.

This is not seen for the CH, 4 species, for which the heat of formation and bond
enthalpies have a negative slope, suggesting increasing coverage makes the adsorbate more
stable. Based on the general behavior of other adsorbed hydrocarbons and their fragments, this
is not considered to be physically reasonable. We attribute it to an artefact of the highly non-
equilibrium population of surface sites achieved in the short measurement time (<200 ms) at the
low temperature of this measurement (100 K).

At 100 K, the adsorbed fragments from CH;l, dissociation (CHj 4 + 2 I,4) are probably
frozen in their initial locations (at nearest-neighbor), and unable to diffuse apart to minimize
adsorbate-adsorbate repulsions in the short time scale of the heat measurements. Because of this,
the enthalpy we used to estimate the stability of the I,4 products at low coverage here (based
upon large, equilibrium separations) is too stable, which leads to badly underestimating the
stability of isolated CH; 44 with this approach. That is, it is probably not valid to assume at 100
K that the coadsorbed iodine has a negligible effect on the adsorption energetics of the
methylene fragment and the other L4, as was done in Fig. 4.7. This is a problem even in the limit
of zero coverage, since each CHyI, produces a CH; 54 and two I,4 in such close proximity. Thus,
strong lateral repulsion from and between neighboring iodine species probably causes the bond
enthalpy of the methylene species to Pt(111) as estimated here to be much lower than the true
value for an isolated CH; 54 species. Similar adsorption experiments were carried out at 110 K

and 115 K in hopes that this would allow the adsorbates to diffuse apart during the heat
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measurement time, but these showed an identical heat profile as the 100 K data in Fig. 4.2.
Further experiments were done at even higher temperatures, but partial decomposition of CH 44
to CH,q + Hag was observed to occur already by 125 K, and occurred in increasing fractions as
temperature was increased further, as shown in Fig. 4.4 and discussed below.

Two clear trends with increasing adsorption temperature can be seen in Fig. 4.4. The first
trend is an increase in the initial heat deposited during the CH,l, adsorption. We attribute this to
the adsorption product composition change from CH; 4 + 2144 (i.€., reaction (1)) at 100 K to
forming a mixture of CH; nq4, 21aq, CHag, and H,qg species at higher temperatures (i.e., a
combination of reactions (1) and (2)), with increasing (CHag+Haq): CH2 44 ratio from 130 to 193
K. By 210 K, the further dissociation of CH ,q is sufficiently fast for SCAC measurements to
capture heats related only to forming CH,q + Haq (i.e., reaction (2) only). No gaseous reaction
products that leave the Pt(111) surface such as C,H4 and CH4 were observed in our simultaneous
QMS measurements at 210 K. This is in agreement with what has previously been observed in
TPD studies of CHzI, and CD»l;, on Pt(111), which reported peaks for these gases only above
230 K'® . The second trend with increasing reaction temperature in Fig. 4.4 is that the
apparent saturation coverage of the initial high-heat adsorption process also increases.

The complicated reaction kinetics of CH, g decomposition apparently results in the
observation of only a fraction of that reaction occurring during the timescale of our heat
measurements at these intermediate temperatures, with possible further diffusion and reaction
occurring more slowly than our heat measurements (i.e., on timescales >1 s). Because the
dissociation of one CH,I, blocks 8 Pt atoms when it makes CH; 4 and even more when it makes
CH,g, it requires a large, adsorbate-free area to dissociate to CH; .4 and even more for CH,g.

Since molecular CH,l, is rather weakly adsorbed, it probably diffuses rapidly even at 100 K, so
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that if it lands initially in an area with insufficient free sites to dissociate to CH, ,q, it can diffuse
to other sites and try again. Thus, dissociation to CH, ,q is not poisoned very quickly with
coverage. The situation is quite different to further make CH,q from CH; 44, since CH; 44 and the
2 1,4 are strongly adsorbed and will not diffuse away rapidly. Our DFT calculations gave a
diffusion activation barrier for I,q4 of 22/23 kJ/mol (optB86b/PBE), which corresponds to a
hopping time of ~1 s at 100 K, assuming a prefactor of kg 7/ (= 2x10'%/s). This is considerably
slower than the measurement time of ~100 ms. The barrier for CH, »q diffusion was estimated to
be 89 kJ/mol * , so that is even slower. Thus, the 2 I,4 can self-poison the local sites needed for
that same CHj 54 to dissociate starting even at the lowest coverage, at 100 K and to some extent
at higher temperatures. The diffusion of these species gets faster with increasing temperature, so
the extent of reaction is expected to increase with temperature, as indeed observed in Fig. 4.4.
The fact that the 2 I,4 co-products might be localized quite near to the CH, ,4 that is made
at 100 K implies that the heats measure at 100 K may reflect repulsions between the CH; .4 and
its two Iq neighbors even in the limit of lowest coverage, as noted above. To estimate the
magnitude of this effect, we calculated the dissociative adsorption energy of CH,I, to make
CH; .4 coadsorbed with two atomic [,4 at several different coverages (Fig. 4.9). The dissociative
adsorption of CH,l, to make CHj aq + 2 L4 1s exothermic by 452/354 kJ/mol (optB86b/PBE) in
the zero-coverage limit, whereas the experimental heat is exothermic by 222 kJ/mol (Fig. 4.2).
Thus, the experimental heat of formation and bond enthalpy for CH, ,qin Table 4.1 at the limit of
zero coverage is probably greatly destabilized compared to truly isolated CH; 4 due to repulsive
interactions with nearby I,4, and this destabilization at 100 K amounts to 230/132 kJ/mol by
comparing the experimental and DFT results. Furthermore, Fig. 4.9 yields the differential

dissociative adsorption energies from DFT as AE = (450-10280) kJ/mol (optB86b) and (354-
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12300) kJ/mol (PBE), based on which the mutual destabilization between the CH; .4 and 2 1,4 can
be as high as 226/135 kJ/mol at 0.22/0.11 ML (optB86b/PBE) vs. the zero-coverage limit. Thus
the extent of the mutual destabilization in the experiment could be well above 100 kJ/mol,
depending upon how far the 2 I, can move away from the CH, .4 when they are co-produced.

The enthalpies of formation and bond energies reported here are the first calorimetric
measurements at low coverages of CH; ,q and CH,q on a Pt(111) surface (albeit in the former
case with 2 1,4 as close neighbors). Table 4.2 provides comparisons to various DFT calculated
bond energies of the CH, og and CH,q species to Pt(111). A small amount (= R7) was subtracted
from the bond enthalpies estimated in Figs. 4.7 and 4.8 in order to compare to theoretical
predictions of bond energies at 0 K. Our measurements are seen to be in excellent agreement
with reported DFT results for CHag.

The heat of formation of CH,q was also estimated in previous calorimetry work by our
group from the heat of dissociative adsorption of CH;lI at 320 K and saturation coverage*. This
gave a heat of formation 104 kJ/mol above the value measured in this present paper in the limit
of low coverage at 210 K. This is not surprising considering the very strong repulsive
interactions between adsorbates and corresponding strong coverage dependences of the adsorbate
energies shown in Table 4.1 and the present DFT calculations.

Combining this study with previously reported calorimetric measurements of AH{CH3 aq)

48 and previous studies by TPD*’ and temperature-programmed XPS

on Pt(111) by our group
(TPXPS)'"" ! it is now possible to construct a complete enthalpy landscape for methane
dehydrogenation on Pt(111) as shown in Fig. 4.10. The landscape is referenced to the enthalpy of
gas-phase methane as the zero of energy (which is 75 kJ/mol lower than the elements in their

143

standard states ). The enthalpy of formation of adsorbed methane on Pt(111) was taken to be -
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90.1 kJ/mol, using its desorption energy of 15 kJ/mol measured by TPD at half-satuartion®’. The
calorimetric measurement condition for CH3 a4, CH2 a4, and CH,q are also labeled in Fig. 4.10.

Additionally shown in Fig. 4.10 is an energy level for CH; 44 + 2H,4, estimated from the
measurements of Papp et al.''" ''" of the kinetics of dehydrogenation of adsorbed methyl on
Pt(111) (produced by dissociative adsorption of a fast methane molecular beam) using TPXPS.
They observed the activation energy for the decomposition of CHj g to CHag + 2 Hag to be 61
kJ/mol. (This number is slightly corrected from the number (70.6 kJ/mol) given in the paper by
Papp et al. by using a prefactor of 10" s instead of the value of 10" s they assumed, since 10"
s is now believed to be a better estimate of the prefactor for such reactions'*®.) Since this
decomposition must go via CH» .4 + Hag as an intermediate state, this activation barrier sets an
upper limit for the energy of CHj aq + Hag relative to CHs ,g. Adding this number to the energy of
CH3 a4+ Hag gives an estimate of 47 kJ/mol for the maximum possible formation energy for
CHj 44+ 2 Hag from CHy . Note that this number is 144 kJ/mol below the corresponding number
of 191 kJ/mol that would be estimated based on our heat of formation of CHj g (With 2 L4
nearby) from the heat of dissociative adsorption of CHylI, at 100 K in Table 4.1. This difference
is attributed to the fact that the CH, .4 made here from CH,I, decomposition at 100K is not in its
energetically most favorable state due to strong repulsions from and between the two nearby
iodine adatoms that are simultaneously produced (see above).

Methylene is seen to be very unstable relative to other observed alkyl products; and,
methylidyne is seen to be largely downhill in energy from the other CHy fragments, making it the
most stable surface intermediate. The relative stability ranking of the CHy species on Pt(111)
observed in this report (i.e., CHag + 3Haq > CHzaq + Hag > CHzaq + 2Hag) is in excellent agreement

109, 110, 117

with previous studies. The energy landscape also agrees with a TPD study carried out
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by White ez al.'*®, where the dehydrogenation of the product of adsorbing CD;1, (CD3.a4) Was
found to occur at lower temperature than the dehydrogenation of the product from CD;3I (CDj3 4q)
on Pt(111).

Our DFT results (Fig. 4.6) are also consistent with an alternative interpretation of our
calorimetric measurements at 100 K. As mentioned above, the activation barrier for the initial
C-I bond scission in CHzly 4q 1s E,,1=31/27 kJ/mol (optB86b/PBE). While this is a small barrier,
kinetically the process would still be slower at 100 K than the heat measurement time if this
barrier is in this 27-32 kJ/mol range. We also calculated the molecular adsorption of CH;I, at
1/16 and 1/9 ML and determined the differential energy of molecular adsorption of CHyI, to be
(204-4950) kJ/mol (optB86b), which is in close agreement with the measured differential heat of
(222-4800) kJ/mol at 100 K (Fig. 4.2). Furthermore, the large difference between the optB86
and PBE values for the CH;I, adsorption energy (89 kJ/mol; see Table 4.2), can be attributed
primarily to vdW interactions, which are included in optB86. Interestingly, this difference is
essentially identical to the multilayer heat of adsorption of CHl, (89 kJ/mol; Fig. 4.2). Thus the
measurements at 100 K may predominantly correspond to molecular, not dissociative, adsorption
of CHzl,. The reason we do not prefer this model is that Trenary’s group reported clear
experimental evidence for the production of CH; 4 at 85 K upon adsorption of CH212109. Itis
possible that this CH; .4 was stabilized by the high coverage used in that experiment, which
could have blocked the sites needed for the further dissociation of this CH, ,4. If the activation
barrier for the initial C-I bond scission CHzl 5 is overestimated in DFT by only 8 kJ/mol, its rate
would be fast at 100 K, consistent with our preferred interpretation.

For completeness, let us consider the alternate model in more detail, that CHyI, 54 is the

product at 100 K. Our DFT estimate of the activation barrier for its initial C-I bond scission is
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27-31 kJ/mol. This requires to a temperature of 141-162 K for the time constant for this process
to equal the heat measurement time of ~100 ms. This is not too far above the temperature of 125
K where a new process first becomes obvious in the heat measurements compared to the result at
100 K (see Fig. 4.4). As mentioned above, the activation barriers both for the C-I bond scission
in CH,I and for the C-H bond scission in CH, are lower than this first activation barrier
according to DFT. Therefore, according to DFT, CH,I, adsorption would yield CHag, 21,4, and
H.q once the temperature is high enough to cleave its first C-I bond, at least in the low-coverage
limit, and when I,4 can rapidly diffuse away to create free sites needed for C-H cleavage. The
overall reaction energy for this dissociative adsorption process is calculated to be 508/416 kJ/mol
(optB86b/PBE; cf. Fig. 4.6) at the zero-coverage limit, with the optB86b value close to the
experimental heat of 533 kJ/mol measured at 210 K. Thus the DFT results for the molecular and
dissociative adsorption energies of CHal,, especially using the optB86b functional, are in close
agreement with the measured adsorption heats at 100 and 210 K, respectively, within this
alternate model. In either interpretation model, however, CH, 4 as a stable, isolated species is
not produced in the zero-coverage limit. If CH; 44 is produced, as in our preferred model, it is
necessarily confined to areas of high (local) surface coverage. Another DFT result that favors
the alternate (less-favored) model is our observation that the CH, .4 and 2 1,4 spontaneously (i.e.,
without any barrier) moved further apart than in either Figs. 4.5(f) or (g) when placed in a larger
unit cell (not shown or discussed above), which implies that such repulsive local coverage
situations would not be maintained. Thus, our preferred model implies either that DFT misses
some small barrier that prevents these adsorbates from separating at 100 K, or that they are
generated in a high local coverage situation even at very low average coverage, perhaps due to

attractions between the molecularly adsorbed precursors that cause them to island before
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dissociating. Such islanding seems unlikely, given the adsorbate-adsorbate repulsions apparent
from the decrease in adsorption energy of CHals oq with coverage calculated with DFT (see Table
4.2 and above). The main reason we prefer the model where CH; 44 + 2 L4 is produced at 100 K
is that this reaction was observed by vibrational spectroscopy to occur already at 85 K by Deng
etal.'”

The complication that the CH; 4 + 2 Ioq co-products remain so close together on the time
scale of the heat measurement that they destabilize each other by a large amount highlights a
problem that is common not only in SCAC but also in all other transient calorimetry techniques,
such as standard solution-phase titration calorimetry. That is, one is not always able to produce
more stable desired products on the time scale of the heat measurement, due to kinetic
limitations. This can also be an advantage, however, when one wants to study the less stable
species that are produced first. In all transient calorimetry techniques, knowing what is produced
on the time scale of the heat measurement can prove to be an experimental challenge. In the case
of SCAC, this refers to whatever surface spectroscopies are used to analyze the products (or were
used in prior papers that led to the SCAC measurements). Our ability to vary the surface
temperature in SCAC has proven valuable in matching SCAC temperatures to produce what is
known from the prior experimental literature. However, just as it proved to be in this case,

computational chemistry can also be a very important aid in determining what is produced on the

calorimetry time scale.

Conclusions
CH;I, was used to produce adsorbed methylene and methylidyne on a Pt(111) single
crystal surface. The heats of adsorption were measured at six temperatures between 100 K and

210 K using SCAC and were used to calculate the heats of formation and bond energies for both
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adsorbed fragments. At 100 K, the CH; 54 product is greatly destabilized by coadsorbed iodine
atoms at near-neighbor sites, so an activation energy from TPD data in the literature was used to
put an upper limit on the heats of formation of isolated CH; »q. At 210 K surface diffusion of
iodine atoms is sufficiently fast that the coadsorption of iodine with CH,q and H,q are able to
reach their most energetically favorable state, which at 0.04 ML approximates isolated CH,q on a
Pt(111) surface. DFT calculations for isolated CH; 4 and CH; 44 coadsorbed with I,4 suggest that
coadsorption even at relatively low coverages can result in very strong repulsions, which can
explain the large difference between the SCAC-derived stability of CH; a4 produced from CHal»
with two I,4 nearby at 100 K and the stability of isolated CH; 54 on Pt(111) calculated with DFT.
on the other hand, the stability of CH,q produced from CH,I, estimated by SCAC at 230 K
(where the L4 are able to rapidly diffuse away) is in close agreement with DFT. A complete
enthalpy landscape for stepwise methane dehydrogenation on Pt(111) was constructed, where
methylidyne was found to be the most stable alkyl fragment and methylene the least stable. This
ranking of stability is in good agreement with what has been previously observed qualitatively

from experiments using a wide variety of techniques and computational methods.
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Tables and Figures
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Figure 4.1. Typical deconvoluted heat versus time plot for a single 100 ms gas pulse that occurs
at ~0.45 s on this scale. The method of deconvolution is explained in the text. Integration of the
signal (LW) over time (s) yields the total adsorption energy (pJ) for that pulse. Discussion of the
best choice of integration time-window is given in the text.
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Figure 4.2. Differential heat of adsorption of CH,I, on Pt(111) at 100 K as a function of total
CHoal, coverage (0). Dissociation to CH; 4 + 2 g occurs in the first 1/8 ML with a heat of (222-
4800) kJ/mol. Continued dosing leads to adsorption in a second layer and then multilayer, with
the heat of adsorption eventually approaching the bulk heat of sublimation for CHl, s at 100K

(measured to be 89 kJ/mol, estimated to be 87 kJ/mol from bulk thermodynamic values, see
text).
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Figure 4.3. Differential heat of adsorption of CH,I, on Pt(111) at 210 K as a function of total
CH:l, coverage (8). Dissociation to CHad + 2 Iad + Had occurs in the first 0.09 ML with a heat
of (533-14300) kJ/mol. Continued dosing leads to adsorption in a second layer on top of the layer
of fragments and atomic species. The long-term sticking probability measurements, not shown,
show a rapid drop from unity to zero between 0.15 ML and 0.18 ML.
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Figure 4.4. Summary of the differential heats of adsorption of CHzI, on clean Pt(111) as a
function of total CH,I, coverage measured at different temperatures. These data are interpreted
as follows (see text): At 100 K, adsorption produces CHj a4 plus 2 I,4 in near-neighbor sites. At
210 K, dissociation to CH,q + 2 I,q + Hag occurs in the first 0.09 ML. Increasing temperature
above 100 K results in an increasing fraction of further decomposition of CH; 44 to CHag + Hag,
which is enabled by the increasing extent of diffusion of I,4 away from the near-neighbor sites of
CH, a4, thus producing free Pt sites needed for CH; .4 decomposition (see text).
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Figure 4.5. Top (upper panels) and side (lower panels) snapshots of the DFT (optB86b vdW-DF)
calculated minimum-energy configurations for the various species adsorbed on Pt(111): (a)
CHoaly; (b) CHaI; (c) CHs; (d) CHay; (e) CH; (f-g) CH,+21; and the transition states for C-I bond
scission in (h) CHzl, g and (1) CHalaq coadsorbed with one Ia. Large white, large grey, medium
black, and small white spheres represent Pt, I, C, and H atoms, respectively. The coverage is
1/16 ML for (a-e), and 1/16 ML for (f, h, 1) and 1/9 ML for (g), respectively, referring always to
the starting amount of CH,I, needed to generate each structure. The surface unit cell vectors are
indicated in (f) and (g) for the (4x4) (corresponding to 1/16 ML) and (3%3) (corresponding to 1/9
ML) surface unit cells, respectively. The C-I bond distance (dC-I) at the two transition states
are: (h) 3.180 A; (i) 3.034 A.

1SISISI) DIQIOIOI

83



-100
-200

-300

—4—GGA-PBE \
500 |~ optB86b vdW-DF (w/o ZPE)

optB86b vdW-DF
-600 5

&
NV o7
P ®

Energy (kJ/mol)
A
S

Figure 4.6. DFT-calculated reaction energy profile for the dissociative adsorption of CHal, .
Points 2-4 are each calculated on a (4x4) surface unit cell, whereas the last point is calculated
with each adsorbate on a separate (4x4) surface unit cell, approximating the zero-coverage limit.
The numberings of the three activation barriers for the successive decomposition of CHzl a4 to
CH,q are indicated, as referred to in the text.
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Figure 4.7. Thermodynamic cycle for the formation of adsorbed methylene on Pt(111) (with two
nearby I,q) from CHl, ¢ at 100 K, used to estimate the standard heat of formation and bond
enthalpy of CHj a4 to Pt(111). The measured number reported in red is the integral heat of
adsorption up to a coverage of 0.04 ML from Fig. 4.1. Numbers in blue are calculated, and
numbers in black are taken from literature as described in the text. This heat of formation is
strongly affected by the presence of two nearby L4 (see text).
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Figure 4.8. Thermodynamic cycle for the formation of methylidyne on Pt(111) from CHbl,, at
210 K, used to estimate the standard heat of formation and bond enthalpy of CH,q to Pt(111).
The measured number reported in red is the integral heat of adsorption up to a coverage of 0.04
ML from Fig. 4.3. Numbers in blue are calculated, and numbers in black are taken from
literature as described in the text.
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Table 4.1. Best-fit lines for experimental differential heats of adsorption, heat of formation, and
bond enthalpies versus coverage for various fragments on Pt(111). Coverages here are defined
for each reaction listed as the number of reactant species (CH;I,, CHsl, or I) adsorbed on the
surface of the Pt(111) single crystal divided by the number of Pt atoms on the Pt(111) surface
(1.5 x 10"/cm?). Heat of adsorption determined by calorimetry for the reactions listed except for
L4, which values come from TPD. Heats of formations were calculated using the integral heat of
adsorption (differential heat of adsorption integrated over the stated coverage range) together
with known enthalpies from the literature, as explained in Figs. 4.6 and 4.7. The numbers given
here are from integration of the differential heat of adsorption’s linear fit given in the 3™ column.
(The data presented elsewhere in the paper come from numerical integration of data points.)

Coverage  Differential Heat of  Bond Enthalpy

Adsorbate and Range Heat of Formation (kJ/mol) Reference
reaction (ML) Adsorption (kJ/mol) Coverage-
measured (kJ/mol) integrated
CH a4 0-0.09 533-14300 -79.6+3176 674-3176 this paper
CHzlz,g —
CHad+2 Iad—’_Had
CHz,a4 0-0.12 222-4800 195-1580 191+15860 this paper
(near 2 Ig)*
CHzlz,g —
CHZ,ad +2 Iad
CHiq 0-0.045 233-9530  -70.3+37760 217-37760 8
CH3Ig —
CH3,ad + Iad
L 0-0.33 255-1990 -148+990 255-990 134
Ig — lag
Calculated**
optB86b 0.06-0.33 306-1490 306-746 this paper
PBE 0.03-0.33 258-1486 258-740 this paper

* The CH, 4 species here is destabilized by two I adatoms in near-neighbor sites even at the
lowest coverage, so its zero-coverage enthalpies do not reflect isolated species. Due to
adsorbate-adsorbate repulsions even near zero coverage that are not properly considered in
calculating the apparent coverage dependences of its heat of formation and bond enthalpy, the
values listed here are probably incorrect, even going in the wrong direction with coverage (see
text).

** The DFT calculated values for 1,4 are ZPE-corrected.
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Figure 4.9. DFT-calculated differential dissociative adsorption energy of CHzlb ;2 CHy o+
21,4 as a function of total dissociated CHzl, coverage. The zero-coverage limit is approximated
with each product calculated on a separate (4x4) surface unit cell.
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Table 4.2. Comparison of experimentally measured bond energies of adsorbates to Pt(111) with

DFT calculations

Method or DFT Coverage or Bond energy
Species  functional cluster size (kJ/mol) Reference
CH3,qg SCAC 0.04 ML CHj 44 with 197 “
(top) (from CHsl) 0.04 ML Iq
PBE 1/16 ML 195, 179zpk this paper
optB86b 1/16 ML 232, 2167pg this paper
PWI1 1/4 ML 197 >3
RPBE 1/4 ML 163 3
CH3,aq SCAC 0.04 ML, destabilized 197 this paper
(bridge) by 2 I,4 nearby
From TPXPS''": 0.04 ML (coverage >338 this paper,
CH3 44 dissociation where activation barrier see text
barrier (sets limit of for CH3 49 — CHag + for details
minimum stability) 2H,q is measured)
PBE 1/16 ML 398, 378zpk this paper
optB86b 1/16 ML 439, 419zpg this paper
PBE 1/9 ML 392 »
PWI1 1/4 ML 381 33
RPBE 1/4 ML 336 33
B3LYP Pt35 cluster 400 147
B3LYP Pty cluster 406 148
PWOIl1 Pty cluster 440 148
B3LYP Ptg cluster 436 149
CH.q SCAC At 0.04 ML, with 0.04 663 this paper
(fce (from CH;lI5) ML Hyq + 0.08 ML L4
hollow)
SCAC At 0.11 ML CH, with 549-568 4
(from CH3I) 0.18 ML I.4
PBE 1/16 ML 644, 624 pg this paper
optB86b 1/16 ML 657, 6377pE this paper
PBE 1/9 ML 643 >3
PW91 1/4 ML 620 33
RPBE 1/4 ML 569 33
B3LYP Pt3s cluster 613 147
B3LYP Pt), cluster 678 148
PWI1 Pty cluster 728 148
B3LYP Ptg cluster 697 149
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CH,l;,4 PBE 1/16 ML 98, 100zpg this paper

optB86b 1/16 ML 188, 1897pg this paper

optB86 1/9 ML 175, 177 zpg this paper
CH)l.q PBE 1/16 ML 242, 230z7pg this paper
(Ctop'
Ibridge)

optB86b 1/16 ML 315, 3032pg this paper

Bond energies are calculated by subtracting RT from the bond enthalpies, such as those listed in
Figs. 4.6 and 4.7. All DFT calculations were performed on various Pt(111) surface models, and

the subscript “ZPE” indicates that this energy includes a zero-point energy correction.
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Figure 4.10. Experimental enthalpy landscape for stepwise dehydrogenation of methane on
Pt(111) at low coverage. Adsorbing gas and its total coverage used for SCAC measurements are
indicated in parentheses under each species. For other species, see text for citations.
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Chapter S: Energetics of Adsorption of D,O on Fe;O,(111) and NiO(111)

Chapter Abstract

While a great deal of data has been gained from SCAC about adsorbed on Pt(111)
surfaces, very little work has been done to study adsorbates on other surfaces whose irreversible
adsorption (e,g., dissociative adsorption) demand the SCAC approach, particularly oxides. This
chapter will provide a brief look at the study of D,O adsorption on Fe;O4(111) and NiO(111).
This work was aimed at trying to measure the heat of formation of hydroxyl species on these
surfaces, which proved quite challenging due to possible problems with the literature and
inadequately pure vacuum for one very demanding experiment. This chapter’s report is expected

to aid in the completion of this work under future graduate students.

Introduction
Metal oxides are a class of materials which are important in a wide variety of fields

. . . . . 150 . . 151 . .
including catalysis, environmental science ~, and materials science ~ . In catalysis metal oxides

152

play a role as both structural support'>? and as catalysts themselves'> and there has been a

tremendous amount of effort to understand the strong metal support interaction (SMSI)"** '
which has been observed in many nanoparticle on oxide systems to improve catalytic activity.
Because of the complexity of working with oxide surfaces much less concrete information about
adsorbate species on oxide surfaces is available than is available on metal surfaces. Particularly
lacking is information on the energetics of various molecular fragments on these surfaces, which
are important catalytic intermediates in catalytic reactions. While some work has been done
studying adsorption energetics on powdered oxides'*®, few studies have focused on the

adsorption energetics of single crystal surfaces which have well defines site/adsorbate systems.

An improvement in the understanding of such fundamental quantities as adsorption energy will
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go a long way to aid in rational catalyst design, as well as providing benchmarks for the latest
computational methods to check their absolute accuracy.

Iron oxide is a classic example of a metal oxide with a wide variety of applications in all
of the aforementioned fields, particularly catalysis. In surface science of catalysis, iron oxide is

used as a model oxide surface to explore the role of acid-base sites, the effects of surface

157-163

oxidation/reduction, and as a support material for nanoparticle catalysis , where it was

observed that gold adsorbed as adatoms onto the oxygen sites of Fe;O04(111) and CO bonds only
to those adatoms and not to larger Au nanoparticles'®*. Further studies suggested that these Au
adatoms suggested that they were cationic'®* ', Other work showed that on Au/F €Oy, the
highest activity was seen in bilayer Au nanocrystals containing ~10 atoms which also appeared

to be cationic'®®. In practical catalysis, iron oxide is used as both support and catalyst itself for

167, 168

reactions such as the conversion of ethylbenzene to styrene in the presence of steam . Iron

oxide catlaysts have also been studied as potential catalysts for the water gas shift reaction'®. It
has also has been studied as a potential photocatalyst for water splitting'’’.

A great deal of work has been done to study crystalline iron oxide thin films (<10nm)

171

grown on Pt(111) " under ultrahigh vacuum (UHV) conditions as a well-defined model for

surfaces in more practical applications in catalysis. Such films have been characterized using x-

172

ray photoelectron spectroscopy (XPS) '“, Auger electron spectroscopy (AES), ultraviolet

photoelectron spectroscopy (UPS), low energy ion scattering spectroscopy (LEIS), X-ray

173

adsorption spectroscopy (XAS), low energy electron diffraction (LEED) °, scanning tunneling

174 171,175

microscopy (STM) ™, and a variety of less common surface science technique . It has been
found that iron oxide initially grows as a monolayer of FeO(111) before building up into

magnetite, Fe;04(111), upon further Fe deposition and annealing in the presence of 1x10°® mbar
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O,. The transition to the more oxidized a-Fe,O3(111) structure has been found to only occur
when annealing at partial pressure of oxygen near ambient (~1 mbar) levels'”'. The thin films of
Fe;04(111) grown on Pt(111) show a surface termination consisting of a hexagonal close packed
layer of oxygen (density = 1.3 x 10'* O/cm?) covered with 4 monolayer (ML) of Fe atoms
located at three fold hollow sites with a surface density of 3.3x10'* Fe/cm®. The iron atoms act as
acid sites while the /4 ML of oxygen atoms not adjacent to an iron atom act as base sites.

Water adsorption on iron oxide is relevant in nearly every application in which iron oxide
is used. Water adsorption on magnetite (111) has been well studied by a variety of groups using
temperature programmed desorption (TPD), ultraviolet photoelectron spectroscopy (UPS)'°, x-

ray photoelectron spectroscopy (XPS), high resolution electron energy loss spectroscopy

(HREELS)'", reflection adsorption infrared spectroscopy (RAIRS)'"®, scanning tunneling

179 171, 180, 181

microscopy (STM) ", and many other techniques . Unlike many nonpolar oxide
surfaces, these studies have shown that the magnetite surface is highly reactive and that water
adsorbs dissociatively on Fe3O4(111) surfaces. Hydroxyls adsorb at the surface iron sites and the
remaining proton from dissociation is believed to rest on the undercoordinated lattice oxygen
atom. Further dosing of the surface results in molecular water adsorption which interacts with the
adsorbed hydroxyl species and surface oxygen.

Platinum is a ubiquitously studied material for catalysis at all scales, but it is far from the
only metal used in catalysis. Nickel, another group 10 element, is much more common and
therefore substantially cheaper than platinum and has been extremely well studied as a metal
catalyst. Ni based catalysts are widely used in industrial catalysis for a variety of reactions

including reforming of alcohols, hydrogenation, hydrocracking, and oxidation processes' '*% ',
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As was the case with platinum, there is little directly measured information available about the
energetics of adsorption of molecular fragments on Ni surfaces.

While nickel catalysis is nearly as ubiquitous as platinum catalysis, nickel is not nearly as
noble a metal as platinum. Therefore nickel oxides are also a material of intense study for
catalysis. Aside from the fundamental understanding which would be gained from studying a

184

variety of metal oxide surfaces, NiO is used as a catalyst for high temperature fuel cells ™ and is

expected to exist in many high temperature oxidation reactions occurring over a nickel catalyst'.

Epitaxial NiO(111) films can be grown on Ni(111) single crystals by annealing in a
background of oxygen, and these serve as a well-defined model of NiO surfaces in more
practical applications. Such films can grow to be 3 layers thick at high (~600K) temperatures and
low (~300K) temperatures'® '*® before oxygen transport limitations prevent further growth.
Because NiO grows in a rock salt structure the (111) face is polar and unstable in a planar
configuration due to divergent dipoles. To stabilize the surface NiO(111) films undergo a surface
reconstruction to a (2x2) NiO(111)/Ni(111) structure which creates a three dimensional octopole
structure on the surface'® ', Because of this instability the NiO(111) surface tends to be more

reactive than the NiO(100) surface.

190, 191

On NiO(111) water adsorption is known to produce hydroxyls as well as cause a

surface restructuring'”> ', Dosing water on a clean (2 x 2) NiO(111) surface results in the
production of hydroxyls and a surface restructuring to a (1 x 1) structure. Heating these
hydroxylated films above 600 K results in a return to the (2 x 2) clean structure'* "> 1% 1,
These findings were also observed using DFT'®®. There is some disagreement about the coverage

191
1.

of hydroxyls expected in literature. Kitakatsu et a report 0.85 ML OH coverage using

quantitative XPS analysis, while Langell et al.'” report anywhere from 0.63 to 0.84 ML OH
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coverage using quantitative XPS. Cappus et al."”® used EELS and TPD of water and NO in an
attempt to quantify the amount of hydroxylation on a NiO(111)/Ni(111) surface and found that

2/3 of the surface sites were hydroxylated.

Experimental details
Experiments were performed in a stainless steel UHV chamber (base pressure <2 x 107

mbar) equipped with XPS, AES, LEIS, LEED, quadrupole mass spectrometry (QMS), liquid
nitrogen cooled molecular beam, and SCAC. This apparatus and the procedures for SCAC have
been described in detail previously™. For further details on SCAC experiments and

instrumentation see Chapter 2.

Growth of Fe;04(111) Film
A Fe304(111) thin film was grown on a 1 um thick Pt(111) single crystal which had been

cleaned by cycles of sputtering with 1.25 kV Ar’, annealing at 1123 K for 1 min, and annealing
to 873 K in 1 x 10™® mbar of O, for 2 min. After each cycle the cleanliness of the sample was
checked using AES until no carbon residue is detected. The order of the cleaned Pt(111) surface
was confirmed by LEED with a clear hexagon pattern. Iron oxide films were grown on the clean
single crystal using the method of Zscherpal et al'®’ by first depositing 1 ML of Fe then
oxidizing at 1000K in 1x10°° mbar O,. Iron was then deposited in 1x107" mbar O, at room
temperature until a film approximately 4 nm thick had been grown. Film thickness was
determined by measuring the Fe deposition rate with a QCM. The film then underwent a final
anneal in oxygen at 1000K and film cleanliness, composition, and order were checked using
XPS, AES, and LEED. The sample was cleaned between individual SCAC experiments by
flashing to 1000K in 5x10”" mbar O,. One ML is defined using the surface density of O atoms of

1.5x10" O/cm”
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Growth of NiO(111) Film
NiO(111) films were expitaxially grown on a 1um thick Ni(111) crystal. The Ni(111)

sample was first cleaned by repeated cycles of sputtering with 1.25 keV Ar+ ions and annealing
at 1000K. The cleanliness and order of these Ni(111) films was checked using AES and LEED.
Once the Ni(111) sample was cleaned, NiO(111) films were prepared by heating the sample to

570K and exposing the surface to 1000L of O,, followed by a final flash to 650K in vacuum, as

190, 192
d 5

in accordance with the method given by several papers from the group of H.-J. Freun and

198200 ¢4 study D,0, CO,, and formic acid on

also used by the group of Hirose and Domen
NiO(111)/Ni(111) surfaces. Sample composition was checked using AES, but the films grown
were highly defective and no clear LEED pattern could be seen, which has been previously

192

observed in the literature "*. NiO(111) samples were flashed immediately before each

experiment in vacuum to a temperature of 1000K to ensure sample cleanliness.

Experimental Procedure for Measuring Heat of Adsorption of D,O on Oxide Surfaces
SCAC was performed by dosing D,O vapor onto the surface through the molecular beam

with a typical backing pressure of ~1.7 mbar resulting in an approximate flux of 0.02 ML per
pulse, with each pulse being 102 ms in duration. There was a five-second delay between pulses
to avoid adsorption/reaction overlap. D,O with purity 99.9+ atom % D was supplied by Sigma
Aldrich and was purified by repeated freeze pump thaw cycles. The flux of the beam was
measured using a liquid nitrogen cool quartz crystal microbalance (QCM). The temperature of
the dosing gas was 300K, and was controlled by heating a glass capillary array (GCA) which
collimated the beam.

The heat released by the adsorption of each pulse of D,O was measured using a
pyroelectric polymer ribbon gently pushed to the backside of the sample. The sensitivity of the

pyroelectric ribbon was calibrated using a HeNe (632.8 nm) laser with known energy for each
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individual experiment. Experiments were performed with the sample cooled using a liquid
nitrogen cryostat. Calorimetric measurements versus coverage at each temperature were repeated

at least 5 times and the average values are reported.

D>0 on Fe;04(111) Results
Experiments were conducted at 90 K to determine the multilayer heat and calibrate our

heat data. It is expected that the reflectivity of our surface would decrease slightly from the pure
platinum value of 0.76 as the thickness of Fe;O4 on the surface increases®”!. Because the precise
reflectivity of our sample is not known and cannot be measured in situ in our instrument, the
heats of adsorption were normalized by setting the heat of adsorption of D20 to make a thick
multilayer film of D20(solid) at 90K equal to the value of 47.2 kJ/mol measured in a previous
study by our group but on Pt(111)*, which also agreed with literature values for the heat of
sublimation of bulk D20(solid)202. The reflectivity of our sample with a 4nm Fe;O,4 film
calculated using this method is 0.745, extremely similar to the reflectivity of 0.76 of our
platinum single crystal®.

Figure 5.1 shows the heat of adsorption vs coverage at 90 K. Unity sticking probability
was observed at 90 K. On the timescale of our measurements (102 ms) only molecular
adsorption is observed at this temperature. The data shows three distinct regions. An initial layer
of molecular water adsorbing on the surface is observed up to 1 ML. This suggests that water is
likely bonding with the surface oxygen through a hydrogen bonded network. The heat data then
shows the development of a second layer up to 2 ML, suggesting the second layer is built in a
layer-by-layer mechanism growing with the same surface density as the of lattice oxygen lattice.
From there further dosing eventually reaches the multilayer heat of 47.2 kJ/mol.

Experiments were performed at higher temperatures as well and the heat of adsorption at

150 K is shown in Figure 5.1. At 150 K slightly higher heats were observed (~10 kJ/mol) than at

98



100K and the long-term sticking fraction was observed to drop to 0 at IML D,0 coverage. At

still higher temperatures (160K to 220K) the heats were identical to those measured at 150K and
the sticking fraction was seen to drop extremely rapidly as summarized in Table 5.1, resulting in
no substantial build-up of adsorbates on the surface. In addition to these heats being much lower
(~30 kJ/mol) than expected*®, this runs very counter to the previous observations in literature of

176,177,203

hydroxyls being stable on the surface up to 280K . These results suggest that we are not

forming hydroxyls on the surface at any coverage/temperature tested.
D,0 on NiO(111)

Experiments were conducted at 100K to measure the multilayer heat, which is identical to
the heat of sublimation of water which is known. The flux of water was observed to drop slowly
throughout the day and due to instability in the QCM, flux measurements could not be made
between each experiment. When working up data, the molecular beam flux at the end of the run
was assumed to be the value that gave a heat adsorption for the multilayer at 90 K to have the
correct value. At 150K no multilayer was formed so we could not normalize the flux to the
multilayer. Instead the sticking data was used, normalizing the flux so to give the same coverage
at the point of the sharpest drop in long term sticking probability for each experiment. At higher
temperatures, experiments were much shorter due to the rapid drop to zero sticking probability,

and the flux was not observed to drop significantly between experiments.

Adsorption of D,O on NiO(111) was performed at a variety of temperatures between 90
and 220 K shown in Figure 5.2. Higher temperature experiments were conducted at 300K and
320 K, but because of the extremely low saturation coverage (< .02 ML) are not included in
Figure 5.2. The initial heats of adsorption measured were found to be largely similar, and only

the sticking probability seemed to change as temperature increased, as shown in Figure 5.3. A
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notable exception to this observation of identical heats was at 150K, where the same initial heat
was observed as at 100K, but then a subsequent more significant drop in heat of adsorption was
seen than at 100K, followed by eventually reaching the multilayer heat. This difference was most

likely due to large the heat capacity of adsorbed water™.

These results run very counter to the previous observations in literature of ~0.6-0.85 ML
coverage of hydroxyls on NiO(111) being produced at temperatures as low as 300 K and stable
up to as high as 600 K."* "1 This coverage would correspond to a coverage of ~0.3 - 0.425
ML in Figure 5.3 assuming each water produces 2 hydroxyls on the surface. Both the low heat
and low sticking probabilities suggest it is much more likely only molecular adsorption is
occurring in our experiment.

D>0 on Fe;04(111) Discussion

The observed heats and sticking fraction for D,O on Fe;O4(111) as a function of coverage
and temperature show fairly low heats out to a coverage of 1 monolayer of D,0O, where a
monolayer is defined at the surface density of O atoms(MLo= 1.3 x 10'*/cm?) of coverage. At
100K the heats remain slightly high for what appears to be the growth of a second layer between
1 ML and 2 ML coverage before eventually reaching the sublimation heat at higher coverage.
These initial, low coverage heats of 56.9 kJ/mol are considerably below the 89 kJ/mol expected
for —OD on Fe304(111) from TPD36, and are much more in line with what is expected from TPD

176, 204 .
36,176,204 ' \vhich should have an

of molecularly adsorbed water ontop of a hydroxlated surface
adsorption energy around 50 kJ/mol. Additionally the hydroxyl species should only form on the
Fe cations, which occupy 4 ML of the surface, so a break in the heat versus coverage curve

would be expected at 4 ML coverage, not 1 ML. The sticking probability versus coverage plots

are not shown, but unity sticking is observed at 100 K at all coverages. At 150K near unity
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(>0.9) sticking probability is seen up to 1 ML at which point the sticking probability rapidly
drops to zero. At higher temperatures (>175K) no sticking is seen at any coverage. Considering
that the reported desorption temperature for molecular D,O on Fe;O4(111) was observed in TPD
to be ~190 K and the dissociated hydroxyl species (which should exist in a coverage range up to
4 ML) is not observed to desorb until ~280 K, this further supports the idea that only molecular
D,0 adsorption was observed in our experiments.

Table 5.2 shows a comparison between current, previous, and some theory results for the
energetics of adsorption DO on Fe;O4(111). The DFT numbers presented in Table 5.2 are
merely a sample of a larger pool of DFT literature related to water adsorption on the magnetite
(111) surface' ™ 205208 ' Good agreement is seen with TPD results for molecular water, though
DFT appears to be overbinding the species.

The most likely explanation for not seeing the formation of hydroxyls formation on the
Fe;04(111) surface is that the surface was already hydroxlated before the experiments began.
Isobaric equilibrium adsorption experiments showed that you can make OH at temperatures as
low as 100 K***. Weiss et al also showed using isobaric equilibrium adsorption measurements
the formation of hydroxyls when cooling from high temperature in the presense of oxygen,
suggesting a water mediated precursor was not necessary to produce the hydroxyl species™™,
unlike what had was reported by Thorton et al. who saw that an intermolecular mechanism of

dissociation was needed to produce hydroxyls*”

. The most likely source of hydroxylation
occurring prior to the beginning of experiments reported in this chapter is trace amounts of
residual water vapor impurity produced by reactions with the vacuum chamber wall of the O, gas

introduced during the flash immediately before the experiment begins. This procedure had been

adopted to prevent possible reduction of the surface, but other groups showed that this was not
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necessary and that it could in cause a buildup of O on the surface Fe sites in the case of bulk
Fes04(111) crystalsm’ 210, though whether or not this behavior is seen in Fe;O04(111) thin films is
debated'””*'":2!2 Other common background impurities such as CO gas may also have reacted
with the Fe sites needed for water dissociation and passivated them. Another possibility is that
the surface hydroxylated species would not completely desorb from simple annealing, with the
work of Kendelewicz et al.'™ reporting that annealing up 973K was insufficient to thermally
clean the hydroxylated Fe;O4(111) surface, and that Ar" sputtering was necessary to remove the
OH groups.

Before experiments could be performed to test different surface preparation methods, it
was discovered at the 2013 American Vacuum Society meeting in Long Beach, CA that the
group of Shauermann et al. at the Fritz-Haber-Institut der Max-Planck-Gesellschaft had already
performed this experiment and measured the heat of adsorption of hydroxyls on a Fe;O4(111)
surface and that a publication of these results would be forthcoming. Because of this discovery, it

was elected to abandon further experiments of D,O adsorption on Fe;O4(111).

D;0 on NiO(111) Discussion
The initial heats observed at all temperatures are not consistent with the observation in

literature that hydroxyls are easily produced on the surface by dosing water at T as low as 300 K
and remain stable up to 600K. Using a simple Redhead TPD type analysis where we assume a
prefactor'*® of 10" s and a fast heating rate of 50 K/s during the flash, we can ballpark the
expected heat of adsorption for such a stable species (i.e., with a peak desorption T of 600 K) to

be ~190 kJ/mol, well above the highest heat we observed (74 kJ/mol).

At 150 K the heat deposition profile has the same initial heat as at 100K, but then drops

lower than the 100 K heat curve at D,O coverages between 0.2 and 1.2 ML before eventually
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leveling out near the multilayer heat. Despite this unexpected change in heat of adsorption
behavior from what was seen at 100K, the adsorption is still interpretedto consist entirely of
molecular adsorption on the surface and at no point are hydroxyls forming as was expected. Lew
et al.” previously observed a lower initial heat for molecular adsorption of D,O on a clean
Pt(111) surface which was attributed to a high heat capacity of adsorbed water molecules. The
heat capacity was calculated by taking the difference in the integral heat of adsorption of D,O in
the first I ML on clean NiO(111) at 100K and 150K (=6.9 kJ/mol). This number is then
corrected for the difference in enthalpy of D,O gas (=1.7 kJ/mol), and is then by divided by the
50 K temperature difference. Lew et al. calculated the heat capacity of adsorbed D,O on Pt(111)
as 130 + 82 kJ/mol. Analyzing the data for adsorbed D,O on NiO(111), we arrive at a heat
capacity of 171 = 107 kJ/mol (both error bars represent 95% confidence), quite similar to that of

Lew et al. considering the large error bars.

At higher temperatures of 220K, 300K, and 320K (temperatures above 220K not shown
in Figure 5.2) identical heats of adsorption were seen as those at low coverage at 100 and 150K
as shown in Figure 5.2. The sticking probability begins to drop off rapidly at temperatures above
150K as shown in Figure 5.3. Previous literature suggests that roughly one monolayer of
hydroxyls should form on the surface and should be stable up to 600K. This low sticking
probability at higher temperatures is then then further consistent with the hypothesis that we are

only observing molecular adsorption at all temperatures.

The cause of not seeing hydroxyl formation is most likely due to a similar phenomenon
as was suspected in the case of D,O on Fe;O4(111), that the surface is already hydroxylated or
otherwise passivated with adsorbed impurities before SCAC experiments begin. Whereas in
Fe;04(111) the most likely culprit was in the sample cleaning procedure, the cause here is more
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murky. The extremely high instability of the hydroxyl free NiO(111)/Ni(111) films reported in

193 Rohr et al. observed

literature suggest that actually obtaining a clean surface is very tricky
that over long periods of time the clean NiO(111) surface will scavenge residual water from the
background of the chamber to form the hydroxylated surface'**. In order to ensure this was not
the case for us, great care was taken to ensure an extremely low base pressure. Additional
pumping was achieved by adding additional cryopumping by cooling a large copper block in the
chamber which houses the TSP with liquid nitrogen. While a slightly lower base pressure was

observed (<1 x 107 mbar), no difference was observed in collected SCAC data under these

conditions.

In addition to already being hydroxylated there is some evidence in the literature that NiO
films grown epitaxially on Ni(111) may not grow in an ordered (111) structure. Christensen et
al."® observed the formation of large, thick NiO(100) islands after oxidizing a Ni(111) single

crystal at 473 K. Similarly Kitakatsu et al.'”"*"

observed that oxidation of Ni(111) single
crystals at 500 K resulted in a surface that was predominantly (93%) covered by NiO(100) with
only a small fraction (7%) being small triangular NiO(111) grains. Maurice et al. also observed
that these NiO(100)/Ni(111) surfaces did not adsorb hydroxyl groups on regular sites, but
possibly did on defects, in agreement with what was previously seen in literature for NiO(100)
surfaces'’. However, Maurice et al. also observe that upon further heating to 550K the NiO(100)
oxide decomposes to a Ni(111)-(2 x 2)O adsorbed phase, though the NiO(111) islands remain
intact. For NiO films grown initially at lower temperatures (300K), Maurice et al. observe that

some hydroxylated NiO(111) islands form, and then grow and coalesce when heated to 700K,

but they do not observe the hydroxyl free surface.
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Conclusions
D,0 on Fe;04(111)

Our study of the heat of adsorption of D,O on an Fe;O4(111) thin film observed only
molecular adsorption. The surface of Fe;O4(111) was likely already hydroxylated or passivated
by adsorbed impurity before experiments began due to the sample preparation procedure, or

180 Before further

possibly simply due to the difficulty in removing hydroxyls from the surface
experiments could be run to test a different sample preparation, it was discovered at the 2013
American Vacuum Society national meeting in Long Beach, CA that the group of Schauermann
et al. at the Fritz-Haber-Institut der Max-Planck-Gesellschaft had already performed this
experiment and measured the heat of adsorption of hydroxyls on a Fe;O4(111) surface and that a
publication of these results would be forthcoming. Because of this discovery, it was elected to
abandon further experiments of D,O adsorption on Fe;O4(111).

D,0 on NiO(111)

The observations seen for the adsorption of D>O on NiO(111) clearly do not support the
previous observations in literature that hydroxyls should form on the surface up to a coverage of
~1 ML and be stable up to 600K. The results are much more consistent with molecular
adsorption of water on the surface, possibly because the surface is already hydroxylated or
passivated by adsorbed impurity, or because we somehow otherwise did not have the clean
NiO(111) surface we expected'”" 213.214 "Byrther studies of D,O and other adsorbates such as

198,199, 215,216
d

formic aci on NiO(111) are expected to continue under future graduate students.
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Figure 5.1. Heat of adsorption of D,O on Fe;O04(111) at 100K as a function of D,O coverage.
Surface of Fe;04(111) believed to already be hydroxylated before dosing begins. Adsorption is
believed to be molecular D,O adsorption ontop of hydroxyls. Break is seen at 1 ML coverage
and at 2 ML coverage suggesting growth of first and second layers. Heat eventually reaches the
heat of sublimation at ~2.5 ML which is also the multilayer heat. Data is normalized to heat of
sublimation in multilayer region because reflectivity of Fe;O4(111) film is unknown and has
been seen to depend on thickness as discussed in the text. The heat of adsorption of D,0O at 150
K is seen to be ~10-15 kJ/mol higher than at 100K in the first ML. The explanation for this is
unclear, but it could be that the water molecules are more mobile at 150 K and are able to find
more energetically favorable sites to adsorb. At 150 K no sticking is seen beyond ~1.25 ML of

D,0 coverage and no multilayers are formed.
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Temperature Saturation

(K) Coverage
100 Multilayers
formed
150 1.25
160 1
175 0.1
190 0
220 0

Table 5.1. Summary of ultimate saturation coverage for D,O on Fe;04 calculated using sticking
probabilities measured simultaneous to calorimetric measurements.

107



Method Coverage Reaction Products AH Ref.

H,04+Fe 0,(11) = | (k3/mol)

SCAC 1 ML DO -54 This
(associative) data

TPD Y4 ML HO -50 -0
(associative)

DFT Vi ML HO, .. -79 o
(associative)

DFT Y4 ML H+OH H, O adsorbed with -75 200

with A MLH,0 | qurface hydroxyls

Table 5.2. Comparison of experimental results of this paper with TPD and DFT numbers for
molecular (associative) adsorption of water on Fe;O4(111). SCAC data reported is the integral
heat in the first monolayer of D,O coverage.
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Figure 5.2. Heat of adsorption of D,O on NiO (111) at different temperatures as a function of
D,O coverage. Surface of NiO(111) believed to already be hydroxylated before dosing begins.
Adsorption is believed to be molecular D,O adsorption ontop of hydroxyls. Break is seen at 1
ML coverage at 100K, where heat of sublimation (which is equal to the multilayer heat) is
reached. Data is normalized to heat of sublimation in multilayer region because reflectivity of
NiO(111) film is unknown. Experiments performed at higher temperatures (150K) yielded
similar, though slightly lower heat curves out to 1 ML, at which point the sticking probability
dropped to 0. The slightly lower heat is is attributed to the heat capacity of water as discussed in
the text. Going to still higher temperatures (>220K) resulted in identical heats, but lower sticking
probability even at zero coverage.
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Figure 5.3. Sticking probability for D,O on NiO(111) as a function of D,O coverage and
temperature. 100K sticking probability is 1 at all coverages, and is not shown. Break at 1 ML of
coverage at 150K is similar to what has been observed for water on other surfaces where
multilayers are not formed. Higher temperatures result in smaller coverages being reached before
sticking probability becomes 0.
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Chapter 6: Degree of Rate Control Approach to Computational Catalyst
Screening

Chapter Abstract

A new method for computational catalyst screening that is based on the concept of the
degree of rate control (DRC) is introduced. It uses the energies of the species in the reaction
mechanism (i.e., adsorbed intermediates and transition states) with the highest degrees of rate
control for the best reference catalyst as descriptors for estimating the rates on similar materials
and identifying what materials are expected to have higher activity. This method relies upon the
definition of the degree of rate control to calculate the change in net rate for a given reaction
based upon the changes in energy (relative to the reference catalyst) of a small number of key
intermediates and transition states. The predictions of this method regarding the relative rates of
twelve late transition metals for methane steam reforming are compared to previous results by
Xu et al. who studied this system using the more commonly-used descriptor approach developed
by Nerskov and Bligaard (the bond energies of the surface to C and O atoms and linear scaling
relations that give the energies of all other species from these). This comparison was made using
the same input energies calculated from density functional theory (DFT) and the same
mechanism for both approaches. The degrees of rate control for each species was determined
using the Rh(211) surface as the reference catalyst. The relative rates on (211) faces of eleven
other metals were then calculated. It is found that this new method shows excellent quantitative
agreement with the rate predictions of the more common descriptor approach of Nerskov and
Bligaard when the metals are relatively similar to the reference metal (descriptors <40 kJ/mol
different), provided the same energies are used as input. In these cases, this new approach is far
simpler to implement when screening a moderate number of materials (<100), since it does not

require developing linear scaling relations. It is also more accurate, since it does not require
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using this linear-scaling approximation, and instead can use numbers calculated directly by DFT
for each descriptor energy. For example, the adsorption energy for CO on Ir is an outlier in the
linear scaling relation, so the rate for Ir is predicted to be >300-fold higher from linear scaling
than by using the direct DFT number for this key energy. Even when the descriptors of the new
metal differ from the reference metal by 130 kJ/ml, the method still provides qualitative
agreement with that by the Norskov-Bligaard approach, but is no longer is nearly quantitative,
and when the descriptors differ by >200 kJ/mol, this new approach fails badly. This is because
the degrees of rate control change too much (relative to the reference metal for which they were
calculated) when changing these descriptors by such huge amounts. Thus, this new approach is a

complimentary tool to the approach by Nerskov and Bligaard, but cannot replace it.

Introduction
There is no single “best” algorithm for developing an improved catalyst. This is

unfortunate as the ubiquity of catalysis in modern chemical processes means that even minor
improvements in catalyst performance could result in massive improvements in process

1,2,54
performance ™~

. In many emerging areas like green energy and green materials, the room for
improvement is great and an improvement in catalyst performance could make the difference
between a feasible idea and infeasible one.

One method for finding better catalysts has been high-throughput experimental screening
of many materials for their catalytic performance (activity, selectivity, lifetime)*'’. However,
this is costly, and with the evolution of ever faster computational methods that can more and
more accurately predict catalytic reaction rates for different materials®', one expects that
computational pre-screening of materials for catalytic activity or selectivity to find the best

candidates for experimental testing will soon become a faster route to the discovery of new

catalysts. Indeed, there have already been some successes in using high-throughput
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computational screening to accelerate the discovery of new catalysts®>>*#'%21 We describe
here a new approach for computational screening of new catalysts that relies on the Degree of
Rate Control (DRC) to help identify descriptors for estimating reaction rates on new materials.
We show that it is faster than the most widely used method, and has some advantages in better
accuracy for rather similar materials, but is not as accurate when treating dissimilar materials.
Perhaps the most successful method for computational screening of solid catalysts, and
the most widely used, has been the method developed by Nerskov and Bligaard®® 23! 30218
220 which relies of the following approach to calculate the rate or selectivity on a new material:
1. Determine the reaction’s mechanism on a good known catalyst in a certain class of materials
through a combination of experiment and theory. We will refer to this as the reference material
(RM).
2. Develop a microkinetic model for that mechanism that can reproduce experimental
measurements of the reaction rate for that reference material to all the products of interest at a
variety of conditions, but relies on knowing the energies of all the adsorbed intermediates and
transition states involved in every elementary as it occurs on that RM.
3. Assume that the same mechanism as the RM applies on all materials in this class.
4. Estimate all the needed energies for the new material based on a few “descriptors”, which
most frequently have been the adsorption energies of O and C atoms on the surface, using linear
scaling relations that have been developed from trends in computational energies derived from
quantum mechanics (such as density functional theory). These linear plots relate the energy of
every adsorbed intermediate or transition state to the energies of these few descriptors. These

descriptor energies are calculated for this new material by quantum mechanics.
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5. Use these energies to calculate the rate for the new material to every product at the desired
reaction conditions. Typically a microkinetic model requires the energies of more than 10
adsorbed intermediates and 10 transition states, and these are estimated using only two
descriptors that are an order of magnitude faster to calculate than a transition state, so this can
reduce the quantum mechanics’ computational time needed to calculate rates on a new material
by a factor of 100, provided the linear scaling relations are already in place.

6. Repeat 3-5 for all the new materials to be screened, and generate a volcano plot of rates
versus descriptors’ energies.

An example volcano plot generated by this procedure is shown in Fig. 6.1 for methane
steam reforming on late transition metal surfaces, where the descriptors are the adsorption
energies of O and C atoms. It will be discussed in more detail below.

Here, we use an alternate approach to the method outlined above which focuses instead
only on the most relevant energies that most sensitively determine the catalyst’s activity. This
can significantly simplify the analysis of reactions in any multi-stepped catalytic reaction
mechanism, like methane reforming, since a small change in the energy of any particular
intermediate or transition state energy usually does not have any significant effect on the reaction
rate, which is instead sensitive to only a few of these species’ energies™. It is therefore
reasonable to assume that one can simplify computational screening by identifying a small
number of rate-controlling species (intermediates and transition states) whose energies most
strongly effect the reaction rate, and develop a screening model based on these energies alone.

A rigorous method of identifying the extent to which each species’ energy affects the net

reaction rate to any product (or the rate of consumption of any reactant) was developed by
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Campbell et al.”” called the degree of rate control. The degree of rate control of any such species

i (which could be any intermediate or any transition state) is defined as:

X; = (aa_nc?> : (6.1)
o(77) Giui

where 7 is the rate to the product of interest at the chosen reaction conditions, and G; is the

standard state Gibbs free energy of species j. In general, X; depends on the reaction conditions.
For simple mechanisms where one can derive an analytical rate expression that applies at certain
reaction conditions where there is a single rate-determining step, one finds that the degree of rate

control of the transition state (TS) for the rate determining step is 1.0, and the sum of X; over all

221 222
.0 ’

transition states (TSs) is 1 . There are, however, only a few TSs with X; not close to zero

3 Similarly, there are only a few adsorbed intermediates with .X; not close to zero, and the sum
of X; over all adsorbed intermediates is a small negative integer®* .

By thus quantifying the impact that changing the free energy of a particular species in a
reaction landscape will have on net reaction rate, it is straight forward to see that any species
whose degree of rate control has a large magnitude can be categorized as a “rate-controlling”
species. By shifting the focus from the kinetics of a small number of reaction steps to the
standard state free energy of a small number of chemical species, it is substantially more
straightforward to determine what to look for when trying to find an improved catalyst. This is
especially true since the entropy contribution to the standard state free energy of the same

adsorbed species differs very little across different materials'*® %’

, Whereas the zero-point energy
contribution dominates its differences in standard state free energies between different materials.
Thus, instead of looking for a catalyst with a faster rate directly, all that is necessary is to

identify a catalyst with improved zero-point formation energies for a small number of species.

For example, when there is a single rate-determining transition state, one wants a material that
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lowers its formation energy, and when there is a single rate-determining intermediate which
blocks most surface sites, one wants to raise its energy. Things become more complicated when
there is a branching pathway to undesired products, where one wants to instead increase the
energy of the most rate controlling TS on that undesired branch.

Let us explain in more detail the most widely-used method for computational catalyst
searches developed by Nerskov and Bligaard, discussed above and exemplified in Fig. 6.1. A
typical hunt for an improved catalyst comes from the generation of such a volcano plot. Finding
what parameters, or descriptors, to use in such a plot is a nontrivial issue®'. Using density
functional theory (DFT), it was found that many adsorbed surface species of the form AHy,
where A is O, S, C, or N, and x is typically between 1 and 3, a linear correlation exists between
the M-AH, bond energy and the M-A bond energy across different materials’ surfaces, M’
Taking into account the prevalence of intermediates of the form AHy in reaction mechanisms,
and the existence of other linear correlations for example between the M-CO or M-COH bond

energies and the M-C bond energy™** %%’

, it is possible to use these linear bond energy
relationships to estimate the energies of all adsorbed intermediates from a few of the easiest
adsorbate energies to calculate. In Fig. 6.1 it is the M-O and M-C bond energies (i.e., the
adsorption energies of O and C atoms on the surface). These energies are put into a microkinetic
model where the rate is expressed using Arrhenius relationships. Further combining these with
Bronsted or Evans-Polyani relationships, which give linear relationships between activation

. . . 220, 230
energies and reaction energies for elementary steps™

, this also allows the energies of all
transition states to be estimated from these few descriptors (M-C and M-O bond energies in Fig.

6.1). Thus, these can be great descriptors and this is a very powerful approach for computational

catalyst discovery.
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While this linear scaling relationship approach have proven very useful as a fast way to
estimate catalyst activity, it has some shortcomings. Most obviously, there exists scatter about
each of the linear M-AH,/M-A relationships due to real errors in assuming that each energy
scales linearly with the descriptor(s), leading to inaccuracies in their energy estimates and thus in
the rate predictions. If a process contains many different intermediates, the noise introduced by
the scatter from each linear relationship for each species might become cumulative, making its
resulting rates even less accurate. Additionally because of the large number of species-surface
combinations one needs to calculate by quantum mechanics to generate the needed M-A vs M-
AHy, M-CO and other linear scaling relationships, there is a very serious initial cost associated
with the large computational time needed, thus limiting the feasibility of using the state of the
art, most high accuracy, high computation time DFT techniques to calculate the energies of each
species’’.

Though somewhat controversial, recently a great deal of attention and effort has been

expended to discover and develop new methane reserves around the world from new fracking

231 18,232

technologies™ . Whether as a potential source of hydrogen through steam reforming orasa
precursor for larger hydrocarbon molecules™, methane catalysis will only become more
important in the foreseeable future. The performance and more importantly the cost of these
catalysts will have a direct impact on how people chose to utilize these new methane reserves. It
is also a system that has been thoroughly studied already by the linear-scaling approach

234,235

described above . We therefore have chosen this reaction as test system to demonstrate the

utility of this new method for searching to find better catalyst materials.
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Degree of Rate Control as a Screening Method for DFT
Instead of using select M-A bond energies as the descriptors in the quest to discover new

catalysts with DFT based on their linear scaling relations, this paper proposes a new screening
methodology which utilizes the concept of the degree of rate control. Instead of searching for
materials with appropriate M-A bond energies only after establishing a full set of linear scaling
relations of all energies of intermediates and transitions states to the M-A bond energies, we
instead immediately focus on the energies of just a few key species in any particular reaction
without any need for linear scaling relations.

To derive our screening methodology, we begin with the definition of degree of rate
control given in Equation 1. We temporarily convert this from partial derivative to regular

derivative for the special case where all the other parameters are constant, yielding

d(Inr)
Xi =—=¢; (6.2)
)
Rearranging Equation (2) yields
X;+d (=) = d(nr) . (6.3)

We can now integrate this over some change in G;, from the value for some reference catalyst,
denoted by a small o, to that for some new catalyst, denoted by a small #n. Assuming that X;

remains constant over the range of interest, this gives:

X, (_ci,n;(T—Gi,o)) = [,"d(Inr) = 1n:—: : (6.4)
(Later, we address in detail this assumption of constant X;.) Equation (4) shows the change in the
total rate to the product of interest between catalyst o and catalyst # only due to the change in the
energy of species G; and its degree of rate control )X;. This is only true if all other X; = 0 in the

reaction. If some number N different species have non-zero X; then the change in rate is equal to

a sum of terms of identical form to the left hand side of Eqn. 4:
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Taking the exponent of both sides of the equation yields:

eZIiV=1 X i*<—_6i'n;(r_6i'0)>

T
To

(6.6)

This equation allows one to estimate r,/r, for new but similar materials to the reference
material. In practice, it is only necessary to perform this sum over all species with non-

222226 e show below that

negligible X;, which generally is a small fraction of the total species
Eq. (6.6) can be used to computationally search for new catalyst materials which possesses
higher activity than the reference material ( i.e., ry/r,> 1), and sort amongst many of these to
predict the best materials. Since the degrees of rate control for the reference material can be
estimated experimentally as well, it also allows one to search for better materials without even

developing a full microkinetic model for the reference material, or even knowing the complete

mechanism.

Application of Method to Evaluate Catalysts for Methane Steam Reforming and
Comparison to Prior Results by Linear-Scaling Approach
We now validate the utility of this method for catalyst discovery by comparing its

predictions of the relative activities (rates) of different metal catalysts for methane steam
reforming with the predictions of the more common linear-scaling approach developed by

1.%*° to this reaction. To do this,

Norskov, Bligaard et al. discussed above, as applied by Xu et a
we attempted to use the same exact energies they used, which include the relative energies of all
the intermediates and transition states in all the elementary steps of methane steam reforming

calculated directly using DFT or derived from linear scaling relationships derived from other

DFT calculations. Xu et al. chose to study this reaction over a large number of different FCC
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and HCP single crystal catalyst surfaces with a (211) surface geometry, and also probed many
alloys. Xu et al. developed a microkinetic model to calculate the net rate of reaction, and
constructed volcano plots of turn over frequency (TOF) as a function of M-O and M-C bond
energies, including the one shown in Fig. 6.1.

Although Xu et al. probed a variety of experimental conditions and the impact of species-
species interaction on modelling; we will focus on a single set of experimental conditions and
ignore species-species interactions. These conditions are identical to the “lab scale” conditions
used by Xu et al. and are listed in Table 6.1.

The volcano plot from Xu et al. for these conditions is reproduced in Fig. 6.1. The
mechanism used by Xu et al. in their microkinetic model is given below, where a * symbol refers
to a surface site:

(@)  CHyg + 2% & CHy*' + H*",
(b)  CH3*'+* & CH2*t + H*"
(c)  CH,*+* & CH*' + H*",
(d)  CH*'+* o C*'+ H*,

()  HyO(g) +2* — OH** + H*",
) OH*® + * «» O* + H*h,

(g) COH* +* « C*'+ OH*,
(h)  COH*'+* <> CO** + H*",
(i)  CHO*+* < CO** + H*",
()  CHO* +* « CH* + H*" + O*,
(k) CO(g) +* < CO*,

) CO** + * «» C* 4+ O*,
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(m)  Hy(g) +2* < 2H*".

The kinetic parameters they used for this model can be found in that paper. In the microkinetic
model adsorbates may be adsorbed on one of four different sites. the ‘step’ (*s) site corresponds
to the upper part of a (211) step site. The ‘four-fold’ (*f) site corresponds to the lower four-fold
site of a (211) step. The ‘terrace’ (*t) corresponds to a (211) terrace site. In addition, hydrogen is
adsorbed in a special ‘hydrogen reservoir’ site (*h) which has the same energetics as a three-fold
hollow site at steps.

In our analysis it was necessary to calculate the degree of rate control of a reference
catalyst for each species in the microkinetic model used by Xu et al. at the conditions of Table
6.1. We selected Rh(211) as the “reference” catalyst because it showed one of the highest TOFs
at these conditions, but also because, in order for us to do this analysis, it was necessary to have
DFT energies for all species (intermediates and transition states), and Rh was a metal for which

all these energies were readily available” 2.

Computational Methods
The microkinetic model of Xu et al. was reconstructed using the the Catalysis

Microkinetic Analysis Package (CatMAP) module for Python.”*® . CatMAP allows for the
calculation of catalytic rates, as well as the degree of rate control after inputting an energy
landscape (i.e., the energies of all the intermediates and transition states). The numbers for our
energy landscape were taken from the work of Medford et al.>*® The catalytic rates are calculated
using a mean-field kinetic model where lateral adsorbate-adsorbate interactions are neglected.

The pseudo-steady-state approximation is employed to solve the resulting set of differential
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equations by assuming that the rate of change for all surface intermediates is zero. More details
can be found in**®. After obtaining the steady-state solution the degree of rate control is
computed by numerical differentiation (0E = 1 x 10" eV). CatMAP allows for the computation
of rates and the degrees of rate control either for any specific metal, as was done for Rh(211), or
as a continuous function of the descriptor energies used for all the linear scaling relationships. It
also calculates all of the needed linear scaling relationships after a library of s-energies of

adsorbate / surface combination is provided as input.

Results
A volcano plot was constructed in an attempt to reproduce the one created by Xu et al. for

the conditions of Table 6.1 with no adsorbate-adsorbate interactions, and a comparison to the
results from Xu et al. are shown in Fig. 6.1. The model is not an exact replica, but is very close,
with TOFs differing by less than an order of magnitude near the peak of the volcano and
generally less than two orders of magnitude of the rest of the ranges studies (excepting at
especially negative Eo+ values). The code used by Xu et al. to generate the plot was unavailable
so an exact fit could not be obtained. The differences between the two volcano plots might be
explained by differences in the older DFT input energies used to generate the linear scaling
relations used here. Alternatively, Xu et al. used homemade code to construct the volcano plot
and it is difficult to be certain whether it had some small error. This highlights one potential use
of the new CatMAP-based approach: CatMAP is an easy to use, universal software tool for
microkinetic modeling”® which should allow future researchers to exactly reproduce the results
of this paper.

Knowing that our model successfully replicated Xu et al., we proceeded to calculate the

degrees of rate control for Rh(211) using the formation energies of all species calculated by
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DFT. The three species with the highest degrees of rate control for Rh(211) at these conditions
were found to be the adsorbed CO intermediate (Xco+* = -0.99), the transition state for the
formation of adsorbed CO (Xc.ox= 0.98), and the transition state for dehydrogenation of
adsorbed intermediate of atomic carbon (Xc* = -0.66). A complete list of the degree of rate
control for all species is given in Table 6.2.

Assuming all other X;= 0 for Rh(211) except the two key species with X; > 0.9, one can
directly estimate the rates of other catalysts relative to Rh using Eq. (6.6) together with the
energies of the species CO* and C-O* as the parameters that define all other materials. The
results are shown in Fig. 6.2 as a contour plot. Fig. 6.2 also shows distinct points for eleven of
the other specific metal catalysts studied in the report of Xu et al., using the DFT energies of the
CO* and C-O* species calculated directly by Medford et al.>*® for these different metal (211)
surfaces.

Note that Fig. 6.2 is not a volcano plot. As implied by Eq. (6.6) and the values of their
degrees of rate control (Xco+=-0.99 and Xc.o+= 0.98), the rate simply increases exponentially
relative to Rh when adsorbed CO increases in energy relative to Rh, and when the transition state
for adsorbed C-O dissociation decreases in energy, and the rate decreases exponentially for the
opposite changes in their energies. Figure 6.2 is not believed to represent a complete
implementation of this method for catalyst screening in this particular case, as this model has
three species with large DRCs. Thus a more complete model would require a third dimension to
truly capture the reaction with the highest possible quantitative accuracy. The effect of this third
dimension is analyzed below (see Fig. 6.3).

Figure 6.2 can be used as a simple guide, requiring only the energies of the CO* and C-

O* species to predict whether a particular catalyst would be superior to another catalysts. The
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main question we aim to address here is: How do these simpler descriptors perform compared to
the more commonly used linear-scaling descriptors of Norskov/Bligaard if analyzing the same
computational set of energies? We show next that it works as well and even better (i.e., more
accurately) than that method, at least for materials that are similar enough to the reference
material that they have similar degrees of rate control (i.e., have descriptor energies within 0.3
eV the reference material). We also show that it gives qualitatively correct trends even for
materials that differ by ~1.3 eV in their descriptor energies relative to the reference material, but
can fail miserably when the materials are so different in electronic character that completely
different species become most rate controlling (i.e., when descriptor energies differ by >2 eV
from the reference material).

Comparing Fig. 6.1 and 6.2, it is clear to see that in the region around the selection of our
“reference” catalyst (Rh), there is excellent qualitative agreement between the two methods, as
will be shown in detail in Fig. 6.3 below. The further one moves away from Rh however, the
more one sees disagreement between the two methods. This is not surprising, as the assumption
of constant X;’s made in deriving Eq. (6.6) does not hold under these extremes. In Fig. 6.1, once
Ec has increased by ~2 eV or more compared to Rh as is the case for the noble metals Cu, Ag,
and Au, then Eco+ increases by more than 1 eV in Fig. 6.2, and adsorbed CO becomes so
unstable it will not exist at high concentration on the surface as it does on Rh. Thus the
assumption that CO* is rate controlling is no longer correct: the fractional CO coverage (6co)
and thus Xco+ will be close to zero>. Therefore the assumption that Xco+ has the same value for
the noble metals as it does for Rh (-0.99) is not valid when this far from Rh in that direction on
Figs. 6.1 and 6.2 (although moving in the opposite direction is not a problem since fcp stays high

there).
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Attempting to quantify these changes in accuracy, one must think about how the degree
of rate control for an intermediate (in this case CO*) and the coverage of that intermediate are
related. The absolute magnitude of Xco+(0.99) just equals &cp here, as expected5 3, and the CO
coverage is still low enough to change very sensitively with CO adsorption energy if it is
decreased by much. For example, if we assume its coverage is determined by simple first-order
adsorption/desorption equilibrium, 6o will decrease from 0.99 by a factor of ten for every
decrease in its desorption energy (increase in Eco+) of 0.15 eV = RT In10, after the first factor of
ten, which requires a larger (0.5 eV) decrease due to the effect of near saturation in CO initially.
Due to this, the large decrease in rate due to the change in Ec o+ will not be nearly compensated
by the increase from moving far to the right along the Eco+ axis. This effect of moving to the
right here is not so strong initially, since the CO coverage of 0.99 is almost saturated. It is also
worth pointing out that when extending this model to include the three highest DRC species, the
coverage of C* is also equal to its DRC (0.66) because it adsorbs on a different type of site than
CO*.

This discussion above exemplifies how to predict where the assumption of similar
degrees of rate control on metal surfaces, implicit in Eq. (6.6), might fail. It may fail relatively
quickly when one moves along a descriptor axis (i.e., as one changes the energy of a rate-
controlling species) in a direction that will decrease the degree of rate control for that species.
This is the direction of higher energy (less stability) for adsorbed intermediates, and lower
energy (higher stability) for transition states. But Eq. (6.6) will remain accurate much more
robustly when changing these energies in the opposite directions.

To be more quantitative about the magnitude of energy changes that are problematic for

Eq. (6.6), we break Fig. 6.1 down into three key regions:
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(1) Those species within ~0.5 eV of Rh, and thus possess very similar O and C bonding
characteristics to Rh, which includes Ni, Ir, Ru, and Co for which Eq. (6.6) works well
quantitatively.

(2) Those species within ~1.3 eV which possess similar enough bonding character that Eq. (6.6)
is at least qualitatively correct, including Pt, Pd, and Fe. Re straddles this group and the next.
(3) Those species separated by >2 eV which possess so little similarity in bonding character to
Rh that Eq. (6.6) fails qualitatively, which includes Cu, Ag, and Au.

Figure 6.3 shows this analysis more quantitatively. To improve accuracy from Fig. 6.2,
we have included all three species with high degrees of rate control (C*, CO*, and C-O*), and
not just the highest two as in Fig. 6.2. To show the differences between different groups of
metals, we use the distance between Rh and other metal on the E¢, Eg plane of Fig. 6.1. The
smaller this distance, the more likely that Eq. (6.6) will be accurate, since the changes in degrees
of rate control will be smaller. The fairest way to compare with the results from the Norskov-
Bligaard method (which we will call “NB Direct LS”) is to use the same exact energies for the
different metals in both methods. In practice, this requires estimating the energies for the key
species with the highest DRCs using the same linear scaling (LS) relationships as employed in
the NB Direct LS method. (For both methods, the direct DFT energies were used for the
reference metal Rh, since these were needed for Rh to calculate the DRCs.) Figure 6.3 compares
the results of the DRC method calculated in this way (i.e., using energies calculated from LS
relationships, or the “DRC LS” method) and the results from the NB Direct LS method.
Excellent quantitative agreement can be seen for those metals whose distance from Rh is small
(<0.5eV) including Ni, Ir, Co and Ru. At the greater distance from Rh of ~1.3 eV, where Fe, Pt

and Pd lie, qualitative agreement is still obtained, but there is less quantitative accuracy. When
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the distance from Rh is >2.0 eV, as for Cu, Ag, and Au, there is a complete breakdown of both
quantitative and qualitative agreement between the DRC LS method and the NB Direct LS
method.

Further analysis is shown in Fig. 6.3, where we also calculate the rates again using the
DRC method, only now using the energies for the key species (i.e., its descriptors) as calculated
directly by DFT rather than as estimated from linear scaling relations. We refer to this method as
the “DRC DFT” method. In the cases of Ir and Co, there is large disagreement between the rates
predicted by this DRC DFT method and those by the DRC LS method, which agreed so well
with the NB Direct LS method. This error is the result of substantial errors in the linear scaling
relationships for the cases of Ir and Co. That is, at least one descriptor’s energy for each of these
two metals deviates substantially from the best-fit straight line used to estimate its energy in this
way. In the case of Ir, for example, it was found that the linear scaling relationships are quite
inaccurate for Ir in the case of Eco+, where the formation energy of CO* for Ir calculated from
that linear scaling relationship is much higher than that calculated directly by DFT, as used in
our analysis with Eq. (6.6) (1.16 eV from linear scaling versus 0.64 eV from DFT). Because the
direct DFT energies are in principle more accurate for any given metal than the energies obtained
from linear scaling approximations, these DRC DFT points are in principle more accurate than
those from the DRC LS method (and therefore also more accurate than the NB Direct method).
This highlights an advantage of this DRC method (when one is near the reference metal on the
descriptor plot). Note that the rate improvement is quite large (a factor of ~10%), and it
qualitatively changes the conclusion as to Ir being more active than Rh: It should be less active!

Lastly, Fig. 6.3 also shows the results calculated from the DRC DFT method using only

two descriptors (2D), which are the same points as those shown in Fig. 6.2. Comparing the DRC
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DFT points with three descriptors (3D), it can be seen that reasonable fidelity can be obtained
using just those two species with the largest DRCs.

The qualitative failures of this method with Cu, Ag, and Au, as well as the quantitative
failure of this method with Fe, Pt, Pd, and Re point to its most major limitation, the limited
locality for which it is useful, as highlighted in Fig. 6.3. While the linear scaling relationships
used in the NB Direct LS method is able to cover a wider range of metals and can qualitatively
agree with observations from experiment, our method only functions well in regions near the
base case, or “reference” catalyst. That limitation aside, this technique shows an accuracy
advantage over the linear scaling method as is shown particularly in the case of Ir and Co. There
exists scatter in all of the linear scaling relationships used, and it is sometimes quite significant.
By avoiding those linear approximations, the method of this paper allows for higher precision.
Additionally, because the energies of only a small number of species need to be calculated, it is
more feasible to use more expensive, higher accuracy, state-of-the-art computational methods to
calculate those adsorbates energies on different potential catalyst surfaces, like alloys.

Further understanding of the deviations between these two methods can be seen by
looking at the variations in the degrees of rate control for all species in this microkinetic model
as a function of their position in Ec+, Eo+ descriptor space. Figure 6.4 shows these plots for the
six species with the largest degrees of rate control across all Ecx, Eo+ space. The DRC method
should only work well when all of the degrees of rate control are the same on the different
materials being explored as on the reference metal Rh. On Rh, the species with highest DRCs
were CO*, C-O*, and C*. For the metals observed to agree well with the linear scaling
methodology it can be seen that they possess similar degrees of rate control to Rh on those plots.

For metals that agree less well (Fe, Re, Pt, Pd), the degree of rate control for one of these three
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species is decreases in magnitude substantially, and another new species is beginning to have
high degrees of rate control too. For example, Pt and Pd show a low DRC for C-O*, but now a
high DRC for C-OH*.

There are a few cases in Figs. 6.3 and 6.4 where the linear scaling method and the DRC
method agree even though the metals do not appear to possess the same DRCs. In Co for
example, Fig. 6.4 shows a high DRC for C*, O*, and C-O*, but a low DRC for CO*, yet in Fig.
6.3 the two methods give similar rates. Such behavior is expected to occur in some cases due to
compensation that arises from the general linear scaling of energies. In this case, for example, the
C-O* energy scales linearly with the O* energy as well as with the C* energy, so they to some
extent compensate. Additionally because the CO* energy scales linearly with the C* energy,
some additional compensation is expected because in effect the C* energy is “being counted
more than once”. Finally it is also worth pointing out that the DRCs calculated in Fig. 6.4 were
calculated using the linear scaling relationships, and not the direct DFT energies. It is likely that
for the metals where the linear scaling relations are less accurate (such as Ir, see above), the
degrees of rate control calculated in this way could be in substantial error.

Note that the degrees of rate control for the reference material can be estimated
experimentally as well. For example, when there is a rate-determining step, the degree of rate
control for its transition state is 1.0. The degrees of rate control for adsorbed intermediates are
proportional to their coverages™, which can also be measured. For example when there is a
single rate determining step, as frequently has been determined by experiments, the DRC for its
transition state is 1. Thus, the new approach presented here also allows one to search for better
catalyst materials without even developing a full microkinetic model for the reference material,

or even knowing the complete mechanism. This is because Eq. (6.6) allows one to estimate the
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rates for new materials using only the degrees of rate control and the energies of the most rate

controlling species.

Computational Time Comparison
One potentially big advantage of this new approach is its computational efficiency when

screening materials for catalytic activity. It is far simpler to implement (even though transition
state energies are slow to calculate), since it does not require developing any of the many linear
scaling relations needed for the approach of Nerskov and Bligaard. Furthermore, after the degree
of rate control has been computed for the reference material, it is no longer necessary to use a
kinetic model or solve complex differential equations for the other materials. One simply uses
Eq. (6.6).

The time (t) required beyond the reference material for the NB Direct LS method can be
estimated as:

t = (M * (N; + aNp) + 2 * Mg)t, . 6.7)

where 7, is the approximate time for a single adsorption energy calculation (by DFT, for
example), N; is the number of adsorbed intermediates in the full mechanism, N7 is the number of
transition-states, « is the average ratio of computational time needed for one transition state
energy relative to that for one adsorbate, M is the number of additional material surfaces used to
develop the LS relationships and M is the number of new material surfaces to be screened for
rates.

The approximate time needed for catalyst screening using the DRC method can be

estimated as:

t = (Mg * (N x + aNgx))to - (6.8)
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where N;x and N7k represent the number of key adsorbed intermediates and key transition-states

with large DRCs whose energies are used when applying Eq. (6.6) (typically 1 or 2 of each).

Figure 6.5 compares the computational time needed for these two approaches for typical
values of the parameters in Egs. (6.7)-(6.8). The new method of this paper (blue curve) leads to
considerable speedup when only a moderate number of materials are screened (<100), but is
actually slower for a large number of materials (>150) due to the additional computational cost
of calculating these key transition-states for so many materials. One can also use LS
relationships to estimate the energies of the key transition-states needed in this new method, but
these relations are less accurate, as discussed above and shown to be a problem with the standard
NB method. However, doing so leads to a much reduced computational time requirement for the

new method of this paper, given by:

t=(Mx(2+a)+ M= (N, + 2Nt . (6.9)

Figure 6.5 (red curve) demonstrates that when using LS for transition states only, our new DRC
approach remains faster than the NB Direct LS approach out to much larger numbers of screened
materials (~1000). The improvements in screening time and improved accuracy of the DRC
method make it an excellent complement to the traditional approach of catalyst screening with
microkinetic models. However, it is not as robust, since it only works for relatively similar

materials (descriptor differences < 0.5 eV, as quantified in Fig. 6.3)

Comparison to Previous Theory and Experiments
Table 6.3 compares the predictions of these computational results regarding the relative

activities of different metals to experiments from several groups.
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Comparing to the results of Xu et al. in Table 6.3, it can be seen that the method of this paper
matches their predictions of the relative catalyst activities of different metals almost exactly
when using the same energies for our new descriptors obtained from linear scaling relations as
those used for the calculations of Xu et al.. When using the numbers from DFT, this method
more closely matches the theoretical results of Jones et al. with the exceptions of Co and Fe.
Finally, comparing the results of the DFT DRC method to the experimental work of Jones et
al.>**, which used reaction conditions most similar to those modelled here (Table 6.1), we see
similarly good agreement. Other experimental results are reported in Table 6.3, but these are at
such different reaction conditions than modelled here that it is not clear that the relative activities
should be the same as in the results of this paper. In their experiments, Jones et al. observed a

change in TOF by a factor of about 10 between the highly active Rh and Ru catalysts and the less

active Ni, Ir, Pd, and Pt catalysts.

Conclusions
A new method for catalyst screening is presented which is based on the concept of degree

of rate control. The method is similar to the linear scaling relationships used previously to
construct volcano plots, however by relying on the degree of rate control the number of
adsorbate species which needs to be calculated can be reduced significantly. The method is used
to reanalyze the data of Xu et al. who studied methane steam reforming using linear scaling
relationships. The results of the new method agree very well with those of Xu et al. There are a
few notable differences between the two methods, such as the artificially high activity predicted
by Xu et al. for Ir, which highlights some of the advantages of not having to rely on linear
scaling relations, and the artificially high rates for noble metals predicted by our method,

showing the limited locality for which the DRC method is applicable. Another potential
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advantage of the DRC method includes the narrowing of the number of adsorbates which need to
be calculated with high accuracy by DFT. Because of how the DRC method is derived, however,
it possesses the drawback of only being accurate in a region local to the selected “reference”
catalyst. It was found that the accuracy of this method dropped as the distance between the
“reference” catalyst and the test catalyst increased on a plane of the M-C and M-O formation
energies. These changes in bonding character are indicative of a change in degree of rate control,
causing this method to fail at extreme differences. Excellent quantitative agreement was
observed between the DRC screening method and the linear scaling relationship method of Xu et
al. out to a distance of ~0.5 eV on the (Ec, Eo) plane. Qualitative agreement is seen all the way
out to ~1.3eV, but the method was observed to breakdown completely when the distance is
above ~2.0 eV. The DRC method presents a new, intuitive way of screening potential catalysts
by focusing only on those adsorbates with the highest degree of rate control, and shows great

potential as a tool to aid in new catalyst discovery.
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Tables

Table 6.1. Reaction conditions used in microkinetic model for steam reforming of methane,
from Xu et al.”*>. These are similar conditions to those used in the experiments conducted by
Jones et al.”**they. Note that these concentrations correspond to 29 % conversion starting from
pure methane and water. The total pressure (P) is nearly constant throughout the reactor.

Condition Lab
Scale

T (K) 773
P (bar) 1
H,0 (mol%) 40
H; (mol%) 15
CH4 (mol%) 40
CO (mol%) 5
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Table 6.2. The degrees of rate control for all intermediates and transition states for Rh(211) at
the conditions of Table 6.1, calculated using CatMAP software and the microkinetic model laid
out in this paper.

Species | X Species X
Intermediates Transition State
CO* -0.99 C-O* 0.98
C* -0.66 H-OH* 0.01
CH* -0.01 C-OH* 0.00
H* 0.00 CO-H* 0.00
O* 0.00 H-C* 0.00
OH* 0.00 H-CH* 0.00
CH3* 0.00 H-CH2* | 0.00
CH2* 0.00 H-CO* 0.00
HCO* 0.00 H-CH3* | 0.00
COH* 0.00 O-CH* 0.00
H-H* 0.00
O-H* 0.00
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Table 6.3. Comparisons of the ranking of catalytic activities between different metals which are
similar (defined as AEy<1.5 eV, where AEM is the distance from Rh on a plane of Ec+, Eox,
formation energies, see text of Fig. 6.3) to Rh for steam reforming of methane from experiments

and theory.

Reaction

Inlet Composition
(mol fraction), and

0.40 H>0, 0.15 H,,

Source Cond. Conversion Rankini

773 K, 0.40 CH4, 0.05 CO,
Xu et al. > 1 bar 29% Co>Fe>Ir>Ru~Ni>Rh>Pt~Pd
0.40 H,0, 0.15 H,,
This paper (NB 773K, 0.40 CHy, 0.05 CO,
Direct LS) 1 bar 29% Fe>Co>Ir>Ru>Ni>Rh>Pd>Pt
0.40 H,0, 0.15 H,,
This paper (DRC | 773 K, 0.40 CH4, 0.05 CO,
LS) 1 bar 29% Fe>Co>Ir>Ru~Ni>Rh>Pt>Pd
0.40 H,0, 0.15 H,,
This paper (DRC | 773K, 0.40 CHy, 0.05 CO,
DFT) 1 bar 29% Co>Fe>Ru>Ni>Rh>Ir>Pt>Pd
773 K, 0.74 H,0, 0.07 Hy,
Jones et al.”* 1 bar 0.19 CH4,10% Ru>Rh>Ni>Ir>Co>Pt~Pd>Fe

773 K, 0.74 H>0, 0.07 Hy,
Jones et al.”** 1 bar 0.19 CH4 <15% Rh~Ru>Ni~Ir~Pt~Pd
Rostrup-Nielsen | 773 K, 0.82 H,0, 0.08 H,, Rh~Ru>Ni~Pd~
et al.”’ 1 bar 0.10 CHy, 5% Pt>Re>(Ni0.7Cul.3)>Co
623 K to 0.75 H»0, 0.25 CHy,
773 K, (27 to 48%
Kikuchi et al. **° | 1 bar depending on M) Ru~Rh>Ni>[r>Pd~Pd>>Co~Fe
0.14 H>0, 0.57 Ny,
873 K to 0.21 CH4, 0.14 CO,
1173 K, (0 to 67%, Rh~Ru>Ir>Pt>Pd (T>980K)
Qin et al.>"! 1 bar depending on M, T) | Rh~Ru>Ir~Pt~Pd (T<980K)
0.25 H»0, 0.20 CH,,
873K, 0.55 Ar (% conv.
Wei et al.**? 1 bar not reported) Pt>Ir>Rh>Ru~Ni
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Figure 6.1. Volcano plot of catalyst activity (log TOF) for steam reforming of methane on the
(211) face of different metals at the conditions of Table 6.1, plotted as a function of the two
descriptors used in the most common method for computational catalyst screening: the formation
energies of adsorbed O and C atoms. The energies for all other species needed in the
microkinetic model were calculated from these descriptors using linear scaling relations. Three
plots are shown, A) is the original volcano plot calculated by Xu et al. B) is the volcano plot
produced in this paper in an attempt to reproduce that of Xu et al. and the differences between
the two are discussed in the text. C) shows the log of the ratio of the TOFs between these two
plots, and it can be seen that excellent agreement is seen near the top of the volcano (less than 1
order of magnitude difference) and good agreement (2 or less orders of magnitude difference) is
seen for all cases where Eo+ is greater than -1 eV.
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Figure 6.2. A plot of the relative rates of methane steam reforming for the (211) face of different
metals, plotted versus the two new descriptors proposed in this paper: the energies of the two
species in the reaction mechanism with the highest magnitude degrees of rate control. The rates
were estimated using Eq. (6.6), assuming that only the two most rate-controlling species, the
adsorbed CO intermediate of energy Eco+ and the transition state of energy Ec o+, determine the
rate. The color axis is the rate relative to the reference metal, (r,/1,) from Eq. (6.6) and plotted
logarithmically. The red dots represent the calculated rates for various catalytic materials with
their relative energies Ec.o*, and Ecox, being the only two parameters which change relative to
the purple dot, which represents the reference catalyst, Rh. The energies of the species on each
metal are taken from Medford et al. and were all calculated directly by DFT on the (211) crystal
surface. By definition, the purple dot (Rh), should have a relative rate equal to 1, all worse
catalysts have relative rates below 1, and better catalysts above 1. Used as a screen for potential
new catalysts, one sees here that materials with better rates than Rh require descriptor values in
the range: Eco*n> Eco*rn and Ec.o#n < Ec.o*rn. In these reaction conditions, there are actually
three species with high degrees of rate control on Rh, so greater accuracy could be achieved by
including this third species in Eq. (6.6), as done in Fig. 6.3 below.

138



Ni Ir Fe Pd Cu Ag
0 .lllll llllllll llllal-ll.lllll-l-llll-llllll
8 -
. X
6] &
1 <
'7‘:4 ] ) r
=2 A §
o BT -
=]
~5-2 A 8 x
-4 o A NB Direct: LS
o ] x o
=6 o o |¥DRC: 1S, 3D "
8 ©DRC: DFT, 3D
10 8 O DRC: DFT, 2D ¢
12 Jrrrrrrrrrreerrrrrreeres S

0 05 1 15 2 25 3 35 4 45
Distance from Rh in (E, E) plane (eV)

Figure 6.3. A comparison of the expected relative rate versus Rh(211) for different metals at the
conditions of Table 6.1 as a function of distance from Rh on a plane of M-C (Ec+), M-O (Eox)
formation energies. Four sets of numbers are shown. The purple triangles are the rates calculated
in this paper using the Norskov-Bligaard Direct method with linear scaling relationships, NB
Direct LS. The rates from this NB Direct LS method are off scale for Ag, and Au at values of -
18.8 and-19.0, respectively. The X points are calculated using the DRC method of this paper (ie.,
Eq. (6.6)) with three descriptors (3D), the energies of the three species with the largest DRCs:
CO*, C-O*, and C*, with the formation energies for each species in this case (DRC: LS, 3D)
taken from the linear scaling relationships used to generate Fig. 6.1 (except for the Rh reference).
These green X’s and the purple triangles show excellent agreement for metals similar to Rh. The
blue diamonds are calculated also using the DRC method of this paper with the same three
descriptors, s only now getting their energies directly from DFT calculations without invoking
linear scaling approximations (DRC: DFT, 3D). Lastly, the orange circles are calculated using
the DRC method of this paper with numbers from DFT, but now only using two descriptors
(2D), the energies of the two species with the largest DRCs: CO* and C-O* (DRC: DFT, 2D).
These points are identical to the points in Fig. 6.2. The X-axis positions for Pt and Pd are nearly
identical and so their points have been nudged apart by 0.1eV here in order to more clearly
differentiate those points. Points not shown are outside the range shown.
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Figure 6.4. Degrees of rate control for different species as functions of Ec« and Eo+ descriptors
used in linear scaling relationships calculated by CATMAP. Species are A) C*, B) CO*, C) O*,
D) C-O*, E) C-OH*, and F) O-CH*. The variability in these degrees of rate control corresponds
to the observation in Fig. 6.3 that the further one moves from Rh in descriptor space, the more
inaccurate the “constant DRC method” of predicting rates (i.e., Eq. (6.6)) becomes.
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Additional Calculation Time (¢/t,)

Figure 6.5. Comparison of estimated computer time needed for catalyst screening as a function
of the number of surfaces to be screened. The black line shows the time for the traditional
Norskov-Bligaard approach. The blue line shows the integrated DRC method with transition-
states computed using DFT, while the red line assumes that transition-states are estimated from
linear scaling relationships. For this plot, reasonable values of Ny=Nr=M =a =10 and Njx =
Ntk =1 were used. These numbers will differ from system to system, and in particular a will
vary considerably based on the transition-state and the search algorithm used. However, the
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qualitative behavior shown here will remain.
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Conclusion

Catalysts are used in more than 90% of commercial chemical processes, the majority of
which are heterogeneous catalysts'™. Products of heterogeneous catalysis like fertilizers, fuels,
and plastics are the basis of our entire modern society. Because of the incredible scale which
these processes occur, even very small improvements in catalyst performance can result in
millions of dollars in increased revenue. That motivation alone is enough to look for catalyst
improvements, but catalysis also plays a role in many developing technologies including green
chemistry, fuel cells, dye sensitized solar cells, and more. Despite all of this motivation and
decades of research there remains a great deal of fundamental understanding to be gained in

understanding precisely what is occurring on catalyst surfaces.

Solid understanding of reaction pathway and kinetics is missing for most catalytic
systems. Without this basic knowledge making improvements in catalysis is a slow and
expensive process™ >. Surface science has long been applied to catalytic systems in an attempt
to gain a better fundamental understanding of these processes>’. This work has been fruitful for
example, resulting in a step by step understanding of the Haber-Bosch process for ammonia
synthesis on an iron catalyst, work which was awarded a Nobel Prize in 2007. As much of an

accomplishment as this was, work remains to be done in many other systems.

While the number of surface science techniques used to study adsorbate-surface systems

22628 yntil relatively recently the ability to measure heats of

in catalysis is quite extensive
adsorption directly proved elusive. Indirect measurement methods like temperature programmed

desorption or Langmuir adsorption experiments were used to calculate adsorbate energies. These

methods were often imprecise, requiring the development of kinetic models to extract
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meaningful information. These methods worked best for reversibly adsorbed species like CO. If
a molecule decomposed on the surface, like methanol on oxygen covered Pt(111)", its energetics
were much more difficult to study. Because the majority of catalytically interesting surface
species are created by dissociation processes like dehydrogenation or dehydration this left an
understanding of surface species energetics either missing or on shaky ground. The absence of
this information was and remains today especially important for the burgeoning field of
computational chemistry, particularly density functional theory. When applied to catalytic
systems DFT can calculate the energetics and kinetics of different adsorbates on surfaces®’, but
had very few solid experimental numbers to compare their calculations to, leaving the accuracy

and value of these calculations in doubt.

Single crystal adsorption calorimetry is a technique developed by Sir David King in the
early 1990’s to address this lack of understanding or surface energetics®’. Using a thin film
surface sample, a molecular beam, and an optical pyrometer his group was able to measure
minute temperature changes on in a crystal surface during gas adsorption. This work was the first
direct measurements of the heat adsorption of a molecule. This design was improved upon over
the years, with a major improvement in signal to noise being made by our group with the
development of a polymer (B-polyvinylidene difluoride) pyroelectric heat detector’'. This
improvement was especially important by allowing adsorption energy measurements to be
carried out at cryogenic temperatures'. This improved detector was coupled with the
construction of a SCAC apparatus with a molecular beam designed to dose low vapor pressure
molecules which dissociate upon adsorption, the door was now open to probe the energetics of a
vast array of molecular fragments on surfaces directly*’. From its development in 2004, this

instrument has measured the heats of adsorption for benzene®', naphthalene®, cyclohexene™,
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water43, hydroxylgz, methan0147, methoxy47, methyl iodide44, methyl48, diiodomethane94,
methyleneg4, methylidyne94, formic acid®’, monodentate formate®, bidentate formate®, t-butyl
iodide” and t-butyl®® on a Pt(111) surface, populating a library® of adsorption energetics for a
vast number of catalytic intermediates on Pt(111) for important reactions such as the water gas

shift reaction, steam reforming, hydrocarbon reforming, and more.

In this thesis I have presented work which (1) expand the capabilities of SCAC with a
new, universal data analysis technique which truly eliminates all requirements for a kinetic
model even in the event of slow reaction kinetics, (2) applied this technique to expand the library
of known adsorbate energies by measuring the adsorption of CH,I, on Pt(111) to measure the
heats of formation for CH; 4 and CH,q, (3) showed preliminary work to measure the heats of
adsorption of D,0O on Fe;O04(111) and NiO(111) which are among the first ever measurements
made using SCAC on a well-defined metal oxide surface, and 4) developed a new methodology

for computational catalyst screening using the concept of degree of rate control.

The common theme throughout this work has been a desire to improve the understanding
of adsorption energetics on surfaces. Under this theme there are two main thrusts, development
of benchmarks for comparison with computational methods, and showing how one would use
“chemically accurate” numbers obtained from computation to screen potential catalysts. Work
continues under each of these directions. Experimental work to broaden the variety of surfaces
studied to include more complexity, such as is present in metal oxides has a great deal of
potential as a place where great improvements can be made to improve both fundamental
understanding and to observe how computational tools can handle increased complexity. Once
one was confident that one had “chemically accurate” computational numbers, how one best uses

those numbers to explore catalyst activity remains an area where much work is likely to be done.

144



The new methodology we have developed which uses the degree of rate control is an important
step in this process, as it allows for faithful reproduction of the volcano curves with only a very
small number of adsorbed energies needing to be calculated. Additionally by not relying on the
linear scaling relationships widely used today, the degree of rate control method allows for
quicker calculation of rates which are expected to be more accurate because they rely on the
numbers calculated directly by DFT for each individual catalyst studied rather than linear
relationships which can possess a great deal of scatter. The new method works best when
materials with similar properties to the reference catalyst are used while the Norskov method is
more robust when extended to materials that are dissimilar. It is likely going forward further
refinement of both the degree of rate control methodology and the linear scaling relationship
methodology will occur in tandem as studies of the energetics of elementary steps in catalysis

continue to become more and more important in the development of new catalytic materials.
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