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Our society depends on the use of catalysts for the manufacture of 90% of chemical
industry products, for the mass production of fertilizers that grow our food supply, for the
synthesis of the fuels that drive our transportation systems, and for the purification of pollutants,
such as those produced by car engines. With this utility comes a huge investment of effort to
understand the fundamental science behind catalysts and to improve their efficiency, durability,
and selectivity. It is also important to be able to design new catalysts for changing feedstocks
(e.q., replacement of coal and petroleum with methane, biomass and other renewables). In the
last fifty years, new methods to study catalytic processes have been developed, which in turn
resulted in an explosion of research studies that address the fundamental questions in the

catalysis field. Quantum mechanical calculations using Density Functional Theory (DFT) are



one such technique that has become invaluable in studying catalysts. This method allows for the
efficient and inexpensive prediction of catalyst mechanisms and kinetics, structure-function
relationships, and even in screening for new, more effective catalysts. However, the accuracy of
these predictions depends upon reliable energetic information of adsorbed catalytic reaction
intermediates, such as their heats of formation and bond enthalpies to the surface. The energies
of adsorbed intermediates and transition states on surfaces are the key factors that determine the
effectiveness of any given catalyst. The results of this dissertation show that the energy accuracy
of these DFT methods is far less than desirable, and it provides many experimental benchmark
energies that will be useful for the development of more accurate DFT functionals.

This dissertation is part of a decades-long effort by our research group to compile a large
database that contains the heats of formation of many adsorbates on different model catalyst
surfaces. This database aims to provide valuable benchmarks that theorists can use to improve
DFT functionals. To expand this database, our research group uses Single-Crystal Adsorption
Calorimetry (SCAC), the only method able to directly measure the binding energies of
adsorbates to model surfaces. My research is focused on expanding the adsorbate bond energy
database in the areas that it is lacking. Specifically, previous to this dissertation, this database
only included adsorbed molecular fragments on one metal surface, Pt(111) and only included
aromatic molecules on one non-noble metal surface, again Pt(111). We have extended both of
these classes of adsorbates to their energies on the Ni(111) surface, with comparisons between
the energies on Pt(111) versus Ni(111) which help explain some of the differences in catalytic
properties of Pt versus Ni.

In this thesis, SCAC is used to study the molecular adsorption of phenol and benzene on

both Pt(111) and Ni(111). Both benzene and phenol are aromatic, and their energetics are



heavily influenced by van der Waal forces. SCAC is also used to study the dissociative
adsorption of methyl iodide on Ni(111) to produce adsorbed methyl and iodine adatoms and the
dissociative adsorption of methanol on O-precovered Ni(111) to produce adsorbed methoxy and
hydroxyl. Adsorbed methyl and methoxy are important molecular fragments that are catalytic
intermediates in several industrial processes. Finally, a new equation is derived that relates the
sigma bond enthalpies of several molecular fragments to both Ni(111) and Pt(111). This trend
allows predictions of the sigma bond enthalpies of other small molecular fragments to transition

metal surfaces.
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Chapter 1. INTRODUCTION

The development of heterogeneous catalysis is essential in supporting the existence of
modern society. Approximately, 90% of chemical industry products depend on catalysts for
their manufacture. They are responsible for the mass production of fertilizers, which has
provided food for the massive population growth that has occurred in the last 200 years.
Catalysts play a critical role in the production of fuels that drive our transportation systems.
Pollution is substantially mitigated by catalysts, in particular by preventing the formation of
wasteful, unwanted byproducts. Catalysts also provide end-of-pipe solutions to reduce pollution,
such as the catalytic converter, which removes carbon monoxide, nitrous oxides, and other toxic
pollutants from car exhaust, thereby dramatically improving air quality.}? With the significant
role catalysis plays in our lives comes a huge investment of effort to understand the underlying
science behind catalysts and to improve catalytic efficiency, durability, and selectivity.

The late transition metal catalysts that are commonly used in industry are highly
complex, often including several different crystal faces of both the metal nanoparticles and the
support materials on which they are dispersed, or even amorphous materials, dopants, and
sometimes (after use) poisons. Particle size effects and interactions of the metal with catalyst
support structures can also be important. To simplify the structure for better understanding, there
are several different approaches to improve our knowledge of these systems. One approach in
our laboratory is to study model catalysts, specifically single crystals. These surfaces are the
simplest model catalysts as they are a material whose crystal lattice throughout the entire sample
is continuous. This allows us to study one crystal face of a metal, such as Ni(111) or Pt(111).

By understanding the interactions and chemistry of these single crystal surfaces on a molecular
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level, we can learn about the fundamental nature of the interactions with adsorbed intermediates
of the metal surfaces taking place on the more complicated catalysts.

One method to study catalytic surfaces that has grown powerful and increasingly popular
over the last twenty years is to use theoretical models. Density Functional Theory (DFT), a
popular computational quantum mechanical modelling technique, methods have proved
invaluable in elucidating catalyst mechanisms, structure-function relationships in catalysis, and
even in screening for new, more effective catalysts. Indeed, the groups of Ngrskov, Mavrikakis,
Greeley and others have successfully used DFT methods to guide discovery of better
catalysts.>*135-12 Fyrthermore, DFT has the clear advantage of providing results quickly with a
lower cost than what is associated with experimental methods. DFT will certainly play a
significant role in the future development of catalytic processes. However, these theoretical
calculations must accurately estimate elementary-step reaction energies to predict catalytic
efficiency. An error of 20 kJ/mol in the rate limiting step of a 400 °C reaction translates into a
reaction rate difference of 400 times. With this high bar for accurate calculations, it is critical to
know the overall accuracy and limitations of DFT.

In order to test the accuracy of DFT methods, our research group compiled a database
containing 39 experimentally determined adsorption energies.* This database was updated in
2016 to contain 81 energies.’® These results were compared to the theoretically calculated
adsorption energies from six popular DFT methods. Their respective errors are shown in Figure
1.1, with small adsorbates (atoms and diatomics) being represented in Figure 1.1A and larger
adsorbates with larger contributions from van der Waals forces in Figure 1.1B. The average
energy of the molecular fragments in Figure 1.1A is -127 kJ/mol and in Figure 1.1B is -66

kJ/mol. Several functionals calculate type A adsorbates with a mean absolute error near 20



kJ/mol (or ~15 %). However, these same functionals result in much more significant errors for
type B adsorbates with large contributions from van der Waals, 30-60 kJ/mol, i.e., 40-90%.

Clearly, these DFT methods could be improved and indeed much work has been
performed to reduce these errors. The benchmarks provided by the work in this database allow
theorists to make improvements to their methods. For instance, work to improve DFT models of
vdW forces has greatly intensified in the last ten years.*522 In order to further guide the
improvement of DFT, we must provide experimentally determined energetic benchmarks such as
those given in this database. Unfortunately, this database is limited in scope and could be greatly
improved. All of the molecular fragments in the experimental databases mentioned above that
have been reported on multiple metal surfaces were only atomic adsorbates (H, O, N, F, CI, I).
All the larger fragments that had been reported were only done on a single metal surface,
Pt(111).}* Furthermore, no adsorption energies had been reported for any aromatic adsorbates on
non-noble metals except Pt(111).2> DFT cannot continue to improve without a larger, more
diverse database of experimental adsorption energies on other metal surfaces besides Pt(111).
This dissertation reports many adsorption energies on the Ni(111) surface. Nickel is also a very
common catalyst metal like Pt, and the (111) surface is its most stable and most widely studied
surface.

Many of the experimental adsorption energies systems in the above-mentioned databases
were measured with temperature programmed desorption (TPD) and equilibrium adsorption
isotherm experiments, which can measure adsorption energies, but only under special
circumstances.?® Specifically, these two methods require reversible adsorption and therefore
cannot study more complicated adsorption systems such as if the target molecule or molecular

fragment dissociates or decomposes upon heating.



Our group is unique in the use Single Crystal Adsorption Calorimetry (SCAC) to
measure these energetic benchmarks. In 1991, Sir King’s group developed SCAC,?* presently
the only method to directly measure the binding energies of adsorbates to model surfaces. This
allows us to study and measure the energetics of systems that TPD and equilibrium adsorption
isotherms cannot, specifically systems where adsorption is not fully reversible. This includes
almost all dissociative adsorption reactions (necessary to study the energies of adsorbed
molecular fragments) and the adsorption of aromatic molecules on all transition metals except
Cu, Ag, and Au. Dr. Campbell’s group later improved upon King’s instrument by introducing a
new heat detector that uses a pyroelectric B-polyvinylidene fluoride (PVDF) ribbon that is gently
pressed into the back of the sample.?> More information on this instrumentation will be detailed
in Chapter 2.

With this more versatile calorimetry method, our goal is to expand this database by
studying molecular fragments on surfaces beyond Pt(111) and to study additional aromatic
molecules to provide additional energetic benchmarks for systems with large contributions from
van der Waals forces. In this dissertation, new research is presented that 1) adds a significant
number of molecular fragment bond energies on transition metal surfaces to the database that go
beyond Pt(111), specifically on Ni(111), 2) adds a significant number of aromatic molecular
adsorption energies with high contributions from van der Waals forces on both Pt(111) and
Ni(111), and 3) develops a new method to predict sigma bond energies of molecular fragments
on top sites.

Most of the research in this dissertation was performed on Ni(111). This surface was
specifically chosen in order to provide the most valuable benchmarks for computational studies

in catalysis that go beyond Pt(111). Table 1.1 summarizes calculations performed by



Mavrikakis’s group using the PW91 functional.?*?® These calculations were performed on 13
different late transition metal surfaces. Based on these results, our group determined that the
most interesting and useful surfaces were Pt(111), Ni(111), and Cu(111) for two reasons. First,
these three surfaces are commonly used catalysts and are frequently found in industrial
operations. Second, the predicted bonding energies of these metals to different types of
molecular fragments are the most varied. Pt(111) binds to CHyx species the strongest compared to
Ni or Cu (although this particular calculation will be shown to be inaccurate in Chapter 5), but
binds the weakest to oxygen species. In addition, Cu(111) forms the strongest bonds to oxygen
species but binds much weaker to carbon. Other metals that were tested were found to have
similar behavior to Pt, Ni, or Cu. For instance, Pd(111) is expected to bind similarly to Pt(111);
DFT predicts that Rh(111) behaves similar to Ni(111). Over the last ten years, the our
calorimeter has focused on measuring these adsorption energies on Pt(111).2°2% Presently, we
look to continue our work on Ni(111) with future graduate students focusing on Cu(111).

Beyond its value to DFT research groups, Ni catalysts play a large role in industry.
Nickel is one of the most common catalysts used for hydrogenation reactions, which are very
useful for the production of chemical products, pharmaceuticals, and monomers used in polymer
synthesis. Ni catalysts are specifically used for the hydrogenation reactions, including those
involving benzene, alkenes, pinene, sulpholene, nitrobenzenes, nitrotoulenes, and resins.? Nickel
supported on alumina is also the standard catalyst used for methanation of CO and CO., e.g.,
from synthesis gas. Ni is also the preferred catalyst for steam reforming of methane because of
its high activity, wide availability, and low cost.?

My dissertation research using SCAC has resulted in 7 published papers, with 2 more

papers in preparation or under review. A list of these publications is provided below:



. Zhao, W.; Bajdich, M.; Carey, S. J.; Vojvodic, A.; Noerskov, J. K.; Campbell, C. T.
Water dissociative adsorption on NiO(111): energetics and structure of the hydroxylated
surface, ACS Catalysis (2016) 6(11), 7377-7384.

. Carey, S. J.; Zhao, W.; Campbell, C. T. Energetics of adsorbed methyl and methyl
iodide on Ni(111) by calorimetry: comparison to Pt(111) and implications for catalysis,
ACS Catalysis (2017), 7(2), 1286-1294.

. Zhao, W.; Carey, S. J.; Morgan, S. E.; Campbell, C. T. Energetics of adsorbed formate
and formic acid on Ni(111) by calorimetry, Journal of Catalysis (2017), 352, 300-304.

. Zhao, W.; Carey, S. J.; Mao, Z.; Campbell, C. T. Adsorbed hydroxyl and water on
Ni(111): heats of formation by calorimetry. ACS Catalysis (2018), 8(2), 1485-1489.

. Carey, S. J.; Zhao, W.; Campbell, C. T. Energetics of adsorbed benzene on Ni(111) and
Pt(111) by calorimetry. Surface Science (2018). In press.
(DOI:10.1016/j.5usc.2018.02.014).

. Zaki, E.; Mirabella; F., Ivars, F.; Seifert, J.; Carey, S. J.; Li, X.; Paier, J.; Sauer, J.,
Shaikhutdinov, S.; Freund, H.-J.; Water adsorption on Fe304(111): dissociation and
network formation (Accepted at Physical Chemistry Chemical Physics).

. Carey, S. J.; Mao, Z.; Zhao, W.; Campbell, C. T. Energetics of adsorbed phenol on
Ni(111) and Pt(111) by calorimetry. (DOI: 10.1021/acs.jpcc.8b03155).

. Carey, S. J.; Zhao, W.; Zhang, W.; Mao, Z.; Harman E.; Baumann, A.-K.; Campbell, C.
T. Energetics of adsorbed methoxy and methanol on Ni(111) by calorimetry. (In

Preparation)
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9. Carey, S. J.; Zhao, W.; Campbell, C. T. Trends of molecular fragments on metal

surfaces. (In Preparation)

This dissertation will continue in Chapter 2 with a description of the calorimeter and
methods that were used to collect all data in subsequent chapters and the experimental methods.
Chapters 3-6 will detail energetics of different adsorbed catalytic intermediates that were
measured with calorimetry. Specifically, I will discuss the adsorption energetics on both Pt(111)
and Ni(111) of benzene and phenol in Chapters 3 and 4, respectively. The energetics of these
molecules are heavily influenced by van der Waals forces and provide important contributions to
the aforementioned adsorption energy database. In Chapter 5, I will discuss the energetics of
methyl on the Ni(111) surface. Methyl is known to be a key intermediate in energy-related
catalysis over transition metals, including combustion, partial oxidation, steam re-forming and
dry reforming of methane, methanation, Fischer—Tropsch, steam reforming, and combustion of
various other hydrocarbons and oxygenates, methanol decomposition, and several fuel cell
reactions. In Chapter 6, | will discuss the energetics of adsorbed methoxy on the Ni(111)
surface. Methoxy is the simplest alkoxide and is a key intermediate for catalytic combustion,
selective oxidation, and steam reforming. Finally, in Chapter 7, | will detail a new equation that
allows us to relate the sigma bond energies of several molecular fragments on several different
metal surfaces with a linear trend that possesses a slope of 1. This trend will allow us to make

predictions of the sigma bond energies of other molecular fragments.
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Figure 1.1 Comparison of the accuracy of six different DFT functionals relative to 39
experimentally determined adsorption energies. (A) compares chemisorbed systems with
negligible van der Waals forces and (B) compares systems with large van der Waals forces
contributions to the adsorption energy. The red, white, and grey bars represent the mean
standard error, the mean absolute error, and the weighted root mean squared error, respectively,
all per molecular fragment produced in the adsorption reaction.



Table 1.1. Bond energies (in kJ/mol) of several molecular fragments adsorbed to the Pt(111),
Cu(111), and Ni(111) surface calculated using the PW91 functional 2528

Species|Pt{111)|Cu(l111)|Ni(111)
-H -265 -231 -279
-OH =206 -274 -289
-0 -373 -414 495
-CO -185 -82 -198
-CH; -197 -121 -178
-CH: =381 -268 -371
-CH -620 -446 -600
-C -651 -429 -633
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Chapter 2. EXPERIMENTAL INSTRUMENTATION AND

METHODS

Single crystal adsorption calorimetry (SCAC) is an ultrahigh vacuum (base pressure <2 x
1072 mbar) surface science instrument. The SCAC used for all the experiments performed in
this work is equipped with X-ray photoelectron spectroscopy (XPS), Auger electron
spectroscopy (AES), low-energy ion scattering spectroscopy (LEIS), and low-energy electron
diffraction (LEED). An example of a single crystal adsorption calorimeter is shown in Figure
2.1. This apparatus and its procedures for SCAC have been discussed extensively
previously.®** In this chapter, | will briefly discuss the sample preparations, instrumentation,
and methods.

The sample used was a 1 pum thick metal (Ni(111) or Pt(111)) single-crystal foil, supplied
by Jacques Chevallier at Aarhus University in Denmark. The sample surface was cleaned by
1.25 kV Ar" ion sputtering to remove sulfur and other contaminants, annealing at 673 K in 1 x
107" mbar O2(g) for 1 min to remove any surface carbon, and then annealing at 1050 K to
remove oxygen. This treatment was repeated until impurities were below the detection limit of
AES and XPS, and the surface gave a very sharp LEED pattern. Before calorimetry, the clean
sample was brought to thermal equilibrium with the calorimeter and then flash-heated to 1050 K
(<2 s) to ensure a clean surface. The sample was then brought back into contact with the
pyroelectric detector and thermal equilibrium was re-established (less than 5 min), after which
the experiment was performed. An interior view of the calorimeter and these components are
shown in Figure 2.2.

Calorimetry was performed by exposing the surface to a pulsed molecular beam of

molecular gas (such as methyl iodide, methanol, benzene, or phenol). Each pulse was 102 ms
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long and was repeated every 3-5s. The organic molecules used to create the molecular beam
were outgassed by several freeze—pump—thaw cycles after being put into its reservoir on the
vacuum chamber. Its purity was checked with a mass spectrometer. The beam was created by
expanding ~2.0 mbar of molecules through a microchannel array at 300 + 5 K (defining the gas
temperature) and then collimated through a series of five liquid nitrogen-cooled orifices as
described previously.®* Coverages are reported in monolayers (ML) and are defined as the
number of molecules that adsorb to the surface irreversibly, normalized by the number of surface
atoms (1.86 x 10'° atoms/m? for Ni(111) and 1.50 x 10%° atoms/m? for Pt(111)). The beam spot
size on the surface was previously determined to be 4.36 mm in diameter.3* In a given
experiment, the dose per pulse was highly precise (<1% pulse-to-pulse variation, determined by
the reproducibility of the chopper’s beam-open time). A more detailed description of the
experimental principles and implementation of the molecular beam can be found elsewhere.?%%*
The flux of molecules from the molecular beam is measured by impinging the beam onto a
liquid-nitrogen-cooled quartz crystal microbalance (QCM), precovered with molecular
multilayers. Calibration of the QCM has been described previously.®*

The heat released from the adsorption of one molecular pulse is measured with a
pyroelectric polymer ribbon gently pressed against the back side of the sample.?>3 The
sensitivity of the pyroelectric detector was calibrated after each experiment by depositing a
known amount of energy into the sample by use of a HeNe (632.8 nm) laser. The absolute
accuracy of the calorimetric heats is estimated to be better than 4% (i.e., any systematic errors
are less than 4%) for systems like those studied here, which have sticking probabilities above
0.8. This is based on comparisons to literature values for standard enthalpies of sublimation of

the bulk solid when solids with known enthalpies are formed, specifically multilayers of
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adsorbed cyclohexene,?® methanol,*® methyl iodide,3! and water®? on Pt(111). For these
molecules, the differences between the measured value and the estimated heat of sublimation
based on the literature values (after correction for temperature differences using literature values
for heat capacities) were —5.6%, —3.3%, <1%, and —5.1%, respectively. Note these differences
from bulk sublimation values may be due to errors in the literature values or the possibility that
we were not producing exactly the most stable phase at these low temperatures (possibly
explaining the fact that our heats are lower than the literature values in the two cases where they
differ most). However, these differences are all within the error bars (at 95% confidence) of the
two values being compared, and therefore they do not differ in any statistically significant way.
Relative measurements (for example, differences in heat with changes in coverage or
temperature) can be much more accurate. The precision of energy calibration can be improved
by averaging multiple runs.

Sticking probabilities were measured simultaneously with calorimetric measurements, via
the King and Wells method.*® A mass spectrometer, without line-of-sight to the sample,
measured the background pressure increase of methanol, CH3zOH (g) (m/z = 31), or methyl
iodide, CHzsl (g) (m/z = 142), in the chamber. A gold flag was positioned in front of the sample
and used to determine the mass spectrometry signal corresponding to full reflection of molecules.
The sticking probability is calculated by integrating the mass spectrometer signal measured from
the increase in molecular partial pressure above background when the molecular beam is pulsed
onto the sample surface in comparison with the increase in methanol partial pressure resulting
when pulsed onto the inert gold flag. We report two types of sticking probabilities, long-term
and short-term.?® The long-term sticking probability, S., is the probability that a gas molecule

strikes the Ni(111) surface, sticks, and remains until the next gas pulse starts ~3 s later. This
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measurement is used to calculate the adsorbate coverage remaining at the start of the next gas
pulse. The short-term sticking probability, Si02 ms, is the probability that a gas molecule strikes
the metal surface, sticks, and remains at least throughout the time frame of our heat measurement
(i.e., the first 102 ms). This is used to calculate the moles of gas-phase reactant that contribute to
the measured heat of adsorption, so we can report that value in kilojoules per mole adsorbed.
When there is no desorption between pulses, the two sticking probabilities are the same.

The calorimeter and sample are cooled by a large thermal reservoir, but one cannot
mount a thermocouple directly on the ultrathin single crystal used for calorimetry nor on the
sample platen to which it is mounted (because this whole platen is removed from its manipulator
and mounted on the thermal reservoir during calorimetry to achieve better signal stability).
Therefore, the sample temperature was monitored by two alumel/chromel thermocouples spot-
welded to the two closest locations, one spot-welded to the holder of the pyroelectric detector
and another to the thermal reservoir. We took the average of these two temperature readings as
the sample temperature here. For the sample temperatures used here, the readings of these two

thermocouples differed by ~10 K on average.
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Chapter 3. ENERGETICS OF ADSORBED BENZENE ON NI(111)

AND PT(111) BY CALORIMETRY

This chapter reprinted with permission from: S.J. Carey, W. Zhao, and C.T. Campbell,
Energetics of Adsorbed Benzene on Ni(111) and Pt(111) by Calorimetry, Surface Science
(2018), Article ASAP, DOI: 10.1016/j.susc.2018.02.014

Chapter Abstract

The heat of adsorption and sticking probability of benzene were measured on Ni(111)
and Pt(111) at 90 K using single crystal adsorption calorimetry (SCAC). Benzene adsorbs
molecularly with a heat of 208 kJ/mol on terrace sites in the low-coverage limit on Ni(111) and
has a standard enthalpy of formation (AH:°) of CsHg(ad) of -251 kJ/mol at a coverage of 1/9 ML.
These results are compared to calorimetric results on Pt(111), where the standard enthalpy of
formation (AH:°) of CsHg(ad) was found to be -244 kJ/mol at a coverage of 1/9 ML. The slightly
stronger bonding to Ni is attributed to stronger C-Ni covalent bonding partially compensated by
weaker van der Waals (vdW) attractions to Ni compared to Pt. The measured energetics for
benzene are compared to Density Functional Theory (DFT) calculations from previous literature,
showing that functionals that do not contain corrections for vdW interactions badly
underestimate the bond energies of benzene to both Ni(111) and Pt(111), while many of those

that correct for vdW interactions are much more accurate.

3.1 INTRODUCTION

Solid nickel catalysts are used industrially for a wide variety of reactions involving

benzene and substituted benzenes, and promise many future applications involving substituted
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benzenes, such as in biomass conversion. Nickel catalysts are also important in many reactions
involving larger aromatic molecules. Thus, the interaction of benzene with nickel surfaces is of
fundamental importance in catalysis research. However, no one has ever measured the heat of
adsorption of benzene or any other aromatic molecule on well-defined sites on any nickel
surface. Here we report calorimetric measurements of the heat of adsorption of benzene on
Ni(111) and Pt(111) as a detailed function of coverage, and compare to our group’s earlier
results for Pt(111)%" and the results of estimations of these energetics using density functional
theory (DFT)*®%, which tend to underestimate benzene’s heat of adsorption. These results make
Ni(111) and Pt(111) the only two transition metal surfaces for which the heat of benzene
adsorption has been measured, except on the noble metals (Cu, Ag and Au)*®, where heats have
been measured by temperature programmed desorption (TPD). (At coverages below half of
saturation, benzene dissociates completely during TPD on all transition metal surfaces except
noble metals, rendering TPD inapplicable for determining heats of adsorption.)

Benzene adsorption to metals like Pt(111) and Ni(111) is thought to involve strong van
der Waal attractions, which are more difficult to model with theoretical methods such as
DFT.1416.17.38 The adsorption energies for benzene on Ni(111) and Pt(111) thus provides
important new benchmarks for testing the energy accuracy of new DFT methods that are being
designed to better model these types of interactions. The important role of van der Waals
interactions in adsorption has recently been reviewed.*%*! The results here help confirm the
much stronger van der Waals attractions to Pt surfaces than to Ni predicted theoretically.

Benzene adsorption on Ni(111) under ultrahigh vacuum (UHV) conditions has been
extensively studied by vibrational spectroscopy*?, TPD*3, X-ray Photoelectron Spectroscopy*+#°,

Angle-Resolved Ultraviolet Photoelectron Spectroscopy (ARUPS)#¢, and LEED***°. Dosing
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benzene onto a Ni(111) surface from 125-180 K results in the first layer of benzene lying flat,
parallel to the nickel surface, interacting through its 7 electron system.*>4+*> Heating multilayers
of benzene to 180-220 K, causes the benzene to change adsorption state, resulting in a (N7 x \7)
R19.1° LEED pattern with a coverage of 1/7 ML.*> At low temperatures, benzene is expected to
form multilayers on the surface. Three multilayer desorption TPD peaks have been measured at
relatively low coverage (154 K, 136 K, and 146 K), corresponding to the first physisorbed layer
that is likely parallel to the surface on top of the chemisorbed layer, a transition layer, and bulk
benzene (solid).** The 146 K peak is not observed until a 1.8L exposure, and its peak
temperature rapidly shifts to higher temperatures with increasing coverage. The 136 K peak
disappears at higher exposures (>2.4L benzene).*?

Benzene on Pt(111) has also been extensively studied using traditional UHV
methods*>#"~%* including single crystal adsorption calorimetry®’. Benzene forms a disordered
layer, lying parallel to the platinum surface.*>4” STM images have shown that benzene will
adsorb on multiple adsorption sites, with bridge sites being the most energetically favored. If
benzene is dosed at room temperature and the sample is then cooled to 4 K, benzene adsorbs in a
1:2:3 ratio to top, hollow, and bridge sites, respectively. However, if benzene is adsorbed onto a
Pt(111) surface directly at 4 K, bridge sites are predominantly observed with only small fractions
of top and hollow sites observed.*® Other studies have found further evidence for hollow site
adsorption, including HREELS*>% and ARUPS®, and evidence for bridge site adsorption,
including LEED studies®®2. Virtually all theoretical studies calculate that benzene is more
stable on bridge sites, although hcp hollow sites are often not much less energetically
favorable.1617:6456-63 Benzene saturates the Pt(111) surface with a coverage of ~0.15 ML and

will form multilayers at low temperatures, which desorb in TPD studies at ~195 K.>*°% The heat
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of adsorption of benzene on Pt(111) at 300 K was measured versus coverage by SCAC.®” Here,
we reproduce those measurements at lower temperature for more direct comparison to the new

results here for Ni(111).

3.2 EXPERIMENTAL

Experiments were performed in a UHV chamber (base pressure <2 x 10~° mbar)
equipped with X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES),
low-energy ion scattering spectroscopy (LEIS), low-energy electron diffraction (LEED), and
SCAC. The samples used were 1 um thick Ni(111) and Pt(111) single-crystal foils, supplied by
Jacques Chevallier at Aarhus University in Denmark. The sample surface was cleaned by Ar*
ion sputtering and annealing to remove contaminants. This treatment was repeated until
impurities were below the detection limit of XPS, and the surface gave a sharp (111) LEED
pattern. Detailed descriptions of the apparatus, molecular beam, sticking probability, heat
measurements, and other procedures for SCAC may be found elsewhere 29343565

Briefly, calorimetry was performed by holding the clean Ni(111) or Pt(111) single crystal
at a given temperature and exposing it to a pulsed molecular beam of benzene. The heat of
adsorption was measured with a pyroelectric detector pressed against the backside of the
sample.?>3% The sensitivity of the pyroelectric detector was calibrated after each experiment by
depositing a known amount of energy into the sample by use of a HeNe (632.8 nm) laser. The
sticking probability was measured simultaneously with the heat of adsorption using a quadrupole
mass spectrometer as described previously.>® We report two types of sticking probabilities, long-
term and short-term.2° The long-term sticking probability, S, is the probability that a gas

molecule strikes the surface, sticks, and remains until the next gas pulse starts ~3 s later. This
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measurement is used to calculate the adsorbate coverage remaining at the start of the next gas
pulse. The short-term sticking probability, Si02 ms, is the probability that a gas molecule strikes
the surface, sticks, and remains at least throughout the time frame of our heat measurement (i.e.,
the first 102 ms). This is used to calculate the moles of gas-phase reactant that contribute to the
measured heat of adsorption, so we can report that value in kilojoules per mole adsorbed.

The molecular beam was created by expanding ~2.1 mbar of benzene (Millipore Sigma,
>99.7%) through a microchannel array held at 300 + 5 K (defining the gas temperature) and then
collimated through a series of five liquid nitrogen-cooled orifices. A chopper converts the beam
into pulses that are 102 ms long and repeat every 3 s. Coverages are reported in monolayers
(ML) and are defined as the number of benzene molecules that adsorb to the surface irreversibly,
normalized by the number of metal surface atoms in the Ni(111) surface (1.86 x 10*° Ni
atoms/m?) or Pt(111) surface (1.50 x 10%° Pt atoms/m?). A typical benzene dose was ~0.002-

0.005 ML per pulse with a beam spot size previously determined to be 4.36 mm in diameter.3*

3.3 RESULTS

Sticking Probability. As described previously?® and above, we measured two types of sticking
probabilities: the short-term sticking probability, Si02 ms, and the long-term sticking probability,
S«. Figure 3.1 shows the average short-term and long-term sticking probabilities measured as a
function of coverage on both Ni(111) and Pt(111). At this low temperature, benzene’s sticking
probability is near unity for both metal surfaces independent of coverage. On both metals,
benzene is expected to form multilayers, which is confirmed in this experiment.42434554 For
Ni(111), the initial short-term and long-term sticking probabilities are approximately 0.99 and

increase to 1.00 by a coverage of ~0.25 ML, suggesting a precursor-mediated adsorption



21

mechanism. This has been previously observed for methyl iodide and formic acid on Ni(111) at
low temperatures.®>® On Pt(111), the short-term and long-term sticking are initially above 0.99
but decrease to ~0.98 at approximately 0.10 ML. Both sticking probabilities then increase to
near unity above ~0.15 ML when the first layer is saturated (see below). The slightly lower
average sticking probability in the first layer may be due to the poorer mass-matching in the
benzene-Pt(111) collisions than when benzene strikes a benzene multilayer. Poorer mass-
matching in gas-surface collisions results in higher probability for quasi-elastic collisions (i.e.,
less energy loss) and hence lower trapping probability. This also explains the lower sticking
probability in the first layer for Pt(111) than Ni(111), since Ni is lighter. It does not explain the
initial decrease with coverage seen on Pt(111), which is tiny (~1%) and possibly due to some
systematic error.
Heat of Adsorption of Molecular Benzene on Ni(111) at 90 K. In this paper, we define the
term heat of adsorption as the negative of the differential standard molar enthalpy change for the
adsorption reaction, AHaq4, with the gas and the Ni(111) being at the same temperature as the
Ni(111) surface (“standard” here implies only that the gas is at 1 bar as a pure ideal gas). During
our experiments, the temperature of the molecular beam was ~300 K, while the Ni(111) sample
was held at cryogenic temperatures (e.g., T = 90 K). Thus, the measured heat is corrected by the
small difference in the internal energy of the gas in the directed molecular beam at 300 K and in
a Boltzmann distribution at the sample temperature (T), and then by RT to convert from internal
energy change to enthalpy change for the adsorption reaction, as described elsewhere.'®

The heat of adsorption of benzene on Ni(111) at 90 K is shown in Figure 3.2. At this
temperature, benzene is expected to adsorb molecularly, parallel to the surface.*? Initially,

benzene adsorbs with a heat of adsorption of approximately 208 kJ/mol. As coverage increases
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up to 0.093 ML, the heat of adsorption decreases linearly with coverage and, as shown in Figure
3.2, is well described by the best-fit line -AHag = (208 - 626 0) kJ/mol, where 6 is coverage in
ML. Between 0.093 and 0.13 ML, the heat decreases rapidly in a way that is very similar to a
broadened step-function decrease at ~1/9 ML. This coverage corresponds to a (3x3) unit cell,
which may be the highest coverage benzene can easily achieve at this low temperature. The
broadening may simply be due to the natural inhomogeneity of local coverage, with some
regions at higher local coverages reaching 1/9 ML sooner than others, and others with lower
local coverage.

By 0.13 ML, the first layer has saturated the surface at 90 K, and the heat has dropped to
a nearly constant value of ~60 kJ/mol. X-ray photoelectron spectroscopy experiments measured
a coverage of ~0.13 ML before detecting the formation of multilayers at 120 K.*> This same
paper also found that a (N7 x V7) R19.1° LEED pattern corresponding to 1/7 ML is not observed
until 220 K.** Therefore, the true saturation coverage of 1/7 ML = 0.143 ML might not be
achievable at 90 K since this requires shifting all the benzenes in the adlayer to the less stable
hcp hollow sites, which may have an activation energy not accessible at 90 K (even if the sites
are only marginally less stable).

Between 0.13 ML and ~0.5 ML, the heat of adsorption of benzene remains 5-15 kJ/mol
higher than the final multilayer energy. This is characteristic of benzene forming layers on top
of the first monolayer but still being able to weakly interact with the metal below. This result is
well explained by previous TPD experiments, which have shown three multilayer peaks (154 K,
136 K, and 146 K). These corresponding to the first physisorbed layer that is likely parallel to

the surface, a transition layer, and bulk benzene.*



23

At coverages greater than ~0.5 ML, the heat of adsorption becomes nearly constant,
which implies the formation of bulk-like multilayers. Above 0.5 ML, we measure a multilayer
adsorption energy of 44.5 + 1.4 kJ/mol, where the error bars reference the run-to-run standard
deviation on the mean of the average heat from 0.5 to 0.8 ML. There are several literature heats
of sublimation for benzene measured at various temperatures.®” Averaging these results give a
heat of sublimation of 44.3 kJ/mol at 250 K. This value may be adjusted to 90 K using the heat
capacities of solid and gaseous benzene. Using this method results in a heat of sublimation of
49.1 kJ/mol at 90 K. This is consistent with previous TPD experiments of deuterated benzene,
which measured an activation energy of desorption for bulk multilayers to be 48.9 + 2 kJ/mol on
Ni(111)*® and 47.3 + 3.8 kd/mol on Pt(111)%, assuming a prefactor of 103 s*. Our measured
value (44.5 £ 1.4 kJ/mol) is not consistent with these results. One possibility is that we are not
forming the ideal bulk state of solid benzene. Our results are at a lower temperature than the
above TPD experiments, which may prevent benzene from overcoming the activation energy
needed to order into the lowest energy state, at least on the timescale of our measurements (~100
ms). Therefore, we could be probing a less stable multilayer structure here than measured in the
higher temperature TPD experiments.

Another possibility is that instead of forming bulk benzene, we are forming the transition
layer identified by TPD experiments.*® As stated in the introduction, the peak that corresponds
to bulk benzene desorption does not appear until a higher exposure (1.8 L). This transition layer
peak was observed at exposures from 1.0 to 2.4L, and possessed a lower desorption temperature
of 136 K, compared to 146 K for bulk benzene. This 10 K difference would approximately
result in a 3 kJ/mol difference, which leads to a literature heat of adsorption for transition

layer(s) that is well within the error of our “multilayer” heat.
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Heat of Adsorption of Molecular Benzene on Pt(111) at 90 K. In order to directly compare

the heats of adsorption of molecular benzene on Ni(111) and Pt(111), the adsorption of benzene
was studied on a Pt(111) surface under the exact same conditions as the Ni(111) surface. Under
these conditions, benzene is expected to adsorb molecularly parallel to the surface, favoring
bridge sites but may also adsorb onto hollow and top sites.*>*® As seen in Figure 3.3, benzene
initially adsorbs onto Pt(111) at 90 K with a heat of ~209 kJ/mol, and the heat decreases with
coverage. Below 0.096 ML, the heat is well described by the best-fit line -AHaq = (209 - 817 0)
kJ/mol. Between 0.096 and 0.13 ML, the heat decreases rapidly like a broadened step-function
decrease at ~1/9 ML similar to that seen on Ni(111) above. Again, this broadening may be due to
inhomogeneity in local coverage. Up to 0.10 ML, these data agree well with previous
calorimetry results on Pt(111) measured instead at 300 K, which gave the red curve shown in
Figure 3.3: -AHag = (197 - 314 0 - 3546 62) kJ/mol.*” This literature equation has been adjusted
so that its definition of a “monolayer” is identical to the one used in this present paper, and is
plotted in Figure 3.3 for comparison. Due to differences in the gas-phase and solid-phase heat
capacities of benzene at 300 K and 90 K, we expect the heats of adsorption to be a few kJ/mol
higher at 90 K. At the limit of low coverage, this is consistent with our results. As seen, our
results at 90 K decrease more rapidly compared to the results at 300 K above 0.10 ML. One
possible explanation is that at 90 K, the benzene molecules are not mobile enough on the surface
to achieve the more stable configurations reached at 300 K. It is clear from the decrease in heat
with coverage that there are repulsive benzene-benzene lateral interactions on the surface. If an
incoming molecule lands in a region of high local coverage, the molecules in the local region
may not have the mobility needed to move away and generate the most stable global energy

minimum. Saturation may be achieved at 90 K when there are still open spaces on the surface,
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but none large enough to accommodate benzene molecules. At 300 K, benzene has the mobility
to effectively find open adsorption sites, thus maintaining higher heats and allowing a higher
saturation coverage. This also explains why the heat of benzene adsorption at 90 K continues to
decrease at a slower rate until ~0.15 ML, the literature saturation coverage.>*>*

Above ~0.14 ML on Pt(111) at 90 K, the heat of adsorption becomes somewhat stable at
~60 kJ/mol. From 0.15 ML to ~0.4 ML, the heat of adsorption slowly decreases, approaching
the heat of sublimation. This likely corresponds to additional layers on the surface that continue
to interact with the underlying Pt metal.

By 0.5 ML at 90 K, benzene reaches a constant multilayer energy of 44.2 £ 1.1 kJ/mol,
where the error bars reference the run-to-run standard deviation on the mean of the average heat
from 0.5 to 1.2 ML. This is consistent with the multilayer desorption energies ranging from 47.3

- 48.9 kJ/mol (see above).*>>*

3.4 DISCUSSION

Energetics of Adsorbed Benzene on Ni(111) and Pt(111): We next analyze the measured
enthalpy of molecular adsorption at 90 K on Ni(111) (Figure 3.2) and Pt(111) (Figure 3.3) to
calculate the heats of formation of benzene on both surfaces. The heats of adsorption for
Ni(111) and Pt(111) are directly compared in Figure 3.4, and seen to be quite similar. At 90 K,
the first layer appears to saturate at approximately the same coverage (~1/9 ML) of Ni(111) and
Pt(111), as seen in Figure 3.4. Since the lattice parameter of Ni is 11% shorter than Pt, this
corresponds to a 24% higher packing density on Ni(111), and thus it seems to be dictated more
by the need to achieve registry with the substrate, whereby each benzene seems to require

something close to the area of a 3x3 unit cell at this temperature.
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We use the integral heat determined from the individual data points up to a coverage of
1/9 ML. The thermodynamic cycles in Figure 3.5 show how to extract the heats of formation of
adsorbed benzene on both Ni(111) and Pt(111). On the left-hand side of the figure, all elements
are in their standard states and therefore possess a heat of formation of zero. The first step at the
bottom is simply the enthalpy of formation of gaseous benzene, 82.9 kJ/mol.%® The second step
at the bottom is our integral enthalpy of adsorption measured by SCAC (-167.7 kJ/mol for
Ni(111) and -161.5 kJ/mol for Pt(111)). Adding these values together results in the enthalpy of
formation of adsorbed benzene, i.e., the top pathway: -250.6 kJ/mol for Ni(111) and -244.4
kJ/mol for Pt(111).

Since there is no decomposition of benzene and the only difference between gaseous
benzene and adsorbed benzene is the adsorbate-surface bond, our measured integral enthalpy of
adsorption is also equal to the negative of the benzene-metal bond dissociation enthalpy.
Therefore, the benzene-Ni(111) bond enthalpy at 1/9 ML coverage is +167.7 kJ/mol and the
benzene-Pt(111) bond enthalpy at 1/9 ML coverage is +161.5 kJ/mol. The corresponding bond
energies are found by subtracting RT. This results in a benzene-Ni(111) bond energy of 166.9
kJ/mol at 1/9 ML coverage and a benzene-Pt(111) bond energy at 1/9 ML coverage of 160.7
kJ/mol.

Since the adsorption of benzene was studied at the same conditions on Ni(111) and
Pt(111), we may directly compare these results. The first conclusion is that there is only a slight
difference in the heats of formation and bond energies of these two species. Benzene is only ~6
kJ/mol more stable on Ni(111) than Pt(111).

Previous TPD experiments show the first layer of benzene molecularly desorbing at ~380

K on Ni(111)* and at 505 K> on Pt(111). However, the vast majority of the adsorbed benzene
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dissociates. On Pt(111), for coverages below ~60% of the first saturation layer, approximately
100% dissociates and none desorbs. It is only at higher coverages than 0.09 ML (i.e., when the
heat of adsorption has decreased by >60 kJ/mol) that desorption starts to become competitive
with dissociation. At such high coverages, very broad, unresolved desorption peaks were seen at
~350 K and ~505 K. These peak temperatures give desorption activation energies of 88 and 129
kJ/mol, respectively, when analyzed with the Redhead equation assuming a prefactor of 10*% s
154 Increasing the prefactor to 7.2 x 10'° s for the 350 K peak and 3.7 x 10 s for the 505 K
peak (based on the more recent method® for more accurate estimates of prefactors) increases the
values by a small amount (to 107 and 163 kJ/mol, respectively). These two values are consistent
with the differential heats of adsorption at lower coverages, before decomposition occurs.

These values are consistent with the high-coverage heats measured in Figure 3.3. On
Ni(111), the initial 0.06 ML, or ~40% of the first chemisorbed layer, decomposes to surface
carbon and hydrogen, which immediately desorbs as Ha. At higher coverages, a broad,
molecular desorption peak appears at ~380 K.** At this temperature, the prefactor may be
estimated to be 1.0 x 10'® s (by the same method as above). This results in an activation energy
for desorption of 118 kJ/mol, which is consistent with the high-coverage heats in Figure 3.2.
Unlike on Pt(111), a higher TPD peak at ~500 K is not observed. This is likely due to the
activation energy for decomposition (C-H bond dissociation) being lower on Ni(111) compared
to Pt(111), since both hydrogen and carbon bind more strongly to Ni(111) than Pt(111).}4 By
500 K in TPD, all the adsorbed benzene has probably already dissociated on Ni(111) but not on
Pt(111).

We have shown that methyl adsorbs more strongly to Ni(111) compared to Pt(111) by 24

kJ/mol .38 King’s group’® measured the energetics associated with methylidyne on Ni(100) and



28

ethylidyne on Pt(111) and their results, after a later correction for an error in calorimeter
calibration, gave that the metal-carbon ¢ bond energies are 37 kJ/mol stronger to Ni(100) than
Pt(111).> One would thus expect hydrocarbon species to adsorb more strongly onto Ni surfaces
compared to Pt surfaces. Our bond energy difference for benzene (6 kJ/mol stronger to Ni than
Pt) is less than what might be expected based on these previous results, especially given benzene
has six carbon atoms bonded to the metal, and these other adsorbates have fewer. This might be
understood by considering TPD studies of molecularly adsorbed methane, which have shown
that the peak temperature for methane is 10-15 K higher on Pt(111) than Ni(111), giving bond
energies of 14.5 kJ/mol on Pt(111) and 12.1 kJ/mol to Ni(111),”*"? with both dominated by van
der Waals forces. This difference implies that van der Waals (vdW) interactions are stronger for
adsorbates on Pt(111) than Ni(111). This is also supported by the effective screened Ce
coefficients for vdW interactions calculated for metal surfaces, which are nearly twice as big for
Pt as for Ni.”® Since benzene adsorption on Pt(111) is well known to have strong contributions
from van der Waals interactions**61728  this stronger van der Waals interaction might bring the
adsorption energy on Pt(111) up closer to Ni(111), as observed here. Thus, the binding of
benzene to Ni and Pt(111) is a balance between short- and long-range interactions, similar to its
bonding to noble metals.”

Comparison to DFT Calculations. The heats of molecular adsorption of benzene onto Ni(111)
and Pt(111) measured in this work may be used as benchmarks for comparison to theoretical
calculations. Table 3.1 gives several calculated bond energies from various DFT methods and
the measured bond energy of adsorbed benzene at the equivalent coverage. All DFT values
shown here are calculated for bridge sites, for which all DFT methods agreed is the most stable

adsorption site on both Ni(111) and Pt(111) at low coverage. The DFT calculations for both
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surfaces have been divided into two sections in Table 3.1: those that contain corrections for van
der Waal forces and those that do not. Generally, calculations that contain these corrections are
more accurate than those that omitted van der Waal corrections, which tend to underestimate
benzene’s bond energy by large amounts (often 50 to 100 kJ/mol). These differences are much
larger than the expected zero-point energy and heat-capacity corrections, which were not
included in this comparison. These calculations might also be biased by small amounts since
each reported DFT calculation represents benzene exclusively bound to bridge sites. Previous
experimental work has suggested that benzene adsorbs onto a mixture of adsorption sites for both
Ni(111) and Pt(111).4>% Taking this mixture into account would lower all the theoretical values
listed in Table 3.1, which would not change the trend seen here, where most DFT functionals

underestimate the adsorption energy of benzene on Pt(111).

3.5 CONCLUSIONS

On Ni(111), benzene adsorbs molecularly at 90 K with a decreasing heat of adsorption in
the first 0.093 ML well fit by -AHaq = (208 - 626 0) kJ/mol. On Pt(111), benzene adsorbs
molecularly at 90 K with a decreasing heat of adsorption in the first 0.096 ML well fit by -AHad
= (209 - 817 0) kJ/mol. On both surfaces, the heat drops rapidly to ~60 kJ/mol in a broadened
step-function at ~1/9 ML. On both Ni(111) and Pt(111), benzene adsorbs with a nearly constant
heat of adsorption above 0.5 ML of 44-45 kJ/mol, which is the value for multilayer solid
benzene. Using the known enthalpies of the gas-phase benzene, we find a standard enthalpy of
formation of adsorbed benzene (AH{) of -250.6 kJ/mol on Ni(111) and -244.4 kJ/mol on

Pt(111).
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These measured energies were compared to DFT from many different studies. We found
that DFT calculations that neglect van der Waals routinely underestimate this bond energy, while
many DFT functionals that include van der Waals corrections are much more accurate. Benzene
binds to Ni(111) only slightly more strongly than to Pt(111), even though C-Ni(111) bonds are
usually considerably stronger than C-Pt(111) bonds. This is attributed to van der Waals

interactions with benzene being stronger on Pt(111) than Ni(111).
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3.6 TABLES AND FIGURES
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Figure 3.1. Average short-term and long-term sticking probabilities of benzene versus coverage
at 90 K on Ni(111) and Pt(111).
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Figure 3.2. Differential heat of adsorption of molecularly adsorbing benzene on Ni(111) at 90 K

as a function of adsorbed benzene coverage. Each data point represents a pulse of ~0.002 ML of
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Figure 3.3. Differential heat of adsorption of molecularly adsorbing benzene on Pt(111) at 90 K
as a function of adsorbed benzene coverage. Each data point represents a pulse of ~0.005 ML of
benzene gas. The red curve shows the previously measured heat of adsorption of molecular
benzene at 300 K.’
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Figure 3.5. Reactions used to determine the heat of formation of molecularly adsorbed benzene
on the Ni(111) and Pt(111) surfaces. The values in red correspond to the integral enthalpy of
adsorption measured at 90 K for the first 1/9 ML of coverage. The values in blue correspond to

the resulting heats of formation of adsorbed benzene.
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Table 3.1. Comparison of present calorimetric bond energies of benzene to the Ni(111) and
Pt(111) surfaces with calculated values using DFT with periodic boundary conditions. DFT
calculations are separated into values that include corrections for van der Waal forces and those
that do not.

Benzene on Ni(111) Bond Energy (kJ/mol)
Coveerag Functional or Method DFT Experimental | Reference
1/16 ML PBE 95 188 38
1/16 ML revPBE 67 188 38
1/16 ML rPW86 26 188 38
1/9 ML PBE 101 167 39
1/16 ML optB86b-vdW 211 188 38
1/16 ML optB88-vdW 173 188 38
1/16 ML optPBE-vdW 143 188 38
Benzene on Pt(111) Bond Energy (kJ/mol)
Covsrag Functional or Method DFT Experimental | Reference
1/16 ML PW9I1 119 183 26
1/16 ML PBE 130 183 >8
1/16 ML PBE 115 183 38
1/16 ML revPBE 95 183 38
1/16 ML rPW86 58 183 38
1/16 ML PBE 131 183 >9
1/9 ML PBE 86 161 >9
1/9 ML PBE 78 161 16
1/9 ML LDA 222 161 16
1/9 ML PBE 78 161 17
1/9 ML PWI1 117 161 60
1/9 ML PWI1 123 161 61
1/9 ML PWI1 87 161 62
1/9 ML PBE 103 161 63
1/9 ML PBE 116 161 64
1/25 ML PBE+vdWsurf 212 192 7
1/16 ML PBE+vdWsurf 210 183 38
1/16 ML optB86b-vdW 234 183 38
1/16 ML optB88-vdW 195 183 38
1/16 ML optPBE-vdW 171 183 38




1/16 ML PBE-dDsC 207 183 >7
1/16 ML PBE-vdW 170 183 >8
1/16 ML revPBE-vdW 102 183 >8
1/16 ML PW86-vdW2 96 183 >8
1/16 ML PBE-vdW 207 183 >9
1/9 ML optB88-vdW 178 161 16
1/9 ML vdW-DF 74 161 16
1/9 ML vdW-DF2 33 161 16
1/9 ML PBE-vdWsurf 189 161 16,17
1/9 ML PBE+vdW 174 161 1
1/9 ML optPBE-vdW 168 161 64

37
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Chapter 4. ENERGETICS OF ADSORBED PHENOL ON NI(111)

AND PT(111) BY CALORIMETRY

This chapter reprinted with permission from: S.J. Carey, W. Zhao, Z. Mao, and C.T. Campbell,
Energetics of Adsorbed Phenol on Ni(111) and Pt(111) by Calorimetry, Journal of Physical
Chemistry C (2018), Article ASAP, DOI: 10.1021/acs.jpcc.8b03155

Chapter Abstract

The heat of adsorption and sticking probability of phenol was measured on Ni(111) at
150K and Pt(111) at 90K using single crystal adsorption calorimetry (SCAC). Phenol adsorbs
molecularly with a heat of 200 kJ/mol on terrace sites in the low-coverage limit on Ni(111),
giving a standard enthalpy of formation (AH{°) of CsHsOHag 0of -272 kJ/mol and with a heat of
220 kJ/mol on terrace sites in the low-coverage limit on Pt(111), giving a standard enthalpy of
formation (AH:°) of CeHsOHag of -271 kd/mol. The measured energetics for phenol were
compared to Density Functional Theory (DFT) calculations from previous literature, showing
that DFT functionals that included van der Waals corrections are more accurate, although some
calculations on both surfaces, even those with vdW-corrections, still grossly underestimated the

bond energy.

4.1 INTRODUCTION

Phenol is the simplest example of an aromatic oxygenate, a class of compounds that are
involved in many important catalytic and electrocatalytic reactions on late transition metal

surfaces. As such, it is often studied as a model compound to understand surface reactions for
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this class of compounds. For example, phenol is often used as a model for studying catalytic and
electrocatalytic biomass conversion reactions over Pt, Ni, and other late transition metals.”>"® In
order to better understand how phenol behaves in catalytic reactions, it is critical to know the
energetics of phenol on catalyst surfaces. Here, we report the first calorimetric measurements of
the adsorption energy of phenol on any transition metal surface, including the bond energies and
heats of formation, of phenol adsorbed on two model catalyst surfaces, Ni(111) and Pt(111).

Phenol adsorption onto Ni(111) has been studied with temperature programmed
desorption (TPD), vibrational spectroscopy (RAIRS), and Auger electron spectroscopy (AES).&°
These methods found that phenol forms a chemisorbed layer that is parallel to the surface,
interacting through its 7-bonds with the surface. Multilayers of phenol already start desorbing at
the lowest adsorption temperature studied (170K). The first layer mainly decomposes during
TPD, as evidenced by desorption peaks for H> (starting at ~300 K) and CO (starting at ~420
K).8

Phenol adsorption on Pt(111) has been studied with vibrational spectroscopy
(HREELS)®% low-energy electron diffraction (LEED)®?, AES®, TPD®8 and X-ray
photoelectron spectroscopy (XPS)3. Below 200K, phenol adsorbs molecularly, parallel to the
surface.883 At low temperatures, multilayers are formed that possess a desorption peak at
195K. There is a transition (second) layer between the chemisorbed first layer and multilayers
that interacts weakly with the Pt(111) surface. The adsorption energy of this layer is slightly
stronger than the multilayer, as evidenced by a TPD desorption peak at 225K.8 At 200K,
adsorbed phenol dissociates by O-H bond scission, resulting in phenoxy and an adsorbed

hydrogen atom.818% Further analysis shows that phenoxy transitions to a n>-t-adsorption or
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oxocyclohexadienyl species.?® By 490K, this species decomposes to CO and Hz gas, plus some

carbon residue on the surface.®

4.2 EXPERIMENTAL

Experiments were performed in a UHV chamber (base pressure <2 x 10~1° mbar)
equipped with XPS, AES, low-energy ion scattering spectroscopy (LEIS), LEED, and SCAC.
The sample used was a 1 um thick Ni(111) or Pt(111) single-crystal foil, supplied by Jacques
Chevallier at Aarhus University in Denmark. The sample surface was cleaned by Ar* ion
sputtering and annealing to remove contaminants. This treatment was repeated until impurities
were below the detection limit of XPS, and the surface gave a very sharp LEED pattern.
Detailed descriptions of the apparatus, molecular beam, sticking probability, heat measurements,
and other procedures for SCAC may be found elsewhere, 22343565

Briefly, calorimetry was performed by holding the clean metal single crystal at a given
temperature and exposing it to a pulsed molecular beam of phenol. The heat of adsorption was
measured with a pyroelectric detector pressed against the backside of the sample.?>3> The
sensitivity of the pyroelectric detector was calibrated after each experiment by depositing a
known amount of energy into the sample by use of a HeNe (632.8 nm) laser. The sticking
probability was measured simultaneously with the heat of adsorption using a quadrupole mass
spectrometer, as described previously.®® We report two types of sticking probabilities, long-term
and short-term.?® The long-term sticking probability, S, is the probability that a gas molecule
strikes the Ni(111) or Pt(111) surface, sticks, and remains until the next gas pulse starts ~3 s
later. This measurement is used to calculate the adsorbate coverage remaining at the start of the

next gas pulse. The short-term sticking probability, Si02ms, is the probability that a gas molecule
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strikes the Ni(111) or Pt(111) surface, sticks, and remains at least throughout the time frame of
our heat measurement (i.e., the first 102 ms). This is used to calculate the moles of gas-phase
reactant that contribute to the measured heat of adsorption, so we can report that value in
kilojoules per mole adsorbed.

The molecular beam was created by expanding ~0.3 mbar of phenol (Sigma-Aldrich,
>99%) through a microchannel array held at 300 + 5 K (defining the gas temperature) and then
collimated through a series of five liquid nitrogen-cooled orifices. A chopper converts the beam
into pulses that are 102 ms long and repeat every 3 s. Coverages are reported in monolayers
(ML) and are defined as the number of phenol molecules that adsorb to the surface irreversibly,
normalized by the number of metal surface atoms in the Ni(111) surface (1.86 x 10'° Ni
atoms/cm?) or Pt(111) surface (1.50 x 10 Pt atoms/cm?). A typical phenol dose was ~0.001-

0.002 ML per pulse with a beam spot size previously determined to be 4.36 mm in diameter.3*

4.3 RESULTS

Sticking Probability. As described previously?® and above, we measured two types of sticking
probabilities: the short-term sticking probability, Si02 ms, and the long-term sticking probability,
S«. Figure 4.1 shows the average short-term and long-term sticking probabilities measured as a
function of coverage on both Ni(111) and Pt(111). At these low temperatures, the sticking
probability is near unity for both metal surfaces independent of coverage. On both surfaces,
multilayer formation is expected and confirmed in this work.8%8 For Ni(111), both sticking
probabilities start and remain very near unity for all experiments. For Pt(111), the initial short-
term and long-term sticking probabilities start near unity but decrease slightly over the first 0.1

ML of coverage to ~0.98, then increase to near unity at coverages above 0.15 ML after the first
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layer saturates (see below). This behavior was previously observed for benzene adsorption onto
Pt(111) at 90K,2* where the lower average sticking probability in the first layer on Pt(111),
compared to Ni(111) or multilayers, was attributed to the poorer mass-matching in the phenol-
Pt(111) collisions than when phenol strikes Ni(111) or a phenol multilayer. Poorer mass-
matching in the gas-surface collisions results in a higher probability for quasi-elastic collisions
and hence lower trapping probability.®
Heat of Adsorption of Molecular Phenol on Ni(111) at 150K. In this paper, we define the
term heat of adsorption as the negative of the differential standard molar enthalpy change for the
adsorption reaction, AHaq4, with the gas and the metal surface being at the same temperature as
the metal surface (“standard” here implies only that the gas is at 1 bar as a pure ideal gas).
During our experiments, the temperature of the molecular beam was ~300 K, while the Ni(111)
sample was held at cryogenic temperatures (e.g., T = 150 K). Thus, the measured heat is
corrected by the small difference in the internal energy of the gas in the directed molecular beam
at its source temperature (300 K) and in a Boltzmann distribution at the sample temperature (T),
and then by RT to convert from internal energy change to enthalpy change for the adsorption
reaction, as described elsewhere.*®

Figure 4.2 shows the heat of adsorption of phenol on the Ni(111) surface at 150K. Under
these conditions, phenol is expected to adsorb molecularly, parallel to the surface.®’ Phenol
initially adsorbs with a heat of 200 kJ/mol. As coverage increases to 0.08 ML, the heat of
adsorption decreases linearly with coverage and is well described by the best-fit line -AHag =
(200 - 295 0) kJ/mol, where 0 is coverage in ML. At 0.08 ML, the negative slope abruptly
increases in magnitude. From 0.08 ML to 0.115 ML, the heat of adsorption is well described by

the linear best-fit line -AHaq = (380 - 2466 0) kJ/mol. At 0.115 ML, the negative slope abruptly
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decreases in magnitude to near zero. Between 0.115 ML and ~0.28 ML, the heats of adsorption
remain almost constant at approximately 85 kJ/mol. This indicates that there exists a transition
layer between bulk multilayer phenol and the first chemisorbed layer. By 0.30 ML, we form
multilayers of bulk phenol and the heat of adsorption becomes constant at 72.2 + 1.0 kJ/mol,
where the error bars are the run-to-run standard deviation on the mean of the average heat from
0.30 to 0.45 ML. This agrees well the literature values for the heat of sublimation of benzene.
Averaging the three literature values given by NIST gives a standard heat of sublimation of 69.0
kJ/mol at 298 K.%-8 Using the gas phase and solid phase heat capacities of phenol, this average
may be adjusted to the experiment temperature of 150K, giving a standard enthalpy of
sublimation of 71.2 kJ/mol. This value agrees within 1 kJ/mol of our measured value.

These measurements indicate that the first layer of chemisorbed phenol is completed at
0.115 ML, which is within error of the ideal coverage of 1/9 ML for a (3 x 3) structure. Thus,
each phenol occupies approximately nine Ni atoms at saturation. To the best of our knowledge,
there is no information as to whether phenol forms an ordered structure on the Ni(111) surface.
The saturation coverage of benzene on Ni(111) is 0.13 ML (i.e., 7.7 Ni atoms per benzene) at
90K.%* This larger area per phenol is not surprising since it has the extra OH group.
Heat of Adsorption of Molecular Phenol on Pt(111) at 90K. Figure 4.3 shows the heat of
adsorption of phenol on the Pt(111) surface at 90K. Here, phenol is expected to initially adsorb
molecularly, parallel to the surface.88 Phenol adsorbs initially with a heat of adsorption of 220
kJ/mol. From 0 —0.15 ML, the heat of adsorption decreases linearly with coverage and is well
described by the best-fit line -AHag = (220 - 808 0) kJ/mol. Our saturation coverage of the first
layer is within error of that expected for a (V7 x ¥7) R19.1° structure, which corresponds to a

coverage of 1/7 =0.143 ML. Lu et al.®? adsorbed phenol from aqueous solutions onto a Pt(111)



44

electrode at room temperature and observed a (3 x 3) structure at saturation using LEED and
HREELS, which corresponds to 1/9 ML. Our coverage in UHV may be larger due to the
absence of water solvent and the lower adsorption temperature used here.

From 0.15 — 0.30 ML, the heat of adsorption decreases much more slowly and is well
described by the best-fit line -AHag = (118 - 125 0) kJ/mol. The presence of this transition layer
agrees well with previous TPD experiments, which found that the second phenol layer binds
slightly more strongly, compared to bulk multilayer phenol, by evidence of a higher desorption
peak at 225K (compared to 195K for the multilayer).8 By ~0.3 ML, bulk-like multilayers of
phenol are formed and the heat of adsorption becomes constant at 73.2 £+ 1.4 kJ/mol, where the
error bars are the run-to-run standard deviation on the mean of the average heat from 0.30 to 0.48
ML. Adjusting the standard enthalpy of sublimation reported for bulk phenol (solid) at 298 K&
8 t0 90K using the gas phase and solid phase heat capacities of phenol results in a literature
enthalpy of 71.9 kJ/mol. This value agrees within 1.3 kJ/mol with the heat of multilayer

adsorption measured in this work.

4.4  DISCUSSION

Energetics of Adsorbed Phenol: The measured enthalpy of molecular adsorption at 150K on
Ni(111) (Figure 4.2) and at 90K on Pt(111) (Figure 4.3) may be used to calculate the heats of
formation of phenol on both surfaces. These heats for Ni(111) and Pt(111) are compared directly
in Figure 4.4, and seen to be similar. We use the integral heat determined from the best fit lines
for each adsorption curve up to a coverage of 1/9 ML. The thermodynamic cycles in Figure 4.5
show how to extract the heats of formation of adsorbed phenol on both Ni(111) and Pt(111). On

the left-hand side of the figure, all elements are in their standard states and therefore possess a
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heat of formation of zero. The first step at the bottom is simply the enthalpy of formation of
gaseous phenol, -96kJ/mol.288 The second step at the bottom is our integral enthalpy of
adsorption measured by SCAC from 0 to 1/9 ML of coverage (-176 kJ/mol for Ni(111) and -175
kJ/mol for Pt(111)). Adding these values together results in the enthalpy of formation of
adsorbed phenol, i.e., the top pathway: -272 kJ/mol for Ni(111) and -271 kJ/mol for Pt(111).

Since there is no decomposition of phenol in these experiments, our measured integral
heat is equal to the phenol-metal bond enthalpy. Therefore, at 1/9 ML coverage, the phenol-
Ni(111) bond enthalpy is -176 kJ/mol and the phenol-Pt(111) bond enthalpy is -175 kJ/mol.
These bond enthalpies may be converted into bond energies by changing sign and subtracting
RT. This results in a phenol-Ni(111) bond energy of 175 kJ/mol and phenol-Pt(111) bond
energy of 174 kJ/mol, both averaged up to 1/9 ML.

Previous TPD work studying adsorbed phenol on Pt(111) shows a clearly resolved peak
at 225K, which corresponds to a second layer, above the 195 K peak for multilayer phenol.
This second layer, with a slightly higher heat of adsorption than the multilayer, is also clearly
observed in Figure 4.3. Averaging the data points in Figure 4.3 from 0.15 ML to 0.30 ML gives
an average adsorption enthalpy of 89.5 kJ/mol for this second layer. Converting this value to an
activation energy of desorption (Eges) by subtracting %RT (as explained elsewhere®) gives Eges =
89.1 kd/mol. Using this Eqes in the first-order Redhead equation® together its reported TPD peak
temperature of 225 K gives a prefactor for desorption of this second layer of 2.5 x 10?0 s,
Comparison of Phenol Adsorption on Ni(111) and Pt(111): A direct comparison of the heats
of adsorption of phenol on Ni(111) at 150K and Pt(111) at 90K is shown in Figure 4.4. Based on
the bond energies measured in this work, phenol binds with comparable bond strength to both

surfaces. The 1 kJ/mol difference in the integral bond energy at 1/9 ML is well within the error
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in our absolute calibration (up to 3%)%®. By “integral bond energy” here, we mean the bond
energy obtained from the average adsorption energy between zero coverage and the stated
coverage, or 1/9 ML here. However, this difference changes depending on the chosen coverage.
Initially, phenol binds to Pt(111) more strongly than Ni(111), up to a coverage of ~0.04 ML.
From ~0.04 ML to ~0.10 ML, the differential heat of adsorption of phenol on Ni(111) is
stronger. The higher heat below 0.04 ML on Pt may be due to a larger fraction of step sites on
Pt(111), the removal of which requires higher annealing temperatures than Ni(111). Step sites
are known to bind aromatic molecules more strongly than terraces on Pt(111).*° From ~0.10 ML
up until the saturation of the second layer, phenol binds stronger to Pt(111) again.

The similarity in first-layer heats of phenol adsorption between Ni(111) and Pt(111)
above was also seen for benzene.?* This was explained for benzene as being due to a
cancellation of two opposing effects: stronger intrinsic covalent bonding for Ni-C compared to
Pt-C bonds, but stronger van der Waals (vdW) attractions for Pt.8* The similarity for phenol is
not surprising since the nature of the bonding seems to be very similar as with benzene, as
indicated by the similar integral bond energies for benzene (-166.9 kJ/mol at 1/9 ML on Ni(111)
and -160.7 kJ/mol at 1/9 ML on Pt(111)3 compared to those above for phenol. There seems to
be little contribution to the adsorption energy from oxygen-to-metal bonds since O-Ni bonds
should be >50 kJ/mol stronger than O-Pt bonds.%®
Comparison to DFT Calculations. The heats of molecular adsorption of phenol onto Ni(111)
and Pt(111) measured in this work may be used as benchmarks for comparison to theoretical
calculations. Table 4.1 gives several calculated bond energies from various DFT methods and
the measured integral bond energy of adsorbed phenol at the same coverage. As reviewed in the

Introduction, previous experimental measurements on both Ni(111) and Pt(111) had indicated
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that the phenol adsorbs molecularly (without bond breaking) with its aromatic ring lying parallel
to the metal surface at the conditions of the present calorimetric measurements. The DFT results
here are also for such a structure. They do not include zero-point energy corrections. The DFT
results for each surface are divided into two sections, those that employ corrections for van der
Waals (vdW) forces and those that do not. The calculated DFT results for phenol adsorption on
Ni(111) underestimate the bond energy strength by 87-94 kJ/mol, regardless of the inclusion of
vdW corrections, which was done with only one functional, PBE-D3. The calculated DFT
results for phenol adsorption on Pt(111) ranges from underestimating the energy by 94 kJ/mol to
overestimating the energy by 12 kJ/mol. Results that include vdW corrections were less likely to
underestimate the energy. However, in some cases, vdW-corrected functionals also
underestimated the bond energy to Pt(111) by ~100 kJ/mol. For the closely-related system of
benzene on Ni(111), optB86b-vdW and optB88-vdW gave adsorption energies of 211 and 173
kJ/mol, resp., both close to our SCAC value of 188 kJ/mol.8* Therefore, we believe that the very
low value for the DFT energy on Ni(111) for the one study that included vdW corrections in
Table 4.1 is probably due to a problem with that particular method (PBE-D3) than due to a
general problem with vdW corrections in DFT for Ni(111).

The experiments in Table 4.1 are at 150 and 90 K, whereas the DFT values are for 0 K.
The heat capacity difference between solid phenol and gaseous phenol is only 14 J/(mol K) at
150 K and drops to ~10 J/(mol K) at 90 K,°! and this difference must approach zero at 0 K.
Thus, we expect the average heat capacity difference between adsorbed phenol and gaseous
phenol to be <30 J/(mol K) in the range from 0 K to the measurement temperature of 90 or 150
K. Thus, the temperature difference between the experiments and the DFT results in Table 4.1

should contribute less than 5 kJ/mol to the energy differences seen there.
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To the best of our knowledge, there is no experimental knowledge of the preferred
adsorption site of phenol on either surface. Theoretical studies that do not include vdwW
corrections systematically calculate strongest adsorption to be at bridge sites. Studies that use
vdW corrected functionals vary in their adsorption site, preferring either bridge or HCP hollow
sites. For phenol, the adsorption site is defined as the site over which the aromatic ring is

centered.

4.5 CONCLUSIONS

On Ni(111), phenol adsorbs molecularly at 150 K with a decreasing heat of adsorption in
the first 0.08 ML well fit by -AHag = (200 - 295 0) kd/mol. From 0.08 ML to 0.115 ML, the heat
of adsorption drops more rapidly and is well fit by -AHaq = (386 - 2529 6) kJ/mol. On Pt(111),
phenol adsorbs molecularly at 90 K with a decreasing heat of adsorption in the first 0.15 ML
well fit by -AHag = (220 - 808 0) kJ/mol. On both Ni(111) and Pt(111), phenol adsorbs with a
nearly constant heat of adsorption above 0.3 ML of 72-74 kJ/mol, which is the value for
multilayer solid phenol. Using the known enthalpies of the gas-phase phenol, we find a standard
enthalpy of formation of adsorbed phenol (AH:°) of -272 kJ/mol on Ni(111) and -271 kJ/mol on
Pt(111).

These measured energies were compared to DFT from many different studies. We found
that DFT calculations that neglect van der Waals corrections are more likely to underestimate
this bond energy, while many DFT functionals that include van der Waals corrections are more
accurate. However, some calculations on both surfaces, even those with vdW-corrections, still

grossly underestimated the bond energy.
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4.6 TABLES AND FIGURES
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Figure 4.1. Average short-term and long-term sticking probabilities of phenol versus coverage at
90K for Pt(111) and 150K for Ni(111).
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Figure 4.5. Reactions used to determine the heat of formation of molecularly adsorbed phenol on

the Ni(111) and Pt(111) surfaces. The values in red correspond to the integral enthalpy of
adsorption measured at 90K for Ni(111) and 150K for Pt(111) for the first 1/9 ML of coverage.

The values in blue correspond to the resulting heats of formation of adsorbed phenol

(CsHs50Hag).
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Table 4.1. Comparison of present calorimetric integral bond energies of phenol to Ni(111) at 150
K and Pt(111) at 90 K with calculated values at 0 K using DFT with periodic boundary

conditions.

Phenol on Ni(111) Bond Energy (kJ/mol) | Reference
DFT
Coverage | Functional/Method DFT Site DFT Calorimetry DFT

1/9 ML PBE Bridge 88 175 39
PBE-D3 (includes HCP

1/16 ML vdW) Hollow 96 190 2

Phenol on Pt(111) Bond Energy (kJ/mol) | Reference
DFT
Coverage | Functional/Method DFT Site DFT Calorimetry DFT

1/25 ML PW91 Bridge 215 203 3

1/16 ML PBE Bridge 112 194 94

1/16 ML PBE Bridge 126 194 >8
HCP

1/16 ML PBE-vdW Hollow 176 194 >8
HCP

1/16 ML revPBE-vdW Hollow 105 194 >8
HCP

1/16 ML PW86-vdW2 Hollow 100 194 >8

1/16 ML PBE-dDsC Bridge 208 194 >7

1/16 ML optB88-vdW Bridge 199 194 94
PBE-D3 (includes HCP

1/16 ML vdW) Hollow 172 194 2
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Chapter 5. THE ENERGETICS OF ADSORBED METHYL AND

METHYL IODIDE ON NI(111) BY CALORIMETRY:
COMPARISON TO PT(111) AND IMPLICATIONS FOR
CATALYSIS

This chapter reprinted with permission from: S.J. Carey, W. Zhao, A. Frehner, and C.T.
Campbell, Energetics of Adsorbed Methyl and Methyl lodide on Ni(111) by Calorimetry:
Comparison to Pt(111) and Implications for Catalysis, ACS Catalysis (2017), 7(2), 1286-1294,
DOI: 10.1021/acscatal.6b02457

Chapter Abstract

The heat of adsorption and sticking probability of methyl iodide were measured on
Ni(111) at 100K and 160K using single crystal adsorption calorimetry (SCAC). At 100K,
methyl iodide adsorbs molecularly with a heat of 102 kJ/mol on terrace sites in the low-coverage
limit, giving a standard enthalpy of formation (AH{®) of CHslag of -87 kd/mol. A heat of 122
kJ/mol is also measured on defect sites, probably step edges. Calorimetry of the dissociative
adsorption of methyl iodide on Ni(111) at 160K vyielded an integral heat of adsorption of -270.
kJ/mol at 0.04 ML, providing the energetics of adsorbed methyl, with AH’[CH3 4] = -71 kJ/mol
and a CH3-Ni(111) bond enthalpy of 218 kJ/mol. This is 22 kJ/mol stronger than the reported
value for CHz-Pt(111) bonds, explaining the greater activity of Ni catalysts for hydrogenolysis
compared to Pt. The measured energetics for methyl were compared to Density Functional
Theory (DFT) calculations from previous literature, showing that these methods systematically

underestimate the bond energy of methyl to Ni(111).
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5.1 INTRODUCTION

Adsorbed methyl (CHzad) is known to be a key intermediate in energy-related catalysis
over transition metals, including combustion, partial oxidation, steam reforming and dry
reforming of methane, methanation, Fischer-Tropsch, steam reforming and combustion of
various other hydrocarbons and oxygenates, methanol decomposition, and several fuel cell
reactions. It is also the simplest example of all adsorbed alkyls. Since the critical catalytic
parameters of selectivity and activity depend on the thermodynamic stability and energetics of
adsorbed intermediates, it is important to measure the energetics of adsorbed methyl. This is
especially important for Ni surfaces, since Ni-based catalysts are the most widely used in
methane conversion. Here, we report the first direct measurements of the energetics of adsorbed
methyl on the Ni(111) surface, produced by the dissociative adsorption of methyl iodide. The
only other surface where this energy is known is Pt(111)%. We find that methyl binds ~20
kJ/mol more strongly to Ni(111) than to Pt(111).

Under ultrahigh vacuum (UHV) conditions, methyl is stable enough below 150K to be
identified on Ni(111) single crystal surfaces®®’. Methyl has been produced on Ni(111) through
dissociative adsorption of methyl iodide®” and methane®® and studied in considerable detail.
Those previous studies have shown that methyl iodide adsorbs molecularly at 80K, eventually
forming multilayers®’:

CHslg > CHslag . 1)
At approximately 120K, multilayer methyl iodide desorption starts and methyl iodide dissociates
into an adsorbed methyl group and iodine adatom:%°7

CHslag 2 CHzad + lag . (2)
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Above 150K, adsorbed methyl dissociates to an adsorbed methylidyne and two adsorbed
hydrogen atoms:®®

CHszad = CHad + 2 Had . (3)
These adsorbed hydrogen atoms may react with adsorbing methyl groups above 220K to form
methane gas:%

CHslag + Hag = CHag + lag : (4)

In this work, we report heats of reaction for both the molecular adsorption of methyl

iodide and its dissociative adsorption to form coadsorbed methyl and iodine. Dissociative
adsorption calorimetry measurements were performed at 160K, a temperature where no methane
gas is produced, which indicates that no C-H cleavage has yet occurred in the adsorbed methyl
since Had is known to add to CH3 .4 to make methane at even lower temperature.®” The heat
released during this reaction is measured directly using single crystal adsorption calorimetry
(SCAC). Since the energy of the adsorbed iodine atoms has been determined previously with

TPD studies,® we can extract from this heat the enthalpy of formation of adsorbed methyl.

5.2 EXPERIMENTAL

Experiments were performed in a UHV chamber (base pressure <2 x 1071° mbar)
equipped with Auger electron spectroscopy (AES), low-energy electron diffraction (LEED), and
SCAC. The apparatus and procedures for SCAC have been described previously.343°

The sample used was a 1 um thick Ni(111) single-crystal foil, supplied by Jacques
Chevallier at Aarhus University in Denmark. The sample surface was cleaned by 1.25 kV Ar*
ion sputtering to remove sulfur and other contaminants, annealing at 673 K in 1 x 10" mbar

O2(g) for 1 min to remove any surface carbon, and then annealing at 1050 K to remove oxygen.
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This treatment was repeated until no impurities could be seen in AES, and the surface gave a
very sharp Ni(111) LEED pattern. Before calorimetry, the clean Ni(111) sample was brought to
thermal equilibrium with the calorimeter and then flash-heated to 1050 K (<2 s) to ensure a clean
surface. Thereafter, the sample was brought back into contact with the pyroelectric detector, and
within ~5 minutes, thermal equilibrium was re-established, after which the experiment was
performed.

Calorimetry was performed by exposing the surface to a pulsed molecular beam of
methyl iodide (CHal) gas. All gas pulses were 102 ms long and repeated every 5s. The methyl
iodide (Sigma-Aldrich, 99.5%) was outgassed by several freeze—pump—thaw cycles after being
put into its reservoir on the vacuum chamber. The methyl iodide reservoir was shielded from
light to prevent photolysis. Its purity was verified by mass spectrometry in the beam. The beam
was produced by expanding ~1.8 mbar of methyl iodide through a microchannel array held at
299 £ 4 K (which defines the gas temperature) and then collimated through a series of five
orifices that were cooled by liquid nitrogen as described previously.®* Coverages are reported
here in monolayers (ML), which we define by the number of nickel surface atoms in the Ni(111)
surface (1.86 x 10'° Ni atoms/m?). Methyl iodide typically contained ~0.0032 ML (8.89 x 10!
molecules) per pulse, with a beam diameter previously determined to be 4.36 mm.3* In a given
run, the dose per pulse was highly precise (<1% pulse-to-pulse variation, determined by the
reproducibility of the chopper’s beam-open time). The absolute accuracy of the measurement of
the number of molecules per pulse was better than the measured 3% accuracy of the combined
heat measurement, but how much better is difficult to determine. A more detailed description of
the experimental principles and implementation of the molecular beam can be found

elsewhere.?®** The methyl iodide molecular beam flux was measured by impinging the beam
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onto a liquid-nitrogen-cooled quartz crystal microbalance (QCM), precovered with multilayers
of methyl iodide to ensure unit sticking probability. Calibration of the QCM has been described
previously.3*

The heat released from the adsorption of each methyl iodide pulse was measured with a
pyroelectric polymer ribbon gently pressed against the back side of the Ni(111) sample.?>® The
sensitivity of this pyroelectric heat detector was calibrated after each experiment by depositing
pulses of known energy into the sample using a 632.8 nm HeNe laser. The absolute accuracy of
the calorimetric heats is estimated to be better than 3% (i.e., any systematic errors are less than
3%) for systems like those studied here, which have sticking probabilities above 0.8. This is
based on comparisons to literature values for standard enthalpies of sublimation of the bulk solid
when solids with known enthalpies are formed, specifically multilayers of adsorbed
cyclohexene,?® methanol,*® methyl iodide,* and water®? on Pt(111). For these molecules, the
differences between the measured value and the estimated heat of sublimation based on the
literature values for the standard enthalpies of phase transition (after correction for temperature
differences using literature values for heat capacities) were —5.6%, —3.3%, <1%, and —5.1%,
respectively. Note these differences from bulk sublimation values may be partially due to errors
in the literature values or the possibility that we were not producing exactly the most stable phase
at these low temperatures (possibly explaining the fact that our heats are lower than the literature
values in the two cases where they differ most). However, these differences are all within the
error bars (at 95% confidence) of the two values being compared, and therefore they do not have
a statistically significant differences. Relative measurements (for example, differences in heat
with changes in sample temperature or coverage) are generally much more accurate. By

averaging multiple runs, the precision of energy calibration can be improved as much as desired.
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Sticking probabilities were measured via the King and Wells method® simultaneously
with calorimetric measurements. A mass spectrometer, without line-of-sight to the sample,
measured the background pressure increase of methyl iodide, CHsl (g) (m/z = 142) in the
chamber. A gold flag was positioned in front of the sample and used to determine the mass
spectrometry signal corresponding to 100 % reflection of methyl iodide (zero sticking). The
sticking probability of methyl iodide is calculated by integrating the mass spectrometer signal
measured from the increase in methyl iodide partial pressure above background when the
molecular beam is pulsed onto the sample surface in comparison with the increase in methyl
iodide partial pressure resulting when pulsed onto this inert gold flag. We report two types of
sticking probabilities, long-term and short-term.?® The long-term sticking probability, S, is
defined as the probability that a gas molecule strikes the Ni(111) surface, sticks, and remains on
the surface until the next gas pulse starts, ~5 s later. Its value is used to calculate the adsorbate
coverage remaining at the start of the next gas pulse. The short-term sticking probability, S102 ms,
is defined as the probability that a gas molecule strikes the Ni(111) surface, sticks, and remains
on the surface at least throughout the time of heat measurement on each pulse (i.e., the first 102
ms). Its value is used to calculate the number of moles of gas-phase reactant that contribute to
the measured heat of adsorption, allowing us to report that value in kilojoules per mole adsorbed.
These the two sticking probabilities equal each other hen there is no desorption between pulses.

The Ni(111) sample and entire calorimeter are cooled by a massive thermal reservoir.
One cannot mount a thermocouple directly on the ultrathin single crystal used for calorimetry nor
on the sample platen to which it is mounted (because it is transferred from its manipulator to the

thermal reservoir during use). The sample temperature was monitored by two thermocouples
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spot-welded to the two closest locations, onthe thermal reservoir and the holder of the

pyroelectric detector. We averaged these two readings, which differed by ~10 K on average.

5.3 RESULTS

Sticking Probability. As described previously?® and above, we measured two types of sticking
probabilities: the short-term sticking probability, Si02 ms, and the long-term sticking probability,
S«. Figure 5.1 shows the average short-term and long-term sticking probabilities measured as a
function of coverage at 100K and 160K. Even though dissociation is occurring at 160 K, the
“CHzsl coverages” reported in Figure 5.1, and later figures in this paper, refer to the total amount
of CHzlg that has adsorbed to the surface, irrespective of the final products produced.

For both temperatures, the sticking probabilities stay near unity independent of coverage,
up to nearly saturation coverage at 160 K, indicating a precursor-mediated adsorption
mechanism. This type of adsorption has been previously observed for numerous species on
Pt(111) at low temperatures!037.90:32.30

At 100K, the short-term and long-term sticking probability remain at unity for all
coverages, in agreement with previous experiments.®” Methyl iodide is thought to be
molecularly adsorbed on Ni(111) at 100 K, based on a HREELS study performed by Mims and
co-workers®. This behavior has also been observed on Pt(111)1%. At 160K, CH3I is thought to
dissociatively adsorb (see below), and multilayers are not expected to form.®” This is confirmed
by our results where the long-term sticking probability at 160 K starts at near unity but starts to
rapidly decrease at 1/7 ML and reaches 0 at 0.17 ML. The short-term sticking also starts at

unity, sharply decreases at a coverage of 1/7 ML, and reaches a steady-state value of 0.20 at the
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saturation coverage of 0.17 ML, where 20% of the molecules in each pulse transiently adsorb on
the surface (probably molecularly) but desorb again before the next pulse arrives.

Heat of Adsorption of Molecular Methyl lodide at 100K: Intact Molecular Adsorption. In
this paper, we define the term heat of adsorption as the negative of the differential standard
molar enthalpy change for the adsorption reaction, AHad, with the gas and the Ni(111) being at
the same temperature as the Ni(111) surface (“standard” here implies only that the gas is at 1 bar
as a pure ideal gas). During our experiments, the temperature of the molecular beam was ~299
K, while the Ni(111) sample was held at cryogenic temperatures (e.g., T = 100 K). Thus, the
measured heat is corrected by the small difference in the internal energy of the gas in the
directed molecular beam at 299 K and in a Boltzmann distribution at the sample temperature (T),
and then by RT to convert from internal energy change to enthalpy change for the adsorption
reaction, as described elsewhere.?

The heat of adsorption of CHzl on Ni(111) at 100K is shown in Figure 5.2. At these
conditions, CHsl adsorbs molecularly to the Ni(111) surface.®” As seen in Figure 5.2, CHal
initially adsorbs with a heat of 122 kJ/mol in the first gas pulse but drops to 101 kJ/mol by the
second data point at 0.005 ML. The heat in the first data point is much higher than subsequent
points, which we attribute to defect sites on the surface, probably step edges. As the coverage
increases from the limit of low coverage to 0.15 ML, the heat of adsorption decreases linearly
with coverage and, as shown in Figure 5.2, is well described by the best-fit straight line: -AHaq =
(102 - 115 0) kJ/mol, where 0 is coverage in ML, yielding an average (integral) heat of 93 kJ/mol
in the first 0.15 ML. The initial defect data point was excluded for this fit and integral heat, so
that they both correspond to terrace sites. Using the known enthalpy of formation of CHzlg at

100 K (14.6 kJ/mol)1%? and the initial enthalpy of adsorption of methyl iodide on Ni(111) found
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by extrapolating the best-fit line for the initial 0.15 ML coverage to 0 coverage (102 kJ/mol), the

standard enthalpy of formation of CHslag at 100 K in this low-coverage limit is found to be
AH(CHsl aq) = -87.4 kJ/mol, again corresponding to terrace sites. The first layer saturation
coverage of ~0.15 ML suggests that adsorbed molecular methyl iodide forms a (V7 x V7)
structure, with an ideal coverage of 1/7 ML. This is the highest coverage where every molecule
can sit in the same site and avoid occupation of sites that are separated by only two Ni-Ni bond
distances (or less). (The van der Waals diameter of a methyl iodide molecule was estimated to
be 0.54 nm from its liquid density of 2.28 g/cm?, assuming close packed spheres in the liquid.)

Using the integral heat of adsorption for the first 0.15 ML (93.5 kJ/mol, based on the
above equation and therefore excluding the contribution from defects) gives AH’(CHsl ) = 78.9
kJ/mol in this structure. This integral heat of adsorption on terrace sites is slightly larger than the
corresponding value of 84 kJ/mol for a coverage of 0.25 ML on Pt(111), also at 100 K.%
Periodic DFT methods underestimate this heat of adsorption of methyl iodide on Pt(111) by 48
to 68 kJ/mol, which is a common magnitude of error for this class of adsorbates.'*

An abrupt ~40 kJ/mol decrease in adsorption enthalpy occurs as the first layer completes
at ~0.15ML. This rapid decrease is well described by the best-fit line (400 — 2095 6) kJ/mol over
the narrow coverage range shown in Figure 5.2. This abrupt change in slope at approximately
0.15 ML suggests stronger adsorbate-adsorbate repulsions as they must pack more closely than
in a (V7 x \'7) overlayer (i.e., closer than 4M-nearest-neighbor sites).

At coverages greater than 0.17 ML, the heat of adsorption becomes nearly constant,
implying that additional methyl iodide adsorbs on top of methyl iodide adsorbates, forming
multilayers. Above 0.4 ML, the multilayer adsorption energy is 42.1 = 1.1 kJ/mol, where the

error bars reference the run-to-run standard deviation on the mean of the average heat at 0.4 to
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0.8 ML. The bulk heat of sublimation at 100K may be estimated by using the heat of

sublimation of bulk CHsl(solid) measured at 207.7K of 40.2 kJ/mol.1%® After correcting this
value to 100K by using its gas-phase heat capacity of ~4R% and the heat capacity of solid
CH3Br, since the heat capacity of solid CHsl is not available, of 13 cal/(mol K),** the heat of
sublimation of bulk methyl iodide at 100 K is estimated to be 37.9 kJ/mol. The multilayer heat
measured here from 0.40 to 0.88 ML of 42.1 kJ/mol is 4.2 kJ/mol higher than this literature
value. This difference may be due to methyl iodide still feeling some attraction to the underlying
metallic Ni(111) surface in the very thin CHzl film studied here.
Heat of Adsorption of Methyl lodide at 160K: Dissociative Adsorption. Figure 5.3 shows the
heat of adsorption versus coverage for methyl iodide dosed onto Ni(111) at 160K. At 160K,
methyl iodide is expected to decompose to an adsorbed methyl and an adsorbed iodine atom
without forming multilayers.®’

The results of this experiment (Figure 5.3) show that initially, methyl iodide adsorbs with
a heat of adsorption of 288 kJ/mol in the first data point but drops abruptly to 270 kJ/mol by the
second data point (at 0.005 ML) to a much less rapidly changing value. Thus, this first data
point is again attributed to defect sites on the surface, probably step sites. Since this first point
may have some contribution from terrace sites as well, its heat of 288 kJ/mol is really a lower
limit on the heat at step sites. As the coverage increases to 1/7 ML, the slow decrease in heat of
adsorption is well described by a second order polynomial of (271 — 2605 62) kJ/mol, where 6 is
coverage in ML. Extrapolating back to zero coverage yields an initial heat of adsorption of 271
kJ/mol (attributed to terrace sites in the ideal absence of defects). The initial data point that was
influenced by defects on the surfaces was excluded for this best-fit line. The integral heat of

adsorption at 0.040 ML (based on this equation and therefore for terrace sites, specifically
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excluding the contribution from defects) is 269.6 kJ/mol. After reaching a coverage of 1/7 ML,

the heat of adsorption decreases much more rapidly, as the long-term sticking probability also
approaches zero. This coverage of 1/7 ML suggests that coadsorbed methyl and iodine form a
(N7 x \7) coadsorbed structure.

At temperatures lower than 160K (i.e. at 120K, 135K, 150K, and 155K), the
decomposition reaction proceeded at a slower rate, such that the heat signal was broadened
compared to the signal from laser pulses of the same duration. This indicates that the
decomposition time constant for adsorbed methyl iodide becomes comparable to the beam pulse
duration (102 ms) at this temperature. At 190K, we observed pulses of methane gas desorbing
from the sample after each pulse of the methyl iodide beam (at low coverages), suggesting that
the adsorbed methyl product of dissociative adsorption also abstracts hydrogen adatoms from the
surface to make methane. This is consistent with TPD studies.®” A similar effect has been
observed at 270K, 300K, and 320K on Pt(111).%> An experimental study using vibrational
spectroscopy concluded that by 150K and above, adsorbed methyl on Ni(111) decomposes to an
adsorbed methylidyne and two adsorbed hydrogen atoms.®® At 160K, we did not observe such
methane gas pulses being produced, suggesting that the decomposition of methyl to methylidyne
and two adsorbed hydrogen atoms does not occur at a fast enough rate at 160K to evolve

methane quickly enough to be observed, nor to affect the heat measurement.

5.4  DISCUSSION

Energetics of Adsorbed Methyl. We next analyze the measured enthalpy of the dissociative
adsorption of methyl iodide on Ni(111) at 160 K (Figure 5.3) to determine the heat of formation

of adsorbed methyl. We will use the integral heat determined from the polynomial fit (which
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neglects the first, defect-related data point) up to a coverage of 0.040 ML. This is high enough

to be confident it is not affected by defects but low enough to avoid significant adsorbate-
adsorbate interactions. Note that this gives integral enthalpy of adsorption at 0.04 ML of -269.6
kJ/mol, which differs by only 1.4 kJ/mol from its zero-coverage limit (-271 kJ/mol). The
thermodynamic cycle in Figure 5.4 shows how this value is used to extract the enthalpy of
formation (AH{°) and Ni-C bond enthalpy for adsorbed methyl. The enthalpy of formation of
adsorbed methyl is found by first starting on the left-hand side of the cycle with the elements in
their standard states and following the pathway along the bottom half of the cycle. The enthalpy
for the lower left-hand step is simply the enthalpy of formation of CHslg, +14.6 kJ/mol.1%? The
lower right-hand step is our integral enthalpy of adsorption measured by SCAC at 160 K from 0
to 0.04 ML of coverage, -269.6 kJ/mol. By adding the enthalpies of the lower left- and right-
hand steps, a total value of -255 kJ/mol is found. This is the total enthalpy change in taking the
elements in their standard states to methyl co-adsorbed with an iodine adatom, and therefore is
equal to the sum of the enthalpy of formation of adsorbed methyl with the enthalpy of formation
of adsorbed iodine.

The standard enthalpy of formation of atomic iodine on Ni(111), was previously
determined with temperature-programmed desorption (TPD) measurements of the desorption
rate of iodine adatoms to make iodine gas atoms.®® However, this paper assumed a pre-
exponential factor of desorption of 1.0 x 10%° s, which is inconsistent with those determined
experimentally for closely related systems.5°1% To improve this value, we will use two methods
to estimate the pre-exponential factor for desorption of this system. First, we estimate it to equal
the pre-exponential factor for desorption of atomic iodine from Pt(111), previously determined to

be 4.8 x 10 s by analysis of many TPD experiments.%® Second, we estimate the prefactor by
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the method of Campbell et al.,%® using the reported entropy of gas-phase iodine atoms. We use
for this the entropy of lgss at 990K, 1% which is the temperature that iodine adatoms at 0.04 ML
coverage reach their maximum desorption rate in that TPD experiment.®® This gives the pre-
exponential factor of desorption to be 3.9 x 10 s, Using the standard first-order Redhead
equation®®, the activation energy for desorption for iodine adatoms from Ni(111) was estimated
from the reported TPD peak temperature (990 K) and heating rate (3 K/s) using both of these
prefactor estimates. These give values of 278 and 294.9 kJ/mol, respectively. Averaging these
two values results in a desorption activation energy (Eqdes) of 28619 kJ/mol, which we will use for
the analysis below. (For comparison, the paper with the TPD experiment reported a desorption
energy of 214 kJ/mol in the limit of low coverage based on a much lower prefactor.®®) This
value is then converted into an adsorption enthalpy by adding %2 RT to the positive desorption
activation energy and changing sign,® resulting in an adsorption enthalpy of -291 kJ/mol.
Adding this to the standard enthalpy of formation of 14 (107 kJ/mol 1%), the standard enthalpy of
formation of iodine on Ni(111), AH{ (lag), Was thus estimated to be -184 kJ/mol.

Subtracting this value of AH° (l.q) from the above value of -255 kJ/mol (the total
enthalpy change in taking the elements in their standard states to methyl co-adsorbed with an
iodine adatom) results in the enthalpy of formation of adsorbed methyl: AH? (CH3ad) = -71
kJ/mol.

By following the upper pathway of this thermodynamic cycle (Figure 5.4) the C-Pt(111)
bond enthalpy of adsorbed methyl can be extracted. Again we start on the left-hand side of the
cycle with the elements in their standard states, but now follow the upper left-hand step that
takes the elements in their standard states to gas phase methyl radical and adsorbed iodine. The

enthalpy for this step is determined by adding the known enthalpy of formation of gas phase
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methyl (+147 kJ/mol)1%” and adsorbed iodine (-184 kJ/mol, see above) giving an enthalpy for this

step of -37 kJ/mol.

The upper right-hand step in the pathway is the adsorption of gas phase methyl onto the
Ni(111) surface already containing an adsorbed iodine. The enthalpy for this step is found by
subtracting the upper left-hand step from -255 kJ/mol, giving an enthalpy of -218 kJ/mol.
Therefore, the H3C-Ni(111) bond enthalpy is +218 kJ/mol, based on our heat measurement
averaged over the coverage range 0 — 0.04 ML at 160 K and other known thermodynamic data.
The corresponding C-Ni bond energy of adsorbed methyl on Ni(111) is found by subtracting RT
from this bond enthalpy, giving +216 kJ/mol.

It is expected that these energetics for adsorbed methyl determined here at 0.04 ML are
not strongly influenced by the presence of the equal coverage of lag. This is easily seen by the
fact that the integral heat at 0.04 ML from Figure 5.3 has decreased by only 2 kJ/mol from its
zero-coverage limit. We certainly expect repulsive interactions between coadsorbed methyl and
I, since they have been reported based on both experiments and DFT calculations between lag on
Pt(111) and both co-adsorbed t-butyl*®® and CH2'%. These repulsions are however reduced to
only a few kJ/mol at 0.04 ML and 160 K, probably because the adsorbates diffuse apart to
minimize repulsions. This requires only that either methyl or I be sufficiently mobile at 160 K,
which is expected based on general trends in adsorbate diffusion rates for related systems.
Consistent with this, it has been shown that the coadsorption of iodine does not strongly perturb
the energies of the methyl groups at this same coverage on Pt(111).%

The decrease in heat of adsorption versus coverage in Figure 5.3 resembles a sigmoidal
shape that has been truncated halfway to completion. Such a sigmoidal shape is expected when

adsorbates have repulsions but are mobile.**® This truncation could occur due to the decrease in
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sticking probability to below 0.2 (see Figure 5.1), at which point we stopped measuring, since
heat measurements have large error bars at low sticking probability (resulting from the large
relative errors in sticking probability). This decrease in sticking probability could be due the
lower exothermic driving force (lower heat of adsorption, Figure 5.3) that accompanies
adsorbate-adsorbate repulsions at higher coverage.

The error in the heat of adsorption in Figure 5.3 could be as large as 3% (8 kJ/mol), and
that for lag could be 10 kJ/mol, so the error on the estimated heat of formation of adsorbed
methyl above could be as large as 13 kJ/mol. (We neglect here the much smaller error bars on
gas-phase thermodynamic values.)

Comparison to DFT Calculations. These heats of molecular and dissociative adsorption of
CHsl, heats of formation of CHzlad, CH3 a4, and lag, and bond strength of methyl to Ni(111)
measured in this work may be used as benchmarks for comparison to theoretical calculations.

Table 5.1 lists the measured bond energy of adsorbed methyl found in Figure 5.4 at 0.040
ML (+216 kJ/mol) and, for comparison, several calculated bond energies from various
theoretical and DFT methods. The experimental bond energy is 18 to 98 kJ/mol higher than the
results obtained from DFT with periodic boundary conditions and various common functionals,
which are generally thought to be more modern and more accurate than cluster-based
approaches. This suggests that these methods systematically underestimate the strength of HsC-
Ni(111) bonding by amounts from 18 to 98 kJ/mol. These differences are much larger than
expected zero-point energy and heat-capacity corrections, which we did not include in this
comparison. The calorimetric results have coadsorbed iodine atoms, which are expected to very

weakly destabilize the methyl groups if they have any lateral interactions at this low coverage
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(see above). Any destabilization would make the discrepancy between experimental calorimetry
and these periodic DFT results even larger.
Comparison to Pt(111): Why Ni is a Better Catalyst for Hydrogenolysis than Pt.

Previous calorimetry experiments® have determined that methyl has a bond energy of
194 kJ/mol to the Pt(111) surface at 0.04 ML (as corrected slightly by Silbaugh and Campbell*®).
This is slightly weaker than the current values to the Ni(111) surface of 216 kJ/mol at the same
coverage of 0.04 ML (0.04 ML of both methyl and iodine atoms on both metals). The sigma
bond energy of adsorbed methyl is therefore ~22 kJ/mol stronger to Ni(111) than Pt(111). This
stronger bonding of alkyls to Ni than Pt helps explain the well-known much higher activity of Ni
catalysts than Pt for C-C bond-breaking reactions such as hydrogenolysis.'**? That is because
a metal should have a lower activation barrier for cleaving a C-C bond in an adsorbed
hydrocarbon if the resulting two fragments bond more strongly to that metal, according to the
Bransted—Evans—Polanyi (BEP) relation. Indeed, this new result resolves a confusing aspect of
the earlier SCAC results that Ni-C bonds are weaker than Pt-C bonds, since that is inconsistent
with the trend in hydrogenolysis activity. Specifically, previous work from King’s group’® had
estimated the single metal-carbon sigma bond energies of a C atom bonded to three Ni atoms on
Ni(100) and three Pt atoms in a 3-fold hollow site of Pt(111) using SCAC measurements of the
heats of adsorption of ethylene to make methylidyne on both Ni(111) and ethylidyne on Pt(111)
surfaces. They reported a Ni-C bond energy of 205 kJ/mol in adsorbed methylidyne and a Pt-C
bond energy of 237 kJ/mol in adsorbed ethylidyne. This would suggest that Pt should be a better
hydrogenolysis catalysis, in contrast to experimental trends.”® However, this C-Pt bond energy
measurement for ethylidyne on Pt(111) was more recently corrected by Silbaugh and Campbell*

from the original value of 237 kJ/mol to a more accurate 168 kJ/mol due to a calibration error in
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the original paper, with methylidyne now binding more strongly to Ni(111) than ethylidyne to

Pt(111), the opposite of that originally reported. This corrected value is consistent with our new
results above and with the trend in hydrogenolysis activities. In contrast to these experimental
results, DFT using the same functional and same coverage give a bond energy of methyl to
Ni(111) that is 5 to 57 kJ/mol weaker than to Pt(111) (176 vs 181 kJ/mol by PBE?, 140 vs 197
kJ/mol by PW9125114 and 128 vs 163 by RPBE®® %°), inconsistent with their relative
hydogenolysis activities.
Energetics of the Activation of Methane on Ni(111), and Comparison to Pt(111).
The thermodynamics of the dry reforming and steam reforming of methane on Ni has been
extensively studied using theoretical and experimental methods,14115125-130117-124 Thege studies
show that the rate-controlling step of both reactions under certain conditions is the dissociation
of methane to an adsorbed methyl and a hydrogen adatom:

CHa,g — CH3ad + Had. )
With the enthalpy of formation of adsorbed methyl on Ni(111) measured in this work (-71
kJ/mol), the known heat of formation of methane gas (-74.6 kJ/mol)**!, and the previously
measured heat of formation of hydrogen adatoms on Ni(111) (-47 kJ/mol)'*, the total change in
enthalpy of this reaction is determined to be -43 kJ/mol on Ni(111). This is 29 kJ/mol more
exothermic than we found on Pt(111).%°

Given that the dissociative chemisorption of methane is more exothermic on Ni(111) than

on Pt(111), one would expect the barrier for this reaction to be smaller on Ni(111) based on the
BEP relation. DFT calculations, however, find the barrier to be larger on Ni(111), in spite of
finding the reaction to be more exothermic than on Pt(111). For example, recent PBE-based

studies at 1/9 ML coverage find zero-point energy corrected barriers of 84.5 and 67.3 kJ/mol on
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Ni(111) and Pt(111), respectively.’*® Energy-resolved UHV molecular beam experiments are
consistent with this, finding that, at the same collision energy and similar surface temperatures,
methane is more reactive on Pt(111) than on Ni(111).** Fortunately, a closer consideration of
the transition state for dissociation shows that there is no contradiction. The transition states for
the dissociation of methane on both Ni(111) and Pt(111) are very similar, with the carbon atom
roughly over the top site, the three unreactive C-H bonds angled away from the surface, and the
reactive C-H bond angled towards a hollow or bridge site.}*312013513% The parrier height varies
little with the orientation of the reactive bond.'® Using the % ML PBE results reported in Nave
et al.!3 for methyl adsorbed at the top site and H adsorbed in an fcc hollow, the initial product

energy according to DFT is actually 28 kJ/mol lower in energy on Pt(111) than on Ni(111). This

is consistent with the lower activation energy and higher molecular beam reactivity on Pt(111)
relative to Ni(111). While this top site is the minimum energy binding site for methyl on
Pt(111)*3% this is not the case on Ni(111) (see Table 5.1), where the fcc hollow is more stable
by 32 kJ/mol.**? Thus, quickly after dissociation on Ni(111), the methyl fragment migrates to
this hollow site (without any barrier). This lower-energy configuration is the final product state
relevant to the heat of adsorption measurements reported in this paper. Again using the numbers
in Nave et al.**3, DFT results find that the dissociative chemisorption of methane is about 4
kJ/mol more exothermic on Ni(111) than on Pt(111). This is due to PBE getting Haq to be 9
kJ/mol more stable on Ni(111), while methyl itself is still found by PBE to be less stable on
Ni(111) than on Pt(111), by 5 kd/mol. A full DFT-based explanation of the fact that methane
dissociation is slightly faster on Pt(111) than on Ni(111) according to molecular beam
experiments is presented elsewhere®2. This explanation is qualitatively consistent with the

current results, but inconsistent with standard BEP relations, which state that activation energy
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for an elementary step decreases with decreasing reaction enthalpy for that elementary step
(unless one considers dissociation to the top-site for methyl on Ni(111) as a true elementary step
in this respect). The top site for methyl on Ni(111) is not the true final state for the full
elementary step where methane dissociates. In spite of the fact that the BEP relation breaks
down for methane dissociation rates on Ni versus Pt, it should still be expected to usually be true,
and indeed it seems to be valid for C-C bond cleavage reactions, explaining faster
hydrogenolysis catalysis on Ni versus Pt (see above).

Steam reforming and partial oxidation of methane often have methane dissociation as a
rate-controlling step,'4° so this dissociation activation energy of methane and the related
thermodynamic stability of adsorbed methyl certainly must have an impact the relative activity
of Ni versus Pt catalysts for these reactions. There is no consensus in the literature about which
metal has the highest turnover frequency, presumably due to the fact that catalytic rates are

affected in larger magnitude by other details of the catalyst material and reaction conditions.

5.5 CONCLUSIONS

At 100K, methyl iodide adsorbs molecularly on Ni(111), with a decreasing heat of
adsorption in the first 1/7 ML well fit by (102 - 115 0) kJ/mol. From approximately 0.15 ML to
0.17 ML, the heat of adsorption drops much more rapidly. This drop just above 1/7 ML is
consistent with the saturation of a (V7 x \'7) structure, and much stronger adsorbate-adsorbate
repulsions when the molecules pack more closely than this 4!"-nearest-neighbor structure. Above
0.17 ML, methyl iodide adsorbs with a nearly constant heat of adsorption of 42.1 kJ/mol, near

the value for multilayer solid methyl iodide.
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At 160K, methyl iodide dissociatively adsorbs on the Ni(111) surface to form adsorbed

methyl and an iodine adatom. The adsorption heat in the first 1/7 ML is well fit by (271 — 2605
062) kd/mol, after which the long-term sticking probability approaches zero. Using known
enthalpies of formation of gas-phase species and iodine adatoms on Ni(111), we find the
standard enthalpy of formation of adsorbed methyl to be AH’[CHs ad] = -71 kJ/mol and its C-Ni
bond enthalpy to be 218 kJ/mol at a coverage of 0.04 ML.

The measured energetics were compared to DFT and cluster calculations from many
different studies. These DFT calculations routinely underestimate this bond energy. When
compared to previous calorimetric measurements, CHz ad binds 21 kJ/mol more strongly to
Ni(111) than to Pt(111) at a coverage of 0.04 ML. This helps explain why Ni catalysts have a
higher activity than Pt for C-C bond-breaking reactions like hydrogenolysis, since the fragments
that result from C-C cleavage bind more strongly to Ni than to Pt, so its activation energy should
be lower. The results are also consistent with the relative rates of Ni versus Pt catalysts in

methane activation and in steam reforming and partial oxidation of methane.
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5.6 TABLES AND FIGURES
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Figure 5.1. The average short-term and long-term sticking probabilities of CHsl versus the CHzl
coverage on Ni(111) at 100K and 160K. Coverage is defined as the number of CHsl molecules
that adsorb to the surface irreversibly (irrespective of the resulting products), normalized by one
monolayer (ML), defined to equal the number of nickel surface atoms in the Ni(111) surface. At
160K, “coverage” by one adsorbed CHzl molecule really refers to one CHz aq plus one lag,
whereas at 100 K it is CHslag.
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Figure 5.2. Differential heat of adsorption of molecularly adsorbing CHzl on Ni(111) at 100K as
a function of CHzslag coverage. Each data point represents a pulse of ~0.0032 ML of CHzsl gas
and is the result of averaging eight experiments.
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adsorbed iodine atom on Ni(111) at 160K as a function of dissociated CHzl coverage. Each data
point represents a pulse of ~0.0032 ML of CHzsl gas and is the average of nine experimental runs.
The vertical dashed line indicates a coverage of 1/7 ML, and the equation is the best fit of that

functional form to the data in the range below 1/7 ML.
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AH'f(c Ha,'g) + AHf(lad)

147 kJd/mol + (-184 kJ/mol) I -D(Ni-CH; ,,)
» CH,’y + | :
-37 kd/mol ! -218 kJ/mol
Cs, 312H, 4,121, i (CI-;ZSS)kJLn::(II ) > |CI-|3 |I
f 3,ad + ad W
= -71 kJ/mol + (-184 kJ/mol)
14.6 kJ/mol -269.6 kJ/mol
> CH3|g
AHf(CH;l,) Measured AHrxn at 160 K

Figure 5.4. The thermodynamic cycle used in calculating the bond enthalpy and heat of
formation of adsorbed methyl to the Ni(111) surface. Here, -269.6 kJ/mol is the integral
enthalpy of reaction of CHsl decomposition to an adsorbed methyl and an adsorbed iodine atom
measured at 160K for the first 0.040 ML coverage. The other enthalpies are taken from the

literature as described in the text.
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Table 5.1. Comparison of Present Calorimetric Bond Energies of Methyl to the Ni(111) Surface
with Calculated Values Using DFT with Periodic Boundary Conditions (top) and Cluster

Methods (bottom).

Coverage or Functional or Site Bond energy Ref
Cluster Size Method (kJ/mol)
0.04 ML with Calorimetry 216 This Paper
0.04 ML lag '
Periodic DFT Methods
1/9 ML PW-91 Top 167.5 141
Bridge 178.7
FCC Hollow 198.3
HCP Hollow 194.5
Ya ML PW-91 Top 117.7 114
Bridge 132.2
FCC Hollow 140.9
HCP Hollow 142.8
1/6 ML PBE FCC Hollow 177.5 142
Ya ML Bridge 149.6
Ya ML FCC Hollow 174.6
Ya ML HCP Hollow 171.7
Yy ML PBE Top 143.9 113
Ya ML Bridge 155.2
Ya ML FCC Hollow 175.6
Ya ML HCP Hollow 172.5
Ya ML PBE HCP Hollow 164 143
Yy ML PBE Top 155.6 144
Ya ML Bridge 164.4
Ya ML FCC Hollow 178.7
Ya ML HCP Hollow 177.0
Ya ML RPBE HCP Hollow 128.3 116
Ya ML RPBE-D3 HCP Hollow 183.3
Cluster-Based DFT Methods
Bond prepared 145
3 Atoms . Hollow 174-205
cluster calculations
1 Atom Bond prepared Top 188 a
cluster calculations
10 Atoms Top 159
4 Atoms Hollow 207.9
20 Atoms Hollow 197.5
22 Atoms Hollow 192.5
Quasi Relativistic 147
7 Atoms Calculations based Top 97
on DFT-ADF




7 Atoms Bridge 61
7 Atoms Hollow 64
13 Atoms Top 179
13 Atoms Bridge 152
13 Atoms Hollow 143
Ab initio valence 148
28 Atoms orbital CI Top 141.8
calculations of
clusters
28 Atoms Bridge 148.5
28 Atoms FCC Hollow 161.9
28 Atoms HCP Hollow 161.9

80
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Chapter 6. THE ENERGETICS OF ADSORBED METHANOL

AND METHOXY ON NI(111)

Chapter Abstract

The heat of adsorption of methanol molecularly adsorbed on clean Ni(111) and
dissociatively adsorbed on oxygen-precovered Ni(111) were measured by Single-Crystal
Adsorption Calorimetry (SCAC). The dissociative adsorption of methanol on oxygen-
precovered Ni(111) produces adsorbed methoxy and hydroxyl, resulting in an integral heat of
adsorption of -70. kJ/mol at a coverage of 0.25 ML. From this, the heat of formation of this
adsorbed methoxy and the dissociation enthalpy of its bond to Ni(111) are estimated to be 233
kJ/mol and 250. kJ/mol. Analyzing previously measured bond enthalpies of monodentate
formate and hydroxyl to Ni(111), we find a linear trend with a slope of 1 between of the bond
enthalpies of oxygenates to the Ni(111) surface and their corresponding gas-phase hydrogen-
ligand bond dissociation enthalpies. We also compare our experimentally measured energetics
for adsorbed methanol and adsorbed methoxy with density functional theory (DFT) calculations
with periodic boundry conditions from previous literature. These energetic values and trends
help clarify selectivity, reaction rate, and activity differences between metal surfaces in reactions

involving adsorbed oxygenates.

6.1 INTRODUCTION

Surface methoxy is a key intermediate in many important catalytic reactions on Ni and

other transition metal surfaces, such as steam reforming reactions, methanol synthesis, and direct
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alcohol fuel cell reactions. Critical catalytic properties, such as the activity, reaction rate, and
selectivity, are determined by the energetics of adsorbed intermediates, and they are therefore
important to know accurately. The adsorption and decomposition reactions of methanol on
Ni(111) have been studied previously.**1%® However, little is known about the energetics of
adsorbed methanol and methoxy on this or any other Ni surfaces. So far, the heat of formation
and bond enthalpy of adsorbed methoxy have been measured on only one metal surface, namely
Pt(111), using Single-Crystal Adsorption Calorimetry (SCAC) by this group.®® Here, we report
the first calorimetric measurements of the energetics of adsorbed methanol and methoxy on the
Ni(111) surface. These energetics are compared to adsorbed methoxy on Pt(111), helping clarify
the different catalytic activities for these two transition metals in catalytic reactions involving
methoxy intermediates. These experimental results also provide valuable benchmarks for
validating the energy accuracy of density functional theory (DFT) methods.

In addition, we compare here the energetics of adsorbed hydroxyl and formate on
Ni(111), reported by our group previously,®5%° with the measurement of adsorbed methoxy here,
and find the bond dissociation enthalpies of these three adsorbed oxygenates (hydroxyl, formate,
and methoxy) to Ni(111) linearly track their corresponding gas-phase hydrogen-ligand bond
dissociation enthalpies with a slope of 1. The same trend with unit slope was also discovered for
these same three oxygenates on Pt(111) by this group previously.'®® The difference is that these
three oxygenates bind to Ni(111) ~69 kJ/mol more strongly than Pt(111). These findings thus
provide a semiempirical method to predict the bond enthalpies and heats of formation of
adsorbed oxygenates on these metal surfaces.

Previous studies have found that methanol adsorbs molecularly on Ni(111) below

approximately 140K.1531%8  Adsorbed methoxy has been observed on Ni(111) after dosing high
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coverages (possibly multilayers) of methanol at temperatures lower than 140K and subsequently
heating to 160-240K 1517153156158 Although not known from the literature, we show below that
when methanol is dosed to Ni(111) precovered with oxygen adatoms, it dissociates to produce
adsorbed methoxy plus —OH in the temperature range 100 to 190 K. This is based on the
similarities of heats of reaction and sticking probabilities versus oxygen coverage to prior results

for Pt(111), where this reaction is known to occur at similar temperatures.*®®

6.2 EXPERIMENTAL

Experiments were performed in a UHV chamber (base pressure <2 x 101% mbar)
designed for SCAC. It is equipped with X-ray photoelectron spectroscopy (XPS), Auger
electron spectroscopy (AES), low-energy ion scattering spectroscopy (LEIS), and low-energy
electron diffraction (LEED). The apparatus and procedures for SCAC have been described in
extensive detail previously.?***% To summarize, the Ni(111) samples used in these experiments
are 1 um thick single-crystal foils and were provided by Jacques Chevallier at Aarhus
University. The surface was cleaned by cycles of Ar* ion sputtering and annealing to 1120 K.
The atomic oxygen-precovered surface was prepared by exposing the clean Ni(111) surface to
O at cryogenic temperatures (100-190 K) as described in the literature.'%2-1%3 The heats of
adsorption and sticking probability were measured simultaneously as a pulsed molecular beam of
methanol was dosed onto the Ni surface. The molecular beam was created by expanding ~2
mbar of methanol through a glass capillary array and collimated through a series of five orifices
that are cooled with liquid nitrogen, and then chopped into 102 ms pulses. The heats were

measured with a pyroelectric ribbon gently pressed on the backside of the Ni crystal. The short-



84

term and long-term sticking probabilities were measured with a quadrupole mass spectrometer
(QMS) using the King and Wells method.3®

In this paper, we report coverages in monolayers (ML), which are defined as the number
of methanol molecules that adsorb to the surface irreversibly, normalized by the number of
nickel surface atoms in the Ni(111) surface (1.86 x 10'° Ni atoms/cm?). A typical molecular

beam flux gives ~0.015 ML (~2.8 x 10* molecules/pulse).

6.3 RESULTS

Heat of Molecular Adsorption on Clean Ni(111). In this paper, we define the term heat of
adsorption as the negative of the differential standard molar enthalpy change for the adsorption
reaction, -AHag, with the gas and the metal surface being at the same temperature as the metal
surface. (“Standard” here implies only that the gas is at 1 bar as a pure ideal gas.) As described
previously, this requires a small enthalpy correction on the measured heat since the gas
molecule’s enthalpy at this temperature is slightly different from the actual experimental
molecular beam conditions.®®

According to the literature, 5% methanol molecularly adsorbs on Ni(111) below 160 K
and forms multilayers below 140 K. Figure 6.1 shows the heat of adsorption of methanol on
Ni(111) at 100K. Initially, methanol adsorbs molecularly with a heat of adsorption of 63.2 £ 0.8
kJ/mol in the limit of low coverage. As coverage increases to 0.4 ML, the heat of adsorption
decreases in two linear segments. For the first 0.3 ML, the heat of adsorption is well described
by a best fit line (63.2 - 23.9 0) kJ/mol, where 0 is coverage, in monolayers, yielding an average
heat of 59.6 kJ/mol. The average (or integral) heat of adsorption up to ¥ ML is 60.2 kJ/mol.

Combined with the standard heat of formation of methanol gas of -202 kJ/mol,*®* this gives the
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standard heat of formation of adsorbed methanol on Ni(111) to be -262 kJ/mol. After 0.30 ML

and up to 0.4 ML, the heats of adsorption decrease much more rapidly and are well described by
the best-fit line (99.3 - 142.7 6) kJ/mol. The sticking probability of methanol is always close to
unity at all methanol coverages at 100 K, see Figure 6.6.

These changes in the heat of adsorption could be the result of a model suggested by
scanning tunneling microscopy (STM) and DFT studies of methanol on Cu(111), Au(111), and
Pt(111).165166.167 On these surfaces at cryogenic temperatures, the methanol molecules bond to
the surface through their oxygen atom but with the methyl group near the surface, forming
hydrogen bonds with their neighbors. This results in clusters of hydrogen-bonded hexamers at
low coverages and long hydrogen-bonded chains at higher coverages with the methyl groups
pointing outwards. One STM study found that these methanol chains get closer to one another as
coverage increases.’®® The decrease in heat with coverage in Figure 6.1 may be due to dipole-
dipole and steric repulsions between chains and hexamers as they are forced closer together.

At coverages greater than 0.4 ML, the heat of adsorption becomes nearly constant,
implying that additional methanol adsorbs on top of methanol adsorbates, forming multilayers.
Above 1.0 ML, the multilayer adsorption energy is 44.0 + 0.6 kJ/mol. This value is inagreement
with the heat of sublimation of bulk methanol (solid) at 100K, 45.3 kJ/mol, calculated from bulk
thermodynamic data,*%8%° and with results from a detailed TPD study of multilayer methanol on
Au(111) that employed leading edge analysis to determine a sublimation enthalpy of 42.1 — 44.6
kJ/mol*™ (after correction using bulk solid and gas phase heat capacities from 150K down to
100K).

Previous literature reported that exposing clean Ni(111) surface to a high coverage of

methanol at a temperature lower than 140K and subsequent heating to 180 — 240 K leads to



86

adsorbed methoxy and hydrogen.*>>%8 Amemiya and co-workers determined that methoxy
could also be produced on Ni(111) by directly dosing methanol at 200K.**® Thus, we performed
SCAC experiments of methanol adsorption on clean Ni(111) at temperatures ranging from 180 —
300 K in hopes to produce adsorbed methoxy. However, we observed an initial heat of
adsorption that was very similar to that for molecular adsorption of methanol on Ni(111) at 100
K (~63 kJ/mol) and a maximum surface coverage of adsorbed methanol (regardless the products
on surface) of <0.04 ML at 180 to 300 K. It indicates that methanol transiently adsorbs on
Ni(111) at these temperatures, but then desorbs again before the next methanol pulse. Thus, we
were unable to dissociate the methanol on clean Ni(111). Is at least some of the prior studies
mentioned above, it was possible that X-ray, other photon or electron beam damage may have
facilitated dissociation.
Heat of Dissociative Adsorption on Oxygen-Precovered Ni(111). After predosing the Ni(111)
surface with oxygen adatoms(by the dissociative adsorption of O, gas), the heat of adsorption of
methanol at temperatures from 100 K to 190 K is considerably higher than the heat of
molecular adsorption (~25 kJ/mol higher initially), and the resulting coverage of permanently
adsorbed methanol is much higher. According to the studies of methanol dissociatively
adsorbing on O-precovered Pt(111)° and water dissociatively adsorbed on O-precovered
Ni(111)*%°, we thus conclude that Reaction (1) occurs to produce adsorbed methoxy and
hydroxyl, as:
CH30OHg + Oag — CH30ad + OHad 1)

Figure 6.2 shows the heat of adsorption of methanol on oxygen-precovered Ni(111) at

100 K with 0.25 ML of Oy (in red) and a low coverage of Oaq (in orange). The heat of

adsorption of molecular methanol on clean Ni(111) at 100 K is also reproduced from Figure 6.1
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(in blue), for comparison. When the Ni(111) surface is covered with 0.25 ML of Oqq, a

significantly higher heat of adsorption is observed, ~88 kJ/mol in the limit of low coverage. This
heat then decreases linearly with increasing coverage of adsorbed methanol. After ~0.25 ML,
the heat of adsorption is the same as that of methanol molecularly adsorbed on clean, O-free
Ni(111), suggesting that methanol molecularly adsorbs from 0.25 ML until saturation at ~0.3
ML. In the case of the low coverage of Oad, the heat of adsorption of methanol starts high, close
to the curve for 0.25 ML Oag, and more quickly decreases to the same heat as that of molecular
adsorption on O-free Ni(111) (the blue curve) at ~0.1 ML. This shows that the coverage
dependence of the heats of adsorption of methanol on O-precovered Ni(111) significantly
depends on the precoverage of O adatoms, again implying that methanol reacts with O adatoms
to form adsorbed methoxy and hydroxy! until all the Oaq is consumed. This same reaction was
observed on Pt(111) with similar heats.*°

The heats of adsorption observed at low coverage on the 0.25 ML Oaq surface are much
higher than what would be expected for simple molecular adsorption. On both Pt(111) and
Ni(111), water molecularly coadsorbed with oxygen adatoms releases only ~3 kJ/mol more heat
compared to the molecular adsorption of water on clean surfaces.®?'% We would expect a
similar marginal change in heat if methanol molecularly coadsorbed with Oaq. In contrast, here
the heat is ~25 kJ/mol higher for methanol adsorbed on the O-precovered surface at the limit of
low coverage compared to the clean Ni(111), which indicates dissociative adsorption on O-
precovered Ni(111). We attribute this much higher heat to methanol reacting with Oaq to form
adsorbed methoxy and hydroxyl following Reaction (1). This reaction has also been
unambiguously observed on O-precovered Pt(111).2%"1 We expect Reaction (1) to proceed until

all oxygen is titrated off the surface, after which, methanol continues to adsorb molecularly and
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releases the same heat as on clean Ni(111). For the 0.25 ML Oaq precovered surface, this
reaction completes at ~0.25 ML as expected; for the low coverage experiments, this higher-heat
reaction completes at ~0.1 ML (Figure 6.2).

Figure 6.3 shows the more direct comparison for methanol adsorbed on Ni(111) and
Pt(111), dissociatively and molecularly. The red curves show SCAC results of methanol on both
Ni(111) and Pt(111) predosed with 0.25 ML Ogq and the blue curves show SCAC results of
methanol on clean Ni(111) and Pt(111). The two curves shown for Pt(111) were published
previously® and reproduced here for comparison. On Pt(111), an identical reaction scheme to
that proposed here for Ni(111) is known to occur.®® On clean Ni(111) at 155 K and clean
Pt(111) at 150 K, methanol adsorbs molecularly and only forms a single layer, and the heats are
consistent with the adsorption on clean surfaces at 100 K.*%1"* For the 0.25 ML O-precovered
surfaces, methanol reacts with Oa forming adsorbed methoxy and hydroxyl until the 0.25 ML of
Oad is titrated. After that, methanol continues to adsorb molecularly until the single layer is
finished, releasing the same heat as observed on the clean surfaces at the same coverage. On the
O-precovered surface on Ni(111), the heat of adsorption is initially 87 kJ/mol at the limit of low
coverage. It decreases linearly until ~0.25 ML and is well described by the linear fit (85.1 —
117.2 0) kJ/mol. The vertical dashed line at 0.25 ML marks the expected coverage of Oad and
represents the point where Reaction (1) completes. After this vertical dashed line, it is clearly
observed that the heat of adsorption of methanol on the oxygen-precovered surface has decreased
to be the same as on clean Ni(111) at higher coverages. Methanol saturates at ~0.3 ML (see
Figure 6.6 for related sticking probability data) for the single layer of adsorbates on Ni(111) at
155 K, smaller than Pt(111) at 150 K (~0.33 ML),*® which is expected due to Pt(111) having a

larger lattice parameter and 19% smaller density of surface atoms than Ni(111).
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Further evidence for the formation of methoxy is shown in Figure 6.7 (in supplementary
information), which shows the SCAC results for methanol adsorption onto O-precovered Ni(111)
at 190 K. At 190 K, we observe the same heats as the O-precovered Ni(111) surface at 100 K
and 155 K, but a lower final coverage of ~0.18 ML, due to a lower coverage of Oag. (See also

Figure 6.6)

6.4 DISCUSSION

Energetics of Adsorbed Methoxy. From the heats of adsorption measured in this work by
calorimetry and available literature values for the heats of formation of adsorbed and gas-phase
species, we may extract the heat of formation of methoxy on Ni(111) and its bond enthalpy to
this surface. We attribute the integral heat of adsorption from 0 — 0.25 ML on the 0.25 ML
oxygen-precovered Ni(111) surface at 155 K (Figure 6.3) of -70. kJ/mol to the heat of Reaction
(1). Figure 6.4 shows the thermodynamic cycle, which uses this to extract the heat of formation
of adsorbed methoxy and the CH3O-Ni(111) bond dissociation enthalpy, D(CH3O-Ni(111)).
This thermodynamic cycle starts on the left-hand side with all atoms in their standard
state, which therefore possesses an enthalpy of formation of 0 kJ/mol. Following the bottom
path shows the formation of gaseous methanol and an adsorbed oxygen atom, which possess
enthalpies of formation of -202 kJ/mol and -240. ki/mol, respectively.’>%4 The bottom path then
tracks the dissocative adsorption of methanol to make adsorbed methoxy plus adsorbed
hydroxyl, the enthalpy of which we measured with calorimetry (-70. kJ/mol). This is an
exothermic process and the enthalpy of reaction is a negative value, while the values shown in
Figure 6.3 are the heats of adsorption, which, by convention, are shown as positive values.

Combining the heats of formation and measured reaction enthalpy of the bottom path results in
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the total heat of formation of coadsorbed methoxy and hydroxyl, both at 0.25 ML coverage, a
value of -512 kJ/mol.

The middle path in the thermodynamic cycle (Figure 6.4) shows this enthalpy change of
converting all atoms in their standard states directly to coadsorbed methoxy and hydroxyl.
Therefore, the sum of their enthalpies of formation must be equal to the total heat of formation (-
512 kJ/mol). The enthalpy of formation of hydroxyl at 0.25 ML on Ni(111) was previously
measured to be -279 kJ/mol.*>® Subtracting this enthalpy of formation of adsorbed hydroxyl
from the total enthalpy of formation results in the enthalpy of formation of adsorbed methoxy at
0.25 ML coverage: -233 kJ/mol.

Following the top pathway on this thermodynamic cycle (Figure 6.4) shows the method
to extract the bond enthalpy of methoxy to Ni(111). This top route starts by converting the
standard state elements to a gaseous methoxy radical and an adsorbed hydroxyl, which possess
an enthalpy of formation of +17 kJ/mol and -279 kJ/mol, respectively.’%”1% These two species
have a total enthalpy of formation of -262 kJ/mol. The difference in enthalpies between these
two species and our final state on the far right is negative of the adiabatic CH30-Ni(111) bond
dissociation enthalpy. Therefore, +250 kJ/mol is the enthalpy for breaking the CH3O-Ni(111)
bond at 0.25 ML coverage (when coadsorbed with 0.25 ML of hydroxyl).

Comparison to DFT Calculations. The bond energy of molecular methanol and methoxy to
Ni(111) measured here may be compared to theoretical calculations. Table 6.1 compares
computational values obtained by various DFT methods to the experimental values of this work.
DFT calculations report integral bond energies of adsorbates at specific coverages. To calculate
the bond energy of molecular methanol at a specific coverage, the best-fit line of the measured

differential heats of methanol adsorption versus coverage from 0 to 0.30 ML at 100 K (Figure
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6.1) is integrated up to the desired coverage. These integral heats (enthalpies) are then converted
to bond energies by subtracting RT. The bond energies for methoxy are calculated from
thermodynamic cycles similar to that in Figure 6.4 and discussed above but by integrating
different coverages to calculate the heat of reaction and used the reported heat of formation of
adsorbed hydroxyl at the desired coverage.'*

For molecular methanol, all reported DFT calculations significantly underestimated the
bond energy measured in this work. The weaker bond strength found in these DFT studies than
by calorimetry could be due to methanol forming hydrogen-bonded structures, similar to what
has been observed in Cu(111) and Au(111).155% These intermolecular hydrogen bonds may not
be properly accounted for as these chains would have significantly larger unit cells that what was
used in these calculations. These underestimation in bond energy could also be due to
underestimating the magnitude of van der Waals and dipole interactions between the adsorbate
and the surface. For adsorbed methoxy, PW-91 and PBE perform well, differing from the
experimentally determine value by only 0-14 kJ/mol. However, RPBE underestimates the bond
energy by 69 kd/mol. This RPBE paper only reported their calculated results on top sites.'’?
Their value of 180 kJ/mol is close to the reported energies of methoxy bound to top sites by
another DFT functional, PW-91 (175 kJ/mol).1"

Comparison to Pt(111). Previous work®® from this research group studied the adsorption of
methanol and methoxy on Pt(111), allowing for a direct comparison between the two metal
surfaces. These values are adjusted slightly (by a value of RTsource) from the literature to account
for a systematic error as discussed elsewhere.’® Methoxy on Pt(111) at 0.25 ML coverage
coadsorbed with 0.25 ML of hydroxyl has a heat of formation of -168 kJ/mol (compared to -233

kJ/mol on Ni(111) under the same conditions) and a bond enthalpy of -185 kJ/mol (compared to
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-250. kJ/mol on Ni(111) under the same conditions). These much larger values on Ni(111) are to
be expected as it is well known that Ni is more oxophillic than Pt, so that Ni-O bonds should be
stronger.
It is interesting to consider how these energetic differences between Ni and Pt manifest

themselves in catalysts. Let us consider a simple reaction involving C-O bond cleavage:

CH30z4 — CHsad + Oad . )
Using the published heats of formation of CHzaq + Oad 0f -71 kJ/mol® and -240. kJ/mol®,
respectively, together with the heat of formation of CH3Oaq on Ni(111) of -233 kJ/mol found
above give a highly exothermic enthalpy for Reaction (2) of -78 kJ/mol on Ni(111). In contrast,
the heats of formation of these three species on Pt (111) of -168 kJ/mol for methoxy*°, -99
kJ/mol for Oa¢*™, and -50 kJ/mol for methyl®®, give an endothermic enthalpy for Reaction (2) of
+19 kJ/mol. Clearly, such simple C-O bond-cleavage reactions that produce O adatoms are
much more exothermic (by almost 100 kJ/mol) on Ni than Pt catalysts, and thus should be much
faster and have much larger equilibrium constants on Ni catalysts. Similarly, C-O bond forming
reactions (like the reverse of Reaction (2)) should be much more facile on Pt than Ni catalysts.
In contrast, C-O bond cleavage reactions that involve oxygen transfer to another surface
fragment rather than to produce Oaq should be similar on Ni and Pt catalysts, as seen for the
simple reaction:

CH30ad + Had — CHa.ad + OHag . ©)
The enthalpy for Reaction (3) is -69 kJ/mol on Ni(111) and quite similar, -54 kJ/mol, on Pt(111).
(The heat of formation of Hag is -47 kJ/mol on Ni(111)* and -36 kJ/mol on Pt(111).2> The heat

of formation of OHag is -278 kJ/mol on Ni(111)**° and -208 kJ/mol on Pt(111).1517%)
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Trends in Bond Enthalpies of Adsorbed Oxygenates. It has previously shown that the ligand-

metal o-bond strengths found in organometallic complexes in liquid solutions strongly correlate
with the corresponding gas-phase ligand-hydrogen bond strength.'®-18 Previously this research
group found that this trend is also true for ligands (i.e., molecular fragments) bound to Pt(111).%6°
Specifically, the adiabatic bond dissociation enthalpies of oxygenate adsorbates to Pt(111)
(monodentate formate, hydroxyl, and methoxy) vary linearly with a slope of 1 with the
corresponding gas-phase RO-H sigma bond enthalpy but offset by -251 kJ/mol. Analyzing the
bond enthalpy of methoxy measured in this work and the bond enthalpies of formate and
hydroxyl measured previously*>® on Ni(111), we find this same trend, as shown in Figure 6.5.
Figure 6.5 shows the adiabatic bond dissociation enthalpies of three oxygenate adsorbates on
both Ni(111) and Pt(111) versus their corresponding gas-phase hydrogen-ligand bond
dissociation enthalpies. The data points and trendline for Pt(111) is recreated here from the
literature'® and adjusted slightly to account for systematic error equal to RTsource, as discussed
elsewhere.r® A linear trend with a slope of 1 (y = x — 182 kJ/mol) is shown on Figure 6.5 to fit
the data points for Ni(111) very well and possesses a standard error of 3.9 kJ/mol. The best-fit
line of (y = 1.03 x — 198 kJ/mol) is only marginally better with a standard error of 3.8 kJ/mol.
The strength of o-bonds of adsorbed oxygen-bound molecular fragments to Ni(111) varies
linearly with the strength of binding of those same fragments to H atoms in gas-phase molecules
with a slope of 1.00, but offset by —182 kJ/mol. It is weaker than binding to a H atom, but ~69
kJ/mol stronger than binding to Pt(111), which makes sense because Ni is known to be more
oxophillic than Pt. Therefore, we are able to predict the bond enthalpies of other oxygen-bound
molecular framents to Ni or Pt through these trend lines. This will probably fail for larger

adsorbates, since these will have strong van der Waals attractions to the surface too, that are not
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accounted for in the trends in Figure 6.5. Given that these trends of Figure 6.5 hold for both
Pt(111) and Ni(111), we expect that the bond enthalpies of small adsorbed oxygenates to other

transition metal surfaces will follow a similar trend with a slope near 1.

6.5 CONCLUSIONS

The energetics of the molecular and dissociative adsorption of methanol on Ni(111) were
measured by SCAC. At 100 K, the heat of adsorption is well fit by the curve (63.2 - 23.9 0)
kJ/mol from 0 — 0.30 ML and (99.3 - 142.7 6) kJ/mol from 0.30 — 0.40 ML. The dissociative
adsorption of methanol on O-precovered Ni(111) produces adsorbed methoxy and hydroxyl and
gives an integral heat of adsorption at 155 K of -70. kJ/mol at a coverage of 0.25 ML (of both
products). This gives a heat of formation for adsorbed methoxy of -233 kJ/mol and a bond
enthalpy of 250. kd/mol. We find a linear trend with a slope of 1 between the bond enthalpies of
small oxygenates to Ni(111) and Pt(111) and their corresponding gas-phase hydrogen-ligand
bond dissociation enthalpies. These values and trends improve our ability to understand the
selectivity, reaction rate, and activity differences between metal surfaces in reactions involving

adsorbed oxygenates.
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6.6 TABLES AND FIGURES
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Figure 6.1. Differential heat of adsorption of methanol on the clean Ni(111) surface as a
function of methanol coverage at 100 K.
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Figure 6.2. Differential heat of adsorption of methanol on Ni(111) at 100K versus total methanol
coverage. Each curve represents a different coverage of predosed oxygen adatoms on the
surface, including the clean, O-free surface, a low coverage of Oad, and 0.25 ML of Oa. The
vertical dashed line at 0.25 ML is where the reaction of methanol with Ogq to produce CH30ad +
OHad is expected to finish for this highest predose of Oag.
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Figure 6.3. Differential heat of adsorption of methanol versus total methanol coverage on
Ni(111) at 155 K and on Pt(111) at 150 K at two surface conditions: the clean metal surface and
with 0.25 ML precoverage of Oag. The vertical dashed line at 0.25 ML is where the reaction of
methanol with Oag to produce CH30ag + OHag is expected to finish.



98

AH{CH30";) + AH{(HO,4)

17 kdimol + (-279 kJ/mol) HO -D[CH,0-Ni(111)]
’ .
-262 kJ/mol CHOYy + ), -250. kJ/mol
-512 kJ/mol OCH; OH

Ca 2H, 5, O
2,90 Y2, 9 AH{(CH;0,4) + AH{(HO,4) > W

(-233 kJ/mol) + (-279 kJ/imol)

-442 kJ/mol -70. kJ/mol

» CH,OH, +
AH{(CH;0H,) + AH{(O,) Sl I Measured AH
-202 kJ/mol + (-240. kJ/mol)

Figure 6.4. Thermodynamic cycle used to calculate the heat of formation and bond dissociation
enthalpy of adsorbed methoxy to the Ni(111) surface, which are shown in blue. The red value of
-70. kJ/mol is the measured enthalpy of reaction of gaseous methanol onto the surface
precovered with 0.25 ML of O4q at 100K producing adsorbed methoxy and hydroxyl. This is the
integral or average reaction enthalpy from 0 to 0.25 ML of dissociatively-adsorbed methanol.
The other values shown in black are from the literature, as described in the text.
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Figure 6.5. Calorimetric bond dissociation enthalpies of three adsorbates on both Ni(111) and
Pt(111) versus their corresponding gas-phase hydrogen-ligand bond dissociation enthalpies.
These data points are fitted with the linear trendlines shown, each with a slope of 1.
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Figure 6.7. Comparison of the differential heats of adsorption of methanol on Ni(111) at several
different temperatures and surface conditions as a function of adsorbed methanol coverage. The
methanol dissociates to make methoxy and —OH on the oxygen-predosed surfaces, until this
titrates all the Oag.
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Table 6.1. Comparison of present calorimetric integral bond energies of phenol to the Pt(111)
and Ni(111) surface with calculated values using DFT with periodic boundary conditions.

Molecularly Adsorbed Methanol Bond Energy (kJ/mol) | Reference
DFT

Coverage | Functional/Method DFT Site DFT Calorimetry | DFT

1/9 ML PW-91 Top 24 61 179

1/9ML | PW-91 Top 32 61 173

1/6 ML | PBE Top 16 60 180

1/4ML | RPBE Top 2 59 172

Methoxy Bond Energy (kJ/mol) | Reference
DFT

Coverage | Functional/Method DFT Site DFT Calorimetry | DFT

1/9 ML PW-91 Hollow 257 257 179

1/9ML | PW-91 FCC Hollow 243 257 173

1/6 ML | PBE FCC Hollow | 249 254 180

1/6 ML | PW-91 FCC Hollow 264 254 181

1/4ML | RPBE Top 180 249 172
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Chapter 7. TRENDS IN BOND ENTHALPIES OF MOLECULAR

FRAGMENTS ADSORBED TO SURFACES

Understanding the energetics of chemical reactions on transition metal surfaces is crucial
for many technologies, including the development of better catalysts, chemical sensors, surface
organo-functionalization, microelectronics and optical device fabrication, bioengineered
materials and nanomaterials synthesis. Here, we show how trends in the experimentally-
measured bond enthalpies of adsorbed molecular fragments to transition metal surfaces can be
understood though simple properties of the metal and the adsorbed molecular fragment (which
we will refer to here as the “ligand”). Thus, we correlate bond enthalpies with the
electronegativity of the metal, the group electronegativity of the ligand, and the bond enthalpies
of the ligand to an H atom. Specifically, we treat four molecular fragments that bind to the metal
via their O or C atom, and their adsorption enthalpies to Pt(111) and Ni(111) surfaces, which are
the only systems for which the bond enthalpies have been experimentally measured for such
molecular fragments.

In this paper, we derive an equation based on Pauling’s equation, Pauling
electronegativies, and other known bond enthalpies that is able to accurately reproduce these
bond enthalpies with standard deviation of only 7.2 kJ/mol relative to experimental values for the
limited systems for which data are available (-OH, -OCHs, -O(O)CH and —CHz on Pt(111) and
Ni(111)). Our derivation starts with Matcha’s bond enthalpy equation, itself an improvement on
Pauling’s equation.’®? We followed Schock’s and Marks’ approach of subtracting two of
Matcha’s Equations in order to establish a relationship between D(L-M(111)), the ligand-metal

surface bond enthalpy, and D(L-H), the gas-phase ligand-hydrogen bond enthalpy,'8 but instead
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we combined three of Matcha’s equations to the same end. Our derivation eliminates the gas-
phase M-M dimer bond enthalpy, D(M-M), from Schock’s and Marks’ equation, which we show
is less appropriate for metal surfaces than the revised equation. This term is replaced with D(H-
M(111)), the bond enthalpy of a hydrogen adatom to the metal surface, of which values are
readily available from previous TPD experiments.

Equilibrium measurements of various organometallic complexes in liquid solutions have
resulted in a large database of 6 bond enthalpies of many ligands to metal centers. 76178
Bryndza, Bercaw et al. showed that these metal-ligand bond strengths strongly correlate, with a
slope = 1, to the gas-phase ligand-to-hydrogen bond strength.'’® Karp and co-workers found a
similar correlation with slope of 1 between the bond enthalpies of oxygen-bound molecular
fragments [-OH, -OCHjs, and -O(O)CH] to the Pt(111) surface and their corresponding RO-H
bond enthalpies in the gas phase.*®® These bond enthalpies (shown in Figure 7.1) have been
corrected slightly from their original value by RT due to a systematic error that has been
discussed previously.'® These relationships provide methods to predict the bond enthalpies of
other species to Pt(111) from their corresponding gas-phase hydrogen-to-ligand bond strengths,
which are well known. 18

Figure 7.1 shows that this same Bercaw-type trend also applies to newer bond enthalpies
for these same three oxygen-bound species to Ni(111), again with a slope close to 1. All values
used in Figure 7.1 are listed in Table 1. Methyl on both Pt(111) and Ni(111) is also shown as a
data point on these curves, but these points were not included in the linear fits. Although methyl
on Pt(111) lies close to the Pt(111) line, methyl on Ni(111) lies far from its linear trend for

oxygenates. This is expected, as Ni is more oxophilic than Pt and is known to bind oxygen
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species more strongly than Pt. It is not known that Ni should bind to carbon species so much
more strongly than Pt, as it does to oxygen species. As can be seen here in this plot, it does not.

The bond enthalpies of these ligands to metal surfaces depend upon surface coverage.
We also list in Table 7.1 the coverages (adsorbates per metal surface atom) used to determine the
adsorbate-surface bond enthalpies. These measurements were done in a such way that there was
an equal coverage of another ligand on the surface too, specifically —1 for methyl and -OH for the
oxygenates (or the similar-in-enthalpy H.O-OH complex it produces). These coverages were
chosen as the most reliable coverage to do the analysis in the original papers that reported these
bond enthalpies.

Schock and Marks later analyzed Bryndza’s trend, applying it to organometallic
complexes of different metals.'® The authors found linear trends between hydrogen-to-ligand
bond enthalpies and metal-ligand bond enthalpies of different classes of ligands, such as
halogens, oxygenates, or carbonates, to each metal element. Each trend possessed a slope that
was close to one but each metal had a different y-axis offset. To explain these offsets, Schock
and Marks derived a new equation that used Pauling’s bond ionicity and bond enthalpy
relationships. Their derivation used an equation of Matcha, which was found to give far better
agreement than Pauling’s original equations in correlating bond enthalpies with the
electronegativity differences between species®?:

D(A—B) ==[D(A—A) + D(B — B)] + (439 kJ/mol)[1 — e~0-219Xa~X5)*] (7.1)

N |-

Species “A” and “B” refer to the metal (M), the ligand (L), or hydrogen (H). Here, X; is the
electronegativity of species | (which is a group electronegativity when 1 is the ligand) and D(I-J)
is the I-J bond enthalpy. This equation can be written in three possible ways relating the

enthalpies of bonds between ligands, metal atoms, and hydrogen:
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D(M — L) ==[D(M — M) + D(L — L)] + (439 k] /mol)[1 — e ~0219(Xm—¥1)"] (7.2)
D(L-H) = %[D(H — H) + D(L — L)] + (439 kJ/mol)[1 — e~0-219(k-X1)%] (7.3)
D(M—H) = %[D(H — H) + D(M — M)] + (439 kJ/mol)[1 — e 0-219Xn-Xm)*] (7.4)

Schock and Marks subtracted Eq. (7.3) from Eq. (7.2) to produce a new equation directly relating
the metal-ligand bond enthalpy with the ligand-hydrogen bond enthalpy*83:
D(M — L) = D(L — H) +5[D(M — M) = D(H — H)] + (439 k] /mol)[e~0219%u=X1)* _
e—0.219(XM—XL)2] (7.5)
The term D(M-M) refers to the metal-metal bond enthalpy in the gas-phase metal dimer in their
treatment. We applied this equation to the data in Figure 7.1, as shown in Figure 7.2, and found
that it places all four ligands for each metal surface very near to a straight line with slope of 1.
Unlike the simple trend employed by Bryndza, Bercaw et al. in Figure 7.1, Eq. (7.5) allows both
oxygen-bound and carbon-bound species to fall very close to the same line for each metal.
However, there is still a large offset between different metals, with the Ni(111) line ~60 kJ/mol
above the Pt(111) line. All values used to calculate the data points used in Figure 7.2 are listed
in Table 7.1 (or its footnotes) along with their sources from the literature.18

Equation (7.5) was originally derived to be applied to organometallic complexes. We
postulated that in applying it to ligands bound to solid metal surfaces, it would be more
reasonable to replace the metal-metal bond enthalpy in the gas-phase metal dimer for D(M-M)
with the metal-metal bond enthalpy in the bulk solid metal phase. Here, we estimate that as
equal to the bulk heat of sublimation of the metal divided by six (the number of nearest-neighbor
bonds formed per metal atom in making solid FCC metals like Ni and Pt from gaseous atoms), or

94.3 kJ/mol for Pt and 71.7 kd/mol for Ni.1® When plotted in this way, both Pt(111) and Ni(111)
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show a linear correlation with a slope close to 1 and small standard deviations (< 7.3 kJ/mol), as
shown in Figure 7.3. This value for D(M-M) provides a major improvement compared to Figure
1.1, as the offset between Ni(111) and Pt(111) drops from 60 to only 20 kJ/mol, clearly capturing
better the essential physics involved in ligand-surface bonding.

We found that this equation may be improved further by subtracting Eq. (7.3) and Eq.
(7.4) from Eq. (7.2), which results in:
D(M —L) =D(H — L) + D(M — H) — D(H,) + (439 k] /mol)[e~0210Xn-X1)* 4

e =021 —Xm)? _ =02190Xu~X1)? _ 1] (7.6)

Figure 7.4 shows our calorimetrically measured surface bond enthalpies plotted as a function of
the right-hand side of Equation (7.6). All values used to plot Figure 7.4 are listed in Table 7.1 or
its footnotes. This plot accurately fits all four adsorbates on both Pt(111) and Ni(111) into a

single line with a slope close to 1 and a standard deviation of 7.1 kJ/mol. This line is defined by:
D(M —L) =D(H — L)+ D(M — H) = D(H — H) + (439 L) [e702190n—X0)" 4

e—0219(Xp—Xpm)? _ p—0219(Xy—X1)? _ 1] _ (54 ﬂ) (7.7)

mol

The excellent agreement found here between experimental adsorbate-surface bond enthalpies and
equation (7.7) offers new insight into the energetics of many adsorbates on late transition metal
catalyst surfaces.

From this equation, we may draw several insights into chemical bonds to surfaces. First,
the adsorbate bond enthalpy is directly correlated with the difference in electronegativity
between the metal and ligand. A larger difference in electronegativity implies a bond more ionic
in character, resulting in a stronger bond. Second, a stronger gas-phase ligand-hydrogen bond
directly correlates with surface adsorbate’s bond strength while the difference in

electronegativity inversely correlates with surface adsorbate’s bond strength. These terms are
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related in such a way that the stronger the ligand can bind to a hydrogen atom, the stronger that
ligand can bind to a metal surface, while correcting for the ionic character of this ligand-
hydrogen bond. In other words, the stronger the ligand can bind to hydrogen while possessing a
lower difference in electronegativity, the stronger the surface adsorbate bond will be. Third, and
in a similar manner, the hydrogen atom’s adsorption enthalpy directly correlates with the ligand
adsorption enthalpy, while correcting for the ionic character of the hydrogen-surface bond. A
stronger adsorbate bond will result from a stronger hydrogen-surface bond while maintaining
similar electronegativities (i.e., X = 2.2).

We discovered the accuracy of Eq. (7.7) before we had measured the bond enthalpy of
methoxy to Ni(111). To further test this equation, we measured that bond enthalpy, which was
previously unknown. The details of that measurement are presented elsewhere (See Chapter 6).
As can be seen, this value falls within 4 kJ/mol of the trend line established by the line of unit
slope, which best fit the earlier seven adsorbate/surface systems, which suggests some predictive
ability of Eq. (7.7).

This fitted line in Figure 7.4 allows the bond enthalpy of these adsorbates to several
metals to be predicted using their group electronegativity, hydrogen-ligand bond strength, and
hydrogen-surface bond strength. In Table 7.2, the predicted bond enthalpies of these molecular
fragments bound to Cu(111), Pd(111), Fe(111), and Rh(111) surfaces are listed.

There are several limitations to the predictive ability of Eq. (7.7). First, each of the
shown species is bound to the surface via a single o bond. This trend will likely not hold for
adsorbates that form multiple bonds to the surface (such as bidentate formate®3 or
methylidyne®®) since one bond influences the other. Other types of bonds, such as those that

include  bonds (such as adsorbed CO) will also not be expected to fit this trend. Second, all
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adsorbates shown here are adsorbed on top sites. This trend may not hold for adsorbates bound
to bridge or hollow sites. Third, this equation cannot predict the effects of bonding that arise
from van der Waals attractions to the surface. As an example, the energetics of tert-butyl
bonding to the Pt(111) surface have been measured previously, showing a bond enthalpy of 215
kJ/mol.1% Using the (CH3)Cs-H bond enthalpy of 400 kJ/mol*®” and assuming a group
electronegativity for t-butyl of 2.3 (equal to the electronegativity of methyl), Eq. (7.6) predicts a
bond enthalpy that is 50 kJ/mol weaker than this measured value. We attribute the higher
experimental bond enthalpy to the van der Waal attractions between t-butyl and the Pt(111)
surface. The difference may be larger since approximation for t-butyl’s group electronegativity
may be inaccurate.

In conclusion, we show trends in the bond enthalpies of adsorbates to transition metal
surfaces. We also derived a new equation that allows for semi-empirical estimations of the
strength of 6 bonds of small molecular fragments (-CHs, -OCHs, -O(O)CH, -OH) to Pt(111) and
Ni(111). We find that these bond enthalpies vary linearly with a slope of 1 in relation to the

right-hand side of Eq. (7.6) with an offset of -54 kJ/mol (i.e., as in Eq. (7.7)).
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Ni(111) as a function of the right-hand side of Eq. (7.6), i.e., the equation derived in this work.

A single line with a slope of 1 (i.e., Eq. (7.7)) fits all four adsorbates on both metal surfaces well.
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Table 7.1. Gas-phase ligand-hydrogen bond enthalpy, and calorimetrically measured adsorbate

bond enthalpy to Pt(111) and Ni(111) for five different ligands, all in kJ/mol. Also listed are the

group electronegativities of the ligands (Xr) and the metal electronegativities (Xwm), from the

literature.
D(L-H) Bond D(L-Pt(111)) Bond | (L-Ni(111)) Bond | Coverage
Ligand Xi Enthalpy (kJ/mol) | Enthalpy (kJ/mol) | Enthalpy (kJ/mol) (ML)
-H 2.2, Ref. 188 436, Ref. 18 254, Ref, 1° 265, Ref. 1° 0.25
-OD 3.51, Ref. 188 498, Ref. 184 244, Ref, 17 314, Ref, 1% 0.5
249, Ref. (See 0.25
-OCHjs 2.68, Ref. 188 437, Ref. 184 185, Ref. *° Chapter 6)
Pt: 0.25
-O(0)CHs | 3.52, Ref. 1% 469, Ref. 18° 220, Ref, 3 290, Ref, % Ni: 0.20
-CHs 2.27, Ref, 188 439, Ref, 189 195, Ref. 216, Ref. ®° 0.04
94 (solid); 307
(gas-phase dimer),
Pt 2.28, Ref. 186 Ref, 18
72 (solid); 203
(gas-phase dimer),
Ni 1.91, Ref. 8¢ Ref. 186
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Table 7.2. Predicted bond enthalpies of adsorbates on four surfaces using the fitted line in Figure

7.4, based on Eq. (7.7).

D(L-Cu(111))

D(L-Pd(111))

D(L-Fe(111))

D(L-Rh(111))

Ligand (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
-H 218 262 262 253
-OD 271 271 322 247
-OCHjs 210 210 261 186
-O(O)CHs 229 242 280 224
-CHs 173 212 219 201
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