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This dissertation includes the study of metal nanoparticles supported on oxide surfaces
and the microkinetic analysis of complex reaction mechanisms using the degree of rate control
(DRC).

In Chapters 2-5, the energetics, structure and electron transfer of Ni nanoparticles
supported on MgO(100) and CeO2.x(111) are studied using Single Crystal Adsorption
Calorimetry (SCAC), He* low-energy ion scattering (LEIS), X-ray photoelectron spectroscopy
(XPS) and density functional theory (DFT).

Both experiments and DFT calculation shows that the extent of reduction and the
presence of step edge sites on CeO..x(111) can strongly affect its interaction with the supported

Ni nanoparticles. At 300 K, Ni atoms nucleate preferentially on the step edges of CeO2x(111),



and the initial heat of adsorption is higher than that measured at 100 K where Ni atoms nucleate
mainly on terraces. The initial heat of adsorption of Ni on CeO1g(111) is lower than that on
Ce01.95(111), no matter for step edges or terraces. It suggests the bonding between the Ni atoms
and the lattice O dominates the interaction between Ni and CeO.x(111). Upon adsorption, Ni can
transfer electrons to stoichiometric ceria and form Ni cations at low coverages. DFT shows that
adsorbed Ni monomers are in a +2 oxidation state on CeO2(111). As the Ni coverage and particle
size increases, both XPS and DFT shows the charge transfer per Ni atom sharply decreases. The
perturbation of the ceria support to the electronic property of Ni is crucial to understanding the
nature of the active sites on the surface of Ni/CeO; catalysts.

On MgO(100), Ni has different growth modes at 300 and 100 K. At 300 K, Ni grows 3D
nanoparticles. The Ni atoms form a metastable phase when the nanoparticles are smaller than 2.5
nm in diameter. At 100 K, the Ni atoms form single adatoms and then 2D islands with a
thickness of 0.17 nm at low coverage. The 2D islands cover the entire surface rapidly before
thickening. The initial heat of adsorption measured at 100 K is 148 kJ/mol, which corresponds to
the binding energy of a single Ni atom on MgO(100). The XPS Ni 2ps/2 peak binding energy for
0.21 ML Ni on MgO(100) at 100 K is 2.2 eV higher than that for bulk Ni(solid), suggesting
charge transfer from Ni to MgO(100) and formation of Ni?* at very low coverage.

The heat of adsorption and growth morphology of Ni on MgO(100) and CeO1.95(111) are
then used to calculate the adhesion energy of Ni to MgO(100) and CeO1.95(111). Due to Ni’s
high oxophilicity, the adhesion energy of Ni to MgO(100) and CeO1.95(111) is higher than any
other metal that has been measured previously. The reported adhesion energy of Ni fits well in
the trend, which states that the adhesion energy increases linearly from metal to metal with

increasing heat of formation of the most stable oxide of the metal.



In Chapters 6-8, the DRC analysis is applied to understand the kinetics of simple model
reactions and real reaction mechanisms. In Chapter 6, we show the DRC for any catalyst-bound
intermediate is proportional to its fractional population of catalyst sites, where the proportional
constant is given as the DRC-weighted average of the site requirements for all the elementary
steps. This relation offers opportunities to measure DRC experimentally since the fractional
population of catalyst-bound intermediates can be measured. In Chapter 7, the DRC analysis is
used for the interpretation of the kinetic isotope effect (KIE). The DRC analysis shows that the
KIE of a multistep reaction results from the energy change of kinetically-relevant species upon
isotope substitution. Considering the rate-determining step only is not enough to obtain a full
understanding of KIE, and it can lead to conceptual mistakes. In Chapter 8, a general expression
for the apparent activation energy is given via DRC. It shows that the apparent activation energy
equals a weighted average of the standard-state enthalpies of all species in the reaction
mechanism, each weighted by its DRC. This equation provides deep insights into the connection

between the reaction energy diagram and the apparent activation energy.
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Chapter 1. Introduction

Heterogeneous catalysis typically involves the reactions with solid-phase catalysts and
fluid phase reactants. It plays an essential role in every aspect of human life. A good example is
the Haber-Bosch process. In the first decade of the 20" century, Fritz Haber and Carl Bosch
invented the famous Haber-Bosch process, which converts nitrogen N. and hydrogen H: to
ammonia using solid metal catalysts. The Haber-Bosch process allows large-scale production of
ammonia and nitrates as fertilizers and other industrial feedstocks. It helps improve the food supply
to keep up with the need from the growing population, and addresses the concern demonstrated in
the “Malthusian catastrophe”. In the 21% century, the need for food, sustainable energy, and all
other products required for maintaining high-quality life grows exponentially. Heterogeneous
catalysis becomes even more critical for satisfying the growing demand. Heterogeneous catalysts
have wide applications in modern industry for clean energy, bulk chemical production, and
environmental technologies. The production of ~90% of chemicals is assisted by heterogeneous
catalysts. The search never stops for better heterogeneous catalysts with efficiency, durability, and
selectivity. In order to design better catalysts, people need quantitative measurements and
understanding at a molecular level about the structure of heterogeneous catalysts and the reaction
mechanisms catalyzed on heterogeneous catalysts.

Late-transition metal nanoparticles dispersed on oxide support materials with a high
surface area form a common group of heterogeneous catalysts. The bonding strength between the
metal nanoparticles and the oxide support is crucial to their behavior for catalyzing reactions. By
changing the metal-support interactions, people can tune the electronic and structural properties of

the supported metal nanoparticles, which leads to different reactivity and selectivity.'? One of the
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main drawbacks of using metal nanoparticles as catalysts is that the metal nanoparticles can easily
deactivate under reaction conditions due to sintering and coke formation.>® The interaction
between the metal nanoparticles and the support materials helps the metal nanoparticles to
maintain their sizes as small nanoparticles instead of forming large particles with lower exposure,
and the metal nanoparticles gain sinter resistance and coke resistance.”*® However, understanding
the nature of the interfacial chemical bonding between the metal nanoparticles and the oxide
support is difficult. Studies about the bonding strength between the metal nanoparticles or
overlayers and the substrates are usually performed by measuring the adsorption energies.'> 7
Temperature-programmed desorption (TPD) is a typical indirect method, *® but it requires the
adsorption-desorption process to be reversible, which is not always valid. It usually fails for the
systems consisting of late-transition metals and oxide supports. As the temperature ramps up, the
metal overlayers aggregate into large 3D particles. The surface structure has been changed before
the metal atoms desorb from the surface, and the adhesion energies extracted from TPD
measurements can only be considered as upper limits.*

To overcome the disadvantages of indirect measurements of adsorption energies, David
King’s group at Cambridge University developed a method for direct measurement of adsorption
energies called Single Crystal Adsorption Calorimetry (SCAC).**?2 In a SCAC experiment, the
adsorbates are dosed onto the single-crystal sample in a pulsed molecular beam. The heat released
upon adsorption causes a tiny temperature increase on the sample, and an infrared detector can
detect it. The SCAC method provides opportunities to measure accurate, coverage-dependent
adsorption energies directly. Partially based on King’s method, the Campbell group builta SCAC
apparatus for measuring the adsorption and adhesion of metal on solid surfaces. 2% The infrared

detector is replaced with a pyroelectric polyvinylidene fluoride (PVDF) ribbon that is pushed
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against the backside of the single-crystal sample for heat detection. The calorimeter and other
instruments for surface characterization are attached to an ultrahigh vacuum (UHV) chamber. An
e-beam evaporator is also attached for generating metal vapor, so this apparatus is capable of
measuring the adsorption energies of metal atoms onto oxide surfaces. Model catalyst systems
consisting of metal nanoparticles supported on single-crystal oxide surfaces are studied using this
apparatus. The surface order of the single-crystal sample, the coverage of metal dosage, the size
and number density of metal nanoparticles, and the surface cleanliness are all precisely controlled
in the UHV chamber. Thus, it simplifies the complexity of real catalysts, and the scientific
questions of interest are focused. In Chapter 2, this improved SCAC apparatus and the process for
measuring the adsorption and adhesion of metals on oxide surfaces are described in detail.

Ni-based heterogeneous catalysts have wide applications with promise for catalyzing
important industrial reactions. However, Ni nanoparticles deactivate via sintering and coke
formation under reaction conditions.> 2 A common strategy to extend the lifetime of Ni
nanoparticles is anchoring the Ni nanoparticles on selected oxide surfaces. The interaction between
the Ni nanoparticles and the oxide supports not only keeps the Ni nanoparticles from sintering and
coke formation but also perturbates the electronic properties of Ni atoms, which can lead to better
performance for catalyzing reactions.?>3* In Chapter 3 and Chapter 4, Ni nanoparticles supported
on reducible ceria CeO2.x(111) and magnesia MgO(100) are studied using SCAC and other surface
spectroscopies at 300 and 100 K. The coverage-dependent heats of adsorption of Ni on oxide
surfaces were first measured using SCAC by depositing Ni onto the oxide single-crystal surfaces
in a pulsed molecular beam. The growth morphology of Ni nanoparticles on oxide surfaces was
monitored using He™ low energy ion scattering (LEIS) spectroscopy. When the Ni atoms grow as

3D nanoparticles, the particle number densities can be determined by fitting the LEIS data points.
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Combining the energetic information from SCAC and the structural information from LEIS, the
measured heat of adsorption is correlated with the particle size. The heat of adsorption can also be
converted to the chemical potential of Ni atoms in the nanoparticles with a given size, which
provides direct and quantitative measurements of the size effect of metal nanoparticles.

Conditions were controlled in the experiments to study the factors that can affect the Ni
nanoparticle growth. In Chapter 3, three cases are shown for Ni growth on CeOax(111):
CeO1.05(111) at 300 K, CeO1.8(111) at 300 K, CeO1.95(111) at 100 K . The comparison among these
three cases shows that Ni atoms bind most strongly on the step edges of CeO1.95(111). When the
Ni atoms can diffuse to the favored step edges, they prefer to nucleating on step edges instead of
terraces. Ni atoms bind the reduced ceria CeO1.8(111) more weakly than the stoichiometric ceria
Ce01.95(111), which suggests that the lattice oxygen of ceria plays a key role in the interaction
between Ni and ceria. X-ray photoelectron spectroscopy (XPS) gave that Ni atoms can be oxidized
on Ce01.95(111) at low coverage while they remain mostly metallic on CeO1.g(111). The electronic
perturbation of stoichiometric ceria on supported Ni nanoparticles is closely related to the activity
and selectivity for catalyzing water-gas shift (WGS) reaction. In Chapter 4, it shows the results for
the Ni growth on MgO(100) was studied at 300 and 100 K. Ni atoms grow 3D nanoparticles at
300 K, while they grow 2D islands and cover the whole surface area quickly at 100 K.

The heated discussion on Ni-based catalysts is not the only motivation for the studies
presented here. In previous studies, Campbell and co-workers reported a strong linear correlation

of the adhesion energies Eaan (in a unit of J/m?) of metal nanoparticles on oxide surfaces with the

sub,M f£,M0,

oxophilicity of the metal.®® *® The oxophilicity is defined as [(AH -AH )/NAJ/QZB‘,

where AH_, , is the sublimation enthalpy of the bulk metal, AH, ,

o Is the formation enthalpy



of the most stable oxide of the metal (per metal atom), N, is the Avogadro’s number, and Q  is

the volume per atom in the bulk metal.*>* The Q, ** factor converts the oxophilicity from units

of energy per metal atom to energy per unit area of metal surface, which is necessary for
understanding adhesion energies, which are also energies per unit area on metal / oxide interface.
Based on the adhesion energies measured with SCAC and particle shape measurements on clean
Ce01.95(111) and MgO(100) surfaces, the adhesion energies of metals are found linearly correlated
with the metals’ oxophilicity, and the linear correlation for these two oxides have identical slope
but different intercepts. The members of the Campbell group at the University of Washington have
measured the adhesion energies of Pb, Ag, Au, Cu on Ce0O1.95(111) and MgO(100) surfaces using
SCAC. Among these metals, Pb has the lowest oxophilicity (7.07 J/m?), and Cu has the highest
oxophilicity (16.19 J/m?). The linear correlation matches the data well in this range for
CeO1.05(111) and MgO(100). For comparison, the oxophilicity calculated for Ni is 22.72 J/m?,
which is much higher than any other metals studied before. This is another driving force for the
studies about Ni presented here: to prove that the linear correlation between the metal adhesion
energies and the oxophilicity can be extended to metals with higher oxophilicity. In Chapter 5, the
adhesion energies of Ni on CeO195(111) and MgO(100) are calculated based on the chemical
potential of Ni atoms in nanoparticles.®® In previous studies, the adhesion energies are calculated
with the integral heat of adsorption and the LEIS data using a simple thermodynamic cycle. A
built-in assumption in this method is that the metal atoms form the same phase in the nanoparticles
as the bulk metal. However, this assumption does not hold for Ni nanoparticles supported on some
oxide surfaces. Using the method described above to calculate the adhesion energies, Ni has
negative adhesion energies on CeO1.95(111) and MgO(100), which does not make physical sense.

A previous study shows that when Ni is deposited on MgO(100) at 120 °C, the Ni nanoparticles
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formed with a diameter of 2.5 nm have a metastable hexagonal close-packed (hcp) phase to release
the lattice mismatch (-16%). 3" The lattice mismatch between CeO195(111) and Ni(111) is even
bigger (-35%) *. Thus, it is possible that Ni atoms also form a metastable phase on CeO1.05(111)
to release the strain due to the lattice mismatch, and the method described above for calculating
the adhesion energies also fails in this case. To calculate the adhesion energies of Ni on
Ce01.95(111) and MgO(100), we instead fit the data plot of the Ni chemical potential versus the Ni
particle diameter. In previous studies, an equation was derived to describe the relationship between
the metal chemical potential in metal nanoparticles and the metal particle diameter.®® In Chapter
5, this equation is slightly improved by introducing a new term as the sublimation enthalpy of the
metastable phase of Ni in the nanoparticles. By fitting the data plot of the Ni chemical potential
versus the Ni particle diameter with this improved equation, the two fitting parameters are
obtained: the adhesion energies of Ni on the oxide surfaces and the sublimation enthalpies of the
metastable phase of Ni. The sublimation enthalpies are slightly lower than that of the most stable
face-centered cubic (fcc) phase of bulk Ni. The obtained adhesion energies of Ni to MgO(100) and
CeO1.95(111) are well fit in the previous trend in adhesion energies of metal nanoparticles to oxide
surfaces.

The interaction between the metal nanoparticles and the support materials does not tell a
complete story of the heterogeneous catalysis. The support material can tune the electronic and
structural properties of the metal nanoparticles. Finally, the reaction activity and selectivity are
affected because the energies of the species (i.e., the intermediates and the transition states) in the
reaction mechanism are changed.®? To find the optimized catalyst on which all the species in the
reaction have the “just right” energies, people first need to know how the reaction rate changes

with the energies of species. A simple but practical rule about the question is the Sabatier



7
principle.®® The Sabatier principle states that the binding between the catalyst and the substrate
should be neither too weak nor too strong. If the binding is too weak, the substrate cannot
effectively bind to the catalyst, and the reaction will not happen. If the binding is too strong, the
product will fail to dissociate from the catalyst. As the binding energy of the substrate to the
catalyst increases, the reaction rate increases first and then decreases after it passes the optimal
point. This rate versus binding energy curve is called the volcano curve. The application of the
volcano curve in the real study of catalysis is complicated. Not only the substrate can affect the
reaction rate. In fact, every species in the reaction mechanism has the potential to affect the reaction
rate. Thus, the optimization of the catalyst needs to be conducted on several dimensions, and the
volcano curve becomes the volcano plot in real studies.

To simplify the work for understanding the reaction mechanism and searching for better
catalysts, a concept called the degree of rate control (DRC) is introduced. It was first raised to
define the rate-determining step (RDS).*° The rate-determining step assumption is known as a
central concept in chemical kinetics. It simplifies complicated multistep reactions to a single step
that dominates the kinetic behavior of the reaction. Despite its great success, a problem with the
RDS assumption is that there is no strict and reliable definition for the RDS.* The definition of

the degree of rate control is*> 43

X = aln—(r) (1.2)
! a(—Gf/RT) .

where In(r) is the logarithm of the net rate to the product of interest, G is the standard-state Gibbs

free energy of the transition state in Step i. By its definition, the DRC of Step i, Xi, is the relative

increase in the net rate to the product of interest due to a (differential) decrease in the standard-
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state free energy for the transition state for Step i (divided by RT), while holding constant the
standard-state free energy for all other transition states and all intermediates. If there is a single
RDS in the reaction mechanism, such RDS has a DRC equal to 1, and all other steps have zero
DRCs. If there are several steps exhibit rate control, these steps will have nonzero DRCs with a
value between 0 and 1, and their DRCs sum up to 1.%*%* Since the DRC is defined based on the
standard-state Gibbs free energies, its application is extended from the transition states to all other
species in the reaction mechanism, including the reactants, the intermediates, the transition states,
and the products.*? Eq (1.1) can still be used to define this generalized DRC. Instead of the DRC
of Step i, Eq 1.1 now defines the DRC of species i. The DRC of species i gives the relative increase
in the net rate to the product of interest due to a (differential) decrease in the standard-state free
energy for species i (divided by RT), while holding constant the standard-state free energy for all
other species. Only a few species with nonzero DRCs exhibit rate control, so the DRC analysis
can simplify complicated reaction mechanisms to a few rate-controlling species.

The DRC analysis is usually performed together with the microkinetic modeling. The DRC
of species i is calculated by differentiating the standard-state Gibbs free energy of species i and
finding the corresponding change in the net rate of the reaction from a full microkinetic modeling.
Although it is defined mathematically, the DRC can also be related to some parameters that are
accessible experimentally, which means people can measure DRC with well-designed
experiments. It was reported that for a surface catalyzed reaction, the DRCs of the adsorbed
intermediates are proportional to their fractional coverage, and the proportional factor is usually -
2.42:%3 In Chapter 6, a proof for this relationship between the DRCs of the adsorbates and their
fractional coverages is given. The proportional factor comes from the number of sites that

participate in the elementary steps. If there is a single RDS in the reaction mechanism, and there
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are two sites involved in this RDS, the proportional factor equals -2, and this is the most common
case for surface catalyzed reactions. If there is a single RDS, and there is only one site involved,
the proportional factor equals -1. If there are several steps exhibit rate control, the proportional
factor equals a weighted average of the number of sites that participate in these steps using the
DRC:s of these steps as the weighting factor. This relationship allows people to obtain the DRCs
of the adsorbed intermediates by measuring their fractional coverage, even without knowing the
full reaction mechanism and establishing a microkinetic model.

An application of DRC is understanding and interpreting the Kinetic isotope effect (KIE).
If one or several atoms in the reactant are replaced with its isotope, the energies of the species in
the reaction mechanism will change, and the overall rate of the reaction will also change. This
phenomenon is called the kinetic isotope effect. KIE is a useful tool for studying reaction
mechanisms. By measuring the KIE, people can determine if a step involving the atom that is
replaced with its isotope is the RDS, or if two reaction paths share a common transition state.>48
However, it can lead to conceptual mistakes if people only consider the RDS when they interpret
KIE. In Chapter 7, the DRC analysis is used to interpreting and predicting KIE. The KIE results
from the energy change of species in the reaction mechanism upon isotope substitution, and only
rate-controlling species with nonzero DRCs contribute to the KIE. An equation is derived to
calculate the KIE as the rate ratio between the reactions before and after the atoms are substituted
with their isotopes, using the DRCs of the species and their free energy change upon isotope
substitution. These rate-controlling species are not necessarily in the RDS, so considering the RDS
only can easily cause misunderstanding on the KIE.

For a single-step reaction, the KIE is usually attributed to the activation energy change due

to isotope substitution. In Chapter 7, it has been proved that the DRC analysis can be used to
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calculate the KIE for a multistep reaction. Therefore, it is possible to relate the DRCs of species in
a multistep reaction to its activation energy, which is usually called the apparent activation energy
of the multistep reaction. The catalysts are used to accelerate reactions by reducing the activation
energies of the reactions. The apparent activation energy Eapp is a key parameter to describe how
well a catalyst works. Despite its importance, the origin of Eapp and its relationship with the
reaction mechanism has not been strictly described before. In Chapter 8, an equation is derived,
which describes a simple relationship between the apparent activation energy and the energy
diagram of the reaction via DRC analysis. It is proved that Eapp equals a weighted average of the
standard-state enthalpies of the species in the reaction mechanism, using their DRCs as weighting
factors, plus RT. The derived relation clearly defines the role of rate-controlling intermediates and
rate-controlling transition states, quantifying exactly the extent to which their enthalpies contribute

to the apparent activation energy.
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Chapter 2. Experimental Methods

The single-crystal adsorption calorimetry (SCAC) experiments are performed in ultrahigh
vacuum (UHV) chambers with a typical base pressure <2x107° Torr. The apparatus designed for
measuring metal vapor adsorption and adhesion to metal oxide surfaces consists of three UHV
chambers: a sample preparation chamber, a main chamber and a beam chamber. In the sample
preparation chamber, the ultrathin oxide films are grown on the metal single-crystal samples. The
main chamber has the SCAC heat detector, together with other surface characterization
instruments, including X-ray photoelectron spectroscopy (XPS), He™ low energy ion scattering
spectroscopy (LEIS), and low-energy electron diffraction (LEED). An e-beam evaporator is placed
in the beam chamber for melting metal pellets and generating metal vapor. The apparatus and the
methods have been discussed in detail previously. ' In this chapter I will briefly describe how the

apparatus works for the systems of Ni/CeO2x(111) and Ni/MgO(100).

2.1 SAMPLE PREPARATION

The ultrathin metal oxide films are grown epitaxially on 2-um-thin single crystal metal
samples. The metal single crystals are supplied by Jacques Chevallier at Aarhus University in
Denmark. Before the oxide film growth, the metal single crystals need to be cleaned by successive
cycles of 1 kV Ar* sputtering and annealing. If there is carbon presented in XPS, the sample also
needs to be annealed in 1x10® Torr O; at 1073 K for a few minutes. The single crystal is qualified
for sample growth when there is no C or O presented in XPS, and the single crystal gives a sharp
LEED pattern.

The CeO2x(111) thin films (x = 0.05 and 0.2) were grown on a clean Pt(111) single crystal

surface as described previously* via reactive evaporation of Ce in an atmosphere of 1x10° Torr
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O at 873 K. The as-grown films were annealed in the same pressure of O for another 5 min to
ensure an ordered surface and minimize the density of O vacancies. This procedure results in a
film of CeO1.95(111). To obtain the partially reduced CeO1(111) film, the O pressure is reduced
to 1x107 Torr, and the post annealing time is reduced to 30-90 s. The thickness of the CeO2.x(111)
film is determined to be ~4 nm by the attenuation of the Pt 4pz XPS peak with the inelastic mean
free path of Pt 4pas;. This is thick enough to give a bulk-like behavior based on the adsorption
energy of Ag vapor.*® A sharp (1.4x1.4) LEED pattern was observed for the as-grown CeO2x(111)
films, indicating the surface was well ordered and the epitaxial relationship with the underlying Pt
was in agreement with prior reports.>® The Ce oxidation states were characterized with XPS based
on lineshape fitting of the Ce 3d peaks as described previously®L.
The MgO(100) thin films were grown on a 2-um-thick Mo(100) single crystal sample with
a similar procedure.® Briefly, Mg was first evaporated onto the Mo(100) sample in vacuum at 25
°C for 1 min and then in 1x10° Torr of O, background with the Mo(100) sample heated up to 300
°C. The as-grown film was annealed in 1x10°® Torr of O at 550 °C for another 2 min to ensure a
minimum concentration of O vacancies and to order the surface of the film. The thickness of the
MgO overlayer is ~4 nm estimated using the attenuation of Mo 3pa. peak in XPS measurement.
The MgO(100) surface order was verified by the observed square (1x1) LEED pattern that is
expected.>® More details of the characterization of the films grown in this way are provided

elsewhere.5?

2.2 HEAT MEASUREMENT

Metal vapor adsorption calorimetry was performed as described previously.!” The prepared
single crystal sample with an oxide film is transferred from the sample preparation chamber to the

main chamber, and placed into grooves on a fixed thermal reservoir. The reservoir is cooled with
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liquid N2 to perform experiments at 100 K. A pyroelectric polyvinylidene fluoride (PVDF) ribbon
is pressed against the backside of the 2-um-thick metal single crystal as the heat detector. During
the experiment, a well-defined 4.26 mm diameter beam of Ni atoms is generated from an e-beam
evaporator, collimated though a series of apertures, chopped into 100 ms pulses, and finally dosed
onto the sample. The heat release upon the adsorption of Ni atoms is detected by the PVDF ribbon.
For each calorimetry run, the heat detector’s response is calibrated by pulses from a HeNe laser
(632.8 nm) with known power. To subtract the signal of the thermal radiation from the hot metal
source, the sample is blocked by a BaF> window that only allows a known fraction of radiation to
penetrate. To measure the transmission coefficient of the BaF, window, the HeNe laser is shot on
the sample with and without the BaF> window, and two signals are generated. The ratio of these
two signals gives the transmission coefficient (~90%), assuming it is the same for the laser and the
evaporator infrared radiation. The signal measured associated with the radiation is corrected with
the BaF» transmission and subtracted from the total heat signal, to leave only the part that is due
to Ni vapor adsorption. As we always do in SCAC, this heat is corrected for the difference in the
metal vapor’s internal energy (2RT in a directed beam) between the metal vapor source
temperature (~2000 K) and the surface temperature (100 or 300 K), so that the heats reported
below are equal to the negative of the standard enthalpy of Ni adsorption at the surface
temperature.

The flux of Ni atoms is measured with an on-axis and an off-axis quartz crystal
microbalance (QCM). The off-axis QCM facing directly to the e-beam evaporator monitors the
flux throughout the whole experiment. The on-axis QCM is placed at the sample position only

before and after the adsorption calorimetry. The beginning and ending fluxes measured by the on-
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axis QCM are used to scale the off-axis QCM fluxes so that it provides the Ni flux at the sample
position for all times during the calorimetry.

The sticking probability of each pulse is measured simultaneously with its heat using a
modified King and Well’s method.> The quadrupole mass spectrometer (QMS) is located at the
angle of 35° from the surface normal. It detects the reflected fraction of Ni atoms during the heat
measurement. A heated W flag is placed in the sample position after these measurements to record
the QMS signals associated with zero sticking (100% reflected). The ratio of the reflected QMS
signals and the zero sticking QMS signals determines the sticking probabilities in each pulse.
Combining the flux and the sticking probability, we calculated the amount of Ni atoms that stick
to the sample in each pulse. The differential heat of adsorption versus the cumulative coverage of
Ni is thus available. The Ni coverages are reported here in monolayers (ML), where 1 ML is
defined as the areal density of coordinatively-unsaturated O atoms on the ideal bulk-terminated
oxide surface. For CeO2x(111) 1 ML is 7.89x10'® atoms per m?, and for MgO(100) 1 ML is

1.12x10% atoms per m?.

2.3 GROWTH MORPHOLOGY

The growth morphology of adsorbed Ni on MgO(100) was determined using He™ low
energy ion scattering (LEIS) with an incident angle of 45° from normal and a scattering angle of
135°, and an incident ion energy of 1000 eV. Using the Ni/MgO(100) system as an example,
gaseous Ni is deposited onto the oxide films at 300 and 100 K in discrete amounts. The Ni and Mg
signals in He* LEIS are monitored after each Ni dose. The integrated Ni signals are normalized to
the signal from a thick Ni overlayer (>10 nm average thickness). The Mg signals are normalized
to those for a clean MgO(100) surface. The circular atomic-beam spot of metal deposition on the

sample consists of an umbra of 4.00 mm in diameter and a penumbra of 4.52 mm in diameter, and
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the effective beam diameter is 4.26 mm.” Since the detected area of the LEIS energy analyzer is
~30% wider than this diameter,> the Mg signals from this out-of-spot area (i.e., ~30% of the Mg
signal for a clean MgO(100) surface, or the residual Mg signal after 10-nm-thick Ni is deposited)
is subtracted from each measured Mg LEIS signal. The normalized LEIS signals give the fraction
of surface area that is covered by Ni nanoparticles.>® The plots of the normalized LEIS signals

versus the Ni coverage indicate different growth morphology.
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Chapter 3. Ni Nanoparticles on CeO,«(111): Energetics, Electron
Transfer and Structure by Ni Adsorption
Calorimetry, Spectroscopies and DFT
This chapter has been published as:

Z. Mao, P. G. Lustemberg, M. V. Ganduglia-Pirovano, C. T. Campbell, ACS Catalysis, 2020, 10,
5101-5114.

Chapter Abstract

The morphology, interfacial bonding energetics and charge transfer of Ni clusters and
nanoparticles on slightly-reduced CeO>.x(111) surfaces at 100 to 300 K have been studied using
single crystal adsorption calorimetry (SCAC), low-energy ion scattering spectroscopy (LEIS), X-
ray photoelectron spectroscopy (XPS), low energy electron diffraction (LEED) and density
functional theory (DFT). The initial heat of adsorption of Ni vapor decreased with the extent of
pre-reduction (x) of the CeO2.x(111), showing that stoichiometric ceria adsorbs Ni more strongly
than oxygen vacancies. On CeO1.95(111) at 300 K, the heat dropped quickly with coverage in the
first 0.1 ML, attributed to nucleation of Ni clusters on stoichiometric steps, followed by the Ni
particles spreading onto less favorable terrace sites. At 100 K, the clusters nucleate on terraces due
to slower diffusion. Adsorbed Ni monomers are in the +2 oxidation state, and they bind by ~45
kJ/mol more strongly to step sites than terraces. The measured heat of adsorption versus average
particle size on terraces is favorably compared to DFT calculations. The Ce 3d XPS lineshape
showed an increase in Ce®*/Ce** ratio with Ni coverage, providing the number of electrons donated
to the ceria per Ni atom. The charge transferred per Ni is initially large but strongly decreases with
increasing cluster size for both experiments and DFT, and shows large differences between clusters

at steps versus terraces. This charge is localized on the interfacial Ni and Ce atoms in their atomic
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layers closest to the interface. This knowledge is crucial to understanding the nature of the active
sites on the surface of Ni-CeO- catalysts for which metal-oxide interactions play a very important
role in the activation of O—H and C—H bonds. The changes in these interactions with Ni particle
size (metal loading) and the extent of reduction of the ceria help to explain how previously reported

catalytic activity and selectivity change with these same structural details.
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3.1 INTRODUCTION

Nickel supported on CeO is an important catalyst material with promise in a wide variety
of applications,?® 26 29 30. 33, 56-67 narhaps most importantly in the direct conversion of methane to
methanol.'* Ceria is a widely-used support material for late transition metal catalysts, %8° and is
well known to enhance the stability of supported metals to resist deactivation by sintering.% 68 69
173 The (111) face of CeOy is the most studied and well-understood among the low-index faces
of ceria in terms of structure and reactivity. Thus the interaction of Ni with the CeO2(111) surface
is of fundamental interest in catalysis. Recent works have shown that Ni-ceria interactions are
crucial to achieving high catalytic performance.®%-1214 In particular, it has been found that
oxidized Ni species (Ni*) at the Ni-ceria interface that result from the transfer of two 4s electrons
from Ni to the empty 4f band of ceria, generating two Ce®" ions, activate O—H and C—H bonds at
room temperature. Moreover, the metal loading has a drastic effect on the catalytic properties. For
example, as the coverage of Ni increases and 3D nanoparticles form, the dissociation of O—H
bonds is hindered on the Ni atoms that are not in direct contact with the ceria support,® and the
ability of the system to dissociate methane is also hindered due to the formation of NiCx on the
surface. ! Because the strong electronic perturbations in chemisorbed Ni species on ceria, which
produce dramatic changes in their chemical properties, are extremely sensitive to the coverage of
Ni on the ceria substrate, it is crucial to understand how the structure, heat of adsorption, and the
amount of Ni— ceria charge transfer changes with Ni coverage.

Here we study the morphology and interfacial energetics of vapor-deposited Ni on slightly-
reduced CeO2(111) surfaces using metal vapor adsorption calorimetry, surface analysis techniques
and density functional theory. The results reveal that Ni grows as 3-dimensional particles and

clarify electronic details of the Ni - CeO: interactions. The results show that the heat of Ni
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adsorption and the number of electrons donated to the ceria per Ni atom change strongly as the
size of the Ni clusters grows and with the extent of reduction of the ceria support, and that the Ni
clusters bind more weakly to (111) terrace sites than to step edges.

These results help explain the unique properties of ceria as a support for Ni nanoparticle

catalysts.

3.2 COMPUTATIONAL METHODS

All electronic structure calculations were carried out using the spin-polarized DFT
approach as implemented in the Vienna ab initio simulation package (VASP) {vasp site,
http://www.vasp.at; version vasp.5.3.5}"4 7® Ce (4f, 5s, 5p, 5d, 6s), O (2s, 2p), and Ni (3p,3d,4s)
electrons were explicitly treated as valence states within the projector augmented wave (PAW)
method’® with a plane-wave cutoff energy of 415 eV, whereas the remaining electrons were
considered as part of the atomic core. Total energies and forces were calculated with a precision
of 10 eV and 102 eV/A for electronic and force convergence, respectively, within the DFT+U
approach by Dudarev et al.”” (Uert = U — J = 4.5 eV for the Ce 4f electrons) with the generalized
gradient approximation (GGA) proposed by Perdew, Burke, and Ernzerhof (PBE).”® We note that
questions regarding the best value for the U parameter are still under debate.”®8! Nonetheless, most
DFT+U studies of reduced ceria-based systems agree that U values in the range of 4.5-6.0 eV with
GGA are suitable for the description of the localization of charge driving the Ce** — Ce%*
reduction. However, one should bear in mind that there is in general no unique U that gives a
reasonable account of all systems’ properties.®?# Long-range dispersion corrections were also

considered, employing the so-called DFT-D3 approach.85:8
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3.3 RESULTS
3.3.1  Ni Sticking Probability on CeO2.x(111)

The sticking probability was measured using the signal for non-sticking Ni gas atoms in
each pulse detected with the transient QMS signal for Ni gas, normalized to the signal for the
reference zero-sticking pulse from a hot W flag, where no permanent sticking occurs. For all three
systems we studied (CeO1.95(111) at 300 K, CeO1g(111) at 300 K, CeO195(111) at 100 K), the

sticking probability started at ~97% and increased to unity within the first 0.5 ML.

3.3.2  Ni Growth Morphology on CeO2x(111)

Gaseous Ni was deposited onto CeO2(111) films at 300 and 100 K in discrete amounts.
The Ni and Ce signals in He™ LEIS were monitored after each such Ni dose. The integrated Ni
signals were normalized to the signal from a thick Ni overlayer (>10 nm average thickness). The
Ce signals were normalized to those for a clean CeO2x(111) surface taken at the beginning of each
experiment. The normalized Ni LEIS signal gives the fraction of surface covered and shadowed
by Ni nanoparticles, and the normalized Ce signals give the fraction of surface which is not masked
by Ni. The normalized Ni and Ce LEIS signal data are plotted versus Ni coverage in Figure 3.1
and compared with two typical growth models. The straight dashed lines correspond to the
normalized LEIS signal that would be expected if Ni grew in a layer-by-layer mode. They do not
fit well with the measured LEIS data. The solid curved lines correspond to 3-dimensional (3D)
growth mode assuming the Ni grows as 3D particles with the shape of flat disks with a constant
aspect ratio (height / diameter) of 0.25 on CeO1.95(111) and 0.20 on CeO15(111), as suggested by

STM studies.®? In the flat-disk model, we assume that the Ni particles all have this same shape at
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all coverages and the same size at any given coverage, and the particle number density n does not
change with metal coverage (i.e., the saturation number density of nuclei is reached by the first
dose, as is generally the case for such systems®’). This model is applied only up to the coverage
where ~35% of the surface is covered by particles, since particles overlap with each other at higher
area fraction. Previous work showed that, if the particles grow as hemispherical caps, the total
surface area masked by particles in the LEIS signals for the incident and detection angles used
here is 1.207 times the metal/support interfacial area, due to a shadowing effect.>® This ratio,
calculated in the same way, is changed to 1.318 for CeO1.95(111) and 1.255 for CeO1g(111) based
on their flat-disk aspect ratios (height/diameter = 0.25 and 0.20, respectively). With these
assumptions, the particle number density n is the only fitting parameter in the equation, and it is
determined from the best fitting line in Figure 3.1.

Following this approach, the flat-disk model gives a good fit to the LEIS data as shown in
Figure 3.1, and the best-fit particle number densities on CeO2.x(111) at 300 and 100 K are shown.
The extent of reduction of the ceria has only a minor effect on the Ni particle density. At 300 K, it
was 3.6x10'? particles/cm? on CeO1.95(111), and 4.5x10'2 particles/cm? on CeO15(111). A similar
small increase in the particle density with extent of reduction was reported based on STM images. 2
Comparing the growth of Ni on CeO1.95(111) at 300 and 100 K, a huge temperature effect was
observed. The Ni particle density on CeO1.95(111) was 1.3x10% particles/cm? at 100 K, about 4-

fold higher than at 300 K.

3.3.3  Heat of Adsorption of Ni on CeO2x(111)

The heat of adsorption of Ni gas atoms on CeO2x(111) for x = 0.05 and 0.2 at 300 K and

for x = 0.05 at 100 K are plotted in Figure 3.2 as a function of Ni coverage. At 300 K on
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Ce01.95(111), Ni has an initial heat of adsorption of 345 kJ/mol, and it decreases rapidly to 323
kJ/mol by 0.2 ML. The heat then increases, slowly approaching the sublimation heat of bulk Ni at
430 kJ/mol by 9 ML. This type of reverse in slope with coverage has been seen before and
attributed to the adsorption of metal adatoms to stronger-binding defects (step edges) at the lowest
coverage that become saturated as coverage increases.®® Thus, the initial heat of 345 ki/mol on
CeO1.95(111) is attributed to Ni adsorption at step edges. The minimum heat occurs at 0.1-0.2 ML
Ni, which is consistent with the step-site density of ~5% of the total sites, given that some Ni atoms
will bind to other Ni atoms in clusters rather than directly at step sites as the step sites approach
saturation by Ni atoms. On CeO1g(111), where the degree of reduction is larger and there are
many more O vacancies, the initial heat at 300 K is 65 kJ/mol lower than for CeO1.95(111) (280 vs
345 kJ/mol), and the heat remains lower up to ~0.2 ML. This clearly shows that Ni atoms do not
prefer oxygen vacancies on CeO(111), the opposite as we observed for Ag and Au adsorption,*®
8 but the same as for Cu.>* This is consistent with the fact that Cu and Ni are much more oxophilic
than Ag and Au, so they prefer to bind to the surface O atoms. The stronger binding of Au and Ag
atoms to oxygen vacancies than that to stoichiometric terrace sites was also predicted by DFT
calculations®-** and confirmed experimentally®>®8 in previous literature, though the decoration of
oxygen vacancies by Au atoms has been challenged by recent STM experiments.®* On
Ce01.8(111), there is no minimum in the heat of Ni adsorption versus coverage of the type seen on
Ce01.95(111) here. We attribute this to the preferential loss of the step-edge oxygen atoms (by far
the least stable type of lattice O%) upon reduction, so that the step edges on CeO1.5(111) no longer

have enough O atoms to make more stable sites for Ni than stoichiometric terrace sites.
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At 100 K, the heat of Ni adsorption on CeO1.95(111) is initially 45 kJ/mol lower than that
at 300 K, and remains lower until 2 ML. There is also no minimum in heat versus coverage of the
type seen at 300 K. We attribute this to the lack of mobility of the metal adatoms at 100 K so that
they cannot diffuse to the stronger-binding step sites as they do at 300 K, and thus remain on
terrace sites and nucleate particles there instead.

Dividing the Ni particle number density from the flat-disk model fit to Figure 3.1
(particles/cm?) by the Ni coverage (atoms/cm?), gives the average number of Ni atoms per particle
at each coverage. Assuming these particles have the same density as bulk Ni(s), gives the volume
per particle. Combining this volume with the disk shape (aspect ratio stated above) also gives the
average Ni particle (flat disk) diameter at each coverage. Using this approach, the heat-versus-
coverage data in Figure 3.2 have been replotted as Ni heat of adsorption vs the average Ni particle
(flat-disk) diameter, as shown in Figure 3.3a.

Figure 3.3a shows the heat of Ni adsorption versus particle diameter on CeO1.95(111) at
300 K and 100 K and CeO1g(111) at 300 K. At 300 K, the heat of Ni adsorption on Ni
nanoparticles smaller than 1.5 nm in diameter supported on CeO1.95(111) is higher than that on Ni
nanoparticles supported on CeO18(111), indicating that Ni does not bind more strongly to oxygen
vacancies on this surface. Above 1.5 nm diameter, the extent of reduction of CeO2.x does not show
a significant influence on the heat of Ni adsorption onto Ni nanoparticles. The plot for CeO1.05(111)
at 100 K stops at 1.5 nm diameter because the fractional surface area masked by Ni nanoparticles
reaches ~35% here, and the flat-disk model used to fit the LEIS data is no longer appropriate at
higher coverages. The heat of Ni adsorption on CeO1.95(111) at 100 K for a given particle diameter
below 1.3 nm is lower than the value for CeO1.95(111) at 300 K. At 0.6 nm diameter, the difference

is ~40 kJ/mol. We attribute this difference to the nucleation of Ni particles at step edges, where
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they bind more strongly than on CeO»(111) terraces (by ~40 kJ per mole of Ni atoms at the smallest
sizes measured). Due to the much slower diffusion of Ni atoms at 100 K, they are not able to
nucleate particles at step edges, but at 300 K they can. When the particle diameter exceeds ~1.3
to 1.5 nm, the heat of Ni adsorption under all three conditions (i.e., CeO195(111) at 300 K,
Ce01(111) at 300 K, CeO1.95(111) at 100 K) only show small differences between each other.
Apparently, the new Ni atoms that add to particles larger than ~1.4 nm predominantly bind to sites
that are far enough from step edges that they feel little effect of the step sites. Because of the much
larger particle number density at 100 K than at 300 K, this particle size (> 1.4 nm) is not reached
until a 4-fold higher coverage at 100 K. This size difference explains why the heats of adsorption

in Fig. 2 at 100 K remain below those at 300 K until very high coverage.

As reported previously,'® we can convert the differential heats of Ni adsorption measured
here to the chemical potential of Ni atoms by assuming that the entropic contribution to the free
energy is negligible compared to the huge enthalpic differences measured here. The difference
between the chemical potential of Ni atoms in nanoparticles with a given diameter D and the
chemical potential of Ni atoms in bulk Ni metal (set as the zero reference of chemical potential)
equals the sublimation heat of bulk Ni minus the heat of Ni adsorption onto Ni nanoparticles with
diameter D.%® The data in Figure 3.3a have been replotted in Figure 3.3b as the chemical potential
of Ni atoms in Ni nanoparticles versus the average particle diameter. As seen, the chemical
potential generally decreases with increasing particle size, as has been reported for many related
systems, and is largely related to the increasing number of metal-metal bonds per atom with

increasing size.'® 5% 8.100 The chemical potential initially increases with increasing particle size
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for CeO195(111) at 300 K, due to the initial population of more stable sites at step edges, which
saturate quickly as coverage increases.

It appears from Figure 3.3 that Ni particles do not nucleate at step edges on the CeO1g(111)
surface even at 300 K, or that step edges do not bind Ni significantly more strongly than terraces
on this heavily reduced ceria surface, especially since O vacancies prefer to form at step edges, as

noted above.

3.3.4  Charge Transfer from Ni to CeO2x(111) during Deposition

The change of Ce oxidation state in the CeO2x(111) surface during Ni deposition was
monitored by monitoring the change in the Ce 3d XPS peak lineshape. The percentage of Ce®* in
the Ce 3d XPS probe depth (~1 nm) was determined from lineshape fitting of the XPS Ce 3d peak
as described previously.>! 1% The Ce®* percentage is plotted with respect to Ni coverage in Figure
3.4. The Ce*" percentage increases rapidly with the Ni coverage up to 2 ML for CeO1.05(111) at
300 and 100 K. Above 2 ML, the Ce®" percentage does not change much with the Ni coverage,
remaining very near the high-coverage (10 ML) limit of 22% at 300 K and 19% at 100 K. For
CeO15(111), the Ce®* percentage also increases in the first 2 ML, but only from 41% to 46%, and
again stays fairly constant with coverage above 2 ML.

To quantify the extent of charge transfer per Ni atom to the film, we assume that the Ce
atoms in the CeO2.x(111) film are reduced by the electrons donated from the Ni atoms by the
percentage plotted in Figure 3.4, but only down to the XPS probe depth of 1.0 nm, with no
reduction below that. (Using the TPP-2M equation® to calculate, the electron inelastic mean free
path in CeO, for Ce 3d XPS peak is 1.24 nm. Since the XPS data was taken with the energy

analyzer at 45° to the normal angle of the sample, 70% of the XPS signal of Ce 3d peak comes
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from the first 1.0-nm-thick layer of ceria in the sample.) Using the number of Ce atoms per unit
area in this probe depth (2.5 x 10*® Ce atoms per cm?), the data point in Figure 3.4 at each Ni
coverage can then be converted to the average number of electrons donated per Ni atom, as done
previously for Cu on this same surface.>! If we further assume that Ni can only be in the form of
neutral Ni or Ni?*, this average number of electrons donated per Ni atom can be converted to the
fraction of total Ni that is oxidized to Ni?*. Figure 3.5a shows the resulting number of electrons
donated per Ni atom and fraction of Ni%*, calculated based on data in Figure 3.4, plotted versus Ni
coverage. These both decrease rapidly with coverage, and are much smaller values on the more
reduced ceria.

We observed that the Ni 2ps2 XPS peak’s binding energy (BE) at low Ni coverages had
large contributions in the region expected for Ni%*. This was studied in more detail by Carrasco et
al.®3, as shown in Figure 3.5b, where their Ni 2ps;2 BE for Ni on CeO2(111) at 300 K is plotted as
a function of Ni coverage. For a coverage of 0.15 ML of Ni, they reported a shift of ~2 eV with
respect to the reported value for metallic Ni, which indicates the formation of Ni?*.1%® Zhou et al.*%
also observed with XPS that when ~0.5 ML Ni (which is ~1.2 ML in the definition of this paper)
is deposited onto the fully oxidized CeO2(111) at 300 K, about 25% of the total Ni is oxidized to
Ni%*.

For the convenience of comparison to DFT calculations, the number of electrons donated
per Ni atom and the fraction of Ni?* are also replotted as a function of the average number of Ni
atoms per Ni nanoparticle in Figure 3.6. Here, one clearly sees that the fraction of Ni%* is larger
for a given particle size when grown at 300 K (where they nucleate at steps and have a higher heat
of adsorption) than at 100 K where they nucleate at terraces and are less stable. Thus, step edges

seem to be important in making the Ni?* species stable. Alternatively, the temperature could have
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a direct effect in that the process to make Ni?* might have some activation barrier that is not

reached at 100 K.

3.35 DFT Models

The Nin/CeO2(111) (n=1-7, 9, 13, 19, 24, 26, 29 and 32) surfaces were modeled with DFT
by supercells with (3x3) surface periodicity, see Figure 3.7, with calculated ceria bulk equilibrium
lattice constant (CeO: 5.485 A, DFT+U). A CeO; slab of six atomics layers, i.e., two O-Ce-O
trilayers, separated by at least 13 A-thick vacuum layer, was used as model of the ceria support.
Monkhorst-Pack!® grids with (2x2x1) k-point sampling were used. All atoms in the three bottom
atomic layers were fixed at their optimized bulk-truncated positions during geometry optimization,
whereas the rest of the atoms were allowed to fully relax. The structures of the ceria-supported
Ni1, Ni, Nis.flat, and Nia.pyr aggregates (Figure 3.7) correspond to the ones previously reported,*®
61.64.66 for which the locations of the Ce®* ions, resulting from the metal-support interaction, were
optimized. For the other Ni aggregates considered, some different adsorption sites were explored,
but different Ce** configurations were not. Note that for Nin (n > 19), the (3x3) surface unit cell is
not large enough to isolate the Nin aggregates, and the models correspond to continuous rows of
supported Ni atoms, i.e., infinitely long 1D islands (i.e., stripes or wires) of Ni that are several Ni
atoms wide. Selected calculations were performed for some Nin/CeO2(111) systems with (4x4),
(2x2) and (1x1) surface periodicity and (1x1x1), (3x3x1), and (6x6x1) k-point sampling,
respectively, in order to evaluate possible variations in the number of electrons transferred from

the Ninaggregates to the ceria support as a function of Ni loading.
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Reduced extended CeO,«(111) surfaces were modeled with different concentrations of
oxygen vacancies (@ovac=1/4, 1/2, and 3/4; Oovac = NV/N, where Nv and N are the number of
surface plus subsurface vacancies in the reduced overlayer and the total number of oxygen atoms
in a single non-reduced oxygen atomic layer of the same cell, respectively) using a slab of nine
atomic layers with (2x2) periodicity, as employed in previous work.%! Furthermore, one and two
layers of Ce203 on CeO2(111) as well as the fully reduced (A-type) Ce203(0001) surface (Ce2Oz:
ao/Co = 3.92/6.18 A and internal parameters uce/Uo = 0.2471/0.6448, ferromagnetic state, DFT+U)
were also modeled; only the interaction of Niy species on the reduced supports were considered,
and this was done without accounting for long-range dispersion corrections.

The oxidation state of a given Ce ion (Ce** or Ce**) was determined by considering its local
magnetic moment (the difference between up and down spins on the ion), which can be estimated
by integrating the site- and angular momentum-projected spin-resolved density of states over
spheres with radii chosen as the Wigner—Seitz radii of the PAW potentials. The magnetic moment
of the Ce** (4f% and Ce3* (4f 1) ions is 0 and ~1 ps, respectively, because the occupation of the Ce
f states is 0 and ~1, respectively. As for the oxidation state of the Ni atoms in the supported clusters,
using the Bader analysis method,'® we obtained that only those Ni atoms in direct bonds to the
ceria support are partially oxidized, and thus, the average oxidation state of these atoms is
calculated as the total number of electrons transferred to the ceria support divided by the number
of Ni atoms with direct bonds to the support (Figure 3.7).

The integral heat of adsorption of Ni gas atoms forming Nin, clusters on the CeO2(111)
support was calculated at 0 K as Eadgs= —1/n [E(Nin/CeO2) — E(CeO2) — n*E(Niawom)] Where
E(Nin/CeO2) and E(CeOy) are the total energies of the Nin/CeO2(111) and CeO»(111) surfaces, and

E(Niaom) is that of a gas-phase Ni® atom in the d°* configuration, calculated with a (12x11x16)
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A3 periodic cell and the I'-point. The lattice parameter of bulk fcc Ni was optimized (Nipui: 3.48
A, DFT+D3), using a Monkhorst-Pack grid with (15x15x15) k-point sampling of the Brillouin
zone, and the heat (enthalpy) of sublimation of bulk Ni (bulk cohesive energy) was calculated to

be AHSACy; = 518 k/mol. These are in good agreement with prior results. 07 108

We modeled stoichiometric <110>-type steps by adding a continuous stripe (or wire) of
CeO> that was three atomic layers thick and covered 3/5 of the surface on top of a six-layer-thick
(5%3) CeO2(111) slab (like described above) and (1x2x1) k-point sampling. This is similar to
methods that have been used preciously to model steps of CeO2(111) using DFT.%® 1% Reduced
<110>-type steps with varying fractions of missing step-edge oxygen atoms (®ovac,step=1/3, 2/3,
and 1) were also modeled. This added “CeO> wire” had stoichiometry CegO1g per (5x3) unit cell
when not reduced, decreasing to CeyO1s for the most fully reduced step edge. The adsorption of
Ni1 species on these stoichiometric and reduced step edges were studied. The locations of the Ce3*
ions, resulting from the removal of the step-edge oxygen atoms and from the Ni-ceria interactions,

were not optimized in detail when modelling step sites.

3.3.6  Nimonomers on CeO and CeO2x(111) terraces: DFT results

On CeO2(111), an isolated Niy species was found to adsorb on a hollow site coordinated to
three surface oxygen atoms with Eags = 374 kd/mol, in line with previous studies (Figure 3.7).30 61
As a result of strong metal-support interactions between Ni: and CeO-, two electrons from Ni are
transferred to the support, generating two Ce3* ions, and the Ni atom becomes oxidized to Ni?* (d
8). This is qualitatively consistent with the experimental observations in Figure 3.5, although the

extent of charge transfer is not as large experimentally. This is probably related to the fact that the
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experimental surface is not stoichiometric CeOy, but instead is already partially reduced to CeO1.gs,
and the extent of charge transfer decreases with the degree of reduction (see above). For Cu
adsorption on CeO2x(111), we also found that such small amounts of pre-reduction (2.5%) greatly
decreased the extent of charge transfer at the lowest Cu coverages compared to stoichiometric
Ce0,.%!

Figure 3.8a shows the calculated heat of adsorption of a nickel atom on reduced CeO,.x(111)
surfaces. The two excess electrons resulting from the creation of a (neutral) oxygen vacancy have
been reported to be localized at cation sites in the outermost plane of cations, but not adjacent to
the vacancies, driving the Ce** — Ce®" reduction; and, the energetically most stable near-surface
oxygen vacancy structures for a broad range of vacancy concentrations all have their vacancies at
subsurface oxygen sites.!9113 As the degree of near-surface reduction increases, the adsorption
energy of the Ni atom decreases and at the same time, Ni adatoms recover their metallic character
(Ni?* — Ni* — Ni%. In other words, as the concentration of Ce®" ions increases, it gradually
becomes more and more difficult for Ni to transfer electrons to the already reduced support, as
observed experimentally (Figure 3.6). The results in Figure 3.8 also help explain the experimental
observations that the binding of Ni at low coverage is stronger on a ceria surface which is less
reduced (cf. Figure 3.2 and Figure 3.3a). This suggests that the ability of ceria to stabilize oxidized
nickel species (Ni?*) on the CeO surface, by re-localizing electrons on localized f-states (Ce*"), is

a key factor in determining the Ni heat of adsorption.

3.3.7  Nimonomers at CeO2(111) and CeO2.x(111) step sites: DFT results

Comparison of the heats of adsorption of Ni monomers on the flat stoichiometric

Ce02(111) terraces (374 kd/mol, Figure 3.7) and at stoichiometric <110> step edges (Figure 3.8c)
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shows that the step edge binds Ni: more strongly by 95 kJ/mol (Figure 3.8d). In both sites, the Ni
binds as Nii?*. These calculations thus predict that decoration of the stoichiometric step with Ni
species will occur before adsorption on the terraces. The heat of adsorption of three Nii species
(Figure 3.8e), which corresponds to the maximum possible coverage of monodispersed Ni1 species
at the step edge, is almost the same as a single Niy, still also ~90 kJ/mol per Ni atom more strongly
bound to the step edge than isolated Nii species on the flat terrace. This is consistent with the
observed minimum in the heat of Ni adsorption versus coverage on the CeO1.95(111) surface at
300 K (Figure 3.2), which we attributed to the existence of stronger-binding defect (step-edge)
sites that are occupied first, i.e., at low Ni coverage.

However, on the more reduced CeO1.8(111) surface, no minimum in the calorimetric heat
of Ni adsorption versus coverage has been observed, and the measured heat is always lower than
on the nearly stoichiometric surface (Figure 3.3a). This is consistent with the calculated heat of
adsorption of Ni at the step as a function of the step-edge oxygen vacancy fraction (®ovac,step,
Figure 3.8b), which shows that as the number of available step-edge oxygen atoms decreases, step
sites eventually become less stable than terrace sites when all the step-edge oxygen atoms are
removed.

We also calculated the average step-edge oxygen vacancy formation energy as a function
of the step-edge O vacancy fraction (@ovacstep) aNd found that oxygen atoms at the step are always
easier to remove than those at the terrace. The average defect formation energy was 169, 207 and
219 kJ/mol for @ovacstep=1/3, 2/3, and 1, respectively, and 265 kJ/mol at a terrace site, calculated
using the model in Figure 3.8c without optimizing the location of the excess charge. This validates

our claim above (based on prior literature) that the O vacancies are mainly at the step edges, which
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also suggests that on the more reduced CeO1.g(111) surface studied experimentally here, there may

be no O atoms on the step edges.

3.3.8  Ni clusters on stoichiometric CeO»(111) terraces: Heat of adsorption and charge
transfer by DFT

The formation of Ni. dimeric structures was considered, as studied in previous work.®® In
the case of two Ni atoms at neighboring hollow sites separated by 3.56 A (Figure 3.7), each Ni
atom transfers two electrons to the ceria support, generating four Ce®" ions and two Ni?* species.
The adsorption energy of such a Ni pair is Eags= 355 kJ/mol (per Ni atom, relative to Ni gas).
Therefore, bringing two Ni%* species closer but without forming a Ni-Ni bond destabilizes the
system by 38 kJ/mol [2xEads(Niz) -2xEads(Ni1)], which implies a repulsive interaction of 38
kJ/mol between the positively charged Ni?* atoms at this separation. We addressed whether a Ni
dimeric structure forming a Ni—Ni bond (Ni2.b) is energetically preferred over two well-separated
Ni:?* species by adsorbing such a Niz,, species which have an optimized Ni—Ni bond length of
2.20 A (cf. Figure 3.7). This results in one Ce®" ion, and thus two partially oxidized Ni®** atoms.
The adsorption energy of the Nizb dimer is only Eags= 329 kJ/mol, i.e., the system is 90 kJ/mol
less stable than two isolated Nii?* species. Even though the Ni atoms in the Nizp dimer have a low
charge, it is still too high to allow intrinsic Ni-Ni bonding that exceeds the Ni®>*-Ni%* charge
repulsion. This repulsive interaction of the two ceria-supported Ni®>* species of 90 kJ/mol for the
Ni2.b/CeO2(111) system (cf. Figure 3.7) is 68 kJ/mol lower than the simple Coulomb repulsion of
two +0.5 point charges at the same separation (2.20 A) in vacuum (158 kJ/mol). The difference
reflects some type of attractive bonding between the two Ni cations that partially overcomes the

Coulomb repulsion.
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In the case of a Nis cluster, the Ni atoms form a flat triangle with three nearly equal Ni—Ni
bonds of length 2.31-2.32 A (Figure 3.7), two Ce®* ions are formed, and therefore each of the three
Ni atoms has a charge of +0.67. The adsorption energy of the Niz trimer is Eags= 382 kJ/mol; hence,
compared to three isolated Ni12* species, the Nis cluster is 24 kJ/mol more stable (or 8 kJ/mol per
Ni atom).

As for Nis, both three dimensional clusters with pyramidal shape (Nis.3D) and bi-
dimensional flat rhombohedral-shaped (Nis.2D) clusters were considered, as studied previously.*
The stability of these clusters is comparable, namely, Eass= 389 and 386 kJ/mol for Nis.3D and
Nis.2D, respectively (Figure 3.7). These Nis species also reduce the ceria support upon adsorption,
with the formation of two Ce** ions. In the Nis.3D case, these two electrons are transferred from
the three Ni atoms forming the pyramid base, which are partially oxidized, 3xNi%%¢*, whereas the
top Ni atom remains as Ni°. In the Nia.flat, all four Ni atoms in direct contact with the support are
oxidized, 4xNi%*. As with the Ni atoms in the Nis cluster, those in the Ni4 clusters do not repel
each other. For instance, the Nis.2D structure (4xNi%®*) is more stable by 228 kJ/mol
[4XEags(Nia.2D) - 4XEaas(Ni2b)] than two isolated Niz.b dimers (2xNi%%* each). Even if the Ni
atoms in the Ni4.2D and Niz.b structures have a similar charge (+0.5), the larger number of Ni—Ni
bonds in the Nia.flat cluster, with one bond length of 2.26 A and four average bond lengths of 2.31
A, is what optimally stabilizes the structure.

As the number of Ni atoms in the nanoparticles increases beyond three, the formation of
3D structures is preferred over flat ones (cf. Figure 3.7), in agreement with the experimental
observation that Ni grows as 3D particles. For instance, the energy gained by adding one Ni atom
to the flat Nis.2D cluster [5xEads(Nis) — 4xEads(Nis.2D)] is by 10 kJ/mol larger if a Nis.3D

structure is formed (436 kJ/mol) (Figure 3.7), as compared to a 2D Nis aggregate (426 kJ/mol).
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The configuration of the Nis, Nig and Ni7 nanoparticles corresponds to 3D structures with 4, 5 and
6 Ni atoms, respectively, in contact with the ceria support, with 2xCe** ions for the Nis, Nis
structures and 3xCe3* ions for the Ni7 one. As for the case of Nis, electrons are transferred only
from the Ni atoms in direct contact with atoms of the ceria support, and these are partially oxidized
(4xNi%%*, 5xNi%#* and 6xNi%°* for the Nis, Nis and Niz nanoparticles, respectively), whereas the
Ni atoms on top (not in direct contact to the ceria) remain as Ni°. Also, for the Nig (3xCe>*), Ni13
(5xCe®") and Nig (5xCe%") aggregates, only the six, nine and fifteen Ni atoms, respectively, in
direct contact with the oxide support are partially oxidized (6xNi%%%*, 9xNi%¢* and 5xNi%3**
respectively), whereas the Ni atoms on top of the oxidized nickel retain their metallic character
(Ni%). Finally, the continuous stripes of Ni that we considered (i.e., Ni24, Nizs, Nizg and Nis2) donate
4 electrons for Niz4 and Nis2 and 5 electrons for Nizs and Nigg to the support (5xCe®"). In the Niza,
Ni2s, Ni2g and Nis stripes, also only the atoms in direct contact with the ceria support are partially
oxidized (cf. Figure 3.7).

In summary, the DFT results produce firm computational evidence that for low Ni loadings
on the CeO2(111) surface, for which a large dispersion of small Ni nanoparticles is observed,!*
the ceria support induces strong electronic perturbations in chemisorbed Ni species which are
directly at the Ni-ceria interface, whereas there is a rapid weakening of the Ni-ceria interactions

with increasing Ni loading, for which 3D nanoparticles form.%

3.4  DIsCUSSION

Figure 3.9 compares the calculated integral heat of adsorption for the thermodynamically

stable Nin/CeO2(111) systems with those obtained experimentally (cf. Figure 3.2), where the
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calculated points have been shifted by —88 kd/mol [AHSC (518 %) — AHJP (430 %)].

This correction corresponds to the 88 kJ/mol difference between the calculated bulk cohesive
energy (sublimation energy) of bulk Ni(solid) with the PBE exchange-correlation functional with
long-range dispersion corrections (DFT-D3), as compared to the experimental value.

The experimentally determined heats of adsorption are larger than the DFT ones for 1 and
3 atom clusters by 15 and 10 kJ/mol, respectively, after this 88 kJ/mol correction in Figure 3.9).
This may be due to the fact that the cluster sizes could have been underestimated in the first two
pulses in the heat measurements of Figure 3.2, Figure 3.3, and Figure 3.9. Although the LEIS
measurements of Figure 3.1 are consistent with a constant number density of Ni clusters,
independent of coverage, those measurements did not extend down to such low coverages as the
heat measurements, so it is possible that in the first two heat points, the Ni clusters had not yet
reached their saturation density, as we assumed here in estimating cluster sizes. For higher Ni
loading, the DFT heats plotted in Figure 3.9 are larger than the experimental ones. This is actually
to be expected based on the wire-like nature of the Ni aggregates modelled by DFT, which have
more Ni—Ni bonds per Ni atom than in the corresponding isolated clusters studied experimentally.

The comparison and the discussion above reveal that, due to the strong Ni-ceria support
interaction and its large charge transfer, at least three Ni atoms are required to make Ni clusters
stable. Only then can the intrinsic Ni-Ni bond energies help win out over repulsive interactions
between partially charged Ni atoms at the Ni-ceria interface.

Figure 3.10a shows the number of electrons transferred per Ni atom versus cluster size as
calculated by DFT. The extent of charge transfer per Ni atom clearly decreases rapidly with cluster

size, but for a given size we found it to be generally independent of the size of the unit cell, as
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discussed below. Figure 3.10b compares this number of electrons transferred per Ni atom versus
particle size as calculated with the experimental results reported in Figure 3.5a and Figure 3.6.

As seen in Figure 3.10b, the charge transferred per Ni atom decreases strongly with particle
size in all three curves. However, it decreases much more rapidly in the DFT calculations than in
the closest corresponding experiment (i.e., CeO1.95(111) at 100 K, where the particles are at terrace
sites like in the DFT). The transferred charge in the experiments also decreases with size much
more rapidly at 100 K than at 300 K, so that the charge transferred per Ni atom on CeO1.95(111) is
3- to 4-fold larger for the same particle size at 300 K than at 100 K. This may be related to the
fact that the clusters are at step edges at 300 K but on terraces at 100 K, although this is surprising
since the 2.5% O vacancies in this CeO1.95(111) surface concentrate at step edges, and O vacancies
clearly decrease the extent of charge transfer (see above). However, step edges may have other
electronic or structural characteristics that enhance charge transfer in spite of these extra O
vacancies. For example, charge-transfer-induced lattice strain is probably relieved more easily
near steps. (Earlier DFT calculations have shown that such charge transferred to CeO2(111) and
the corresponding conversion of Ce** to Ce** leads to lattice expansion parallel to the surface.'!4)
Given that the DFT calculations are at 0 K, the three curves in Figure 3.10b separate by
temperature, with greater charger transfer at higher temperature. Temperature seems unlikely to
be the intrinsic reason for this, since the only reasonable explanation would be some activation
energy associated with charge transfer of a type that we have never seen reported.

For the same particle size in Figure 3.10b, the total Ni coverages are quite different for the
three curves for CeO2(111) and CeO1.95(111), since the Ni clusters are much closer together in the
DFT models than in the experiments at 100 K, and they are closer together in the experiments at

100 K than at 300 K. It is possible that there are strong dipole-dipole repulsions between clusters,
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since the clusters carry so much charge and have their counter charge in the outermost ceria plane
at the metal-ceria interface according to the DFT results. These repulsions get stronger as the
distance between parallel dipoles decreases, and are therefore well known to lead to depolarization
of adsorbate-substrate bonds as their coverage increases.''® So these different coverages would
affect charge transfer in the way seen here: higher coverages lead to less charge transfer for the
same cluster size. The data for these curves in Figure 3.10b are replotted versus coverage in Figure
3.11. When plotted in this way, all three data sets converge into a single curve, which lends support
to the proposal that the differences in Figure 3.10b are largely associated with this effect of
coverage (cluster separation) on dipole-dipole repulsions between clusters. We tested this effect
directly with DFT by changing the unit cell size for the same cluster size and shape. For one Ni
atom with (4x4), (3x3), (2x2) periodicity, DFT shows that two electrons are transferred to the ceria
support (Ni?"), whereas for the (1x1) unit cell, only 2/3 of electron is transferred (Ni%%¢*).
However, for both the Nis and Nis.3D clusters with (3x3) and (2x2) periodicity, two electrons are
transferred independent of the size of the unit cell (3xNi%®™). This can be seen as the pairs of DFT
points in Figure 3.11 with nearly the same charge transfer but quite different coverages (cf. Nis.3D
and Nigs with about 0.4 electrons donated per Ni atom but corresponding to 0.56 and 1.45 ML).
This gives rise to the greatest deviations from the single curve fit through these data in Figure 3.11.
Since these DFT calculations do not show a direct effect of coverage on charge transfer, we cannot
be sure that the nice correlation with coverage in Figure 3.11 that seems to bring all three data sets
into pretty close agreement is really due to the direct effect of coverage (i.e., cluster separation). It
may be that the largest unit cell size in the DFT calculations is still not large enough to see this
effect, since the cluster density used in the DFT models is much higher than in the experiments.

An alternative explanation is that the charge transfer in the 300 K experiments is greater for the
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same cluster size than in the 100 K experiments due to the fact that the clusters are at step edges
at 300 K but on terraces at 100 K (see above).

The experimental charge transfer at 300 K in Figure 3.11 is quite large. For example, for
particles with 278 atoms, ~1/3 electron is transferred per Ni atom, so that the particle has a charge
of +93. Since the aspect ratio of the particle is 0.25, about 1/3 of the Ni atoms are on the interface.
Therefore, the measured total charge transfer will be realized if each Ni atom at the Ni-CeO-
interface transfers one electron to the ceria. Apparently there is not too much Coulombic repulsion,
because of attractions to the negative charge on the ceria (i.e., Ce** ions) at the interface, as
indicated by the DFT calculations. The high strength of this interfacial bonding decreases the
chemical potential of the Ni atoms in a way that can be directly related to the superior sinter
resistance of these materials via well know rate equations.® 1t/

The results above clearly show that the electronic character of the Ni atoms changes with
Ni particle thickness and size, and with the location of the Ni atoms within the 3D particles (i.e.,
whether in the interfacial layer or in layers further away from the CeO2 support), and with the
extent of reduction of the CeO, support. We next show how these changes can be related to some
of the unique catalytic properties of Ni/CeO, materials that have been reported, and how these
vary with the structural properties of these materials at the atomic scale.

First, let us consider highly dispersed Ni on CeO, with few oxygen vacancies, where all
the Ni atoms are either isolated monomers or small 2D clusters. We show above that these Ni
atoms are highly cationic. It has been recently shown?® 33 6% 62 that well-dispersed, small Ni
nanoparticles on a non-reduced ceria support, with all the Ni atoms being interfacial, promote the
activation of both O—H and C—H bonds at room temperature, with lower activation barriers than

for extended metallic Ni surfaces. Most importantly, this type of material can perform direct
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catalytic conversion of methane to methanol at low temperature (450 K), using a mixture of oxygen
and water as the oxidant, with ~30% selectivity.%* This we attribute to the highly cationic character
of the surface Ni atoms. These same types of structural features were also reported to be most
active for catalyzing the water-gas shift (WGS) reaction (CO+ H.O — CO2+Hy), where higher Ni
loadings (larger Ni particles) were shown to be less active.33 %

For larger Ni nanoparticles, we find that neutral Ni atoms are above the oxidized interfacial
Ni atoms and thus are exposed to gas-phase reactants. The calculated O—H bond cleavage
activation energy at these neutral Ni atoms is higher than at the Ni monomers and few-atom Ni
clusters discussed above, and not very different from that on Ni(111).%® Hence, the Ni atoms at the
rim of these larger nanoparticles are the only effective sites for O—H bond cleavage. These larger
particles with both neutral Ni atoms and cationic Ni at the particle perimeters appear to be the most
active for converting CO+H2O into methane. In fact, the selectivity of Ni/CeO2(111) model
catalysts was reported to depend strongly on Ni loading. Specifically, low-loaded systems catalyze
the production of CO2+H>, whereas high-loaded systems catalyze the production of CH4. The Ni
loading also has a strong effect on the rate at which the system exposed to CH4 deactivates: during
dry reforming of methane on high-loaded systems, coke forms and deactivates the catalyst.®*

The nature of the ceria support is also important. As discussed above, the binding of Ni
nanoparticles on CeO, surfaces becomes increasingly weak as the degree of reduction of the ceria
surface increases; and, the amount of charge transferred from the Ni to the CeO,, for the same
small Ni particle size, also decreases strongly with the extent of reduction. Therefore, if operating
conditions are changed for low-loaded Ni/CeO: catalysts in such a way that the CeO> gets more
reduced, this will markedly reduce the charge on the Ni atoms. This is the case during methane

dry reforming with CO, over low-loaded Ni/CeO; catalysts at 650 K.?% ¢ 62 The C-H cleavage
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barrier remains low even though, as we show above, the charge transfer from Ni to ceria is
decreased due to ceria reduction, but now the C—O bond cleavage barrier in CO> also becomes

low,° due to the presence of surface oxygen vacancies.

3.5 CONCLUSIONS

Ni atoms adsorb on slightly reduced ceria CeO»x(111) and form three-dimensional
nanoparticles at 300 and 100 K, which increase in size with increasing Ni loading. The extent of
reduction of ceria has a minor effect on the Ni particle number density at 300 K, while decreasing
temperature from 300 to 100 K results in 3-fold higher Ni particle number density on CeO1.95(111).
The heat of Ni adsorption onto CeO1.95(111) at 300 K starts from 345 kJ/mol (attributed to step
edges), decreases within the first 0.2 ML to 323 kJ/mol (as step edge sites saturate), and increases
afterward (due to growing particle size) until the bulk heat of Ni sublimation is reached by 9 ML.
On CeO1g(111) at 300 K, this initial drop in heat of adsorption was not observed, attributed to
weaker Ni binding to step edges when full of O vacancies. The heat of adsorption is generally
lower on the more reduced ceria surface (by up to 65 kJ/mol initially at 300 K), again suggesting
that the oxophilic Ni atoms do not prefer O vacancies. DFT calculations support this. On
Ce01.95(111) at 100 K, Ni atoms adsorb mainly on terraces due to slow Ni adatom diffusion, with
an initial heat of adsorption that is 45 kJ/mol lower than that at 300 K where Ni atoms mainly
adsorb on step edges. This highlights Ni’s strong preference for step edges over terraces. Upon
adsorption, Ni atoms donate electrons to the support to generate Ce**. DFT calculations show that
this charge is localized on the interfacial Ni and Ce atoms in their atomic layers closest to the

interface. As the coverage and particle size grow, the average number of electrons donated per Ni
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atom decreases in both experiments and DFT calculations. For the same size, Ni particles exhibit
less charge transfer to CeO1.95(111) at 100 K (when on terraces) than at 300 K (when at step edges).
The charge transfer from Ni particles is much less on CeO1g(111) compared to CeO1.95(111) at
both temperatures.

Ni-CeO:; interactions that produce strong electronic perturbations in the Ni nanoparticles
result in important changes in their chemical and catalytic properties, as discussed for the examples
of both O—H and C—H bond cleavage. Manipulating these interactions by, for example, controlling
the degree of reduction of the support, as well as particle size and metal loading, can lead to
improved catalytic activity and/or selectivity. Our findings help explain some of the outstanding
catalytic properties of Ni/CeO2 materials and how they depend upon their atomic-level structural
details. This may aid in the rational design of catalysts that involve O—-H and C-H bond

dissociation.
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Figure 3.1 (a) Integrated Ni (closed symbols) and Ce (open symbols) LEIS signal intensities
(normalized to thick multilayer Ni and clean CeO2x(111), respectively) as a function of Ni
coverage after deposition onto (a) CeO1.95(111) (red diamonds) and CeO1g(111) (green triangles)
at 300 K (b) CeO1.95(111) at 300 K (red diamonds) and 100 K (blue triangles). The black dashed
lines correspond to the normalized LEIS signal that would be observed if Ni grew in a layer-by-
layer fashion, while the colored solid lines correspond to Ni growing as flat disks with a fixed
aspect ratio (0.25 on CeO195 and 0.20 on CeO1g) and a fixed particle density of 3.6x10?
particles/cm? (red), 4.5x10'2 particles/cm? (green) and 1.3x10%2 particles/cm? (blue). This model
is only reasonable up to ~35% of the surface is covered, since particles will soon start to overlap

with each other at higher coverage. The colored dashed lines after that are only a guide to the eye.
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Figure 3.2 Differential heat of Ni atom adsorption on Ce01.95(111) at 300 K (red diamonds),
Ce01.8(111) at 300 K (green triangles) and Ce01.95(111) at 100 K (blue triangles), as a function
of Ni coverage. 1 ML is defined as 7.89x1018/m2 which is the areal density of coordinatively-

unsaturated O atoms on the ideal bulk-terminated CeO2(111) surface.
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Figure 3.3 (a) Differential heat of Ni adsorption on CeO2x(111) at 300 and 100 K as a function of
Ni average particle (flat-disk) diameter to which Ni atoms add. (b) Chemical potential of Ni atoms
in Ni particles versus the average Ni particle diameter on CeO2.x(111) at 300 and 100 K. Red
diamonds, green triangles and blue triangles correspond to CeO1.95 at 300 K, CeO1g at 300 K, and

CeO1.95 at 100 K respectively.
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Figure 3.4 Percentage of Ce®" (with the rest as Ce**) in the XPS probe depth versus Ni coverage
based on lineshape fitting of the XPS Ce 3d peak measured during Ni deposition on CeO1.95(111)

at 300 K (red), CeO15(111) at 300 K (green) and CeO1.95(111) at 100 K (blue).
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Figure 3.5 (a) Average number of electrons donated to ceria per Ni atom and corresponding
fraction of total Ni that is oxidized (assuming it is Ni?*) plotted as a function of Ni coverage; (b)
Variation of the Ni 2p3/» XPS binding energy as a function of Ni coverage on CeO>(111) at 300 K

as was reported in the Supplementary Information of ref.*’
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oxygen atoms in the outermost O—Ce—O trilayer are depicted in red/green, Ce** in white, and Ce**
in gray. Values of the integral heat of adsorption of Ni, species are listed below each structure, in
kJ/mol per Ni atom (relative to Ni gas). Optimized Ni-Ni bond lengths in pm for Niz, Niz and

Nis.2D are indicated in orange.
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Figure 3.8 (a) Calculated heat of adsorption of a single Ni atom on the CeO2(111) surface,
Ce0,-«(111) with different concentrations of subsurface oxygen vacancies (0=1/4, 1/2, and 3/4,
see text). Also shown are results for 1 and 2 layers of Ce2O3z on CeO2(111) and a slab of pure
Ce203(0001), plotted at @ovacstep= 1, 2 and 3, respectively. The Ni oxidation state is color coded
as shown (0 <8 < 1), and the adsorption site corresponds to the most stable one. Note that the slab
model and method used in these calculations slightly differ from those used to obtain the values
reported in Figure 3.7 (see text), explaining the difference of 11 kJ/mol in the heat of adsorption
of a single Ni atom on the CeO»(111) surface. (b) Calculated heat of adsorption of Ni monomer at
a <110>-type step as a function of the step-edge O vacancy fraction (®ovacstep= 0, 1/3, 2/3, and 1).
The red dotted line corresponds to the heat of adsorption of one Ni atom on the stoichiometric
terrace (374 kJ/mol, Figure 3.7). Atomic structures of the (c) stoichiometric <110>-type steps with
(d) one and (e) three Ni atoms and of the (f)-(h) reduced steps with one Ni atom. Values of the
heat of adsorption of Ni species are listed below each structure, in kJ/mol per Ni atom (relative to
Niz gas).
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Chapter 4. Energetics and Structure of Ni Atoms and Nanoparticles on
MgO(100)

This chapter contains unpublished results.

Chapter Abstract
The growth morphology and interfacial energetics of vapor deposited Ni on the MgO(100)
surface at 300 and 100 K have been studied using single crystal adsorption calorimetry (SCAC),
He* low-energy ion scattering spectroscopy (LEIS), X-ray photoelectron spectroscopy (XPS), and
low-energy electron diffraction (LEED). At 300 K, the Ni atoms grow as three-dimensional

nanoparticles with a saturation number density of 5 10 particles/m?. The differential heat of

adsorption at 300 K increases rapidly with coverage, from 276 (initially) to 311 kJ/mol by 0.4 ML.
Thereafter, it slowly increases asymptotically to the sublimation enthalpy of bulk Ni (430 kJ/ml)
by 9 ML. The Ni 2p3;» XPS peak binding energy at 300 K is initially (i.e., at 0.16 ML) 1.4 eV
higher than that for bulk Ni(solid), but it decreases to that value at high coverage. At 100 K, the
Ni atoms form single adatoms and then 0.17 nm thick 2D islands at low coverage with fewer Ni-
Ni bonds compared to the Ni nanoparticles formed at 300 K. Thus, the initial heat (i.e., for the first
~0.03 ML) is 148 kJ/mol at 100 K, 128 kJ/mol lower than at 300 K, and remains lower for the 2D
islands. With increasing coverage at 100 K, the tiny 2D Ni islands grow in size to cover nearly the
entire surface before thickening. The XPS Ni 2ps; peak binding energy for 0.21 ML Ni on
MgO(100) at 100 K is 2.2 eV higher than that for bulk Ni(solid), suggesting charge transfer from

Ni to MgO(100) and formation of Ni* at very low coverage.



54

4.1 INTRODUCTION

Late transition metal nanoparticles anchored on support materials with a high surface area
form a major fraction of the heterogeneous catalysts used in modern industry. They have been used
for decades in clean energy, bulk chemical production, and environmental technologies. Within
this kind of material, the interaction between the metal nanoparticles and the support materials is
crucial to their behavior for catalyzing reactions. By changing the metal-support interaction, one
can tune the binding energies of key intermediates and transition states in the reaction, and thus
modify the catalyst’s efficiency and selectivity.l 2 Also, strong interaction between the metal
nanoparticles and the support materials helps maintain the size of the particles and keep them from
sintering.® 73 118 Thys, basic understanding and quantitative measurements of the interactions
between metal nanoparticles and support materials are essential for designing better catalysts. Here
we report calorimetric measurements of the strength of bonding of vapor-deposited Ni atoms and
growing Ni nanoparticles to the MgO(100) surface, which is the most stable facet of MgO, and
interpret these based on geometric and electron structural information provided by surface
spectroscopies, and prior literature.

Catalysts consisting of Ni supported on MgO are important in a several reactions. Dry
reforming (DRM) of methane is an important industrial reaction. It converts CO2 and CHj4 to
syngas (CO+H), which is a preferable feed for liquid fuel production, such as Fischer-Tropsch
synthesis.'t® 120 Supported Ni nanoparticle catalysts are promising for catalyzing DRM for their
high activity and selectivity, as well as their low cost.*® 12-126 However, Ni nanoparticles quickly
deactivate under reaction conditions due to sintering and carbon deposition.® The typical strategy
for keeping Ni nanoparticles active is anchoring the Ni nanoparticles to selected oxide supports.®

8,10, 34, 127132 Among all the oxides, MgO is one of the best supports for Ni catalysts in DRM
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applications due to their sinter resistance and reduced coking.*® 119 123 131-133 135 Nijckel
nanoparticles on MgO are also promising catalysts for steam reforming of ethanol, a reaction of
interest in biomass conversion.'3% 13138 Nickel nanoparticles supported on or partially embedded
in MgO are thought to have strong metal-support interactions, due to their sinter resistance. ! 13%-
133,135 This ability to maintain small particles is also important for preventing coking, since coke
formation requires large metal ensembles.**®

Because of its importance in heterogeneous catalysis and other applications, and because
the MgO(100) surface is one of the best understood of all oxide surfaces, the interactions of Ni
with MgO(100) surfaces have been studied widely both by experiments®” 140-144 and theory.145-154
Studies have been performed on model systems consisting of Ni clusters/nanoparticles supported
on MgO(100) surface to understand the growth of Ni on MgO and their interactions.3’: 142-144, 150-
154 The binding energies of Ni atoms and Ni clusters on MgO(100) have been calculated using
density-functional theory (DFT).145 151153 However, no experimental measurements have been
reported previously.

In this paper, we report the bonding energetics of Ni adatoms and Ni nanoparticles to
MgO(100) model oxide supports using single crystal adsorption calorimetry (SCAC). SCAC
measures the heat of adsorption of incoming gaseous Ni atoms when they adsorb on MgO(100),
so it directly gives the binding strength between the Ni nanoparticles and the MgO(100) surface.
The structure and electronic properties of the adsorbed Ni and the growing Ni nanoparticles is also
monitored using He* low-energy ion scattering spectroscopy (LEIS) and X-ray photoelectron
spectroscopy (XPS). The results show that the growth of Ni on MgO(100) has a very strong
dependence on temperature. At 300 K, Ni forms three-dimensional nanoparticles, which have a

strong adhesion energy to the MgO(100) surface due to Ni’s oxophilicity. At 100 K, Ni adsorbs
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mostly as single atoms and single-layer islands at low coverage, and there is a strong electron
transfer from Ni to MgO(100). These results help in understanding the interaction between Ni and

MgO(100) and its role in the reactions catalyzed by MgO-supported Ni catalysts.

4.2 RESULTS
4.2.1 Ni Growth Morphology on MgO(100)

The growth mode was characterized by monitoring the integrated LEIS signal from Mg in
the substrate and Ni in the overlayer. The normalized Ni and Mg LEIS signal data are plotted
versus Ni coverage in Figure 4.1a. One monolayer (ML) is defined as 1.12x10*° Ni atoms per m?,
which is the areal density of coordinatively-unsaturated O atoms on the ideal bulk-terminated
MgO(100) surface. The integrated Ni signals were normalized to the signal from a thick Ni
overlayer (>10 nm average thickness). The circular atomic-beam spot of metal deposition on the
sample consists of an umbra of 4.00 mm in diameter and a penumbra of 4.52 mm in diameter, and
the effective beam diameter is 4.26 mm.%’ Since the detected area of the LEIS energy analyzer is
~30% wider than this diameter, the Ni signal in LEIS at 100 K continues to grow slowly with Ni
coverage (ultimately by ~10%) above the Ni coverage required to cover the area of the Ni beam’s
umbra completely with Ni at 100 K (i.e., by 6 ML). Similarly, the Mg signal at 100 K retains
~30% of its initial value at 6 ML. For these reasons, we used only 90% of the integrated Ni LEIS
signal from a 10-nm-thick Ni overlayer as the reference for Ni signal normalization here.
Similarly, the residual Mg signal at 6 ML coverage and 100 K was subtracted from the Mg signal
at all coverages and both temperatures (after normalizing to the Mg signal for the clean MgO(100)

surface taken at the beginning of each experiment). The resulting normalized Ni LEIS signal in
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Figure 4.1a gives the fraction of surface covered and shadowed by Ni nanoparticles, and the
normalized Mg signal gives the fraction of the MgO surface which is not masked by Ni.

The average thickness of the Ni islands on the surface is easily calculated from these data
in Figure 4.1a, by simply converting the total number of Ni atoms per m? to the total volume of Ni
per m?, assuming the adsorbed Ni has the same density as bulk Ni(solid). The average island
thickness (t) is thus calculated as: t = 6xnmLXMni /(Na XpnixA), where 0 is the total Ni coverage
(in ML), nmc is the Ni atom number density that defines one monolayer (1.12x10*° atoms/m?), Mni
is the molar mass of Ni (58.69 g/mol), Na is Avogadro’s number, pni is the density of Ni (8.9
g/cm?), and A is the fraction of covered surface area that was obtained from the LEIS data.

The normalized Ni and Mg LEIS signals in Figure 4.1 are compared with three typical
growth models. The black dashed lines correspond to the normalized LEIS signals that would be
expected if Ni grew in a layer-by-layer mode with the layer packing density equal to the O number
density on MgO(100). It does not fit well with the data taken at 300 K. The red lines correspond
to a 3-dimensional (3D) growth mode assuming the Ni grows as 3D particles at 300 K with the
shape of hemispherical caps, as suggested by STM studies of this same system.* In modelling
this growth mode, we assume that the Ni particles all have the same hemispherical shape and
particle size at any given coverage, and that the particle number density does not change with metal
coverage. It is common for particles to grow with a constant number density after the first few
percent of a ML,®" 155 156 as proven in classical nucleation and growth kinetics, where this is
referred to as the “saturation number density” which is reached after a brief nucleation stage.?” As
shown previously,> when the particles grow as hemispherical caps, the total surface area masked
by the particles in LEIS is 1.207 times the metal/support interfacial area since the energy analyzer

detects ions normal to the sample and the He" ion beam is incident 45° from the surface normal.
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Within these assumptions, the particle number density is the only fitting parameter in modelling
the LEIS signals versus coverage.>® The best fit to the data taken at 300 K gives a particle number

density of 5.0 X 10 particles / m?, as shown by the red solid lines in Figure 4.1. Note that this

fitting curve is only valid up to the coverage where ~35% of the surface is covered by the particles
and their shadow), since particles might overlap with each other at higher coverage. Up to this
coverage, we can divide the Ni coverage (in atoms per m?) by this particle number density (in
particles per m?) to estimate the average number of Ni atoms per particle. Assuming these particles
have the same density as bulk Ni(solid) allows us to convert this number per particle to the volume
per particle and, from this volume, to the hemispherical-cap diameter at each coverage. This
average Ni particle diameter at 300 K is plotted versus coverage in Figure 4.1b. For a nanoparticle
with a shape of hemispherical cap, its diameter equals 3 times its average thickness, which is easy
to see in Figure 4.1b.

At 100 K, the normalized Ni signal increases rapidly with coverage in Figure 4.1a to
~100%, and the normalized Mg signal decreases to near 0% by 2 ML. The average Ni thickness
in Figure 4.1b stays nearly constant at ~0.17 nm for the first ~1.4 ML, and then increases linearly
with coverage. As shown by the blue solid line, this is just what would be expected if the Ni grows
in a layer-by-layer fashion, with a layer thickness of 0.17 nm and a full-layer packing density that
is ~40% higher than the ML definition here (i.e., 1.4 x1.12x10*° atoms per m? = 1.6x10*° atoms
per m?). This packing density is not unexpected, since it is nearly midway between the closest-
packed Ni density in the (111) plane of Ni and the packing density expected if one Ni atom
adsorbed on every O site of MgO(100) (i.e., 26% less than the Ni(111) packing density and 40%
larger than the ML packing density). Also, this packing density corresponds to a layer completion

coverage that is 40% larger than the ML packing density, totally consistent with the observed
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change in slope of the thickness data in Figure 4.1b at ~1.4 ML. We note that the LEIS data are
not sensitive to the Ni film’s morphology after completion of this first layer. (That is, the film
could get rough at higher coverages, for example forming 3D particles on top of this first, flat
layer.)

The LEIS data at 100 K show that the first Ni layer grows as a 2D film until it covers nearly
100 % of the surface at 1.4 ML, with a constant thickness on 0.17 nm above 0.4 ML. As we show
next, the heat of Ni adsorption increases by ~200 kJ/mol in this first layer, and by ~50 kJ/mol in
this 0.4-1.4 ML coverage range where the Ni thickness is constant at 0.17 nm. We will attribute
this to the formation first of isolated Ni adatoms, followed by nucleation of clusters which then
grow into tiny 2D islands (of 0.17 nm thickness). These 2D islands then grow in size until they

cover nearly 100 % of the surface.

4.2.2  Differential Heat of Adsorption and Sticking Probability

The differential heat of adsorption of Ni gas atoms on MgO(100) at 300 and 100 K are
presented in Figure 4.2a as a function of Ni coverage. At 300 K, the heat of adsorption starts
initially from 276 kJ/mol, and it increases rapidly reaching 335 kJ/mol by 0.4 ML, which is still
95 kJ/mol below the sublimation enthalpy of bulk Ni of 430 kJ/mol.*>” The heat slowly increases
thereafter and levels off at the sublimation enthalpy of bulk Ni by 9 ML. At 100 K, the heat of
adsorption is initially 128 kJ/mol lower than that at 300 K, and it remains noticeably lower until
about 6 ML. From 1.5 ML to 5 ML, the heat at 300 and 100 K only differ by ~10 kJ/mol. The
lower initial heat and slower heat increase with coverage at 100 K in Figure 4.2a (compared to 300
K) are attributed to the fact that Ni grows as 2D islands up to ~1.4 ML. The limited diffusion of

Ni adatoms at 100 K prevents them from forming the more stable 3D particles that can grow at
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300 K, but instead grow as 2D islands until they cover nearly 100% of the surface, and then thicken
into a 3D film.

Using the average particle diameter versus coverage at 300 K from Figure 4.1b allows us
to replot the heat data at 300 K in Figure 4.2a as heat versus average particle diameter, as shown
in Figure 4.3. The increase in heat with coverage and particle size seen here at 300 K is common
for late transition metal on catalyst support-type oxides,>® °2 8.9 and has been reported for Ni on
Ce02x(111).1%8 1t is always associated with the corresponding increase in particle size with
coverage, and the associated increase in the number of metal-metal bonds that form upon metal
atom adsorption, and the fact that downward bonds of the metal atoms to the oxide below (which
form when the particles are tiny) is weaker than the downward metal-metal bonds which form
when metal atoms add on top of existing metal particles.'®® That same explanation is valid here,
as further quantified below.

Figure 4.2b shows the sticking probability of Ni on the MgO(100) thin film as a function
of Ni coverage at 300 and 100 K. The result at 300 K shows that the sticking probability starts low
(0.79). It then rises asymptotically with increasing Ni coverage to 1.00 above 8 ML. At 100 K, the
initial sticking probability is 0.82 for the first pulse of Ni dosage, and it rises rapidly to 0.97 by 0.5
ML. It then increases slowly to 1.00 by 3 ML. This significant difference in sticking probability
between the growth at 300 and 100 K can be explained based on their different growth
morphology. At 300 K, the Ni atoms grow as 3D nanoparticles and they cover the MgO surface
area slowly, as suggested by the LEIS results. However, at 100 K the Ni atoms grow following a
layer-by-layer model, where the surface area is covered quickly as the coverage of Ni grows. For
the same Ni coverage, the incident Ni atoms are more likely to be captured at the edges of Ni

islands as they diffuse across the surface before they desorb when a higher fraction of the surface
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area is covered by Ni. This explains why the sticking probability increases much faster with
coverage at 100 K compared to 300 K. In Figure 4.4, the sticking probabilities are replotted versus
the fraction of surface area covered by Ni (as measured by LEIS). The Ni coverage was converted
to the fraction of covered surface area using the model fits to the LEIS results shown in Figure 4.1.
The large difference in sticking probability between 300 and 100 K in Figure 4.2b is much less
significant when plotted as in Figure 4.4, which supports that the different fraction of surface area
covered by Ni is the main reason for the large temperature effect in Figure 4.2b. For the same
fraction of covered surface area, the sticking probability at 300 K is still slightly lower than that at
100 K. This is attributed to the increasing desorption rate of the diffusing Ni adatoms with
increasing temperature (or more properly, the increase in desorption rate relative to diffusion rate,

since diffusion generally has a much lower activation energy than desorption).

4.2.3  Charge Transfer from Ni to MgO(100) during Deposition

The Ni 2pz/2 peak and the Mg 2p peak in XPS were monitored during Ni deposition. Their
binding energies (BES) are plotted versus the Ni coverage in Figure 4.5. At 300 K, the Ni 2ps; BE
after the first dose with 0.16 ML of Ni atoms is 853.2 eV. As the Ni coverage grows, the Ni 2pz2
BE gradually decreases. When 10-nm-thick Ni was deposited onto the sample, the Ni 2pz/ peak
BE was 851.8 eV, which is consistent with the BE reported for metallic Ni. 1 For comparison, the
Mg 2p BE does not change much with the Ni coverage. It stays stable at 50.2 eV and a variation
smaller than 0.03 eV. At 100 K, the Ni 2ps;» BE after 10-nm-thick Ni deposition is 851.9 eV. The
Mg 2p BE stays constant at ~50.0 eV as the Ni coverage increases. These results are identical to
what was observed at 300 K. However, the binding energy of the Ni 2pz. peak measured after the

first dose with 0.21 ML Ni atoms is 854.1 eV. This corresponds to a shift of 2.2 eV of the Ni 2p32
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peak to higher binding energy with respect to the position of metallic Ni, which indicates the
formation of Ni?* cations at the lowest coverage studies.'® As suggested by the LEIS results, at
100 K Ni follows a layer-by-layer growth model on MgO(100). This large BE shift at low
coverages suggest that the Ni deposited on MgO(100) exists mainly as small clusters or even single
atoms. Combining with the XPS Ni 2ps2 peak binding energies shown above, it shows that there
is a significant charge transfer from Ni atoms to the MgO(100) support which oxidizes Ni atoms
to Ni%* cations when Ni exists as single atoms or few-atom clusters. For the same coverage but at
300 K, Ni forms nanoparticles with bigger size compared to that at 100 K, and the extent of charge
transfer from Ni to the MgO support is much less than at 100 K when the Ni clusters are strictly

2D and much smaller in number of Ni atoms.

4.3  UNIQUE BEHAVIOR OF NI ADSORPTION ON MGO(100) AT 100 K

At 100 K, the Ni adsorption on MgO(100) shows a unique behavior. In the early stage of
its growth, Ni grows following a layer-by-layer model. To our knowledge, this was not observed
for any late transition metal on oxide system studied previously. It is frequently observed in metal
film growth that the first layer nearly completes before the second layer starts to fill, but that
usually happens because the metal atoms bind more strongly to the underlying material than to
themselves. For example, that often happens when late transition metals are deposited onto the
surfaces of earlier transition metals.*™® The situation for Ni/MgO here is quite different, since the
heat data (and the tendency to form 3D particles at 300 K) show clearly that Ni bonds more weakly
to MgO(100) than to Ni(solid). Nevertheless, 2D growth can continue throughout most of the first
layer due to kinetics if the most stable site for a new Ni monolayer is not on top of an existing 2D

island but instead at the edge of such islands. This could easily occur if the difference in downward
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bond energy of Ni to the Ni layer below versus Ni to MgO(100) below is more than compensated
by the extra lateral bonding that this Ni monomer has to its 2 or 3 nearest-neighbor Ni atoms when
it sits at the edge of a 2D Ni island. A similar situation has been reported previously for Cu on the
O-terminated ZnO(000-1) surface.**

The question arises: What is the structure of this first Ni layer grown at 100 K? As noted
above, this layer is 0.17 nm thick and has a full-layer packing density that is nearly midway
between the closest-packed Ni density in the (111) plane of Ni and the packing density expected
if one Ni atom adsorbed on every O site of MgO(100). In a previous paper, DFT calculation shows
the optimized structure of the first two monolayers of Ni grown on MgO(100), where the first layer
of Ni atoms sit on the O atoms with small displacements, and the second layer of Ni atoms align
with the Mg atoms also with small displacements.®” This bilayer structure has a coverage of 2.00
ML, since we define 1 ML as the number density of O atoms on MgO(100) and the Mg atoms
have the same number density as O on MgO(100). Attributing the first Ni layer to this 2.0 ML
bilayer structure is inconsistent with the break in slope of the LEIS first-layer thickness at ~1.4
ML. We cannot speculate further on its structure. We only know that its packing density is
1.6x10%° atoms per m?, corresponding to an effective thickness of 0.17 nm assuming it has the
same 3D density as normal fcc Ni(solid).

In general, the average adsorption energies of metals on oxide surfaces in the first
monolayer have positive correlation with the metals’ sublimation enthalpies, because the
sublimation enthalpies hold the major contribution to the energies for forming metal nanoparticles
from gaseous metal atoms.'>® However, Ni has an extreme low initial heat of adsorption of 148
kJ/mol on MgO(100) at 100 K, but its sublimation enthalpy is high (430 kJ/mol). For comparison,

Au has a sublimation enthalpy of 363 kJ/mol, and its initial heat of adsorption is 217 kJ/mol on
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MgO(100) at 100 K.52 We attribute this low heat of adsorption at low coverage to the unique
growth morphology of Ni on MgO(100) at 100 K. Using DFT calculations, people showed that Ni
atoms bind O much stronger than Mg on MgO(100) surface.? 154 10 Combining with the LEIS
experiments, we suggest that Ni atoms adsorb on O atoms first at low coverage at 100 K. Since
the diffusion length of Ni adatoms is limited at low temperature as mentioned above, a big fraction
of Ni at low coverage should exist as isolated single atoms sitting on the O atoms with nearly no
Ni-Ni bonding interactions. Even if the Ni atoms sit next to each other, the interaction should still
be weak, since the distance between neighbor O atoms on MgO(100) (2.98 A) is 0.5 A longer than
the Ni-Ni distance in bulk Ni (2.49 A). Thus, the initial heat of adsorption at 100 K, 148 kJ/mol,
represents the binding strength between Ni single atoms and lattice O on MgO(100). This is in
agreement with previous DFT calculation that gives a binding energy of 1.453 eV (140 kJ/mol).1*2
At 300 K, Ni grows as 3D nanoparticles. Even for the first pulse of deposition, each Ni
nanoparticles contains 7 Ni atoms on average. Thus, the binding energy between the Ni atoms
makes the initial heat of adsorption at 300 K much higher than that at 100 K.

The heat of Ni adsorption at 100 K increases very strongly (by ~200 kJ/mol) with coverage
in the first layer (i.e., from ~150 kJ/mol at 0.03 ML to ~350 kJ/mol at 1.4 ML). We attribute this
to an increase in the number of Ni-Ni bonds as the size of 2D Ni single-layer islands grows. The
heat of sublimation of bulk Ni(solid) is 430 kJ/mol. In a pairwise bond-additivity model, this
corresponds to six nearest-neighbor Ni-Ni bond energies, each at 430/6 = 71.7 kJ/mol. Since a Ni
atom in the middle of a 2D island is expected to have ~6 nearest neighbors, with each sharing one
Ni-Ni bond, each Ni atom in a huge 2D Ni island should have 3x71.7 = 215 kJ/mol, very close to

the increase of ~200 kJ/mol observed in this first quasi-close-packed Ni layer.
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4.4 CONCLUSIONS

The LEIS experiments showed that Ni grows as 3D nanoparticles on MgO(100) at 300 K

with a particle number density of 5.0 X 10%° particles/m?. At 100 K, Ni forms Ni single atoms on

lattice O sites of MgO(100) at low coverage, then forms tiny 2D Ni islands with an average
thickness of 0.17 nm (40% thicker than a Ni single layer with a packing density equals the number
density of O on MgO(100)). The Ni atoms follow this 2D growth mode until the surface is covered
completely at 1.4 ML, and the incoming Ni atoms then grow on this complete Ni overlayer. Since
the Ni atoms cover the surface much faster at 100 K, the sticking probability at 100 K remains
higher than that at 300 K until the sticking probability at 300 K also reaches unity by 8 ML. At
300 K, the heat of Ni vapor adsorption to make Ni particles containing 7 atoms on MgO(100) is
276 kJ/mol, and it increases rapidly reaching 335 kJ/mol by 0.4 ML. The heat slowly increases
thereafter and levels off at the sublimation enthalpy of bulk Ni by 9 ML. At 100 K, the initial heat
of adsorption is 128 kJ/mol lower than that at 300 K, which directly represents the binding energy
between Ni single atoms and O on MgO(100). The binding energy of Ni 2ps2 XPS peak for 0.16
ML Ni on MgO at 300 K is 1.4 eV higher than that for bulk Ni(solid). As the coverage increases,
the Ni 2pz2 peak binding energy decreases until the binding energy for bulk Ni is reached at high
coverage. At 100 K, 0.21 ML of Ni on MgO(100) has its 2pz/2 XPS peak’s binding energy higher
than that for bulk Ni by 2.2 eV, which suggests electron transfer from Ni to MgO substrate and the

formation of Ni?*,
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Figure 4.1 (a) Integrated Ni (circle) and Mg (triangle) LEIS signal intensities (normalized to a
thick, multilayer Ni film and clean MgO(100), respectively) as a function of Ni coverage after Ni
deposition onto MgO(100) at 300 K (red) and 100 K (blue). The black dashed lines correspond to
the normalized LEIS signal that would be observed if Ni grew in a layer-by-layer fashion, while
the red solid lines fit to the low-coverage data at 300 K correspond to Ni growing as hemispherical
caps with a fixed particle density of 5.0 X 10'%/m?2. This model is only reasonable up to ~35% of
the surface is covered, since particles may start to overlap with each other at higher coverage, so
we only show the fitting curve up to 2 ML. The blue solid lines show the fit of the low-coverage
data at 100 K to a layer-by-layer model where the layer packing density is 1.6x10%° atom / m?. (b)
Average Ni particle thickness versus Ni coverage calculated from the Ni LEIS data points of panel
(@). The blue curve here shows the fit of the 100 K data to the layer-by-layer model described in
the text, where the layer packing density is 1.6x10° atom / m?, corresponding to a layer thickness
of 0.17 nm. The red curve corresponds to the hemispherical cap model with a particle number

density of 5.0 10'®/m?, which gave the best fit to the data obtained at 300 K up to 2 ML in (a).

The right Y-axis shows the average diameter of hemispherical caps that corresponds to this

thickness for the Ni nanoparticles grown at 300 K.
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Figure 4.2 (a) Differential heat of Ni atom adsorption on MgO(100) as a function of Ni coverage
at 300 K (red) and 100 K (blue). The inset shows an enlargement of the heat in the low coverage
range. (b) Sticking probability of Ni gas atoms onto MgO(100) as a function of Ni coverage at 300
K (red) and 100 K (blue).
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Figure 4.4 The sticking probability of Ni atoms onto MgO(100) at 300 K (red) and 100 K (blue)
plotted versus the fraction of MgO(100) surface that is covered with Ni. For 300 K, the fraction of

Ni-covered surface at each coverage is calculated using the particle density and size given by the

best-fit curve to the LEIS signal shown in Figure 4.2. For 100 K, the fraction of Ni-covered surface

at each coverage is calculated assuming the Ni atoms follow the layer-by-layer growth mode,
shown to fit well the LEIS data in Figure 4.2.
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Chapter 5. Chemical Potential of Ni Atoms in Supported Nanoparticles

This chapter contains unpublished results.

Chapter Abstract
The chemical potential of metal atoms in supported nanoparticles with diameter D

relative to the bulk metal, w(D)— u(), can be described with an equation
(3;/M —Eadh)(l +D, /D)(ZVM /D). This equation quantitatively shows that when the particle

diameter D decrease, the chemical potential of metal atoms in the particle increases, and when
the adhesion energy of the metal to the support material increases, the chemical potential of
metal atoms in the particle decreases. The adhesion energy of the metal to the support material is
the most important parameter in this equation. Applying this equation to the recent single crystal
adsorption calorimetry (SCAC) results of Ni on MgO(100) and CeO1.95(111), the adhesion
energies of Ni to MgO(100) and CeO1.95(111) are calculated by fitting the plots of the chemical
potential of Ni versus the particle diameter. The calculated adhesion energy of Ni is 3.05 J/m? to
MgO(100) and 4.39 J/m? to CeO1.95(111). The adhesion energies of Ni to MgO(100) and
Ce0O1.05(111) agree with a previous trend that the adhesion energies of metals to a given oxide

support material correlates with their oxophilicity. Plotting the adhesion energies of metals to

MgO(100) and CeO1.95(111) versus [(AHsubM —AH,, ) / NA} /9,7, (AH, , isthe

sublimation enthalpy of the metal, A/ is the formation enthalpy of the metal’s most stable

oxide, Na is Avogadro’s number, Q, is the volume per metal atom) the data points are well fit

with two straight lines with the same slope. The addition of the Ni data validates the predictive

power of this trend in a wider range.
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5.1 INTRODUCTION

In heterogeneous catalysis, metal nanoparticles are finely dispersed on support materials with high
surface areas. Noble metals are usually inert as bulk metals. However, when these metals are
downsized to nanoparticles that is smaller than 7 nm in diameter, they become highly active for
catalyzing reactions. 118 161170 For example, bulk Au has inert chemical properties, but nanosized
Au particles can catalyze CO oxidation reaction even at a temperature far below 0°C. 1"* It has
been shown that the size of the metal nanoparticles is one of the key parameters that determines
the performance of the heterogeneous catalysts. 3172 In most cases, metal nanoparticles are more
active than bulk metals, and the activities of the metal nanoparticles for catalyzing reactions
usually increase with decreasing particle size. As the particle size decreases, more metal atoms are
exposed as coordinatively-unsaturated atoms, and such atoms are often recognized as active sites
in heterogeneous catalysis. 1>1"> Also, the variety of such active sites is narrowed for smaller
metal nanoparticles, which increases the selectivity of the catalyzed reactions. 15177 Although the
basic principle of the size effect in heterogeneous catalysis seems obvious, it is worth exploring
how the performance of the catalysts correlates with the size of the nanoparticles quantitively.
The chemical potential of the metal atoms in the metal nanoparticles provides a helpful
descriptor for the size effect in heterogeneous catalysis.® In many examples, the binding energies
of small molecules to the metal vary with the chemical potential of the metal atoms.*> 3% 73 The
small molecules bind strongly to the metal atoms with structures of high chemical potential, which
are usually tiny nanoparticles. For metal atoms with structures of low chemical potential, which
are usually large particles or bulk metal, the small molecules bind weakly. A quantitative
interpretation of the correlation between the binding energies of small molecules and the chemical

potential of the metal atoms is given recently by Mpourmpakis and coworkers.*’® They show that
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the DFT-calculated binding energies of small molecules and molecular fragments to the metal
atoms correlates linearly with the DFT-calculated local cohesive energies of the metal atoms. The
local cohesive energy is defined as the energy required to move the metal atom participating
directly in the binding interaction away from the system. It has the same magnitude as the heat of
adsorption of such metal atoms on the nanoparticles. Since the chemical potential of the metal
atoms relative to the bulk metal can be calculated as the difference between the sublimation
enthalpy of the bulk metal and the heat of adsorption of the metal atom,'® the local cohesive
energies of the metal atoms equal the sublimation enthalpy of the bulk metal minus the chemical
potential (relative to the bulk metal) of the metal atoms. Thus, the binding energies of the small
molecules to the metal atoms correlate linearly with the chemical potential of the metal atoms. The
chemical potential of the metal atoms also affects the rate of sintering. For Ostwald ripening, the
rate equation of the sintering kinetics includes a factor of the chemical potential of the metal atoms
in nanoparticles as the driving force of sintering.!!® 17 In other kinetic models for sintering, the
chemical potential of metal atoms also appears directly in the rate equations.*’

The chemical potential of the metal atoms in nanoparticles is a powerful descriptor for
catalytic performance, whether with regard to the catalyst’s chemical reactivity or its long-term
resistance to deactivation by sintering.3® Thus, a predictive model for estimating the chemical
potential of metal atoms in nanoparticles with different sizes can enhance the understanding for
the size effect in heterogeneous catalysis. In this chapter an equation for predicting the chemical
potential of the metal atoms in nanoparticles with given diameters is introduced. The key parameter
in this predictive equation is the adhesion energies between the metals and the support materials.
This equation can also be used in an opposite way to extract the adhesion energies for

Ni/CeO195(111) and Ni/MgO(100) systems. The adhesion energies between the metals and the
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oxide surfaces were calculated using the integrated heat of adsorption measured in SCAC
experiments.t’® However, this method does not work for Ni because Ni forms metastable phases
on oxide surfaces to reduce lattice mismatch.®” Instead, the plots of the Ni chemical potential
versus the diameter of the Ni nanoparticles are fitted with the predictive equation for metal
chemical potential, and the adhesion energies are obtained as the fitting parameters. The adhesion
energies of Ni on CeO1.95(111) an MgO(100) fit well with a trend in adhesion energies of metal
nanoparticles supported on oxide surfaces, where the adhesion energies of the metals on a given

oxide surfaces correlates linearly with the metals’ oxophilicity.

5.2 CHEMICAL POTENTIAL VERSUS PARTICLE SIZE

The chemical potential of the metal atoms in nanoparticles correlates with the particle size. A
simple example is the Gibbs-Thomson effect which states that small particles with high curvatures
exhibit higher vapor pressure compared to bulk materials.*®® This phenomenon is explained that
the chemical potential of the atoms in a particle with a small size and a high curvature is higher
than that in the bulk. For metal particles, a commonly used approach for estimating the size
dependence of particle energy has been to use the Gibbs-Thomson relation which states that the
chemical potential (partial molar free energy) of a metal atom in a particle of radius R, u(R), differs

from that in the bulk metal [u( )] by*®
where ywm is the surface free energy of the metal, and Vw is the bulk metal’s molar volume. Eq 5.1

describes the situation of a free-standing spherical metal particles. It shows that for such metal

particles, the positive surface energy of the metal makes the metal atoms in the particles have
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higher chemical potential than that in the bulk metal. As the radius of the particle decreases, the
chemical potential of the metal atoms in the particles increases.

The Gibbs-Thomson relation explains that metal atoms are more active in nanoparticles
since they have higher chemical potential compared to the bulk metals. However, the metal
nanoparticles used as catalysts are dispersed on the support materials. The interaction between the
metal nanoparticles and the support materials can stabilize the metal nanoparticles, but this support
effect is missing in the Gibbs-Thomson relation. A new equation was derived to address the
support effect by including the adhesion energies between the metals and the support materials.

This equation is®

u(D)- u()=(3y, ~E,,)(1+ D,/ D)(2V,, / D). (5.2)

H(D) is the chemical potential of a metal atom in a particle with diameter D. Eadn is the adhesion
energy between the metal and the support material, with a unit of J/m2. The factor (1+Do/D) is an
empirical correction that models the increase in ym and Eagn (above their bulk values for the large
diameter limit) with decreasing particle size. With Do = 1.5 nm, this predictive equation has been
shown to fit the chemical potential versus particle diameter plot well for five metal-on-oxide
systems studied before with SCAC: Cu/CeO195(111), Ag/CeO195(111), Au/CeO1.95(111),
Ag/Fe304(111), and Ag/MgO(100).%¢ Thus, Do will still be 1.5 nm in the following sections. Eq
(5.2) gives a simple but practical explanation for the size effect and the support effect of supported
metal nanoparticles. As the particle diameter decreases, the chemical potential of metal atoms
increases, which means the metal atoms in smaller particles are more reactive. For particles with
the same size, the chemical potential of metal atoms decreases with increasing adhesion energy of
the metal to the support material. It suggests that the metal atoms are less active when the support

has a strong interaction with the metal nanoparticles, while they are more stable against sintering.



76

5.3 EXTRACT THE ADHESION ENERGY FROM THE PLOT OF CHEMICAL POTENTIAL

VERSUS PARTICLE DIAMETER

In much of our previous work,>% 5288, 179, 181-183 the adhesion energies of metal nanoparticles on the
support materials were calculated with a thermodynamic cycle where the formation of large
supported metal nanoparticles from metal vapor is divided into two steps.'’ In the first step, the
metal atoms in the gas phase form free metal nanoparticles in vacuum with the same size and shape
as they are on the support material. The energy change of this step can be calculated with the
sublimation enthalpy and the surface free energy of the bulk metal (times the surface area of the
free-standing particles). In the second step, the metal nanoparticles formed in the first step are
attached to the support material. The energy change in this step equals the product of the adhesion
energy (in a unit of J/m?) and the total interfacial area between the metal nanoparticles and the
support material. The overall energy change of these two steps, which is the formation energy of
the supported metal nanoparticles from metal atoms in the gas phase, equals the integral heat of
adsorption, which can be obtained by integrating the differential heat of adsorption measured in
the SCAC experiments. This thermodynamic cycle shows that the adhesion energy Eagn can be

calculated using:*™®

nx ZAHadsorption =-NXx AHsublimation +Ax I:(l+ f )7M - Eadh] (53)

where y,, is the surface free energy of the bulk metal, f is the surface roughness factor of the

is the integral (average) molar heat of

adsorption

nanoparticle (for a hemispherical cap f =2), > AH

adsorption up to the coverage of interest, n is the number of metal atoms in moles at that coverage,

A is the interfacial area between the metal nanoparticles and the support material at that coverage
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obtained from the LEIS data, and AH is the sublimation enthalpy of the bulk metal. Eq

sublimation
(5.3) has been used to calculate the adhesion energies for several metal/oxide systems,>% 52 8. 182
183 However, using Eq (5.3) to calculate the adhesion energy between Ni and MgO(100) with the
LEIS growth mode results and the measured differential heat of adsorption up to 2.0 ML
(corresponding to Ni nanoparticles with diameter of 2.6 nm) at 300 K gives Eagn = -4.47 J/m?. This
negative adhesion energy is physically impossible, and it comes from the failure of one assumption
for Eq (5.3). In the first step of the designed thermodynamic cycle above, the sublimation enthalpy
of bulk metal is used to calculate the formation energy of metal nanoparticles in vacuum. A built-
in assumption for this step is that the metal nanoparticles are in the most stable phase of the bulk
metal where the sublimation enthalpy reported in the literature was measured. However, it was
reported that when Ni was deposited onto MgO(100) at 120 °C, Ni forms an unnatural hexagonal
close-packed (hcp) phase with an unusually large crystallographic c/a ratio (~6% larger than ideal
hcp) in the early stage of the growth with an average particle size of ~2.5 nm in diameter,” while
the sublimation enthalpy of Ni (430 kJ/mol) is reported for the normal (most stable) face-centered
cubic (fcc) phase of bulk Ni(solid).®>” Thus, the sublimation enthalpy of Ni in this metastable hcp
phase is expected to be considerably smaller than the literature value for the bullk sublimation
enthalpy of Ni (430 kJ/mol), as confirmed below. If this metastable phase is made in the
experiments of Figure 4.2 at 300 K for coverage below 2 ML as expected, then using 430 kJ/mol

for AH in Eq (5.3) will not provide a good estimation of the adhesion energy in this

sublimation
Ni/MgO(100) system. We show below a much better way to estimate this.

The chemical potential of metal atoms in supported nanoparticles of a given average
diameter, when defined relative to the bulk metal reference set to zero chemical potential, can be

calculated by subtracting the differential heat of Ni adsorption measured for this particle diameter
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(shown in Figure 4.3 here) from the sublimation enthalpy of the bulk metal (430 kJ/mol for Ni).t®
The resulting chemical potential of Ni atoms in the Ni nanoparticles is plotted versus average
particle diameter in Figure 5.1.

We have previously shown that the chemical potential of late transition metals in supported
hemispherical nanoparticles of diameter D relative to that for the bulk metal (large particle size
limit) can be well approximated by the Eq (5.2). Whenever we have used Eq (5.2) in the past, the
metal atoms in the nanoparticles formed the same phase as the most stable phase of the bulk metal,
which is used as the zero reference for the chemical potential. However, for this Ni/MgO(100)
system, the metal nanoparticles in the size range of Figure 5.1 are forming instead a metastable
phase, according to the literature mentioned above.®” To compensate for the energy difference

between the most stable (fcc) phase of bulk Ni and the metastable phase of Ni nanoparticles, we

sublimation

add an extra term (AH —AH:ub"maﬁon) to Eq (5.2), so that:

/u( D) = [(37v/m - Eadh )(1+ DO/D)](ZVm/D) + (AHsublimation - AHs*ublimation ) ’ (54)

where AH. is the heat

sublimation

is the sublimation enthalpy of the metastable phase, and AH

sublimation

of sublimation of the most stable bulk (fcc) phase (430 kJ/mol for Ni). The two remaining

*

variables, Eagh and AH are the fitting parameters of interest. Eq (5.4) fits the data points in

sublimation !

*

Figure 5.1 well with the best-fit parameters Eagn = 3.05 J/m? and AH =405 kJ/mol, except

sublimation
for a few points when the particles are below 1 nm in diameter. Below 1 nm, these particles might
assume a different shape or structure than the hemispherical cap assumed in Eq (5.4). Note that
the LEIS measurements in Figure 4.1 that were well fit with the hemispherical cap shape were all

at larger particle sizes than 1 nm. This shape change might explain this observation in Figure 5.1
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that for particles smaller than 1 nm, where the metal atoms are more stable (lower chemical
potential) than predicted for hemispherical shape.

There is a large lattice mismatch of -16% between Ni(100) and MgO(100), and the
reduction of misfit strain energy is believed to be the driving force that dictates the formation of
the metastable hcp phase.®” The lattice mismatch between Ni(111) and CeO1.95(111) is even bigger
(-35%). It is possible that Ni also forms a metastable phase on CeO1.95(111) to reduce lattice
mismatch, and Eq (5.3) cannot be used to calculate Eagn for Ni on CeO1.95(111). Here we use Eq
(5.4) with a minor correction to calculate Eagn for Ni on CeO1.95(111).

Eq (5.4) applies to metal nanoparticles with a shape of hemispherical cap. However, STM
studies showed that Ni nanoparticles supported on CeO1.95(111) have a shape of flat disk with an
aspect ratio (height/diameter) of 0.25.%% Eq (5.4) is corrected to address this shape difference, and

the derivation follows the same approach used previously.® The new equation is

’U(D) - (3}/M - Eadb )(1 - DO / D)(8VM /SD) + (AHsublimation B Afls*ublimation ) : (55)

Eq (5.5) is used to fit the data points corresponding to CeO1.95(111) in Figure 3.3, and the result is

shown in Figure 5.2. The fitting of Eq (5.5) to the data in Figure 5.2 gives Easn = 4.39 J/m? and

*

AH =404 kJ/ mol . Importantly, this best-fit value for the metastable phase is within 1

sublimation
kJ/mol of the best-fit value found on MgO(100) (above), which lends credence to our approach
here. The data points with diameter below 1 nm show significant deviation from the fitting curve,
as explained in the Ni/MgO(100) system. The deviation for the data at 300 K particularly big. The
small Ni nanoparticles grow at 300 K nucleate at step edges first, where the Ni atoms have strong
bonding with the step edges, and the Ni nanoparticles are stabilized better than that on terrace sites

at 100 K. This factor is not addressed in the model of Eq (5.5).
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AH. provides an estimate of the sublimation enthalpy of the metastable phase of Ni

sublimation

in the nanoparticles, and its value is close for CeO1.95(111) (404 kJ/mol) and MgO(100) (405
kJ/mol). The metastable phase of Ni on MgO(100) is 25 kJ/mol less stable than the fcc phase, and
on CeO195(111) the difference is 26 kJ/mol. From the last point of the chemical potential plot, as
we deposit more Ni onto the oxide surfaces, the Ni nanoparticles will grow bigger and overlap. As
seen in Figure 3.2 and Figure 4.2, the heat increases slowly from 2 ML to 8 ML, and the chemical
potential decreases. We attribute this slow increase in heat of adsorption to a gradual phase

transition from the metastable phase to most stable fcc phase, as suggested by a previous study.®’

5.4 CORRELATE THE ADHESION ENERGY WITH THE METAL’S OXOPHILICITY

The adhesion energy of Ni is 3.05 J/m? on MgO(100) and 4.39 J/m? on CeO195(111). These
adhesion energies are larger than any other metals that we have measured previously. On
MgO(100), the adhesion energies of the other metals are 0.3 J/m? for Ag,*’® 0.3 J/m? for Au,* and
1.92 J/m? for Cu.!8 On CeO1.95(111), the adhesion energies of the other metals are 2.3 J/m? for
Ag,*® 2.53 J/im? for Au,®® and 3.52 J/m? for Cu.>! This was actually predicted by the trend in
adhesion energies of metal nanoparticles on oxide surfaces we summarized before. In ref 3 the

adhesion energy of metals to a given oxide surface is plotted versus

su

(A =AM o )N, 79,7 where | (A=A, /N, /9,7 s used as a

measure of the oxophilicity of the metal’s element. Here AH_ , is the sublimation enthalpy of

M
metal M, AH,,. is the formation enthalpy of the most stable oxide of the metal (per mole of

metal atoms), Na is Avogadro’s number, and Qw is the volume per atom in the bulk solid metal.

[(AHsub’M —AHﬁMOX ) /N A} gives the enthalpy change of forming the metal’s most stable oxide
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from one gaseous metal atom and Ox(g), which directly reflects the strength of the chemical

bonding between the metal atom and the oxygen atom. This enthalpy change is normalized with

sub,M

the surface area per metal atom, which is approximately Qu?2. [(AH ~AH,. )/NAJ/QMZ/3

has a unit of J/m?, which is the same as Eaan. The plot shows that the correlation of Eagn With
[(AHsub,M —AH,, ) /N A] /Q, " is positive and essentially linear for MgO(100) and

Ce01.95(111).% For MgO(100) and CeO1.95(111), the data are fitted well by two straight lines with
the same slope (0.147+0.001) but a huge difference in the intercept (~2 J/m?).% This correlation
emphasizes that the dominant contribution to the bonding at the metal/oxide interface is from the
bonds of the metal atoms to the oxygen anions on the oxide surfaces. Janik and Mallouk’s group

also showed similar relations where the binding energies for single metal atoms and Ma metal

clusters on niobium oxide and silica correlate linearly with (AHSU&M —AH,,, )184, and the DFT-

calculated binding energies of single metal atoms correlate linearly with A4, 185,

Among the metal elements whose adhesion energies on MgO(100) and CeO1.95(111) have
been included in ref 3, Cu has the highest oxophilicity, which is 15.9 J/m? by definition as shown
above. Now the adhesion energies of Ni can be added to the plot, and the new plot is seen in Figure
5.3. The oxophilicity of Ni is 22.7 J/m?, and the data points of Ni is located farthest to the right
side of the plot. However, the trend adhesion energy still holds for Ni. The trend predicts that
Ni/MgO(100) adhesion energy should be 2.53 J/m?, and the value obtained in experiment is 3.05
J/Im?. The error is -0.52 J/m? and the relative error is -17%. For CeO1.95(111) the predicted adhesion
energy is 4.43 J/m?. The experimental result is 4.39 J/m?, with a relative error of only 4%. After

including the data of Ni, the effective range of the trend in the adhesion energy is almost doubled.
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5.5 CONCLUSION

The chemical potential of metal atoms in nanoparticles are described with Eq (5.2). It shows how
the chemical potential of metal atoms increases with the decreasing particle size, and decreases
with the increasing metal/oxide adhesion energy. Eq (5.2), with some minor corrections to address
the formation of metastable phase of Ni and the flat-disk shape of Ni nanoparticles on
Ce01.95(111), is used to calculate the adhesion energies of Ni to MgO(100) and CeO1.95(111)
surfaces. Ni atoms form a metastable phase on MgO(100) due to a large lattice mismatch when
they grow as nanoparticles with a diameter <2.5 nm. This metastable phase has a sublimation
enthalpy 25 kJ/mol lower than that of the stable fcc Ni. The adhesion energy of Ni to MgO(100)
is 3.05 J/m?. Using the same method, the sublimation enthalpy of the metastable Ni phase on
Ce01.95(111) is calculated to be 24 kJ/mol lower than that of the stable fcc Ni, which is very close
to the number for MgO(100). The calculated adhesion energy of Ni to CeO1.95(111) is 4.39 J/m?.
As predicted by the trend in adhesion energies of metal nanoparticles on oxide surfaces, Ni has
higher adhesion energy to MgO(100) and CeO1.95(111) compared to other metals whose adhesion
energies have been measured with SCAC. Based on the experimental adhesion energies of

different metals to MgO(100) and CeO1.95(111), the adhesion energies of metal correlate linearly

with their oxophilicity measured as [(AHwb,M —AH o )/NA:|/QM2/3. The adhesion energy of

Ni to MgO(100) and CeO195(111) obtained recently also fits well in this trend. Since Ni has a
much higher oxophilicity than any other metal included in the trend before, the new result of Ni’s
adhesion energy validates the power of the trend in a wider range, and proves that it has true

predictive ability.
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Figure 5.1 Chemical potential of Ni atoms in Ni particles (relative to bulk Ni(solid)) versus the

average effective Ni particle diameter on MgO(100) at 300 K. The black line is the fitting curve
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of Eq (5.4), with the best-fit parameters: Eagh = 3.05 J/m? and AH =405 kJ/mol.
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Figure 5.2 Chemical potential of Ni atoms in Ni particles (relative to bulk Ni(solid)) versus the

average effective Ni particle diameter on CeO1.95(111) at 300 and 100 K. The red points

correspond to 300 K, and the blue points correspond to 100 K. The black line is the fitting curve

of Eq (5.5), with the best-fit parameters: Eadgh = 4.39 J/m? and AH

*
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Figure 5.3 Experimental adhesion energies of different metals (as continuous films or for the

largest nanoparticles studied) to MgO(100) and CeO2x(111) surfaces versus

[(AHSU&M ~AH )/NAJ/QMZ/B’ , which is measure of the oxophilicity of the metal element,

£MO,
per unit surface area. These measurements were all down in UHV on clean oxide surfaces, using

either SCAC or particle-shape measurements by electron microscopy or grazing-incidence X-ray

scattering. Adapted with permission from ref 3°.



86
Chapter 6. The Degree of Rate Control of Catalyst-Bound Intermediates
in Catalytic Reaction Mechanisms: Relationship to
Site Coverage

This chapter has been published as:
Z. Mao, C. T. Campbell, Journal of Catalysis, 2020, 381, 53-62.

Chapter Abstract
The degree of rate control (DRC) quantifies how much the energy of each species in a
reaction mechanism (e.g., catalyst-bound intermediates and transition states) affects the net
reaction rate. It thus plays an important role in understanding catalyst activity and selectivity, and
in guiding efforts to find better catalysts. We show here that at steady-state reaction conditions,
the degree of rate control for any catalyst-bound intermediate n (Xn) is proportional to its fractional

population of catalyst sites (6h):
X, =—-ox0, ,

where the proportionality constant o is given by:
o= Z X, xn, .

Here, X is the DRC of the transition state in step i, ni is the number of catalyst sites of the same
type required for the elementary step i, and the sum is over all transition states (or elementary
steps) i. Since only a few transition states typically have non-negligible DRCs, this simple sum
(or weighted average of elementary-step site requirements) includes only a few terms (and only
one term when there is a single rate-determining step). We also show that the DRC of reactants
and catalyst depends upon the choice of zero-energy reference, but simplify to zero when using

their standard states as the zero-energy reference.



87

6.1 INTRODUCTION

The generalized degree of rate control (DRC) is a mathematical approach used to identify
rate-controlling species in multistep reaction mechanisms.*> *® It quantifies the extent by which a
small decrease in the standard-state free energy of a species in the reaction pathway affects the
reaction rate, which is of clear value in understanding how different catalysts might change the
rate and selectivity. It has found many important applications in catalysis research,l 43 186-189
including use for computational catalyst screening.! 1% The definition of the generalized DRC is:*?

Gjui

where r is the net steady-state reaction rate (per catalyst site) towards the product of interest
(or for the consumption of one reactant), G/ is the standard-state Gibbs free energy of species i
(i.e., a catalyst-bound intermediate or transition state). The derivative is taken holding constant
the standard-state Gibbs free energies of all other species.

In the following treatment, we will define these G/ free energies relative to the standard-
state Gibbs free energy of the stoichiometrically-combined reactants (plus the catalyst with no
bound intermediate) as the zero-energy reference. (Maintaining element-balance with every step
in the mechanism simplifies picturing this zero-energy reference in a reaction-energy diagram and
analyzing DRCs.) However, we only do this as a matter of convenience, and one can also take
other states as the zero-energy reference. Indeed, we show in the section on Reference States below
that when using quantum mechanical methods (such as density functional theory, i.e., DFT) to
estimate the energies of species, it is often more convenient to choose the zero-energy reference
differently, and even then the reference state typically varies between heterogeneous and

homogeneous catalysis.
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Since the term -G} /RT will be used frequently in the following sections, it will be replaced with a

dimensionless variable (reduced free energy) gi:
6,=-G!/RT | 62)

so that Eq (6.1) can be rewritten as

There are some similar measures of the sensitivity of the rate to the values of rate
constants.** 18 Those apply to elementary steps, so that the contributions of the individual species
in each step (e.g., the initial state intermediate, the transition state and the final state) are coupled
together. We focus here instead on the generalized DRC, because it relates directly to the free
energies of individual species and has a more direct connection to the reaction energy diagram.
There are only a few species with non-negligible DRCs even in the most complex reaction
mechanisms. Thus, the generalized DRC greatly simplifies analysis of the connection between
reaction rate and species’ energetics. This benefit increases as the complexity of the mechanism
grows.* Since it was raised in 2009, the generalized DRC has shown its power in catalysis research.
Wolcott et al. introduced a method for computational catalyst screening based on the generalized
DRC.! Mao et al.'®! proved that the apparent activation energy of a multistep reaction equals the
weighted average of the standard-state enthalpies of all the species in the reaction mechanism
(relative to the reactants), each weighted by its generalized DRC, plus RT. Thus, knowing the
values of the DRCs for the species in a reaction mechanism can be quite helpful. The DRC values
not only quantify the extent to which different elementary steps control the rate, but also the extent

to which the energy of each catalyst-bound intermediate and transition state affects the rate. They
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are very important in interpreting reaction kinetics, in understanding apparent activation energies,
and in predicting better catalyst materials. Here, we show that the DRC for any catalyst-bound
reaction intermediate n (Xy) is proportional to its fractional population of catalyst sites (éh):

X,=—0ox0, , (6.3)

where the proportionality constant o is a weighted average of elementary-step site requirements,
ie.

0"=Z:Xi><ni (6.4)

The weighting factor X here is the DRC of the transition state in step i, nj is the number of catalyst
sites of the same type required for the elementary step i, and the sum is taken over all transition
states (or elementary steps) i. It is well known that in typical complex reaction mechanisms, even
ones with many elementary steps, there are only a few transition states that have non-negligible
DRCs.*> %3 Therefore this simple sum typically includes only a few terms. It has only one term
when there is a single rate-determining step.

We defined n;j in Eq (6.4) as the number of catalyst sites of the same type required for the
elementary step i. This takes into consideration that a catalyst might have two different types of
sites that bind different reactant gases but are both required in some rate-controlling step(s). An
example of this type is treated in Reaction 3 below. This could occur in many real situations. For
example, if a rate-controlling reaction occurs at the periphery of an oxide-supported metal
nanoparticle, it might be a bond-forming reaction between one adsorbate bound to a site on the
metal surface and another adsorbate bound to a nearby site on the oxide surface, or a bond-breaking

reaction where the two product fragments bind to different types of sites (metal versus oxide sites).
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We note that Eqs (6.3) and (6.4) relate the DRCs of adsorbates to the fraction of catalyst
sites they occupy () at the reaction conditions of interest. The fraction of free sites (&) is 1
minus the sum of &, for all adsorbates. However, free sites themselves do not have a degree of rate
control (since they are part of the zero-energy reference in Eq (6.1)). This can be seen from the
definition of DRC in Eq (6.1), where the derivative is taken with respect to -G{/RT, where “G/ is
the standard-state Gibbs free energy of species i (i.e., a catalyst-bound intermediate or transition
state) relative to the standard-state Gibbs free energy of the stoichiometrically-combined reactants
(plus the adsorbate-free catalysts surface) as the zero-energy reference. Thus, it is impossible to
determine the DRC for the free surface sites, since they are included in the reference-state energy
that cannot be changed in calculating DRCs. However, this is only true because we chose the
reactants and catalyst (with no bound intermediates) as a convenient zero-energy reference state
here. This changes when using other reference states, as shown below in the section on Reference
States.

Some attractive mathematical properties of DRCs have already been reported. The DRCs
of transition states are usually positive (or zero), and the DRCs of intermediates are usually
negative (or zero).*? For the DRCs of transition states, if there is a single rate-determining step
(RDS), the transition state in the RDS has a DRC of 1, leaving the DRCs of other transition states
near zero unless the reaction has branching. If several transition states show rate-control, their
DRCs sum up to 1.3 44 In a sequential fluid-phase reaction with no catalyst, the steady-state rate
(for given steady-state reactant concentration(s)) is determined by the energy difference between
the reactants and the transition state of the RDS.*%% 13 We can offer further justification for this as
follows. Within transition state theory (TST), one calculates the rate by assuming that the reactants

of the RDS are in equilibrium with its transition state. If all the steps before this RDS are in
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equilibrium, then the initial-step’s reactants are also in equilibrium with the transition state for the
RDS. Thus, one need not even consider the intervening intermediates to calculate the steady-state
rate for given steady-state reactant concentration(s). One can simply calculate the rate assuming
there is single step that converts initial reactants to the transition state for the RDS, applying TST
as if it were a single elementary step since they are in equilibrium. Thus, the intermediates do not
exhibit significant rate-control (their DRCs are close to zero).

In a catalyzed reaction, the story is quite different because there is often a limited amount
of active reaction sites. By investigating several catalytic reactions involving adsorbed
intermediates, Campbell and coworkers already discovered that the DRCs of the adsorbates are
usually proportional to their fractional coverages,*> ** with a proportionality constant almost
always been observed to be a positive integer that applies to all the surface-bound intermediates
along the reaction pathway to a given product, and it is often 2 in microkinetic models. Knowing
how to predict this proportionality constant - o between coverage and DRC of adsorbates using Eq
(6.4) should allow experimental estimation of DRCs of adsorbates, because their coverages can be
measured by a variety of methods. Alternately, measuring the experimental proportionality
between rate and adsorbate coverage would allow experimental determination of the value of o,
which would give experimental information about the number of sites required in the rate
controlling step(s) through Eq (6.4).

In the following sections of this paper, we analyze many different classes of catalytic
reaction mechanisms, in both heterogeneous and homogeneous catalysis, elucidate the origin of
this proportional relation, and show that the proportionality constant is given by the DRC-weighted
average of elementary-step site requirements as given by Eq (6.4) above. We first analyze six

different reaction mechanisms where analytical rate expressions can be derived at steady state, and
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for several of these we also analyze multiple limiting cases where the rate laws simplify. All these
rate laws give DRCs in agreement with Eqs (6.3) and (6.4). We next perform case studies of two
more complex mechanisms where analytical rate expressions have not be determined, but where
we have calculated the steady-state rates at various reaction conditions using a computer, based on
the reaction energetics taken from the literature (which were calculated using density functional

theory). In all these cases, the DRCs are in agreement with Eqs (6.3) and (6.4).

6.2 REACTION 1. A TYPICAL LANGMUIR-HINSHELWOOD MECHANISM

To validate Eqgs (6.3) and (6.4), we first consider a Langmuir-Hinshelwood (L-H) reaction
mechanism with four elementary steps and competitive adsorption. There is a single RDS (Step 3)

and all other steps are quasi-equilibrated:

1. A+* > A* ( fast to equilibrium)
2. B+*—>B* ( fast to equilibrium)
3. A*+B*>C*+* (RDS)

4. C*—>C+* ( fast to equilibrium)

Since Step 3 is the only RDS, the coverage of C* should be very low compared to A* and B* at
low conversion limit. Campbell*? proved that if the surface is nearly saturated with A* and step 3
is so exothermic that it is essentially irreversible, the DRC of A* is -2 and Eq (6.3) is true with o
= 2, just as expected based on Eq (6.4). Here we give a general proof that o = 2 for this L-H
mechanism in the more general case where both A* and B* can occupy any fractions of surface
sites.

Using the Langmuir adsorption model for adsorption, the fractional coverages of A* and

B* are given by:
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= KiPa and (6.5)
l+ KlpA+K2pB

_ K, Pg 6.6

"1+ K,p, +K,pg | (60)

where px is the partial pressure of X and Ki; is the equilibrium constant of Step i. (We do all the
derivations here and below assuming gas-phase catalysis and using partial pressures p as a
convenient way to express concentrations. However, we emphasize that the resulting equations
would apply equally well to liquid-phase heterogeneous catalysis, where the partial pressures
would simply be replaced with concentrations (or activities)). For the quasi-equilibrated

adsorption steps, the equilibrium constants Ki can be expressed as K; =exp(-G° /RT) , where G’

is the standard-state Gibbs free energy of the adsorbate X* formed in Step i. Since Step 3 is an

irreversible step, the rate of the reaction per catalyst site can be written as:

r= k30/.\*93* — k3 KlKZ pA pB =, (67)
(1+ K, pp + K, pg)

where ks is the forward rate constant of Step 3. It can be expressed as ki =

(ke /h)exp| —(Gs; — Gf. ~Gg.) /RT | using transition state theory, where Gr, is the standard-state

Gibbs free energy of transition state in Step 3 (TS3). If all rate constants and equilibrium constants

in Eq (6.7) are expressed as functions of Gibbs free energies, Eq (6.7) becomes:

k. T ex «+ e
P ; eXP(Gres — O — Oae) P(9a + Yo+) PaPs :
[1+exp(ga.) P +€XP(5) Ps | 6.8)
_ keT eXP(rss) PaPs

h' [1+exp(g,.) P +exp(gg.) P ]2

Plugging Eq (6.8) into Eq (6.1) gives the DRCs of TS3 and of intermediates A* and B*:

X, = -1 (6.9)
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XA*:a(ln r):_zx exp(gu ) Pa _ 20, (6.10)
o(g) 1+exp(ga) Pa+exp(ge-) Ps
XB*:a(In r):_zx eXp(gB*)pB =20, (611)

0(9s-) 1+exp(gae ) Pa +€XP(Je- ) P
Eq (6.9) shows that TS3 has DRC = 1. Comparing Egs (6.10) and (6.11) to Eq (6.3) shows that the
proportionality constant o equals 2 for both A* and B*. The “-2” comes from the square in the
denominator of the rate in Eq (6.8) (usually called the adsorption or site blocking term*®4), which
becomes a factor -2 after taking the logarithm. It also equals the number of reaction sites required
in the RDS times -1. The DRCs are 0 for all the other transition states and intermediates. These

results are all consistent with Eqs (6.3) and (6.4).

6.3 REACTION 2. A SIMPLE ELEY-RIDEAL MECHANISM

We next consider a three-step reaction following the Eley-Rideal (E-R) mechanism:

1. A+*—> A*  (fast to equilibium)
2. A*+B—>C* (RDS)
3. C*—>C+*  (fast to equilibium)

The coverage, the reaction rate per catalyst site and the DRCs can be calculated in the same way

as shown in the L-H mechanism, giving:

_ KasaPa _ exp(ga)pa (6.12)
1+ Kads,A* Pa 1+ eXp(g A*) Pa

A*

k. T
r= kzoA* Ps = BTeXp(gTsz - gA*)eA* Ps

) EXP(Gc)PaPa. (6.13)

kT
=—8 — .
p *P(0rs2 = 0, 1+exp(gu.) Pa

_ kT exp(9rs,) PaPe
h 1+exp(g,)Pa
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Xz = aa((:;;)) - (6.14)

| *
XA*:a(nr):_ exp(gs) Pa o, (6.15)

0(9x) 1+exp(gp)pa

The DRCs are 0 for all the other transition states and intermediates. In this case, the DRC of the
transition state in the RDS (TS2) is still 1. The main difference between the E-R mechanism and
the L-H mechanism studied above is, gas B does not adsorb on the surface and only one surface
site participates in the RDS. The denominator in Eq (6.13) is no longer squared as it was in Eq
(6.8), and so o decreases from 2 to 1. These results are all consistent with the predictions of Eqs

(6.3) and (6.4).

6.4 REACTION 3. A LANGMUIR-HINSHELWOOD MECHANISM WITH TWO TYPES

OF SITES

The third model reaction mechanism we consider is an extension of the L-H mechanism
above, where the two adsorbates A* and B* adsorb on different types of surface sites, i.e., non-
competitive adsorption. When A and B are in equilibrium with their own different sets of surface

sites, their fractional coverages are given by:

_ KasnPa _ eXP(9u)Pa g (6.16)
1+ Kads,A* pA 1+exp(gA*) pA

A*

_ KaspPs _ eXp(Qe-)Ps
1+ Ko p-Ps  1+€Xp(9g-) Ps

(6.17)

B*

Then the rate per catalyst site and DRCs can be calculated as:
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kBT exp(gA*)pAeXp(gs*)pB
r =——exp(grs; — G- — Ug+)
h T T exp(g ) Pa[1+ €XP(0g-) Ps ]
(6.18)
kT eXP(Grs3) PaPe
h [1+exp(gu.)Pal[1+exp(gs.) Ps]
X, = d(Inr) 1 (6.19)
a(gTss)
XA*:a(Inr):_ eXP(9ye ) Pa g, (6.20)
0(gx)  L1+exp(gn)Pa
XB*:a(Inr)__ exp(gs-) Ps o, . (6.21)

3(gs.)  1+exp(gs.)Ps
The DRCs are 0 for all other transition states and intermediates. Egs (6.20) and (6.21) show that
Eq (6.3) still holds in this case. The ratio ois 1 instead of 2 for both A* and B* despite the fact
that there are two surface sites participate in the RDS. These results are all consistent with Eqgs
(6.3) and (6.4).

Gathering together the results of these three model reaction mechanism studies, we can
conclude that the simple proportional relation between the DRCs of adsorbates in a surface
reaction and their fractional coverage as expressed in Eq (6.3) is true in all these limiting cases.
The proportionality constant o is given accurately by Eq (6.4) in all cases. It comes from the
denominator in the rate equation that arises from the coverage expressions for the adsorbates
involved in the RDS. It equals the number of surface sites of the same type that participate in the
RDS. If the adsorbates occupy different types of surface sites, the ratio oof an adsorbate X* equals

the number of that specific type of sites on which X* adsorbs in the RDS.



97

6.5 REACTION4. A REACTION WITH TWO RATE-CONTROLLING STEPS

Although these three model reactions cover many of the cases in real surface reactions
when there is a single RDS, we would still like to explore more complicated reaction mechanisms
with more than a single RDS, so that these conclusions regarding ratio o (i.e., Eq (6.4)) can be
understood and used in a more general way. Starting from the L-H mechanism (Reaction 1 above),
let us add another step just after Step 3. In the new reaction, we assume that both Step 3 and Step
4 have non-negligible DRCs. These two steps are labeled as RCS 1 and RCS 2 (RCS = rate-

controlling step).

1. A+*—> A* (fast to equilibium)
2. B+*—>B* (fast to equilibium)
3. A*+B*—>C*+* (RCS1)
4 C*—>D* (RCS 2)
5. D*>D+* (fast to equilibium)

Assuming B* is the most abundant species (ék+~ 1) and applying the steady-state approximation
to Steps 3 and 4, we can equate the net rate of production of C* to its net rate of consumption, and

rearrange to solve for the coverage of C*, as:

K g ax
r =K,0,.05. —K ;0.0 =k, —=4 Pa _ K 0. K; =K,0p-
ads,B* MB ads,B* pB (622)
9 — k3 Kads,A* pA
¢ k—3 + k4 Kads,B* pB

The rate expression for the production of the final product D per catalyst site is then:
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Kok, K ags o= Pa
k—3 + k4 Kads,B* pB
_ KgT eXP(Frss — Y — 9p+) €XP(Grss — Jc+) EXP(Gar) P
h eXp(gTsa - gc*) + eXp(gTs4 - gc*)EXp(gB*) pB (623)
_ KgT eXP(rss = 9 = Yo+ + Orss — Jcx + Ua) Pa
h exp(9rss — 9c-) +€XP(Grss — Yev + Upe) Ps
_ kT eXP(Grss — e+) Pa
h eXp(Grss — Orss) +€XP(Je.) Pg

r =k,0.. =

The DRCs of the two RCS transition states are given by

X, = o(Inr) exp(9g-) Pg (6.24)

a(gTSS) - exp(gB*) pB +exp(grss - gTSA)

X, = 6(|n r) 3 eXp(gTss _gTS4) (6.25)

a(9T54) - exp(gs*) Pe +exp(gT83 - gTS4)

The sum of X3 and X4 is 1, which has been proven before for series reactions.** The DRC of the

most abundant adsorbed species B* can also be calculated and expressed in terms of X3 and X4

x, =oUnn)_ exp(Je-) Ps

T 3(gs)  exp(gs.) Py +EXP(Grss — Gres) (6.26)
= (X, + X,) = Xy = —(2X, + X,)0ye

The DRCs are 0 for all the other transition states and intermediates. Eq (6.26) shows that if there
is more than one RCS, and the numbers of sites of the same type involved in these RCSs are not
equal, the ratio o in Eq (6.3) will no longer be an integer. It instead equals the average of the site
numbers required for all the RCSs (2 and 1 in this example), each weighted with the DRCs of their
transition states. This is the rule already expressed as in Eq (6.4) above.

If G, is significantly higher than G, then Step 3 will be the single RDS and this case

reduces to the first L-H model reaction we studied above, where o= 2. Conversely, if G, is much

higher, then Step 4 will be the single RDS and o reduces to 1. If both Step 3 and Step 4 need two
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sites of the same type, o would always be 2X3+2X4 = 2. These results are all consistent with Eq

(6.4).

6.6 REACTION 5. A BRANCHED REACTION MECHANISM GIVING TWO POSSIBLE

PRODUCTS

We next show that Eq (6.4)is valid for a much more complex mechanism, a branched

reaction starting from common reactants to two different products, D and E:

1. A+*—> A* (fast to equilibium)
2. B+*—B* (fast to equilibium)
3. A*B*—>C*+* (RCS 1)

4. C*—>D* (RCS 2A)

5. C*>E* (RCS 2B)

6. D*>D+* (fast to equilibium)
7. E*>E+* (fast to equilibium)

There are now three different rates to consider in DRC evaluations: a rate of reactant consumption
and two rates of product generation. Step 3 is a rate-controlling step before the branching at Steps
4 and 5. Assuming B* nearly saturates the surface (&= ~ 1), a method like used in the previous
model reaction above can be applied. Applying the steady-state approximation to Steps 3, 4 and 5,
the coverage of C* is given by equating the net rate of production of C* to its net rate of
consumption, and rearranging:

r o =KO0ppe — K 40..0. = (K, +k; )6
k3 Kads,A* pA (627)

H * =
¢ k—3 +(k4 + kS) Kads,B* pB

The rate of production of D per site can be written as



100

r — k 0 — k3k4Kads,A* pA
? e k—3 +(k4 +k5)Kads,B* pB
_ksT eXP(Grs: — Oar — G ) EXP(Gros — Ucr ) EXP () P (6.28)
h EXp(gTss - gc*) + [EXp(gTs4 - gc*) + eXp(gTss - gc*)JEXp(gB*) P
_keT exp(Grs; — gB*)eXp(gm) Pa
h exp(Qrss) +[ €XP(rss) +€XP(0rss ) |XP(Qe- ) Py
Similarly, the rates of production of E and consumption of A (or B) are given by
r— kBT eXp(gTss B gB*)eXp(gTSS) Pa (6.29)
= h exp(gTSS)+|:exp(gTS4)+exp(gTSS):|eXp(gB*) Ps
kT exp(Jrss — gB*)[eXp(gTM )+ EXp(gTSS):I Pa (6.30)

0 exp(grss) +[ eXP(rse ) +€XP(rss) JexP(Ge-) P
Extra attention should be paid to the calculation of DRCs here because there are three types of
rates: the rate to product D rp, the rate to product E re and the overall reactant consumption rate

ra. For example, the DRC of the transition state in Step 3 for the rate to D (rp) is

_o(inr) exp(Grss)
P 0(grss) eXp(Qrss ) + [ €XP(Grss ) +€XP(Trss ) |exP(Tg) Ps
B [eXp (Grsa ) +€XP(Grss ) |eXP(Tee ) Ps
~ exp(0rs,) [exp Orsa ) +EXP (s ]exp Us-) Pe

(6.31)

Similarly,

o(inre) _, exp(rss )
0(Grss)  exP(Urss)+[€XD(Trss ) +€XD(Grss ) |eXP( - ) P
_ [eXP(Grss ) +€XP(Grss ) |€XP(s- ) Po

exXP(Grs; )+ €XP(Jrsa ) +€XP(Trss ) [eXP( s+ ) Ps

X =

TS3,E

(6.32)

(i) eXP(Grsa ) €XP(e- ) Py
P 0(Gres)  eXP(Grs ) +[€XD(Trss ) +€XD(Trss ) [eXP (s ) P
- exXP( Grss ) +€XP( Grs )EXP (G- ) Ps
~exXP (s )+ XP(rsa ) +€xXP(rss ) |exp(9s-) P

X

(6.33)
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w  _o(nr) —€XP(Grss )XP(Js- ) Ps (6.34)
P 0(rss)  eXP(Grss) [ €XP(Trss ) +€XP(Grss ) [EXP (T ) P
X :a(lnro) eXp(gTSS)exp(gB*) Pe (6.35)
PP 3(Ores)  €XP(Grss) +[ XD (Grsa ) +€XP(Grss ) XD (e ) P
w  _o(nr) eXP(Grss ) eXP(Je- ) Ps
P 0(Orss)  eXP(rss )+ [ €XP(Grss )+ €XP(Grss ) |eXP(Tge) Pg (6.36)
B eXP(rss ) +€XP(Grs, )eXP(Qg- ) P '
~exXP (s )+ XD (rsa ) + €XP(Grss ) |eXP (05 ) Ps
X za(lnrA)_1 exp(grss)
AT 5 (Gss ) exXp(Grs; )+ €XP(Trss ) +€XP(Grss ) |eXP(Fas ) Ps (6.37)
~ [exp(9rsa) +exP(Grss ) JexP(e- ) P |
~ eXD(Grss )+ €XP(Urss )+ €XP(rss ) [eXP (- ) P
o(Inry)
X 2\ A
TS4,A a(g-l—54) (6 38)
_ exp(Grss) exp(Grsa ) €XP(gs-) P '
exP(Grss )+ €XP(Orss)  €XP(Trss ) + [ XP(Frsy ) +XP(Trss ) |eXP (0o ) P
o(Inry)
X =\ AJ
TS5,A a(gTSS) (6 39)
_ op(Oss) eXP( Grss )€XP(Js-) P
eXP(Groa) +EXP(Grss)  €XP(Grss ) +| €XP(Grs ) +€XP(Grss) |€XP(Ys- ) P
o o) - [exp(Grss ) +€XP(Grss ) |eXxP(Qg.) Ps
0 " 5(gy) eXP(Jrss ) +[ €XP( sy ) +€XD(Grss ) |eXP( - ) P
__eXp(gTss Z[exp gTs4)+EXp Orss :|6Xp gB*)pB (6'40)
exXP(Grss) + [ €XP(Grss ) +€XP(rss ) |€XP(Je-) P
= XB*,E = XB*,A

To check if the above relation between DRCs and coverages (Egs (6.3) and (6.4)) still holds
in this branched reaction, the DRCs calculated above are compared to Eqs (6.3) and (6.4). It is

important to note that Eqs (6.3) and (6.4) apply independently to all three rates here (i.e., to the
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rates of reactant consumption, D production or E production), but it can only be applied to one of
these rates at a time. For example, if we consider the DRC for intermediate B* in the rate to product

D, then Eq (6.4) gives:

o Z Xi,D xn; = 2x XTSS,D +1x XTS4,D +1x XTSS,D

2><[exp (Grs4) +XP(Grss ) |exP( e ) P
exp(Grss) [exp Orsa ) +€XP(rss) ]exp g+ ) P
eXp(gTss)+eXp(gTss)eXp(gB*)pB
eXP(Grss ) +[ €XP(Grss ) +€XP(Trss ) |eXP( - ) Pe (6.41)
.\ —eXP(Jrss ) eXP(Ye-) Pe
exp(Jqs;) [exp Orss ) +€XP( Grss ]exp Js-) Ps
exp(gT53 +2x[exp (Grss ) +€XD(Grss ) |eXP( - ) P
exXP(Grs; ) +[ €XP(Trss ) +€XP(Grs ) |eXP(Fs- ) Ps
= —Xgup == B*_D/H*z

The last line above is seen to follow from the line above it by comparison to Eq (6.40) for the DRC
of B* in the rate to D, and by remembering that the coverage of B* is nearly 1. The same result
can also be achieved if DRCs corresponding to the rates to produce E or consume reactant A are
plugged into Eq (6.4), which means in this branched reaction mechanism the DRC-coverage
relation described by Eqgs (6.3) and (6.4) is valid, but must be applied independently to each type
of rate.

These equations above are rather complex. We next discuss their results under two extreme
conditions which simplify the equations and their interpretation. First, if the energy barrier in Step

3 is much higher than those in Step 4 and 5, the term exp(g,s,) IS negligible compared to exp(g;,)
and exp(g.ss) . In this case, X35, Xisze and Xqgg 4 all simplify to 1, while X, ,» and Xigs 4

reduce to 0. This means that Step 3 has complete control on the overall throughput (rate of reactant
consumption). However, the transition states in Step 4 and 5 still can determine how the overall

throughput is divided into the two branches. Eqgs (6.33)-(6.36) reduce under this condition to:
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Xrsa0 = exp(g;:p)(fJ ;ig(gm) (642
s o (o) 649
Xrsso = exp(g;jj;)ii;sgzgm) (6.44)
T 649

Eqgs (6.42)-(6.45) show that these DRCs control the selectivity of the reaction. The DRCs of Step
4 and 5 to the same product have the same absolute value with different sign, and they both require
one site, so they cancel each other in Eq (6.4). The ratio o for B* to either product is therefore
dominated by Step 3 and equals 2.

If the energy barrier in Step 3 is enough lower than those in Step 4 and 5, the terms

exp(dys,) and exp(g.s;) are negligible compared to exp(gys;). Thus Xig3p, Xisse and Xqgy, all
reduce to 0; X, p and X reduce to 1; while X, and X, reduce to 0. In this case, Step

3 has a low energy barrier and the transition state in Step 3 exhibits no rate-control. The transition
states in Step 4 and 5 have complete rate-control on the rate of product formation in its own branch,
but they have no rate-control on the other branch. The DRCs of transition states in the rate of
reactant consumption still add up to 1, with fractional contributions from the two branches based
on the relative height of the transition states in Step 4 versus 5. Egs (6.38) and (6.39) simplify in

this case to Eqs (6.46) and (6.47):

eXp ( gTS4) (646)
eXp(gTs4 ) + exp( gTSS)

XTS4,A =
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eXp(gTss )

(6.47)
exp(Ursa ) +€XP(rss)

XTSS,A =

The ratio o calculated with Eq (6.4) (which is the same for all intermediates) equals 1, no matter
which rate’s DRC you use in Eq (6.4) (i.e., that corresponding to rate of D production, E production
or A consumption). This result is reasonable because the steps that exhibit rate-control only require
one surface site.

All of the results for this complex mechanism are consistent with Eqs (6.3) and (6.4).

6.7 USING DIFFERENT ZERO-ENERGY REFERENCE STATES

In the sections above, we used the standard-state Gibbs free energy of the
stoichiometrically-combined reactants (plus the intermediate-free catalyst) as a convenient zero-
energy reference state. However, when using quantum mechanical methods (such as DFT) to
estimate reaction energetics, it is often more convenient to use absolute energies for the species i,
where the zero-energy reference is, for example, isolated atoms or the free electrons plus nuclei.
In Reaction 6 below, we use this type of zero-energy reference for an example in homogeneous
catalysis. We also used this in the example of Michaelis—Menten kinetics for enzyme-catalyzed
reactions treated in ref.,°* but failed to explicitly state that there. The DRCs of intermediates and
transitions remain unchanged with choice of reference state, as shown below. However, an
important result of using such an absolute zero-energy reference is that the DRCs of reactants and
free catalyst are no longer zero, as shown below. In heterogeneous catalysis studied using DFT
with periodic boundary conditions, such an absolute-energy reference is often used for the
reactants and products, but the energy of the adsorbate-free catalyst slab is subtracted from that of

the catalyst-bound absorbates, so that the energy of the adsorbate-free catalyst slab is part of the
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zero-energy reference state, and its DRC is therefore 0. The choice of reference state does not
affect the numbers in Eq (6.4), but it does change the terms is calculating apparent activation

191

energies (Eapp) using the equation we derived recently,** which is:

E.o =RT+>_ X;H . (6.48)

Here, the second term is the sum of the standard-state enthalpies of all species i that appear in the
reaction pathway, including all intermediates and transition states (and reactants and catalyst sites),
each weighted by its DRC (which is zero for reactants and catalyst sites when using them as the
zero-energy reference). Since HY is the enthalpy of species i, its value depends on the choice of
reference state. As we show next, the change in DRC value for reactants and catalyst sites from
zero (with reactants and catalyst as the reference state) to non-zero (with an absolute energy
reference state) is exactly compensated by Eq (6.48), so that the same Eapp results, provided that
one includes also the reactants and catalyst sites in the sum over i in Eq (6.48).

We take Reaction 1 and its rate expression (Eq (6.7)) above as an example to show how
this works. To simplify this, we assume the surface is nearly saturated with A*, in which case Eq

(6.7) reduces to:*?

K, T
r:B_eXp(gTss_ZQA*)p_ (6-49)
h Pa

From Eq (6.49) it is easy to calculate that TS3 has a DRC of 1, A* has a DRC of -2 and B* has a
DRC of 0. The relation between the absolute (standard-state) free energies of these species and
their free energies using the reactants (plus the intermediate-free catalysts) as the zero-energy

reference can be expressed as:

Ors3 = ngss_g'A_gls_Zgl* (6-50)
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O =0 x—09'2— 0% (6.51)

where g°, is the reduced absolute free energy of species i and g; is its reduced free energy relative
to that of the reactants plus catalyst. Plugging Eqgs (6.50) and (6.51) into Eq (6.49) gives:

k T 1 1 1 1
r:BTexp(g 3= 20+ 0',— 0 B)% (6.52)
A

From Eq (6.52) we can calculate that X3 = 1, Xax = -2, Xa = 1 and Xg = -1. Note that the reactants
(A and B) now have non-zero DRCs that are equal to the negative of their reaction orders.
However, the DRCs of transition states and intermediates remain unchanged with this change of

reference state. One can prove this for the general case as follows:

[alnrJ:(alnrj[ag'mj:[alnrJ (6.53)
agTSS ag lTS3 agTSB ag 'TS3

(alnrj:(alrer[ag A*j:(alr'lrj (6.54)
00 pe 09 'pr )\ OQ pe 09 pr

Although using the absolute energies gives non-zero DRCs to reactants (and often to free

catalyst sites), it does not affect the value of Eapp calculated with Eq (6.48). If the
stoichiometrically-combined reactants (plus the intermediate-free catalysts) is used as zero-energy

reference, the Eqpp calculation with Eq (6.48) can be written as:

Epp = RT + X Hiss + X Hy

=RT + Hy, —2H .
=RT+(H'—H',\=H";=2H'.)-2(H"».—H',—H")
=RT+H';—2H W —H';+H",

(6.55)
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If the absolute energies are used as a reference, Eq (6.48) should be written instead to also include
reactants and free catalyst sites in its sum, giving:

Eapp =RT + X3H 'TS3+ XA*H 'A*+ XAH IA+ XBH 'B+ X.H"

(6.56)
—RT+H'—2H " —H'y+H ",

Note that Eq (6.55) and Eq (6.56) give the same value for Eapp.

6.8 REACTION 6. ENZYME-CATALYZED REACTION FOLLOWING MICHAELIS-

MENTON KINETICS

The relationship between the fractional coverage of rate-determining intermediates and
their DRCs described above can be easily applied to homogeneous and enzyme catalysis, with
some minor adjustments. In homogeneous catalysis, an absolute energy reference is often used, so
we will use that here. Here an enzyme-catalyzed reaction following the Michaelis-Menton (M-M)
mechanism®®® is used as an example.

In the M-M mechanism, a typical enzyme-catalyzed reaction consists of two steps:

1. E+S=ES
2. ES>E+P

Step 1 is a reversible binding process between the substrate (S) and the enzyme (E), and ES is the
enzyme-substrate complex. Step 2 is the formation and release of the product (P). Appling steady-

state approximation to ES gives the rate equation:*%

:ﬂ (6.57)
1+K,, /[S]

0

K, =Ktk (6.58)
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where r is the rate per unit volume, [E]o is the initial concentration of the enzyme, [S]o is the initial
concentration of the substrate (treated here more exactly as its unitless activity), and Kw is the
Michaelis constant. If the rate constants and the equilibrium constants are expressed in terms of

gis, the rate (per catalyst site) from Eq (6.57) can be rewritten as:

kT exp(9'rs:=9's)
h 1+ exp(g Tt 0'5—0' )[1+eXp(g 752~ 9 lTﬂ)}/[S]o

r/[E], = (6.59)

Here we have used an absolute energy reference, so that ge and gs are non-zero. The DRC of

intermediate ES and transition states can be calculated by plugging Eq (6.59) into Eq (6.1):

X, :8(|n r):_1+ 1+exp(9'rs:— 9'rs1) (6.60)
° ag 'ES 1+eXp(g'Tsz_ng51)+EXp(glEs_g'E_gls)[S]o
X = 6(In I‘) _ exp(g'm—g'm) (6.61)
e ag ITSl 1+eXp(ngsz_g'T51)+eXp(g‘Es_g‘E_gls)[S]o
8(|n I’) eXp(g'Tsz_ngﬂ)
=1 — L =1-X (6.62)
2 8g TS2 1+exp(g 52— 9 TSl)+eXp(g s~ 90 s)[S]o o

Frequently, the energy of the transition state for Step 2 is much higher than that for Step 1, so

exp(d ', — 9 '1s1) <1, In this case, Xts1 reduces to 0, and Xrs2 reduces to 1. When the enzyme is
also present at low level compared to the substrate, the initial concentration of S approximately
equals its equilibrium concentration. Also note that the term exp(g'ss—9'=—9's) equals the
equilibrium constant of Step 1. In this case,

_ [ES]

[E]ls

eXp(g‘Es_ 9 gls)[s]o = Kl[S]O

_[ES]
][S]o = [E] (6-63)

Plugging Eq (6.63) back to Eq (6.60) gives:



109

1 [E] __[ES]

e T eI TE T EES] [,

(6.64)

Eq (6.64) suggests that the DRC of intermediate ES equals the fraction of enzyme occupied by the
substrate times -1. [ES]/[E]o is the fractional coverage of catalyst sites by S, &, in this enzyme-
catalyzed reaction. Comparing Eq (6.64) with Eq (6.3) gives o= 1. It is consistent with the result
derived from surface-catalyzed reactions because the enzyme here is as a single-site catalyst, so
only 1 site is required in any rate-controlling steps. These results are all consistent with Egs (6.3)
and (6.4).
We previously discussed three special cases of this M-M mechanism:%

1. When [S]o>> K, the initial steady-state turnover-frequency (TOF, or overall rate per catalyst

site) expression is:1%!
KgT , ,
TOF =r/[E], =k, [E], /[E], :Texp(g 152~ 0's)
In this case, the DRC of ES is -1, consistent with Eq (6.4)and the fact that essentially all the enzyme

sites are bound as ES (& = 1).

2. When [S]o << Kmand k.1<<ky,*

TOF =r/ [E]0 = kBTTexp(g "1~ 9'e—9'%5)[S],
In this case, the DRC of ES is 0, consistent with Eq (6.4) and the fact that essentially none of the
enzyme sites are bound as ES (& = 0). Note that both reactant (S) and free catalyst (E) have DRCs
of -1 in this energy reference. Eq (6.48) give that Eapp = RT+H3;-Hz-H¢ in this absolute-energy

reference system.

3. When [S]o << Kmand k1>>kj, 19!
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k. T , , ,
';] exp(9's,—9'e—9's)[S],

TOF =r/[E]0 =

In this case, TS2 has DRC = 1. Again both E and S have DRC = -1. Eq (6.48) gives Eapp = RT+H
rso-He-Hs.
We note that we used this absolute energy reference in our previous paper®! discussing

these three special cases of M-M kinetics without properly clarifying that we were doing so.

6.9 CASE STUDIES THAT FURTHER VALIDATE EQ (6.4) COMBINED WITH EQ (6.3)

To further validate Eq (6.4) (plus Eq (6.3)) for calculating the DRCs of adsorbed
intermediates, we will next apply it to several more complex reaction mechanisms and their
associated microkinetic models that have been published in the literature, and compare the
resulting DRCs for adsorbates computationally obtained using Eq (6.4) with those obtained by full
computational analysis of the microkinetic model and calculations of DRCs via Eq (6.1) (by taking

numerical derivatives of the rates).

6.9.1  Case Study I. Carbonyl Reaction Mechanism for the Water-Gas Shift Reaction

We first consider the water-gas shift reaction over Cu(111) via the carboxyl mechanism
studied by Dumesic’s group'®® to validate Eqs (6.3) and (6.4) above. The elementary steps are

listed below,
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CO+*—>CO™*
H,O+*>H,0*
H,O*+*—>H*+OH*
CO*+OH* — cCOOH *+*
cCOOH* —»tCOOH *
tCOOH *+*—> CO, *+H *
CO,*—>CO, +*

2H* > H, +2*

© N o gk wD P

All the rate constants and equilibrium constants are obtained from Dumesic’s paper,!®® and the
microkinetic modeling was carried out under the same conditions they used: Pco, PH20, PH2 and
Pco2 =0.07, 0.21, 0.38 and 0.085 atm, respectively, and temperature = 523 K.

The coverages and DRCs we calculated from numerical solutions of the rate are the same
as Dumesic’s published results.’®® The transition state in Step 6 (TS6) has a DRC of 1 while the
DRCs of all other transition states are close to zero, which indicates that Step 6 is essentially the
rate-determining step in the mechanism. CO* is the most abundant adsorbate whose fractional
coverage is 0.932. Its DRC is -1.865. The ratio o is 1.865/0.932 = 2.001. It is in great agreement
with our derivation above since there are two surface sites that participate in the only RDS. To
further test the applicability of Eq (6.4), we increased the activation energy of Step 5 (from its
initial value of 0.48 eV used above), so that Step 5 gains some DRC and finally become the RDS
when its activation energy is increased enough. The DRCs of Step 5 and 6 changing with the
activation energy of Step 5 are shown in Figure 6.1.

As the activation energy of Step 5 increases, the DRC of the transition state in Step 6 (TS6)
decreases and TS5 gradually takes over as the rate-determining transition state. Meanwhile CO*
is still the most abundant adsorbate and the fractional coverage of CO* stays 0.932 in this range

where the activation energy of Step 5 varies. Using Eqgs (6.3) and (6.4), the DRC of CO* can be
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predicted, and the prediction is compared with that obtained by computational differentiation of
the rates calculated using the full microkinetic model in Figure 6.2.

This shows that Eqs (6.3) and (6.4) are valid and give highly accurate predictions of the
DRCs of adsorbates based on their fractional coverages in real reaction mechanisms, even where

two steps exhibit large degrees of rate-control at the same time.

6.9.2  Case Study II. Selective Ethylene Oxidation over Silver

In collaboration with Per Stoltze’s group at Aalborg University and N.C. Schiedt at Haldor
Topsge, Campbell performed a study of selective epoxidation of ethylene with O, over metallic
Ag catalysts, and it shows the power of DRC analysis in analyzing complicated branched
reactions.!® In this case study, we will revisit this reaction with both full microkinetic modelling
and DRC analysis.

This reaction includes 17 elementary steps as shown below,
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1 0,(9) +*=0,

2. 0, +*=20*

3. 0,(g) +20" =20/0

4. C,H,(9) +O"=C,H, /0"

5. C,H,/0"+ 0/0" = CH,CH,0/0"+ 0"
6. C,H,0(g) +O0"=C,H,0/0"

7. CH,CH,0/0" = C,H,0/0"

8. CH,CH,0/0" = CH,CHO/O"

9. CH,CHO/O" = CH,CHO(g) + O’
10. CH,CHO/O"+ 60" = 2CO; + 40H"+ *
11. C,H,(9)=C,H,

12. C,H,/0"+ 0" = CH,CHOH/O"+ *
13. CH,CHOH/O"+ O" = CH,CHO/0"+ OH"
14. CH,CHO/O"+ 50" = 2CO;, + 30H"+ *
15. 20H" =H,0"+ 0"

16. CO, =CO,(g) +*

17. H,0"=H,0(g) +*

The microkinetic modeling is carried out with Po, = Pc,n, =100 kPa at 500 K in the limit of low

conversion using the parameters listed in ref.!®® There are three potential products: ethylene
epoxide (C2H40), CO2 (plus water) and CH3CHO. At steady state with the given reaction
conditions, the production rate of CH3sCHO is significantly smaller than the other two products, so
we will focus on the rate to the other two products and ignore CH3CHO in the following analysis.
In Table 6.1, the DRCs of the transition states in each step corresponding to the rate of CoHa
consumption (r4, rate of Step 4), the rate of C2H4O production (r6) and the rate of CO2 production
(r16) are listed. These are similar to those in ref.1% The sum of these DRCs and the predicted o
values using Eq (6.4) are also listed in Table 6.1. For the transition states, their DRCs for each
corresponding rate add up to 1.0. In Table 6.2, the DRCs of adsorbed intermediates corresponding
to the same three rates and their fractional coverages are listed, along with their ratio o calculated

with Eq (6.3). (Intermediates whose fractional coverages are below 0.01 are not listed.) The
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prediction of the ratio of their DRCs to coverages, o, calculated using Eq (6.4) (shown in Table
6.1) is in excellent agreement with that obtained from applying Eq (6.3) to the actual DRCs and
coverages (in Table 6.2) calculated based on the rates and coverages resulting from the
computational analysis of the full microkinetic model. This strongly supports the general validity

of Egs (6.3) and (6.4).

6.10 SITE-BLOCKING POISONS

In the examples above, we have not considered the presence of a “poison” species in the
reactant fluid that does not contribute to the reaction but can poison sites on the catalyst, often also
called a “spectator” species. One can include this poison and its elementary reactions in the rate
equation solution, so the adsorbed species produced by this poison (and the transition states to and
from this adsorbed poison) can have non-zero DRCs. To calculate these, one must include the
standard state of the fluid poison in the zero-energy reference state along with the reactants.

For example, Eqs (6.3) and (6.4) are still correct if such a catalyst-bound species is
generated from fluid reactants. In this case, the poison can be considered as a catalyst-bound
intermediate produced in a side reaction in a branched reaction of the type already discussed above.

To extend to cases where there is a poison species generated from some new fluid-phase
species that is mixed in with the normal reactants, let us consider the simple L-H mechansim
(Reaction 1 above) as an example. An extra step is simply added to this mechanism:

P+*x=P=x

which indicates that a poison species P is mixed with the reactants and it can block the catalyst

sites. It adds an extra term in the denominators of Eqgs (6.5)-(6.7) and an extra term exp(gp*) Pp



115

in the denominator of Eq (6.8). The coverage of A*, B*, P* and the rate equation with this poison

is now

_ eXP(Ja-) Pa

¥ 1+ exp(g,) Pa +EXD(Jgs) Py +EXP(Tp.) Py
_ exp(Je-) Ps

" 1+exp(g,.) Py +EXP(Tgs) Py +EXP(Tp) P
_ exp(Je-) Pp

" 1+exp(g,) Py +EXP(Tgs) Py + EXP(Tp) P

_ kBT exp(gm) PaPg

h [L+exp(g,.) s+ eXP(Gs.) Ps +€XP(Tp.) Pp |

Plugging the new rate equation into Eq (6.1) gives the DRC of A*, B* and P*

__ 2€Xp(g ) Pa __op
=-20,.
1+exp(gax) Pa +EXP(Jg.) Pg +€XP(Gpn) Pp
_ 2exp(gB*) pB __29
B* - B*
1+exXp(gax) Pa +EXP(Jg.) Pg +EXP(Gp-) Pp
or = 2exp(gP*) pP —2(9P,,

1+exXp(G,.) P +€XP(G5.) Py +€XP(Qn) Pr
It shows that Eqs (6.3) and (6.4) are still valid with poison species. It is easy to give similar proof

for many other model reactions with poisons present.

6.11 CONCLUSIONS

Under steady-state reaction conditions, the degree of rate control for any catalyst-bound
intermediate is proportional to its fractional population of catalyst sites, as in Eq (6.3), with a
proportionality constant o that is the DRC-weighted average of the site requirements for all the
elementary steps as given by the sum in Eq (6.4). This sum typically includes only a few terms
(only one when there is a single rate-determining step), since only a few transition states have non-

negligible DRCs.
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6.12 FIGURES
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Figure 6.1 The effect of increasing the activation energy for Step 5 on the degrees of rate control

of the transition states for the rate-controlling steps (blue, Step 5; red, Step 6) for the rate of water-
gas shift over Cu(111) via the carboxyl mechanism, under the given conditions (Pco=0.07 atm,
PH20=0.21 atm, PH2=0.38 atm and Pc02=0.085 atm, T=523 K). The DRCs of all other 6 transition

states are close to zero, so they are not shown here.
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Figure 6.2 Comparison of predicted degrees of rate control of adsorbed CO with the full
microkinetic analysis. Black, predicted using Eqs 3 and 4; red, full microkinetic model (MKM)

analysis.
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6.13 TABLES

Table 6.1 DRCs of transition states for the three net rates in ethylene oxidation over Ag. DRCs of
the transition states and the ratios o (appropriate for any adsorbate) predicted using these in Eq 4,
for selective ethylene oxidation, with separate columns corresponding to DRCs for three different
rates: the rate of C2H4 consumption, the rate of C2H4O production and the rate of CO production.

The reaction condition is Po2 = Pcansa =100 kPa at 500 K in the limit of low conversion.

Step DRCcovsa DRCc2Ha0 DRCco2
1 0.001 0.001 0.001
2 0.490 0.471 0.514
3 0.002 0.002 0.001
4 0.000 0.000 0.000
5 0.380 0.439 0.312
6 0.000 0.000 0.000
7 0.321 0.754 -0.174
8 -0.295 -0.729 0.200
9 0.000 0.000 0.000
10 0.000 0.000 0.000
11 0.000 0.000 0.000
12 0.000 0.000 0.000
13 -0.021 -0.061 0.024
14 0.000 0.000 0.000
15 0.123 0.123 0.123
16 0.000 0.000 0.000
17 0.000 0.000 0.000
Sum 1.000 1.000 1.000

Predicted o 1.972 1.972 1.975
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Table 6.2 Coverages and DRCs of adsorbed intermediates for the three net rates in ethylene

oxidation over Ag, and their ratio o calculated with Eq (6.3). Coverages and DRCs of the adsorbed

intermediates and their corresponding ratios o calculated using Eq (6.3) for species with coverage

higher than 0.01, with columns corresponding to the rate of CoH4 consumption, the rate of CoHsO

production and the rate of CO> production. The reaction conditions are the same as in Table 6.1.

. C2H4 C2H4,0O CO:

Species Coverage

DRC o DRC o DRC o
O* 0.074 -0.147 -1.972 -0.147 -1972 -0.147 -1.974
o/0* 0.095 -0.188 -1.972 -0.188 -1.972 -0.188 -1.974
CyHa/O* 0.183 -0.361 -1.972 -0.361 -1972 -0.362 -1.974
CH,CH,0/0
* 0.013 -0.026 -1971 -0.026 -1971 -0.026 -1.974
CoHg* 0.159 -0.314 -1972 -0.314 -1972 -0.314 -1.974
OH* 0.124 -0.245 -1.972 -0.245 -1972 -0.246 -1.974
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Chapter 7. Kinetic Isotope Effects: Interpretation and Prediction Using
Degrees of Rate Control

This chapter has been published as:
Z. Mao, C. T. Campbell, ACS Catalysis, 2020, 10, 4181-4192.

Chapter Abstract

Kinetic isotope effects (KIEs) have been used for decades in catalysis research as a tool for
clarifying reaction mechanisms. Significant primary kinetic isotope effects have usually been
interpreted as being a result of isotope substitution at a site of bond breaking (or forming) in the
rate-determining step in the reaction mechanism. However, quantitative analysis of the magnitude
of the KIE in complex multistep reaction mechanisms is seldom reported. We prove here that the
logarithm of the rate ratio for two isotopes is the weighted average over all species in the
mechanism of their standard-state free energy difference between the two isotopes, divided by RT.
The weighting factor is the degree of rate control (DRC) for that species (e.g., transition state,
intermediate, reactant) when the rate is measured separately for each isotope. It is instead the
degree of selectivity ratio control (DSRC) when the KIE is measured as the product selectivity in
a parallel competition between two isotopes within the same reactant molecule. Since only a few
species have non-zero DRCs (or DSRCs) for most reactions, only these few contribute to this
weighted average and the KIE. We show that this provides a simple way to interpret and
quantitatively predict kinetic isotope effects that is powerful in the insights it provides, allowing
one to evaluate directly which species contribute most to the KIE. By applying it to H/D KIEs in
several example mechanisms, we further show that the traditional way of interpreting KIEs that
focuses only on the rate-determining step can easily lead to misunderstanding of KIE and the

reaction mechanism. This highlights the importance to consider the effect of isotope substitution
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on the energies of all species with large DRCs (i.e, those whose energies are kinetically relevant).
This method also offers opportunities for quantitative validation of mechanism-based microkinetic

models.
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7.1 INTRODUCTION

The measurement of kinetic isotope effects (KIE) has been a major tool for investigating
reaction mechanisms for decades. It provides important information about which bond is broken
or formed in each step of the reaction, since the strongest isotope effects are associated with the
breaking/forming of bonds involving the isotopically-substituted atoms.***8 Comparison between
experimental and theoretical KIE values are often used to support or reject proposed mechanistic

pathways. " 197

In complex reaction networks where several reaction pathways occur
simultaneously, KIE measurements can also give clues about whether two reaction pathways share
a common transition state (TS).*> 1% Here, we introduce a simple method for analyzing kinetic
isotope effects that provides deep insight into the reaction mechanism’s energy diagram and its
quantitative connection to the KIE. This also provides a quantitative tool for testing microkinetic
models using KIE measurements.

The degree of rate control (DRC) is a powerful concept for understanding complex reaction
mechanisms and the species whose energies most sensitively affect the net reaction rate.*> *® The
DRC for species i (an intermediate or a transition state) is defined as

[L} 1)
o(-GP/RT) 0
Ji
where r is the net reaction rate (the rate of consumption of some reactant or the rate of production

of some product) and G/ is the standard-state Gibbs free energy of species i. The partial derivative

is taken holding constant the standard-state Gibbs free energies of all other species. The concept
of DRC was raised initially as a quantitative approach to identify the rate-determining step (RDS),

but its application has been shown to be more than that. Mao et al.*®! proved that the apparent
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activation energy of a multistep reaction equals the weighted average of the standard-state
enthalpies of all the species in the reaction mechanism, each weighted by its generalized DRC,
plus RT. Combining the DRC with the linear scaling correlation, Wolcott et al.! developed a
method for computational catalyst screening. Based on a similar approach, Avenesian and
Christopher®®® introduced the scaled degree of rate control (S-DoRC) that mathematically couples
well-known linear scaling relations with DRC analysis.

Here we show that DRC analysis provides a quantitative way to interpret and even predict
kinetic isotope effects (KIEs) in complex mechanisms. This analysis reveals some important
shortcomings of common methods previously used to interpret KIEs. For example, it is very
common to interpret KIEs based entirely on analysis of the rate-determining step.*”-?%* We show
here that this can lead to large errors, and show that one must instead consider the effects of isotope
substitution not only on the rate-determining step, but instead on all species with large DRCs (i.e.,

all species whose energies are kinetically relevant).

7.2 THEORY

For a given temperature (T) and at steady-state concentrations of reactants and products,

the net steady-state rate (r) of a reaction is a function of the standard-state Gibbs free energies, G’

, (divided by RT) of the species in the reaction mechanism (all reactants, intermediates, transition
states and products), since all the equilibrium constants and rate constants for all the elementary
steps can be calculated from them (within Transition State Theory). The total differential of (In r)

can then be written as:
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d(Inr)= isp%m[—a (fg;/rFZT )} | d(-G’/RT)= pz X;d (-G’ /RT) (7.2)

j#i
Integrating Eq (7.2) over a range of interest from some initial state with one set of G’s to a final

state with different G’ s gives the change in steady-state rate due to some change in any G’s:

initial Finitial i=species \ initial

where rinitial denotes the steady-state rate of the initial state, and rrinai denotes that of the final state.
Assuming Xi remains constant over a narrow range of interest from initial to final state, this
simplifies to:!

Final _ _Gi(?final _Gi(,)initial
n{_} 5 xi[ e ] (7.4

rinitial i=species

Taking the exponent of both sides yields:

G finat ~Glinitia
r 2 X [T
final ei:species

I

initial

(7.5)

Eq (7.5) provides a simple way to predict the steady-state rate change if a small change of standard-

state Gibbs free energy is applied to each species i, from G’ . to G’

+inital i_final - S1NCE MOSL species have
DRCs near zero,*>* only a few species with significant DRCs exhibit rate-control and contribute
to the right side of Eqs (7.4) and (7.5). Eq (7.5) has been used previously to estimate the rate of a
new catalyst material relative to a reference catalyst material with similar but different properties,
so that changing the catalyst changes the G° values without affecting the X; (or DRC) values by

too much.! It was shown to be fast and reasonably accurate for estimating rates within a similar

class of materials, with errors that only arise from the change in DRC values with material. Here
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we will apply Eq (7.5) instead to predict the effect on the rate of a simple change in isotope of a
reactant, where DRCs are expected to remain constant under many conditions.

If the reaction with isotope-substituted reactants is considered as the final system, and the

reaction with normal reactants is considered as the initial system, Eqgs (7.3) to (7.5) can be used to

predict the Kinetic isotope effect or isotope rate ratio. In this case, the integral in Eq (7.3) is over

the range of free energies (G/’s) that occur upon isotope substitution, so that G,;a and G’y in

Eq (7.5) correspond to the values for the H and D isotopes, respectively. For example, when some
(or all) hydrogen atoms in one reactant (or several reactants) are replaced with deuterium, the KIE
due to this isotope substitution is given by Eq (7.5) (after inverting both sides) as:

Gin~Gio

Z -Xi| — G_O _G-O
KIE = r_H — i=species [ RT ] — H eXp|:_Xi ( i,H i,D }:l (76)
' RT

i=species
where ry is the rate with normal reactants, rp is the rate with deuterated reactants, X; are the DRC

values (which were assumed in this derivation to be the same for D and H), and G/,, and G/, are

the standard-state Gibbs free energies of species i which result in the proposed mechanism from
normal and deuterated reactants, respectively, with the specified locations of isotope substitution.
Even though the sum (or product) in Eq (7.6) looks complicated since it is over all species in the
mechanism (reactants, intermediates, transition states and products), in practice only a few species
have non-zero DRCs and contribute to this sum, while most species have DRCs close to zero and
drop out of the sum. It has been shown before that most intermediates and transition states have
negligible DRCs.*? Also, the DRCs of products are zero when the rates are measured at low
conversion. Thus, Eq (7.6) provides very direct insight into which species in the reaction
mechanism influence the KIE value. Eq (7.6) is the main result of this paper. It shows that the

logarithm of the rate ratio for two isotopes is the weighted average over all species in the
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mechanism of their standard-state free energy difference between the two isotopes, divided by RT,
where the weighting factor is the DRC for that species. This is similar to our recent proof that the
apparent activation energy of a complex mechanism equals a weighted average of the standard-
state enthalpies (relative to reactants) of all the species, each weighted by its DRC.®! We validate
Eq (7.6) further below, and extend it to a different type of KIE measurement with Eq (7.19) below.
Note that the product symbol in the right-most part of Eq (7.6) shows that each species in the
mechanism contributes its own factor to the KIE. The contribution factor depends on the free
energy difference between isotopes times the DRC for the species. For species with DRC close to
zero (which is the case for most species), the factor equals 1.

In deriving Eq (7.6), we assumed that the DRCs of all species are the same for both
isotopes. We show below that they are indeed usually very similar, but in some cases, the DRCs
do change significantly with the isotope, and Eq (7.6) will have a significant quantitative error.
Even in that case. Eq (7.6) does give important insights into the mechanistic reasons for the KIE.

Note that the energies of reactants can also change with isotope substitution. It is easier to
include (and understand) the effect of reactant energies on the KIE via Eq (7.6) by using the
“absolute zero-energy reference” method for calculating the DRC values, which results in non-
zero DRCs for reactants. (Our meaning of “absolute zero-energy reference” method has been
defined previously.?°?) We use that method exclusively below. (See ref. 2% for a discussion of the
effect of energy reference states on the DRC values of reactants.)

We reiterate that since there are usually only a few species i that have non-zero X; values,
there are only a few terms in the sum of Eq (7.6). This makes it easy to see which species in the
mechanism contribute to the KIE. We show below that this insight also allows one to uncover

serious errors in methods that have been commonly used to interpret KIEs in the past. Since the
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difference G/, —G/, is often dominated by the difference in ZPEs (as shown below), which is

easy to predict, Eq (7.6) makes it relatively easy to predict KIEs.
The free energy change upon isotope substitution can be further written as a sum of the

contributions from zero-point energy (ZPE), heat capacity and entropy differences:
G’o —Gpy =(ZPE,, ~ZPE, . )+(AUg, p —AU¢, )~ T (ST~ S'w ) 7.7)
The first term, ZPE, , —ZPE,,,, is the difference in enthalpy of species i at 0 K due to isotope

substitution. The second term is the contribution from the change in enthalpy with temperature
(which is usually expressed as the integral of CodT from 0 K to the reaction temperature) due to
the difference in heat capacities between the two isotopes. The last term is due to the contribution
from their standard-state entropies (S°).  In most analyses, the kinetic isotope effect is attributed
mainly to the zero-point energy difference due to isotope substitution, and the contributions from
heat capacity and entropy differences are ignored.?®® 2%* Also, it has become rather common in
heterogeneous catalysis studies to neglect the heat capacity term here but include the entropy
term.*7- 197. 198 \we will discuss below how much each of these terms contribute to the overall KIE
of several multistep reactions.

We next present a number of case studies where we look at specific reaction mechanisms
where full microkinetic models have been reported in the literature, and test the validity of Eq (7.6)
for predicting H/D KIEs at different reaction conditions. It generally is highly accurate and simple
to perform (compared to the KIE calculated by solving the full microkinetic model for both
isotopes), and provides deep insight into the proper interpretation of KIEs. It can be inaccurate,
however, under conditions where the DRCs change strongly with isotope, which occurs only when

two species i with large DRCs have quite different energy changes upon isotope substitution.
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In some cases, the KIE is evaluated by measuring the H/D selectivity ratio of a branching
reaction in a single reaction event, where both isotopes are included in the reactants.?%>2% |n this
type of measurement, ru/rp equals the ratio of rates to the product with H versus D isotopic label,
i.e., their selectivity ratio. In Case Study IV, we derive an equation (Eq (7.19) below) analogous
to Eq (7.6) for calculating the KIE in such measurements.

The results below prove the importance of going beyond the rate-determining step if one
wants to understand KIEs, and that Eq (7.6) (or Eq (7.19) below) provides a simple way to interpret
and even predict KIEs. These equations, when coupled with KIE measurements, will provide a
powerful tool for testing the accuracy of the energies of the most kinetically-relevant species in

microkinetic models, and for improving such models.

7.3 CASE STUDY I: A SIMPLE SURFACE REACTION FOLLOWING THE LANGMUIR-

HINSHELWOOD MECHANISM

We first consider a typical Langmuir-Hinshelwood (L-H) mechanism with four elementary
steps, a single rate-determining step (Step 3), and all other steps being fast to equilibrate:
1.A+xs A" (fast to equilibrium)
2.B++xs B” (fast to equilibrium)
3.A*+B* > C* +* (rate — determining step)
4.C" 5 C ++* (fast to equilibrium)
To simplify the equations, we further assume that the RDS, Step 3 is essentially irreversible (i.e.,
highly exothermic) and A* is the most abundant adsorbate and it almost saturates the surface. At
steady-state, application of the most-abundant surface intermediate approximation and RDS

approximation showed that the rate of the reaction can be written under these conditions as:*?
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Kags g+
r=k,—xse Po (7.8)
Kads,A* pA

where ks is the forward rate constant of Step 3, Kags x+ is the equilibrium constant of adsorption of
gas X, and px is the partial pressure (or activity) of gas X. When all the rate constants and
equilibrium constants are expressed in terms of the standard-state Gibbs free energies, Eq (7.8)

can be written as:

r =

ke T ex _GToss_G?\*_Gg* _(Gg*_Gg)_(Gg*_GX) Ps
P exp
h RT RT Pa

(7.9)

— kBT Xp(— GToss _262* _Gg "’ng Pe
Pa

h RT

where G, is the standard-state Gibbs free energy of A in gas phase, and G.. is the standard-state

Gibbs free energy of A* minus that for the clean surface (and the same for B and B*). It is easy to
see from Eq (7.9) that the transition state of Step 3 (TS3) has a DRC of 1, and A* has a DRC of -
2, A has a DRC of 1, B has a DRC of -1, and all other DRCs are 0. If ry is the rate with normal
reactants and rp is the rate with D-substituted reactants, the ratio of KIE can be calculated by taking

the ratio of H and D rates, each from Eq (7.9). This direct calculation gives:

rl = exp _G'I(')SS,H _2G2*,H _Gg,H +GK,H _ _GToss,D _ZGg*D _GS,D +G/(-J\,D
ry RT RT

_exp __ (G‘I(')SS,H _G‘I(')SS,D)_Z(GX*,H —Gfi*,D)—(GS,H —G§'D>+(G2’H —GKD)] (7.10)

RT

i G, -G

As can be seen from the last line above, Eq (7.10) gives the same value of KIE as would be

calculated using only Eq (7.6) and the DRCs given above.
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Note that one estimates the wrong KIE for this mechanism if one focuses only on the rate-
determining step, Step 3. The change in the rate constant of Step 3, ks, due to D isotope substitution

can be written as:

RT

3,D

kg,_ﬂ — exp [ (GToss,H _GE\*,H _Gg*,H )_(GTOss,D _Gz*,D _Gg*,o )}

(7.11)

exp{—(GTong _G'I(')S3,D)_(GZ*,HR;GZ*,D)_(GI(B)*,H GQ*D)}

Comparing Eq (7.11) with Eq (7.10) shows that the contribution of the energy change due to D
substitution from the transition state in the rate-determining step, TS3, is correctly addressed in Eq
(7.11), where only the rate constant of Step 3 in considered. However, the contributions from the
catalyst-bound intermediates, A* and B*, and the contributions from the reactants, A and B, do
not enter the calculation of KIE by Eq (7.11) with the correct weight factors, which should be their
DRCs, as shown by Eq (7.10). This gives rise to a difference in the free energy terms between Eq

(7.10) and Eq (7.11), which equals:
[(GE\,H ~Gg)—(GRo _GX*,D):|+|:(G§*,H ~Ggy )—(Gaeo —GQYD)]. This is just the changes in

the adsorption free energies of A* and B* upon D substitution summed together. For many
molecularly adsorbed species, their free energies of adsorption will not depend much upon the
isotope. However, if a bond to a H atom within the molecule is considerably weakened upon
adsorption (for example, in making a three-center bond to a metal atom on the catalyst), then there
can be a large isotope effect on the adsorption energy, and this can contribute greatly to the KIE.
Also, this simple L-H mechanism considers only molecular adsorption as the equilibrated steps

before the rate-determining step. However, real L-H mechanisms often involve equilibrated
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dissociative adsorption steps, or equilibrated steps where H is abstracted from or added to an
adsorbate, and the isotope effect on these reactions’ free energies can be very large (see below).
To generalize, the isotope effect on the equilibrated steps is not included if the KIE is calculated
considering only the rate-determining step. Thus, the KIE on the rate constant for a single step,
even if it is the rate-determining step, is often not nearly enough to represent the overall KIE of a
multistep reaction. For example, in the Discussion section we will show that calculating the KIE
by considering the rate-determining step only over-estimates the KIE by a factor of 1.8 for an
example DFT-based microkinetic model of the CO2 hydrogenation reaction catalyzed by the

Cu(211) surface.

7.4 CASE STUDY Il: MICHAELIS-MENTEN MECHANISM FOR ENZYME

CATALYZED REACTIONS

Here we analyze a simple enzyme-catalyzed reaction that follows the Michaelis-Menten
(M-M) mechanistic model using Eq (7.6). The M-M mechanism can also be applied to other
homogeneous or heterogeneous catalyzed reactions, but here we only consider an enzyme-
catalyzed reaction as an example, and the method we show here also works for other reactions that
follow the M-M mechanism.

The reaction consists of two steps:

1.E+SSES
2ES->E+P
Step 1 is a reversible binding process between the substrate (S) and the enzyme (E), and ES is the

enzyme-substrate complex. Step 2 is the formation and release of the product (P). Applying the
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steady-state approximation to the enzyme-substrate complex ES concentration [ES], the rate

195

equation is:
_ kZ[E]O
=LK ST K. [S] (7.12)
k,+k
Ky = ‘1k1 : (7.13)

where [E]o is the initial concentration of the enzyme, [S] is the concentration of the substrate, and
Kwm is the Michaelis constant. If we consider a typical situation where the enzyme is present at very
low concentration compared to the substrate, and at steady state almost all enzymes exist as ES,

Eq (7.12) reduces to:1%

0 0
r =k, [E], :%exp(—%][ﬂo (7.14)

In this case, the transition state of Step 2 (TS2) has a DRC of 1, ES has a DRC of -1, and the rate
is only determined by the rate constant of Step 2 and the initial concentration of the enzyme. If

some H atoms in the reactants are replaced with D, the KIE will be:

ri:exp _G'I(')SZ,H _GES,H B _G'I(')SZ,D_GI(E)S,D
ry RT RT

=exp __ (GTOSZ.H _GTosz,D)_(Ggs,H _GES,D )]
RT

(7.15)

- RT

:eXp_ XTSZ(GTOSZ,H _G$52,0)+ XES (GSS,H GESD)}

Note Eq (7.15) gives the same value as predicted by Eq (7.6).
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7.5 CaAse StuDY Ill: CO, HYDROGENATION OVER CU(211) AND ZN-PROMOTED
Cu(211)

In this section, the kinetic isotope effects of methanol synthesis through CO2 hydrogenation
over Cu(211) and Zn-promoted Cu(211) model catalysts are investigated to verify the accuracy of
Eq (7.6) in real reaction mechanisms, and under what class of conditions its accuracy is lacking.
The reaction is:

3H, + CO, - H,0 + CH;0H.

We analyze here the KIE for replacing H2 with D in a previously reported mechanism consisting
of 8 elementary steps'®® with full microkinetic modeling and this DRC method (Eq (7.6)). This
mechanism and the energies of all species in these steps are taken from the DFT calculations
reported by Studt et al.!%® 2° The standard-state Gibbs free energy change upon D isotope
substitution for H in all species was also reported for all species on this Zn-promoted Cu model
catalyst and they are summarized in Table 6.1.2°° We assume here that the change in free energy
of each species upon replacing H with D is the same on Cu(211) as on the Zn-promoted Cu, which
is equivalent to assuming that the adsorbates and adsorbed transition states have very similar
normal mode vibrational frequencies on both surfaces. Since in this paper the value of the energetic
change used in Eq (7.6) and in full microkinetic modeling is the same, this assumption may be
wrong but it does not affect the comparison we wish to make here, which is only the accuracy of
results from Eq (7.6) compared to full microkinetic modeling for such complex mechanisms.
Indeed, it does not even matter for this comparison whether the mechanism and DFT energetics
for the H isotope are correct or not, and we make no attempt here to evaluate their accuracy.

Figure 7.1 shows the standard-state Gibbs free energy diagram on Cu(211) and Zn-

promoted Cu(211) surfaces at 480 K for both normal reactants and deuterated reactants.



134
Microkinetic modeling and DRC calculations were carried out using CATMAP, a Python-based
catalytic microkinetic modeling package.?!® The net rates, coverages, and DRCs at steady state
were calculated under the following steady-state conditions at the low-conversion limit: 30 bar
total, H2(D2):CO- = 3:1, 480 K.

Throughout this paper, we calculate the DRCs using an absolute zero-energy reference (i.e,
the isolated nuclei and electrons). (See ref. 2°2 for a discussion of how the zero-energy reference
can affect the DRCs.) The calculated DRCs of all species (including reactants, intermediates and
transition states) and the intermediate coverages on Cu(211) with normal and deuterated reactants
are listed in Table 7.2 for the reaction conditions given there. The DRCs do not change much from
the normal H isotope to the fully deuterated reaction system. The DRC of H; has the largest relative
change, from -0.56 to -0.51. There is only one transition state, H-HCOOH, with a non-negligible
DRC, and it is close to 1 for both isotopes. This means that this step (i.e., the third hydrogenation
step) is the rate-determining step, whether the reactants are deuterated or not. Adsorbed formate
(HCOO¥*) is the most abundant surface intermediate. It almost saturates the surface and thus has a
large DRC close to -2, leaving the DRCs of all the other adsorbates close to zero. The
proportionality factor of -2 that relates its fractional coverage to its DRC is as expected based on
their general relationship presented elsewhere.?> The DRC of CO2 changes from 0.86 for H to
0.97 for D, but since its free energy is the same for H and D, it does not contribute to the KIE
according to Eq (7.6).

Solving the full microkinetic model to get rates on Cu(211) at the conditions of Table 7.2
for both H and D gives an inverse KIE of rn/rp = 0.45. The KIE predicted using Eq (7.6)
considering species with DRC values (for the H isotopes in Table 7.2) greater than 0.1 (Hz, COa,

HCOO*, H-HCOOH) is:
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z X, Gi 1 —Gip G _G
ri = ei:SpmeS [ RT ] = H exp|:_xl ( i,H i,D ]:|
r-D i=species RT
5.50 kJ/mol 0 kJ/mol
= exp[—(—0.56)xT}xexp{—@ro.%)x = } (7.16)
xexp[—(—1.86)xM}xexp{—(ﬂ.oo)xw}
RT RT

= (2.16)(1)(82)(1/ 450) = 0.40

Using instead the DRC values for the deuterated species from Table 7.2, Eq (7.6) gives ru/rp =
0.51. Whether the DRCs of normal or deuterated species are used in this calculation, the results
from Eq (7.6) are in good agreement with the value of 0.45 from full microkinetic modeling (i.e.,
within 11 and 13%). Most importantly, Eq (7.6) provides a method to calculate the contribution
from each species to the KIE, and this reveals that the small KIE here is due to a fortuitous
cancellation of large isotope effects on the free energies of the key species that determine the KIE
(i.e., those with large DRCs). As shown in Eq (7.16), the isotope effect on the free energy of the
H-HCOOH transition state is very large (24.38 kJ/mol, since it has 3 H atoms), and this, when
multiplied by its DCR (1) would decrease the H rate compared to D by a factor of 450 if taken
alone. However, the isotope effect on the free energy of the adsorbed formate HCOO™* is also large
(9.46 kJ/mol), and it, multiplied by its DRC (-1.85) would enhance the H rate compared to D by a
factor of 82 if taken alone. There is also a small contribution from the free energy of the H» reactant
(5.50 kJ/mol) that, when multiplied by its DRC (-0.56), would enhance the H rate compared to D
by a factor of 2.16. The overall KIE (0.40) is the product of the contributions from all these rate-
controlling species.

Inverse KIEs like this prediction (0.40) or the prediction of the full microkinetic model
solution (0.45) were also reported from experimental rate measurements at these same pressures

but slightly higher temperature (523 K) for Cu supported on SiO2 and on MgO (KIE = rn/rp = 0.63
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and 0.75, respectively).’®® At 5-fold lower pressures, the experimental KIE for Cu on SiO;
increases slowly with increasing temperature,?** so those KIEs would probably be lower than 0.63
and 0.75 at 480 K, giving even better agreement with the predictions of this DFT-based model.
Note that any possible remaining disagreement of experiments with the result of the full
microkinetic model (0.45) must be due to DFT-based errors in the microkinetic model.

The situation is more complicated when the reaction is carried out on Zn-promoted Cu(211)
surface. The DRCs of species and intermediate coverages on Zn-promoted Cu(211) surface with
normal and deuterated reactants are listed in Table 7.3. The full microkinetic modeling shows that
the reaction on Zn-promoted Cu(211) exhibits a normal KIE of ru/rp = 1.78. HCOO* remains the
most abundant adsorbates with a coverage of 1.00, and its DRC is -1.99. Unlike the reaction on
the Cu(211) surface, more than one transition state exhibits rate-control on the Zn-promoted
Cu(211) surface. With the normal H> reactant, there are four transition states with significant DRC
values: H-CH>0(0.14), H-HCOOH(0.50), H-OH(0.14), HCOO-H(0.22). The transition state of the
third hydrogenation step, H-HCOOH, has the greatest DRC. With D, these four transition states
still have DRCs greater than 0.1 and the DRCs of all other transition states are still close to zero.
However, their DRCs change significantly from that with H» to: H-CH>0(0.11), H-HCOOH(0.15),
H-OH(0.12), HCOO-H(0.62). With D», the transition state of the second hydrogenation step,
HCOO-H, now has the greatest DRC. This is consistent with ref 1%, which states that the rate-
determining step changes from the third hydrogenation to the second hydrogenation due to
deuterium substitution. While this is not commonly considered, this result makes it clear that the
most rate-controlling step can indeed change upon isotope substitution in some cases.

As shown in Table 7.3, the assumption that DRCs do not change upon isotope substitution

does not hold in this case. Thus, using Eq (7.6) to predict the KIE results in a big error in this case.
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Considering only species with DRCs greater than 0.1 (i.e., H2, CO,, HCOO*, H-CH,CO, H-
HCOOH, H-OH, HCOO-H), Eq (7.6) gives a KIE ru/rp of 1.14 (using DRCs of normal reaction)
and 2.65 (using DRCs of deuterated reaction). These two values are in error by -36% and +49%
compared to the KIE from solving the full microkinetic model for both isotopes (ru/ro = 1.78).
Nevertheless, Eq (7.6) still has considerable value, since it clearly reveals the species whose H/D
energy difference gives rise to the KIE: H2, HCOO*, H-CH,CO, H-HCOOH, H-OH and HCOO-
H. This has important value in identifying the physical origin of the KIE.

The KIE value ru/rp = 1.78 calculated by solving for the rates using the full microkinetic
model is not close to the experimental KIE of 0.57 measured at these conditions.'® The difference
may be due to errors in the DFT-based energies for the species with large DRCs (which would
affect their DRC values more than their isotopic energy differences), or some problem with the
mechanism or DFT-based model for the active site. These inaccuracies in the microkinetic model,
which were not previously reported to our knowledge, do not detract from the value of using it as
we have here, to test the strengths and limitations of Eq (7.6) for predicting KIEs within any given
microkinetic model. Note also that Eq (7.6) and full microkinetic modeling give normal KIEs
(rn/rp > 1) for this reaction, while the experimental data shows an inverse KIE (ru/rp < 1). Despite
the inaccuracies of Eq (7.6) in this case, it is still accurate enough to identify that there is a rather

large and qualitative difference between experiment and the predictions of this DFT-based model.

7.6 CASE STUDY IV. KINETIC ISOTOPE EFFECTS MEASURED FROM BRANCHING
SELECTIVITY: INTRODUCING THE DEGREE OF SELECTIVITY RATIO CONTROL
(DSRC)

In the derivation and case studies above, we only show the cases where two separate rates

are measured for two reactions, one with normal reactants and one with isotope-substituted
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reactants. The relative ratio of these independently determined reaction rates (i.e., ru/rp) gives the
reported KIE. However, in some cases the KIE has also been evaluated by measuring the H/D
selectivity ratio of a branching reaction in a single reaction event, where both isotopes are included
in the reactants.?®-2%® A simplified model reaction of this type discussed by Simmons and

Hartwig?%®

is shown in Figure 7.2.

In this type of measurement, the KIE (i.e., ru/rp) equals the ratio of rates to the product via
C-H bond cleavage versus C-D bond cleavage, i.e., their selectivity ratio (SR). For example,
Sibbald et al. observed a intramolecular isotope effect with SR = 4 in the reaction of 1,3,5-
trideuterobenzene with another reactant which reacts at either the C-H bond or the C-D bond in
the benzene ring.2% An extension of the DRC called the degree of selectivity control (DSC) offers
an approach for analysis of such KIE experiments that is analogous to the methods in the sections
above. The DSC for species i is defined as:*®

_[_ams | _fom(er) |y
DSCi[@(—GiO/RT)]GO _[a(—GF/RT)JGO e 7

J# J#

where the selectivity S is defined as the ratio of the rate to the desired product, rp, versus the rate
of consumption of the most valuable reactant, rg, and Xip and Xir refer to the DRCs of i in those
two rates. The DSC quantifies how much the selectivity increases per unit decrease in the standard-
state Gibbs free energy of species i. Here we introduce an extension of DSC which we will call
the degree of selectivity ratio control (DSRC) for the interpretation of kinetic isotope effects on
selectivities in branching reactions, where the reaction shown in Figure 7.2 is just one example.
Instead of targeting the selectivity (S = rp/rr), the DSRC targets the H/D isotope selectivity ratio

(SR =rn/rp):
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(7.18)

where X is the DRC of species i for the rate of the branch via C-H bond cleavage to make the
product with the D isotope label (we call this branch “Branch H” below), and Xip is the DRC of
species i for the rate of the branch via C-D bond cleavage to make the product with the H isotope
label (we call this branch “Branch D below). The DSRC quantifies the extent to which a change
in the energy of species i affects the selectivity ratio (or branching ratio) of a branched reaction. It
equals the difference between the DRCs of species i for the rates to different products (e,g., the
product with C-H bond cleavage and the product with C-D bond cleavage).

Following the same approach as in Eqs (7.2)-(7.6) above, we derived an equation using
DSRCs that can be used to calculate the KIE for cases like this where the KIE (ru/rp) equals the
H/D selectivity ratio, as shown in the Supporting Information. As in deriving Eq (7.6), we again

assumed that the DSRC of the species i in Branch D does not depend on the relative height of its

energy in the two branches, Gy, — Gy, This gave:

r G, -G
In(KIE):In[ri]: > —DSRCi(D)(%] (7.19)

D i=species in Branch D

Eq (7.19) provides a simple approach to interpret the deuterium Kinetic isotope effect when
measured as a selectivity ratio. The summation in Eq (7.19) is over all species in the reaction
mechanism in Branch D, but only a few species have non-zero DSRCs and exhibit free energy

difference between different branches.
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We next show how this DSRC analysis of Eq (7.19) works in a quantitative way for the
general reaction mechanism shown in Figure 7.2a, for the three extreme cases described in ref 28,
This reaction involves an intramolecular competition between functionalization at a C-H bond
versus a C-D bond in a single reactant, which possesses a directing group (DG) that is positioned
between the C-H and C-D bonds on a benzene ring. The KIE is calculated from the relative amount
of the products formed from the functionalization at the C-H bond versus the C-D bond. Figure
7.2b shows a representative Gibbs free energy diagram of this reaction. The overall reaction
involves three elementary steps, the reactant A, the intermediates B and C, and the product P,
which can have 1 D atom or none. The transition states are named as TS1, TS2 and TS3 for the
three steps. Step 2 is the step involving the cleavage of C-H or C-D bond, and it is where the
branching occurs. The species in the branch where the C-H bond is broken (“Branch H”) are
specified with an “H” in the bracket, and the species in the other branch (“Branch D”) are specified

with a “D” in the bracket.

Limiting Case #1
In the first limiting case described in ref.2%, Step 2 is the single RDS, the C-H or C-D bond
cleavage is irreversible, and Step 1 is fast to equilibrium. In this case, the net rates of the two

branches equal the forward rate of Step 2 in these two branches, respectively. Thus, the kinetic
isotope effect measured as the selectivity ratio can be written as t, /r, =(k,, [B])/(k,5[B]),
where ko 1 is the forward rate constant of Step 2 in Branch H, ko p is the forward rate constant of

Step 2 in Branch D, and [B] is the concentration (or activity) of B. Taking the logarithm of both

sides of this, and expressing the rate constants with the Gibbs free energies of species gives:
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0 0
In(rij _ |n(k2,H [B]J _ In[eXp[_(GTsz(H) -Gg )/RT] _ GTosz(D) _GTOSZ(H) (7.20)

koo[B]) exp[—(GTOSZ(D) —GQ)/RT} RT

Eq (7.20) has the same form as the equation of the Curtin-Hammett principle.?'? 213 |t
shows that the product selectivity in this limiting case is determined by the free energy difference
between the selectivity-determining transition states, TS2(H) and TS2(D). Combining Eqgs (7.20)
and (7.18) gives that only the transition state in Step 2 in Branch D (TS2(D)) has a DSRC of -1
and all other species in Branch D have zero DSRCs. Plugging these DSRCs for Branch D into Eq

(7.19) gives:

0 0
In (ri] = 2 _DSRC. M
i(D
IFD i=species in Branch D ®) RT

0

0 0 0 (7.21)
—0-DSRC o) ><(GTSZ(D) _GTSZ(H) ] _ GTSZ(D) _GTSZ(H)
T52(D

RT RT

This is the same result for the KIE as Eq (7.20), showing that Eq (7.19) is correct here.

These same DSRC values can also be obtained by using results from an equivalent
branching mechanism we treated in ref. 2°2, where the branching starts from an irreversible RDS.
We proved there that (see Eqs 33-36 in ref 2%2):

X =1 and (7.22)

TS2(D),P(D)

Xtsaoypy =0 (7.23)

where Xrs2(p),p) IS the DRC for TS2(D) in the rate to make the product of the Branch D, P(D),
and Xrs2(o),pH) IS the DRC for TS2(D) in the rate to make the product of Branch H, P(H). All other
species in Branch D have DRCs close to zero, so their DSRCs are also negligible. Plugging Eqgs

(7.22) and (7.23) back into Eq (7.18) gives:
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DSRCTSZ(D) = XTSZ(D),P(H) - XTSZ(D),P(D) =-1, (7-24)

which is the same value for DSRC,, ., as from the above analysis of Eq (7.20).

Eq (7.21) shows that if the C-H or C-D bond cleavage is an irreversible RDS, a significant

KIE should be observed, since G° is not close to zero.

0
Ts2(D) GTSZ(H)

Limiting Case #2

Let us consider the second limiting case described in ref.2%, where C-H and C-D bond
cleavage are irreversible but Step 1 is now the RDS instead. Since C-H and C-D bond cleavage
are still irreversible, the net rates in Branch H and Branch D equal the forward rate of Step 2 in

each branch. Thus, Eq (7.20) still holds and DSRC,,,, is still -1. Similarly, the value of

DSRCis, 5, Can also be calculated from ref 2 where we proved:

exp(_G‘?SZ(H ) /RT)

x =
T52(D),P(D) exp(_GTOSZ(H)/RT)+eXp(_GT052(D)/RT)

(7.25)

—exp(~Grs 5o, /RT)

X =
TS2(D)P(H) exp(—Gfsz(H)/RT)+eXp(—GT032(D)/RT)

(7.26)

and all other species after the branching have DRCs near zero (and therefore DSRCs near zero).

Note that X, ) o) @M Xigy 06w are determined by the relative height of TS2(H) and TS2(D)

in the energy diagram, but DSRC,,, = X - X =-1 is independent with the

TS2(D),P(H) T$2(D),P(D)

energy of TS2(H) and TS2(D). Plugging the value of DSRC, ., into Eq (7.19) still gives the

same value of ru/rp as Eq (7.20).
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Gathering together the results of these first two limiting cases, we can conclude that for

such a reaction as shown in Figure 7.2, a significant KIE should be observed whenever irreversible
C-H and C-D bond cleavage occur in the RDS or in a step after the RDS. The KIE ratio is the same
for these two cases, and it is determined by the Gibbs free energy difference between the transition
state for C-H bond cleavage and the transition state for C-D bond cleavage, as shown by Eq (7.20)
. These results are consistent with the analysis reported previously.?® The KIE is usually attributed
to the isotope effect on the ZPE difference between the transition state and the reactants of the
rate-determining step, wherein the initial state of that step has more contribution since the isotope
effect on the ZPE is bigger in the initial state compared to the transition state. However, in these
first two limiting cases we discuss here, where Step 2 is irreversible and determines the selectivity,
Step 2 in the two branches share a common initial state B. The free energy of the initial state (B)
is therefore the same for both Branches H and D, and so state B exhibits no effect on the relative
rates of the two branches. Thus, the KIE is determined only by the energy difference between the

transition states, TS2(H) and TS2(D).

Limiting Case #3

Finally, let us consider the case from ref. #212% where Step 3 is now the RDS and
intermediate C is equilibrated with intermediate B (i.e., Step 2 is fast to equilibrium). It can be
proven (see Sl) that:

DSRCig50, = -1 (7.27)

and that the DSRCs of all other species are zero. The KIE then can be calculated with Eq (7.19)

to be:
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r RT

D

0 0
In Ny _ _DSRCTS3(D) y (GTSS(D) _GTSS(H) }
: i (7.28)
_ GTSG(D) _GTSB(H)
RT

In Branch H, there is a C-D bond present in intermediate C(H) and in TS3(H), and in Branch D
there is a C-H bond present in intermediate C(D) and TS3(D). The energy difference between C(H)
versus C(D) and between TS3(H) versus TS3(D) mainly comes from the energy difference
between the C-H bond and the C-D bond. Thus, the forward rate constants of Step 3 in the two
branches should be close. However, a significant KIE would still be observed based on Eq (7.28).
This is because the steady-state concentrations of intermediate C in these two branches are not the
same, due to the difference between the equilibrium constants (free energies of intermediates C(H)
and C(D)) of Step 2 in these two branches. This KIE can be directly calculated from the ratio of

the rates of step 3, which differ only because of this difference in equilibrium constants, giving:

k,.K,. [B]) GZp —GS
IN(KIE) = In| 2" 2 [B] ) | Seio) = Cerwy (7.29)
ks 5Ky [B] RT

(Note that [B] is the same in both branches here.) The KIE value given by Eq (7.29) is very close
to the value predicted by Eq (7.28), again confirming the validity of Eq (7.28). This result is also
consistent with the analysis reported previously.2%

An alternative explanation for Eq (7.28) is the Curtin-Hammett principle. The Curtin-
Hammett principle states that, in a reaction that has a pair of equilibrated intermediates, where
each goes irreversibly to a product, the product selectivity is determined by the free energy
difference between the two rate-limiting transition states.?*> 212 In limiting case #3, TS3(H) and

TS3(D) are the transition states in the rate-determining step, and the intermediates C(H) and C(D)
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are in equilibrium. Although the branch starts at Step 2 where a C-H or C-D bond cleavage occurs,
Eq (7.28) gives that the selectivity ratio is controlled by the relative free energy of the transition
states in the rate-determining step, which is Step 3 here. Similar phenomenon was observed by
Bures et al.,?'* where they proposed a mechanism for the conjugate addition of aldehydes to nitro-
olefins whereby the relevant transition state for determining the product enantiomeric ratio is not

in the stereogenic center-forming step.

7.7 DISCUSSION

7.7.1  The Role of the Rate-Determining Step in the Kinetic Isotope Effect

The measurement of kinetic isotope effects has been widely used as a powerful tool to
determine reaction mechanisms, especially for answering which step is the rate-determining step
(RDS).*>*8 It is usually assumed that when there is a cleavage of bond that directly involves the
isotope-substituted atom, a significant primary kinetic isotope effect should be observed. However,
as we showed above, considering only the rate-determining step in the calculation of KIE can
result in serious quantitative errors because the intermediates in the initial state of the RDS may
not be the rate-controlling species with non-zero DRC, and the rate-controlling intermediates are
not necessarily in the RDS. This separation of rate-controlling intermediates from the RDS is
already well known. %42

Let us again take the case study of CO, hydrogenation on Cu(211) as an example. The
transition state, H-HCOOH, has a DRC close to one, leaving the DRCs of all other transition states

near zero. Thus, under given condition (480 K, total pressure 30 bar with Ho/CO- = 3:1) the third
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hydrogenation step is the rate-determining step. The change in the forward rate constant of the

third hydrogenation step due to isotope substitution can be calculated as:

k_H _exp| - (GEFHCOOH - Ggfocooo ) - (chOOH* - chooo*) — (GE‘* _ Gg*)
“ RT
_ oo [24:38-19.01- 4.62]ki/mol
o (8.314x480/1000) kJ/mol (7.30)
e (—0.75) kJ/mol
=P\ (8:314x480/1000) ki/mol
~0.83

The KIE is kn/kp = 0.83. This is far from the ratio ru/rp = 0.45 from full microkinetic modeling
and 0.40 from Eq (7.6), showing the error that can result when one focuses only on the RDS to

estimate KIEs. The DRC values here are approximately X.o ~1, Xy ,coon #1, Xicoor ® =2,
and X, ~-0.5. Using these approximate values for the DRCs, the difference between Eq (7.30)

and Eq (7.16) in the free energy terms can be written as:

- 0-5(632 - ng )_ 2(choo* - choo*) + (GE!COOH* - chooo*) + (GI(-)I* - Gg*)
= [(GP.~05G¢, )-(G5. 0563, )|

+ |:(Gcoo2 + GI(-)I* - GI(-)ICOO*) - (Gc(:)o2 + Gg* - choo* )}

+ |:(GI(-JICOOH* - Gg* - choo*)_ (choom - Gg* - choo* ):|
This includes the isotope effect on the equilibrated steps of H, < 2H*, CO, + H* < HCOO* and
H* + HCOO* < HCOOH™ +x*. The RDS-only method fails to include the isotope effects on these
equilibrated steps in the calculation, just as we mentioned in the example of the L-H mechanism

above.
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7.7.2  Reactions with Multiple Rate-Controlling Transition States

When there are multiple transition states exhibit rate-control (i.e., with significant DRCs),
the relative strength of their rate-control is very sensitive to tiny changes in their energies. Thus,
under this condition, Eq (7.6) might not give an accurate prediction of the KIE since the
assumption that the DRC remains constant in a range of interest no longer holds. The case study
of COz hydrogenation on Zn-promoted Cu(211) given above is an example of this situation.
However, this is rarely be a problem in most applications. In the parameter space formed with the
energies of species in a reaction, it shows broad regions where the DRC is dominated by a single
transition state. The situation where multiple transition states exhibit rate-control only occurs in
narrow boundaries between these regions.!

Even if Eq (7.6) does not work properly in some situations, it still gives insight for
understanding KIEs. For example, in the case of CO, hydrogenation on Zn-promoted Cu(211), we
showed that it is very helpful for labeling the rate-controlling species that in fact do determine the

KIE.

7.7.3  The Error in Using only ZPE Differences in Eq (7.7)

We can also use these data to assess the error associated with calculating KIEs using only
the ZPE differences in Eq (7.7) to estimate free energy differences. The KIE calculated from Eq
(7.6) based only on the differences in ZPEs is ru/rp = 0.62 (corresponding to an activation energy
change of 1.9 kJ/mol). The difference between the value calculated using ZPE only and the value
calculated above using the full H/D free energy difference (which still neglected the heat capacity

difference or AUc, term in Eq (7.7)) gives the contribution of entropy to the KIE. It can be
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calculated as 0.40/0.62 = 0.65, corresponding to an activation free energy change of 1.8 kJ/mol.
This shows that the entropic contribution to the KIE value is nearly the same as the ZPE
contribution for this reaction. So when the KIE based on ZPE differences alone is within a factor
of 2 of unity (as it is here), it is questionable to neglect the entropy term in Eq (7.7). Since we do
not have the heat capacities for any of the adsorbed species or transition states in Table 7.1 (since
they were not reported in the references from which we extracted these DFT energetics), we cannot
makes such a quantitative comparison to assess the error associated with neglected the heat
capacity term in Eq (7.7). However, we did make this comparison for the gas-phase reactants (3
H2 + CO») and products (CH3OH + H:0), all at 480 K as in Table 7.1. For Hy, the difference
between isotopes for both the entropy and heat capacity contributions to Eq (7.7) are zero. For
H>O they are also small (-0.11 and +0.28 kJ/mol, respectively), but for methanol, the differences
are rather large (-2.79 and +2.63 kJ/mol, respectively), so that the difference for the net reaction is
also large (-2.90 and +2.91 kJ/mol, respectively). Clearly, none of the terms in Eq (7.7) should
really be neglected, in spite of the fact that it has become common in heterogeneous catalysis to
neglect the heat capacity term here, since entropy’s contribution to the total free energy is usually
much larger in magnitude than the integral of CodT.*" 197 19 209 For example, the entropy
contribution is larger by a factor of 3 to 5 for gas-phase H., water and methanol at 480 K. In spite
of this, the differences in these two terms between H and D isotopes is very small, at least for the
gas-phase molecules and net reaction above. This is very interesting. It means that the heat
capacity term in Eq (7.7) is nearly cancelled by the entropy term, since they have the same
magnitude but opposite signs. This suggests that it is more accurate to neglect both of these terms
than just to neglect one or the other. This perhaps explains some of the successes of past KIE

analyses that used only ZPE differences. This is a very tentative suggestion, since confirming it
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would require a much broader comparison of these terms for more species, including catalyst-

bound intermediates, which is beyond the scope of this paper.

7.8 CONCLUSIONS

A method to interpret kinetic isotope effects (KIEs) using degree of rate control (DRC)
analysis is presented. When the KIE is measured as the rate ratio for two isotopes in separate
experiments, the logarithm of the rate ratio equals the weighted average over all species in the
mechanism of their standard-state free energy differences between the two isotopes, divided by
RT, where the weighting factor for each species is its DRC (Eq (7.6)). This method assumes that
the DRCs do not change with isotope (which is sometimes not the case). It reveals that the KIE
calculated from the isotope effect on the rate-determining step is not enough to represent the
overall KIE of the whole catalytic cycle, since species in other steps often also exhibit large
influences on the KIE (i.e., large DRCs). We also show that when the KIE is measured as the
product selectivity in the competition between two isotopes in the same reactant, an extension of
DRC called the degree of selectivity ratio control (DSRC) provides a similar equation (Eq (7.19))
whereby the weighting factor is now the DSRC. These equations aid in the mechanistic

interpretation and quantitative analysis of KIEs.
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7.9 SUPPLEMENTARY INFORMATION

7.9.1 Proof of Eq (7.19)

Here we show a proof for Eq (7.19) following a similar approach as shown in Eqs (7.2)-
(7.6) in the Theory Section. Figure 7.3 schematically shows how this method works for a single
elementary step.

Let us assume that there is an arbitrary reaction’s free-energy diagram for the reaction
mechanism of interest but with energies appropriate for specific isotope masses, M. The standard-
state Gibbs free energies of species i in this reaction path (we will call it “Branch M” below) are
varied from M = H to M = D between the free energies of species i in Branch H and Branch D (as
defined in the main paper), as shown by the green lines in Figure 7.3. Using the rate in Branch H
as a reference and keeping the standard-state Gibbs free energy of all species in Branch H constant,

the DSRC of species in Branch M can be defined as

DSRC,,,, = % (7.31)
) 6L

In Figure 7.3, only Branch H and Branch M exist in the reaction system for a chosen value of the
M, so it is a competition between Branch H and M. The energies of species in Branch D are given
by blue dashed lines in Figure 7.3 because they do not exist in the reaction system for the
competition until M = D at the final state of the integral. Since the species in the main reaction
path (e.g., B) have constant energies and the species in Branch H (e.g., TS2(H) and intermediate
C(H)) are anchored as the reference branch, the energies of species in Branch M (e.g., TS2(M) and

C(M)) are the only variables in the system, and the total differential of In(r, /r,,) can be written

as:
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0

G, G
d |n[£j: Y _aln(r,/n,) d| —— M) |2 Y DSRC,d| - i) (7.32)
My i=species in Branch M| O (—G:EM ) /RT ) o RT i=species in Branch M RT

J#i

Note that the summation in Eq (7.32) is over all species in Branch M. Taking integral on both sides
of Eq (7.32) from some initial state to some final state gives:

H/ "M Jfinal M GiOM
|n{%}= > [ DSRCi(M)d[—#] (7.33)

i=species in Branch M \ =initial

As shown in Figure 7.3, the initial state of the integral is M = H and the energies of species i in
Branch M equal the energies of species i in Branch H. In this initial state, the probabilities for
intermediate B to take Branch H and Branch M are 50%, so ru/rm = ru/ri =1. As the integral starts,
the energies of species i in Branch M move towards the energies of species i in Branch D, and
finally a final state is achieved where the energies of species in Branch M equal their energies in
Branch D. This final state is the same as the real reaction mechanism shown in Figure 7.2b in the
main paper, and ru/rm = ru/rp is the value for KIE. Taking the initial and final state shown in Figure
7.3, Eq (7.33) can be rewritten as:

In{(r'* /rD)} - |n{i} -3 MfD DSRC, ,y,d L— GS?J (7.34)

(rH /rH ) rD i=species in Branch M p =H

Eq (7.34) gives a general equation for the evaluation of KIE defined as the selectivity ratio for a
reaction mechanism shown in Figure 7.2 in the main paper. If we further assume, in the small
range of interest from the initial state to the final state in the integral in Eq (7.34), the DSRC of

species i can be treated as a constant, Eq (7.34) further simplifies to:

r G’ -G°
KIE=In| & |= > ~DSRC, p,d | —2L_—1) (7.35)
r-D i=species in Branch D RT
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Eq (7.35) is the same as Eq (7.19) in the main paper. Note that Eq (7.35) (i.e., Eq (7.19)) no longer
relies on the arbitrary reaction’s energy diagram Branch M. It is a summation over all species in
Branch D and the DSRC used in the summation are for the species in Branch D.

To derive Eq (7.35) from Eq (7.34), we assumed that the DSRC of species i can be treated
as a constant, independent of isotope M. This assumption is valid in most cases. For example, in
the first case of Case Study IV in the main paper where Step 2 is the irreversible RDS, Eqs (7.22)
and (7.23) still hold for Branch H and Branch M here, which can be written as:

Xrsampemy =1 and (7.36)
Xrsamypry =0 (7.37)

Note that the DRCs of the transition states TS2(M) for the two rates to generate P(M) and P(H) do
not depend on GTOSZ(M) . Thus, the DSRC of TS2(M) is truly a constant in the integral of Eq (7.34)
. Inthe second case of Case Study IV where Step 1 is the RDS and Step 2 is irreversible, Eqs (7.25)

and (7.26) still hold for Branch H and Branch M here. They can be rewritten as:

exp(_G'l(')S2(H)/RT)

y _ 7.38
TS2(M).P(M) exp(—Gfsz(H)/RT)+eXp(—GT052(M)/RT) o

) i —eXp(~Glyuy /RT) (7.39)
TS2M)P(H) eXp(~Grayw)/ RT) +exp(-Gryy) /RT) |

In this case the DRCs of the transition state TS2(M) for the two rates to the two products depend

on Grg,, » but the DSRC, which is the difference between these two DRCs, is constant:

DSRCyg, )y = X -X M) = —1. Thus, it does not change in the integral of Eq (7.34)

TS2(M),P(H) TS2(M),P
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7.9.2  Proof of Eq (7.27)

When Step 3 in Figure 7.2 is the single RDS and intermediate C is equilibrated with intermediate

B, the rate of Branch H can be calculated as:

=K, [C(H )] =k, K, [B] (7.40)

where k3 1 is the forward rate constant of Step 3 in Branch H, Kz is the equilibrium constant of
Step 2 in Branch H, and [C(H)] is the concentration of intermediate C in the H branch. Similarly,

the rate of Branch D can be calculated as:

b =kK; 5[ C(D)]=k;pK, 5 [B] (7.41)

where ks p is the forward rate constant of Step 3 in Branch D, and Kz p is the equilibrium constant

of Step 2 in Branch D. The ratio ru/rp then equals:

I’i _ ks,H KZ,H
rD _S,D KZ,D
i exp _—(GTosg(H) —GS(H))/RT}GXP[(G&H) _Gg)/RT} (7.42)
exp|:_(G'|(')S3(D) _GCO(D) )/RTJEXD[(GS(D) -G )/RTJ |
_exp ;‘(GTOsaH))/ RT|
exo] (G T |
Taking the logarithm of both sides of Eq (7.42) above gives:
e _ Grss(oy — Grssay (7.43)

r, RT

Then the DSRC of TS3(D) can be calculated as:

aln(r,/ry)
DSRC = =-1 7.44
TS3(D) (G(GTOS?,(D)/RT) ( )

j#TS3(D)
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This is the same as Eq (7.27) in the main text. One can also see from looking at Eq (7.43) that the

DSRC is 0 for all of the other species in the mechanism (since they do not appear in Eq (7.43)).
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Figure 7.1 Standard-state Gibbs free energy diagram of CO, hydrogenation on (a) Cu(ZlIl) (b)
Zn-promoted Cu(211) at 480 K, based on DFT results taken from Studt et al.»% 2%, with minor
modifications. The red line and blue line correspond to reaction with normal reactants and
deuterated reactants respectively. Note that Hz has been omitted in the labels of many of the states,
and it should be included in the necessary amount to achieve element balance for each step and
species. The energy axis has been offset for all species by a constant amount (relative to the
absolute zero-energy reference) so that the reactants have zero energy for the H isotope.
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Figure 7.2 (a) A deuterium Kkinetic isotope effect experiment involving an intramolecular
competition between functionalization (addition of a functional group, FG) at a C-H bond versus
a C-D bond on a substituted benzene ring, of the type described previously, where DG refers to
different directing groups on the benzene ring.?%® (b) A representative standard-state free energy
diagram for such a reaction. The red line represents the reaction branch where the C-H bond breaks.

The blue line represents the reaction branch where the C-D bond breaks.
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Figure 7.3 Schematic of the integral method we will use to derive Eq (7.19), using Step 2 in
Figure 7.2 of the main paper as an example. The black solid lines denote the energies of species
in the main reaction path, the red solid lines denote the energies of species in Branch H, the
green solid lines denote the energies of species in Branch M (an imaginary isotope with
standard-state free energies that will be varied continuously between those for H and D), and the
blue dashed lines denote the energies of species in Branch D. In the initial state, the energies of
species in Branch M equal their energies in Branch H. As the integral starts, the energies of
species in Branch M start to move towards their energies in Branch D. In the final state, the

energies of species in Branch M equal their energies in Branch D.
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7.11 TABLES

Table 7.1 The standard-state Gibbs free energies of species in the CO> hydrogenation reaction at
480 K with normal H-isotope reactants on Cu(211) and Zn-promoted Cu(211) (“CuZn”), and the
changes upon deuterium isotope substitution in their zero-point energies, standard-state entropies
and standard-state Gibbs free energies on CuZn, from ref.1%8 29 \We assume here that these three
isotope differences are the same on Cu(211).

Species G’H)onCu  G°(H)on Cuzn ZPE(H)-ZPE(D) T#K[SY(H)-S°(D)] G°(H)-G°(D)
Reactants
Ho 0.00 0.00 5.50 0.00 5.50
CO; 0.00 0.00 0.00 0.00 0.00
Intermediates
H,COOH* 102.01 86.52 26.34 -3.21 29.56
H,CO* 93.85 97.17 15.73 -2.12 17.85
HCOOH* 40.57 56.94 16.60 -2.41 19.01
HCOO* 3.71 -10.27 8.30 -1.16 9.46
H* 17.22 17.21 4.44 -0.18 4.62
OCH3* 55.78 34.04 25.09 -3.52 28.61
OH* 17.97 -9.33 8.11 -1.84 9.95
Transition States
H-COO 103.27 85.36 3.96 -1.73 5.68
H-CH,0O 156.38 158.98 19.88 -3.52 23.40
H-HCOOH 176.91 147.86 20.46 -3.92 24.38
H-OCHj; 139.87 129.95 27.50 -5.08 32.58
H-OH 124.68 119.59 9.94 -3.57 13.51
H,CO-OH 138.33 113.17 23.84 -3.97 27.81
HCOO-H 144.18 138.40 10.42 -2.17 12.59

The Gibbs free energies of the H-isotope reactants have been subtracted from all free energies
here to simplify energy comparisons. All values in this table are given in kJ/mol. In calculating
G(H)-G°(D) here, we used Eq (7.7) but assumed that its second term (due to heat capacity
differences between isotopes) is negligible, since that same assumption was made in the original
DFT papers*®® from which we extracted these energies and entropies, and since that paper did not

report the heat capacities needed to include this term.
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Table 7.2 The degrees of rate control (X;) of all reactants, intermediates and transition states of

CO2/H2 hydrogenation on Cu(211) at 480 K with normal reactants and fully deuterated reactants.

The coverages of adsorbates are also shown.

H. Reactants

D, Reactants

Species Coverage Xi  Coverage Xi
Reactants
H: -0.56 -0.51
CO2 0.86 0.97
Intermediates
H.COOH* 0.00 0.00 0.00 0.00
H.CO* 0.00 0.00 0.00 0.00
HCOOH* 0.00 0.00 0.00 0.00
HCOO* 0.93 -1.85 0.98 -1.97
H* 0.00 -0.01 0.00 0.00
OCHs* 0.00 0.00 0.00 0.00
OH* 0.00 0.00 0.00 0.00
Transition States
H-COO 0.00 0.00
H-CH20 0.00 0.00
H-HCOOH 1.00 0.99
H-OCHjs 0.00 0.00
H-OH 0.00 0.00
H.CO-OH 0.00 0.00
HCOO-H 0.00 0.01

Reaction conditions: 480 K, Pco2 = 7.5 bar, Py2 = 22.5 bar, and in the limit of low conversion.



Table 7.3 The degrees of rate control of all reactants, intermediates and transition states of
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CO2/H: hydrogenation on Zn -promoted Cu(211) at 480 K with normal H> reactant and with D».
The coverages of adsorbates are also shown.

H. Reactant

D, Reactants

Species Coverage Xi  Coverage Xi
Reactants
H: -0.32 -0.13
CO2 1.13 1.11
Intermediates
H.COOH* 0.00 0.00 0.00 0.00
H.CO* 0.00 0.00 0.00 0.00
HCOOH* 0.00 0.00 0.00 0.00
HCOO* 1.00 -1.99 1.00 -1.99
H* 0.00 0.00 0.00 0.00
OCHs* 0.00 0.00 0.00 0.00
OH* 0.00 0.00 0.00 -0.01
Transition States
H-COO 0.00 0.00
H-CH20 0.14 0.11
H-HCOOH 0.50 0.15
H-OCHjs 0.00 0.00
H-OH 0.14 0.12
H.CO-OH 0.00 0.00
HCOO-H 0.22 0.62

Reaction conditions: 480 K, Pco2 = 7.5 bar, Pu2 = 22.5 bar, and in the limit of low conversions.
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Chapter 8. Apparent Activation Energies in Complex Reaction
Mechanisms: A Simple Relationship via Degrees of

Rate Control

This chapter has been published as:
Z. Mao, C. T. Campbell, ACS Catalysis, 2020, 9, 9465-9473.

Chapter Abstract

The apparent activation energy of chemical reactions has played a central role in the field
of chemical kinetics and has served as an important tool for analyzing and understanding reaction
rates, mechanistic details of complex reaction mechanisms, elementary-step energetics, catalytic
activity and reaction selectivity. We derive here a general expression which shows that the
apparent activation energy equals a weighted average of the standard-state enthalpies (relative to
reactants) of all the species (intermediates, transition states and products) in the reaction
mechanism, each weighted by its generalized degree of rate control (DRC). Since the DRC is zero
for most of these species, even in very complex mechanisms, the weighted average includes only
a few terms. This simplicity provides deep insight into the connection between the reaction energy
diagram and the apparent activation energy. We prove both this and the quantitative validity of
this equation by analysis of numerous reaction mechanisms. We also show the failures or

weaknesses of previous equations for the apparent activation energy.
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8.1 INTRODUCTION

Catalytic reactions play a huge role in the world’s economy and are vital for clean energy
and sustainability. Whether in homogeneous or heterogeneous catalysis, they always consist of
several elementary steps. It is known that the observed reaction kinetics represents a composite of
the contribution from each of these elementary steps. Analytical rate equations sometimes apply
to multistep reaction mechanisms when the “rate-determining step” (RDS) assumption is valid.
Efforts have been made to define the RDS, and the “degree of rate control” (DRC) is the most
general. It is a rigorous mathematical approach to quantify to what extent the standard-state Gibbs
free energy of a “species” in the reaction (i.e., a catalysts-bound intermediate or transition state)
affects the rate of the overall reaction under a given condition.*> 3 When there is a single RDS, its
transition state has a DRC of 1 and the DRC of all other transition states is zero (unless branching
pathways occur after this RDS, since the fast branching reaction that leads to the desired product
can have a transition state with a DRC of ~1, while the fast branch that leads to undesired products
can have a transition state with a DRC of ~-1, as in ethylene epoxidation over Ag®). The apparent
activation energy (Eapp) is an experimentally accessible value which has played a powerful role in
understanding reaction kinetics and mechanisms. It is typically measured by fitting the temperature
dependence of the reaction rate or rate constant to the Arrhenius law. Its value is often correlated
with the intrinsic activity of catalysts, and is compared to the activation energies for elementary
steps in the mechanism when trying to assess which step is rate determining.18 215219 Of course,
much more rigorous analyses are often performed, as described below. By comparing the Eapp
from experimental measurements and microkinetic modeling, one can test whether the reaction
mechanism proposed is consistent with experiments, or the calculated energetics of the species are

accurate.’®” 220 Despite the wide application and importance of the apparent activation energy, its
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microscopic origin is often unclear. We rigorously derive here a general expression for the
apparent activation energy using DRC analysis that makes clear its microscopic origin within the
reaction-energy diagram, even for the most complex reaction mechanisms, and prove its
quantitative validity with many example mechanisms. The apparent activation energy equals RT
plus the weighted average of the enthalpies of all species in the mechanism (intermediates,
transition states and products, relative to reactants), each multiplied by its DRC. While it is
derived with catalytic reactions in mind, it is applicable to any complex reaction mechanism where
transition state theory is valid.

Unlike in a single-step reaction, it is often difficult to picture the apparent activation energy
in an energy diagram of a multistep reaction, for example as the energy difference between some
initial reactant and a transition state. The equation presented here makes a quantitative connection
between the energies of such species and the apparent activation energy. A few previous
approaches for bridging this gap between the microscopic energetics and the macroscopic apparent
activation energy have been reported, as we discuss next.

Kozuch and Shaik!8%221-223 jntroduced the highly-cited Energy Span Model, which shows
that the apparent activation energy of a catalytic cycle involving only a single catalyst site equals
the energy difference between the TOF(turnover-frequency)-determining intermediate (TDI) and
the TOF-determining transition state (TDTS), whenever there is a single RDS and a single TDI.
The Energy Span Model has achieved success for analyzing chemical kinetics, especially in
physical organic chemistry. However, it was not intended to apply to reactions where more than
one catalyst site is involved in an elementary step (e.g., when two catalysts-bound intermediates
form a bond, or when an intermediate dissociates to make two catalyst-bound intermediates), as is

common in heterogeneous catalysis. We show below that it fails in such cases in terms of
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predicting apparent activation energies, and that the equation derived here has other advantages
over this Energy Span Model.

Meskine et al.'®® derived an equation showing that Eapp is a weighted average of the
activation energies of all elementary steps (both forward and reverse steps) each multiplied by
DRC*", where DRC*" is a new type of degree of rate control defined differently than the older
DRC mentioned above and used exclusively below. This DRC*" is not directly related to the
reaction-energy diagram like the generalized DRC, and therefore also not as widely used. We show
that the equation for Eapp of Meskine et al. is consistent with the equation derived below (differing
only by RT), but not nearly so easily interpretable with a reaction-energy diagram as the one
derived below. Also, their equation for Eapp generally has many more non-zero terms compared to
the new equation presented below, so their equation is more difficult to implement and
conceptualize.

In 2002, Parmon'®? proposed that, for a non-catalytic stepwise reaction wherein every step
is first-order in each intermediate, the apparent activation energy equals the difference between
the standard-state enthalpy of the rate-limiting transition state and that of the initial reagents plus
RT. For a catalyzed reaction, we show below that the apparent activation energy is often different
than predicted by this relation, due to the limited availability of free catalyst sites.

Motagamwala and Dumesic'®? used maximum rate analysis with DRC analysis to derive a
general rate expression for sequential reaction schemes, including catalyzed reactions. It provides
useful insights into the apparent activation energy, but does not offer the direct connection to the
reaction-energy diagram like that provided by the equation we present below.

Jargensen and Gronbeck??* derived a connection between the apparent activation energy

and DRC values that looks very similar to that derived by Meskine et al.'®, but actually differs
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substantially. We show below that their equation is often incorrect and suggest a specific error in
their derivation that may have caused this.

Here, a simple but general mathematical expression for the apparent activation energy
(Eapp) in terms of the enthalpies of species in the reaction and their DRCs is derived and validated
for numerous example mechanisms by comparisons to analytical rate expressions and numerically
calculated rates. It proves that Eapp equals RT plus the weighted average of enthalpies of all species
(relative to reactants), each multiplied by its DRC. This weighting factor in our equation is the
generalized DRC, which is clearly defined with respect to standard-state free energy variations of
individual species, and can be pictured easily on a reaction-energy diagram.*> This generalized
DRC can be applied to both intermediates and transition states, so it possesses all the energetical
information in the reaction scheme. The derived relation clearly defines the role of rate-controlling
intermediates and rate-controlling transition states, quantifying exactly the extent to which their
enthalpies contribute to the apparent activation energy. No prior work has been reported that
accurately relates the apparent activation energy so directly with the energies of individual

intermediates and transition states as derived below.

8.2 APPARENT ACTIVATION ENERGY DERIVATION

The (generalized) degree of rate control, DRC, for some species i (e.g., an intermediate or

transition state of an elementary step) is defined as** *

X, = (Mj 8.1)
(-G IRT) ),

where r is the net reaction’s rate (the rate of consumption of some reactant or the rate of production

of some product) and G! is the standard-state Gibbs free energy of species i relative to the standard-
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state Gibbs free energy of the stoichiometrically-combined reactants (plus the adsorbate-free
catalysts surface) as the zero-energy reference. (An easy way to determine the G; for any one
species in the mechanism on this relative energy scale is described in the Tutorial for CATMAP?1%
225 ynder “Formation Energy Approach.”. Maintaining element balance (i.e., atom balance) with
every step in the mechanism offers some conceptual simplification in making and analyzing energy
diagrams and in picturing this zero-energy reference.) The partial derivative above is taken holding
constant the standard-state Gibbs free energies of all other species. Since the term -G} /RT will be
used frequently in the following sections, it will be replaced with the dimensionless variable g;,
defined as:

9, =-G’/RT . (8.2)
The steady-state rate of a reaction is a function of the activities of reactants and products
(ci), the equilibrium constants and the rate constants for all the elementary steps in the mechanism.
Below, we will assume ideal solutions and/or gas mixtures, such that the activity of each species
is equal to its concentration. While the validity of the following derivation would be correct
without this assumption about the meaning of c;, it makes the derivation easier for the reader to
follow. We note that there are many cases where such non-ideal behavior is very important to
consider.??® Since the equilibrium constants and the rate constants, according to transition state
theory, can all be expressed in terms of the change of standard-state Gibbs free energies between
different states in the reaction, the steady-state rate can then always be written as a product of two
terms:

KgT
h

r=-—xf(g,, 9y,-» Uy» Cp» Cpy-vvs Cyy) (8.3)

The first term, ksT/h is the frequency factor in transition state theory and has units of s*. The

second term, f is a function of -G{/RT (or gi) for all the species i (reactants, products, intermediates
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and transition states) in the mechanism and the concentrations of all reactants and products. Since
all concentrations are assumed constant, f is a function of gi only. This function f includes the
concentration distributions of intermediates at steady state and the equilibrium relations between
the transition states and their initial-state intermediates.

The apparent activation energy is defined as

__g| A1) | _pr22inr)
Eop = RL(]/T)} RT? = (8.4)

It can be calculated by substituting Eq (8.3) into Eq (8.4) and applying the chain rule to the

derivative:

_R? d(Inr) RT? dIn(k;T/h) Loinf
» T aT aT

1 oln f ag,
=RT?{=+ =L
{T Z a9, GT}

(8.5)

where the sum here runs over all intermediates and transition states in the reaction. The DRC of

any species i can be calculated from its definition and Eq (8.3) as:

o _olinr) _o[in(kT/n)+(In )] _o(in )

_ 8.6
Lo, o9, 09; ¢9
Eq (8.5) can thus be rewritten by substituting X; for 6(In f)/ag; to give:
1 oln f og,
E.,, =RT?<= =t
i {T 2l aT}
o(-G’ IRT)

=RT+RT? ) X, ———~ 8.7
o L) o

0
:RT+RTZ{ZXi[—T%JrGPJ/RTZ}

We can write that G} as G} = H?-TS;, with the standard-state enthalpy and entropy of i (H{ and S

7, respectively) both defined relative to that of the reactants as the zero-energy reference state (see
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above). In the narrow temperature range of interest when measuring apparent activation energies,
it is reasonable to assume that H and S} do not change with temperature. The expression for

apparent activation energy then simplifies to

2 aGi0 0 2
E., =RT+RT in —Ta—T+Gi /| RT
=RT+>" X[ -Tx(-8)+G ] (8.8)

=RT + ) X;H!

The second term is the sum of the standard-state enthalpies of all species that appear in the reaction
pathway, including all intermediates and transition states, each weighted by its DRC. This bottom
version of Eq (8.8) above is the key result of this paper. It states that the apparent activation energy
equals the weighted average of the standard-state enthalpies of all the species (intermediates,
transition states and products) in the reaction mechanism (relative to the reactants), each weighted
by its DRC, plus RT. The reactants (and adsorbate-free catalyst surface) are not included because
their energies are always set to zero as the reference in Eq (8.1). The enthalpies of all other species
appearing in Eq (8.8) are given relative to stoichiometric reactants (and adsorbate-free catalyst
surface). If the conversion of the reaction is low and the system is far away from equilibrium,
products can be ignored when applying Eq (8.8) because they have DRCs close to zero in this case.
If the system is not far away from equilibrium and the equilibrium between products and some
intermediates is not negligible, the products may have non-negligible DRCs and should be
considered in Eq (8.8). In practice, usually only a few species have non-negligible DRCs.*>*® One
only need to sum those species to get accurate results. Although the cases we discuss below get
the DRC values from applying Eq (8.1) to the rates calculated by a full microkinetic model, there
are also experimental ways to get estimate the DRCs. For example, researchers often

experimentally determine the rate-determining step, which gives that the DRC =1 for that step’s
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transition state (and near zero for the other steps in any non-branched mechanism).! There are
experimental ways to measure the fraction of catalyst sites bound by various intermediates, and
their DRCs are proportional to this fraction bound.*

In applying Eq (8.8), it is useful to know that the DRCs of adsorbates n are proportional to
their fractional coverages (é ), Xn = - o 6, , where the proportionality constant o is a positive
integer that applies to all the surface-bound intermediates along the reaction pathway to a given
product.*? 43 202The fraction of free sites (&) is 1 minus the sum of & for all adsorbates, but free
sites do not have a degree of rate control (since they are part of the zero-energy reference in Eq
(8.1)) and do not enter into Eq (8.8).

The derivation above is similar to that used by Meskine et al.'® in that it applies the chain
rule like in Eq (8.5) here to take the appropriate derivative of the rate needed to get Eapp. However,
above we express the rate as a function of the standard-state free energies of all the species in the
mechanism, whereas Meskine et al. express the rate as a function of the rate constants (forward
and reverse) for all the elementary steps involved. Their equation for Eapp therefore is quite
different. Ituses a different type of degree of rate control (DRC*" instead of DRC), which becomes
the weighting factor in their weighted average, which is an average over all the individual-step’s
activation energies rather than an average over all the individual species enthalpies as done here
in Eq (8.8). The result is that Eq (8.8)is easier to implement, visualize and interpret, but it gives
the same result (within RT) as the equation from Meskine et al., as shown below.

We next present a number of case studies of different reaction mechanisms which prove
the validity of Eq (8.8) by comparing its prediction for Eapp With that derived from analytical rate

expressions or computational solutions to microkinetic models.
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8.3 CASE STUDY I. A SIMPLE SURFACE REACTION FOLLOWING LANGMUIR-

HINSHELWOOD MECHANISM

In this case study, the rate equations are very commonly encountered for gas-phase
reactions catalyzed by a solid surfaces, but we want to emphasize that the equations are valid
independent of whether the reaction is in gas or liquid phase and whether the catalyst is a solid
surface or a homogeneous catalyst, with some very minor modifications mentioned below.

We first consider a simple but typical Langmuir-Hinshelwood (L-H) mechanism with
competitive adsorption, four elementary steps, a single rate-determining step (Step 3) and all other
steps being fast to equilibrate:

1.A+*= A* (fast to equilibium)
2.B+*=B* (fast to equilibium)

3. A*+B* > C*+* (RDS, irreversible)
4.C*=C+* (fast to equilibium)

Here i represents some species in the fluid phase, * is free surface site, and i* is some intermediate
species bound to a catalyst site. We further assume that step 3 is essentially irreversible (i.e., highly
exothermic) and the surface is almost saturated with A*. The equilibrium constant for the
formation of i* from fluid-phase reactant i, Kags i< is simply

-G

0
Kads,i* = exp( R.Il*) = exp(gi*) (89)

where Gi.is the standard-state Gibbs free energy of i* relative to the reactants. Using the Langmuir
adsorption model, the site balance is given by Eq (8.10):

1=0. + 0 + O+ Oce = 0. (14 Ko pCp + Ko € + Koo ouCc ) (8.10)
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where ci is the concentration (or activity) of species i in the fluid phase. (Partial pressure could be
used instead for gas phase species.) At steady state, application of the quasi-equilibrium
approximation showed that the rate of the reaction can be written under these conditions as*?

Kads,B* C_B

r=k,
Kads,A* CA

(8.11)

where ks is the forward rate constant of Step 3. When all the rate constants and equilibrium
constants are expressed in terms of standard-state Gibbs free energies, Eq (8.11) can be written

as43

kgT c
r ZBTeXp(gTss _ZgA*)i

el 0
_keT exp Grss + 2G4 | Cs. (8.12)
h RT Cy
— kBT exp S?ss - 282* exp| — HTOss - ZHK* C_B
h R RT C,

where grs3 corresponds to the transition state in Step 3. Eq (8.12) fits well into Arrhenius form,
with the apparent activation energy from the exponential term being Eapp = H7s:-2Ha-. Performing
the partial derivatives of Eq (8.1) for the rate expression in Eq (8.12) gives that Xts3= 1 and Xax
= -2. Plugging these DRCs into Eq (8.8) gives the same result except the RT term: Eapp = RT+H7;
-2H,.. Strictly speaking, this additional RT is also included in Eapp from Eq (8.12), since it results
from the temperature dependence of the preexponential factor keT/h.

If the assumption that A* nearly saturates the surface does not hold, the analytical
expression of the reaction rate is more complicated. Let us assume that the coverage of C* is

negligibly low (as is generally the case for rate measurements at low conversions). Starting from

the site balance in Eq (8.10), the fractional coverage of A* and B* are then:

Kads,A*CA _ exp(gA*)CA

8. = =
A 1+ Kads,A*CA + Kads,B*CB 1+ exp(gA*)CA + eXp(g B*)CB

(8.13)
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K c
93* — ads,B*~B _ eXp(gB*)CB (814)

1+ Kads,A*CA + Kads,B*CB 1+ exp(gA*)CA + eXp(g B*)CB

Applying the RDS assumption to Step 3 and transition state theory to this surface reaction, the

final expression for the net rate r is:

k. T
r= ks‘gA*HB* = BTexp(ng —0a— gB*)eA*HB*

T eXP(g4.)Ca XP(J5.)Cq (8.15)
h [1+exp(g,)Ca +eXP(95*)CB]2

_ kgT eXP(Grs3)CaCs
h [1+exp(g,)Cs +eXP(0s.)Co |

eXp(gTsa —0a— gB*)

This rate equation does not explicitly fit in Arrhenius form. However, since the rate expression
given by Eq (8.15) still has the same form as Eq (8.3), the derivation starting from Eq (8.3) to Eq
(8.8) must still be correct for these more complicated conditions.

We show in the Supporting Information that this more complex expression for the rate
gives the same (more complex) expression for Eapp When calculate with Eq (8.8) above as that
obtained using the alternate equation of Meskine et al.'®, except for the small difference of RT
that appears in Eq (8.8) but not in their corresponding equation. Importantly, one can see in Eq
(8.15) that there are only 3 species whose gi values enter the rate expression (TS3, A* and B*), so
there are only 3 species with non-zero DRCs and therefore only 3 terms needed in Eq (8.8) to
calculate Eapp. In contrast, the equation of Meskine et al. has 5 non-zero DRCs and thus 5 terms
to evaluate to get Eapp. The extent of this difference grows with the number of steps in the
mechanism, so that this conceptual (and computational) simplification afforded by the new Eq

(8.8) here over the method of Meskine et al. grows rapidly with mechanistic complexity.
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8.4 CASE STUDY Il. THE MICHAELIS-MENTEN MECHANISM FOR ENZYME

CATALYZED REACTIONS

In enzyme catalyzed reactions, the enzyme is usually present at very low concentration
compared to the substrate. The behavior of enzyme catalyzed reactions is similar to surface
catalyzed reactions because both of them have limited amounts of active catalyst sites. Michaelis-
Menten (M-M) mechanism is one of the best-known models for enzyme catalyzed reactions.'® It

consists of two steps:

1.E+S = ES
2.ES > E+P

Step 1 is a reversible binding process between the substrate (S) and the enzyme (E), and ES is the
enzyme-substrate complex. Step 2 is the formation and release of the product (P). Applying the

steady-state approximation to the enzyme-substrate complex ES concentration, [ES], the rate

195

equation is:
1+ Ky, /[S]O
K, = "—lk+ e (8.17)
1

where [E]o is the initial concentration of the enzyme, [S]o is the initial concentration of the
substrate, and Kw is the Michaelis constant.

When [S]o>> Kw, the rate expression reduces to:1%

kT
r = kZ[E]o =BTEXP(QT52 - gES)[E]O

(8.18)
kB 'I(')SZ IgS 'I(')SZ IgS

_ KeT S S _Hrs, —Hes E
. exp[ exp [E],
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In this case almost all the enzymes are bound to substrates, so the rate is only determined by the
rate constant of Step 2 and the concentration of enzymes. Eq (8.18) fits well into the Arrhenius
form, and it gives Eapp = RT+H1s,-Hgs. (Note that the RT here comes from the kg T/h factor.) There
are two species with non-zero DRCs: the transition state in Step 2 (TS2) has DRC =1, and ES has
DRC =-1. Plugging these DRCs into Eq (8.8) gives the same result: Eapp =RT+ Hig,-Hzs.

When [S]o << Km and k-1<<kz, Eq (8.16) reduces to:%

:%z kl[E]O [S]o ZkBTTeXp(gTM —0e —Us )[E]o [S]o

kyT Sp, —Sg —S¢ HY, —H2 —H
= ex exp| -———=——=||E S

The RDS is now Step 1. TS1 has DRC =1, and both E and S have DRC = -1. Plugging the DRCs

(8.19)

into Eq (8.8) gives Eapp = RT+H7,-Hz-H2, which is the same as given by the Arrhenius form of
the rate law as written above in Eq (8.19).

When [S]o << Kmand k-1>>kz, Eq (8.16) reduces to:1%

_ k2[E]o [S]o — kBT
k., /k h

kBT STosz_sg _Sg H?sz_ng _Hg
= ex exp| -——=——||E| |S

eXp(gTsz ~0es ~Ors1 +9es T Ors1 — 9 — gs)[E]o [S]o

(8.20)

Now the three species with non-negligible DRCs, TS2, E and S, are not in the same step. TS2 has
DRC =1; E and S have DRC = -1. Eq (8.8) gives Eapp = RT+H7s,-Hz-Hg, and the Arrhenius form
above gives the same.

In summary, Eq (8.8) gives the correct expression for Eapp in all of these limiting cases of

M-M Kinetics.
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8.5 CASESTUDY Ill. METHANOL SYNTHESIS THROUGH CO, HYDROGENATION
ON Cu(211)

The kinetics of methanol synthesis through CO> hydrogenation on Cu(211) model catalyst
is investigated computationally in this section to verify how well the derived relation between
DRCs, coverages and apparent activation energies match the results from full microkinetic
modeling.

CO, +3H, — CH,OH+H,0

We analyze here only a mechanism consisting of 8 elementary steps, using energies (and
symbology) of all species in these steps taken from DFT calculations by Studt et al., as summarized
in ref.,2® where they used these DFT energetics to explain experimental rate measurements.
Figure 3.1 shows the standard-state Gibbs free energy diagram of this reaction at 450 K.
Microkinetic modeling and DRC calculations were carried out using CATMAP, a Python-based
catalytic microkinetic modeling package.?'° The net rate, coverages, and DRCs at steady state were
calculated under the following steady-state reaction conditions, in the limit of low conversion: 30
bar total, H2/CO2 = 3:1, 450 K.

The DRCs, coverages and enthalpies of intermediates and transition states relative to
reactants are listed in Table 8.1. There is only one transition state, H-HCOOH, with a non-
negligible DRC. It indicates that the third hydrogenation step is the RDS. There are two
intermediates with coverages higher than 0.001, HCOO* and H*. HCOO* almost saturates the
surface with a coverage of 0.984, and a DRC of -1.96.

The apparent activation energy is calculated first by modeling this reaction at 440, 450,
460 K and plotting In(r) versus 1/T. The plot is shown in Figure 8.2a. The apparent activation

energy determined from the slope of this Arrhenius plot is 220.06 kJ/mol. Using Eq (8.8), the
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apparent activation energy estimated with the DRCs and enthalpies of HCOO* and H-HCOOH is

220.79 kJ/mol, which is also in great agreement with the full microkinetic model:

app

E =RT+Y HX,

—8.314x 450/ (1000 kd/mol) +[(~98.33) x (~1.969) + 23.45x0.999] k/mol
=220.79 kd/mol

The temperature was raised from 450 K to 570 K and the total pressure decreased from 30
to 25 bar, so that most of the sites became unoccupied, and the DRCs of intermediates changed
significantly. The DRCs, coverages and enthalpies under this condition (still in the limit of low
conversion) are listed in Table 8.2, and the corresponding Arrhenius plot of the rate at 560 to 580
K is shown in Figure 8.2b. An apparent activation energy of 63.64 kJ/mol is given. Adsorbed
formate HCOO> is still the only abundant species, but the fractional coverage of HCOO* is now
only 0.174 and its (negative) DRC also decreases in magnitude with its coverage down to -0.348.
However, Eq (8.8) still works nearly perfectly in this case, giving an apparent activation energy

Eapp Of 63.05 kJ/mol, with an error of only 0.59 kJ/mol.

8.6 CASESTUDY IV. METHANOL SYNTHESIS THROUGH CO, HYDROGENATION

ON ZN-PROMOTED Cu(211)

Studt et al.2% also showed that the surface species in the CO, hydrogenation reaction on
Zn-promoted Cu(211) model catalyst have different energies by DFT compared to those on pure
Cu(211). Unlike this reaction on pure Cu(211), there is more than one transition state on Zn-
promoted Cu(211) that exhibits rate-control based on the DRC calculation, and the relative
strengths of their rate-control are sensitive to reaction conditions. The coverages, DRCs and

enthalpies of species in this reaction are listed in Table 8.3 for a total pressure of 30 bar and a
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temperature of 503 K, again in the limit of low conversion. There are two surface transition states
with a DRC larger than 0.1, HCOO-H and H-HCOOH, which means both the second and the third
hydrogenation step are rate-controlling steps.

When Eq (8.8) is used for the apparent activation energy estimation, including only species
with DRC larger than 0.01 (or smaller than -0.01) (i.e,, HCOOH*, HCOO*, H-H2CO, H-HCOOH,
HCOO-H, H-OH), it gives the apparent activation energy to be 228.09 kJ/mol. The error is only
0.19 kJ/mol compared to the value given by the Arrhenius plot of the rates from the full

microkinetic model’s computational solutions, which is 228.28 kJ/mol (shown in Figure 8.2c).

8.7  DiscussioN: COMPARISONS OF EQ (8.8) To OTHER METHODS FOR

ESTIMATING Eapp

We have provided above not only a rigorous derivation of Eq (8.8) but also proof that it
gives the correct value for the apparent activation energy in all of the many case studies examined.

We now summarize the weaknesses of previous attempts for predicting Eapp.

8.7.1  The Energy Span Model of Kozuch and Shaik'#® 223 227

We first discuss only cases where there is a single RDS and a single rate-determining
intermediate (i.e., “the most abundant reaction intermediate” or “the intermediate with the largest
thermodynamic degree of rate control,” by Kozuch and Shaik as the “TDI”), and when the rate-
controlling transition state (i.e., the “TDTS”) occurs after the rate-controlling intermediate in the
mechanism. Under these conditions, the Energy Span Model proposes that Eapp equals the

difference in energies between these two states (plus RT, due to the ksT/h factor).18% 223227 Eyen
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though this model was developed for catalytic reactions involving only a single site, it has often
been applied in reactions in heterogeneous catalysis where more than one site is involved.
Therefore, it is worth considering whether this approximation can also be applied to the more
general case studies and reactions explored above where Eq (8.8) is shown to be generally valid.

A problem with applying this Energy Span Model to reactions involving more than one
catalyst site can be seen already from looking at the simplest situation in Case | above (the L-H
mechanism), when the rate is given by Eq (8.12), from which it is obvious that Eapp = RT+Hjs:-2H
A~ We noted above that Eq (8.8) also gives this same value. Since A* is “the most abundant
reaction intermediate” and “the intermediate with the largest thermodynamic degree of rate
control”, A* should act as the TDI in the Energy Span Model, which would give Eapp = RT+H7s:-
H3- based on the Energy Span Model. However, this is not the correct value. In papers which have
applied the Energy Span Model in heterogeneous catalysis, the authors usually determined the TDI
differently, by looking for the lowest-energy intermediate on an element-balanced reaction energy
diagram.??82% |f that type of element-balanced analysis were done for this simple mechanism,
either B* or B would have to be added to A* to achieve element balance in defining the TDI. This
type of element-balanced TDI would be either A*+B* or A*+B, giving either Eapp = RT+H3s-Hi-
-Hg. or Eapp = RT+H7s;-Ha.-Hg when applying the Energy Span Model to this simple mechanism.
None of these are the correct value. This kind of mistake can be frequently seen in papers using
the Energy Span Model in heterogeneous catalysis.?28-232 234

In the Energy Span Model, the apparent activation energy is directly calculated as the
energy span between the TDI and the TDTS in cases where there is a single TDTS and a single

TDI. However, if there is more than one TDTS or more than one TDI, as, for example, in the case
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of CO2 hydrogenation on Zn-promoted Cu(211) above, the Energy Span Model does not provide
a simple way to estimate the apparent activation energy like Eq (8.8) does.

Nevertheless, the Energy Span Model often does work for single-site catalysts, which
probably explains its wide use in the homogeneous catalysis community. We show next, for
example, that it works in all three of the limiting cases of M-M enzyme kinetics treated using Eq
(8.8) above. Inspection of Eqs (8.18) to (8.20) for Eapp Of the M-M enzyme kinetics shows that
they give the same result as the Energy Span Model. When [S]o >> K, the TDTS is TS2 and the
TDI is ES. The Energy Span Model gives that Eapp = RT+ Hig,-Hgs. When [S]o << Kmand ka<<ka,
the TDTS is TS1 and the TDI is E+S. The Energy Span Model gives that Eapp = RT+H7s,-Hz -H2.
When [S]o << Km and k-1>>ko, the TDTS is TS2 and the TDI is E+S. The Energy Span Model
gives that Eap = RT+H5,-H¢ -H2 . In all these three cases, Eapp given by the analytical rate

expression, the Energy Span Model and Eq (8.8) are the same.

8.7.2  The Equation of Meskine et al.'®

As noted above, we prove in the Sl that the equation of Meskine et al.'® gives the same
Eapp expression for the more complex L-H rate expression in Case I, Eq (8.15), as we get from Eq
(8.8). Because their derivation appears to us to be valid, we expect that it will generally give the
same apparent activation energy as Eq (8.8) except the RT term. Its main problems are: (1) it is
not as easily interpretable with a reaction-energy diagram as the new one derived here (Eq (8.8)),
(2) the type of DRC used by Meskine et al. in their equation for Eapp IS not as easy to understand
(nor as widely used) as the DRC type used here, (3) there are many more steps with non-zero

DRCs, so their equation is much more difficult to implement and conceptualize than Eq (8.8).
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8.7.3  The Equation of Jgrgensen and Gronbeck??*

The equation of Jargensen and Gronbeck??* says that the apparent activation energy is

given by:

a5, k.T oInP.
Eappzzxi[Ei+kBT+Tza—Tj+ Z xj[Ej— ; +kgT? aTJJ

ievib jetrans

—ke T2
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Note that the DRCs that appear here are the same type as we used above (and not the DRC*" type
used by Meskine et al.). However, they used only the DRCs for transition states (steps) in the
summations in the above equation. We show below by comparison of the predictions of this
equation to the case studies above that it is often incorrect. We believe the authors had a built-in
mistake in their derivation of this equation above. Specifically, they apply the chain rule to get Eq
11 in their paper. This equation neglects the fact that rate also depends on some of the equilibrium
constants for elementary steps, and not just rate constants, as seen even in many analytical rate
expressions. Thus, it was incorrect for them to hold the equilibrium constants fixed (with the
subscript Ki on the partial derivatives of the rate (r) with respect to rate constants ki). If they did
not hold these constants, and if they had summed over all steps in both the forward and reverse
directions, this would have been a correct equation. Indeed, in that case, their Eq 11 would have
been very similar to the correct derivation using the chain rule by Meskine et al.’®. Because they
did not do that, Jargensen and Gronbeck’s equation above for Eapp Often fails. For example, if the
most rate-controlling intermediate is not in the same step with the rate-controlling transition state,
it fails.

In Case Study I, the L-H Mechanism, Jgrgensen and Gronbeck’s equation gives Eapp =

RT+Hqs,-Ha--Hg., whereas the correct value from Eq (8.12) (and Eq (8.8)) is Eapp = RT+H7s-2Ha-
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. In Case Study I1, the M-M Mechanism, the equation of Jargensen and Gronbeck gives the correct
Eapp for the first two limiting cases because the rate-determining transition state and the rate-
determining intermediate are in the same step. However, it fails for the third, when [S]o << Kmand
k-1>>ka, where it gives Eapp = RT+ His-Hs, instead of the correct value from Eq (8.8): Eapp =
RT+H3s-H2-He. Similarly, Jergensen and Grénbeck’s equation gives incorrect values for Eapp for
all of the examples treated above in Case Studies Il and IV involving CO2 Hydrogenation on both
Cu(211) and Zn-Promoted Cu(211). For example, for Case Study Ill, it would give that Eapp

approximately equals to the activation energy for the i.e., Hiircoon-Hiocoon<) rather than the
tel Is to th tivat for the RDS H; H? ther than th

correct result that Eapp is approximately HY nco0u-0.348 Hicoo-.

8.7.4  The Method of Choksi and Greeley?®

Choksi and Greeley?®® demonstrated, for specific reaction networks, that the apparent activation
energy is the sum of activation energies of the elementary steps each weighted by the respective
degrees of rate control of their transition states. This is essentially the same as the equation of

Jorgensen and Gronbeck discussed above, and fails for the same reasons as outlined there.

8.7.5  Parmon’s Equation

The equation of Parmon?® states that Eapp equals the difference between the standard-state
enthalpy of the rate-limiting transition state and that of the initial reagents, plus RT. It was derived
for non-catalytic stepwise reactions wherein every step is first-order in each intermediate. We
therefore do not expect it to work for the catalytic reactions above. Indeed, it fails in most cases

treated above, but works in a few (for example, Eqs (8.19) and (8.20)). For a catalyzed reaction, if
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the substrate is present only at very low concentration compared to the catalyst, the catalyst sites
will only be slightly occupied at steady state. In this case, the number of available catalyst sites in
no way limits the reaction, and the kinetic behavior of the reaction is more like a non-catalytic
reaction. This is why Parmon’s equation works in the two limiting cases described by Eqgs (8.19)
and (8.20). However, in most cases the catalyst sites are significantly occupied, so Parmon’s

equation seldom works for catalyzed reactions, nor was it intended for them.

8.8 CONCLUSIONS

The apparent activation energy for steady-state reactions, even for the most complex
reaction mechanisms, has been proven here to equal the weighted average of the standard-state
enthalpies of all the species in the reaction mechanism (intermediates, transition states and
products) relative to reactants, each weighted by its DRC, plus RT. This relationship offers
improvements over any previous equations used for estimating apparent activation energies. It is
valid whenever transition state theory is valid for all forward and reverse steps. Since usually only
a small number of species have non-negligible DRCs, this relationship makes it easy to understand

the relationship between the reaction energy diagram and the apparent activation energy.
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8.9 SUPPLEMENTARY INFORMATION

Starting from Eqgs (8.13)-(8.15) in the main paper, the rate equation of L-H mechanism
with competitive adsorption in terms of rate constants and equilibrium constants can be written as

r =K,0,.0
k3 Kads,A*CA Kads,B*CB

(Kads,A*CA + Kads,B*CB +1)2
k3klkZCACB /(k—lk—z)
(KCa /K, +kyCq 1k, +1)°
Kk K,k K ,CACq
(kk ,Cp + Kok € +K 1K, )

The degrees of rate control (referred to as DRC™" in the main text) are defined by Eq 3 in the paper

of Meskine et al.188 as:

- Olnr (1 2k ,C, _kkcg +kk, —kk,c,
= ok Mk kk,Cprkok Co Kk, | kk,Cp Kk Cp kK,

“ =k M =k i — 2(k2CB + k*Z) - —kok 1Cs —K 1k, + KK ,C,
= ok, Ik, kk,cy+kk etk ik, | kk,c,+kk cq+k K,
“ —K Olnr K 1 2k ¢, K kCcy +k Kk, +kk ,C,

2ok, Ak, kk,eu Kk co Kk, | ke, +kok Cq K K,
oy Onr_ ot 1 2(kc, +k.,) Kok ,Cp —K ik, —kk ,C,

2ok, Pk, kk,Cpkokcg +k ok, | kk,e, + Kk cp +k ok,

olnr 1
x; =k =k, *—=1
3 3 6k3 3 k3

Expressing these DRC*’s in terms of energies (gi) gives:
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+_ eXp(gB*)CB +1_exp(gA*)CA
eXP(ga-)Ca +€XP(ge-)Cs +1
X = —€XP(gg-)Cs —1+€XP(g,)Cy
eXP(ga-)Ca +€Xp(gs-)Cq +1
X+ — _exp(gB*)CB +1+ exp(gA*)CA
eXP(ga-)Ca +€XP(ge-)Cs +1
i = EXP(9g.)Cs —1—€XP(g,)C,
eXP(ga-)Ca +€XP(gg.)Cs +1
X, =1

The DRC*’s of all other steps are zero. Then plugging these DRC*’s into Eq 12 in their paper

gives Eapp:

Euo =% (Ergs —Eo)+ X (Ery —En )+ % (Eyg, —Ep )+ X, (Eyg, — B )+ X, (Erg, —E. —Eg.)

exp(9,.)Cq [(Eres B )~ (Ergy — B ) —(Eg, — Eg )+ (Erg, — Equ )]
+exp(9,..)6 [~(Ers; B, )+ (Ersy B )+ (Erg; — Bg )~ (Exs, — Es )]
+[(Erss —~E) = (Ery —Ep ) +(Ess, — Ey )~ (Er, — Ey )]

1

w)=
= E
exp(g,.)c, +exp(g,.)c, +1

+(ETS3 - EA* - EB*)

1
- exp(g )C + exp(g )C +1{€XD(QB*)CB [EA* - EB*] +exp(gA*)CA [_EA* " EB*] " [EA* i EB*]}
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Starting over from Eq (8.15) in the main paper and calculating generalized DRCs defined by Eq

(8.1) in the main paper gives:

olnr —2exp( 9, )Ca
XA*: =
0n  1+eXp(Ua)Ca +eXP(Yg)Cq
_0Olnr —2exp(9s)Cq
" 005 1+exp(gu.)Ca +exp(gs-)Cs
olnr
X =1
e agTS3

Comparing the generalized DRCs with the final form of Eapp calculated with their equation, the

expression of Eapp given by their equation can be rewritten as
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Eapp = XB*EB + XA*EA* + XTSSETSS

which is the same result as Eq (8.8) in the main paper except for the RT term and the fact that this

has energies where Eq (8.8) has enthalpies.
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8.10 FIGURES
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Figure 8.1 Standard-state Gibbs free energy diagram of CO> hydrogenation on Cu(211) at 450 K,
based on DFT results taken from Studt et al.?®®, with minor modifications. Note that Hz has
been omitted in the labels of many of the states, and should be included in the necessary amount

to achieve element balance for each step and species.
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Figure 8.2 Arrhenius plots for determination of the apparent activation energy Eapp of CO>
hydrogenation on (a) Cu(211) at 30 bar from 440 to 460 K, (b) Cu(211) at 25 bar from 560 to
580 K, and (c) Zn-promoted Cu(211) at 30 bar from 493 to 513 K. For each plot, the two outer
points are separated by only 10 K from the center point, so their slopes from the center point
differ very little (and symmetrically) from the 3-point-average slope shown here (i.e., by 0.89
and -0.93 kJ/mol, 4.97 and -5.21 kJ/mol and 1.98 and -2.09 kJ/mol for a, b and c, respectively).
This average slope is therefore an excellent approximation to the true differential slope at the

center point, which provides the Eapp of interest here.
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8.11 TABLES

Table 8.1 The coverages, degrees for rate control and enthalpies of all intermediates and
transition states of CO2/H hydrogenation on Cu(211) at 450 K.

Species Coverage Xi Hi/(kJ/mol)
Intermediates

H2COOH* 0.000 0.000 - 39.08
H2CO* 0.000 0.000 -17.18
HCOOH* 0.000 0.000 -11.68
HCOO* 0.984 -1.969 -98.33
H* 0.001 -0.002 -11.87
OCHs* 0.000 0.000 -86.75
OH* 0.000 0.000 -27.99
* 0.015 - -

Transition states

H-COO - 0.000 12.16
H-H2CO - 0.000 22.10
H-HCOOH - 0.999 23.45
H-OCH3s - 0.000 -18.91
H-OH - 0.000 56.36
H2CO-OH - 0.000 -19.30

HCOO-H - 0.001 18.14
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Table 8.2 The coverages, degrees for rate control and enthalpies of all intermediates and
transition states of CO2/H hydrogenation on Cu(211) at 570 K.

Species Coverage Xi Hi/(kJ/mol)
Intermediates

H2COOH* 0.000 0.000 - 39.08
H2CO* 0.000 0.000 -17.18
HCOOH* 0.002 -0.005 -11.68
HCOO* 0.174 -0.348 -98.33
H* 0.003 -0.006 -11.87
OCHs* 0.000 0.000 -86.75
OH* 0.000 0.000 -27.99
* 0.821 - -

Transition states

H-COO - 0.000 12.16
H-H2.CO - 0.000 22.10
H-HCOOH - 0.998 23.45
H-OCH3s - 0.000 -18.91
H-OH - 0.000 56.36
H2CO-OH - 0.000 -19.30

HCOO-H - 0.001 18.14
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Table 8.3 The coverages, degrees for rate control and enthalpies of all intermediates and

transition states of CO2/H2 hydrogenation on Zn-promoted Cu(211) at 503 K.

Species Coverage Xi Hi/(kJ/mol)
Intermediates

H2COOH* 0.000 0.000 -54.52
H2CO* 0.000 0.000 -13.80
HCOOH* 0.024 -0.048 -39.37
HCOO* 0.966 -1.931 -112.33
H* 0.000 -0.001 -11.87
OCHs* 0.000 0.000 -108.47
OH* 0.002 -0.004 -55.29
* 0.008 - -

Transition states

H-COO - 0.000 -5.79
H-H.CO - 0.076 24.80
H-HCOOH - 0.632 -5.60
H-OCHjs - 0.000 -28.76
H-OH - 0.080 51.34
H2CO-OH - 0.000 -44.39

HCOO-H - 0.212 12.45
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Chapter 9. Conclusions and Future Outlook

This dissertation includes fundamental studies in heterogeneous catalysis with both experimental
and theoretical approaches. It talks about two major questions: (1) how the properties of metal
nanoparticles supported on oxide surfaces vary with the size of nanoparticles and the choice of
oxide surfaces; (2) how to simplify the complex reaction mechanisms of surface catalyzed
reactions and describe them with a few key factors.

Chapters 2-5 are about the first question. In Chapter 2, an apparatus designed for Single
Crystal Adsorption Calorimetry (SCAC) and the procedure of SCAC experiment are introduced.
The apparatus generates a focused metal molecular beam with an e-beam evaporator and deposits
the gaseous metal onto the prepared metal oxide single crystal surface in pulses. The heat released
up metal adsorption is detected and converted to the heat of adsorption of the metal on the given
oxide surface as a function of the meta coverage. The growth morphology of the metal
nanoparticles on the oxide surface is measured with He* LEIS, and the oxidation states of the
elements in metal nanoparticles and oxide substrate are monitored with XPS.

In Chapter 3, Ni nanoparticles on reducible ceria CeO2x(111) is studied with SCAC, XPS,
LEIS and DFT. Ni atoms adsorb on slightly reduced ceria CeO2x(111) and form three-dimensional
nanoparticles at 300 and 100 K, which increase in size with increasing Ni loading. The extent of
reduction of ceria has a minor effect on the Ni particle number density at 300 K, while decreasing
temperature from 300 to 100 K results in 3-fold higher Ni particle number density on CeO1.95(111).
The heat of Ni adsorption onto CeO195(111) at 300 K starts from 345 kJ/mol (attributed to step
edges), decreases within the first 0.2 ML to 323 kJ/mol (as step edge sites saturate), and increases
afterward (due to growing particle size) until the bulk heat of Ni sublimation is reached by 9 ML.

On CeO1g(111) at 300 K, this initial drop in heat of adsorption was not observed, attributed to
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weaker Ni binding to step edges when full of O vacancies. The heat of adsorption is generally
lower on the more reduced ceria surface (by up to 65 kJ/mol initially at 300 K), again suggesting
that the oxophilic Ni atoms do not prefer O vacancies. DFT calculations support this. On
Ce01.95(111) at 100 K, Ni atoms adsorb mainly on terraces due to slow Ni adatom diffusion, with
an initial heat of adsorption that is 45 kJ/mol lower than that at 300 K where Ni atoms mainly
adsorb on step edges. This highlights Ni’s strong preference for step edges over terraces. Upon
adsorption, Ni atoms donate electrons to the support to generate Ce**. DFT calculations show that
this charge is localized on the interfacial Ni and Ce atoms in their atomic layers closest to the
interface. As the coverage and particle size grow, the average number of electrons donated per Ni
atom decreases in both experiments and DFT calculations. For the same size, Ni particles exhibit
less charge transfer to CeO1.95(111) at 100 K (when on terraces) than at 300 K (when at step edges).
The charge transfer from Ni particles is much less on CeO1g(111) compared to CeO1.95(111) at
both temperatures.

In Chapter 4, Ni nanoparticles supported on MgO(100) is studied. The LEIS experiments
showed that Ni grows as 3D nanoparticles on MgO(100) at 300 K with a particle number density

of 5.0 X 10 particles/m?. At 100 K, Ni forms Ni single atoms on lattice O sites of MgO(100) at

low coverage, then forms tiny 2D Ni islands with an average thickness of 0.17 nm (40% thicker
than a Ni single layer with a packing density equals the number density of O on MgO(100)). The
Ni atoms follow this 2D growth mode until the surface is covered completely at 1.4 ML, and the
incoming Ni atoms then grow on this complete Ni overlayer. Since the Ni atoms cover the surface
much faster at 100 K, the sticking probability at 100 K remains higher than that at 300 K until the
sticking probability at 300 K also reaches unity by 8 ML. At 300 K, the heat of Ni vapor adsorption

to make Ni particles containing 7 atoms on MgO(100) is 276 kJ/mol, and it increases rapidly
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reaching 335 kJ/mol by 0.4 ML. The heat slowly increases thereafter and levels off at the
sublimation enthalpy of bulk Ni by 9 ML. At 100 K, the initial heat of adsorption is 128 kJ/mol
lower than that at 300 K, which directly represents the binding energy between Ni single atoms
and O on MgO(100). The binding energy of Ni 2ps;2 XPS peak for 0.16 ML Ni on MgO at 300 K
is 1.4 eV higher than that for bulk Ni(solid). As the coverage increases, the Ni 2pz peak binding
energy decreases until the binding energy for bulk Ni is reached at high coverage. At 100 K, 0.21
ML of Ni on MgO(100) has its 2ps> XPS peak’s binding energy higher than that for bulk Ni by
2.2 eV, which suggests electron transfer from Ni to MgO substrate and the formation of Ni?*.

In Chapter 5, first an equation is introduced that describes the chemical potential of metal
atoms in supported nanoparticles as a function of the particle diameter and the adhesion energy of
metal to oxide surface. It quantitatively describes how the chemical potential of metal atoms in
supported nanoparticles increases with decreasing particle size and decreasing adhesion energy of
metal to oxide surface. Applying this equation to the chemical potential of Ni atoms in
nanoparticles supported on MgO(100) and CeO1.95(111) gives the adhesion energy of Ni to
MgO(100) (3.05 J/m?) and CeO1.95(111) (4.39 J/m?) surfaces. Ni has higher adhesion energy on
these two oxide surfaces than the other metals that measured previously, due to its high
oxophilicity. The adhesion energies of Ni to MgO(100) and CeO1.95(111) are well fit in a trend
that the adhesion energy of metals to a given oxide correlate linearly with their oxophilicity.

Chapters 6-8 talks about the second question. Using degree of rate control (DRC) analysis,
the complex reaction mechanisms can be simplified and only a few kinetically-relevant species
with nonzero DRCs are focused. In Chapter 6, a relation between the DRCs of adsorbed species
and their fractional population of catalyst sites is proven. Under steady-state reaction conditions,

the DRC for any catalyst-bound intermediate is proportional to its fractional population of catalyst
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sites, with a proportional factor that is the DRC-weighted average of the site requirements for all
the elementary steps.

In Chapter 7, a method to interpret kinetic isotope effects (KIES) using degree of rate
control (DRC) analysis is presented. When the KIE is measured as the rate ratio for two isotopes
in separate experiments, the logarithm of the rate ratio equals the weighted average over all
species in the mechanism of their standard-state free energy differences between the two
isotopes, divided by RT, where the weighting factor for each species is its DRC. This method
assumes that the DRCs do not change with isotope (which is sometimes not the case). It reveals
that the KIE calculated from the isotope effect on the rate-determining step is not enough to
represent the overall KIE of the whole catalytic cycle, since species in other steps often also
exhibit large influences on the KIE (i.e., large DRCs). We also show that when the KIE is
measured as the product selectivity in the competition between two isotopes in the same reactant,
an extension of DRC called the degree of selectivity ratio control (DSRC) provides a similar
equation whereby the weighting factor is now the DSRC. These equations aid in the mechanistic
interpretation and quantitative analysis of KIEs.

In Chapter 8, the apparent activation energy for steady-state reactions, even for the most
complex reaction mechanisms, is proven to equal the weighted average of the standard-state
enthalpies of all the species in the reaction mechanism (intermediates, transition states and
products) relative to reactants, each weighted by its DRC, plus RT. This relationship offers
improvements over any previous equations used for estimating apparent activation energies. It is
valid whenever transition state theory is valid for all forward and reverse steps. Since usually

only a small number of species have non-negligible DRCs, this relationship makes it easy to



195
understand the relationship between the reaction energy diagram and the apparent activation
energy.

For the studies of supported metal nanoparticles, the correlation of the adhesion energies
of metals to oxide surfaces with the metals’ oxophilicity is clear, but only for the two oxides that
have been studied intensively, MgO(100) and CeO195(111). Another question left is how the
adhesion energy of a given metal to the oxide surfaces varies with the choice of oxide. A new
project has been finished last year to measure the adhesion energy of Ag to TiO2(100) surface. The
result agrees with another trend reported previously that the adhesion energies of metal
nanoparticles to oxide surfaces correlate with the reduction enthalpy of the oxide (or the formation
energy of O vacancies in the oxide). To further elucidate the correlation, the library of adhesion
energy needs more data.

Beside oxide, carbon is another class of materials used to support metal nanoparticles.
Studies about carbon support has also started last year in Campbell lab. The heat of adsorption of
Ag onto the single-layer graphene grown on Ni(111) surface has been measured. The next step is
switching the sample from the single-layer graphene to the multilayer graphite.

For the degree of rate control, the framework of the theory has been well established. The
DRC analysis has been proved to be a powerful tool for catalysis research, and has been
implemented in several computational package for microkinetic modeling such as CatMap. The
next move is using this powerful tool in important catalyzed reactions, improving the
understanding for complex reaction mechanisms, and helping the rational design of better

catalysts.
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