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ABSTRACT

Biomass conversion to liquid fuels may be accomplished through gasification to syngas
followed by fuel synthesis processes, enabling a renewable energy source of liquid fuels. Prior to
fuel synthesis catalysis, the syngas must be cleaned of sulfur and tar species. In a Department of
Energy forecast for 2012, approximately 50% of the cost to produce ethanol through biomass
gasification is involved in syngas cleanup. A tar reforming catalyst that can operate at high gasifier
effluent temperatures and tolerate or, ideally act as a sulfur sorbent as well would help to reduce
this cost associated with syngas cleanup. Ceria-based mixtures have shown promise in being able

to reform hydrocarbons and remove sulfur at high temperatures.

This dissertation employs computational chemistry methods to design a ceria-based
catalyst that can reform hydrocarbons into CO and H; as well as remove sulfur at high temperatures,
thus making biomass gasification-based processes viable. Density functional theory (DFT+U) is
used to generate structure-composition-function relationships for H,S adsorption and hydrocarbon
conversion. Transition metals can be doped into ceria to alter its reducibility and hydrocarbon
activity. Considering all of the transition metals, we find the methane adsorption energy correlates
with the oxygen vacancy formation energy for M-doped CeO,. Using this correlation, the methane
conversion rate follows a volcano relationship with surface reducibility. One of the dopants near
the top of this volcano relationship is Mn, and to correctly represent the electronic structure of Mn-
doped ceria, a correction to the energy of electrons in localized Mn d-states must be used. We
utilized Mn-doped ceria as a system of focus to evaluate how this correction parameter, as well as
the concentration and structure of Mn in the surface, affects the hydrocarbon activity. Employing
the most stable structure of Mn-doped ceria and Zr-doped ceria, the reforming of propane over the
surfaces are examined, along with developing an approach to model the complete oxidation of large
hydrocarbons over an oxide. To clean up the effluent from biomass gasification, sulfur must also

be removed and Mn-doped ceria also shows promise in being able to remove sulfur.
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Chapter 1

Introduction — Ceria for Biomass Gasification Effluent Cleanup

1.1. Background

For the past 100 or so years, fossil hydrocarbons have been the main source of energy for
the world (oil, coal and natural gas). These hydrocarbon sources can either be used directly through
oxidation, or they can be converted to other types of fuel molecules. Biomass may partially replace
fossil fuels in a future, renewable energy infrastructure. Biomass can be converted to precursors for
fuel molecules through torrefaction, gasification or pyrolysis. The effluent from these processes
would have to then be purified. For gasification, gas cleanup includes reforming methane and
higher hydrocarbons and removing sulfur. The efficiency of the purification of this effluent,
conversion to other hydrocarbons and hydrocarbon fuel utilization relies on conversion catalysts.

Ceria is useful in catalysis because it has a high thermal stability,’* large oxygen storage
capacity,>’ high catalytic activity,®® and its properties can be improved by adding other transition
metals to it.%® Ceria is already widely used in automotive catalysts, due to its ability to act as an
oxygen reservoir and its ability to exchange oxygen atoms with reactants.>” Other applications
which benefit similarly from ceria’s ability to act as an oxygen reservoir are steam reforming,"-8
the water gas shift reaction®2! and catalytic combustion.®® Pure ceria doesn’t have the necessary
redox properties and catalytic activity to work as an efficient conversion catalyst. The redox
propertiesi®?2-?* and catalytic activity®'® of ceria can be improved with the addition of other
transition metals. The ability to tailor the properties of ceria using other transition metals is essential
for the use of ceria based catalysts in energy conversion and production processes. This dissertation

utilizes density functional theory (DFT) to examine the catalytic activity and stability of transition
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metal doped ceria surfaces. The cleanup of the effluent from biomass gasification is a specific target
application. In addition, this work expands our knowledge of how to use DFT to model hydrocarbon
activity on oxide systems.

Gasification involves the heating of the biomass (trees, grasses and other plant matter) to
elevated temperatures (>1000 K) and combining with a specific amount of oxygen to form carbon
monoxide and hydrogen, Figure 1-1.2° This method can be considered a brute force method to
convert any type of biomass into a useable fuel. The resulting carbon monoxide and hydrogen
mixture (syngas) can be used directly in a solid oxide fuel cell to produce electricity,?® used to
produce electricity in a heat cycle,?” or reacted over a catalyst to form hydrocarbon fuels including
ethanol or synthetic crude oil through the Fischer—Tropsch process.?® Biomass gasification results
in high methane breakthrough (methane not converted to CO and H>), up to 10% as well as tars up
to 3.5% and small amounts of H2S and NO,.? To reform the methane using commercially available
nickel based catalysts, one must first adsorb the sulfur, crack the tars and adsorb the NOyin separate
steps.®>3t H,S removal processes requires lower the effluent temperature below reforming
temperatures, thereby creating an energy inefficiency. With this process, the conversion of biomass
to ethanol using biomass gasification the greatest cost is the cleanup of the syngas, which currently
is approximately 50% of the cost, Figure 1-2.3 The overall cost to produce syngas is projected to
decrease, however the cleanup still comprises a large amount of the production costs. Currently,
nickel on aluminum oxide catalysts are used to crack tars up to CH4 and COy at 900 K, however
the catalyst deactivates due to coking (carbon build-up). The nickel based catalyst can be promoted
with cerium oxide which improves coking resistance.®® A catalyst that can operate at high
temperatures (1100 K) would be beneficial in decreasing the cleanup costs, by allowing the effluent
to be cleaned at temperatures approaching the temperature of the gasifier without cooling the stream
causing efficiency losses. The catalyst should be able to tolerate sulfur in the syngas or, ideally act

as a sulfur sorbent as well as to reform hydrocarbons.



Figure 1-1. Schematic of a typical biomass gasifier producing syngas (CO and Hy).
(http://www.steam-boilers.org/wp-content/uploads/2010/10/gasification-2.jpg)
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Figure 1-2. Cost to convert biomass into ethanol through biomass gasification. (U.S. Department
of Energy Biomass Program, http://www1.eere.energy.gov/biomass/pdfs/
biomass_deep_dive_pir.pdf)
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Most metal oxide supports such as silica and alumina are a non-reducible support and only
provide a physical support to maximize the active metal surface area with only a small interaction
between the transition metal and the support oxide. Ceria, contrarily, is a reducible support and has
a strong interaction between the transition metals, imparting a unique catalytic activity. As stated
above, ceria can serve as an oxygen reservoir and easily exchange oxygen atoms with reacting
species. This ability because the cerium can easily change oxygen states between Ce** and Ce3*.%
Having the oxygen reservoir allows ceria to increase the oxidation rate for a reaction as well as
reduce coking, by giving “stored” oxygen atoms to the reactant that would normally not be available
with a traditional metal oxide support. The addition of transition metals to ceria offers the potential
for improved hydrocarbon oxidation catalysts and sulfur sorbents, where the ceria serves as both a
support for the transition metals and acts as an active catalytic component in the system.

Computational chemistry can examine elementary reaction energetics and structural details
on a catalyst at the atomic level, providing electronic level detail which is difficult to obtain
experimentally. DFT along with ab initio thermodynamics can provide free energy differences for
surface processes and elementary reaction steps under catalytic operating conditions. With free
energies, the thermodynamically stable surfaces for a catalyst can be determined under operating
conditions. This can identify whether a transition metal maybe stable doped into the ceria surface
and if there will be oxygen vacancies present in the surface. During the catalytic cycle, the surface
will undergo oxidation and reduction through either filling or forming oxygen vacancies or
reforming of hydrocarbons. DFT is able to identify when the surface reduces, in addition to
determining whether the cerium atoms will reduce from Ce** to Ce®* or if the dopant atoms will act
as reduction centers. With the ability to examine individual elementary steps for hydrocarbon
reforming reactions, the lowest energy path can be determined. Studies of transition metal-ceria
systems is limited to small unit cells due to the computational intensity of DFT. Consideration of

transition metal particles on the surface of ceria is not possible due to the length scale and cell sizes
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(<200 atoms) computationally practical in DFT. With these limitations, most DFT studies are
limited to having one or two transition metals doped into the ceria lattice!®**3" or supported
adatoms on the surface.®*° This dissertation uses DFT and ab initio thermodynamics to evaluate
relative free energies of various transition metal dopants with and without surface sulfidation and
their oxidation states and elementary reaction steps for methane and propane reforming on those
M-doped ceria surfaces. Propane is used as a model hydrocarbon because it is the smallest
hydrocarbon which contains a secondary carbon atom and can be used to model carbon-carbon
breaking steps.

Representation of the electronic structure and redox chemistry on ceria surfaces is
challenging for standard DFT methods. Typical generalized gradient approximation (GGA)
exchange-correlation functionals fail in describing the partial occupation of the Ce 4f orbitals upon
the formation of oxygen vacancies in ceria, or during any process that reduces ceria.*>*> Due to the
self-interaction error inherit to standard DFT, DFT incorrectly predicts the delocalization of the Ce
4f electrons when cerium atoms reduce from Ce** to Ce*". To correct this error the DFT+U method
introduces the Hubbard U-term as an on-site Coulombic interaction to the f-states of cerium.*-*4
The introduction of the U-term on the f-states of cerium can force the localization of an electron
onto a specific cerium atom by penalizing the delocalization of the electron across multiple cerium
atoms. The localized f orbital appears between the valence band and the conduction band for
reduced ceria (CeO2).*>*2 The value of U chosen for the f-states of cerium affects the band gap,
the lattice constant, reduction energies as well as other physical properties of ceria. With all of these
properties being affected by the U value, the quantitative results contained herein might not match
experimental results precisely, however, all of the qualitative results are reasonable. A value of
U =5 eV on the f-states of cerium is used for all calculations presented here, which is consistent

with previous studies.3®45-48
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DFT is also known to have problems representing the d-states of other metal oxides.
DFT+U has also been utilized on these metal oxides to help alleviate some of these problems. It,
however, has not been well established if a U-value on the d-states of metals is needed when they
are doped into another metal oxide, like ceria, and if so, how to determine what the U-value on the
metal dopant should be. For some of the metals dopants used herein, a U-value has been added to
the d-states to better improve the representation of the surfaces. For certain metal dopants, a U-
value is necessary to correctly model the electronic behavior of the system, but for others, a U-
value on the dopant would not change the behavior. The U-value chosen for the dopant can change
whether the dopant or cerium atoms act as reduction centers. The challenges of using the DFT+U
method for M-doped ceria systems is detailed in Chapter 2.

Instead of using DFT+U to correct the self-interaction error of ceria and of other metal
dopants, hybrid functionals can be used.**** Hybrid functionals incorporate a specified amount of
nonlocal exact exchange together with a GGA or LDA functional. This exact exchange can alleviate
the pure-GGA self-interaction error. Hybrid functionals have been shown to match experimental
lattice constants, as well as the relative stabilities of surface and subsurface oxygen vacancies in
ceria, they also correctly predict the localization of the f electrons of cerium.®% One major
drawback on hybrid functionals is their computational intensity is much greater than that compared
to DFT+U and therefore it is difficult to use hybrid functionals for large systems or large numbers
of systems. In Chapter 4, we utilize the Heyd-Scuseria-Ernzerhof (HSE06) functional®*®® to

compare against values obtained using the DFT+U method for Mn-doped CeO..

1.2. Summary of Chapters

This dissertation examines the ability of M-doped ceria (111) to reform hydrocarbons

(Chapters 3-6) and to remove sulfur (Chapters 7 and 8) from the effluent from biomass gasification.
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Chapter 2 clarifies the challenges to represent M-doped CeO; surface catalytic properties with
DFT+U and hybrid functionals. The objective is to illustrate the difficulties and summarize current
approaches, towards further motivating improved approaches practical for surface reactivity
studies.

Chapter 3 examines the effect of transition metal dopants in the lattice of CeO, on oxygen
vacancy formation and dissociative methane adsorption. Our group previously reported a
correlation between the vacancy formation energy and the dissociative adsorption energy of
methane for various surface terminations of Zr- and Pd-doped CeQ..%” Chapter 3 demonstrates that
this same correlation holds across transition metal dopants in ceria. The ability of a M-doped CeO;
to serve as a hydrocarbon oxidation catalyst depends upon the ability to activate C-H bonds and to
heal oxygen vacancies. A volcano relationship is expected between oxidation activity and
reducibility of the surface: dopants leaving the surface too reducible are limited by the ability to
heal vacancies, those not reducible enough are limited by slow C-H bond activation. Periodic trends
are demonstrated for the oxidation states of dopants before and after surface reduction.

The analysis of periodic trends in transitional metal-doped ceria of Chapter 3 suggests Mn-
doped ceria could be an active, stable, and inexpensive material for use in biomass gasifier effluent
cleanup. Chapter 4 determines the effect of a U-value on the d-states of Mn doped into the fluorite
lattice of CeO,. Depending on the U-value chosen for the d-states, the most stable oxidation state
for Mn in a partially reduced surface can be either Mn®* or Mn?*. In this chapter, a U-value of 4 eV
on d-states of Mn is utilized. To help confirm this U-value, the hybrid functional HSEQ6 is used
for one system and compared to the results from DFT+U. The oxidation state of Mn and Ce in the
oxidized and reduced cases match the oxidation states as determined with XANES. With the
reliability of a U = 4 eV value established, the reduction and formation energies for surfaces with
various Mn concentrations are examined. The concentration and distribution of Mn doped in the

surface of CeO; has a large impact on the first and second oxygen vacancy formation energies, as
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well as the most stable oxidation states for Mn. The formation energies of the Mn-doped CeO-
system to examine the stability of Mn-doping at various oxidation states are reported. This detailed
computational examination of Mn-doped ceria provides basic electronic structure insight into a
material found useful for H,S absorption, as described in Chapter 6.

The cleanup of the effluent from biomass gasification requires the reforming of larger
hydrocarbons where carbon-carbon bonds must be broken and propane can be used as a model
hydrocarbon. Zr is one of the most common dopants in ceria due to its thermal stability, increase
in surface area, and increase in oxygen storage capacity.* The reforming path for propane over Zr-
doped ceria is examined in Chapter 5. Some of the mechanistic and modeling questions necessary
to develop a formulaic approach for modeling this complex reaction sequence on an oxide surface
are considered. A significant mechanistic question is when to add oxygen atoms onto the surface,
re-oxidizing the surface during the intermediate steps of propane oxidation. An ab initio
thermodynamics approach is used to determine the sequence of propane decomposition, surface re-
oxidation and product desorption. The dependence of the mechanism on the O, chemical potential
is observed. Reaction paths are reported for both highly oxidizing conditions (combustion) and
reducing (reforming) conditions.

Using the same approach developed in Chapter 5 to model the reforming of propane over
Zr-doped CeO,, Chapter 6 examines the reforming of propane over Mn-doped CeQO,. We establish
a possible reforming path for propane in an oxidizing, reducing and extremely reducing
environment and compare the mechanism back to the Zr-doped surface as described in Chapter 5.
We also examine the possibility for the desorption of all intermediates on the surface, as well as
developing a detailed picture of the electronic structure along the reforming path.

In Chapter 7 uses a combination of the thermal stability and low H,S equilibrium
concentration of mixed REOs with the rapid sulfidation kinetics and high sulfur capacity of MnOx

to create a better sulfur sorbet from gasification effluent. Our collaborators examined the mixed
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MnOyx and REO mixture over a range of MnOy compositions and determine its sulfur capacities
using a stream closely resembling the composition of effluent from a gasifier. X-ray adsorption
near-edge spectroscopy (XANES) and density functional theory (DFT) are combined to understand
the role Mn plays in the increased adsorption capacity of MnO/REQO mixtures.

Using the thermodynamically stable structures established in Chapter 7 and in previous
work,%® Chapter 8 compares reforming of methane and the initial steps of reforming propane over
sulfided and un-sulfided pure and M-doped CeO- (1 1 1) (M = La, Th, Mn). Our initial structure
contains one subsurface oxygen vacancy with no surface oxygen vacancies, so the catalyst will
cycle between having a surface oxygen vacancy and not having a surface oxygen vacancy. We
show that the initial steps for the reforming of methane over the sulfided surfaces (methyl group
bound to sulfur) are similar in energy and only the later oxidation steps are energetically impacted
compared to the un-sulfided surfaces. We also further examine how the state of the reduction of
the ceria surface changes along the methane reforming path. Chapter 9 summarizes the key results

from Chapters 2-8 and discusses recommendations for future work.
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Chapter 2

Challenges in the Use of Density Functional Theory to Examine Catalysis by
M-Doped Ceria Surfaces
This chapter is published as: M. D. Krcha, M. J. Janik. International Journal of Quantum

Chemistry, 2014, 114, 8-13.

ABSTRACT: For CeO; or M-doped CeO; catalysts, reliable energetics associated with
surface reactivity requires accurate representation of oxidized and reduced metal states. Density
functional theory is used extensively for metals and metal oxides; however, for strongly correlated
electron materials, conventional DFT fails to predict both qualitative and quantitative properties.
This is the result of a localized electron self-interaction error that is inherit to DFT. DFT+U has
shown promise in correcting energetic errors due to the self-interaction error, however, its
transferability across processes relevant to surface catalysis remains unclear. Hybrid functionals,
such as HSEQG, can also be used to correct this self-interaction error. These hybrid functionals are
computationally intensive, and especially demanding for periodic surface slab models. This
perspective details the challenges in representing the energetics of M-doped ceria catalyzed

processes and examines using DFT extensions to model the localized electronic properties.
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2.1. Introduction

Density functional theory (DFT) is widely employed in catalysis studies. Though numerous
successful applications to metal catalysts have been achieved, the reliability of standard generalized
gradient approximation (GGA) DFT approaches for metal oxide systems is more suspect.’* Metal
oxides with localized, strongly correlated electrons are more difficult for DFT to accurately
represent. Extensions to standard GGA-DFT are often used to model these systems.®> Catalytic
activity on metal oxides is directly related to the ability of metal atoms to cycle between oxidation
states.® It is essential to develop computational methods that accurately capture energetics
associated with metal oxidation state changes during metal oxide catalyzed reaction cycles.

Ceria-based catalysts are particularly difficult for conventional DFT due to the self-
interaction error that emerges when modeling localized f-states in partially reduced surfaces.’
Recently a review on the status of DFT+U has been published.? This self-interaction error causes
GGA-DFT methods to improperly delocalize f-electrons in reduced ceria systems. The most widely
used method to correct this self-interaction error is the addition of the Hubbard U-term to the cerium
f-states.” The Hubbard U-term adds a semi-empirical energetic penalty to partial occupation of the
orbitals to which is it applied (i.e. f-states of Ce). The empirical U-term may be chosen to match
known material properties, or calculated self-consistently using the linear-response approach.” The
empirical approach is most typically used, however, a U-value determined to match one property
(i.e. band gap) may not necessarily give proper surface reduction energetics. Self-consistent U
determination provides an approach to return the full ab initio nature to DFT by determining an
appropriate U-value for a given physical model. However, system energies cannot be trivially
compared with different U-values, leaving an empirical choice of a constant U to apply within a

catalytic cycle when the self-consistent U-values vary along the reaction path.
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The addition of other transition metals to the ceria lattice, often occupying cerium lattice
sites, can offer improved catalytic properties. Numerous studies have employed DFT approaches
to these “doped” ceria surfaces. Often, an onsite U-potential is added only to the f-states of cerium
on these doped systems.! For many metal oxides, accurate material properties require DFT+U
methods with U-corrections on the d-states of the metals.® A second approximation to these mixed
metal oxide systems is to also include a U-value to the dopant d-states.’® Correspondingly, a
reasonable U-value for the d-states of these metals must also be determined. A U-value applied to
the p-states of oxygen can also lead to a better estimate of the band gaps and reduction energies of
ceria.!* An additional complexity is that a different U-potential can be applied to the same atom in
different geometric arrangements (surface versus subsurface, near dopant versus far from dopant).
Sholl and co-workers recently used a position dependent version of DFT+U (DFT+U(R)) to
correctly reproduce the properties of FeOy.'? As approaches are not standardized, comparisons
between DFT examinations of M-doped CeO; reactivity are challenging.

A different approach from the DFT+U method is the use of a hybrid exchange-correlation
functional.®®* Hybrid functionals add exact exchange and limit the pure GGA inaccuracies in
canceling the self-repulsion, therefore avoiding the empiricism of adding U-corrections. The
amount of exact exchange to use must still be chosen, retaining empiricism in hybrid functional
implementation. The hybrid functional HSEOQ6, along with other hybrid functionals, has been
shown to accurately model oxygen vacancies in pure ceria.’* Recently, the HSE06 functional was
used to examine oxygen vacancy formation and charge transfer for divalent and trivalent dopants
in ceria. 151

In this perspective, we clarify the challenge to represent M-doped CeO- surface catalytic
properties with DFT+U and hybrid functionals. Our objective is to illustrate the difficulties and
summarize current approaches, towards further motivating improved approaches practical for

surface reactivity studies.
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2.2. Challenges in representing M-doped CeO, redox catalysis

M/CeO, systems are useful in CO oxidation,® CH, oxidation,>*"*® and sulfur adsorptive
desulfurization.®% In all of these processes, the surface cycles between oxidized and reduced
conditions. CH,; and CO oxidation cycles begin with the gas phase reactant and the oxidized
surface, then form an absorbed intermediate (R*-M/CeO,, example in Figure 2-1) that partially
reduces the surface. An oxidized product desorbs, leaving a reduced surface (M/CeQO2;). The

surface is then re-oxidized by an oxidant and the cycle repeats.

(A) R (g)+ M/CeO, — R*-M/CeO,
(B)  R*-M/CeO, — P (g) + M/CeOxs

© 6 O (g) + M/CeO2.5 — M/CeO>

To model these cycles, we need accurate energetics for transformation among the oxidized,
partially reduced and reduced surfaces. For oxidized and reduced surfaces, integer formal reduction
of metal atoms often occurs. However, for adsorbed intermediates (Figure 2-1) and partially
reduced surfaces (CO, CHs or H absorbed to an oxygen atom, for example), it is unclear if a
localized, reduction of a metal atom should occur. As characterization of adsorbed intermediates is
limited and typically non-existent if the intermediate is unstable, it is unclear if sufficient
experimental data exists to verify the accuracy of DFT representation of these intermediate species.
For M-doped CeO; catalysts, it is not always known whether the dopant or the cerium atom should

reduce upon intermediate formation or surface reduction.



18

Figure 2-1. Adsorbed intermediate (CsHs) in the oxidation of propane catalyzed by the surface of
Mn-doped CeO- (1 1 1). The oxygen atoms associated with the hydrocarbon originate from the
surface and remain associated with Ce atoms as well. The extent of electron localization on the Ce
atoms due to the partial reduction will depend on DFT electronic structure approach used. Ce is
displayed as tan (light), Mn as light blue (gray), and O as red (dark).
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Both Pd- and Mn-doped CeQO; show promise as catalysts, however the role of the dopant
in the catalytic process is not fully understood. In Pd-doped CeO,, the Pd atom reduces and the
cerium oxidation state is unchanged upon adsorption of methane or oxygen vacancy formation.®
For Mn-doped CeO;, the U-value chosen for the d-states of the Mn atom changes whether the Mn
atom(s) reduce or the cerium atom(s) reduce upon oxygen removal.?* We have recently evaluated
whether the dopant serves as the reduction center or alters Ce reducibility for all transition metal
doped CeO; (1 1 1) surfaces.!” As the reductant adsorption and oxygen vacancy formation
energetics often correlate, the energetics of formation oxygen vacancies in the surface of M-doped
CeO: is a good descriptor for the catalytic properties.t’

In the following sections, we briefly review the DFT+U method and discuss its application
to pure and M-doped CeO- systems with a U-value on the cerium f-states. We then discuss the
addition of a U-term on the oxygen p-states and dopant d-states. Lastly we examine the use of

hybrid functionals for these M-doped CeO; systems.

2.3. DFT+U

Strongly-correlated electron materials (SCEMSs), including middle-to-late transition metal
oxides, are difficult for conventional DFT to represent. These metal oxides contain electrons in
partially filled d or f shells, which are localized onto each metal atom. Conventional GGA-DFT
uses spatially averaged approximations for exchange and correlation, which does not properly
cancel out the electron self-interactions in localized states. This yields values for electron-electron
repulsion that are artificially increased.® These large values of electron-electron repulsion cause the
electrons to delocalize, and often changes the metal oxides from an insulator to a conductor.

To correct these self-interaction errors, the electronic structure may be separated into

localized and delocalized states. The two different states can be treated with different electronic
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structure methods. A common method to do this is DFT+U. The most common DFT+U
implementation uses a parameterized Hamiltonian in the framework of DFT instead of an explicit

Hartree-Fock calculation. The energy from DFT+U is calculated as:

Wn—-Jn)
EPFT+U p, {nyims ] = EPFT[p] + YiLmo ”2 “ (nllma - nlzlmo) @

where EPFT[p] is the energy from conventional DFT, Uj; is the average Coulombic interaction, Jj;
is the exchange interaction, and n is the number of electrons in a localized orbital with a given spin
and magnetic quantum number. I represents the atom type, [ is the angular momentum (s, p, d, or
f), m is the magnetic quantum number and o is the spin. U;; and J;; are tunable parameters that may
be chosen to match measurable experimental properties of the material, such as band gaps and
magnetic moments. Alternatively, constrained DFT calculations, where the number of electrons on
a specific site is fixed and the remaining electrons are allowed to relax, can be used to determine a
U-value.® As the Hamiltonian only uses the difference between U;; and J;; (Equation 1), we will
take U to represent the difference, Ues.

Several studies have examined what Ce-f U-value give reasonable electronic behavior for
reduced CeO,. Recommended U-values vary between 0.2 eV and 7 eV depending on the
experimental properties being matched and the methods used to fit U. Dissociative methane
adsorption energies and surface oxygen vacancy formation energies both greatly depend on the U-
value chosen for Ce, as shown in Figure 2-2.2 The exchange-correlation functional (LDA or which
GGA) chosen can influence the U-value. Using this method, Lutfall et al. determined a U-value
(PBE functional) of 0.2 eV on the f-states of Ce to closely match the experimental CeO, to Ce,O3
reduction energy of 138 kJ mol*.22 A U-value of 6.3 eV (LDA) matches the experimental band

gaps of the 2p-4f and the 2p-5d.% This U-value also reasonably predicts the lattice constant and
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bulk modulus of ceria. A U of less than 5 eV (PW91) on Ce results in improper delocalization of
electrons across cerium atoms of the reduced CeO, (1 0 0) surface.?* A U-value of 5 eV results in
the reduction of two Ce atoms from Ce** to Ce** near the oxygen vacancy as well as the appearance
of a single spin peak in the density of states (DOS) between the CeO- valence band and the Fermi
level (Figure 2-3a). Using both the LDA and GGA functional to match the band gaps, a U-value of
6 eV and 5 eV, respectively, was recommended.?® To correctly replicate the insulating properties
of reduced ceria (CeO2x), U > 6 ¢V (LDA) and U > 5 eV (GGA) are required, as can be seen in
Figure 2-3. Figures 2-3b and 2-3c illustrates that the addition of the U-terms localizes the electrons
onto two cerium atoms. Overall, most studies agree that U-values of around 4.5-6 eV are adequate
to represent the measurable properties of ceria. Values for U lower than 4.5 eV tend to improperly

delocalize electrons in the reduced surface.

Figure 2-2. Dissociative methane adsorption energy and surface oxygen vacancy formation energy
versus U-value. (A) pure CeO, (1 1 1) surface, (M) Zr-doped CeO, (1 1 1) surface, and
(®) Pd-doped CeO, (1 1 1) surface. Closed circles represent oxygen vacancy formation energies
and open circles represent methane adsorption energies. (Reproduced with permission from [ACS
Publications], Mayernick et al., J. Phys. Chem. C. 2008, 112, 14955)
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Our group has examined how the U-value on cerium affects the dissociative methane
adsorption energy and oxygen vacancy formation energy for Zr- and Pd-doped ceria (Figure 2-2).2
In Zr-doped CeO;, like pure CeO,, the Ce-f U-value influences both methane adsorption and
oxygen vacancy formation energies. However, for Pd-doped CeO, surfaces, the Ce U-value does
not have a significant influence on the two energies. Surface cerium atoms reduce when Zr-doped
Ce0- is reduced by either oxygen vacancy formation or dissociated methane adsorption. Therefore,
the Ce-f U-value impacts reduction energetics. For Pd-doped CeO,, the Pd atom reduces and the
Ce-f U-value therefore does not have a significant influence. Examining all transition metal
dopants, the dopants on the left side of the periodic table are similar to Zr in that the dopant alters
the reducibility of the cerium atoms. Late transition metal dopants, like Pd, become the reduction
centers.t” The U-value on Ce f-states does not have a great influence on reduction energetics or
surface electronic structure for dopants on the right side of the periodic table. The use of DFT+U
(with U only on cerium) provides qualitative and quantitative reduction energetics for early and
late transition metal dopants. The application of a U-value to the d-states of late transition metal
dopants, however, can alter the reduction energetics. For dopants in the middle of the periodic table,
the application of a U-term to transition metal d-states will qualitatively and quantitatively alter the

electronic structure of the doped surface.
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Figure 2-3. (a) Total density of states for an oxygen vacant surface of pure CeO; (1 1 1) with no U-
value on the f-states of ceria (upper) and a U-value of 5 eV on the f-states of Ce (lower). The double
peak near the Fermi level in the bottom DOS is due to the slight asymmetry in the mirrored slab.
Isodensity surface of an oxygen vacant surface of CeO; (1 1 1) (b) with no U-value on the f-states
of ceria and (c) with a U-value of 5 eV on the f-states of ceria over the energy range -0.28 to 0.00
eV (relative to Fermi level). The isodensity surface with no U-value was taken to be an iso-change
increase surface between the intact surface of ceria and the oxygen vacant surface of ceria.

2.4. Including a U-value on the d-states of transition metal dopants in CeO>

A U-correction can be added to the p-states of oxygen or to the d-states of a metal dopant
atom to better match experimental measurable properties. The additional U-value on oxygen can
lead to a better estimation and description of the lattice parameters, band gaps, formation energies,
reduction energies and electronic properties for ceria.> An oxygen hole (one 2p orbital with only
one electron instead of two) results when a lower valency metal atom is doped into an oxide with
a higher valency (trivalent dopant in ceria, for example). With a U-value only on the Ce atoms, the
oxygen hole is delocalized across multiple oxygen atoms for La-doped CeO..** To correct this, a
U-value is added to the p-states of oxygen, thereby localizing the oxygen hole onto one oxygen
atom.

A U-value must also be added to the d-states of many transition metal oxides to correct the

self-interaction error that results in overestimation of oxidation energies as well as band gaps and
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magnetic moments.®2® However, it has not been clearly established if this additional U-correction
should be added to the d-states of metal atoms doped into ceria to obtain correct energies and
electronic behaviors, and if so how to choose the U-value. One way to choose the U-value can be
from fitting a U-value in bulk oxides to match experimental lattice constants and band gaps, and
then using this U-value for the metal dopant. This was done for Pr- and Mn-doped CeO- and the
U-value chosen for M d-states was 4.5 eV.¥ Varying the value of U changes the Mn-O bond
lengths, as well the electronic structure.* Figure 2-4a illustrates how the density of states changes
for Mn-doped CeO- in the oxygen vacant surface (Mn?*) as the U-value on Mn changes. As the
Mn-d U-value increases, the valence band slowly approaches the Fermi level and shifts the
antibonding Mn-oxygen states into the valence band. Ultimately, Cen et al. also settle on a U-value
of 4.5 eV on the d-states of Mn.* Our group also examined how the U-value on Mn affects Mn-
doped CeO electronic properties.?* The most stable Mn oxidation state in reduced Mn-doped CeO>
(1 1 1) depends on the U-value on Mn (Figure 2-4b). At low U-values, the most stable oxidation
state for Mn in oxygen vacant Mn-doped CeO, is Mn**, and at U-values greater than 3.5 eV the
most stable structure has Mn reducing to Mn?*. A U-value of 4 eV, as determined by Wang et al.°
for pure MnOy, also has Mn?* as the oxidation state in reduced Mn-doped CeOQ-, in agreement with
XANES studies of Mn/CeQ- oxides.'® The addition of the U-value to the d-states of metal dopants
helps to get the correct surface reducibility, and is especially necessary for mid-periodic table
transition metal dopants.

In conventional DFT+U, the U-value is fixed for a given atom and electronic state. The
self-interaction error, however, can vary for an atom in various geometric arrangements (surface
versus subsurface, near dopant versus far from dopant). In each of these different arrangements, a
different U-value might be necessary to reproduce an accurate electronic structure. One method
that shows promise in being able to accomplish this is DFT+U(R).1? In this method, the U-value is

determined by examining the linear-response value of U with respect to position, (R), of every
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atom. This method provides promise for removing, to some extent, the empiricism of the DFT+U
method. However, the linear-response value of U may also vary along the catalytic reaction
coordinate, and comparison of energies at varying U-values is not trivial, returning some degree of
empiricism in choosing a constant value. To our knowledge, the U(R) method has not been applied

to investigate catalytic properties of transition metal doped ceria surfaces.
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Figure 2-4. (a) Total DOS for oxygen vacant Mn-doped CeO. (Mn?*) while varying the U-value on
the d-states of Mn with a U-value of 5 eV on the f-states of Ce. (b) Surface oxygen vacancy
formation energy vs. U-value on the d-states of Mn with a U-value of 5 eV on the f-states of Ce.
Depending upon the U-value on the d-states of Mn, Mn reduces to different oxidation states (local
minimum energy structures) upon formation of an oxygen vacancy. Mn reducing to: (¢) Mn®",
(m) Mn?*, and (A) Mn*" upon formation of an oxygen vacancy. (—) best fit line. (Adapted with
permission from [ACS Publications], Krcha et al., Langmuir 2013, 29 10120)
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2.5. Hybrid functionals

A hybrid exchange-correlation functional may be used to alleviate the self-interaction error
and improper electron delocalization. A hybrid functional combines a specified amount of non-
local exact exchange with a GGA functional. This specified amount of exact exchange must be
chosen, and therefore this method also contains empirical dependencies; around 25% exact
exchange is typically used. The non-local exchange added to conventional DFT more accurately
captures the reduced CeO; electronic structure, however it also greatly increases the computational
intensity (for periodic systems), making large systems or large numbers of species along a catalytic
reaction pathway computationally prohibitive. Hybrid functionals can be used on smaller systems
to help confirm or calibrate U-values for use in DFT+U calculations.

The relative stabilities of surface to subsurface oxygen vacancies in CeO; (1 1 1) are
accurately captured by using the hybrid functional Heyd-Scuseria-Ernzerhof (HSE06), as well as
PBE+U and LDA+U functionals.!® The vacancy formation energies between these three functionals
do not match, though the HSEQ06 vacancy formation energy matches well with the PBEQ functional
and an embedded cluster model.?” The adsorption energies of water on the CeO2 (1 1 1) surface
using the HSEO6 functional and the PBE+U functional are within 0.2 eV, and the differences in
energies of various adsorption structures are within 0.1 eV.28 Other hybrid functionals can be used
such as PBEO or B3LYP.%* Of the many hybrid functionals that have been examined, all produced
cell parameters that were within 2.5% of the experimental values, with the PBEQ functional
providing the most accurate results.* The major differences between functionals are the predicted
band gaps, where the amount of exact Hartree-Fock exchange included greatly changed the band
gaps as well as the reduction energies (B1-WC functional performed best).*

Doped CeO; has also been examined with hybrid functionals, which could remove the

“double empiricism” of choosing Ce-f and M-d U-values in DFT+U. For doping of divalent (2+
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oxidation state) cations (Pd and Ni) in ceria, DFT+U (U = 5.0 eV on Ce f-states) and HSEO6 yield

the same qualitative descriptions of oxygen vacancy formation; however, the two functionals yield
quantitatively different results.'® The first oxygen vacancy formation energy with HSEOQ6 is lower
than that predicted by DFT+U, and to match oxygen vacancy formation energies a U-value of 10
eV would have to be used, which causes large deviation in other properties, such as shifting the
Ce® states into the valence band. These methods still give quantitatively different results, even
when a correction to the DFT O, bond energy (0.7 eV per O atom) is added. Correcting the
overestimation of the DFT O, bond energy actually increases the difference in energy between
DFT+U and HSEO6 for oxygen vacancy formation. The hybrid functional HSEO6 also correctly
shows the formation of an oxygen hole with doping of trivalent atoms in the surface.® In both of
Nolan’s studies, the author did not examine how the addition of a U-term on the dopant would
match with the hybrid functional HSE06. We examined how the addition of a U-term on the d-
states of Mn (coupled with a U-term of Ce f-states) compares with the results from an HSE06
optimization.?* The qualitative preferences for Mn oxidation state match when an appropriate U-
value on Mn is used (U = 4.0 eV on d-states of Mn and U = 5.0 eV on Ce f-states). The absolute

guantitative oxygen vacancy formation energies do not match.

2.6. Conclusions

Though DFT+U and hybrid functional methods can be chosen to match experimental
properties of ceria and M-doped ceria systems, the transferability to surface catalytic activity is
unclear. For catalytic studies, accurate reaction energies and activation barriers for transforming
among reactant, adsorbed species and products is needed. These transformations include reduction
and re-oxidation of the M-doped CeO; surface, challenging accurate energetics determination with

tractable DFT methods. Despite these limitations, DFT+U methods have provided qualitative
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insight into catalytic mechanisms and trends with dopant variations for methane and carbon
monoxide oxidation and desulfurization.

To help reduce and mitigate some of these challenges faced when using DFT to study
catalytic properties of M-doped ceria systems, further standardization of current “best practices,”
and greater availability of experimental model systems for benchmarking would help clarify the
reliability of the methods being used. Differences between studies in model construction (slab
thickness, the use of mirrored slabs, the U-value applied, and variance in exchange-correlation
functionals) complicate comparison among DFT+U studies. All DFT+U studies should be careful
to test convergence or sensitivity to model parameters, and should show a full awareness of the
models used by others such that we may collectively clarify sensitivity to these differences and
narrow the variety. Experimental benchmark studies of single crystal, M-doped ceria surfaces,
especially probing reducibility and surface reactivity, would allow for further benchmarking to
establish the reliability and limitations in DFT+U. The choice of U-values or hybrid functionals in
DFT may be better tuned to match experimental properties and testing of their transferability could
be established. More advanced approaches, such as the DFT+U(R) method, can then be tested
versus benchmarks and reliability in examining surface energetics can be tested. The greater use
and testing of hybrid functionals would also be a clear avenue of future work if these can be made
computationally tractable within a plane-wave basis set approach. Comparison between
computation and experiment M-CeO, systems will continue be challenged by the structural
complexities of these systems. The further development of DFT (+U)-based reactive force-fields
will allow for more direct comparisons that include structural inhomogeneity in doping and nano-
structure, and for comparison with experimental properties defined on longer length or time scales

accessible to electronic structure methods.
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Chapter 3

Periodic Trends of Oxygen Vacancy Formation and C-H Bond Activation
over Transition Metal-Doped CeO> (1 1 1) Surfaces
This chapter is published as: M. D. Krcha, A. D. Mayernick, M. J. Janik. Journal of Catalysis 2012,

293, 103-115.

ABSTRACT: Substitutional transition metal dopants in the cerium oxide surface can
alter the surface reducibility and catalytic activity for hydrocarbon conversion. Density functional
theory (DFT+U) methods are used to examine the electronic and structural effects of transition
metal dopants (groups IV through XII) in the CeO; (1 1 1) surface. Surface reducibility (oxygen
vacancy formation) and dissociative adsorption of methane (forming H* and CHs*) are considered.
Both the methane dissociative adsorption energy and activation barriers correlate linearly with the
surface oxygen vacancy formation energy. Charge analysis is used to determine the role of dopant
metal in serving as a reduction center or altering the Ce reducibility. Dopants in groups IV and V
alter the reducibility of the surface and dopants in groups X through XII become the reduction
center. The dopant plays the same role in both oxygen vacancy formation and methane adsorption.
A Brensted-Evans-Polanyi relationship is established between the methane activation barrier,
through H-abstraction, and the dissociative adsorption energy. The sensitivity of quantitative and
qualitative trends to the inclusion of U-terms for the dopant transition metal d-states is considered.
The optimal M/CeO2 dopant for methane conversion to CO or CO2 follows a volcano relationship
with oxygen vacancy formation: highly reducible surfaces will be limited by re-oxidation whereas
surfaces difficult to reduce will show high barriers for C-H bond activation. Transition metal

dopants near the peak region of the volcano are Pd, Co, Ni, and Mn.
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3.1. Introduction

Transition metal oxides can form a solid solution with ceria (CeOy) that alters redox
properties'® and hydrocarbon conversion activity relative to pure CeO..4#° At relatively low M
inclusion in M1.xCexO-, the ceria fluorite lattice is maintained and the added transition metal can
substitutionally dope into the Ce lattice positions.®"1* The dopant metal may either alter the
reducibility of the ceria metal atoms or the dopant can become the reduction center.*” Several
experimental®1318-1° and theoretical studies!-32°-? have examined how one or two transition metal
dopants can affect the activity of the ceria surface; however an electronic level explanation remains
incomplete. For example, density functional theory (DFT) studies have demonstrated that Pd
becomes the reduction center for O-vacancy formation or methane conversion when doped into
Ce0,.2"%0 Herein, density functional theory (DFT+U) is used to examine the energetic and
electronic structure effects of all Groups IV-XII transition metal dopants on CeO; (1 1 1)
reducibility and C-H bond activation.

Cu,%3! Pd,*732 and Zr**13 doped CeO. materials, with the transition metal substituting for
Ce at fluorite lattice sites, have been synthesized and examined for catalytic applications. With the
choice of optimal dopant and its concentration, the catalytic activity can be improved for
preferential CO oxidation, catalytic oxidation of hydrocarbons®!® and in the water-gas-shift
reaction.® The hydrocarbon conversion activity of CeO, can be improved with a CeO»-ZrOx solid
solution, with a maximum catalytic activity demonstrated at Ceo.92Zro.0s0,.° A further improvement
in the activity of the catalyst can be achieved with small amounts of MnO, or CuO dissolved into
the solid solution of Ce0,-ZrOx.° Avgouropoulos and loannides showed that ultrafine,
nanocrystalline Cu/CeO; catalysts are very active and stable in the selective oxidation of CO.%

Palladium doped CeO- has also been shown to be a good catalyst for methane oxidation.®3? Pd®*
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substitutionally mixed in the lattice of CeO; has a higher CH, oxidation rate per mass of Pd than
Pd supported on the surface or pure CeO,.°

The capability of some transition metals to substitutionally dope as well as modify the
reducibility or catalytic activity of ceria is established. Mixtures of zirconia oxide and cerium oxide
can form solid solutions, which are more thermally stable and reducible than pure ceria.!**3
Zirconia doped into the cerium oxide lattice results in replacement of Ce with Zr in the lattice.!*™
The addition of Zr into the lattice of CeO, results in a greater mobility of oxygen atoms in the
lattice. The bulk diffusion coefficient of O% ions increases by 2 orders of magnitude with Zr in the
lattice, as measured by ionic conductivity.!! Palladium can also be incorporated into the lattice of
CeO; using a solution-combustion synthesis.®” The Pd/ceria mixture that was prepared by this
method contains Pd?* cations incorporated into the cubic fluorite lattice, as identified by XPS, X-
ray diffraction (XRD) and extended X-ray absorption fine structure (EXAFS).” Colussi et al. also
showed that Pd?* ions are substituted for Ce*' using high-resolution transmission electron
microscopy (HRTEM), with image interpretation aided by DFT calculations.® We seek to establish
periodic trends across transition metals for their impact on both reducibility and oxidation activity
as well as to correlate these two properties.

Though the aforementioned studies demonstrate the potential of M,Ce;xO, materials to
enhance catalytic activity, it is extremely difficult to construct experimental model systems for
these catalysts. As such, active site identification and elementary reaction mechanism
determination is challenging. For example, the majority of these studies do not attempt to report
turnover frequency values as the counting of actives sites for M,Ce1.xO, materials is not trivial.
Further, the complex materials used in these studies surely expose a range of surface structures.
Density functional theory may be used to construct models of active sites in these systems and

examine the impact of site structure on surface properties.



35

Several computational studies have examined model surfaces with transition metals doped
or absorbed onto cerium oxide. Similarly to the experimental studies, some of the dopants that have
been thoroughly examined are Au,?%22-23 Cu,32426 p(,321.2527-29 gnd Zr, 116343 with concentration on
surface reducibility as well as CO, CHa, Hz, or H,O interactions with the surface. Using Au as a
dopant in the CeO:; lattice for CO oxidation allows the surface oxygen atoms to become reactive,
but not too reactive that the oxygen vacancies will not heal. With Cu doped in the surface of CeOy,
formation of the first oxygen vacancy is spontaneous (leading to Cu?*) and a second vacancy forms
with less endothermic energy than for pure CeO..% Several studies examined how Pd-doped into
the surface of CeO, can affect methane oxidation activity and vacancy formation. Our group
previously reported that the vacancy formation energy and the methane adsorption energy of Pd-
doped CeO; are correlated over different surface terminations.?” Upon the formation of an oxygen
vacancy, a Pd** dopant is reduced to a Pd?* state.??2" When Zr is doped into the lattice of CeOx,
it takes on a Zr** oxidation state.! Upon the formation of a surface oxygen vacancy, two cerium
atoms reduce rather than the zirconia.** High-valence dopants have only a local effect on oxygen
atoms next to them whereas low-valence dopants have both long and short-range effects.>” We
extend upon these studies by 1) examining reducibility and C-H bond activation across d-block
dopants, and 2) examining the variance of energetics with inclusion of a U-correction terms for
dopant d-states.

This study examines the effect of transition metal dopants in the lattice of CeO, on oxygen
vacancy formation and dissociative methane adsorption. We have previously observed a correlation
between the vacancy formation energy and the dissociative adsorption energy of methane for
various surface terminations of Zr- and Pd-doped CeO..?” We demonstrate that this same
correlation holds true across transition metal dopants. The ability of a M-doped CeO; to serve as a
hydrocarbon oxidation catalyst depends upon the ability to activate C-H bonds and to heal oxygen

vacancies. A volcano relationship is expected between oxidation activity and reducibility of the
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surface: dopants leaving the surface too reducible are limited by the ability to heal vacancies, those
not reducible enough are limited by slow C-H bond activation. The DFT+U method is used to
examine the electronic and structural effects of the various dopants. Periodic trends are

demonstrated for the oxidation states of dopants before and after surface reduction.

3.2. Methods

3.2.1. Electronic structure method

Calculations were carried out using the Vienna ab initio simulation program (VASP), an
ab initio total-energy and molecular dynamics program developed at the Institute for Material
Physics at the University of Vienna.®4° The projector augmented wave (PAW) method is used to
represent the ion-core electron interactions.** The valence electrons were represented using a plane
wave basis set with an energy cutoff of 450eV. All calculations were spin polarized. The valence
configuration for cerium was 5s?5p%6s24f'5d*, 2s22p* for oxygen, 1s! for hydrogen and 2s?2p? for
carbon. Valence configurations for the metal dopants considered are given in Table A-2. k-point
sampling of (2 x 2 x 1) was performed using the Monkhorst Pack scheme,*? with the third vector
perpendicular to the surface. The Perdew-Wang (PW91) version of the generalized gradient
approximation (GGA) was used to incorporate exchange and correlation energies.*® Forces on all
atoms were minimized to 0.05 eV+A™ using structural optimization steps. A force convergence
criteria of 0.02 eV+A™ was tested, for oxidized and reduced systems with three dopants, and the
maximum absolute total energy difference was less than 0.02 eV from a convergence criteria of
0.05 eV+A"L. The convergence criteria of 0.05 eV+A" required significantly less computational time

with no significant sacrifice in accuracy.
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DFT has difficulties accurately representing the nature of 4f orbitals of cerium;*4®
therefore we implemented the DFT+U approach.*’*¢ The DFT+U method introduces an on-site
Coulombic interaction (U-term) which penalizes non-integer occupation of localized orbitals,
effectively penalizing delocalization of electrons. We introduced a U-term on the 4f orbitals of ceria
to properly describe the localization of electrons in reduced cerium oxide (CeO..x). We used a U-
value of 5 eV, which is consistent with values used in previous DFT studies of ceria,120:2527-293549-
°L Qur previous study examined the dependence of oxygen vacancy and methane activation on the
Hubbard U-term on CeO; and PdxCe1.xO2. The vacancy formation (4Evac) and methane adsorption
(4Eas) energies increase in exothermicity linearly with increasing Ce f U-value,? though there is
only a slight slope for PdxCe1.xO2. With this dependence of vacancy formation and methane
adsorption energies on the U-value, all quantitative results are inherently dependent on the U-value.
The U-value of 5 eV accurately describes the electronic structure of reduced ceria and provides
gualitative comparisons for the oxygen vacancy formation energies as well as the adsorption
energies of methane.

DFT is also known to have difficulty representing d-states of metal oxides.?°? We did not
generally include a U-correction term for the d-states of metal dopants. We examined the addition
of a d U-term on two dopants, V and Mn, to evaluate the quantitative and qualitative impact on
energetics and electronic structure. Different U-values on the d-states of Mn and V can change the
oxidation state of Mn and V in a reduced surface as well as the vacancy formation energy. As will
be discussed in Section 3.3.2, we observed that reduction of M-CeO: typically results in electrons

localizing on Ce or dopant metal atoms, and signification delocalization is not observed.
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3.2.2. Surface models

The ceria (1 1 1) surface is modeled as a slab of cubic fluorite CeO, separated by 15 A of
vacuum space in the direction perpendicular to the surface. The bulk CeO; crystal structure is the
same as used in previous work, and the methods used herein replicate the experimental lattice
constant with 1% deviation.?” A p(2 x 2) expansion of the surface unit cell is used. The (1 1 1)
surface is used as it is the lowest energy surface among single crystal terminations of ceria?22753
and therefore will represent a large portion of a polycrystalline CeO; surface. Mirrored slabs of 12
atomic layers (Ceis032) were chosen to model the CeO, surface, with the number of layers
converged to surface formation energy and vacancy formation energy. Mirrored slabs were chosen
to minimize the spurious slab to slab interactions that can result from a net surface dipole moment
upon the formation of oxygen vacancies or methane adsorption. This surface model will result in a
surface termination of four oxygen atoms per side of the unit cell. In the layer below there are 4 Ce
atoms, as seen in Figure 3-1. All layers were relaxed during structural optimization. With a small
number of M dopants, 12 atomic layers are not sufficient to prevent the top and bottom surfaces
from interacting, and the slabs become asymmetric upon optimization. In these cases, as noted
when presented below, the number of layers was increased to 15, 18 and 21 atomic layers. Table
A-3 contains dissociative methane adsorption and oxygen vacancy formation energies for 12, 15

and 18 atomic layers for Ag, V and W-doped CeO..
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Figure 3-1. Side and top views of the slab model of M-doped CeO; (1 1 1). Ce is displayed as tan
(light), M-dopant as light blue (gray), and O as red (dark). The three nearest neighbors (NN) and
the next nearest neighbor (NNN) oxygen atom to the dopant are labeled.

A non-mirrored slab of 12 atomic layers is used when locating the methane C-H bond
dissociation activation barriers. Dissociative methane adsorption energies for 6, 9 and 12 atomic
layers on non-mirrored V and W-doped CeO; slabs is contained in Table A-3. With the introduction
of the non-mirrored slab, a net surface dipole moment can develop. To decrease the effect of this
spurious interaction on energetics, dipole corrections are added to the calculations within the
electronic self-consistent field cycle.>**® A comparison of mirrored slab with non-mirrored, dipole
corrected results can be found in Section 3.3.4.2.1. The bottom three atomic layers of the non-
mirrored slab were held fixed at the lattice positions of bulk CeO..

The surfaces of the mirrored slab of CeO, were “doped” by substituting for one surface
cerium atom on each side of the mirrored surface, as can be seen in Figure 3-1. The dopant is forced
into CeO- without regard for stability of the dopant to enter the lattice, or to take on a 4+ oxidation
state. For some dopants, the 4+ oxidation state is relative unstable and oxygen vacancy formation
is exothermic. The dopants considered in this study are the first three rows of transition metals in

groups IV to XIllI, other than the synthetic technetium (Tc) atom. Similarly, in the non-mirrored



40

models, one surface cerium atom on one surface is replaced with the dopant. The replacement of
one cerium atom on each surface represents a 25% dopant surface concentration. The surface cell
lateral dimensions were not allowed to relax, thus neglecting any possible changes in the optimal
lattice parameter due to the dopant. This model represents a hypothetical system with surface
segregation of a low bulk concentration dopant.

The starting geometry of the reduced or (CH3 + H)* system can have a great effect as to
whether the system finds a local versus a global minimum energy structure. Depending upon the
starting geometry of the system, the two electrons freed by reduction can localize on different metal
atoms. To check whether the system reached a global minimum, slight variations to the starting
structure were made and the structure optimized. For example, the cerium atoms near an oxygen
vacancy can be motivated to reduce, by perturbing the initial positions towards the vacancy relative
to their original lattice positions. For some dopants, the dopant will reduce if this perturbation is
not made, regardless of which is a lower energy structure. The lowest energy structure located is

reported, unless noted otherwise.

3.2.3. Oxygen vacancy formation energy

Reduced surfaces of CeO, were optimized by removing one surface oxygen atom, creating
a 25% vacancy concentration in the surface. To maintain mirrored slab symmetry, one surface
oxygen atom was removed from each slab side. Even though the subsurface oxygen vacancies in
pure CeO, (1 1 1) have lower vacancy formation energies;* surface vacancies were mainly
examined. For some dopants (Ir, Os, Re and Ru) subsurface oxygen vacancies were optimized and
their vacancy formation energy is less than for their surface oxygen vacancy counterpart
(Table A-1). We mainly consider surface vacancies because the surface oxygen would be expected

to participate in the methane oxidation reaction, and it provides a measure of surface reducibility
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that is found to correlate with activity for C-H dissociation. The surface oxygen atom that was
removed is a nearest-neighbor oxygen atom to the dopant (an oxygen atom coordinated to the
dopant).

The oxygen vacancy formation energy is calculated as:

AE, .= 1)

where E¢, o, ,is the energy of the reduced unit cell, £, is the energy of a gas-phase O, molecule,
Ece,0,, IS the energy of the stoichiometric surface slab, and the division of two results from the
use of a mirrored slab. Due to the well-established DFT overestimation of the O, binding energy,
the oxygen vacancy formation energies reported in this study cannot be directly compared with
experimental reduction enthalpies.>” A correction term can be added to the O binding energy to
directly compare with experiment. Mayernick illustrated that the oxygen vacancy formation energy
of bulk CeO, doped with Zr from DFT+U agrees well with the oxidation enthalpy determined
experimentally.?” In this study, trends are examined rather than absolute values, and therefore a
constant correction is not applied. Zero-point vibrational energy and temperature free energy

corrections were not added to the electronic energy herein because these corrections will be similar

across all dopants and trends are of interest.

3.2.4. Methane dissociative adsorption energy

The dissociative adsorption of methane on the surface of CeO, was considered by adding
CHs* and H* adsorbates on each surface side. Molecular adsorption of methane is weak to all

surfaces (<0.05 eV) due to the lack of dative bonding and the underestimation of non-bonded Van
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der Waals interactions with the PW91 exchange-correlation functional. Dissociative adsorption
places H* and CHs* fragments atop of two different surface oxygen atoms. The energy of

dissociative adsorption of methane was calculated as:

Ezcctig+ 19~ Eceno,, *2EcH,)

AE,qs= 7 (2)

where Ey.cy,+ 4 i+ 1S the energy of a surface slab with adsorbed H* and CH3z* fragments on each
side, ¢, 0,, IS the energy of the clean surface, and £, is the energy of an isolated CH4 molecule.

Dividing by two accounts for the use of a mirrored slab.

3.2.5. Methane activation barriers

This study examines the first C-H bond activation involved in the dissociative adsorption
of methane. The first C-H bond activation is the rate limiting step in methane combustion over the
clean CeO, (1 1 1) surface.?®® A 12 atomic layers, non-mirrored slab is used to calculate the
methane activation barrier. To isolate the transition state for CHi(g) — CH3z* + H*, we used the
climbing image nudged elastic band method (CI-NEB).%%! The CI-NEB method uses a series of
images along the reaction path, with the images optimized while constrained along the reaction
coordinate. The highest energy image is made to climb along the minimum energy path to estimate
the saddle point.®® The transition state was identified as the highest energy image with a force
tangent to the reaction coordinate less than 0.05 eVeA™ as well as all atomic forces less than 0.05
eVeA"L. The harmonic vibrational modes were calculated for the transition state image to confirm

a single imaginary vibrational frequency.
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3.3. Results and discussion

The (1 1 1) surface of CeO; can be doped with various transition metals, which can alter
the reducibility of the doped surface as well as the activity of C-H bonds on the surface. First a
correlation between C-H bond activation and surface reducibility is illustrated in Section 3.3.1. We
then examine density of states and orbital images to identify what atoms reduce their oxidation
state when the surface of doped CeO; is reduced in Section 3.3.2. In Section 3.3.3, the Bader atoms-
in-molecules method and the site projected charge method are examined for their utility to rapidly
identify what atoms reduce. With a method that can rapidly identify which metal atoms reduce, the
reduction of the doped surface is examined in Section 3.3.4. To reduce the surface, one surface
oxygen atom is removed from the surface and the electronic structure along with the vacancy
formation energies in the surfaces are reported in Section 3.3.4.1. In Section 3.3.4.2, the
dissociative adsorption of methane on the surface is examined and similarities to oxygen vacancy
formation are drawn. A Brgnsted-Evans-Polanyi (BEP) is developed for the dissociative adsorption
of methane on the surface. The catalytic implications in choosing the optimal dopant for

hydrocarbon conversion are discussed.

3.3.1 Correlation of C-H bond activation and surface reducibility

Figure 3-2 displays a correlation of the C-H bond activation of methane (4Eaqs) and the
surface reducibility (4Evac) of the CeO, (1 1 1) surface doped with the transition metals. The
vacancy formation energies and methane adsorption energies (4Evac) are given in Table A-4. All
dopants shift the vacancy formation energy to less endothermic values relative to pure CeO:
(1 11). For the pure CeO- (1 1 1), surface AEyac is 2.76 eV and AFEaqs is -0.76 eV. The correlation

between C-H bond activation and surface reducibility has been established over Zr-doped and Pd-
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doped CeO, (111), (110), and (1 0 0) surfaces by Mayernick and Janik.2” The data in Figure 3-2

indicates that this correlation exists across numerous transition metal surface dopants. The
following dopant metals decrease the vacancy formation energy (increase the reducibility) and
decrease the methane adsorption energy (increase the C-H bond activity) below that of Pd: Co, Sc,
Ni, Ag, Hg, Cd, Cu, and Zn. Nickel-ceria exhibits catalytic activity for steam reforming.®>%* Both
steam reforming and direct oxidation require facile C-H bond breaking.

Neglecting stability considerations, these calculations would suggest any dopants
appearing to the left of Pd in Figure 3-2 could impart greater methane conversion catalytic activity
than Pd,Ce1.xO2. Methane oxidation activity, however, also requires refilling of the oxygen vacancy
created by desorption of HO(g), CO, or COx(g). Effectively, we expect that some of the dopants
will be highly unstable in the MO, stoichiometry, and will show little catalytic activity due to an
inability to reach this 4+ oxidation state. Transition metals which appear to the left of the dashed
line in Figure 3-2 correspond to those that lower the oxygen vacancy formation energy to the extent
that refilling of the vacancy from O (g) (Evac = -Erefin) at 0 K is more difficult than the 0 K methane
activation barrier. This line would then estimate the peak of a volcano curve, though a more precise
estimate requires considering the actual hydrocarbon and O, chemical potentials in the reacting
environment. Stability considerations and re-oxidation requirements therefore suggest Mn, Pd, Co,
Au, Ni and Pt as interesting candidates for providing potential for improved methane combustion
activity. Differentiation among these would portray greater accuracy than our calculations contain,
when taking into account the absolute variance with U-values and the range of local dopant

configuration likely exposed in a real catalyst.
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Figure 3-2. Methane dissociative adsorption energy (AEags) VS. oxygen vacancy formation energy
(AEvac). The point for pure CeO (11 1) is labeled as a square. The energy to refill oxygen vacancies
(-AEvac = AErein) from O(g) at 0 K is greater than the methane activation barrier to the left of the
dashed line.

As described above in Section 3.2.3, a subsurface oxygen vacancy is more stable for some
dopants than a surface oxygen vacancy. After a surface oxygen vacancy is formed, a subsurface
oxygen could move to the surface leaving a subsurface vacancy. Were this to occur, the reaction
energy/barrier for the oxygen vacancy refilling step in the mechanism would increase. This increase
in energy for the oxygen vacancy refilling step would shift the peak volcano plot to the left for
dopants where a subsurface oxygen vacancy is much more stable than a surface oxygen vacancy.

We examine the electronic structure of the intact and reduced M/CeO, (1 1 1) surfaces to

characterize the role the dopant metal plays in reducibility and C-H bond activation.
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3.3.2. Density of States and Orbital Imaging

When the (1 1 1) surface of a doped cerium oxide is reduced, two electrons previously
involved in M-O bonding return to reduce metal atoms. The surface dopant may serve as the
reduction center, with both electrons occupying states associated with the d-orbitals of the dopant.
Both electrons may instead localize in Ce f-states, with the dopant altering the Ce reducibility. A
third possibility is that one of the two electrons localizes on M d-states and the second in a Ce f-
state. When the electrons localize in the Ce f-states and some M-dopant d-states, an occupied
electronic state appears between the top of the valence band and the bottom of the conduction band.

The transition metal dopant may serve as the reduction center (M™ to M®™?*) when an
oxygen vacancy is formed. The occupied d orbital then occurs between the valence band and the
conduction band in the reduced state. If two electrons localize on the dopant, they typically occupy
the same orbital. Figure 3-3 illustrates the density of states and orbital images for intact and reduced
Ag-doped CeO: (1 1 1). In the intact surface, Ag** is a d” metal, and a number of unoccupied d-
states appear in the CeO, band gap. Upon surface reduction, Ag** is reduced to Ag?* and Ag gap
states move below the Fermi level (Figure 3-3b) with AE,,c of -0.35 eV. For dopants which serve
as 2e” reduction centers, no occupied Ce f-states are observed in the DOS plot, which is further
confirmed through projected DOS analysis and atomic charge variations, as discussed in Section
3.3.3. Figure 3-3c images the occupied gap states formed upon Ag/CeO; reduction, showing clearly
they are rather local to the Ag dopant. Most late transition metal dopants serve as 2e” reduction
centers as discussed in Section 3.3.4. For these metals, we expect the absolute value of the surface
vacancy formation energy to be dependent on the value of any U-term applied to the dopant d-

states. Any applied U-values will further motivate localization to the d-states.
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Figure 3-3. Total DOS plotted versus energy (referenced to Fermi level) for (a) intact Ag-doped
CeO, (111), and (b) oxygen vacant Ag-doped CeO; (1 1 1). Spin-down density of states is plotted
on the negative y axis. (c) Isodensity surfaces representing electronic states for oxygen vacant Ag-
doped CeO, over the energy range -0.23 to 0.00 eV (relative to Fermi level).
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The density of states and select orbital images for intact and reduced V-doped CeO;
(11 1) can be seen in Figure 3-4. In the intact surface, the vanadium dopant takes on the V** (d°)
oxidation state. There is one filled orbital that appears between the valence band and the conduction
band which is attributed to the reduction of one Ce** to Ce3*. This orbital is imaged in Figure 3-4b,
and is clearly a localized Ce f-electron. The cerium atom reduces to accommodate the excess
electron from the vanadium being in a 5+ oxidation state. Upon vacancy formation, the vanadium
stays in a 5+ oxidation state and two additional cerium atoms reduce from Ce** to Ce*, with
additional gap states being formed (Figure 3-4c). The difference in the three localized f-state
energies can be attributed to a difference in relative position of the reduced Ce atoms to the surface,
vacancy, or dopant. Figure 3-4d illustrates the 3 local f-electrons on Ce** atoms in the reduced state.
The V atom dopant alters the reducibility of the cerium atoms, as AE.,. of V-doped ceria is 1.23 eV
compared to 2.76 eV for pure CeO; (1 1 1). No additional d-state orbitals are filled upon the
reduction of the surface. Most early transition metal dopants alter the reducibility of the surface
and the cerium atoms reduce as discussed in Section 3.3.4.

With the addition of a U-value on the d-states of vanadium, the role that vanadium plays
in the intact surface and when the surface is reduced can change. Using a recommended U-value
of 3.1 as described by Wang, Maxish and Ceder,%? which was determined by matching magnetic
moments and band gaps of VO, VO, V.03 and V.05 to experimental data, vanadium in the fully
oxidized, intact state becomes VV** rather than V** with no d-state U-term. With the formation of an
oxygen vacancy, the oxidation state of the V-dopant remains V** with two cerium atoms reducing.
The oxygen vacancy formation energy with a U-value of 3.1 becomes 1.18 eV, a shift of only

0.05eV relative to no U inclusion on V d-states.
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Figure 3-4. Total DOS plotted versus energy (referenced to Fermi level) for (a) intact V-doped
CeO; (111), and (c) oxygen vacant VV-doped CeO; (1 1 1). Spin-down density of states is plotted
on the negative y axis. Isodensity surfaces representing electronic states for (b) intact V-doped CeO;
over the energy range -0.19 to 0.00 eV (relative to Fermi level) and (d) oxygen vacancy V-doped
CeO; over the energy range -0.37 to 0.00 eV.
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For some middle d-block dopants, the dopants serves as a le” reduction center and the
second electron localizes in a Ce f-state. Two occupied orbitals form between the valence band and
the conduction band, one for the 1le" reduction on the dopant and the second for the electron
localizing in the f-state of ceria. The 1e” on the dopant results in a single spin state on the dopant.
The density of state and orbital images for intact and reduced Mn-doped CeO; (1 1 1) are illustrated
in Figure 3-5. In the intact surface, Mn*" is a d®> metal, and a number of d-states appear in the CeO>
band gap. Upon surface reduction, Mn** is reduced to Mn®* and one Ce** is reduced to Ce®*" with
additional gap states being formed (Figure 3-5b). In the case of Mn-doped CeO-, the addition and
value of a U-term to the d-states of Mn can change whether Mn serves as a 1e” reduction center
(with one Ce being reduced) or as a 2e” reduction center with no Ce being reduced. With no U-term
on the d-states of Mn, Mn serves as a 1e” reduction center. Using a recommended U-value of 4 as
described by Wang, Maxisch and Ceder,* the most stable vacant structure has Mn serving as a 2e-
reduction center. The oxygen vacancy formation energy in Mn-doped CeO- decreases from 0.68
eV with no U on the d-states of Mn to -0.13 eV with a U-value of 4. Figure 3-6 illustrates the DOS
and orbital images with a U-value of 4 on the d-states of Mn for the intact Mn-doped CeO, and
Mn?* oxygen vacant surface. Further discussion and implications of incorporating a U-value on the
d-states of Mn-doped in CeO; is discussed in Chapter 4. Clearly, the inclusion of a U-term for the
Mn d-states has significant impact on the calculated reducibility of the surface. The 0.81 eV
variation in AE.., however, would still keep Mn in the range of encouraging dopants for
hydrocarbon oxidation in Figure 3-2.

Though DOS and PDOS examination together with orbital imaging can provide a clear
picture of the electronic modifications upon surface reduction, we evaluated atomic charge

assignment schemes to provide a rapid and quantitative measure.
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Figure 3-5. Total DOS plotted versus energy (referenced to Fermi level) for (a) intact Mn-doped
CeO, (111), and (c) oxygen vacant Mn-doped CeO, (1 1 1). Spin-down density of states is plotted
on the negative y axis. Isodensity surfaces representing electronic states for (b) intact Mn-doped
CeO; over the energy range -0.87 to 0.00 eV (relative to Fermi level) and oxygen vacancy Mn-
doped CeO; over the energy range (d) -1.06 to -0.66 eV and (e) -0.39 to 0.00 eV.
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Figure 3-6. Total DOS plotted versus energy (referenced to Fermi level) for (a) intact Mn-doped
Ce0: (11 1), and (c) oxygen vacant Mn-doped CeO> (1 1 1) with Mn?*. Spin-down density of states
is plotted on the negative y axis. Isodensity surfaces representing electronic states for (b) intact Mn-
doped CeO; over the energy range -0.90 to 0.00 eV (relative to Fermi level), and (d) oxygen
vacancy Mn-doped CeO. with Mn?* over the energy range -1.17 to 0.00 eV. These results were
obtained with a U-value of 4.0 on the d-states of Mn, in addition to the U-value of 5 for Ce f-states.
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3.3.3. Site projected charge method

Though orbital imaging is useful in analyzing the electronic role of the dopant metals in
CeO;, we desire a more facile method that uses atoms charge assignments. A popular method to
identify the atoms that reduce is the Bader atoms-in-molecules method.'*’ In this method, atoms
are divided by “zero-flux surfaces” which are 2-D planes where the gradient of the charge density
is perpendicular to the plane.®*% Using these surfaces, the volume drawn around each atom is
variable. For our purposes, having a variable volume can lead to greater ambiguity in assigning
atomic charges. Further, Bader volume determination should include core electron wave functions,
and this requires a prohibitively fine grid with Ce and the PAW method. We found Bader charges
based solely on valence electron distribution inconclusive in identifying which cerium atoms are in
the 4+ oxidation state versus the 3+ oxidation state.

The site projected charge method proved reliable in determining whether individual Ce
atoms are in the 4+ or 3+ oxidation state. In this method, the Wigner Seitz radius (RWIGS) is

specified for each atom type. To identify the optimal value of RWIGS to differentiate 4+ and 3+

Ce atoms, a system with known Ce** atoms was used. The reduced cerium atoms were identified
using projected DOS and orbital imaging. The value for RWIGS on the cerium was varied from
1.2 to 0.5 A. As discussed in Appendix A.1 (Figure A-1), a value of 0.7 A provided the largest
charge difference between Ce** and Ce®*" atoms while maintaining a small difference among Ce**

atoms.
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3.3.4. Periodic trends in dopant effects on surface reducibility

In this section, we use site projected charges to determine how many Ce®* ions are present
in the intact, vacant and CHs* + H* states. The charge on the dopant metal atom is assigned based

on the total Ce charge and assigning all O atoms as 2.

3.3.4.1. Vacancy formation

Substitutions of transition metal dopants into the intact surface of CeO; leads to structural
rearrangement, often altering the coordination number of the dopant compared to the 7 coordinated
surface Ce atoms. The dopant can coordinate with anywhere from 3 to 7 O atoms in its first
coordination shell, as illustrated in Figure 3-7. In a trigonal pyramidal arrangement (Figure 3-7a)
the dopant prefers to locate in an O subsurface plane below the uppermost Ce plane. The most
common coordination environment for the transition metal dopants is 4, either in a tetrahedral
arrangement (Figure 3-7b) or a square planar arrangement (Figure 3-7c). Appendix A.2 details a
structural assignment categorization scheme and reports all coordination numbers and
environments for dopants in the fully oxidized and reduced structures (Table A-5) as well as figures
to illustrate all configurations (Figures A-4 — A-6). The distances between the seven (six for oxygen

vacant) closest oxygen atoms to the dopant are reported in Table A-6.



Figure 3-7. Four common oxygen coordination environments about a M-dopant in CeO, (1 1 1).
(a-c) represent fully-oxidized structures, whereas there is an oxygen vacancy in (d). (a) V
coordinated in a trigonal pyramidal coordination, (b) Zr coordinated in a tetrahedral configuration,
(c) Ag coordinated in a square planar configuration, and (d) Cd coordinated in a trigonal prismatic
coordination. Ce is displayed as tan (light), M-dopant as light blue (gray), and O as red (dark). The
O atoms labeled with X’s would be in the first coordination shell of a Ce atom, but have rearranged
such that they are at substantially larger distances than the first coordination shell O atoms of the
dopant.
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In the intact structure, the dopant can take on an oxidation state of 4+, 5+, 6+, or 7+, with
Ce* atoms reduced to Ce®* if the dopant takes on a state greater than 4+. Due to the overall MO>
stoichiometry and the inability of Ce to take on a formal oxidation states above 4+, the dopant metal
may not take on lower oxidation states in the fully oxidized surface. Figure 3-8 illustrates the formal
oxidation state of each dopant in the fully oxidized and oxygen vacant surface. These results are all
without the inclusion of a U-term for the d-states; the possibility of differences with inclusion of a
U-term were discussed in Section 3.3.2.

Generally, the transition metals on the left side of the periodic table (Groups IV and V)
alter the reducibility of Ce atoms whereas transition metals on the right (Groups X, XI, XI1I) become
the reduction center. The transition metals in the middle of the periodic table vary their role in
altering surface reducibility. Elements in groups IV and V take on their stable oxidation state of 4+
for group IV and 5+ for group V. These oxidation states are maintained in both the oxidized and
reduced surfaces. In groups X through XIllI, the oxidized surface dopant takes on a 4+ oxidation
state. When the surface is reduced, the dopant reduces from a 4+ oxidation state to a 2+ oxidation
state, as described in Section 3.3.1 for the Ag dopant. Gold is an exception to this trend, as gold
goes from a fully-oxidized 4+ oxidation state to a reduced 3+ oxidation state with one cerium atom

reduced. An oxidation state of 3+ is more stable than a 2+ oxidation state on gold.
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Figure 3-8. Periodic trends in the M-dopant electronic behavior upon the formation of a nearest
neighbor surface oxygen vacancy or upon adsorption of CHs"+ H* on M-doped CeO, (11 1).

In groups VI through X, trends are not as distinct. Group VI metals are doped into CeO»
as M®*. Upon the formation of an oxygen vacancy with Mo and W, two additional Ce atoms reduce.
With Cr as the dopant, upon the formation of an oxygen vacancy, Cr®* reduces to Cr®* and one
additional Ce atom reduces. The row 4 metals of groups VII, VIII and IX (Mn, Fe, Co) dope into
Ce02 as M*". Upon the formation of an oxygen vacancy, the dopant reduces to M** and one cerium
atom reduces. The third ionization energies of Mn, Fe and Co are less than the fourth ionization of
cerium, consistent with the lowest energy structure reducing Ce** to Ce®* rather than M3* reducing
to M?*. Re dopes into the surface of CeO, as Re™, and 3 Ce atoms reduce to Ce®*". With the
formation of an oxygen vacancy, the Re atom reduces to Re®* with one additional Ce** formed.

Asymmetry between the dopant behaviors on the two mirrored slabs was observed for some
dopants. Using 5 layer slabs, if the number of cerium atoms that reduce becomes large, inherent

asymmetry in the model can allow restructuring in which the two sides effectively interact. Slight
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asymmetries in the starting geometry (before optimization) also have a great impact on the
converged structure. One case where the number of layers had to be increased to attain a symmetric
mirrored slab is the Au-doped surface. The number of layers was increased for the Re-doped surface
to attain adsorption energy convergence as the number of Ce that reduces is large and the two
surfaces interact. In each of these cases, the number of layers was increased from 15 to 18 to 21
(Au only) and 24 (Au only) atomic layers to confirm convergence of vacancy formation energies
with respect to the slab thickness (Table A-7).

The removal of the nearest neighbor (NN) oxygen to the dopant results in the lowest
vacancy formation energy. In the p(2 x 2) unit cell, there are three equivalent NN oxygen atoms,
with one next nearest neighbor (NNN) surface oxygen atom, as labeled in Figure 3-1. All NN
vacancies are lower energy then NNN surface vacancies (Table 3-1). With most dopants, the
vacancy formation energy for a NNN vacancy is lower than for a pure CeO; surface, so the dopant
effect may be non-local. Larger unit cells are needed to consider the range of dopant effects on

reducibility.
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Table 3-1. Nearest neighbor (NN) and next nearest neighbor (NNN) oxygen vacancy formation
energies (AEvs) in M-doped CeO- (eV).

NN Oxygen Vacancy NNN Oxygen Vacancy
Dopant (eV) (eV)
Ag -0.35 0.63
Mn 0.68 -*
Ni 0.01 0.86
Pd 0.71 1.35
Pt 0.47 1.14
V 1.23 3.82
1.93 2.99
Zn -1.13 0.51
Zr 1.63 2.61
Pure Ceria 2.76 2.76

*Unable to converge to a surface NNN oxygen vacancy.

Several periodic trends can be found in the oxygen vacancy formation energies. Moving

the dopant across the periodic table from left to right, the vacancy formation energy generally

decreases (less endothermic), as seen in Figure 3-9a. The vacancy formation energy generally

increases as the dopant moves down a column of the periodic table. This trend holds on the far right

and left side of the periodic table. This trend does not hold in the middle of the periodic table, as

differences are observed in the electronic role of dopants in the same column. As shown in Figure

3-9b, it is also generally true that dopants serving as a reduction center give more favorable vacancy

formation energies. Mixed reduction general leads to greater reducibility than when 2 Ce** atoms

are reduced. However, when the dopant reduces, the range of vacancy formation energies is much

greater than when only Ce reduces. Vacancy formation energy also correlates with the 298K,
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diatomic M-O bond energy (Figure 3-9¢).5” As the M-O bond enthalpy increases, the vacancy

formation energy also increases. As the atomic radii of the dopant increases, the vacancy formation
energy generally increases (Figure 3-9d). The atomic radii are defined using self-consistent-field
functions.®® Though these last two correlations generally hold, deviation about a linear correlation

is substantial.
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Figure 3-9. Trends observed in M-doped CeO; (1 1 1) vacancy formation energies. (a) The vacancy
formation energy (AE.ac) plotted versus M-dopant column in the periodic table. (¢) Row 4 dopans,
(m) Row 5 dopants, and (&) Row 6 dopants. (b) The range of vacancy formation energies (AEyac)
is illustrated grouped by whether the dopant reduces, both the dopant and one cerium atom reduces,
or two cerium atoms reduce. The vacancy formation energies (AEva) are plotted versus (c) the
dopant-oxygen bond enthalpy and (d) the atomic radii of the dopant atom. The vacancy formation
energy for pure ceria is 2.76 eV. (—) best fit line.
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3.3.4.2. Methane Activation

Section 3.3.1 established a linear correlation between M-doped CeO, surface reducibility
and the dissociative adsorption energy of methane. We expect similar trends in the dopant oxidation
states upon vacancy formation or CH3; + H adsorption, as both are processes that formally reduce
the surface Using the same oxidation state assignment approaches used for vacancy formation,
exactly the same trends are observed in the CH3 + H co-adsorbed state. Figure 3-8 therefore serves
to describe the electronic structure of dopants in both vacancy formation and methane adsorption.

The dissociative adsorption of methane and formation of an oxygen vacancy are
electronically similar. When an oxygen is removed from the surface with six valence electrons, two
electrons are left behind in the surface. When methane is dissociatively adsorbed onto the surface,
the hydrogen atom and the methyl radical fragments bond to surface oxygen atoms, with an electron
from each species effectively donated to the surface. These two electrons reduce the surface M or
Ce atoms similar to the 2 e returned by vacancy formation. The slope of the best fit line in Figure
3-2 is close to 1 (1.05). This suggests that the energetic effect of the dopant in both vacancy
formation and dissociative methane adsorption is equivalent: the energy variation is due to the
difference in energy associated with the two electron metal reduction, and the two energies are
offset by a constant due to the differences in bonds broken and formed between methane adsorption
and vacancy formation.

We considered which surface oxygen atoms preferentially bond CH3z and H fragments. The
lowest adsorption energies occur when both the methyl radical and the hydrogen atom adsorb onto
oxygen atoms NN to the dopant. A structure with the H atom bound to a NNN O atom is
approximately 0.2 eV higher in energy across sampled dopants. With this preference for the

hydrogen atom and methy| radical to adsorb onto NN oxygen atoms, the dopant effect on the system
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is relatively local. For both oxygen vacancy formation and methane adsorption, the dopant has a

strong local effect and a generally smaller non-local effect.

3.3.4.2.1. Methane Activation Barrier

Non-mirrored slabs were used with the NEB method to locate transition states for CH4
activation. Prior to considering barriers, we compared the energy necessary to convert methane to
an adsorbed hydrogen atom and a gas-phase methyl radical between mirrored and non-mirrored
slabs. As described below, methane activation proceeds through H atom abstraction, and this
energy difference represents an approximate activation barrier than can be quickly evaluated
without the need for a transition state search. For the majority of dopants, this approximate Eac: on
a 12-layer non-mirrored slab (with dipole corrections) is within 0.04 eV of the same value
calculated for a mirrored slab. Figure A-7 illustrates that a minority of dopants show a larger
deviation. The overall correlations presented herein are not impacted by the use of non-mirrored
slabs, though quantitative differences in barriers between models are expected. Not including
dipole corrections for non-mirrored slabs typically leads to adsorption energies that differ by 0.4-
0.7 eV from the mirrored slab values.

The lowest energy path for CH4 activation occurs through the surface abstraction of H.
Figure 3-10 illustrates the initial, transition and final states for the dissociative absorption of
methane on Ag-CeO- (1 1 1). The highest energy state along this path has been previously identified
as a gas-phase methyl radical and an adsorbed H atom, referred to here as a “pseudo-transition
state” (Figure 3-10c).?” In this pseudo-transition state, the methyl radical has no direct interaction
with the surface. There is a slightly higher energy state that was located with careful NEB sampling
for a subset of M-doped CeO, (1 1 1) surfaces. This true transition state is either slightly higher

than or the same energy as the pseudo-transition state. For example, for W-doped CeO; (1 1 1), the
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true transition state is 0.1 eV higher in energy than the pseudo-transition state. The true transition
state contains a methyl radical close to the surface and a hydrogen atom interacts with both the
methyl radical and a surface oxygen atom (Figure 3-10b). Analysis of the pseudo-transition state
reveals that there is no imaginary vibrational frequency. The true transition states have a single
imaginary vibrational frequency. In a few of the M-doped systems, such as V-doped CeO,, a true
transition state cannot be located. Figure 3-11b schematically illustrates a reaction energy diagram

for this methane activation process.
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(c) (d)

Figure 3-10. (a) Initial state, (b) transition state, (c) pseudo-transition state and (d) final state
(rotated 90°) for dissociative methane adsorption on the surface of Ag-doped CeO, (11 1). Ce is
displayed as tan (light), M-dopant as light blue (gray), and O as red (dark).
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At the transition state for CH4 activation, the O-H bond is effectively formed and a single
electron donated to the surface. We used the adsorption of a hydrogen atom to identify which metal
atoms reduce at the transition state. For dopants that reduce from M*" to M?* upon vacancy
formation, a single reduction to M3* is observed at the transition state. Similarly if two Ce atoms
reduced with the adsorption of CHs + H, one Ce atom reduces at the transition state. When both the
dopant and one Ce atom reduce upon 2 e reduction, the dopant will usually reduce to M3* at the
transition state. This is the case for the Mn dopant. Though these trends are generally followed,
there are exceptions. For example, Pt does not have a stable 3+ oxidation state. When the hydrogen
atom is adsorbed onto the surface, one Ce atom reduces. When the methyl radical then adsorbs the
cerium atom returns to a 4+ oxidation state and the Pt reduces to a 2+ oxidation state.

A Brgnsted-Evans-Polanyi (BEP)®-7 relationship can be observed for adsorption of methane onto
the surface of M-doped CeO2. The activation barrier may consider as the energy needed to form
either the pseudo-transition state or the true transition state, and the reaction energy is the
dissociative adsorption energy of methane. Figure 3-11a illustrates the BEP relationship for ten of
the 26 transition metal dopants examined. Table A-8 reports the values included in this plot. Four
of the true transition states have been found and are represented by squares. The best fit lines for
the true and pseudo-transition states are parallel with the true transition state line higher in energy
than the pseudo-transition state line by 0.25 eV. Considerable deviation from linearity is observed

for the pseudo-transition states.
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Figure 3-11. (a) A Brgnsted-Evans-Polanyi relationship for the dissociative adsorption of methane
on the surface of M-doped CeO2 (1 1 1) for 10 selected dopants. For Ag, Ni, V, W, Zn and Zr both
pseudo-transition states and true transition states are displayed (vanadium true and pseudo
transition states are very close in energy and only show as one point). (b) Reaction energy diagram
for the dissociative adsorption of methane over Ag-doped CeQO2. (c) Vacancy refilling energy and
activation energy versus vacancy formation energy. Intersection between activation energy and
vacancy refilling energy lines represents the point at which both vacancy refilling and methane
activation require the same 0 K energy input. () Pseudo-transition state, (M) true transition state,
(----) best fit line for true transition states, (——) best fit line for pseudo-transition states, (— —)

vacancy refilling line.
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3.3.5. Implications for hydrocarbon conversion catalysis over M-doped CeO; (11 1)

The activation energy for the selected dopants is plotted against the vacancy formation
energy in Figure 3-11c. The vacancy refilling energy is also plotted against the vacancy formation
energy, where the vacancy refilling energy is the negative of the vacancy formation energy. The
intersection of these two lines represents the point at which vacancy refilling and methane
activation require the same energy input. To the left of the intersection, oxygen vacancy refilling
will limit the methane conversion rate and to the right methane activation will be limiting. The
location of the intersection differs depending on whether the pseudo-transition state (4Eys is 0.17
eV at intersection) or the true-transition state energy (4Evac is 0.37 eV at intersection) is used.

We should qualify, however, that the data in Figure 3-11c represents 0 K values and also
may suffer from inaccuracies in DFT calculations of the O, binding energy. As both vacancy
refilling and methane activation involve the loss of entropy of a gas phase species, determination
of the optimal dopant requires consideration of the gas phase oxygen and methane pressures.
Considering our previous study of Pd-doped ceria,?® which considered entropic factors and avoided
DFT issues with O, binding energies, the optimal value under catalytic combustion conditions is at
higher vacancy formation energies than the intersections in Figure 3-11c. A more reducing
atmosphere (hydrocarbon reforming rather than combustion, for example) would push the optimal
dopant further towards less exothermic vacancy formation energies (more facile vacancy refilling).
If we consider larger hydrocarbons (with more active secondary or tertiary C-H bonds), the optimal
dopant will also move towards less exothermic vacancy formation energies as lowering the barrier
to C-H activation becomes less essential. Dopants offering vacancy formation energies between
-0.5eV and +1.0 eV will likely be towards the top of a volcano curve for hydrocarbon conversion
over doped CeO; (1 1 1) surfaces, with the optimal catalyst depending on effective oxygen chemical

potential, hydrocarbon pressure, and hydrocarbon identify. This range includes, in order of
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increasing vacancy formation energy: Ag, Au, Ni, Co, Pt, Pd, and Mn dopants. Ir and Fe offer
vacancy formation energies just above 1.0 eV.

Another approximation inherent in the analysis above is that only a “first” vacancy may
participate in oxidation catalysis. For dopants with exoergonic vacancy formation energies, it is
possible an oxygen atom remaining after vacancy formation could offer a more optimal active site.
A “second” vacancy formation energy would be expected to be less exothermic than the first,
pushing this second oxygen atom closer to the “optimal window.” Though this was not considered
in our current study, we suggest that the potential for multiple vacancy formation does not alter the
trade-offs in determining an optimal dopant. The need for multiple vacancy formation would
suggest a reduced concentration of active oxygen atoms at the surface. For the majority of dopants
that cause the first oxygen atom to be too easy to remove, the dopant transitions to a 2+ oxidation
state following vacancy formation. Were the dopant to continue to act as the reduction center for a
second oxygen atom to participate in oxidation catalysis, it would have to transition between 2+
and 0+ oxidation states during a catalytic cycle. It is questionable whether a dopant in the 0+
oxidation state could remain stable within the ceria lattice. The consideration of multiple dopants
is similar to the consideration of coverage effects when considering the use of single atom binding
energies is constructing volcano curves for transition metal surfaces. Coverage effects act to
“flatten” a volcano relationship rather than relocate the peak, and a similar effect may be expected

when considering the multiple vacancy formation for oxidation catalysis in doped ceria systems.

3.4. Conclusions

The electronic structure of transition metal doped CeO- (1 1 1) surfaces was investigated
in the fully oxidized, reduced, and CHs + H adsorbed states. Upon the formation of a surface oxygen

vacancy in the surface of M-doped CeQ;, the dopant can either become the reduction center or can
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serve to alter the reducibility of the cerium atoms. On the left side of the periodic table, dopants act
to alter the reducibility of the cerium atoms, whereas late transition metals serve as the reduction
center. When methane adsorption reduces the surface, the dopants serve the same role. The U-value
on the d-states of the dopant can change both the vacancy formation energy as well as the electronic
role the dopant plays in surface reduction. The effect of the dopant has local and smaller non-local
effects. The lowest oxygen vacancy formation and methane adsorption energies occur for the
nearest neighbor to the dopant atom with a higher vacancy formation for the next nearest neighbor.

The vacancy formation energy and dissociative methane adsorption energy correlate across
transition metal doped CeO- (1 1 1) surfaces. A BEP relationship exists for the activation of the C-
H bond in methane over M-doped CeO, surfaces. Using this BEP relationship we determine that
the methane activation and vacancy formation energies are also correlated. For dopants with the
most exothermic (lowest) vacancy formation energy, hydrocarbon oxidation will be limited by
oxygen vacancy refilling. For higher vacancy formation energies, methane activation will become
rate limiting, leading to a volcano relationship between methane conversion activity and surface
reducibility. Some of the dopants that look promising for hydrocarbon conversion are Ag, Au, Ni,
Co, Pt, Pd, and Mn. These dopants have lower barriers for methane activation, but they are not so
low that oxygen vacancy refilling will become rate limiting. The optimal dopant will depend on
hydrocarbon pressure and identify as well as the redox environment.

One of the limitations in using DFT+U is that the cell size for the model must remain small
to make the optimizations computationally feasible. A p(2 x 2) surface cell was used, which gives
a 25% surface dopant composition and a 50% coverage of surface O atoms in the CHs* + H* state.
The use of a U-value on the d-states of the dopant is only briefly examined in this study. Chapter 4
studies how the dopant concentration in the surface and d-state U-value affect oxygen vacancy

formation energies. Investigation of larger hydrocarbons will be discussed in Chapters 5 and 6.
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Chapter 4

Examination of Oxygen Vacancy Formation in Mn-Doped CeO> (1 1 1) using
DFT+U and the Hybrid Functional HSE06

This chapter is published as: M. D. Krcha, M. J. Janik. Langmuir 2013, 29, 10120-10131.

ABSTRACT: MnOx-CeOyx mixed oxide systems exhibit interesting sulfur adsorption
capacities and catalytic activity. We examined the electronic structure of Mn-doped fluorite CeO;
bulk solid and surface using density functional theory (DFT) with the Hubbard U-term or the Heyd-
Scuseria-Ernzerhof (HSEO6) hybrid functional. We specifically evaluate the reducibility and
formation energies of Mn-doped CeO, surfaces. The use of a U-value on the d-states of Mn is
examined and a value of 4 eV is chosen based upon results from DFT+U calculations on bulk
MnOy,! XANES characterization of oxidation states in calcined and reduced Mn-doped CeO, and
comparison with HSEO6 hybrid functional results. Electronic structure impacts of the U inclusion
are discussed. The concentration and orientation of Mn atoms doped into the surface of CeO; have
a great influence on the reducibility of the surface. Based upon formation energies, Mn will not
favor doping into the surface of CeO, in a fully oxidized system (Mn*"). Under reducing
environments, Mn will dope into the surface with oxygen vacancies present (Mn®*" and Mn?*). The
first oxygen vacancy is not likely catalytically important in fluorite MnO-CeOy systems as
formation of the fully oxidized surface is not stable. A greater degree of reduction would occur

during a catalyzed redox reaction.
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4.1. Introduction

Cerium oxide (CeO,) can be doped with transition metals, altering its redox properties
relative to pure CeO.. Manganese added to CeO, enhances its redox properties>* and catalytic
oxidation activity,>° as well as sulfur adsorption capacity.’® Several experimental?5-81-12 and
computational studies®*%!2 have examined how Mn addition affects the properties of Mn-doped
CeO2. A more complete understanding of the electronic structure impact of Mn-doping could
explain the interesting properties. Herein, density functional theory (DFT), considering both the
inclusion of the Hubbard U-term and the incorporation of exact exchange (HSE06 hybrid
functional),'*® is used to examine the electronic structure, formation and reduction energetics of
the Mn-doped CeO; (1 1 1) surface. We find that a U-value on the d-states of Mn is necessary to
arrive at electronic behavior consistent with experiment. The concentration and arrangement of Mn
in the surface can have a large impact on surface reducibility.

Mn-doped CeO- materials have been synthesized, their properties have been characterized,
and they have been examined for catalytic applications. Two methods used to synthesize Mn-doped
CeO; are the solution combustion technique”*? and the hydrothermal method.® The solution
combustion technique leads to a highly dispersed Mn species throughout the ceria, with Mn taking
on Mn?* and Mn?®" oxidation states.'? X-ray diffraction shows that there is a fluorite phase but no
MnOxy phase present, indicating the formation of Ce;xMnxOs. Dissolving MnOy into the ceria-
zirconia lattice promotes the low-temperature reduction of Ce** to Ce*', improving the catalytic
activity of the total oxidation of methane.® Segregation of a Mn;O, phase is seen with
concentrations of 25% Mn and higher.” The surface area of MnOx-CeQy is greater than either one
of the single oxide systems prepared by the same method, helping to achieve a more complete

combustion of organic compounds.’
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An electronic structure level explanation of the enhanced catalytic properties upon Mn-
doping could guide further optimization. Density functional theory is known to have difficulties
representing oxide systems,1-? challenging accurate electronic structure determination. To model
reduced ceria systems, a Hubbard U-correction can correct self-interaction errors that result from
standard DFT methods.”*® This self-interaction error results in improper delocalization of f-
electrons in reduced ceria systems. A Hubbard U-correction is also needed to correctly represent
the d-states of some metal oxides.>?® The application and reliability of U-corrections to model
mixed oxide systems is not well established. U-corrections can be added to both the f-states of
cerium and the d-states of a metal dopant,®*2! though most Mn-doped ceria studies included a U-
correction on f-states of cerium only. A hybrid functional, included exact exchange, may be used
to avoid the empiricism of adding U-corrections, but still requires a choice of the amount of exact
exchange to include.?? Though a practical, universal method is not available, systematic
application of U-corrections may allow for realistic electronic structure representation.

Density functional theory has been used to construct models and determine active sites and
electronic properties of Mn-doped ceria.®*%1 Gupta examined the substitution of 4 Mn atoms for
Ce atoms in a 2x2x2 supercell of Ce0,.* Two oxygen atoms were removed from the supercell,
allowing the Mn to be present in the Mn*®*" oxidation state, and the Mn-O bond lengths were used
to assess Mn oxidation states. Tang et al. also examined a 2x2x2 bulk supercell, though they only
substituted 1 Mn atom for a Ce atom.® Both studies included a U-correction to Ce f-states, but Tang
et al. also included an on-site Coulomb interaction (U-value of 4.5 eV) onto the d-states of Mn. The
Mn atom dopes into the fluorite lattice as Mn** and, with the formation of an oxygen vacancy, the
Mn reduces to Mn?*. The oxygen vacancy formation energy decreases relative to pure CeO2, which

is a result of electronic modification and structural distortion caused by doping Mn into CeO,.2 Hsu

et al. used a p(v/3x2) CeO; (1 1 1) surface and replaced one Ce atom with an Mn atom to examine

the effects of Mn on the adsorption and oxidation of CO.® They only used a U-value on the f-states
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of cerium. Hsu et al. found physisorbed CO, physisorbed CO- and chemisorbed CO on Mn-doped

CeO; (11 1) and only physisorbed CO on pure CeO; (1 1 1).° CO oxidation is promoted by the Mn
dopant. Cen et al. used a p(3x3) surface with 9 atomic layers to substitute 1 Ce atom with an Mn
atom.* A U-value from 0 to 6 eV was examined on the d-states of Mn and they choose a U-value
of 4.5 eV for most optimizations. Cen et al. argued that Mn dopes into the fully oxidized CeO;
lattice as Mn** and the formation of an oxygen vacancy reduces the dopant to Mn?*. They did not
explain, however the origin of the electrons which reduced Mn to 3 in the overall MO: lattice. As
shown by Tang et al. and Cen et al., a U-value on the d-states of Mn is needed to reasonably fit
experimental lattice parameters and band gaps when modeling Mn-doped CeO,. Wang used the
magnetic moments of Mn in MnOy to determine a U-value for the d-states of Mn in the bulk oxide,
arriving at a U-value of 4 eV.!

A hybrid functional can be utilized, alternatively to correct the self-exchange error by
inclusion of exact exchange, thereby motivating proper electron localization. Though this can
gualitatively overcome the false delocalization error, the extent of exact exchange inclusion is semi-
empirical and typically does not fully correct the self-interaction error of strongly localized states.
The use of hybrid functionals in a plane wave basis set code is computationally intense compared
to the DFT+U methods, and therefore cannot be widely utilized for investigating surface properties
of mixed oxides. Comparison with HSEO06 calculations can help to select or to verify a U-value on
specific states. Ganduglia-Pirovano et al. compared the PBE+U (U = 4.50 eV), LDA+U (U = 5.30
eV) and HSEO6 functionals for CeO, surfaces.? They found the LDA+U and the HSE06 functional
match the surface reduction energies more closely than the PBE+U functional. Nolan also
compared the HSEO6 functional and DFT+U methods to examine oxygen vacancies in Pd and Ni
doped CeO,? and doping of trivalent elements into CeO2.% In both studies, Nolan used a U of

5 eV on Ce f-states and in the study of trivalent dopants he used a U-value of 7 eV on O p-states



79

for comparison to the HSEO6 functional. He did not utilize a U-value on the metal dopants in either
study.

This study examines the effect of a U-value on the d-states of Mn doped into the fluorite
lattice of CeO.. Depending on the U-value chosen for the d-states, the most stable oxidation state
for Mn in a partially reduced surface can be either Mn** or Mn?*. A U-value of 4 eV on d-states of
Mn, as recommended for bulk MnOx by Wang et al.,® is utilized for all optimizations unless
otherwise stated. To help confirm this U-value, the hybrid functional HSEQ6 is used for one system
and compared to the results from DFT+U. With the reliability of a U = 4 eV value established, we
consider the reduction and formation energies for surfaces with various Mn concentrations. The
concentration and distribution of Mn doped in the surface of CeO; has a large impact on the first
and second oxygen vacancy formation energies, as well as the most stable oxidation states for Mn.
We also report formation energies of the Mn-doped CeO; system to examine the stability of Mn-

doping at various oxidation states.

4.2. Methods

4.2.1. Electronic structure method

Calculations were carried out using the Vienna ab initio simulation program (VASP), an
ab initio total energy and molecular dynamics program developed at the Institute for Material
Physics at the University of Vienna.>>?" The ion-core interactions were represented by the
projector-augmented wave (PAW) method.?® Plane wave basis sets were used to expand the wave
functions of valence electrons, with valence configurations for cerium being 5s25p®6s24f'5d?, 2s22p*
for oxygen, and 3d®4s? for Mn. The energy cutoff for the plane wave basis set was 450 eV. k-point

sampling of (2 x 2 x 1) was performed using the Monkhorst Pack scheme,? with the third vector
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perpendicular to the surface for all DFT+U optimizations. The Perdew-Wang (PW91) version of
the generalized gradient approximation (GGA) was used to incorporate exchange and correlation
energies.®® All optimizations were spin polarized. Structural optimizations were performed by
minimizing the forces on all atoms to below 0.05 eV<A™. A force criteria of 0.02 eV+A™ has been
previously examined on this system and we find both structures and energetics are converged at
the courser value.®

Due to well-established difficulties within DFT to accurately represent the nature of the 4f
state in ceria,’”*® we implement the DFT+U approach.®>3* The DFT+U method introduces an on-
site Coulombic interaction (U-term) that penalizes non-integer occupation of localized orbitals,
effectively penalizing delocalization of electrons. We use a Ce f U-value of 5 eV, which is
consistent with values used in previous studies of ceria.*334+% We previously reported the
dependence of methane activation and oxygen vacancy formation on the value of the Ce 4f Hubbard
U-term for CeO; and PdxCei1.xO2. The vacancy formation (4E.c) and methane adsorption (4Eags)
energies increase in exothermicity linearly with increasing Ce f U-value,® though there is only a
slight slope for PdxCe1-xO,. Given the dependence of vacancy formation energy on the U-value for
pure ceria, the quantitative values we calculate are inherently dependent on our specific choice of
U-value. The U-value of 5 eV accurately describes the electronic structure of reduced ceria and
provides qualitative comparisons for the oxygen vacancy formation energies.

DFT is generally known to have difficulties representing localized d-states of metal
oxides.»? We included a U-term on the d-states of Mn, which is varied from 0 eV to 5 eV. A U-
value of 4 eV on the d-states of Mn was used for all optimizations, as this value correctly predicts
oxidation states for Mn in the intact and oxygen vacant cases that agree with XANES
measurements.’® The Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional was also utilized on a

select subset of structures.’*'® The exact exchange contribution of 25% was utilized with a
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screening length of 0.2 A as utilized by Nolan.?*% The surface was modeled using a I' point only

for all hybrid functional optimizations due to the computational intensity of the hybrid functional.?*

4.2.2. Surface models

The bulk CeO- cubic fluorite structure is the same as used in our previous work, 3436 and
the lattice constant is reproduced within 1% of the experimental lattice constant.3* The surface is
modeled using the (1 1 1) surface of ceria separated by 15 A of vacuum space in the direction
perpendicular to the surface. The lowest energy surface among single crystal terminations of ceria
is the (1 1 1) surface,3*4%41 which will represent a large portion of a polycrystalline CeO- surface.
Mirrored slabs of 12 atomic layers were utilized for all DFT+U optimizations, with the number of
layers converged to surface formation energy and vacancy formation energy. Mirrored slabs were
chosen to minimize the slab-to-slab interactions that can result from a large net surface dipole
moment upon the reduction in surface metal ions. A p(2 x 2) (Ce16032) and a p(2 X 3) (Ce240as)
expansion of the surface cell were considered. The (1 1 1) termination of CeO- results in four
oxygen atoms per side of the unit cell (six for the p(2 x 3) expansion) with four Ce atoms in the
layer below (six for the p(2 x 3) expansion), as seen in Figure 4-1. A non-mirrored slab of 9 atomic
layers (Ce120.4) is used for the hybrid functional HSEQ6 calculations.

The mirrored surfaces of CeO, were “doped” by replacing one or two cerium atoms (either
1 surface, 1 surface and 1 subsurface or 2 surface Ce atoms) with Mn atoms on each side of the
mirrored surface (Figure 4-1). The Mn atom is forced to take on a 4* oxidation state when replacing
a cerium atom in the fully oxidized surface. In the non-mirrored model for the hybrid functional,
one Ce atom in the surface is replaced by a Mn atom. The surface cell lattice parameters were not

allowed to relax and the dopant level was presumed low enough so as to not perturb this lattice
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constant. By not allowing the lattice parameters to relax, this model would represent a system with

surface segregation of a low bulk concentration dopant.

Figure 4-1. Top and side views of the slab model of fully oxidized (intact) Mn-doped CeO.
(111). (a) top view of p(2 x 2) unit expansion, (b) top view of p(2 x 3) unit expansion, (c) side
view of p(2 x 2) unit expansion, and (d) side view of p(2 x 3) unit expansion. Ce is displayed as tan
(light), Mn as light blue (gray), and O as red (dark).
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4.2.3. Surface formation energies

To determine the relative stability of different configurations and concentrations of Mn
doped into CeO,, a system formation energy is defined. The system formation energies were

determined from the following set of chemical equations:

(A)  CeO;(L11)+xMnO, — Mn,Ce1,0 (1 1 1) + xCeO,

(B)  CeO:(L11)+xMnOz — MnyCerxOzy (1 1 1) + xCeOz + 20; (g)
(C)  Ce0z(L11)— CeOzy(111)+70:(g)

(D) Ce0s.y (11 1) + XMNO; — MnyCe1xOz.y + XCeO,

The MnO;and CeO- units are taken from and inserted in a bulk reservoir, respectively, and
the gas phase oxygen is inserted into a reservoir of oxygen at a specified temperature and partial
pressure of oxygen. Using the above chemical equations, the system formation energy is calculated

at various extents of surface reduction:

EMn/inc"'ZﬂCeoz—(E Ce0,(11 1)+2#Mn02)
AGCe02—>Mn/inc = 2 1)

B Eptnjine/v 5+ 2ce0, 10, ~(Eceo, (11 1)F2Mmn0,)
AGCeOZAMn/inc/Vo - 2 (2)

Eceo,111)w,tHo,"Eceo,(111)
AGCe02—>CeOZ Vo = 2 3)

EMn/inc/VO"'z#Ceoz_(ECeoz(l 1 1)/V0+2#Mn02)
AGCeOZ/VOﬁMn/inC/VO = 2 (4)
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where Eyq /inc is the energy of the Mn-doped CeO; (1 1 1) system, uc.o, is the chemical potential
of bulk CeO2, E¢e0,(11 1) I the energy of a clean surface of CeOy, Ecco,(111),v,, 1S the energy of
a surface of CeO. with an oxygen vacancy present, uuno, is the chemical potential of bulk MnOs,
Eynyinc/v,, 1S the energy of Mn incorporated into a Ce lattice position of CeO (1 1 1) surface with
an oxygen vacancy present, and p,, is the chemical potential of oxygen at a given temperature and
pressure. The division by two is a result of using a mirrored slab. The chemical potentials for bulk
Ce0; (MnO,) were obtained from the energy of a 4 CeO; (4 MnO,) unit cell and divided by 4 to
obtain the energy for a single unit of CeO, (MnQO_). Equation 1 is representative of replacing a Ce
atom with a Mn atom with no oxygen vacancies (reaction A). Equation 2 represents the formation
energy to dope Mn while also creating an oxygen vacancy (reaction B). The oxygen vacancy
formation energy for the pure CeO, (1 1 1) surface is given by Equation 3 (reaction C). Equation 4
represents the formation energy for a structure replacing a Ce atom with a Mn atom in an oxygen
vacant surface (reaction D). Equation 2 is the sum of equations 3 and 4. To replace two Ce atoms,
with Mn atoms, the coefficient of 2 in front of ¢, and puymo, is replaced with a 4. The effects of
configurational entropy have not been examined in our model, as these contributions are quite small
relative to the electronic energy contributions. The use of these equations to assess the preference
of Mn atoms to dope in ceria versus remaining in a separate MnO, phase is discussed in Section
4.3.3.2.

The free energy of oxygen atoms, ., is calculated as a function of oxygen partial pressure

(Po,), and temperature (T).

Ho, = E, + ZPVE — TS + PV (5)
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where E, is the DFT energy, ZPVE is the zero-point vibrational energy correction, TS is the entropy
calculated by statistical mechanics multiplied by temperature and PV is the pressure volume term.

The entropy of O; is calculated as

S = Srot + Svib + Strans T+ Set (6)
where S,.,; is the entropy due to rotation, S,,;;, is the entropy due to vibration, S;,4ns iS the entropy
due to translation, and S, is the entropy due to electronic excitations. The difference between the

experimentally determined free energy for O, (using the NIST JANAF thermochemical tables)*

and the DFT-based free energy is minimal and therefore the DFT energy for O, was utilized.

4.2.4. Oxygen vacancy formation energy

The chemical equation for formation of the first oxygen vacancy in Mn-doped CeO; is:

(E)  MnCers0z — MnCer,Ozy +20; ()

The first oxygen vacancy formation energy is calculated as:

EMn/inc/V +Eo _EMn/inc
AE 4 = = 2 2 (7)

where Emn/inc/v,, 1S the energy of the unit cell with one oxygen vacancy on each slab side, Eg, is
the energy of a gas phase O, molecule, Eyy inc is the energy of the stoichiometric surface slab, and

the division of two is a result from using mirrored slabs.
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The chemical equation for the second oxygen vacancy formation in Mn-doped CeQO:; is:

(F) Mnxcel-xOZ-y — MnxCEJ_-xOZ-Zy + %OZ (g)

The second oxygen vacancy formation energy is calculated as:

EMn/L'nc/ZV +Eo _EMn/inc/V
AEyqc = 2 2 2 2 (8)

where Eyn/inc/2v,, 1S the energy of the unit cell with two oxygen vacancies on each side, Ey, is the
energy of a gas phase O, molecule, and the division of two is a result from using mirrored slabs. In
both of the oxygen vacancy formation energy calculations, the DFT energy for O is utilized, even
though it is known that DFT overestimates the O-O binding energy.! A correction term can be
added to directly compare the O, binding energy to experimental values. In this study, the oxygen
vacancies formation energies are compared to establish qualitative trends, and therefore a constant
correction term is not applied. For the calculation of oxygen vacancy formation energies, ZPVE

and temperature free energy calculations were not added.

4.2.5. Determination of oxidation states

As described in Chapter 3,3 we use the site projected charge method to identify the number
of cerium atoms reducing from the 4* to the 3* oxidation state. The formal charge on Mn dopant
atoms was determined using the formal charge of the Ce atoms and assigning all oxygen atoms as
2". The oxidation states of the Mn atoms were further confirmed by examining the system total

spin.
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4.3. Results and Discussion

Mn-dopants in the CeO; (1 1 1) surface alter surface reducibility. First, we examine a U-
value correction on the d-states of Mn, and recommend a value of U = 4 eV which matches Mn
XANES behavior (Section 4.3.1). The density of states and orbital structure are compared between
standard DFT and DFT+U methods with a U-value of 4 eV on Mn d-states. Comparing with hybrid
HSEOQ6 functional calculations, the U-value of 4 eV is confirmed to give consistent relative energies
for oxidation states of Mn (Section 4.3.2). In Section 4.3.3, the concentration of Mn in the surface,
as well as the orientation of Mn atoms to each other, is examined for its impact on surface stability
and reducibility. Section 4.3.3.1 examines Mn-concentration effects on oxygen vacancy formation

energies and Section 4.3.3.2 examines formation energies.

4.3.1. Assigning a Hubbard U-term to the d-states of Mn

Tang et al.®> and Cen et al.* have shown that a U-value on the d-states of Mn in Mn-doped
CeO- is needed to correctly represent the band gaps and lattice parameters. Figure 4-2 displays the
correlation between the oxygen vacancy formation energy and the U-value on the d-states of Mn
ina p(2 x 2) unit cell expansion with a 25% surface Mn concentration. Table B-1 reports the values
included in this plot. There are multiple possible local minimum energy structures for each U-value
tested, and each represents a different Mn oxidation state. We considered multiple initial structures
which converged to these various oxidation states when an oxygen vacancy was created: (1) Mn
remaining as Mn** (Mn dopes in as Mn*" in the intact case due to the ceria fluorite lattice and
remains Mn** after formation of an oxygen vacancy) and 2 Ce atoms reducing, (2) Mn reducing to
Mn3* and 1 Ce atom reducing, or (3) Mn reducing to Mn?". In the fully oxidized structure, Mn takes

on a 4* oxidation state, as enforced by the MO- stoichiometry, irrelevant of U-value. At low U-
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values (U < 3.5 eV), the most stable oxidation state for Mn after formation of an oxygen vacancy
is Mn**. The impact of the Mn d-state U-correction is more significant for a more reduced Mn?*
state, which causes Mn?* to become more stable for U > 3.5 eV. Using the U-value of 4 eV on the
d-states of Mn, as recommended by Wang based on pure MnOy behavior,! the most stable oxidation
state is Mn2* upon formation of an oxygen vacancy. Li et al. showed using XANES that when Mn-
doped CeO; is reduced, a Mn?* oxidation state is preferred, corroborating that a U-value of 4 eV
on the d-states of Mn matches qualitatively experimental behavior.?® A U-value of 4 eV is also

consistent with existence of both Mn®* and Mn?* in a calcined sample.©

2.00

1.50

-0.50

_1.00 1 1 1 1
0 1 2 3 4 5

U Value on d-states of Mn (eV)

Figure 4-2. Surface oxygen vacancy formation energy vs. U-value on the d-states of Mn in a
p(2 x 2) unit cell expansion with a 25% surface Mn concentration. Mn reduces to different oxidation
states upon formation of an oxygen vacancy. Mn reducing to: (¢) Mn®, () Mn?*, and (A) Mn**
upon formation of an oxygen vacancy. (——) best fit line.
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When the Mn atom reduces to Mn®", there are 5 possible overall spin values for the system
(utilizing a mirrored slab): 10, 8, 6, 2 and 0. All have the same energy (within 0.02 eV), indicating
there is no spin-spin interaction among the localized Mn d or Ce f-states. In each of these cases,
each Mn atom has a spin of 4, as enumerated in Figure 4-3. All possible overall spin states for Mn
(Mn*, Mn** and Mn?*) in the reduced structure are shown in Figure 4-3. The atomic spin for Mn**
is 3 and the spin for Mn?* is 5. In the intact case the overall spin can be either be 0 or 6.

The intact (fully oxidized) surface density of states and select orbital images for Mn-doped
CeO; with Mn d-state U-values of 0 and 4 eV are shown in Figure 4-4. In both cases, Mn dopes
into the surface as Mn** (d®). With no U-value on the d-states of Mn, single spin occupied orbitals
lie between the valence band and the conduction band, Figure 4-4a. The orbital image in Figure
4-4b confirms these states as Mn-oxygen anti-bonding states. The inclusion of a U-value on the d-
states of Mn shifts single spin occupied d-states out of the valence band region to below the valence
band. The Mn-oxygen anti-bonding orbitals are shifted into the valence band, Figure 4-4c and Mn-
oxygen bonding orbitals from the valence band are shifted to below the valence band (between -5

and -4 eV), Figures 4-4c and 4-4d.
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Figure 4-3. Possible spin arrangements after the formation of an oxygen vacancy in a mirrored
p(2 x 2) unit cell expansion of a mirrored slab with a 25% surface Mn concentration. Each state
represents a single occupied, localized Ce f or Mn d orbital. (a-h) Mn stays as Mn** (spin of 3) and
two Ce atoms reduce per side, (i-m) Mn reduces to Mn** (spin of 4) and one Ce atom reduce per
side, (n-0) Mn reduces to Mn?* (spin of 5). Total spin of each system: (a, i, n) 10, (b, j) 8,
(c,k)6,(d,e)4,(f,g,1)2, (h,m 0)0.
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Figure 4-4. Total DOS plotted versus energy (referenced to Fermi level) for (a) intact Mn-doped
CeO; (1 1 1) with U = 0 eV on d-states of Mn (total spin of 6), and (c) intact Mn-doped CeO;
(11 1) with U =4 eV on d-states of Mn (total spin of 6). Spin-down density of states is plotted on
the negative y axis. Isodensity surfaces representing electronic states for (b) intact Mn-doped CeO;
with U = 0 eV on d-states of Mn over the energy range -0.87 to 0.00 eV (relative to Fermi level)

and (d) intact Mn-doped CeO; with U = 4 eV on d-states of Mn over the energy range -4.93 to
-4.23 eV.
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The oxygen vacant density of states for Mn-doped CeO;, with a Mn d-state U-value of
4 eV, and for Mn reducing to Mn?* or Mn®*, are displayed in Figure 4-5. Figure 4-5a contains the
DOS for Mn reducing to Mn2*, There are a number of single spin states at the top of the valence
band. Orbital images of these single spin states are displayed in Figure 4-5b, confirming these as
anti-bonding Mn-oxygen states. The DOS for the slightly less favorable minimum of Mn reducing
to Mn** is shown in Figure 4-5c¢. Here a number of single spin states can also be seen at the top and
the bottom of the valence band, as well as the formation of another occupied d orbital between the
valence and conduction bands. Orbital imaging of this orbital between the valence and conduction
bands is shown in Figure 4-5d, confirming anti-bonding Mn-oxygen character. Figure 4-5e,
illustrates the localized d-states on Mn at the bottom of the valence band. The single spin states just
above the localized d-states on Mn are Mn-oxygen bonding states (~-5.5 to 5 eV). The density of
states for Mn reducing to Mn®* with no U-value on the d-states of Mn was previously published.®
In this Mn® DOS, occupied orbitals form between the valence and conduction band. One forms
from the reduction of Ce** to Ce* and the second from Mn reducing to Mn3*". With the inclusion
of the U-value on the d-states, the occupied orbital from the d-states of Mn stays between the
valence and conduction bands. There should be an orbital resulting from the reduction of Ce** to
Ce** based upon charge analysis; however there is no single spin state for cerium in the band gap.
Therefore, the inclusion of a U-term on the d-states of Mn shifts the occupied orbital resulting from

the reduction of Ce into the valence band.
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Figure 4-5. Total DOS plotted versus energy (referenced to Fermi level) for (a) oxygen vacant Mn-
doped CeO; (11 1) with U =4 eV on d-states of Mn and Mn reducing to Mn?* (total spin of 10),
and (c) oxygen vacant Mn-doped CeO; (1 1 1) with U = 4 eV on d-states of Mn and Mn reducing
to Mn3* (total spin of 6). Spin-down density of states is plotted on the negative y axis. Isodensity
surfaces representing electronic states for (b) oxygen vacant Mn-doped CeO, with U = 4 eV on d-
states of Mn and Mn reducing to Mn?* over the energy range -0.34 to 0.00 eV (relative to Fermi
level) and oxygen vacant Mn-doped CeO; with U = 4 eV on d-states of Mn and Mn reducing to
Mn3" over the energy range (d) -0.29 to 0.00 eV and (e) -5.59 to -5.78 eV. The X’s represent the
locations where the oxygen was removed.
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The inclusion of U-terms clearly shifts the electronic behavior of the intact and vacant Mn-

doped ceria surface, with the Ce and Mn U-terms having a combined effect. Though we have not
assessed the accuracy of this representation due to a lack of available electronic characterization
for the Mn-CeO> (1 1 1) surface, we again note that the independent U-values of 5 eV on Ce f-states
and 4 eV on Mn d-states replicate the separate bulk oxide behaviors. These values have also
qualitatively captured the Mn XANES assigned Mn oxidation state in oxidized and reduced

surfaces.

4.3.2. Corroborating the U-value on Mn by comparison to the HSEO6 hybrid functional

The hybrid functional HSEO6 has been used to model oxygen vacancy formation in pure
CeO; (11 1)* and oxygen vacancy formation in doped surfaces of CeO..?2® These studies did not
examine Mn as a dopant, nor was direct comparison between HSE06 and a U-value on the d-states
of any dopant considered. As described above, in the lowest energy structure for Mn-doped CeOx,
Mn reduces to Mn?* upon the formation of an oxygen vacancy with a U-value of 4 eV on the d-
states of Mn. The HSEQ6 hybrid functional also predicts that the lowest energy structure upon
formation of an oxygen vacancy is Mn reducing to Mn?* (Table 4-1). The absolute oxygen vacancy
formation energies (AEvac) for DFT+U and HSEQ6 functional are reasonably similar. The difference
of ~0.5 eV is meaningful, highlighting the difficulty in using absolute reduction energies from DFT
based methods for these systems. The extent to which these differences are due to the different
number of layers or k-points could not be evaluated because of computational intensity and SCF
convergence problems with the HSEQ6 calculations. The difference between the vacancy formation
energies between Mn reducing to Mn?* versus Mn®* are in good agreement (0.10 eV for DFT+U
and 0.15 eV for HSE06). The matching of the difference between Mn?* and Mn3* is more important

than the absolute values of vacancy formation energies in predicting the most stable oxidation states
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for Mn in Mn-doped CeO,. The HSEOQ6 hybrid functional helps to confirm the U-value of 4 eV on

the d-states for predicting, at least, qualitative redox behavior of Mn-doped ceria.

Table 4-1. Oxygen vacancy formation energies (4Evc) using the Hubbard U-correction and the
HSEQ6 hybrid functional.

Functional Mn Reduces to AEvac (€V)
U=40onMn,U=5on Ce? Mns* -0.03
U=40onMn,U=5on Ce? Mn?* -0.13

HSEO06" Mn3* -0.54
HSEQ6® Mn?* -0.69

#4-layer mirrored slab with 2 x 2 x 1 k-points. ®3-layer non-mirrored slab with 1 x 1 x 1 k-points.

4.3.3. Mn concentration and distribution effects

In this section, we examine how the concentration and orientation of Mn dopants affect
oxygen vacancy formation energies and surface formation energies. All results use DFT+U with a

U-value of 4 eV on the Mn d-states.

4.3.3.1. First and second oxygen vacancy formation energies

In the previous section, the concentration of Mn in the surface was 25% in a p(2 x 2) unit
cell expansion, resulting in a surface oxygen vacancy formation energy of -0.03 eV. This
exothermic vacancy formation, coupled with the favorable entropy of vacancy formation, suggests

the fully oxidized Mn-doped CeO; (1 1 1) surface is unstable for this Mn concentration. To vary
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the Mn concentrations, a p(2 x 3) unit cell expansion is utilized with either 1 Mn dopant (16.7%
concentration) or 2 Mn dopants (33.3% concentration). With the inclusion of 2 Mn dopants,
multiple configurations for Mn atoms are possible (short row, long row, diagonal, surface and
subsurface). Also, there are multiple possibilities for the first oxygen vacancy position: an oxygen
not bond to an Mn atom, an oxygen bond to one Mn, an oxygen bond to 2 Mn atoms as well as
subsurface oxygen vacancies. Examining a second oxygen vacancy adds more possibilities for
combinations of oxygen vacancy positions. Most of the possible arrangements for the
configurations for Mn dopants were examined. Multiple positions for the first oxygen vacancy were
examined and the lowest energy structure is reported. The starting structure to form a second
vacancy was the lowest energy structure for the first oxygen vacancy and multiple positions for the
second oxygen vacancy were examined. The lowest energy structure is reported.

A subset of the optimized structures and orientations for Mn dopants are shown in Figure
4-6. Two surface Mn atoms in a diagonal arrangement with no oxygen vacancies is shown in Figure
4-6a. Figures 4-6b through 4-6d contain optimized structures with either one or two oxygen
vacancies with different orientations of Mn atoms. Figure 4-7 contains surface, subsurface, and 2"
oxygen vacancy formation energies for different concentrations and orientations of Mn dopants.
Table B-2 reports the values included in this plot. In all cases for Mn-doped CeO, (1 1 1), the
subsurface oxygen vacancy is higher in energy than the surface oxygen vacancy. The oxidation
states of Mn in each case as well as the number of reduced Ce atoms are listed in Table 4-2. In all
cases, the lowest energy structure for the formation of a surface or subsurface oxygen vacancy
occurs by reducing Mn without reducing Ce atoms. When there is only one Mn present, the Mn

reduces to Mn?*, and with two Mn present, they both reduce to Mn**.
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Figure 4-6. Four structures of a p(2 x 3) unit cell expansion of 2Mn-doped CeO; (1 1 1). (a) intact
structure with Mn atoms diagonal to each other, (b) surface oxygen vacant structure with one Mn
atom in a surface position and a second in a subsurface position in a row, (c) subsurface oxygen
vacant structure with two Mn atoms in a surface short row, and (d) doubly surface oxygen vacant
structure with two Mn atoms in a surface long row. Ce is displayed as tan (light), Mn as light blue
(gray), and O as red (dark). The X’s represent the locations where the oxygen was removed.
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Figure 4-7. First and second oxygen vacancy formation energies for Mn-doped CeO; (1 1 1) with
U =4 eV on d-states of Mn. The second oxygen vacancy energy is calculated relative to a structure
with the first surface oxygen vacancy formed. (\') One surface oxygen vacancy, (i) One subsurface
oxygen vacancy, (%) Two surface oxygen vacancies (¢3) One surface and one subsurface oxygen
vacancy.
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Table 4-2. Mn oxidation states and number of reduced Ce atoms (# Ce®") for different

concentrations and orientations of Mn dopants in the CeO- (1 1 1) surface.

Confiqura Surface Subsurface 2 Surface ﬁ%ﬂg?ﬁ?fzzg
tio% Bare Surface Oxygen Oxygen Oxygen Oxygen
Vacancy Vacancy Vacancies Vacancy
Mn |#Ce¥ | Mn |#Ce® | Mn |#Ce¥| Mn |#Ce¥ | Mn |#Ce®
2x2 -1
Mn Mn** 0 Mn3* 0 Mns3* 0 Mn2* 2 Mn?2* 2
(Mn*)
2x2 -1
Mn Mn** 0 Mn?* 0 - - Mn?* 2 Mn?2* 2
(Mn?)
ZX&; im0 [ M| o [ M| o | M| 2 | M| 2
2x3 -2 Mn2*
Mn Mn** 0 Mn3* 0 Mn3* 0 Mn?* 0 M+ 1
Diagonal
2x3 -2 o4 24
MnShort | Mn* | 0 | Mn* | o |mn*| o MM g Mmooy
Row Mn Mn
2x3 -2 M2t
Mn Long | Mn* 0 Mn3* 0 Mn3* 0 Mn?* 0 3+ 1
Row Mn
2x3 -2 2 24
MnSub- | Mn* | 0 | Mn®* | 0 |mn*| o | MM MOy
Row Mn Mn
2x3 -2 M2t
Mn Sub- | Mn* 0 Mn3* 0 Mn3* 0 Mn?* 0 Mn* 1
Diagonal
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For a single Mn surface dopant, the first oxygen vacancy formation energy is slightly
negative. With 2 Mn dopants, all first oxygen vacancy formation energies are highly exothermic.
The first oxygen vacancy is therefore spontaneous upon doping Mn into the surface. The second
oxygen vacancy formation energy likely becomes more catalytically important in catalytic
processes for which the surface oscillates between oxidation states.

Second oxygen vacancy formation energies, forming two surface oxygen vacancies or a
surface and subsurface oxygen vacancy, are reported in Figure 4-7. The second vacancy formation
energy is calculated relative to a surface with the first surface oxygen vacancy formed. With two
Mn atoms doped into the surface, formation of two surface oxygen vacancies is preferred. When
one of the two Mn atoms is doped into the subsurface layer, forming a surface and a subsurface
vacancy becomes more favorable. This suggests that Mn-dopant short range effects (nearest
neighbor, NN) on vacancy stability are much stronger than longer range effects (next NN, NNN).
After one surface vacancy is formed, remaining surface oxygen atoms are NNN or farther away
from the subsurface Mn. With one Mn atom doped into the surface, forming two surface oxygen
vacancies or forming a surface and subsurface oxygen vacancy are equivalent in energy.

Formation of a second oxygen vacancy with one Mn present reduces two Ce atoms and the
Mn remains as Mn?* (Table 4-2). This vacancy formation energy is not nearly as favorable as the
first vacancy formation energy, but is still more favorable than the formation of a single oxygen
vacancy in pure CeO- (1 1 1). This is in agreement with Cen et al. showing Ce** reduction to Ce**
is promoted by Mn doping.* Formation of a second vacancy with two Mn present does not always
reduce both Mn atoms to Mn?*, When forming two surface vacancies, depending on the orientation,
either one Mn atom can reduce from Mn3* to Mn?* and one Ce reduce, or both Mn atoms can reduce
from Mn®" to Mn?*. Though all Mn atoms reducing to Mn?* before any Ce atoms reduce might be
expected, structural rearrangements would have to occur to allow both Mn atoms to reduce to Mn?*,

The small unit cell constrains these rearrangements. In some cases, the second oxygen vacancy
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formation energy is less than 0. The second vacancy formation energy is always more favorable
with 2 Mn atoms doped into the surface than with 1 Mn dopant and always more favorable than the
first oxygen vacancy in pure CeO.. This suggests a strong reducibility of the Mn-doped CeO;
system.

As first vacancy formation energies are always favorable, Mn®*" or Mn?* may be present in
calcined surfaces of Mn-doped ceria. Second vacancy formation varies from slightly exothermic to
endothermic, depending on Mn concentrations and positioning suggesting these oxygen atoms may
be labile to participate in redox processes. Mn-CeO, will likely expose an array of various local
sites, but all of these vacancy formation energies are in the optimal range for methane oxidation

activity as described in Chapter 3.3t

4.3.3.2. Formation energies

Up to this point, we have assumed that Mn will dope into the surface of CeO, without
consideration of its stability. However, Mn may not prefer to dope into the fluorite CeO, structure,
and the favorability of doping will depend on concentration, orientation and whether the surface is
exposed to an oxidizing or reducing environment. Structural reorganization, especially upon
multiple oxygen vacancy formation, is significant, further questioning the stability of the mixed
oxide system. We considered formation energies to form the mixed oxide surface system from a
pure CeO; surface (oxidized or reduced) and a bulk MnO; reservoir.

These formation energies can provide an indication of the stability of the Mn-doped
surfaces at various concentrations and oxidation states, however, it is possible the synthetic
procedures may isolate unstable configurations as well. The formation energies to dope Mn into

the surface are listed in Table 4-3, as calculated by equations 1-4, at 1000 K and Pp,= 10*® atm

(Ho,= -15.82 eV). For example, Equation 1 gives the formation energy of a Mn-doped, fully-
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oxidized surface referenced to a pure (1 1 1) surface of CeO,, where a MnO- unit from bulk MnO;
replaces a CeO; unit and the CeO; unit is placed back into bulk CeO,. Formation energies for the
fully oxidized system calculated via Equation 1 are endergonic at any temperature and oxidizing
or reducing environment. Therefore, Mn will not preferentially dope into the surface in a fully

oxidized fluorite lattice.

Table 4-3. Formation energy of doping Mn into the surface of CeO at 1000 K and Py, = 1078 atm.

Formation
: energy of doping .
enelrzorn(:?ggnin Mninto CeOs (1 Formation enefomc:?t(;lgnin
Mn ?rio CeOpz (g 1 1) with no energy forming M igr?f[o CeOpz (f
) oxygen 1 oxygen .
1 1O)Xv>\//€|]t£1nno vacancies vacancy in CeO; oiylg)e\r,lvsgczrr:iy
vacancies (eV) forming an (111)(V) (eV)
0Xygen vacancy
(eV)

2x2-1Mn (Mn*") 2.30 -0.73 -0.24 -0.50

2x2-1Mn (Mn?*) 2.30 -0.83 -0.24 -0.59

2x3-1Mn (Mn?*) 2.37 -0.83 -0.44 -0.39

2x3-2Mn 3.60 -1.06 -0.44 0.63

Diagonal

2x3-2Mn Short 3.93 1.10 0.44 0.66
Row

2x3-2Mn Long 4.68 0.41 -0.44 0.84
Row

2x3-2Mn Sub- 4.37 -0.18 -0.44 0.26
Row

2x3-2Mn Sub- 4.03 0.15 0.44 0.29

Diagonal
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If instead an oxygen vacancy is formed with Mn doped into the surface, the doped surface
is stable relative to the MnO; reference under certain environments. Figure 4-8 depicts 3 formation
energy values for each Mn-doped ceria reduce surface. The first is the formation free energy relative
to intact CeO; (1 1 1) (Equation 2). A negative value for this does not necessarily signify favorable
doping as it neglects possible favorable pure CeO (1 1 1) reduction in the reference state. The
second value is the reduction free energy of CeO, (1 1 1) (Equation 3) with the same unit cell and
the third is the difference between these (Equation 4). Negative values for this third column suggest
favorable doping at that oxygen chemical potential. As seen in Figure 4-8, under more reducing
environments, Mn doped into a reduced surface is favorable.

Under conditions where the environment is very reducing, the stable surface for pure CeO;
surface will have oxygen vacancies (negative for the second value), Figure 4-8b. Relative to bulk
MnQO; under these conditions, Mn doped in the reduced surface of CeO, will be stable. Under
somewhat less reducing environments, the stable surface of pure CeO, will be intact (positive for
the second value, Figure 4-8a). A reduced surface with Mn-doped may be stable in these less
reducing environments where it is unstable for ceria to have oxygen vacancies, due to the more
favorable reducibility of the Mn-doped surface. Under even less reducing or approaching oxidizing
environments, Mn-doping into the surface becomes unstable relative to separate oxide phases. Mn
doped into the CeO, surface either in a diagonal arrangement to one another or forming a
continuous row (short row) are the most stable structures. Doping 2 Mn atoms in the surface is
more stable than doping 1 Mn atom because of the more favorable vacancy formation energy when

Mn atoms are adjacent.
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Figure 4-8. Formation energies for Mn-doped CeO; (1 1 1) and pure ceriaat (a) 1000 K and Py, =
102 atm and (b) 1000 K and Py, = 10"® atm. (\\) Forming Mn-doped CeO. with 1 oxygen vacancy
referencing an intact surface of CeO; (1 1 1), bulk CeO, and bulk MnO, (Equation 2 and chemical
equation B), () forming 1 oxygen vacancy in CeO- (1 1 1) (Equation 3 and chemical equation C),
(#2) forming Mn-doped CeO; with 1 oxygen vacancy referencing an oxygen vacant surface of CeO»
(111), bulk CeO, and bulk MnO, (Equation 4 and chemical equation D). The sum of () and (%)

is ().



105

The positive formation energies for Mn doping into pure CeO, without forming an oxygen
vacancy is indicative that the Mn will not dope in the surface as Mn**. Under highly oxidizing
conditions, formation of a separate MnO; phase will be thermodynamically preferred. The negative
formation energies, under reducing conditions, for Mn doping into CeO; with an oxygen vacancy
is indicative that Mn will dope into the surface as Mn®" and Mn?*. The formation of Mn-doped
Ce0O, is metastable when formed under highly oxidizing environments, but under reducing

environments, the system is stable.

4.4, Conclusions

To correctly represent the electronic structure and behavior of Mn in Mn-doped CeO;
(1 1 1) surface, a U-correction on the d-states of Mn must be included. Depending upon the U-
value chosen, the most stable oxidation state for Mn can vary. At low U-values, a p(2 x 2) unit cell
expansion with 25% Mn concentration reduces Mn** to Mn® upon formation of an oxygen
vacancy. Mn reduces instead to Mn?* at high U-values. Using a U-value of 4 eV, as recommended
by Wang et al.,* the most stable oxidation state for isolated Mn atoms in a reduced surface is Mn?*.
The difference in energy between Mn reducing to Mn?* and Mn®" at a U-value of 4 eV is closely
matched to the equivalent difference in energy as predicted by the HSE06 hybrid functional. This
helps to confirm that a U-value of 4 eV is reasonable.

For all concentrations and arrangements of Mn atoms in the doped CeO, (1 1 1) surface
without oxygen vacancies, the formation energy is endergonic and therefore Mn does not favorably
dope into the surface. Under sufficiently reducing conditions, the formation energy is favorable for
doping Mn into CeO; (1 1 1) with oxygen vacancies, indicating that Mn will dope into the reduced
surface. The most favorable concentration and arrangement for Mn to dope into CeO- occurs when

Mn atoms are diagonal to one another or when Mn atoms form a continuous row (short row). As
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Mn is not stable doped into the surface of CeO, without oxygen vacancies, the first oxygen vacancy
is not catalytically important. The second oxygen vacancy becomes catalytically important as it
may form and reoxidize during catalyzed redox processes. The second oxygen vacancy formation

energy is highly dependent upon the concentration and orientation of Mn atoms.
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Chapter 5

Catalytic Propane Reforming Mechanism over Zr-Doped CeO; (11 1)

This chapter is published as: M. D. Krcha, M. J. Janik. Catalysis Science & Technology 2014, DOI:

10.1039/C4CY00619D.

ABSTRACT: Elucidation of the elementary reaction processes involved in hydrocarbon
oxidation on oxide catalysts can help guide active site optimization. We use density functional
theory (DFT) methods to examine the reforming of propane over the Zr-doped CeO:
(1 1 1) surface. Numerous modeling and mechanistic questions arise in modeling this multistep
reaction on oxides. The surface redox and coverage state in the reaction environment impacts
energetics and must be considered. Phase diagrams of Zr-doped and pure CeO- (1 1 1) are created
based upon the partial pressure of oxygen and hydrogen, demonstrating that the surface will be
reduced under operating conditions. All elementary energetics along the preferential path for
propane reforming were identified, and differences in path with oxygen pressure variance were
identified. The reaction path varies depending on the oxygen chemical potential as this alters at

which step in the mechanism the surface will re-oxidize.
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5.1. Introduction

Small hydrocarbon oxidation and decomposition reactions over metal catalysts have been
extensively investigated with density functional theory (DFT) methods, providing significant
insights in the understanding these reaction mechanisms.® Even for small hydrocarbons, these
reactions involve numerous possible elementary steps (36 for CHa4,” over 800 for CsHs). The DFT
investigation of complete oxidation/decomposition paths on oxides are rare, due to both the
complexities in representing redox chemistry on oxides and difficulties in identifying active sites
and adsorbate binding modes on oxide surfaces. Using pure ceria and M-doped ceria for oxidation
and reforming of small hydrocarbons has been examined with DFT methods, where most studies
use methane as a model to examine full oxidation paths.2® Propane partial oxidation and
dehydrogenation has been investigated with DFT on V;0s and Ga,03.}"?° Investigating the
elementary mechanism of propane decomposition over oxides using DFT can help identify key
elementary steps, thus informing design choices that improve catalyst performance for reforming
larger hydrocarbons. Here, we employ DFT to examine the reaction path for the decomposition of
propane over Zr-doped CeO,. We identify and provide an example approach for key modeling and
mechanistic questions involved in the decomposition of hydrocarbons over oxides, integrating an
ab initio thermodynamics approach to evaluate redox environment effects on the catalytic
hydrocarbon oxidation mechanism.

Zr-doped ceria catalysts have numerous promising properties for reforming
hydrocarbons.'®223 Zr-doped ceria has been proposed to replace ceria in three-way catalysts, as it
has a greater oxygen storage capacity compared to ceria.'®?! At temperatures approaching 700 K,
Pd/Ceo.2Zr0s0- yields a 90% conversion of propane and propene.? La, Gd, or Sm doped Ce-ZrO;
selectively produces H,, CH4, CO, and CO; instead of over C;Hs and C,H4, while La-doped Ce-

ZrO; has the highest oxygen storage capacity and is the most active reforming catalyst.?® Ceria
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doped with other metals, such as copper, also has a high activity and selectivity toward oxidation
of other hydrocarbons. Cu-doped ceria exhibits 100% selectivity toward CO; for the total oxidation
of naphthalene.?*% Surface oxygen vacancies play a crucial role in the catalytic behavior of
naphthalene oxidation.?®

Despite the potential for oxide catalysis of hydrocarbon oxidation/decomposition, the
detailed mechanism for the decomposition of propane has only been examined over metal catalysts.
DFT uniquely allows the consideration of the numerous elementary steps in such complex
mechanisms. Yang et al. examined the reaction path for propane decomposition over Pt (11 1) and
Pt(211)using DFT.*20n Pt (11 1), they determined that the C-C bond breaking step likely occurs
when propane dehydrogenates to propyne.! On a metal step site, the barriers for the
dehydrogenation of propane decrease by approximately 0.4 eV, with the C-C bond breaking step
still occurring with propyne.? Our group has similarly investigated the mechanism of propane
reforming over Rh, Ni, and Rh-Ni catalysis with DFT.® C-H or C-C bond breaking elementary steps
generally limit hydrocarbon reforming rates over metal catalysts.?

The elementary mechanism of the oxidation/decomposition of propane over an oxide has
not been examined with DFT, aside from isolated studies looking at the initial reaction steps.t’-2
DFT modeling of propane decomposition over an oxide raises additional complications that do not
impact metal catalysts. On oxides, the addition of oxygen often requires lattice oxygen atoms in a
Mars-van Krevelen mechanism, and as C-H or C-C breaking reactions occur on surface oxygen
atoms, oxygen addition steps cannot be examined separately from C-H and C-C cleavage, as is
typically done on metals. Intrinsic local effects cannot be easily approximated or ignored on oxides,
as the size of the unit cell used will dictate the number of reducible surface sites. Though complete
oxidation/decomposition has not been studied, selective oxidation of propane has been examined
with DFT for vanadium catalysis.'”** Alexopoulos et al. examined the selective oxidation of

propane over the V,0s (0 0 1) surface and determined that the rate limiting step for propane
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selective oxidation (to propene and oxygenated products) is the initial hydrogen abstraction from
the secondary carbon.” A monolayer of vanadia over TiO; results in a lower activation barrier and
alters the selectivity toward propene from i-propanol and acetone.!” The structure of the vanadium
oxide monomers and dimers supported on anatase has a strong influence on the hydrogen
abstraction energy, with the barrier 9 kcal mol™ lower on a square pyramidal cluster compared to a
tetrahedral cluster.'® The dehydrogenation of propane has also been studied over a Ga,Os (1 0 0)
surface. Here again, the first C-H bond activation occurs through a hydrogen abstraction from the
secondary carbon forming a propy! radical.?’ Liu et al. also determined that hydrogen atoms prefer
to desorb as H,. However, at high reaction temperatures the hydrogen could desorb as H,O forming
an oxygen vacancy.%

Mayernick et al.!* and Knapp et al.2 examined the reforming of methane over pure ceria
and Pd-doped ceria. These two studies used two different approaches towards mixing of alkane
decomposition and oxidized product (H-0, CO,) desorption steps. Mayernick et al. immediately
desorbed H* from the surface as H,O, forming an oxygen vacancy that was immediately refilled.
Knapp et al. collected all 4 H* species in their DFT unit cell before desorbing H»O and refilling the
oxygen vacancies as the last step of the mechanism.® This second approach leads to an “over-
reduced” surface and the incorrect conclusion that the highly unfavorable (at 0 K) desorption step
limits reactivity. Immediately desorbing products as they are formed is equally arbitrary, though it
better depicts the impact of product desorption on reactivity. For propane reforming, this modeling
choice becomes more complicated, as the number of hydrogens that dissociate from the
hydrocarbon increases and the depth of surface reduction attainable during reaction must be
considered.

Herein, we examine the reforming path for propane over Zr-doped ceria. We first examine
some of the mechanistic and modeling questions necessary to develop a formulaic approach for

modeling this complex reaction sequence on an oxide surface. A significant mechanistic question
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is when to add oxygen atoms onto the surface, re-oxidizing the surface during the intermediate
steps of propane oxidation. We assume oxygen atoms are added anytime the reaction free energy
for oxygen addition (re-oxidation) is more favorable than the subsequent propane decomposition
step. We can then consider how the mechanism is affected by the O, chemical potential. Reaction
paths are reported for both highly oxidizing conditions (combustion) and reducing (reforming)
conditions. We initially evaluate the oxidation reaction catalyzed by an initially stoichiometric,
bare MO, surface. We then examine the extent of equilibrium surface reduction, either through
hydrogen adsorption or oxygen vacancy formation, as a function of the reaction environment. We
conclude that reaction energetics evident on the fully-oxidized surface may not well-represent the
operable reaction path due to surface reduction in the reaction environment. Finally, we examine

how reaction conditions determine whether the oxidation product will be H; or H,0.

5.2. Methods

5.2.1. Electronic structure method

Density functional theory calculations were carried out using the Vienna ab initio
simulation program (VASP), an ab initio total energy, and molecular dynamics program developed
at the Institute for Material Physics at the University of Vienna.?*?® The projector-augmented wave
method (PAW) is used to represent the ion-core interactions.?® A plane wave basis set with a cutoff
of 450 eV is used to represent the valence electrons. The valence configuration for cerium is
5s25p®6s24f15d*, 4s24p®5d?5s? for zirconium, 2s?2p* for oxygen, 2s?2p? for carbon and 1s' for
hydrogen. All optimizations were spin polarized. The Monkhorst Pack scheme was used to perform
k-point sampling of (2 x 2 x 1), with the third basis vector perpendicular to the surface.* To

incorporate the exchange and correlation energies, the Perdew-Wang (PW91) version of the
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generalized gradient approximation (GGA) was utilized.! Structural optimizations were performed
by minimizing forces on all atoms to below 0.05 eV+A™. In our previous study, we examined using
a force criteria of 0.02 eV+A™ and found that both the structure and energetics converged at the
coarser value.’

We implemented the DFT+U approach,®?-* due to the well-established difficulties for DFT
to represent the nature of the 4f orbitals of ceria.?** The DFT+U method penalizes non-integer
occupation of localized orbitals by introducing an on-site Coulombic interaction (U-term),
effectively penalizing delocalization of electrons. We utilize a U-value of 5 eV, consistent with
other DFT+U studies for ceria.>*-%"! Previously we examined the dependence of oxygen vacancy
formation and methane adsorption energies against the value of U on the f-states of Ce for pure
CeOy, Zr-doped CeO, and Pd-doped CeO..!° The methane adsorption and oxygen vacancy
formation energies increase slightly with Pd-doped CeO. and decrease with pure CeO; and Zr-
doped CeO, with an increase of U-value on Ce f-states.!® The quantitative results presented herein
are, therefore, dependent on the U chosen. A U-value of 5 eV accurately gives the electronic
structure of pure CeO, and gives oxygen vacancy formation energies consistent with hybrid
functional calculations and ab initio U-determination approaches.*> We expect the DFT-PW91-
U=5 approach to provide qualitatively reasonable behavior for oxygen vacancy formation and
hydrocarbon adsorption.

In Chapters 3 and 4, we showed that for certain dopants, a U-value must be added to the d-
states of the dopant to correctly represent the electronic structure.®*’ For Zr-doped CeO, the
zirconia retains a 4+ oxidation state as the surface is reduced,® therefore a U-value on the d-states

of Zr is not necessary.
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5.2.2. Surface models

The bulk crystal structure of pure CeO; is the same as used in our previous studies, with
the bulk lattice parameter (5.466 A) reproduced within 1% of experimental values.®113739 A
p(2 x 3) unit cell expansion of the (1 1 1) surface is used to model the surface with 15 A of vacuum
space perpendicular to the surface, with lattice parameters of 11.521 A by 7.681 A by
25.975 A. The (11 1) surface is the lowest energy surface of ceria®4%43 and therefore will represent
a large portion of the surface of polycrystalline ceria. Mirrored slabs of 4 CeO, layers (12 atomic
layers) were utilized for all optimizations with adsorbate/intermediates mirrored on top and bottom
surfaces. The mirrored slabs were used to remove any slab-to-slab interactions that might result
from a net surface dipole upon formation of oxygen vacancies and propane adsorption and
reforming. All layers were allowed to relax during structural optimizations. The (1 1 1) termination
of ceria will result in surface termination of 6 oxygen atoms per side with 6 Ce atoms in the layer
below, as seen in Figure 5-1. The mirrored slab of ceria was doped with Zr by replacing one surface
Ce atom with a Zr atom on each side of the mirrored surface, representing a 17% surface dopant
concentration. The Zr dopes in with a 4+ oxidation state and remains as Zr*" throughout all
optimizations. We use the site-projected charge method to identify the number of cerium atoms
that reduce from Ce** to Ce*', as described in Chapter 3.° The cell parameters were not allowed to
relax, thereby not allowing any changes in the optimal lattice parameter due to the Zr-dopant. Our

dopant model represents a system with surface segregation of a low bulk concentration dopant.
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Figure 5-1. Side and top views of a p(2 x 3) unit cell expansion of Zr-doped CeO; (11 1). Ce is
displayed at tan (light), Zr as light blue (gray) and O as red (dark).
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5.2.3. Reaction Energies

The elementary reactions considered and the formulas for calculation of their reaction
energies are given in Table 5-1.
The variables used in Table 5-1 are listed below:
Es is the energy of the stoichiometric surface slab
Es v, is the energy of the unit cell with one oxygen vacancy on each side of the slab
Eg v, is the energy of the unit cell with n oxygen vacancies on each side of the slab
Es/m-1)v, 1S the energy of the surface unit cell with (n-1) oxygen vacancies on each side of the
slab
Eg/y. is the energy of the surface unit cell with H absorbed
Es/c,m,+ 18 the energy of the surface unit cell with a C,Hn molecule bound to the surface
Es/xv, /c 1, 1S the energy of a C;H, molecule bound to the surface with x oxygen vacancies
Esmo/c,n,,+ 1S the energy of a C;Hn molecule bound to the surface with n extra oxygens
o, is the chemical potential of gaseous oxygen at a given temperature and pressure
Kc,u, 1S the chemical potential of a CxH, molecule in the gas phase
Kco, 1s the chemical potential of COx in the gas phase
Hu, is the chemical potential of hydrogen in the gas phase

Ke, 1,0, 1S the chemical potential of an oxygenated C, intermediate in the gas phase
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Table 5-1. Reaction types and reaction energy definitions for elementary steps involved in propane
oxidation/reforming over CeZrOy.

Reaction Type Chemical Reaction Reaction Energy
(A) Initial (A) ZryCe1xOpx — E + —F
i _EsyvyTHo,TEs
pasaneY | ZnCeuOuy + 202 (g) | Abvac = > 1)
(B) Multiple (B) Zr«Ce1-xO2x-(n1yy — B
vacancy Zr«Ce1-xO2xny + AGpye = ES/nVO +M02 ES/(n—l)VO @)
formation 202 (9) 2
(C) Alkane (C) CzHn (g) +* — ?5?/;*%*#(: et o)
activation H* + C,Hn1 (9) z n—21 zHn 3)
(D) Alkane * (Es/c,g,«)—(Eq+2xluc p )
adsorption | (P) Cebn+ 7 = CHa™ 1 AG 4 = Lol 5 n (4
AGo_y =
(E) Surface C-H | (E) C,H»* +* — . C-H . o .
dissociation | H* + C;Hn1* ( S/CzHy_q1+T S/HZ*) (Es/c,HpstEs) )
(F) Surface C-C | (F) CH* +* — ?EGC—C = . - oy
dissociation CzaHnx™ + CHy* S/C,_1Hn—x* S/CZHx* S/CzHp*xTES ©)
G) Can* — AGCO =
G) CO/CO ( x
© desorptizon )C(:\Z;H”* +COx(9) + Es/avoc,_Hnx T 2500, )~ Es/c ) -
° 2
(H) Alternative x £ 4 _(E
CO/CO2 S_H_z Co* — 2COx (g) AGcox — ( S/nVo *‘uCOx) ( S/CZ*) (8)
desorption 2
(I) ZryCe1xOxx- AG =
1) Surface re- re—ox
O i [ #CaHn* +20:@ = | Es/cuh)=Esno/cstms+Ho,) 9
ercel-x02x-y+n/Csz* 2 ( )
(J) Hydrogen Fet _(E
desorption as | (J) H*—»%Hz @+* | AGy, = Estrny)~Es/n) (10)
Ho 2
(K) Hydrogen x_, 1 E¢+E.,, + —(2+E
dHes(())rption as Eer H* —2H.0 (0) 4Gy :( STESIV “szo) (2*Es/p.) (1)
2
(L) C (L) ercel-)(ozX—y/
. z . CZHm*—) (ES/VO+uCZHm0n)_(ES/CZHn*)
:j';tse(::"fldo'ste Z1,Ce140yn + AGges = - (12)
P C:HnO* (9)
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Factors of two in the reaction energies of Table 5-1 are a result of using mirrored slabs.
Oxygen vacancy refilling is the reverse of reaction types A and B. Our previous paper showed that
the lowest energy H* structure adsorbs H to an oxygen atom nearest neighbor (NN) to the dopant.®
All C,H* and H* adsorbates are bound to surface oxygen NN to the Zr dopant. Transition states
were not examined in this study, and, as a first analysis of this complex mechanism, the reaction
path is determined using only the elementary reaction 0 K and reaction condition-dependent free
energies. The activation barrier for the initial propane activation is represented using the “pseudo-
transition state” of an abstracted surface absorbed H* and an isolated propyl radical. Chapter 3
suggested the pseudo-transition state is a reasonable approximation of the initial C-H activation

transition state located by CI-NEB.°

5.2.4. Free Energies

All reaction energies in Table 5-1 are noted as free energies, though we neglect non-zero
K corrections to surface bound states. The chemical potentials of gas phase species (O, CsHs, CO,
CO,, Hy, H20, etc.) are made temperature and pressure dependent using expressions derived from

statistical mechanics. The free energy of oxygen (u,,) is calculated as a function of temperature

(T) and oxygen partial pressure (Py,) by

Ho, = Eo, + ZPVE + PV — TS (12)

where E,,, is the DFT energy of an isolated O, molecule, ZPVE is the zero-point vibrational energy

correction, PV is the pressure volume term, and TS is the entropy calculated by statistical mechanics

multiplied by temperature. The entropy of gaseous O is calculated as
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S = Srot T Svib T Strans T Se (13)

where S,.,; is the entropy due to rotation, S,,;;, is the entropy due to vibration, S;,,»s is the entropy
due to translation, and S,; is the entropy due to electronic excitations. Differences between the
experimentally-determined free energy for O, (using NIST JANAF thermochemical tables**) and
the DFT-based free energy are minimal, and the DFT-based free energy is therefore used. Even
though it is known that DFT overestimates the O-O binding energy, the DFT energy for O is
utilized.*® A correction term can be added to directly compare the O binding energy with
experiments. We acknowledge that the oxygen partial pressure and temperatures we specify will
be offset from experimental values. We are examining the qualitative differences in reaction paths
depending on O, chemical potential, and the constant correction term would only change the
absolute value for the partial pressure of oxygen. Free energies for all other molecules (CzHs, CO,

CO3, Hz, H20, etc.) in the gas phase are calculated in an equivalent approach.

5.2.5. Mechanistic choice for H* location and H,O* desorption

When applying DFT to model oxidation chemistry on metals at low coverage, reaction
dissociation products are often placed in separate cells to represent the lack of adsorbate-adsorbate
interactions at low coverage. We make the same approximation in examining C-H and C-C
dissociations, with the two dissociation products placed in separate unit cells when calculating
reaction energies. The consequences of this choice on metals is often minor due to weak adsorbate-
adsorbate interactions. However, H* retention in the oxide unit cell as successive C-H dissociations
occur creates an unreasonable degree of local surface reduction. We placed dissociation products

in separate unit cells to provide a more reasonable indication of oxidation catalysis of an extended
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surface and a more consistent computational model for comparing oxide catalysts or reaction steps.

The impact of H* coverage on the oxidation reaction is an interesting topic for future study.

5.2.6. Reaction path sequence determination

Propane oxidation studies on metal catalysts have examined which C,H, intermediate
forms a C-O bond, typically concluding it is late in the mechanism; for example, through C* or
CH* intermediates over reforming catalysts.” For reactions on oxides, separation of C-H/C-C
dissociation and C-O bond formation is not as straightforward, as the dissociation products bind to
surface oxygen atoms. Successive unsaturation of the hydrocarbon adsorbate leads to a greater
degree of C-O bond formation and weakening of the surface M-O interactions. Whereas on metals,
we ask for which intermediates will C-O bond formation be competitive with further
decomposition, on oxides we ask at what points along the reaction path the surface would prefer to
add/replace surface oxygen atoms compared to further C-H/C-C dissociation.

For each adsorbate C,H.*, we consider whether it is more favorable to (1) dissociate to
C;Hna* + H* (considering all non-equivalent H’s and numerous adsorption configurations for
C;Hn1%), (2) to dissociate to C,.1Hnx* and CHy*, (3) to add an oxygen atom to the surface, or (4)
to desorb C,Hy*, CO, or CO.. The numerous non-preferred reaction steps (or non-global minimum
energy structures we optimized) are not directly discussed, as we concentrate solely on the most
favorable path. In comparing two surface reaction steps, we take that the step with the most
exoergonic reaction free energy will be more favorable. The desorption of products were accepted
as the next step only if the 0 K energy for the desorbed product was more favorable than the possible
surface reaction steps, even if the free energy of product desorption was significantly more
favorable. This assumption reflects the need for desorption to overcome an activation barrier

similar to the 0 K unimolecular desorption energy. As surface reaction energies, rather than barriers,
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are used for comparison, this approach could improperly favor further surface reaction over
intermediate desorption. We find, however, that the relative energy between product desorption
and further surface reaction favors surface reaction by at least 1.5 eV for all C,H,* intermediates
prior to formation of the final COy species. This is not surprising, as Zr-doped ceria is not expected
to be a good partial oxidation catalyst. We consider further reactions only from the most favorable
outcome of the previous step. This approximation is necessitated by the numerous possible reaction

paths possible if all plausible intermediates are to be considered.

5.2.7. Initial condition of the catalyst before decomposition

Our reaction energy analysis begins with the fully oxidized surface of Zr-doped ceria
(Zr«Ce1-x0). With this starting point, the reforming path of propane over the ceria surface under
oxidizing conditions yields qualitatively reasonable results, though the final section discusses
limitations in the analysis due to neglecting that the active catalyst form is reduced from the MO,
stoichiometry. For future analysis, we also compute the surface reduction extent in equilibrium
with the gas phase environment under reducing conditions. The coverage of intermediates and
extent of surface reduction in the reaction environment is dictated by steady state conditions.
Without a full kinetic model, we instead calculate the H* coverage and extent of oxygen vacancy

formation that would be expected in equilibrium with gas phase conditions.
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5.3. Results and discussion

5.3.1. Propane oxidation in an oxidizing environment (0.1 atm Oy)

The first step in propane oxidation is secondary hydrogen abstraction. This step proceeds
through a pseudo-transition state consisting of a secondary propyl radical in the gas phase and a
hydrogen bound to a surface oxygen atom. H* preferentially adsorbs on an oxygen atom adjacent
to the zirconia dopant, as illustrated in Figure 5-2a. The 0 K energy of propane activation to the
pseudo-transition state is 0.68 eV. After H-abstraction, the secondary propyl radical binds to a
surface oxygen atom (propyl radical adsorption energy -2.53 eV), again NN to a zirconia dopant
(Figure 5-2b). Figure 5-3 contains the overall reaction free energy diagram for the reforming of
propane over Zr-doped ceria in an oxidizing environment, and all intermediate structures are
illustrated in Appendix C. After the adsorption of the propyl radical, the hydrogen atom desorbs
from the surface as half of H,O, forming half of an oxygen vacancy in the surface. The half oxygen
vacancy is then refilled by oxygen present in the gas phase, returning the intact (fully oxidized)
surface. Though this process does not stoichiometrically represent the elementary step, it provides
a thermodynamic approach for incorporating hydrogen desorption as H,O during the mechanism
of reforming propane. This same process is repeated for every elementary step when a hydrogen
atom is abstracted from the propane-derived intermediate. Whether the hydrogen stays on the
surface or desorbs as H, or H>O will be discussed in Section 5.3.5, but we will assume for now that

the hydrogen will desorb as H,O and the subsequent O-vacancy is refilled by O..
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Figure 5-2. Four selected structures of propane oxidation intermediates over Zr-doped CeO.. (a)
H*, (b) CH3;C*HCHs, (¢) C*H,C*HC*H,, (d) C*HC*C* (end C with 2 oxygens). Ce is displayed
as tan (light), Zr as light blue (gray), O as red (dark).
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Figure 5-3. Propane oxidation reaction energy diagram over the Zr-doped CeO; (1 1 1) surface in
an oxidative environment (0.05 atm H;0, 0.234 atm H,, 0.1 atm 02, 0.32 atm CO, 0.32 atm CO;
and 0.1 atm propane at 1000 K). The blue (dark grey) denotes steps that are equivalent under more
reducing environments in Figures 5-4 and 5-5.

For every subsequent step, breaking a C-H bond or a C-C bond, desorption of the C,
intermediate and the possibility of re-oxidizing the surface with an oxygen atom was considered.
When re-oxidation of the surface was considered, the initial position of added O atoms was placed
where M-O bonds had been broken/weakened due to strong C-O bond formation. Please see the
Appendix C for example structures. The 0 K energies for C, intermediate desorption were compared
to the surface reaction energies. For all species prior to CO/CO>, product desorption was at least
1.5 eV less favorable than surface reaction, and we conclude that CO/CO; are the only majority C-
containing products of propane oxidation over Zr-doped CeO, (1 1 1).

After the secondary propyl radical binds to the surface, the following step involves the

abstraction of a hydrogen atom from one of the primary carbon atoms and the bonding of the same
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primary carbon atom to one of the surface oxygen atoms NN to the zirconia, forming
C*H.C*HCHs. The asterisks referring to carbon atoms bound to surface oxygen atoms. The next
step, after water desorption and subsequent oxygen vacancy refilling, is the abstraction of a H atom
from the other primary carbon and the bonding of that carbon to the last available oxygen atom NN
to the Zr-dopant (total of 3 oxygen atoms NN to the Zr-dopant), forming C*H,*CHC*H, (Figure
5-2¢). Another hydrogen atom is then abstracted from a primary carbon atom followed by the partial
re-oxidization of the surface with an oxygen atom from O (Figure C-1). The added O atom allows
the terminal -CHO moiety to break all M-O bonds, with the added O atom refilling the resulting
surface O vacancy.

Three more hydrogen atoms are then abstracted from the Cs intermediate, forming
C*HC*C*. This structure has 2 oxygen atoms bound to the end carbon, one resembling a carbon-
oxygen double bond and the other a single bond (Figure 5-2d). The surface is then re-oxidized,
followed by the end carbon breaking its carbon-carbon bond forming CO- in the gas phase and
leaving behind C*HC™* on the surface, along with forming an oxygen vacancy. The surface is again
re-oxidized, and the last hydrogen is abstracted from the C, intermediate forming C*C*. One more
oxygen atom re-oxidizes the surface forming a 2 carbon species on the surface, with each of the
carbons bound to 2 oxygen atoms. The C-C bond breaks and the two CO, molecules desorb, leaving
behind 2 oxygen vacancies. To complete the catalytic cycle, the surface is re-oxidized with two
oxygen atoms, making the surface fully oxidized. All structures along this oxidation path can be
seen in Figures C-1 and C-2.

Reforming of propane over Zr-doped ceria in an oxidative environment produced 4 H,O
and 3 CO; molecules (C3Hg + 50, — 4H>0 + 3CO>) with an overall reaction free energy of
-21.94 eV. Based on tabulated free energies of formation of the gas phase species, the overall gas
phase reaction free energy would be -22.00 eV in these oxidizing conditions, which is in excellent

agreement with our DFT results.*® The overall oxidation reaction rate will be most influenced by
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the first hydrogen abstraction from the propane forming a secondary propyl radical in the gas phase
(0 K barrier of 0.68 eV, free energy barrier relative to gas phase propane of 1.12 eV) and the product
CO; desorption energy (0.96 eV). As will be discussed in Section 5.3.4, it is likely the Zr-doped
Ce0; (1 1 1) surface would not be fully oxidized under reforming reaction conditions or under
catalytic combustion conditions, having either adsorbed H* or O-vacancies. A higher degree of
surface reduction could raise the propane activation energy, as this step further reduces the surface
and requires available O sites. As our reaction path analysis considers whether it is stable to re-
oxidize the surface, the extent of surface reduction is reasonably represented in our analysis at any
point past the first re-oxidation, although with the exception of our neglecting the possible build-
up of surface H* species in the unit cell. The presence of surface H* species could push CO

desorption to become more competitive with CO, desorption.

5.3.2. Propane oxidation in a reducing environment (1x10"" atm O,)

As described above, the initial propane activation steps are the same in all environments
we examined. In the reducing environment, the elementary steps until the formation of
C*H,C*HC*H are the same as the oxidizing environment. At this point, the paths diverge due to
the lower partial pressure of oxygen. With a higher pressure of O, surface re-oxidation was favored
over further C3; decomposition surface reactions. Under the more reducing conditions, however,
there are an additional three hydrogen abstractions before the surface is re-oxidized with an oxygen
atom from O.. The reaction free energy diagram under reducing conditions is given in Figure 5-4.
When an O atom re-oxidizes the surface, it also forms a bond with the end carbon atom, giving this
carbon atom 2 oxygen bonds (reaching the state of Figure 5-2d as in the oxidizing conditions, but
through a different order of re-oxidation and C-H breaking steps). The last hydrogen is then

abstracted, leaving behind C*C*C*. The surface is then re-oxidized again and the other primary
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carbon forms a bond with oxygen leaving both of the primary carbon atoms with 2 oxygen atoms
bound to them. One of the end carbon atoms breaks off as CO,, leaving behind C*C* with an
oxygen vacancy. An additional oxygen atoms re-oxidizes the surface, leaving both carbons with
two C-O bonds. The C-C bond then breaks forming 2 CO, molecules and leaving the surface with
3 oxygen vacancies. To complete the catalytic cycle, 3 additional oxygen atoms re-oxidize the

surface forming a fully oxidized surface.
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Figure 5-4. Propane oxidation reaction energy diagram over the Zr-doped CeO; (1 1 1) surface in
a reducing environment (0.05 atm H»O, 0.234 atm H,, 1x10Y" atm O, 0.32 atm CO, 0.32 atm CO;
and 0.1 atm propane at 1000 K). The blue (dark grey) denotes the steps that follow the same
sequence regardless of oxidation conditions considered (equivalent in Figures 5-3 and 5-5) and the
red (light grey) denotes steps that are equivalent under the more reducing conditions of Figure 5-5.
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Under these reducing conditions, there are 3 CO; and 4 H,O molecules produced during
the oxidation of propane (C3zHg + 502 — 4H,0 + 3CO>). All structures along this reaction path
can be seen in Figures C-3 and C-4. The highest energy reaction sequence is not the first hydrogen
abstraction, as for the oxidative environment, but a series of steps in the middle of the overall
reaction, giving a barrier of 1.62 eV. This high energy reaction sequence includes water desorption,
refilling of oxygen vacancies, and a hydrogen abstraction from the Cs intermediate. The rate of the
first CO; desorption step may also impact the overall oxidation rate, with a 0 K desorption energy
of 1.95 eV. The overall reforming reaction of propane in a reducing environment is very similar to
the path in an oxidizing environment, with small differences in the point of surface re-oxidation.
The fact that CO, products remain preferred over the expected CO in the reducing environment
suggests that the absence of surface H* species in the unit cell could alter the product species
formed. H* presence would further reduce the surface, which would then prefer desorption of less
oxidized products. If the reaction were to proceed on a more deeply reduced surface, H, desorption
might be favored over H,O desorption and CO desorption over CO- desorption, thereby leading to

different products and altering the higher energy reaction sequences.

5.3.3. Propane oxidation under extremely reducing conditions (8x1022 atm O,)

An O partial pressure of 8x10?2 atm would be dictated by the equilibrium between H,0
and H; at 1000 K, Puz2=0.234 atm, and Pu20 = 0.05 atm. These partial pressures are similar to the
effluent from a biomass gasifier.® With this lower effective O, pressure, the propane oxidation path
is the same as that in the previous section up until the first surface re-oxidation step. Instead of re-
oxidizing the surface when there is only one hydrogen left on the Cs intermediate, at this low Poy,
the last hydrogen atom will be abstracted. The 3 carbon chain left behind forms a ring of carbons

with each carbon having effectively a carbon-oxygen double bond. One carbon in this 3 carbon
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chain will then break two of its carbon-carbon bonds forming a gas phase CO molecule and leaving
behind C*C* on the surface. This C*C* will then also break its carbon-carbon bond forming two
more CO molecules in the gas phase.

This reforming path under these extremely reducing conditions forms a total of 3 CO and
4 H,O molecules in the gas phase (C3Hg + 3.502 — 4H20 + 3CO). The reaction free energy
diagram under these conditions is given in Figure 5-5, and all structures along the path are
illustrated in Figure C-5. The high energy reaction sequences under these extremely reducing
conditions are 1) the same H,O desorption, vacancy refilling, and C-H bond dissociation sequence
as under the more mildly reducing conditions, with an energy requirement of 2.03 eV and 2) the
desorption of the first CO with a 4E of 2.04 eV. The major differences in reaction path at this low
oxygen pressure are the lack of surface re-oxidation until final oxidation products desorb, and the
production of CO rather than CO- as the final product. The large energy requirements, as well as
the surprising unimportance of C-H activation in impacting the overall rate, are likely a
consequence of incorrect assumptions made in our modeling approach. For all steps prior to the
first surface re-oxidation, our analysis has not properly represented the extent of surface reduction
that would be present under the reaction conditions. As detailed in the next section, the active
surface under these extremely reducing conditions would be highly reduced. As discussed in
Section 5.3.5, it would be more favorable for H* species to form H, relative to H,O under these
conditions, so the use of the H,O product also misrepresents the reaction path. C-H activation steps
would become more kinetically relevant, requiring greater energy input, were the reaction
occurring on a highly reduced surface. The CO desorption energy could also be effected. The high
energy sequence beginning with H,O desorption and including vacancy refilling would not occur
in the dominant path, as forming H: is a lower energy process. Though our approach reasonably

reflected the reaction path under oxidizing or mildly reducing conditions, the reaction path under
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reducing conditions is greatly misrepresented due to the use of the fully-oxidized surface as the

reactive surface and the assumption of formation of the H,O product.
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Figure 5-5. Propane oxidation reaction energy diagram over the Zr-doped CeO; (1 1 1) surface
under extremely reducing conditions (0.05 atm H-O, 0.234 atm H,, 8x10? atm O,, 0.32 atm CO,
0.32 atm CO, and 0.1 atm propane at 1000 K). The blue (dark grey) denotes steps equivalent to the
more oxidizing conditions used in Figures 5-3 — 5-5 and the red (light grey) denotes steps equivalent
under the more oxidizing conditions in Figure 5-4.
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5.3.4. Extent of surface reduction under the reforming environment

Our reaction free energy analysis assumed that the starting surface for the reforming
reaction has no oxygen vacancies present and no hydrogen or other species adsorbed. We presumed
that any absorbed hydrogen will immediately desorb as H.O after abstraction. However, there can
be hydrogen atoms adsorbed on the surface or oxygen vacancies in the surface (especially under
reducing conditions), with the catalytic cycle oscillating between a reduced and further reduced
surface without reaching the fully oxidized state.

We computed the %2 H; dissociative adsorption free energy on the Zr-doped CeO, (11 1)
surface with the oxide surface containing a variable number of O vacancies. These free energies
are given in Figure 5-6. Each consecutive hydrogen adsorption energy is relative to the previous
surface with one less hydrogen adsorbed. The energetics of forming of surface oxygen vacancies
(some of the subsurface oxygen migrated towards the surface) and the addition of hydrogen atoms
on surface oxygen were considered, leading to a maximum of 6 surface oxygen vacancies (reducing
12 Ce** to Ce**), 6 hydrogen atoms on the surface (reducing 6 Ce** to Ce*") or a combination of
both adding from 0 to 6 (allowing reduction of between 0 and 12 Ce*" to Ce*" caused by any
assortment O removal or H* formation). With a mirrored, 4 CeO,-layered surface with 1 Zr dopant
per side, a sixth surface oxygen vacancy is not energetically reasonable. A 12ereduction (per side
of the mirrored slab) would force all Ce atoms and the Zr dopant to reduce, and the irreducibility
of the Zr dopant leads to an extra electron that is not properly represented. The more the surface is
reduced (more adsorbed H* or oxygen vacancies) the more endothermic each adsorption becomes.
All structures associated with the data in Figure 5-6 are provided in the Appendix C, along with the
0 K oxygen vacancy formation energies in Table C-1. The same reduction energetics can be seen

in Figure C-10 for pure CeO; (1 1 1), along with its associated structures.
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Figure 5-6. The energy to absorb % H; (g) onto the surface of Zr-doped CeO- (1 1 1) with varying
number of surface oxygen vacancies and number of hydrogen atoms on the surface. The energy to
absorb each hydrogen atom is calculated progressively in each step. The partial pressure of
hydrogen is 0.234 atm and for oxygen is 6x10-2° atm. The number of H* adsorbed in the 2x3 unit
cell is denoted by bars of (white) 1 H*, (orange or lightest gray) 2 H*, (red or light gray) 3 H*,
(green or medium gray) 4 H*, (purple or dark gray) 5 H*, (black) 6 H*.

Though our reaction free energy analysis used a fully oxidized surface, we examined the
stable surface reduction state as a function of H, and O pressure to clarify the applicability of the
surface model used and guide future work. Figure 5-7 illustrates the phase diagram for pure CeO.,
varying the hydrogen and oxygen partial pressures. In all three above reaction environments
(oxidizing, reducing and extremely reducing) the surface of pure CeO, will have no oxygen
vacancies and every surface oxygen will have a hydrogen adsorbed (6 e” reduction per side of the
mirrored slab). The reaction environments we considered in Sections 5.3.1-5.3.3 are labeled as O

(oxidizing), R (reducing), and ER (extremely reducing) on Figure 5-7.
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Figure 5-7. The phase diagram for the number of hydrogen atoms absorbed and the number of
surface oxygen vacancies present in a p(2 x 3) unit cell of pure CeO; (1 1 1) while varying the
partial pressure of hydrogen and oxygen. The O represents the gas phase composition for the
oxidizing case, R for the reducing case and ER for the extremely reducing case. (b) is zoomed in
on the center of (a) to give a more detailed picture.



135

Figure 5-8 represents the same phase diagram as above, but for Zr-doped CeO, (11 1). The
scales for Figure 5-8 and for Figure 5-7a are the same, illustrating how the Zr-doping changes the
overall shape and scale of the phase diagram. In the oxidizing and reducing environment (labeled
as O and R, respectively) the surface of Zr-doped CeO- will be covered in hydrogen with no oxygen
vacancies present (6e reduction per side of the slab). However, in the extremely reducing
environments (labeled as ER), the surface will have 3 surface oxygen vacancies present and the
other 3 remaining surface oxygens will have hydrogen atoms absorbed onto them (a 9e” reduction

per side of the slab).
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Figure 5-8. The phase diagram for the number of hydrogen atoms absorbed and the number of
surface oxygen vacancies present in a p(2 x 3) unit cell of Zr-doped CeO- (1 1 1) while varying the
partial pressure of hydrogen and oxygen. The O represents the gas phase composition for the
oxidizing case, R for the reducing case and ER for the extremely reducing case.
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The use of a fully-oxidized surface as the initial “bare” surface model on which propane
oxidation catalysis occurs is not representative of the stable surface around which oxidation
catalysis will occur in the reaction environments considered. Depending upon the Hy/O;
environment, there will either be surface oxygen vacancies present and/or hydrogen adsorbed on
the surface. Propane oxidation will require the opening of oxygen sites, through either vacancy
refilling, Hz desorption, or H20O desorption followed by vacancy refilling, to allow for initial C-H
bond activation. C-H and C-C breaking steps will be more energetically uphill than depicted in
Figures 5-3 — 5-5 due these steps reducing a surface to a “deeper” reduction state than considered
above in determining reaction energetics. Further C-H or C-C dissociation steps will require the
opening of oxygen sites on the surface, and the probability of finding open sites adjacent to
adsorbed hydrocarbon fragments may impact the rate of C3 conversion. The desorption of oxidized
products (H.O, CO;) will be more energetically uphill than indicated in Figures 5-3 —
5-5 due to the oscillation about a deeper reduction state. Surface re-oxidation (vacancy refilling)
will be more facile than depicted in Figures 5-3 — 5-5 due to the oscillation about a deeper reduction
state. CO desorption will become more competitive with CO, desorption. Changes in the path
through reaction intermediates are also plausible. The use of a fully-oxidized surface provides
mechanistic insight into site requirements and possible limiting steps, however, conclusions
reached can clearly be significantly altered if this does not represent the active surface oxidation
state through which the catalytic cycle will oscillate. Use of the stoichiometric, oxidized surface is
most common in DFT studies of oxidation catalysis, however, we hope the conclusions reached
herein will encourage the use of ab initio thermodynamic methods to first consider the metal oxide

surface state under reaction conditions prior to considering the redox catalysis of the surface.
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5.3.5. Desorb hydrogen atoms as H; or H.O

In constructing reaction energy diagrams above, we have assumed that when hydrogen
atoms desorb from the surface, they desorb as H2O leaving behind a half of an oxygen vacancy in
the surface. Depending upon the partial pressures of hydrogen and water and the temperature of the
systems, hydrogen can desorb as either H, or water. Figure 5-9 illustrates a “desorption phase
diagram,” for Zr-doped CeO; (1 1 1), demonstrating the temperature and partial pressure ranges
over which H; or H,O desorption has a more favorable free energy. Above the solid line (high T or
high Pw2) hydrogen would prefer to desorb from the surface as H,O, whereas below the line
hydrogen would prefer to desorb as H». The dotted lines delineate regions in which the desorption
free energy is negative (above line) or positive (below line). These diagrams were created
considering a differing numbers of H* adsorbed. Figure 5-9a, represents desorption from a surface
with all 6 surface oxygen atoms having a hydrogen atom adsorbed onto them, which was
determined as the most stable surface of Zr-doped CeO; (1 1 1) under oxidizing and reducing
conditions. Figure 5-9b represents desorption from a surface with 3 hydrogen atoms and 3 surface
oxygen vacancies (the most stable surface of Zr-doped CeO, (1 1 1) under gasifier effluent
conditions). The desorption curves for pure CeO; are contained in Figure C-11.

The gas phase compositions are marked with an X for whether hydrogen will desorb as H
or H2O (relative to the solid line) and with an O for whether the desorption is favorable (relative to
the dotted line) under oxidizing and reducing conditions (Figure 5-9a) and for gasifier effluent
conditions (Figure 5-9b). Under oxidizing and reducing conditions, H,O desorption is
thermodynamically preferred over H, desorption, as we used in our reaction path in Sections 5.3.1
and 5.3.2. However, under gasifier effluent conditions (Section 5.3.3), H. desorption is
thermodynamically preferred over H,O desorption. Though H.O desorption was considered in

constructing reaction free energy diagrams in our analysis above, H, production from propane
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reforming will be favored under gasifier effluent conditions when the properly reduced surface is

used as the catalytic surface.
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Figure 5-9. The pressure-temperature curves as to whether the hydrogen on the surface of Zr-doped
ceria will desorb as H, or H,O. (—) the division between whether the hydrogen will desorb as
H> (below line) or H,O (above line) based on the lower axis. The division on whether the hydrogen
will desorb as (——) Hy, or (------ ) H20, upper axis. Above the dotted/dashed lines, the hydrogen
will exergonically desorb and below they will not. The X’s represent the gas phase conditions
considered in Sections 5.3.1-5.3.3 relative to whether H, or H,O will desorb. The O’s represent the
conditions relative to the dotted/dashed lines indicating whether hydrogen desorption is exergonic.
(a) represents the surface starting with 6 hydrogens absorbed on the surface (oxidizing and reducing
conditions) and (b) represents the surface starting with 3 hydrogens and 3 surface oxygen vacancies
(extremely reducing, gasifier effluent conditions).
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5.4. Conclusions

The bare, fully-oxidized Zr-doped CeO; (1 1 1) surface is not the active surface during the
reforming of propane under the oxidizing, reducing or extremely reducing environments. Instead
the surface will be either covered in hydrogen (oxidizing and reducing environments) or have half
of the surface oxygen atoms covered in hydrogen and the other half vacant (extremely reducing
environment). Therefore, for propane oxidation to occur, surface oxygen sites need to become
available through either vacancy refilling, H. desorption, or H,O desorption followed by vacancy
refilling. Requiring these processes will alter the reaction path and could slow down the overall rate
relative to a surface model where all surface O are available to reactants. Further reforming steps
will also require the opening of additional oxygen sites which could also impact the rate. With the
surface also being in a further reduced state, the reaction path in all of the environments could be
altered. Our reaction path analysis, including re-oxidation, captures the oxidizing and reducing
environments reasonably well, however, the reaction path under extremely reducing (gasifier
effluent) conditions is highly misrepresented. The approach utilized in this study is able to
differentiate the preferred oxidation products (H,O or Hz, CO or CO;) based on the reaction
environment, and connect this distribution to elementary reaction processes. The oxidation
environment influences the points during the propane decomposition path at which surface re-
oxidation occurs. Our results demonstrate that erroneous mechanistic conclusions can be reached
when examining redox catalysis over oxide surfaces if the initial surface oxidation state about

which the catalytic cycle oscillates is not properly utilized.
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Chapter 6

Catalytic Propane Reforming Mechanism over Mn-Doped CeO> (11 1)

ABSTRACT: MnO,/CeOx mixed oxide systems exhibits a great hydrocarbon oxidation
activity. Using density functional theory (DFT) methods, we examined the reforming path of
propane over the Mn-doped CeO- (1 1 1) surface. The surface initially contains a surface oxygen
vacancy, making the surface model closer to the true active surface of the catalyst. The reforming
paths over Mn- and Zr-doped ceria are very similar with only slight differences in the path and the
same final products. The possibility of intermediates during the reforming process desorbing from
the surface is extremely low, with desorption energies of the intermediates being much higher than
further surface reactions. The extent of surface reduction and the electronic structure of the propane

intermediate is also examined.
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6.1. Introduction

Manganese oxide (MnO,) can be added to ceria and provides a greater catalytic oxidation
activity compared to pure CeO,.}8 High concentrations of MnOy in CeO; are stable with no
presence of an MnOx phase with x-ray diffraction (XRD).> Density functional theory (DFT) has
shown that Mn can be doped into the fluorite lattice of ceria when there are oxygen vacancies
present nearby,® and Mn-doped CeO, will have a high rate for reforming of methane.*® MnO,/CeO;
has also been shown to be able to oxidize hydrocarbons with chlorine (trichlorophenol* and
trichloroethylene?), volatile organic compounds,’ toluene,® tars (CioHs),® and CO.1° With the ability
of Mn-doped CeO:; to reform hydrocarbons well established, we employ DFT to examine the path
for the decomposition of propane over Mn-doped CeO,. We also examine the extent of reduction
of the surface and the electronic configuration of the propane intermediate at every step.

Density functional theory (DFT) has been extensively used to model small hydrocarbon
oxidation and decomposition over metal catalysts.'**® However, using DFT to examine the
complete oxidation/decomposition of hydrocarbons over oxides are uncommon, due to the added
complexities representing redox chemistry on oxides. DFT has been used to model oxidation and
reforming of small hydrocarbons over pure and M-doped ceria, with most of the focus on
methane.*®17-22 Most studies involving propane and DFT are on partial oxidation and
dehydrogenation over V,0s and Ga,03.24?" Chapter 5 examined the reforming mechanism of
propane over Zr-doped CeO; (1 1 1), and identified a number of key modeling and mechanistic
questions involved in the decomposition of hydrocarbons over oxides.?®

MnO,/CeOy mixed oxides has a high catalytic activity as well as high stability.® Combining
MnO, and CeOy in a nanorod structure was found to be very active for the total oxidation of toluene
to CO; at temperatures as low as 225 °C.° The catalytic activity of the total oxidation of n-hexane

on MnO,/CeOy supported on alumina is also high.?® Mn-doped ceria has also shown promise in
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reforming tars (modeled as C1oHsg) from gasifier effluents to at least methane and in some conditions
to CO and H, at temperatures of 1100 K.8 The addition of other oxides to MnO,/CeOx mixtures can
lead to an even higher catalytic activity. The addition of MnOy to CeO,-ZrO, mixtures increases
the activity of reforming methane.® MnO,/CeOx mixtures has also shown great promise in the low
temperature catalytic combustion of volatile organic compounds (VOCs).22730 At moderate
conditions (100-140 °C), MnO,/CeOyx mixed oxides is able to oxidize VOCs to HCI, Cl,, CO, and
small amounts of CO.1*° It is thought the Mn in the mixture helps to remove chlorine species from
Ce active sites, allowing for a higher stability of the surface.? Compared with other oxides and
metals that can be mixed with CeO,, MnOy can increase the stability of the catalyst,® as well as
being less expensive than some oxides and metals (Ag, Au, Pt, Pd) that can increase the activity of
ceria.*®3% Several DFT studies has also examined the catalytic activity of Mn-doped CeO.. We
have previously shown that the reducibility of the surface is linearly correlated with the reducibility
of the surface, so a surface which is more reducible, to an extent, will have a higher catalytic
activity.* Cen et al.,* Gupta et al,* and Tang et al.*® all showed that the addition of Mn to the ceria
surface increases the reducibility of the surface. Chapter 4 showed that Mn will dope into the lattice
of ceria with oxygen vacancies present and also increases the reducibility and catalytic activity of
the surface.®*

There has only been a detailed mechanism for the decomposition of propane over metal
catalysts and not oxide catalysts, except for Chapter 5 where we examined the propane mechanism
over Zr-doped CeO, (1 1 1).2 Our group and Yang et al. has previously examined the mechanism
for propane decomposition over Pt'*1? and Rh-Ni®® surface using DFT. Previously to our study,?®
only isolated studies examined the initial reaction steps of oxidation/decomposition of propane over
oxides, with most of the studies focused on vanadia and selective oxidation.?*¢ A similar study
examined the initial dehydrogenation of propane over Ga;Os; and determined hydrogen atoms prefer

to desorb at H; at low reaction temperatures.?’
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Chapter 5 examined propane reforming over Zr-doped CeO; and discussed many modeling
and mechanistic questions that arise in modeling complex multistep reactions on oxides.?®
Dissociation products during the reforming of propane are placed in separate unit cells to maintain
a reasonable degree of local surface reduction. For every intermediate on the surface, we consider
if it is more favorable to 1) dissociate to C,Hn1* + H*, (2) to dissociate to C,.1Hnx* and CHy*, (3)
to add an oxygen atom to the surface, or (4) to desorb C,H.*, CO, or CO,. When comparing step,
we only considered the most exoergonic free energy step as the more favorable step. The desorption
of species were only considered if the 0 K energy for the desorbed species was more favorable than
other possible surface reaction steps.

For the Zr-doped CeO; surface, we find that the active surface is not a bare-fully oxidized
surface.? Depending upon the conditions, the surface is either fully covered in hydrogen or there
is a combination of surface oxygens and hydrogen on the surface. We discussed if the active surface
of Zr-doped CeO; was utilized instead of the bare-fully oxidized surface what parts of the reaction
path could change. One of the main differences, is the surface will already be reduced before the
reforming of propane and would therefore most likely increase any step along the reforming path
that would further reduce the surface. Also with the presence of hydrogen on the surface, propane
oxidation would require the opening of oxygen sites, either through H, or H,O desorption or
through oxygen vacancy refilling.

This study examines the reforming path for propane over Mn-doped CeO- (1 1 1). Using
the mechanistic and modeling questions we established in our previous paper, we determine a
possible reforming path for propane over Mn-doped ceria in an oxidizing, reducing and extremely
reducing environment. We previously shown that the active surface of Zr-doped ceria is not a bare-
fully oxidized surface, but has hydrogen on the surface, with the presence of some oxygen
vacancies depending upon the oxygen partial pressure. We take a step closer to the active surface

by incorporating a surface oxygen vacancy. We also compare the reforming path of propane on the
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Mn- and Zr-doped ceria surface. Lastly, we examine the desorption of possible intermediates and
a more detailed picture of the electronic structure at every intermediate step during the path is

developed.

6.2. Methods

6.2.1. Electronic structure method

Density functional theory calculations were carried out using the Vienna ab initio
simulation program (VASP), an ab initio total energy, and molecular dynamics program developed
at the Institute for Material Physics at the University of Vienna.®”® Plane wave basis sets were
used with an energy cutoff of 450 eV. The ion-core interactions were represented using the
projector-augmented wave (PAW) method.*’ The generalized gradient functional of Perdew-Wang
(PW91) was utilized to incorporate the exchange and correlation energies.** All calculations were
spin polarized. The valence configurations of cerium is 5s25p%6s24f5d®, manganese is 3d%4s?,
oxygen is 2s°2p*, carbon is 2s?2p?, and hydrogen is 1s'. The Monkhorst Pack scheme*? was used
for k-point sampling of (2 x 2 x 1), with the third vector perpendicular to the surface. Structural
optimization were performed by minimizing forces on all atoms to below 0.05 eV+A™. We have
previously shown that using a force criteria of 0.05 eV+A™ is sufficient to provide converged
structure and energetics compared with a force criteria of 0.02 eVeA™*

The DFT+U approach was utilized, due to the difficulties standard DFT has in representing
the nature of the 4f orbitals in ceria.*** This approach introduces an on-site Coulombic interaction
(U-term) which penalizes non-integer occupation of localized orbitals effectively penalizing
delocalization of electrons. A U-value of 5 eV was utilized on the f-states of cerium, consistent

with previous studies of ceria.>>8194648 The oxygen vacancy formation and methane adsorption
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energies depend upon the U-value of the f-states of cerium, as we have previously shown.*® The
oxygen vacancy and methane adsorption energies decrease with increasing U-value for pure and
Zr-doped CeO-, with a slight increase in energies for Pd-doped CeO,. With the dependence for
oxygen vacancy and methane adsorption energies on the U-values chosen, the quantitative results
presented herein dependent upon the U-value chosen. However, we expect the qualitative results
presented herein to be reasonably correct with a U-value of 5 eV on the f-states of cerium.

It has been shown that for the Mn dopant in ceria, a U-value to Mn must be added to
correctly represent the electronic structure of Mn-doped Ce0,.3->%-364% A U-value of 4 eV on the
d-states of Mn has been confirmed using both XANES and results from the hybrid functional

HSE06.3°

6.2.2. Surface models

The fluorite crystal structure of pure CeO- is the same as used in our previous studies, with
a bulk lattice parameter of (5.466 A) which is within 1% of experimental values.>%181946 The
(1 1 1) surface was utilized as it is the lowest energy surface of ceria and with therefore represent
a large portion of the surface of polycrystalline ceria.’®47%° The (1 1 1) termination of ceria results
in surface termination of oxygen atoms with cerium atoms in the layer below, Figure 6-1. A
p(2 x 3) unit cell expansion is used to model the surface with 15 A of vacuum space perpendicular
to the surface. To remove any slab-to-slab interaction that might result from a net surface dipole
upon propane adsorption and reforming, as well as formation of oxygen vacancies, mirrored slabs
were utilized. 4 CeO; layer (12 atomic layer) were utilized for all optimizations with
adsorbate/intermediates mirrored on top and bottom surfaces. All layers were allowed to relax
during structural optimizations. In our previous paper we showed that the most stable surface of

Mn-doped CeO, with one oxygen vacancy in a p(2 x 3) expansion is by doping two Mn atoms
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along the short side (replaces to Ce atoms and forming a continuous row of Mn) with a oxygen
vacancy being in the surface.® In this surface, the Mn atoms are in a 3+ oxidation state, and all
cerium atoms remain as Ce**. As described in our previous paper, the site projected charge method
is utilized to identify the number of cerium atoms reducing from Ce** to Ce3*.* The oxidation state
of Mn was also identified using the site projected charge method (RWIGS of 0.7), using both the
total number of electrons counted on an Mn atom as well as the spin on each Mn atom. An Mn

atom in a 3+ oxidation state has ~3.5 electrons and in a 2+ oxidation state has ~3.7 electrons.
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Figure 6-1. Side and top views of a p(2 x 3) unit cell expansion of Mn-doped CeO; (1 1 1). Ce is
displayed at tan (light), Mn as light blue (gray) and O as red (dark). The X’s represent the location
of the oxygen vacancy.
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6.2.3. Reaction and Free Energies

The elementary reactions and the formulas for their reaction energy are the same equations
as we utilized in our previous paper.? As a first analysis, the reaction path is determined only using
the elementary reaction 0 K and reaction condition-dependent free energies and no transition states
are considered. All of the reaction energies calculated in this study use free energies of all gas phase
species and the chemical potential of all gas phase species was calculated in the same method as
our previous paper. Even though it is known that DFT overestimates the O-O binding energy of
oxygen, the DFT energy of O is utilized.>! A correction term can be added, however it would only

offset the oxygen partial pressures and temperatures we specify.

6.2.4. Results from Zr-doped Paper

We utilized the same 4 possible steps for every intermediate as our previous paper (as
discussed in Section 6.1) when examining the path for reforming propane over Mn-doped CeO;
(11 1) and only considered the most exoergonic free energy step.? It was also determined that the
active surface of the catalyst is not a bare fully-oxidized surface, but is covered in hydrogen and
has oxygen vacancies depending upon the partial pressure of oxygen. In this study we did not start
with the active surface of Mn-doped CeO, under reaction conditions, however, we did take a step

closer to the active surface, by incorporating a surface oxygen vacancy.
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6.3. Results and discussion

6.3.1. Propane reforming in an oxidizing environment (0.1 atm O,)

The initial step for propane oxidation over Mn-doped CeO- is a secondary hydrogen
abstraction. This state forms a secondary propyl radical in the gas phase and a hydrogen bound to
a surface oxygen atom, a pseudo-transition state. The 0 K energy from the secondary hydrogen
abstraction is 0.63 eV. Following the hydrogen abstraction, the secondary propyl radical binds to a
surface oxygen atom, with an adsorption energy of 2.67 eV, Figure 6-2a. The overall reaction free
energy diagram for the reforming of propane over Mn-doped CeO; in an oxidizing environment is
contained in Figure 6-3, along with all intermediates contained in the Appendix D. The hydrogen
atom adsorbed on the surface, then desorbs from the surface as half an H.O, forming a half of an
oxygen vacancy in the surface. The half of an oxygen vacancy is then refilled using an oxygen
present in the gas phase, returning the surface to the initial state of reduction. Desorbing as half an
H,O was shown to be thermodynamically preferable based upon the gas phase environment as
shown in our previous paper.? This same process is repeated of desorbing the hydrogen as water

immediately following the abstraction of the hydrogen from the C, intermediate.
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Figure 6-2. Four selected structures of propane reforming intermediates over Mn-doped CeO-
(1 11). (@ CHsC*HCHgs, (b) C*HC*CHjs, (c) C*HC*C*H (oxete like structure), (d) C*HC*C*
(end C with 2 oxygens). Ce is displayed at tan (light), Mn as light blue (gray) and O as red (dark).
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Figure 6-3. Propane reforming reaction energy diagram over Mn-doped CeO; (1 1 1) surface in a
oxidizing environment (0.05 atm H,0, 0.234 atm H», 0.1 atm O, 0.32 atm CO, 0.32 atm CO, and
0.1 atm propane at 1000 K). The blue (dark grey) denotes steps that are equivalent under more
reducing environments in Figures 6-4 and 6-5.

As with our previous paper, breaking a C-H bond or a C-C bond, desorption of C,
intermediate and the possibility of re-oxidizing the surface with oxygen was considered.?
Desorption of the C; intermediate prior to the desorption of CO or CO, was at least 1.5 eV higher
in energy than the surface reaction and therefore we conclude the only major C-containing products
are CO and CO,, and is more detailed in Section 6.3.5.

The following step after adsorption of the secondary propyl radical is the abstraction of a
hydrogen atom from one of the primary carbon atoms and the bonding of the same carbon atom to
a surface oxygen atom, forming C*H,C*HCHa;. The asterisks refer to carbon atoms bound to a
surface oxygen atoms. The following two steps, after H,O desorption and oxygen vacancy refilling,

involves the abstraction of a hydrogen from the primary carbon bound to the surface, and then the
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abstraction of the hydrogen on the secondary carbon atom forming C*HC*CHs, Figure 6-2b. Next,
the abstraction of a hydrogen from the primary carbon atom not bound to a surface oxygen occurs,
forming C*HC*CH,. Another hydrogen is abstracted from the primary carbon atom not bound to
the surface and the carbon atom forms a bond with a surface oxygen atom, C*HC*C*H. A surface
re-oxidation occurs next with the oxygen atom forming a bond with both of the primary carbon
atoms forming an oxete like structure, Figure 6-2c.

A hydrogen abstraction occurs next and the oxete like structure is broken up and the
primary carbon atom with no hydrogens has two carbon-oxygen bonds, with one resembling a
carbon-oxygen double bond, Figure 6-2d. This primary carbon atom then breaks its C-C bond
forming a CO, molecule, leaving behind C*HC* on the surface along with forming an oxygen
vacancy. The surface is re-oxidized again with an oxygen atom and forms a bond with the carbon
atom with no hydrogen atoms. The last hydrogen atom is abstracted from the carbon atom,
following by a re-oxidation with an oxygen atom forming another bond with the carbon atom with
only one oxygen. The carbon-carbon bond is then broken forming 2 CO, molecules, leaving behind
an additional 2 surface oxygen vacancies (4 total). Completing the catalytic cycle, the surface is
then re-oxidized with 3 oxygen atoms, re-oxidizing the surface to the initial starting surface (one
surface oxygen vacancy present). Figures D-1 and D-2 contain all structures along this reforming
path. A detailed examination of the electronic structure for reforming propane over Mn-doped CeO-
in an oxidizing environment is contained in Section 6.3.5.

Reforming of propane over the Mn-doped CeO, (1 1 1) surface produced 3CO; and 4H,0
molecules with an overall reaction free energy of -21.83 eV. Which is also very similar to the
overall gas phase reaction energy based upon tabulated energies of formation of the gas phase
species of -22.00 eV.% The overall reaction rate for reforming of propane over Mn-doped CeO,
would be mostly dictated by the initial first hydrogen abstraction from the propane forming a

secondary propyl radical in the gas phase (0 K barrier of 0.63 eV, and free energy barrier relative
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to gas phase propane of 1.07 eV) and the final product desorption of CO; (1.00 eV). As discussed

in our previous paper, the surface would not be bare fully-oxidized surface.?® We made one step
closer to the active surface of the catalyst with the presence of the oxygen vacancy (2 surface
oxygen vacancies would be in thermodynamic equilibrium with the O2 chemical potential).
However, the surface we used is not covered in hydrogen, as we stated the surface would be. Not
including the hydrogen covered surface would lead to a higher degree of surface reduction and
could raise the propane activation energy as well as slightly changing the elementary reaction
energies and the reforming path. Though, overall we do not expect to have a great influence on the
overall reaction path, but it could shift CO desorption to become more competitive with CO,

desorption.

6.3.2. Propane reforming in a reducing environment (1x10Y" atm O)

The initial steps to reform propane over Mn-doped CeO; (1 1 1) in reducing environments
is the same as in an oxidizing environment. In a reducing environment, the elementary steps are the
same up until the formation of C*HC*C*H. The paths diverge at this point due to the lower partial
pressure of oxygen, where surface re-oxidation is preferred over hydrogen abstractions in the
oxidizing environment. The reaction free energy diagram under these reducing conditions is
contained in Figure 6-4. In the reducing environment, the abstraction of the final two hydrogen
atoms (forming a 3 carbon ring) is preferred over re-oxidizing the surface. The first and second re-
oxidation steps occur next forming a carbon-oxygen bond with each of the primary carbon atoms.
One of the carbon-carbon bonds are broken allowing the desorption of a CO, molecule from the
surface, forming an additional oxygen vacancy. The surface is then re-oxidized again, forming a
carbon-oxygen bond with the carbon atom with only one carbon-oxygen bond. Next, the carbon-

carbon bond is broken and two CO; molecules desorb from the surface forming an additional two
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surface oxygen vacancies (4 total). The catalytic cycle is then completed by the re-oxidation of the

surface with 3 oxygen atoms.
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Figure 6-4. Propane reforming reaction energy diagram over Mn-doped CeO; (1 1 1) surface in a
reducing environment (0.05 atm H,0, 0.234 atm H,, 1x10*" atm O,, 0.32 atm CO, 0.32 atm CO;

and 0.1 atm propane at 1000 K). The blue (dark grey) denotes the steps that follow the same
sequence regardless of oxidation conditions considered (equivalent in Figures 6-3 and 6-5) and the

red (light grey) denotes steps that are equivalent under the more reducing conditions of Figure 6-5.
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Under the reducing conditions presented here, there are three CO; and four H>O molecules
formed during the reforming of propane. Figures D-3 and D-4 contains all structures along this
reforming path. The first hydrogen abstraction is not the highest energy sequence, as for the
oxidative environment, but a series of steps in the middle of the overall reaction, giving a barrier
of 1.89 eV with CO, desorption occurring immediately after with a 0 K desorption energy of 0.75
eV. This energy sequence involves the refilling of an oxygen vacancy from H,O desorption and
two from re-oxidizing the surface. This reforming path is very similar to the path in an oxidative
environment, with the only major difference being the point at which the surface re-oxidizes. The
desorption of CO; instead of CO, could be a result of the surface not being covered in hydrogen, as
we showed in our previous paper.? The additional hydrogen on the surface would increase the

overall reduction of the surface, which would prefer to desorb less oxidized products.

6.3.3. Propane reforming in an extremely reducing environment (8x10% atm O5)

Dictating the oxygen partial pressure based upon the equilibrium between H,O and H; at
1000 K, Py = 0.234 atm, and Pw2o = 0.05 atm, would give an oxygen an oxygen partial pressure of
8x1022 atm. These conditions are similar to the effluent from a biomass gasifier.> Under these
conditions, the reforming path for propane is the same as the reducing environment, up until the
surface re-oxidizes. The reaction free energy diagram under these extremely reducing conditions is
contained in Figure 6-5, with all structures in Figures D-5 and D-6. Instead of the surface re-
oxidizing, one of the carbon-carbon bonds break forming a CO in the gas phase and a surface
oxygen vacancy. Followed by the breaking of the other carbon-carbon bond forming two more CO

molecules and two more surface oxygen vacancies.
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Figure 6-5. Propane reforming reaction energy diagram over Mn-doped CeO, (1 1 1) surface in an
extremely reducing environment (0.05 atm H;O, 0.234 atm H,, 8x1022 atm O, 0.32 atm CO, 0.32
atm CO; and 0.1 atm propane at 1000 K). The blue (dark grey) denotes steps equivalent to the more
oxidizing conditions used in Figures 6-3 and 6-4 and the red (light grey) denotes steps equivalent
under the more oxidizing conditions in Figure 6-4.

Under these extremely reducing conditions, the products are three CO and four H.O
molecules in the gas phase. As in the reducing environment, the initial hydrogen abstraction is not
the highest energy sequence. The highest energy sequence is the refilling of the oxygen vacancy
from H,0 desorption followed by the desorption of the first CO molecule, of 3.35 eV (2.09 eV CO
0 K desorption energy). The major differences between the extremely reducing environment and
the previous two environments is the lack of surface re-oxidation and the production of CO instead
of CO,. The large endothermicty in the high energy sequence is the result of not starting with the
active surface under these extremely reducing conditions. There will be more surface oxygen
vacancies present, along with hydrogen adsorbed on the surface, would cause the surface to be

further reduced. A surface that is further reduced would most likely increase the importance of the
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initial hydrogen abstraction along with changing the reaction path and lowering the CO desorption
energy. Overall our reforming path in oxidizing or a reducing environment is reasonable, our
reaction path in an extremely reducing environment is highly misrepresented due to the use of a

more oxidized surface compared with the reaction environment.

6.3.4. Differences between Mn- and Zr-doped CeO;

Compared with Zr-doped CeO-, reforming on Mn-doped CeO; is very similar. The initial
hydrogen abstraction between the two surfaces are almost the same in energy, with only Mn-doped
CeO-, lower by only 0.05 eV. The first difference in the path, is the third hydrogen abstraction. On
the Zr-doped surface, the third hydrogen abstraction involves the removal of a hydrogen from a
primary carbon and the bonding of the carbon to a surface oxygen atom. The third hydrogen
abstraction on the Mn-doped surface removes a hydrogen from the primary carbon atom already
bound to a surface oxygen. The primary carbon not bound to an oxygen, binds to an oxygen during
the sixth hydrogen abstraction, forming C*HC*C*H on the surface. In the oxidative and reducing
environments, the point at which the surface first re-oxidizes is much later on the Mn-doped CeO;
surface (after formation of C*HC*C*H in an oxidative environment) compared to the Zr-doped
surface (after formation of C*H,C*HC*H in an oxidative environment). This signifies that the Mn-
doped surface is easier to create a further reduced surface compared to the Zr-doped surface,
especially in the oxidative environment with the surface already in thermodynamic equilibrium
with the O, chemical potential. The final products on both the Zr- and Mn-doped CeOQ; surface in
the oxidizing and reducing environment is CO, and CO in the extremely reducing environment
with the formation of H,O in all environments.

The overall reaction free energy for reforming propane in an oxidative environment on

both the Zr- and Mn-doped surface is about the same and in the reducing environment Zr-doped is
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slightly more favorable and much more favorable in the extremely reducing environment. The
initial reaction rate (abstraction of the first hydrogen) is about the same between Mn- and Zr-doped
CeO- in the oxidative environment, along with the product desorption energy. In the reducing
environment, a series of steps in the middle of the reaction path will dictate the reaction rate for
both the Mn- and Zr-doped surfaces, with the series of steps on the Mn-doped surface occurring
slightly later in the reaction path compared to Zr-doped surface. The series of steps on the Zr-doped
surface is about 0.25 eV lower than on the Mn-doped surface and the desorption of CO; is 1.2 eV
more favorable on the Mn-doped surface compared to the Zr-doped surface. In the extremely
reducing environment, a series of steps in the middle also dictate the reaction rate for Mn- and Zr-
doped CeO,. The series of steps on the Zr-doped surface includes a hydrogen abstraction and H,O
formation and oxygen vacancy refilling, compared with the Mn-doped surface consists of refilling
an oxygen vacancy and desorption of the first CO molecule, which occurs later in the reaction path.
The energy involved on the Mn-doped surface is 3.35 eV (including the 0 K CO desorption energy)

and on the Zr-doped surface is 2.03 eV and the CO desorption energy is 2.04 eV.

6.3.5. Desorption of intermediates and electronic structure analysis

For the reforming of propane in the oxidizing environment every hydrogen abstraction and
re-oxidation step is exothermic in energy, with only the refilling of the % oxygen vacancy formed
after the desorption of H,O and the desorption energy of CO, being endothermic. Table 6-1 contains
C, intermediate desorption, hydrogen abstraction and re-oxidation energies for the reforming of
propane in an oxidizing environment. The 0 K desorption energies for all of the intermediate species
on the surface is more endothermic than the following hydrogen abstraction or surface re-oxidation.
Therefore, the surface will fully oxidize the propane to either CO or CO,, depending upon reaction

conditions, and will not partially oxidize the propane. Under reducing conditions, the surface will
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still fully oxidize the propane, as even though the energy to re-oxidize the surface with C*C*C* is
endothermic, the 0 K desorption energy is more endothermic. However, for the extremely reducing
conditions, the 0 K energy for the desorption of the C*C*C* species compared to the breaking of
a C-C bond and desorption of the CO molecule is similar in energy (2.21 and 2.09 eV, respectively).
Which is most likely an artifact of not starting with the active surface of the catalyst under these

extremely reducing conditions.

Table 6-1. Energies for C, intermediate desorption, abstracting a hydrogen and re-oxidizing the
surface under oxidizing conditions

0K Energy to Energy to Re-
C; Intermediate Desorption Abstract Next Oxidize the

Energy (eV) | Hydrogen (eV) Surface (eV)
C*HC*HCH; 291 -1.28 1.56
C*HC*CH3 1.73 -0.93 -0.75
C*HC*CH> 2.04 -1.37 0.43
C*HC*C*H 3.00 0.03 -0.39
C*C*C*H? 2.40 -1.17 -0.66
C*C*C*? 2.21 - 0.26

aEnergies based upon a reducing environment

Figure 6-6 contains Lewis structures for the reforming of propane of the surface under
oxidizing conditions. Each order of structures follows the same reaction path as described is Section
6.3.1 and either involves a hydrogen abstraction, re-oxidation or CO; desorption step. The number
of reduced metal atoms was determined as discussed in Section 6.2.2, and is shown in the figure as
a Ce-. This does not directly correspond to the number of cerium atoms that reduced, but a

combination of Mn atoms reducing to Mn?* and Ce atoms reducing to Ce**. The bond orders were
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determined using the bond lengths, the valency of the atoms and the number of reduced metal atoms
to match up the total number of electrons in the system. A number near a partial bond is the total
number of electrons associated with that partial bond. Figures 6e, 6i and 6k all had a partial radical
electron on carbon and oxygen atoms, this has been signified by a partial bond between the atoms,
along with an odd number of electrons associated with that bond. Oxygen atoms without full double

bonds with a carbon atom, still has at least one bond with a cerium atom in the surface.
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Figure 6-6. Lewis structures for propane reforming over Mn-doped CeO- (1 1 1) in an oxidizing
environment. Numbers near partial bonds represent the total of electrons associated with the partial
bonds.
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6.4. Conclusions

The reforming path for propane over Mn-doped CeO; (1 1 1) is very similar to the
reforming path over Zr-doped CeQO.. The initial hydrogen abstraction energy on the two surfaces
are very similar with the only major differences between the two surfaces, the point at which the
second primary carbon forms a bond with a surface oxygen is later on Mn-doped ceria and the point
at which the surface re-oxidizes is also later on the Mn-doped surface under both oxidizing and
reducing conditions. All possible intermediate desorption energies are more endothermic than a
hydrogen abstraction or surface re-oxidation of the same species for the oxidizing and reducing
environments, leading to only fully oxidizing the propane to CO,. For the extremely reducing
environment the desorption of the C*C*C* species on the surface and the desorption of the first
CO molecule will complete, with their 0 K desorption energies being very similar in energy. On
three of the intermediate species during the reforming of propane over the Mn-doped CeO- surface

there is a radical electron delocalized across multiple bonds between carbon and oxygen atoms.
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Chapter 7

Ce-Mn Oxides for High-Temperature Gasifier Effluent Desulfurization

This chapter was partially published as: R. Li, M. D. Krcha, M. J. Janik, A. D. Roy, K. M.

Dooley. Energy & Fuels 2012, 26, 6765-6776.

ABSTRACT: MnOx — CeOx mixed oxides can be used as high-temperature
desulfurization sorbents. Our collaborators at Louisiana State University measured the sulfur
capacities of various Mn/Ce ratios mixed with other oxides using a synthetic syngas mixture. A
high sulfur capacity sorbent with low pre-breakthrough of H>S is realized. Their XANES analysis
identified the oxidation states of Ce and Mn in the calcined and sulfided (reduced) samples.
Utilizing density functional theory, we determine that the high sulfur capacity of MnO,/CeOx is a
result of Mn lowering the oxygen vacancy formation energy of CeO,. Additionally, a larger number
of active sites for sulfur adsorption are available due to manganese’s ability to access multiple

oxidation states compared to other dopants.
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7.1. Introduction

H.S can be adsorbed from the effluent of biomass gasification at high temperatures using
mixed rare-earth oxides (REOs), like CeO,/La,0s.7® To adsorb sulfur using CeO,, oxygen
vacancies in ceria must be present.® Pure ceria sulfides slowly with a mixture of H,S/H,, but the
rate can be increased by an order of magnitude if it is mixed with another oxide, such as La;0s. To
further stabilize the surface under repetitive redox reactions and to prevent REO crystal growth,
ceria can be mixed with ZrO,, Th,0s3, Gd-O3 or Al;Os.”*" These mixed ceria-based oxides display
rapid adsorption and an increased sulfur capacity compared to pure oxides, yet they do not meet
the desired capacity.

MnOx has the highest initial rate for sulfur adsorption of all pure oxides tested.®
MnO,/Al;O3 had 100% initial oxide utilization and a high sulfur capacity with a synthetic syngas
mixture at 770 to 970 K.® During air regeneration of the sorbent, manganese sulfate is formed and
is stable below 1070 K,?° and this therefore causes problems for using MnOx-based sorbents over
the long-term. To partially alleviate this regeneration problem, MnOy can be supported on Al;Os.
However, when MnOy is supported on Al.Os, formation of MnAl,O4 can occur and the sample
cannot be fully sulfided, except above 1070 K.?! Unsupported MnOx can adsorb more sulfur
compared to the supported case;?* however, MnOy supported on Al.Os can rapidly react with sulfur
and can be regenerated with air at 1073 K.?? Cycling MnO,/Al.Os for 300 cycles using a syngas
mixture deactivated during the first 10 cycles.?®

Herein, we use a combination of the thermal stability and low H,S equilibrium
concentration of mixed REOs with the rapid sulfidation kinetics and high sulfur capacity of MnOx
to create a better sulfur sorbet from gasification effluent. Recently, mixtures of MnO, and REOs
have been shown to significantly outperform other mixed REQs in sulfur capacity using a model

syngas effluent.»?* Our collaborators examined the mixed MnOx and REO mixture over a range of



172

MnOx compositions and determine its sulfur capacities using a stream closely resembling the
composition of effluent from a gasifier. X-ray adsorption near-edge spectroscopy (XANES) and
density functional theory (DFT) are combined to understand the role Mn plays in the increased

adsorption capacity of MnO/REQO mixtures.

7.2. Methods

Calculations were carried out using the Vienna ab initio simulation program (VASP), an
ab initio total energy and molecular dynamics program developed at the Institute for Material
Physics at the University of Vienna.?>?” The projector augmented wave (PAW) method was used
to represent the core region.? The valence electrons were represented with a tractable plane-wave
basis set with an energy cutoff of 450 eV. Valence configurations were 5s?5p%6s24f15d* for ceria,
2s22p* for oxygen, 1s* for hydrogen, 3s23p* for sulfur, and 3d®4s! for Mn. Structural optimizations
were performed by minimizing the forces on all atoms to below 0.05 eVeA"%; k-point sampling of
(2 x 2 x 1) was performed using the Monkhorst Pack scheme,?® with the third vector perpendicular
to the surface. All calculations were spin polarized. The Perdew-Wang (PW91) version of the
generalized gradient approximation (GGA) was used to incorporate exchange and correlation
energies.*

DFT has difficulties in representing the nature of the 4f orbitals of ceria,®3* hence we
implemented the DFT+U approach.?** The DFT+U approach introduces the Hubbard U-term as
an on-site Coulombic interaction in the f states of ceria, which localizes 4f electrons on Ce*" in
reduced ceria. A U-value of 5 was utilized, which is consistent with values used in previous DFT
studies of ceria.®***> Absolute reduction energies are a function of the U-value, though relative
trends in reduction energies are preserved with varying U.* DFT also has difficulties representing

electrons in localized d-states of metal oxides.***” As shown in Chapter 4 and other studies, the
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inclusion of a U-term on the d-states of Mn becomes necessary to correctly represent the electronic
structure of Mn doped in ceria.*®® A U-value of 4 on the d-states of Mn is utilized as described by
Wang, Maxish and Cedar.*®

A Mn-doped fluorite CeO, (1 1 1) surface model is used to examine the impact of Mn
doping on surface reducibility and sulfur adsorption. The choice of a Mn-doped fluorite phase is
motivated by characterization results presented below. The surface models used for ceria were
mirrored 12-layer slabs doped with Mn. The (1 1 1) termination of ceria was used because it is the
lowest energy surface of ceria.*>*%50 All atom positions are relaxed during structural optimizations.
Though the XANES measurements, which are compared with DFT results, potentially measure
bulk reduction processes, a surface model is used because of our direct desire to capture surface
behavior of H,S adsorption. We previously demonstrated surface energetics of H,S adsorption as
empirically relevant to predicting dopant effects on H,S adsorption capacity.® All structural
optimizations and relative energy definitions follow the same procedure as described previously.®4°

Details of the experimental procedures, including sample preparation, used by our

collaborators are given in our full paper.

7.3. Results and Discussion

7.3.1. Experimental Results

Table 7-1 contains the sample names, along with some of the basic properties of the
samples (surface area and pre-breakthrough of H.S). Figure 7-1 contains the sulfur adsorption
capacities for a number of different mixtures of ceria with manganese oxide, zirconia, alumina,
terbium oxide, lanthanum oxide, and gadolinium oxide. The adsorption capacities are an average

of at least three adsorption/regeneration cycles. A synthetic syngas mixture was used with 1000
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ppm sulfur and 32% CO,. MnOy supported on alumina has one of the lowest sulfur capacities of
all samples tested due to the formation of manganese sulfate during sorbent regeneration. CeO; has
a lower equilibrium pre-breakthrough H.S concentration, but has a low and stable sulfur capacity.
Combining MnOy with CeO- yields the low pre-breakthrough of H,S and the higher sulfur capacity
of MnOy. The sulfur capacity of Mn12/Ce3/La is much greater than expected based on a linear
combination of CeO,-La;0s and MnOy. The addition of either Tb or Gd to the sorbent did not

further increase the sulfur capacity.

Table 7-1. Sample Names and Basic Properties.

Designation and Molar Ratios Surface area (m/g) Pre-breakthrough
(wt % Al,Os) As Calcined Used? H2S (ppmv)
CeO, 220 190 10
Ce6/Th 200 76

MnO0.8/Al (75)" 150 120

Mn1/Cel 55 15

Mn1/Ce4 150 59

Mn4/Ce3/La 83 30

Mn12/Ce3/La 60 10 13
Mn1.1/Ce3/La/Gd0.05 130 50 4.5
Mn1.4/Ce6/La/Gd0.10 190 12

Mn0.8/Ce3/La/Al (89) 210 200 4.1
Mn0.4/Ce3/Zr/Al (81) 180 180

aUsed for at least three cycles of adsorption/regeneration. "Values in parentheses are wt % Al,O3 in

supported materials.
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MnO0.8/Ce3/La/Al (89)
Mn0.4/Ce3/Zr/Al (81)

Mn1.1/Ce3/La/Gd0.05

Mn12/Ce3/La
MnO0.8/Al (75) 1570 pmol/g
Cel
0 50 100 150 200

pumol S ads/g

Figure 7-1. Sulfur adsorption capacity at 903 K using a synthetic gasifier effluent with 32% CO..
All capacities are the average of three cycle, not using the first cycle. Air regeneration was used at
873 K for 30 minutes. The numbers in parentheses are the wt% Al,O3 for supported materials.

Inthe Ce Ly XANES spectra (not shown here) there are fewer reduced cerium atoms (Ce®*)
in the as calcined or air regenerated samples, and far more reduced cerium in the sulfided (reduced)
state. In the Mn-doped samples, there are more reduced cerium atoms compared to samples without
Mn in the same state, with approximately three times more Ce®* atoms in the Mn-doped samples.
Figure 7-2 contains the Mn K-edge XANES results. The spectrum for the sulfided (reduced) sample
of Mn0.8/Ce3/La/Al shows evidence that Mn is in a 2+ oxidation state based upon the center of the
pre-edge, and the XRD suggests Mn is in a tetrahedral arrangement. In the calcined sample of
Mn4/Ce3/La (not shown), the pre-edge region is more consistent with Mn2*, however the breadth

of the region suggests the presence of Mn®" as well.
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Figure 7-2. Normalized XANES spectra of Mn K pre-edge region. All samples were sulfided and
reduced for several cycles prior to analysis.

7.3.2. DFT Results

In previous DFT modeling, we have found that the conversion of a CeO; (1 1 1) surface to
an oxysulfide follows the formation of oxygen vacancies, with H,S activated over an O vacancy
and S eventually incorporated into a vacancy site. The addition of La*" doped into CeO, promotes
excess reduction to Ce®* over a wide range of temperatures. Our DFT work shows that H,S adsorbs
and dissociates over sub-stoichiometric oxygen vacancies, and is rate-limited by a strongly
endergonic molecular adsorption (low coverage) of H,S. DFT-computed free energy and phase
diagrams showed that sulfur incorporation is only favorable if multiple adjacent oxygen vacancies

are present to accommodate the larger coordination shell of sulfur atoms.
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Therefore it is not surprising that mixing MnOy intimately with CeO; also greatly increased
the sulfur capacity of a Mn-doped fluorite phase. Disordered, small particle CeO,, promoted by
either Mn, Zr or La dopants, exhibits far more oxygen vacancies than larger particles of crystalline
Ce0s,. The results of Figure 7-2 also suggest that Mn and La have synergistic (but not greatly so)
effects on sulfur adsorption for the lower Mn-loading CeO; adsorbents. The lesser sulfur capacities
for these materials when compared to the maximum theoretical capacities can be attributed to the
poor diffusion of sulfide ions in the matrix, even as oxygen vacancies are eliminated by sulfur
adsorption at the surface, coupled with the losses in surface area for those materials not supported
on Al;Os.

DFT calculations were used to examine the impact of Mn doping on CeO, (1 1 1)
reducibility and H,S adsorption. Models with one and two Mn doped into the CeO- (1 1 1) surface
were considered. When one Mn atom is doped into the surface of CeO,, the Mn atom replaces one
cerium atom in the 2x2 surface, as illustrated in Figure 7-3b. We refer to this structure as containing
an “isolated” Mn dopant, as there are no O atoms bridging two Mn atoms. Doping two Mn atoms
into the slab creates a non-isolated model, with one surface Ce atom and one sub-surface Ce atom

replaced, as seen in Figure 7-3a.
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Figure 7-3. Side views of the surface unit cell for Mn-doped CeO- (11 1): (a) Intact 2 Mn-doped;
(b) oxygen vacant 1 Mn-doped; (c) doubly oxygen vacant 2 Mn-doped; and (d) Sulfur adsorbed
oxygen vacancy, 2 Mn-doped. Ce is displayed as tan (white), Mn as light blue (gray), O as red
(dark), and S as yellow (light).

With two Mn atoms doped in the surface, the first surface oxygen vacancy is spontaneous,
as evidenced by the exothermic vacancy formation energy given in Table 7-2. As vacancy
formation, converting a surface oxygen atom to half an oxygen molecule, is driven entropically at
non-zero temperatures, this spontaneous vacancy formation energy suggests that non-isolated Mn
dopants will be accompanied by O vacancies following calcination. The two Mn atoms reduce to
Mn3* with the formation of this first oxygen vacancy, with oxidation states determined by atomic
charge analysis as described previously. When one Mn atom is doped in the surface (isolated) the

first oxygen vacancy formation energy is also slightly exothermic, and therefore likely present
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following calcination. This oxygen vacancy reduces the surface Mn dopant to the Mn?* oxidation
state. In the Mn K-edge XANES, the calcined adsorbents Mn1/Ce4 and Mn4/Ce3/La contained Mn
in both Mn?* and Mn*" states (Figure 7-2). This DFT analysis suggests Mn®* species may result
from Mn atoms that are non-isolated and Mn?* may result from Mn atoms that are isolated. The
spontaneity of “first vacancy” formation is consistent with the lack of Mn** observed in the as-
calcined samples. These “first vacancies” reduce only Mn atoms, and no Ce** atoms are reduced to
Ce®**. The Ce Lii XANES spectra showed very little Ce** in the as-calcined samples, in agreement

with the DFT calculations.

Table 7-2. Oxygen vacancy formation (4Evac) and H2S adsorption (4Eads) energies for CeO, (11 1)
with 1 Mn atom doped in the surface (isolated) and 2 Mn atoms doped in the surface (non-isolated),
with one and two oxygen vacancies in the surface. The oxidation states of Mn are listed for each
case, as well as the number of cerium atoms that reduce from Ce** to Ce®*.

Number of AFEvac AFads Oxidation Number of Ce
Vacancies (eV) (eV) State of Mn atoms Reduced
0 - -0.38 4+ 0
1 Mn 1 014 | -0.40 2+ 0
Dopant
2 1.75 -1.40 2+ 2
0 - -0.27 4+ 0
2 Mn 1 1.01 | -0.49 3+ 0
Dopants
2 1.69 -0.50 2+ 0
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Forming a second surface oxygen vacancy with two doped Mn atoms reduces the Mn atoms
from the Mn3* to Mn?* oxidation state. As given in Table 7-2, this second vacancy formation energy
is endothermic. For an isolated Mn atom at the surface, the formation of a second surface oxygen
vacancy does not reduce the Mn any further, instead reducing two Ce** atoms to Ce**, characterized
by a positive oxygen vacancy formation energy. Though these second vacancy formation energies
are significantly positive (Table 7-2), they are still substantially less than the first vacancy
formation energy in the undoped CeO, (1 1 1) surface (+2.67 eV). In a reducing environment, the
formation of both types of second oxygen vacancies will be entropically driven, further reducing
non-isolated Mn atoms to the 2+ state and reducing some Ce** to Ce3* states. The Mn XANES
results did show reduction of Mn** to Mn?* in the reduced/sulfided samples (Figure 7-2), which
might be interpreted as the further reduction of Mn atoms that are non-isolated. The Ce XANES
results showed more Ce** in the reduced sample, and TPR (not shown) indicated a greater
reducibility of the Mn-doped sample compared to a non-doped sample. These results are in
agreement with the DFT results, suggesting that vacancy formation beyond the initial reduction of
Mn** accounts for the greater extent of reduction, affecting both Mn and Ce.

Table 7-2 also lists the H2S adsorption energies to the Mn-doped CeO; (1 1 1) surfaces at
various oxidation states. H,S adsorption is considerably stronger to the vacant surfaces, further
corroborating the role of O vacancies in desulfurization. We previously reported that stronger H,S
adsorption correlated with greater experimental sulfur capacities for un-doped, Th-doped, and La-
doped CeO; (1 1 1) surfaces, suggesting that the rate of uptake determined by the H,S adsorption
energy dictated ultimate sulfur capacity. However, all of the H,S adsorption capacities listed in
Table 7-2 are weaker than those for La- and Th-doped CeO; (1 1 1), suggesting the further increases
in Mn-doped ceria sulfur capacities cannot be attributed to a stronger H.S adsorption.

The enhanced sulfur adsorption capacity of the Mn-doped system may instead arise from

a greater number of “active” O-vacancy sites and a greater driving force to S* formation at O-
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vacancies. For La- and Th-doped surfaces, each dopant pair forms a stoichiometric vacancy,
allowing La and Tb to occupy 3+ oxidation states as opposed to the inaccessible 4+ state. The
formation of “second oxygen vacancies” in the Mn system may be compared with the formation of
sub-stoichiometric vacancies in the La- and Th-doped systems. For the Mn doped system, the
second vacancy formation energies are more favorable than the sub-stoichiometric vacancy
formation energies in the La- and Th-doped surfaces. Though additional vacancy formation in La-
and Th-doped surfaces was not examined, this result suggests the concentration of O vacancies will
be greater in the Mn-doped system. Therefore, one explanation for the greater capacity of Mn-
doped CeO, adsorbents is their greater reducibility compared to the Th- and La-doped systems.

A second factor that may explain the enhanced Mn-doped ceria sulfur capacities is that a
larger fraction of the vacancies formed may be considered as “active sites” for H.S conversion. In
the La- and Th-doped surfaces, the first stoichiometric vacancy is not active for H,S conversion to
S*, as such activation would require these dopants to occupy a 4+ oxidation state. However, the 4+
oxidation state is accessible for Mn-dopants, providing the possibility that this “first vacancy” can
also be active for H2S conversion. This possibility was evaluated computationally by considering

the reaction energy of

(A) H,Sges + O-vacant surface - S-incorporated + Hy, gas

where “S-incorporated” represents a surface with a S atom filling the oxygen vacancy. The reaction
energy for this reaction was calculated considering the “first vacancy” for the Mn-doped surface
and the stoichiometric vacancy for the La- and Th-doped surfaces. Table 7-3 reports these reaction
energies. For the La- and Th-doped systems, these reaction energies are highly endothermic,
indicating that the stoichiometric vacancies cannot serve as active sites for H.S conversion. For the

isolated Mn-doped system, this reaction energy is exothermic, whereas it is mildly endothermic for
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the non-isolated doped system. For the Mn-doped system, these “first vacancies” can serve as active
sites, with H,S adsorption and S incorporation reasonably favorable. Though these sites would be
active for HzS conversion, we would not expect to observe Mn** in highly sulfided samples (and
indeed did not), because S incorporation would engender further surface reduction, as vacancy
formation from this S-incorporated surface would be highly favorable. Table 7-2 also indicates that
“first vacancies” would also be active for the pure CeO- (1 1 1) surface, however, the concentration
of these vacancies would be considerably reduced compared to the doped surface, due to the

substantially higher vacancy formation energy.

Table 7-3. Reaction energies (AEreaction, in €V) for conversion of HxSg.s and O-vacant surfaces to
Hz,gas and an S-incorporated surface (Reaction A).

Surface AEreaction
CeO,(111) -0.51
La,-doped Ce0(111) 2.21
Thy-doped CeO,(111) 2.33
Mn;-doped CeO(111) -1.31
Mn_-doped CeO(111) 0.67
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7.4. Conclusions

Combing MnO, with CeO, yields a sulfur sorbent with low pre-breakthrough H>S from
Ce0; and the high sulfur capacity from MnOy, but with higher than expected sulfur capacities.
XANES shows the presence of Mn®" and Mn?* in as calcined samples and after sulfidation, XANES
shows Mn?* and Ce®". Two reasons, based on insight from DFT, why Mn-doped CeO; (1 1 1) has
a higher sulfur capacity compared with ceria doped with other oxides, is the ability of Mn to
decrease the oxygen vacancy formation energy of CeO, and the favorable HS adsorption energies,
even without sub-stoichiometric oxygen vacancies. The favorable H,S adsorption energy without
sub-stoichiometric oxygen vacancies leads to a larger number of active sites for H,S adsorption

compared to other dopants, due to manganese’s ability to access multiple oxidation states.
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Chapter 8

Alkane Reforming on Partially Sulfided CeO2 (1 1 1) Surfaces

ABSTRACT: Cleanup of biomass gasification effluent requires a catalyst that can reform
methane and larger hydrocarbons while tolerating the presence of H,S or, ideally acting as a sulfur
sorbent while reforming hydrocarbons. We utilize density functional theory (DFT) methods to
examine the impact of oxide sulfidation on the reforming of methane and the initial steps of propane
reforming, using M-doped CeO, catalysts. On a ceria oxy-sulfide surface, surface oxygen atoms
remain active for C-H bond activation via hydride abstraction whereas surface sulfur atom are
significantly less active. Methyl adsorption slightly favors a surface sulfur site, and through
subsequent dehydrogenation steps remain viable, the final steps of methane decomposition lead to
carbon buildup on the surface. Collectively, surface sulfur sites will be less active for the initial rate
limiting H abstraction step and can nucleate carbon buildup. The extent of reduction in the ceria

surface is also examined along the methane decomposition path.
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8.1. Introduction

Cleanup of gasifier effluents requires both reforming of hydrocarbons and removal of
sulfur species. A single material capable of performing both cleanup steps at gasifier effluent
temperatures would aid process integration.:? MO,-CeO, materials can be used to absorb sulfur®®
as well as reform hydrocarbons.®*® These two processes have mostly been studied independently
from one another on oxides, though reforming in the presence of sulfur species has been examined
on metal catalysts.!**> There are several studies (both experimental and computational) examining
hydrocarbon reforming over ceria, with most of them focused on methane.®*316-18 The overall
mechanism to reform methane over a ceria surface is established, %2 however, the impact of each
intermediate on the extent of surface reduction is not well established. The adsorption of sulfur
using M-doped ceria has also been examined using both experimental and computational
techniques.®’” Dooley and coworkers recently examined the impact of partial sulfidation of an oxide
on reforming catalysis chemistry on ceria.® The mechanistic impact of partial sulfidation on
hydrocarbon conversion catalyzed by CeOx and MOx-CeOyx remains unclear. We use density
functional theory (DFT) to examine the reforming of methane, in addition to the initial steps in the
reforming of propane, over M-doped ceria with sulfur present in the surface. We further establish
the electronic reduction state of the ceria surface with methyl intermediates (CHs, CH», CH and C)
adsorbed, both with and without sulfur present in the surface.

Currently biomass gasification cleanup process first remove sulfur from the effluent then
reform the methane and other larger hydrocarbons.? Sulfur typically has to be removed prior to
catalysis processes due its corrosive nature and its poisoning of many industrial catalysts. In gasifier
effluent cleanup, the absorption step is typically performed at temperatures lower than those
coming off the gasifier and subsequent catalysis steps, leading to process energy inefficiencies.!

M-doped ceria has shown promise as a high temperature sulfur sorbent®’ as well as a hydrocarbon
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reforming catalyst.%1316-18 |_j et al. recently examined the reforming of tar (C1oHs) with and without
H.S present over mixed oxides with ceria.® The presence of sulfur (H2S) caused a partial
deactivation of the catalyst for reforming of tars, though catalysts remained active for several
turnovers. Mn-doped supported REOs showed promise for tar reforming in the presence of sulfur
as they exhibited high sulfur tolerance, less coking and less methanation than the typical Ni-based
reforming catalysts.

Ceria absorbs sulfur, forming oxy-sulfides, and doping ceria can increase its sulfur
capacity.>’ CeO,-ZrO; has a higher sulfur capacity compared to CeO, alone and the additional
sulfur capacity is thought to be a result of the increased surface area of CeO,-ZrO, compared to
pure ceria.” CeosLao30y has a greater sulfur capacity than either pure CeO; or pure La,0s.° The
addition of either MnOx or FeOy to CeO,/La,03 mixtures further increases the sulfur capacity.® Our
group previosuly applied DFT methods to show that the greater sulfur capacity of La-doped CeO;
compared to pure ceria is a result of the activation barrier of the H,S adsorption and dissociation
and can be associated with the fast surface kinetics over La-doped CeO..* We have also shown that
Mn-doped CeO- has an even greater sulfur capacity compared to La-doped CeO,, which is a result
of having more active oxygen vacancies for the adsorption of H.S in those vacancies.®

To our knowledge, DFT has not been previously employed to consider how the presence
of sulfur affects the hydrocarbon oxidation/reforming ability of metal oxides. DFT studies have
examined how sulfur affects hydrocarbon reforming over metals.'**° The presence of sulfur on Ni
(1 1 1) will deactivate the step sites on Ni, leaving only terrace sites active for the activation of
methane.* Rh has a low sulfur resistance, which can be improved with the addition of Ni forming
a bimetallic surface.®™®

Our previous DFT work has established the rate limiting step for the oxidation of methane
on pure and M-doped CeO: to be the initial abstraction of a hydrogen from methane.'®*° This step

reduces the surface, converting M™ atoms to M®™* through occupation of an electron in a localized
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d- or f-orbital. Depending upon the dopant in the surface of ceria, the dopant can either alter the
reducibility of cerium atoms or become the reduction center. Whether it becomes the reduction
center or alters the reducibility, all transition metal dopants lower the activation barrier compared
to pure ceria.}” We have also established the reforming mechanism for propane over Zr-doped
Ce0,.'8

In our previous work with pure, La-, Th-, and Mn-doped ceria (1 1 1) surfaces, we
established the thermodynamic equilibrium in the presence of biomass gasifier effluent to be
Ce01.2550.25 for pure ceria and Mo25Ceo.7501255025 for M-doped ceria.®* The equilibrium CeO;
(1 1 1) surface has one surface oxygen atom replaced by a sulfur atom, with one surface and one
subsurface oxygen vacancy. The M-doped ceria structure also has one surface oxygen atom
replaced with a sulfur atom with two oxygen vacancies, one surface and one subsurface, and two
of the cerium atoms substitutionally replaced with the dopant atom (one surface and one
subsurface).>* Further sulfidation of the surface and subsurface layers is endogenic, such that this
reduced oxysulfide surface would be stable under gasifier effluent conditions.

Herein, we utilize the aforementioned thermodynamically stable surface models to
compare the reforming of methane and the initial steps of reforming propane over sulfided and un-
sulfided pure and M-doped CeO, (1 1 1) (M = La, Th, Mn). Our initial structure contains one
subsurface oxygen vacancy with no surface oxygen vacancies, so the catalyst will cycle between
having a surface oxygen vacancy and not having a surface oxygen vacancy. We show that the initial
steps for the reforming of methane over the sulfided surfaces (methyl group bound to sulfur) are
similar in energy and only the later oxidation steps are energetically impacted compared to the un-
sulfided surfaces. We also further examine how the state of the reduction of the ceria surface

changes along the methane reforming path.
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8.2.1. Electronic structure method

Calculations were carried out using the Vienna ab initio simulation program (VASP), an
ab initio total energy, and molecular dynamics program developed at the Institute for Material
Physics at the University of Vienna.?2® A plane wave basis set was used to represent the valence
electrons with a cutoff of 450 eV. The core region was represented using the projector augmented
wave (PAW) method.?* The valence configurations were 5s25p®6s24f'5d! for cerium, 5s25p°5d6s?
for lanthanum, 4f° for terbium, 3d®4s! for manganese, 2s?2p* for oxygen, 3s23p* for sulfur, 2s22p?
for carbon, and 1s! for hydrogen. All DFT calculations were spin polarized. The exchange and
correlations energies were represented using the Perdew-Wang (PW91) version of the generalized
gradient approximation (GGA).2° The Monkhorst Pack k-point sampling scheme was utilized with
a (2 x 2 x 1) grid, with the third vector perpendicular to the surface.? All forces were converged to
0.05 eV+A™ for structural optimizations, and previously a force criteria of 0.02 eV<A"* was tested
and both the structures and energetics were converged at the coarser value.!’

We implemented the DFT+U approach due to well established difficulties that DFT has in
representing the nature of the 4f orbitals of cerium.?”-?® A Hubbard U-correction adds an on-site
Coulombic interaction term that penalizes non-integer occupation of localized orbitals.3*3! This
correction effectively penalizes the delocalization of Ce f electrons. We utilized a U-value of 5 eV
on the f orbitals of cerium which is consistent with previous DFT studies of ceria.®1316-203234 The
oxygen vacancy formation and methane activation energies depend on the value of U chosen for
the f-states of Ce in CeO; and M,Ce1.xO.. The two energies increase in exothermicity linearly with
increasing the U-value on the f-states of Ce, though there is only a slight slope when the M atom

serves as the reduction center.*® With the dependence of vacancy formation and methane activation
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energies on the chosen U-value, the quantitative analysis presented herein is U-dependent. Utilizing
a U-value of 5 eV provides an accurate description of the electronic structure of reduced ceria and
provides reliable qualitative results for alkane adsorption with and without sulfur present.

DFT with typical GGA exchange-correlation functions is also known to have difficulties
representing localized d-states on metal oxides.®>*® Therefore, we included a U-value of 4 eV on
the d-states of Mn. This U-value correctly predicts the oxidation states for Mn in the intact and
oxygen vacant surfaces, as shown through comparison with XANES results, and provides a relative
energy between Mn?* and Mn®" states in agreement with HSEO06 hybrid functionals.3” We did not
include a U-value on either the La or Th dopants, because these dopants retain their 3+ oxidation

state throughout the hydrocarbon oxidation catalytic process.

8.2.2. Surface models

The cubic fluorite structure of ceria is utilized as in our previous studies®+1¢-1%3" and the
bulk lattice constant is reproduced within 1% of experimental values.*® A p(2 x 2) (Ce160s3,) unit
cell expansion (Figure 8-1) is used with 4 CeO; layers (12 atomic layers) which are converged to
surface formation and oxygen vacancy formation energies. Mirrored slabs were used to minimize
the slab-to-slab interactions that could result from a net surface diploe due to reduction of metal
atoms. The (1 1 1) surface is used because it is the lowest energy surface among single crystal
terminations of ceria.’632° This termination of ceria results in four oxygen atoms per side of the
unit cell and four cerium atom in the layer below. 15 A of vacuum space is utilized perpendicular

to the surface.



Figure 8-1. Top and side views of the p(2 x 2) unit cell expansion of sulfided M-doped CeO, (1 1
1). (a) side view, and (b) top view. The X is the position of the subsurface oxygen vacancy (the X
denotes an oxygen vacancy in front of the labeled oxygen). The oxygen /sulfur atoms 1-4 labels
are used in referring to surface adsorbate positions. Ce is displayed at tan (light), M as light blue
(light gray), O as red (dark) and S as yellow (dark gray).

The sulfided surfaces used in this study would be in thermodynamic equilibrium with
effluent from a biomass gasifier, as shown previously with an ab initio thermodynamic approach.*
This sulfided structure has one oxygen atom replaced by a sulfur atom, and there are two oxygen
vacancies in the surface slab, one in the outermost surface layer and one in the first subsurface
layer. The doped surface has two cerium atoms substitutionally replaced with a dopant atom (Tb,

La, or Mn), with one of the replaced cerium atoms in the first layer and the second atom in the layer
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below. During the catalytic cycle for the reforming of methane, the surface will cycle between two
states, as the reforming of methane (desorption of CO) removes a lattice oxygen atom. We use an
initial surface modeled with one sulfur replacing a surface oxygen atom and one subsurface oxygen
vacancy (Figures 8-1c-d). Reaction transforms the surface to the thermodynamic equilibrium state
with two oxygen vacancies. Another choice, cycling through the thermodynamic equilibrium state
and the further reduced state, would reduce the surface to an extent that would be physically
unreasonable given our surface model with 16 CeO, units. The un-sulfided modeled surface also
has one subsurface oxygen vacancy, matching the state of reduction in the sulfided case (Figures
8-1a-b). The presence of an oxygen vacancy in the un-doped ceria surface causes reduction of two
cerium atoms (Ce®"). In the doped system, the oxygen vacancy allows both of the dopant atoms to
have a 3+ oxidation state, and none of the cerium atoms are reduced. As we have previously shown,
Mn will not dope into the ceria surface without the formation of an oxygen vacancy and will only
be stable when doped in with an oxygen vacancy present (Mn?* or Mn®").3" The level of doping

was considered low enough not to affect the lattice parameters.
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8.2.3. Reaction Energies

All chemical reactions and their reaction energy formulas considered in this study are listed
in Table 8-1.

The variables used in Table 8-1 are listed below:
Es is the energy of the surface slab
Es/m-1)v, 1S the energy of a surface unit cell with (n-1) oxygen vacancies on each side of the unit
slab

Es/nv, Is the energy of a surface unit cell with n oxygen vacancies on each side of the unit slab
Es/c,u,,« is the energy of the surface slab with a hydrocarbon molecule bound to the surface
Es,/u. is the energy of the surface slab with a hydrogen bound to the surface

Eo,is the energy of a gas phase O, molecule

Ep, is the energy of a hydrogen molecule in the gas phase

Ec,n, is the energy of a hydrocarbon molecule in the gas phase

Ec,u,_,e is the energy of a hydrocarbon radical in the gas phase

Es,c. is the energy of the surface slab with a carbon molecule bound to the surface
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Table 8-1. Reaction types and reaction energy definitions for all reactions included in this paper.

Reaction Type Chemical Reaction Reaction Energy
(A) Oxygen (A) MLCeixOzpy — Es/mv, tEo0, ~Es/m-1yv,
Vacancy Formation | MxCe1xOz.n+ gOz (9) AEyac = 2 (1)
(B) Pseudo- (B) CaHy (g) + * — H* ](Eém 424E )—(Es+2+E¢,p1. )

2y L2 ) —(Eg+2+
Transition State + C;Hy.1* (0) S/8 CZHY‘% 5 Cztly )

(C) Hydrocarbon (C) CHy (g) + * — |AEaas =

E LAEy )—(Ec+2*E
Adsorption CZHy-1*+%H2(g) ( S/CzH,,_q sz) (Eg CZHy) 3
AEgps =
(D) Hydrogen (D) CHy* — CiHya + | B )—(E *
Abstraction %Hz(g) ( S/CzHy—1 Hp)—( S/CZHy) @
2
(E) Desorption of (E)C* > CO (g) +* + (Es/nv,+2*Eco)—(Es/ci)
species Vo AEco = 5 (5)

The factors of 2 listed in the reaction energies of Table 8-1 are a result of using mirrored
slabs. Even though it is known that DFT overestimates the O binding energy, in Equation 1 the
DFT energy for O; is utilized.*® We did not add in a correction to better match the experimental
binding energy because we only are using the oxygen vacancy formation energies for qualitative
trends and a constant correction term would not alter these trends. For all gas phase molecules, the
ZPVE and temperature dependent free energy terms were not added. All energies reported herein
are used to compare between the sulfided and un-sulfided surfaces and these corrections would
only alter the absolute adsorption energies and not the differences between these two cases. The
dehydrogenation of CH,* intermediates on the surface would produce surface bound H* atoms that
would then pair and desorb as H, during a reforming process. As our emphasis is on the
hydrocarbon surface chemistry, we consider dehydrogenation (CHx* — CH,.1*) to directly produce
half of an H> molecule without considering the H desorption process. This allows us to isolate the

impact of sulfidation on H* or CHx* adsorbates without considering co-adsorption of both in the
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same unit cell. The desorption energies (Equation 5) can represent the desorption of a CO molecule

or of a CS molecule from the sulfided surface.

8.2.4. Determination of oxidation states

We utilize the site projected charge method to identify the number of cerium atoms in the
Ce** and Ce®* oxidation states, as described in our previous study.'” The formal oxidation states of
La and Th were assigned to 3+, as the formation of a single oxygen vacancy with two La/Th doped
into the surface didn’t reduce the cerium atoms, but did increase the electron density on the La and
Tb atoms. The formal oxidation state of Mn was identified using the site projected charge method
(RWIGS of 0.7 for Mn) and the spin state of each Mn atom. Using this method, obtaining the
number of valence electrons on the Mn to be ~3.5 indicated the Mn** oxidation state and ~3.7
electrons indicated an oxidation state of Mn?*. For all structures, metal oxidation state changes were
clear and localized orbitals appeared in the band gap region, indicating surface reduction occurred

through reduction of localized metal centers.

8.3. Results and discussion

8.3.1. Initial C-H bond activation

Table 8-2 reports the hydrogen abstraction, methane decomposition and propane
decomposition energies, with and without partial sulfidation of the oxide surface. The initial
hydrogen abstraction from methane (or any alkane) onto the surface of M-doped CeO, leaves a
hydrogen bound to an oxygen atom (labeled O1-O4 in Figure 8-1) on the surface and a methyl

(alkyl) radical in the gas phase. The energy to abstract a H atom on a surface oxygen has only a
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slight variance if a nearby O atom has been replaced with a S atom. However, abstraction of the
first hydrogen from the methane on a sulfur atom (Figures 8-2a-b) causes the extraction to be less
favorable by 0.34-0.46 eV than abstraction onto an oxygen atom in the same position (O1/S1). As
this H-abstraction energy is used as a pseudo-activation barrier for the initial C-H bond activation,’
this increase is kinetically significant and we conclude substitution of surface oxygen atoms by
sulfur atoms will leave less active sites (sulfur atoms) for the methane abstraction. This will impact
the overall rate of alkane oxidation through lowering the number of sites, but the barrier on the
remaining active sites (surface oxygen atoms) is unperturbed by sulfidation. Our previous
thermodynamic analysis suggested the surface saturates with 25% substitution of oxygen to sulfur
under typical biomass gasifier effluents. Sulfidation will effectively remove 25% of the surface
oxygen sites for C-H bond activation. All structures for the adsorption of H* on the surface can be

seen in Figures E-1 and E-4.
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Table 8-2. Adsorption and dehydrogenation energies for methane and propane reforming on sulfided and un-sulfided surfaces of pure, La-, Th-
and Mn-doped CeO, (1 1 1). The oxygen numbers refer to which oxygen the species is adsorbed to from the labels in Figure 8-1. O1 is the
sulfur atom position in the sulfided cases. The * represent which carbon(s) or hydrogen are bound to oxygen or sulfur atoms. Reaction types
are defined in Table 8-1.

Ce02 La-Doped Ce02 Th-Doped CeQ2 Mn-Doped CeO2
Reaction I;L??;;t Oxygen
Type Species Numbers | Un-Sulfided | Sulfided | Un-Sulfided | Sulfided | Un-Sulfided | Sulfided | Un-Sulfided | Sulfided

(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
B H* 01 (S1) 1.28 1.64 1.61 1.95 1.30 1.76 0.84 1.23
B H* 02 1.22 1.15 1.54 1.52 1.38 1.45 1.51 1.34
B H* 04 1.24 1.13 1.48 1.40 1.23 1.19 0.98 0.75
B H* 03 1.27 1.22 1.62 1.60 1.30 1.40 0.83 0.77
C C*Hs 01 (S1) 0.13 0.00 0.41 0.33 0.24 0.20 -0.13 -0.14
D C*H; 01 (S1) 1.81 1.85 1.99 1.76 191 1.69 0.29 1.25
D C*H 01 (S1) 1.48 1.69 1.01 1.94 1.13 243 2.18 243
D Cc* 01 (S1) 0.19 0.42 0.53 0.24 0.26 -0.22 -0.39 -0.33
E Desorb CO/CS 01 (S1) 0.56 1.70 0.17 1.32 0.35 1.44 0.06 0.67
C CH3C*HCH3 04 -0.09 -0.35 0.07 0.00 -0.21 -0.19 -0.51 -0.60
D C*H,C*HCH; 03,04 0.49 1.18 0.45 1.04 0.32 0.83 0.15 0.23
D C*HC*HCH3 03,04 0.48 -0.06 0.34 0.85 0.50 0.66 0.79 0.43
D C*H,C*HC*H, | 02,03,04 0.30 -0.33 0.33 -0.26 0.51 0.02 0.63 0.46
D C*H,C*HC*H, | 01,03,04 0.47 0.02 0.96 0.21 0.74 0.35 0.38 0.41
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(a) (b)

Figure 8-2. Four selected structures of hydrogen and a propyl derivative adsorbed onto the surfaces
of sulfided and un-sulfided M-doped CeO-. (a) H* (on O1) on the un-sulfided surface, (b) H* (on
S1 (O1 position)) on the sulfided surface, (¢) C*H.C*HC*H, (on O1, O3, and O4) on the un-
sulfided surface, (d) C*H,C*HC*H, (on S1 (0O1), O3, and 04) on the sulfided surface. Ce is
displayed as tan (light), M as light blue (light gray), O as red (dark) and S as yellow (dark gray).
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A thermodynamic cycle decomposition of the process involved in the abstraction of a
hydrogen/alkyl fragment from a hydrocarbon is given in Figure 8-3. The overall reaction abstracts
a hydrogen/alkyl fragment from a hydrocarbon, and we term this abstraction energy as Eac given
the pseudo-transition state assumption. Table 8-3 contains the energies associated with each step
of Figure 8-3 for the abstraction of a hydrogen from methane for pure, La-, Th- and Mn-doped
Ce0; (1 1 1). For the abstraction of a hydrogen from methane, R1 would represent CHs and R;

would represent H.

Eact

R1+R2+* IZC
2a 2b

R1'+R2'+VO+%02 ‘ R1+OR2'+VO

Figure 8-3. Thermodynamic cycle decomposition of the steps involved in the abstraction of R, from
R: forming a R radical in the gas phase. On the sulfided case where R; is bound to a sulfur, the O
would be replaced with S.
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We decompose formation of the pseudo-transition states into two steps, (1) forming of a
CHjs radical and a hydrogen radical in the gas phase and the (2) adsorption of the hydrogen on an
oxygen or sulfur in the surface. Step 1 does not depend on the surface and the energy required to
break this bond is therefore independent of whether the surface is partially sulfided. The energy for
reaction 2 will depend on whether the hydrogen binds to a sulfur or an oxygen atom. We further
split step 2 into 3 processes: (2a) removing an oxygen (or sulfur) from the surface forming a
vacancy, (2b) oxidizing (or sulfiding) the hydrogen radical in the gas phase, and (2c) adsorbing the
hydroxyl (or sulfided radical) into the surface vacancy. The O-H bond in the gas phase is 0.42 eV
stronger than an equivalent S-H bond (both forming radicals in the gas phase, step 2b.) This step is
surface independent. The difference in the overall hydrogen abstraction energy occurring on a
surface sulfur versus oxygen on the four surfaces ranges from 0.34 to 0.46 eV. This difference is
similar to the O-H and S-H bond energy difference. There is a large energy difference between the
sulfur and oxygen atoms for steps 2a (breaking M-S or M-O interactions) and 2c (reforming the M-
S or M-O interactions), however the difference in the sum of steps 2a and 2c¢ for oxygen versus
sulfur ranges from -0.08 to 0.04 eV. The difference in absolute energies between 2a and 2c result
from differences in the surface redox processes, as forming an oxygen vacancy (2a) is a 2 electron
reduction process whereas adsorbing OH* (SH*) is a one electron process. We conclude from this
analysis that the preferable (faster) abstraction of hydrogen from hydrocarbons on surface oxygen

atoms versus surface sulfur atoms occurs due to the stronger O-H versus S-H bond formed.
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Table 8-3. Energies associated with the thermodynamic cycle decomposition of the abstraction of
a hydrogen from a methane forming a methyl radical in the gas phase and a hydrogen adsorbed on
the surface (on O1 for un-sulfided or S1 for sulfided) for pure, La-, Th- and Mn-doped CeO.
(1 1 1). This cycle is represented graphically is Figure 8-3, if the R; represents CHs and R;
represents hydrogen. Step 2 is the sum of steps 2a-c and Ea: is the sum of steps 1 and 2. Step 2b
and 2c are the energies associated with the thermodynamic cycle breakdown for the adsorption of
a methyl radical on the surface.

Ce0O2 La-Doped CeO2 Th-Doped CeO2 Mn-Doped CeO2
SuLIi‘?ded Su(l;‘\i;j)ed SulIJf?ded Su(l;‘\i;j)ed Suﬁ‘?ded SLEg\i?)Ed Suﬁ?ded S%Lf\i?fd
(eV) (eV) (eV) (eV)

Step 1 4.81 481 481 481 4.81 4.81 481 4.81
Step 2a 3.53 1.80 3.48 1.74 3.25 1.69 1.37 0.02
Step 2b -1.66 -1.24 -1.66 -1.24 -1.66 -1.24 -1.66 -1.24
Step 2¢ -5.41 -3.72 -5.02 -3.36 -5.10 -3.49 -3.68 -2.36
Step 2 -3.54 -3.17 -3.20 -2.86 -3.51 -3.05 -3.98 -3.58
Eact 1.28 1.64 1.61 1.95 1.30 1.76 0.84 1.23
Step 2b for CHs -1.41 -0.96 -141 -0.96 -1.41 -0.96 -1.41 -0.96
Step 2c for CH3 -4.52 -3.38 -4.19 -2.99 -4.13 -3.07 -2.62 -1.74
Step 2 for CHs* -5.94 -4.33 -5.61 -3.94 -5.55 -4.03 -4.04 -2.70

Contrasting the surface O-H/S-H bonding, adsorbing a methyl species on the surface onto
a sulfur atom (S1) is slightly more favorable than to absorb the methyl group onto an oxygen atom
(O1). We can again use the thermodynamic cycle in Figure 8-3 to analyze this difference, with R
now representing the methyl species and R; representing a H atom. Steps 1 and 2a are unchanged
from surface H abstraction. The O-CHs/S-CHjs difference in step 2b is surface independent, and as
for the O-H/C-H, the O-CH;3 bond is 0.46 eV more stable than the S-CH3; bond. Contrary to H
abstraction, the differences in energy for steps 2a and 2c does not cancel for methyl adsorption.
The sum of 2a and 2c is 0.46 to 0.59 eV more stable on the sulfided case whereas this difference

was ~ 0 eV for H abstraction. This leads to CHz adsorption on the sulfur atom versus oxygen atom.
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This indicates the CHj3 species weakens the metal-oxygen bonds more than the metal-sulfur bonds.
The slightly stronger adsorption of CHs to surface sulfur atoms over oxygen atoms may lead to
eventual carbon buildup on the sulfided surface, as discussed in Section 8.3.2. All structures for
reforming of methane on the surface can be seen in Figures E-2 and E-5.

The data in Table 8-2 allows for consideration of how La-, Tb-, or Mn-doping impact C-H
bond activation kinetics. Using the H* pseudo-transition state assumption, Th- or La-doping
increase the activation barrier relative to pure CeO, (1 1 1) on all surface oxygen atoms or sulfur
atoms, with an average increase of 0.31 eV (0.70 eV for sulfur) for La-doping and 0.05 eV
(0.12 eV for sulfur) for Th-doping. As H abstraction is occurring on a surface with a subsurface
oxygen vacancy already present, La- and Tb-dopants are reduced to a 3+ state prior to C-H
activation. La- and Th- doping appear to increase the activation barrier by making the adjacent Ce
atoms slightly less reducible. Contrarily, Mn-doping lowers the barrier for H abstraction on O1
(S1), O3 and O4. Prior to H abstraction, Mn atoms are in a 3+ oxidation state, but their accessible
2+ state helps promote C-H bond activation. The barrier for H abstraction on O2 for the Mn-doped
surface is higher than pure CeO,. O1 (S1), O3 and O4 are all nearest neighbors to the Mn dopant
and O2 is a next nearest neighbor (doesn’t share any bonds with the Mn atom). This suggests that
Mn-doping promotion of C-H activation is a local affect, only promoting C-H activation on

oxygens bound to surface-doped Mn atoms.

8.3.2. Complete methane dehydrogenation with and without sulfur present

Figure 8-4 contains the 0 K reaction energy diagram for methane reforming over pure CeO»
(111) and sulfided CeO2 (1 1 1). All CHy species are taken to adsorb on O1 or S1. The pseudo-
transition state (for hydrogen abstraction on a sulfur and oxygen) as described in the section before,

is included on the reaction energy diagram. H abstraction on a surface sulfur or oxygen can lead to
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CHs* formation on either site, as the radical may move along the surface to find a binding site. The
0 K reaction energy diagram of Figure 8-4 suggest CH4 surface decomposition and subsequent CO
desorption is highly unfavorable, uphill in energy by ~ 4 eV. This should not be taken to indicate a
lack of favorability under reforming conditions. The standard state reaction free energy to partially
oxidize methane to carbon monoxide and hydrogen is -0.89 eV (exergonic),* and the unfavorable
overall process in 0 K stem from not including the large entropy gain associated with the conversion
of methane and a lattice oxygen to H> and CO. Additionally, the 0 K dissociative adsorption energy
of % H, to form H* on a CeO, (1 1 1) surface is -1.14 eV (exothermic), such that elementary
reaction producing H* versus %2 H, would be more favorable. We have chosen to use 0 K energies
and production of H; gas versus H* to allow for simple and consistent comparison between
dehydrogenation of the different CHx species and between the sulfided and un-sulfided surface, at

the expense of providing realistic energetics at reaction conditions.
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Figure 8-4. Reaction energy diagram of methane decomposition over sulfided and un-sulfided
surfaces of pure CeO; (1 1 1). The solid lines represents each hydrogen abstraction (product
desorption) on the un-sulfided surface and the dashed lines for the sulfided surface. For the pseudo-
transition state (CHse + H*), the long dash represents H abstraction on a sulfur atom and the short
dash represents on an oxygen atom.

The CHs* species has a small preference to adsorb to a surface sulfur atom. The CH.*
product of the second hydrogen abstraction also has a small preference to bond to a sulfur atom.
The subsequent CH* and C* intermediates show a strong preference to bond to surface oxygen
atoms, indicating complete methyl decomposition will be less favorable on surface sulfur sites. The
largest difference between methane decomposition on an oxygen atom compared to a sulfur atom
is the desorption of the final products, with the desorption of the CO molecule being 1.13 eV more

favorable than desorption of the CS molecule. The large discrepancy between these two desorption
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energies is mostly a result of the CS molecule before desorption has a radical on the carbon atom,
with one less cerium reduced compared to the CO molecule. This radical on the carbon atom and
the electronic structure of the C; intermediate during every step of the decomposition will be
discussed in the next section. The similar first and second hydrogen abstraction energy on an
oxygen atom compared to a sulfur atom will allow the methane species to start to dehydrogenate
on either atom. However, after the first two abstractions, the second two hydrogen abstractions and
product desorption is much higher on the sulfur atom compared to the oxygen atom, which can lead
to coking of the ceria surface when the surface is sulfided.

For the methyl decomposition on an oxygen site, the oxygen atom bound to the carbon is
always towards the surface, Figure 8-5. For the CHs*, CH,* and CH* intermediates on the sulfur
atom, the sulfur is in the same orientation as the oxygen atom case (towards the surface). However,
for the C* bound to a sulfur atom (CS*) the CS molecule is flipped and has the carbon atom pointing

towards the surface, instead of the sulfur.



209

(a)\x (b) I %&(d) ){
PR PAPIP

Yiriirriiririn

i

Figure 8-5. Structures of methane decomposition intermediates over (a-€) un-sulfided and (f-j)
sulfided (1 1 1) surfaces of pure CeO.. Isodensity surfaces representing isolated electron states on
adsorbates are displayed in (b-c) and (g-i). The represent state appearing in the ceria band gap in
the energy ranges of (b) -0.72 to -0.60 eV, (c) -1.24 to -1.10 eV, (g) -0.48 to -0.36 eV, (h) -0.55 to
-0.35 eV, and (i) -0.36 to -0.13 eV (relative to the Fermi level). Total density of states for these
structures are given as Figures E-9 and E-10. Ce is displayed as tan (light), O as red (dark), S as
yellow (dark grey).

Appendix E contains the 0 K reaction energy diagrams for methane decomposition over
the sulfided and the un-sulfided La- and Th-doped CeO; (1 1 1) surface. The reaction energy
diagrams for La- and Th-doped CeO, (1 1 1) are very similar to the reaction energy diagram for
pure CeO,. With the adsorption of CHs* and CH,* intermediates having a slight preference on the
sulfur atom and the adsorption of CH* and C* intermediates has a strong preference on the oxygen
atom. The desorption of the CO molecule is significantly more favorable than the desorption of the
CS molecule leaving behind and oxygen vacancy.

The 0 K reaction energy diagram is illustrated in Figure 8-6 for the methane decomposition

over the sulfided and the un-sulfided surface of Mn-doped CeO; (1 1 1). A significant difference
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with the pure CeO; or Th, La-doped surfaces is that the initial C-H activation barrier is low and the
initial CHs* adsorption is more favorable by 0.15 — 0.5 eV. The CH.* state is also more stable on
the un-sulfided Mn-doped CeO; (1 1 1) surface, though the sulfided surface shows less difference.
The CHgs* (slightly) and the CH2* (considerably) prefer to bind to surface oxygen atoms on Mn-
doped ceria, suggesting Mn-doping may induce a sulfur tolerant property. The CH* species is less
stable on the Mn-doped surface than the other dopants. The C* species is more stable on the Mn-
doped surface, and the CO or CS product, leaving a surface oxygen vacancy, is significantly
preferred on the Mn-doped surface due to the significantly more favorable oxygen (sulfur) vacancy
formation energy with the Mn-dopant. As for the other dopants, the desorption of the CS molecule
is more endergonic compared to the desorption of the CO molecule. Most of these differences can
be accounted for by the difference in electronic behavior between the Mn-doped surface and the

three other surfaces, as described in the following section.
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Figure 8-6. Reaction energy diagram of methane decomposition over sulfided and un-sulfided
surfaces of Mn-doped CeO: (1 1 1). The solid lines represents each hydrogen abstraction (product
desorption) on the un-sulfided surface and the dashed lines for the sulfided surface. For the pseudo-
transition state (CHse + H*), the long dash represents H abstraction on a sulfur atom and the short
dash represents on an oxygen atom.
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8.3.3. Electronic structure analysis during dehydrogenation on CeO;

Lewis structures for each surface intermediate along the decomposition of methane over
the sulfided and un-sulfided surfaces of pure CeO, (1 1 1) are illustrated in Figure 8-7. Table 8-4
contains the number of reduced (3+) cerium atoms at each intermediate, along with Figures E-9
and S10 containing the total density of states for each intermediate. The adsorption of the methyl
radical on the ceria surface forms a C-O (C-S) bond and reduces one cerium atom to Ce®.
Abstracting the second hydrogen from the C; intermediate to for CH,* leaves an unpaired electron
on the carbon atom. All efforts to motivate H.C=0 (H.C=S) formation and localize the unpaired
electron to form an additional Ce®* were unsuccessful and we conclude that the CH.+ adsorbed state
is more favorable than the state with a C-O (C-S) double bond and two reduced cerium atoms. The
third hydrogen abstraction forms a C-O (C-S) double bond and leaves a lone pair of electrons on
the carbon atom. No additional cerium atoms reduce. The O-C-H bond angle is indicative of an sp?
hybridized carbon atom. Conversion of CH4 (g) to CH* + %/, H leads to only a 1 electron reduction

of the surface, occurring upon O-CHs/S-CHs formation.
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Figure 8-7. Lewis structures for methane decomposition surface intermediates over (a-e) surface
oxygen atoms and (f-j) surface sulfur atoms over pure CeO; (1 1 1). Every image corresponds to
the structure with the same letter displayed in Figure 8-5.

In progressing to the CH* species, the surface and adsorbate electronic structure did not
differ between the O-CH)* or S-CHy* species. The last hydrogen abstraction from the C;
intermediate bound to the oxygen atom forms a CO molecule, “C*”, with the CO species having
little interaction with the surface. An additional cerium is reduced (2 Ce**) on converting CH* to
C* + % H,. C* on a sulfur atom prefers instead to flip to put the carbon end down, and the CS
species has a strong interaction with the surface with one bond to a cerium atom and an unpaired
electron left on the carbon atom. The product desorption of the CO, as surface oxygen vacancy,
molecule keeps the same extent of surface reduction as the previous C* state. The desorption of the
CS molecule breaks the C-Ce bond and reduces an additional Ce (2 Ce®*). After either desorption,
the surface has a vacancy with 2 reduced cerium atoms. La- and Th-doped ceria showed no
difference in the state of reduction or character of surface intermediates from the pure CeO;

surfaces.
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Table 8-4. The number of reduced cerium atoms and the oxidation state of the dopant atoms for
methane and propane reforming surface intermediate over sulfided and un-sulfided surfaces of
pure, La-, Th-and Mn-doped CeO- (11 1). La- and Th-doped ceria had the same extent of reduction
in the surface for every step and the dopant is represented by M. The oxygen numbers refer to
which oxygen the species is adsorbed to from the labels in Figure 8-1. O1 is the sulfur atom in the
sulfided surfaces. The * represent which carbon or hydrogen is bound to the oxygen or sulfur atom,
and the oxygen numbers represent which oxygen (sulfur) the carbon or hydrogen are bound to.

CeO; La/Th-Doped CeO,? Mn-Doped CeO;
Oxygen | o i | sulfided | i | sulfided | Un-Sulfided Sulfided
Numbers
3+ 3+ 3+ 3+ # Mn #
# Ce # Ce # Ce # Ce Mn States Ce States Ce

Starting Surface - 2 2 0 0 2 Mn¥ 0 2 Mn®* 0

H* On O1(S1) 01 3 3 1 1 2 Mn®* 1 2 Mn®* 1

H* On 02 02 3 3 1 1 2 Mn®* 1 2 Mn®* 1

H* On O3 03 3 3 1 1 2 Mn®* 1 2 Mn®* 1

H* On 04 04 3 3 1 1 2 Mn®* 1 2 Mn®* 1
1 Mn* & 1 Mn* &

C*Hs o1 3 3 1 1 v |0 v |0
1 Mn* & 1 Mn* &

C*H, 01 3 3 1 1 1 Mn?* 1 1 Mn®* 1
1 Mn* & 1 Mn* &

C*H o1 3 3 1 1 v O v |0
. 1Mn* & 1Mn* &

C o1 4 3 2 1 1 Mn® 1 1 Mn®* 1
1 Mn* & 1 Mn* &

Desorb CO/CS 01 4 4 2 2 1 Mn3* 1 1 Mn?* 1
. 1Mn* & 1Mn* &

CH3C*HCH; 04 3 3 1 1 v |0 v |0

2+

C*H,C*HCH; | 03,04 4 4 2 2 oMn?* | 0 11'\/',\2”3:?‘ 1

C*HC*HCH3 03, 04 5 5 3 3 2Mn?* 1 2Mn?* 1
Lt 02, 03, 1 Mn?* & 1Mn?* &
P 01, 03, 1 Mn* & 1 Mn? &

C*H,C*HC*H, o4 5 5 3 3 v |2 o |2

8% a- and Th-dopants remained in the 3+ oxidation state in all intermediates along the
methane/propane decomposition paths.
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For the Mn-doped surface, the initial CHs* adsorption reduces a Mn atom from 3+ to 2+
rather than reducing a Ce atom. The Mn-doped ceria surface, compared to pure CeO; or La-, Th-
doped CeO; (1 1 1), shows additional differences in electronic structure after the second hydrogen
abstraction (CH,*) (Table 8-4). For CH.*, the unpaired electron localized onto a cerium atom rather
than the adsorbate C atom. This allowed the formation of a double bond between the carbon and
the oxygen atom in the surface. The next hydrogen abstraction left a lone pair of electrons on the
sp? hybridized carbon atom and maintained its double bond with the oxygen atom. The cerium atom
reduced in the CH,* state re-oxidized to Ce** in the CH* state. Contrary to the pure CeO, surface,
the final C* (CO or CS formation) both have two electrons reducing atoms in the surface and both
adsorbates have an interaction with the surface. Collectively, the main impacts of Mn-doping for
CHs conversion is the initial reduction of Mn®* to Mn?* on C-H abstraction and in stabilizing the
eventual oxygen vacancy when CO/CS is formed. The accessible Mn?* oxidation state also

facilitates various propane oxidation intermediates.

8.3.4. Initial reforming of propane over a sulfided surface

The surface chemistry of propane oxidation is more complex due to the potential for
adsorbates with multiple points of surface interaction and the mixing of C-H and C-C dissociation
with C-O formation and surface re-oxidation. We have examined this complex reaction process
over Zr-doped CeO; (1 1 1) previously.'® Here, we consider only the initial step of propane
oxidation to explore the impact of a partially sulfided surface. Energetics of surface intermediates
are reported in Table 8-2 and two key intermediates are included in Figure 8-2. Table 8-4 includes
the extent of surface reduction for each propane derived surface intermediate. All structures for the

first three steps of reforming propane can be seen in Figures E-3 and E-6.
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The dissociative adsorption of propane, forming a ¥2 H, and a propyl species adsorbed at
the second carbon atom to O4 is slightly more favorable when there is sulfur present in the surface.
The second hydrogen abstraction from the propyl intermediate is from a primary carbon, and when
the hydrogen is abstracted the primary carbon forms a bond with a second surface oxygen atom
(03), forming the C*H,C*HCH3 intermediate and %2 H» (g). Our previous paper showed this was
more favorable than C-C dissociation.®® This second hydrogen abstraction is less favorable with
sulfur present. We did not examined binding of these intermediates with surface sulfur atoms. For
the abstraction of a 3™ hydrogen atom we considered: (1) abstracting the hydrogen from the primary
carbon already bound to an oxygen atom, (2) abstracting the hydrogen from the other primary
carbon atom and binding the 3" carbon atom to an oxygen atom, and (3) abstracting the hydrogen
from the other primary carbon atom and binding it to a sulfur atom (Figures 8-2c-d). The following
H abstraction (either removing H from primary bound to surface (C*HC*HCHs), or forming an
addition carbon-oxygen bond with the other primary carbon (C*H,C*HC*H; on 02, O3 and 04))
is slightly more favorable on the sulfided surface for the pure CeO, and Mn-doped CeO; (1 1 1)
surfaces, but less favorable on the La- and Th-doped CeO, (1 1 1) surfaces. Removal of the third
hydrogen either forming a C-O or a C-S bond with the other primary carbon is more favorable on

the sulfur atom, except for the Mn-doped CeO; surface.

8.4. Conclusions

The presence of sulfur in the partially sulfided CeO, or M-CeO; (1 1 1) surfaces will
decrease the number of active sites for the activation of hydrocarbons in the gas phase. Surface
sulfur sites are less active for the rate limiting stem of C-H activation, through partial sulfidation
has little effect on the remaining surface oxygen atoms. Though H* formation preferably occurs on

surface oxygen atoms, there is a slight preference for CHs* species to bind to surface sulfur atoms.
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The hydrocarbon species and their subsequent dehydrogenation to surface CS species represent a
potential deactivation route, as CS desorption is significantly less favorable than CO desorption.
The highly endergonic desorption energy of CS will result in the surface of the sulfided case to
have carbon buildup more rapidly compared to the un-sulfided surface. La- and Th-doping have
little effect on the surface chemistry, though Mn-doping accelerates C-H activation through Mn**
reduction to Mn?*. Mn-doping similarly promotes eventual CO product desorption, and also shows
a greater preference for some hydrocarbon species to bind to surface oxygen atoms versus sulfur
atoms, suggesting potential enhanced tolerance against surface poisoning. The complete catalytic
cycle, including refilling oxygen vacancies, with free energies considered under reaction conditions
are not considered and would be necessary to definitively conclude that Mn-doping would

accelerate the oxidation rate.
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Chapter 9

Summary, Conclusions, and Recommendations for Future Study

This dissertation used density functional theory (DFT+U) to examine the electronic
structure and quantify the catalytic activity of M-doped CeO, (1 1 1) surfaces for use in the cleanup
of effluent from biomass gasification. Chapter 2 examined the difficulties in using DFT methods
to model these M-doped ceria surfaces. Chapters 3-6 focused on using these M-doped ceria surfaces
for methane and propane reforming. A correlation exists between the reducibility and C-H bond
activation energies on these surfaces, with trends appearing whether the cerium or dopant atoms
reduce. Mn-doped CeO- shows promise for hydrocarbon oxidation. The stability of Mn-doped into
the ceria surface is examined and found Mn will only dope into the surface with oxygen vacancies
present. A mechanism to reform propane over Zr- and Mn-doped ceria is established in Chapters 5
and 6. In addition to hydrocarbon reforming ceria can also absorb sulfur. Chapters 7 and 8
illustrated the sulfur capacity of M-doped ceria along with examining the ability of a sulfided

surface to reform methane and propane.

9.1. Hydrocarbon activity on M-doped CeO; (1 1 1) surfaces

Before directly considering surface reactivity, Chapter 2 provided perspective on the
difficulties of applying DFT methods to examine oxide catalyzed redox processes. Chapter 2
showed DFT+U and hybrid functional methods can be chosen to match experimental properties of
ceria and M-doped ceria systems, though the transferability to surface catalytic activity is unclear.
For catalytic studies, accurate reaction energies and activation barriers for transforming among

reactant, adsorbed species and products is needed. These transformations include reduction and re-
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oxidation of the M-doped CeO; surface, challenging accurate energetics determination with
tractable DFT methods. Despite these limitations, DFT+U methods have provided qualitative
insight into catalytic mechanisms and trends with dopant variations for methane and carbon
monoxide oxidation and desulfurization.

Utilizing the DFT+U methods described in Chapter 2, Chapter 3 examined the electronic
structure of transition metal doped CeO- (1 1 1) surfaces in the fully oxidized, reduced, and CHs+H
adsorbed states. We established periodic trends in the role of surface dopants on redox catalysis
for M-doped CeO; systems. Upon the formation of a surface oxygen vacancy in the surface of M-
doped CeOy, the dopant can either become the reduction center or can serve to alter the reducibility
of the cerium atoms. On the left side of the periodic table, dopants act to alter the reducibility of
the cerium atoms, whereas late transition metals serve as the reduction center. When methane
adsorption reduces the surface, the dopants serve the same role. The U-value on the d-states of the
dopant can change both the vacancy formation energy as well as the electronic role the dopant plays
in surface reduction. The effect of the dopant has local and smaller non-local effects. The lowest
oxygen vacancy formation and methane adsorption energies occur for the nearest neighbor to the
dopant atom with a higher vacancy formation for the next nearest neighbor.

A series of energetic correlations were established for relating C-H activation to surface
reducibility. The vacancy formation energy and dissociative methane adsorption energy correlate
across transition metal doped CeO, (1 1 1) surfaces. A BEP relationship exists for the activation of
the C-H bond in methane over M-doped CeO surfaces, with the activation of the C-H bond being
the rate limiting step for methane reforming over pure and Pd-doped CeO..! Using this BEP
relationship we determine that the methane activation and vacancy formation energies are also
correlated.

The established correlations provide a qualitative and quantitative connection between

surface reducibility and hydrocarbon oxidation activity. For dopants with the most exothermic
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(lowest) vacancy formation energy, hydrocarbon oxidation will be limited by oxygen vacancy
refilling. For higher vacancy formation energies, methane activation will become rate limiting,
leading to a volcano relationship between methane conversion activity and surface reducibility.
Some of the dopants that look promising for hydrocarbon conversion are Ag, Au, Ni, Co, Pt, Pd,
and Mn. These dopants have lower barriers for methane activation, but they are not so low that
oxygen vacancy refilling will become rate limiting. The optimal dopant will depend on
hydrocarbon pressure as well as the redox environment.

The establishments of these design criteria lead to the conclusion that Mn-doped ceria
catalyst hold promise for hydrocarbon conversion. We then focus on examining the effect of the
Mn-dopant in ceria for Chapter 4. With the correlation between the dissociative methane adsorption
and vacancy formation energies, the vacancy formation energy is used to describe the catalytic
activity of the Mn-doped surface. Chapter 4 shows to correctly represent the electronic structure
and behavior of Mn in Mn-doped CeO- (111) surface, a U-correction on the d-states of Mn must
be included. Depending upon the U-value chosen, the most stable oxidation state for Mn can vary.
At low U-values, a p(2 x 2) unit cell expansion with 25% Mn concentration reduces Mn** to Mn3*
upon formation of an oxygen vacancy. Mn reduces instead to Mn?* at high U-values. Using a U-
value of 4 eV, as recommended by Wang et al.,? the most stable oxidation state for isolated Mn
atoms in a reduced surface is Mn?*. The difference in energy between Mn reducing to Mn?* and
Mn3* at a U-value of 4 eV is closely matched to the equivalent difference in energy as predicted by
the HSEOQ6 hybrid functional. This helps to confirm that a U-value of 4 eV is reasonable.

Though the previous work established the potential for C-H activation, the stability of the
Mn-dopant in ceria has not been established. For all concentrations and arrangements of Mn atoms
in the doped CeO; (1 1 1) surface without oxygen vacancies, the formation energy is endergonic
and therefore Mn does not favorably dope into the surface. Under sufficiently reducing conditions,

the formation energy is favorable for doping Mn into CeO, (1 1 1) with oxygen vacancies,
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indicating that Mn will dope into the reduced surface. The most favorable concentration and
arrangement for Mn to dope into CeO; occurs when Mn atoms are diagonal to one another or when
Mn atoms form a continuous row (short row). As Mn is not stable doped into the surface of CeO,
without oxygen vacancies, the first oxygen vacancy is not catalytically important. The second
oxygen vacancy becomes catalytically important as it may form and re-oxidize during catalyzed
redox processes. The second oxygen vacancy formation energy is highly dependent upon the
concentration and orientation of Mn atoms.

Chapter 5 is the first study to apply DFT to the complete oxidation of a hydrocarbon larger
than methane over any oxide. We developed an approach using DFT and ab-intio thermodynamics
to model the reaction path along with all possible intermediate reaction steps including re-
oxidation and intermediate product desorption (partial oxidation). In the cleanup of effluent from
biomass gasification, hydrocarbon larger than methane will have to be reformed. Propane is used
as a model hydrocarbon to examine the ability of M-doped CeO, (1 1 1) to reform larger
hydrocarbons. Chapter 5 first examines the reaction path of reforming propane over a bare fully-
oxidized Zr-doped CeO, (1 1 1) in oxidizing, reducing and extremely reducing environments. We
then show that the bare, fully-oxidized Zr-doped CeO, (1 1 1) surface is not the active surface
during the reforming of propane under the oxidizing, reducing or extremely reducing environments.
Instead the surface will be either covered in hydrogen (oxidizing and reducing environments) or
have half of the surface oxygen atoms covered in hydrogen and the other half vacant (extremely
reducing environment). Therefore, for propane oxidation to occur, surface oxygen sites need to
become available through either vacancy refilling, H> desorption, or H,O desorption followed by
vacancy refilling. Requiring these processes will alter the reaction path and could slow down the
overall rate relative to a surface model where all surface O are available to reactants. Further
reforming steps will also require the opening of additional oxygen sites which could also impact

the rate. With the surface also being in a further reduced state, the reaction path in all of the
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environments could be altered. Our reaction path analysis, including re-oxidation, captures the
oxidizing and reducing environments reasonably well, however, the reaction path under extremely
reducing (gasifier effluent) conditions is highly misrepresented. The approach utilized in this study
is able to differentiate the preferred oxidation products (H.O or H,, CO or CO;) based on the
reaction environment, and connect this distribution to elementary reaction processes. The oxidation
environment influences the points during the propane decomposition path at which surface re-
oxidation occurs. Our results demonstrate that erroneous mechanistic conclusions can be reached
when examining redox catalysis over oxide surfaces if the initial surface oxidation state about
which the catalytic cycle oscillates is not properly utilized.

As shown in Chapter 2 and described in more detail in Chapter 3, Mn-doped CeO- (11 1)
is a promising surface for hydrocarbon reforming. Chapter 6 uses the model hydrocarbon of
propane to examine the reaction path for reforming of propane over the surface. The reforming path
for propane over Mn-doped CeO- (1 1 1) is very similar to the reforming path over Zr-doped CeO;
as described in Chapter 5. The initial hydrogen abstraction energy on the two surfaces are very
similar with the only major differences between the two surfaces, the point at which the second
primary carbon forms a bond with a surface oxygen is later on Mn-doped ceria and the point at
which the surface re-oxidizes is also later on the Mn-doped surface under both oxidizing and
reducing conditions. All possible intermediate desorption energies are more endothermic than a
hydrogen abstraction or surface re-oxidation of the same species for the oxidizing and reducing
environments, leading to only fully oxidizing the propane to CO,. For the extremely reducing
environment the desorption of the C*C*C* species on the surface and the desorption of the first
CO molecule will complete, with their 0 K desorption energies being very similar in energy. On
three of the intermediate species during the reforming of propane over the Mn-doped CeO- surface

there is a radical electron delocalized across multiple bonds between carbon and oxygen atoms.
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9.2. Effect of sulfur in effluent from biomass gasification

Cleanup of the effluent from biomass gasification also requires the removal of sulfur from
the stream in the form of H.S. Previously it was shown that La- and Th-doped CeO- have a higher
sulfur capacity compared to pure ceria due to faster surface kinetics over La- and Th-doped CeO,.2
Chapter 7 showed that combing MnOx with CeO; yields a sulfur sorbent with low pre-breakthrough
H,S from CeO, and the high sulfur capacity from MnO,, but with higher than expected sulfur
capacities. XANES shows the presence of Mn® and Mn?* in as calcined samples and after
sulfidation, XANES shows Mn?* and Ce®". Two reasons, based on insight from DFT, why Mn-
doped CeO; (1 1 1) has a higher sulfur capacity compared with ceria doped with other oxides, is
the ability of Mn to decrease the oxygen vacancy formation energy of CeO; and the favorable H.S
adsorption energies, even without sub-stoichiometric oxygen vacancies. The favorable H.S
adsorption energy without sub-stoichiometric oxygen vacancies leads to a larger number of active
sites for HaS adsorption compared to other dopants, due to manganese’s ability to access multiple
oxidation states.

Our goal is to design a catalyst that can act as a sulfur sorbent and reform hydrocarbons.
Chapter 8 examines the ability of pure, La-, Th-, and Mn-doped CeO; (1 1 1) to reform methane
and propane over these sulfided surfaces. The presence of sulfur in the partially sulfided CeO, or
M-CeO; (1 1 1) surfaces will decrease the number of active sites for the activation of hydrocarbons
in the gas phase. Surface sulfur sites are less active for the rate limiting stem of C-H activation,
through partial sulfidation has little effect on the remaining surface oxygen atoms. Though H*
formation preferably occurs on surface oxygen atoms, there is a slight preference for CHs* species
to bind to surface sulfur atoms. The hydrocarbon species and their subsequent dehydrogenation to
surface CS species represent a potential deactivation route, as CS desorption is significantly less

favorable than CO desorption. The highly endergonic desorption energy of CS will result in the
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surface of the sulfided case to have carbon buildup more rapidly compared to the un-sulfided
surface. La- and Tb-doping have little effect on the surface chemistry, though Mn-doping
accelerates C-H activation through Mn** reduction to Mn?*. Mn-doping similarly promotes eventual
CO product desorption, and also shows a greater preference for some hydrocarbon species to bind
to surface oxygen atoms versus sulfur atoms, suggesting potential enhanced tolerance against
surface poisoning. The complete catalytic cycle, including refilling oxygen vacancies, with free
energies considered under reaction conditions are not considered and would be necessary to

definitively conclude that Mn-doping would accelerate the oxidation rate.

9.3. Perspectives and Suggestions for Future Studies

Chapter 2 illustrated the difficulty in using DFT to model surfaces of CeO, (1 1 1) and
Chapters 3-8 used a constant U-value of 5 eV on the f-states of cerium and Chapters 4, 7 and 8 used
a constant U-value of 4 eV on the d-states of Mn. Instead of using a constant U-values on cerium
or other dopants the DFT+U(R) method can be used.* This method uses the linear-response value
of U with respect to every atom, and every atom can have a different U-value. However, the value
of U on every atom can change throughout the reaction coordinate and comparison in energies
between different U-values is not trivial. Therefore, a constant U-value would have to be chosen
and could be chosen by using an average between the two states or using the U-value at the initial
or final states. Even though the U-value would change throughout the reaction coordinate, the
electronic structure of the system using this method could be more accurate, providing a better
understanding of the reaction environment. Though it would be expected using the constant U-
value of 5 eV to provide very similar electronic structure compared to the DFT+U(R) method, as

the U-value determined by the linear-response method in other studies all were around 5 eV.® The
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DFT+U(R) method could also be used to verify the U-value of 5 eV on the f-states of ceria systems,
to confirm the correct electronic structure behavior of the system.

Instead of using the DFT+U(R) method to obtain a more accurate electronic structure
picture of a ceria system, along with reaction energies, a hybrid functional can be used, like HSE06
(as described in Chapters 2 and 4). A hybrid functional combines a specified amount of nonlocal
exact exchange with a GGA functional to help alleviate the self-interaction error present in normal
DFT. Energies obtained using a hybrid functional along a reaction coordinate can be directly
compared, unlike DFT+U(R) and can produce correct electronic structure behavior of ceria
systems. A hybrid functional also removes the empiricism of selecting U-value (an empirical
correction itself), but one must instead select the amount of nonlocal exact exchange to include.
The main difficulty in expanding the use of hybrid functionals is it’s computationally tractability.
Hybrid functionals can take an order of magnitude longer to converge along with extra difficulties
in getting these hybrid functionals to converge. If these hybrid functionals become more
computationally tractable, these functionals could provide a better picture of the electronic structure
and reaction energies for these M-doped ceria surfaces.

Instead of using DFT or its variants, a reactive force field could be used, like ReaxFF. A
ReaxFF reactive force field can provide energetics sufficiently accurately to model doped ceria
systems and sulfided ceria systems. DFT can provide energies and a picture of the electronic
structure of the ceria system, however it is only computationally tractable to <200 atoms. With
ReaxFF, large scale MD-simulations of ~10,000 atoms for nanoseconds can be performed. These
large scale MD-simulations could provide insight into the long range ordering of the dopants in the
systems, as well as possible restructuring of the surface when phase separation occurs. With the
long range interactions and possible restructuring of the system now evident with ReaxFF, more

structures that might not have been found by only using DFT+U and can be further examined.
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These new structures can help to further the understanding of structure-composition-function
relationships that exists for M-doped CeO..

As described in Chapter 5, the active surface of M-doped CeO; is not a bare fully oxidized
surface under oxidizing, reducing or extremely reducing conditions. Under oxidation conditions,
the surface will mostly be covered in hydrogen and under reducing conditions, the surface will have
hydrogens on the surface along with many oxygen vacancies. To better model the active surface of
ceria, the reforming of hydrocarbons and the formation of oxygen vacancies should be considered
with hydrogens on the surface, along with oxygen vacancies depending upon the reaction
environment. The hydrogen on the surface will increase the starting number of reduced cerium (or
dopant) atoms present. This increased number of reduced cerium atoms would most likely increase
the activation barriers along with the possibility of change the reaction path for methane and
propane reforming. Starting with oxygen vacancies in the surface (reducing conditions) will also
increase the number of reduced cerium atoms present, thereby increasing the activation barrier and
possibly changing the reaction path. Under extremely reducing conditions, the number of oxygen
vacancies present will reduce almost every cerium atom to Ce** in the model used. This reduction
of almost every Ce atom would make the surface more likely to resemble the Ce,O3 structure
compared to the fluorite CeO; structure. This restructuring was not allowed to occur and could also
change the reaction energies for reforming hydrocarbons. With most every cerium atom reduced in
the 4 CeO-, layered model, a greater number of CeO; layers should be used to allow the bulk of the
model to maintain its bulk fluorite lattice. ReaxFF could also be used in this case to obtain a clearer
picture of what the surface of CeO, would look like under reducing and extremely reducing
conditions.

Using these surfaces with either hydrogen present or oxygen vacancies and hydrogen
present can cause difficulties in trying to model hydrocarbon reforming on these surfaces. With

these extremely reduced surfaces, almost all of the cerium atoms will be reduced, as described
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above. Activating and then reforming hydrocarbons on this surface, with almost all of the cerium
atoms reduced might no longer represent the correct electronic behavior of the system. Increasing
the number of layers could help alleviate this problem, however, it still might not be electronically
correct. The hydrogen on the surface can cause other difficulties, where either the desorption of
hydrogen or oxygen vacancy refilling on the surface would have to occur to open oxygen sites for
C-H bond activation of a hydrocarbon and then an additional oxygen sites would have to open up
for the hydrocarbon to adsorb to the surface. For further reforming of the hydrocarbon, hydrogen
atoms on nearby oxygen atoms would have to desorb or refill nearby oxygen vacancies to allow
further reforming steps to occur. A model would have to be developed to describe the desorption
of hydrogen atoms and vacancy refilling, and how it would affect the energy of the C-H bond
activation and subsequent reforming steps.

Chapters 5 and 6 examined the complete oxidation of propane of Zr- and Mn-doped CeO;
(1 1 1) surfaces. The Zr- and Mn-doped surface of ceria would be expected to completely oxidize
propane, but on other surfaces, partial oxidation of propane could occur. For every step of the
propane reforming mechanism of Zr- and Mn-doped CeO,, we examined if the hydrocarbon
intermediate would 1) dissociate to C,Hn.1* + H* (considering all non-equivalent H’s and numerous
adsorption configurations for C;Hn.1*), (2) to dissociate to C,.1Hnx* and CHy*, (3) to add an oxygen
atom to the surface, or (4) to desorb C,Hy*, CO, or CO.. If step 4 is more favorable than the other
3 steps for the C,H, intermediate, the catalyst would only partially oxidize the hydrocarbon. Step 4
was only considered more favorable if the 0 K energy for the desorbed product was more favorable
than all other steps. This assumption reflects the need for desorption to overcome an activation
barrier similar to the 0 K unimolecular desorption energy. Using these 4 steps, a catalyst that would
only partially oxidize a hydrocarbon can be identified. Catalysts that would be identified a partial
oxidation catalyst are ones where the catalyst is only able to reduce by a couple of electrons and

then cannot be reduced any further. This would cause any further reforming of the hydrocarbon to
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be much higher in energy compared to the desorption of the intermediate. A catalyst where this
could occur is where there is only one or two atoms that could reduce in the surface or in a small
particle. Another case would be if the adsorbed intermediate is highly stable in the gas phase, which
would make the 0 K energy of the desorbed product more favorable than subsequent reforming on
the surface.

An extreme case of partial oxidation is the oxidative coupling of methane (OCM). In this
mechanism, the catalyst surface abstracts a hydrogen from a methane leaving a methyl radical in
the gas phase. Then, instead of the methyl radical adsorbing onto the catalyst surface, the methyl
radical would bond with another methyl radical in the gas phase forming ethane. Figure 9-1
illustrates the C-H bond activation of methane, and CHse adsorption onto various oxide surfaces.
Most points on the left side are M-doped ceria surfaces and on the right are M-doped MgO surfaces.
For an active catalyst for OCM, the C-H bond activation should be a low as possible, but the
adsorption of CHse should be higher than the C2Hs formation energy. The surfaces to the left side
have the lowest C-H bond activation energies, but they are more favorable to adsorb CHze and
therefore will not couple CHse in the gas phase. The surfaces to the right would prefer to couple
CHze« in the gas phase, but are not active enough for the C-H bond activation. Surfaces in the middle
should couple CHgse in the gas phase, but are also active enough to activate the C-H bond, forming
a volcano plot for OCM. Oxides need to be found that are more in the middle of this plot and would
therefore be near the top of the volcano plot. Figure 9-1 is an extension to Figure 3-2 which shows
a correlation between the dissociative adsorption energy of methane an oxygen vacancy formation.
This shows that the correlation between the dissociative adsorption energies of methane and oxygen
vacancy formation energies, holds across other oxides besides M-doped ceria and they continue

along the same trend line.
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Figure 9-1. C-H activation of methane and CHgse adsorption energies versus the oxygen vacancy
formation energy of various oxide surfaces for oxidative coupling of methane. () C-H activation
energy of methane, (M) adsorption energy of CHge, ( ) best fit line for C-H activation and CHse
adsorption, (----) C,Hs formation energy in gas phase.

The results in this dissertation are encouraging for the use of ceria based catalysts to adsorb
sulfur and to reform hydrocarbons from the effluent from biomass gasifiers and provides insight to
the electronic nature and energetics of these systems. Further studies will examine the oxidative
coupling of methane and partial oxidation of hydrocarbons on oxides, as well as using ReaxFF to
obtain a better understanding of the active surfaces on these M-doped ceria surfaces along with
other oxides. To improve the efficiencies of conversion of hydrocarbons to other hydrocarbon fuels
relies on the ability improve the activity of catalysts. Increasing the activity of these catalysts will
depend upon improvements in the ability of DFT to better model oxide surfaces, along with

improvements in identifying active sites on heterogeneous oxide surfaces.
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Appendix A

Supplemental Material for Chapter 3

Table A-1. Subsurface oxygen vacancy formation energies.

Dopant AEvaEeS\‘/J)rface AEvac S( g\b/s)u rface
Ir 1.05 0.95
Os 1.32 1.22
Re 1.99 1.00%
Ru 1.35 1.19

*Dramatic restructuring observed.

234



235

Table A-2. Valence configurations for the transition metal dopants used in this study.

Dopant | Valence Configuration
Ag 4q105s?
Au 5d%s!
Cd 4d10552
Co 3d84st
Cr 3d*4s?
Cu 3d1%4pt
Fe 3d%4s?
Hf 5d%6s?
Hg 5d*%6s?

Ir 5d86s!
Mn 3d64s!
Mo 4d*5s?
Nb 4p54d*5st
Ni 3d®4s?
Os 5d°6s?
Pd 4d0

Pt 5d%6s?
Re 5d°6s!
Rh 4d85st
Ru 4d°5s?
Ta 4d*5st
Ti 3d4s?

Vv 3d*4st
W 5d*6s?
Zn 3d1%4s?
Zr 4s?4p®4d?5s?
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Table A-3. Number of layers convergence. Vacancy formation energies are not calculated for non-

mirrored slabs.

Sidb | Dopant | punic Vavers | vy | (v}

Mirrored Ag 12 -3.29 | -0.35
15 -3.17 | -0.32

18 -3.27 | -0.33

v 12 -2.07 | 1.23

15 -1.96 | 1.43*

18 -1.98 | 1.27

W 12 -0.82 | 1.93

15 -0.75 | 1.99

18 -0.77 | 2.00

Non-Mirrored vV 6 017 i
9 -1.13 -

12 -1.09 -

w 6 223 | -

9 -2.00 -

12 -2.26 -

* Unable to find lower energy for oxygen vacancy for V with 15 atomic layers
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Table A-4. Nearest neighbor oxygen vacancy formation energy and nearest neighbor dissociative

methane adsorption energy.

Dopant | AEya (V) | AEas (eV)
Ag -0.35 -3.29
Au -0.08 -1.87
Cd -0.82 -3.94
Co 0.42 -2.54
Cr 1.23 -1.97
Cu -0.83 -4.24
Fe 1.09 -1.88
Hf 1.82 -1.63
Hg -0.56 -3.59
Ir 1.05 -1.64
Mn 0.68 -2.14
Mo 2.34 -0.71
Nb 1.89 -0.96
Ni 0.01 -3.70
Os 1.32 -1.01
Pd 0.59 -2.15
Pt 0.47 -2.52
Re 2.08 -0.13
Rh 1.52 -1.12
Ru 1.35 -1.82
Ta 1.68 -1.31
Ti 1.31 -1.86
V 1.23 -2.07
W 1.93 -0.82
Zn -1.13 -4.19
Zr 1.63 -1.39

(15 Layers)

(18 Layers)
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A.1. Site Projected Charge Method

The optimal value of Wigner-Seitz radii (RWIGS) for Ce atoms was chosen by
manipulating the value and quantifying the difference in the number of electrons assigned between
Ce®* and Ce*" species. This was done for a system in which PDOS and orbital analysis already
revealed which Ce atoms were reduced upon vacancy formation. The charge difference upon
reduction (diamonds in Figure A-1) was examined by taking the Ce3* atom with the smallest charge
and subtracting the largest value of the charges on the Ce** atoms, representing the smallest change
in reduced cerium atoms. The charge variation among Ce** atoms was determined by subtracting
the smallest charge on a Ce** in the slab from the largest charge on the Ce** atom (squares in Figure
A-1). The value of RWIGS that is chosen for providing Ce atom oxidation state assignments is 0.7
A. This value gives good contrast for the cerium atoms that reduced compared to the cerium atoms
that did not reduce, as it represents the minimum in variation among Ce*" atoms and shows
significant Ce** to Ce®* differentiation.

Decreasing the value of RWIGS will decrease the total number of electrons associated with
each cerium atom. As the reduced cerium atoms have an electron in the f orbital which is tight to
the cerium atom, a small RWIGS value allows easy identification of the presence of this electron.
A RWIGS value below 0.7 was not chosen because the number of electrons counted in the d orbital
becomes negative for values smaller than 0.7 A, as an artifact from this method.

In Figure A-2, charges from the Bader atoms-in-molecules method are compared to the site
projected charge method. Cerium atoms number 10 and 18 are reduced to Ce®" in the structure
considered. The variance among cerium atoms that did not reduce is much greater in the Bader
method than the site projected charge method (RWIGS = 0.7). The site-projected breakdown of s,
p, d, and f electrons is given in Figure A-3. The number of electrons counted in the s, p, and d

orbitals of cerium, for either Ce** or Ce®, stays relatively constant. However the number of
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electrons counted in the f orbital of Ce3* versus the number electrons in Ce** varies significantly.
This further illustrates the reliability of using the site-projected method with an RWIGS value of

0.7 in determining which Ce atoms reduce.
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Figure A-2. Difference in number of electrons between a Ce* atom and Ce* atom (4) and
maximum variation of number of electrons counted for all Ce** (M) vs. the RWIGS value on Ce.
An RWIGS value of 0.7 was used to determine which cerium atoms reduced in this study.
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Figure A-3. Number of electrons around every cerium atom in a reduced CeO, (1 1 1) surface
counted by the site projected method using an RWIGS value of 0.7 () and the Bader atoms-in-
molecules method (#). Ce atoms number 10 and 18 are Ce** and all others are Ce**.
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Figure A-4. Number of electrons counted in each orbital of the cerium atoms by the site projected
charge method (RWIGS = 0.7). The number of s (), p (W) and d (A) electrons is relatively
constant, whereas the f (@) electron count changes significantly for the two Ce®* atoms (10 and
18(for 18, the circle and square overlap)) and is relatively constant for all other non-reduced cerium
atoms (Ce™).
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A.2. Structural Assignment Categorization Scheme

The oxygen coordination number of M-dopants in CeO- (1 1 1), either in fully oxidized or
reduced form, was determined by first calculating the average of the three shortest M-dopant to
oxygen distances. Three M-O distances were used as it was found that no M-O first-coordination
shell had less than three O-atoms. A cut-off distance for the first M-O coordination shell was then
established by considering any O within a certain multiple of this averaged distance as bound.
Based on a visual scan of structures, we determined that any M-O distance within 9% of this
shortest difference average could be taken to be bonded. For a value of 9%, an increase or decrease
of this value results in the smallest number of dopants changing their coordination numbers. The
bond lengths for the seven (six for oxygen vacancy) closest dopant oxygen distances are included
in Table A-8. Using the dopant coordination number, the arrangement of the bonded oxygen atoms
around the dopant is examined and a structure is assigned. Table A-5 contains the dopant
coordination number, along with the structural assignment of the dopant coordination environment.
The possible structures for intact M-doped CeO; are illustrated in Figure A-4. Structures for an
oxygen-vacancy containing M-doped CeO; (1 1 1) surface are in Figure A-5, and structures for

methane dissociatively adsorbed onto M-doped CeO; (1 1 1) are in Figure A-6.
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Table A-5. Number of layers convergence. Vacancy formation energies are not calculated for non-

mirrored slabs.

Dopant Intact Oxygen Vacant Methane Adsorbed
Coordination Structure Coordination Structure Coordination Structure
Number Number Number
Ag 5 Square Planar 4 Square Planar 4 See-Saw*
Au 4 Square Planar 4 Square Planar 4 Square Planar
Cd 6 Octahedral 6 Tr_|gona_1l 5 2
Prismatic
. Trigonal Trigonal
Co 8 Pyramidal 4 Pyramidal 4 Pyramidal
Trigonal Trigonal
cr 4 Pyramidal 4 Pyramidal* 5 2
Trigonal
Cu 4 Pyramidal 3 T-Shaped 4 Square Planar
Fe 4 Square Planar* 4 Square Planar 4 T”gof‘a'
Pyramidal
Hf 4 Tetrahedral 6 Tr_|gona_1l 5 2
Prismatic
Square P
Hg 6 Octahedral 5 Pyramidal* 4 See-Saw
Ir 6 Octahedral 4 Square Planar 6 Octahedral
Mn 3 Pyramidal 4 Square Planar* 4 Square Planar*
Mo 4 Tetrahedral 6 Tr_|gona_1l 5 2
Prismatic
Nb 4 Tetrahedral 6 Tr_|gona_1l 5 2
Prismatic
. Trigonal Trigonal
Ni 4 Pyramidal 4 Pyramidal 4 Square Planar
Os 4 Tetrahedral 6 Tr_lgona}l 4 See-Saw™*
Prismatic
Pd 6 Octahedral 3 Squa_r € 4 Square Planar
Pyramidal
Pt 6 Octahedral 4 Square Planar 4 Square Planar
Re 4 Tetrahedral 6 Tr_lgona}l 5 1
Prismatic
Rh 6 Octahedral 4 Square Planar 4 Square Planar
Ru 4 Tetrahedral 5 3 5 Squa_r €
Pyramidal
Ta 4 Tetrahedral 6 Tr_lgona}l 4 T“9°f‘a'
Prismatic Pyramidal
. Trigonal Trigonal
i 4 Pyramidal 4 Pyramidal 5 2
v 4 Trigonal 4 Trigonal 4 Trigonal
Pyramidal Pyramidal Pyramidal
W 4 Tetrahedral 6 Tr_lgona_ll 5 1
Prismatic
Trigonal Trigonal Trigonal
Zn 4 Pyramidal 4 Pyramidal 4 Pyramidal
Zr 4 Tetrahedral 6 Tr_lgona_ll 5 2
Prismatic
Ce 7 Cubic 6 Trigonal 5 2
Prismatic
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Figure A-5. Five possible oxygen coordination environments about an intact M-dopant in CeO-
(111). (a) Mn coordinated in pyramidal, (b) Ag coordinated in square planar, (c) V coordinated in
trigonal pyramidal, (d) Zr coordinated in tetrahedral, and (e) Pd coordinated in octahedral. Ce is
displayed as tan (light), M-dopant as light blue (gray), and O as red (dark). The oxygen atoms
labeled with X’s are the oxygen atoms not bonded, but are part of the 7 closest oxygen atoms.
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Figure A-6. Six oxygen coordination environments with an oxygen vacancy in M-doped in CeO;
(111). (@) Cu coordinated in T-shaped, (b) Fe coordinated in square planar, (c) Ni coordinated in
trigonal pyramidal, (d) Hg coordinated in square pyramidal, (¢) Ru coordinated in 4, and (f) Cd
coordinated in trigonal prismatic. Ce is displayed as tan (light), M-dopant as light blue (gray), and
O as red (dark). The oxygen atoms labeled with X’s are the oxygen atoms not bonded, but are part
of the 6 closest oxygen atoms.
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Figure A-7. Seven oxygen coordination environments with methane dissociatively adsorbed on M-
doped CeO, (1 1 1). (a) Os coordinated in see-saw, (b) Fe coordinated in square planar, (c) Ni
coordinated in trigonal pyramidal, (d) Ru coordinated in square pyramidal, (¢) W coordinated in 1,
(f) Cr coordinated in 2, (g) Ir coordinated in octahedral. Ce is displayed as tan (light), M-dopant as
light blue (gray), and O as red (dark). The oxygen atoms labeled with X’s are the oxygen atoms not
bonded, but are part of the 7 closest oxygen atoms.
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Table A-6. Bond lengths for dopant to 7 closest oxygens (6 with oxygen vacancy). Highlighted ones for the methane adsorbed structure are oxygens
with the hydrogen or the methyl radical adsorbed to.

Intact Structure Bond Lengths (A)

Oxygen Vacant Structure Bond Lengths (A)

Methane Adsorbed Structure Bond Lengths (A)

Dopant
1 2 3 4 5 6 7 1 2 3 4 5 6 1 2 3 4 5 6 7
Ag 2.162 | 2.165 | 2.192 | 2.196 | 2.354 | 2.756 | 2.832 | 2.261 | 2.261 | 2.392 | 2.395 | 2.519 | 2.726 | 2.214 | 2.272 | 2.342 | 2.361 | 2.586 | 2.836 | 3.102
Au 2110 | 2.113 | 2.136 | 2.136 | 2.348 | 2.856 | 2.930 | 2.079 | 2.083 | 2.085 | 2.088 | 2.772 | 2.851 | 2.041 | 2.044 | 2.126 | 2.136 | 2.688 | 2.964 | 3.056
Cd 2.330 | 2.330 | 2.331 | 2.393 | 2.395 | 2.395 | 2.622 | 2.294 | 2.310 | 2.310 | 2.469 | 2.469 | 2.477 | 2.331 | 2.341 | 2.351 | 2.434 | 2.478 | 2.580 | 2.712
Co 1.844 | 1.847 | 1.847 | 2.077 | 2.731 | 2.736 | 2.749 | 1.836 | 1.875 | 1.948 | 2.024 | 3.168 | 3.215 | 1.800 | 1.914 | 1.943 | 1.951 | 3.088 | 3.298 | 3.305
Cr 1.786 | 1.785 | 1.786 | 1.847 | 3.136 | 3.136 | 3.138 | 1.625 | 1.793 | 1.883 | 1.891 | 1.936 | 3.156 | 1.644 | 1.844 | 1.844 | 1.860 | 1.911 | 3.581 | 3.674
Cu 1.909 | 1.909 | 1.910 | 1.965 | 3.060 | 3.065 | 3.072 ] 1.859 | 1.860 | 1.920 | 2.819 | 3.474 | 3.475 | 1.924 | 1.933 | 1.960 | 2.056 | 3.110 | 3.483 | 3.683
Fe 1.784 | 1.814 | 1.817 | 1.908 | 2.957 | 3.468 | 3.480 ]| 1.799 | 1.804 | 1.862 | 1.909 | 3.125 | 3.820 | 1.890 | 1.914 | 1.914 | 1.938 | 3.021 | 3.262 | 3.333
Hf 2.087 | 2.095 | 2.096 | 2.096 | 2.438 | 2.438 | 2.438 | 2.040 | 2.108 | 2.137 | 2.138 | 2.143 | 2.143 | 2.076 | 2.106 | 2.124 | 2.146 | 2.179 | 2.368 | 2.369
Hg 2.335 | 2.335 | 2.335 | 2.384 | 2.385 | 2.385 | 2.776 | 2.370 | 2.371 | 2.419 | 2419 | 2452 | 2.747 | 2.241 | 2.275 | 2.455 | 2.466 | 2.619 | 2.859 | 2.903
Ir 2119 | 2.119 | 2.119 | 2.185 | 2.186 | 2.186 | 2.558 | 1.914 | 1.921 | 1.972 | 2.008 | 2.869 | 3.005 | 2.085 | 2.098 | 2.110 | 2.187 | 2.190 | 2.193 | 2.992
Mn 1.736 | 1.737 | 1.794 | 2.736 | 2.739 | 2.774 | 3.365 | 1.849 | 1.864 | 1.906 | 1.944 | 2.932 | 3.660 ] 1.861 | 1.889 | 1.889 | 2.033 | 2.646 | 3.343 | 3.513
Mo 1.818 | 1.818 | 1.829 | 1.956 | 2.409 | 2.546 | 2.562 | 1.885 | 1.889 | 1.938 | 2.018 | 2.024 | 2.058 | 1.863 | 1.878 | 1.909 | 1.909 | 2.033 | 2.297 | 3.889
Nb 1916 | 1.924 | 1.927 | 2.064 | 2.482 | 2.490 | 2.628 | 1.960 | 1.962 | 1.994 | 2.114 | 2.120 | 2.139 | 1.975 | 1.991 | 2.024 | 2.033 | 2.087 | 2.571 | 2.664
311

Ni 1.820 | 1.862 | 1.864 | 1.940 | 3.110 1 3.161 | 1.947 | 1.960 | 1.970 | 2.068 | 3.095 | 3.163 | 1.859 | 1.859 | 1.863 | 1.882 | 3.525 | 3.673 | 3.900
Os 1.836 | 1.850 | 1.878 | 1.956 | 2.205 | 2.370 | 2.489 ] 1.938 | 1.937 | 1.964 | 1.978 | 1.978 | 1.997 | 1.949 | 1.953 | 1.978 | 2.007 | 2.169 | 2.174 | 3.055
Pd 2134 | 2135 | 2.135 | 2.259 | 2.259 | 2.285 | 2.853 | 2.143 | 2.179 | 2.198 | 2.484 | 2.598 | 2.622 | 2.077 | 2.123 | 2.128 | 2.180 | 2.742 | 2.788 | 3.353
Pt 2.109 | 2.109 | 2.109 | 2.221 | 2.221 | 2.221 | 2.907 | 1.986 | 1.998 | 2.027 | 2.027 | 3.382 | 3.825 | 2.006 | 2.063 | 2.155 | 2.162 | 2.313 | 2.950 | 2.954
Re 1.809 | 1.809 | 1.810 | 1.903 | 2.338 | 2.340 | 2.349 ] 1.911 | 1.926 | 1.960 | 1.974 | 1.974 | 1.979 | 1.885 | 1.900 | 1.927 | 1.943 | 1.945 | 2.162 | 3.854
Rh 2.161 | 2.163 | 2.163 | 2.206 | 2.207 | 2.260 | 2.485 | 1.952 | 1.998 | 2.026 | 2.077 | 3.262 | 3.761 | 2.161 | 2.173 | 2.211 | 2.213 | 2.408 | 2.742 | 2.859
Ru 1.949 | 1.955 | 1.958 | 2.012 | 2.522 | 2.533 | 2.559 | 1.922 | 1.925 | 1.966 | 2.032 | 2.038 | 3.616 | 1.968 | 2.027 | 2.067 | 2.103 | 2.118 | 2.225 | 3.031
Ta 1911 | 1.921 | 1.921 | 2.032 | 2.440 | 2.440 | 2.666 | 1.968 | 2.010 | 2.017 | 2.027 | 2.029 | 2.115 ]| 1.907 | 1.949 | 1.954 | 1.955 | 2.226 | 2.333 | 3.469
Ti 1905 | 1.917 | 1.920 | 1.953 | 2.170 | 3.206 | 3.262 | 1.830 | 1.830 | 1.904 | 1.925 | 2.924 | 3.029 ] 1.863 | 1.919 | 1.944 | 1.952 | 2.065 | 3.453 | 3.570
V 1.731 | 1.733 | 1.738 | 1.767 | 3.206 | 3.245 | 3.245 | 1.706 | 1.707 | 1.760 | 1.781 | 3.323 | 3.341 | 1.723 | 1.729 | 1.734 | 1.755 | 3.245 | 3.436 | 3.449
W 1.826 | 1.827 | 1.838 | 1.962 | 2.339 | 2.516 | 2.541 ]| 1.903 | 1.907 | 1.949 | 1.970 | 2.006 | 2.009 ] 1.884 | 1.893 | 1.914 | 1.935 | 1.960 | 2.195 | 3.823
Zn 1.994 | 1.995 | 1.995 | 2.074 | 3.297 | 3.311 | 3.337 | 1.996 | 1.997 | 2.047 | 2.082 | 3.086 | 3.086 | 2.024 | 2.026 | 2.031 | 2.067 | 2.940 | 3.170 | 3.267
Zr 2141 | 2141 | 2.141 | 2.141 | 2430 | 2.431 | 2.431 | 2.105 | 2.116 | 2.144 | 2.156 | 2.160 | 2.170 | 2.103 | 2.138 | 2.142 | 2.168 | 2.195 | 2.421 | 2.472
Ce 2.353 | 2.354 | 2.357 | 2.359 | 2.359 | 2.359 | 2.362 | 2.228 | 2.362 | 2.372 | 2.426 | 2.433 | 2.445 | 2.335 | 2.340 | 2.412 | 2.443 | 2.450 | 2.603 | 2.605
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Table A-7. Adsorption energies and vacancy formation energies demonstrating the increasing of

the number of layers in slab used to correct non-symmetries.

Dopant Atﬁﬁwr?cbira;grs AEags (V) AEyac (V) Adsorption Vacancy
Au 12 -1.88 0.19 AU Not Symmetric
15 -1.87 -0.08 AU Audt
18 -1.90 0.61 Au®* Au*
21 -1.88 -0.08 AUt AUt
24 -1.87 -0.09 AUt AUt
Re 12 -0.44 1.99 Re®* Re®*
15 -0.20 2.07 Re®* Re®*
18 -0.13 2.08 Re®* Re®*
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Figure A-8. Hydrogen absorption and methyl radical formation energies (Eac) on 4-layer non-
mirrored M-doped CeO; versus 4-layer mirrored M-doped CeO,. (----)Eact non-mirrored = Eact
mirrored, (—) best fit line.
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Table A-8. Activation barriers to the pseudo-transition and true transition states as well as the
dissociative methane adsorption energies.

True Transition State

Pseudo-Transition State

Dopant (eV) (eV) AE.gs (eV)
Ag 0.39 0.21 -3.35
Mn - 0.14 -2.68
Ni 0.29 -0.12 -3.41
Pd - 0.72 -1.73
Pt - 0.86 -2.82
\Y/ 1.07 1.07 -2.26

1.90 1.87 -1.09
Zn 0.17 -0.19 -4.04
Zr 1.42 1.14 -1.48
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Table B-1. Surface oxygen vacancy formation energies at different values of U on d-states of Mn
ina p(2 x 2) unit cell expansion with a 25% surface Mn concentration.

U-value Mn?* Mn3* Mn#*

(eV) (eV) (eV)

0.0 1.47 0.74 1.08

2.0 0.65 0.31 1.05
3.0 0.22 0.08 -
3.5 0.00 -0.02 -
4.0 -0.13 -0.03 -
4.5 -0.33 -0.13 -
5.0 -0.48 -0.16 -
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Table B-2. Surface, subsurface and 2" oxygen vacancy formation energies for Mn-doped CeO»
(11 1) with U =4 eV on d-states of Mn. The second oxygen vacancy is calculated relative to a

structure with the first surface oxygen vacancy formed.

AEva Surface | AEy Subsurface | AEya 2 Surface ABv 1 Surface
and 1 Subsurface
Oxygen Oxygen Vacancy Oxygen
Vacancy (eV) (eV) Vacancies (eV) Oxy_gen
Vacancies (eV)
2X2 — 1Mn
(Mn%) -0.03 0.05 1.65 1.40
2X2 — 1Mn
(Mn2+) -0.13 - 1.75 1.50
2x3 —1Mn
(Mn") -0.20 -0.11 1.65 1.72
2x3 —2Mn -1.66 3.30 1.65 272
Diagonal
2X3 —2Mn
Short Row -2.03 1.03 0.56 3.26
2x3 - 2Mn Long 1.28 -0.70 0.12 0.67
Row
2x3 —2Mn Sub- 11,55 -0.56 1.30 1.02
Row
2x3 —2Mn Sub- -1.18 3.44 264 223
Diagonal
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Appendix C

Supplemental Material for Chapter 5

Surface H* CH;C*HCH,

e

" i~

N

e

C*H,C*HCH, C*H,C*HC*H,

'

Yi Y,

C*H,C*HC*H+0*

Yi Y. Y,

Figure C-1. Structures for first 9 steps (excluding desorption of H* as H.O and refilling of the %
Vo) to reform propane in an oxidizing environment. Ce is displayed as tan (light), Zr as light blue
(gray), O as red (dark).
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C*HC*C*+O* C*HC*C*+20* C*HC*+0*+V,

C*HC*+O* e cror C*C*+20*

Figure C-2. Structures for last 8 steps (excluding desorption of H* as H,O and refilling of the ¥
Vo) to reform propane in an oxidizing environment. Ce is displayed as tan (light), Zr as light blue
(gray), O as red (dark).
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Surface H* CH;C*HCH,

o~

N

C*H,C*HC*H, C*H,C*HC*H
) i

CHXHC*C*H

Figure C-3. Structures for first 9 steps (excluding desorption of H* as H.O and refilling of the %2
Vo) to reform propane in a reducing environment. Ce is displayed as tan (light), Zr as light blue
(gray), O as red (dark).
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C*HC*C*+0* CHCACH:O¥ C*C*C*+20*

C*C*+20*+V,

Figure C-4. Structures for last 7 steps (excluding desorption of H* as H,O and refilling of the %
Vo) to reform propane in a reducing environment. Ce is displayed as tan (light), Zr as light blue
(gray), O as red (dark).
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Figure C-5. Structures for all of the steps (excluding desorption of H* as H,O and refilling of the
% Vo) to reform propane under extremely reducing (gasifier effluent) conditions. Ce is displayed

as tan (light), Zr as light blue (gray), O as red (dark).
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Table C-1. 0 K oxygen vacancy formation energies for pure CeO; (111) and Zr-doped CeO- (111).
Each successive oxygen vacancy formation energy is calculated relative to a surface with one less
vacancy. The 6™ oxygen vacancy in Zr-doped CeO; is not electronically possible due the number
of cerium atoms that would have to reduce, see Section 5.3.4.

Ng’;)?gegnc’f Pure CeO; Zr-doped CeO;
Vacancies (V) V)

1 2.57 1.86

9 2.59 1.69

3 2.73 2.74

4 2.34 2.39

5 2.56 3.07

6 2.63 -
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Figure C-6. Structures for hydrogen adsorption on an intact Zr-doped CeO; surface. Ce is displayed

as tan (light), Zr as light blue (gray), O as red (dark).
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2H* with 1 O vacancy

5H* with 1 O vacancy

Figure C-7. Structures for hydrogen adsorption on a Zr-doped CeO; surface with 1 oxygen vacancy.

Ce is displayed as tan (light), Zr as light blue (gray), O as red (dark).
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Figure C-8. Structures for hydrogen adsorption on a Zr-doped CeO; surface with 2 and 3 oxygen
vacancy. Ce is displayed as tan (light), Zr as light blue (gray), O as red (dark).
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4 oxygen vacancies H* with 4 O vacancies 2H* with 4 O vacancies

3% v Yy

5 oxygen vacancies H* with 5 O vacancies

YN Y

Figure C-9. Structures for hydrogen adsorption on a Zr-doped CeO- surface with 4 and 5 oxygen
vacancy. Ce is displayed as tan (light), Zr as light blue (gray), O as red (dark).
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Figure C-10. The energy to absorb ¥z H, (g) onto the surface of pure CeO; varying number of
surface oxygen vacancies and number of hydrogen atoms on the surface. The energy to absorb each
hydrogen atom is calculated progressively in each step. The partial pressure of hydrogen is 0.234
atm and for oxygen is 6x102° atm. (white) 1 hydrogens, (orange or lightest gray) 2 hydrogens, (red
or light gray) 3 hydrogens, (green or medium gray) 4 hydrogens, (purple or dark gray) 5 hydrogens,
(black) 6 hydrogens.
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Desorb

log PHZIPHZO

Figure C-11. The pressure-temperature curves as to whether the hydrogen on the surface of pure
ceria will desorb as H, or H,O for a pure ceria surface with 6 hydrogens. (—) the division between
whether the hydrogen will desorb as H, (lower) or H.O (upper) based on the lower axes. The
division on whether the hydrogen will desorb as (——) Hp, or (------ ) H20, upper axes. Above these
lines the hydrogen will desorb and below they will not. The X’s represent the composition of the
gas when the H, or H>O will desorb and the O’s represent the conditions if the hydrogen will desorb.
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Intact Surface H* On Intact 2H* On Intact

Figure C-12. Structures for hydrogen adsorption on an intact CeO; surface. Ce is displayed as tan
(light), O as red (dark).
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Figure C-13. Structures for hydrogen adsorption on a CeO, surface with 1 oxygen vacancy. Ce is
displayed as tan (light), O as red (dark).
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2H* with 2 O vacancies

3H* with 3 O vacancies

Figure C-14. Structures for hydrogen adsorption on a CeO; surface with 2 and 3 oxygen vacancy.
Ce is displayed as tan (light), O as red (dark).
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Figure C-15. Structures for hydrogen adsorption on a CeO- surface with 4, 5 and 6 oxygen vacancy.
Ce is displayed as tan (light), O as red (dark).
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Surface H* CH;C*HCH,
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Y/

Y

C*H,C*HCH, C*HC*HCH, ‘. C*HC*CH,
)
. 1 ’ :
C*HC*CH, | C*HC*C*H C*HC*C*H+0*

Figure D-1. Structures for the first 9 steps (excluding desorption of H* as H,O and refilling of the
Y% Vo) to reform propane in an oxidizing environment. Ce is displayed as tan (light), Zr as light
blue (gray), O as red (dark).
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C*C*E*H+O* C*C*H+V, C*C*H

Surface

Figure D-2. Structures for the last 7 steps (excluding desorption of H* as H,O and refilling of the
% Vo) to reform propane in an oxidizing environment. Ce is displayed as tan (light), Zr as light
blue (gray), O as red (dark).
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CH5C*HCH,

C*HC*CH,

C*C*C*H

Figure D-3. Structures for the first 9 steps (excluding desorption of H* as H,O and refilling of the
% Vo) to reform propane in a reducing environment. Ce is displayed as tan (light), Zr as light blue

(gray), O as red (dark).
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C*C*+Vo C*C*+0O* 3Vo

Surface

Figure D-4. Structures for the last 7 steps (excluding desorption of H* as H,O and refilling of the

% Vo) to reform propane in a reducing environment. Ce is displayed as tan (light), Zr as light blue
(gray), O as red (dark).
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CH5C*HCH,

C*HC*CH,

C*C*C*H

Figure D-5. Structures for the first 9 steps (excluding desorption of H* as H,O and refilling of the
% Vo) to reform propane under extremely reducing (gasifier effluent) conditions. Ce is displayed
as tan (light), Zr as light blue (gray), O as red (dark).
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C*C*C* C*C*+V, 3V,

Figure D-6. Structures for the last 4 steps (excluding desorption of H* as H-O and refilling of the
% Vo) to reform propane under extremely reducing (gasifier effluent) conditions. Ce is displayed
as tan (light), Zr as light blue (gray), O as red (dark).
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Supplemental Material for Chapter 8

Surface H* on O1 H* on 02

Figure E-1. Structures of the adsorption of H* onto the 4 surface oxygens in the un-sulfided surface
of M-doped CeOs. Ce is displayed as tan (light), M as light blue (gray) and O as red (dark).
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C*H, C*H, C*H

c* Desorb CO (Surface O

Vacancy)

Figure E-2. Structures of the reforming of methane on the un-sulfided surface of M-doped CeO,.
Ce is displayed as tan (light), M as light blue (gray) and O as red (dark). The X represents the
position of the additional surface oxygen vacancy.



277

CH5C*HCH, C*H,C*HCH, C*H,C*HC*H,

Figure E-3. Structures of the first three steps in the reforming of propane on the un-sulfided surface
of M-doped CeOs. Ce is displayed as tan (light), M as light blue (gray) and O as red (dark).
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Surface H* on O1 (S1) H* on 02

Figure E-4. Structures of the adsorption of H* onto the 4 surface oxygens in the sulfided surface of
M-doped CeO,. Ce is displayed as tan (light), M as light blue (light gray), O as red (dark) and S as
yellow (dark gray).
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C*H

Desorb CS (Surface O
Vacancy)

Figure E-5. Structures of the reforming of methane on the sulfided surface of M-doped CeO,. Ce
is displayed as tan (light), M as light blue (light gray), O as red (dark) and S as yellow (dark gray).
The X represents the position of the additional surface oxygen vacancy.
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CH5C*HCH, C*H,C*HCH, C*H,C*HC*H,

Figure E-6. Structures of the first three steps in the reforming of propane on the sulfided surface of
M-doped CeO.. Ce is displayed as tan (light), M as light blue (light gray), O as red (dark) and S as
yellow (dark gray).
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Figure E-7. Reaction energy diagram of methane decomposition over sulfided and un-sulfided
surfaces of La-doped CeO, (1 1 1). The solid lines represents each hydrogen abstraction (product
desorption) on the un-sulfided surface and the dashed lines for the sulfided surface. For the pseudo-
transition state (CHse + H*), the long dash represents H abstraction on a sulfur atom and the short
dash represents on an oxygen atom.
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Figure E-8. Reaction energy diagram of methane decomposition over sulfided and un-sulfided
surfaces of Th-doped CeO; (1 1 1). The solid lines represents each hydrogen abstraction (product
desorption) on the un-sulfided surface and the dashed lines for the sulfided surface. For the pseudo-
transition state (CHse + H*), the long dash represents H abstraction on a sulfur atom and the short
dash represents on an oxygen atom.
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Figure E-9. Total density of states (DOS) plotted versus energy (referenced to Fermi level) for (a)
C*Hs, (b) C*H,, (¢) C*H, and (d) C* on the un-sulfided pure CeO; (1 1 1) surface. Spin-down
density of states is plotted on the negative y axis. All reduced cerium atoms have a spin-up f

electron, and any spin paired states below the Fermi level and above the valence band are associated
with electrons on the carbon atom.
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Figure E-10. Total density of states (DOS) plotted versus energy (referenced to Fermi level) for (a)
C*Hs, (b) C*Hy, (c) C*H, and (d) C* on the sulfided pure CeO; (1 1 1) surface. Spin-down density
of states is plotted on the negative y axis. All reduced cerium atoms have a spin-up f electron, and
any spin paired states below the Fermi level and above the valence band are associated with

electrons on the carbon atom.
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