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ABSTRACT

This dissertation describes the catalytic upgrading of phenolic compounds over ceria-
based materials. The work was motivated by the need to find alternative industrial uses for the
light rare earth elements (e.g. cerium) as part of the Critical Materials Institute. Cerium is
typically encountered in the +3 or +4 oxidation state and its dioxide is the most technologically
advanced cerium compound. Cerium dioxide (ceria) is best known for its ability to release and
store oxygen, thereby acting as an oxygen buffer in many catalytic systems. The oxygen storage
and release capability has been exploited in three-way catalysis and is one of the most
industrialized uses of cerium. Traditionally, ceria has been explored for small molecule (e.g. CO)
oxidation catalysis, while its utility as a catalyst for organic oxidations has been gaining
attention. The unique oxygen-activating property of ceria has delayed its study as a catalyst
component for reductive transformations.

Phenolics represent an interesting class of oxygenates for transformation over ceria-based
materials. The chemistry of hydroxyl-containing compounds over ceria is well-studied and is
often preceded by reactive adsorption to form activated intermediates. The economic importance
of phenolics as precursors for nylon production and the oxygenate-activating ability of ceria-
based materials provide a good starting point for determining alternative industrial uses for
cerium. Furthermore, phenolics can be derived from renewable resources, an industrial sector
that is expected to see large growth during the current century. Identifying active, selective, and
environmentally friendly catalytic systems that convert biorenewable compounds into
commodity chemicals is thus critical for ushering in the biorefinery era. The catalytic systems
described here demonstrate ceria-based materials are active for the reductive transformation of

phenolics using molecular hydrogen and aliphatic alcohols.
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Vi

Palladium supported on high-surface-area ceria was found to effectively catalyze the
hydrogenation of phenol to cyclohexanone at atmospheric pressure and room temperature under
batch conditions. The activity was highly dependent on the catalyst prereduction temperature
which led to optimization of Pd dispersion and metal-support interactions. Analogous to alkyl
alcohols, phenol underwent dissociative adsorption on ceria to yield cerium-bound phenoxy and
water. The phenoxy species were activated toward dearomatization by molecular hydrogen.

Palladium supported on high-surface-area ceria (Pd/CeOz) and sodium-modified ceria
(Pd/Ce-Na) were used as catalysts for the aqueous-phase transfer hydrogenation of phenol using
2-propanol under flow conditions. Both catalysts were active and showed constant activity for 7
days on-stream. Pd/Ce-Na showed a marked increase (6x) in transfer hydrogenation activity over
Pd/CeO>. Modification of ceria by sodium provided more 2-propanol adsorption sites and redox
active sites (i.e. defects) for 2-propanol dehydrogenation which resulted in higher phenol transfer
hydrogenation activity. For primary alcohols, reduction of the ceria support to from cerium
hydroxy carbonate occurred and led to irreversible deactivation of the catalyst. A deactivation
mechanism involving C-C scission of acyl and carboxylate intermediates to form CO was
proposed.

Deposition of trimethylphosphate onto ceria followed by thermal treatment resulted in
formation of surface phosphates with retention of redox activity. The introduction of phosphates
generated Brgnsted acidic sites and decreased the number of Lewis acidic sites on the surface.
Upon deposition of Pd, the multifunctional material showed enhanced activity for phenolic
hydrogenolysis compared to Pd on the unmodified ceria support. This was attributed to the
cooperativity between the Lewis acid sites, which activate phenolics for dearomatization, and the

redox/acid property, which catalyzes hydrogenolysis.
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CHAPTER 1

INTRODUCTION.

General Introduction

The inevitable depletion of fossil fuels and the environmental controversies that surround
their use makes it imperative to develop sustainable, economical, and efficient alternatives to the
production of petrochemicals. Most carbon-based products pervasive in modern society are
derived from petroleum sources and our continued reliance on them is problematic in many
ways. Since the end of the 20" century, significant time and effort has been devoted to finding
alternative resources and effective catalytic processes to curb our reliance on petroleum. The
most noteworthy renewable sources of carbon that have large-scale capability are plants (i.e.
biomass) and atmospheric carbon dioxide.! Of the possible options, biomass seems to be the
most promising, sustainable, and carbon-neutral alternative to lessen our reliance on petroleum-
based products mainly due to the infancy of CO, conversion technology.? Biomass is an
umbrella term for organic matter derived from living or recently living organisms, and includes
plant- and animal-based matter that can be converted into desired chemical products (i.e.
platform molecules). The platform molecules may be used to derive economically important
chemicals that are traditionally obtained from petroleum.®* The source of biomass is broadly
categorized into food- and non-food-based biomass. First generation biomass refining or
biorefinery plants typically use food-based sources to derive important chemicals (e.g. ethanol).
However, this is undesirable because it compounds the food shortage problem through direct
competition.® Using non-food biomass for producing valuable chemical intermediates is thus far
more appropriate towards developing sustainable alternatives to petroleum. Most non-food

biomass is in the form of lignocellulose and the efficient degradation and separation of
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lignocellulose into its constituents for chemical upgrading has been the focus of contemporary
biomass research.

Lignocellulose is composed of carbohydrate polymers (cellulose and hemicellulose) and
an aromatic polymer (lignin).® The polysaccharide component (celluloses) is tightly bound to
lignin through ester and ether linkages.® This structure has evolved to impart hydrolytic stability
and structure robustness to plant cell walls and is therefore highly recalcitrant to chemical
modification.” The efficient depolymerization of lignocellulose is therefore a significant hurdle
that must be overcome before large-scale implementation as a substitute for petroleum-based
products is achieved.” Polysaccharide upgrading technology is significantly further along than
lignin upgrading due to it constituting the bulk of biomass (70-85 wt. %) and the well-known
chemistry for transformation of carbohydrates.? Once separated from lignin, the polysaccharides
can be depolymerized into C5 (hemicellulose) and C6 (cellulose) sugars through acid-catalyzed
hydrolysis to yield valuable platform molecules that are poised for catalytic upgrading (Figure
1). The lignin component is often more recalcitrant and harsher conditions are needed to

depolymerize it.

www.manaraa.com



ol
- OH HO—”
| ~5\__-0 HO-__ PH 0
T T ~— L o Q
;HMO%O/\O M
OH OH \/
| OH In \/ \0/\/,/&20/\ -0~
Cellulose \o HO-) \/\
_O-
* OH
o H leo M
HO «_J-0
HM"’OH ’ H%M OH Hemicellulose
Glucose
Mannose \ H* l H,0
/ fermentation o oH
acids, alcohols H+I-3H20 C;)H oH H?*MOH + Hom
o O~ OH el OH ™OH
P ylose Arabinose
furans-—HO/ ’&_J °© OH .OH / _ \
HMF Sorbitol fermentation H+l-3HzO on o
acids, alcohols HOV'\/L\/OH
H*| +2H,0 O
i i If OH
lact ; o) diols, acids, <\/,' it
actones, esters ito
: : OH alkanes, etc. Y
ketones, etc. =~ Furfural
0
Levulinic acid 1 1
o] . )
alcohols, )L furans, acids, d:EIs, amdi,,
aldehydes H™ "OH esters. etc. alkanes, etc.

(C1 building block)

Figure 1. Platform molecules derived from the hydrolysis of polysaccharides and their possible
chemically upgraded products.?

Lignin is a heterogeneous, alkyl-aromatic amorphous polymer comprised of
methoxylated phenylpropane.® The lignin fraction of lignocellulose constitutes about 15-30 wt.
% depending on the source and is typically underused as a chemical feedstock.® Lignin is mainly
a by-product of the paper industry and within this context finds niche uses in low-value markets
with the majority of it burned as a low-value fuel for industrial plant processes.” Its inherent
heterogeneity and recalcitrance make it difficult to depolymerize and separate into smaller
compounds that can be catalytically upgraded to high-value chemicals and fuels. Because of this,
lignin waste production is expected to increase with the onset of lignocellulose biorefineries.°
Even though lignin represents a minor component of lignocellulose, its efficient utilization could
have major economic impact for the production of fuels and specialty chemicals due to its unique

aromatic structure.!! In fact, lignin is the only large-scale renewable source of aromatics from
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which many important commodity chemicals can be derived and its valorization remains a
significant, yet promising challenge.” The lignin structure is believed to originate from the
random polymerization of p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (Figure
2a).12 Figure 2b shows a pictorial structure of lignin with typical bonding patterns that are
representative for the various sources of lignin.®*** Given the rich aromatic structure, lignin
chemical conversion into valuable aromatics (e.g. benzene, anisole, phenol, etc.) has been the
subject of numerous investigations.!>® The obvious and urgent needs for more sustainable
chemical processes will likely lead to the development of lignin-based technologies and allow it
to become a significant source of renewable aromatics.'” However, in order to take full
advantage of renewable aromatic feedstocks, sustainable and economical downstream processes
that selectively convert lignin/lignocellulose depolymerization products into high-value
commodity chemicals need to be developed in concert.

A wide range of heterogeneous catalysts and catalytic processes have been developed for
lignocellulose upgrading to platform molecules.’®2° Unlike the catalysts used for petroleum
upgrading that are optimized to introduce functionality, catalysts for lignocellulose platform
molecules often need to reduce functionality, especially as it pertains to fuel and monoaromatic
production.'® Although some guidance can be offered from the catalysts and catalytic systems
used in petroleum upgrading, new catalysts must be developed for lignocellulosic platform
molecule conversion into high-value specialty chemicals. The biorefinery concept calls for the
development of catalytic systems that keep with the green metrics (e.g. green solvents, energy
non-intensive, earth abundant materials, etc.) and show high selectivity for specific bonding
motifs to lessen the burdens associated with separation. Chemical upgrading usually involves

reforming, hydrogenolysis, hydrogenation, oxidation, hydrolysis, and C-C coupling reactions
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among others. Given the large number of platform molecules that can be derived from
lignocellulose and the even larger number of chemical pathways leading to desired products,
catalysts exhibiting multifunctional properties are preferred.? Multifunctional materials can
provide increased catalytic activity, modify selectivity, improve catalyst stability, and allow for
tandem processes to occur that eliminate synthetic steps.!® 22 Therefore, significant effort must

be focused on identifying these catalytic systems for efficient upgrading technologies.

()

HO HO HO
A A oS
\O \O O/
OH OH OH
p-coumaryl alcohol coniferyl alcohol sinapyl
alcohol

b

p-Coumaryl alcohol
fragment

phenols, anisoles,
BTX, etc.

Coniferyl alcohol OH
fragment

Sinapyl alcohol
fragment

Figure 2. (a) Monolignols that provide the framework for lignin. (b) Representative structure of
lignin with some common bonding motifs.3-%4
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This thesis describes the efforts made towards converting phenolic compounds into
valuable chemical intermediates over ceria-based catalysts. Phenolic compounds are prevalent
depolymerization products of lignin?22* and are valuable precursors for plastics and
pharmaceutical compounds.?® Therefore, continued development of highly active, selective, and
environmentally friendly catalysts that transform phenolics under milder conditions than their
industrial analogs is needed to help usher in the biorefinery era. Ceria is a redox active rare-earth
oxide most notably known for its ability to release and store oxygen. Because of this property,
ceria has found widespread use in oxidation catalysis. Under reducing environments (e.g. Hy),
ceria readily loses lattice oxygen and becomes an oxygen sink that can promote deoxygenation
reactions.?® Furthermore, supporting transition metals onto ceria can result in unique, synergistic
interactions between the metal and support that endow the material with activity towards other
hydrotreating reactions.?’?® In order to understand the role that ceria-based catalysts can play in

biorefineries, an understanding of the structural and chemical properties must precede its use.

Structural Properties of Ceria and Its Related Oxides.

Cerium is the most abundant rare-earth lanthanide element and is mainly recovered from
bastnésite, monazite, and loparite minerals.?” The most widely known use for metallic cerium is
in mischmetal alloy used for lighter flints and other metallurgy applications.?” Due to its high
reactivity, cerium is often utilized in one of two valence states, Ce(lll) and Ce(lV). Many
cerium-based applications are related to the ability of cerium to cycle between the Ce®* and Ce**
oxidation states. This phenomenon is most widely recognized in cerium(lV) dioxide (CeOa,
ceria) and therefore can be a valuable catalyst, co-catalyst, or promoter in organic

transformations, especially those that involve redox chemistry.
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Ceria finds many uses in large-scale commodity chemical manufacturing processes. For
instance, ceria is used as a catalyst component in refinery operations to convert crude oil into
lower molecular-weight fractions, a process called fluid catalytic cracking (FCC).? It is also
used to promote the dehydrogenation of ethylbenzene to styrene and the ammoxidation of
propylene to acrylonitrile.?® Perhaps the most significant technological application is the ability
of ceria to act as an oxygen reservoir for vehicle emission control.®® This is related to the relative
ease with which cerium can cycle between its oxidation states allowing it to promote the
oxidation of hydrocarbons and carbon monoxide found in vehicle exhaust. In relation, ceria has
been gaining attention for its ability to reduce particle emissions in diesel and also to control
sulfur oxide emissions.®® Ceria and its analogs have also been studied as solid electrolytes for
solid oxide fuel cell applications due to the high oxygen ion conductivity of doped ceria.*® The
chemistry of ceria and ceria-related materials is diverse due to the unique structural and chemical
properties of ceria, its ability to incorporate an extensive list of heteroatoms into the lattice, and
its unique interaction with supported transition metals.?’2¢ This section will primarily deal with
the structural aspects of ceria and its related oxides.

Cerium oxide can exist as a sesquioxide (Cez203), dioxide (CeO.), or as an intermediate
oxide between the two extremes (CeOx, 1.5 < x < 2). Cerium(lll) oxide forms a hexagonal
crystal structure (P32/m, a=0.389 nm, ¢=0.607 nm) upon reduction of CeO5,3! while other forms
of the sesquioxide are known to exist.>® Cerium(IV) oxide crystallizes in the cubic fluorite
structure (Fm3m, a=0.541134 nm)?’ and is the most common oxidic phase encountered. The
fluorite structure of ceria is characterized by a face-centered-cubic (f.c.c.) array of cerium atoms
that are coordinated by eight equivalent nearest-neighbor oxygen anions (Figure 3a). The oxygen

atoms fill all tetrahedral holes of the cationic sub-lattice and are coordinated by four equivalent
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nearest-neighbor cerium cations. Alternatively, the unit cell can be redrawn to form a primitive
cubic array of oxygen atoms which clearly shows the eight-coordinate sites are alternatively
empty (Figure 3b). This is believed to impart ceria with unique properties, especially as they

pertain to oxygen mobility and incorporation of dopants.?’

P

L
N
N\

N
f

aN,

Figure 3. (a) CeO2 unit cell constructed as f.c.c. array of cerium atoms. (b) Redrawn as a
primitive cubic array of oxygen atoms.

The higher oxides of ceria (CeOx, x > 1.714) can be prepared from the removal of O
anions through thermal treatment under reducing conditions (e.g. Hz) or through thermal

treatment at low oxygen pressures according to the following reaction scheme (Eq 1):

4Ce* + 02 — = 2Ce** + 2Ce3* + Vg + 0.50, (1)

where Vo represents a vacancy formed from the removal of lattice O. Charge balance is
maintained from the removal of lattice O by reduction of two cerium cations. Several studies
have indicated that CeO. exhibits a continuum of oxygen-deficient, non-stoichiometric
disordered phases above 685 °C.32 %37 Upon cooling, these amorphous phases become ordered

into a series of fluorite-related phases with compositions ranging from CeO1714 to CeO..
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Throughout this composition range the cerium and oxygen atoms remain essentially in the same
position as shown in Figure 3, but much of the cubic symmetry is lost due to oxygen removal,
and at certain stoichiometric ratios (e.g. CeOi1714) can result in the ordering of oxygen
vacancies.® The lower oxides of ceria (i.e. CeOx, 1.5 < x <1.714) give rise to a non-
stoichiometric phase (o) at high temperatures that crystallize into a body-centered cubic type-C
rare earth oxide.?” The end member of the non-stoichiometric o-phase forms the C-type
sesquioxide (CeOuso-153) that crystallizes in the bixbyite structure where oxygen atoms occupy
three quarters of the octahedral holes.® The formation of the C-type sesquioxide over the A-type
(hexagonal) has been suggested to be favored upon reducing the size of ceria crystallite to 1.5
nm.>® The result is consistent with the stabilization of vacancies on the surface as compared to
the bulk®® and the higher propensity for reduction of small ceria crystallites.*! The stabilization
mechanism for small ceria crystallites gives rise to unique material properties that can be
exploited for redox applications.

Defects are an important intrinsic property of ceria and their presence is closely related to
the redox properties. Thus, elucidation of their structure and formation mechanism are valuable
for the design of materials with high defect concentrations and to understand their role during
chemical processes. Defects arising from thermal disorder or redox processes occurring on the
surface are described as intrinsic, while those resulting from doping are considered extrinsic.?’
The intrinsic defects generated from thermal disorder can be described as either Schottky- (Eqg.
2) or Frenkel- (Egs. 3 and 4) type and are represented using Kroger and Vink* point defect

notation:

Cece + 200 < V(e + 2V + CeO, )
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Cece <> Ce;  + V(e @)

Op = O+ Vg, (4)

where Cece and Oo represent cerium and oxygen at their respective lattice sites, Vce and Vo
represent a cerium and oxygen vacancy, and Cej and O;j represent a cerium and oxygen at an
interstitial position. The effective charge is expressed in terms of the charge normally present in
the same position in the host lattice and is indicated by a dot () and a prime (') for each positive
and negative charge, respectively. The most energetically accessible defect is of the anion
Frenkel variety*® and is often the dominant defect in bulk, polyhedron ceria.?” The defect does
not result in stoichiometric deviation and is seemingly related to the oxygen storage capacity and
mobility of ceria and its analogs.***> Defects arising through redox processes occurring on the
surface of ceria are often associated with the removal of lattice oxygen. In this case, ceria
becomes anion-deficient and charge balance must be compensated for by introduction of two
electrons. Previous studies have shown that the lattice parameter of ceria increases as the degree
of non-stoichiometry increases even when corrected for thermal dilation.*®*" The lattice
expansion is attributed to the formation of the larger Ce®* upon removal of oxygen. Furthermore,
X-ray*® and neutron*® diffraction studies showed that the cerium cationic sublattice is not
strongly perturbed upon removal of oxygen, while strong perturbation of the oxygen sublattice is
observed. The data put forth suggests that the charge compensating mechanism for non-
stoichiometry in ceria is accomplished through the reduction of two Ce cations from +4 to +3 for

each lattice oxygen removed (Eqg. 5). This can be represented through Kroger-Vink notation as:

CeO,=<—=2xCege + (1-2X)Cege + XVg + (2-X)0p + 0.5x0; (g) ®)
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Although Eqg. 5 suggests the defects formed upon removal of lattice oxygen are isolated, their
formation results in the expansion of Ce atoms around the oxygen-vacant site accompanied by
contraction of oxygen atoms around the vacancy.3 The structural rearrangement or defect cluster
eventually leads to ordering of vacancies for CeO1.714. Esch et al.*® used high-resolution scanning
tunneling microscopy and density functional calculations to unravel the local structure of surface
and subsurface oxygen vacancies on the (111) surface. On the slightly reduced surface, single
vacancies corresponding to surface and subsurface were the dominant defects and found to be in
equal proportions. The vacancies were shown to result in relaxation of the surface structure
through the expansion Ce cations and contraction or outward relaxation of O anions depending
on the type of single vacancy. At higher non-stoichiometry linear surface oxygen vacancy
clusters were formed. The vacancy clusters expose Ce3* cations and the adjacent cerium cations
remain as Ce**. The authors suggest that the removal of a subsurface oxygen vacancy is a
prerequisite to the formation of vacancy clusters. The presence and concentration of vacancies or
vacancy clusters is often correlated with enhanced redox property and catalytic activity.

The fluorite structure of ceria can tolerate a wide range of metal dopants due to the open
structure (Figure 3) with concomitant introduction of extrinsic defect sites. Incorporation of
zirconium into the ceria lattice to form a continuum of ceria-zirconia mixed oxides is the most
widely studied ceria-doped system. Ceria-zirconia mixed oxides are known to retain their redox
properties under high temperature conditions, while significant redox inhibition is observed for
ceria under similar conditions.! Zirconium is valence isoelectronic with cerium and its
incorporation does not necessitate the formation of charge-compensating vacancies. The
enhanced redox thermal stability of ceria-zirconia mixed oxides has been associated with the

stability of anionic Frenkel defects (Eq. 4).* For ceria, the Frenkel defects annihilate at high
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temperature, while for ceria-zirconia there appears to be a high activation barrier for this process.
This is possibly due to the restriction of oxygen interstitials to tetrahedral sites caused by the
smaller zirconium cations. Interestingly, the presence of extrinsic oxygen vacancies were
observed for ceria-zirconia mixed oxides even though zirconium is valence isoelectronic with
cerium. This again was attributed to the smaller ionic radius of zirconium eliminating the strain
associated with forming the larger Ce3*.** The ceria-zirconia mixed oxide system reflects that
extrinsic vacancies can be formed upon valence isoelectronic doping of ceria due to subtle
size/strain effects. Ceria doped with aliovalent metals (M?* and M**) has been achieved using
transition,>? alkaline earth,> and rare earth metals.> In this instance, incorporation of the
heteroatoms into the ceria framework does necessitate the formation of charge-compensating
vacancies. The preferred charge-compensating mechanism is related to the formation of oxygen
vacancies.** %% The charge compensation mechanism for tri- (Eq. 6) and di-valent (Eq. 7)

cation dopants can be written as:

XMOy 5 + (1-X)Ce0y <—> XM, + 0.5xVg + (1-X)Cece + (2-0.5X)0p  (6)

XMO + (1-x)CeOz =—> xMg, + XV + (1-x)Cece + (2-X)O0 )

Introduction of aliovalent heteroatoms into the ceria framework can result in enhanced redox
properties through the formation of charge-compensating vacancies that increase the number of
defect sites and thereby promote redox chemistry.%-%° The ease with which cerium cation can
cycle between its oxidation states appears to not only be related to the concentration of
vacancies,*! but also to the size of the heteroatom dopant.®* That is, for a fixed dopant level or

oxygen vacancy concentration, larger dopant ions (e.g. Ca?*, La®*) may better accommodate the
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strain associated with the formation of the larger Ce®* cation upon reduction. The oxygen
mobility is also enhanced upon aliovalent doping by providing a more open framework (due to
oxygen vacancy formation) allowing facile oxygen diffusion from the bulk to the surface.®2%3
This phenomenon is closely related to the redox ability, especially when a continuous supply of
active oxygen species from the bulk to the surface is needed under oxygen poor conditions.
Aliovalent-doped ceria materials have also been observed to enhance ionic conductivity through
oxygen vacancy formation making them interesting materials for solid state conductor
applications.®*

The defect chemistry of ceria dominates its redox properties. As such, unraveling the
local structure of defect sites and their oxidation properties has been the subject of numerous
investigations. Notably, Onishi et al.®>®® probed the defect sites of well-outgassed and partially
reduced ceria through O adsorption monitored by infrared spectroscopy. Adsorbed superoxide
species were observed for both samples while peroxide species were also observed for the
partially reduced ceria sample. The results imply that there are one- and two-electron defect sites
on the surface of ceria and that the degree of non-stoichiometry dictates the population of the
defects. Similarly, d'ltri et al.®’ studied adsorbed dioxygen on ceria reduced with H, and CO
through in situ Raman spectroscopy. They provided spectroscopic evidence for the formation of
planar bridging and n! superoxo dioxygen species. The peroxide species were suggested to form
non-planar bridging and n? peroxo species. In addition, they were able to distinguish between
peroxide species adsorbed on isolated and aggregated two-electron defect sites. Using CO
oxidation as a probe molecule, they observed that adsorbed superoxide species (i.e. one-electron
defect sites) were more active for low temperature CO oxidation than two-electron defect sites.

Superoxide species were also observed to be active for low temperature CO oxidation in ceria-
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zirconia mixed oxides®® and gold supported on ceria.?® Overbury and Wu® probed the defect
sites of ceria with specific surface terminations through O adsorption. They observed that both
the quantity and quality of defect sites were dependent on the surface termination. Intrinsic
defects were most abundant and clustered on particles with (110) surface termination and least
abundant and clustered on the (111) surface. In addition, superoxides were not formed on the
(100) and (111) surfaces. The results are consistent with the CO oxidation activity over the
different surfaces.”*"2 Finally, Ramaswamy et al.”® studied the defect sites of ceria with electron
paramagnetic resonance and correlated the concentration of one-electron defect sites to the
activation temperature for ethylbenzene oxidative dehydrogenation with nitrous oxide. The
results suggested that the one-electron defect sites are responsible for the activation of o and -
hydrogen of ethylbenzene. The aforementioned studies correlate defect structure to catalytic

activity and can aid in the rational design of ceria-based materials for redox catalysis.

Synthesis of Ceria and Ceria-Based Materials.

Cerium dioxide can be easily prepared through thermal treatment (i.e. pyrolysis) of
cerium salts in air to afford the oxide with cubic fluorite structure.”*" This is most often
accomplished through the use of cerium salts that undergo pyrolysis to yield ceria and gas (e.g.
Ce(NO3)3). Although this method is straightforward and simple, it can lead to bulk-like materials
whose properties are often correlated to low activity in catalytic applications. Controlling the size
and shape of ceria and related materials on the nanometer scale can lead to increased surface
area, defect-enriched surfaces, and facet-dependent phenomena. These morphology-controlled
synthetic procedures have proven to be a fruitful approach for the design of ceria-based materials

with distinctive properties relative to their bulk and polyhedron counterparts. This section
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highlights research efforts focused on the controlled synthesis and assembly of ceria and ceria-
based materials and how the specific morphologies dictate material properties.

The synthesis of ceria can be achieved by a wide variety of methods.”®®! Typically, an
alkali solution is added to a Ce(lll) or Ce(lV) salt to promote hydrolysis which affords the
Ce(lIl) or Ce(IV) hydroxide.?’?® Sodium hydroxide®28 and ammonia®*®® are the two most
common precipitating agents used, but others, such as urea® and sodium carbonate®’, have also
been employed. The metal hydroxide can be readily oxidized and/or dehydrated by thermal
treatment under oxygen or air (i.e. calcination) to afford cubic fluorite ceria. This synthetic
approach affords small (<50 nm), isotropic polycrystalline ceria particles whose size can be
heavily influenced by the calcination temperature (>400 °C) used in order to improve
crystallinity and/or remove surface impurities.3® The precipitation route primarily leads to (111)
terminated ceria particles in the absence of suitable ligands/conditions that can selectively
control the exposed crystal planes. However, given the polycrystalline nature of the materials
prepared via precipitation, there is undoubtedly other surface terminations present, although far
less prevalent than the (111).7% 8 Related synthetic procedures for the formation of ceria include
hydrothermal®* 8, solvothermal™, sonochemical®®, solution combustion®%2, sol-gel®*%,
microwave®, and microemulsion methods®%’. Considering the facile formation of ceria, the
aforementioned methods and their variations are devised to invoke unique material
characteristics that may impart increased activity during chemical transformations. In many
cases, the desired characteristics are enrichment of defects and high surface-to-volume ratio
which can be achieved by decreasing the particle/crystallite size and/or imparting the material

with well-defined structure (e.g. pores and shape).
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Perhaps the most widely known size-dependent phenomenon is the ability to tune the
bandgap of inorganic semiconducting materials by controlling the physical size of the
semiconductor crystal.®® The above-mentioned synthetic procedures used to prepare ceria can be
manipulated to attain size selectivity through judicial choice of reaction temperature®, solvent®,
time'®, surfactant!®?, precursori®, etc. For instance, Zhang and coworkers!®® prepared sub-5 nm
colloidal ceria particles via a polyol method. The colloids exhibited size-dependent optical
properties showing a 0.35 eV reduction of the band gap relative to bulk ceria (3.54 eV).
Similarly, Ghosh and coworkers® were able to prepare 2.3 nm ceria nanoparticles through
ammonia precipitation of cerium(l1l) nitrate in a mixed glycol-water solvent. They observed a
significant decrease (1.29 eV) of the nanoparticle band gap relative to bulk ceria. These two
examples indicate that the band gap of ceria is size-dependent, but does not obey the traditional
quantum confinement effect which usually results in an increase of the band gap with decreasing
particle size. However, the simple quantum size effect assumes no significant dependence of the
chemical structure on size.’%* Several studies have shown that the surface structure of ceria
undergoes substantial changes as the size of the particle decreases, especially below 10 nm. Wu
et al.1% measured the Ce3* content of ceria particles with varying diameters through the white-
line ratios (Ms/Ma) of the electron energy loss spectra (EELS). The fraction of Ce®* ions in the
particle were found to increase with decreasing particle size below about 15 nm. It was also
observed from the EELS spectrum that the reduction of cerium ions occurs mainly at the surface,
forming a CeOq 5 layer and leaves the core essentially as CeO». Quite remarkably, they observed
complete reduction of ceria to CeOy 5 for particle diameters below 3 nm while retaining the cubic
fluorite structure. The increased Ce3*/Ce*" ratio as the particle size decreases has also been

corroborated by other groups.'®1% Tsunekawa''® proposed that the enrichment of Ce®" as the
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ceria particle size decreases was due to lattice relaxation through removal of half surface oxygen
and a lower nominal valence from -2 (O%) to -1 (O2%). This model agreed well with the observed
lattice constant change and implies that the cause of the lattice relaxation is due to the formation
of peroxides on the inner surface. In any case, the band gap redshift observed for small ceria
particles is not due to the quantum confinement effect itself, but to the existence of Ce3* on the
surface of the material.}** The enrichment of surface Ce®* implies the formation of vacancies
which can alter the properties of the material especially as they pertain to redox ability.

It is very well known that the propensity of ceria to facilitate redox reactions is directly
related to the amount of defect sites present. Thus, the enrichment of surface Ce** through
formation of oxygen vacancies (i.e. defects) can be controlled by tuning the polyhedron particle
size and has led to enhanced reactivity for chemical conversion. For instance, Colvinl% 112 and
coworkers prepared 3-10 nm diameter ceria colloids coated with a thin stabilizer (e.g. polyacrylic
acid) and their activity for hydrogen peroxide disproportionation was monitored. They observed
increased activity as the particle size decreased and this size-dependent trend was correlated with
the amount of surface Ce®*. The higher activity of the smaller ceria particles was attributed to the
higher concentration of Ce®*, thus providing more active sites for the Ce®*"/Ce* redox cycle.
Another example of ceria particle size-activity relationship was shown by Adachi.®” In this study,
ceria particles with average diameters from 2.6-4.1 nm were prepared using a microemulsion
method and their activity tested for carbon monoxide (CO) oxidation. Their alumina supported
nanoparticulate ceria showed a lower temperature to achieve 50 % conversion of the CO stream
compared to their bulk-like precipitated counterpart. The enhanced activity was again attributed
to a higher concentration of redox active sites due to the small particle size. The ability to control

the amount of defect sites on the surface of ceria by size manipulation has proven to be a
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valuable approach towards increasing the catalytic activity in many systems. However, ceria is
notoriously known for its facile ability to crystallize at high temperatures and can result in the
coalescence of small particles which often leads to decreased catalytic activity through defect
healing and decreased surface area. Thus, synthetic methods that impart ceria-based materials
with permanent porosity (i.e. high surface area) through strict geometric control are necessary.
High surface area materials are desirable for many applications. In theory, the activity of
a material exhibiting high surface area should be enhanced relative to its low surface area
counterpart due to higher amounts of exposed surface atoms that dictate heterogeneous catalytic
processes. Enhancement of surface area is typically achieved through use of surfactants which
provide the template for precursor self-assembly. Post-synthesis removal of the surfactant by
various means results in void spaces and therefore enhances the number of surface atoms
exposed. In many cases, the presence of surfactants within a synthetic procedure will lead to
enhanced surface area, but perhaps more desirable (and difficult) is to prepare materials with
atomic and structural order through self-assembly processes. Interest and progress in this
research field has exploded since the discovery of ordered mesoporous silica in the early
1990°s13114 and has led to the development of other structurally ordered materials (e.g. MOF,
COF, etc.).1>116 The two most common approaches for introducing structural order is through
molecular self-assembly using structure-directing agents (i.e. supramolecular assembly) or
through the self-assembly of individual particles.!'’ The two approaches have been utilized to
synthesize ceria-based materials with ordered structures whose nanocrystal assemblies can lead
to non-additive properties. Structural ordering can allow control over chemical processes (e.g.
catalysis, separation, etc.) by tuning pore dimensions and also provides a unique platform to

study the effect of confinement on elementary processes.!!8122 The specific arrangement of
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particles to form hierarchical structures can also result in unique properties not observed in the
bulk.104

The inherent difficulty for the supramolecular self-assembly approach for structurally
ordered ceria lies within the ability of ceria to crystallize or sinter at modest temperatures (<400
°C). The crystallization process is desirable and necessary to form cubic fluorite oxide from the
inorganic-organic matrix. However, the temperatures needed for crystallization and pore wall
densification, which provides structural integrity, often leads to crystallite growth. This can have
detrimental effects on the structural order. Lyons et al.?® were able to sufficiently control the
reaction and calcination conditions to prevent structural degradation using the neutral surfactant
hexadecylamine and cerium(lll) acetate precursor. After the initial crystallization and
densification the material retained its structural integrity at temperatures up to 600 °C. The
formation of stable mesoporous phases was said to relate to low temperature removal of
templating molecules and the use of cerium acetate to direct wall condensation. Considering the
inherent difficulties of forming structurally-ordered ceria mentioned previously, the
incorporation of heteroatoms within the ceria matrix has been used to reduce the facile crystallite
growth upon organic template removal and pore wall densification. Ceria-zirconia mixed oxides
are known for their enhanced oxygen uptake/release properties and their thermal stability under
high temperature conditions (>600 °C) relative to ceria. These properties make it desirable and
feasible to fabricate nanostructures with ordered structures.’?*1% Yuan et al.'®® were able to
develop a sol-gel evaporation-induced self-assembly process to synthesize ordered 2D hexagonal
mesoporous Ce1xZrxO2 (x = 0.4-0.8) solid solutions with crystalline walls. The mixed oxides
were stable up to 600 °C and exhibited high surface area (100-130 m? g) with pore sizes

ranging from 3.2-3.7 nm.
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The other commonly encountered approach to synthesize ceria and ceria-based materials
with structural order is through self-assembly of preformed ceria crystallites. The advantage of
this approach over supramolecular self-assembly is that the ceria building block size and shape
can be controlled prior to the self-assembly process. By employing this strategy 2D and 3D
structures can be obtained with unique properties. Corma et al.1® were able to prepare high-
surface-area, thermally stable, mesostructured ceria through self-assembly of individual 5 nm
ceria particles using a solution-based method and nonionic surfactant. The material showed well-
defined hexagonal symmetry with wall thickness of 6 nm. The similarity of wall thickness and
nanoparticle diameter indicated an assembly process involving a monolayer of individual
particles. The assembly displayed a unique photovoltaic response not observed in bulk ceria and
operational organic-dye-free solar cells were constructed using the material as the active
component. In a similar approach, Chane-Ching et al.}?” self-assembled 5 nm ceria particles
using aminocaproic acid. The bifunctional amino acid was able to interact with the ceria particle
and surfactant through the carboxylic acid and amine, respectively. The procedures outlined
above are non-trivial and require careful control over reaction conditions (e.g. volume fraction of
nanoparticles, size matching between particle and hydrophilic component of surfactant, pH, etc.)
which could be the reason for the limited success in developing straightforward, easily
reproducible synthetic methods for the synthesis of structurally ordered ceria.'?8

The most significant ceria synthetic procedures developed in the past decade, especially
in terms of understanding structure-activity relationships, have been materials with well-defined
shapes. Structure plays an essential role in heterogeneous catalysis through the specific
arrangement of atoms that can lead to electronic, thermodynamic, and geometric properties that

activate substrates or stabilize intermediates for desired catalytic functions. The host structure
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can exist or be fine-tuned in a wide variety of ways that can ultimately lead to preferential
formation of one reaction pathway over another or result in increased activity. In 2004, Li et
al.1?® showed the crystal plane of ceria plays an essential role in determining its catalytic
oxidation properties. In the seminal report, single-crystalline ceria nanorods with well-defined
crystal planes were synthesized by a solution-based hydrothermal method. The rods showed
higher CO oxidation rates (3x) than ceria nanoparticles with ill-defined shape even though the
latter material contained more corner and edge atoms due to the smaller size. High-resolution
transmission electron microscopy (HRTEM) showed the rods exposed the (100) and (110)
planes, whereas the particles only exposed the (111) planes. Thus, a correlation was drawn
between the catalytic performance and the exposed crystal planes. Shortly thereafter, Yan et
al.*® showed the removal of oxygen from the ceria lattice was structure sensitive by synthesizing
single-crystalline nanopolyhedra, nanorods, and nanocubes through an alkaline hydrothermal
route. According to HRTEM, the uniform shapes had different exposed planes: (111) and (100)
for polyhedra, (110) and (100) for rods, and (100) for cubes. The key factors leading to their
growth were attributed to the formation of hexagonal Ce(OH)s intermediate species and their
transformation into CeO, at elevated temperature together with the sodium hydroxide
concentration. Oxygen storage capacity (OSC) measurements at 400 °C revealed that lattice
oxygen removal was restricted to the surface on polyhedra, but was able to take place on the
surface and subsurface for rods and cubes. The results suggested that the (100)/(110) planes were
more reactive toward removal of lattice oxygen than the (111) planes, in accordance with Li et
al. Furthermore, theoretical work has shown that the oxygen vacancy formation energy increases

in the following sequence (110) < (100) < (111)}3%133 and is in general agreement with the
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aforementioned studies. Both reports showed that ceria materials can be easily prepared with
high oxidation activity for technological applications and fundamental research.

Since then there have been numerous reports on the synthesis of ceria shapes with well-
defined facets’® 8L 134136 jncluding wires, 3”143 tubes, 3" 144146 and other shapes.}*’1>! Notably,
Gao et al.*® reported the shape- and size-controlled synthesis of ceria nanocubes bounded by six
(200) planes and their two- and three-dimensional self-assembly on a substrate. The cubes were
prepared hydrothermally through a mixed phase system containing water, toluene, ceria
precursor, oleic acid, and tert-butylamine. The size tunability was achieved through modification
of synthetic conditions and attributed to the oriented aggregation mediated precursor growth
mechanism of colloidal nanoparticles. Adschiri et al.’>® prepared single-crystalline cerium oxide
nanocrystals with dimensions of about 10 nm with (100) facets via organic ligand-assisted
supercritical hydrothermal synthesis. The cubes showed significant OSC at relatively low
temperature (150 °C) compared to irregularly shaped ceria. Similarly, Murray et al.™>* prepared
two-dimensional (2D) ceria nanocrystals by thermal decomposition of cerium acetate at 320-330
°C in the presence of oleic acid and oleylamine stabilizers and sodium diphosphate or sodium
oleate as mineralizers. The length of the nanoplates could be controlled by the mineralizer and
the height was found to be around 2 nm. The plates were either enclosed by six (100) facets or a
combination of two (100) facets and four (110) facets. OSC measurements were performed at
300 °C and suggested that oxygen storage was not limited to the surface of the plates. The
synthetic control demonstrated from these and other studies allow for structure-activity
relationships to be established under realistic catalytic conditions.*®® The shape-control, which is
closely related to defect-site-control, can also allow activity and selectivity tuning for specific

catalytic applications.
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Ceria-Based Materials for Biomass Upgrading Reactions.

Ceria and ceria-based materials have been successfully used for several organic
transformations and their activity is often attributed to the redox and acid-base properties.®® The
cerium cations are weak Lewis acids, but can catalyze dehydration®™1%® and hydrolysis'®®
reactions. Overall, ceria is a mildly basic oxide and its amphoteric properties make it an
interesting catalyst that potentially offers acid-base pair cooperativity for selective chemical
conversions.'®%-1%! The acid-base properties of ceria can be modified through incorporation®? or
deposition®®? of transition metals, thus providing synthetic control and acid-base property tuning
for specific tasks. The inherent redox property and oxygen buffering capacity allow ceria-based
materials to be used as oxidation or reduction catalysts simply by switching the gaseous
environment (e.g. O2 and H).1%* The redox property can also be controlled through metal
doping, metal deposition, size, and shape manipulations to optimize reactivity and selectivity.?’-
28,165 The control over acid-base and redox properties make ceria-based materials interesting for
biorefinery applications. This section attempts to summarize reactions over ceria-based materials
that are expected to play a role in biorefineries.

Ceria has been explored in C-C coupling reactions through aldol condensation. This
carbon-carbon bond formation reaction is important for renewable fuel applications by creating
higher carbon chains from small platform molecules (e.g. furfural). For example, the aldol
condensation/hydrogenation reaction of 2-hexanone was studied over Pd/CeZrOx at 350 °C and 5
bar Hz with a weight hourly space velocity (WHSV) of 1.92 h1.166-167 2_hexanone can be derived
from the deoxygenation of carbohydrates and used as a building block for diesel and jet fuels.
The aldol condensation/hydrogenation reaction over Pd/CeZrOyx catalysts resulted in the

preferential formation of saturated, single-branched Ci» ketones, which could be subsequently
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hydrogenated and dehydrated to yield Ci. alkanes within a biorefinery. Over Pd/CeO., the
conversion was 40 % with a selectivity of 77 %. Incorporation of zirconium to form ceria-
zirconia solid solutions resulted in increased conversion while the selectivity remained more or
less constant. Over Pd/Ce»ZrsOyx, the conversion and selectivity to the Ci»> ketone reached 84 %
and 77 %, respectively. The increase in activity with increasing zirconia content in the mixed-
oxide catalyst was attributed to changes in the acid-base properties and/or increased resistance to
water inhibition. The presence of CO: in the reactant stream led to strong inhibition of the self-
coupling activity of 2-hexanone and was attributed to basic site quenching.

Ketonization is another important class of carbon-carbon bond forming reactions. In
ketonization reactions, two carboxylic acids combine to form ketone and by-products (CO2 and
water). Carboxylic acids can be obtained from carbohydrates through deoxygenation and have
been shown to undergo ketonization over cerial®®1%° and ceria-based catalysts.t’%1® The
ketonization and aldol condensation reactions are closely related in the sense that both carboxylic
acids and ketones can be derived from carbohydrates. As alluded to previously, the carboxylic
acid could quench the active basic sites necessary for aldol condensation reactions. The
separation of acids, ketones, and aldehydes is one option to avoid the quenching, but is
undesirable due to the associated time and cost factors. Therefore, it is beneficial to develop
catalytic systems that are able to catalyze ketonization and aldol condensation reactions together.
Dumesic et al.1™ were able to transform two important biomass-derived carbohydrates (glucose
and sorbitol) into transportation fuels through a two-step process. The oxygen content of the
feedstock was reduced over a Pt-Re/C catalyst at 230 °C to generate Cs-Cs monofunctional
oxygenated alcohols, ketones, and carboxylic acids. Upgrading through ketonization using

CeosZro502 catalyst afforded 98 % conversion of the carboxylic acids in the feed to C7-Cys
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ketones at 300 °C. The ketones in the ketonized stream (34 %), along with the other
monofunctional oxygenates, were subjected to aldol condensation (off-line) over a
Pd/Ceo5Zr0502 catalyst to increase the yield of C7+ products. At 350 °C, 57 % of the total carbon
was in the form of C7.+ ketones. The ketones were readily hydrogenated/dehydrated to Cr+
alkanes over Pt/NbOPOs catalyst. Due to the high conversion of carboxylic acids over
CeosZros02, deactivation of Pd/CeosZrosO2 by carboxylic acids was avoidable. For on-line
purposes, the CO> by-product from ketonization can be easily scrubbed from the system before
reaching the Pd/CeosZro502 catalyst bed.

Ceria-based catalysts have also found use for hydrodeoxygenation reactions. Sievers et
al.? studied the hydrodeoxygenation of lignin-derived guaiacol over bulk ceria and ceria-
zirconia catalysts in a flow reactor at 1 atm H» and 275-400 °C. The primary product was phenol
and the catalysts showed no significant deactivation during 72 h time-on-stream. At 375 °C,
ceria showed a 25 % yield of phenol and was found to increase upon incorporation of zirconia. A
correlation was observed between the oxygen storage capacity (i.e. vacancy concentration) of the
ceria-based materials and the conversion of guaiacol. The most active catalyst composition was
Ceo6Zr0402 which afforded 59 % vyield of phenol. The authors proposed that the high-
temperature reducing environment facilitated vacancy formation and that the oxophilic defects
were active sites for deoxygenation. Noronha et al.1”® suggested that hydrodeoxygenation was
promoted over oxophilic materials and was in agreement with the hydrodeoxygenation activity
observed by Sievers. Similarly, the activity of ceria-promoted Ni/SBA-15 was tested for the
hydrotreatment of anisole by Coronado et al.1’®1"" At 270 °C with hydrogen pressure of 7 bar
and Ce/Si = 0.08, the hydrodeoxygenation rate to benzene increased three-fold over Ni/SBA-15.

The increased rate was attributed to the formation of active sites in the interface between Ni and
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CeO, moieties. Tomishige et al.1’® prepared heterogeneous ReOx-Pd/CeO; catalysts that showed
excellent performance for simultaneous hydrodeoxygenation of vicinal OH groups. High yield
(>99 %), turnover frequency (300 h), and turnover number (10%) were achieved for the
conversion of 1,4-anhydroerythritol to tetrahydrofuran. The high catalytic performance of ReOx-
Pd/CeO2 was assigned to rhenium species with +4 or +5 valence state, and the formation of these
species was promoted by H>/Pd and the ceria support. The catalyst was proposed to be well-
suited for upgrading of cellulose-derived sugar alcohols.

The reactions of alcohols have been intensively studied over ceria and ceria-based
materials often in the context of characterization probes for catalytic properties and active
sites.179188 Alcohols, polyols, and sugar-alcohols can be derived from cellulose and are valuable
platform molecules that can lead to a number of industrially relevant chemicals. Ceria and ceria-
based materials are able to catalyze many prototypical alcohol reactions including dehydration,
dehydrogenation, transesterification, oxidation, etc.®® The seminal report by Cortright et al.'®
demonstrated that hydrogen can be produced from sugars and alcohols at temperatures near 500
K in a single-reactor aqueous-phase reforming process. Since then, several studies have reported
ceria-based catalytic systems active for reforming of bio-derived alcohols.?®2%t In particular,
ethanol and glycerol reforming catalysts and catalytic processes are desirable because the
substrates can be currently obtained from renewable sources on an industrial scale. The desired
catalytic properties are high selectivity to hydrogen and low selectivity to light hydrocarbons
(e.g. methane, ethane, etc.) of lower value through Fischer-Tropsch processes. Another
interesting aspect of alcohol oxidation to produce hydrogen is through in situ hydrotreatment
reactions. For example, Rinaldi et al.?22% reported a transfer hydrogenation method for direct

phenolic dehydroxylation yielding arenes under low-severity conditions. They demonstrated that
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the mild procedure was useful for the depolymerization of lignin and removal of its oxygen-
containing functionalities. In relation, Ford et al.?%*2% disassembled organosolv lignin via
hydrogen transfer from supercritical methanol over copper supported on a basic porous metal
oxide. The precedence for alcohol transformation over ceria-based materials holds promise for
upgrading, reforming, and in situ hydrogen generation for biorefinery applications.

Hydrotreatment reactions (e.g. hydrogenation, hydrogenolysis, hydrodeoxygenation, etc.)
are expected to play a large role in biorefinery plants due to the high oxygen content of biomass.
Traditionally, ceria has not been associated with hydrogen activation in the sense that other
transition metals (Ni, Cu, Pd, Pt, etc.) have been. However, density functional theory (DFT)
simulations have shown that H, adsorbs dissociatively on the (111) surface with a low (0.2 eV)
activation barrier and strong exothermicity (-2.82 eV).2%2% The potential hydrogen activation
evidenced by DFT studies was only recently exploited for the selective hydrogenation of alkynes
to olefins over pure ceria.?® Alkyne hydrogenation was found to be favored over CeO,-(111)
due to the low amount and more difficult formation of oxygen vacancies.'®* This contrasts to the
beneficial role of oxygen vacancies for oxidation catalysis, which is favored over CeO,-(100).21
The result highlights the importance of structure-activity studies needed for the rational design of
catalysts and the opposite facet sensitivity of ceria for hydrogenation and oxidation catalysis. The
hydrogenation of alkynes to olefins is specific, as complete reduction to alkane was sparsely
observed. Also, ceria is not known to activate hydrogen for reduction of other functional groups.
However, ceria has been successfully used as a support for hydrogen-activating metals and can
act as a promoter, stabilizer, or co-catalyst.

The utility of ceria as an active catalyst support is widely documented in the literature.?”

28, 211-214 Ceria often enhances the performance of late transition metal catalysts relative to other
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supports in relation to metal sintering resistance and synergistic effects.?°?2! This is widely
attributed to the strong interaction between ceria and the supported metal.??2 Campbell et al.?
showed that the adhesion energy of Ag nanoparticles to ceria was much larger than to magnesia
and that the adhesion energy increases with the extent of ceria reduction. The results explain the
unusual sinter resistance of late transition metal catalysts supported on ceria and suggest that
defects stabilize supported metals more than terrace sites. The stability and synergism of metals
supported on ceria make them promising materials for hydrotreatment reactions that are often
conducted at high temperatures where metal loss and sintering can be problematic. Moreover, the
inherent reducibility of ceria can impart increased hydrogen activation to metal clusters. That is,
adsorption and nucleation of metals is thermodynamically preferred at oxygen vacancies and can
result in electron transfer to the metal thereby promoting hydrogen activation.??*2%" The
reducibility of ceria also allows for hydrogen spillover to occur and can provide hydrogen to
surface-bound substrates.??® Although largely unexplored, transition metals supported on ceria

for hydrotreatment processes are promising candidates for biorefinery applications.

Concluding Remarks.

Ceria is a versatile and structurally robust rare earth oxide that has found widespread use
in technological applications. This can be owed to the significant effort and progress made
toward understanding the structure-property relationships of ceria. New characterization
techniques and powerful theoretical methods that deepen our understanding of these materials
can allow us to predict behavior, application potential, and synthetic methods leading to desired

properties.

Ceria has been successfully utilized as an active support, catalyst, or co-catalyst for

organic oxidative transformations, while its utility for chemical transformations under strongly
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reducing conditions remains largely unexplored. The facile formation of oxophilic sites on ceria
under reducing conditions makes it a promising material for deoxygenation reactions which is at
the heart of biomass upgrading. Furthermore, the demonstrated ability to tune the acid-base
properties can potentially lead to materials active for other important biomass upgrading

reactions such as C-C coupling reactions.
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CHAPTER 2
SELECTIVE HYDROGENATION OF PHENOL CATALYZED BY PALLADIUM ON
HIGH SURFACE CERIA AT ROOM TEMPERATURE AND AMBIENT PRESSURE
Reprinted with permission from ACS Catal. 2015, 5, 2051-2061.
Copyright © 2015 American Chemical Society
Nicholas C. Nelson, J. Sebastian Manzano, Aaron D. Sadow, Steven H. Overbury, Igor I.

Slowing

Abstract

Palladium supported on high surface ceria effectively catalyzes the hydrogenation of
phenol to cyclohexanone at atmospheric pressure and room temperature. Activation of H» at Pd
sites and phenol at surface ceria sites were investigated by probing the redox properties of the
catalyst and studying the mechanism of phenol adsorption. Temperature-programmed reduction
and pulsed chemisorption were used to examine the effects of pre-reduction temperature on
catalyst dispersion and reducibility. A sharp effect of pre-reduction temperature on catalytic
activity was observed. This dependence is rationalized as a result of interactions between
palladium and ceria, which under reducing conditions enhance palladium dispersion and create
different types of environments around the Pd active sites, and of encapsulation of the catalyst
caused by support sintering at high temperatures. Temperature programmed diffuse reflectance
infrared Fourier transform spectroscopy revealed that phenol undergoes dissociative adsorption
on ceria to yield cerium-bound phenoxy and water. Reduction of the chemisorbed phenoxy
species decreases the number of proton-accepting sites on the surface of ceria and prevents

further dissociative adsorption. Subsequent phenol binding proceeds through physisorption,
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which is a less active binding mode for reduction by hydrogen. High activity can be restored

upon regeneration of proton acceptor sites via reoxidation/reduction of the catalyst.

Introduction

Cyclohexanone is a precursor to caprolactam and adipic acid, which are key
intermediates for the synthesis of nylons and polyamide resins. Cyclohexanone is commercially
produced by oxidation of cyclohexane or hydrogenation of phenol.! The former route involves
high reaction temperatures (140-180 °C), pressures (8-20 bar), and low conversion (< 10 %).12
Phenol hydrogenation is much more efficient and is catalyzed by palladium on carbon (Pd/C) in
the liquid phase and catalyzed by palladium on alumina (Pd/Al.Qs3) in the vapor phase.® Of the
two hydrogenation approaches, liquid phase reduction is more selective to the ketone, but
operates at high temperatures (175 °C) and under excess hydrogen pressures (13 bar).> 2 Given
the importance of this process, significant efforts have been devoted to the development of
alternative catalysts that can further improve yields and enable conversion under milder
conditions. Several research groups have now achieved remarkable results with conversion and
selectivity over 90 % at either room temperature or 1 bar H, pressure.*!® The most efficient
processes take advantage of the fact that aromatics can be reduced under mild conditions when
the activation of Hz by heterogeneous Pd catalyst is combined with the electrophilic activation of
aromatics by soluble Lewis acids.!’ Liu et al. demonstrated the application of this strategy for the
hydrogenation of phenol by combining Pd/Al.Os with AICIs.” Lee and co-workers significantly
improved the process by combining Sc(OTf)z with Pd/C, achieving full conversion at 20 °C and
1 bar H2.2 The Lewis acid also favors the selectivity to the cyclohexanone by forming an adduct
that is more difficult to reduce to the alcohol. Li, Luque and collaborators achieved similar

results with a fully heterogeneous system using Pd supported on the chromium-based MOF MIL-
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101, with the chromium centers in the MOF support proposed as Lewis acidic activators for the
reaction.!

The strategy of using the support as an active component of the reaction rather than an
inert, inactive component merely for catalyst dispersion is particularly attractive from the
perspective of advanced catalyst design. In this regard, redox active supports are especially
appealing as they have the potential of participating in electron transfer processes during
catalysis. Cerium dioxide (ceria) is an interesting support for this purpose because of its
reducibility and its interactions with noble metals.!® These interactions lead to high dispersion of
catalytic metals and provide beneficial electronic effects.!® Ceria and ceria-based materials have
been extensively studied as structural and electronic promoters to improve activity and
selectivity of heterogeneous catalysts.?® Ceria is the most industrially significant rare earth oxide
catalyst mainly due to its use in three-way catalytic converters (TWC) and fluid catalytic
cracking (FCC).!> 21 Recently, ceria-based materials have been investigated for use in soot
removal from diesel engine exhausts,?? volatile organic compound (VOC) degradation,? fuel cell
technology,®* water-gas shift reaction,2>2® preferential CO oxidation (PROX),?" oxidative
dehydrogenation,?® and selective hydrocarbon oxidations.?>° The success of ceria and ceria-
based materials in catalysis is oftentimes due to facile Ce**/Ce3* redox cycling without disruption
of the fluorite lattice structure.?® Furthermore, the redox properties of ceria-based materials can
be tuned by incorporation of dopants or deposition of metals, which offer significant
opportunities for modifying their activity and improving their performance.

Only a few studies exist for phenol hydrogenation on ceria-based materials. The groups
of Inagaki and Scire studied the reaction in the vapor phase over palladium supported on high

surface ceria (Pd/CeOy) at 180 °C (80 % conversion, 50 % selectivity) and 160 °C (40 %
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conversion, 95 % selectivity) respectively.32* The liquid phase process was investigated by Li et
al. using Ce-doped Pd nanospheres (0.43 mol % Ce) with a hollow chamber, obtaining 82 %
cyclohexanone yield under 10 bar H, at 80 °C.3* In another paper, Li and co-workers used
palladium-cerium-boron supported on hydrotalcite to achieve 82 % conversion and 80 %
selectivity within 4 h at 10 bar H, and 100 °C.® Using ceria as the support rather than as a minor
component of the catalyst may be a good way to take advantage of its redox properties and its
electronic effects on the metal in the liquid phase process. Furthermore, using high surface area
ceria as a support should result in higher activity than a low surface area counterpart, because
this could lead to increased dispersion of supported metal and larger amounts of reactive species
on the surface.®® Herein, we report the synthesis of palladium supported on high surface ceria
(Pd/Ce0O,) and its exceptional performance for the selective hydrogenation of phenol to

cyclohexanone in the liquid phase at low temperature and Hz pressure.

Experimental
Reagents. Cerium(lll) nitrate hexahydrate (Ce(NO3)3*6H20), palladium(Il) acetate
(Pd(O2CCHz3)2), phenol (CeHsOH), tetramethylorthosilicate  (TMOS), aluminum(lll)
isopropoxide (Al(QiPr)s), cerium (IV) oxide (CeO), 10 wt. % palladium supported on carbon
(Pd/C), and concentrated nitric acid were purchased from Sigma Aldrich. Pluronic P104 and
Pluronic P123 were obtained from BASF. Ce(NOz3)3*6H>0 was dried under vacuum at room
temperature prior to synthesis. 100 % ethyl alcohol was used for all syntheses. All other

chemicals were used without further purification.

Synthesis of high surface ceria (CeOz). In a typical synthesis, Ce(NO3)3*6H>0 (8.80 g,
20.3 mmol) and nonionic block co-polymer surfactant Pluronic P104 (10.1 g, 1.71 mmol) were

dissolved in ethanol (200 mL) under vigorous stirring (700 rpm) for 3 h. Once thoroughly
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homogenized, the solution was cast into a large crystallization dish (diameter 185 mm) and
placed into a pre-heated 65 °C oven to undergo solvent evaporation. After 12-24 h, the gel was
placed into a pre-heated 150 °C oven for an additional 12 h. To remove the remaining P104
surfactant, the yellow powder was calcined in air at 450 °C for 4 h with a ramp rate of 1 °C min"
! Optimal surface areas were obtained when relative humidity was kept below 60 %.
CAUTION: During thermal treatment at 150 °C combustion occurs within ~12 minutes
producing flames which self-extinguish within seconds after all combustible material (i.e. block
co-polymer) is burned. The thermal treatment step should be conducted in an oven, preferably in

a fume hood to avoid exposure to gaseous decomposition products.

Synthesis of mesoporous silica (SiOz2). This material was prepared following our
previously published method.®” Pluronic P104 (7.00 g, 1.19 mmol) was dissolved in aqueous
HCI (273.0 g, 1.6 M). After stirring for 1 h at 56 °C, tetramethylorthosilicate (10.6 g, 69.9 mmol)
was added and stirred (500 rpm) for additional 24 h. The resulting mixture was hydrothermally
treated for 24 h at 150 °C in a high-pressure reactor. Upon cooling to room temperature, the
white solid was collected by filtration, washed with copious amounts of methanol, and dried in

air. The MSN material was calcined in air at 550 °C for 6 h with a ramp rate of 1.5 °C min™.

Synthesis of mesoporous alumina (Al203).The synthesis of alumina was adapted from
Yan and co-workers.*® Briefly, non-ionic block co-polymer surfactant Pluronic P123 (0.92 g,
0.16 mmol) was dissolved in ethanol (20 mL) at room temperature. After stirring for 0.5 h,
concentrated nitric acid (1.5 mL, 15.8 M) and Al(QiPr)s (2.04 g, 10.0 mmol) were added into the
above solution with vigorous stirring (800 rpm). The mixture was capped, stirred at room

temperature for 5 h, and then cast into a large crystallization dish. The dish was placed into a pre-
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heated 60 °C oven to undergo solvent evaporation for 48 h. The light-yellow solid was calcined

in air at 400 °C for 6 h with a ramp rate of 1.5 °C min™.

Synthesis of Pd/MxOy. All Pd catalysts were prepared by an impregnation method with a
1 wt. % Pd loading relative to the mass of the support. In a typical synthesis, Pd(O2CCHz)>
(0.0419 g, 0.187 mmol) was dissolved in acetone (1 mL). The support (2.00 g) was placed into a
mortar and impregnated with the Pd solution in 0.20 mL increments. After each impregnation
step, the catalyst was mixed thoroughly with a pestle until seemingly dry. The material was
calcined at 350 °C for 2 h with a 2.5 °C min™ ramp rate and then reduced under flowing
hydrogen at 350 °C for 2 h with a ramp rate of 2.5 °C min. CAUTION: Special precaution
should be taken when preparing (i.e. reducing) Pd/Al>Oz as pyrophoric aluminum hydrides may

form. The physicochemical properties of non-ceria-based catalysts are reported in Table S1.

Hydrogenation reactions. All reactions were conducted in batch mode under flowing
hydrogen (~1 bar) using a Schlenk line. In a typical experiment, the catalyst (48 mg, 1.1 wt. %
Pd loading) and phenol (or phenol derivative) solution (4 mL, 0.025 M) were added to a 10 mL
round bottom flask equipped with condenser and stir bar. The palladium to substrate ratio was
maintained at 5 mole % for all reactions. The flask was placed onto a Schlenk line under a
headspace flow of hydrogen and allowed to stir (800 rpm) for 4 h. The reaction product was
collected by centrifugation. A 50 uL aliquot of the supernatant was added to 1 mL of ethanol and
analyzed in an Agilent GC-MS (7890A, 5975C) with a HP-5MS column. The run started at 60
°C for 0 minutes, then ramped to 150 °C at 5 °C min for 0 minutes, then ramped to 300 °C at 20
°C min’! for 3 minutes. Resorcinol was used as an internal standard. Conversion was defined as
mol % and calculated as moles of converted phenol per mole of starting phenol times 100 %.

Selectivity was defined as mol % and calculated as moles of cyclohexanone per moles of
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products times 100 %. Yields were defined as mole percent and were calculated as moles of each

product multiplied by conversion times 100 %.

TPR and chemisorption. Hydrogen temperature programmed reduction (H>-TPR) and
hydrogen chemisorption were performed in a Micromeritics AutoChem Il. Hz in Ar (H2/Ar)
(10.13 %) was used as the reducing agent or metal dispersion probe. H>-TPR experiments were
performed with a flow rate of 50 mL min™ and a ramp rate of 10 °C min%. A cold trap was used
to collect water produced during the reduction. Hz-chemisorption analysis was carried out by
reducing samples at specified temperatures, then heating/cooling to 250 °C under H/Ar,
followed by flowing Ar for 15 minutes at 250 °C to remove surface bound hydrogen from Pd
crystallites. The sample was then cooled under Ar to -35 °C for hydrogen pulse chemisorption
measurements. The palladium dispersion of the catalysts was calculated based on the following
equation:

D(%) = StxMxVad 160

MxW xVm
where St = stoichiometry factor (the Pd/H, molar ratio) = 2; M = the atomic mass of Pd (106.42 g
mol™?); Vag = the volume of chemisorbed H, at standard temperature and pressure conditions
(mL); m = the mass of the sample (g); W = the weight fraction of Pd in the sample as determined
by ICP-OES (0.011 g Pd per g sample); Vi = the molar volume of Hz (22414 mL mol™) at STP.
The specific surface area of palladium was calculated based on the following equation:

St x Nax SAcross X Vad

Pd Surface Area (m* g™ of Pd) =
MxW xVm

where St = stoichiometry factor (the Pd/H2 molar ratio) = 2; Na = Avogadro’s number (6.023 x
10% mol™); SAcress = palladium cross-sectional area (7.87 x 10%° m?); Vag = the volume of

chemisorbed H> at standard temperature and pressure conditions (mL); m = the mass of the
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sample (g); W = the weight fraction of Pd in the sample as determined by ICP-OES (0.011 g Pd
per g sample); Vi = the molar volume of Hz (22414 mL mol™) at STP. The cubic crystallite size
of palladium was calculated based on the following equation:

6xM
MxW x dpd x Nax SApq

Pd Crystallite Size (nm) =

where M = the atomic mass of Pd (106.42 g mol™?); m = the mass of the sample (g); W = the
weight fraction of Pd in the sample as determined by ICP-OES (0.011 g Pd per g sample); dpq =
density of palladium (1.202 x 102° g nm); Na = Avogadro’s number (6.023 x 102 mol™); SApq
= palladium surface area from equation above (nm? g of Pd). The number six is derived from

assuming cubic geometry.

Powder X-ray diffraction (PXRD). Diffraction patterns were collected using Co Kal,
Ko2 split radiation (45 kV, 40 mA, Aag = 1.7903 A) on a PANalytical X’Pert PRO
diffractometer equipped with a theta—theta vertical mode goniometer, incident Fe filter, an air-
cooled X’Celerator real time multiple strip (RTMS) detector, and spinner stage. The spectra were
converted to Cu Ka radiation for comparison to standard patterns. Powder XRD samples were
prepared by placing powders onto a background-less polycarbonate sample holder. Crystallite
sizes were calculated using Scherrer equation:

KA
pcosé

Dy =

where K is the shape factor (0.9) of the average crystallite, 4 is the X-ray wavelength (0.17903

nm), A is the full width at half maximum (radians), and © is the Bragg angle (radians).

Electron microscopy/energy dispersive X-ray spectroscopy. Transmission electron

microscopy (TEM) was conducted using a FEI Technai G2 F20 field emission microscope and
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scanning transmission electron microscope (STEM) operating at 200 kV (point-to-point
resolution <0.25 nm and a line-to-line resolution of <0.10 nm). TEM samples were prepared by
placing 2—3 drops of dilute ethanol suspensions onto lacey carbon-coated copper grids. The
composition of Pd/CeO structures were characterized by elemental mapping and energy

dispersive X-ray spectroscopy (EDS) scans in STEM mode.

Surface area and porosimetry. Textural properties of the supports and catalysts were
measured by nitrogen sorption isotherms at -196 °C in a Micromeritics Tristar analyzer. The
surface areas were calculated by the Brunauer-Emmett-Teller (BET) method, and the pore size
distribution was calculated by the Barrett-Joyner-Halenda (BJH) method. Pretreatment of

samples for surface area measurement was done by flowing N> for 6 h at 100 °C.

ICP-OES. Pd loadings were analyzed by a Perkin Elmer Optima 2100 DV Inductively
Coupled Plasma-Optical Emission Spectroscope (ICP-OES). Samples (5 mg) were digested for

24 h in aqueous HF and HCI solution (0.18 v/v % and 5 v/v % respectively).

Diffuse reflectance infrared Fourier transform (DRIFT). Measurements were made
on a Bruker Vertex 80 FT-IR spectrometer with OPUS software and apodized spectral resolution
of 0.2 cm™. The spectrometer was equipped with a HeNe laser and photovoltaic MCT detector.
A Praying Mantis™ diffuse reflectance accessory and high temperature reaction chamber was

used for room temperature and variable temperature measurements, respectively.

Diffuse reflectance UV/Visible absorption spectroscopy (DR UV/Vis). Measurements
were made on an Ocean Optics USB2000+ fiber optic spectrometer (bandwidth = 350-1100 nm)

operating in absorption mode. Samples were prepared by suspending 50 mg of ceria in 0.5 mL of
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phenol dissolved in test solvents (33 mg mL™) overnight. The solid was collected by

centrifugation and analyzed.

Nuclear magnetic resonance. Proton nuclear magnetic resonance (*H-NMR) spectra
were collected on a Varian VXR-300 equipped with a narrow bore 7.05 tesla/300 MHz magnet
and a standard *H probe. Deuterated benzene and cyclohexane were used as solvent and internal

standard, respectively.

X-Ray photoelectron spectroscopy (XPS). XPS analysis was done with a PHI 5500
multi-technique system using a standard Al x-ray source. The Pd/CeO; catalyst exposed to air
was prepared by deposition onto double-sided tape sample holder. The Pd/CeO> catalyst exposed
to hydrogen was prepared in a glove box and then transferred to the XPS chamber in an air-free
sample cell. Charge correction was accomplished by shifting the O1s peak to 529.0 eV for all

spectra.®

Results and Discussion

Support synthesis and characterization. The ceria support was synthesized by an
evaporation-induced self-assembly method (EISA) commonly used for the synthesis of high
surface metal oxides.*®*® The physical properties of CeO, support and Pd/CeO- catalyst are
summarized in Table 1. The PXRD pattern measured was indexed to the fluorite cubic structure
of ceria (space group Fm3m (225), JCPDS 34-0394) (Figure 1a). The broad peaks indicated
small ceria crystallites, and estimation of the average crystallite size using the Scherrer equation
provided a value of 5.9 nm. Nitrogen sorption analysis gave a high specific surface area and
displayed a hysteresis loop at high partial pressures suggesting significant textural porosity

(Figure 1b). TEM imaging revealed that the material is comprised of aggregated particles with
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small voids within each aggregate that likely to account for the measured pore volume (Figure
1c). HR-TEM (Figure 1d) examination indicated the presence of the most thermodynamically
stable (111) planes of the cubic lattice.3! Given the polycrystalline nature of the material, (200)

and (220) planes were also observed, although far less prevalent than the (111) planes.

Table 1. Physical properties of CeO> support and Pd/CeQ; catalyst.

BET Surface  BJH Pore Volume  CeO: Crystallite  Pd Dispersion Pd Crystallite

Sample  A\rea (m>gh (cm* gt Size (nm)? (%)° Size (nm)P
CeO2 241 0.31 5.9 --- ---
Pd/CeO 159 0.27 7.1 64 1.5 nm

2 Obtained by PXRD analysis. ® Obtained by H, chemisorption.
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Figure 1. a) Wide-angle PXRD pattern of the synthesized CeO: (black) and reference
cerium(IV) oxide (red); b) N2 sorption isotherms of CeOz; ¢) TEM and d) HR-TEM images of
Ce0; showing a d-spacing of 0.31 nm corresponding to the (111) planes of CeO-.
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Catalyst synthesis and characterization. The catalyst was prepared via incipient
wetness impregnation. An acetone solution of palladium (I1) acetate was initially added to the
ceria material, the mixture was then calcined in air to produce PdOxH,/CeQ: precatalyst, which
was finally reduced by flowing hydrogen at 350 °C to give the Pd/CeO> catalyst. The PXRD
pattern of Pd/CeO- is nearly identical to CeO> (Figure 2a). The ceria reflections of the catalyst
are slightly narrower than the original support, suggesting sintering occurred during the
additional thermal aging, which is common for ceria under reducing environments.* This
sintering likely led to the lowered specific surface area and pore volume of Pd/CeO: relative to
CeO; (Table 1). Palladium species could not be detected by XRD analysis, suggesting it was
highly dispersed over the support,*® and/or incorporated into the ceria framework.*® The
rationalization of highly dispersed palladium is consistent with the low loading of palladium (1.1
wt. % as determined by ICP-OES) and its high affinity for ceria.*’ In support of this idea, sub-
ambient pressure H> chemisorption measurements gave a high Pd dispersion of 64 % and a
calculated cubic crystallite size of 1.5 nm. The catalyst was further investigated by STEM-
HAADF imaging (Figure 2b). Palladium particles could not be directly observed possibly due to
high dispersion, small crystallite size, and/or low contrast between Pd and Ce. However, Energy
dispersive X-ray spectroscopy (EDS) mapping confirmed the presence of Pd on the support
(Figures 2c, S2). XPS analysis was also used to evaluate the oxidation state of palladium in the
catalyst. The binding energy of Pd 3ds, electrons in the catalyst exposed to ambient air (336.5
eV) is close to that in PdO (336.9 eV) suggesting part of the metal, likely the atoms at the
surface, is easily oxidized in air (Figure 2d, black trace).®® Exposure of the catalyst to H, at room

temperature (a more accurate description of the catalyst under catalytic conditions) shifts the
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binding energy to lower values (335.2 eV) suggesting significant conversion to the metallic form

(Figure 2d, red trace).
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Figure 2. a) Wide-angle PXRD patterns of CeO, support (black) and Pd/CeQO> catalyst (red); b)
STEM-HAADF image of Pd/CeOz; ¢) EDS map of Pd (red image) on a 25 x 25 square section of
the support (Region M), the square labeled ‘Ref” was taken as a reference for drift correction
between scans; d) x-ray photoelectron spectra of Pd/CeQO2 exposed to air (black) and to hydrogen
atmosphere (red).

H>-TPR experiments were run on CeO: and the precatalyst (PdOxHy/CeQO>) to study the
effect of Pd impregnation on the redox properties of the material (Figure 3). The results are
summarized in Table 2. Upon hydrogen treatment of CeO;, two peaks were observed
corresponding to reduction of surface and bulk ceria at 473 °C (T2) and 791 °C (T3),
respectively.*® Overall, the amount of H, consumed in the pure CeO, sample was less than the
total amount consumed by the PdOxH,/CeO. precatalyst. There was considerable hydrogen

consumption by the PdOxHy/CeO: precatalyst at 95 °C (T1) which can be attributed, in part, to
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the reduction of PdOxHy species.*® Interestingly, the PdOxH,/CeO> precatalyst consumed less H>
at the higher temperatures associated with surface and bulk ceria reduction than the Pd-free CeO>
support. Thus, the presence of Pd facilitated the reduction of surface and bulk CeO- as indicated
by the lower reduction temperatures compared to the support alone (332 °C for T, and 703 °C for
Ts). The total amount of hydrogen consumed by PdOxH,/CeO, was 0.40 mmol H, g* greater
than the amount consumed by the CeO: support (Table 2). Assuming that Pd is in the +2
oxidation state, this is 4 times greater than the theoretical amount of hydrogen that ought to be
consumed (0.10 mmol Hz g?) to reduce PdO to Pd based off ICP results. If all Pd atoms formed
hydrides this would imply consumption of additional 0.05 mmol Hz g%, which would leave still
0.25 mmol Hz g. This difference suggests hydrogen spilled over onto the support during the
reduction of PdOxHy, which could have been either physisorbed or led to the reduction of ceria.>
A significant decrease in the amount of hydrogen consumed by the PdOxHy/CeO: catalyst at high
temperatures (Table 2) relative to the CeO> support suggested that some hydrogen spilled over
leading to the reduction of ceria. These results are consistent with previous hydrogen adsorption
studies for palladium-ceria catalysts.® Hydrogen spillover is common in reducible oxides

serving as supports for noble metals.®!

Table 2. Reducibility of CeO> support and PdOxH,/CeO: precatalyst.

H, Consumed at Hz Consumed at Hz Consumed at  Total H, Consumed

Sample T1(mmol gt T, (mmol g1) Ts (mmol g%) (mmol g1)
CeO: --- 0.69 1.1 1.79
PdOxHy/CeO2> 0.98 0.63 0.58 2.19
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Figure 3. H2-TPR profile of CeO: (black) and PdOxHy/CeO> (red).
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Figure 4. H>-TPR profiles of PdOxHy/CeO- precatalyst reduced at 150 °C, 250 °C, 350 °C, and
450 °C. To measure the TPR each sample was previously re-oxidized at 350 °C. TPR of the
precatalyst is included at the bottom as a reference. Temperatures of selected peaks are indicated

in red at the top.

www.manharaa.com



57

The TPR profile of the PdOxHy/CeO> precatalyst (Figure 3) suggested that complete
reduction of Pd is achieved at temperatures above 125 °C. The effects of PdOxHy/CeO- reduction
temperature on the redox properties of the catalyst were further evaluated on the basis of
literature reports of the significant structural changes observed for noble metals supported on
ceria under reducing conditions.*” To this end, four Pd/CeO, samples were produced by
reduction of PdOxH,/CeO: precatalyst at 150 °C, 250 °C, 350 °C and 450 °C respectively. Each
sample was then re-oxidized (350 °C under Oz/He mixture for 1 h, 10 °C min) to examine their
reducibility as a function of pretreatment temperature. The TPR analysis revealed significant
effects of the pre-reduction temperature on the H: uptake of the catalyst (Figure 4).
PdOxHy/CeO> pre-reduced at 150 °C consumed hydrogen near room temperature (28 °C), but
there was also considerable hydrogen uptake at the same temperature as the original precatalyst
(95 °C). Pretreatment of PdOxH,/CeQO> under H> at 250 °C or 350 °C resulted in only one peak
centered at 28 °C and 14 °C, respectively. PdOxHy/CeO, pre-reduced at 450 °C showed three
hydrogen consumption peaks at 8 °C, 25 °C and 51 °C. These changes could be due to
interactions between Pd and CeO: and structural transformations undergone by CeO. as
reduction temperature increases, which have been well documented for noble metals supported
on ceria under reducing conditions.*” Thus, increasing reduction temperatures may lead to
incremental spreading of Pd over CeO. to give smaller particles that are reactive at lower
temperatures, as indicated by the shift in the TPR peak from 95 °C to 28 °C and 14 °C. While
reduction of the precatalyst at 450 °C led to further shifting of signal to 8 °C, additional peaks
appeared at 25 °C and 51 °C. These higher temperature H> uptake peaks can be attributed to the

metal existing in different types of environments that involve additional interactions with CeOo,

www.manaraa.com



58

such as decoration phenomena (i.e. burial of surface palladium by sintered ceria),*” >? alloying of
Pd-Ce,>® and/or electronic-support effects.3!

Dispersion measurements were taken on the catalysts after the initial reduction in order to
further evaluate the changes in Pd surface with reduction temperature (Figure S1). Measurements
were performed at -35 °C to eliminate erroneous results from hydrogen spillover.3% > The results
revealed that, indeed, Pd dispersion increased as reduction temperature increased from 150 °C to
350 °C. Sanchez and Gazquez®? proposed a model to explain the changes in dispersion of metals
in oxide supports upon reduction at high temperatures. In their model, they proposed the
occupancy of oxygen ion vacancies by metal atoms; as the reduction temperature increases, more
vacancies are formed which lead to migration of Pd crystallites into these high energy
environments resulting in increased dispersion. Part of the hydrogen consumed by PdOxH,/CeO>
pre-reduced at 150 °C was observed at the same temperature (95 °C) as the original precatalyst
(Figure 4). This suggests that some Pd crystallites remained in the same environment as they
were upon deposition of Pd(O2CCHs). precursor and calcination in air, while others relocated to
a different environment. As the pre-reduction temperature was increased to 250 °C, only one
peak (28 °C) was observed, which coincided with part of the hydrogen uptake temperature for
the catalyst pre-reduced at 150 °C (Figure 4). These data are consistent with the Pd species
spreading over different sites on the surface of CeO.. Recent studies have shown that surface
oxygen vacancies promote late transition metal dispersion over ceria supports.>®>®® Pre-reduction
at 350 °C resulted in one peak at 14 °C (Figure 4). Interestingly, this pre-reduction temperature
corresponded to the temperature for reduction of surface ceria (i.e. vacancy formation) in the
PdOxHy/CeO> precatalyst (Figure 3 (red)). Pre-reduction of PdOxH,/CeO, at 450 °C led to a

dramatically lower dispersion than the catalysts pre-reduced at lower temperatures. The sharp
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decrease in metal surface area (from 285 m?g? to 34 m?g?) supports the idea that reduction of
the precatalyst at 450 °C led to burial of surface Pd into CeO: as previously suggested by the
TPR measurements; this catalyst encapsulation is likely the result of support sintering (Figures 4,

s1).

Catalysis. Hydrogenation reactions were carried out in batch mode by flowing hydrogen
(~ 1 bar) in the headspace of a hexane solution of phenol, with a Pd to phenol mole ratio of 0.05.
The results are summarized in Table 3. There was no phenol conversion when CeO: or
PdOxHy/CeO> was used as the catalyst, confirming that Pd was crucial for hydrogen activation
(Entry 1 and 2). The Pd/CeO: catalyst hydrogenates 85.5 % of the phenol with a ketone
selectivity of 96.1 % at room temperature and 1 bar hydrogen in only 4 h (Entry 3). These results
show that Pd/CeO; is competitive with the best performing catalysts reported for the liquid-solid
interfacial hydrogenation of phenol.* Catalysts prepared in the same way using other commonly
employed supports (e.g. alumina, silica and carbon) gave significantly lower conversion under
the same reaction conditions. This could be due to the weak interactions between the supports
and Pd, which lead to low catalyst dispersion (Table S1) or due to the inability to shuttle
hydrogen from Pd to non-reducible supports (i.e. spillover),>* which limits their influence on
catalytic turnover. Furthermore, Pd supported on commercial ceria (surface area 55 m? g) was
less active than Pd/CeO2, showing the clear advantages of using high surface area ceria support

to promote the selective hydrogenation of phenol.
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Table 3. Reaction conditions and results for the hydrogenation of phenol in hexane.

60

Selectivity (%)

Entry Catalyst T(¢C) t(h) Conversion (%)
C=0 OH
1 CeO; 25 4 0.0
2 PdOxH,/CeO2 25 4 0.0
3 Pd/CeO> 25 4 86.2 + 1.8° 96.3+1.4 3.7+14
4 Pd/CeO: 35 4 941+04 90.8+3.4 9.2+34
5 Pd/Al203 25 4 7.4+34 100.0+£ 0.0 0.0
6 Pd/SiO; 25 4 36.6 £3.3 100.0+£ 0.0 0.0
72 Pd/C 25 4 42.7+25 95.4+26 46+26
gP Pd/CeO; 25 4 62.5+ 3.6 96.2+2.0 3.8+£20

aCommercial Pd/C. "Commercial ceria. °Standard deviations calculated from 3 different catalytic
runs.

The reduction temperature used during the synthesis of Pd/CeO; catalyst greatly affected
its activity for phenol hydrogenation. The catalysts reduced at 150, 250 and 450 °C gave
significantly lower conversions than the catalyst reduced at 350 °C (Figure 5). The differences
can be attributed to the dispersion and the nature of the active sites (Figures 4, S1). The changes
in TPR profiles relative to catalyst reduction temperature must reflect the changes that occur in
the interactions between the metal and support. Considering that the amount of H» taken up
during the TPR experiments significantly exceeded the stoichiometric amount required to reduce
the precatalyst, the temperatures of the TPR peaks could be taken as indicators of the capacity of
the catalytic sites to activate H,. The catalysts prepared at 250 and 350 °C gave single TPR peaks
at 28 and 14 °C, and the conversion of phenol using the former as a catalyst was 76 % relative to
that using the latter. The catalyst reduced at 150 °C had a TPR peak at a similar temperature (29

°C) as the sample prepared at 250 °C; however, there was a second catalytic site, identified by a
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reduction peak at 95 °C, which could be responsible for lowering the conversion of phenol (42 %
relative to the conversion with the catalyst prepared at 350 °C). While the catalyst prepared at
450 °C had a TPR peak at 8 °C, there were also two additional peaks at 25 and 51 °C that
accounted for 75 % of the H> consumed. If the latter peaks correspond to sites that are, as
suspected, buried within the CeO> matrix because of high temperature reduction, then they could
be responsible for the decreased conversion (44 % relative to that of the catalyst prepared at 350
°C). Decreased hydrogenation efficiency upon high temperature reduction of metal-supported
ceria catalysts has also been observed for other systems and has been attributed to catalyst

burial,>"8 which could result from support sintering induced by thermal treatment under Ho.

100% -
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Relative Conversion
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Figure 5. Relative conversion of phenol over Pd/CeO: as a function of PdOxH,/CeO- reduction
temperature.

While H. adsorption and activation takes place at Pd sites, phenol is expected to adsorb to
the surface of the support. The high catalytic activity of Pd/CeO. could result from high
dispersion of Pd and H> spillover onto the reducible support, but also from activation of phenol
upon adsorption to surface sites of CeO». To better understand how phenol interacts with the

CeO: support, temperature programmed DRIFT studies were conducted. The spectrum of CeO>
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after evacuation under vacuum at 150 °C showed four distinct bands at 3710, 3689, 3660, and
3554 cm (Figure 6a). Lavalley and coworkers assigned the bands to mono-coordinated OH (I)
species (3710 cm™), doubly bridging OH (I1) species (3657 cm™), triply bridging OH (11
species (3581 cm™), and surface-bound water (3687 cm™).55! The latter was classified on the
basis of the characteristic (OH) mode at 1631 cm™ and the disappearance of the band at 3687
cm™ upon evacuation at 150 °C. However, our experimental data showed no §(OH) mode at
1631 cm after evacuation at 150 °C (Figure 6b) while the band at 3689 cm™ remained even
after increasing the temperature to 200 °C. The band at 3689 cm™ is likely due to the hydroxyl
stretch of surface-bound hydrogen carbonate species.®? The other peaks in Figure 6b correspond
to various binding modes of carbonate from contamination during the synthesis and/or
calcination in air.®? After evacuation at 150 °C, a dilute solution of phenol in hexane was
deposited onto CeO, at room temperature under air- and water-free conditions. The difference
spectrum in the hydroxyl region clearly shows that some hydroxyl bands have disappeared
indicated by the negative peaks at 3710, 3689, and 3660 cm™ (Figure 6¢). In addition, there was
an emergence of a band at 1631 cm™ attributed to newly-formed water (Figure 6d). Evacuation at
150 °C resulted in the removal of the band at 1631 cm™ (Figure 6d, red). The disappearance of
hydroxyl groups and the appearance of water suggest that phenol undergoes dissociative
chemisorption on ceria to form phenoxy species (Scheme 1). The formation of phenoxy species
is also consistent with the basic nature of cerium dioxide.®! The C-O stretching frequency of
cerium-bound phenoxy is expected to shift relative to that of phenol,®® and the O-H bands of
phenol should not be observed. The peaks in Figure 6d at 1587, 1479, and 1273 cm correspond
to adsorbed phenyl species (Figure S3). For comparison, the intense C-O stretching frequency of

phenol occurs at 1259 cm™ (Figure S4a).%* Figure 6d shows an intense absorption band at 1273
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cm, which is attributed to the C-O stretch of a phenoxy molecule covalently bonded to a cerium
cation. The increased C-O vibrational energy relative to phenol is consistent with the formation
of cerium-bound phenoxy owing to the strong interaction expected between cationic cerium and
anionic oxygen.®® This likely results in electron withdrawal from phenoxy towards cerium cation
and shortening (i.e. strengthening) of the C-O bond. The various O-H bands of phenol are
typically observed at 3623, 3350, 1343, and 1207 cm™.%4 The O-H out-of-plane (1343 cm™) and
intense in-plane (1207 cm™) bends are absent upon phenol adsorption onto CeO. (Figure S4a).
Also, Figure 6¢ and Figure S4b show no indication of the O-H stretch at 3623 and 3350 cm™.
The only increased intensity is observed in the triply bridging hydroxyl region (3552 cm™) even
after degassing the sample at 150 °C under vacuum (Figure S5), which suggests new triply

bridging hydroxyl groups are formed upon adsorption of phenol (Scheme 1c).%°
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Figure 6. DRIFT spectra of CeO2 recorded at 150 °C under evacuation from (a) 4000-3000 cm
and (b) 1800-1200 cm™, (c) DRIFT difference spectrum of CeO2 evacuated at 150 °C and phenol
adsorbed onto CeO> at room temperature, (d) DRIFT spectra of phenol adsorbed onto CeO: at
room temperature and under evacuation at 150 °C.
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Scheme 1. Possible phenol adsorption mechanisms on CeO.. Phenol undergoes dissociative
adsorption onto cerium cation (a) adjacent to a surface hydroxyl, (b) containing a surface

hydroxyl, and (c) at an oxygen vacancy to produce triply-bridging surface hydroxyl in its
neighborhood.

The phenol adsorption analysis suggests that coordinatively unsaturated cerium cations
near hydroxyl groups may be active sites for the reaction. It is not entirely clear, however,
whether the newly-formed water stays bound to the surface or desorbs under the reaction
conditions. To address the latter, *H-NMR spectroscopy studies were conducted in deuterated
benzene. The CeO> support was degassed at 150 °C under vacuum and placed into a NMR tube
containing phenol dissolved in benzene-ds. The *H-NMR spectrum showed the formation of
water and decrease of phenol upon addition of CeO> (Figure S6). Introduction of more CeO: into
the same NMR tube led to increased water signal and decreased phenol signal. Because the
signals from phenol and water result from the liquid phase species (i.e non-surface-bound), it can
be concluded that water desorbs from the surface of CeO: in benzene. However, when CeO, was

introduced into an NMR tube containing phenol dissolved in hexane-di4 phenol signals were lost
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from the spectra but no water was observed in the liquid phase, even though water was detected
on the solid by DRIFT analysis. Thus, the water formed upon phenol adsorption on CeO:
remains bound to the surface of the support when the reaction is performed in hexane.

The production of water upon phenol binding suggested that performing the reaction in
water should affect the binding equilibrium and consequently conversion. Indeed, the catalytic
activity decreased dramatically when the reaction was run in water, requiring up to 12 h to
achieve 69 % conversion at room temperature and 1 bar H» (Table S2). Inhibition of the reaction
was likely due to adsorption of water on CeO2 competing with phenol, thus limiting formation of
phenoxy species. Dissociative and non-dissociative adsorption of water on ceria has been shown
to occur at room temperature and is even more pronounced on reduced ceria.®® The formation
and relative amounts of phenoxy species could be indirectly determined by the color change of
the material, which results from the charge transfer of the bound phenoxy to cerium cations.®’
The color change of CeO was obvious when in contact with hexane solution of phenol, but was
less apparent in an aqueous solution of phenol (Figure 7a). Diffuse reflectance UV-Vis
measurements of the solids obtained by subtracting the contribution of CeO. clearly showed a
higher absorbance (Amax 480 nm) when hexane was used as solvent compared to water, an
indication of higher amounts of phenoxy species present on the former (Figure 7b). These
findings suggest that the increased catalytic activity in hexane relative to water may be partially
due to the increased amount of phenoxy species formed on the ceria surface. The formation of a
cerium-bound phenoxy group as an intermediate in the reduction can lead to a similar path of
activation as the one exploited by Liu,” Lee,® Li and Luque,** because the direct complexation of

oxygen to cerium cation results in electron withdrawal from the ring. This activation mechanism
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is also consistent with the increased vibrational energy of the C-O stretch of phenol adsorbed

onto CeO; (Figure 6d).
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Figure 7. (a) CeO2 samples treated with 1 hexane solution of phenol, 2 aqueous solution of
phenol, and 3 water, (b) DR UV-Vis difference spectra of CeO, and CeO; after removal from
different phenol solutions.

Catalyst recycling experiments performed in hexane and water provided additional
insight on the system (Figure 8). In hexane, the conversion decreased by nearly 50 % after the
third cycle, but then appeared to stabilize during subsequent reaction cycles. In water, the
decrease in catalyst performance was much milder with successive cycles. After an initial
decrease of about 10 %, the conversion became steady in the following cycles. ICP-OES analysis
of both hexane and water spent solutions had no detectable metal, indicating that leaching was

not the cause of the decreased activity.%® In addition, hot filtration experiments proved the active
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phase was not homogenous.%® Interestingly, the catalytic activity could be fully recovered for

both samples by regeneration via oxidation followed by reduction of the materials.
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Figure 8. Cycling experiments for the hydrogenation of phenol using Pd/CeO- (a) in hexane at T
=25 °C, (b) in water at T = 35 °C. Reaction conditions: t = 4 h, Py2 = 1 bar, Pd : Phenol =5 mol
%.

The catalysts were washed with the solvents used in the reaction, dried and analyzed by
DRIFT to elucidate the types of surface species present after the conversion (Figure 9). The
different possible types of surface-bound species were independently supported by DRIFT
spectra of phenol, cyclohexanone, and cyclohexanol deposited onto the catalyst (Figure S3). The
bands at 3070, 1596, 1482, 1263, and 1166 cm™ were assigned to adsorbed phenyl species and at
2929, 2854, 1446, 1400, and 1157 cm™ to cyclohexyl species. The bands at 3699, 3558 cm™
correspond to surface hydroxyls, and at 1654, 1544, and 1236 cm™ to H20, CO,, and HCO2™ on
the catalyst surface, respectively (Figure S7).6%2 Phenyl and cyclohexyl compounds
(cyclohexanone and/or cyclohexanol) were observed on the catalyst for the reaction run in
hexane (black trace), while only cyclohexyl compounds were observed on the catalyst used in
water (red trace). The absence of adsorbed phenyl species for the reaction in water, even if the

reaction is incomplete, supports the idea that water competes for adsorption with phenyl or
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phenoxy species, which is consistent with the visual inspection and DR UV/Vis measurements of
CeO treated with aqueous phenol (Figure 7). Also, the hydroxyl band at 3699 cm™ is present on
the catalyst for the reaction in water, but absent for the reaction in hexane. The absence of the
hydroxyl band for the reaction in hexane is consistent with DRIFT analysis of phenol adsorbed
onto CeO, (Figure 6¢) and the presence of the hydroxyl band for the reaction in water is
consistent with the lower amounts of phenoxy species (formed at the expense of hydroxyl

species) on CeO> in water (Figure 7).
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Figure 9. DRIFT spectra of Pd/CeO catalysts after reaction in hexane (black) and water (red).

The transformation of ceria hydroxyl groups into water during phenol adsorption and the
decreased activity upon cycling suggests that cerium cations near hydroxyls are highly effective
sites for phenol activation in hexane and were not regenerated in situ. The data put forth suggests
that the fundamental difference between catalyst activity and recyclability in water and hexane is
the way in which phenol adsorbs to the CeO> support. While dissociative adsorption of phenol
onto the support is significant in hexane, the interaction in water seems to occur mainly through

physisorption, as dissociative binding is limited by competitive adsorption of water. Physisorbed
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phenol is expected to be less active for reduction by dissociated Hz than phenoxy coordinated to
cerium cation. The reason being, the cerium centers are better able to activate the phenolic ring
for nucleophilic attack by dissociated H> because they pull more electron density away from the
ring, than simple hydrogen bonds with hydroxyls/water on the ceria surface. Thus, the higher
activity observed in hexane should be due to the dissociative phenol adsorption and its direct
binding to coordinatively unsaturated Ce cations, which is enabled by the lack of competition
between substrate and solvent (Scheme 2). However, upon phenoxy formation and subsequent
reduction to the ketone or alcohol, the phenoxy-forming sites were seemingly not regenerated as
indicated by the decreased activity observed in the recycling experiments. In order for the active
site to be retained, a hydroxyl near a coordinatively unsaturated cerium cation should be present,
which is not the case after one phenol molecule adsorbs dissociatively and is reduced (Scheme
2). The proposed deactivation mechanism is supported by the red shift of the C-O band for
phenol adsorbed on the fresh (1273 cm™) and recycled (1263 cm™) catalyst (Figure S8). Also,
the C-O band red shift on the recycled catalyst indicates that phenol is no longer able to bind
dissociatively to ceria (Figure 9). The proposed solvent-dependent adsorption mechanism is
consistent with the greater amounts of phenoxy species formed in hexane relative to in water, the
higher catalytic activity in hexane compared to in water, the sharp decrease in activity after the
first catalytic run in hexane, and the stability of catalyst activity after cycling experiments in both
solvents. Furthermore, after oxidation and reduction treatment of the cycled catalyst, the DRIFT
spectrum shows the reemergence of the hydroxyl peak at 3699 cm™ (Figure S9) and the activity

is restored (Figure 8), further supporting the adsorption mechanism.
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Scheme 2. Proposed mechanism for phenol adsorption onto ceria and reduction by hydrogen in
water (left) and hexane (right), lower structures depict the binding after the first catalytic
turnover.

Conclusions

High surface Pd/CeO: is a very active and selective catalyst for the hydrogenation of
phenol to cyclohexanone at room temperature and 1 bar hydrogen in hexane. The activity of the
catalyst depends on the reduction temperature used to prepare it: activity increases with
increasing reduction temperature up to 350 °C but then decreases sharply at higher reduction
temperatures. The enhanced activity at low to moderate temperatures is likely due to high
dispersion of Pd as vacancies form on the surface of the support under reducing conditions. The
decrease in activity at higher temperatures is likely due to support sintering that leads to catalyst

encapsulation. During the catalytic reaction, phenol adsorbs dissociatively to the surface of ceria,
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forming cerium-bound phenoxy and water. This process likely involves hydroxyl groups in the
neighborhood of the Ce sites. Conversion of the hydroxyls to water prevents dissociative
adsorption in later catalytic cycles and lowers the activity of Pd/CeO.. Non-dissociative
adsorption occurs when Ce sites are blocked by water and/or hydroxyls are absent in the
neighborhood of the Ce sites. Chemisorbed phenoxide species are more reactive than
physisorbed phenol because binding to Ce cations decreases the electron density of the aromatic
ring facilitating attack by Pd-activated hydrogen. This catalytic system constitutes a simple and
efficient alternative for the production of cyclohexanone under mild reaction conditions. Since
the catalyst is fully heterogeneous and does not require addition of acids or homogeneous co-

catalysts it may be a good candidate for application in continuous flow mode.
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Appendix of Supporting Information

Table S1. Physical properties of Pd-based catalysts.

Sample BET Sugfaf;le BJH Porg: | DispF:eC:sion Pd _Crystalliate Pd Loaditr)lg
Area (m<g™~)  Volume (cm°g™) (%)? Size (nm) (wt. %)
Pd/SiO; 450 11 44 2.1 1.0
Pd/AlLOs3 379 0.73 18 5.1 11
Pd/C® 637 0.51 28 3.3 10.0
Pd/Ce0O,° 57 0.20 19 4.9 1.0

& Obtained by H> chemisorption. ® Obtained by ICP-OES analysis. ‘Commerical Pd/C.
dCommercial CeOs.
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Table S2. Reaction conditions and results for the hydrogenation of phenol in water.

Selectivity (%)

Entry T (°C) t (h) Conversion (%) :
C=0 OH
1 25 12 69.4 867 133
2 35 4 56.4 94.1 59
3 45 4 73.1 92.9 7.1
4 55 4 92.8 87.1 12.9
70 375 :;
e 60 1 - 325 «
s £
“':'50 1 - 275 =
0 40 - - 225 9§
wv | .
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% 20 1 —®@—Dispersion - 125 g
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Figure S1. Pd dispersion and surface area as a function of PdOxHy/CeO- reduction temperature.
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Figure S2. a) STEM image, and EDS maps of b) Ce and c) Pd in the Pd/CeO; catalyst. The maps
correspond to the 25 x 25 nm square region of the catalyst labeled ‘M’, square ‘Ref” was used as
a reference to correct drift between scans. The four numbered EDS spectra in d) were acquired at
the corresponding spots in the maps. Spots 1 and 3 that are dark in the Pd map show only noise
in the Pd energy, while spots 2 and 4, which are intense red show distinct Pd La peaks. Scale bar
in a) is 50 nm, and in b) and c¢) is 5 nm.
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Figure S3. Room temperature DRIFT spectra of Pd/CeO, and Pd/CeO, with (a) phenol, (b)
cyclohexanone, and (c) cyclohexanol adsorbed. The bands at 2929 and 2854 cm™ for (a) are due
to hexane which was used to dissolve the phenol.
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Figure S7. Room temperature DRIFT spectra of CeO, support and Pd/CeO- catalyst.
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Figure S8. Room temperature DRIFT spectra of phenol adsorbed onto Pd/CeO. (Phenol-
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Figure S9. Room temperature DRIFT spectra of Pd/CeO> catalyst after regeneration by oxygen
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CHAPTER 3
TRANSFER HYDROGENATION OVER SODIUM-MODIFIED CERIA: ENRICHMENT
OF REDOX SITES ACTIVE FOR ALCOHOL DEHYDROGENATION
Adapted from manuscript submitted to J. Catal.
Copyright © 2016 Elsevier

Nicholas C. Nelson, Brett W. Boote, Aaron J. Rossini, Emily A. Smith, Igor I. Slowing

Abstract

Ceria (CeO2) and sodium-modified ceria (Ce-Na) were prepared through combustion
synthesis. Palladium was deposited onto the supports (Pd/CeO. and Pd/Ce-Na) and their activity
for the aqueous-phase transfer hydrogenation of phenol using 2-propanol under flow conditions
was studied. Pd/Ce-Na showed a marked increase (6x) in transfer hydrogenation activity over
Pd/CeO2, lowering the apparent activation barrier of the reaction. Material characterization
indicated water-stable sodium species were not doped into the ceria lattice, but rather existed as
sub-surface carbonates. Modification of ceria by sodium provided more 2-propanol adsorption
sites and redox active sites (i.e. defects) for 2-propanol dehydrogenation. This effect was an
intrinsic property of the C-Na support and independent of Pd. The types of redox sites active for
2-propanol dehydrogenation were thermodynamically equivalent on both supports/catalysts. The
difference in apparent activation barrier over the two catalysts reflected the adsorption barrier of

2-propanol in the presence of phenol.

Introduction
The inevitable depletion of fossil fuels and the controversy that surrounds their use makes
it imperative to develop sustainable, economical, and efficient alternatives to petrochemicals.

Plant biomass is the most recognized alternative and is widely regarded as the most promising

www.manaraa.com



84

renewable resource to replace petroleum feedstocks.! Of plant biomass, lignin is the only large-
scale source of aromatics. As such, there has been a significant amount of effort devoted and
progress made to efficiently harvest the aromatics in a cost-competitive manner.2 The obvious
and urgent needs for more sustainable chemical processes will likely lead to the development of
lignin-based technologies and allow it to become a significant source of renewable aromatics.®
However, to take full advantage of renewable aromatic feedstocks, sustainable and economical
downstream processes that convert the depolymerization products into high-value commodity
chemicals need to be developed.*

Lignin is a phenolic-based polymer and therefore a significant portion of the
depolymerization products are phenolics.>® Phenol finds its major use as a precursor for plastics
often by reaction with other compounds or molecules. For example, phenol can be reduced to
afford cyclohexanone and/or cyclohexanol. Both reduction products, either separately or in a
mixture (KA oil), are predominantly used as precursors for nylon.” Industrial processes that
convert phenol to precursors used in nylon production rely on high pressure molecular hydrogen
as the reductant.® Therefore, it is advantageous to develop catalysts and catalytic systems that
lower the hydrogen pressure needed for phenol reduction or eliminate the need for molecular
hydrogen all together. Recently, there have been several catalytic systems developed for phenol
reduction at or near atmospheric hydrogen pressures.® Far fewer systems have been developed
that eliminate the need for molecular hydrogen through transfer hydrogenation.'%** Thus, there is
a present and forecasted need to develop catalytic transfer hydrogenation systems that can
transform biomass platform molecules into high-value commodity chemical precursors and

lessen our reliance on petroleum-based feedstocks for downstream processing of biomolecules.
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In recent years there has been a surge in the development of heterogeneous transfer
hydrogenation catalytic systems.!* Oftentimes, these systems contain two components: one to
activate the donor molecule for hydrogen liberation and the other to activate the liberated
hydrogen for reduction of the unsaturated functionality. Noble metals are widely used to promote
the latter, while homogenous inorganic or organic bases (e.g. NaOH, K-O'Bu) have traditionally
been used for the former. From an advanced catalyst design standpoint, it is beneficial to
incorporate the necessary promoters within the solid catalyst to achieve the desired activity and
avoid the undesired homogeneous components. In a previous study, we showed that ceria
supported palladium was active for room temperature phenol hydrogenation with molecular
hydrogen at atmospheric pressure.’® Ceria is a mildly basic, redox active metal oxide and as
such, a seemingly good candidate for transfer hydrogenation reactions. Considering its potential,
ceria has been poorly studied for transfer hydrogenation catalysis. Catalytic systems involving
iridium oxide,*® gold,}"*8 and nickel®® supported on ceria have been reported for transfer
hydrogenation of ketones and aldehydes without the use of a base promoter. Shimizu et al.°
studied the transfer hydrogenation of ketones over Ni/CeO; catalyst using 2-propanol as the
hydrogen donor. The catalyst showed good activity for aromatic and aliphatic ketone reduction.
Although a base metal was used, the catalyst was not stable in air and thermal regenerative
treatments were needed between recycling experiments.

Ceria and ceria-based materials are best known for their redox properties, which are
related to the number and type of oxygen vacancies within the material.2%-3! The significant effort
and progress made to understand the role of oxygen vacancies during catalytic processes has
enabled the design of defect-engineered ceria-based materials.32-*® Perhaps most notable are ceria

materials with well-defined shapes that expose specific crystallographic planes, which dictate the
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amount and type of defect sites present.3*® The redox properties of these materials are
oftentimes probed with short-chain alcohols, whose adsorption, reactions, and product
distribution/desorption temperature are believed to depend on the defect sites present 48
Typically, the more defect-rich ceria materials give rise to higher yields of dehydrogenation
products. With this in mind, the development of ceria-based materials with high concentrations
of defect sites should translate into high dehydrogenation activities and therefore be excellent
candidates for transfer hydrogenation reactions. Herein, we report the combustion synthesis of
ceria and sodium-modified ceria using cerium nitrate and cerium/sodium nitrate precursors,
respectively. Sodium modification was found to increase the number of redox active sites on the
surface that lead to 2-propanol dehydrogenation. Palladium was supported on both materials and
their activity for phenol transfer hydrogenation using potentially renewable 2-propanol®® is
reported. Keeping along the lines of sustainable biomass upgrading, the reactions were run in
liquid flow mode, which has the added advantages of high throughput and catalyst recycling

efficiency.*

Experimental
Reagents. Cerium(l1l) nitrate hexahydrate, sodium(l) nitrate, palladium(ll) acetate,
phenol, 2,4-dinitrophenylhydrazine, 2-propanol, and malononitrile were purchased from Sigma
Aldrich. Acetone, methanol, and ethanol were purchased from Fischer. Acetonitrile-ds and
benzene-ds were purchased from Cambridge Isotope Laboratories. Pluronic P104 was obtained
from BASF. Cerium(l11) nitrate hexahydrate was dried under vacuum at room temperature for 48
h prior to all synthetic methods. All other chemicals were used without further purification. All

reagents met or exceeded ACS specifications.
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Synthesis of ceria (CeOz). The method was adopted from a previous published report?®.
Briefly, Ce(NO3)z*6H20 (8.8 g, 20.3 mmol) and Pluronic P104 (10.1 g) were dissolved in
ethanol (200 mL). The contents were stirred vigorously until complete dissolution (~2 h). The
solution was cast into a large crystallization dish and placed into a pre-heated 65 °C oven until
the ethanol had evaporated (~8 h). The resulting gel was placed into a pre-heated 150 °C oven
overnight. The yellow powder was calcined in air at 450 °C for 4 h with a ramp rate of 2 °C min"
!, Caution! During thermal treatment at 150 °C, combustion occurs within ~12 min, producing
flames which self-extinguish within seconds after all combustible material (i.e., block
copolymer) is burned. The thermal treatment step should be conducted in an oven, preferably in

a fume hood with a closed sash to avoid exposure to gaseous decomposition products.

Synthesis of cerium-sodium composite oxide (Ce-Na). The synthetic method was
analogous to the synthesis of CeO2 with slight thermal treatment modifications. In a typical
synthesis with nominal sodium loading of 20 at. %, Ce(NO3)3*6H.0 (7.0 g, 16.1 mmol), NaNOs
(0.34 g, 4 mmol), and Pluronic P104 (10.1 g) were dissolved in ethanol (200 mL). The contents
were stirred vigorously until complete dissolution (~2 h). The solution was cast into a large
crystallization dish and placed into a pre-heated 65 °C oven until the ethanol had evaporated (~8
h). The resulting gel was gathered and placed into two crucibles. The crucibles were capped with
aluminum foil (many holes were poked into the aluminum foil with a needle for venting). The
crucibles were placed into a pre-heated 350 °C oven for 1 h. Then, the temperature was ramped
to 500 °C for 6 h with a ramp rate of 2 °C min. Caution! During thermal treatment at 350 °C,
combustion occurs within ~12 min, producing flames which self-extinguish within seconds after

all combustible material (i.e., block copolymer) is burned. The thermal treatment step should be
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conducted in an oven, preferably in a fume hood with a closed sash to avoid exposure to gaseous

decomposition products.

Synthesis of cerium-sodium composite oxide control (Na/CeOz). A control cerium-
sodium composite oxide with nominal 20 at. % sodium was synthesized by an impregnation
route. NaNOs (0.078 g, 0.92 mmol) was dissolved in water (0.3 mL). This solution was added (in
0.1 mL increments) to CeO, followed by thorough mixing with an agate mortar and pestle and
subsequent drying in a 60 °C oven before addition of the next sodium salt solution aliquot. The

material was calcined at 500 °C for 6 h with a 2 °C min™! ramp rate.

Synthesis of catalysts (Pd/CeO2, Pd/Ce-Na, and Pd/Na/CeO3). Catalysts were prepared
by an impregnation method with a nominal 1 wt. % Pd loading relative to the mass of the
support. In a typical synthesis, Pd(O2CCHz)2 (0.0419 g, 0.187 mmol) was dissolved in acetone (1
mL). The support (2.00 g) was placed into a mortar and impregnated with the Pd solution in 0.20
mL increments. After each impregnation step, the catalyst was mixed thoroughly with a pestle
until seemingly dry. The material was calcined at 350 °C for 2 h with a 2.5 °C min™ ramp rate
and after cooling to room temperature it was reduced under flowing hydrogen at 350 °C for 2 h

with a ramp rate of 2.5 °C min™.

Transfer hydrogenation reactions. A Unigsis FlowSyn™ continuous liquid flow
reactor was used for all reactions and operated in automatic mode. In a typical experiment, the
catalyst (0.5 g) was packed into an Omnifit Labware column (PEEK, 10 mm diameter). The
catalyst was secured by placing an adjustable endpiece equipped with a 10 um PTFE filter into
the inlet and outlet of the column. The volume of the catalyst bed was 0.4 mL (for 0.5 g of

catalyst). Water was passed through the system (0.1 mL min™) at room temperature for ~2h to
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remove soluble species before beginning reaction with fresh catalyst. The column was then
heated to the desired temperature (instrument Tmax = 140 °C) under continuous water flow. At
this point, an automated system switched from water feed to reagent feed. Typically, the reagent
feed (0.1 mL min’t) was an aqueous solution of 2-propanol (90 v/v %) and phenol, with varying
concentration of phenol depending on reaction conditions. The outlet feed was segmented in 4
mL increments by a Gilson FC 203B fraction collector. A typical reaction was conducted for 24
h (144 mL). Six 4 mL solution vials were taken to make a composite sample (24 mL, six data
points over 24 h). A 50 pL aliquot from each 24 mL composite sample was added to 1 mL of
resorcinol internal standard solution (0.3 mM) used to construct quantitative calibration curves
and analyzed in an Agilent GC-MS (7890A, 5975C) with a HP-5MS column. Mass balances
were 100 = 8 %. The GC-MS run started at 60 °C for 0 minutes, then ramped to 150 °C at 5 °C
min for 0 minutes, then ramped to 300 °C at 20 °C min'* for 3 minutes. Conversion was defined
as mol % and calculated as moles of converted phenol per mole of starting phenol times 100 %.
Yields were defined as mol % and were calculated as moles of each product divided by moles of
starting phenol times 100 %. Conversion rates were calculated from conversion, catalyst mass
(g), initial phenol concentration (uM), and flow rate (L h™). Calibrated flow rates were used for
conversion rate. For simplicity, the calibrated flow rate was rounded to one significant figure
when discussing flow rate in the text.

(Conversion) x (Flow Rate) x[Phenol]o
(Catalyst Mass)

H2 chemisorption. Hydrogen chemisorption was performed in a Micromeritics
AutoChem Il equipped with TCD detector. H>-Ar (10 % H) was used as the metal dispersion

probe. Hz-chemisorption analysis was carried out by reducing samples at 150 °C under Ha/Ar
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flow, followed by flowing Ar for 15 minutes at 150 °C to remove surface bound hydrogen from
Pd crystallites. The sample was then cooled under Ar to -25 °C for hydrogen pulse
chemisorption measurements. The palladium dispersion of the catalysts was calculated based on
the following equation:

St x M xVad
D(%) = mxW xV 8

100

where St = stoichiometry factor (the Pd/H2 molar ratio) = 2; M = the atomic mass of Pd (106.42 g
mol™?); Vag = the volume of chemisorbed H, at standard temperature and pressure conditions
(mL); m = the mass of the sample (g); W = the weight fraction of Pd in the sample as determined

by ICP-OES; Vm = the molar volume of Hz (22414 mL mol™) at STP.

Powder X-ray diffraction (PXRD). Diffraction patterns were collected using Co Kal,

Ka2 split radiation (45 kV, 40 mA, Aag = 1.7903 A) on a PANalytical X’Pert PRO
diffractometer equipped with a theta—theta vertical mode goniometer, incident Fe filter, an air-

cooled X’Celerator real time multiple strip (RTMS) detector, and spinner stage. The patterns
were converted to Cu Ka radiation for comparison to standard patterns using Bragg’s law. PXRD
samples were prepared by placing powders onto a background-less sample holder. Crystallite
sizes were calculated using Scherrer equation:

KA
pcosé

Dy =

where K is the shape factor (0.9) of the average crystallite, 4 is the X-ray wavelength (0.17903
nm), S is the full width at half maximum (radians), and @ is the Bragg angle (radians). HighScore

was used for Rietveld Refinement.
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Raman spectroscopy. Raman spectroscopy was performed on the CeO, and Ce-Na
powder samples using the 488-nm line of an argon ion laser (Cyonics Uniphase, Santa Clara,
CA) illuminating a DM IRBE inverted light microscope (Leica Microsystems, Buffalo Grove,
IL) fitted with a 10x (0.25 NA) objective. A line filter was used to isolate the 488-nm line from
the multiple wavelength output of the laser. The backscattered Raman signal was passed into a
HoloSpec spectrometer (Kaiser Optical Systems, Ann Arbor, MI) equipped with a Newton 940
CCD camera (Andor Technology, Belfast, United Kingdom). Single acquisition Raman spectra
of the powders were acquired with the laser set to 6 mW (2.5 x 108 W/cm?), and the acquisition
times were 60 seconds. Gaussian fits of the peaks were used to calculate peak area ratios and
were performed in IGOR (Wavemetrics, Portland, OR). The data were plotted using Excel, and

spectra were normalized at the maximum intensity for the Fog mode.

2Na-SSNMR. All solid-state NMR experiments were performed on a Bruker Avance IlI
9.4 T (400 MHz) widebore NMR spectrometer. Experiments were performed with a Bruker
broadband 4 mm HXY E-free probe configured in double resonance mode. *H chemical shifts
were referenced to neat tetramethylsilane via an external secondary standard of adamantane (iso
= 1.82 ppm). 22Na chemical shifts were referenced with respect to proton chemical shifts by the
recommended relative frequency scale.>

All 2Na MAS experiments were performed with an MAS frequency of 8 kHz. Central
transition selective n/2 and = pulses of 5.81 us and 11.62 ps (21.5 kHz rf field), respectively,
were used for 2Na spin echo and REDOR experiments. 2Na{*H} REDOR experiments® were
performed with the direct excitation of 2®Na and rotor synchronized *H REDOR = -pulses were
applied with an XY-8 phase cycle.>® The MAS frequency was 8000 Hz, with 4096 scans per data

point, a 0.25 s recycle delay. The total echo (dephasing) time was varied from 125 us to 6125 pus
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in steps of 250 us with acquisition of 48 total data points (24 individual reference and dephased
spectra). The 2*Na{*H} REDOR curves were calculated with the previously described analytical
Bessel functions.>* In order to account for a distribution of 2Na-'H inter-nuclear distances,
individual REDOR curves were calculated for 22Na-'H inter-nuclear distances of 2 A (this was
the minimum allowed distance) to 30 A in steps 0.1 A.%® The intensity of each individual
REDOR curve was then multiplied by a normalized Gaussian weighting function with a center of
2.25 A and a width of 2.75 A. The weighted curves were then summed to obtain a curve
modeling the distribution. This simple model likely under-estimates the average distance (i.e.,
the true distances are larger) since multi-spin systems tend to show faster signal dephasing than
isolated spin systems. Triple quantum multiple quantum magic angle spinning (3Q-MQMAS)%®
experiments on Ce-Na were performed with the previously described phase-modulated split-t:
pulse sequence.>” The spectrum was acquired with 40320 scans per increment, a Aty increment of
62.5 us (spectral width of twice the spinning frequency) and 20 t1 increments were acquired (ca.
22.4 hours total experiment time). 4.10 ps and 1.35 ps pulses with an rf field of ca. 61 kHz were
applied for generation of triple quantum coherence and reconversion to single quantum
coherence, respectively. The indirect dimension spectral width was divided by a factor 2.125 to

illustrate the distribution in isotropic chemical shift.>®

Electron microscopy/energy dispersive X-ray spectroscopy. Transmission electron
microscopy (TEM) was conducted using a FEI Tecnai G2 F20 field emission microscope and
scanning transmission electron microscope (STEM) operating at 200 kV (point-to-point
resolution <0.25 nm and a line-to-line resolution of <0.10 nm). TEM samples were prepared by

placing 2-3 drops of dilute ethanol suspensions onto carbon-coated copper grids. The
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composition of Ce-Na structures were characterized by energy dispersive X-ray spectroscopy

(EDX) scans in STEM mode.

Surface area and porosimetry. Textural properties of the supports and catalysts were
measured by nitrogen sorption isotherms at -196 °C in a Micromeritics Tristar analyzer. The
surface areas were calculated by the Brunauer-Emmett-Teller (BET) method. Sample

pretreatment for surface area measurement was done by flowing N2 for 6 h at 100 °C.

ICP-OES. Ce, Na, and Pd loadings were analyzed by a Perkin Elmer Optima 2100 DV
Inductively Coupled Plasma-Optical Emission Spectroscope (ICP-OES). Samples (~10 mg) were
digested in 5 mL of 4 M HCI, 1 mL of concentrated HNO3, and 2 mL of 30 v/v % H20,. The
samples were sonicated for ten minutes. Then they were placed into a 50 °C water bath for ~12

h. Each sample was then diluted to 10 mL of total solution.

Diffuse reflectance infrared Fourier transform (DRIFT). Measurements were made
on a Bruker Vertex 80 FT-IR spectrometer with OPUS software and apodized spectral resolution
of 0.2 cm™. The spectrometer was equipped with a HeNe laser and photovoltaic MCT detector.
A Praying Mantis™ diffuse reflectance accessory and high temperature reaction chamber was
used for room temperature and variable temperature measurements, respectively. 32 scans were
collected for each measurement in absorbance mode with 4 cm™ resolution. The samples were
heated to 400 °C in O2-He (10 % O,) flow (50 mL min™) for 30 minutes prior to DRIFT analysis
of probe molecule (i.e. acetonitrile-ds, chloroform, acetone, 2-propanol) adsorption. The samples
were cooled to room temperature under O,-He flow and then switched to He flow (50 mL min™).
Blank spectra were recorded at this time. Then, the He flow was redirected through a saturator

containing the probe molecule at room temperature. Spectra were taken at 1 min intervals under
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probe molecule exposure until the formation of liquid-like bands was observed (~1-5 min). At
this time, the He flow was redirected away from the saturator. Spectra were taken at 10 min
intervals until no changes were observed between subsequent spectra (~20-30 min). For 2-
propanol adsorption, the sample was heated to 60 °C for 30 min and cooled back down to room

temperature before taking spectra.

X-ray photoelectron spectroscopy (XPS). XPS analysis was done with a PHI 5500
multitechnique system using a standard Al X-ray source. Samples were analyzed at room
temperature with no special preparation. Charge correction was accomplished by shifting the Ce
3d v-peak to 882.6 eV for all spectra.>®% All spectra were normalized within each spectral
region by setting the maximum intensity equal to one. Spectral deconvolution was done using
OriginPro® with Shirley background subtraction. The peaks were modelled using Gaussian

functions.

Temperature programmed desorption (TPD). CO2-TPD experiments were carried out
using a Micromeritics AutoChem Il equipped with TCD detector and dry ice/acetone bath. The
samples (~300 mg) were placed into a quartz U-tube and degassed at 500 °C for 60 minutes (10
°C mint) under O2-He (10 % O,) flow (50 mL min™). The samples were cooled to 100 °C under
0O.-He and the gas flow switched to CO»-He (10 % COy). After 15 minute exposure, the gas flow
was switched to He and held at 100 °C for 15 minutes before cooling to 40 °C. The temperature
was then ramped at 10 °C min™ while monitoring the TCD signal. Trapping experiments with
dry ice/acetone mixture (-78 °C) and liquid nitrogen (-196 °C) indicated that the species evolved

during desorption were COa.
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Temperature programmed surface reaction (TPSR). For 2-propanol TPD, a Netzsch
STA 449 F1 Jupiter® TGA/DSC/MS/IR instrument was used. The mass spectrometer is a
Netzsch quadrupole mass spectrometer 403 D Aeolos equipped with electron impact ion source
and Channeltron SEM detector with 0.5 amu resolution. The data was collected in multiple ion
detection (MID) mode while monitoring m/z = 41 (propylene), m/z = 43, 58 (acetone), and m/z =
45 (2-propanol). The samples were prepared by heating to 250 °C under O flow for 60 minutes
in a round bottom flask with septum. After cooling to room temperature and still under O flow,
2-propanol (~1 mL) was added via syringe and needle to saturate the sample. The excess 2-
propanol was allowed to evaporate at room temperature under O flow (~4 h). The samples were
placed into the Netzsch instrument during which time they were exposed to atmospheric
conditions. The temperature was ramped from 40 °C to 400 °C at 10 °C min™* under 60 mL min™
Ar flow while monitoring the mass signals. For DSC-MS experiment the sample was placed into
the analysis chamber with no prior treatment and heated from 40 °C to 1200 °C at 10 °C min™

under 60 mL min’t Ar flow while monitoring the mass signal (m/z = 44).

Acetone formation rate. The formation rate of acetone was monitored by reaction of
evolved acetone during liquid flow catalysis with 2,4-dinitrophenylhydrazine (DNPH) to form
acetone-2,4-dinitrophenylhydrazone (Ac-DNPH). The fresh catalysts were allowed to equilibrate
under reaction conditions (i.e. 0.15 M phenol in 90 v/v % aqueous 2-propanol, T = 140 °C, 0.1
mL mint) for 48 h prior to acetone formation rate determination. The acetone formation rate
under various reaction conditions was then determined after 1 h time-on-stream (TOS). The
proceeding method was validated by reacting DNPH (1.2, 2.4, and 3.7 equiv) with a known
amount of acetone. The average relative error over four trials was + 9.9 %. In a typical run, the

product feed (1.5-2.0 mL, 15-20 min) was directed into a solution containing DNPH (0.4 g, 2
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mmol), methanol (14.4 mL), water (4 mL), and concentrated sulfuric acid (1.6 mL). Precipitates
were formed immediately. Ac-DNPH was extracted with benzene and the solvent was removed
by rotary evaporation to give an orange-yellow solid. The solid was redissolved in a known
volume (2-3 mL) of acetonitrile-ds. A 1 mL aliquot was placed into a NMR tube along with
internal standard 1,4-dioxane (5 uL, 58 umol). Proton nuclear magnetic resonance (*H-NMR)
spectra were collected on a Varian VXR-300 equipped with a narrow bore 7.05T/300 MHz
magnet and a standard *H probe. *H-NMR (acetonitrile-ds, 300 MHz, 25 °C): §, ppm: 2.08 (3H,

s): 2.16 (3H, s); 7.81 (1H, d): 8.26 (1H, d); 8.92 (LH, s); 10.80 (1H, s).

Knoevenagel condensation. Reactions were performed in screw-cap vials.
Benzaldehyde (1 mmol) and active methylene compound (1 mmol) were dissolved in ethanol (2
mL). The catalyst (6 mg) was then added to the solution which was heated to 60 °C for 0.5 h.
The catalysts were separated by centrifugation and the supernatant concentrated under reduced
pressure. Reaction yields were monitored by *H-NMR using dimethyl sulfone as internal
standard. Mass balances were 100 * 5 %. *H-NMR (chloroform-d:, 300 MHz, 25 °C): §, ppm:

7.53 (2H, t); 7.63 (1H, t); 7.79 (1H, s); 7.90 (2H, d).

Phenol adsorption isotherms. Phenol adsorption curves were constructed by measuring
sample absorbances (A) at 278 nm and 290 nm. The Az7s corresponds to phenol absorbance and
the Axg0 was used to correct for anomalous scattering. Two cuvettes were prepared each with
hexane (2 mL). One cuvette was designated as the blank. The UV/VIS spectrum for the other
cuvette (sample) was recorded at Az7g and A2go to correct for differences in absorbance between
the two cuvettes. The sample (~10 mg) was placed into the sample cuvette containing hexane. A

known amount of phenol in hexane was then added to the sample cuvette, capped, and allowed to
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equilibrate under static conditions for 24 h. At this time the measurement was recorded and the

Ao7g value corrected. This process was repeated 4-5 times.

Results and Discussion

Catalysis. Ceria (CeO2) and the cerium-sodium oxide material (Ce-Na) with nominal 20
at. % Na loading were prepared using a modified solution combustion synthesis (SCS) with
Pluronic polymer as fuel and metal nitrate salts. The SCS method was chosen due to its
precedence for forming homogeneous multi-metal oxide composites.®! Palladium was deposited
onto Ce-Na (Pd/Ce-Na) and CeO, (Pd/CeO>) through impregnation with palladium(ll) acetate,
followed by oxidative and reductive thermal treatments at 350 °C. The physicochemical
properties of the supports and catalyst are summarized in Table S1.

The liquid flow transfer hydrogenation of phenol using 2-propanol as the sacrificial
hydrogen donor with Pd/Ce-Na and Pd/CeO catalysts proceeded through the formation of
cyclohexanone and cyclohexanol in various proportions depending on reaction conditions (Table
1). Both catalysts displayed outstanding stability during 7-day continuous catalytic runs (Figure
1a). However, Pd/Ce-Na showed a marked increase in transfer hydrogenation activity over
Pd/CeO>. For instance, under the conditions given in Table 1 for Entries 2 and 7, the rate of
phenol conversion was nearly five times higher over Pd/Ce-Na than Pd/CeO. and about six times
as high for Entries 5 and 10. As evident from Table 1, Pd/Ce-Na showed higher phenol
conversion rates under all the reaction conditions tested. For Pd/Ce-Na, the ketone to alcohol
yield ratio (K:A) varied from about 10:90 to 40:60 through control of the flow rate and phenol
concentration (Table 1, Entries 1-5). The ketone yield was more or less constant when varying
these parameters, while the alcohol yield was more sensitive to these variations (Table 1, Entries

1-5). For Pd/CeOg, the K:A ratio was larger than for Pd/Ce-Na, giving almost exclusively the
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ketone (Table 1, Entries 6-10). Both catalysts showed a higher conversion rate as the 2-propanol-
water ratio was increased. Interestingly, neat 2-propanol resulted in a monotonic, yet significant
decrease of conversion rate as a function of time over both catalysts which was not observed in
the presence of water (Figure S1). Washing the catalysts with water overnight at 140 °C after the
reaction in neat 2-propanol resulted in regeneration of the original activity. This suggests the
decreased activity may be related to hydroxyl disproportionation, which results in the removal of
lattice oxygen through water formation.®%®® In absence of water, the hydroxyl disproportionation
equilibrium lies to the right in Scheme S1, giving oxygen deficient ceria, which is a poor
oxidation catalyst.%? The regeneration data implies that water is able to dissociatively adsorb on
partially reduced ceria,%%" and shift the equilibrium in Scheme S1 to the left. Thus, water
appears to be a necessary component to maintain hydroxyl disproportionation equilibrium in a
way that favors the redox process. Arrhenius plots were constructed and the apparent activation
barriers for phenol conversion over Pd/CeO; and Pd/Ce-Na were 115 + 3 kJ mol™ and 48 + 2 kJ

mol?, respectively (Figure 1b).

Table 1. Reaction conditions and catalytic results for transfer hydrogenation of phenol with 2-
propanol.?

Phenol Flow Rate Conversion Rate Yield (%) ,
ey Caalyst M) Lminl)  molg’h) T c=o  coH |
1  Pd/Ce-Na 0.150 44.1° 759 + 6 13+1  82+%1 14:86
2 Pd/Ce-Na 0.150 95.6° 1390 + 40 261 54 +2 33:67
3 Pd/Ce-Na 0.150 191¢ 1410 £ 20 16+1 25+1 40:60
4 Pd/Ce-Na 0.200 44.1 905 + 16 19+1 672 22:78
5 Pd/Ce-Na 0.200 95.6 1360 + 60 18+1 41+3 30:70
6 Pd/CeO2  0.150 44.1 266 + 9 31+4 2+1 93:7
7 Pd/CeO, 0.150 95.6 287 +8 16+1 <1 96:4
8 Pd/CeO2 0.150 191 279+ 3 8+1 0 100:0
9 Pd/CeO, 0.200 44.1 215+ 4 20+ 2 <1 97:3
10 Pd/CeO2  0.200 95.6 2175 10+2 0 100:0

80.5g of catalyst was used for all reactions. Water was flowed over the catalyst at room
temperature for 2 h before beginning the initial run (Entries 1, 6). After that, the reactions were
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run sequentially (Entries 2-5, 7-10). 90 v/v % aqueous 2-propanol was used for all reactions.
Column temperature was 140 °C. Catalyst bed volume (Vred) was 0.4 mL. Errors are reported as
one standard deviation away from the mean. "For a flow rate of ~0.05 mL min?, 72 mL of
reagent was used with 12 mL sample composite intervals generating 6 data points over 24 h. °For
a flow rate of ~0.10 mL min™, 144 mL of reagent was used with 24 mL sample composite
intervals generating 6 data points over 24 h. 9For a flow rate of ~0.20 mL min, 168 mL of
reagent was used with 24 mL sample composite intervals generating 7 data points over 14 h.

(a) (b)
c | =1 E, =48+ 2 kJ mol
9 1500 - 60000000000 ()
= -
= T o -2 .\.\‘.\
£ 1000 1 —e—PdCeNa | 3 _ |
0o —8—Pd/CeO, £ ®Pd/Ce-Na
5 5 500 i g 4 |®Pd/CeO,
2 o000 = E, =115+ 3 kJ mol!
o 0 T T T T T T T T T T T T T T E '5 T T T T T
o 1 2 3 4 5 6 7 24 25 26 27
Time (days) 1T x 103 (K1)

Figure 1. (a) Phenol conversion rate for Pd/CeO, and Pd/Ce-Na during 7 day time-on-stream
(TOS) study. Conditions: 0.15 M phenol in 90 v/v % aqueous 2-propanol, 0.5 g catalyst, ~0.1
mL min?, T = 140 °C, Vi = 0.4 mL. Each data point corresponds to 72 mL product stream
composite. (b) Arrhenius plots of phenol conversion over Pd/CeO, (Ea = 115 kJ mol™) and
Pd/Ce-Na (Ea = 48 kJ mol?). Conditions: 0.1 M phenol in 90 v/v % aqueous 2-propanol, 0.5 g
catalyst, ~0.1 mL min™, Vipeq = 0.4 mL. Each data point (at each temperature) corresponds to the
average of 6 rate measurements collected at 4 h sampling intervals (24 mL composite) over 24 h.

Physicochemical properties are often invoked to explain differences in activity and were
found to be similar for both catalysts after the reaction (Table S2). That is, the specific surface
area of Pd/CeO> decreased by an order of magnitude over the course of the reaction, which made
it comparable to Pd/Ce-Na. Likewise, the Pd dispersion value on both catalysts decreased to
about 10 % during time-on-stream, suggesting Na does not enhance Pd dispersion.®8%° Both
catalysts showed the same Pd loadings before and after reaction, which is consistent with the
long-term catalyst stability. The similar post-reaction physicochemical properties between the

catalysts suggest that sodium modification was able to promote transfer hydrogenation activity.
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In order to understand the role of sodium promotion more clearly, preferential attention was

given to support characterization. The role of palladium was studied where deemed relevant.

Materials characterization. Elemental analysis of as-synthesized Ce-Na support
confirmed sodium was present at 18 at. % and agreed well with nominal loading of 20 at. %
(Table 2, Entry 1). DRIFT (Figure S2-S4) and XPS (Figure S5) analysis showed sodium was
present as a carbonate. ICP analysis of Ce-Na after continuous-flow aqueous treatment at room
temperature for twelve hours showed a drastic reduction of sodium content from 18 to 4.0 at. %
(Table 2, Entries 1, 3), with most soluble sodium species removed after two hours during
washing (Figure S6). The data presented in Figure S6 was obtained after washing the material at
catalytic temperatures (i.e. 140 °C) and showed a further decrease in sodium loading to 2.6 at. %
(Table 2, Entry 4). Quite surprisingly, sodium was retained even after 7 days on stream (Table 2,
Entry 5). While ICP analysis confirmed the presence of sodium after washing, XPS (Figure S5g)
indicated that there were minimal amounts of sodium on the surface, suggesting that sodium
species are contained within the material. Bearing in mind the aqueous conditions used during
catalysis, all Ce-Na and Pd/Ce-Na characterization was performed after aqueous washing at

room temperature (Table 2, Entry 3).

Table 2. Physicochemical properties of supports and catalysts under varying conditions.

Surface Area  Na Loading  Lattice Constant

Entry Sample (m? gh)? (at. %)° (A)°
1 Ce-Na 29 18 + 14 5.412
2 CeO2 210 0 5.412
3 Ce-Na® 42 4.0+0.2 5.412
4 Ce-Na? 40 2.6+0.1" ---
5 Pd/Ce-Na’ 20 27+0.2 ---

aDetermined by nitrogen physisorption using BET approximation. "Determined by ICP-OES and
is relative to Ce. °Determined using HighScore software. YMeasured across three batches.
®Washed with flowing water (0.1 mL min™) for 12 h at room temperature. "Measured across two
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batches with two sample preps in duplicate (i.e. 8 data points). “Washed with flowing water (0.1
mL min) for 12 h at 140 °C. "Measured for one batch with two sample preparations in duplicate
(i.e. 4 data points). 'Results after 7 d reaction. 'Measured in duplicate with two sample
preparations (i.e. 4 data points).

The PXRD pattern of the supports (Figure 2a) and catalysts (Figure S7) exhibited
diffraction peaks that could be indexed to the fluorite structure of ceria, with no other reflections
observed. The absence of sodium-containing reflections (e.g. Na;O, Na,COgs, etc.) in the
diffraction pattern suggests sodium species could be amorphous or have a crystallite size below
the detection limit of the instrument. Since XPS analysis indicated that sodium was not present
on or near the surface, it is also possible that sodium was doped into the ceria matrix. Rietveld
analysis showed no significant difference in lattice constant between Ce-Na and CeO; (Table 2,
Entries 1-3). The identical lattice constants between Ce-Na and CeO; could be an indication that
residual sodium species were not contained within the bulk ceria lattice. Alternatively, it could
reflect the similar sizes of Ce** (0.97 A)™ and Na* (0.99 A)™, which has been observed for Pr-
(0.99 A)° doped ceria.”*"2. The identical lattice parameters from PXRD analysis were also
supported by HR-TEM imaging for several crystallites of Ce-Na that gave an average d-spacing
of 0.31 £ 0.03 nm (Figure S8). This value corresponds to the (111) surface termination and is
also the predominant facet observed for CeO, (Figure S9).> The result rules out structural
promotion (i.e. surface termination) for the higher rate of phenol turnover and lower activation

barrier for conversion.

www.manaraa.com



102

p—
o
“—

(b)

—Ce0, —Ce-Na
] 0.0821

0.0496

Intensity (a.u.)
Intensity (a.u.)

500 600 700

20 30 40 50 60 70 80 300 400 500 600 700 800
2 theta (deg.) Wavenumber (cm1)

Figure 2. (a) PXRD patterns for CeO2 and Ce-Na showing cubic fluorite phase. (b) Raman
spectra using 488 nm excitation for CeO2 and Ce-Na. Inset shows band associated with intrinsic
defects (D-band). The numbers represent the ratio (Ap:Arzg) Of the peak areas for the D-band
(600 cm™) and the Fog-band (462 cm™).

Given the comparable size of sodium and cerium (IV) cations, PXRD may not be suitable
for determining whether sodium was doped into the ceria lattice. In direct contrast to PXRD,
which primarily gives information related to the cationic sublattice, Raman spectra of fluorite-
type oxides are sensitive to bulk oxygen lattice vibrations, which are related to M-O bond
symmetry and defects. The Raman spectra for CeO2 and Ce-Na are shown in Figure 2b. Both
samples exhibited Raman bands around 462 cm™ and were attributed to the Foq triply degenerate
Raman-active phonon of the cubic CeO-fluorite phase.*™ ™ This band can be viewed as a
symmetrical stretching vibration of the oxygen atoms surrounding a cerium cation (i.e. CeQs).
Thus, the location of the absorption band is sensitive to the M-O bond lengths and symmetry
present in ceria-based materials.”> " The band positions for the two materials were identical
suggesting similar bond lengths in accordance with the lattice constants obtained from PXRD
analysis. Both samples also exhibited bands around 600 cm™ that have been suggested to result
from the presence of intrinsic oxygen defects.*! The ratio between the defect band (D-band) and
the Fog band (i.e. Ap:Aryg) is used to compare the amounts of intrinsic defects between different

ceria-based materials.** > Ce-Na showed a higher Ap:Arzq ratio (1.7x) indicating more defects
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compared to CeO even with the former having a larger crystallite size.”* However, the exact
nature of these defects, either vacancy-interstitial (Frenkel) or Ce®' substitutional in an
octahedral environment, is still debated.** ® Another defect band around 570 cm™ has been
observed for ceria during thermal treatment under reducing environments and is attributed to
oxygen vacancies formed during reduction (i.e. extrinsic oxygen vacancies).** The same band
has also been observed upon substitutional doping of cerium cations with aliovalent metals and is
thought to result from charge compensation and is thus associated with extrinsic oxygen
vacancies.’? The absence of this band in Ce-Na suggests sodium is not acting as a substitutional
dopant that exhibits charge-compensation. Charge compensation through formation of Na*-Ce3*
cationic pairs could also be possible and would not involve formation of oxygen vacancies.
However, this motif would be expected to result in differences of lattice constant between the
two materials due to the larger ionic radius of Ce**, which was not observed in PXRD analysis.
Thus, the PXRD and Raman data together suggest sodium was not acting as a dopant.

Structural analysis of the Ce-Na support indicated that sodium was not contained within the ceria
lattice, but it was shown through chemical analysis that sodium species are still present even
after washing with water at elevated temperatures for extended periods of time (Table 2).
Considering that the predominant sodium species before washing were carbonates, the residual
sodium may be in the form of carbonates that are trapped at the grain boundaries within the bulk
of the particles (Table S1, Figure S8). Figure S10 shows the CO.-TPD profile while monitoring
the heat flow and weight loss for the Ce-Na support. The TGA-DSC-MS analysis showed two
high temperature CO. desorption peaks around 700-800 °C and 900-1100 °C. The former CO>
desorption peak was exothermic while the latter was endothermic. The exothermic transition

with evolution of CO2 suggests carbonate decomposition and likely arises from sodium
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carbonate decay. Anhydrous sodium carbonate is known to decompose at temperatures higher
than 800 °C, but metal oxide additives have been shown to lower the decomposition
temperature.”® Furthermore, the decomposition of sodium carbonate is an exothermic process in
agreement with the thermal data and is expected to result in the formation of sodium oxide. The
endothermic CO> evolution peak could be due to CO> desorbing from sodium oxide. The total
weight loss from the onset of the exothermic transition to the end of the endothermic transition
(i.e. 700-1100 °C), assuming sodium carbonate decomposition, allowed an estimation of residual
sodium to be 3.8 at. %. This result is in excellent agreement with that obtained from elemental
analysis (Table 2, Entry 3). Furthermore, XPS depth-profiling experiments showed the Na 1s
binding energy was characteristic of sodium carbonate (Figure S11).”” Thus, it appears that the
insoluble sodium fraction was sodium carbonate and that it was largely inaccessible to water
(Table 2).

23Na solid-state NMR (SSNMR) spectroscopy was also performed on the Ce-Na support.
23Na is a 100% naturally abundant 1 = 3/2 quadrupolar nucleus which normally gives rise to
relatively narrow solid-state NMR spectra. The 2Na spin echo SSNMR spectrum of Ce-Na
support possessed a relatively broad, featureless resonance (Figure S12A). A 2D triple quantum
multiple quantum magic angle spinning (MQMAS) experiment suggested that the broadening of
the 2Na SSNMR spectrum was primarily due to a distribution of isotropic 2Na chemical shifts
in the range of 10 to —10 ppm; broadening from the second order quadrupolar interaction was
minimal (Figure S12A). This suggests that there are many distinct sodium sites/environments,
and within these sites the sodium ions must reside at sites of relatively high spherical symmetry
(i.e., pseudo-octahedral coordination environments). A #Na{H} rotational echo double

resonance (REDOR) experiment was performed to assess the spatial proximity of the Na ions to
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protons. The REDOR experiment indicates that ca. 60% of the Na ions are proximate (within 5
A) of H nuclei (Figure S12B and Figure S12C). This would suggest that the majority of the
sodium carbonate is present as a hydrated phase or nearby to sorbed water. This is perhaps to be
expected since the Ce-Na support was thoroughly washed to remove excess Na. Several distinct
crystalline anhydrous and hydrated sodium carbonate phases have previously been reported.’8"
Therefore, the range of isotropic 2Na chemical shifts most likely arises from the presence of a
variety of hydrated and anhydrous sodium carbonate phases/environments. Keeping the XPS
results in mind, these sodium carbonate phases are likely trapped in between the ceria grains.

The role of residual sodium carbonate during catalysis remains unclear. The insolubility
under aqueous conditions at elevated temperatures for 7 days suggests that it is not accessible to
the environment and thus should not participate directly in the catalysis. To better understand the
role of sodium carbonate a control sample was prepared through impregnation of CeO> with
aqueous NaNOz (20 at. %) followed by calcination at 450 °C (Na/CeQ>). Pd was then deposited
on the support (Pd/Na/CeQy). It is expected that decomposition of the sodium precursor should
yield surface sodium carbonate species that are easily removed with water and thus clarify the
role of sodium carbonate. Quite remarkably, the control catalyst was slightly more active than
Pd/Ce-Na (Figure S13). ICP analysis revealed that Pd/Na/CeO2 contained 1.1 Na-at. % after
reaction, which is about a 60 % decrease of Na content compared to Pd/Ce-Na (Table 2, Entry
5). XPS depth profiling experiments showed the Na 1s binding energy for Na/CeO> (washed
with water at room temperature) was consistent with sodium carbonate (Figure S14). The result
suggests that the physical amount of sodium carbonate during catalysis does not affect activity,
at least from about 1-3 Na-at. %. Although the results provide some insight into the role of

sodium carbonate, they are not conclusive.
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Considering that bulk characterization techniques did not support the formation of
sodium-doped ceria and that the physical amount of sodium carbonate doesn’t appear to correlate
with activity, it is possible that sodium modification affects the surface properties of the material.
XPS analysis was conducted on both supports to probe possible electronic structure differences
that could provide insight into the different catalytic activity. The Ce 3d spectral region (Figure
S15a) showed characteristic peaks attributed to Ce(1V),>%% 8981 with no obvious difference
between the two supports. The O 1s spectral region shown in Figure S15b displayed subtle
differences between CeO> and Ce-Na. The O 1s spectrum peak maximum, assigned to lattice
oxygen, shifted from 529.5 eV (CeO3) to 529.3 eV (Ce-Na). The shift signifies, on average, a
more electron-rich environment of lattice oxygens. Since sodium is present it would seem
plausible that the apparent increased oxygen electron density for Ce-Na could be due to higher
material basicity, which has been observed for other metal oxides modified with sodium®®3 and
could explain the different reaction rates observed. However, the basic properties and C-H
activating ability* of the two materials were found to be identical by testing with basicity probes
and base-catalyzed reactions (Figure S16-S18, Table S3-S4). For completeness, the acidic
properties were also found to be unmodified (Figure S19-20). This data indicates that the acid-
base properties for Ce-Na were unaltered relative to CeO> and that these reactivity descriptors

are not relevant for the activity difference observed during phenol transfer hydrogenation.

Redox properties and kinetic analysis. The most notable reactivity descriptor for ceria-
based materials is the redox property. The redox property of ceria correlates to the number of
defects within the material, especially as they relate to oxygen vacancies.?® 3% 4142 44,85 Gince 2-
propanol oxidation is a prerequisite for phenol turnover, the 2-propanol reactivity over both

CeO; and Ce-Na were studied. The temperature programmed surface reaction (TPSR) of 2-
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propanol was used to determine the relationship between acetone formation and the transfer
hydrogenation activity of the two materials. At this point it should be noted that 2-propanol was
adsorbed dissociatively®? 888 on both materials as evidenced by two v(C-O) stretching bands at
1162 and 1132 cm™ corresponding to end-on and bridging coordination of isopropoxide to
cerium cations, respectively (Figure S21). The materials were saturated ex situ with 2-propanol
and heated under Ar while monitoring evolved 2-propanol (m/z = 45), acetone (m/z = 43, 58),
and propylene (m/z = 41). The characteristic acetone signal at m/z = 58, whose intensity is weak
relative to the somewhat uncharacteristic signal at m/z = 43, was monitored to ensure the signal
at m/z = 43 is primarily due to acetone desorption. The identical profiles observed for all samples
at m/z = 43 and m/z = 58 indicates that the intensity of the m/z = 43 signal is primarily due to
evolved acetone (Figure S22). Figure 3a, b shows the 2-propanol, acetone, and propylene signal
intensity profile versus temperature for CeO, and Ce-Na, respectively. For CeO2, acetone
desorption occurred over a broad temperature range. Onset desorption occurred around 50 °C
and continued to about 320 °C. There were two major desorption maxima centered at 133 °C and
237 °C, with a significant shoulder around 300 °C. Unreacted 2-propanol also desorbed over a
broad temperature range spanning 50-275 °C, with two maxima observed at 105 °C and 208 °C
slightly below the acetone maxima. A small propylene desorption was found at 307 °C. For Ce-
Na, onset desorption also occurred around 50 °C with a dominant acetone desorption maximum
at 150 °C and a significant shoulder at 228 °C. Unreacted 2-propanol desorbed over 50-250 °C

with single maximum at 120 °C. There were negligible amounts of propylene observed.
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Figure 3. TPD-MS profile for TPSR of adsorbed 2-propanol on (a) CeOz and (b) Ce-Na. The
m/z =41, 43, and 45 signals correspond to propylene, acetone, and 2-propanol, respectively.
Mass normalized TPD-MS profile for TPSR of adsorbed 2-propanol on Ce-Na and CeO> while
monitoring (¢) m/z = 58 and (d) m/z = 45 which correspond to acetone and 2-propanol,
respectively.

The signal corresponding to acetone (m/z = 58) for Ce-Na and CeO> were normalized to
the material mass and are shown in Figure 3c. The formation rate of acetone is clearly higher on
Ce-Na indicated by the increased slope before the first maximum. Curiously, the temperature at
maximum acetone desorption were similar for Ce-Na and CeO». In addition, both materials
showed an acetone desorption shoulder around 240 °C. Typically, the desorption maximum is
proportional to the activation energy for the rate limiting step. This implies that the higher rate of
acetone formation observed for TPSR of 2-propanol on Ce-Na was not due to a reduced
activation barrier during an elementary reaction step. This result also indicates that the higher

rate can be attributed to more active sites present on the surface of Ce-Na in spite of the large

www.manaraa.com



109

difference in surface area between the two materials. According to Redhead,®® the activation
energy of acetone formation on the two materials using the first desorption maximum was 106 +
21 kJ mol™ and 101 + 20 kJ mol™ for Ce-Na and CeO;, respectively. Considering that formation
of adsorbed isopropoxide occurs at room temperature (Figure S21) and that acetone shows little
affinity for the surface of ceria above room temperature,®? it seems likely the observed activation
barrier is due to C-H scission of adsorbed isopropoxide to form acetone. This elementary
reaction step is a redox process implying that there are more redox active centers on Ce-Na and
that these redox centers are equivalent. The relative areas of the mass-normalized acetone TPD-
MS profiles on the two supports showed 2.9x more acetone evolving from Ce-Na, suggesting
this support had about three times more 2-propanol dehydrogenation sites than CeOo.
Additionally, the 2-propanol desorption profile for the two supports indicated a higher amount of
desorbed 2-propanol on Ce-Na (Figure 3d).

TPSR of adsorbed 2-propanol clearly showed the rate of acetone formation is higher for
Ce-Na than for CeO2, but the actual catalytic conditions are quite different and the reactant-
limited TPSR results of the supports may not be representative during catalysis. Therefore, the
rate of acetone formation under catalytic conditions was monitored by trapping with 2,4-
dinitrophenylhydrazine and quantified using 'H-NMR. The acetone formation rate was
monitored at 140 °C under liquid flow conditions with 90 v/v % aqueous 2-propanol. For CeO>
and Ce-Na the rates were 7 umol g ht and 13 pmol g? h, respectively. For Pd/CeO, and
Pd/Ce-Na, the average acetone formation rate observed over three trials was 2920 + 80 pmol g*
h™! and 6270 + 40 pmol gt h'l, respectively (Table 3, Entries 1-2). The TPSR study of adsorbed
2-propanol over the supports indicated the average acetone formation rate (i.e. from 40-400 °C)

was about three times higher over Ce-Na, which was more than observed with the catalysts under
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catalytic conditions (2.1x). However, the TPSR study spanned a much broader temperature range
than the catalytic study and is an average over each temperature within that range. Comparing
the two y-maxima (130-150 °C) from the TPSR TPD-MS curve for evolved acetone (Figure 3c)
should indicate the relative dynamic acetone formation rate under reaction conditions (Table 3,
Entries 1-2). The relative maxima for evolved acetone between the two materials from TPSR of
2-propanol (2.4x) was in good agreement for the relative rates under dynamic liquid conditions
using the catalysts (2.1x). Thus, given the acetone formation rates for the supports, it appears that
palladium increases the acetone formation rate over both catalysts more or less equally, but the

support largely dictates the difference in the observed acetone formation rate.

Table 3. Acetone formation over catalysts in the absence and presence of phenol.?

[Phenol] Acetone Rate ~ C=O Rate C-OH Rate Expected

Entry Catalyst (M) (umol g2 ) (umol g2 hY)e  (umol g hh)P Acetone Rate

(umol g ht)°

1 Pd/Ce0, 0 2920 + 80¢ --

2 Pd/Ce-Na 0 6270 + 40¢
3  Pd/CeO, 0.15 576 + 58° 288 12 612
4  Pd/Ce-Na  0.15 3680 + 368° 476 974 3874

aConditions: 90 v/v % aqueous 2-propanol, 0.5g of catalyst, 0.1 mL min, T = 140 °C, Vped = 0.4
mL. PRates obtained from data found in Table 1, Entries 2, 7. ‘Calculated assuming 2 moles of
acetone per mole of cyclohexanone and 3 moles of acetone per mole of cyclohexanol. “Average
rate from three separate reactions. Errors represent one standard deviation from the mean. °Rate
from one reaction. Errors represent average relative error determined during method validation
(see experimental).

Although there was a clear enhancement in the rate of evolved acetone for Pd/Ce-Na, it
did not represent the difference in phenol transfer hydrogenation rates observed (3-6x), which
should correlate to the amount of acetone formed. To ensure that our assumption of a one-to-one
acetone to molecular hydrogen stoichiometric relationship was valid, the amount of acetone

formed during phenol transfer hydrogenation was measured under the conditions found in Table

www.manaraa.com



111

1, Entries 2, 7. The evolved acetone for Pd/Ce-Na and Pd/CeO; were 3680 pmol g h! and 576
umol gt hl, respectively (Table 3, Entries 3-4). These results agree well with the expected
amount of acetone that should be formed considering the yield of products (Table 3).

A series of kinetic experiments were run to understand the cause of the lower activation barrier
for Pd/Ce-Na (Figure 1b) since 2-propanol TPSR suggests there should be no difference. The
experimental data showed that the acetone formation rate over both catalysts decreased in
presence of phenol, likely due to their affinity for the same adsorption sites.> %2 However, the
relative percent decrease was much more severe over Pd/CeO2 (80 %) than over Pd/Ce-Na (33
%) (Table 3). In addition, the difference between phenol conversion rates for the two catalysts
increased with phenol concentration (Table 1). These results suggest the apparent activation
barrier may be related to the barrier for 2-propanol adsorption in the presence of phenol. Here,
we are assuming that the surface kinetics follow Langmuir-Hinshelwood mechanism for
competitive binding. That is, increasing the phenol concentration should lead to higher binding
site occupancy, which would hinder 2-propanol adsorption and limit turnover. Evidence for this
type of behavior was obtained by monitoring the phenol conversion rate as a function of phenol
concentration (Figure 4). Both materials showed a non-linear dependence of rate versus phenol
concentration at conversions less than unity. The reaction rate profiles are characteristic for
competitive adsorption.® The rate data also suggests there are more 2-propanol/phenol
adsorption sites that lead to phenol turnover on Pd/Ce-Na shown by the up and rightward shift of
the rate profile relative to Pd/CeQO>. That is, if the amount of 2-propanol/phenol adsorption sites
were equal, the curve would be expected to shift straight up due to the increased number of redox
active sites previously shown. This was supported through phenol adsorption isotherms that

showed there were more phenol/2-propanol adsorption sites on the Ce-Na support even with the
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surface area of CeO- being five times greater (Figure 5a). The y-intercept of the linear region
was taken as the approximate monolayer coverage and gave 77 umol g and 36 umol g* for Ce-
Na and CeO, respectively. This ratio (2.1) agrees well with the mass normalized area
summation of all monitored reactants and products from the TPSR-MS profiles for Ce-Na and
CeO2 (2.4) (Figure 3c, d). Furthermore, the ratio is identical to the ratio of acetone formation
rates observed over the two catalysts in the absence of phenol (Table 3, Entries 1-2). Although
the latter comparison is made between the supports and catalysts, it does suggest that the phenol
adsorption sites are the same as 2-propanol and that these adsorption sites are active for 2-

propanol dehydrogenation.
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Figure 4. Phenol conversion rate versus phenol concentration over Pd/CeO, and Pd/Ce-Na.
Conditions: 90 v/v % aqueous 2-propanol, 0.5 g catalyst, ~0.1 mL min™, T = 140 °C, Vpeq = 0.4
mL.

Further evidence for the apparent activation barrier arising from the barrier for 2-
propanol adsorption in presence of phenol was obtained by monitoring the phenol conversion
rate as a function of aqueous 2-propanol concentration. Under the reaction conditions shown in

Figure S23, the apparent order for 2-propanol during the transfer hydrogenation of phenol over
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Pd/CeO2 and Pd/Ce-Na were 3.7 and 0.9, respectively. The dependence of phenol conversion
rate on the 2-propanol concentration over both catalysts indicates that water competes for the
same binding sites as 2-propanol/phenol. The higher dependence of conversion rate on 2-
propanol concentration for Pd/CeO- is consistent with phenol blocking a larger percentage of 2-
propanol adsorption sites (i.e. Langmuir-Hinshelwood competitive binding) since all other
conditions are equal. This was also made apparent by the drastic color change of CeO: in the
presence of a 2-propanol/phenol solution (Figure S24).% If the observed activation barrier for
phenol transfer hydrogenation reflects the adsorption barrier for 2-propanol, the apparent
activation energy should be a function of phenol concentration. Thus, Arrhenius plots were
constructed to determine the variation of activation energy as a function of phenol (Figure 5b).
Indeed, at high concentrations of phenol, Pd/Ce-Na showed an apparent activation barrier of 110
kJ mol while at low concentrations Pd/CeO; gave 54 k] mol™. The transition from high to low
activation barrier is dictated by phenol concentration and is consistent with Ce-Na having more
binding sites than CeO,. The higher amount of phenol/2-propanol adsorption sites and redox

sites is likely related to the higher amount of O-vacancies observed from Raman studies.*6-47 64
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Figure 5. (a) Phenol adsorption isotherms for Ce-Na and CeO.. (b) Plot showing the apparent
activation energy for the transfer hydrogenation of phenol as a function of phenol concentration.
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Conclusions

The 2-propanol dehydrogenation activity of ceria is enhanced through modification with
sodium by increasing the number of adsorption and redox active sites. This effect was an
intrinsic property of the Ce-Na support and independent of Pd. Sodium is neither on the surface
of the active material nor is it doped into ceria, but exists likely as a subsurface carbonate species
of varying degrees of hydration. Deposition of palladium onto ceria and sodium-modified ceria
provides catalysts active for the transfer hydrogenation of phenol using 2-propanol. The catalytic
transfer hydrogenation of phenol was conducted in flow mode and required water for stability.
The higher activity of the sodium-modified catalyst was attributed to the higher amount of 2-
propanol/phenol adsorption sites and redox sites active for 2-propanol dehydrogenation. The
difference in apparent activation barriers between the two catalysts reflects the barrier for 2-
propanol adsorption in the presence of phenol. Additional studies are in progress to determine
the precise location of Na in the catalyst and the mechanism by which it increases the number of

adsorption and redox-active sites on ceria.
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Appendix of Supporting Information

Table S1. Physicochemical properties of supports and catalysts.

sample Surface Area Crystallite Size Na Loading Pd Loading Pd Dispersion

(m? g1)? (nm)P (at. %)° (at. %)° (%)¢

Ce-Na 29 14 18 + 1° 0
CeO: 210 6 0 0
Pd/Ce-Na 17 26 18 + 1¢ 1.9+0.1f 42
Pd/CeO; 121 10 0 1.7 +0.1f 64

aDetermined by nitrogen physisorption using BET approximation. "Determined by PXRD.
°Determined by ICP-OES and is relative to Ce. “Determined by Hz pulse chemisorption at -25
°C. ®Measured across three batches in singlet (i.e. 3 data points). ‘Measured across one batch
with two separate sample preps in duplicate (i.e. 4 data points).

Table S2. Post reaction (7 d TOS) physicochemical properties shared by both catalysts.

Surface Area  Ce Crystallite Pd Loading Pd Dispersion

Sample (mz g-l)a Size (nm)b (at. %)° (%)d

Pd/Ce-Na 20 26 1.8+0.1 7
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Pd/CeO2 38 14 1.8+0.1 11

aDetermined by nitrogen physisorption using BET approximation. "Determined by PXRD.
‘Determined by ICP-OES and is relative to Ce Measured in duplicate with two sample preps (i.e.
4 data points). “Determined by H. pulse chemisorption at -25 °C.

Table S3. Physicochemical properties and CO, desorption data for CeO, and Ce-Na.

Surface Area  CO2 Desorbed Site Density

a H -2
Entry Sample (mg)b (mmol g)° (umol COz m?) Sites (nm™)
1 Ce-Na® 42 0.10-0.13° 2.6-3.2 1.5-1.9
2 CeO> 210 0.38 1.8 1.1
3 Ce02-550 139 0.23 1.7 1.0
4 Ce02-650 39 0.10 2.6 1.5
5 Ce0,-750 14 0.05 3.6 2.2

*The number designation indicates the calcination temperature. "Determined by nitrogen
physisorption using BET approximation. “Determined by CO.-TPD. YPeaks attributed to
carbonate decomposition are excluded. *The lower and upper limits were calculated by excluding
and including the deconvoluted peak centered around 600 °C, respectively (Figure S16).

Temperature programmed desorption of carbon dioxide (CO.-TPD) was used to probe
the changes of material basicity upon introduction of sodium. There were four significant
desorption maxima observed for CeO2 upon CO2-TPD profile deconvolution (Figure S15a). Low
temperature desorption maxima occurred at 120 °C and 200 °C which were attributed to
adsorption by weak basic sites. Higher temperature desorption maxima were found at 400 and
600 °C and were attributed to adsorption by intermediate strength basic sites. The results are
consistent with the well-documented mild basicity of ceria.! CO,-TPD profile deconvolution for
Ce-Na showed a similar low-to-mid temperature desorption behavior (Figure S15b). Two
desorption maxima were present at 110 °C and 300 °C, coinciding with adsorption by weak basic
sites and another at 640 °C attributed to intermediate strength basic sites. Excluding the high
temperature CO, desorption peaks (>600 °C) from Ce-Na that were suggested to arise from
sodium carbonate decomposition allowed quantification of apparent basic site density. For CeOo,
the apparent basic site density was 1.8 pmol CO, m2 (Table S3, Entry 2), which was lower than

the estimated amount for Ce-Na, 2.6-3.2 pmol CO2 m? (Table S3, Entry 1). However, it is
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unclear how surface area changes the basic site density and a better comparison would be with
two samples of similar surface area. Therefore, several control samples of CeO> were prepared
with different surface areas obtained by calcination of CeO. at different temperatures (Table S3,
Entries 2-5). Plotting the amount of CO> desorbed versus the surface area showed a direct linear
dependence that allowed us to relate the changes in basic site density to the surface area of CeO>
(Figure S12). In general, as the surface area decreased the basic site density increased (Table S3,
Entries 2-5). Comparison between Ce-Na and CeO; that had similar surface area (Table S3,
Entries 1, 4) showed the apparent basic site density to be more or less the same. Thus, from CO»-
TPD there doesn’t appear to be a significant difference in the basic site strength or density upon

modification of ceria with sodium.

Table S4. Knoevenagel reaction conditions and results.?

Entry Catalyst Substrate TOF® (min™)
1 CeO> Malononitrile 0.76
2 Ce-Na Malononitrile 0.73

4Reactions were run with ~6 mg of catalyst in ethanol (2 mL) using benzaldehyde (1 mmol) and
activated methylene substrate (1 mmol) at 60 °C for 30 min. "Moles of converted reactant per
moles of catalyst per reaction time. The molecular weight of Ce-Na was taken to be that of CeO..

The basicity was also assessed for both materials using the Knoevenagel reaction. The
Knoevenagel condensation reaction is a base-catalyzed reaction between benzaldehyde and
compounds containing an activated methylene group and is often used as a test reaction to
compare the relative basicity between different materials.? For a given aldehyde, the rate of
reaction is directly affected by the ease of proton abstraction from the active methylene group
(i.e. it’s pKa) and thus reflects the basic strength of the catalyst. The reaction between
benzaldehyde and malononitrile (pKa = 11.0) in ethanol showed similar activity with both

catalysts (Table S4). Considering the three basicity characterization methods together (Figure
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S16-18, Table S3-S4), there appears to be no significant difference in basic site density or
strength upon modification of ceria with sodium. This suggests that the different rates of reaction
and activation barriers observed during phenol transfer hydrogenation catalysis are not related to

changes in basicity.

neat 2- propanol

R H“O/H

RH R -R

H R
1 O ] O/ o Q I’_‘I (I)/
E/O\Ce/o\ce)k — E/O\ée/o\ée)’ﬁ YO\Ce Ce)“

aqueous 2-propanol
q prop R H\OIH

20,
H RH R R R

L0 0 —~ Qi ¢
Vo\cezo\ce)g — “(O\ée/o\ée)a‘ - B(O\Ce ' Ce

Scheme S1. Proposed hydroxyl disproportionation equilibrium in neat 2-propanol (top) and
aqueous 2-propanol (bottom).
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Figure S1. Phenol conversion rate versus time on stream (TOS) over Pd/CeO; and Pd/Ce-Na.
Conditions: 0.1 M phenol in 2-propanol, 0.5 g catalyst, 0.1 mL min™, T = 140 °C, Vbeq = 0.4 mL.
Each data point corresponds to a 72 mL product stream composite. After 48 h, the reagent feed
was switched to water for 12 h and then switched back to 0.1 M phenol in 2-propanol for an
additional 12 h (last data point).
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Figure S2. DRIFT spectrum of unwashed Ce-Na taken at room temperature after outgassing at

200 °C under He. The spectrum shows the presence of carbonates and carbonate overtones
characteristic of sodium carbonate.®
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Figure S3. DRIFT spectrum of CeO> and unwashed Ce-Na after outgassing at 200 °C under He.
The hydroxyl region for unwashed Ce-Na showed minimal band intensity, in direct contrast to
the hydroxyl band intensity observed for CeO,. The band at 3660 cm™ is attributed to type II
ceria hydroxyl groups.* The low hydroxyl group band intensity of unwashed Ce-Na agreed well
with the IR spectrum of sodium carbonate and suggested that the surface was dominated by

sodium carbonate species.
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Figure S4. DRIFT spectrum of Ce-Na after washing with water at room temperature for 12 h in
a liquid flow reactor. The spectrum was taken after ex situ thermal treatment at 125 °C to remove
adsorbed water. The DRIFT spectrum showed no indication of surface sodium carbonates clearly
evidenced by the absence of bands from 1750-2900 cm™. In addition, there was an emergence of
characteristic type Il ceria hydroxyl groups (~3653 cm™)* and carbonates (1700-1000 cm™)*
indicating surface sodium carbonates do not persist when Ce-Na is subjected to water.
Furthermore, the specific surface area of the washed sample increased likely due to pore re-
accessibility associated with sodium carbonate dissolution (Table 2, Entries 1,3).
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Figure S5. XPS spectra of (a-c) unwashed Ce-Na and (e-g) Ce-Na plotted with the XPS
spectrum for CeOo. (a, €), (b, f), and (c, g), corresponding to O 1s, C 1s, and Na 1s spectral

regions, respectively. Deconvoluted XPS spectra of O 1s region for (d) CeO2 and (h) unwashed
Ce-Na. See text below for further explanation of XPS spectra.

Previous studies have shown the ceria O 1s spectrum can be described by three types of
oxygen species: lattice oxygen® (529.6 eV), adsorbed carbonates®’(531.2 eV), and surface
hydroxyls® (532.7 eV). The O 1s spectrum of CeO, was deconvoluted into three peaks with
maxima found at 529.5 eV, 531.5 eV, and 532.7 eV assigned to lattice oxygen, adsorbed
carbonates, and surface hydroxyls, respectively (Figure S5d). Similarly, deconvolution of the O
1s spectral region for unwashed Ce-Na showed two maxima centered at 529.4 eV and 531.7 eV
assigned to lattice oxygen and adsorbed carbonates, respectively (Figure S5h). The peak assigned
to hydroxyl groups (532.7 eV) only accounted for 3 % of the total area and is therefore not

visible. The O1s carbonate peak for unwashed Ce-Na (531.7 eV) was slightly shifted to higher
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binding energies than for adsorbed carbonates on CeO» (531.5 eV) and corresponds very well to
the O 1s binding energy in sodium carbonate.® The relative peak area of O1s carbonate groups
for unwashed Ce-Na was 39 % compared to only 19 % for CeO> (Figure S5d, h). The higher
amount of carbonates and lower amount of hydroxyls on unwashed Ce-Na evidenced by XPS
peak-fitting analysis is consistent with DRIFT analysis for unwashed Ce-Na, further indicating
that the surface was saturated with sodium carbonate species. In addition, the C 1s spectral
region for unwashed Ce-Na (Figure S5b) showed a signal centered around 289.6 eV, that was not
present in CeOz, and is consistent with the C 1s binding energy in sodium carbonate.® Finally,
the Na 1s region for unwashed Ce-Na (Figure S5c) showed a single peak centered around 1071.8
eV and was attributed to sodium carbonate.® Quantitative XPS analysis showed the sodium
content of Ce-Na was 25 at. % and is in agreement with ICP analysis (Table 2, Entry 1). These
results indicate sodium is mostly present on unwashed Ce-Na as a carbonate and is preferentially
located near the surface of the material. XPS analysis of Ce-Na showed a severely diminished Na
1s spectrum that did not provide insight into the electronic or chemical environment of residual
sodium species due to the low S/N (Figure S5g). The decrease of the Na 1s signal coincided with
the attenuation of the O 1s peak at 531.7 eV (Figure S5a, €) and the C 1s peak at 289.6 eV

(Figure S5b, f) which were attributed to sodium carbonates.
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Figure S6. Na at. % versus time under water flow (0.1 mL min) at 140 °C.
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Figure S7. PXRD patterns for Pd/CeO; and Pd/Ce-Na.
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Figure S8. (a-c) TEM images of Ce-Na displaying spherical particle morphology. (d-e) HR-
TEM images of Ce-Na showing (111) surface termination and hexagonal array of atoms
consistent with (111) surface. (f) STEM image and corresponding EDX spectrum (h) of Ce-Na
showing marginal amounts of surface sodium consistent with XPS analysis. (g) Particle size
histogram giving an average particle size of 29 £ 5 nm.
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Figure S9. (a) TEM image of CeO; displaying aggregated particle morphology. (b) HR-TEM
image of CeO» showing (111) surface termination. (c) Particle size histogram giving an average
particle size of 6.5+ 1.7 nm.
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Figure S10. TGA-DSC-MS profile for Ce-Na. MS signal corresponds to m/z = 44 (COy).
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Figure S11. XPS depth-profiling Na 1s spectra for Ce-Na. Na 1s binding energy for NaxO is
1072.5eV.
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Figure S12. Summary of 2Na solid-state NMR experiments on Ce-Na support. (A) 1D 23Na spin
echo (upper trace) and 2D #Na MQMAS solid-state NMR spectra. The MQMAS spectrum
shows that the broadening of the 2Na NMR spectrum primarily arises from a distribution of
isotropic ®Na chemical shifts. (B) Results of 2Na{*H} REDOR experiments. Experimental
points are shown as open red circles and model resulting from a distribution of 2*Na-'H inter-
nuclear distances is shown as the blue dashed line. (C) Distribution of ?Na-'H distances
resulting from the model of the experimental REDOR dephasing curve.
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Figure S13. Phenol conversion rate over 48 h using different catalysts. Conditions: 0.025 M
phenol in 30 v/v % aqueous 2-propanol, 0.2 g catalyst, ~0.1 mL min™, T = 130 °C, Vpeq = 0.2
mL.
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Figure S14. XPS depth-profiling Na 1s spectra for Na/CeQO; (washed with water). Na 1s binding
energy for Na2O is 1072.5 eV.
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Figure S15. XPS spectra for Ce-Na and CeO: within in the (a) Ce 3d and (b) O 1s spectral
regions. Inset shows zoomed in O 1s region.
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Figure S16. Deconvoluted CO>-TPD profiles for (a) CeO., and (b) Ce-Na.
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Figure S17. Plot showing the amount of CO> desorbed versus specific surface area for CeO>
calcined at different temperatures.
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Figure S18. DRIFT spectrum of adsorbed CHCI3z on Ce-Na and CeOs..

The results from CO.-TPD experiments are somewhat inconclusive due to the overlap of
signals around 600 °C ascribed to either CO2 desorbed or decomposed. Therefore, the basic
properties of the materials were also compared using CHCIz as a basicity probe through
adsorption at room temperature. CHCIz has been shown to interact with the surface of metal
oxides via end-on mode (H to lattice O), bridging mode (Cl to metal cation and H to lattice O)
and/or end-on mode (CI to metal cation).! %1 The first two adsorption modes result in a red shift

of the v(C-H) stretching mode (v(C-H)iiq = 3019 cm™) with the end-on adsorption giving larger
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shifts, while the Cl to metal cation end-on interaction leads to a blue shift. Figure S16 shows the
DRIFT spectra for adsorbed CHCI3 on degassed CeO> and Ce-Na. For both materials, the v(C-H)
stretching mode was found at 2977 cm™ indicating there was a significant, yet identical
interaction of CHCI3 with both surfaces, consistent with previous studies.™ 1° Given the large red
shift of the v(C-H) stretching mode the interaction is believed to be primarily end-on adsorption
and thus should reflect the basicity of lattice oxygen. The identical spectra implied there are no
substantial differences in basicity between the two materials and is in agreement with the results
obtained from CO.-TPD data. Furthermore, previous studies have suggested that alkali modified
ceria catalysts promote water gas shift and methanol steam reforming reactions through
weakening (IR red-shift) of C-H bonds. The weakening was proposed to promote
dehydrogenation of reactive intermediates. However, the catalysts used in the aforementioned
study were not washed with water and contained a significant amount of alkali metal on the
surface. The results here indicate there is no C-H weakening upon sodium modification and is

consistent with the absence of surface sodium.
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Figure S19. DRIFT spectrum of adsorbed CD3CN on Ce-Na (top) and CeO2 (bottom).
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Ceria is known to contain weak Lewis acid sites that have been shown to be relevant for
catalytic transformations by themselves'? or through acid-base pair cooperativity.™* Although it
seems unlikely, changes in the surface acidity between the materials was compared using two
different probe molecules. The acidic sites of degassed Ce-Na and CeO, were probed by
adsorption of deuterated acetonitrile (CD3CN) at room temperature while monitoring the v(CN)
stretch. CD3CN is a relatively weak base and as such, more sensitive to changes in Lewis acidity
than stronger bases.}*%> CD3CN interacts with acid sites via coordination through the nitrogen
and a blue shift is observed that depends on the type and strength of acid.** 1® The magnitude of
the nitrile band shift relative to the liquid phase (~2259 cm™)® can be correlated to the strength
of a particular acid site, with higher shifts indicating stronger acidic sites.** Figure S17 shows the
spectra obtained after room temperature adsorption of CD3CN on CeO2 and Ce-Na. Both
materials exhibited v(CN) adsorption bands at 2262 cm™ and 2279 cm™. The different bands
suggest there are at least two types of different interactions occurring between CD3CN and the
support surfaces, but both interactions are common to the two materials. The low energy band
(2262 cm™) can be attributed to interaction of CDsCN via hydrogen bonding with surface
hydroxyls and/or via van der Waals forces.!* 1’ The high energy band (2279 cm™) is attributed to
Lewis acid binding and reflects weak acidity, as blue shifts of up to 70 cm™ have been observed
on other materials.'* 17 These results are consistent with previous studies of adsorbed acetonitrile
on ceria.> 1% The identical spectra obtained for each material suggests that the Lewis acidity has
not changed upon introduction of sodium. Since the v(CN) blue shift is a result of coordination to
a specific element within a specific environment,® 18 it seems likely that both materials show the

same V(CN) blue shift since only cerium cations are present on the surface. That is, if sodium

www.manaraa.com



135

were present on the surface we would expect a v(CN) shift contribution from coordination to a

sodium atom.
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Figure S20. DRIFT spectrum of adsorbed (CH3).CO on Ce-Na and CeO..

A less basic probe, such as acetone, should in theory be better suited to distinguish
differences in acidity between the two materials.!® Acetone can interact with acids through the
oxygen atom of the carbonyl. Stronger interactions between the carbonyl oxygen and the acid
results in a red shift of the carbonyl stretch.* 2°-2! Figure S18 shows the DRIFT spectra obtained
for degassed CeO. and Ce-Na after room temperature adsorption of acetone. Both materials
showed the carbonyl stretch at 1705 cm™ indicating a red shift from the gas phase value (1740
cm™). Again, there is no difference between the IR spectra for both samples. This agrees well
with the CD3CN adsorption spectra and suggests there is no large difference in surface acidity
upon ceria modification with sodium. These results, in conjunction with data obtained from the
basicity probes and TEM, suggest there are no significant modification to surface acidity,
basicity, and structure (i.e. surface termination) upon introduction of sodium implying these
reactivity descriptors are irrelevant for the observed increase of rate and lowering of activation

energy observed for the phenol transfer hydrogenation on the two different catalysts.
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Figure S21. DRIFT spectrum of adsorbed 2-propanol on CeO; and Ce-Na. Highlighted bands
correspond to adsorbed isopropoxide species.
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Figure S22. TPD-MS profile for TPSR of adsorbed 2-propanol on CeO while monitoring m/z =
43, 58 (acetone).
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Figure S23. Log of phenol conversion rate versus log of 2-propanol concentration for (a)
Pd/CeO> and (b) Pd/Ce-Na. Conditions: 0.1 M phenol in aqueous 2-propanol (data spans 70-90
vIiv % 2-propanol), 0.5 g catalyst, 0.1 mL min, T = 140 °C, Vbes = 0.4 mL. Each data point
corresponds to the average rate over 24 h with a 4 h sampling interval for a total of 6 data points.
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Figure S24. Digital image showing CeO> dissolved in (a) 0.05 g mL™ 2-propanol solution of
phenol and (b) 0.05 g mL™ aqueous solution of phenol. The red color signifies dissociative
adsorption of phenol and indicates that phenol has a higher affinity for the surface of ceria than
2-propanol. The yellow color signifies non-dissociative adsorption of phenol and indicates water
has a higher affinity for the surface of ceria than phenol.?
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CHAPTER 4
STABILITY OF Pd/CeO2 CATALYST DURING TRANSFER HYDROGENATION:
PRIMARY VS. SECONDARY ALCOHOLS
Adapted from manuscript submitted to J. Phys. Chem. C.
Copyright © 2016 American Chemical Society

Nicholas C. Nelson, Igor I. Slowing

Abstract

The stability of palladium supported on ceria (Pd/CeQO2) was studied during liquid flow
transfer hydrogenation using primary and secondary alcohols as hydrogen donors. For primary
alcohols, the ceria support was reduced to cerium hydroxy carbonate during the reaction and was
a contributing factor toward catalyst deactivation. For secondary alcohols, cerium hydroxy
carbonate was not observed and the catalyst was stable upon prolonged reaction. Regeneration
through oxidation/reduction does not restore initial activity likely due to irreversible catalyst
restructuring. A deactivation mechanism involving C-C scission of acyl and carboxylate

intermediates to form CO is proposed.

Introduction
Ceria is ubiquitous in catalysis science due to its inherent redox properties. The rare earth
oxide is most known for its oxidizing properties owed to the facile release and storage of oxygen.
The oxygen storage properties of ceria rely on the cerium redox cycle which is closely related to
the concentration and type of lattice defects.! Oxygen vacancies are the most common defect and
are often correlated to catalytic activity. The vacancies facilitate Ce**/Ce** redox cycling®2 and
can also activate molecules through adsorption at the defect site.*® This is most recognized

during chemical transformations involving molecular oxygen and organic oxygenates.®’ For
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example, methanol has been observed to adsorb dissociatively at defect sites forming methoxy,®
and is calculated to be more stable than adsorption on a defect-free site.® Analogously, longer
chain alcohols (i.e. ethanol, propanol) can also dissociatively adsorb on ceria. The resulting
alkoxy species are activated toward further chemical reaction, which at low temperature,
proceeds almost exclusively through dehydrogenation.

The alcohol dehydrogenation activity over ceria makes it a promising metal support for
heterogeneous transfer hydrogenation. However, only a limited number of ceria-based transfer
hydrogenation systems have been developed® and even fewer involved the use of alcohols. 13
Shimizu et al.!! studied the transfer hydrogenation of ketones over Ni/CeO- catalyst using 2-
propanol hydrogen donor. The catalyst was initially active, but upon cycling became deactivated,;
the reason for deactivation was not discussed. In a recent report,*® the transfer hydrogenation
activity over palladium supported on ceria was studied using 2-propanol in liquid flow mode.
The catalyst was stable for at least 7 days and showed promising space-time-yields around 0.15
h' at 140 °C. The previous account demonstrated that the transfer hydrogenation activity
correlates to the alcohol dehydrogenation (i.e. redox properties) activity of the support. However,
the aforementioned transfer hydrogenation studies have been limited to only 2-propanol as a
hydrogen source. Primary alcohols, such as ethanol, are currently derived commercially from
renewable resources and therefore more desirable for transfer hydrogenation reactions. Herein,
the transfer hydrogenation activity and catalyst stability of palladium supported on ceria
(Pd/Ce0,) using primary and secondary alcohols as hydrogen sources is reported. Reduction of
the ceria support to cerium hydroxy carbonate occurred through C-C cleavage reactions for the
primary alcohols. However, 2-propanol did not readily undergo C-C cleavage and the hydroxy

carbonate phase was not observed.
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Experimental
Reagents. Cerium (IV) oxide (CeO2) nanopowder < 25 nm particle size (BET),
palladium(ll) acetate, phenol, 2,4-dinitrophenylhydrazine, acetaldehyde, and 2-propanol were
purchased from Sigma Aldrich. Methanol and ethanol were purchased from Fischer. All

chemicals were used without further purification and met or exceeded ACS specifications.

Synthesis of Pd/CeO.. Pd catalysts were prepared by an impregnation method with a 1
wt. % Pd loading relative to the mass of the support. In a typical synthesis, Pd(O>.CCHj3). (0.0419
g, 0.187 mmol) was dissolved in acetone (1 mL). The support (2.00 g) was placed into a mortar
and impregnated with the Pd solution in 0.20 mL increments. After each impregnation step, the
catalyst was mixed thoroughly with a pestle until seemingly dry. The material was calcined at
350 °C for 2 h with a 2.5 °C min™ ramp rate and after cooling to room temperature it was

reduced under flowing hydrogen at 350 °C for 2 h with a ramp rate of 2.5 °C min™.

Transfer hydrogenation reactions. A Unigsis FlowSyn™ continuous liquid flow
reactor was used for all reactions and operated in automatic mode. In a typical experiment, the
catalyst (1.0 g) was packed into an Omnifit Labware column (PEEK, 10 mm diameter). The
catalyst was secured by placing an adjustable endpiece equipped with a 10 um PTFE filter into
the inlet and outlet of the column. The volume of the catalyst bed was 0.8 mL (for 1.0 g of
catalyst). Water was passed through the system (0.1 mL min™) at room temperature until
equilibrium flow was reached (~0.5 h). The column was then heated to the desired temperature
(typically 130 °C) under continuous water flow. At this point, an automated system switched
from water feed to reagent feed. Typically, the reagent feed was an aqueous solution of alcohol
(30 v/v %) and phenol (0.05 M). The outlet feed was segmented in 4 mL increments by a Gilson

FC 203B fraction collector. A 50 uL aliquot from selected 4 mL fractions were added to 1 mL of
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resorcinol internal standard solution (0.3 mM) used to construct quantitative calibration curves
and analyzed in an Agilent GC-MS (7890A, 5975C) with a HP-5MS column. The GC-MS run
started at 60 °C for 0 min, then ramped to 150 °C at 5 °C min! and held for 0 min, then ramped
to 300 °C at 20 °C min! and held for 3 min. Conversion was defined as mol % and calculated as
moles of converted phenol per mole of starting phenol times 100 %. Conversion rates were
calculated from conversion, catalyst mass (g), initial phenol concentration (uM), and flow rate (L
hL).

(Conversion) x (Flow Rate) x[Phenol]o
(Catalyst Mass)

H2 chemisorption. Hydrogen chemisorption was performed in a Micromeritics
AutoChem 11 equipped with TCD detector. Hz-Ar (10 % H2) was used as the metal dispersion
probe. H>-chemisorption analysis was carried out by reducing samples at 150 °C under Ha/Ar
flow, followed by flowing Ar for 15 min at 150 °C to remove surface bound hydrogen from Pd
crystallites. The sample was then cooled under Ar to -25 °C for hydrogen pulse chemisorption
measurements. The palladium dispersion of the catalysts was calculated based on the following
equation:

St x M xVad
- " x

D) = mxW xV

100

where St = stoichiometry factor (the Pd/H2 molar ratio) = 2; M = the atomic mass of Pd (106.42 g
mol™?); Vag = the volume of chemisorbed H, at standard temperature and pressure conditions
(mL); m = the mass of the sample (g); W = the weight fraction of Pd in the sample as determined

by ICP-OES; Vm = the molar volume of Hz (22414 mL mol™) at STP.
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Temperature programmed reduction (TPR). Hydrogen temperature programmed
reduction (H2-TPR) chemisorption was performed in a Micromeritics AutoChem Il equipped
with TCD detector. Hz>-Ar (10 % H2) was used as the reducing agent. The experiment was
performed with a flow rate of 50 mL min™* and a ramp rate of 10 °C min™. A dry ice/acetone

cold trap was used to collect water produced during the reduction.

Diffuse reflectance Fourier transform spectroscopy (DRIFTS). Measurements were
made on a Bruker Vertex 80 FT-IR spectrometer with OPUS software and apodized spectral
resolution of 0.2 cm™. The spectrometer was equipped with a HeNe laser and photovoltaic MCT
detector. A Praying Mantis™ high temperature reaction chamber was used for variable
temperature measurements. 32 scans were collected for each measurement in absorbance mode
with 4 cm™ resolution. The sample was heated to 150 °C in He flow (25 mL min) for 60
minutes prior to DRIFT analysis. The sample was cooled to room temperature under He flow.
The blank spectrum was recorded at this time. Then, the He flow was redirected through a
saturator containing ethanol at room temperature. Spectra were taken at 1 min intervals under
probe molecule exposure until the formation of liquid-like bands was observed (~5 min). At this
time, the He flow was redirected away from the saturator. The sample was allowed to sit at room
temperature for 30 min before increasing the temperature. The temperature was increased to the
desired value and held for 30 min. The sample was cooled back down to room temperature and
held for 30 min before taking the spectrum. This process was repeated for all the temperature-

dependent spectra reported.

Temperature programmed desorption (TPD). For ethanol and 2-propanol TPD, a
Netzsch STA 449 F1 Jupiter® TGA/DSC/MS/IR instrument was used. The mass spectrometer is

a Netzsch quadrupole mass spectrometer 403 D Aeolos equipped with electron impact ion source
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and Channeltron SEM detector with 0.5 amu resolution. The data was collected in multiple ion
detection (MID) mode. The samples were prepared by heating the catalyst to 200 °C under He
flow for 60 min in a round bottom flask with septum. After cooling to room temperature and still
under He flow, ethanol or 2-propanol (~1 mL) was added via syringe and needle to saturate the
sample. The excess alcohol was allowed to evaporate at room temperature under He flow (~4 h).
The samples were placed into the Netzsch instrument during which time they were exposed to
atmospheric conditions. The temperature was ramped from 40 °C to 600 °C at 10 °C mint under

40 mL mint Ar flow while monitoring the mass signals.

Powder X-ray diffraction (PXRD). Diffraction patterns were collected using Co Kal,
Ka2 split radiation (45 kV, 40 mA, Aag = 1.7903 A) on a PANalytical X’Pert PRO
diffractometer equipped with a theta—theta vertical mode goniometer, incident Fe filter, an air-
cooled X’Celerator real time multiple strip (RTMS) detector, and spinner stage. The spectra were
converted to Cu Ka radiation for comparison to standard patterns using Bragg’s law. Powder
XRD samples were prepared by placing powders onto a background-less polycarbonate sample

holder. Crystallite sizes were calculated using Scherrer equation:

Dy =
pcoséd

where K is the shape factor (0.9) of the average crystallite, 4 is the X-ray wavelength (0.17903
nm), B is the full width at half maximum (radians), and © is the Bragg angle (radians).

HighScore was used for Rietveld Refinement.

Electron microscopy/energy dispersive X-ray spectroscopy. Transmission electron
microscopy (TEM) was conducted using a FEI Tecnai G2 F20 field emission microscope

operating at 200 kV (point-to-point resolution <0.25 nm and a line-to-line resolution of <0.10
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nm). TEM samples were prepared by placing 2—3 drops of dilute ethanol suspensions onto lacey

carbon-coated copper grids.

Surface area and porosimetry. Textural properties of the supports and catalysts were
measured by nitrogen sorption isotherms at -196 °C in a Micromeritics Tristar analyzer. The
surface areas were calculated by the Brunauer-Emmett-Teller (BET) method. Pretreatment of
samples for surface area measurement was done by flowing N> for 6 h at 100 °C.

ICP-OES. Pd loadings were analyzed by a Perkin Elmer Optima 2100 DV Inductively Coupled
Plasma-Optical Emission Spectroscope (ICP-OES). Samples (5 mg) were digested in 5 mL of 4
M HCI, 1 mL of concentrated HNO3, and 2 mL of 30 v/v % H>0. The samples were sonicated
for ten minutes. Then they were placed into a 50 °C water batch for ~12 h. Each sample was then

diluted to 10 mL of total solution.

X-ray photoelectron spectroscopy (XPS). XPS analysis was done with a PHI 5500
multitechnique system using a standard Al X-ray source. Samples were analyzed at room
temperature with no special preparation. Charge correction was accomplished by shifting the Ce
3d v-peak to 882.6 eV for Pd/CeO: before reaction and Ce 3d v'-peak to 885.5 eV for Pd/CeO>
after reaction (ref). All spectra were normalized within each spectral region by setting the

maximum intensity equal to one.

Results
Commercially obtained ceria nanopowder (Sigma) was chosen as Pd support for phenol
transfer hydrogenation using primary and secondary alcohols as sacrificial hydrogen donors. The
textural properties of the support (CeO2) and catalyst (Pd/CeQO2) are summarized in Table S1.

The PXRD of the support and catalyst exhibited peaks that could be indexed to the cubic fluorite

www.manaraa.com



146

phase of ceria with no other reflections observed (Figure S1). TEM analysis of Pd/CeO> showed
multifaceted, polyhedral particles with ill-defined morphology (Figure S2). The (111) and (200)
surface terminations were the predominant facets of the CeO. support. Palladium particles were
not detected during TEM analysis possibly owing to the high dispersion (Table S1) and/or low
contrast.

Figure 1a shows the phenol conversion rate as a function of time-on-stream (TOS) using
primary (methanol, ethanol, 1-propanol) and secondary (2-propanol) alcohols. Under the current
reaction conditions, cyclohexanone was the major product observed (>90 % selectivity). The
phenol conversion rates were similar using methanol and ethanol as hydrogen donors. For 1-
propanol, the conversion rate dropped to about half the value of the other primary alcohols. 2-
propanol gave a higher rate than 1-propanol, but lower than methanol and ethanol. Because of
the higher rate, ethanol was chosen for an 8 day stability study (Figure 1b). There was a

monotonic, yet significant decrease in phenol conversion rate for the duration of the experiment.
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200 + —e—Methanol 150 1 ¢ Ethanol
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Figure 1. Phenol conversion rate as a function of time-on-stream (TOS) over Pd/CeO: using (a)
primary and secondary alcohols and (b) ethanol. Reaction conditions: 50 mM phenol, 30 v/v %
aqueous alcohol, T =130 °C, 0.1 mL min?, Vpeq = 0.8 mL, 1.0 g Pd/CeOs..
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Post-reaction PXRD analysis of Pd/CeO. after the 8 day reaction provided evidence for
the formation of cerium hydroxy carbonate (Ce(CO3)(OH)) polymorphs (Figure 2a).14*® The
hydroxy carbonate phase was observed after 14 h TOS for all primary alcohols, but was not
observed for 2-propanol (Figure 2b). Furthermore, transfer hydrogenation of phenol using 2-
propanol showed the catalyst was stable for at least 7 days.*® Figure 3a shows the Ce 3d spectral
region of Pd/CeO> before (fresh) and after (aged) the 8 day reaction with ethanol. The Ce 3d
spectral region for the fresh catalyst showed characteristic peaks attributed to Ce(1V).16-18 After
reaction, the Ce 3d spectral region exhibited bands that can be attributed to Ce(l11).2" 12! The
reduction of cerium cations was consistent with the cerium hydroxy carbonate phase observed
from PXRD. The O 1s spectral region of the fresh and aged catalyst showed a band shift from
529.6 eV to 531.4 eV (Figure 3b). The oxygen binding energies are consistent with O 1s of
cerium(lV) oxide?? and cerium(lIl) carbonate,?> 2* respectively. Furthermore, temperature
programmed desorption (TPD) analysis of Pd/CeO: after 14 h TOS presented a large evolution
of CO; at about 400 °C (Figure S3). The evolved CO was likely a decomposition product of
cerium hydroxy carbonate.?*? The PXRD pattern of Pd/CeO, after the thermal desorption
experiment showed attenuation of the peaks attributed to the hydroxy carbonate phase (Figure
S4). The results indicate that the transfer hydrogenation of phenol with ethanol over Pd/CeO;

reduces ceria to cerium hydroxy carbonate polymorphs.
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Figure 2. PXRD pattern of Pd/CeO, after transfer hydrogenation with (a) ethanol for 8 days and
(b) primary and secondary alcohols for 14 h. The reference patterns for (a) are color coded the
same as in (b).
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Figure 3. XPS spectra of Pd/CeO- before and after 8 day phenol transfer hydrogenation with
ethanol in the (a) Ce 3d and (b) O 1s spectral region.

The increasing concentration of the hydroxy carbonate phase (Figure 2) corresponded to
the decreasing activity (Figure 1b) upon prolonged TOS. Thus, the catalyst deactivation can be
attributed to the formation of cerium(lIl) hydroxy carbonate and/or changes in properties upon
catalyst restructuring. In a recent publication, it was demonstrated that the redox properties of
ceria influence the turnover rate during phenol transfer hydrogenation using 2-propanol.® Hence,

the reduction of redox-active ceria to redox-inactive cerium hydroxy carbonate should decrease
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phenol turnover. However, the transformation of ceria to cerium hydroxy carbonate is a
reversible process and its deactivating effect could be mitigated through reoxidation. The pure
ceria phase for the aged catalyst was regenerated by thermal treatment under O (450 °C) and H>
(350 °C) (Figure S5). Figure S6 indicates that oxidation of cerium hydroxy carbonate to cerium
oxide did not restore the initial activity of Pd/CeO,. The regenerated catalyst was further
analyzed through H> chemisorption and temperature programmed reduction with hydrogen (Ho-
TPR). The textural properties are summarized in Table S2. There was a decrease in the Pd
dispersion from 20 % to 4 % between the fresh and regenerated catalyst which indicated catalyst
restructuring. The restructuring of the catalyst with TOS was also evident through its ability to
activate hydrogen. The H>-TPR profile for the fresh catalyst showed a large hydrogen uptake
around 10 °C (Figure S7). This peak was essentially absent for the regenerated catalyst and
indicated the catalyst has decreased hydrogen activation ability. Thus, it appears that the
Pd/CeO: catalyst is irreversibly deactivated during phenol transfer hydrogenation with ethanol
through support phase transformation.

A likely intermediate during transfer hydrogenation using primary alcohols are
aldehydes. A control experiment was run by replacing ethanol with acetaldehyde and did not
result in phenol conversion. This indicated that acetaldehyde did not undergo further
decomposition to yield hydrogen. It also indicated that the hydrogen necessary to reduce phenol
was obtained from alcohol dehydrogenation. However, the PXRD pattern of the catalyst after
treatment with acetaldehyde showed the cerium hydroxy carbonate phase (Figure S8).
Acetaldehyde trapping experiments with 2,4-dinitrophenylhydrazine (DNPH) during transfer
hydrogenation with ethanol did not produce the expected hydrazone. Considering acetaldehyde

resulted in hydroxy carbonate formation and the hydrazone product was not detected in the
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trapping experiment, it appears that most acetaldehyde evolved from ethanol dehydrogenation
undergoes further reaction with the ceria surface. In contrast, when the reaction was performed
using 2-propanol, the catalyst was stable and formation of the hydrazone product was observed.*®
From these results, Pd/CeO> becomes deactivated during transfer hydrogenation with primary
alcohols due to aldehyde reaction with the ceria support, but Pd/CeO: is stable using secondary
alcohols (i.e. ketone formation).

The formation of carbonates during transfer hydrogenation indicated C-C cleavage
precedes catalyst deactivation. Ethanol TPD reactions over Pd/CeO2 confirmed C-C scission
reactions through the evolution of CO, CO2, and CHs. (Figure 4a). Evolution of H> was not
observed which could be due to reduction of the ceria support and result in water formation
(Figure S9). Desorbed ethanol (m/z = 31) was also not observed, while a peak around 350 °C
corresponding to m/z = 29 was evident (Figure S9). This could be attributed to acetaldehyde or
alternatively to crotyl alcohol/crotonaldehyde. However, at the temperature used during transfer
hydrogenation, acetaldehyde was not observed (Figure S13) and was in agreement with DNPH
trapping experiments. Methane (m/z = 15) desorbed around 100 °C and 400 °C (Figure 4a).
There was one CO (m/z = 28) desorption around 400 °C (Figure 4a). CO desorption began at

100 °C, with maxima centered around 200 °C and 325 °C (Figure 4a).
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Figure 4. (a) TPD of ethanol adsorbed onto Pd/CeO, under He flow (40 mL min™) at 10 °C min-
! The Hz, CH4, CO, and CO> signals correspond to m/z = 2, 15, 28, and 44, respectively (b)
DRIFTS of ethanol adsorbed onto Pd/CeO, under He flow (30 mL min™) after heating to the
indicated temperature and cooling to room temperature.

Temperature programmed DRIFTS analysis of adsorbed ethanol on ceria was used to
identify surface intermediates during TPD experiments (Figure 3b). The room temperature
spectrum indicated adsorbed ethoxy species identified by the v(CO) bands at 1052 cm™ and 1091
cm corresponding to bidentate and monodentate coordinated ethoxy.?® The band at 1389 cm™
was attributed to Ssym(CHs3) of ethoxy.?” The bands at 2891 cm™, 2927 cm, and 2975 cm™ are
recognized as the vsym(CHs), vasym(CH2), and vasym(CH3) of ethoxy species, respectively.?
Increasing the temperature to 100 °C resulted in significant decrease of ethoxy species and
formation of acetate. The bands around 1017 cm™, 1345 cm™, 1435 cm?, and 1547 cm™ can be
assigned to the Vsym(CH3), 6&sym(CH3), vsym(OCO), and vasym(OCO) modes of acetate,
resepectivley.?® 2° Due to the similar vibrational signature between acetates and carbonates,%-3! it
is possible that underlying carbonate bands are present.>? The C-H stretch region showed low

intensity, which can be explained by the weak acetate C-H stretching.?® Heating to 150 °C
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resulted in growth of a carbonate band?® 3! at 1223 cm™ and the acetate band at 1017 cm™, while
the ethoxy bands at 1052 cm™ and 1091 cm™ continued to decrease. The emergence of the band
at 1704 cm™ could indicate the v(C=0) mode of acetaldehyde.®*3* Upon increasing the
temperature to 250 °C, acetate species were still present while formation of two bands at 1389
cm™? and 1620 cm™ appeared. These bands can be attributed to hydrogen carbonates.®® At 450
°C, acetate species were largely removed, clearly shown by the disappearance of the band at
1017 cm assigned to the vsym(CHs) mode of acetate. The remaining bands can be attributed to

carbonates.3%-31

Discussion
The reaction of primary alcohols over ceria-based materials has been studied extensively in the
context of material property probes,®2 partial oxidation,?® “*° and steam reforming
processes.*®>1 It is generally accepted that the pathway for ethanol steam reforming or partial
oxidation over ceria-supported platinum group metals (PGM/CeO) begins with dissociative
adsorption to form cerium-coordinated ethoxy.**4> 2% The dominant reaction pathway for
ethoxy over PGM/CeO: is through dehydrogenation to acetaldehyde.*> %0 53 The acetaldehyde
intermediate has been observed to follow several different reaction pathways over PGM/CeO>
that can be broadly classified as reduction, oxidation, C-C coupling, and C-C cleavage
reactions.>* % The C-C cleavage reaction is proposed to proceed through acetaldehyde
dehydrogenation to adsorbed acetyl species.3* #3-4% 52 55 5758 The acetyl species can be
decomposed to CH4, CO, CO», and H> through various pathways (e.g. water-gas-shift, methane
reforming, etc.).*> 465259 Alternatively, the acetyl species can be oxidized by lattice oxygen

forming adsorbed acetate species which decompose to CHs4, CO, CO2, and H> through various
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pathways. 34 4346 52 55 Acetyl/acetate decomposition is promoted by PGM* and has been
observed to yield surface carbonates.*: %8

The TPD results for ethanol adsorbed on Pd/CeO; indicated that ethanol was primarily
decomposed to CHs and CO> in the low temperature regime (< 200 °C). Evolution of CO;
suggested loss of ceria lattice oxygen and reduction of cerium. From DRIFTS, acetate formation
was clearly observed at 100 °C and coincided with methane evolution from ethanol TPD. This
suggests the precursor for low temperature decomposition was acetate. Evolution of CO- lagged
behind methane formation in the low temperature regime and could relate to the desorption
barrier. At room temperature, DRIFTS provided evidence for acetyl and bridging CO species
shown by the band at 1680 cm™ (v(C=0)) and 1923 cm™, respectively (Figure S$10).3* The
species were likely formed over Pd, which is known to decompose ethanol to Hz, CO, and CH4 at
room temperature through acetyl intermediates.®®%! Furthermore, IR spectra of the Pd/CeO;
catalyst after reaction (Figure S11) clearly showed linear CO (2141 cm™) adsorbed onto Pd.%
This suggests that decomposition through acetyl species was a relevant reaction pathway in this
system. From these results, ethanol decomposition through acetate and acetyl intermediates
seemed to occur.

Based on the data obtained for the phenol transfer hydrogenation system and literature
results for ethanol decomposition over PGM/CeO, the following deactivation pathway is
proposed. Ethanol adsorbs dissociatively to yield adsorbed acetaldehyde with evolution of
hydrogen and phenol turnover (1).

Pd/CeO,

CeHeO() + CH3CH,0H,, 2 CH3CHOy, + CgH140y,

1)
The inability for acetaldehyde to provide phenol turnover suggests any subsequent

reaction pathways involving hydrogen evolution are not relevant. The acetaldehyde/acetyl
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intermediate can undergo C-C scission to yield methane and carbon monoxide (2). The adsorbed
CO can then be oxidized by lattice oxygen which results in reduction of cerium and oxygen
vacancy (Vo) formation (2). Similarly, the acetaldehyde/acetyl intermediate can first be oxidized
to acetate, again resulting in cerium reduction and oxygen vacancy formation, followed by C-C

scission to yield methane and carbon dioxide (3).

(o) .
CHyCHO,, T9C02 cH,+cop, —2M% Oy + Vo @
Ojattice Pd/CeO,

CH3CHO(a) —_— CH3C00(a) + H(a) + Vo e CH4 + COz(a) + Vo (3)

The reaction pathways for methane over Pd and PGM/CeO; involve desorption,
reforming (yielding COyx, Hz, or H20), or dehydrogenation (yielding C and Hz). The low
temperatures used during transfer hydrogenation make reforming unlikely. The dehydrogenation
route is also not a predominant reaction pathway since phenol turnover was not observed using
acetaldehyde. Thus, methane likely desorbs. The adsorbed CO, from (2) and (3) can desorb or
exist on the surface as a carbonate. The pathway resulting in cerium hydroxy carbonate
formation necessitates CO> to remain adsorbed on the surface in the form of carbonate (4).

Hydroxyl formation likely resulted from dissociation of water at the oxygen vacancy (5).52-5

Ce-COy(,) + Vo Otattice Ce-CO3, + Vo @

H,O
Ce-CO3(;) + Vo ———> Ce-CO3-OH + H,, )

The deactivation mechanism proposed is analogous for the other primary alcohols
studied. For 2-propanol TPD over Pd/CeO», the dehydrogenation product (acetone) was observed
(Figure S12). This suggests that acetone (or ketone) is less prone to surface reaction than

acetaldehyde (or aldehyde) at low temperature since the latter was not observed during ethanol
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TPD. For the deactivation pathway proposed, decarbonylation must occur. Aldehyde and ketone
decarbonylation is generally thought to occur through C-H and C-C activation, respectively,54-6
Cleavage of C-C bonds (C-C activation) are usually more difficult than C-H cleavage (C-H
activation) for kinetic and thermodynamic reasons.®>*® Upon C-H cleavage of aldehydes (Eqg. 2),
acyl intermediates are formed which are activated towards C-C cleavage.®’ Thus, the catalytic
stability'® and absence of cerium hydroxy carbonate phase for 2-propanol was likely related to
the less relevant, non-activated C-C cleavage pathway that would lead to decarbonylation. The
reductive deactivation with primary alcohols suggests an oxidant or aldehyde scavenger within
the system could hinder catalyst deactivation. Alternatively, a non-reducible support could block
the deactivation pathway. It should be noted that hydroxy carbonate formation during water-gas-
shift reaction has been observed over AuCe(La)Ox catalyst under low temperature (120 °C)%" and

was associated with catalyst deactivation.

Conclusion

Pd/CeO2 was unstable during transfer hydrogenation with primary alcohols. The ceria
support was reduced to cerium hydroxy carbonate and led to irreversible restructuring of the
catalyst. C-C scission of primary alcohols, mediated through acyl and carboxylate intermediates,
resulted in CO formation. The adsorbed CO reacted with the ceria support forming carbonates.
This led to cerium reduction and oxygen vacancy formation. The latter provided dissociation
sites for water and completed cerium hydroxy carbonate formation. Pd/CeO> was stable during
transfer hydrogenation with 2-propanol. This was attributed to the higher barrier for C-C
activation of ketones, compared to C-H activation for aldehydes, both of which are proposed to

precede decarbonylation. Understanding of the deactivation pathway is expected to guide the
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design of more stable catalysts for transfer hydrogenation and low-temperature dehydrogenation

of primary alcohols.
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Appendix of Supporting Information

Table S1. Textural properties of support and catalyst.

Ce Crystallite Surface Area Dispersion

Sample Size (nm)? (m? g1)° (%)°
CeO 19 57 ---
Pd/CeO> 25 53 203

30btained from PXRD data. °Calculated using the BET approximation. ‘Determined from Ha
chemisorption at -25 °C. Error represents standard deviation from three separate measurements.
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Figure S1. PXRD pattern for CeO2 and Pd/CeO:..

Figure S2. (a) HR-TEM image of Pd/CeO2 showing lattice fringes corresponding to (200) and
(111) surface termination. (b) TEM image of Pd/CeO showing particle morphology.

lon Current (a.u.)

200 300 400 500
Temperature (°C)

Figure S3. TPD profile (He flow) of Pd/CeQ> after 14 h phenol transfer hydrogenation reaction
with ethanol. The signal corresponds to m/z = 44 (CO). Heating rate was 10 °C min™,
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Figure S4. PXRD pattern of Pd/CeQ; after 14 h phenol transfer hydrogenation reaction with
ethanol. The patterns correspond to the catalyst after reaction (bottom) and after reaction
followed by TPD under He (top).
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Figure S5. PXRD pattern of Pd/CeO; after 8 d reaction followed by calcination at 450 °C for 4 h
at 2 °C min,
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Figure S6. Phenol conversion rate as a function of time over fresh Pd/CeO: (top) and Pd/CeO>

after 8 d reaction followed by O./H> regeneration (bottom). Reaction conditions: 12.5 mM
phenol, 30 v/v % aqueous ethanol, T = 130 °C, 0.1 mL min™, Ve = 0.2 mL, 0.25 g Pd/CeO..
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Table 2. Textural properties of catalysts.?

Ce crystallite Size  Surface Area  Dispersion

Sample (nm)? (m? g (%)°
Pd/CeO,-fresh 25 53 20+ 3
Pd/CeO»-regen 25 76 4+1

4Properties in the table correspond to the as-synthesized Pd/CeO; catalyst (fresh) and the catalyst
after 8 day reaction followed by regeneration under O2/H; (regen). "Obtained from PXRD data
by measuring the full width-half maximum for the (111) reflection of ceria. “Calculated using the
BET approximation. YDetermined from H, pulse chemisorption at -25 °C. Errors represent
standard deviation from three separate measurements.
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Figure S7. Ho-TPR profile for Pd/CeO,. The catalyst was pre-oxidized in Oz/He flow at 350 °C
for 0.5 h before beginning the reduction profile.
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Figure S8. PXRD pattern for Pd/CeO; after 7 h TOS using acetaldehyde as hydrogen donor.
Reaction conditions are the same as in Figure 1a, but replacing ethanol with acetaldehyde.
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Figure S9. TPD of ethanol adsorbed onto Pd/CeO; under He flow (40 mL min™) at 10 °C min.
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Figure S10. DRIFTS of Pd/CeO;, during helium/ethanol flow (30 mL min*). Dashed lines of
inset show bands at 1680 cm™ and 1923 cm attributed to acetyl and bridging CO species,

respectively.
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Figure S11. DRIFTS of Pd/CeO:; after phenol transfer hydrogenation with ethanol. Conditions
are the same as in the caption of Figure la.
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Figure S12. TPD of 2-propanol adsorbed onto Pd/CeO; under He flow (40 mL min) at 10 °C
min’,
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CHAPTERS
PHOSPHATE-MODIFIED CERIA AS A BRONSTED ACIDIC/REDOX
MULTIFUNCTIONAL CATALYST
Adapted from manuscript submitted to J. Mater. Chem. A
Copyright © 2016 Royal Society of Chemistry

Nicholas C. Nelson, Zhuoran Wang, Marek Pruski, Igor I. Slowing

Abstract
Deposition of trimethylphosphate onto ceria followed by thermal treatment resulted in
formation of surface phosphates with retention of redox activity. The structural and chemical
properties of phosphate-functionalized ceria were studied using *'P solid-state NMR, XPS, zeta
titration, ammonia thermal desorption, pyridine adsorption, and model reactions. The
introduction of phosphates generated Bronsted acidic sites and decreased the number of Lewis
acidic sites on the surface. The relative amount of Lewis and Brensted acids can be controlled by
the amount of trimethylphosphate used in the synthesis. Upon deposition of Pd, the
multifunctional material showed enhanced activity for the hydrogenolysis of eugenol compared
to Pd on the unmodified ceria support. This was attributed to the cooperativity between the
Lewis acid sites, which activate eugenol for dearomatization, and the redox/acid property, which
catalyzes hydrogenolysis.
Introduction
Ceria (CeO2) is a unique material in catalysis science due to its inherent redox
properties.!? Many ceria-based technological applications rely on the facile Ce**/Ce*" redox
cycle, which supplies reactive oxygen species to substrates.? Perhaps the most notable is three-

way catalysis, but other uses (reforming processes, water-gas shift reaction, solid oxide fuel
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cells, etc.) are emerging and are expected to be industrialized soon.* Fundamental research and
continued atomistic understanding of the structure and formation of ceria redox-active sites has
led to the development of complex ceria-based materials with enhanced redox capability.>!'* In
the past decade, synthetic procedures have been developed that allow strict geometric control
over ceria particle morphology resulting in materials that selectively expose specific sets of
lattice planes.!>!® These materials and their enhanced defect-mediated redox capabilities have
led to the development of ceria-based catalytic systems for organic transformations, especially as
they relate to redox processes.!®2

In contrast to the extensive progress made towards understanding and engineering redox
sites in ceria-based materials,'* limited efforts have been devoted to incorporate additional
functionalities to their surface.”? Yet, developing methods to add surface functionalities while
retaining redox activity could provide multipurpose materials capable of performing specialized
tasks and tandem processes. Furthermore, incorporation of surface functionalities may offer
precise control over activity and selectivity in catalytic conversions.’*** One simple, yet
important functionality that can be added to ceria is Bronsted acidity. Ceria exhibits weak Lewis
acidity and its surface hydroxyl groups show little to no Brensted acid character.>>*® Brensted
acidic sites have been introduced through impregnation of ceria with tungsten and vanadium
precursors followed by calcination to yield supported oxides.?-? Ceria-supported tungsten
oxides and their analogs are perhaps the most widely known ceria-based materials exhibiting
Bronsted acidity due to their activity in the selective catalytic reduction of NOy with NHj3.333
Another class of ceria-based materials exhibiting Brensted acidity has been developed through

sulfonation of ceria-zirconia mixed metal oxide.>®3%
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An attractive alternative option for introducing Brensted acidity to the surface is through
organophosphate precursors. Organophosphates represent a versatile class of compounds that can
be specifically tailored with desired organic functional groups for target applications.’*
Immobilization of organophosphates with varying organic components on ceria may allow
material properties to be tuned*' and enable cooperativity with the intrinsically active sites of the
supporting material to control catalytic activity and/or product selectivity.**** For example,
hydrogenolysis reactions relevant to biomass processing can be catalyzed by acid and redox-
active sites.*->" Under typical reaction conditions, oxygen substituents can be activated towards
C-O bond cleavage through protonation by the acid component or binding to oxophilic vacancies
in the redox-active component. Therefore, the introduction of acidic sites to a redox-active
material could lead to a higher hydrogenolysis activity. In this context, this work explores the
structure and catalytic properties of phosphate-functionalized ceria.

Previous studies have indicated that the thermal decomposition of organophosphates and
closely related organophosphonates on metal oxides produces surface-adsorbed alkoxides and
surface-bound phosphates.’'’ It is thought that the first step occurs via coordination of the
phosphoryl oxygen with a metal cation (Scheme 1). Cleavage of an alkoxide follows shortly
thereafter, and can occur at low temperature. Upon subsequent heating, the organophosphate
ester is completely decomposed into surface-bound phosphates. High temperature (600 °C)
treatment of phosphorous-containing compounds deposited onto ceria can lead to formation of
subsurface CePO4 (monazite) crystals.’®*° This process involves the reduction of cerium(IV) to
cerium(III), with the extent of reduction depending on the phosphorus loading.>*-* This leads to
the undesirable inhibition of redox properties. A potential approach to prevent over reduction and

monazite formation may be through the use of high-surface area ceria and lower calcination
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temperatures. For a given phosphorus loading, a high-surface-area support would minimize the
formation of bulk phosphate phases due to the larger amount of surface Ce-atoms that coordinate
to the phosphoryl group. Similarly, lower calcination temperatures could prevent sintering that
likely contributes to bulk phosphate formation. Confining phosphate groups to the ceria surface
could lead to unique properties not previously observed (e.g. Bronsted acidity). In the present
study, deposition of trimethylphosphate onto high-surface-area ceria, followed by low-
temperature calcination, led to a bifunctional (redox and acid) material. Upon deposition of
palladium, the multifunctional material showed higher eugenol hydrogenolysis activity than

palladium on unmodified ceria.

Scheme 1. Proposed adsorption and decomposition of trimethylphosphate.!
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Experimental

Reagents. Cerium(IIl) nitrate hexahydrate, trimethylphosphate, propylene oxide,
deuterium oxide, 1,4-dioxane, indigo carmine, and pyridine were purchased from Sigma Aldrich.
Potassium nitrate, sodium hydroxide, ammonium acetate, nitric acid, hydrogen peroxide, acetic
acid, and hydrochloric acid were purchased from Fisher. Pluronic P104 was obtained from
BASF. Cerium(IIl) nitrate hexahydrate was dried under vacuum at room temperature for 48 h
prior to all synthetic methods. All other chemicals were used without further purification. All

reagents met or exceeded ACS specifications.
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Synthesis of ceria (CeQO2). The method was adopted from a previously published
report.’! Briefly, Ce(NO3)3*6H20 (8.8 g, 20.3 mmol) and Pluronic P104 (10.1 g) were dissolved
in ethanol (200 mL). The contents were stirred vigorously until complete dissolution (~2 h). The
solution was cast into a large crystallization dish and placed in a pre-heated 65 °C oven until the
ethanol had evaporated (~8 h). The resulting gel was placed in a pre-heated 150 °C oven
overnight. The yellow powder was subsequently calcined in air at 450 °C for 4 h with a ramp
rate of 2 °C min™'. Caution! During thermal treatment at 150 °C, combustion occurs within ~12
min, producing flames which self-extinguish within seconds after all combustible material (i.e.,
block copolymer) is burned. The thermal treatment step should be conducted in an oven,
preferably in a fume hood with a closed sash to avoid exposure to gaseous decomposition

products.

Synthesis of phosphate-modified ceria (CeO2-POx). The synthesis of phosphate-
modified ceria was accomplished through an impregnation route. In a typical procedure, the
desired amount of trimethylphosphate (TMP) was deposited onto the CeO> support in five
increments. That is, five cycles of TMP impregnation, followed by thorough mixing with a
mortar and pestle, were performed until the total desired amount of TMP was added to the CeO:

support. The material was calcined at 450 °C for 4 h with a 10 °C min™' ramp rate.

Synthesis of Pd/CeO: and Pd/CeO2-POx. In a typical procedure, palladium (II) acetate
(1 wt. % Pd) was dissolved in acetone and impregnated onto the support. The precatalysts were
heated in air to 350 °C at 2.5 °C min™ and held for 2 h. After cooling to room temperature, the

catalysts were heated under flowing Hz (50 mL min™!) using the same temperature program.
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Powder X-ray diffraction (PXRD). Diffraction patterns were collected using Co Kal,
Ka2 split radiation (45 kV, 40 mA, Aae = 1.7903 A) on a PANalytical X’Pert PRO
diffractometer equipped with a theta—theta vertical mode goniometer, incident Fe filter, an air-
cooled X’Celerator real time multiple strip (RTMS) detector, and spinner stage. The patterns
were converted to Cu Ka radiation for comparison to standard patterns using Bragg’s law. PXRD
samples were prepared by placing powders onto a background-less sample holder. Crystallite

sizes were calculated using Scherrer equation.

Surface area and porosimetry. Textural properties of the supports and catalysts were
measured by nitrogen sorption isotherms at -196 °C in a Micromeritics Tristar analyzer. The
surface areas were calculated by the Brunauer-Emmett-Teller (BET) method. Sample
pretreatment for surface area measurement was done by flowing N> for 6 h at 100 °C.

ICP-OES. Ce, P, and Pd loadings were analyzed by a Perkin Elmer Optima 2100 DV
Inductively Coupled Plasma-Optical Emission Spectroscope (ICP-OES). Samples (ca. 10 mg)
were digested in 5 mL of 4 M HCI, 1 mL of concentrated HNO3, and 2 mL of 30 v/v % H20:.
The samples were sonicated for ten minutes. Then they were placed into a 50 °C water bath for

~12 h. Each sample was then diluted to 10 mL of total solution.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS).
Measurements were made on a Bruker Vertex 80 FT-IR spectrometer with OPUS software and
apodized spectral resolution of 0.2 cm™!. The spectrometer was equipped with a HeNe laser and
photovoltaic MCT detector. A Praying Mantis™ diffuse reflectance accessory and high
temperature reaction chamber was used for room temperature and variable temperature
measurements, respectively. 32 scans were collected for each measurement in absorbance mode

with 8 cm™! resolution. For pyridine adsorption experiments, the samples were heated to 100 °C
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in He flow (50 mL min') for 60 minutes and the samples were subsequently cooled to room
temperature under He flow. Blank spectra were recorded at this time. Then, the He flow was
redirected through a saturator containing pyridine at room temperature. Spectra were taken at 1
min intervals under probe molecule exposure until the formation of liquid-like bands was
observed (~1-5 min). At this time, the He flow was redirected away from the saturator. Spectra
were taken at 10 min intervals until no changes were observed between subsequent spectra (~20-

30 min).

X-ray photoelectron spectroscopy (XPS). XPS analysis was done with a PHI 5500
multitechnique system using a standard Al X-ray source. Samples were analyzed at room
temperature with no special preparation. Charge correction was accomplished by shifting the Ce
3d v-peak to 882.6 eV for all spectra.®*®*> All spectra were normalized so that the most intense

peak had a value of 1.

SSNMR. The SSNMR measurements were performed on a 400 MHz Agilent DD2
spectrometer equipped with a 3.2-mm Chemagnetics double resonance magic angle spinning
(MAS) probe, and on a 600 MHz Varian DD1 spectrometer equipped with a 1.6-mm FastMAS™
T3-type probe. Samples were directly packed into zirconia rotors without any further treatment.
The 'H background-free MAS spectra of all samples were obtained by subtracting the signal
measured with an empty probe. The 'H Hahn echo spectra were obtained using pulse sequence
(90° - T - 180° - 1) with various echo delays synchronized with MAS period. The 1D 3!P spectra
were obtained under MAS using direct polarization (DPMAS) and a 3'P{'H} tangent-ramped
cross polarization scheme (CPMAS). The same CP scheme was used to generate the 2D *'P{'H}
heteronuclear correlation (Hetcor) spectra. The 'H chemical shifts are reported relative to

tetramethylsilane (TMS), and the *'P chemical shifts are reported relative to phosphoric acid
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(H3POs4, 85% in D-0O). The detailed experimental parameters are given in the corresponding
figure captions using the following symbols: vk denotes the MAS rate; vrr(X), the magnitude of
the RF field applied to X nuclei; tcp, the cross-polarization contact time; T4, the recycle delay

and Ati, the increment of t; in 2D experiments.

Temperature programmed desorption (TPD). NH;-TPD experiments were carried out
using a Micromeritics AutoChem II equipped with TCD detector. The samples (ca. 300 mg)
were placed into a quartz U-tube and degassed at 500 °C for 60 minutes (10 °C min™") under O»-
He (10 % O>) flow (50 mL min™). The samples were cooled to 100 °C under O>-He and the gas
flow switched to NH3-He (10 % NH3). After 15 minute exposure, the gas flow was switched to
He and held at 100 °C for 15 minutes before cooling to 40 °C. The temperature was then ramped

at 10 °C min™! while monitoring the TCD signal.

Zeta potential measurements. Zeta potential measurements were made on a Zetasizer
Nano ZS90 instrument with a standard 633 nm He-Ne laser using the Smoluchowski
approximation. Samples were prepared by suspending the solid (~10 mg) in aqueous KNOs3
(0.01M, 10 mL). The pH of the suspension was adjusted with dilute NaOH and HCI solutions.
Afterwards, the samples were sonicated for 30 minutes and then allowed to sit for varying

amounts of time in order to obtain reliable data.

Cationic exchange. Two samples with different masses (ca. 10 and 100 mg) for each
material were weighed into 20 mL scintillation vials. The solids were suspended in aqueous
ammonium acetate (0.1 M, 10.0 mL, pH = 6.99). After 24h, with periodic agitation, the pH of the
suspension was measured. The measured pH was related to the exchangeable H™ on the materials

through a calibration curve. The calibration curve was constructed by adding a known amount of
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standardized acetic acid solution (0.0984 + 0.003 M) to ammonium acetate solution (0.1 M, 10.0
mL, pH = 6.99) and measuring the pH after each addition (20-40 puL). The curve was fit to a third

order polynomial with a correlation coefficient of 0.9991 within the pH range of 6.99-6.01.

Hydrolysis of propylene oxide. In a typical reaction, ~10 mg of catalyst, 1 mL of D>O,
and a stir bar were placed into 4 mL glass vial. The vial was then placed into an OptiBlock
parallel synthesis reaction block (OP500 series) equipped with thermocouple, locking base,
locking plate, and PTFE faced silicone septa pad. Once the vials were sealed, propylene oxide
(40 pL, 0.6 mmol) was added via syringe. The reactor assembly was heated to the desired
temperature for the desired time with stirring (200 rpm). Afterwards, the reactor assembly was
allowed to cool to room temperature, at which time the catalyst was separated by centrifugation.
The supernatant (1 mL) was analyzed by 'H-NMR using 1,4-dioxane (5 puL, 58 umol) as internal
standard. The 'H-NMR spectra were collected on a Bruker DRX 500 equipped with a narrow
bore 11.7T/500 MHz magnet and a standard 'H probe. '"H-NMR (deuterium oxide, 500 MHz, 25
°C): 8, ppm: 1.07 (3H, s, CH3); 3.37 (1H, dd, CH.); 3.47 (1H, dd, CHy); 3.81 (1H, sext, CH).

Mass balances were 94-100 %.

Photodegradation of indigo carmine. A 2.0 mL aliquot of an aqueous indigo carmine
stock solution (18.3 mg L") was added to 4.1 mg of catalyst in a 4 mL glass vial. The suspension
was allowed to pre-equilibrate in the dark for 0.5 h. Afterward the vials were placed into a
Rayonet RPR-200 photoreactor with a 350 nm light source under stirring for 1.5 h. The
photodegradation activity was monitored by comparing the absorbance of indigo carmine

solution before and after the reaction using a UV/VIS spectrometer.
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Eugenol hydrotreatment. Eugenol hydrogenation reactions were carried out using a
high pressure reactor. The Pd/CeO> or Pd/CeO,-POx catalyst (ca. 50 mg) was placed into the
reactor along with water (25 mL) and eugenol (15 pL, 97 umol). The reactor was purged with
nitrogen and then pressurized with H» (10 bar). The contents were heated to 100 °C (10 °C min™")
and held for 4 h under mechanical stirring (800 rpm). The reactor was allowed to cool to room
temperature (~0.5 h). The products were extracted with ethyl acetate (25 mL) and analyzed by

GCMS (7890A, 5975C with HP-5MS column). Mass balances were between 90 and 100 %.

Results and Discussion

Phosphate-functionalized ceria (CeO2-POx) was prepared by impregnation of CeO with
trimethylphosphate (TMP) followed by calcination at 450 °C for 4 h. The maximum loading of
P-containing compounds on the CeO; support was about 0.23 moles of P per mole of Ce (i.e.
P:Ce = 0.23) (Figure S1). This loading corresponds to about 7.4 P-atoms nm™ and essentially
represents surface saturation as the theoretical amount of Ce atoms on the (111) surface is about
7.9 Ce-atoms nm™.%* The physical and chemical properties of two samples with P:Ce loadings of
0.1 and 0.2 , denoted as CeO2-0.1POx and Ce0O2-0.2POx, are listed in Table 1. The specific
surface areas of the P-containing materials were lower than that of the unmodified CeO support.
The PXRD pattern for all materials could be indexed to the fluorite structure of ceria with no
other reflections observed (Figure 1). This indicates that crystalline phosphate phases were not
formed as in previous reports with identical P:Ce loadings.>®%° The difference can be attributed
to the significantly lower surface area (13 m? g'!) and higher calcination temperature (600 °C)
used in the previous studies. That is, for the same P:Ce loading, a lower-surface-area material
would result in fewer surface phosphates, with the excess penetrating into the bulk. High

calcination temperatures would induce sintering and contribute to bulk phosphate formation.
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Here, the PXRD analysis showed that the CeO; crystallite size and lattice parameters increased
only slightly upon phosphorus modification (Table 1). The elongation of the ceria lattice has
previously been attributed to higher concentrations of Ce(Ill) due to phosphate binding (i.e.
CeP04).>%° The presence of surface phosphates was confirmed through DRIFT analysis as
indicated by the appearance of bands between 1200-900 cm™ which are characteristic for the
v(P-O) of phosphates (Figure S2a).>!3 56 65-67 Considering the significant overlap between the
various v(P-O) values for phosphates (e.g. ortho-, pyro-, polyphosphates, etc.) within this region
it was difficult to distinguish the type of phosphate(s) present. There was also a band present
around 2400 cm™ for the phosphate-containing samples that was not present for CeO: (Figure
S2b). This band is consistent with P-OH through comparison with the IR spectrum for

monobasic sodium phosphate.®

Table 1. Physical properties of the materials.

Sample P Loading® Surface Area Crystallite Size  Lattice Parameter
P (mmolgh® (m?) (mgly (nm)? Ay
Ce0O; 0 0 213 6 5.413
Ce02-0.1POx  0.64+0.05 3.5 110 8 5.417
Ce02-0.2POx 1.1+0.1 5.8 115 9 5421

L oadings obtained from ICP analysis. °Calculated using CeO» molecular weight. “Surface areas
calculated using BET approximation. YObtained from PXRD data using Scherrer equation.
°Obtained from Rietveld refinement of PXRD data.

— Ce0,-0.2PO,
— Ce0,-0.1PO,
3 — CeO,
s
2
w
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Figure 1. PXRD patterns of the ceria and phosphate-modified ceria materials.
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The electronic structure of the materials was probed via XPS to determine the nature and
valency of surface species (Figure 2). The Ce 3d spectral region for both P-containing materials
and CeO» displayed bands consistent with those reported for fully oxidized ceria.®?®* % A slight
increase in intensity was observed around 885 and 904 eV for the P-containing materials,
possibly due to the v’ and u’ bands of Ce(Ill), respectively.®®’? This was consistent with results
from XRD analysis. The O 1s spectrum for all three materials showed a band centered around
529.5 eV. Additional intensity for the phosphate-impregnated materials was observed at higher
binding energies, suggesting oxygen species different from those observed for CeO.. Previous
studies have shown the ceria O 1 s spectrum can be described by three types of oxygen species:
lattice oxygen (529.6 eV),”® adsorbed carbonates (531.2 eV),”*” and surface hydroxyls (532.7
eV).” The O 1s spectrum for CeO, was deconvoluted into three peaks with maxima found at
529.5 eV, 531.5 eV, and 532.7 eV, assigned to lattice oxygen, adsorbed carbonates, and surface
hydroxyls, respectively (Figure S3a). For the phosphate-functionalized materials, the O 1s
spectrum was also deconvoluted into three peaks with maxima at 529.5 eV, 531.1 eV, and 532.7
eV, assigned to lattice oxygen, phosphate, and hydroxyls, respectively. The O 1s band assigned
to surface phosphates is consistent with the O 1s binding energy for cerium(III) phosphate (531.0
eV).”® It is also expected that different types of phosphates (e.g. pyro-, meta-, polyphosphate,
etc.) would have similar O 1s binding energies.”” The relative deconvoluted peak area for the
band at 531.1 eV increased from about 13 % for CeO2-0.1POx to about 27 % for Ce02-0.2POx
indicating that the band correlates with P-loading. The P 2p spectrum for CeO-0.1POx and
Ce0,-0.2POx showed one band centered around 133.1 eV, which is also consistent with

phosphates (Figure S3d).
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Figure 2. XPS spectra for CeO; and phosphate-functionalized CeO; in the (a) Ce 3d spectral and
(b) O 1s spectral region.

The *'P DPMAS spectra of CeO0»-0.1POx and CeO-0.2POx contain a strong peak
centered at around -5 ppm with the line width at half height of roughly 10 ppm (Figure 3), which
is flanked by a pair of spinning sidebands, marked with asterisks. Additionally, the spectrum of
Ce072-0.2POy features a less intense and broader peak centered at around O ppm. Identical line
shapes were observed in the 3'P{!H} CPMAS spectra (Figure S4). By comparing the total
integrated spectral intensity of DPMAS spectra with that of a reference sample measured under
identical conditions (ammonium dihydrogen phosphate, NH4H2PO4), the phosphorus loading
was estimated at 0.42 (£0.04) mmol g for Ce0>-0.1POx and 0.73 (+0.07) mmol g for CeO»-
0.2POx. These estimates are lower, by about one-third, than those obtained by the ICP analysis
(Table 1), which may be attributable, at least in part, to paramagnetic broadening. The presence
of paramagnetic species in both samples was also suggested by the short T; relaxation times of
phosphorous, which were about 1 and 2 seconds for these two samples, respectively. We note,
however, that while these *'P relaxation times are much shorter than those typically encountered
in diamagnetic solids,’® T values on the order of 10 ms were reported in heavily paramagnetic

CePO4 nanoparticles.” The ratios between phosphorus loadings in Ce02-0.1POx and CeO»-
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0.2POy obtained by SSNMR and ICP are almost identical (1 : 1.74 and 1: 1.72, respectively), and

are reasonably close to the targeted proportion of 1 : 2.

Ce0,-0.1PO

*

Ce0,-0.2PO

*

200 150 100 50 ()} -50 -100 -150 —200
5 *'P (ppm)

Figure 3. *'P DPMAS spectra of Ce0,-0.1POx and Ce0,-0.2POy. The spectra were obtained
using vk = 18 kHz, vre(*'P 90°) = 83.3 kHz, vrr('H SPINAL-64) = 100 kHz, and 128 scans
with(1[J g = 10 s for Ce02-0.1POx and [1q = 6 s for CeO02-0.2POx.

To assign the 3'P resonance(s), we also measured the 2D *'P{'H} Hetcor spectra of
Ce0,-0.1POy and Ce0,-0.2POy, using the through-space CP scheme for '"H —3'P magnetization
transfer (Figure 4). In both samples, the 3'P sites are correlated to two types of protons,
resonating at 5.2 ppm and ~8.2 ppm. The upfield 'H peak at 5.2 ppm coincides with the single
resonance observed in an unmodified CeO> support (spectrum not shown), and is thus assigned
to water, which is hydrogen-bound to ceria. The *H peak at 8.2 ppm is attributed to P-OH groups
of the surface attached phosphates, as it only appears in phosphate-impregnated materials and its
chemical shift falls into the range typical for P-OH species (between 7.0-16.8 ppm).2° These
assignments are further supported by the long T. relaxation times associated with both
resonances (Figure S5). Based on these 1D and 2D spectra, the dominant 3'P peak can be
assigned to orthophosphate- and/or pyrophosphate-type functionalities bound to the CeO:

support. The orthophosphate species in inorganic phosphates are known to resonate near 0 ppm
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(typically between -5—-10 ppm), whereas pyrophosphates are typically observed only a few ppm

upfield from this range.3%-8!

(a)

2 0 20 40
d *'P (ppm)
—— Ce0,-0.1PO,
(c) —— Ce0,-0.2PO,

25 20 15 10 5 0 -5 -10 -15
& 'H (ppm)

Figure 4. 2D 3'P{'H} Hetcor spectra of (a) CeO2-0.1POyx and (b) Ce02-0.2POx. The spectra were
obtained using vk = 18 kHz, [Jcp = 2.1 ms, vre('H CP) = 96 kHz, vre(*'P CP) = 78 kHz, vrr('H
SPINAL-64) = 96 kHz, At; = 55 ps, 128 (a) or 256 (b) scans per row, and [Jq = 1 s. (¢)
Comparison of the 'H projections of Ce0,-0.1POx (black line) and Ce02-0.2POx (red line).
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Zeta potential titrations were carried out to evaluate how phosphate modification affected
the acid-base properties of the material. The zeta potential represents the average potential
difference between the diffuse layer (i.e. surface of shear or shear plane) of counter ions
surrounding a charged particle and the bulk solution.®? Thus, the sign and magnitude of the zeta
potential reflect the charge distribution on the surface of metal oxides. The charge on the surface

of solid oxides in aqueous solutions can be described by equation (1):3

MOH,* <— MoH 2H e MO~ + H,0 (1)

It follows from equation (1) that H" and OH are the fundamental potential-determining
ions in solution. Thus, the pH at the zero point of charge (ZPC) or isoelectric point is a measure
of the acidity or basicity of a material. In general, a low ZPC (i.e. low pH) indicates that the
metal oxide surface has low affinity for protons and is therefore acidic. In contrast, a higher ZPC
represents a more basic surface. The zeta titration curves for the materials are shown in Figure 5.
The ZPC for CeO2 was around pH = 7 and is in general agreement with reported literature
values.®* For both P-containing materials, the ZPC was around pH = 2 suggesting that their
surfaces were more acidic than that of unmodified CeOs. This result is consistent with the

presence of P-O-H groups suggested by SS NMR and DRIFTS measurements.

www.manaraa.com



181

60.0
—-CeO,

—o—Ce0,-0.1PO,
—#-Ce0,-0.2PO,

40.0 -

20.0 ~

-20.0 A

Zeta Potential (mV)
o
o

-40.0 A

'60.0 T T T T T T T T T T T T T T T T T T T T
01 2 3 456 78 910
pH

Figure 5. Zeta titration measurements for the three materials in 0.01 M KNO3(q). The error bars
represent the zeta standard deviation.

The zeta titration measurements indicated that phosphate modification altered the acid-
base properties of CeO,. To further understand these changes, surface acidity was probed via
thermal desorption of ammonia (NH3-TPD). In general, the amount of ammonia desorbed is
proportional to the total number of acidic sites while the temperature of desorption is
proportional to their acidic strength.®® The samples were pretreated in O»-He flow at 500 °C
before cooling down to 100 °C for ammonia adsorption. The NH3-TPD profiles for the two
materials are shown in Figure 6a. CeO2 showed significant desorption below 200 °C indicating
weak interaction with the support possibly through hydrogen bonding with lattice oxygen (i.e.
physisorbed). Ammonia desorption continued to about 700 °C with desorption maxima occurring
between 200-400 °C and around 600 °C. These results are in agreement with the mild acidity of
ceria.?> 2”28 The NH;-TPD integrated value was corrected for multilayer/physisorbed species
through profile deconvolution (Figure S6). After correcting for physisorption, the acid site
density for CeO> was 2.0 pmol m™. This value agrees well with prior studies using NHj
adsorption microcalorimetry (1.9 £ 0.3 pmol m?2).8° The NH;-TPD profile for the phosphate-

modified materials showed significant differences compared to CeO». Most notable was a higher
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amount of desorbed ammonia between 100-300 °C and very little desorption between 300-400
°C. There was also a broad desorption from 400-700 °C. The profile indicates that the surface
acidity was altered, in agreement with zeta titration data, and that there seems to be a larger
fraction of physisorbed (< 200 °C) or weak acidic sites (200-300 °C) for the P-containing
materials. Interestingly, integration showed that the number of acidic sites per mass was

relatively constant among the three materials (0.44, 0.41, 0.44 mmol g for CeOz, Ce02-0.1POx,

and Ce0,-0.2POx, respectively).

(a) (b)

—Ce0,-0.2P0O, 1490 cm-*
—Ce0,-0.1PO (L-Py, Py
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| wen \/ ;
= =: ~\./ ;
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Figure 6. (a) NH3-TPD profiles for the three materials. The profiles are shifted for clarity. (b)
DRIFT spectra for the three materials after adsorption of pyridine. The legend is the same as in
(a) and the profiles are shifted for clarity.

Pyridine adsorption was used to probe the strength and type (Lewis vs. Bronsted) of
acidic sites by monitoring with IR spectroscopy. Coordination of pyridine molecule to a Lewis
acid (L-Py) results in IR bands around 1590-1630 cm™ and 1440 cm™!, attributable to the v8a and

v19b pyridine vibrational modes, respectively.”!”? Pyridine interaction with Brensted acidic sites
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(HPy") results in formation of the pyridinium cation and its characteristic v19b vibrational mode
at 1540-1545 cm™ °*2 For pyridine adsorbed on CeO> (Figure 6b), the v8a and v19b bands were
found at 1595 cm™ and 1440 cm’!, respectively, and were attributed to coordination to Lewis
acid sites (i.e. Ce cation). There was a shoulder band around 1575 cm™ and it was assigned to the
v8b mode of pyridine bound to cerium cation.’! The shoulder slowly decreased in intensity to
baseline value and could be caused by perturbation by adsorbed carbonates.?® The band at 1487
cm’! arose due to the v19a vibrational mode of Lewis-bound pyridine and pyridinium cation.”?
Since there was no significant pyridinium band at 1540 cm!, the 1487 cm™ band was attributed
to cerium-coordinated pyridine. These results indicated that CeO> contains only weak Lewis
acids and is in agreement with previous studies.>>8

Similar spectral features were observed for pyridine adsorbed on Ce02-0.1POy. The v8a
and v19b bands for cerium-coordinated pyridine were found at 1599 cm™ and 1443 cm™,
respectively. The similar absorption band frequency for Lewis acid-coordinated pyridine (v8a)
on CeO; and Ce0:-0.1POx materials suggested most of the adsorbed pyridine was interacting
with cerium cations and that the Lewis acid strength was basically unchanged.’’** There was
also a small band at 1542 cm™! attributable to the v19b vibrational mode of the pyridinium cation,
suggesting the presence of Bronsted acidic sites not observed in CeO». Further support for the
formation of pyridinium is indicated by the larger relative intensity of the overlap band at 1490
cm™' (HPy', L-Py) and the band at 1440 cm™! (L-Py), which would be expected upon formation
of adsorbed pyridinium. The formation of Brensted acidic sites was also confirmed on CeO»-
0.2POy. The pyridinium band was clearly observed at 1540 cm™ along with a pronounced
increase in intensity of the overlap band at 1490 cm™ relative to the band at 1440 cm™. It is

worth noting that the band integral at 1440 cm™ decreased as the phosphorus loading increased.
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This indicates that the formation of Brensted sites comes at the expense of Lewis acidic sites and
is consistent with the adsorption mechanism shown in Scheme 1.

The Bronsted acidic sites were quantified through cation exchange with an aqueous
ammonium acetate (pH = 6.99) solution.””> The number of acidic protons displaced by
ammonium cations (24 h exchange) was determined by pH measurement of the resulting
suspension (Table 2). To this effect, a calibration curve was prepared based on the pH of an
aqueous ammonium acetate solution after addition of known amounts of standardized acetic acid
solution. For CeQO», the pH of the suspension was higher than the ammonium acetate solution,
which is consistent with the mild basicity of ceria. In agreement with the zeta potential
measurements, this result suggests there are no exchangeable protons for CeO; at pH = 7. The
result is also consistent with the pyridine adsorption experiments, and indicates that cerium
cations do not have sufficient Lewis acidity to dissociate water, which would result in a
decreased pH value. Therefore, any observed decrease in the pH of the phosphated ceria
suspensions can be solely attributed to cationic exchange of H for NHs4". For Ce0»-0.1POy and
Ce0,-0.2POx the concentrations of Brensted acidic sites were 0.18 and 0.31 mmol g,
respectively. The relative increase of exchangeable H™ between Ce0,-0.1POx and Ce02-0.2POx
was identical to the relative increase of P at. % (0.7) and suggests that the number of Brensted
acid sites is directly proportional to the phosphorous loading. The cationic exchange experiments
also indicated that the ratio between Brensted acidic protons and phosphorous (mmol g basis)
was about 0.3 for both materials. The number of Lewis acidic sites for the materials was
estimated by subtracting the quantities of physisorbed ammonia (Figure S6) and Brensted acid
sites from the NH3-TPD integrated value. The number of Lewis acidic sites decreased as the

number of Bronsted acid sites increased with increasing P content (Table 2). These results are

www.manaraa.com



185

consistent with the changes in relative intensities of HPy" and L-Py bands observed in the
pyridine adsorption experiments. The fraction of Brensted sites determined from cationic
exchange relative to the total acidic sites from NH3-TPD agrees well with the theoretical

phosphorous surface coverage (Table 2).

Table 2. Bronsted and Lewis acidic site distribution and quantification.

Brgnsted Acid Lewis Acid

Material (mmOI g_l)a (mmOI g_l)b Psurflcesurfc
CeO2 0 0.44 0
Ce02-0.1POx 0.18 +0.01 0.23 0.44
Ce02-0.2P0Ox 0.31+0.04 0.13 0.73

%Calculated from cationic exchange with ammonium acetate. °Obtained from NH3-TPD
integration after subtracting Bronsted acid sites and correcting for physisorption (see Figure S6).

“Calculated assuming that all P-species reside on the surface and a cerium surface density of 7.9

Ce-atom nm™=.%

The catalytic activities of the three materials were assessed through the hydrolysis of
propylene oxide to yield propylene glycol. The hydrolysis reaction can be catalyzed by acids and
bases, but it has been shown that the active site for hydrolysis using ceria is the water-tolerant
Lewis-acidic cerium cation.”® The catalytic results are summarized in Table 3. For CeO,, the
propylene glycol yield was 12 % after 3 h reaction time. This corresponds to a turnover
frequency (TOF) of 5.8 h'! calculated using the total concentration of acid sites (Brensted and
Lewis) from Table 2. Hydrolysis carried out using Ce0>-0.1POx resulted in a TOF of 44 h'!,
while the TOF for Ce0>-0.2POy increased to 100 h™!. The results indicate that the difference in
activity between the three materials can be attributed to the presence and amount of Brensted
acidic sites. ICP analysis of the supernatant from the reaction catalyzed by CeO2-0.2POx showed
only traces of P (less than 0.2% of the original P), indicating that the catalyst was stable to

hydrolysis. Recycling experiments also supported these results (Figure S7).
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Table 3. Results for the hydrolysis of propylene oxide to propylene glycol (PG).?

Time Conversion PG Yield TOFP

Catalyst (h) (%) (%) (h)
CeO, 3 12 12 5.8
Ce0,-0.1POx 1 32 32 44
Ce0,-0.2POx 1 74 74 100

%Conditions: ~10 mg of catalyst, T = 60 °C, D>O (1 mL), propylene oxide = 0.6 mmol. °TOF
defined as moles of converted substrate per mole of total acidic sites per reaction time.

Previous oxygen isotopic exchange studies have indicated that the amount of labile
surface and bulk oxygen in ceria are significantly reduced upon contamination with
phosphorous.®®%® This leads to suppression of redox activity over ceria catalysts (e.g. CO
oxidation). It was suggested that the suppression could be caused by surface phosphates blocking
coordinatively unsaturated cerium sites (cus-Ce) and/or P(V) cations inhibiting the diffusion of
oxygen species within the subsurface region due to lower oxygen vacancy concentrations.>*° In
this study, the influence of phosphate loading on the redox properties of the materials was probed
through the photocatalytic decomposition of indigo carmine. When ceria is irradiated, electrons
from the Oy, valence band are excited to the Cesr conduction band to form electron-hole pairs

(i.e. redox pairs).””

Oxygen vacancies can act as electron capture centers and inhibit electron-
hole recombination events thereby improving photocatalytic activity.”®!% Thus, the
photocatalytic activity of ceria is directly related to defect concentration, which in turn is known
to correlate to the ease and occurrence of Ce**/Ce*" redox cycling.® % The indigo carmine
photodegradation activity over the three supports is shown in Table 4. There was almost no
redox activity over Ce02-0.2POx as it gave similar conversion to the blank (i.e. no catalyst),
while Ce02-0.1POy and CeO> were redox active. Clearly, an inverse correlation exists between

the phosphate loading and the photocatalytic activity (i.e. redox ability). In addition, there was a

direct correlation between redox activity and the number of cus-Ce (i.e. Lewis acidity). This
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suggests that cus-Ce and redox activity are directly related to one another. This is consistent with
many redox processes of oxygenates over ceria-based materials that require substrate binding or
activation through coordination to cerium cations.!®> The results shown here demonstrate that

ceria can be functionalized with Brensted acids while maintaining the desired redox properties.

Table 4. Results for the photodegradation (Aex = 350 nm) of indigo carmine.?

Time Conversion
Catalyst (h) (%)
Blank 15 1.8
CeO, 1.5 58
Ce02-0.1POx 1.5 28
Ce02-0.2P0Ox 1.5 4.1

dConditions: 18.3 ppm indigo carmine (Amax = 610 nm), 2.0 mL water, 4.1 mg of catalyst.

The introduction of Brensted acidic sites while maintaining the redox-active ceria fluorite
structure could lead to catalysts useful for biomass upgrading technology. An important target in
biomass processing is the selective deconstruction of lignin via reductive cleavage of C-O bonds
(i.e. hydrogenolysis),'% which can be achieved by the combined action of redox and acid-base
catalysts. Lee et al. studied the role of noble metal and acidic alumina-based supports in the
hydrodeoxygenation of the lignin model guaiacol to cyclohexane.!?” Their data indicated that
noble metals catalyzed the hydrogenation of the aromatic ring while the presence and quantity of
acidic sites on the support had a positive effect on the deoxygenation activity. Ceria-based
materials are also active for hydrogenolysis of bio-derived compounds even though ceria is
considered a mildly basic oxide. The activity has been attributed to the redox capacity of the
catalyst components. For example, Schimming et al. studied the hydrogenolysis of guaiacol to
phenol over ceria-zirconia catalysts and observed a direct correlation between hydrogenolysis

activity and catalyst redox properties.'”® Ring saturation products were not observed due to the
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absence of metals that are active for aromatic hydrogenation. Furthermore, Ota et al. studied the
hydrogenolysis of vicinal OH groups over a rhenium catalyst promoted by palladium and ceria
support.'” The rhenium component was active for the hydrogenolysis reaction mediated through
a Re redox cycle whereas the palladium and ceria components were active for hydrogenation of
the alkene intermediate. The results from these studies indicate that both acidity and redox ability
promote hydrogenolysis activity, while noble metals are needed to provide saturated products.
Catalysts were prepared by deposition of palladium onto the three supports. The
physicochemical properties of all three catalysts are summarized in Table S1 and the PXRD
patterns are shown in Figure S8. Their reactivity trends and hydrogenolysis activity towards a
lignin model compound (eugenol) were assessed by monitoring product yields (Scheme 2).
Pd/CeO> was most selective for the fully hydrogenated product (4-propyl-2-
methoxycylcohexanol, 59 % yield) (Figure S9). The result is consistent with previous studies
that demonstrated phenolics can be activated towards dearomatization over ceria-based catalysts
by forming cerium-coordinated phenoxy species.’! Since Pd/CeO> contained the most cus-Ce
(Table 2), this catalyst should have the largest concentration of activated phenoxy species, which
explains the high yield of dearomatized product. In contrast to Pd/CeO2, Pd/Ce0O:-0.2POx
showed a lower dearomatization yield (27 %) and a higher yield for the allyl hydrogenation
product (4-propyl-2-methoxyphenol, 37 %) (Figure S9). The lower yield of dearomatization
product is likely due to the low concentration of cus-Ce sites in the Pd/Ce0;-0.2POx catalyst
(Table 2). With this catalyst, phosphate binding limited the availability of cus-Ce sites, which
decreased the number of phenolic molecules that could be activated for dearomatization shifting
the selectivity to the allyl hydrogenation product. Pd/Ce0>-0.1POx showed intermediate

dearomatization yields (36 %) between Pd/CeO; and Pd/Ce0:-0.2POx. (Figure S9). The
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intermediate yield correlated well with the intermediate amount of cus-Ce (Table 2). Both
phosphate-modified catalysts (Pd/CeO2-POx) showed increased hydrogenolysis activity relative
to palladium supported on unmodified ceria (Pd/CeO>) (Figure 7b). The hydrogenolysis activity
of Pd/CeO; (25 % yield of 4-propylcyclohexanol) likely arises from redox active sites (cus-Ce
and/or Pd) since the support does not contain Breonsted acid sites. The hydrogenolysis activity of
Pd/Ce0,-0.1POx catalyst was higher than that of Pd/Ce02-0.2POx (55 % versus 36 % yields,
respectively) even though the CeO:-0.2POyx support had more Brensted acidic sites, which
should promote C-O cleavage. The Pd/Ce0,-0.1POy catalyst appears to be the most active for
hydrogenolysis of eugenol due to its optimized bifunctionality (cus-Ce/redox and Brensted
acidity) (Figure 7a). That is, the dissociation of phenolics on ceria to form adsorbed phenoxy
species requires cus-Ce (or Lewis acid) sites that are active for phenolic dearomatization. The
dearomatized product is more prone to acid-catalyzed methoxy cleavage than the aromatic
methoxy due to the weaker C-O bonds of the former.*® 119113 Thys, the cus-Ce sites appear to be
necessary for efficient eugenol dearomatization, whereas the redox active cus-Ce sites and

Bronsted acid group facilitate methoxy removal of the saturated intermediate.

Scheme 2. Products from the hydrotreatment of eugenol.
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Figure 7. (a) Bronsted and Lewis acid surface concentrations as a function of P:Ce. (b) Product
yields for hydrolysis of propylene oxide, photodegradation of indigo carmine, and
hydrogenolysis of eugenol as a function of P:Ce. Conditions for hydrolysis and photodegradation
reactions are found in Tables 3 and 4, respectively. Conditions for eugenol (4-allyl-2-
methoxyphenol) hydrogenolysis: T = 100 °C, t = 4 h, Pu2 = 10 bar, Pd:Eugenol = 5 mol. %, 25
mL H>O.

Conclusion

Deposition of trimethylphosphate onto ceria followed by thermal treatment leads to the
formation of surface phosphates while retaining the cubic fluorite structure of ceria. The
phosphates introduce Brensted acidity to the ceria surface at the expense of Lewis acidic sites.
The relative amounts of the two types of acidic sites can be controlled by varying the amount of
trimethylphosphate deposited onto the ceria. This work demonstrates that ceria can be
functionalized with Brensted acids while retaining its desired redox properties. Furthermore, the
redox-to-Brensted acid ratios can be tuned to achieve the desired activity and selectivity, as
demonstrated by the eugenol hydrogenolysis activity. The decomposition of trimethylphosphate
to form Brensted acidic surface phosphates is an important first step in developing redox active

ceria-based materials with tailorable functionalities. Further studies exploring derivatized
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organophosphates and organophosphonates will likely uncover new possibilities for introducing

other functionalities to the surface of ceria.!'*
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Appendix of Supporting Information

0.25 é
0.2

0.15

0.1

0.05

0 ! 1 T I U T T T

0 0.2 0.4 0.6 0.8 1
Nominal P:Ce

Measured P:Ce

Figure S1. Measured P:Ce mole ratio after trimethylphosphate deposition ontoCeO- followed by
calcination versus the nominal P:Ce mole ratio.
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a b

(a)— Ce0,-0.2P0, (b) — Ce0,-0.2PO,
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Figure S2. DRIFT spectra of the materials with no pretreatment (i.e. as-synthesized) and no
baseline correction in the (a) carbonate/phosphate and (b) hydroxyl regions. The band around
2100 cm'* for CeO; has been proposed as either an electron transition from donor levels located
near the conduction band such as Ce3* or oxygen vacancies or the forbidden 2Fs, > %Fu
electronic transition of Ce3* located at subsurface (or bulk) defective lattice sites.'
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Figure S3. Deconvoluted XPS spectra in the O 1s spectral region for (a) CeOa, (b) CeO2-0.1POy,
and (c) Ce02-0.2POx. (d) XPS spectra in the P 2p spectral region for phosphate functionalized
materials.
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Figure S4. 3'P{*H} CPMAS spectra of Ce0»-0.1POx and Ce0»-0.2POy. The spectra were
obtained using vs = 18 kHz, [cp = 2.1 ms, Vrr (*H CP) = 96 kHz, vre (°P CP) = 78 kHz, vrr (*H
SPINAL-64) = 96 kHz and 1024 scans.
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Figure S5. 'H DPMAS Hahn echo spectra of (a) CeO,-0.1POx and (b) Ce0-0.2POx. The spectra
were obtained using vr = 18 kHz, vre (*H 90°) = 96 kHz, (g = 7 s, 64 scans/delay, and echo
delays indicated in the figure.
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Figure S6. Deconvoluted NH3-TPD profiles for (a) CeOa, (b) CeO2-0.1POy, (c) Ce02-0.2POy,
which correspond to NHj integrated values of 0.61, 0.57, 0.68 mmol g%, respectively.

The deconvoluted peaks with maxima around 110 °C and 160 °C (the two lowest
temperature deconvoluted peaks) were common to all three materials. This indicates that the type
of adsorbed NHs species is the same for all three materials and the low desorption temperature
suggests they are multilayer and/or physisorbed species. These peaks were subtracted to
determine the total number of acid sites. After correcting for physisorption, the acid site density
for CeO2 was 2.0 umol m™. This value agrees well with prior studies using NHs adsorption

microcalorimetry (1.9 + 0.3 pmol m™).*" The similarity between the corrected CeO; acid site
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density to the literature values for ceria suggest this correction method is a good approximation
to the true acid site density. The method was extended to the phosphate functionalized materials
since the low temperature deconvoluted peaks are common to all materials. After correcting for

physisorbed/multilayer NHz the integrated values for CeO,, CeO2-0.1POx, and Ce0O,-0.2POx

were 0.44, 0.41, 0.44 mmol g%, respectively.
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Figure S7. Recycling experiments using CeO,-0.2POx catalyst for the hydrolysis of propylene
oxide. Conditions: ~40 mg catalyst, T = 60 °C, D20 (1 mL), propylene oxide = ~2.4 mmol, t =1
h. The catalyst:substrate ratio was maintained at 16.7 mg mmol™.

— PdiCe0,-0 2P0,
— Pd/Ce0,-0.1PO,

N pAPdICeO,
k\ A Jl/\—\ D IJ"""—'\

20 30 40 50 60 70 80
2 theta (deg.)

Yield

Intensity (a.u.)

Figure S8. PXRD patterns of the catalysts used for eugenol hydrogenolysis reaction.
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Table S1. Physicochemical properties of catalysts for eugenol hydrogenolysis.

Sample BET Surface Area CeO: Crystallite  Pd Loading
(m?2 g1)? Size (nm)® (wt. %)
Pd/CeO- 121 7 1.0
Pd/Ce0,-0.1POx 111 9 1.0
Pd/Ce02-0.2POx 112 10 1.1

aSurface areas calculated using BET approximation. "Obtained from PXRD data using Scherrer
equation. °Calculated from Hz chemisorption data. “Loadings obtained from ICP analysis.
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Figure S9. Product distribution for the hydrogenolysis of eugenol over Pd/CeO2, Pd/CeO»-
0.1POy, and Pd/Ce0,-0.2POy. The error bars represent the standard deviation from three separate
reactions. Conditions: T =100 °C, t =4 h, P42 = 10 bar, Pd:Eugenol = 5 mol. %, 25 mL H-O.
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Table S2. Product distribution for the hydrogenolysis of eugenol over the three catalysts.?

Reaction
Allyl Allyl + aromatic Allyl + aromatic +
hydrogenation hydrogenation metho_xy .
hydrogenation/lysis
Product
OH OH
O._ O OH
4-propyl-2- 4-propyl-2-
methoxyphenol methoxycyclohexanol  4-propylcyclohexanol
Yield (%) Yield (%) Yield (%)
16+1 59+ 4 25+3
Pd/Ce02-0.1POx 9.1+£25 363 55+4
Pd/Ce02-0.2POx 375 27+3 36+3

8Error bars represent the standard deviation from three separate reactions. Conditions: T = 100
°C,t=4h, Py2 =10 bar, Pd:Eugenol = 5 mol. %, 25 mL H20.
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Chapter 6
Conclusions and Outlook

The data described in this thesis indicates ceria is a promising support, promoter, or catalyst
for phenolic upgrading reactions and perhaps for biomass polymer degradation. Ceria activates
phenolics for dearomatization through formation of surface phenoxy species and under certain
conditions shows high yields to cyclohexanone. The amount of phenoxy species present on the
surface is largely dictated by the type of solvent and the redox properties of ceria. The redox
properties can be enhanced through modification of sodium and thus opens up a practical and
facile method for redox enrichment of ceria for commercial applications. Ceria was shown to be
an active support for transfer hydrogenation of phenol using secondary alcohols, but underwent
reduction when using primary alcohols. The surface of ceria can be tuned with phosphates to
afford multifunctional, redox-active materials capable of performing specialized tasks and
tandem processes. The use of phosphates offers adaptability and compositional tuning in order to
achieve desired catalyst properties.

Ceria is a unique rare earth oxide with interesting properties that have led to its
widespread use for technological applications. Continued research and fundamental
understanding of ceria should allow for more efficient design of materials exhibiting unique
properties and enhanced activity. The facile ability to tailor the properties of ceria, as

demonstrated here, will undoubtedly lead to its continued study.
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