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Abstract

Catalytic Transformation of Biomass-Derived Oxygenates Using Transition Metal Carbide,
Nitride, and Oxide Surfaces

Zhexi Lin

The catalytic conversion of biomass-derived oxygenates into valuable fuels and chemicals
IS a promising route to address the current energy and environmental issues. The low-temperature
catalytic conversion is particularly promising in that it does not require intense energy input and
can yield a variety of value-added products. In this approach, the hydrodeoxygenation reaction
removes excess oxygen in biomass-derived oxygenates to convert them into value-added fuels and
chemicals. There are two promising conversion pathways under this category: the conversion of
lignocellulosic biomass and the biodiesel production from waste cooking oils. In the first approach,
furfural is an important platform chemical that can be further upgraded into value-added products.
Transition metal carbide catalysts have been demonstrated to be highly active and selective in
cleaving the aliphatic C-O bond to form 2-methylfuran from furfural. However, the stability of
these catalysts needs further improvement. In the second approach of biodiesel production,
glycerol is a major by-product. The upgrading of glycerol via the selective hydrodeoxygenation
reaction is especially economically promising. Different numbers of C-O bonds of glycerol can be
cleaved to form value-added compounds, such as allyl alcohol, propanal, and acetol. Mo.C has
previously been shown as a selective catalyst for C-O bond scission, but its interaction with oxygen
is so strong that all the C-O bonds in glycerol are cleaved. In order to selectively break certain

numbers of C-O bonds while preserving others, the Mo.C catalyst needs to be modified.



In this dissertation, the strategies for modifying the Mo.C surface to achieve enhanced
stability for furfural conversion and tunable selectivity for glycerol upgrading are demonstrated.
With the addition of cobalt, the interaction between the surface and the oxygen atom in furfural is
lowered to a proper extent and therefore the stability of Mo.C is enhanced. By using different
coverages of copper to modify Mo2C, the number of C-O bonds cleaved in glycerol can be
controlled. The subsequent chapters then compare the reactions of glycerol over the corresponding
transition metal nitride, Mo2N, as well as the C-O bond scission over a modified transition metal
oxide, WOx/Pt(111), surface. It is shown that while Mo2C and Mo2N both break all C-O bonds of
glycerol to produce propylene, Mo2N also selectively cleaves two C-O bonds of glycerol to form
allyl alcohol and propanal, a phenomenon only observed on the Cu/Mo.C interface. DFT
calculations reveal that the surface nitrogen atoms in MozN block some Mo sites, and therefore
promote the selective C-O bond scission. In the case of C-O bond scission of isopropanol over
WO,/Pt(111), it is shown that surface hydroxyl groups on WOy sites catalyze the reaction. DFT
results also demonstrate the synergistic effect between WOy and Pt and predict the energetics of
in situ acid sites formation, which are very useful for the optimization of relevant metal oxide/metal
catalysts. Overall, this dissertation compares the similarities and differences regarding the active
sites and reaction mechanisms of C-O/C=0 bond scission of biomass-derived oxygenates over
transition metal carbide, nitride, and oxide surfaces, which should in turn provide useful guidelines

for the rational catalyst design for biomass upgrading reactions.
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Chapter 1: Introduction

1.1 Catalytic Biomass Transformation and C-O/C=0 Bond Scission

The catalytic upgrading of non-edible lignocellulosic biomass to fuels and chemicals is a
promising way to mitigate current environmental issues and to address energy challenges. Various
methods and processes have been developed to convert lignocellulosic biomass into cellulose,
hemicellulose and then to C5 and C6 sugars, xylose, fructose and glucose.’? These C5 and C6
sugars can then be converted into platform biomass-derived chemicals, including furfural and 5-
hydroxylmethylfufural, which can be further upgraded to fuel additives such as 2-methylfuran (2-
MF) or industrial-relevant chemicals such as p-xylene.?

The main motivation for converting lignocellulosic biomass is that the biomass-derived
molecules contain excess oxygen. The high O/C ratio limits the energy density of the biomass
derivatives, as well as the selectivity to desired products during the upgrading processes.* In order
to solve this problem, the excess oxygen needs to be removed via deoxygenation, which can be
divided into two types of reactions: deocarbonylation/decarboxylation (DCO) and
hydrodeoxygenation (HDO). The DCO reactions cleave the C-C bond associated with the carbonyl
group or carboxyl group, resulting in loss of carbon and decreasing the energy content of the
molecule. On the other hand, the HDO reaction selectively cleaves the C-O/C=0 bond while
preserving the carbon chain length. Moreover, under sufficient H partial pressure, the HDO
reaction removes oxygen in the form of H2O instead of CO- and is therefore more environmentally

friendly than DCO regarding CO2 emission.



1.2 Unique Catalytic Properties of Transition Metal Carbide, Nitride, and Oxide
Surfaces

The selective C-O bond scission of biomass derivatives has been studied using various
types of catalysts, including bimetallics®>'%4, and transition metal carbide-based and oxide-based
catalysts'®22, Transition metal carbides and nitrides (TMCs and TMNs) have drawn much
attention due to their unique catalytic properties. Professor Boudart was among the pioneers in the
investigation of TMCs and TMNs. In 1973, Levy and Boudart found that tungsten carbides
possessed Pt-like properties during the reactions of H» oxidation to produce H.O and 2,2-
dimethylpropane isomerization to form 2-methylbutane.® Subsequently, there have been many
reviews of the electronic, structural, and catalytic properties of TMCs and TMNs.6® TMCs and
TMNSs, in the form of either thin films or powder catalysts, are synthesized by the incorporation
of carbon and nitrogen into the crystal lattices of the respective parent metals. TMCs and TMNs
demonstrate unique physical and chemical properties, such as extreme hardness and brittleness
similar to that of covalent solids, high melting temperatures and simple crystal structures that are
representative of ionic crystals, as well as electronic and magnetic properties resembling those of
transition metals.2 TMCs and TMNs are also refractory and resistant to sintering at high
temperatures. Typical crystal structures of TMCs and TMNs include face-centered cubic (fcc),
hexagonal close-pack (hcp) or simple hexagonal (hex) structures.® Due to the incorporation of
carbon and nitrogen into the metal lattice, the electronic and structural properties of TMCs and
TMNs are altered from their parental metals, as reported in many experimental and theoretical
studies. For example, Kitchin et al. studied the change of electronic properties of TMCs using DFT
calculations and found that the d-band structures of TMCs were significantly different from the

parent metals, and the incorporation of carbon species also induced strain in the surface structure



of the parent metals. These changes of electronic and surface structures translated to different
binding energies observed on TMCs.° Friihberger et al. also demonstrated experimentally that, by
carburizing a single crystal Mo(110) surface, the reactivity of the surface was substantially
changed to resemble those of Pt-group metals.!! Therefore, it is possible to design TMC and TMN
catalysts using earth-abundant metals, either as catalysts or as catalyst supports, to replace or
reduce the loading of precious metals. More recently, however, TMCs and TMNs have been found
to demonstrate significantly different catalytic properties than Pt-group metals in reactions
involving oxygen-containing molecules.*? TMCs and TMNs have been shown to be very selective
in breaking the C-O/C=0 bonds in the hydrodeoxygenation (HDO) reaction®® primarily due to the
strong interaction between TMCs/TMNs with the oxygen atom.

Transition metal oxides (TMOSs) are another type of promising catalysts for the C-O/C=0
bond scission of biomass-derived oxygenates.!*> Their structures are substantially different from
those of TMCs and TMNSs. The active sites on oxide surfaces also differ from those on carbides
and nitrides. The active sites on TMCs and TMNSs are still metal-like, modified electronically or
structurally by carbon or nitrogen atoms. The actives sites present on TMOs could be the hydroxyl
groups when surface oxygen atoms are protonated, or oxygen vacancies resulted from partial
oxidation or removal of surface oxygen atoms. Consequently, the reaction mechanisms on oxides
are significantly different from those of carbides and nitrides. For example, both Pt/WOy and its
inverse oxide, WO\/Pt, are particularly interesting because they have multiple distinct active sites
and are active and selective for the C-O bond scission of glycerol, tetrahydrofurfuryl alcohol, and
m-cresol.?®>-?° For the glycerol hydrogenolysis reaction that produces 1,3-propanediol, it has been
proposed that the Pt site is responsible for dissociating hydrogen, which then spills over to the

WO site to form in situ Bransted acid sites that catalyze the selective C-O bond scission.?®?” On



the other hand, it has also been proposed that WOx covers the Pt particles due to the strong metal-
support interaction (SMSI) during the ring opening reaction of tetrahydrofurfuryl alcohol to
produce 1,5-pentanediol.?® The oxygen vacancy sites on WOx serve as the active sites for the HDO
reaction of m-cresol.?

Since TMCs have emerged as promising HDO catalysts and have been extensively studied,
the remainder of this chapter will mainly discuss the C-O/C=0 bond scission of biomass-derived
oxygenates over TMCs. Molybdenum carbide (Mo2C) and tungsten carbide (WC) have been
shown to be highly selective toward C-O/C=0 bond scissions. For example, Yu et al. have shown
that Mo.C selectively cleaves the C-O bonds in ethylene glycol to produce ethylene, with the C-C
bond remaining intact.!® Ren et al. have demonstrated that WC and MoC selectively cleave the
C-0/C=0 bond of C3 oxygenates, such as propanol and propanal, to produce propylene.'”8 Ruddy
et al. investigated the mechanism of the acetic acid HDO reaction and identified different types of
active sites with different functionality.!® Bhan et al. used the acetone HDO reaction to
demonstrate the bifunctionality of Mo.C and the effect of oxygen modification on the active sites.?
Additionally, there are a number of studies on the HDO of longer chain molecules, such as methyl
stearate,?"? oleic acid,?®?* stearic acid?!?>2¢ and vegetable oils.???7-2¢ Model compounds for lignin
derivatives, such as anisole?** and guaiacol,®*? have also been extensively studied. Xiong et al.
have reported that Mo.C is selective to the HDO of furfural to 2-methylfuran.®® Several HDO
reactions with Mo.C have been investigated using both experimental and computational
approaches and detailed reaction mechanisms have been proposed.!’1834

In additional to their high HDO selectivity, TMCs can be used as substrates to support
metal catalysts for HDO reactions. Wan et al. have shown that the bimetallic Fe/Pt(111) surface is

active toward the HDO reaction of furfural.>> However, at elevated temperatures, Fe tends to



diffuse into the Pt bulk, causing the HDO activity of Fe/Pt(111) to decrease. In contrast, by
changing the substrate from Pt(111) to Mo2C, the stability of Fe/M0.C/Mo(110) is enhanced while
maintaining similar HDO activity as that of Fe/Pt(111).%® This is because the Mo,C substrate
possesses Pt-like properties and can also serve as a barrier to prevent the Fe from diffusing into
the bulk, therefore retaining the HDO activity with enhanced stability.3-® Similarly enhanced
stability is also observed on Co/Mo2.C/Mo(110) for the furfural HDO reaction, compared to
Co/Pt(111).393%

Research progress on the conversion of lignocellulosic biomass over TMC catalysts has
been summarized by several reviews. Xiong et al. summarized and compared different bimetallic
and TMC catalysts that can be used to achieve desired bond-cleavage sequence for reforming and
HDO reactions of biomass-derived molecules.* Bhan et al. summarized the synthesis of TMCs and
in situ chemical titration techniques to identify different sites on the bifunctional TMC catalysts.*
Medlin et al. reviewed the bifunctional catalysts for the HDO reaction of pyrolysis oil and model
compounds from biomass derivatives, with a focus on the influence of catalyst structures on
reactivity.** This chapter aims to summarize the recent findings of HDO reactions of biomass-
derived molecules with different structures (linear-chain vs. ring-containing) over TMC model
surfaces. DFT calculations, surface science studies on single crystals. General trends in the HDO

of linear-chain and ring-containing biomass-derived molecules over TMC surfaces are drawn.

1.3 HDO of Linear-Chain Oxygenates

Linear-chain oxygenates represent an important class of biomass-derived molecules. Simple
linear-chain molecules are often used as model compounds for the study of more complex biomass
derivatives. Their relatively simple molecular structures significantly reduce the computational

expense, and their relatively high vapor pressures allow the dosing into ultrahigh vacuum (UHV)



chamber for single crystal studies. C2 linear molecule such as ethylene glycol, glycolaldehyde and
acetic acid are good model compounds because they have the same C/O ratio as C5 and C6 sugars
and contain various functional groups. For the study of unsaturated fatty acids with relatively long
chains, acrylic acid can serve as a model compound because it has a shorter chain that contains
one C=C bond and one carboxylic acid functional group. In order to highlight the HDO reactions
of linear oxygenates over TMC catalysts, this section uses the reactions of C2 (acetaldehyde,
glycolaldehyde and acetic acid) and C3 oxygenates (propanal, propanol, 2-propanol and acrylic
acid) on TMC surfaces as examples to demonstrate the selective C-O/C=0 bond cleavage

capability of TMCs.

1.3.1 C=0/C-0O Bond Scission of C2 Oxygenates

As a major product of the ex-situ catalytic fast pyrolysis (CFP) of biomass, acetic acid can
be converted via various pathways, including DCO, HDO and ketonization (KET).*® Acetic acid
contains a C-O bond and a C=0 bond. Therefore, it can be used to probe whether the carbide
surface can promote the cleavage of one bond or both carbon-oxygen bonds. Using a combination
of DFT and UHV techniques, Yu et al. demonstrated that acetic acid undergoes complete C-
0/C=0 bond scission to produce ethylene on the WC surface.*? In comparison, when modified by
Ni, the Ni/WC surface tends to break the C-C and C-H bonds to yield the reforming products (CO
+ Ha).

TPD results reveal that ethylene is only produced on the WC surface, while Hz, CO and
CO: are produced on the 0.5ML and 1ML Ni-modified WC surfaces. HREELS measurements
demonstrate that acetic acid undergoes O-H scission to generate an acetate, CH3sCOO, intermediate
that binds to the WC and 1 ML Ni/WC surfaces. The disappearance of the v(C=0) mode (1711

cm?) at 200K indicates that the -COO group binds to the surfaces in a bidentate bonding



configuration. The main difference between the WC and 1ML Ni/WC surfaces is that the C-C
bond of acetate, indicative of the v(CC) mode at 1028 cm™, is preserved on WC up to 600 K but
cleaved on 1ML Ni/WC at above 500 K. This is consistent with the ethylene peak temperature of
640 K on WC, as well as the production of H2, CO and CO- between 500 K and 600 K on 1 ML
Ni/WC from the TPD results.

In order to compare the different interactions of the -COOH and —C=0 functional groups
on WC, TPD and HREELS measurements of acetaldehyde have also been performed on WC and
Ni/WC surfaces.* the TPD results reveal that the primary product over WC is ethylene, which is
formed by cleaving the C=0 bond of acetaldehyde between 300 K and 500 K. On Ni/WC, the
main products are Hz, CO and CHya, indicating that acetaldehyde undergoes C-C and C-H scissions.
HREELS experiments show that the v(C=0) mode at 1650 cm™* of acetaldehyde is weakened upon
increasing the temperature to 200 K and disappears at 300 K, indicating that acetaldehyde changes
to a di-c bonding configuration at 300 K. On Ni/WC, the attenuation of the 3(CCO) mode at 528
cm™ and the v(CC) mode at 1109 cm™* at 300 K suggests the start of C-C scission, which is
consistent with the TPD results.

Vohs et al. performed surface studies on the reaction of glycolaldehyde over a Mo.C
surface using TPD and HREELS.*® It is demonstrated that below 550 K, the primary product is
ethylene, with ethanol and acetaldehyde as minor products. These three products are all produced
from the deoxygenation reactions, indicating that Mo2C is highly selective toward the C-O/C=0
scission. HREELS results reveal that at temperatures below 200 K, glycolaldehyde bonds to Mo,C
via an n1(O) bonding configuration, which then transit to a di-c n2(C=0) bonding configuration
between 200 K and 300 K. The di-c n2(C=0) configuration weakens the C=0 bond, facilitating

the subsequent C=0 scission.*3



1.3.2 C=0/C-0O Bond Scission of C3 Oxygenates

TMCs have been studied extensively for the HDO of biomass-derived oxygenate
molecules. The production of fuels and chemicals from renewable biomass is an effective method
to reduce the dependence on fossil fuels and to alleviate environmental pollution.* The high
oxygen content in biomass derivatives often leads to undesirable side reactions or reduce the heat
value of the derivatives.* Therefore, efforts have been made to identify catalysts that selectively
cleave the C-O/C=0 bond while preserving the C-C bond in biomass-derived molecules. TMCs
have shown promise in the selective bond scission in biomass-derived molecules. Due to the
complexity of biomass derivatives, model compounds have been used for the study of C-O/C=0
bond scission. TMC single crystals and powders have been studied extensively for the HDO
reaction of C3 oxygenates containing one hydroxyl group. For example, temperature programmed
desorption (TPD) experiments revealed the formation of the HDO product, propylene, from the
reactions of both propanal and 1-propanol over M02C/Mo(110), with desorption peaks at 390 K
and 403 K, respectively.’® The similar propylene desorption peak shapes and temperatures
suggested that both propanal and 1-propanol went through similar intermediates (propoxide or
n2(C,0)-propanal), as confirmed by the high-resolution electron energy loss spectroscopy
(HREELS) measurements. It is worth noting that the selective C-O/C=0 bond scission over
Mo.C/Mo(110) was not observed over transition metal surfaces,*®® therefore highlighting the
unique HDO selectivity of TMC surfaces.

Ren et al. extended the promising results from single crystal surfaces to Mo.C powder
catalysts for the HDO reaction of a variety of C3 oxygenates (propanal, propanol, 2-propanol, and
acetone).*® It was found that propylene was the major product for all reactants, with propane being

a minor product. The yields of C2 products were less than 2%, suggesting that Mo>C was highly



selective in breaking the C-O/C=0 bonds while preserving the C-C bond. They also studied the
effect of H on the stability of Mo2C, and found that by co-feeding H. the steady-state conversion
was around 50% at 573 K, whereas the catalyst deactivated rapidly without co-fed Ha. It was also
shown that with co-fed Hz, H2O was produced from the removal of surface oxygen by H.. The
authors also showed that even with excess Hz, the HDO product from propanal was mainly
propylene instead of propane, which was the main HDO product over precious metal catalysts.**>°

DFT calculations were performed to explain the high selectivity of Mo,C toward the C-
0/C=0 bond scission.’® Upon adsorption, propanal underwent C-O bond scission with an
activation barrier of 0.61 eV. In contrast, the activation energy for C-C bond scission was 1.21 eV,
consistent with the experimental observation of low activity toward C-C bond scission. The
authors also used DFT calculations to investigate the effect of hydrogen on surface oxygen
removal. The dissociative adsorption of H> onto the O-bound MoC surface site was favorable,
with a barrier of 0.46 eV. The resulting OH* underwent reaction with another OH* to produce
water and O* with a barrier of 1.18 eV, thereby removing surface oxygen to enhance the stability
of Mo2C, which was consistent with the experimental results. In another study, Ren et al. also used
DFT calculations to investigate the reaction pathways and energetics of propanal and propanol
deoxygenation over WC(0001). Propanol chemisorbed on WC(0001), releasing 1.05 eV energy,
and underwent O-H bond scission to form the propoxy (CH3CH2CH,0) intermediate with an Ea
of 0.66 eV. The C-H bond scission of chemisorbed propanol was unfavorable, as the barrier was
1.50 eV. The propoxy intermediate preferably went through further dehydrogenation to form the
CH3CH2CHO intermediate, which was the same intermediate produced from propanal adsorption.
Such an intermediate readily underwent C-O/C=0 bond scission selectively to form propylene,

with an activation energy of 0.33 eV and a reaction energy of -2.42 eV, indicating that the reaction



was both kinetically and thermodynamically favorable. Overall, DFT calculations predicted that
both M02C(0001) and WC(0001) were highly selective toward C-O/C=0 bond scission. Ren et al.
compared the HDO of propanal over Mo>C and WC powder catalysts. It was found that Mo2C
showed a significantly higher propanal steady-state conversion (~40%) than WC (<20%). They
attributed this to the smaller particle size of M0,C (3~5 nm), as compared to the large WC particles
(~100nm) resulting from the higher synthesis temperature (1273 K) necessary to achieve the WC
phase. Nonetheless, both Mo.C and WC showed high selectivity to propylene (~60%), consistent
with the DFT predictions that both catalysts should be highly selective towards C-O/C=0 bond
scission.

In addition to HDO reactions involving C3 mono-oxygenates, TMCs and TMNSs have also
been extensively studied for reactions involving C3 oxygenates with more than one hydroxyl
groups, including 1,2-propanediol (1,2-PDO), 1,3-propanediol (1,3-PDO), and glycerol. Lin et al.
compared the reaction pathways of 1,2-PDO, 1,3-PDO, and glycerol over a Mo2C/Mo(110) surface
and found that all three molecules underwent total C-O bond scission to produce propylene.®® In
addition, the propylene desorption peaks from glycerol and 1,2-PDO had similar shapes and peak
temperatures (378 K), indicating that the HDO of both molecules occurred with similar
intermediates, as verified by the HREELS measurements. In contrast, 1,3-PDO had a broader peak
at higher peak temperature (533 K) from TPD and a different intermediate from HREELS,
suggesting that the reaction intermediate for 1,3-PDO was different than the other two molecules.
These results indicated that 1,2-PDO might be used as a surrogate molecule for glycerol in gas-
phase HDO studies due to the higher vapor pressure of 1,2-PDO compared to glycerol.

Furthermore, Wan et al. studied the glycerol HDO reaction over Mo.C/Mo(110) and

Cu/Mo0.C/Mo(110) surfaces and discovered different reaction pathways depending on the Cu
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coverage.® On Mo,C/Mo(110), all C-O bonds of glycerol were cleaved to form propylene (39
amu). As the Cu coverage was increased, less propylene was formed but allyl alcohol (57 amu)
and propanal (58 amu) were produced resulting from the scission of two C-O bonds of glycerol.
As Cu coverage was further increased, the amount of allyl alcohol and propanal formation
decreased, indicating that these two pathways were only favorable at the Cu/Mo.C interface. In
the meantime, the amount of acetol (74 amu) production increased continuously as the Cu coverage
was increased. Acetol became the dominant product when Cu coverage reached greater than one
monolayer (ML), suggesting that acetol production was preferred on the Cu site of the surface.
The authors attributed the tunable reaction pathway to the extent of interaction between the surface
and the oxygen atoms in glycerol. Mo.C interacted with O strongly and therefore broke all the C-
O bonds in glycerol. When Mo.C was modified by sub-ML Cu, the interaction with O was
weakened at the Cu-Mo.C interface and only two C-O bonds of glycerol were cleaved as a result.
When Mo.C was fully covered by Cu, the interaction between O and the surface was further
weakened and only one C-O bond of glycerol was broken to produce acetol. This work
demonstrated that the oxygen binding energy on a TMC surface could be tuned with an admetal,
and in turn provided a useful strategy for controlling reaction pathways to produce different HDO
products.

The reaction mechanism of propylene formation from glycerol over Mo,C has been
investigated using DFT calculations.>? Glycerol adsorbed strongly via its three oxygen atoms on
three Mo atoms of a Mo-terminated M0>C(0001) surface with a binding energy of -2.12 eV. The
higher binding energy of glycerol when compared to that of ethylene glycol over Mo>C (0001) (-
1.07 eV)*3 was ascribed to the interaction between the additional oxygen atom in glycerol and the

surface, as well as the Van der Waals interactions considered during the calculations. Upon
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adsorption, O-H bond scissions (Ea = 0.03 - 0.28 eV) were found to be more preferable than C-O
bond scissions (Ea = 0.98 - 1.11 eV). In the subsequent step, O-H bond cleavage of the alkoxide
intermediate (barriers between 0.09 and 0.20 eV) was again more favorable than C-O or C-H
scissions (Ea = 0.89 — 1.30 eV), even though C-O bond scission was equally favorable by
thermodynamics considerations. In the third step, the CH.OH-CHO-CH>O* again preferred to
undergo O-H bond breaking with a substantially lower barrier (0.21 eV) than those of C-O bond
cleavages (0.68 — 0.73 eV). The CH20-CHO-CH20O* intermediate underwent stepwise C-O bond
scissions with activation barriers of 0.48 eV (secondary C-O bond), 0.31 eV (primary C-O bond),
and 0.15 eV (primary C-O bond). Compared with C-H bond scissions or O-H bond formation, the
sequential C-O cleavages were more kinetically favored. The DFT-calculated optimal reaction
pathway agreed well with experimental results, in which glycerol underwent three sequential C-O
bond scissions to produce propylene.

The reaction pathways of glycerol on Mo.C and Mo2N have also been compared by Lin et
al..>* On the one hand, glycerol underwent three C-O bond scissions on both Mo,C and MozN to
produce propylene. This similarity was likely due to the strong interaction between the oxygen in
glycerol with both surfaces. On the other hand, propylene desorbed from Mo2C with a peak
temperature of 389 K, whereas a peak temperature of 480 K was observed over MozN. Aside from
the production of propylene from both surfaces, glycerol also underwent scission of two C-O bonds
on MozN to form propanal and allyl alcohol with peak temperatures of 476 K and 418 K. The
different reaction pathway over Mo2N was attributed to the geometry of the surface where some
Mo sites were blocked by N to facilitate the selective cleavage of two C-O bonds instead of all
three. Overall, the combined experimental and theoretical investigations demonstrated that Mo,C

selectively broke all the C-O bonds in glycerol, 1,2-PDO, and 1,3-PDO to produce propylene. The
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modification by Cu could control the cleavage of specific numbers of C-O bonds to produce value-
added products such as allyl alcohol and propanal. In comparison, Mo2N was able to not only
break all the C-O bonds of glycerol to form propylene but also cleave two C-O bonds to produce
allyl alcohol and propanal. In addition to C3 oxygenates, Mo2C catalysts also showed high HDO

selectivity for furfural®® and anisole®.
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Scheme 1.1 Summary of reaction pathways of C2 and C3 oxygenates on TMC surfaces.
Reproduced from Lin et al.,*® with permission from The Royal Society of Chemistry. Copyright
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Scheme 1 summarizes the pathways of the C2 and C3 oxygenates discussed. Overall, from
the studies of linear C2 and C3 oxygenates, Mo>C and WC have similar catalytic property at lower
temperature (<550 K). Both carbides tend to cleave all the C-O/C=0 bonds to form ethylene or
propylene as the major product. HREELS observations on the reactions of the C2 and C3
oxygenates suggest that in general WC and Mo2C interact strongly with the C-O/C=0 bonds,
which facilitates the cleavage of the bonds. It is also noticed that when WC is modified with Ni,

the reaction pathway shifts from C-O/C=0 scission toward the C-C bond scission.

1.4 HDO of Ring-Containing Oxygenates

The investigation of TMCs for HDO at low temperature and pressure has been extended to
furanic oxygenates and lignin derivatives. Furanics are oxygenates containing furan rings. For
example, furfural and 5-hydroxymethylfurfural are two platform furanic molecules that can be
further upgraded via HDO to valuable fuels and chemicals, such as 2-methylfuran, furfuryl
alcohol, dimethylfuran and levulinic acid.®*® The lignin fractions of lignocellulosic biomass are
amorphous polymers consisting of phenolic compounds, making lignin derivatives as viable
biomass sources to produce aromatic compounds via HDO. The C-C bond hydrogenation or the
undesired C-C bond cleavage by hydrogenolysis can occur concurrently with HDO reactions. Due
to the strong C-O bond strength (422-468 kJ mol™), it is often difficult to selectively break the C-
O bond while preserving the aromatic ring. High temperature (500-700 K) and pressure (1-30
MPa) are usually used to cleave the C-O bond in an aromatic molecule and mitigate coking.? Due
to their preference toward C-O/C=0 bond scission over C-C bond cleavage, TMC catalysts have
been explored for the HDO of both furanics and lignin derivatives HDO reactions. This section

uses furfural and guaiacol as examples of ring-containing molecules to demonstrate the high HDO
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selectivity of Mo2C. The HDO reactions of other ring-containing molecules over TMC catalysts

are also summarized.

1.41 C=0/C-0O Bond Scission of Furfural over Mo.C Surfaces

The hemicellulosic fragment of lignocellulosic biomass can be converted into a platform
chemical known as furfural, which can be further upgraded via hydrogenation or HDO reactions
to valuable chemicals, such as furfuryl alcohol, tetrahydrofurfuryl alcohol and 2-methylfuran (2-
MF).2 The conversion of furfural to 2MF, which requires selective removal of the oxygen from
the C=0 bond outside the furan ring, is of particular interest for fuel production.

Shi et al. performed DFT and microkinetic calculations to provide fundamental
understanding of the HDO reaction mechanism.3* The DFT results provide insights into the
adsorption configuration, activation barrier and the effect of hydrogen partial pressure on the
product selectivity. Five adsorption configurations of furfural on a Mo2C(101) surfaces are
compared, including the cis- and trans-furfural. The most stable configuration is the cis-furfural
absorbed via the n2(C=0) bonding configuration with the C=0 bond elongated and furan ring tilted
away from the surface. Based on the optimized adsorption configuration, the subsequent activation
barrier calculation on M02C(101) reveals that there is a critical initial step, in which the activation
barriers of all possible pathways differ significantly. Two competing pathways are then identified:
C-H scission to produce a F-CO intermediate that leads to furan formation and hydrogenation to
produce a F-CH20 intermediate that results in 2-MF production.

The effect of hydrogen coverage on the reaction pathways has also been calculated on
hydrogen pre-covered surface. Compared to furfural on the clean Mo.C surface, the activation
barrier for each pathway changes with the increase of hydrogen coverage. The furan production

pathway is no longer favored. The two competing pathways become 2-MF production and furfuryl
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alcohol production, with F-CH>O being a common intermediate for both pathways. In order to
bridge the pressure gap between first-principles calculations and reactor studies, microkinetic
modeling is performed to evaluate the activation barrier, reaction energy and reaction rate constant
for the furfural HDO and DCO reactions over the MoC surface at reaction conditions (ambient
pressure or Ho-pressurized condition). It is shown that DCO (furan production) is preferred on the
clean Mo2C surface, while the HDO reaction (2-MF production) is preferred on 4H pre-covered
surface, which is consistent with reactor study results that 2-MF production dominates at relatively
high hydrogen partial pressure.

The HDO of furfural over the Mo2C surface has been investigated using TPD and
HREELS.34345 TPD results indicate that 2-MF is the major furan ring-containing product from
furfural.®® To determine if furfuryl alcohol is an intermediate for the conversion of furfural to 2-
MF, Xiong et al. also performed parallel TPD and HREELS measurements following the reaction
of furfuryl alcohol.®® It is found that furfuryl alcohol also produces 2-MF with a similar peak
temperature as that of desorption of 2-MF produced from furfural. HREELS observations on
furfural over Mo,C suggest that furfural primarily bonds to Mo,C via the carbonyl group.®*+ The
binding configuration changes from n1(O) to di-o m2(C,0) configuration upon increasing the
temperature from below 200 K to 300 K.*3 A 2-MF-like intermediate is observed when temperature
is increased to 300K after dosing furfural or furfuryl alcohol onto hydrogen pre-covered Mo.C
(110). This also suggests that furfural may first undergo hydrogenation on the carbonyl group to
form furfuryl alcohol and then proceeds to form 2-MF, consistent with the DFT calculation.3* The
selective carbonyl C=0 scission suggests that the C=0 bond outside the furan ring is more reactive

than that in the furan ring. The general similarity among DFT calculations, UHV experiments and
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reactor studies suggests the feasibility of using model surface calculations and experiments to

guide the rational design of powder catalysts.

1.42 DFT Calculations of Guaiacol over the TiC Surface

Guaiacol contains both phenolic and methoxyl functional groups and is reported as one of
the main products from lignin depolymerization.3* The HDO of guaiacol can be used to evaluate
the catalytic activity and selectivity for the conversion of depolymerized lignin streams. DFT
calculations have been performed to investigate the HDO reaction of guaiacol over a range of
transition metal ceramics, including carbides.® The guaiacol HDO reaction energy was compared
among TiOz, TiC, TiN, TiS; and TiP. The TiC surface first dissociate H; into atomic H, which is
then added to guaiacol to assist the cleavage of the C-O bond between the benzene ring and the
methoxy group (Ph-OCHz bond). The C-O bond in the -OCHj3 group is also broken, and hydrogen
is added to form CH4 and H2O. This deoxygenation/hydrogenation step of the -O-CHs group is
thermodynamically favored as the reaction energy difference is over 1 eV. The resulting phenol-
like intermediate subsequently undergoes C-O scission to form a benzene-like intermediate and
atomic oxygen, which is then hydrogenated and desorbs as water. The benzene-like intermediate
is further hydrogenated and desorb as benzene. It should be noted that in this HDO pathway, the
Ph-OCHz bond scission is preferred over the Ph-OH bond cleavage.

In summary, the HDO reaction pathways of linear and ring-containing biomass derivatives
over TMC model surfaces are compared. Due to their strong interaction with oxygen, TMC
catalysts exhibit excellent C-O/C=0 bond cleavage selectivity, which makes them promising
catalysts for upgrading biomass-derived oxygenates. Several model compounds are used to
illustrate the HDO activity over TMCs. In the case of C2 and C3 linear-chain oxygenates, Mo,C

and WC tend to cleave all the C-O/C=0 bonds to produce ethylene and propylene, respectively.
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As for ring-containing molecules, the location of the oxygen significantly impacts the C-O/C=0
bond reactivity. For example, the C=0 bond in the carbonyl group in furfural is much more reactive
than the C-O bond in the furan ring. Therefore, Mo2C selectively cleaves the carbonyl C=0 bond
to produce 2-MF. Despite their excellent C-O/C=0 scission capability, TMCs are subject to
deactivation due to the poisoning by oxygen and carbonaceous species, which interact strongly
with the catalyst surface. In some cases, hydrogen is found to be capable of alleviating the
deactivation by removing surface oxygen as water.

The feasibility of combining DFT calculations and microkinetic modeling with parallel
experimental studies on model surfaces and powder catalysts to identify promising TMC catalysts
for the HDO reaction of biomass derivatives is also demonstrated. For instance, two competing
reaction pathways of furfural over Mo2C (C-C scission and C=0 scission) are identified by DFT
calculation and microkinetics modeling.* With the increase of hydrogen partial pressure, the
dominant pathway shifts from furan production (C-C scission) to 2-MF production (C=0O scission),
which is consistent with flow reactor results that higher hydrogen partial pressure promotes the

C=0 scission pathway to form 2-MF.

1.5 Dissertation Outline and Approach

TMCs, TMNs, and TMOs have all shown promising activity, selectivity, and stability for
the C-O/C=0 bond scission of biomass-derived oxygenates. The active sites and reaction
mechanisms over these catalytic materials are distinct and are often not well understood.
Therefore, it is important to study and compare these materials to gain insights that will help the
rational catalyst design for desired biomass conversion reactions. In addition, theoretical
calculations and surface science techniques often provide critical information regarding the

intrinsic catalytic properties of materials. Therefore, this dissertation focuses on the mechanistic
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studies of linear and ring-containing biomass-derived oxygenates over TMC/TMN/TMO surfaces
based on first-principles Density Functional Theory (DFT) calculations and model surface
experimentations. There are seven chapters in this dissertation following the Introduction Chapter.

Chapter 2 introduces the experimental and theoretical techniques for studying the HDO
reactions of various biomass-derived oxygenates in this dissertation. In this chapter, techniques
used for the catalytic surface preparation will be discussed in detail, which include ion sputtering,
physical vapor deposition (PVD), and chemical vapor deposition (CVD) methods. Surface
characterization techniques will also be discussed, which include Auger electron spectroscopy
(AES) to identify surface composition, temperature programmed desorption (TPD) to collect
information about gas-phase products, and high-resolution electron energy loss spectroscopy
(HREELS) to determine surface intermediates. Density function theory (DFT) calculations will
also be reviewed to show how it can provide useful information regarding active sites and reaction
mechanisms.

Following the review of experimental and theoretical methods, Chapter 3 demonstrates an
example of using Co-modifier to enhance the stability of Mo.C for the furfural HDO reaction.
Furfural is an important biomass platform chemical that can be further upgraded into various
value-added chemicals and fuel additives. It is also a ring-containing molecule that has a
substantially different structure than linear-chain molecules. This chapter explains how one can
enhance the stability of the highly active and selective Mo.C to achieve the production of a
valuable fuel additive 2-metylfuran from furfural.

Chapter 4 then shows the design principles for tuning the reaction pathway of a linear-
chain molecule, glycerol, with Cu modifications. Since the three oxygen atoms in glycerol are in

a similar chemical environment as compared to those in furfural, modifications need to be made
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to achieve the selective scission of specific numbers of C-O bonds to form different valuable
products. Cu modifications demonstrate tunable reaction pathways based on the admetal coverage.
Despite the promising results, the low vapor pressure of glycerol hinders the experimentation at
ambient pressure and therefore the correlation between model surface experiments under ultrahigh
vacuum (UHV) conditions and the studies of industrial-relevant powder catalysts. In order to
address this issue, this chapter also demonstrates the feasibility of using 1,2-propanediol as a
surrogate for glycerol for vapor-phase mechanistic study using powder catalysts.

Chapters 3 and 4 illustrate the promising and tunable catalytic properties of Mo.C for the
HDO reaction of both ring-containing and linear-chain molecules, and that one can use a surrogate
molecule to facilitate the vapor-phase mechanistic studies of glycerol at ambient pressure. Chapter
5 compares the selective HDO reaction of glycerol over Mo2N and Mo.C. It is shown that MozN
not only cleaves three C-O bonds of glycerol to form propylene as Mo2C does, but also breaks two
C-0O bonds to produce allyl alcohol and propanal, which is only observed on the Cu/Mo2C interface
but not on Mo-C.

Following the comparison between TMC and TMN surfaces, Chapter 6 discusses the
reaction pathways of glycerol over an inverse oxide model surface, WOx/Pt(111), and reveals
active sites and reaction mechanisms that are completely different from those of TMCs and TMNSs.
It is shown that Pt sites catalyze the hydrogenation reaction, whereas WOy sites promote the
dehydrogenation reaction due to the presence of hydroxyl groups on the surface. Strategies for
tuning the active sites on the surface are also discussed based on the DFT predictions on in situ
generated Bronsted acid sites.

Chapter 7 then summarizes the studies on transition metal carbide, nitride and oxide

surfaces discussed in this dissertation. By comparing the three types of catalytic surfaces, insights
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into application-dependent rational catalyst design are gained. This chapter also points out future
research directions. For example, the inverse oxide design used in Chapter 6 can be extended to
the studies of relevant metal oxide/metal systems to reveal the intrinsic catalytic properties at the
interface. It is also pointed out that the combination of first-principles DFT calculations, model
surface experiments, and in situ characterization using ambient-pressure X-ray photoelectron
spectroscopy (XPS) and X-ray adsorption (XAS) techniques provides in-depth understanding
regarding the active sites and reaction mechanisms and should be used whenever possible.
Furthermore, with the recent advances of machine learning in catalysis, it is possible to combine
machine learning with multiscale modeling (DFT, microkinetics modeling, kinetic Monte Carlo
simulations, and molecular dynamic simulations) to accelerate the identification of optimal

compositions of TMC/TMN/TMO catalytic materials.
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Chapter 2: Experimental and Theoretical Methods

2.1 Overview

In this dissertation, model surface experiments and theoretical calculations are used to
investigate the intrinsic catalytic properties of materials. Due to the complexity of industrial
powder catalysts that involves heat and mass transport processes and reaction on multiple facets,
fundamental understandings regarding the intrinsic kinetics are difficult to obtain. Surface science
experimentations and first-principles calculations on well-define model surfaces under ideal
conditions (e.g., ultrahigh vacuum) are therefore necessary to overcome this difficulty. This
chapter will introduce surface preparation methods, surface science techniques, and first-principles
density functional theory (DFT) calculations that are commonly used for the studies presented in

Chapters 3 — 6.

2.2 Surface Preparation

Single crystals and thin films studied in this dissertation are cleaned by Ne* sputtering and
annealing. The surface purity is verified by the elemental composition detected using Auger
electron spectroscopy (AES). The synthesis of catalytic systems of interest are usually conducted
using physical vapor deposition (PVD) or chemical vapor deposition (CVD) methods. The sections

below describe the two deposition processes.

2.2.1 Physical Vapor Deposition
Physical vapor deposition (PVD) is used for depositing metal overlayers on carbide and
nitride surfaces. The setup for PVD is shown in Figure 2.1. A wire of the metal to be deposited is
reeled around a tungsten coil that is attached to a DC power supply. The metal source is covered
with a shield to direct the metal vapor to the surface. During the PVD process, the substrate is
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maintained at a designated temperature depending on the application, and placed in front of the
metal source, which is heated with a current high enough to facilitate the deposition at a reasonable

rate.

Heating Wires —___ Thermocouples

DC

Power

Supply

Figure 2.1 Setup for physical vapor deposition. Reprinted from Chen et al.,® Copyright © 2008

Elsevier.

The growth mechanism of the metal overlayer can differ depending on the type of substrate
and admetal. As illustrated in Figure 2.1, the admetal can grow in a layer-by-layer fashion by the
Frank van der Merwe growth mechanism, or in a 3-dimensional (3-D) island fashion following the
Volmer-Weber (VW) mechanism.! The determining factor is the cohesive energy between
overlayer metal atoms in relation to the binding energy between the overlayer atoms and the
substrate. If the former is larger, then 3-D island formation will be more favorable than the layer-

by-layer growth mechanism, and vice versa.
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Figure 2.2 Growth mechanism of metal overlayer. Reprinted from Chen et al.,* Copyright © 2008

Elsevier.

The growth mechanism can be characterized using Auger Electron Spectroscopy (AES),
as will be mentioned in Section 2.3.1. The AES peak-to-peak intensity of the admetal and the
substrate can be plotted as a function of the deposition time. Distinct breakpoints will be observed
in the case of layer-by-layer growth (Figure 2.3 a) but not with 3-D island formation (Figure 2.3
b). The first breakpoint also indicates the completion of the first monolayer, and can be used to
determine the time needed for the deposition of a monolayer of admetal.?

—
.

b

N

Figure 2.3 AES characterization of growth mechanism: peak-to-peak intensity of admetal and

substrate as a function of deposition time. Reprinted from Chen et al.,* Copyright © 2008 Elsevier.
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2.2.2 Chemical Vapor Deposition

Chemical vapor deposition is used to prepare WO/Pt(111) surfaces. The deposition of
WOy utilizes the W(CO)e precursor, which is adsorbed onto Pt(111) at liquid nitrogen temperature.
In order to facilitate the vaporization of the solid W(CO)s precursor, the entire gas line from the
sample cylinder to the gate valve is heated to and maintained at above 413 K during the deposition
process. Mass spectrometry is used to monitor the dosing of W(CO)s. AES measurements are taken
to confirm the presence of W on the surface. Then, the surface is exposed to 5*10~ Torr of Oz and
heated to 573 K at 0.5 K/s and held there for 30 minutes to oxidize the decomposed tungsten on
the surface. Once WOy forms on the surface after the 30-minute oxidation process, the surface is
heated to 950 K in the same oxygen environment to remove excess carbon, followed by an AES
measurement to confirm the presence of W, O and, Pt on the surface. Before the surface is exposed

to reactants, it is reduced at 473 K in 5*10° H, for 10 min.

2.3 Experimental Techniques

2.3.1 Auger Electron Spectroscopy

Auger Electron Spectroscopy (AES) is used to identify the surface elemental composition
and their characteristics. In this thesis, a cylindrical mirror analyzer (CMA) was used for AES
measurements. During a measurement, the sample of interest is placed in front of the AES, with
the distance depending on the particular CMA device. An electron beam (typically with an energy
of 3 keV) is directed towards the sample to initiate the Auger process (Figure 2.4). During the
Auger process, a core electron of the surface element is knocked out by the incoming electron
beam. At the same time, an electron from a higher energy level fills in the core hole, releasing
energy that promoted the emission of an electron in an even higher energy level. This ejected

electron carries energy that is elemental-specific, which can be used to determine the identity and
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concentration of the surface elements. The ejected electron goes through a parabolic trajectory and
is collected by the electron detector, on which a spectrum is recorded. Typically, the spectrum is
differentiated for analysis. The peak location informs the identity of the element (e.g., Pt, Fe, Mo,
etc.), and the peak-to-peak height informs the concentration of the element when normalized by a

sensitivity factor and divided by the sum of the normalized peak-to-peak height of all elements.
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Figure 2.4 Schematic of the Auger process that involves three electron transfer.

The kinetic energy of the ejected Auger electron can be calculated with Equation 2.1, where

Ex, Ey,, E,,;» and Ev are the energies of the core electrons, electrons on the L, orbital, electrons on

the Ly orbital, and electrons in vacuum. This kinetic energy is elemental specific and is
independent of the energy of the incident beam.

Kinetic Energy = (Ek — EL,) — (EL,,, — Evac) (2.1)

Equation 2.2 shows the method for estimating the coverage of an overlayer.? I, Sa and Ig,
Sg are the peak-to-peak intensities and sensitivity factors of the overlayer and the substrate,
respectively. The atomic diameter of the overlayer atom is represented by d. Aimtp(EA) and

Mimin>(Eg) are the mean-free-paths of electrons at the peak energies of element A and B,
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respectively. Cos(0) is the emission angle from surface normal, which is specific to the CMA. This
method is used in this dissertation for estimating the metal overlayer coverages, the trend of which

is verified by experiments.
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2.3.2 Temperature-Programmed Desorption
Temperature-Programmed Desorption (TPD) is a technique that measures the desorption
of gas-phase molecules when a surface pre-dosed with reactant is heated up. Typically, the
catalytic material is exposed to reactants at a low enough temperature to facilitate adsorption,
followed by subsequent heating at a linear rate in front of a mass spectrometer that records the
TPD spectra. The information that TPD experiments provides include the identity of the gas phase
products based on the m/e ratio, the concentration of the products based on the peak area, the
adsorption strength or activation barrier of product formation based on the peak temperature, and
the desorption order based on the peak shape.® The desorption process can be modeled using
Equation 2.3, where rq is the desorption rate, which is indicated by the mass spec intensity
experimentally; kq is the desorption rate constant; 0 is the coverage. Clearly, rq is proportional to
the product of kq and 6, both of which are functions of temperature. This equation in fact explains
the origin of TPD peaks as shown in Figure 2.5.2 While 8 decreases with temperature, kq increases
with temperature. Therefore, the product of the two appears as a peak, indicating that rq starts from
zero and increases with temperature initially. After reaching a maximum value, rq starts to decrease

and eventually goes back to zero as 0 reaches zero.
In fact, further analysis with the desorption kinetics using the Redhead equation provides

quantitative information regarding the activation energy for desorption for unactivated adsorption

33



processes. In the Redhead analysis,* after establishing the relationship between temperature (T)
and time (t) using Equation 2.4, the derivative of 6 with respect to T is set to zero at the peak
temperature (Equation 2.5). This allows the derivation of Equation 2.6 that can be used to estimate
the activation barrier for desorption given the peak temperature. In the special case for first-order
desorption with a heating rate of 3 K/s and a pre-exponential factor of 1*10% s%, the equation can
be further simplified to the following: Ea = 0.06*T,, where Ea is the activation energy for
desorption in kcal/mol and T, is peak temperature in Kelvin (K). Such simplification allows one

to quickly estimate Ea, which is very helpful for data analysis and experiment design.

TPD peak

Intensity

Temperature (K)

Figure 2.5 Origin of a TPD peak with contributions from 6 and k.
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2.3.3 High-Resolution Electron Energy Loss Spectroscopy

High-resolution electron energy loss spectroscopy (HREELS) is a technique that uses
electrons to excite chemical bonds within molecules to detect the associated vibrational modes by
means of dipole scattering and impact scattering. The detectability of dipole moments on catalyst
surfaces follows the surface dipole selection rules,® as shown in Figure 2.6. A dipole moment that
is parallel to the surface will induce an opposite dipole moment on the surface, and thereby the net
dipole moment will be zero. Nonetheless, when a dipole moment is aligned in a perpendicular
configuration to the surface, the induced dipole moment will be of the same direction and strength
as the original dipole moment, and therefore the net dipole moment is twice that of the original
dipole moment. In the case where the dipole moment is at some angle (neither parallel or
perpendicular) to the surface, the net dipole moment equals to the perpendicular component to the
surface, the magnitude of which is 2pcos(0), where p is magnitude of the original dipole moment,

and 0 is the angle between the original dipole moment and surface normal.
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Figure 2.6 Surface Dipole Selection Rule.
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Dipole scattering

Impact scattering

Figure 2.7 Illustration of dipole and impact scatterings of incident electrons during HREELS

measurements.

Figure 2.7 shows the different types of electron scatterings that happen during an HREELS
measurement. In a typical process, low energy electrons are guided through two monochromators

before they reach the sample surface. After hitting the surface, electrons are scattered and collected
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by the detector. The energy loss of the electrons corresponds to the energy required to excite the
vibrational modes of chemical bonds in the adsorbate and therefore can be used to identify the
vibrational modes of the functional groups of the adsorbate. When electrons collide with the
surface, there are two types of scattering mechanisms: dipole scattering and impact scattering.
Dipole scattering produces electron beams that are relatively focused, with a A6 between 6° and
10°, where 0 is the angle between the incident electron beam and surface normal. But such
scattering mechanism only allows the detection of dipole moments that have a perpendicular
component to the surface. In contrast, electrons resulting from impact scattering are much more
diffused and scatter in all directions. Although lower in signal-noise ratio, impact-scattered
electrons can be used to detect vibrational modes either parallel or perpendicular to the surface.
During on-specular HREELS measurements (i.e., the angle incidence equals the angle of
scattering), both dipole and impact scatterings will be detected. If one needs to determine the
orientation of specific vibrational mode, one can tilt the surface slightly to conduct off-specular
measurements where electrons resulting from dipole scattering cannot enter the detector. As a
result, the peaks associated with vibrational modes more perpendicular to the surface will decrease
significantly, while those more parallel to the surface will remain relatively unchanged. Therefore,
HREELS can be used to measure dipole moments that have either parallel to perpendicular
components to the surface. In addition, due to the use of electrons, HREELS is highly surface-

sensitive, which makes HREELS an ideal technique for studying vibrational modes on the surface.

2.4 Theoretical Methods

2.4.1 Density Functional Theory
Density Functional Theory (DFT) uses electron density approximation to simplify the

Schrodinger Equation to significantly reduce computation expense for calculating catalytic
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systems of interest. Using the DFT method, many useful information for catalysis can be
computed, such as binding energies, activation energies, binding configurations, vibrational
frequencies, and density of states. Such information often provides insights into reaction
mechanisms that are difficult to reveal otherwise. This section provides a brief overview of the
DFT method, which has been summarized in greater detail by Chen et al..!

Equation 2.7 below is the Schrodinger Equation that describes the wave-like properties of
matters that DFT is based on.

AV =¢W (2.7)

The Hamiltonian describes the state of the system resulting from all the interactions. The
eigenfunction, wave function, describes the characteristic states of the system. The eigenvalues
represent the energy of the system. Solving this equation numerically is computationally very
expensive and therefore not feasible for most catalytic systems. The Hamiltonian consists of three
terms as shown in Equation 2.8. The first term accounts for the kinetic energy of the electrons, the
second term describes the electron-nucleus interaction, and the third term describes the electron-
electron interaction. While the first two terms are relatively easy to calculate, computing the third

term is very expensive.

7_ _lyn 2 N n “Zu n-1vn 1
H = T 4i=1 Vi—p=1 Zi=1r + X i1, (2.8)
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In order to simplify this equation so that it is computationally feasible, the DFT method
solves for electron density instead of individual electrons and effectively reduces the many-body
problem into a single-body problem based on the Hohenberg—Kohn theorem, as shown in the
Kohn-Sham equation (Equation 2.9). The first term represents the kinetic energy. The second term
is the effective potential (Equation 2.10), which consists of the nucleus-electron interaction,

electron-electron Coulomb interaction, and a third term called exchange correlation potential that
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accounts for the rest of the interactions. Given the exact exchange correlation potential, the exact
electron density can be calculated. Two main exchange correlations used in DFT calculations are
the local density approximation (LDA) and the general gradient approximation (GGA). LDA
assumes that the electron density to be a uniform electron cloud, whereas GGA accounts for the
first-order gradient of electron density and is more accurate. Commonly used GGA functionals

include the PW91, PBE, and RPBE functionals.t

(—%\72 + Vesr(r) — sj) () =0 (2.9)
Verr(r) = v(r) +f p( dr + Uy (2.10)

After selecting the proper exchange correlation, the total energy of the system can be
iteratively computed in the following manner. Equation 2.11 is first used to calculate an initial
guess of electron density, which is then used in Equation 2.10 to solve for the effective potential
that is substituted into Equation 2.9 to solve for the Kohn-Sham orbitals. The KS orbitals are then
used to calculate the electron density using Equation 2.11. until the electron density is self-

consistent within a specified tolerance.
p() = X eI (2.11)

The electron density can then be used to calculate the total energy of the system using
Equation 2.12, where the first term represents the kinetic energy for non-interacting systems, the
second term is due to Coulomb electron-electron interaction, the third term accounts for the

electron-nucleus interaction, and the fourth term represents the exchange correlation.

Elpl = =2 37 (@il 7lo) + 2 [ 224 ar ar' — [v(r)p(r)dr + Ere(p)  (212)
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In order to further simplify the calculations and reduce the computational expense,
pseudopotentials and periodic boundary conditions are used in slab DFT calculations. The use of
pseudopotential is based on the assumption that core electrons do not participate in chemical
reactions, and therefore an effective potential can be used to replace the core electrons. The
periodic boundary condition is based on Bloch's theorem by using the product of a planewave and
a periodic function to represent the wave function of an electron, as shown in Equation 2.13. The
periodic function can be further expanded into Equation 2.14, in which the G terms accounts for
the wave vectors of the reciprocal lattice vectors. Ideally, an infinite number of planewaves are
needed to achieve a perfect expansion. Nonetheless, due to the finite energy of the wave function,
the planewave basis set must be cut at certain energies. In order to achieve desired precision, the

cutoff energy for each element has to be tested individually.
Vi (r) = "7y (1) (2.13)

Unie(r) = X Cope + G (2.14)
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Chapter 3: Cobalt-Modified Molybdenum Carbide as a Selective

Catalyst for Hydrodeoxygenation of Furfural

3.1 Introduction

The catalytic upgrading of biomass into chemicals and fuels is a promising method to
address the current energy and environmental challenges.!® Many biomass-derived molecules
contain excess oxygen, which leads to low energy density and undesired reactivity to produce
byproducts® when used directly in the fuel and chemical sectors. In order to convert these
molecules into more valuable products, the excess oxygen needs to be selectively removed via the
hydrodeoxygenation (HDO) reaction without carbon-carbon bond scission. Among the biomass
derivatives, furfural is a promising platform chemical that can be produced from the dehydration
of xylose, a derivative from hemicellulose.” Furfural is an example of the over-functionalized
molecules that can be upgraded efficiently with the HDO reaction.

In this work, we focused on the conversion of furfural into 2-methylfuran (2-MF), which
is a promising fuel additive due to its high blending research octane number.” In the conversion
from furfural to 2-MF, C=0 bond cleavage of the external carbonyl group is required via the HDO
reaction. To selectively break the C=0 bond, a catalyst should bind to oxygen strongly enough to
cleave the C=0 bond to produce 2-MF and atomic oxygen, but weakly enough so that the oxygen
atom can be easily removed to complete the catalytic cycle. Thus, the oxygen binding energy of
the catalyst should play an important role in controlling the catalytic activity and stability.
Previously, copper-based catalysts have been reported to be active for the furfural HDO reaction.®
However, these reactions used copper chromite, which is toxic and not environmentally friendly.

More recently, bimetallic catalysts FeNi/SiO2 and bimetallic surfaces Fe/Ni(111) and Co/Pt(111)
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were reported to selectively convert furfural to 2-MF.%*! Bimetallic catalysts typically possess
different d-band characteristics and thus different binding energies from their parent metals. This
unique property allows the tuning of the activity and selectivity of the monometallic catalysts with
admetals.*® However, this unique property is structurally dependent. For example, it was reported
that the structure of a Co-overlayer deposited on Pt(111) showed higher 2-MF activity than the
Pt/Co/Pt(111) subsurface structure.!! At elevated temperatures, the Co-overlayer on Pt can easily
diffuse into the subsurface, decreasing the HDO activity for 2-MF production.

On the other hand, molybdenum carbide (Mo0.C) possesses similar bulk electronic
properties to Pt!3 and can also serve as a diffusion barrier to prevent the metal overlayer from
diffusing into the subsurface,’* making it a good substrate to maintain the metal overlayer
structure. By replacing the Pt substrate with Mo,C, the cost of the catalyst can also be significantly
reduced. In addition, Mo2C is a selective catalyst for the C=0 bond scission. For example, Mo.C
has been shown as a highly selective catalyst for the HDO reaction of C3 molecules, such as
propanol and propanal, to produce propylene.’®> Mo,C was also reported to selectively convert
furfural to 2-MF but deactivated quickly.'® The cause of the deactivation was considered to be
poisoned by the strong bonding of atomic oxygen'” and the polymeric derivatives of furfural® by
blocking the active sites on Mo2C.

It has been reported that admetals can be used to modify the binding energies of carbon,
oxygen and hydrogen on Mo.C.*8 This property can potentially be used to reduce the furfural and
oxygen binding energies on Mo2C to enhance the stability of the catalyst. In order to solve the
stability issues associated with the bimetallic and Mo.C catalysts, this work combines the
advantages of both types of catalysts and uses Co overlayer to modify MoC. In this way, the Co

overlayer reduces the oxygen and furfural binding energies on Mo.C to prevent the poison by these
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adsorbates to increase the catalyst stability, and the Mo2C substrate serves as a diffusion barrier to
stabilize the Co overlayer structure. Density functional theory (DFT) was used to calculate the
binding energies and bond lengths of furfural on M0.C(0001) and Co/M0.C/Mo(0001). The gas-
phase products were determined using temperature-programmed desorption (TPD) and the surface
intermediates and adsorption configurations were identified using high-resolution electron energy
loss spectroscopy (HREELS) under ultra-high vacuum (UHV) conditions. Parallel flow reactor
experiments were performed to verify the stability trend between Mo.C and Co/Mo.C powder

catalysts at ambient pressure.

3.2 Experimental and Theoretical Methods

3.2.1 DFT Calculations

All DFT calculations were preformed using the Vienna Ab initio Simulation Package
(VASP) [19-21] with the Projector Augmented Wave (PAW) method.?? Generalized Gradient
Approximation (GGA)?® and the PW91 functional®* were used with a kinetic cutoff energy of 400
eV. The total energies were minimized self-consistently using a convergence threshold of 10° eV.
The nuclear degrees of freedom were optimized to a force convergence threshold of 0.05 eV A2
A periodic 4x4 unit cell and a 3 x 3 x 1 Monkhorst—Pack k-point grid were used for all slabs. The
lattice constants of Mo-terminated Mo.C (0001) was previously reported.?> The Mo,C(0001)
surface was modeled by adding 20 A of vacuum onto a slab containing six alternate layers of Mo
and C, with a ratio of Mo/C=2. The Co-modified M0.C(0001) surface was modeled by adding an
atomic layer of Co over the Mo.C surface. The metal overlayer and the top Mo2C layer were
allowed to relax. The calculations were carried out with the implementation of spin-polarization.
The binding energy of the adsorbate on each surface was calculated by subtracting the free energies

of the slab and gas-phase adsorbate from that of the slab with adsorbate.
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3.2.2 Surface Science Experiments

The TPD experiments were carried out in an ultra-high vacuum (UHV) chamber with a
base pressure of 5x10° Torr. The chamber is equipped with an Auger electron spectrometer
(AES), a mass spectrometer (MS), a sputter gun and metal sources as previously described.?® A
Mo(110) single crystal was spot-welded to two tantalum posts for resistive heating. A K-type
thermocouple was spot-welded to the back of the crystal for temperature measurements. The
HREELS experiments were performed in a separate UHV chamber equipped with similar
instruments as the TPD chamber in addition to the HREELS spectrometer, as reported
previously.?” Samples were prepared in the upper chamber and subsequently lowered to the
HREELS chamber for measurements.

The procedure for preparing carbide-modified Mo(110) has been previously reported.?® In
a typical experiment, the Mo(110) crystal was cleaned using Ne* sputtering at 1000 K, followed
by annealing to 1200 K. Trace amount of carbon on the surface was titrated with oxygen at 1000
K and subsequently annealed to 1200 K. Carbide-modified Mo(110) surface, as a model surface
for Mo.C, was synthesized using cycles of ethylene dosing at 600 K and annealing to 1200 K until
a Mo/C atomic ratio of 2:1 was reached. Based on previous literature, the as-synthesized surface
should be Mo-terminated with a p(4x4) LEED pattern.?®® The Co overlayer was deposited onto
the Mo02C/Mo(110) surface using a metal evaporation source. 5L of hydrogen, corresponding to
half of the saturation coverage of atomic hydrogen, followed by 4L of furfural were introduced
into the chamber through a stainless-steel dosing line. For TPD experiments, the surfaces were
ramped at 3K/s and the desorbed gases were detected by the MS. For HREELS experiments, the
samples were flashed to the desired temperatures at 3K/s and then cooled down to 100K before

the spectra were recorded.
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Furfural (Sigma Aldrich, 99%) was transferred into a stainless-steel cylinder under N2
atmosphere and subsequently purified using freeze-pump-thaw cycles. Ethylene, hydrogen,
oxygen, neon and carbon monoxide gases were of research purity and were used without further

purification.

3.2.3 Synthesis and Characterization of Powder Mo.C and Co/Mo,C Catalysts

Ammonium molybdate tetrahydrate (99.98%, Sigma) was grinded and calcined in a muffle
oven with a ramp rate of 10K/min to 773K to synthesize MoOs. To carburize MoQOs, 40mg of the
as-synthesized MoOz was heated in a quartz tube reactor using a mixture of H, and CHs
(45mL/min; 90/10 v/v) at a ramp rate of 5K/min to 573K and held for 2 hours. The sample was
then ramped to 973K at 0.5K/min and held at 973K for 2 hours. Then the sample was cooled to
750K and held for 1 hour and the gas was switched to 40mL/min H> to reduce the carburized -
Mo.C sample.

Co/Mo0s was synthesized first by dropwise adding an appropriate amount of cobalt (I1)
nitrate hexahydrate solution to the ammonium molybdate tetrahydrate solution under stirring. The
precipitate formed was dried at 393K for 3 hours and calcined in a muffle oven to 773K at a ramp
rate of 10K/min. 40mg of the as-synthesized Co/MoOs was carburized and reduced using the same
procedure as that for MoO:s.

XRD patterns of the powder catalysts were obtained using a Rigaku Ultima X-Ray
Diffractometer equipped with a Ni filtered Cu Ko radiation source operated at 40 kV and 44mA.

Each sample was scanned at a step size of 0.01° at a rate of 6°/min between 20° and 80°.
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3.2.4 Reactor Experiments

The vapor phase reaction of furfural over powder catalysts was carried out at atmospheric
pressure in a quartz tube reactor housed within a tube furnace (Applied Test System). All flow
lines were heated to above 453K to prevent the condensation of effluent. After the reduction of the
Mo2C and Co/Mo2C catalysts at 750K, the temperature was lowered to the reaction temperature
of 523K, at which point the gases were switched to 20 mL/min H. After obtaining a stable
baseline, furfural vapor at a space velocity of 0.10 mL/(gcat™s) was introduced into the quartz tube
reactor by directing the H. through a bubbler containing furfural preheated to 323K. The molar
ratio of hydrogen to furfural was 80. The gas effluent from the reactor was measured by a residual

gas analyzer (Stanford Research System RGA200) equipped with a quadruple mass spectrometer.

3.3 Results and Discussion

3.3.1 DFT Calculations

DFT calculations were performed to investigate the adsorption configurations of furfural
on Mo2C(0001) and Co/M02C(0001). The atomic assignment is shown in Scheme 1 and the side
views of adsorbed furfural are shown in Figure 3.1. Table 3.1 summaries the C1-C2 and C1-O1
bond lengths and the binding energies of furfural on the two surfaces. Compared to gas phase
furfural, the C1-O1 bonds of adsorbed furfural on the Co/Mo0,C(0001) and Mo.C(0001) surfaces
are both elongated, consistent with a n2(C,0) bonding configuration via the carbonyl group. The
elongated C1-O1 bonds should facilitate the C1-O1 bond scission and the subsequent 2-MF
formation on both surfaces. In addition, the C1-C2 bonds are shortened on both surfaces, indicating

that the C-C scission pathway to form furan is not preferred.
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As summarized in Table 3.1, the oxygen and furfural binding energies are both stronger on
Mo2C(0001) than on Co/M02C(0001). This difference suggests that the surface oxygen and
furfural can be more easily removed from Co/M02C(0001) during the reaction, leaving the active
sites open for the subsequent reaction. Under UHV conditions, surface oxygen is likely to
recombine with surface carbon and desorb in the form of CO; under reactor condition at ambient
pressure with excess hydrogen, surface oxygen can be removed in the form of water. Since furfural
likely undergoes polymerization,® a lower furfural binding energy should facilitate the desorption
of furfural to avoid the poisoning by furfural and related polymeric species.

In addition, since it is not likely for the Co coverage of the powder catalysts to be exactly
1ML, the Co-Mo interface and multilayer Co on Mo2C surfaces were briefly investigated.
Calculations on the Co-Mo interface suggests that furfural adsorbs in an unstable geometry and
the furfural binding energy on the Co site is much lower than that on the Mo sites, which could
potentially result in a lower 2-MF activity on this interface. On the other hand, the similar furfural
binding energies on surfaces with Co coverage beyond 1ML should suggest similar 2-MF activities

on these surfaces.

Scheme 3.1 Atomic assignment of the furfural molecule.
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Figure 3.1 Side views of furfural absorbed on (a) M02C(0001) and (b) Co/Mo0.C(0001).

Table 3.1 Comparison of the bond lengths (A) and binding energies (eV) of furfural on

Mo2C(0001), Co/M0,C(0001)

Furfural
d(C;—-0 indi
C1-01(A) C1-Ca(A) % binding Snxeige”(s\'/r;d'”g
(€1=C2) Energy (eV) 9y
Gas phase 1.232 1.452 0.848
Mo2C(0001) 1.36 1.422 0.956 -3.62 -9.467
Co/Mo02C(0001) 1.349 1.416 0.953 -2.087 -7.963

3.3.2 TPD Results on Model Surfaces
TPD experiments were performed on Mo.C/Mo(110) and Co/Mo,C/Mo(110) surfaces to
determine the gas-phase products from the reactions and the stability of the surfaces. Figure 3.2
(@)-(b) show the TPD spectra of 2-MF desorbed from Mo2C/Mo(110) and monolayer (1ML)
Co/Mo02C/Mo(110) in three successive experiments without cleaning the surface after each TPD
measurement. As shown in Figure 3.2 (a), for the first TPD experiment, a relatively large amount
of 2-MF desorbs from Mo2C at 263K. However, for the second and third TPD experiments, the

yield of 2-MF decreases significantly. In contrast, Figure 3.2 (b) shows that a nearly constant
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amount of 2-MF desorbs at 301K from Co/M0.C/Mo(110) in the three successive TPD
experiments.

Comparing the results from the first TPD experiments, the 2-MF yield of Mo2C/Mo(110)
is higher than that of Co/M02C/Mo(110), which is consistent with the trend of oxygen binding
energies shown in Table 3.1. The high oxygen binding energy of Mo2C/Mo(110) promotes the
C=0 bond cleavage and improves the HDO activity, but also obstructs the removal of the surface
oxygen. Comparing the stability for 2-MF production between the two surfaces, M0.C/Mo(110)
deactivates rapidly after the first TPD experiment, while Co/M02C/Mo(110) maintains comparable
activity in subsequent TPD experiments. Figure 3.2(c) shows the CO desorption in the first TPD
experiments of both surfaces. No CO desorbs from Mo2C/Mo(110), while there are two CO
desorption peaks from Co/Mo02C/Mo(110) resulting from the removal of surface oxygen by
reacting with carbon. These results suggest that M02C/Mo(110) binds to oxygen too strongly such
that the atomic oxygen remain on the surface, blocking the active sites and poisoning the catalytic
surface. But the lower oxygen binding energy of Co/Mo0.C/Mo(110) facilitates the facile removal
of surface oxygen during the reaction, leaving the active sites available for the next reaction.

Quantification of the gas-phase products is achieved using a previously reported
procedure.! The results (Table 3.2) indicate that 2-MF and furan are the two furanic compounds
observed. The reaction pathways for 2-MF and furan formation are shown in Scheme 3.2. The
selectivity to 2-MF is 88% for M02C/Mo(110) and 72% for Co/Mo02C/Mo(110). Similar to the 2-
MF production, the furan production on M02C/Mo(110) decreases rapidly after the first TPD
experiment. This again suggests that the surface deactivated after the first TPD experiment.

Meanwhile, on Co/M0.C/Mo(110) the activities for 2-MF and furan production remain relatively
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constant for the three successive TPD experiments,

Co/M02C/Mo(110) is better than that of Mo,C/Mo(110).

indicating that the stability of

Investigation of the effect of cobalt coverage on the 2-MF activity suggests that the Mo-

Co interface is slightly less active towards 2-MF production compared to the Mo.C/Mo(110) and

1ML Co/Mo0.C/Mo(110) surfaces, while surfaces with Co coverage greater than 1ML show similar

2-MF activities, consistent with the DFT calculations. The results on the stabilities of

Mo2C/Mo(110), 0.25ML, 1ML and 2ML Co/Mo02C/Mo(110) show that the presence of Co

enhances the stability of not only 1ML Co/Mo2C, but also partially covered or multilayer Co/Mo2C

surfaces.
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Figure 3.2 Spectra of 2-MF (82 amu) with an exposure of 4L furfural on hydrogen pre-dosed (a)

Mo2C/Mo(110) and (b) monolayer (1ML) Co/Mo02C/Mo(110) surfaces from three successive

experiments; (c): Spectra of CO (28 amu) with an exposure of 4L furfural on corresponding

hydrogen pre-dosed surfaces.

51



Table 3.2 Activities (molecules per metal atom) for the production of furanic compounds on

hydrogen pre-dosed surfaces from TPD experiments

Total activity of

2-MF Furan .
furanic compound

Mo2C/Mo(110) 15t 00249  0.0043 0.0292

Mo2C/Mo(110) 2nd 0.0041  0.0000 0.0041

Mo2C/Mo(110) 31 0.0037  0.0000 0.0037

1ML Co/Mo02C/Mo(110) 1%t 0.0144  0.0040 0.0185

1ML Co/Mo02C/Mo(110) 2 0.0149  0.0041 0.0189

1ML Co/M02C/Mo(110) 3 0.0152  0.0058 0.0210
0

Scheme 3.2 Possible reaction pathways of furfural on Mo.C/Mo(110) and Co/M0.C/Mo(110):

(@) 2-MF formation; (b) furan formation.

3.3.3 HREELS Measurements
HREELS experiments were performed to identify the adsorption configurations of furfural
and reaction intermediates on the Mo2C/Mo(110) and Co/Mo0,C/Mo(110) surfaces. The
assignments for the vibrational modes of furfural molecule are shown in Table 3.3. Figure 3.3 (a)
compares the spectra of furfural on Mo>C/Mo(110) at different temperatures. The spectrum of
molecularly absorbed furfural at 100K generally matches the Raman spectrum of liquid-phase

furfural 3 The vibrational peaks at 1060 cm™ (viing(C-0)), 1436 cm™ (viing(C=C)), 1624 cm’
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(Valiphatic(C=0)) and 3067 cm™ (viing(C-H)) are characteristic of furfural. After increasing the
temperature to 200 and 250K, the relative intensity of the peak at 1624 cm™(vaiiphaic(C=0))
decreases, suggesting that the C=0 bond in the carbonyl group is weakened. This is consistent
with the DFT calculation that furfural binds to the surface in a n2(C,0) bonding configuration via
the carbonyl group. The intensity of the peak at 2854 cm™ (vaiphaic(C-H)) increases as the
temperature increases, likely due to the hydrogenation of the carbonyl group. This is consistent
with previous literature® that the hydrogenation of the carbonyl group is a critical step to the
formation of 2-MF.

Figure 3.3 (b) compares the HREEL spectra of molecularly adsorbed 2-MF on Mo,C and
the surface intermediates at 200K on M02C/Mo(110) and Co/M02C/Mo(110) after dosing furfural
and hydrogen on the surfaces. The spectra of furfural on Mo2C/Mo(110) and Co/M0,C/Mo(110)
show the characteristic vibrational modes of molecularly adsorbed 2-MF, indicating the formation
of intermediates similar to 2-MF on both surfaces. This is consistent with the 2-MF onset
desorption temperatures of 200K (Mo2.C/Mo(110)) and 235K (Co/M0.C/Mo(110)) in the TPD
experiments as shown in Figure 3.2 (a) and (b). The similarity between the surface intermediates
on M0.C/Mo(110) and Co/M0.C/Mo(110) are consistent with the similar HDO activities shown

in the TPD results.
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Table 3.3 Vibrational mode assignment for furfural molecule

Mode Frequency (cm™)
Raman® H/Ni(111)*  H/Mo,C/Mo(110)?

wring(C-H) 771 765

Vring(C-O) 1025 1060

Vring(C=C) 1446 1448 1436
Valiphatic(C=0) 1684 1637 1624

Valiphatic(C-H) 2882 2852

Vring(C-H) 3153 3112 3067

Abbreviation: w —wagging, v — stretching
a. 4L furfural on hydrogen pre-dosed Mo,C/Mo(110) at 100K

(a) Furfural on Mo,C/Mo(110)
1060 3067 |
765 | 1420 2852 | :
z 3 2-MF on Mo,C/Mo(110) at 100K
5 5 \ | o 1 :
i B A ]
< c i [ 1
.9’.. 2 | | | | :
£ £ M
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Figure 3.3 HREEL spectra of (a) Furfural on Mo.C/Mo(110) at different temperatures and (b) 4L
2-MF on Mo2C/Mo(110) at 100K and 4L furfural on hydrogen pre-dosed Mo.C/Mo(110) and

Co/M0,C/Mo(110) surfaces at 200K.
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3.3.4 Reactor Evaluation of Powder Catalysts: Bridging the Pressure and Materials Gaps
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Figure 3.4 XRD patterns of spent 3-Mo2C and 2 wt% Co/Mo2C catalysts.

Since DFT and TPD results suggested that Co/M0.C/Mo(110) should be more stable than
Mo2C/Mo(110) for the HDO reaction of furfural, porous Mo.C and Co/Mo.C catalysts were
synthesized and a vapor phase flow reactor was used to evaluate the stability of the catalysts. XRD
analysis on the spent Mo2C and Co/MoC catalysts was performed to verify the formation of
MozC. As shown in Figure 3.4, the 26 of 34.5° 38.05°, 39.47°, 52.21°, 61.93°, 69.56°, 74.93° and
75.54° correspond to the (100), (002), (101), (102), (110), (103), (112) and (201) facets of B-Mo2C
(Joint Committee on Powder Diffraction Standards, no. 35-0787). With the addition of Co, the
pattern does not change, likely due to the low loading of Co. In addition, since Mo2C is a metal

diffusion barrier, Co should remain on the surface of the Mo.C particles.
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Figure 3.5 Comparison of (a) furfural conversion, (b) 2-MF yield and (c)(d) products selectivity
on Mo.C and Co/Mo2C. The selectivity to 2-MF on the MoC catalyst (green) is shown in (d) for
comparison. The furfural space velocity was 0.10 mL/(gcat*s) as 20 mL/min of hydrogen flowed
through a bubbler containing furfural preheated to 323 K. The molar ratio of hydrogen to furfural

was 80.

The conversion of furfural (Figure 3.5(a)) and 2-MF yield (Figure 3.5(b)) show the same
trend, with the initial conversions (> 87%) and 2-MF yield (>80%) being high on both Mo.C and

Co/Mo,C with a subsequent decrease. The steady-state furfural conversion over Co/Mo.C is
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approximately 35%, while that of Mo.C drops to below 5%, confirming that Co/Mo.C is more
stable than MoC. The initial selectivity to 2-MF is above 90% for both Mo,C and Co/Mo,C. Over
time, the selectivity to 2-MF decreases, although it remains as a major product over both catalysts.
The selectivity to furan and furfuryl alcohol (FA) increases with reaction time over both catalysts,
while the selectivity to tetrahydrofurfuryl alcohol (THFA) is always under 6%. It should be pointed
out that FA and THFA were not detected in the TPD experiments on model surfaces, likely due to
the different hydrogen partial pressure between the UHV and reactor environments. Overall, the
flow reactor results are consistent with the trends from DFT calculations and UHV experiments
on model surfaces, which show that Co/M0.C/Mo(110) and Mo.C/Mo(110) have similar
selectivity to 2-MF, but the stability of Co/M02C/Mo(110) is better than Mo2C/Mo(110), possibly
due to the lower oxygen and furfural binding energies on Co/M02C/Mo(110). The general
similarity between the behaviors of M02C/Mo(110) and Co/Mo02C/Mo(110) model surfaces and
their corresponding powder catalysts suggests the feasibility of using surface science approaches

to guide the design of efficient HDO catalysts.

3.4 Conclusions

Based on the results and discussion presented above, the following conclusions can be
made regarding the potential utilization of Co/Mo2C as an active and stable HDO catalyst:

(1) DFT calculations predict that the external carbonyl C=0 bond in furfural is elongated
on both M02C/Mo(110) and Co-Mo02C/Mo(110) surfaces due to the strong interaction between the
carbonyl group and the surfaces, which should promote the C=0 bond scission to form 2-MF. DFT
calculations also indicate that the binding energies of oxygen and furfural on Co/M0,C(0001) are
weaker than on M02C(0001), suggesting that Co/Mo2C might be more resistant to poisoning from

surface oxygen, furfural and associated polymeric species.
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(2) TPD results under UHV conditions verify the enhanced stability of Co-Mo0.C/Mo(110)
due to the facile removal of oxygen. HREELS results indicate that an intermediate similar to 2-
MF is formed on M02C/Mo(110) and Co-Mo2C/Mo(110), consistent with the desorption of 2-MF
in the TPD experiments.

(3) Parallel flow reactor evaluations on powder Mo.C and Co-Mo2C catalysts further
confirm the DFT predictions and surface science experiments that Co/Mo2C is more stable than
Mo2C, while the HDO selectivity is similar for both catalysts.

(4) The general similarity between model surfaces and powder catalysts suggests the
feasibility of using surface science approaches to identify promising catalyst candidates and using
reactor studies to bridge the pressure and materials gaps.

Overall, it can be concluded that oxygen and furfural binding energies play an important
role in stabilizing the catalyst for the furfural HDO reaction without affecting the HDO selectivity.
This work shows the potential of modifying Mo.C with metal overlayer to improve the catalyst
stability and provides insights into the design of more efficient Mo2C-based HDO catalysts for

upgrading biomass-derived oxygenates.
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Chapter 4: 1,2-Propanediol as a Surrogate Molecule of Glycerol for
Mechanistic Studies of Selective Hydrodeoxygenation Reactions
over Molybdenum Carbide and Copper-Modified Molybdenum

Carbide Surfaces

4.1 Introduction

The production of fuels and chemicals from renewable biomass resources has drawn
significant attention in recent years.'® Biodiesel production is a promising approach of utilizing
biomass to help reduce the environmental impact from fossil fuels.® Biodiesel is produced mainly
via the transesterification reaction of triglyceride with methanol, in which glycerol is formed as a
by-product.’® As the biodiesel production grows rapidly, there is a large surplus of glycerol,
which is generally considered as a platform molecule that can be upgraded into many value-
added chemicals. Glycerol can be converted using enzymatic and chemical methods. The
enzymatic transformations of glycerol have shown promise in producing specialty chemicals,
such as 2,3-butanediol,***2 or intermediates that can be further upgraded by chemical methods,
such as 3-hydroxypropanal.**%> On the other hand, chemical conversions of glycerol provide
added capability for upgrading glycerol via a variety of pathways. Typical chemical conversion
pathways for glycerol include selective oxidation,'®1’ etherification,'31° acetylation,?%
reforming,?22® dehydration,?*? and selective hydrogenolysis/hydrodeoxygenation.?52” Among
these approaches, selective hydrodeoxygenation (HDO) is a particularly interesting approach, in
which glycerol can be upgraded into various specialty chemicals, such as allyl alcohol, acetol
and propanal. It is generally accepted that Cu-based catalysts are very selective in converting

glycerol into 1,2-PDO. In this process glycerol is typically first catalyzed by acid sites into the
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acetol intermediate, which is then hydrogenated by the surface Cu sites to form 1,2-PD0O.283%
Under ultra-high vacuum (UHV) conditions, due to low hydrogen partial pressure, the final
product of glycerol HDO reaction over Cu sites should likely be acetol instead. Wan et al. have
demonstrated that the bond-breaking sequences of glycerol can be tuned by controlling the
coverage of Cu modifiers on a molybdenum carbide (Mo2C) surface, in which the oxygen
binding energy of the surface plays an important role in determining the final HDO products.®
Despite the promising results on the Cu/Mo.C surfaces, the low vapor pressure and high
viscosity of glycerol make it particularly difficult to conduct gas-phase mechanistic studies on
both model surfaces and the corresponding powder catalysts. The elucidation of reaction
mechanism and activation barriers by ab initio computation is also expensive due to the
structural complexity resulting from the presence of three -OH groups in glycerol. To date, only
very few fundamental studies for glycerol have been done on model surfaces using surface
science techniques, mainly due to the experimental difficulties in introducing pure glycerol into

ultra-high vacuum (UHV) systems. 6%

To this end, this work compares the reaction pathways of glycerol, 1,2- and 1,3-PDO, in
an attempt to evaluate whether the diols can serve as model compounds for the study of gas-
phase glycerol reaction under UHV conditions. 1,2- and 1,3-PDO are chosen because their
structures are similar to that of glycerol and that both diols contain one less -OH functional group
than glycerol. The higher vapor pressures of these diols ease the difficulty in introducing reactant
into the UHV chamber and also make it potentially possible to carry out gas-phase reactor
evaluation on the corresponding powder catalysts. Temperature-programmed desorption (TPD)
experiments were performed to probe the gas-phase products from the reactions, and high-

resolution electron energy loss spectroscopy (HREELS) measurements were conducted to
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identify the surface reaction intermediates. The results show that 1,2-PDO and glycerol undergo
similar reaction pathways via similar intermediates on the Mo and Cu sites of the Cu/Mo2C
surfaces, suggesting the feasibility of using 1,2-PDO as a surrogate molecule for further

mechanistic studies of glycerol.

4.2 Experimental Methods

The TPD experiments were conducted in a UHV chamber described previously.38:3°
Briefly, a Mo(110) single crystal was spot-welded onto two tantalum posts connected to a
manipulator. The tantalum posts served as the medium for resistive heating as well as cooling by
liquid nitrogen. A type-K thermocouple was spot-welded to the crystal for temperature
measurements. The chamber was equipped with an Auger electron spectroscopy (AES), a
quadrupole mass spectrometer (QMS), a sputter gun and two metal sources for physical vapor
disposition (PVD). Glycerol and the diols were transferred into a glass cylinder and purified
using freeze-pump-thaw cycles. The purity of all chemicals were confirmed using the QMS
before performing experiments. In a typical TPD experiment, the Mo(110) single crystal was
cleaned by Ne™ sputtering, followed by annealing to 1200K. In order to synthesize
Mo.C/Mo(110), ethylene was dosed to the surface at 600K, followed by annealing to 1200K to
achieve a Mo-terminated Mo,C surface with a p(4x4) LEED pattern. The synthesis cycle was
repeated until a surface C/Mo atomic ratio between 0.2 and 0.3 was determined by AES. The Cu
modifier was deposited to the as-synthesized Mo.C/Mo(110) surface at 600K using a PVVD metal
source. Subsequently, 5 Langmuir (L, 1 L=1*10° Torr*s) of hydrogen was dosed to the surface,
followed by dosing the desired amount of glycerol or diols. Because of the low vapor pressure of
glycerol, the glycerol cylinder and the stainless-steel dosing tubes were maintained at above

400K. The surface was then lowered to 110K and ramped to 800K at a rate of 3K/s facing the
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QMS for the detection of the desorbed gas-phase products. HREELS experiments were
performed in a separate UHV chamber equipped with the same capabilities as the TPD chamber,
with the addition of the HREEL spectrometer. In a typical experiment, the surface was prepared
using the same procedure as the TPD experiments. The surface was then ramped to the desired

temperature and cooled down to 100K before the HREEL spectra were recorded.

4.3 Results and Discussion

Before the discussion of using 1,2-PDO as a surrogate molecule, the promising result
adapted from Wan et al.*® regarding the tunable glycerol C-O bond breaking sequence is illustrated
in Figure 4.1. TPD experiments were conducted to probe the reaction pathway of glycerol on Cu-
Mo.C/Mo(110) with different Cu coverages. The sharp peaks at 270K of 39, 57 and 74 amu are
attributed to the cracking fragments from the adsorbed glycerol. On M0.C/Mo(110), propylene
(39amu) is the only product observed with a broad peak that spans from 200K to 600K. As the Cu
coverage increases, the intensity of the propylene peak decreases. When the surface is fully
covered by Cu (coverage greater than 1ML), no propylene is produced, suggesting that propylene
is produced on the uncovered M0.C/Mo(110). Also observed was the increase and subsequent
decrease of ally alcohol peak (57amu) as Cu coverage increases. This is an indication that that ally
alcohol is produced at the Cu-Mo02C/Mo(110) interface. A Cu coverage that is too low or too high
would inhibit the allyl alcohol production. In addition to the propylene and allyl alcohol observed,
acetol (74amu) is also produced on the surface. The peak intensity of acetol increases continuously
as the Cu coverage increases, suggesting that acetol is produced on Cu rather than on
Mo0.C/Mo(110) or the Cu-Mo2C/Mo(110) interface. These results provide us important insights

that the product selectivity on M0.C/Mo(110) can be tuned using metal modifiers.

66



3
39amu 200x10° 57amu 180x10° | 50
5 74amu
350x10° |
350
7 WMWM 1009

200 Uo 34ML 3.4ML
[ A e A e 160 - 1.4ML
—~ _ AM\ﬂVW\JMﬂM/vN\ﬁkAVV/\d\M 'g 140 — LaML
2 E
o J N 1.4ML : &
= 250 = 0.8ML =
T i 5 140 - g
8 = w & 120 0.8ML
E o 0.8ML g g
- —
200 120 -
0.3ML
100
0.3ML
0.2ML
A 80
Mo,C 80 MSZC
100 - il
T T T T T T T T T T
200 300 400 500 600 700 800 T T T T T 200 300 400 500 600 700 800

200 300 400 500 600 700 800

Temperature
Temperature(K) P )

Temperature(K)

Figure 4.1. TPD spectra of (a) propylene (39amu), (b) allyl alcohol (57amu) and (c) acetol
(74amu) after exposure of 4L glycerol on hydrogen pre-dosed Mo0.C/Mo(110) and Cu-

Mo>C/Mo(110) with different Cu coverages.

Figure 4.2 shows the TPD spectra of propylene after dosing glycerol, 1,2- and 1,3-PDO
on the Mo.C and 0.8ML Cu/MoC surfaces. The sharp peaks at 263K, 211K and 229K represent
the cracking fragments of desorbed glycerol, 1,2- and 1,3-PDO, respectively. For glycerol and
1,2-PDO on Mo2C (Figure 4.2(a)), the broad peaks between 250K and 700K are contributed
from the desorption of propylene, which is a product from glycerol and 1,2-PDO from the
unselective HDO. One should note that for 1,3-PDO, there is also a broad peak between 350K
and 700K. This peak is also from the desorption of propylene but has a different peak shape than
those of glycerol and 1,2-PDO. Since there the m/z=57 peak is not observed from the reactions
of all three molecules on Mo.C (Figure 4.3), allyl alcohol is not formed and only propylene is
produced on Mo.C. The similar peak shapes and desorption temperatures of propylene from 1,2-
PDO and glycerol suggest that these two molecules likely undergo similar C-O bond scission

steps to produce propylene. As Cu coverage increases to 0.8ML (Figure 4.2(b)), the propylene
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peaks from all three molecules decrease, which is consistent with a previous study®® that
propylene is produced on the Mo site. For glycerol on 0.8 ML Cu/Mo2C, on top of the broad
propylene peak there is another sharp peak at 363K, which is contributed from allyl

alcohol/propanal formation that only occurs on the Cu/Mo2C interface.*

—— . dds 0.8ML Cu/Mo,C/Mo(110)
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Figure 4.2 TPD spectra of propylene following an exposure of 4L glycerol, 1,2-PDO and 1,3-PDO

over hydrogen pre-dosed (a) Mo.C and (b) 0.8ML Cu/Mo2C.
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Figure 4.4 shows the desorption of acetol and acetone (43 amu) produced from glycerol
and 1,2-PDO. One should note that both acetol and acetone have a common cracking fragment of
43 amu. Similar to the 39 amu spectra in Figure 4.2, the sharp peaks at 263K, 211K and 229K in
Figure 4.4 are from the cracking fragment of glycerol, 1,2- and 1,3-PDO, respectively. On Mo,C
(Figure 4.4 (a)), there are no additional peaks besides the cracking fragments of the reactant
molecules. On the 0.8 ML Cu/MoC surface (Figure 4.4 (b)) the peaks around 363K and 351K are
observed for glycerol and 1,2-PDO, respectively. Since the amount of acetol and acetone produced
from glycerol and 1,2-PDO increases as the Cu coverage increases, these products are likely
formed on the Cu site of the Cu/Mo2C surfaces, rather than the Cu/Mo2C interfacial site. The
production of acetol from glycerol and acetone from 1,2-PDO indicates that glycerol and 1,2-PDO
undergo similar bond breaking sequence on the Cu site, which selectively cleaves the primary C-
O bond and dehydrogenates the secondary —OH group. On the other hand, no 43 amu peak is
produced from 1,3-PDO. Instead, 29 amu and 58 amu peaks at 341K were detected after dosing
1,3-PDO. As the Cu coverage increases, the peak areas of 29 amu and 58 amu also increase,
suggesting that propanal is produced from 1,3-PDO on the Cu sites. The reaction pathways of
glycerol, 1,2- and 1,3-PDO are summarized in Scheme 4.1. Compared to the Mo site that cleaves
all the C-O bonds of C3 polyols, the Cu site can only cleave one C-O bond, likely due to the lower
oxygen binding energy of Cu. Note that since the Cu modifier may agglomerate during the
deposition process at 600K, the surfaces with Cu coverage greater than 1ML are not discussed in
this work. The guantification results of all the C3 products from glycerol, 1,2- and 1,3-PDO on the

Mo,C and 0.8ML Cu/Mo,C surfaces are shown in Table 4.1.
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Scheme 4.1 Reaction pathways of glycerol, 1,2- and 1,3-PDO over (a) Mo site and (b) Cu site on

Mo,C and Cu/Mo-C surfaces.

Table 4.1 Activity (molecules per metal atom) of C3 products from glycerol and diols over

corresponding surfaces.

Allyl alcohol
Oc, (ML)  Propylene  Acetol Acetone Total
/Propanal
0 0.061 0.000 0.000 0.000 0.061
Glycerol
0.8 0.021 0.051 0.000 0.007 0.079
0 0.040 0.000 0.000 0.000 0.040
1,2-PDO
0.8 0.026 0.000 0.006 0.000 0.032
0 0.030 0.000 0.000 0.000 0.030
1,3-PDO
0.8 0.013 0.000 0.000 0.007 0.020

Ocu: coverage of copper. ML: monolayer
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Figure 4.5. Comparison of HREEL spectra after an exposure of 4L of glycerol, 1,2-and 1,3-PDO
over hydrogen pre-dosed (a) Mo2C and (b) 0.8ML Cu/Mo>C at 300K.

HREELS measurements were performed to compare the surface reaction intermediates of
glycerol and 1,2- and 1,3-PDO. The vibrational mode assignments are summarized in Table 4.2.
Shown in Figure 4.5 are the HREEL spectra of glycerol, 1,2- and 1,3-PDO on the Mo,C and 0.8ML
Cu/Mo2C surfaces at 300K. In general, the spectra of glycerol and 1,2-PDO are very similar on
both the Mo.C and 0.8ML Cu/Mo.C surfaces, indicating that both molecules likely produce similar
intermediates. The spectra for molecularly adsorbed glycerol, 1,2- and 1,3-PDO are shown in
Figure 4.6. Even though the spectra of molecularly adsorbed 1,2-PDO and glycerol appear slightly
different, the spectra of both molecules become very similar when temperature is increased to
300K and above. In contrast, the 1,3-PDO spectra on both surfaces are quite different than the

other two molecules, especially in the region between 890 cm™ and 1100 cm™. The p/(CH) mode
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of 1,3-PDO on both Mo,C (899 cm™) and 0.8ML Cu/Mo.C (893 cm™) are more intense than those
of glycerol and 1,2-PDO on the corresponding surfaces, consistent with the fact that there are more
-CH> groups in 1,3-PDO than in glycerol and 1,2-PDO. Furthermore, on Mo,C, the v(CO) mode
at 1020 cm™ of 1,3-PDO is more intense than those of 1,2-PDO and glycerol, indicating that the
C-O bond of 1,3-PDO is better preserved than those of glycerol and 1,2-PDO, which is consistent
with the TPD observations that propylene is formed at higher onset temperature from 1,3-PDO
(350K) than from glycerol (210 K) or 1,2-PDO (300K). Additionally, on the 0.8ML Cu/Mo.C
surface, there are two peaks at 1047 cm™ and 1087 cm™ that represent the v(CO) mode for 1,2-
PDO and glycerol, respectively. These two peaks correspond to the two types of C-O bonds in 1,2-
PDO and glycerol (primary and secondary). In comparison, only one peak is observed at 1047 cm-
! for 1,3-PDO, consistent with the presence of only one type of C-O bond (primary) in 1,3-PDO.
When the surface temperature is further increased to 400K, glycerol and 1,2-PDO still show very
similar spectra on both Mo2C and 0.8ML Cu/Mo2C, but the differences between 1,3-PDO and the

other two become more significant. (Figure 4.7)
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Table 4.2 Vibrational mode assignments for glycerol, 1,2- and 1,3-PDO over corresponding

surfaces
Mode Frequency (cm™)
fﬁfﬁ:efﬁogéyf&la . 111521;1}:11)13 b Mo2C/Mo(110)° %5};\44182C/M0(1 10)°
v(MO) 557 543
pr(CH2) 879 839 899 893
v(CO) 1069 1046 1020 1047
¥(CO) 1138 1087
p(CHz) 1260 1289 1222 1248
pw(CHz) 1360 1342 1329
6(CH>) 1441 1455 1416 1416
V(CH) 2916 2935 2866 2859

0 - deformation, p; - rocking, v - stretching, p - torsion, pw - wagging.
aref 40
b I.ef4l ,

¢ This work

4.4 Conclusions

In summary, TPD experiments show that glycerol and 1,2-PDO undergo similar bond
breaking sequence on the Mo and Cu sites of the Cu/Mo.C surface. The Mo site tends to cleave
all the C-O bond of both molecules to form propylene, while the Cu site breaks the primary C-O
bonds to form acetol and acetone, respectively. The resemblance between the HREEL spectra of
1,2-PDO and glycerol indicates that glycerol and 1,2-PDO likely undergo primary C-O bond

scission to form similar intermediates. Overall, these results suggest that 1,2-PDO can potentially
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be used as a surrogate molecule for glycerol. The higher vapor pressure of 1,2-PDO eases the

dosing process in UHV chambers and should allow for gas-phase flow reactor evaluations. The

simpler structure of 1,2-PDO should also significantly reduce the computational expense for

activation barrier calculations. These will facilitate further mechanistic studies on the C-O bond

breaking sequence of glycerol and provide insights into designing more efficient catalysts for the

selective HDO of glycerol.
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Chapter 5: Controlling Extent of C-O Bond Scission of Glycerol

over Molybdenum Nitride Surfaces

5.1 Introduction

Our world is currently undergoing a transition from a fossil fuel-based economy to a more
sustainable one supported by various renewable energy technologies.™?> Many different approaches
for replacing fossil fuels have been developed, among which biodiesel production is promising in
that it can turn agricultural and animal wastes into fuels.® During the biodiesel production, glycerol
is formed as a major byproduct. As biodiesel production continues to grow, a large amount of
glycerol is produced, making glycerol abundant and relatively inexpensive.* Glycerol has also
been identified as one of the top twelve biomass building blocks that can be converted into high-
value chemicals and materials.® Therefore, implementing technologies for upgrading glycerol can
significantly benefit the overall process economics. The multiple -OH functional groups in
glycerol allow for conversion into a variety of value-added compounds. To date, various
approaches for upgrading glycerol have been identified.* Glycerol can be upgraded through
enzymatic  transformation,®° selective oxidation,’®*  dehydration,'*!®  reforming,4®
etherification,'®!” hydrogenolysis/nydrodeoxygenation (HDO).*#1¥20 Among these pathways,
HDO is a particularly interesting route that yields different valuable chemicals. Nevertheless, the
selective scission of specific C-O bonds in glycerol while preserving others remains as a challenge
for the highly functionalized glycerol molecule. On the other hand, the presence of multiple -OH
groups within glycerol also makes it a suitable model compound for studying higher sugar
molecules. Previously, we have demonstrated Cu/Mo-C as a promising HDO catalyst that allows

for controllable C-O bond scission of glycerol.?! By tuning the Cu coverage on Mo.C, selective
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cleavage of one, two, and three C-O bonds of glycerol can be achieved on the Cu site, Cu/Mo0,C
interface site, and MoC site of the catalytic surface, respectively. However, one issue with Mo,C-
based catalysts is that during the synthesis of powder Mo.C catalyst, carbon layers accumulate on
Mo2C, lowering the activity of the surface and inhibiting the correlation between experimental
results and density functional theory (DFT) calculations.?? To solve these issues, we investigate
Mo2N as an alternative to Mo2C. Mo2N has been widely used for the removal of heteroatoms in
hydrocarbons, such as N, O, and S, due to the strong interaction between Mo2N and the
heteroatom.? But to the best of our knowledge, there has not been a combined experimental and
theoretical study on the glycerol hydrodeoxygenation reaction over a Mo2N model surface so far.
During the synthesis of Mo2N, surface N can desorb in the form of N2, thus avoiding the
accumulation of large amount of N that may block the Mo sites. Instead, this synthesis procedure
yields a clean N-terminated surface. In addition to the capability of MozN to cleave all three C-O
bonds of glycerol, the single layer of N atoms on the surface also changes the binding configuration
of glycerol to facilitate the scission of two C-O bonds, which was only achievable on the Cu/Mo,C
interface. The addition of Cu changes the selectivity of the surface towards products of one C-O
bond scission.

In this work, we combine model surface experiments and DFT calculations to demonstrate
Mo2N as an alternative for Mo>C for tuning the C-O bond scission of glycerol. To investigate
whether MozN can catalyze both total and selective C-O bond scission for other C3 molecules, we
also evaluated the reaction pathways of 1,2- and 1,3-propanediols on MozN. Temperature-
programed desorption (TPD) experiments were performed to probe the gas-phase reaction
products and DFT calculations were performed to identify the glycerol HDO mechanism. The

results suggest that Mo2N has a similar activity to Mo.C, with added functionality.
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5.2 Materials and Methods

5.2.1 Synthesis of MozN Thin Films

Mo2N thin films were synthesized from parent metal foils under the same gas condition
and temperature profile. 0.127 mm thick Nb (Alfa Aesar, 99.95%), 0.1 mm thick W (Alfa Aesar,
99.95%), and 0.1 mm thick Mo (Alfa Aesar, 99.95%) foils were cut into 1 cm x 2 cm rectangles.
Cut foils were sonicated for 5 minutes in ethanol to remove surface oils, washed in deionized (DI)
water, sonicated for 5 minutes in 1 M NaOH to remove surface oxides, and received a final wash
in DI water prior to being loaded into a horizontal quartz tube furnace. All sonication was done at
room temperature. Under a 150 sccm flow of 100% ammonia, the furnace temperature was ramped
from 298 K to 1123 K at a linear rate over 2 hours. The temperature dwelled for 10 hours and was
gradually cooled under the same gas condition. Once cooled to room temperature, the furnace was

purged with Ar and nitride foils were removed.

5.2.2 Transition Metal Nitride Characterization
Mo2N foils were characterized using both x-ray photoelectron spectroscopy (XPS) and x-
ray diffraction (XRD). An ultra-high vacuum (UHV) chamber equipped with XPS was used to
quantify parent metal to nitrogen ratios. The UHV chamber had a base pressure of 2 x 107 torr.
XPS measurements were conducted using a PHI 5600 XPS with a hemispherical analyzer and an
Al X-ray source. Multiplex scans were calibrated to the adventitious carbon peak at 284.4 eV.
XRD measurements were conducted using a Cu Ko X-ray source. A PANalytical XPERT3 Powder

XRD was used to collect both symmetric and glancing incident (3°) scans.
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5.2.3 UHV Model Surface Experiments

The TPD experiments were conducted in a stainless-steel ultrahigh vacuum (UHV)
chamber with a base pressure of 5*10°%° Torr. The chamber is equipped with a quadruple mass
spectrometer, an Auger electron spectrometer (AES), an ion sputtering gun, and two metal sources
for physical vapor deposition (PVD). The as-synthesized Mo2N thin film is spot-welded to the
chamber via two tantalum heating posts for resistive heating as well as cooling with liquid nitrogen.
The temperature of the thin film is measured by a K-type thermocouple welded to the back of the
film. In a typical experiment, the Mo2N thin film was cleaned using Ne* sputtering, followed by
annealing at 1200 K for 2 minutes. Residual surface carbon was removed by exposing the surface
to oxygen at 800 K and sequent annealing to 1200 K. This cycle was repeated until the surface
was free of carbon and oxygen as indicated by AES. Additionally, to synthesize Cu-modified
MozN, the clean MozN surface was exposed to a heated Cu source for the PVD process. The Cu
coverage was controlled by the deposition time and current. Upon the completion of surface
synthesis, the surface was cooled to 150K and were expose to 4 L (Langmuir, 1 L = 1*10 Torr*s)
of Hz and 4 L of glycerol with the surface facing the stainless-steel dosing tube. The surface was
then heated up at a heating rate of 3K/s in front of the mass spectrometer that recorded the
desorption of gas-phase products.

All gases (H2, O2, Ne) were used without further purification. The reactant molecules

(glycerol, 1,2- and 1,3-propanediol, Sigma Aldrich) were purified using freeze-pump-thaw cycles.

5.2.4 DFT Calculations
The deoxygenation mechanism of glycerol was examined on the y-Mo2N(111) surface
using density functional theory calculations. All structural optimizations and energy calculations

were performed with the Vienna ab initio simulation package (VASP).2*?" The calculation
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methodology relied on a generalized gradient approximation (GGA) within the Perdew-Burke-
Ernzerhof formalism (PBE)?® along with Grimme’s D3 dispersion correction.?® A cut-off energy
of 500 eV was selected for the plane-wave basis. Following the procedure explained by Henson
and coworkers,* we constructed the structure of bulk fcc y-MozN by removing 50% of the nitrogen
atoms from the perfect fcc structure in the 100/010 direction to obtain a ratio of Mo:N = 2:1. The
optimized structure became tetragonal with cell parameters of 4.24 A and 3.97 A with the selected
level of theory. These values are in good agreement with the experimental value of 4.16 A from
the X-ray diffraction® and 4.19-4.23 A from previous DFT calculations with different levels of
theory.®3233 Here, we chose the N-terminated Mo,N(111) surface for the mechanistic study
because the (111) surface is one of the major exposed surfaces of the MozN catalysts®**3® and the
N-terminated (111) surface has been reported to be thermodynamically more stable than the Mo-
terminated (111) surface.’” The (2x2) surface unit with cell parameters of (11.98 A x 9.95 A x
22.17 A) considered here consists of 7 atomic layers of Mo2N and a 15 A vacuum added in z-
direction. In order to create a nonpolar slab, both sides of the slab are terminated by an N-layer. A
Monkhorst-Pack (MP)*® k-point mesh of 3x3x1 was used, and all atoms were fully relaxed except
for the bottom two atomic layers of Mo2N during structural optimization. Dipole and quadrupole
corrections to the energy were taken into account using a modified version of the Makov and Payne
method®® and Harris-Foulke-type corrections*® were included for the forces. The climbing image-

NEB* and Dimer methods*>* were used to optimize all transition state structures.
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5.3 Results and Discussion

5.3.1 Comparison of Glycerol Reaction Pathways on Moz2N and Mo.C
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Figure 5.1. Comparison of temperature-programmed desorption spectra of (a) propylene (39 amu),
(b) propanal (27 amu), and (c) allyl alcohol (57 amu) from H; pre-adsorbed Mo2N and Mo.C

surfaces after exposing the surfaces to 4L of glycerol.

TPD experiments were performed to compare the reaction pathways of glycerol over Mo2N
and Mo2C. The results show that both Mo2N and Mo,C can break all the C-O bonds in glycerol to
form propylene. In addition, Mo2N can also break two C-O bonds of glycerol to produce propanal
and allyl alcohol. Figure 5.1 compares the desorption of propylene, propanal, and allyl alcohol
from Mo2N and Mo.C after dosing glycerol to the surfaces. From Figure 5.1 (a), propylene is
produced on both surfaces. On Mo2C, the propylene peak has an onset temperature of around 300
K and a peak temperature of 389 K. On Mo:zN, the propylene peak has higher onset (~350 K) and
peak (480 K) temperatures. This suggests that both surfaces are active for breaking all C-O bonds
of glycerol. Figures 5.1 (b) and (c) show the spectra of propanal and allyl alcohol on Mo2N and
Mo.C. On Mo.C, no such molecules are produced. But on Mo2N, propanal desorption was
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observed, with a peak temperature of 476 K. Allyl also form over MozN, with a desorption peak
temperature of 418 K. Clearly, while Mo>C only catalyzes three C-O bond scissions of glycerol to
produce propylene, Mo2N is active for breaking three or two C-O bonds of glycerol to form
propylene, allyl alcohol, and propanal. The formation of products from two C-O bond scissions,
namely allyl alcohol and propanal, is only achievable on the Cu/Mo2C interface, according to our

previous study.?

5.3.2 Reaction Pathways on the MozN and Cu sites of Cu/Mo2N

In order to probe the effect of Cu addition on the reaction pathway, TPD experiments of
surfaces with different Cu coverages were performed. From these experiments, two distinct sites
were identified, the Mo2N site and the Cu site. The reaction pathways of glycerol on the Cu/Mo2N
system are summarized in Scheme 5.1. On the Mo2N site, glycerol can undergo three C-O bond
scissions to form propylene, or two C-O bond scissions to produce allyl alcohol and propanal. On
the Cu site, glycerol can only undergo one C-O bond scission to form acetol. Figure 5.2 (a)-(d)
show the different products observed on the MozN surface modified by different coverages of Cu.
In Figure 5.2 (a), propylene desorption peaks were observed on all surfaces spanning from 350 K
to 700 K, with a peak temperature of 480 K. As the Cu coverage increases, the propylene yield
decreases, as indicated by the decrease in peak area, suggesting that propylene is formed on the
MozN site. This observation is similar to that on Mo,C.?* Figure 5.2(b) shows the desorption of
propanal, with a peak temperature of 476 K. The yield of propanal also decreases with the increase
of Cu coverage, suggesting that propanal is produced on the Mo2N site. In addition to the propanal
peaks, there is another sharp peak at 368K, which is part of the cracking pattern of another product,
acetol, that will be discussed further in the next paragraph. In Figure 5.2 (c), the desorption of allyl

alcohol was observed with a peak temperature of 418 K. Similar to the propylene and propanal
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peaks, the propanal peak area also decrease as the Cu coverage increases. This suggests that all
three molecules are produced on the MozN site. Figure 5.2 (d) shows the desorption peak of acetol,
a product formed after only one C-O bond scission of glycerol. In contrast to all the other products,
the yield of acetol increases as Cu coverage increases, suggesting that acetol is formed on the Cu

site of the surface. This result is similar to that on the Cu site of the Cu/Mo,C surface.?
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Scheme 5.1. Summary of reaction pathways of the selective hydrodeoxygenation of glycerol on

the MozN and Cu sites of the Cu/Mo2N surface.

5.3.3 Quantification Results of the Reactions
Quantification of product yields from the glycerol reactions on the corresponding surfaces
was performed and the results are shown in Figure 5.3 and Table 5.1. The total product yields on
all surfaces are comparable to those on the Cu/Mo2C system.?! A change in product distribution
was noticed as the Cu coverage was varied. On Mo:N, propylene accounts for 51% of the total
yield, while propanal and allyl alcohol take up 23% and 26%, respectively. As the Cu coverage
increases, the yields of propylene, propanal, and allyl alcohol decrease. In the meantime, the acetol

yield continues to increase and becomes dominant on the thick Cu surface.
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Figure 5.3. Product distribution from the glycerol TPD experiments.

Table 5.1. Product yields (molecule per metal atom) from glycerol on Mo2N and Cu/Mo2N with

corresponding Cu coverages. The selectivity of the products is shown in parenthesis

0 ML Cu 04AMLCu 0.7ML Cu 1.3ML Cu Thick Cu

Propylene  0.068 (51%) 0.031 (50%) 0.029 (35%) 0.032 (35%) 0.021 (18%)
Propanal  0.0310 (23%) 0.018 (29%) 0.0070 (8%)  0.008 (9%)  0.000 (0%)
Allyl alcohol 0.0350 (26%) 0.013 (21%) 0.009 (11%)  0.008 (9%)  0.000 (0%)

Acetol 0.000 (0%)  0.000 (0%) 0.038 (46%) 0.043 (47%) 0.093 (82%)

Total 0.1341 0.0620 0.0830 0.0910 0.114
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5.3.4 Theoretical Investigation of the Deoxygenation Mechanism of Glycerol on MozN
Catalyst Model

The reaction mechanism of the glycerol HDO is examined computationally on the N-
terminated Mo2N(111) surface using the DFT methodology to understand the experimentally
observed trend in product selectivity. In our earlier work,?! the glycerol HDO mechanism was
examined at different active sites of a Cu/Mo.C catalyst model. In agreement with the experimental
observations, the calculated reaction energy profiles predicted that the Mo sites are very active for
cleaving all three C-O bonds of glycerol producing propylene and the Cu/MoC interface sites
prefer to cleave two C-O bonds forming allyl alcohol and propanal. In contrast, the Cu sites are
active for cleaving only one C-O bond leading to the formation of acetol. Our current experimental
studies on the Cu/Mo2N catalysts (Table 5.1) revealed that the product yield of acetol increases
with increasing Cu coverage suggesting that acetol is produced mainly on the Cu surface. These
results indicate that the Cu sites supported on both Mo2C and Mo2N behave similarly and that the
glycerol HDO mechanism on the Cu surface supported on Mo2N is expected to be very similar to
that of the Mo,C supported Cu surface which we examined in detail in our earlier reports.?>**
However, the products observed on the clean Mo2N and Mo.C surfaces clearly differ for the
glycerol HDO under similar operating conditions. While propylene is the only main product
observed on the Mo,C surface,?* formation of allyl alcohol and propanal were also observed in
addition to propylene on the Mo2N surface (Table 5.1). Thus, in the present study, we examined
the deoxygenation mechanism of glycerol on the N-terminated Mo2N(111) surface and compared
the results with our earlier work on the Mo.C(0001) surface with the aim of understanding the

difference in reaction mechanism on these two surfaces.
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The elementary reaction pathways calculated for the glycerol deoxygenation reaction on
the Mo2N surface are illustrated in Figure 5.4, and the corresponding structures are depicted in
Figures 5.5 and 5.6. The available adsorption sites on the N-terminated MozN (111) surface are
the surface Mo sites (*mo) and surface N sites (*n). Only H atoms were found to adsorb on the N
sites and all the other intermediate species adsorb on the Mo sites. As shown in the inset of Figure
5.4, glycerol prefers to adsorb on the MozN surface with two oxygen atoms interacting with the
surface Mo sites and the H atoms of two O-H groups exhibiting strong H-bonding interactions
with the surface N atoms. The calculated binding energy (-1.56 eV) suggests that the adsorption
of glycerol on the N-terminated Mo2N surface is about 0.6 eV less stable than on the Mo2C
surface?! where glycerol binds with all three oxygen atoms. In agreement with the results on the
MoC surface, activation barriers calculated for the initial O-H and C-OH bond cleavages of
glycerol on the Mo2N(111) surface (Figure 5.4) suggested that the O-H bond dissociations are
preferred over C-OH bond dissociations. Furthermore, our calculations (Figure 5.4) predicted
lower activation barriers for transferring H atoms from the OH groups to the nearest surface N
atoms relative to the transfer to the nearest Mo sites and the secondary O-H bond scission to the
surface N atom (EZSL = 0.11 eV) is both kinetically and thermodynamically preferred over the
primary O-H scission (EZs% = 0.53 eV). The secondary O-H cleavage process producing an
alkoxide species (CH,OH-CHO-CH,OH*, 2B) is exothermic by -1.46 eV which is very similar to
that on the M02C(0001) surface.? It should be noted here that the reactant and product states
depicted in Figure 5.4 constitute one discrete state, although written as having multiple species for
clarity, i.e., the dissociated atoms/fragments stay on the surface and the energy calculations include

the lateral interactions between these species.
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Figure 5.4. Schematic of the reaction pathways for glycerol decomposition on the N-terminated
Mo2N(111) catalyst model. The activation barriers (in eV) of the elementary reactions with
respective bond dissociation (/) or association (+) are shown next to the arrows. The numbers

shown in parentheses are the energies of the intermediates relative to gas phase glycerol and the
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initial catalyst model. All energies are zero-point corrected. * represents an undercoordinated atom

and the most favorable pathway is shown in green.

Figure 5.5. Side view of intermediate structures involved in the glycerol deoxygenation pathways
on the N-terminated y-Mo2N (111) surface model. The numbers correspond to the states provided

in Figure 5.4.
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TS5A-6A TS6A-7A TS5B-6B

Figure 5.6. Side view of transition state (TS) structures involved in the glycerol deoxygenation
pathways on the N-terminated y-Mo2N (111) surface model. The TS numbers correspond to the

states provided in Figure 5.4. Bond distances shown next to the breaking/forming bonds are in A.
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The terminal O-H bond cleavage of the alkoxide species (2B) was found to be the next
favorable elementary reaction with an activation barrier of 0.42 eV which is much lower than the
C-O (2B - 3A) and C-H (2B - 3C) bond scissions at the secondary carbon. A concerted C-O
cleavage at the secondary carbon and C-OH cleavage at the terminal carbon leading to the
formation of allyl alcohol (2B - 3D) was found to be thermodynamically more favorable by 0.41
eV relative to the O-H cleavage; however, the required activation barrier for this step is 0.47 eV
higher than the O-H cleavage. It appears that the favorable pathway for the formation of allyl
alcohol is a concerted cleavage of two C-O bonds from the intermediate CH,OH-CHO-CH,0O*
(3B) which possesses a lower activation barrier (EZst = 0.63 eV) than the C-H bond scissions at
the middle (3B = 4C) or terminal (3B = 4D) carbon atoms. The third O-H or C-OH dissociations
from intermediate 3B are not possible since the dissociated O/OH species cannot bind on the Mo
site which is blocked by a surface N atom (Figure 5.5). However, a concerted cleavage of C-H and
O-H bonds at the third carbon of 3B producing the CHO-CHO-CH.O* (4A) intermediate is
possible which has an activation barrier of only 0.1 eV higher than the concerted C-O cleavage
reaction of 3B producing allyl alcohol (4B). The concerted C-O cleavage from the intermediate
4A exhibits a much lower activation barrier of 0.31 eV which leads to the formation of acrolein
(CHO-CH=CHg, 5A). The lower activation barrier observed for the C-O cleavages of acrolein
production (4A - 5A) relative to that of allyl alcohol production (3B = 4B) is due to the presence
of a carbonyl group (C=0) at the terminal position of intermediate 4A which promotes the C-O
cleavage at the neighboring position.

Acrolein (5A) can also be produced from concerted C-H and O-H cleavages of allyl alcohol
(4B) which requires an activation barrier of only 0.1 eV. While the concerted TSs of both

elementary reactions, 3B—>4A and 4B->5A exhibit mainly the characteristics of C-H bond
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dissociations (Figure 5.6), the O-H bond dissociation occurs without any barrier in both cases and
takes place simultaneously with a C-H bond dissociation. Acrolein (5A) is converted to propanal
(7A) via hydrogenation and the preferred pathway for the hydrogenation of acrolein was found to
be the abstraction of an H atom by the terminal -CH from the surface N (5A>6A; EZ5L = 0.53
eV) followed by the abstraction of a second H atom by the middle -CH group from the surface
Mo site (BA>7A; EZSL = 0.43 eV). The overall hydrogenation process (5A = 7A) is nearly
thermoneutral with an exothermicity of only -0.03 eV. In another possible pathway, allyl alcohol
(4B) can readsorb on the neighboring Mo site and undergo O-H bond scission to produce CH20O-
CH=CH2* (5B). Although the activation barrier of this process is 0.09 eV higher than the acrolein
formation process (4B—>5A), it is thermodynamically more favored by 1.17 eV. Our NEB
calculations suggested that the formation of acrolein from 5B via C-H dissociation requires an
activation barrier as high as 1.7 eV and thus, we did not consider this pathway. The C-O cleavage
of the intermediate 5B was found to be the next favorable process with an activation of barrier of
0.49 eV and an exothermicity of another 0.51 eV. The formation of propylene from intermediate
6B is completed by the hydrogenation of the terminal -CH> group (EZs% = 0.35 eV). Overall, the
activation barriers of the elementary processes involved in the conversion of allyl alcohol to
propanal and propylene are quite similar; however, the formation of propylene is
thermodynamically more favorable by 1.59 eV than propanal because of the deposition of an
additional O atom on the MozN surface.

In order to correlate the computational predictions with experimental TPD observations,
Figure 5.7 illustrates the Gibbs free energy profiles calculated at the experimental reaction
conditions (T = 350 K and Pgss = 10° atm) for the minimum energy pathways of glycerol

decomposition on the Mo2N surface. The favorable pathway involves two consecutive O-H bond
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cleavages followed by two concerted C-O bond scissions leading to the formation of allyl alcohol
(4B). Calculated free energies further suggest that the desorption of allyl alcohol is favorable at
low temperatures which agrees with the allyl alcohol desorption peak observed at 418 K (Figures
5.1 (c) & 5.2 (c)) which is lower than the desorption temperature of propanal and propylene. Our
earlier work on the Cu/Mo.C(0001) catalyst model®* suggested that glycerol undergoes three
consecutive O-H bond cleavages with very low activation barriers (< 0.2 eV) followed by three
consecutive C-O bond cleavages, leading to the preferred production of propylene on the Mo sites
(Figure 5.8). Since the third O-H dissociation is blocked by the presence of surface N atoms on
the Mo2N surface, this catalyst prefers to produce allyl alcohol. Very small activation barriers
associated with the initial C-H/O-H bond scissions (0.10 eV) or O-H scission (0.19 eV) of the
terminal -CH>OH of allyl alcohol (4B) suggest that allyl alcohol can undergo further reaction on
the MozN surface to produce propanal and propylene. This correlates well with the TPD results
displaying desorption peaks for propanal and propylene at higher temperatures of 476 K and 480
K, respectively (Figure 5.1), i.e., it suggests that these two products are produced from allyl
alcohol. Free energy profiles (Figure 5.7) further indicate that the formation of propylene from
allyl alcohol is thermodynamically more favorable than the formation of propanal which could
explain the higher yield of propylene (51%) observed experimentally compared to propanal (23%)

as shown in Table 5.1.
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Figure 5.7. Free energy profiles for the minimum energy pathways of the glycerol decomposition
on the N-terminated Mo2N(111) catalyst model (T = 350 K; Pgas = 10°° atm). All energies are with
reference to the sum of the energies of gas phase glycerol and the initial catalyst model. The
numbering of intermediate states corresponds to the states in Figure 5.4 and the respective bond

dissociations (/) and associations (+) are shown at the transition states.

The strong exothermicity observed for both O-H and C-O bond scissions of glycerol on the
Mo2N surface implies that the dissociated O atoms can bind strongly on this surface even in the
presence of neighboring N atoms. A comparison of the free energy profiles for the conversion of
glycerol to propylene on the Mo sites of our Cu/Mo,C(0001) catalyst model?! and the N-terminated
Mo2N(111) surface model (Figure 5.8) indicates that the adsorption of O and H atoms on the Mo2N
surface is slightly weaker than on the Mo>C surface. The conversion of glycerol to propylene
results in deposition of 3 oxygen and 2 hydrogen atoms on the catalyst surface. Although the final

state with adsorbed O and H atoms for the Mo2N surface was found to be about 2 eV less stable
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relative to the one on the Mo2C surface, the reaction remains strongly exergonic by -6.58 eV on
the Mo2N surface. Based on DFT calculations, Dlugogorski and coworkers also observed stable O
atoms adsorbed on the N-vacant Mo sites during NO reduction and H atoms adsorbed strongly on
the surface N sites during Hz dissociation on the MozN(111) surface.®"*®> Experimental studies
performed by He et al. revealed the transformation of y-MozN into a M02OxNy phase in the
presence of NO and this phase can be reduced back to y-MozN by H.%® Thus, here we examined
the removal process of adsorbed oxygen atoms on the MozN surface by H» to form H,O and the
results are provided in Table 5.2. The calculated activation barriers and reaction energies revealed
that the formation of OH from adsorbed O atoms is favored only by the direct dissociation of gas
phase Hz onto O rather than transferring H atoms adsorbed on the surface Mo or N sites. Similarly,
H>O formation preferably occurs via the disproportionation reaction of two neighboring OH rather
than transferring H atoms to OH from the neighboring Mo or N sites. These results are consistent
with our earlier work on the Cu/Mo.C catalyst model®! and also experimental reports on MoC*’
and Mo2N“*8 suggesting that the adsorbed O on the Mo sites can be removed by excess Hz. Although
the activation barriers calculated for the most favorable pathways of the OH (EZ5% = 0.59 eV) and
H20 formation (EZ5L = 0.93 eV) processes on the MozN surface are about 0.2 eV higher than the
corresponding processes on the Mo2C surface, H2O desorption from two adsorbed OH (E7ZE =
1.22 eV calculated from reactions (6) & (7)) on the Mo2N surface is thermodynamically favored
by 0.16 eV relative to the Mo2C surface. Thus, the oxygen removal process appears to be more

facile on the Mo2N surface.
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Figure 5.8. (a) Free energy profiles for the conversion of glycerol to propylene on the N-
terminated Mo2N (111) surface and on the Mo sites of the Cu/Mo2C (0001) catalyst model? (T =
350 K; Pgas = 10 atm). All energies are with reference to the sum of the energies of gas phase

glycerol and the initial catalyst model. The respective bond dissociations(/) and associations(+)
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are shown at the transition states. (b)-(c) Schematic of the favorable pathways on the two surface

models. (% see reference 21)

Table 5.2. Zero-point energy corrected reaction energies (4E;pg) and activation barriers (EZs%
calculated for the removal of adsorbed oxygen atoms from the N-terminated Mo2N (111) catalyst

model

Reaction AEzpg (eV) EZ5% (eV)

N-terminated MozN (111) surface®

(1) Omo + Hvo  — OHwio + *wio 0.86 1.77
(2) Owmo + Hu  — OHwio + *n 0.75 1.78
(3) Omo + H2(g) — OHwmo + Hwmo -0.58 0.59
(4) OHwmo + Hmo — H20mo + *mo 1.42 2.02
(5) OHmo + Hy  — HzOmo + *n 1.15 1.27
(6) OHmo + OHMo — H20mo + Omo 0.62 0.93
(7) H20m0 — H20(g) + *wmo 0.60 0.60

Mo sites of the Cu/Mo2C catalyst model®

(1) Omo + Hz(g) — OHwmo + Huo -0.56 0.38
(2) OHmo + OHMo — H20mo + Omo 0.42 0.75
(3) H2Omo — H20(g) + *Mmo 0.94 0.94

& *m0 and *n correspond to the empty surface Mo site and surface N site, respectively on
the Mo2N surface.

bsee Ref. 21
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5.4 Conclusions

In conclusion, this work demonstrates for the first time Mo2N as an alternative to Mo.C for
the selective HDO of glycerol. Compared to the synthesis of Mo2C that accumulates carbon on the
surface, the synthesis of Mo2N leaves a well-defined N-terminated surface that allows for better
correlation with model surface calculations. TPD experiments show that Mo2N has similar activity
to Mo2C, with added functionality, resulting from the N modification of the surface. Both Mo2N
and Mo2C cleave all the C-O bonds in glycerol to form propylene. In addition, MozN alone can
also break two C-O bonds to produce allyl alcohol and propanal, which was only achievable on
the Cu/Mo2C interface. The addition of Cu to Mo2N shifts the reaction pathway to only one C-O
bond scission to form acetol. DFT results obtained from the glycerol decomposition on the N-
terminated MozN (111) surface model are in good agreement with experimental observations.
Comparison of these results with our earlier mechanistic study on the Mo»C surface model provide
clear evidence that the Mo2N surface can exhibit a comparably similar activity relative to the Mo.C
surface for the glycerol HDO. Importantly, the surface N atoms of Mo2N play a critical role in
determining the mechanism and product selectivity. The activity of selective C-O bond scission of
Mo2N is also confirmed with 1,2- and 1,3-PDO, suggesting that Mo2N can be used for the selective
HDO reaction for other C3 oxygenates. Overall, this work provides insights into the controllable
C-O bond scission of glycerol over Mo2N-based catalytic materials. Such insights can also be
applied to the rational catalyst design for the upgrading of other important biomass-derived

oxygenates.
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Chapter 6: Experimental and Theoretical Insights into the Active
Sites on WOx/Pt(111) Surfaces for Dehydrogenation and

Dehydration Reactions

6.1 Introduction

The catalytic upgrading of biomass is an effective approach for mitigating environmental
issues and enhancing energy security.X> Many processes have been developed to convert biomass
into value-added fuels and chemicals, including gasification to produce synthesis gas, liquefaction
to produce bio-oils, esterification of triglyceride to produce bio-diesel, and low-temperature
catalytic conversion of biomass-derived sugars,® with the latter being especially promising because
a variety of value-added chemical and fuels can be selectively produced.”® Nonetheless, excess
oxygen is often present in biomass molecules, and needs to be removed to increase the energy
content and to avoid the reactivity toward byproducts.® The oxygenates derived from
lignocellulosic biomass can be upgraded via reactions involving selective C-O bond scissions,
including the hydrodeoxygenation (HDO), hydrogenolysis, and dehydration reactions. The
removal of excess oxygen in these molecules produces value-added chemicals, fuels and fuel
additives. The selective C-O bond scission of biomass derivatives has been studied using various
types of catalysts, including bimetallics®*1%14 and transition metal carbides- and oxide-based
catalysts'®22, Among these catalysts, both Pt/WOx and its inverse oxide, WOx/Pt, are particularly
interesting because they have multiple distinct active sites and are active and selective for the C-
O bond scission of glycerol, tetrahydrofurfuryl alcohol, and m-cresol.2%° For the glycerol
hydrogenolysis reaction that produces 1,3-propanediol, it has been proposed that the Pt site is

responsible for dissociating hydrogen, which then spills over to the WOy site to form in situ

109



Brgnsted acid sites that catalyze the selective C-O bond scission.?®?” On the other hand, it has also
been proposed that WO covers the Pt particles due to the strong metal-support interaction (SMSI)
during the ring opening reaction of tetrahydrofurfuryl alcohol to produce 1,5-pentanediol.?® The
oxygen vacancy sites on WOx serve as the active sites for the HDO reaction of m-cresol.?® Even
though there are many proposed mechanisms for this catalyst, the detailed reaction mechanisms
on the Pt and WOx sites are still unclear. It is therefore important to understand the nature of the
Pt and WOXx sites of this catalytic system, as well as the synergy between these sites to guide
optimal catalyst design for specific reactions of interest.

In order to understand the reactivities and mechanisms on the Pt and WOy sites present on
the WOX/Pt catalyst, this work utilized an inverse oxide design of depositing WOy on a Pt(111)
model surface. The WO/Pt(111) surfaces with different WOy coverages were prepared by
chemical vapor deposition of W(CO)e and subsequent oxidation over a Pt(111) surface. Carbon
monoxide (CO) was used as a probe molecule to differentiate between the Pt and WOx sites as
well as to quantify the WOy coverage. Isopropyl alcohol (IPA) was used as a model compound to
compare the adsorption and reaction over Pt(111) and WOXx/Pt(111) surfaces. The reaction
pathways on the Pt and WOx sites were identified using TPD experiments by varying the WOy
coverage on Pt(111). HREELS measurements identified the reaction intermediates that were
present at different temperatures. Surface functional groups associated with the active sites were
confirmed by both HREELS and in situ IRRAS measurements. DFT calculations further revealed
the binding configurations and energetics of IPA over the Pt(111) and WOx/Pt(111) surfaces to

help interpret the experimental observations.
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6.2 Methods

6.2.1 Experimental Methods

All TPD experiments were conducted in an ultrahigh vacuum (UHV) chamber with a base
pressure of 7*1071% Torr that has been described previously.® Briefly, the chamber was equipped
with a UTI-100C mass spectrometer, an Auger electron spectrometer (AES), and a sputter gun. A
Pt(111) single crystal was spot-welded through two tantalum posts to the manipulator for resistive
heating and cooling by liquid nitrogen. A K-type thermocouple was spot-welded to the back of the
crystal for temperature measurements. In a typical experiment, the Pt(111) surface was cleaned by
cycles of Ne* sputtering and annealing at 1050 K. The surface was then titrated with oxygen at
800 K until no carbon was detected by AES. To synthesize WOx/Pt(111), the Pt(111) surface was
cooled to 130 K, and subsequently exposed to tungsten hexacarbonyl (W(CO)s, 99%, Strem
Chemicals) at a pressure of 1*10® Torr. The tungsten hexacarbonyl sample cylinder and the entire
gas line were kept at 403 K to facilitate evaporation. The purity of W(CQO)s was monitored using
mass spectrometry. After deposition, the presence of tungsten on Pt(111) was confirmed by AES
and the surface was subsequently heated to 573 K at 0.5 K/s in 5%10” Torr O; and held at 573 K
for 30 minutes for oxidation. After oxidation, the surface was flashed to 950 K in the same O>
environment to remove excess carbon, followed by reduction at 473 K in 5*10® Torr H; for 10
minutes. The surface coverages of WOy were determined by CO TPD experiments and confirmed
by the W/Pt atomic ratio from AES measurements. In a typical TPD experiment, the as-synthesized
WO,/Pt(111) surface was cooled to 150 K and exposed to a desired amount of reactant gas while
facing the sample dosing tube. The surface was then heated at 3 K/s in front of the mass

spectrometer while the spectra were recorded.
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HREELS experiments were performed in a separate UHV chamber equipped with the same
instruments as in the TPD chamber, with the addition of a HREEL spectrometer.®! In a typical
HREELS experiment, the as-synthesized WOx/Pt(111) surface was exposed to a desired amount
of reactant, ramped to specific temperatures, and cooled to below 200 K before spectra were
recorded.

IRRAS experiments were conducted in an instrument located at the Center for Functional
Nanomaterials of Brookhaven National Laboratory, capable of operating at pressures ranging from
UHV to 7.5 Torr. The system was equipped with a VERTEX 80v FT-IR spectrometer with an
external MCT detector, and the entire IR beam path was in vacuum. Details of this instrument have
been described previously.*? The instrument was equipped with a polarizer that allowed taking a
background with s-polarized light (parallel to the surface plane), while p-polarized light (normal
to the surface plane) was used to record the sample spectra. A Pt(111) single crystal (hat-shaped,
2mm thick, with a top diameter of 8 mm, from Princeton Scientific Corporation) was initially
cleaned through cycles of Ar* sputtering and annealing. The deposition of WOx was carried out
from a heated W(CO)e source using a directional dosing tube on a leak valve, similar to that

described in the TPD experiments.

6.2.2 Computational Methods
The reverse WOy/Pt catalyst was modeled with a W30g trimer on a 5 x 4 Pt(111) slab. The
density functional theory (DFT) calculations were performed using the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional as implemented in VASP.3® The core electrons were
modeled using the projector augmented wave function method. The plane-wave cutoff energy was
set at 520 eV, and the energy and forces were converged to within 1x10° eV and 0.01 eV/A,

respectively. Transition states were located using the climbing-image nudged elastic band (NEB)
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method as implemented in the VTST?® package, with energy and force tolerances set at 1x10° eV
and 0.025 eV/A, respectively. The k-space integrations were performed on a (3 x 2 x 1)
Monkhorst-Pack®” mesh. During geometry optimization, the bottom two layers of the Pt(111) slab

were fixed at their bulk positions while the rest of the system was fully relaxed.

6.3 Results and Discussion

6.3.1 CO TPD - Probing the Pt Sites

In order to probe the relative number of Pt sites on the WO/Pt(111) surfaces, CO TPD
experiments were conducted. Figure 6.1 shows the CO desorption from Pt(111), 0.25-, 0.5-, and
above-monolayer (ML) of WOy deposited on Pt(111). On Pt(111), a well-defined CO desorption
peak centered at 427 K was observed, consistent with reported literature.>® When Pt was modified
with 0.25 ML of WOy, the CO desorption peak shifted to a lower temperature of 344 K and the
peak area decreased. When the WOy coverage was increased to 0.5 ML, the CO desorption peak
temperature shifted further to 290 K and the peak area continued to decrease. When Pt(111) was
fully covered by more than one ML of WOy, there was no CO adsorption, indicating that there
were no Pt sites available. The CO TPD results indicated that CO bound to the surface less strongly
as WOy coverage increased, suggesting that the presence of WOy weakened the CO binding on the
surface, with the extent of peak temperature shift and the decrease of peak area being dependent
on the coverage of WOx. Therefore, the amount of Pt sites, and consequently the WOy coverage

on the surface could also be quantified from the peak areas of CO TPD.
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Figure 6.1. Desorption of CO after exposing the WO,/Pt(111) surfaces with different WOy

coverages to 2 L (Langmuir, 1 L = 10" Torr*s) of CO.

6.3.2 IPA TPD - Reaction Pathways on the Pt and WOy Sites
TPD experiments following the adsorption of IPA were performed to identify the reaction
pathways over the Pt and WOx sites present on WO/Pt(111). The results indicated that the Pt site
was responsible for the dehydrogenation reaction, while the WOy site catalyzed the dehydration
pathway. Figure 6.2 compares the desorption of various products from the Pt(111) surfaces with
different coverages of WOy, after the surfaces were exposed to IPA at 150 K. From Figure 6.2 (a)
and (b), acetone and H> desorbed from Pt(111) with peak temperatures at 227 K and 298 K,

respectively. This showed that IPA underwent dehydrogenation on Pt(111), which was consistent
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with previous studies.3*#° The higher peak temperature of H, desorption, when compared to that
of acetone desorption, indicated that H> formation was most likely desorption-limited; this was
corroborated by DFT calculations as discussed later. On a WO/Pt(111) surface with a WOx
coverage of 0.3 ML, the acetone peak shifted to a higher temperature of 262 K, and the H; peak
shifted to around the same temperature as that of acetone. This suggested that the addition of WOx
decreased the hydrogen binding energy on the surface. As the WOy coverage was increased to 0.6
ML and beyond, there were no noticeable acetone and H: peaks, indicating that the
dehydrogenation pathway was not preferred on the WOy site. On the other hand, Figure 6.2 (c) and
(d) demonstrate the desorption of propylene and water with a peak temperature of 339 K on all the
surfaces modified by WOy, suggesting that IPA underwent dehydration reaction on these surfaces.
On Pt(111), there was no propylene formation, but as the WOy coverage was increased, the
propylene peak area increased, indicating that the dehydration pathway was favored on the WOx
site but not on the Pt site. The quantification results of products, based on the TPD peak areas, are
summarized in Table 6.1, which shows that the amounts of dehydrogenation product (acetone) on

the Pt site and the dehydration product (propylene) are comparable.
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Figure 6.2. Desorption of (a) acetone (58 amu), (b) H2 (2 amu), (c) propylene (39 amu), (d) water
(18 amu) from Pt(111) surfaces modified by different coverages of WOy after exposure of 5 L

IPA.
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Table 6.1. Activity (molecules per metal atom) of products from IPA TPD experiments on Pt(111)

modified by different coverages of WOx

WOy coverage Dehydrogenation ~ Dehydration
0 ML 0.011 0.000
0.3 ML 0.006 0.002
0.6 ML 0.000 0.002
0.9 ML 0.000 0.009
Above 1 ML 0.000 0.011

6.3.3 HREELS and IRRAS — IPA Reaction Intermediates and Active Site for Dehydration
Figures 6.3 (a)-(c) show the HREEL spectra after exposing IPA to Pt(111), 0.6 ML
WO,/Pt(111), and above-ML WOy/Pt(111) surfaces at 150K. A spectrum was first recorded at (a)
150K upon IPA adsorption, and the following spectra were taken after heating the surface to (b)
200 K and (c) 400 K. The vibrational mode assignments are summarized in Table 6.2. As shown
in Figure 6.3(a), at 150 K, the spectra on all three surfaces were very similar and contained the
characteristic vibrational modes of IPA, indicating molecular adsorption on all surfaces at this
temperature. Upon heating to 200 K (Figure 6.3(b)), a v(C=0) mode at 1665 cm™ was observed
on Pt(111), suggesting the formation of acetone. The same feature was not present on the 0.6 ML
WO,/Pt(111) or above-ML WOL/Pt(111) surfaces. In addition, adsorbed CO (1966 cm™) was only
observed on Pt(111). After further heating to 400K (Figure 6.3(c)), CO was present on Pt(111).

There was a smaller amount of CO on 0.6 ML WOx/Pt(111), but none on above-ML WOx/Pt(111).
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This trend was consistent with the CO TPD experiments, in which the amount of adsorbed CO
decreased with increasing WOXx coverage, and that CO could not adsorb on a surface fully covered
with WOx. In addition, the Pt-C or Pt-O stretching mode at 477 cm™ was observed on Pt(111) at
400K, while the W-O vibrational mode was visible at 537 cm™ on 0.6 ML WO,/Pt(111) and above-
ML WOy/Pt(111). The absence of detectable vibrational features related to the C=C bond on the
WO,/Pt(111) surfaces suggested that the desorption of the dehydration product, propylene, was

reaction-limited, i.e., propylene desorbed as soon as it was formed and therefore could not be
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Figure 6.3. Comparison of IPA reaction pathways and intermediates on Pt(111), 0.6 ML
WOL/Pt(111), and above-ML WOy/Pt(111) after exposing the corresponding surfaces to 5 L IPA

and heating to (a) 150 K, (b) 200 K, and (c) 400 K.
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Figure 6.4. (a) IRRA spectra of the Pt(111) and as-synthesized WO/Pt(111) surfaces; (b) HREEL
spectra of the as-synthesized WOx/Pt(111) surface (bottom), followed by 90L water treatment at

300K (middle), and exposure to 1L IPA at 150K (top).

In order to understand the nature of the active sites, IRRAS measurements were conducted
on the Pt(111) and the as-synthesized WO/Pt(111) surfaces. Figure 6.4 (a) compares the spectra
of both surfaces in the range between 3200 cm™ and 4000 cm™. The OH stretching mode was
observed on WO,/Pt(111) at 3458 cm™ but not on Pt(111). The detection of the OH stretching
mode suggested that the hydroxyl groups on the as-synthesized WOy/Pt(111) surface could be
involved in the dehydration reaction. In addition, HREEL spectrum of the above-ML WO/Pt(111)
surface (bottom spectrum of Figure 6.4(b)) was also collected to compare with the IRRAS
observation. Hydroxyl groups were found at 3416 cm™, which was consistent with the IRRAS
measurement. To further understand the role of the surface hydroxyl groups in the IPA dehydration
reaction, the as-synthesized surface was treated with 90 L of water at 300 K, followed by exposure

to a lower coverage (1 L) of IPA at 150 K (middle and top spectra of Figure 6.4(b)). After the
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water treatment, more hydroxyl groups were present on the surface as evidenced by the increase
of the v(OH) mode at 3416 cm™. Upon the adsorption of IPA, the intensity of the v(OH) mode
decreased significantly, suggesting that IPA had reacted with the hydroxyl groups. Therefore, it
was likely that the surface hydroxyl groups participated in the IPA dehydration reaction to produce
propylene. Attempts were also made to generate in situ hydroxyl groups by treating a sub-ML
WO,/Pt(111) surface with hydrogen, but hydroxyl groups could not be formed effectively under
UHV conditions. Nonetheless, DFT calculations were performed to predict the activation barriers
of in situ hydroxyl group formation by hydrogen spillover to further understand its role in the
reaction of IPA over WO/Pt(111) surfaces.

Table 6.2. Vibrational mode assignments of IPA

Pt(111)  WOxPt(111) Liquid IR

v(Pt-C), v(Pt-O) 463

v(W-0) 537

p(CHz) 919 919 921
p(CHz) 1114 1114 1130
3(CHz) 1416 1416 1470
v(C=0) 1665

v(CH) 2906 2906 2894
v(OH) 3161 3215 3350

Abbreviation: p — Wagging, & — Deformation, v — Stretching

a. From Ref.%°
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6.3.4 DFT Calculations of IPA Dehydrogenation and Dehydration

DFT calculations were performed to further understand the catalytic activity of Pt(111)
toward IPA dehydrogenation and of IML WO/Pt(111) toward IPA dehydration. On Pt(111),
dehydrogenation of IPA to acetone happened facilely (Figure 6.5). IPA underwent physisorption
on the Pt(111) surface, coordinating to an atop site through its hydroxyl group. The first step of
the dehydrogenation reaction was the breaking of the O-H bond and required 0.9 eV of intrinsic
activation energy. The isopropoxy intermediate was quite unstable and thus underwent almost
instantaneous elimination of its a-hydrogen to form acetone (intrinsic barrier of 0.02 eV). Product
release seemed to be rate-controlling: although acetone desorbed readily, requiring ca. 0.5 eV of
energy, H> recombination and desorption required an additional 0.8 eV of activation. This was

consistent with the TPD observations described earlier.

(f) 1 Acetoneg,+ Hjy g
0.82eV
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Figure 6.5. IPA dehydrogenation on Pt(111). (a) IPA bound to Pt(111); (b) O-H bond breaking
transition state (TS1); (c) Isopropoxy and atomic hydrogen species resulting from O-H bond
breaking.; (d) Isopropoxy C.-H bond breaking transition state (TS2); (e): Surface acetone and *H

atoms. (f) Energy profile along the reaction pathway; note that acetone desorption was facile
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whereas H, recombination and desorption was energetically demanding. (Color code: blue, Pt;

grey, W; red, O; white, H; brown, C.)

As previously discussed, the detection of the OH stretching mode in IRRAS and HREELS
measurements suggested the presence of hydroxyl groups on the as-synthesized WOx/Pt(111). The
activity of these OH groups for alcohol dehydration was investigated by performing DFT
calculations on the ML WOz3/Pt(111) surface. The DFT results showed that they were acidic
enough to catalyze the dehydration of IPA to propylene via a concerted, single-transition state
mechanism that required 1.47 eV of intrinsic activation energy (Figure 6.6). As the system passed
through the single transition state, the IPA hydroxyl accepted a proton from the surface OH group
to which it was coordinated. This activated the breaking of the IPA C-O bond while the incipient
water molecule mediated the B-elimination by accepting a proton from the Cg-carbon and donating
a different proton back to the active site of the catalyst. In light of this, the increase in the propylene
yield with the coverage of WOy in the TPD results should be attributed to Brensted acid sites
present on the surface of the oxide.

In the absence of H. and of the hydrogen-spillover mechanism to generate hydroxyl sites
on the WO,/Pt(111) surface, the possibility of Bragnsted site formation by dissociative adsorption
of water was investigated. The DFT calculations showed that this was a very efficient mechanism
as it required only 0.25 eV of activation energy. This result was consistent with the HREELS
observation that hydroxyl groups that were active for IPA dehydration could be generated with

water treatment under UHV conditions.
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Figure 6.6. IPA dehydration on 1 ML WO,/Pt (111). (a) Model surface; (b) Reaction mechanism;

(c) Energy profile. (Color code: blue, Pt; grey, W; red, O; white, H.)

To understand the catalytic activity of sub-monolayer WOx/Pt(111) for dehydration and to
investigate the mechanism of hydroxyl group formation, a W3QOgq cluster was deposited and relaxed
on the Pt(111) surface. The DFT calculations showed that hydrogen spillover from the Pt(111)
surface onto the WOx cluster was facile and led to the formation of Brgnsted acid sites. The
Brensted site formation energy was in the range between -0.5 and -0.3 eV, depending on the O-
site in the cluster (see Table 6.3).

As shown in Figure 6.7, these Brgnsted sites were active enough to catalyze IPA
dehydration to propylene via the same single-transition state, concerted mechanism described

earlier for the ML WO,/Pt(111) surface. The reaction required activation energies in the range
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between 1.23 and 1.55 eV, depending on the location of the Brgnsted site (see Table 6.3). The
most active site for dehydration (intrinsic barrier of 1.23 eV) corresponded to the proton that was

the least strongly bound (site formation energy of -0.3 eV).

Table 6.3. List of investigated Brgnsted acid sites on W304/Pt(111) formed by hydrogen spillover
and corresponding energies of formation and of activation of IPA dehydration. (Atom labelling

according to Figure 6.7(a).)

Bransted site
IPA dehydration

Acid site formation
barrier (eV)
energy (eV)

W30eH1 W1 up -0.45 1.40
W309H:_W1_down -0.47 1.50
W309H:1_W2_down -0.34 1.43
W309H:1_W?2_up -0.30 1.23
W309H:1_W3 -0.54 1.55

In addition to the hydrogen spillover mechanism, DFT calculations revealed facile
Bransted site formation by H20O dissociative adsorption on the W30y cluster, with a reaction energy
of -0.11 eV and an activation energy of 0.25 eV, similar to the ML WO/Pt(111) model. This
mechanism created two neighboring OH sites, one on the undercoordinated W3 site and one on
the “O up” of the W2 site (Figure 6.7 (a)). Interestingly, these water-dissociation Brgnsted sites
seemed to be less active than the hydrogen-spillover sites as the IPA dehydration required 1.72 eV
of activation energy, namely ca. 0.5 eV higher than on the most active hydrogen-spillover site.

One should note that they were also 0.3 eV less active than the respective water-dissociation sites
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on the ML WOy/Pt(111) model, presumably because they were more dispersed in the latter and

B
oY

thus not strongly interacting with one another.

HZOK,,-bPropene‘a

(e) 0.8 0.66eV
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Figure 6.7. IPA dehydration on a W30Og cluster modelling low oxide coverage on Pt(111). (a)
W30g cluster model on Pt(111) prior to OH formation; (b) IPA coordinated to oxide hydroxyl
group formed on O atom marked “up” and which was bonded to atom marked W2; (c) Dehydration
transition state; (d) Propylene and water formation; (e) Energy profile along the reaction pathway.

(Color code: blue, Pt; grey, W; red, O; white, H: brown, C.)

6.4 Conclusions
In conclusion, TPD, HREELS, and IRRAS experiments have been performed to investigate
the active sites on the Pt(111) and WO/Pt(111) surfaces using CO and IPA as probe molecules.

The WOy coverages were determined by CO TPD experiments. The IPA TPD experiments showed
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that the dehydrogenation reaction was preferred on the Pt site, producing acetone and hydrogen.
On the WOx site, the dehydration reaction of IPA was favored, with propylene and water being
produced. HREELS experiments identified the reaction intermediates on both the Pt and WOx
sites. HREELS and IRRAS measurements also confirmed the presence of hydroxyl groups on the
WOy site, which should likely be the active sites for IPA dehydration. DFT calculations revealed
detailed reaction mechanisms and energetics of both IPA dehydrogenation over Pt(111) and
dehydration over WO/Pt(111) surfaces. Based on the understanding of both active sites, the
activation barriers of in situ hydroxyl group formation, from both hydrogen-spillover and water
dissociation, on the WO/Pt(111) interface were also calculated using DFT. The hydroxyl group
with the least strongly bound proton (site formation energy of -0.3 eV) was predicted to be the
most active site for dehydration. This work reveals the nature of the different active sites on the
WO\/Pt(111) model surface, and in turn provides insights into the design of relevant metal/metal
oxide catalytic systems to control the dehydrogenation and dehydration of biomass-derived

oxygenates.
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Chapter 7: Conclusions and Future Directions

7.1 Conclusions

In this dissertation, the active sites and reaction mechanisms of linear-chain and ring-
containing biomass-derived oxygenates over transition metal carbide, nitride, and oxide surfaces
are compared in the context of selective C-O/C=0 bond scission. The relevant surface preparation
methods, surface science experimental techniques, as well as first-principles DFT calculations are
reviewed. While carbides and nitrides process metal-like sites that catalyze the direct C-O/C=0
bond scissions, it is the acid sites on oxides that facilitate the dehydration reaction to achieve
oxygen removal. Different strategies for modifying the reaction pathways and stabilizing TMC
and TMN surfaces have been demonstrated. Mo2C has been known to be highly active and
selective toward C-O/C=0 bond dissociation, but it deactivates rapidly due to the strong
interaction with oxygen. Chapter 3 demonstrates that Co-modifiers reduce the oxygen binding
energy of Mo2C to a proper extent and thereby enhance the stability of the surface during the HDO
reaction of a ring-containing molecule, furfural. For the HDO reaction of a linear-chain molecule,
glycerol, the selective scission of specific numbers of C-O bonds remains a challenge. Glycerol
has been shown to undergo total C-O bond scission over Mo.C, again due to the strong interaction
between the oxygen atoms in glycerol with Mo.C. In chapter 4, it is shown that Cu-modifications
enable the selective C-O bond scission of specific numbers of C-O bonds of glycerol, and the
product selectivity can be tuned by varying the Cu coverage. Despite the promising results, vapor-
phase mechanistic studies of glycerol are difficult because of the low vapor pressure of glycerol.
In order to overcome this challenge, a surrogate molecule that has a similar chemical structure to
that of glycerol but with a higher vapor pressure, 1,2-propanediol, is identified as an alternative to

glycerol for ambient pressure vapor-phase mechanistic studies with industrial-relevant powder
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catalysts. While Chapters 3 and 4 demonstrate the feasibility of enhancing the stability and tunning
the selectivity of Mo.C using metal modifiers, the C-O bond scission reactions of relevant biomass
molecules over TMCs, TMNs, and TMOs are compared in Chapters 4 and 5. The active sites and
reaction mechanisms between carbides and nitrides are compared in Chapter 5. The same glycerol
HDO reaction is performed on MozN. It is found that glycerol also undergoes complete HDO to
form propylene on Mo2N. In addition, products with two C-O bond scissions, ally alcohol and
propanal, are also formed on MozN. DFT calculations reveal that surface N atoms block some of
the Mo sites, which facilitates the selective C-O bond scissions. These results suggest that by
changing the interstitial atoms from carbon to nitrogen, the surface structure and the extent of
interaction with adsorbates change, which leads to a change in product selectivity. As shown in
Chapter 6, the active sites and reaction mechanisms for the oxygen removal of biomass-derived
oxygenates over oxides (WOx/Pt(111)) are very different from those for carbide and nitrides. Acid
sites are the main active sites on oxide surfaces, and the reaction follows the dehydration
mechanism instead of direct C-O/C=0 bond scission. DFT calculations also provide insights into
the in situ generation of acid sites using water and hydrogen, and the synergistic effect between
the oxide overlayer and the metal substrate. Overall, this dissertation summarizes the similarities
and differences among TMC, TMN, and TMO surfaces for the catalytic upgrading of biomass-
derived oxygenates, and provides useful information for rational catalyst design depending on the

application.

7.2 Future Directions

Based on the knowledge on TMCs/TMNs/TMOs provided in this dissertation, it is possible
to synthesize corresponding powder catalysts and conduct further reactor studies. As shown in

Chapter 6, the strong interaction between the metal and support of an inverse oxide catalyst can
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lead to desirable reactivity. Therefore, it is of interest to conduct further reactor studies to correlate
results from the theoretical calculations and model surface experiments on inverse oxide surfaces
with in situ characterization of corresponding powder catalysts. This will allow a full understand
of the active sites and reaction mechanisms on the powder catalysts under industrially relevant
reaction conditions. In addition, due to the recent advances of machine learning in catalysis, it is
also possible to leverage machine learning methods to accelerate the discovery of promising

catalysts for biomass upgrading. These aspects will be discussed in the following subsections.

7.2.1 In-Depth Mechanistic Studies Using Inverse Oxide Model Surfaces

Oxide-supported metal catalysts are widely used in the industry.* Nonetheless, the
interaction between metals and oxides as well as the active sites for catalytic biomass
transformation are less well understood. Inverse oxide catalysts are catalytic materials with oxides
deposited on metal substrates, in contrast to the conventional metal-over-oxide architecture. The
advantage of the inverse oxide design is that by depositing oxides over metals, the oxide-metal
interface can be maximized, which will facilitate mechanistic studies of interfacial active sites that
catalyze many reactions. The inverse oxide design can sometimes stabilize active sites that cannot
be stabilized otherwise. In Chapter 6, the inverse oxide design is utilized to study the IPA
dehydration reaction over WOx/Pt(111). Model surface experiments demonstrate the different
functionality of the WOy and Pt sites, while DFT calculations are used to further investigate the
synergistic effect of WOy and Pt. Such an approach can be extended to other relevant inverse oxide
systems. It is also important to conduct steady-state reactor evaluations using powder catalysts and
in situ characterization with ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) and X-
ray adsorption spectroscopy (XAS) measurements to investigate the dynamics of active sites and

important reaction intermediates under reaction conditions. The combined first-principles
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calculations, model surface experimentation, and in situ characterization of powder catalysts can
provide an in-depth understanding of active sites, reaction mechanism, and rate-determining steps

to guide rational catalyst design for the catalytic upgrading of biomass.

7.2.2 Machine Learning Guided Catalyst Design for Biomass Upgrading

With recent rapid development machine learning in catalysis,® it is possible to combine
machine learning with multiscale modeling (DFT, microkinetic modeling, kinetic Monte Carlo
and molecular dynamics simulations, etc.) to accelerate the identification of promising catalyst
candidates and the development of catalysts. For example, it can take months to calculate
activation barriers of elementary reactions using the DFT methods with current computational
power. With the assistance of machine learning, DFT-calculated energetics and bind
configurations can be used for training machine-learnt models.® Upon the completion of training,
such models can be used to predict catalyst activity and selectivity effectively. Using this method,
it is possible to screen a wide range of catalyst candidates with different compositions to select the
most promising candidates. Machine learning can also be used in combination with molecular
dynamics (MD) simulations to enable the calculations of industrial-relevant catalyst nanoparticles,
which are significantly larger in size compared to the slab models with periodical boundary
conditions used in DFT calculations. In addition, machine-learning-guided MD simulations’ can
also predict catalytic properties at elevated temperatures and pressures instead of 0 K and pristine
environment used in the case of DFT calculations. With the help of carefully selected machine
learning methods, MD simulations can be performed in most realistic conditions to explain
experimentally observed phenomena. Using machine learning-assisted computation techniques, it
is possible to rapidly screen a large number of catalyst candidates and predict the most promising

ones, which can be evaluated with model surface experiments as well as reactor studies. Such a
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combined approach should help accelerate the identification and rational design of optimal

catalysts for application-dependent biomass catalytic transformations.
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