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ABSTRACT: Understanding surface reactions of biomass-derived \] (

oxygenates on metal oxides is important for designing catalysts for . OH I

valorization of biomass. This work elucidated the effect of different T e

pretreatments on molybdenum trioxide (MoO;) to understand [,-\1/

how surface reactivity is controlled by the surface oxidation state. ; '} ‘ ? {1 '} R Al y

The catalyst was pretreated in oxidative, inert, and reducing Cacy;

oxygen vacancies on the catalyst surface that acted as active sites

9,
. . . M ) /\/
environments. The inert and reducing pretreatments created 5 ® 6 /0{ &(\" \\\\" -~
S
D

for the adsorption of oxygenated molecules, with the reducing o :0OH 0.
pretreatment yielding a higher density of these active sites. \ N / AN
Exposing the catalyst to an alcoholic solvent such as methanol also 2 Wala

led to a partial reduction similar to the inert pretreatment. After Mo S Vo Mo S Mo

pretreatment, the catalyst was exposed to ethanol, acetaldehyde,

and crotonaldehyde with subsequent characterization by diffuse reflectance infrared spectroscopy (DRIFTS), temperature-
programmed desorption (TPD), X-ray absorption near edge spectroscopy (XANES), and X-ray photoelectron spectroscopy (XPS).
Density functional theory (DFT) was also used to determine adsorption configurations and energies of ethanol, acetaldehyde, and
crotonaldehyde. Reduced surfaces were shown to have a stronger affinity for carbonyls, leading to a higher activity for the aldol
condensation of acetaldehyde and ethanol to C, molecules. Catalysts pretreated in an oxidative environment were completely
inactive toward chemisorption and reaction of acetaldehyde.
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1. INTRODUCTION catalyst showed limited activity for the desired subsequent
retro-aldol condensation (RAC). The Sn sites in the zeolite are
isolated Lewis acid sites that hypothetically bond with the a-
hydroxyl group of glucose and then transfer the hydrogen to
the carbonyl group to become fructose. In contrast,
molybdenum(VI) trioxide (MoOj5) is an effective catalyst for
RAC of fructose to dihydroxyacetone (DHA) and glycer-
aldehyde (GLA), which could then be converted to alkyl
lactates.” They also found that the overall carbon yield
increased when ethanol was used as a solvent rather than water
under the same conditions with MoO;. However, the nature of
the active sites on molybdenum oxide and the origins for their
high retro-aldol activity remain unknown.

Recently, density functional theory (DFT) was employed to
calculate the thermodynamics and kinetics of reactions

Developing processes for producing oxygen-containing com-
modity chemicals from biomass has garnered considerable
attention. Biomass-derived sugars have the potential to
revolutionize the way chemicals, such as lactic acid and
ethylene glycol, are produced by offering a more efficient
pathway compared to conventional processes.'”* The design
of heterogeneous catalysts that promote selective tranforma-
tions of sugars remains a major challenge.’

Solid catalysts containing Lewis acid sites have shown
promise for many desired reactions of sugars, including
isomerization, retro-aldol condensation and the Cannizzaro
reaction.””® These sites can accept electrons and therefore
activate reactant molecules. Several descriptors, such as
hardness, electronegativity, and ionic radii, have been proposed
to better characterize the nature of Lewis acid properties in
different materials.””"' However, the influence of these factors
on catalytic activity and selectivity remains only partly
understood. One solid Lewis acid catalyst, tin-containin
zeolite Beta (Sn-BEA), was shown by Davis and co-workers®’
to isomerize glucose to fructose through a 1,2-intramolecular
hydride shift in the presence of water as the solvent, but this
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involving MoOj;. Rellan-Pifierio and Lopez studied the Formox
process (methanol oxidation to formaldehyde) with DFT
calculations and found that Mo(VI) cycles to Mo(IV) during
reaction, with oxygen vacancy formation being a key step in the
catalytic cycle."’ Vlachos and co-workers used DFT to obtain
the free energy profile of the retro-aldol fragmentation of
fructose to DHA and GLA.'* They proposed a monodentate
intermediate, in which the oxygen atom of the carbonyl group
binds to a single Mo(VI) site. Lopez and co-workers also used
DEFT to describe the epimerization of glucose to mannose on
both a fully oxidized and defective MoO; surface.'” These
modeling studies provide additional atomic-scale predictions of
the nature of the active site on MoO; but additional
confirmation regarding the behavior MoO; under relevant
conditions through in situ and/or operando experiments is
currently lacking.

In addition to being an important solvent for sugar
chemistry and other biomass transformations, ethanol has
been extensively studied as a feedstock for biorefineries due to
well-established processes for its production, its cheap cost,
and ease of implementation into current technologies.'®™"*
Moreover, ethanol is a useful probe molecule for studying aldol
processes on metal oxide surfaces.'” One such aldol reaction,
known as the Lebedev process, transforms ethanol into 1,3-
butadiene, a valuable chemical for rubber production.”® It was
recently shown that there is an optimal density of Lewis acid
sites for the selective reaction to butadiene.”"”” Another
example of aldol condensation, the Guerbet reaction, converts
primary alcohols to longer chain alcohols, which can often be
used as fuel additives.”” For example, Barta and co-workers”*
found that nickel- and copper-doped porous metal oxide
catalysts were able to transform ethanol to butanol with
significant yields. These important developments make ethanol
an attractive reactant for further study and highlight the role of
Lewis acid sites on the conversion of ethanol.

In this work, the effect of reduction during typical thermal
pretreatments of MoO; in H,, N,, and O, and their
consequences for aldol reactions were studied. Adsorption
and reactions of the probe compounds ethanol, acetaldehyde,
and crotonaldehyde were analyzed and discussed considering
the nature of active sites during reaction conditions (see
Scheme 1). The effect of alcoholic solvents as a reducing agent
to the surface of MoQj is also investigated.

2. METHODS

2.1. Materials. Commercial MoO; (>99.5%, Sigma-
Aldrich) was calcined in dry air at 450 °C for 4 h and utilized
for all experiments. Pretreatment gases included H, (99.999%,
Airgas), He (99.999%, Airgas), and O, (99.994%, Airgas).
Ethanol (>99.5%), acetaldehyde (>99.5%), crotonaldehyde
(=99%, predominately trans) and potassium bromide
(>99.0%), were purchased from Sigma-Aldrich for FTIR
experiments. For TPD experiments, ethanol (200 Proof,
Decon Laboratories), acetaldehyde (99.5%, Acros Organics),
crotonaldehyde (>99% predominately trans, Sigma-Aldrich),
1,3-butadiene (>99%, Sigma-Aldrich) and 1-butene (>99%,
Sigma-Aldrich) were used.

2.2. Catalyst Characterization. 2.2.1. N, Physisorption.
A Micromeritics Accelerated Surface Area and Porosity
(ASAP) 2020 system was used for N, physisorption followed
by BET analysis.”® Before analysis, samples were degassed at
110 °C and held at this temperature for 4 h. Adsorption—
desorption measurements of nitrogen were carried out at —196
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Scheme 1. Reaction Pathways for Conversion of Ethanol”
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“The boxed route is Toussaint’s mechanism of aldol condensation.”.

°C. After being calcined in air at 450 °C for 4 h in air, the
sample was sieved >90 ym and one gram was used for the
experiment.

2.2.2. XRD. Powder XRD (X-ray Diffraction) patterns were
measured on a Philips X'pert diffractometer equipped with an
X’celerator module. Diffractograms were obtained with Cu Ka
radiation for 260 = 10—80° with a step size of 0.0167°. In situ
X-ray diffraction data were collected at the Quick Absorption
and Scattering beamline (QAS, 7-BM) at the National
Synchrotron Light Source II (NSLS-II). The samples were
placed in the Clausen cell and hydrogen was flowed through
the glass at the rate of 20 sccm. The patterns were collected
using 19 keV photons with PerkinElmer flat panel detector.
The energy was calibrated using a LaB4 standard, and the 2D
patterns were integrated using Dioptas software.

2.3. XANES. Mo L;-edge X-ray absorption near edge
spectroscopy (XANES) experiments were performed at
beamline 4—3 at the Stanford Synchrotron Radiation
Laboratory (SSRL). The Si(111) monochromator was
calibrated by setting the edge energy of a Mo foil reference
to a standard value of 2520.0 eV. For the in situ experiments,
the Mo L; edge was analyzed in fluorescence mode using a
passivated implanted planar silicon (PIPS) detector. The
sample was prepared by diluting MoO; with BN to create a
mixture with roughly 11 wt % MoOj;. This mixture was packed
into a sample holder and placed in a specially designed cube
reactor cell”’” for analysis. XANES of the Mo L, edge was
collected continuously during a series of treatments performed
consecutively on the same sample. First, the sample was heated
at 10 °C/min in 40 sccm He from room temperature to 450
°C and held at that temperature for 30 min. The sample was
then cooled to room temperature, and the flow was switched to
40 sccm of 10% H, in He. The sample was then heated at 10
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°C/min from room temperature to 450 °C for 30 min.
Subsequently, the sample was cooled to 350 °C, and the flow
was switched to 40 sccm O, and held at this temperature for
30 min before cooling down to room temperature again in 40
sccm He. The XANES data were processed using Athena.”®

To understand catalyst changes due to solvent effects, X-ray
absorption spectra were recorded at the National Synchrotron
Light Source I (NSLS-1I) (Brookhaven National Laboratory,
NY, US.A.) at a damping wiggler/Inner Shell Spectroscopy
beamline using a cryogenically cooled double crystal Si(111)
monochromator. The beam spot on the sample was 0.9 X 0.9
mm?® The X-ray absorption near-edge structure (XANES)
spectra was recorded at the Mo K-edge (20000 eV) in
transmission geometry mode using ion chambers as detectors.
Spectra were acquired at room temperature using self-
supporting pellets of the catalyst powder mixed with boron
nitride.

2.4. XPS. XPS experiments were carried out in a Multiprobe
ultrahigh vacaum (UHV) system with a base pressure <5 X
107 Torr, equipped with a hemispherical electron energy
analyzer (SPECS, PHOIBOS 100) and a twin anode X-ray
source (SPECS, XR50). The XPS spectra were fitted using the
add-on function XPST in Igor. Due to spin orbit coupling, the
ratio between the Mo 3ds;; and Mo 3d;, peaks was
constrained to 3/2. Because only a partial reduction was
expected, the fit was performed assuming no Mo(IV) was
present in the sample. The locations and widths of the peaks
were constrained based on literature values compiled else-
where,” and the areas of these peaks were fit based on these
parameters.

2.5. DFT Calculations. A model surface based on the
(100) facet of @-MoOj5 (space group Pnma) was selected as the
most stable bulk structure and surface facet.'*~'® All density
functional calculations were performed with Quantum
ESPRESSO,*° and exchange-correlation interactions were
treated with the BEEF-vdW functional”’ The BEEF-vdw
functional is parametrized for surface adsorption and does not
require material-specific parameters, so we elected to use it
instead of the + U correction. There are numerous studies of
MoOj; with®>** and without + U,'* and there is no consensus
on its necessity for adsorption properties or the appropriate U
value,”** so the correction was omitted for simplicity. A
Monkhorst—Pack k-point sampling” of 5 X 5 X 1 with a
planewave cutoff of 450 eV was used for all MoO,
calculations.”” A Fermi—Dirac electron smearing width of 0.1
eV was used for convergence (results extrapolated to 0 K) with
spin polarization and dipole correction.”® The slab was
modeled using 20 A of vacuum between slabs, and the lower
two layers were fixed to bulk positions. The L-BFGS algorithm
implemented in the Atomic Simulation Environment (ASE)*’
was applied for geometry optimization (maximum force of 0.05
eV/A). The adsorption energies were calculated as follows:

E= Eslab+ads - Eslab - Ead

S

where E is the adsorption energy with Eg., .49 Equpy and E 4 as
the DFT energy of the adsorption complex, slab, and
adsorbate, respectively. Free energies were computed in a
similar way, with Gibbs free energies used in place of DFT
energies.

Vibrational modes were estimated with the normal-mode
analysis by using a finite difference approximation of the
Hessian matrix (Ar = 0.01 A) using ASE. Free energies were
computed using the ideal gas approximation for gas-phase
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species and the harmonic approximation for adsorbates. A
temperature of 300 K and a pressure of 1 bar were used in the
free energy calculations. These corrections were also computed
with the thermochemistry package of ASE, and a low-
frequency cutoff of 50 cm™" was used for adsorbed species.*®
Initial guesses for adsorbate geometry and binding site were
based on structures from previously reported DFT calcu-
lations."?

2.6. In Situ DRIFTS Studies. DRIFTS spectra were
collected using a Nicolet 8700 FT—IR equipped with a liquid
nitrogen cooled MCT/A detector and the Praying Mantis
(Harrick Scientific) accessory with a high temperature reactor
for in situ studies. Spectra were averaged at 64 scans with a
resolution of 4 cm™'. All spectra were treated using the
Thermo Scientific Omnic Software. A background of dried
potassium bromide at 50 °C was used for all spectra. The
sampling cup was filled with catalyst and then smoothed across
several times to ensure an even layer. The reactor was sealed
and flushed with 100 sccm N, for 5 min to settle the sample
bed. Additional catalyst powder was added to fill any voids.
The catalyst was pretreated in 40 sccm of H,, N, or O, for 1 h
at 450 °C at a ramp rate of 10 °C/min and then cooled in an
N, atmosphere for 1 h to bring the temperature of the sample
back to 50 °C. An initial spectrum of the catalyst was collected
at this temperature for spectral subtraction against the catalyst
with species adsorbed. Ethanol was bubbled in 40 sccm of N,
for 3 min, acetaldehyde in 5 sccm of N, for 1 min, and
crotonaldehyde in 10 sccm of N, for 1 min. All probe
molecules were introduced to the catalyst bed at 50 °C. After
introducing the probe molecule, the feed was switched to 40
sccm of N, and held at 50 °C for 30 min and then ramped to
100, 150, and 200 °C at 10 °C/min and held at those
temperatures for 30 min. All the spectra were collected at SO
°C after the sample had been heated to the respective reaction
temperature.

2.7. TPD Studies. For each experiment, about 500 mg of
MoO; was loaded into a quartz reactor tube, and quartz wool
was added to the ends of the catalyst bed. Samples were
pretreated in a flow of 36 sccm of either H, or He at 450 °C
for 1 h. After cooling the sample down to room temperature,
probe molecules were dosed on the surface by flowing 9 sccm
of He through a bubbler containing the desired compound and
then over the catalyst bed for 80 min. The bubbler was kept at
room temperature when dosing ethanol and crotonaldehyde
but was cooled to 10 °C for acetaldehyde. Following dosing,
the reactor tube was purged with a 9 sccm flow of He for
approximately 8 h. After purging, the temperature was ramped
from room temperature to 715 °C at a heating rate of 10 °C/
min. FDesorbed products were detected using a Pfeiffer Prisma
quadrupole mass spectrometer downstream of the reactor.

Calibration curves were generated to correlate mass
spectrum peak areas to molar amounts for each reactant/
product. Controlled volumes of each molecule were injected
into the mass spectrometer while monitoring the peak
response. Desorption product signals were normalized using
the calibration curves according to the following characteristic
fragments: ethanol (m/z = 31), acetaldehyde (m/z = 29), 1,3-
butadiene (m/z 54), l-butene (m/z 56), and
crotonaldehyde (m/z = 70). For masses associated with
multiple products, molecular desorption rates were deconvo-
luted by subtracting contributions of heavier products using
mass fragmentation patterns obtained on our system. Total
molar quantities of each desorption product were calculated by
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Figure 1. Normalized Mo L; edge XANES data (A) and the second derivative (B) for MoOj after treatment with O,, He, and H,

integrating the normalized spectra of the relevant characteristic
mass fragment with respect to time.

3. RESULTS

3.1. Catalyst Pretreatments and Characterization.
Samples reduced in H, are noted as R—MoO,, samples
exposed to an inert gas (either N, or He) are noted as I—
MoO,, and samples pretreated with oxygen are noted as O—
MoO;. XRD showed that only orthorhombic MoO; was
present before and after calcination of MoO; for 4 h in air
(Figure S1 of the Supporting Information, SI). Peak locations
were shifted slightly after calcination, and the d spacing of the
crystals decreased (Table S1). This was most likely due to the
removal of water during calcination. In-situ XRD showed that
at higher temperatures in the presence of hydrogen, the bulk
crystal structure of the catalyst did not change (Figure S1B).
The surface area of the catalyst was below 2 m*/g according to
N, physisorption. Delporte reported that as extent of reduction
increases, the surface area of MoOj; increased from 4 m?/g to
11 m?/g.*” Thus, a higher surface area is a possible contributor
to enhanced rates of product formation on reduced samples.

The evolution of the color of MoO,, during the pretreatment
gave a first indication of its oxidation state. Heating in an
oxygen flow produced no noticeable color change up to 450
°C. Heating in inert flow caused the sample to turn slightly
blue at around 250 °C, which continued to intensify up to the
final temperature of 450 °C indicating progressive reduction.
In hydrogen flow, the sample turned a dark violet shade similar
to M002.40

The Mo L; edge structure is derived primarily from the
transition of core electrons in the 2p;,, orbital to empty 4d
orbitals. However, these vacant d orbitals can be split into e,
and t,, states due to ligand interactions in octahedrally
coordinated molybdenum oxides.”'~** This crystal field
splitting causes a doublet peak shape in the white line, as
seen clearly in the MoO; sample after O, treatment (Figure
1A). Differences in the splitting energy can be seen more
clearly by plotting the second derivative of the signal intensity
(Figure 1B).* Local minima in this plot correspond to peak
maxima in the fluorescence data. Another key feature of the
XANES spectra, the absorption edge energy, is often
interpreted as the first inflection point in the white line. This
edge energy is expected to move to lower energy with
decreasing oxidation state.*”***" The shape and position of the
edge are also influenced by the symmetry of the coordination
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52,53

** The absorption edge
energy along with the splitting energy difference for the MoO;
sample after each treatment are compiled in Table 1.

sphere around the absorbing atom.

Table 1. Mo L; Edge and Splitting Energies

edge position (eV) splitting energy (eV)

O, treatment 2525.6 3.6
He treatment 2524.2 3.4
H, treatment 2523.1 3.2

Following the oxidative treatment, the Mo L; edge energy
was determined to be 2525.6 eV with a d-orbital splitting
difference of 3.6 eV, which is indicative of fully oxidized
MoO,.***>° After heating in He, the edge position and
splitting energy were shifted downward by 1.4 and 0.2 eV,
respectively. The high temperature H, treatment had a similar
effect on both the edge position and splitting energy shifting
them further downward by a similar increment. Previous
research demonstrated that decreases in both the splitting
energy and edge position of metal oxides tend to correlate with
reduction in the oxidation state of the metal ion."**”*" As
such, it appears that the He treatment causes a slight reduction
in Mo(VI) centers, and this effect is enhanced by high
temperature treatment in H,.

Previously published XANES profiles of MoO; and MoO,
from Kashiwabara et al. were used as standards to obtain
relative edge positions of the Mo(VI) and Mo(IV) oxidation
states (see Figure S2).*' In this study, the Mo L; edge was
shifted down by 1.4 and 2.5 eV after high temperature
exposure to He and H, respectively. This compares to a shift of
approximately 2.2 eV between MoO; and MoO, standards
(Figure S2). Using the relationship between edge position and
oxidation state obtained from the digitized spectra, this may
indicate that the He treated sample is slightly reduced to an
intermediate oxidation state around Mo(V), while the H,
treated sample is highly reduced to a Mo(IV) or lower state.

Several groups have shown that the reduction of bulk MoO;
with hydrogen can result in the formation of hydrogen
molybdenum bronzes under mild conditions.”**” In this study,
the higher ramp rates and reduction temperatures used during
pretreatment would likely have suppressed the formation of
these structures. Aritani et al. found that the XANES peaks for
type I and type II bronzes were shifted to slightly lower energy
compared to MoO;. In contrast, the shifts in peak positions
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Figure 2. Adsorption geometries of ethanol (a, b) and acetaldehyde (b, c) adsorbed on a pristine MoO; (100) surface (a, c) and an oxygen vacancy
defect (b, d). The Gibbs free energy of adsorption is included for each system. Mo atoms (teal) and bulk O atoms (red) are represented by their
ionic radii, while H (white), C (gray), and O atoms in adsorbates are represented with covalent radii.

seen between MoOj; and the H, treated sample in this study
were much larger. In addition, the in situ XRD (Figure S1B) of
MoOs; in H, at elevated temperatures does not reveal changes
in the original diffractogram that would correspond to the
formation of a bronze phase. As such, while there is no
evidence to suggest the presence of hydrogen molybdenum
bronzes after H, treatment, their presence cannot be ruled out.

Changes of the oxidation state of MoO; through reactions
with methanol were probed by XPS and XANES. When MoO;
was exposed to methanol and then held under vacuum
overnight, the color of the catalyst changed from light green to
gray-blue, indicating a reducing interaction between the
solvent and the MoO; surface. This change was verified
through XANES of MoO; before and after exposure to
methanol at the K-edge as reported in Figure S3. A slight
decrease in the near edge peak is seen at 20002 eV. Since this
near edge peak does not exist for Mo(IV),*® this result suggests
that methanol exposure produced a slight decrease in the
average oxidation state of Mo. The fits of the Mo 3d doublet in
the XPS spectra before and after exposure to methanol (Figure
S4) indicated that the abundance of Mo (V) increased from 8%
to 15% during this treatment.””>”

3.2. Reaction of Oxygenates on Different Surfaces.
3.2.1. DFT Calculations. DFT calculations were used to
investigate how the presence of oxygen vacancies on MoOj;
influences the binding of ethanol and acetaldehyde. The
optimized adsorption geometries for ethanol and acetaldehyde
on O—MoO; indicate only nondirectional bonds and relatively
low adsorption energies of roughly —0.20 eV (Figure 2). These
results provide evidence that both molecules are physisorbed
on O—MoO;. In contrast, there was a clear directed interaction
between the alcohol/aldehyde group and the oxygen vacancy
site, and binding energies were substantially more exergonic
(<—=0.75 eV), indicating strong chemisorption at the vacancy
sites. This suggests that defect sites are critical to activating
alcohol and aldehyde functionalities and corroborates the
enhanced reactivity of partially reduced surfaces described
below. Vibrational frequencies are shown in Tables S2—S4 for
both types of surfaces and the three adsorbate molecules. For
ethanol, the defect site generally induced a slight blueshift of
0—50 cm™! for most modes, although the O—H stretch is
significantly more red-shifted by around 150 cm™'. For
acetaldehyde, the effects of the defect site are more ambiguous.
Most modes were slightly blue-shifted (0—50 cm™"), while the
C—C and C—H stretch of the CH group was red-shifted by 45
and 116 cm™’, respectively.
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3.2.2. DRIFTS Studies. DRIFTS was used to further illustrate
the role of oxygen vacancies in strong adsorption and
conversion of ethanol, acetaldehyde, and crotonaldehyde at
ambient conditions and subsequent heating. Figure 3A shows
the DRIFTS spectra of ethanol on the three differently
pretreated surfaces at 50 °C, and Table 2 gives vibrational
assignments for the relevant peaks labeled in Figure 3A. While
the relative absorbance for R—MoO, were less intense, it is
likely the reduced intensities were due to a higher infrared
absorbance (darker color) of the sample, and not necessarily
due to the adsorbate concentration.

The region above 3200 cm™ is classified as the hydroxyl
stretching region.””®" For the reduced sample, adsorption of
ethanol resulted in a broad, unresolved peak at 3331 cm™L. The
poor signal-to-noise ratio for this sample is likely due to the
stronger IR absorbance (darker color) of prereduced MoO;. In
contrast, the inert and oxidative pretreatments produced
samples with several distinct hydroxyl bands. Bands at 1479
and 1447 cm™' suggested the presence of acetate species on
the surface.””"® Previous studies have shown that acetate
species are produced on different metal oxides after ethanol
exposure.”>” "% There was a shoulder to the peak marked 1625
cm™' on the R—MoO, that appeared around 1645 cm™. As
discussed below, this peak is most likely the »(C=C) mode of
crotonaldehyde. Two other bands appeared at 1268 and 1624
cm™ and are attributed to the v(C—0O) and »(C=C)
vibrations of surface bound enolates, respectively. These
peaks were retained up to 150 °C (Figure S6) suggesting
that the enolates are strongly bound. Idriss et al. referred to
this species as 7>-acetaldehyde due to the coordination of both
the primary carbon and oxygen atom to the surface (Scheme
1).%° The presence of this species suggests that keto—enol
tautomerization of surface species readily occurs on the
catalyst, similar to what was observed in the case of
dehydration products of glycerol on niobia.”"

The C—H stretches of ethanol gave rise to peaks near 2978,
2935, and 2902 cm™! that are attributed to r,(CH;),
v,(CH,), and v,(CH,) modes, respectively.””’® This suggests
that significant amounts of ethanol were still present on the
surface as either ethoxide groups or in a molecularly adsorbed
state. The C—H stretching modes of surface species on the R—
MoO, sample decreased significantly when the temperature
was increased above 50 °C, while they remained resolved on
the I-MoO, sample even at 150 °C. Looking at the OH and
CH stretching region, it appears that ethanol adsorbs
differently based on the pretreatment for the catalyst given
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Table 2. Vibrational Mode Assignments from Labeled Peaks
in Figure 3A for Species Other than Ethanol

Mode (cm™) Vibration Species
1268 v(C-0) Enol
1393 8as(CH3) Acetaldehyde
1427 8(CHx) Various
1447 8as(CH3), vs(COO) Various
1479 8as(CHz2) Various
1524 0as(COO) Acetate
1624 v(C=C) Enol
1645/7 v(C=C) Crotonaldehyde
1726 v(C=0) Acetaldehyde (Chemisorbed)
1735 v(C=0) Acetaldehyde
1760 v(C=0) Acetaldehyde (Physisorbed)
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Figure 3. Spectral subtraction DRIFTS of (A) ethanol adsorbed onto
R—-MoO,, I-MoO,, and O—MoO; sample at SO °C. (B)
acetaldehyde adsorbed onto R—MoO,, I-MoO,, and O—MoO;
sample at 100 °C. (C) crotonaldehyde adsorbed onto R—MoO,, I—
MoO,, and O—MoO; sample at 100 °C.

more surface hydroxyl groups appear on the I-MoO, and O—
MoO; surface due to higher presence of oxygen on the surface.
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Figure 3B shows the spectra of acetaldehyde on the three
different pretreated surfaces at 100 °C. One key feature of
these spectra is the appearance of Mo=O overtones in the
1800—2000 cm™' region.”*”® The appearance of these
overtones suggests a strong interaction between acetaldehyde
and the Mo=0 bond. The peaks at 1726 and 1760 cm™" are
characteristic of the v(C=0) for chemisorbed and phys-
isorbed acetaldehyde, respectively.”* The peak at 1524 cm™ is
attributed to surface acetate species.””*® The R—MoO, sample
showed additional peaks. The peak at 1624 cm™" was the same
as the one shown in Figure 3A and is assigned to the v(C=C)
of an enol. The peak at 1647 is assigned to the v(C=0) of the
aldol coupling product crotonaldehyde.”* This peak was also
seen in Figure 3A,C. The broad peak at 1427 cm™" is assigned
to 6(CH,) modes of various species.74 As the temperature
increased, the peaks diminished at 200 °C suggesting
desorption (Figure S7A). This was also observed for the I—
MoO, sample (Figure S7B). The reduced samples had higher
affinity for adsorption of acetaldehyde onto its surface than the
O—MoO; sample. Interestingly, acetaldehyde only adsorbed
very weakly on the O—MoO; sample. While there was some
physisorbed acetaldehyde present on the surface at 50 °C
(Figure S7C), after heating to 100 °C, there were no
detectable peaks present.

Figure 3C shows the spectra of crotonaldehyde on the three
differently pretreated surfaces at 100 °C. The sharp peak at
1688 cm™' is assigned to the v(C=O0) stretching mode of
crotonaldehyde, which was red-shifted from 1725 cm™" in the
gas phase. A shoulder was present around 1640 cm™ and is
assigned to the v(C=C) stretching mode of crotonaldehyde.”
The sustained presence of this band up to 200 °C on R—MoO,,
and I-MoO, (Figure S8A/B) suggests it was chemisorbed.
There were two resolved v(O—H) peaks present at 3215 and
3334 cm™' that persisted up to 150 °C. As the temperature
increased, the peak at 1688 cm™" decreased in intensity, and
positive peaks of the overtones of the catalyst appeared (Figure
S8B). This is similar to the behavior of acetaldehyde on the I—
MoO, sample shown in Figure S7B. The spectrum of
crotonaldehyde on R—MoO,, contained the same peaks, but
the overtones gradually decreased as the temperature increased
(Figure S8A). The spectrum of crotonaldehyde on O—MoOj;
exhibited the same 1688 cm™ peak, but it disappeared after
100 °C, unlike acetaldehyde on the MoOj; sample which lost
its carbonyl peak after 50 °C (Figure S7C). This suggests that
crotonaldehyde was more strongly adsorbed on the oxidized
surface compared to acetaldehyde on the same surface but still
readily desorbed.

3.2.3. TPD MS Studies. TPD was used to determine how
reduction of MoO; influenced product yields and kinetic
barriers for reactions of ethanol, acetaldehyde, and crotonalde-
hyde. During ethanol TPD on the R—MoO, surface, ethanol
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Figure 4. TPD profile of products from ethanol dosed on a MoO; surface pretreated with 36 sccm of hydrogen (A) or helium (B) at 450 °C for 1
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Figure S. TPD profile of products from acetaldehyde dosed on a MoOj surface pretreated with 36 sccm of hydrogen (A) or helium (B) at 450 °C
for 1 h. Assignments of each trace are as follows: acetaldehyde (m/z = 29), crotonaldehyde (m/z = 70), 1,3-butadiene (m/z = 54), acetone (m/z =
58), and ethanol (m/z = 31). Contributions from heavier products were subtracted from each trace.

desorbed in a broad, asymmetric peak at 183 °C, while the
oxidation product acetaldehyde was formed at 230 °C. Several
coupling products were also observed for R—MoO,, including
1,3-butadiene at 233 °C, 1-butene at 247 °C, and
crotonaldehyde at 263 °C. In contrast, the signal for molecular
ethanol desorption from the I-MoO, surface was broad and
weak (Figure 4B). A similarly small and broad peak associated
with acetaldehyde was also seen on the I-MoO,, surface. The
same TPD experiment was also carried out on O—MoO;,
which resulted in lower adsorption and conversion of ethanol.
Thus, prereduction of MoO; was found to dramatically
increase both the density of strong adsorption sites for ethanol
and the yield for coupling products. It is worth noting that 1-
butene may readily isomerize on the oxide surface, and it is
likely that the signal attributed to 1-butene also contains
contributions from 2-butenes (cis and trans).

The reactions of acetaldehyde were also examined on MoOj;
to better understand the reaction pathway for the production
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of C, species. On R—MoO,, a large molecular acetaldehyde
desorption peak was observed at 141 °C (Figure SA).
Acetaldehyde was detected at a lower temperature here
compared to the ethanol TPD, indicating that the kinetic
barrier for producing acetaldehyde from ethanol is higher than
the barrier for desorption of molecular acetaldehyde. In other
words, the production of acetaldehyde from ethanol is
reaction-limited. As expected, coupling products were also
observed, with desorption of crotonaldehyde at 199 °C, 1,3-
butadiene at 238 °C, and acetone at 231 °C. Although similar
products were observed for the I-MoO, surface, their yields
were significantly lower, and the peak desorption temperatures
(266 and 279 °C for crotonaldehyde and 1,3-butadiene,
respectively) were higher. Desorption yields of acetaldehyde
were also significantly lower for I-MoO;. Again, these results
indicate that MoOj; reduction greatly increases the density of
sites able to activate acetaldehyde toward coupling reactions.
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Figure 6. TPD profile of products from crotonaldehyde dosed on a MoOj surface pretreated with 36 sccm of hydrogen (A) or helium (B) at 450
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= 70). Contributions from heavier products were subtracted from each trace.

A noteworthy difference between the acetaldehyde and
ethanol TPD data was the relative concentrations of
unsaturated C, products (1-butene and 1,3-butadiene).
When starting with ethanol, R—MoO, produced a higher
concentration of the more saturated 1-butene when compared
to 1,3-butadiene. However, when acetaldehyde was used under
the same conditions, the C, hydrocarbon product contained
almost exclusively 1,3-butadiene. This difference in product
selectivity may be caused by the difference in the amount of
hydrogen available on the surface. When ethanol is coupled to
produce C, products, hydrogen is removed through dehydro-
genation. The resulting hydrogen may remain on the surface,
potentially in the form of surface hydroxyls, and ultimately lead
to the production of more saturated species like 1-butene.
However, acetaldehyde does not produce hydrogen during the
coupling to C, products, so unsaturated species like 1,3-
butadiene are presumably more common.

To understand how surface reduction influences retro-aldol
reactions, TPD studies with crotonaldehyde as a reactant were
carried out (Figure 6). The peak of crotonaldehyde molecular
desorption was similarly broad for both R—MoO, and I—
MoO,. In contrast, the desorption profile for the RAC product
acetaldehyde showed drastically different behavior for the two
treatments. On the I-MoO, catalyst, the desorption of
acetaldehyde from the surface occurred over a broad
temperature range, without a clearly resolved desorption
peak. However, on the R—MoO, catalyst, acetaldehyde
desorbed with a much sharper and more intense peak at the
relatively low temperature of 208 °C. This difference most
likely indicates that the R—MoO, surface had a higher
concentration of sites that are efficient for RAC at lower
temperature. This could also be due to a higher concentration
of water on the surface from the reduction step since hydration
of crotonaldehyde is a prerequisite for C—C bond cleavage by
RAC. It was also found that the R—MoO, sample catalyzed
decarbonylation to produce large amounts of propene at higher
temperatures, while the I-MoO, sample was not particularly
active for this reaction pathway. Decarbonylation of
crotonaldehyde is often reported as a mechanism for the
deactivation of transition metal catalysts’®~"® and is likely
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catalyzed by the irreversible adsorption of the aldehyde group
and subsequent decomposition on reduced Mo sites that are
readily available on the R—MoO,, surface.

The integrated total molar desorption quantities for each
reaction product in the TPD studies are displayed in Tables S5
(ethanol), S6 (acetaldehyde), and S7 (crotonaldehyde). In all
cases, the total moles of desorbed species from R—MoO,
surface was at least twice as high (and in many cases far
higher) as that from the I-MoO, surface. In summary, the
cumulative TPD results suggest that the H, reduction
treatment had two key effects. First, it greatly increased the
density of active sites for the various reactions; as discussed in
detail below, we propose that these sites are oxygen vacancies
generated during reduction. Second, the reduction treatment
decreased the peak temperatures for formation of most
products (e.g, acetaldehyde from ethanol), indicating that
the generated sites were also more active. We propose that this
higher activity is due to an increased Lewis acidity of Mo at
greater extents of reduction.

4. DISCUSSION

4.1. Nature of Active Sites. Many studies have shown
that oxidation state and reducibilit7y 8play a key role in the
reactivity of metal oxide catalysts.””™ Several groups have
hypothesized that the active sites for important reactions on
metal oxides are oxygen vacancies, due to their ability to
exhibit both Lewis acidic and redox properties.”'~** This
behavior allows them to facilitate the adsorption and reaction
of molecules for a wide range of reactions, from hydro-
deoxygenation (on CeO,, MoO;, and Zn0)*~*’ to aldehyde
coupling (on Ce0,)** and retro aldol condensation.””’
Thus, it is critical to properly account for formation and loss of
active sites when the catalyst is exposed to pretreatment and
reaction conditions. This study shows that oxygen vacancies
are formed on MoQ; at elevated temperatures under inert
conditions and, to a much greater extent, under reducing
conditions. These reducing conditions are comparable to
previous studies of oxygen vacancy formation on MoO;.*%""**
Delporte et al. showed that MoO; forms a MoO, phase under
an n-hexane/H, flow at 350 °C for 3 h, as revealed by XRD,
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Figure 7. Potential mechanism for formation of oxygen vacancies on MoOj via hydrogen treatment and the stabilization of the ethoxide ion on the

surface.

and also that a significant increase in surface area occurred.”
In the present study, XANES in combination with the low
surface area of MoOj; suggested that the partial reduction of
MoO; must extend into the bulk under inert and reducing
conditions, because there are not enough surface sites to
account for the reduced average oxidation state of Mo. This
increase in the density of reduced sites on the surface is likely
responsible for the increased activity of the R—MoO,, catalyst
compared to the I-MoO,, catalyst, as seen in the TPD studies
(Figures 4,5, and 6). Additionally, probe reactant molecules
appear to interact more strongly with these oxygen vacancy
sites than on the pristine catalyst. DFT calculations show the
adsorption energy of these molecules is lower on the surface
with the defect suggesting they are chemisorbed. Although this
calculation was only done for the (100) surface, this trend is
hypothesized to translate to other facets. DRIFTS of
acetaldehyde (Figure S7A) exhibited overtone peaks on R—
MoO, which could imply that the oxygen atom of the
acetaldehyde coordinated to the vacancy site. As a result, new
Mo=0 bonds are formed that were not initially present after
reduction. However, these overtones were not observed on the
O—MoO; sample, suggesting that the different pretreatments
affect how adsorbates interact with the surface. The strength of
these oxygen vacancy sites also likely plays a role in the activity
and selectivity of the catalyst. According to the Sabatier
principle, an optimal catalyst requires a balance between the
adsorption/activation of the reactant and the ability to desorb
products. Volcano plots relating catalytic activity to a
descriptive parameter have been demonstrated for a wide
variety of reactions.”””* While this type of relationship was not
observed in this study, it is possible that further reducing the
catalyst could lead to excessive coking of the surface from
irreversibly adsorbed products. As such, the presence of an
optimal density of oxygen vacancy sites for the aldol reaction
requires further research.

Interestingly, alcoholic solvents, such as methanol and
ethanol, that are commonly used in liquid-phase reactions
can also partially reduce and thus activate MoOj; catalysts for
the RAC reaction under mild conditions.” In this study, XPS
(Figure S4) and Mo K-edge XANES (Figure S3) both
indicated that exposure of MoOj; to methanol at room
temperature resulted in slight reduction, presumably leading
to oxygen vacancies on the surface. This also caused a
characteristic color change when the solvents were mixed with
the powder. While the mechanism for this reduction is not
well-studied in the literature, the deprotonation of these
alcohols can cause a higher concentration of protons on the
surface, which may lead to an increase in the number of

hydroxyls at the surface. Adjacent hydroxyls may then interact
to form a water molecule that leaves and a vacancy site. Partial
reduction of the surface during reactions in alcoholic solvents
could generate active sites for the aldol reaction and thus have
a profound impact on catalytic processes.” Efforts to rationally
improve processes employing these solvents should account for
the ability to produce active centers via chemical reduction
even in the absence of strong reductants like H,.

4.2. Reactions of Oxygenates on Different Surfaces.
Several metal oxides adsorb ethanol through deprotonating the
alcohol group creating ethoxide groups on the catalyst
surface.””°>%7%%%57%7 On MoOs, coordinatively unsaturated
sites (CUS) in the form of anion—cation pairs at the apical
oxygen location (M=O0) in the MoO, lattice have been
hypothesized to stabilize the dissociative adsorption of ethanol
into a proton and an ethoxide ion on the surface, as depicted in
Figure 7.”%7'°" This adsorption state is necessary to further
dehydrogenate the ethoxide to acetaldehyde through an a-
hydride elimination.'”” Several groups have demonstrated that
the mechanism for the production of C, products from ethanol
proceeds through a dehydrogenation to acetaldehyde followed
by an aldol coupling reaction.””'**~'% The promoting effect
of the reducing pretreatment most likely derives from an
increase in the density of oxygen vacancies at the surface. The
specific mechanism for oxygen vacancy formation under
hydrogen flow is not clear, but it may occur through
hydroxylation and dehydration of surface terminal M=O
bonds. *°

Similar to ethanol, acetaldehyde adsorption is likely assisted
by CUS sites but to an even greater extent. Other reduced
metal oxides have also shown the necessity of CUS sites for
acetaldehyde adsorption.”®”*'””~"'! High coverage of acetal-
dehyde and proximity between surface species is important for
bimolecular reactions, such as aldol coupling, to occur.
Adsorption of acetaldehyde is much stronger when a defect
is present as shown by DFT (Figure 2). As shown in Figures 4
and 5, there is appreciable production of crotonaldehyde from
both ethanol and acetaldehyde on the R—MoO, and I-MoO,,
samples. A reduced MoOs; state is critical for the forward and
reverse aldol condensation reaction. TPD results demonstrated
that R—MoO, was better able to bind and couple both ethanol
and acetaldehyde to C, products compared to I-MoO, and
O—MoO;. R—-MoO,, facilitated the RAC of crotonaldehyde to
acetaldehyde at low temperature, while I-MoO, did not.
Thus, it is suggested that stabilization of both product
molecules of the retro-aldol condensation by defects is critical
for the reaction to occur effectively. Similarly, the IR spectra
indicated that acetaldehyde chemisorbs and reacts on R—
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Scheme 2. Potential Reaction Mechanism Starting from Ethanol with Desorption Temperatures Based on Adsorption on R—

MoO,, Surface (Figure 4A)
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MoO, up to 200 °C (Figure S7A), but only adsorbs weakly on
O—MoO; with complete desorption occurring after 50 °C
(Figure S7B).

In paralle]l with the coupling route, other species were
observed. Acetate intermediates were also present on the
surface and were similarly observed for different metal oxides
after ethanol exposure.”*””" These species are formed when
nucleophilic oxygen atoms from the surface of the catalyst
attack the adsorbate. The presence of these acetate species
suggests that ethanol is further oxidized when adsorbed on the
surface of the catalyst, but only in a surface-bound state since
no acetic acid was detected in the TPD. The lack of acetic acid
formation can be explained by the weakly basic nature of
MoO;. The peaks at 1269 and 1624 cm™" in Figure 3A are
characteristic of the enolate form of ethanol as shown in
Scheme 2. Idriss and co-workers showed that ethanol forms a
dihapto structure on the surface of ceria.®>''> This suggests
that the oxidation of ethanol results in the formation of an
enolate that is more stable than acetaldehyde. The presence of
the enolate indicates that a tautomerization mechanism readily
occurs on the surface, and the enolate is stabilized by the
surface. Interestingly, the enolate was also present on the
oxidatively pretreated catalyst but not the R—MoO, sample.
This suggests that a certain amount of oxygen may be
necessary on the surface to strongly bind the adsorbate in this
dihapto configuration. As shown in the proposed mechanism
(Scheme 2), the enolate is an intermediate for production of
other species. Thus, its presence is needed for upgrading to
chemicals other than acetaldehyde. It is also noteworthy to
point out the tendency of ethanol to undergo dehydrogenation
to ethoxide groups/aldehydes over all forms of the pretreated
catalyst.

The implications of this work for the field of sugar chemistry
are significant. Simple organics with aldehyde and alcohol
functionality were observed to behave differently over various
pretreated versions of MoOj;. Sugars possess aldehyde, keto,
and alcohol groups in rather complex molecules. For the
simpler model compounds in the present study, it was shown
that adsorption and condensation of these groups is greatly
facilitated by CUS formed on MoOj. In the work of Davis and
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co-workers, Sn-BEA was shown to catalyze the isomerization of
glucose to fructose but not the RAC of fructose to
dihydroxyacetone and glyceraldehyde.” However, MoO; was
active for RAC, but had low activity for isomerization. When
the solvent was switched from water to methanol, there was a
significant increase in alkyl lactate yield, most likely due to
defect sites created by the presence of the alcoholic solvent.
The results shown here provide support for this finding by
suggesting CUS of MoOj provide a specific environment with
high catalytic activity for RAC sugars. A likely explanation for
the stark differences in the reaction paths over Sn-BEA and
MoO, is the steric environment of the active sites in these
materials. The Sn sites in Sn-BEA are in framework positions
(i.e, zeolitic T-sites) with 4-fold coordination, and it is
believed that one of the Sn—O—Si bonds is hydrolyzed to form
the active “open” site, which should be a little more
accessible.'"® This kind of domain lends itself to the formation
of a sterically demanding cyclic transition state, in which two
functional groups closely interact with the active site to enable
a hydrogen transfer reaction. In contrast, Mo(VI) ions in the
bulk of MoO; are 6-fold coordinated. While surface
termination with Mo=0 groups and the formation of defect
sites will decrease this coordination number, the accessibility of
the Mo site will remain much lower compared to LAS in Sn-
BEA. Thus, the RAC reaction that only requires one aldehyde
or keto group to interact with the LAS should be favored
relative to a sterically more demanding isomerization reaction.
The accessibility of the Mo site due to reduction is key, as it is
possible for a sugar to undergo RAC in an oxygen containing
environment, but only if it can interact with the site.""
Another hypothesis is that CUS effectively stabilize the
delocalization of the electron density of the carbonyl, thus
leading to a more stable transition state. With this, oxygen
atoms adjacent to the vacancy can become more nucleophilic
and interact with alkoxide groups more strongly. Specifically, a
bifunctional relationship on the surface of the catalyst is
created where the CUS acts as an acid and a nearby
nucleophilic oxygen becomes more basic. These effects allow
the CUS to pull in the electrons of carbonyl oxygen atoms
more strongly and the surface oxygen atom to stabilize the
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adsorbate better. The propensity of MoOj; to be reduced in
alcoholic solvents, thus catalyzing RAC, hints at the extent of
reduction of MoOj as a key descriptor for their performance.

5. CONCLUSIONS

This study has shown the role partial reduction of MoO; plays
in the chemistry of simple oxygenates over MoO;. Whereas
thermal treatment of the catalyst in an inert environment led to
partial reduction, treatment in H, significantly increased the
density of reduced sites. Partial reduction could also be
achieved by pretreating the MoO; with alcohols commonly
used as solvents during (retro) aldol catalysis as shown by XPS
and XANES. DFT-computed adsorption energies revealed that
defects significantly favor the adsorption of oxygenates. The
adsorption of aldehydes over CUS was more favored than
alcohols. Furthermore, experimental DRIFTS and TPD studies
showed that more reduced surfaces were far more active for
(retro-)aldol coupling reactions. These results provide clear
evidence of the importance of surface oxidation state on the
catalytic activity and selectivity of MoOj catalysts and suggest
that catalytic activity can be tuned by solvent selection and/or
catalyst pretreatment. The findings also highlight the
importance of in situ or operando characterization of MoOj;
catalysts, particularly if operating in the presence of reducing
solvents.
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