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ABSTRACT: The catalytic deoxygenation of phenolic compounds has become a
major area of interest in recent years because they are produced during the pyrolysis
of lignin and are present in biofuels. Our previous work showed that a PdFe
bimetallic catalyst was catalytically active for the deoxygenation of phenolics. To
better understand and control the catalytic deoxygenation reaction of phenolics, the
detailed surface reaction mechanisms are needed for phenol, a key intermediate in
phenolic deoxygeantion. Here, we have examined five distinct reaction mechanisms
for the deoxygenation of phenol on the Fe(110) and Pd(111) surfaces so as to
identify the most likely deoxygenation mechanism on these surfaces. Our results
show that the elementary phenol deoxygenation reaction step for each mechanism
was highly endothermic on Pd(111), whereas the same mechanisms are exothermic
on Fe(110). On the basis of the reaction energy studies, detailed mechanistic studies
were performed on the Fe(110) surface, and it was found that the most
energetically and kinetically favorable reaction mechanism occurs via the direct
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cleavage of the C—O bond.
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1. INTRODUCTION

The catalytic hydrodeoxygenation (HDO) of phenolic
compounds has become a major area of interest in recent
years because of the increased need to find a sustainable energy
replacement for fossil fuels.' Bio-oils produced via the fast
pyrolysis of lignocellulosic biomass have a high potential for
replacing traditional fossil fuels.” However, degradation of
lignin, which accounts for ~17 to 35 wt % of the lignocellulosic
biomass, produces a significant amount of oxygen-containing
phenolic compounds.”™* These oxygen-containing compounds
have significant, negative effects on the application of bio-oils as
fuel; namely, these compounds lower the fuels’ heating value,
decrease its stability, and produce fuel with a poor volatility and
high viscosity.>® Therefore, before these bio-oils can be used as
a fuel, the oils must be further upgraded to remove the oxygen.
In this work, we focus on the catalytic upgrading of phenolic
compounds such as those produced via the degradation of
lignin.

Thus far, hydrotreating in the form of catalytic HDO has
been identified as the most attractive method for the upgrading
of bio-0il.”* To better understand and control the catalytic HDO
reaction, the detailed reaction mechanism must be identified to
better tailor catalysts for the removal of oxygen from phenolic
compounds. The possible HDO mechanisms have been
identified as being one of three reaction types: hydro-
genation,7_12 direct deoxygenation,7’8’l3’14 and tautomerization
followed by deoxygenation of the aromatic species.'>™"”
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The first HDO mechanism presented is the hydrogenation
mechanism, which entails the hydrogenation of the phenolic
compound to an equivalent cyclic, oxygenated alkane followed
by deoxygenation. The remaining cyclic hydrocarbon is then
either dehydrogenated to form an equivalent, deoxygenated
aromatic compound (toluene for m-cresol, benzene for phenol,
etc.)”®'* or hydrogenated to a cyclohexane compound.’~"!
This mechanism has been primarily proposed for bifunctional
catalyst systems that have a metal site to hydrogenate the
aromatic ring and an acid site to cleave the C—O bond and
dehydrogenate the compound to form the deoxygenated
products.”™"" The hydrogenation of the aromatic ring in the
phenolic compound likely weakens the C—O bond, resulting in
a reasonably low activation energy barrier for the deoxygena-
tion reaction. However, this mechanism requires a large
amount of hydrogen to proceed which can be costly.

An alternative mechanism to the hydrogenation mechanism
is the direct deoxygenation mechanism.”®'*'* This mechanism
proceeds via the direct cleavage of the C—O bond in the
phenolic compound, followed by the hydrogenation of the
aromatic compound to form the deoxygenated reaction
products. The benefit of this reaction mechanism over the
hydrogenation mechanism is in the significant decrease in the
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Scheme 1. Possible Deoxygenation Reaction Mechanisms for Phenol on a Metal Catalyst Surface (denoted by M)
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amount of hydrogen required to perform the HDO reaction;
however, it has been suggested that the C— O cleavage reaction
step requires high operating temperatures.'> Clearly, further
work in this area is necessary to determine the overall feasibility
of this mechanism.

Recent work performed by Nie et al.'® on the conversion of
m-cresol has proposed that the improved reaction selectivity of
their NiFe bimetallic catalyst is due to the vertical adsorption
preference of m-cresol through the oxygen functional group.
The vertical adsorption of the phenolic compound is then
proposed to undergo a tautomerization reaction to the phenolic
compound’s equivalent ketone, followed by hydrogenation of
the oxygen group and the oxygen-bonded ring carbon and then
dehydrated to form the equlvalent deoxygenated aromatic
product. Further study by Nie et al."® showed that the HDO of
m-cresol over Pt/SiO, catalysts likely occurs with the same
initial tautomerization mechanism. A similar mechanism
involving tautomerization reactions was presented by Kim et
al. for the HDO of chloropyridinols.'"” The tautomerization
reaction mechanism via the vertical adsorption of the phenolic
compound is theorized to account for the bimetallic catalyst’s
improved HDO performance because this mechanism, through
vertically adsorbed phenolics, is believed to limit ring
hydrogenation and C—C bond cleavage reactions by reducing
the aromatic ring to surface interactions."

Under these three HDO reaction types, we have identified
five possible deoxygenation mechanisms for the conversion of
phenol to benzene that could potentially occur on the metal
surface. These mechanisms are shown in Scheme 1.

The reactions presented in Scheme 1 were examined on the
Fe(110) and Pd(111) surfaces via the adsorption of phenol
through the aromatic ring (horizontal). In addition to this
work, two mechanisms were examined in which the phenol
reactant adsorbs through the oxygen functional group
(vertical): the dehydroxylation and tautomerization and
dehydroxylation mechanisms. As for the reaction classifications,
the transhydrogenation and deoxygenation, dehydroxylation
and transhydrogenation, and hydrogen-assisted dehydroxyla-
tion mechanisms all represent variations on the hydrogenation
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reaction mechanism. This is due to the addition of hydrogen to
either the oxygen bonded ring carbon in the adsorbed phenol
or an adjacent ring carbon, which results in the shift of the
oxygen bonded carbon’s electronic structure from C(sp®) to
C(sp*). The direct deoxygenation mechanism will be studied
via the dehydroxylation mechanism that accounts for the
straight cleavage of the C—O bond. Finally, the tautomerization
and dehydroxylation reaction was chosen to act as a model for
the tautomerization mechanism.

Until now, the theoretical work on the HDO of phenolic
compounds has been limited to some adsorption studies, with a
few studies examining the catalytic reaction mechanisms of
these comopounds The adsorption of phenol on Ni,'® Pt,'’
Rh," Pd,>**?! and Fe*' monometallic surfaces has been studied,
and they have shown that the horizontal adsorption of phenol
results in chemisorption, which significantly distorts the
molecule’s bonds, whereas the vertical adsorption of phenol
on the surface occurs through the oxygen function group with a
weak adsorptlon strength and minimal molecular distortion.
Wang et al’® studied a single deoxygenation reaction
mechanism for the conversion of phenol to a pure carbon
chain on the Ni(111) surface and showed that the rate limiting
step was likely to be the cleavage of the C—O bond and that the
reaction was highly endothermic on the Ni(111) surface. In
addition, the cleavage of the O—H bond in phenol adsorbed on
Pt and Rh surfaces has been studied."

In addition to this work on monometallic surfaces, the
adsorption of numerous phenolic compounds has also been
studied on bimetallic and CoMo or Mo sulfide catalyst
surfaces.”'>**** The horizontal adsorption of the phenolic
compounds has been shown to be significantly weakened on
bimetallic NiFe'> or PdFe***° surfaces, which suggests a
possible switch in the adsorption configuration to vertical
adsorption through the oxygen functional groups. This vertical
adsorption through the oxygen functional groups is similar to
the results seen for phenolic adsorption on the CoMo or Mo
sulfide surfaces.”** Finally, Badawi et al.” studied a single direct
deoxygenation and hydrogenation reaction mechanism on
CoMo and Mo sulfide surfaces and found that the addition
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of the Co into the Mo sulfide surface promoted the direct
deoxygenation mechanism significantly more than the hydro-
genation mechanism.

To better understand and control the catalyzed HDO
reaction of phenolic compounds, a detailed examination of the
several possible deoxygenation mechanisms is necessary. From
our previous work on a PdFe bimetallic catalyst surface, we
identified the Fe surface as the likely HDO catalytically active
surface,”*** and the Pd likely provides an H, activation site as
well as stabilizing the metallic Fe surface and preventing catalyst
deactivation through Fe oxidation.’**” Here, we present a
detailed study of the minimum energy pathways (MEPs) of five
possible deoxygenation mechanisms (Scheme 1) on the
Fe(110) and Pd(111) surfaces to verify that the Fe surface is
HDO active and the Pd surface is not, as well as to identify the
most probable catalytic deoxygenation mechanism for phenol.
Because experiments have shown that the Pd/Fe bimetallic
surfaces are composed of Fe surfaces with small Pd patches®>*’
and theoretical results have shown that aromatic species
preferentially adsorb away from the Pd patches in the Pd/Fe
surfaces,” the mechanistic conclusions gained in this study on
the Fe surface are expected to be extendable to the Pd/Fe
system. In addition to the MEP investigations, we evaluate each
mechanism presented in Scheme 1 both energetically and
kinetically by estimating the rate constants for each mechanism
using transition state theory. In this work, phenol acts as a
model phenolic compound, and the Fe(110) and Pd(111)
model surfaces were chosen because they are the closest packed
facets for BCC Fe and FCC Pd metals.”® Work performed by
Wang et al.*’ and Nerskov et al.*® has shown that the transition
state structure for a given reaction mechanism is relatively
independent of the metal type and depends more on the metal
surface geometry. This suggests that the transition state and
reaction intermediate structures identified in this work will be
directly applicable to other transition metals with similar crystal
facets. Overall, this work provides a significant insight into the
reaction mechanisms for the catalytic HDO of phenolic
compounds. The details for the theoretical method and
calculation details used for this work are provided in section
2. The major results are then presented in section 3. Finally,
conclusions are drawn in section 4.

2. METHODS

The theoretical calculations presented in this work were
performed using the Vienna Ab Initio Simulation (VASP)
package.>** These density functional theory (DFT) calcu-
lations were performed using the generalized gradient
approximation, which was parametrized with the Perdew—
Wang 91 (PW91)**** functional. This method was combined
with VASP’s projector augmented waves®”*° to solve the
Kohn—Sham equations. The addition of van der Waals
corrections was investigated by calculating the reaction energy
for the deoxygenation step in the DHOx mechanism (see
Scheme 1) with both the PW91 functional and the optB88>">*
functional, and the reaction energy was found to change by
only 0.08 eV. Therefore, the entirety of the work presented
here has been performed with the PW91 functional.

The surfaces were modeled using p(4 X 4) supercells to
minimize the lateral interactions between the repeating
supercells due to VASP’s implementation of periodic boundary
conditions. The near surface structure was modeled using four
metal layers, the bottom two of which were kept fixed during
the optimization. The number of metal layers was tested by
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increasing the substrate to five layers (bottom three fixed) for
the deoxygenation step in the DHOx mechanism (see Scheme
1) and was found to change the reaction energy by only 0.003
eV. All other atoms, including the adsorbates atop the metal
slab, were allowed to relax to find the optimum structural
configuration. In addition to these parameters, the repeating
supercells in the z direction were separated by either ~13 or 18
A of vacuum when studying either the horizontal or vertical
adsorption of phenol, respectively. The bulk FCC Pd and BCC
Fe unit cells were optimized, and the calculated lattice
constants were found to be 3.957 and 2.827 A, respectively.
These results agree well with previous work.>~*'

These model sugercells were sampled using a (3 X 3 X 1)
Monkhorst—Pack** mesh, and the kinetic energy cutoft for the
plane wave basis set was set at 400 eV. The Methfessel—
Paxton*’ (N = 1) smearing method was used with a smearing
width of 0.1 eV to improve convergence, and the total energy
was extrapolated to 0 K. Because Fe is known to be
ferromagnetic and O is a spin-polarized atom, spin-polarization
effects were accounted for in all calculations; also, the effect of
dipole interactions between the consecutive supercells was
considered to be significant and dipole corrections were
imposed in 2 for each calculation performed.** The total
energy was converged to at least 107* €V for all systems, and
the systems were considered to be fully optimized when the
forces between atoms were <0.03 eV/A.

The MEP for each reaction was investigated using first the
nudged elastic band (NEB)***® method, followed by the
climbing image nudged elastic band (CINEB)*’ method to
determine the transition state structure. First, the stable
minimum energy configurations were identified for both the
reactants and products for a given elementary reaction. We
then linearly interpolated between these configurations to
introduce a number of “images” along the MEP. By using the
NEB and CINEB methods consecutively, we were able to
identify the transition state structures and activation energy
barriers for each elementary reaction studied. The CINEB
calculated energies were then plotted along a reaction
coordinate defined as the mean squared displacement of all
of the atoms in the model systems. If a given reaction
mechanism had an intermediate minimum present, the nearest
image was fully relaxed to determine if the minimum was a true
minimum. If the minimum was a true minimum, the reaction
mechanism was then separated into two mechanisms that were
then investigated using the NEB and CINEB methods. Finally,
the transition state structures were confirmed by calculating
their vibrational frequencies and determining that only a single,
unique imaginary normal mode eigenvector was present.*® The
presence of this eigenvector then confirms that the transition
state was at a first order saddle point. If more than one unique
normal mode eigenvector is present, the transition state was
further investigated by employing the dimer method.* All
vibrational frequencies were calculated by allowing the entirety
of the adsorbed or coadsorbed species and all surface metal
atoms in contact with the adsorbed species to fully relax while
all other atoms in the model systems were kept fixed.

All reaction mechanisms were analyzed using the reaction
energy (eq 1) and the activation energy (eq 2) as defined as

E..=E

rxn

- £ (1)

products reactants

E_.=E

act — “Ctransition state (2)

reactants
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Where Etransition states Ereactants) and Eproducts are the tOtal energies Of
the transition state, reactant, and product configurations. The
energy shown in the MEP figures for all reactions is the
adsorption energy which was defined by

Eads = Eadsorbates+surface - Esurface - Z Egas phase molecule
adsorbates
©)
where Eadsorbates+su.rface) Esurface) and Egas phase molecule aI'€ the total

energies of the adsorbed surface system, the clean surface, and
the gas phase adsorbates for the given system. For the MEP
energies, the adsorption energies of the various structures were
relative to gas phase phenol and a hydrogen molecule when
necessary. The notation used to describe the adsorbates’
positions on the metal surfaces is consistent with our previous
work.*?

In addition to the energetic analysis and MEP investigations,
we calculated the zero-point energy (ZPE) corrections for the
activation and reaction energies and estimated the forward rate
constant and equilibrium constant using transition state theory.
T};g forward reaction rate constant was calculated according
to

kf - (kB_T) q_i e_Ea?ct,f/kBT
h N ©)

where ky and h are Boltzmann’s and Planck’s constants,
respectively; Eo is the ZPE corrected activation energy for the
forward reaction, T is the temperature in Kelvin, and g and ¢
are the vibrational partition functions for the initial and
transition state structures. The vibrational partition functions
were calculated according to

1

q=1 | — o hu/kaT

©)
where v; are the vibrational frequencies calculated using DFT
for the initial, transition, and final state structures for each
elementary reaction found during the MEP investigations. This
derivation of the vibrational partition function sets the ZPE for
the vibrational frequencies to zero. Using similar equations,
merely reversed, the rate constant for the reverse reaction (kr)
for each of the elementary steps found during the MEP
investigations were calculated. The equilibrium constant was
then calculated using the forward and reverse rate constants
calculated according to

_ ke
9k, (6)

3. RESULTS AND DISCUSSION

The stable initial and final structures for the MEP studies
presented here were investigated in our previous work for the
adsorption of phenol on the Pd(111) and Fe(110) surfaces'
and benzene adsorbed on the Fe(110) surface.”® Benzene’s
adsorption on the Pd(111) surface has been well characterized
by Morin et al.*' and Liu et al.>> Additional adsorption and
coadsorption studies needed to calculate the MEP for each
reaction presented in Scheme 1 were performed in the form of
the adsorption of phenyl, coadsorption of benzene and oxygen
or hydroxyl, and coadsorption of phenol and hydrogen. In
addition, the diffusion of hydrogen on the Fe(110) surface
around the coadsorbed phenol was studied and the diffusion
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barriers were found to be small in the presence of phenol and
did not significantly differ from the diffusion of hydrogen across
the clean Fe(110) surface. These results are presented in detail
in the Supporting Information, but they have no significant
impact on the following investigation of the mechanisms of
phenol’s deoxygenation.

3.1. Overview of the Phenol Deoxygenation Reac-
tions on Fe(110) and Pd(111). To determine each surface’s
effectiveness at assisting with the reactions presented in Scheme
1, we first calculated the reaction energies for the elementary
deoxygenation step for each reaction, except for the
tautomerization and dehydroxylation (Taut. and DHOx)
mechanisms, which show the elementary tautomerization
reaction steps. The resulting structures and reaction energies
are shown in Figures 1 and 2.

Fe (110

Initial

Pd (111)

Final Final

Initial

TH & DO

DHOx (H)

DHOx (V)

DHOx & TH/
H-DHOx

Taut. & DHOx
(H)

Taut. & DHOx
™)

@ Oxygen @ Carbon ) Hydrogen (@ Palladium @ Tron

Figure 1. Elementary deoxygenation reaction steps for the TH and
DO, DHOx, DHOx and TH, and H-DHOx reactions along with the
elementary tautomerization reaction steps for the Taut. and DHOx
reaction presented in Scheme 1 on Fe(110) and Pd(111).

From these results, it is clear that the majority of the
deoxygenation reactions on the Pd(111) surface are highly
endothermic, requiring a reaction energy anywhere from ~0.5
to 1.6 eV to transfer from the reactants to the deoxygenated
products. The only exception to this trend was found for the
TH and DO reaction, for which the reaction energy was
exothermic. On the Fe(110) surface, almost all of the
deoxygenation reactions are exothermic, with reaction energies
ranging from ~-0.4 to —1.1 eV. Only the Taut. and DHOx (V)
reaction on the Fe(110) surface is not exothermic with a
significantly endothermic reaction energy. Work performed by
Wang et al.*® has shown that there is a strong BEP relationship
between the reaction energy and the activation energy barrier
for numerous reactions based on the structural similarity
between the transition state and final state.® These relations,
along with our results in Figure 2, suggest that the
deoxygenation reactions are not likely to occur on the
Pd(111) surface at reasonable operating temperatures because
of the highly endothermic nature of these key reaction steps
and the probability of significantly large activation energies. The
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Figure 2. Reaction energies for the elementary deoxygenation reaction steps for the TH and DO, DHOx, DHOx and TH, and H-DHOx reactions
along with the elementary tautomerization reaction steps for the Taut. and DHOX reaction presented in Figure 1.

only exception to this trend was the TH and DO reaction on
the Pd(111) surface. Therefore, our detailed investigations into
the deoxygenation reaction mechanisms, intermediates, and
transition states will focus on the Fe(110) surface with the
inclusion of the TH and DO reaction on Pd(111) because, on
the basis of the exothermic nature of the elementary
deoxygenation reaction energies, these reactions have a higher
probability of producing the deoxygenated products.

3.2. Phenol Deoxygenation MEP Results. 3.2.1. Trans-
hydrogenation and Deoxygenation (TH and DO) Mecha-
nism. The first mechanism examined here is the trans-
hydrogenation and deoxygenation (TH and DO) mechanism,
shown in Scheme 1. In this reaction, the OH functional group
will rotate about the C—O bond and the OH bond will break as
the H from that group bonds with the ring carbon bonded to
the oxygen. The oxygen then dissociates from the aromatic
ring, leaving benzene and oxygen coadsorbed on the surface.
This mechanism was first presented by Orita et al,*® who
studied the formation of phenol from benzene and oxygen on
the Pd(111) and (100) surfaces. This preliminary study
investigated the energetic stability of the initial, final, and
major intermediate configurations without delving into the
MEP and finding the activation energy barriers and transition
state structures for this reaction. Here, we present a detailed
investigation into the MEP, transition states, and activation
energy barriers for the TH and DO reaction on both the
Fe(110) and Pd(111) surfaces.

The resulting TH and DO MEP on the Fe(110) surface is
shown in Figure 3. This mechanism first proceeds through a
complete 180° rotation of the OH group around the C—O
bond with a small activation energy barrier of 0.21 eV and a
reaction energy of 0.03 eV. Next, the OH group partially rotates
about the C—O bond, followed by the breaking of the O—H
bond and the formation of the C—H bond. This step has a large
activation energy barrier of 2.03 eV and is a nearly energy-
neutral reaction with a reaction energy of 0.04 eV. Finally, the
C—O bond is broken, and the resulting benzene and oxygen
relax away from each other into the 3-fold 30° and 3-fold
adsorption sites, respectively, with an activation energy barrier
of 0.15 eV and a reaction energy of —1.89 eV. Overall, the
second step in the TH and DO reaction on the Fe(110) surface
is the limiting reaction step with an activation energy barrier
that is an order of magnitude larger than the next largest
barrier. In addition, the first two reaction steps are nearly
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Figure 3. Reaction mechanism MEP for the TH and DO of phenol on
the Fe(110) surface. Sphere coloring is identical to that shown in
Figure 1, and the energy shown in the MEP is the adsorption energy of
the system relative to gas phase phenol.

energy-neutral (meaning that there is no significant energy gain
or loss between the products and reactants), whereas the last
reaction step is significantly exothermic. The overall reaction
energy for the TH and DO reaction on the Fe(110) surface
shows the reaction to be highly exothermic.

The TH and DO mechanism on Pd(111) (Figure 4)
proceeds in a manner similar to that seen on Fe(110) (Figure
3). First, the OH group rotates around the C—O bond by 180°
with a small activation energy barrier of 0.34 eV and a reaction
energy of 0.001 eV. Second, the O—H bond is broken and the
C—H bond is formed, which has an activation energy barrier of
2.63 eV and an endothermic reaction energy of 1.32 eV. Third,
the C—O bond breaks, and the coadsorbed benzene and
oxygen relax into the bridge 30° and hcp adsorption sites,
respectively. This step has an activation energy barrier of 0.72
eV and a reaction energy of —0.80 eV. Finally, the coadsorbed
oxygen diffuses across the surface into an adjacent fcc site with
an energy barrier of 0.33 eV and a reaction energy of —0.25 eV.
Overall, the second step in the TH and DO reaction on the
Pd(111) surface is the limiting reaction step, similar to the
Fe(110) surface; however, unlike the Fe(110) surface, this
reaction on the Pd(111) surface has two major activation
energy barriers: the breaking of the O—H bond combined with
the formation of the C—H bond (second peak) and the
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Figure 4. Reaction mechanism MEP for the TH and DO of phenol on the Pd(111) surface. Sphere coloring is identical to that shown in Figure 1,
and the energy shown in the MEP is the adsorption energy of the system relative to gas phase phenol.
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Figure S. Reaction mechanism MEP for the DHOx (H) reaction for phenol on the Fe(110) surface. Sphere coloring is identical to that shown in
Figure 1, and the energy shown in the MEP is the adsorption energy of the system relative to gas phase phenol and half an H, molecule.

breaking of the C—O bond (third peak). In addition, the
reaction energy results show that the first reaction step is nearly
energy-neutral, the second step is highly endothermic, and the
last two steps are exothermic; together these energies show that
the overall reaction energy is slightly endothermic.

A comparison between the TH and DO reaction mechanism
on the Fe(110) and Pd(111) surfaces shows several significant
differences. First, the activation energy barrier for the limiting
reaction step is ~0.6 eV smaller on the Fe(110) surface over
the Pd(111) surface. Second, the overall reaction energy for the
TH and DO reaction on the Fe(110) surface is highly
exothermic, whereas the reaction on the Pd(111) surface is
endothermic. Third, the activation energy and reaction energy
for the elementary step resulting in the cleavage of the C—O
bond is ~0.6 eV and ~1.0 eV larger, respectively, on the
Pd(111) surface relative to the Fe(110) surface. However, an
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examination of the transition state and reaction intermediate
structures for each peak on the Fe(110) and Pd(111) surfaces
shows that although the activation energy barriers and reaction
energies are significantly different between the two surfaces, the
molecular structures are nearly identical. This agrees with the
work performed on simpler molecules by Wang et al.** and
supports the theory that the transition state structure is
independent of metal type.*® Overall, these results suggest that
the Pd(111) surface is not active for the deoxygenation of
phenol. Therefore, all further MEP investigations will be
performed solely on the Fe(110) surface.

3.2.2. Dehydroxylation (DHOx) Mechanism. The second
mechanism examined here is the dehydroxylation (DHOx)
mechanism, shown in Scheme 1. In this reaction, we start with
phenol and hydrogen coadsorbed on the Fe(110) surface. Next,
the C—O bond is broken, which leaves a surface with a phenyl

dx.doi.org/10.1021/cs501403w | ACS Catal. 2015, 5, 523-536
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species (C¢Hs), hydroxyl, and hydrogen all coadsorbed. Finally,
the surface hydrogen binds at the empty site on the phenyl
species to form benzene and hydroxyl coadsorbed on the
surface. The resulting MEP and major structures for
horizontally adsorbed phenol for this mechanism (labeled
DHOx (H)) on the Fe(110) surface are shown in Figure S.

The activation energies for the B, D, and F transition states
were found to be 1.14, 0.103, and 0.91 eV, respectively. For
each of the elementary reaction steps (A to C, C to E, and E to
G), the reaction energies were calculated to be —0.43, 0.10, and
—0.58 eV. These results show that two elementary reaction
steps compete for the limiting reaction step, the breakage of the
C—O bond and the formation of the C—H bond steps, and
both of these reactions are exothermic. Overall, this mechanism
is highly exothermic, with a reaction energy of —0.9 eV, and the
largest activation energy barrier is ~0.9 eV smaller than that
found for the TH and DO mechanism on Fe(110). Therefore,
the DHOx reaction mechanism is significantly more likely to
act as the mechanism by which phenol is converted to benzene
as compared with the TH and DO mechanism. In addition,
comparing the results for the elementary dehydroxylation step
(peak A to C) between Fe(110) and Ni(111),>* it is clear that
the deoxygenation reaction is facilitated significantly more by
the Fe(110) surface. This is seen in the ~0.5 eV decrease in
activation energy and ~1.2 eV decrease in the reaction energy,
switching the reaction from endothermic to exothermic, relative
to this reaction on the Ni(111) surface.”>

From the preceding reaction (Figure S), the second peak
results in an odd rearrangement of the surface species in which
the phenyl ring rotates on the surface and the OH group shifts
into an adjacent 3-fold site (structures C—E in Figure $).
Because the surface hydrogen in the reaction is closer to the
coadsorbed OH group relative to the coadsorbed phenyl
species, we have investigated the possibility that this surface
rearrangement of the coadsorbed species is due to a competing
mechanism involving the formation of water over benzene. This
competing mechanism is shown in Figure 6 and involves the
surface diffusion of the OH species to atop an Fe atom and
then binding with the surface hydrogen species to form water
on the top site, which has been shown to be the most favorable
adsorption site for water on the Fe(110) surface.”®

The MEP results for this side reaction for the formation of
water show that the reaction is split into two peaks. The first
peak involves the surface diffusion of the OH group to the short
bridge site and has an activation energy of 0.11 eV and a
reaction energy of 0.07 eV. The second peak is caused by the
bonding of the surface OH and H species to form water on the
top site and has an activation energy of 1.41 eV and a reaction
energy of 0.85 eV. When compared with the DHOx reaction
mechanism results (Figure S), it is clear that the formation of
benzene is more energetically feasible than the formation of
water. The possibility that water could form immediately upon
the cleavage of the C—O bond, without the OH adsorption
intermediate step (A—C in Figure 8), was also investigated by
moving the OH group to a 3-fold site directly adjacent to the 3-
fold site with the surface H (Supporting Information Figure
S6). However, upon structural optimization, the OH and H
surface species diffused away from each other instead of
combining to form water. On the basis of these results, water
formation on the Fe(110) surface is not likely to significantly
impede the production of benzene by reacting with surface
hydrogen before benzene can be formed, but the continued
presence of oxygen species on the Fe surface likely impedes
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Figure 6. Reaction mechanism MEP for the side reaction from the
DHOx (H) reaction for the formation of water from the hydrogen and
hydroxyl species coadsorbed with horizontal phenyl on the Fe(110)
surface. Sphere coloring is identical to that shown in Figure 1, and the
energy shown in the MEP is the adsorption energy of the system
relative to gas phase phenol and half an H, molecule.

benzene formation by blocking the adsorption of phenol. The
highly endothermic nature of the water formation reaction on
Fe(110) coadsorbed with phenyl (Figure 6) is consistent with
previous work performed by Wang et al.** on both a flat and a
stepped Fe surface. The unfavorable nature of the water
formation reaction on Fe surfaces suggests that pure Fe
catalysts are likely poisoned by surface oxygen under HDO
conditions as the surface oxygen will form Fe oxides. In our
previous work,”**” we have shown that in the bimetallic Pd/Fe
system, the Pd likely promotes the formation of water, because
Pd has been shown to exothermically form water from surface
OH and H* and stabilizes the metallic Fe state, which protects
the Fe surface from being oxidized and deactivated. Therefore,
the addition of dopants to the Fe surface could significantly
reduce the energy required to remove surface oxygen species
and maintain the active Fe surface during reaction.

In addition to the DHOx mechanism proceeding from the
horizontally adsorbed phenol, we examined the DHOx
mechanism with phenol starting in a vertical adsorption
configuration (labeled DHOx (V)). For this mechanism, we
started with phenol adsorbed on the Fe(110) surface through
the hydroxyl group. Next, the C—O bond is broken, which
leaves a surface with a vertical phenyl species (C4Hg) and
hydroxyl group coadsorbed. Finally, a surface hydrogen would
then bind to the empty site on the phenyl species to form
benzene, which has desorbed from the surface, and hydroxyl,
which remains adsorbed on the surface. However, during the
optimization of the system, the horizontal adsorption of phenol
through the aromatic ring occurred before the C—O bond
broke. The resulting MEP and major structures for this reaction
on the Fe(110) surface are shown in Figure 7.

The MEP result for this reaction for the DHOx (V)
mechanism shows that the reaction is split into two peaks. The
first peak involves the rotation of the aromatic ring in the gas
phase with the phenol remaining bound to the surface through
the hydroxyl group with an activation energy of 0.08 eV and a
reaction energy of —0.02 eV. The second peak is caused by the
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Figure 7. Reaction mechanism MEP for the DHOx (V) reaction for
phenol on the Fe(110) surface. Sphere coloring is identical to that
shown in Figure 1, and the energy shown in the MEP is the adsorption
energy of the system relative to gas phase phenol.

tilting of the aromatic ring toward the surface for adsorption.
This step involves the breaking of the weak O—M bond with an
activation energy and overall reaction energy of 0.08 eV and
—0.94 eV, respectively. From these results, the DHOx (V) for
phenol will not occur on the Fe(110) surface before the C—O
bond can be broken, so the phenol will instead horizontally
adsorb to make the C—O break more favorable.

3.2.3. Dehydroxylation and Transhydrogenation (DHOx
and TH) Mechanism. The third mechanism examined here is
the dehydroxylation and transhydrogenation (DHOx and TH)
mechanism, shown in Scheme 1. In this reaction, we start with
phenol and hydrogen coadsorbed on the Fe(110) surface. Next,
the surface hydrogen then bonds to a carbon adjacent to the
C—O0 bond, partially hydrogenating the aromatic ring. The C—
O bond then breaks, leading to the coadsorption of OH and a
partially hydrogenated phenyl species on the Fe(110) surface.
Finally, the additional hydrogen on the aromatic ring shifts and
bonds with the dehydroxylated carbon, resulting in the
formation of benzene coadsorbed with a hydroxyl group on
the Fe(110) surface. The resulting MEP and the major atomic
configurations for this reaction are shown in Figure 8.

The calculated activation energies for the B, D, and F
transition states were found to be 0.76, 0.88, and 1.53 eV,
respectively. For each of the elementary reaction steps (A to C,
Cto E, and E to G), the reaction energies were calculated to be
0.46, —0.47, and —1.02 eV.

Each elementary step in this reaction has a sizable activation
energy barrier, with the limiting reaction step occurring in the
third step, where the added ring hydrogen shifts its bonding
between the ring carbons to form benzene (configurations E to
G in Figure 8). This elementary step has an activation energy
barrier that is 0.65 eV larger than the next-highest barrier. The
reaction energy results are exothermic for all elementary steps,
except for the partial hydrogenation of the phenol adsorbate,
which is an endothermic reaction. Overall, this reaction is
highly exothermic. Compared with the TH and DO mechanism
on Fe(110), the DHOx and TH mechanism is significantly
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Figure 8. Reaction mechanism MEP for the DHOx and TH reaction
of phenol on the Fe(110) surface. Sphere coloring is identical to that
shown in Figure 1, and the energy shown in the MEP is the adsorption
energy of the system relative to gas phase phenol and half an H,

molecule.

more favorable, with the activation energy barrier for the
limiting reaction step for the DHOx and TH mechanism being
0.5 eV smaller than the limiting reaction step on the TH and
DO mechanism. The comparison with the previous mecha-
nisms shows that the DHOx (H) mechanism is more
energetically favorable than the DHOx and TH mechanism,
as seen in the ~0.4 eV decrease in the limiting reaction step’s
activation energy barrier.

The energetic comparison of the DHOx and TH mechanism
with the horizontal DHOx mechanism provides some
interesting insights into the phenol surface reactions on
Fe(110). First, the activation energy barrier to the hydro-
genation of phenol on this surface appears to be ~0.7 eV, with a
reaction energy of ~0.5 eV. This energy barrier is ~0.4 eV
smaller than the limiting reaction step’s energy barrier for the
DHOx reaction, which suggests that the hydrogenation of
phenol is energetically possible on the Fe(110) surface.
Furthermore, the partial hydrogenation of the phenol adsorbate
decreases the energy required to break the C—O bond by ~0.3
eV. This latter result suggests that partially hydrogenating the
phenol adsorbate assists in the deoxygenation reaction;
however, the transhydrogenation step has a large reaction
barrier. Overall, these results show that the DHOx and TH
mechanism is moderately energetically favorable; however, the
DHOx mechanism is still the more probable deoxygenation
reaction mechanism for the conversion of phenol to benzene.

3.2.4. Hydrogen Assisted Dehydroxylation (H-DHOx)
Mechanism. The fourth mechanism examined here is the
hydrogen assisted dehydroxylation (H-DHOx) mechanism,
shown in Scheme 1. In this reaction, a surface hydrogen atom
bonds to a ring carbon adjacent to the C—O bond in the
coadsorbed phenol molecule, partially hydrogenating the
aromatic ring. The C—O bond is then broken, and a second
surface hydrogen atom then binds to the empty carbon site on
the aromatic molecule. Finally, the additional hydrogen on the
aromatic ring then dissociates from the ring, which forms
benzene, hydrogen, and hydroxyl coadsorbed on the Fe(110)
surface. The assistance of a spectator hydrogen has been
studied for several other reactions and has been shown to
significantly reduce the energy barriers for C—O bond cleavage
in the catalytic conversion of CO, on Ni,> the desorption
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Figure 9. Reaction mechanism MEP for the H-DHOx reaction of phenol on the Fe(110) surface. Sphere coloring is identical to that shown in Figure
1. The MEP was split into two graphs because the adsorption of a second hydrogen on the surface is necessary at step F for the reaction to continue.
Because of the second hydrogen added at step F, the energy shown in the MEP is the adsorption energy of the system relative to gas phase phenol
and either half an H, molecule for the path A-E or a whole H, molecule for the path F-L.

energy of NO; on Ag doped AlL,O;,>* and CO dissociation on
Fe.>® The resulting MEP and the major atomic configurations
for this reaction are shown in Figure 9.

This reaction mechanism has the largest number of
elementary steps of all the reactions previously examined,
with the transition states (images B, D, G, I, and K) having
activation energy barriers of 0.76, 0.88, 1.0S, 0.31, and 0.01 eV,
respectively. The largest barrier to this reaction occurs at the
third step, which involved the formation of the C—H bond at
the empty carbon site. However, this barrier is only ~0.2 eV
larger than the C—O bond cleavage energy barrier. The
reaction energy results for each elementary step were found to
be 0.46, —0.47, —0.44, —0.59, and —0.02 eV for the A to C, C
to E, F to H, H to J, and J to L elementary reaction steps,
respectively. These results show that all of the reaction steps are
exothermic, except for the first elementary step, which is the
partial hydrogenation of the phenolic ring. The overall reaction
energy is ~-1 eV, and the reaction is highly exothermic. A
comparison of the results obtained here with the previous
reaction mechanisms shows that this mechanism has an
energetic favorability similar to that seen for the DHOx (H)
mechanism. This suggests that the partial hydrogenation
mechanism for HDO likely competes, energetically, with the
direct deoxygenation mechanism on the Fe(110) surface.

3.2.5. Tautomerization and Dehydroxylation (Taut. and
DHOx) Mechanism. The fifth, and final, mechanism examined
here is the tautomerization and dehydroxylation (Taut. and
DHOx) mechanism, shown in Scheme 1. In this reaction,
phenol undergoes tautomerization to cyclohexadienone, which
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is then subsequently hydrogenated. The C—O bond is then
cleaved and followed by the formation of benzene. This
mechanism was studied with the phenol adsorbed both
horizontally (Figure 10) and vertically (Figure 11) on the
Fe(110) surface. These mechanisms have been labeled as Taut.
and DHOx (H) and Taut. and DHOx (V) for the horizontal
and vertical mechanisms, respectively.

From the energy barrier for the tautomerization reaction in
both configurations, it is clear that this reaction mechanism is
significantly less favorable than the majority of the paths
previously examined. Therefore, we studied only the elemen-
tary tautomerization MEP and did not fully examine the entire
MEP for this reaction’s conversion of phenol to benzene.

The resulting energy barriers for the Taut. and DHOx
reaction shows that this elementary reaction step has activation
energies and reaction energies of 2.03 eV and —0.17 eV for the
horizontal mechanism and 2.41 and 0.43 eV for the vertical
mechanism, respectively. These barriers are significantly higher
than those found for the DHOx, DHOx and TH, and H-DHOx
mechanisms, and the vertical tautomerization reaction barrier is
even higher than that found for the TH and DO mechanism on
the Fe(110) surface. The comparison between the horizontal
and vertical Taut. and DHOx reaction mechanisms show that
the greater interaction between the adsorbate and surface, as
seen in the horizontal mechanism, decreases the energy barrier
to the tautomerization reaction by ~0.4 eV and the
cyclohexadienone intermediate species is significantly stabilized
by the greater surface interaction relative to the vertical
adsorption mechanism. These results are similar to those of

dx.doi.org/10.1021/cs501403w | ACS Catal. 2015, 5, 523—536



ACS Catalysis

Research Article

Energy (eV)

IS s r s 6 7
Reaction Coordinate (&)

8

Figure 10. Reaction mechanism MEP for the Taut. and DHOx (H)
reaction of phenol on the Fe(110) surface. Sphere coloring is identical
to that shown in Figure 1, and the energy shown in the MEP is the
adsorption energy of the system relative to gas phase phenol.

Yoon et al.*® who studied the hydrogenation of phenol on the
Pt (111) and Ni(111) surfaces in the absence and presence of
water. Under ultrahigh vacuum, the hydrogenation mechanisms
that involved the tautomerization of the phenol adsorbate had
energy barriers of ~1.9 eV and ~1.1 eV on Pt (111) and
Ni(111), respectively, which is similar to the Taut. and DHOx
barrier presented above. However, with water present in the
system, the tautomerization barrier was seen to decrease to
~0.6 eV as the water molecules facilitated the transfer of a
hydrogen atom from the hydroxyl group to the adjacent ortho
position on the aromatic ring through the formation and
decomposition of hydronium ions. These results show that
further study is needed in this area and that the presence of
water can greatly affect the reaction mechanisms. Overall, this
mechanism is significantly less favorable than the DHOx and
H-DHOx mechanisms, under ultrahigh vacuum conditions,
which have been identified as the most favorable reaction
mechanisms for the deoxygenation of phenol on the Fe(110)
surface.

3.3. BEP Relationships. From the results of the preceding
MEP investigations, it is clear that the deoxygenation of phenol
to benzene has two key steps: the cleavage of the C—O bond
and the subsequent formation of the C—H bond. In all of the
mechanisms studied, these two steps have the largest energy
barriers, which will significantly impede the reaction. Because
the cleavage of the C—O bond and the formation of the C—H
bond appear to be the key factors governing the catalytic
deoxygenation of phenol to benzene, we present two
Bronsted—Evans—Polanyi (BEP)*”*® relationships for these
elementary steps in Figure 12. The results for the TH and DO
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Figure 12. BEP relationships for the elementary C—O cleavage steps
(a) and the C—H formation steps (b). The single Pd point (black
circle) refers to the results for the TH and DO mechanism on the
Pd(111) surface. E 4 ps) Eogs, 15 and E g, 15 are the adsorption energies
of the final, initial, and transition states, respectively, relative to gas
phase phenol and hydrogen where appropriate via eq 3.

mechanism on the Pd(111) surface fit well with the other data
on the Fe(110) surface. This agreement between the BEP
results on different surfaces is consistent work by Wang et al.*”

and suggests that even in this more complex reaction, the
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Figure 11. Reaction mechanism MEP for the Taut. and DHOx (V) reaction of phenol on the Fe(110) surface. Sphere coloring is identical to that
shown in Figure 1, and the energy shown in the MEP is the adsorption energy of the system relative to gas phase phenol.
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Table 1. ZPE-Corrected Activation (EJ,) and Reaction Energies (EZ,), along with Forward Rate Constants (k) and Equilibrium
Constants (K,,) for Each Elementary Step in the Reaction Mechanisms Studied in Section 3.2

T = 350 °C T = 450 °C
reaction E2, (eV) E2, (eV) ke (s1) K, ke (s7) Ky

TH and DO - Fe

C—OH rotation 0.18 0.03 53 x 10" 2.6 X 107! 1.0 X 10" 29 x 107!

C—H formation 1.84 —0.06 12 x 107! 1.2 x 10* 1.8 x 10" 1.2 x 10'

C—O cleavage 0.12 -1.76 5.1 x 10" 9.0 x 10" 74 % 10" 7.8 x 10"
TH and DO, Pd

C—OH rotation 0.30 —0.01 5.9 x 10 1.7 x 10° 1.4 x 10" 1.7 x 10°

C—H formation 2.44 1.30 39 %x 1078 2.5 x 1078 2.1 X 107° 5.0 x 1072

C—O cleavage 0.69 —0.80 22 % 10 9.5 x 10* 1.6 X 10° 1.1 x 10*

O diffusion 0.32 —0.23 4.9 x 10" 1.7 x 10° 1.5 x 10” 3.5 x 10°
DHOx (H)

C—O cleavage 1.04 —0.48 L1 x 10* 4.2 % 10° 1.8 X 10° 14 x 10°

ring rotation 0.10 0.09 7.2 x 10" 6.6 X 107 9.4 x 10" 74 X 107

C—H formation 0.87 —0.43 1.5 x 10° 4.0 x 10° 14 x 10° 1.3 x 10°
DHOx (V)

ring rotation 0.08 —0.02 6.2 x 10° 12 x 107" 5.8 x 10° 9.7 X 1072

ring adsorption 0.06 —-1.06 1.9 x 10" 8.2 X 10° 2.0 x 10" 14 x 10°
H,O formation

OH diffusion 0.07 0.05 2.3 x 10 1.6 x 10° 2.9 x 10" 1.9 x 10°

H,O formation 1.32 0.97 7.7 X 10 3.1%x 1078 23 X 10° 3.5 %x 1077
DHOx and TH

partial hydrogenation 0.75 0.61 2.3 x 10° 20 X 107 1.7 X 107 1.0 x 107*

C—O cleavage 0.77 —-0.56 1.8 x 107 3.2 x 10° 14 x 10 8.4 x 10*

C—H formation 141 —-1.01 8.6 X 10° 1.1 x 10® 43 x 10* 7.3 X 10°
H-DHOx

partial hydrogenation 0.75 0.61 2.3 x 10° 20 X 107 1.7 x 107 1.0 x 107*

C—O cleavage 0.77 —0.56 1.8 X 107 32 % 10° 1.4 x 10 8.4 x 10*

C—H formation 1.01 —-0.27 2.1 x 10* 2.1 X 10* 2.8 X 10° 9.5 x 10

partial dehydrogenation 0.17 —0.72 8.5 x 10" 2.1 x 10° 1.5 x 10" 3.7 X 10°

ring rotation —0.008 —0.03 2.5 x 10 1.6 X 10° 29 x 10 1.5 % 10°
Taut. and DHOx (H)

tautomerization 1.83 —0.20 1.74 X 1073 2.3 x 10 2.0 X 107" 1.5 x 10
Taut. and DHOx (V)

tautomerization 221 0.38 1.7 X 1077 20x 1074 4.1 %X 107° 4.5 % 107

transition state structures are relatively independent of metal
type.3'O In the following discussions, E, 4 sy Eads, 1 and E,qq s
are used to denoted the adsorption energies of the final, initial,
and transition states, respectively, relative to gas phase phenol
and hydrogen where appropriate via eq 3.

For the C—O cleavage BEP relation, we found a good fit for
the data when the adsorption energy of the transition state was
plotted versus the adsorption energy of the final state (both
adsorption energies were calculated relative to gas phase phenol
and hydrogen as appropriate). This BEP relation is E 15 =
0.8171E, 4,55 + 1.1954, which has an R* value of 0.94 and a
MAE (mean absolute error) of 0.14 eV. It is interesting to note
that the linear relation predicted for the C—O cleavage reaction
step in phenol is quite similar to the general BEP relation
predicted for dehydrogenation reactions of E 4 rs = (0.86 +
0.01)E4ps + (114 + 0.02).* This relation was found to
predict the transition state adsorption energy for the C—O
cleavage elementary steps with a MAE of 0.16 eV, which
suggests that the BEP relations for simple decomposition
reactions can be extended to more complex systems, thus
reducing the time and effort required to identify catalytic
mechanisms.

For the C—H formation BEP relation, we found the best fit
when the adsorption energy of the transition state was plotted
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versus the adsorption energy of the initial state. This BEP
relation is E,4,1s = 1.8166E, 4,55 + 2.8554 with and R? value of
0.89 and a MAE of 0.34 eV, which shows that the C—H
formation step has a higher error when using BEP relations
than the C—O cleavage step. Although the previous reaction
was found to agree well with previous BEP relations for simple
reactions, this elementary step shows a significant deviation
from the work done by Wang et al;* therefore, even though
the decomposition of the C—O bond elementary step was
easily described by simpler models, it seems likely that the
second key step in the deoxygenation of phenol to benzene has
a weaker relation to simpler reaction models as compared to
the C—O cleavage step. These relations show that the transition
state energies for the C—O cleavage reaction step are better
predicted by the final state energies for this elementary reaction
step and the C—H formation step’s transition state energy is
better predicted by the initial state energy for this elementary
reaction step. As for a prediction of the structure of the
transition state species for these two key steps (C—O cleavage
and C—H formation), it is clear that our results closely follow
Hammond’s postulate.”” According to Hammond’s postulate,
transition states will more closely structurally resemble
whichever species (initial or final state species) that has the
closest energy to that of the transition state. This means that
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exothermic reactions will have transition states which more
closely resemble the structure of the reactants and vice versa for
endothermic reactions. We see that this is indeed true for the
exothermic C—O cleavage and C—H formation reactions
presented in our work.

The usefulness of such BEP relations is in being able to
estimate the adsorption energy of the transition state (and
hence the activation energy) for additional mechanisms purely
on the basis of the initial and final state’s adsorption energies.
As an example of the usefulness of such BEP relations, we
examined the possible hydrogenation of phenol’s aromatic ring
in the para position and compared the BEP predicted activation
energy for this reaction to the activation energy for the addition
of the hydrogen to the ortho position examined in the DHOx
and TH and H-DHOx mechanisms. The results for this
comparison are shown in the Supporting Information and
suggest that the hydrogenation of the aromatic ring is
significantly unfavorable on the Fe(110) surface. Overall,
these relations provide a valuable tool that can be used to
quickly evaluate the energetic feasibility of additional
deoxygenation mechanisms.

3.4. ZPE Corrections and Kinetic Parameters. Using the
calculated activation and reaction energies along with the
vibrational frequencies for the initial, transition, and final state
structures, the activation and reaction energies obtained from
the MEP reported in section 3.2 were corrected for the
structures ZPE. These ZPE corrected energies are reported in
Table 1. In general, the corrections are quite small with the
largest changes occurring in the TH and DO mechanism on
both Fe(110) and Pd(111) and both of the Taut. and DHOx
mechanisms where the activation energy ZPE corrections were
~0.2 eV. A comparison of the ZPE-corrected activation
energies between the mechanisms show that the DHOx and
H-DHOx mechanisms compete as the most energetically
favorable mechanism in which both have rate-limiting activation
energies of ~1 eV. The next most favorable mechanisms are the
DHOx and TH mechanisms and the H,O formation side
reaction with rate-limiting activation energies of ~1.3 eV. The
remaining mechanisms have activation energies of ~1.8 eV or
higher. The overall reaction energies for all of the mechanisms
on Fe(110) show the reactions to be very exothermic, with the
deoxygenated products strongly favored over the oxygenated
aromatic adsorbate. The only mechanisms that are endothermic
are the H,O formation side reaction on Fe(110) and the TH
and DO mechanism on Pd(111).

In addition to the ZPE-corrected activation and reaction
energies, the DFT calculated vibrational frequencies for the
initial, transition, and final state structures for the detailed
mechanisms presented in section 3.2 were used to estimate the
forward rate constants and equilibrium constants for these
reactions using transition state theory (Table 1).

These constants were estimated at both 350 and 450 °C
because these temperatures were shown from experiment to be
effective temperatures for the production of deoxygenated
aromatic compounds from guaiacol.>> For the reactions with
activation energies of ~1.8 eV or higher, the rate constants are
quite small, with the largest rate constants found for the TH
and DO mechanism on Fe(110); however, this rate constant is
still 3 orders of magnitude smaller than the next most favorable
mechanism, the DHOx and TH mechanism. From the
energetic analysis, it was clear that the DHOx and TH and
H,O formation mechanisms likely competed because they had
similar activation energies. Comparing the estimated forward
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rate constants for the rate limiting steps for these mechanisms
shows that the DHOx and TH is 1 order of magnitude faster
than the H,O formation reaction; however, although the rate
constants for these two reactions are similar, the equilibrium
constants show that the H,O formation mechanism has a
significantly faster reverse rate constant than its forward rate
constant and the DHOx and TH mechanism’s forward rate
constant dominates over the reverse rate constant. This shows
that the formation of H,O is unlikely on the Fe(110) surface
because both the energetic and kinetic parameters show that
the dissociation of H,O dominates over the formation of H,O.
For the DHOx and TH mechanism, the cleavage of the C—O
bond and the formation of benzene is clearly kinetically
favored; however, the equilibrium constant for the initial step,
which consists of the partial hydrogenation of the aromatic ring
prior to the cleavage of the C—O bond, shows that the reverse
reaction is significantly more likely to occur. This result is in
agreement with that seen in Table 1 for the H-DHOx
mechanism, where one can see that the partial hydrogenation
of the aromatic ring is very unlikely and that the rate constant
for the hydrogenation of the aromatic ring on the Fe(110)
surface is 4 orders of magnitude smaller than the reverse,
dehydrogenation reaction at 450 °C.

Finally, we compare the estimated kinetic parameters for the
two energetically most favorable mechanisms: the DHOx (H)
and H-DHOx mechanisms. Examining the C—O cleavage
elementary step shows that this key step occurs 3 orders of
magnitude faster in the H-DHOx mechanism than in the
DHOx (H) mechanism, which shows that the change from
C(sp?) to C(sp?) prior to C—O cleavage significantly weakens
the C—O bond, promoting faster deoxygenation when
compared with the direct deoxygenation mechanism. However,
as discussed above for the DHOx and TH mechanism, the
partial hydrogenation of phenol on the Fe(110) surface is
significantly unfavorable with the rate at which the dehydrogen-
ation of the partially hydrogenated intermediate species
proceeding at 3 orders of magnitude faster than the subsequent
cleavage of the C—O bond. This strong driving force against
the hydrogenation of phenol’s aromatic ring in the H-DHOx
mechanism likely prevents this mechanism from occurring on
the Fe(110) surface because the dehydrogenation of the key,
hydrogenated phenolic intermediate occurs at a much faster
rate than the formation of said intermediate. Therefore, the
DHOx (H) mechanism is likely the dominant deoxygenation
mechanism on Fe(110) because this mechanism was shown to
have a strong driving force, both energetically and kinetically, to
the deoxygenated, aromatic products. However, further study is
needed in this area as the presence of water in the system could
greatly affect the energetics and kinetics of the various
mechanisms,**® altering the dominant deoxygenation mech-
anism.

4. CONCLUSIONS

We presented a study of the deoxygenation mechanism for the
conversion of phenol to benzene on Fe(110) and Pd(111)
using density functional theory. This study proposed and
examined five distinct deoxygenation mechanisms: TH and
DO, DHOx, DHOx and TH, H-DHOx, and Taut. and DHOx.
The reaction energy for the elementary deoxygenation reaction
step for each mechanism studied was calculated on both the
Fe(110) and Pd(111) surfaces and the reaction energies were
found to be highly endothermic on Pd(111), whereas they were
found to be exothermic on Fe(110). On the basis of these
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results, we performed in-depth MEP investigations and
estimated the kinetic parameters, using transition state theory
and the DFT calculated vibrational frequencies, for the
mechanisms on the Fe(110) surface. From the energetic
analyses, two mechanisms were identified as competing for the
most favorable mechanism: the DHOx and H-DHOx
mechanisms. The second-most-favorable mechanism was
determined to be the H-DHOx mechanism. Although the H-
DHOx mechanism has the highest rate constant for C—O bond
cleavage, the rapid dehydrogenation of the key partially
hydrogenated intermediate species on this mechanism, as
seen in the equilibrium constant results, significantly limits the
rate of this mechanism. Therefore, the most favorable phenol
deoxygenation mechanism was the DHOx mechanism because
each step in this mechanism is both energetically and kinetically
favorable.
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