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Understanding the mechanisms of guaiacol’s catalytic hydrodeoxygenation (HDO) is
essential to remove the oxygen excess in bio-oils. The present work systematically
examines guaiacol’s HDO mechanisms to form benzene on six transition metal (TM)
catalysts using density functional theory calculations. The results suggested a preferable
Cary—O bond scission on Ni (111) and Co (0001), whereas on Fe (110), the C4r—OH bond
scission is the most likely pathway. The C-O scission on Pd (111) and Pt (111) is not
energetically feasible due to their high activation barriers and endothermic behaviour. Fe
(110) also demonstrated its high oxophilic character by challenging the desorption of
oxygenated products. A detailed analysis concludes that Co (0001) and Ni (111) are the
most favourable in breaking phenolic compounds’ C-O type bonds. Brensted-Evans-
Polanyi (BEP) and transition state scaling (TSS) models were implemented on the catalytic
results to derive trends and accelerate the catalyst design and innovation. TSS
demonstrated a reliable trend in defining dissociation and association reaction
energies. The phenyl ring-oxo-group and the metal-molecule distances complement
the catalysts’ oxophilicity as selectivity descriptors in the HDO process.

Keywords: hydrodeoxygenation (HDO), scaling relationships, transition states (TSs), heterogeneous catalysis,
density functional theory, guaiacol, lignin

1 INTRODUCTION

Currently, fossil fuels represent more than 70% of the world’s primary energy sources leading to
significant pollution problems (Philippe et al., 2010). Biomass has emerged as a promising renewable
resource within a sustainable circular economy to reduce society’s fossil fuel dependency and
environmental concerns. Through fast pyrolysis technology, it is possible to transform biomass into
liquid biofuels. However, one of the main disadvantages of fast pyrolysis is the high amount of
oxygen compounds produced as aromatic alcohol and heterocyclic rings (around 20-50 wt%)
(Mercader et al., 2010). These oxygenated compounds can polymerize under ambient conditions,
causing an increase in the mixture’s viscosity and thermal instability during the combustion process.
Therefore, oxygen content needs to be removed to yield biofuel with a high energy density (Furimsky,
2000). The catalytic hydrodeoxygenation (HDO) process is one of the most effective methods to
remove oxygen from the pyrolytic mixture (Zakzeski et al., 2010). However, the process currently
relies on high operational costs, and hence, new catalysts need to be developed with better stability,
activity, and selectivity while increasing the HDO process efficiency (Jin et al., 2019).

Noble metals have been used as active phases in HDO catalysts for upgrading biofuels (Centeno
et al, 1999; Gao et al, 2014; Yung et al, 2018). Although these metal catalysts show good
performance, their implementation is limited because of their high cost. Transition metals
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(TMs) such as Ni and Co have emerged as alternative candidates
due to their abundance and performance in hydrogenation
reactions (Song et al., 2015; Fang et al.,, 2017). Indeed, several
experiments have considered TMs as HDO catalysts, e.g., Fe
(Olcese et al., 2012; Olcese et al., 2013), Co (Tran et al., 2016a;
Tran et al,, 2016b; Han et al., 2019), Ni (Zhao et al., 2011; Tran
et al, 2016a), Cu (Deutsch and Shanks, 2012), Pd
(Nimmanwudipong et al, 2011; Silva et al, 2021) and Pt
(Nimmanwudipong et al., 2011; Silva et al, 2021), showing
different selectivity as a function of the support, reaction
temperature, and H, partial pressure. These TMs have also
been highlighted previously due to their oxygen and hydrogen
affinity (Morteo-Flores et al., 2020).

Among the many species resulting from the pyrolytic
treatment, guaiacol (1-hydroxy—2-methoxy benzene) has been
used as a primary model compound for HDO investigations
because it contains two types of O—functional groups, methoxy
(—~OCH3;) and hydroxy (-OH), connected to an aromatic ring
(Bui etal,, 2011; Zhao et al., 2011; Bykova et al., 2012; Zhang et al.,
2013; Morteo-Flores and Roldan, 2022). These features represent
39% of the components found in the phenolic fraction of biofuel
after the fast-pyrolysis process (Lee et al., 2016). The most desired
product upon guaiacol’s HDO is benzene because of the low
hydrogen consumption; hence, reducing the production cost of
unsaturated molecules (Garcia-Pintos et al., 2016).

The guaiacol HDO mechanism takes place through three
different main pathways to form anisole, phenol and catechol
compounds:  dehydroxylation (C,,;—~OH), demethylation
(Calkyi=O) and demethoxylation (C,,;~OCH3) (Bui et al,
2011; Infantes-Molina et al., 2015; Teles et al., 2018; Phan
et al., 2020). Different HDO experiments on TMs have also
highlighted the presence of methane, water, and methanol in
the products mixture (Tran et al., 2016b). Sun et al. studied the
HDO of guaiacol on TM catalysts supported on carbon, e.g., Cu,
Fe, Pd, Pt, and Ru. They found that catechol is the primary
product, followed by phenol (Sun et al., 2013). According to DFT-
based simulations on Pt (111) (Lu et al., 2015), the 3 C—O bonds
have different dissociation energies, C,y1—~OH (414 kJ/mol),
Cary=OCH3 (356 k]J/mol) and C,yy1-O (247 kJ/mol), being the
demethylation route to catechol the most feasible pathway, also in
agreement with previous publications (Bui et al., 2011; Gonzélez-
Borja and Resasco, 2011; Lan et al., 2018). Despite these results,
the direct deoxygenation pathway is kinetically hindered (Lu
etal., 2015; Lu and Heyden, 2015; Hensley et al., 2016; Zhou et al.,
2019; Zhou and An, 2020). Co-adsorbed hydrogen on the
catalysts is required to facilitate the C-O bond cleavage of
oxy—compounds through the activation of the aromatic ring
and the deoxygenation reaction (Zhu et al., 2016; Zhang et al.,
2020).

A study based on understanding the mechanism characteristic
of effective catalysts with a medium strength with oxy-
compounds is necessary to engineer effective HDO catalysts
performing at low temperatures. Previous studies on catalysts’
oxygen and hydrogen affinity drove us to select TMs catalysts
favouring the deoxygenation and hydrogenation of products
(Morteo-Flores et al., 2020; Morteo-Flores and Roldan, 2022).
Therefore, in the present work, we employed density functional
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theory (DFT) to provide atomistic details on the guaiacol HDO
mechanisms on six transition metal surfaces, Fe (110), Co (0001),
Ni (111), Cu (111), Pd (111) and Pt (111). We proposed different
reaction schemes based on the guaiacol C-O bond scission, i.e., i)
Cary1=OH, ii) C.ry1—OCHj, iii) Caiy1—O, as the first stage of the
hydrogenation process. We selected and followed the most likely
HDO pathway until producing benzene. The different C-O
cleave energies are linked through the reaction energy profile,
which allows rationalizing the catalyst’s performances and
accelerating the design of new catalysts.

2 COMPUTATIONAL DETAILS

We have carried out spin-polarised density functional theory
(DFT) calculations on transition metal slab models using the
Vienna Ab initio Software Package (VASP) (Kresse and
Furthmiiller, 1996) to investigate the guaiacol HDO process
on 6 TMs, ie., Fe (110), Co (0001), Ni (111), Cu (111), Pd
(111) and Pt (111). The exchange-correlation contributions
were calculated using the generalized gradient approximation
(GGA) with the revised functional of Perdew-Burke-Ernzerhof
(RPBE) (Morteo-Flores et al., 2020). The core electrons were
described using the Projected Augmented Wave (PAW)
formalism (Blochl, 1994), and a kinetic energy cut—off of
550 eV was chosen for the valence electron plane-wave basis
set. The zero-damping Grimme’s empirical correction (D3)
accounted for the long-range dispersion interactions (Grimme
et al, 2011). Appropriate dipole correction was used
perpendicular to the surfaces upon molecular adsorptions. The
Brillouin zone was sampled with a Monkhorst-Pack 3 x 3 x
1 k-point grid. Isolated molecules were placed in a 20 x 20 x 20 A
box to avoid interactions with their periodic image. The
convergence criteria were set to —0.03 eV A™" for the ionic and
107> eV for the electronic threshold. Slab models were generated
with the atomic simulation environment (ASE) based on the
optimized bulk lattice parameters (Hjorth Larsen et al., 2017).
Each slab model is formed by a supercell size p(6 x 6) with five
atomic layers; the top two layers were relaxed, and the bottom
three were fixed to their bulk positions. A vacuum of 15A
perpendicular to the surface was added to eliminate the
interaction between periodic images.

The adsorption energies (E,4s) were calculated using Eq. 1,
where the E e is the energy of the adsorbate on the slab, the
Egqp and the E,orecule are the energies of the clean surface and the
isolated adsorbate, respectively. Ey, is the energy of an isolated
H, molecule. The half energy of the molecule refers to one H
atom, and » is the number of H atoms used in the particular HDO
route. For adsorption steps without H,, n = 0.

Eads = Esystem - Eslub - Emolecule - MEHZ (1)

The reaction energy of each reaction step (E,; Eq. 2) is given by
the difference between the final (Eps) and the initial (E;s) state
energies. We combined the climbing-image nudged elastic band
(CI-NEB) (Henkelman et al., 2000; Henkelman and Jénsson,
2000) and the improved dimer method to find the saddle points
of the transition states (TS) structures, linking the minima across
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FIGURE 1 | Top and side views of guaiacol adsorbed on (A) Fe (110), (B) Co (0001), (C) Ni (111), (D) Cu (111), (E) Pd (111), and (F) Pt (111); the metal atoms are
represented in yellow, light green, blue, orange, dark green, and dark blue colour code, respectively. Red, white, and grey represent oxygen, hydrogen, and carbon. Inset
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the reaction profile (Henkelman and Jonsson, 1999). All
transition states have been characterized using vibrational
analysis to confirm one imaginary frequency along the
reaction coordinate. Zero-point energy correction was not
included in this work. We defined the activation barrier (E,;
Eq. 3) as the energy difference between the initial and transition
state (Erg) energies.

E, = Eps — Ers (2)
E, = Ers - Ers (3)

3 RESULTS AND DISCUSSION

3.1 Guaiacol Adsorption

Different guaiacol adsorption modes on the six transition metal
surfaces selected were investigated, being the parallel
configuration the most favourable in agreement with previous
works (Lee et al., 2015; Lu et al.,, 2015; Hensley et al., 2016; Liu
et al., 2018a; Liu et al., 2018b; Verma and Kishore, 2018; Konadu
et al., 2021). The adsorption sites with the strongest affinity for
oxo-groups, i.e.,, OH and —~OCH3, are seen at the hollow sites,
Figure 1; Supplementary Table S1. At the same time, the C-C
bonds of the aromatic ring prefer the bridge position between
metals atoms (Liu et al., 2013). In all cases, the molecule bonds the
surface through ring n-electrons, tilting the H atoms and the oxo
groups away from the surface. Figure 1 shows the most
favourable guaiacol adsorptions on the transition metal
surfaces; less favourable adsorbed structures are shown in
Supplementary Table S2.

Table 1 shows the guaiacol adsorption energies on the most
stable configurations in agreement with the literature’s results
using comparable computational methods. The most favourable
adsorption is on Pt (111), followed by Pd > Ni > Fe > Co > Cu.
The guaiacol adsorption energy on Pt (111) is 0.37 eV stronger
than previously reported (Lee et al., 2015) because of the different
molecular coverage and different GGA pseudopotentials used.
We took the most stable configurations as the initial guaiacol

position to study the HDO reaction mechanism towards phenol,
anisole, and catechol, which adsorptions follow the same metal
preference as guaiacol. These results compare very well with
different works, proving the validity of our methodology
(Honkela et al., 2012; Lee et al,, 2015; Hensley et al., 2016; Liu
et al., 2018b; Porwal et al., 2019; Zhou et al., 2019; Zhou and An,
2020; Konadu et al., 2021). The interactions between the metallic
surfaces and the phenolic molecules follow a similar trend, but
not identical, as the metal oxophilicity (Morteo-Flores et al.,
2020).

The interaction between the O atoms in guaiacol and the metal
weakens the C-O bonds, indicating the bond activation (Gao
et al, 2015; Liu et al, 2018a; Shi and Vohs, 2018). Many
publications have considered the C-O bond elongation upon
the guaiacol adsorption as a descriptor for the deoxygenation
activity (Zhou et al., 2019; Liu et al., 2018b). The bond lengths
within the molecule and the metal surface (M—QO) were also
examined, proving a clear relationship between the oxophilic
nature of the metals with the M—O distances, Supplementary
Table S3. Fe (110) has the shortest M—O distances, d (Fe—OH)
=2.61 A and d (Fe—OCH;) = 2.90 A, whereas Cu (111) present
the largest one in the series with a d (Cu-OH) and d
(Cu—OCH,;) = 3.00 A and 3.28 A, respectively. Both metals,
Fe and Cu, demonstrated their strong and weak interactions
with the oxo-groups, making them poor candidates for the
conversion of guaiacol according to Sabatier’s principle (Liu
et al., 2018b).

We extended the bond activation concept across the
oxo—groups in guaiacol, phenol, anisole, and catechol
compounds, i.e., i) C,ry1=OH, ii) Cyr;1—OCHs, and iii) Cyyey1-O.
The results are found in Supplementary Table S4. In all cases,
Cany1-O presented the most notorious elongation meaning that,
in adsorbed guaiacol, it weakens more than the C,,;—OCHa,
which showed little change. These trends agree with the reported
Caiy1~O and C,,,;—OCHj dissociation bond energies of 2.56 and
3.69 eV, respectively (Bui et al., 2011; Jia et al., 2019). Namely, the
demethylation route producing catechol seems to be the most
favourable reaction in all the metals considered.
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TABLE 1 | Adsorption energy (in eV) for guaiacol, phenol, anisole, and catechol on the transition metal surfaces.

Guaiacol Phenol Anisole Catechol
This Other works This Other works This Other works This Other works
work work work work

Fe (110) -1.79 —-2.01 Hensley et al. -1.84 —-1.99 Hensley et al. -1.82 —2.40 Centeno et al. (1999) -1.74 -2

(2016) (2014)
Co -1.64 -2 -1.57 -2 -1.67 -2 -1.68 -2
(0001)
Ni (111) -1.80 —1.76 Liu et al. (2018b) -1.70 —-1.83 Liu et al. (2018b) -1.99 —1.82 Liu et al. (2018b) -1.78 -1.83 Liu et al. (2018b)
Cu (111) -1.44 —-1.90 Konadu et al. -1.21 -2 -1.31 —0.72 Konadu et al. (2021) -1.49 —2.18 Konadu et al. (2021)

(2021)
Pd (111) -2.02 —2.27 Hensley et al. -1.85 —2.23 Hensley et al. -1.75 —1.45 Verma and Kishore -2.05 —-1.46 Verma and Kishore

(2016) (2014) (2017) (2017)
Pt (111) -2.78 —2.41 Lee et al. (2015) -2.54 —2.26 Tan et al. (2017) -2.67 -2.33 Tan et al. (2017) -2.79 -2.35 Tan et al. (2017)
4---- = Not available.

OCH3
H H-0 + H2 = CH3OH
’ ? s v
;_Z, - (P6)
(P1) / Ny
OCHs (ANI) ' Ho — CH, (P5) (BEN)
OH +H, - CHZ0H ‘ oH @V
. - H,0
(P2)
OH
(GUA) (PHE) + Hy
OH
(P3) (P4)
CAT
+H, —CH4( Ve - H0
SCHEME 1 | Proposed reaction network for the guaiacol HDO.

3.2 HDO Energy Profile

The guaiacol HDO reaction to form benzene may proceed
through seven different pathways: the first three pathways (PI,
P2, P3) lead to anisole, phenol, and catechol, respectively,
pathways four and five convert catechol and anisole into
phenol and pathways six and seven produce benzene as a final
product, Scheme 1. The reaction mechanism starts with the
guaiacol molecule adsorption and partial hydrogenation,
activating the phenyl ring. The co-adsorbed H* (* denotes
adsorbed species) promotes the C-O bond scission and
saturates the ring’s dangling bonds.

We examined the first three pathways (P1, P2, P3) on the six
transition metal surfaces to identify the most favourable routes
and continued the hydrogenation process to yield benzene. Upon
C-O bond cleavage, there are two competing hydrogenation
steps: (i) to saturate the dangling bonds in the ring and (ii) to
reduce the cleavaged groups forming CH;OH, CH4 and H,O
(e.g, —CH; or —OH); Supplementary Tables S5-7 summarise
the results on the different alternatives. Besides, each pathway in
the HDO mechanism, described in Supplementary Table S8, has
three TS. Reaction and activation energies (E, and E,
respectively) are shown in Supplementary Tables S9, 10.

3.2.1 Guaiacol Dehydroxylation Pathway

The dehydroxylation (DHY) energy profile to produce
anisole (P1) is shown in Supplementary Figure S2. The
reaction is initiated with H* co-adsorption, which activates
the ring through an electron transfer (from 0.37 ¢” t0 0.09 e™).
The extra electron in the molecular orbital disrupts the
aromaticity and weakens the metal-phenolic interaction,
provoking the C,,;~OH bond scission, Figure 2. The
results show that breaking the C,,~OH bond is
exothermic and more likely on oxophilic catalysts. The
activation barrier on Fe (110) is 1.13 eV, followed by Co >
Ni > Pt > Cu > Pd. Indeed, guaiacol dehydroxylation is
only exothermic on Fe and Co (E, = —0.83 eV and -0.18
eV, respectively). The C,,;1—OH bond scission creates two
co—adsorbed species: 2-methoxyphenyl and hydroxide.
The formation of anisole is more feasible on Fe (110),
which activation barrier is only 0.10 eV, followed by
Pt, Ni, Pd, Cu, and Co. Finally, the last step is the
formation of water as a subproduct. On Fe (110), it is
endothermic (E, = +1.20eV) and has a considerable
activation barrier (E, = 1.73eV), thus, becoming the
limiting reaction step.
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CgH4(OH)(OCH,)*
+ H*

C5H4(O H)(O)* + CH3*

CoHi(OH)(O)* + CH*

FIGURE 2 | Proposed reaction pathways for the hydrodeoxygenation of guaiacol on Ni (111). Colour scheme: Oxygen, red; hydrogen, white; carbon, grey and
nickel, blue. The asterisk (*) denotes adsorbed surface species. Functional groups are indicated in parenthesis.

i -.

CgHa(OH)(OH)* + CH,*

3.2.2 Guaiacol Demethoxylation Pathway

Pathway 2 (P2) is the demethoxylation reaction (DMO)
consisting of the guaiacol conversion into phenol and
methanol. The energetic profile is shown in Supplementary
Figure S3. The reaction pathway starts with the hydrogenation
of guaiacol, provoking the C,r,1~OCHj scission, Figure 2. All
the selected metals exhibit an endothermic behaviour except Fe
(110), which shows an E, = —0.96 eV and the lowest activation
energy (E, = 1.28 eV) followed by Co > Ni > Pt > Pd, and Cu.
The breaking of the bond creates two species: 2-hydroxyphenyl
and methoxide. The formation of phenol is less energetically
demanding for Ni with an activation barrier of 0.12 eV, followed
by Co > Pt > Pd > Fe and Cu. The formation of methanol on Fe
is also endothermic and kinetically unfavourable (E, = +1.15 eV
and E, = 1.78 eV). Accordingly, none of the metals explored
promotes the demethoxylation pathway due to the high barrier
to cleave the C,,-OCH; bond and the efficient CH;OH
desorption.

3.2.3 Guaiacol Demethylation Pathway

The demethylation (DME) pathway (P3) converts guaiacol
into catechol and methane. The pathway follows the scission of
the Caiy1—O, as shown in Figure 2; Supplementary Figure S4
shows the DME energy profile. All the surfaces exhibit an
exothermic behaviour except Cu (111) (E, = +0.04 eV). Indeed,
Co (0001) and Ni (111) present the lowest activation
energies (E, = 1.23 and 121eV) for the guaiacol
demethylation. The results show the most accessible
methane formation on Pt (111) (E, = 0.36 eV) followed by
Ni > Pd > Cu > Co and Fe; this is due to its good affinity with
hydrogen, according to Supplementary Table S1. The catechol
formation dominates the subsequent hydrogenation step,
where Ni and Pd present the lowest activation barrier (E, =
0.62 and 0.70 eV). Based on the DME results, metals with an
average oxophilic character, like Ni, promote the cleavage of
Caiin—O.

The energy profiles (Supplementary Figures $2-4) and
the results in Table 2 show that the guaiacol demethylation
(DME) is the most likely pathway on Co, Ni, Cu, Pt, and Pd. It
agrees with experimental data where catechol is the main
product from guaiacol partial deoxygenation (Bykova et al.,
2011; Lin et al,, 2011; Sun et al.,, 2013). Still, it diverges from
previous studies advocating for catalysts with high
oxophilicity and hydrogen affinity (Chiu et al.,, 2014; Tan
et al,, 2017); one of the disadvantages of using a highly
oxophilic metal is the difficulty formation and desorption
of small molecular products, e.g., HO-CH;, CH,, and H,0
which hinders the overall reaction rate.

3.2.4 Catechol Direct Deoxygenation Pathway

The direct deoxygenation (DDO) pathway is the second step
in the guaiacol reduction process, Figure 3. It consists of the
catechol conversion into phenol (pathway 4). Co (0001)
presented the most favourable process for the C,—OH
scission (E, = +0.02 eV, E, = 1.23eV), Supplementary
Tables S11-12. In contrast, the C,,~OH bond requires
more energy to break on Ni (111); still, it is kinetically
more accessible than on Pd (111) and Pt (111) (E, = 2.36
and 2.11 eV, respectively). The DDO results on the metals are
very similar to those presented by Zhou et al. on NiFe (111)
(Zhou and An, 2020). Upon phenol formation, the evolution
of water is less favourable in terms of reaction and activation
energies; on Co (0001), it presents reaction and activation
energies of +0.55 and 1.36 eV, respectively. In contrast, the
—OH hydrogenation on Ni (111) has a favourable behaviour
(E; = 0.02 and E, = 0.82 eV, respectively). Nevertheless, the
reducing conditions during the HDO process should shift the
reaction towards H,O formation.

3.2.5 Anisole Pathway
According to the results in Table 2, on Fe (110), dehydroxylation
is the preferable route to convert guaiacol into anisole. From this
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TABLE 2| Reaction (E,) and activation (E,) energies (in eV) for the most feasible pathways on the six transition metal surfaces included in this work. DHY and DME stand for
dehydroxylation and demethylation pathways, respectively.

Surface Preferred pathway E, (eV) Ea (eV)

(1) 2 ()] (1) 2 ®)
Fe (110) P1: DHY -0.83 -0.29 1.20 1.13 0.10 1.73
Co (0001) P3: DME -0.73 0.13 0.28 1.23 0.94 0.90
Ni (111) P3: DME -0.18 -0.12 -0.11 1.21 0.57 0.62
Cu (111) P3: DME 0.04 -0.71 -0.36 1.67 0.71 0.76
Pd (111) P3: DME -0.15 -0.21 -0.11 1.62 0.65 0.70
Pt (111) P3: DME -0.28 -0.38 0.18 1.65 0.36 0.88

P4 : Catechol » Phenol
— Cu —— Ni — Pt

| —

— Pd

— Co

T

Reaction coordinate

FIGURE 3 | Energy profile of the direct deoxygenation (DDO) converting catechol into phenol and water. The asterisk (*) represents adsorbed surface species;
molecular functional groups are denoted in parenthesis. Inset distances are given in A.

P5: DME

CsHs(OCH3)*
+ H*

FIGURE 4 | Proposed reaction scheme for the hydrodeoxygenation of anisole on
dark yellow. Inset distances are given in A.

CeHg* + HOCH*

CeHg* + OCHy*

Fe (110). Colour scheme: Oxygen, red; hydrogen, white; carbon, grey and Fe,

point, the following hydrogenation reactions may take two
possible routes: i) anisole to phenol via demethylation (P5,
DME) and ii) anisole to benzene (P6, DMO) via
demethoxylation, Figure 4. Both pathways are tested, and
their schematic results are shown in the reaction profile, Figure 5.

The reaction mechanism starts with the co—adsorption of H* next
to the phenyl ring, provoking the Cyy—O bond activation. The
process is exothermic (E, = —1.12 eV) with an activation energy of
1.76 eV, where the breaking of the bond creates two surface species:
phenolate and methyl. The results show that the methane formation
is an endothermic reaction (E, = 0.35 eV). The subsequent step is the

phenol formation, which is also unfavourable (E, = 0.71 and E, =
122 V).

The demethoxylation reaction (P6) converts anisole into
benzene and methanol (DMO). The H* co-adsorption
reaction provokes the activation of the C,,~OCHj,
Figure 5 The scission step is endothermic with a relatively
small activation energy (E, = 0.16 and E, = 0.98eV). The
breaking of the bond creates two species: phenyl and
methoxide. Benzene formation is an exothermic reaction
(E; = —0.52 eV). However, the formation of methanol is an
endothermic and kinetically hindered process (E, = 0.49 and
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relationships.

E, = 1.12eV). The results demonstrate that Fe (110)  3.2.6 Phenol Hydrogenolysis Pathway

preferentially breaks C,,;—~OCHj; over C,yy—O. This The hydrogenolysis (HGL) pathway is part of the second
behaviour is also explained by the Fe high oxophilicity, = hydrogenation stage and forms benzene and water
which anchors O species such as, e.g., -OCHj3, on its surface. ~ molecules from phenol. In this reaction, the cleavage of the
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phenol C,;;—~OH is endothermic on all the metal catalysts
studied, Figure 6. Co (0001) and Ni (111) are the metal
surfaces that require less energy to break the C,,1—OH (E,
=1.41 and 1.55 eV, respectively), although the energy barrier is
still substantial, Supplementary Tables S13, 14. The noble
metals, i.e., Pt and Pd, present the most hindered path,
agreeing with previous experiments (Verma and Kishore,
2017). The C,;y1—OH scission creates phenyl and hydroxide
species, Supplementary Table S7. The phenyl hydrogenation
is exothermic on all the surfaces investigated. Pt (111) shows
the most feasible process (E, = -1.76 and E, = 0.20eV),
although it is obstructed by the significant energy barrier to

break C,;,1—OH (E, = 2.36 eV). Ni (111) is the most suitable
catalyst for this pathway (P7) due to the relatively low energy
required to break the C,;;—OH bond and hydrogenate the
intermediates.

3.3 BEP and TS Scaling Relations

Trends from the analysis performed on the different metal
catalysts help develop eco-efficient catalysts by unravelling the
scaling relation between reaction and activation energies. These
trends describe crucial properties for engineering new catalysts of
superior HDO activity towards the desired product. A sounded
trend is represented by Brensted-Evans-Polanyi (BEP), which
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shows a linear correlation between the reaction’s
thermodynamics and kinetics (Logadottir et al., 2001; Alcala
et al, 2003; Wang et al, 2011a; Wang et al., 2011b; Sutton
and Vlachos, 2012). This relationship covers many essential
reactions such as bond breaking and hydrogenations. An
alternative method, which correlates the initial (Eis) or final
state (Eps) energies with the transition state energy (Erg), is
known as the transition state scaling (TSS). Supplementary
Figure S5. Nevertheless, several publications have claimed
these methods’ low accuracy trends (Wang et al., 2011a; Wang
et al., 2014).

The heterogeneity of the processes, e.g., C—O scissions and
hydrogenation, leads to a substantial mean absolute error (MAE)
using BEP, TSS-IS or TSS—FS. Similarly, Wang et al. investigated
the BEP and TSS models over different bond-breaking reactions
occurring on the functional groups of furans on Pd (111). They
found that the combination of all reactions decreases the accuracy
(Wang et al, 2014). Our results combining all the steps are
summarised in Supplementary Table S15; Supplementary
Figure S6. Using these relationships to obtain activation
barriers of C-O scissions and hydrogenations may lead to
1.70 eV errors. To improve the accuracy of these models, we
divided the reaction data into two categories: (A) C-O bond
cleavage and (B) hydrogenation reactions. A includes 1)
Caryi=OH, 2) C,\-OCH; and 3) Cuyyi=O. The B group
consists of five hydrogenations: 4) C,,—H, 5) CH30-H, 6)
H3;C-H, 7) C,;,jO-H and 8) HO-H. We also used the root-
mean-square deviation method (RMSE) and maximum absolute
error (M;AE) to validate the accuracy of the methods.
Supplementary Table S15 contains these trend series’s MAE,
M;AE, RMSE and R®. The BEP relationship shows the lowest
MAE for A cleavages, where the C,,;~OH and C,,;—~OCHj;
scissions reactions have the lowest mean error (0.16 and
0.21 eV, respectively). Although the MAE difference between
TSS-IS and TSS-FS is considerable (=0.09 V), it is worth
noting that C,yy—O shows the lowest MAE for TSS-IS
compared to the BEP relationship (0.16eV). The BEP
relationship again presents the lowest MAE (<0.20 eV) for B,
whereas the MAE is up to 0.35eV for TSS-IS and FS models,
Figure 7.

The BEP model does not correlate well with the bond scission
data, provoking a low description of the activation energies for
C-O cleavage. In general, TSS-IS and TSS-FS show low
interdependence (R*> < 0.82) due to the variable nature of
the transition state in group A. The TSS-FS model presents a
good correlation factor for B, i.e., the hydrogenation series
(R* > 0.84).

We narrowed the A series down by considering only the fcc
metals, i.e., excluding Fe (110) and Co. (0001), Supplementary
Table S16. The BEP did not improve its predictability,
contrarily to TSS-IS for C,,~OCHj; and Cgjyni—O (R? =
0.95 and 0.89, respectively). The MAE also decreased
considerably in the TSS models, making them more reliable
to describe the C-O dissociation reactions. The same
consideration in group B, i.e., only fcc metals, led to an
accurate description between the initial and the transition
state energies for the H;C-H and C,,,;O-H hydrogenation

Hydrodeoxygenation on Transition Metal Catalysts

(R* = 1.00 and 0.99, respectively). BEP shows acceptable
accuracy only for forming small molecules such as CH;0H
and H,O (R* = 0.88 and 0.60, respectively).

Figure 8 shows the most accurate scaling models for each
reaction (group A and B) for all the metals considered in this
work. Figures 8A-C show the scaling models for the C-O bond
scissions, where the TSS—IS model helps visualize the binding
strength between lignin-derivate compounds and metals
surfaces. For instance, Pt shows difficulties catalyzing the
C-0 bond scission due to its substantial activation energies
and endothermic behaviour, Figures 8B,C. In contrast, Fe
(110),Ni(111) and Co (0001) demonstrated exothermic C-O
bond scissions with accessible energy barriers. Figures
8D-H) show the most robust scaling models for the
hydrogenation reactions of small molecules and aromatic
compounds where Fe (110) stands out due to its
endothermic behaviour and a substantial energy barrier on
the hydrogenation of C,,,;—H bonds. Co (0001) displays good
performance in the C-O bond scission but fails in the
hydrogenation of small molecules such as CH;O-H.
Whereas Ni (111) only shows acceptable energies for
hydrogenation reactions. However, it is the most suitable
for the C-O bond scission, both kinetically and
thermodynamically, making it the most attractive catalysts
candidate for the HDO of phenolic compounds.

4 CONCLUSION

Six transition metal surfaces, Fe (110), Co (0001), Ni (111), Cu (111),
Pd (111) and Pt (111), were investigated as catalysts for the HDO of
lignin derivates to benzene. As a model compound derived from
lignin, guaiacol strongly interacts with Pt followed by Pd > Ni > Fe >
Co > Cu. The adsorption energies are directly related to the metal-
molecule distance and the metal oxophilicity for the functional groups
such as ~OH and —OCH3;. The C-O bond elongation was evaluated
as a descriptor to measure the C-O bond’s weakening (C,,—OH,
Caryi=OCH3; and C1—0O). These agreed with the guaiacol conversion
into catechol as the most likely pathway. Three pathways were
scrutinized in the first guaiacol reduction step (dihydroxylation,
demethylation and demethoxylation). The results validated that
the demethylation pathway (DME) to convert guaiacol into
catechol is the most accessible mechanism on Co, Ni, Cu, Pd, and
Pt follow the route guaiacol — catechol — phenol — benzene. In
contrast, Fe (110) prefers producing anisole through the
dehydroxylation (DHY) reaction pathway, following the route
guaiacol — anisole — benzene.

These results pointed at the distance between the oxygen and
the metal surfaces to complement the C-O bond elongation as
descriptors to identify the most suitable HDO routes. Moving
forward to design superior catalysts for the HDO process, scaling
models were generated to evaluate the overall catalytic activity,
i.e., Bronsted-Evans-Polanyi and transition state scaling (TSS).
These trends correlate positively with grouping fcc metals and
reaction types, C—O scission, and hydrogenation. The scaling
models exhibited the main trends in the studied catalysts where
Ni (111) and Co (0001) displayed an accessible activation barrier
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for C-O scissions. The latter, however, fails to hydrogenate small
oxygenated compounds, leaving Ni as the most feasible
transition-metal catalyst for the HDO of phenolic species.
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