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The observed difference in the selectivity towards alkane, ketone, and alcohol hydrodeoxygenation products
over Ru and Rh catalysts is explored using a combination of density functional theory and microkinetics. Using
y-valerolactone as a model compound, we investigate the reaction mechanism in order to identify selectivity
determining species. The effect of the coadsorbed water molecule as well as the higher adsorbate surface
coverage on reaction barriers and energies is explored as well. The performed calculations suggest that the
desired alkane product is formed from a ketone intermediate on Ru, and through both ketone and alcohol on
Rh, although the selectivity towards alkane on Rh is much lower than on Ru.

1. Introduction

Lignocellulosic biomass is the most abundant renewable carbon
source on Earth, and is considered as a genuine alternative to fossil
feedstocks in the production of fuels and chemicals [1]. A multitude of
compounds can be formed from biomass, which can be used further as
platform molecules in biorefineries [2]. Among the molecules derived
from lignocellulosic biomass, levulinic acid (LA) has been identified as
a key platform chemical [3], because it is a precursor to a wide set
of chemicals and includes a number of large market volume species
such as methyltetrahydrofuran, levulinate esters, acrylic acid, and y-
valerolactone (GVL). However, LA contains only five carbon atoms, so
its direct conversion to hydrocarbons used for liquid fuel production is
not feasible. One viable approach to increase the carbon chain length is
aldol condensation, a coupling reaction in which carbon-carbon bonds
are formed [4-8]. The synthesized C;, dimers are slightly branched
and contain carboxyl, carbonyl, and lactone groups [5], but they are
unstable and corrosive, making LA dimers unsuitable to use directly as
fuels.

Further valorization of LA dimers by removing oxygen moieties
via hydrodeoxygenation (HDO) can lead to valuable products such as
biofuels [9,10]. Recently, the HDO process was explored by some of
us for the conversion of a simplified representative of a LA dimer,
y-nonalactone (GNL) to various hydrocarbon species [11]. ZrO, sup-
ported Ru, and to lesser extent Rh, were found to be selective towards
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the desired saturated hydrocarbons, which constitute the basis of bio-
fuel. In addition, the Ru and Rh catalysts also promoted the formation
of mostly Cg alcohols and ketones [11]. Another common approach to
obtain fuel components from LA is its conversion to GVL, which has
favourable physico-chemical properties such as stability in water and in
the presence of air [12]. GVL can be processed catalytically to a numer-
ous valuable species such as 2-methyltetrahydrofuran (MTHF) [13,14],
butene oligomers [15], or 5-nonanone [16].

GVL and GNL species, shown in Fig. 1, differ only by the sub-
stituent at the C4 carbon, which is a pentyl group for GNL and methyl
group for GVL. In previous DFT calculations, GVL conversion to MTHF
and alcohols (butan-2-ol, pentan-2-ol), 2, 4-propanediol (PDO) was
considered on Ru(0001) [17,18]. Alcohol production was proposed to
proceed from GVL via surface ring-opening giving to an adsorbed
acyl intermediate followed by decarbonylation [17]. The activation
energy for acyl hydrogenation was calculated to be as high as 1.7 eV
for 2-pentanol formation making this step rate-controlling [18]. GVL
adsorption was proposed to compete with its HDO product adsorption
due to nearly equal adsorption energies of these species [18]. However,
the formation of products such as ketones and hydrocarbons, essential
for biofuel components was not considered. Additionally, ketone and
hydrocarbon formation might require higher temperatures [11] than
the ones available in the experimental data on which these DFT studies
were based.
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GNL

Fig. 1. y-Valerolactone showing the atom numbering used in this work (left) and y-
nonalactone (right).

In the present work, we performed a computational multiscale
study to elucidate the reaction mechanism of GVL conversion towards
alcohol, ketone, and alkane, and to understand factors controlling se-
lectivity on Ru(0001) and Rh(111) surfaces. We employ GVL as a model
compound for GNL, with GVL-derived butane acting as representative
for the longer-chain alkanes obtained from GNL. The first-principles
microkinetic analysis is employed to unravel the reaction selectivity
under operating catalyst conditions. The effect of higher coverage and
coadsorbed water was investigated for selectivity controlling steps. We
compare our results to the previously reported experimental data on
solvent-free GNL hydrodeoxygenation [11]. Our results suggest that
both Ru and Rh metal surfaces are most selective towards alcohol.
Ru is found to be more selective towards alkane than Rh. On Ru, the
alkane product is produced solely through the ketone intermediate,
whereas on Rh, both the alcohol and ketone species contribute to
alkane production. The selectivity is an interplay between the hydro-
genation/dehydrogenation barriers of the shared surface intermediate,
and the favoured desorption from the surface.

2. Methods
2.1. Computational details

The DFT calculations were carried out in the grid-based projector
augmented wave (PAW) formalism using the GPAW software [19-22].
The BEEF-vdW [23] density functional was chosen in order to include
dispersion forces. PAW [24] setups were employed to represent the core
electrons of Ru and Rh in the frozen-core approximation.

The Rh(111) and Ru(0001) surfaces were modelled with four-layers
thick 3 x 3 (and 2 x 2 for Ru) surface cells and the two bottom layers
were fixed at optimized bulk positions. The slabs were periodic in
the plane parallel to the surface and nonperiodic in the perpendicular
direction. At least 5 Aof vacuum was added to each side of the slab in
the perpendicular direction. A Monkhorst-Pack mesh of (4 x 4 x 1) and
(6 x 6 x 1) k-points were used for sampling the reciprocal space for the
3 x 3 and 2 x 2 sized surface slabs, respectively. Gas-phase species were
evaluated at the I'-point in a non-periodic computational cell with a
side length of 18 A. A grid basis with a 0.19 A-! maximum grid spacing
was used in all the calculations, and structures were allowed to relax
until the maximum residual force was below 0.05 eV A . Transition
states were located using a climbing image automated nudged elastic
band (CI-AutoNEB) method [25-28], and were verified by the presence
of a single imaginary vibrational mode along the reaction coordinate.

For each of the reaction intermediates several minimum structures
were localized using geometry optimization calculations. Similarly for
localization of TSs a few nudged elastic band (NEB) [25-28] calcula-
tions were performed and often more than one converged to a saddle
point along the reaction coordinate corresponding to an activation
barrier for each elementary step. The structures of the optimized species
with the lowest energies are openly available to download from the
Finnish Fairdata service at https://doi.org/10.23729/ea2e013c-52ac-
49d3-9¢70-106b49e98920.
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Vibrational modes were determined for the lowest energy minima
and TS structures. Subsequently, the vibrational analysis was conducted
for all gas and adsorbed species (at the harmonic limit and excluding
atoms of the metal slab) in order to calculate the zero-point energies
(ZPE).

The forward (backward) activation energy for each elementary step
was calculated as a difference of the energy of the localized TS and the
energy of the reactants (products).

E, = Eg-E @

Adsorption/desorption energies of reactants and products were
computed with respect to their gas phase counterparts and the pure sur-
face slab. Since the reaction mechanism involves many
(de-)hydrogenation steps, the activation and adsorption/desorption
energies include both the electronic activation energy and the ZPE
correction.

Microkinetic modelling was performed using our own Python code.
The system of differential equations was solved by numerical integra-
tion employing the solve_ivp function as implemented in the Scipy
package [29] scipy.integrate.

Rate constants for activated surface reactions were calculated using
transition state theory in the harmonic approximation:

kgT E
ksurf = BT exp [_kBa ] 2

where E, is the ZPE corrected activation energy, kp is the Boltzmann
constant, T is the temperature, & is Planck’s constant.
Adsorption rate constants were calculated as:

A
kg = P—2 ®)

\2xmkgT
where P is the partial pressure, m is the mass of a single molecule, and
A is the adsorption area, approximated as 1 x 10719 m?.
Desorption rate constants were calculated from the adsorption rate
constant via the equilibrium constant

—-AG°
kdes = kadsexP [ kBT ] ’ (4)

where AG® is the standard Gibbs free energy change of adsorption.
The Gibbs free energies of the gas-phase species were calculated using
the IdealGasThermo class as implemented in ASE [21,22]. The Gibbs
free energy of the surface species was approximated within the har-
monic limit using the HarmonicThermo class found in ASE [21,22].
The simulations were performed under steady reaction conditions with
pressures set to 1 bar for hydrogen, and zero for all other species. The
models were solved for reaction temperatures from 513 to 593 K in 20 K
intervals. The chosen conditions correspond to initial zero conversion
conditions, and the temperature range is centred at the investigated
temperature in our experimental work [11]. The selectivity towards
each product is defined as the ratio between the production rate of that
product and the sum of production rates of all three products.

3. Results & discussion

The products of GVL conversion analysed in this work are butan-2-
one (butanone), butan-2-ol (butanol) and butane. Previous DFT calcula-
tions [17,18] suggest that the reaction towards these three decarbony-
lation products follows the reaction mechanism presented in Fig. 2. The
reaction starts with the GVL adsorption on the metal surface followed
by three elementary steps: ring opening, decarbonylation, and terminal
carbon hydrogenation. These elementary steps are common for all three
products and thus should have no control on the product selectivity.
The final intermediate before the reaction pathway diverges is a tran-
sient species IV [C4HoO*], referred herein as a “key intermediate”.
Subsequently, the reaction towards the desired alkane may proceed
through an alcohol (blue arrows) or a ketone (red arrows) intermediate
(Fig. 2).
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Fig. 2. A reaction network for GVL catalytic transformation. Dotted arrows represent adsorption/desorption processes. Red and blue arrows indicate pathways leading to alkane

production through ketone and alcohol intermediates respectively.
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Fig. 3. The potential energy surface of GVL conversion over Ru (top) and Rh (bottom) surfaces. Atomic hydrogen, oxygen as well as carbonyl and hydroxyl groups are adsorbed
on a separate slab, so in order to keep the same number of atoms an energy of a metallic slab is correspondingly added or subtracted to/from intermediate species.

3.1. HDO mechanism over Ru(0001) and Rh(111)

We have considered the reaction network, given in Fig. 2, for GVL
conversion to three studied decarbonylation products on Ru(0001) and
Rh(111) surfaces. Fig. 3 summarizes the reaction energy landscape
and the calculated reaction and activation energies are collected into
Table 1. The most stable adsorption geometries for the reactant and the
three product species on the Ru(0001) and Rh(111) are given Fig. 4.

3.1.1. Adsorption of reactant and product species

The most stable conformation of GVL on both Ru and Rh surfaces
was found to bind through the substituent oxygen O1 (Fig. 1) with
adsorption energies of ca. —0.5 eV. This value is less exothermic than

the values of —1.46 eV [17], —0.72 eV [30] and -1 eV [18] calculated
previously employing the PBE functional with the DFT-D3 correction
on Ru(0001). Also in these previous studies GVL adsorbed via not only
carbonyl oxygen (O1) but also carbonyl carbon (C1) [30] and ring
oxygen (02) [17,18]. The difference can be due to the functional used.
However, our calculations showed that the adsorbed GVL correspond-
ing to the aforementioned geometries were higher in energy by 0.25 to
0.4 eV compared to the lowest in energy conformation.

The adsorption geometries of the decarbonylation products are very
similar on both metal surfaces. Butanol interacts with the metal atom
through the oxygen of the hydroxyl group and its adsorption energies
are —0.53 eV on Ru and —0.38 eV on Rh. Again, our adsorption energy
on Ru is less exothermic than the previously reported value of ~ —1
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Fig. 4. Top down view of the optimized structures of adsorbed reaction substrate and relevant products: (a) GVL, (b) butanol, (¢) butanone, (d) butane on the 3 x 3 surface cells

of Ru(0001)(top) and Rh(111) (bottom) surfaces.

Table 1

Reaction energies (4E) and activation energies (E,) in eV for each elementary step of the GVL conversion over Ru(0001) and Rh(111) surfaces. * refers to an empty site.
Process Reaction TS Ru(0001) Rh(111)

AE E, AE E,

GVL adsorption GVL +* =1 - —-0.56 - —-0.50 -
Ring opening I=1 1 -0.45 0.43 0.24 0.76
Decarbonylation II +* = III +CO* 2 -0.32 1.04 -0.19 1.13
Hydrogenation II +H* = IV +* 3 —-0.43 0.68 —-0.66 0.48
Hydrogenation IV +H* = VI +* 4 0.46 1.41 -0.14 0.93
Dehydrogenation IV +* = V +H* 5 0.31 1.13 -0.10 0.54
Dehydroxylation VI +* = VIII +OH* 6 0.09 1.58 0.52 1.66
Deoxygenation V +* = VII +0* 7 -0.31 0.75 0.59 1.37
Hydrogenation VII +H* = VIII +* 8 0.03 0.49 -0.13 0.40
Hydrogenation VIII +H* = IX +* 9 -0.49 0.57 -0.70 0.56
Butanol desorption VI = butanol +* - 0.53 - 0.38 -
Butanone desorption V = butanone +* - 0.46 - 0.34 -
Butane desorption IX = butane +* - 0.19 - 0.21 -

eV [18]. Butanone adsorbs on the surface through the carbonyl group
oxygen with adsorption energy of —0.46 eV on Ru and —0.34 eV on
Rh. The obtained adsorption geometries as well as adsorption energies
of alcohol and ketone agree well with the DFT results of isopropanol
and acetone adsorption on Rh(111) and Ru(0001) [31]. Finally, butane
adsorption on both metals is the weakest, with an adsorption energy of
~—0.2 eV.

3.1.2. Ring opening

Regarding the overall reaction mechanism, the first step is al-
ways GVL ring opening. Previous studies show that the ring opening
preferably proceeds via C1-O1 bond breaking on the Ru(0001) surface
forming an acyl species II [CH;O0C,H,CO*] [17,18]. In our calculations
the cleavage of C-O bond is exothermic by —0.45 eV on Ru(0001)
whereas on Rh(111) the ring opening is slightly endothermic by 0.24
eV. The acyl species II migrates, so that the O2 atom resides in a
hollow site (fcc on Ru and hcp on Rh) while the terminal CO group is
placed horizontally on the bridge site (Figure Ssth). The corresponding
activation energies for this step are 0.43 eV and 0.76 eV on Ru and Rh,
respectively.

3.1.3. Decarbonylation and hydrogenation

Subsequent decarbonylation of acyl species II leads to a C, species
III and an abstracted CO. CO adsorbs very strongly on both Ru(0001)
and Rh(111), and could lead to the poisoning of the surface. Instead,
CO can likely be converted to methane by reacting with hydrogen
as both metals are efficient methanation catalysts [32-34]. No self
poisoning effect was observed in our previous experimental work, and
methane was observed as a product, which supports the interpretation

that CO is removed as methane. The consideration of the entire CO
methanation reaction network with DFT is out of the scope of the
current paper. Decarbonylation is mildly exothermic on both surfaces
and the cleavage of the C-C bond has a ~ 1 eV barrier. The forming
intermediate III [CH,CH,COCH;] binds to the surface via the terminal
methyl group on a top site and via the oxygen on a hollow site. In the
last common reaction step for all products, III is hydrogenated. Our
calculations show that methyl group hydrogenation and key reaction
intermediate (IV [CH;CH,COCH;]) formation is exothermic and with
a XX eV barrier, making it more favourable than hydrogenation of the
ketonic oxygen which is endothermic and has a much higher barrier
(by 0.6 €V).

3.1.4. Butanol formation

From the key intermediate IV the reaction pathway can follow one
of the two parallel routes. Both routes can lead to butane production
via either a butanol or butanone intermediate. However, these inter-
mediates may also desorb from the surface before being converted to
alkane.

The computed activation barrier for hydrogenation of key interme-
diate to butanol (VI) is 0.93 eV for Rh(111) and 1.41 eV for Ru(0001).
A similarly high barrier was found previously for isopropanol formation
on Ru(0001) [31]. Once formed, the adsorbed butanol can undergo
dehydroxylation to species VIII [C4H;], which is the final intermediate
before the formation of the butane product. Here we emphasize that the
calculated butanol desorption energy is much lower than the high acti-
vation barrier of dehydroxylation that was found to be 1.58 eV on Ru
and 1.66 eV on Rh, which are the highest barriers located for the stud-
ied GVL transformation reaction network. Furthermore, the butanol
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formation reaction is endothermic on Ru, making this pathway to bu-
tane formation altogether unfavourable. However, increasing hydrogen
pressure in experiments might make alcohol formation more plausible
by shifting the balance towards hydrogen consuming reactions.

3.1.5. Butanone formation

Alternatively, the key intermediate can undergo dehydrogenation
to butanone. We find that activation energy of butanone formation
is about 0.4 eV lower than that of butanol formation on both metal
surfaces. On Ru(0001), the reaction is also less endothermic than the
competing hydrogenation to alcohol. On Rh(111) both reactions are
slightly exothermic. The formed butanone interacts with the metal
surfaces through its oxygen atom having desorption energies of 0.46 eV
and 0.34 eV on Ru and Rh surfaces, respectively. Similar to butanol,
desorption into gas-phase is more favourable than the subsequent
deoxygenation reaction. Butanone deoxygenation via TS, has a barrier
of 0.75 eV on Ru and 1.37 eV on Rh. The reaction gives intermediateVII
[C4HZ] and the reaction is exothermic on Ru and endothermic on Rh.

3.1.6. Butane production

The deoxygenated species VII may undergo two consecutive hy-
drogenation steps to form butane. First, one proceeds via TSg giving
intermediate VIII. Although the product VIII is the same as the butanol
dehydroxylation step, the hydrogenation reaction has much lower bar-
riers of only 0.49 and 0.40 eV on Ru and Rh, respectively. The second
hydrogenation step forms the adsorbed butane, IX [C4H,0], and the
reaction is exothermic on both surfaces with forward activation barrier
of 0.57 and 0.56 eV on Ru and Rh, respectively. Finally, butane may
be released in to the gas phase with a desorption energy of 0.2 eV.

3.1.7. DFT discussion

So far our DFT results seem to suggest that the Ru catalyst should be
more active towards hydrocarbon production compared to Rh, due to
more favourable thermodynamics and much lower decarbonylation and
deoxygenation barriers. This result is in accordance with our previous
experiments on GNL conversion [11] (see SI for previously unpublished
data on the reaction system of the cited study).

The experimental data suggests that the formation of Cg products
and methane might have proceeded through the decarbonylation of
GNL followed by the methanation of the resulting CO [11]. Further-
more, alcohols might be important intermediates in the formation of
hydrocarbons, whereas the role of ketones in the reaction mechanism
was not clear [11]. However, the barriers for dehydrogenation of
the key intermediate IV to ketone and subsequent deoxygenation are
much lower than hydrogenation to alcohol and following dehydroxy-
lation on both studied surfaces. This suggests that alkane production
is more likely to proceed not through alcohol, but through a ketone
intermediate.

In order to further investigate the selectivity towards possible prod-
ucts, we employ first principles microkinetic modelling [35-39]. Mi-
crokinetic analysis is vital for understanding how the competing reac-
tion pathways proceed under experimentally relevant reaction condi-
tions, which is not always readily apparent from DFT derived reaction
energy landscapes alone.

3.2. Microkinetic analysis

In addition to the reaction steps discussed in the previous sections,
we have included some additional steps in order to have a closed
reaction pathway suitable for microkinetic analysis: (1) a reaction
pathway for water formation from the adsorbed oxygen atom formed
during ketone deoxygenation (2) a composite step that feeds key inter-
mediate to the surface. While it is possible that any elementary step in
the reaction network could, in principle, either control or inhibit the
overall rate, here we are mainly interested in the selectivity control
towards butanone, butanol, and butane. The selectivity should not

Surface Science 751 (2025) 122624

Table 2
Elementary steps included in the microkinetic model. Note that for all steps both the
forward and reverse reactions are included in the model.

ki
R1 Hyg +2"=H"+H’
Ky
kg
R2 butanol” <=butanol,+ *
ke
kps
R3 butanone” == butanone,+ *
ks
kps
R4 key intermediate” + H* == butanol*+
ke
R5 key intermediate”+ *:l‘i—butanone* +H"
ks
ke
R6 butanol*+ xe/:dehydroxed* + OH"
k,
o
R7 butanone”+ s==-deoxed” + O"
k7
. Kps .
R8 deoxed” + H* = dehydroxed™+ =
ks
kgo
R9 dehydroxed™ + H* —= butane* +
ks
k10 ’
R10 butane” —=-butane,)+ *
krio
) ke
R11 OH* + H* ==H,0" + *
s
R12 OH" + OH"—=H,0" + O*
kr 2
k/H '
R13 O" + H'=="OH"+ *
ez
kpis
R14 H,0"=="H,00;)+ *
er

depend sensitively on the rates of the preceding reaction steps such
as GVL ring opening and decarbonylation, as those are common to all
pathways leading to the three products. The rate of the feeding step
was set to a value of 0.001 s!, as this resulted in the best numerical
stability of the solver. Several other rates were tested over four orders
of magnitude to verify that the rate does not affect the selectivity of
the reaction pathways. It was found that regardless of the feeding rate,
the sum of the rates of production of butanol, butane, and butanone
is always equal to the feed rate. The elementary steps included in the
microkinetic model are presented in Table 2.

3.2.1. Favoured reaction pathway and product selectivity

The selectivities towards butanol, butane, and butanone on
Ru(0001) and Rh(111) are summarized as a function of temperature
in Fig. 5. On both surfaces, the reaction is mostly selective towards
butanol production at all simulation temperatures. This is probably
due to the high hydrogen coverage (>0.9 ML) observed in all of
the simulations, which heavily favours the hydrogenation of the key
intermediate over the dehydrogenation reaction. In addition, butanol
desorption is much faster compared to the butane formation steps
from either the butanol or butanone intermediates. On Rh(111) the
selectivity towards butanol decreases slightly with temperature. This
can be rationalized as the butanol and butanone production steps have
similar energetics on Rh(111), but the butanol production step has
a higher barrier which makes it more sensitive to temperature. As
temperature increases, butane production becomes more feasible on
both surfaces. On Rh(111) the change is too small to be seen in Fig. 5,
but on Ru(0001) the butane selectivity increases from 1% to 40% across
the tested temperature range. The butanone selectivity does not vary
with temperature on Ru(0001).

Inspection of the individual elementary step rates reveals that the
reaction proceeds towards butane through different pathways on the
two surfaces. On Ru(0001) butane is produced only via the butanone
deoxygenation step, while the butanol dehydroxylation step has a neg-
ligible contribution to the overall butane production rate. In contrast,
on Rh(111), though the overall rate is very small, both the butanol
and butanone pathways are active. At 553 K the butanol pathway
contributes 70% to the overall butane production rate.
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Fig. 5. Selectivities towards the butanol, butanone, and butane products on ruthenium
(left) and rhodium (right) surface at different temperatures.

3.3. Modifications to the MKM

As discussed above, the butanol conversion to butane has a very
low rate on Ru(0001) contributing almost nothing to the overall butane
production, while on Rh(111) the conversion of butanol intermediate to
butane is overshadowed by the desorption of butanol. Although butanol
production from GVL is observed in various experiments, [14,17], our
previous results suggest that alcohols are also important intermediates
in the overall HDO process, not merely final products [11]. The reaction
may be very sensitive to even small changes in the reaction energy
profile, which ultimately depend on the choice of the computational
catalyst model. Therefore, in order to find out whether the conversion
to butane through butanol may be rationalized, we have performed
further calculations on modified computational catalyst models.

3.3.1. The effect of coadsorbed water

In the perfectly stoichiometric idealized HDO reaction the oxygen
is removed from the biomass as water. As discussed in our previous
experimental studies of GNL conversion,[11] water is indeed produced
in significant quantities during the catalytic process. Moreover, it has
been demonstrated both experimentally and theoretically, that water
enhances the reactivity of Ru and Rh for acetone hydrogenation [31].
Explicitly including a coadsorbed water molecule was observed to
significantly lower acetone hydrogenation barriers, explaining the role
of the water solvent in LA conversion to GVL [31]. Therefore we have
explored the effect of coadsorbed water on the energetics of a few
important surface intermeditates and transition states along the GVL
hydrodeoxygenation reaction pathway.

In order to explore the interaction of coadsorbed water with other
adsorbates, a H,O molecule was placed on the metal surface in the
vicinity of the adsorbate/transition state of interest. Subsequently, a
geometry optimization calculations were performed for the new struc-
tures. The most stable structures of the key intermediate IV with
and without coadsorbed H,O on Rh and Ru are presented in Fig. 6.
The presence of water modifies the geometry of the key intermediate
species. The key intermediate is displaced from the fcc hollow site, and
moves to the top/bride site on Ru/Rh. Furthermore, a hydrogen bond
is formed between the oxygen atom of IV and one of the hydrogens
from the water molecule. The bond length is 1.52 A on Ru, and 2.16
A on Rh. The difference between the energy of the co-adsorbed key
intermediate and water on Ru compared to the infinitely separated case
is negligible, whereas for Rh the infinitely separated configuration is
0.16 eV more stable. The interaction between the key intermediate and
the water molecule can be described as slightly repulsive, and is in line
with the elongated intermolecular O-H bond.

As a consequence of the interaction with water, the energetics of
the key intermediate hydrogenation and dehydrogenation reactions are
modified as well (see Fig. 7). On Ru(0001), the hydrogenation activa-
tion barrier decreases by 0.4 eV compared to the non-coadsorbed case.
The same stabilization effect is observed also for the dehydrogenation
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Fig. 6. Optimized structure of a key species IV adsorbed on a 3 x 3 supercell on
(a) ruthenium and (b) rhodium; on the right the structures with coadsorbed water
molecule. The periodic images of the computational cells are left out of the figure for
clarity.

reaction of the key intermediate, with the activation barrier decreasing
by 0.4 eV. On Rh(111), the hydrogenation barrier for the co-adsorbed
system is increased by 0.2 eV compared to the infinitely separated
system. This is due to the fact that the transition state is slightly more
destabilized by the presence of the water than the key intermediate.
In contrast, the transition state for the dehydrogenation reaction is not
destabilized by co-adsorbed water, which results in a decrease of the
barrier by 0.2 eV.

On the contrary to the key intermediate hydrogenation and dehy-
drogenation reactions, no enhancement effect was observed for sub-
sequent dehydroxylation and deoxygenation reactions (TS and TS,
respectively). The new NEB calculations revealed that the dehydroxy-
lation and deoxygenation minimum energy paths follow reaction coor-
dinates in which water first diffuses away from the reactant before the
transition state is formed. As the presence of a coadsorbed water did not
lower these highest barriers of the pathway, we chose to not investigate
the following hydrogenation steps towards alkane formation further.

The reaction energies and barriers for both butanol and butanone
formation from the key intermediate are modified due to the co-
adsorbed water on both surfaces. However, the barrier for butanone
formation (dehydrogenation) from the key intermediate still remains
lower than the butanol formation (hydrogenation) barrier on both
metal surfaces. As the subsequent reaction steps were found to not be
significantly enhanced/hindered by the presence of water, this suggests
that co-adsorbed water is not responsible for the promotion of butane
production through the butanol pathway.

Additional microkinetic simulations were performed at 553 K for
both surfaces in order to verify whether the co-adsorbed water could af-
fect the reaction kinetics. Barriers (forward and backward) for the dehy-
drogenation and hydrogenation of the key intermediate were changed
according to Fig. 5. No further modifications were made to the models.

On Ru(0001), the changes to the reaction barriers result in a slightly
increased butanol selectivity at the expense of butanone and butane.
The relative decrease in butanone and butane production is ca. 60%.
Butanone deoxygenation is still the favoured pathway for butane pro-
duction. On Rh(111), the butanol selectivity is greatly decreased from
over 90% to 30%, while butanone selectivity is increased from <
10 % to ca 70%. Butane selectivity remains low, and the favoured
pathway for its formation is now the butanone deoxygenation route,
as it contributes over 94% to the formation rate.
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Rh(111)

Fig. 7. Modified PES for alcohol and ketone formation for ruthenium (left) and rhodium (right) surface with a co-adsorbed H,O molecule. The energy of the adsorbed key
intermediate IV is set to 0. The PES for unmodified unit cells is shown for reference in a paler colour.

(a)

Fig. 8. The optimized structure of the key intermediate IV at a coverage of (a) 1/9 ML and (b) 1/4 ML on Ru(0001). The unit cell of the periodic structure is indicated in yellow

outlines.

3.3.2. Effect of higher surface coverage

In general, increasing surface coverage may substantially modify the
reaction selectivity, as shown for e.g. acrolein hydrogenation on Pt and
Pd surfaces [40] and cinnamalaniline conversion on Ir [41]. Typically,
the surface supercell is chosen to be large enough to accommodate
adsorbed species so that lateral interactions between adjacent periodic
images are not too large, but keeping the surface small enough so
that the computations are not too costly. Using a very large supercell
mimics low surface coverage, while using a smaller supercell mimics a
higher coverage. At high coverage conditions the steric effects between
adsorbates become more prominent. Thus, changing the size of a unit
cell effectively modifies the reaction energy profile, which in turn tunes
the reaction selectivity.

The possible role of steric effects on the chemoselectivity of GVL
conversion were studied by increasing reactant coverage to 1/4 ML
on the Ru(0001) surface. Again, the key intermediate was used as a
starting point. Fig. 8 displays the favourable adsorption structures for
the key intermediate at low and high coverages. While at low coverage
the key intermediate binds to a hollow site via oxygen and favours
parallel configuration, at 1/4 ML coverage the methyl group tail points
away from the surface due to the steric repulsion between the adjacent
key intermediate species. Fig. 9 presents the potential energy surface
at 1/4 ML coverage starting from the key intermediate.

At 1/4 ML coverage, butanol formation becomes energetically more
favourable than at 1/9 ML coverage, whereas the opposite behaviour
is seen for butanone formation. The barrier height difference between
hydrogenation to butanol TS, and dehydrogenation to butanone TSg
reduces down to 0.02 eV making these steps kinetically competitive.

However, the butanol dehydroxylation reaction proceeding via TSg
remains still highly unfavourable with an activation energy of 1.56
eV. Along the pathway from butanone to butane, the highest barrier is
found for the deoxygenation step, TS, and it is ~ 0.3 eV higher than at
1/9 ML coverage, making the conversion towards alkane less feasible.
The adsorption energies of butanol, butanone, and butane products
are —0.37, —0.32, and —0.07 eV, respectively, which are slightly less
exothermic than at 1/9 ML, i.e. all products are slightly less stable at
the higher coverage.

The high coverage results suggest that the selectivity towards bu-
tanol increases with increasing coverage while simultaneously butane
production decreases. Microkinetic simulation at 553 K with the mod-
ified energetics of the 1/4 ML coverage on Ru(0001) shows that only
butanol is produced (the rate is equal to the key intermediate feed rate).
This is consistent with the DFT results, as the butanol formation barrier
is lowered, while the dehydroxylation barrier stays prohibitively high.

3.4. MKM discussion

The MKM simulations suggest that the selectivity towards the prod-
ucts is controlled mainly by the hydrogenation of the key intermediate
to the butanol and subsequent desorption from the surface, which is
overall kinetically more favourable than butanone or butane production
on both metal surfaces. This is due to the facile hydrogenation of
the key intermediate that benefits from the high surface coverage, as
opposed to the dehydrogenation into butanone that requires empty
sites on the surface. Experimentally, butane production is observed on
both Ru and Rh catalysts at relatively high GVL conversions. Here, the
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Fig. 9. Modified PES for butane, butanol, and butanone formation on Ru(0001) at 1/4 ML coverage. The energy of the key intermediate IV is set to 0 eV. The unmodified PES

is shown as reference in a pale colour.

tested conditions more closely correspond to initial zero conversion
conditions. However, accurately simulating higher conversions would
require much more detailed kinetic descriptions of the diffusion and
adsorption processes of the reactant and product molecules within
the microkinetic reaction network. This is beyond the scope of this
work, but is an interesting future direction. Another possibility is that
butanol conversion takes place on a different active site, such as a metal
step-edge or on the support oxide [42].

4. Conclusion

The conducted DFT calculations together with the microkinetic
modelling provides insight into the selectivity towards ketone, alcohol,
and alkane products of hydrodeoxygenative (HDO) treatment of y-
valerolactone over Ru(0001) and Rh(111). The mechanism involves
two parallel pathways that lead to alkane production through either an
alcohol or ketone surface intermediate, both of which can also desorb
from the surface before reacting further. The alcohol and ketone pro-
duction steps share a common surface intermediate, and are therefore
competing reactions. At all conditions tested with microkinetic mod-
elling, alcohol production was found to be most favourable among the
three considered HDO products on both surfaces. Ru was also capable of
producing significant amounts of alkane through the ketone pathway.
While alkane selectivity was extremely low on Rh, the reaction was
shown to proceed through both the alcohol and ketone intermediates.
The results suggest that both alcohols and ketones could be important
reaction intermediates towards alkane production on Ru and Rh.
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