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As climate change continues to pose a threat to the Earth due to the disrupted carbon
cycles and fossil fuel resources remain finite, new sources of sustainable hydrocarbons
must be explored. 2,3-butanediol is a potential source to produce butene because of its
sustainability as a biomass-derived sugar. Butene is an attractive product because it can
be used as a precursor to jet fuel, categorizing this work in the alcohol-to-jet pathway.
While studies have explored the conversion of 2,3-butanediol to butene, little is understood
about the fundamental reaction itself. We quantify the energetics for three pathways that
were reported in the literature in the absence of a catalyst. One of these pathways forms a
1,3-butadiene intermediate, which is a highly exothermic process and thus is unlikely to
occur since 2,3-butanediol likely gets thermodynamically trapped at this intermediate. We
further determined the corresponding energetics of 2,3-butanediol adsorption on an
ensemble of predetermined binding sites when it interacts with a defect-free
stoichiometric RuO5(110) surface. Within this ensemble of adsorption sites, the most
favorable site has 2,3-butanediol covering a Ru 5-coordinated cation. This approach is
compared to that obtained using the global optimization algorithm as implemented in the
Northwest Potential Energy Surface Search Engine. When using such a global optimization
algorithm, we determined a more favorable ground-state structure that was missed during
the manual adsorption site testing, with an adsorption energy of —2.61 eV as compared to
-2.34eV when using the ensemble-based approach. We hypothesize that the
dehydration reaction requires a stronger chemical bond, which could necessitate the
formation of oxygen vacancies. As such, this study has taken the first step toward the
utilization of a global optimization algorithm for the rational design of Ru-based catalysts
toward the formation of butene from sustainable resources.
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1 INTRODUCTION

The continual use of fossil fuels is contributing to the disruption
of the Earth’s carbon cycle, resulting in global warming. A
contributor to this is aviation fuel—a highly refined and
strictly regulated product of the petroleum industry. Bio-jet
fuel provides an alternative to petroleum-based aviation fuel as
it maintains low weight and high-energy content that is necessary
for air travel. The aviation industry recognizes the need for
implementing renewable fuels and has committed to halving
emissions by 2050. Sustainable aviation fuel has been projected
to help in this endeavor as it can offer up to 80% reduction in
emissions as compared to petroleum-based fuel, and as such it has
been touted as the biggest opportunity in emission abatement
within the aviation industry (Interational Air Transport
Association, 2020).

One way to upgrade biomass to usable aviation fuel is through
the alcohol-to-jet pathway. In this pathway, a biomass-derived
alcohol is dehydrated to butene. Butene is then able to undergo
additional chemical processes such as oligomerization and
hydrogenation to achieve the proper alkane conformation that
is specified in the ASTM standards (Wang and Tao, 2016). In
producing these alcohols, it is important to be cognizant of the
biomass used; specifically, lignocellulosic biomass is considered to
be more sustainable as it is indigestible by humans and the most
abundant form of biomass on the planet (Zhou et al., 2011).
Butanediols have been demonstrated to be produced from
fermenting sugars obtained from lignocellulosic biomass,
making it an ideal choice as the reactant (Guragain and
Vadlani, 2017).

Dehydrating diols, such as 2,3-butanediol (BDO), have been
demonstrated to be a more complex process than dehydrating
alcohols with only one hydroxyl group. Often research exploring
the dehydration of diols yields a mono-alcohol (Aihara et al,
2020; Ohtsuka et al, 2019). A first-principles study on
dehydrating diols found that during the multistep process of
removing the first hydroxyl, an electron hole is created that
migrates along the carbon chain that aids in the removal of
the second hydroxyl group. This hole migration is an example of
an non-adiabatic charge transfer. The catalyst used for this
process was TiO, which requires two oxygen vacancies for the
adsorption of both hydroxyl groups (Acharya et al., 2013). In a
separate study analyzing water’s behavior on RuO, and TiO,, it
was found that Ru had a higher Lewis acidity than Ti, which
results in a strong adsorption energy of water. Therefore, in this
research, the chosen catalyst was RuO, as it is isostructural
compared to the already tested TiO, but more reactive with
oxygen (Mu et al., 2014).

In this study, the adsorption mechanism of 2,3-butanediol on
the RuO, surface is tested with two separate methods: an
ensemble-based approach with a predetermined set of possible
adsorption sites and through a global optimization algorithm
using the Northwest Potential Energy Surface Search Engine
(NWPEsSe) (Zhang et al.,, 2020). This comparison highlights
the abilities of NWPEsSe software on metal adsorbate
calculations—an avenue that has yet to be explored.
Demonstrating the capabilities on this system with a defect-
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free surface provides opportunities to use NWPEsSe software
on more complex surfaces, such as those with oxygen vacancies.

2 TIER ONE ARTICLE TYPE

The study presented is an A-type article and original research.

3 MATERIALS AND METHODS

3.1 Quantum Calculations
The calculations presented in this study were carried out using the
Vienna Ab initio Simulation Package (VASP) (Kresse and
Furthmiiller, 1996; Kresse and Hafner, 1993), where the latest
edition of this software (6.1.2 standard) was used. The core
electrons were treated with VASP’s projector augmented waves
(PAW), 2017 edition (Lejaeghere et al, 2016), to expedite the
calculation of the Kohn-Sham equations with an energy cutoff of
500 eV for all calculations. For the surface calculations the energy
tolerance was 1 x 10~* eV, while the force tolerance was set to 0.03 eV/
A with Gaussian smearing and a sigma value of 0.1 eV. The k-point
mesh was (2 x 1 x 1) for the surface calculations and (7 x 7 x 10) for
the bulk structure. The bulk structure, being hexagonal close-packed,
had the lattice constants of @ = b = 4479 A, and ¢ = 3.113 A (see
Supplementary Figure S1 for details) using the Strongly
Constrained and  Appropriately Normed (SCAN)
functional. Electronic exchange and correlation was treated
at the generalized gradient approximation level using the
Perdew-Burke-Ernzerhof (PBE) functional (Perdew et al.,
1996). This level of theory was compared to the more
sophisticated meta-GGA functional SCAN (Sun et al,
2015) and the van der Waals-DF functional, optB86b-vdW
(Becke, 1986) for the BDO molecule in the gas phase. The
SCAN functional has been demonstrated to work effectively
with spin-polarized metal oxides (Sun et al., 2015) and
therefore was used on all surface calculations presented.
While RuO, has been determined to be antiferromagnetic
(Berlijn et al., 2017) as the magnetic ordering of the system
delays calculations and is unlikely to significantly affect the
adsorption energy calculations presented here. As such, all
calculations performed in this study were not spin-polarized.
The rutile structure for RuO, was chosen as it is the most stable
under standard conditions (Haines et al., 1996), where the bulk
structure was cut for the (110) facet where an Opyigge termination
was determined to be the most stable surface termination. To
emulate a semi-infinite surface, four tri-layers (the tri-layers being a
function of the rutile stacking) were used with a 13 A vacuum layer,
with dipole layer corrections being applied in the z-direction
(Reuter and Scheffler, 2002). The bottom two layers were fixed
with the top two relaxed to allow for the adsorption of BDO. The
adsorption energy was calculated as follows:

Eus = EBDO/RuO;(llO) - ERuOZ(IIO) - EBDO (g)) (1)

where Eppo/ruo; (110)» Eruo, (110) and Egpo g) are the total energies
of 2,3-butanediol adsorbed on RuO, (110), the clean RuO, (110)
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FIGURE 1 | Reaction Pathways 1, 2, and 3 for 2,3-butanediol dehydration to butene at three levels of theory: PBE, van der Waals optB86b functional, and SCAN.

surface, and 2,3-butanediol in the gas phase, respectively. The
distortion energy was calculated as follows:

2

Edist = Edistorted geometry molecule — Efree gas molecule>

Efree gas molecule 18 the total energy of the molecule converged in
vacuum space, and Edgistorted geometry molecule 18 Calculated from a
single-point calculation of the adsorbed molecule on the surface
after the surface had been deleted. These two energy calculations
have been included to give information about the configuration of
the structures and as a comparison point in the adsorption
analysis. Additionally, an electronic analysis was carried out,
resulting in partial charge density distributions and differential
charge density calculations. The differential charge density
calculation is based on the following equation:

AP(?) = pBDO/Rqu(110)<?> - pRqu(110)<?) ~ Pepo (g)(?> ©)

where pgpo/ra0, (110) (7)> Pruo, (110) (7)) and pppo g (1) are the
ground-state charge distribution for adsorbed system, the clean

surface, and the gas-phase molecule that is fixed in its distorted
adsorption geometry, respectively. Additionally, a Bader charge
analysis (Henkelman et al., 2006) was performed to quantify the
atomic interaction during adsorption.

A density of states analysis was carried out such that the Fermi
level was set to zero. For the gas-phase BDO the Fermi level was
taken to be halfway between the HOMO and LUMO states as was
done by (Mittendorfer and Hafner, 2001). In addition to the
density of states a d-band analysis was performed where the
center (Eq. 4) and width (Eq. (5) were identified by using the
following equation (Kitchin et al., 2004) (Hensley et al., 2016):

€Fermi Ep(E)dE
&g = -'izmi’ (4)
|5 p(E)dE

(J'S_}:;mi EZP (E)dE>l/2
wd = T r€Fermi o 1 >

[ p(BiE ©

where E is the given energy from the DOS analysis, p (E) is the
density of the electronic states for E, and eperm; is the Fermi level.

To determine the most favorable adsorption site with an
ensemble of predetermined binding sites, an ensemble-based
approach was performed so that “ensemble-based” refers to
the process that was conducted without the aid of a global
optimization algorithm. As such, it is based on chemical
intuition. Within this framework, seven unique possible
adsorption sites were determined and tested for two different
ways: with the 2,3 C-C bond parallel to the a-axis (horizontal)
and with the 2,3 C-C bond parallel to the b-axis (vertical). The
conformations of these seven sites are given in Supplementary
Figure S2.

3.2 Global Optimizer Calculations

We employed the Northwest Potential Energy Surface Search
Engine (NWPEsSe) software (Zhang et al., 2020) coupled with the
xTB program (Bannwarth et al., 2021) and the VASP program to
identify the energetically favorable adsorption configurations of
BDO on RuO,(110). The xTB program provides a semiempirical
extended tight-binding package to accurately predict molecular
structures and properties without the need to switch to a
computationally more expensive model such as the DFT-based
method in VASP. In this package, the GFN2-xTB (Bannwarth
et al, 2019) method can quickly perform calculations of
structures and interactions in molecular structures, and the
GFN-FF (Spicher and Grimme, 2020) is a generic force field
for even faster evaluation of structures and dynamics for large
molecules. Similar to our quantum calculations using VASP, the
110 surface of the rutile structure of RuO, was used. The surface
of our RuO, for the non-periodic boundary conditions (PBC)
model (used in GFN-FF and GFN2-xTB) is around 17 x 17 A%,
and the depth is approximately 12 A corresponding to four layers
of Ru atoms. To accelerate the geometric optimization of the
BDO/RuO,(110) adsorption system, all atoms in the RuO, model
were fixed using the input files from the ensemble-based
adsorption file and their positions were not changed during
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FIGURE 2 | Partial density of states for 2,3-butanediol with accompanying partial charge density images; isosurface of 0.0075 electrons/Bohr®. The gray, red,
brown, and pink spheres are Ru, O, C, and H atoms, respectively.

the optimization. The geometric search of a favorable BDO/
RuO,(110) adsorption configuration was conducted in three
steps: 1) BDO was added to the center region of the
RuO,(110) surface and a geometry optimization was carried
out using GFN-FF (Spicher and Grimme, 2020) with
NWPEsSe. A total of 20,000 structures were generated. The
last 1,200 optimized structures with the lowest adsorption
energies were kept. 2) The obtained structures in the previous
step were further optimized by GFN2-xTB (Bannwarth et al.,
2019) to achieve more accurate geometries and energies. The last
10 optimized structures with the lowest adsorption energies were
kept. 3) The obtained 10 structures were further optimized using
the VASP code, which were used to obtain the corresponding
ground-state adsorption energies.

4 RESULTS

4.1 2,3-Butanediol-to-Butene Pathway

Analysis

The first step in analyzing the dehydration of BDO is to
determine the reaction pathways in the absence of a catalyst
based on what is known in the literature. Dehydrating BDO
can have a variety of different products such as 3-hydroxy-2-
butanone and 2,3-butanedione, but there are three distinct
products whose pathways lead to butene (Zheng et al., 2015).
These products are 1,3-butadiene, 2-butanone (methyl ethyl
ketone), and 2-methylpropanal and are denoted by their
respective pathways in Figure 1 and the accompanying
molecular diagrams in Supplementary Table S1. Beginning
with Pathway 1, BDO undergoes a double dehydration where
both hydroxyl groups are removed in one step leaving behind
carbon-carbon double bonds in 1,3-butadiene. As this

structure is more stable than the final product of butene it
is likely for the reaction to get stalled here. For Pathway 2, the
step from BDO to 2-butanone is the most dependent on the
functional choice with the two extremes being endothermic for
PBE and exothermic for SCAN; the van der Waals optB86b-
vdW functional is only endothermic by 0.06 eV. The energetic
hurdle for this pathway is the transition from 2-butanone to 2-
butanol, which is accomplished through hydrogenation.
Finally, the transition to butene is favorable with the total
process being endothermic to varying degrees depending on
the functional choice. In the last pathway, Pathway 3, the
dehydration process is very similar to Pathway 2, which
accounts for the similarity in their energy diagrams. The
difference arises from the placement of the double-bonded
oxygen. For 2-butanone, the double-bonded oxygen forms a
ketone, whereas for 2-methylpropanal the double-bonded
oxygen shifts to an end carbon. In both cases the
dehydration of one water molecule occurs. Similarly, as in
Pathway 2, 2-methylpropanal is then hydrogenated before the
final dehydration to butene—the hydrogenation step requiring
the greatest amount of energy input.

Comparing the three pathways, the SCAN functional
produced the lowest energies out of the three levels of theory,
two exceptions being the intermediary structures in Pathways 2
and 3—2-butanol and 2-methyl-1-propanol. The energetic
difference is especially clear when looking at the relative
reaction energies for the dehydration process which was 0.395,
0.058, and 0.012 eV for the PBE, VDW, and SCAN functionals,
respectively. The SCAN functional improves upon GGA as it has
a better capability to distinguish between covalent and metallic
bonds, additionally describing them as semi-local (Sun et al,
2015). This distinction should result in less self-interaction error
during the DFT calculations.
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Bohr®, yellow indicates charge gain, and blue indicates charge loss.

FIGURE 3 | Differential charge density analysis for (A) on RuO,(110) having the oxygen functional groups of 2,3-butanediol facing the surface resulting in an
adsorption energy —2.34 eV; (B) 2,3-butanediol adsorbed on RuO, with its functional groups facing away from the surface resulting in an adsorption energy of -0.3 eV;
(C) 2,3-butanediol adsorbed on RuOs, structure generated from NWPEsSe surface adsorption energy —2.61 eV; isosurface level for both figures 0.0075 electrons/

4.2 Electronic Analysis of 2,3-Butanediol in
the Gas Phase

To understand the bonding more accurately between BDO and
RuO,(110), the electronic configuration of the gas phase BDO was
analyzed through partial density of states (PDOS). We also
analyzed the partial charge density distribution of its four
highest occupied molecular orbitals (E1-E4) as well as its lowest
unoccupied molecular orbital (E5). This information will later be
used in the study to identify changes in the electronic configuration
upon adsorption to the surface. The PDOS shown in Figure 2 was
performed for optimized configurations of BDO in the gas phase.
The p-states of each of the oxygens in the hydroxyl group and their
bonded carbons were examined. s-states were left out of this plot as
they will largely not participate in the bonding to the surface. The
partial charge energy intervals that were used for these plots are
given in Supplementary Table S2. The Fermi level was calculated
to be —3.07 eV away from the HOMO level.

Examining the p-states shows that the HOMO, identified as
E4, is largely occupied by the two oxygens in the hydroxyl groups.
The HOMO having the highest magnitude of states with the
hydroxyl oxygens suggests that these oxygens are going to be the
main participants in the chemisorption of BDO. This is further
evidenced with E3 as well as E4 whose partial charge density
distribution shows defined p-orbitals surrounding the oxygen
species. Moving lower in energy to the E1 and E2 peaks, the
charge density is more clearly including the hydrogen species in
the hydroxyl group as well as the hydrogen species bonded to
each respective carbon. E2 additionally has a very defined o-cloud
around C2 and C3. The LUMO peak at E5 has a significantly
smaller peak with the charge density distributing more on the
hydrogen species within the hydroxyl group as well as the
corresponding bonded carbons.

4.3 2,3-Butanediol Orientation Effects on
Adsorption to the Surface

To determine the most favorable adsorption site of 2,3-
butanediol, the orientation of the hydroxyl groups relative to

the surface—the main interest in the eventual dehydration
reaction—needs to be analyzed. Therefore, for 2,3-butanediol,
two alternatives were considered: one with hydroxyl groups
facing toward the surface (Figure 3A) and the other with
hydroxyl groups facing away from the surface (Figure 3B). As
anticipated, the hydroxyl groups facing toward the surface was
the more favorable configuration, with an adsorption energy of
—2.34 eV, classifying it as chemisorbed to the surface. This is
evident in Figure 3A, where the charge differential image clearly
shows that charge is exchanged from the hydroxyl groups
between the oxygen’s p orbital and the Ru 5-coordinated
atom’s d orbital. The oxygen acts as an electron acceptor that
is donated from Ru. Additionally, stabilization from the
subsurface Ru species is also evident as charge is donated to
the surface. In the case when the hydroxyl group faces away from
the surface, virtually no charge exchange occurs (Figure 3B). This
is consistent with the weak adsorption energy of —0.30 eV, which
is indicative of physisorption. Therefore, it can be concluded that
the difference between chemisorption and physisorption to the
surface depends on the hydroxyl group orientation. This
orientation of the hydroxyl groups in the diol is also
supported in the literature when one attempts to carry out a
dehydration reaction (Acharya et al,, 2013).

This differential charge analysis was based on placement at
Site 1 in Supplementary Figure S2 using the ensemble-based
approach. Additionally, the configuration chosen was supported
by an NWPEsSe-based analysis. The most favorable structure,
determined by the NWPEsSe global optimizer, shows that the
hydroxyl group orientation faces the surface (Figure 3C), where,
again, charge transfer is observed between the oxygens in the
hydroxyl group and the Ru 5-coordinated atom. This results in a
more favorable adsorption energy of —2.61 eV.

4.4 Adsorption Analysis

4.4.1 Ensemble-Based Site Testing

Within the framework of the ensemble-based site testing
approach, a horizontal and a vertical site were tested at each
of the seven sites can be seen in Table 1. As anticipated, the
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TABLE 1 | Ensemble-based adsorption site comparison; the site orientation is given in Supplementary Figure S2; horizontal parallel to the a axis; and vertical parallel to the

b axis.

Site # 1 2
Horizontal adsorption energy (eV) -2.34 -0.43
Vertical adsorption energy (eV) -1.75 -0.35

Structural search using NWPEsSe
with GFN-FF optimization

-

n

Last 1200 structuresl\ U

0 5000 10000 15000

*
-
Further geometric optimization <
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Last 10 structures

N o~
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Calculated structures
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Calgulated structures
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1Y

FIGURE 4 | (A) Three steps of searching for BDO/RuO,(110) adsorption
configuration. The calculated structures have been sorted based on their
adsorption energies in each plot. (B) Examples for snapshots of adsorption
configurations obtained in the second step. The gray, red, brown, and

pink spheres are Ru, O, C, and H atoms, respectively.

horizontal configurations have lower adsorption energies,
attributed to the fact that in the horizontal configuration the
hydroxyl groups are parallel to the rows of 5-coordinated Ru
(Rus.) atoms. The most favorable site is above the Rus. atom,
denoted as Site 1 in Supplementary Figure S2. Sites 5 and 6 have

3 4 5 6 7
-1.43 -0.46 -2.35 -2.34 -2.30
-1.71 -0.46 -1.71 -1.97 -2.30

comparable energies because the converged structure is
isostructural to Site 1, meaning that in all three cases both
hydroxyl groups are bonded to Rus. atoms. For the adsorption
energies of the vertical adsorption sites, they are generally weaker
as in most cases only one hydroxyl group bonds to the surface.
The comparably strong adsorption energy seen for Site 7 can be
attributed to the fact that the structure converged to a horizontal
configuration, mirroring the structure seen for Site 7 in the
horizontal set of adsorption energies. This further
demonstrates that the horizontal orientation is more
energetically favorable as the favorable orientations for the
vertical set of tested configurations converged to a horizontal
configuration.

4.4.2 Global Optimization Approach

Figure 4A illustrates the three-step approach that we took to
search for the most favorable adsorption configuration of BDO
on RuO,(110). The scope of adsorption configurations were
successfully narrowed via our approach to ranking these
structures based on the adsorption energies. Such an
approach enabled us to identify the most energetically
favorable adsorption configuration for BDO on RuO,(110).
We note that the absolute adsorption energies calculated by
GFN-FF and GFN2-xTB are biased since the system we are
considering is not taken especially into account in the
parameterization of xXTB methods (Bannwarth et al., 2021;
Bannwarth et al, 2019; Spicher and Grimme, 2020).
However, our focus here is to rank the different adsorption
structures based on their adsorption energies. Therefore, the
absolute accuracy of the adsorption energy in the first two steps
only has a minor impact on our approach.

Furthermore, we analyzed snapshots of the adsorption
configurations during our geometric search. The first step
using NWPEsSe and GFN-FF generally screened a variety of
BDO/Ru0,(110) structures, found a large amount of adsorption
configurations, and ruled out unfavorable structures. In the
second step involving GFN2-xTB, we were able to refine the
obtained structures from the first step and identify several
adsorption configurations that were at local minima, as
illustrated in Figure 4B. When the hydroxyl groups of BDO
face the vacuum layer above the RuO,(110) surface, the
adsorption strength is the weakest. When the hydroxyl groups
interact with terminal O atoms of RuO,(110), a weak adsorption
is achieved. As the hydroxyl groups get closer to the RuO,(110)
surface and interact with surface Ru atoms, the adsorption of
BDO is strengthened, and the most favorable adsorption
configuration occurs when both hydroxyl groups interact with
surface Rus,. atoms. The last step uses our DFT-based method
using the VASP code, which provides a computationally more
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TABLE 2| Comparison of the adsorption energies and specifics of the configurations between ensemble-based approach and the NWPEsSe-based approach in finding the

global minimum.

Eads (ev) Edist ev) do1-Ru &)
Manual -2.34 0.24 2.20
NWPEsSe -2.61 0.23 214

doz-ru &) Dihedral angle Dihedral angle
04 (°) 02 (%)
2.20 71.07 70.67
2.16 168.70 166.64
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expensive but accurate evaluation of several adsorption
configurations and their associated adsorption energies.

4.4.3 Comparison of Adsorption Site Testing

Once the final DFT calculations were done on the NWPEsSe-
generated structures, we determined which ground-state structure
was at the global minimum. Table 2 compares the ensemble-based
site testing to the global minimum that was found using NWPEsSe

software. The difference in the dihedral angles can be attributed to
the methyl groups being perpendicular to the surface for the
NWPEsSe-based structure, whereas in the ensemble-based
method they are parallel. As a result, the NWPEsSe-based
structure is more strongly bonded to the surface, which
correlates well with the shorter bond distance between the
oxygen of the hydroxyl functional group and the Rus. site on
the surface. The partial charge analysis shown in Figure 3A as
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FIGURE 6 | Partial charge density distribution images associated with the PDOS peaks in Figure 5; isosurface of 0.0075 electrons/Bohr®. The gray, red, brown,

TABLE 3| d-band comparison between the clean Rus. atom and the Rus, atoms
involved in the adsorption of BDO in the ensemble-based approach and the
NWPEsSe-based approach toward obtaining the most favorable ground-state
structure.

Ensemble-based NWPEsSe-based

structure structure
Ruc.ea,, Ru-01 Ru-02 RU-°1 RU-OZ
Center (eV) -4.10 -4.21 -4.19 -4.26 —4.29
Width (eV) 6.09 6.28 6.25 6.47 6.50

obtained using the ensemble-based approach has its methyl groups
in the same plane with the carbon-carbon bond suggesting that this
configuration would be more favorable than the one that was
generated with NWPEsSe software. That is not the case however as
the methyl groups of the ensemble-based structure flatten out and
interact with the neighboring oxygens (O,) causing the bond
distance between the hydroxyl functional groups and the
surface to elongate, indicating a strain on the surface bonds. On
the other hand, the methyl groups in the NWPEsSe-based structure
do not interact with the neighboring oxygens, since they are
pointing towards the vacuum, allowing for a shorter O-Rus.
bond distance and, as a result, a stronger adsorption energy.
We compare the PDOS analyses of the most favorable
adsorption sites resulting from the two methods in Figure 5,

with the accompanying partial charge density images of select
peaks shown in Figure 6. The energy intervals analyzed for the
partial charge density distribution are available in Supplementary
Table S3. Comparing Figures 5B,E and Figures 5C,F shows a
strong similarity between the two configurations, which is to be
expected. This is further supported by Figure 6, which shows almost
identical electron cloud distributions around BDO in its respective
configurations. The largest difference between the two adsorption
configurations is seen in Figures 5B,E with the p-state analysis of the
bonded BDO oxygens to the surface identified by F1 and G1. These
lower energy states indicate a more stable bond formation, F1 is
more peak-like where G1 has more smearing and has shifted to a
lower energy. The smearing and shift to lower energy of G1 as
compared to F1 indicates a slight increase in stability for the
NWPEsSe-based structure.

The d-states of the two systems are given in Figures 5C,F; as
there is only one significant peak that has interactions with the
BDO molecule, the partial charge image for each set is included in
Figure 6 with the p-state analysis. The peaks being close to the
Fermi level show very little interaction with the surface but the
distinct peaks across the Fermi level confirm that the system is
metallic, which agrees with the literature (Rogers et al., 1958;
Berlijn et al., 2017). This is also likely the reason why the PDOS of
the O,, in Figures 5B,E has states around the Fermi level as a part
of the bonding within the lattice. Analyzing the F4 and G4 peaks,
a small p-shaped orbital can be seen surrounding the hydroxyl

TABLE 4 | Bader net atomic charge values for the Rus. atoms and their respective bonded hydroxyl oxygens for the two ground-state structures in the case of the ensemble-
based and the NWPEsSe-based site testing approaches with accompanying clean RuO,(110) surface and gas phase (BDO) Bader net atomic charges for comparison.

Ensemble-based structure

NWPEsSe-based structure

Ru-0,
Bader net atomic charge of adsorbed structure (e) 1.64
Bader net atomic charge of clean surface/gas phase structure (g) 1.80
Electron behavior loss

Ru-O, 0, [o7% Ru-0O, Ru-0, 0, 0,
1.64 -1.17 -1.21 1.66 1.68 -1.18 -1.16
1.80 -1.15 -1.21 1.80 1.80 -1.15 -1.21
loss gain gain loss loss gain loss
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FIGURE 7 | Correlation plot between the relative adsorption

energies generated from the 10 lowest structures of GFN2-xTB
simulation and their corresponding DFT optimized relative adsorption
energies (in eV); the color coding in the plot corresponds to the
figure images that have their DFT calculated adsorption energies. The
gray, red, brown, and pink spheres are Ru, O, C, and H atoms,
respectively.

oxygens and an accompanying charge distribution can be seen for
O, (Figure 6); this is likely the result of a very small distribution
of states located in the same range. However, most of the charge

Adsorption Energetics of 2,3-Butanediol

can clearly be seen in the surface surrounding the Ru cations. The
peak isolated by F4 and G4 is more evident in the Ru clean surface
PDOS and is noticeably larger in magnitude. The decrease in
height for the adsorbed surface is likely the result of the overlap
with the hydroxyl oxygen’s p-states.

Looking at the d-band center information seen in Table 3, the
clean surface has the highest energy value at —4.10 eV, while the
centers are lower in energy at ~ —4.20 eV and ~ —4.28 eV for the
ensemble-based and NWPEsSe-based structures, respectively. This
shift downward is indicative of the surface becoming less reactive once
2,3-butanediol is adsorbed (Kitchin et al., 2004). The d-band width
leads to similar conclusions as a decrease in the d-band center energy
typically means a broadening of the d-band (Kitchin et al., 2004) as
evidenced in Table 3. The ensemble-based d-band center being
slightly higher in energy than that of NWPEsSe-based structure
also has a correspondingly narrower width. As both are lower in
energy than the clean Rus. atom, they have a broader width,
comparatively. The lower d-band center for NWPEsSe-based
structure further explains its stronger adsorption energy observed
as compared to the ensemble-based structure.

5 DISCUSSION
5.1 2,3-Butanediol in the Gas Phase

Analyzing the three different reaction pathways toward butene
formation, as shown in Figure 1, makes it clear that Pathway 1 is
unlikely as it has the highest potential to get stalled in the
intermediary product of 1,3-butadiene. This pathway has been
explored in the literature as 1,3-butadiene is an important
additive in the production of rubber (Sun et al., 2020); it was
found to be hard to produce from BDO as 2-butanone was more
favorable (Malcolm Winfield, 1945). This is consistent with the
reaction energy pathway comparison as seen in Figure 1.
Pathways 2 and 3 are more likely as that thermodynamic sink
is not present in the same capacity. This has also been found
experimentally that both 2-methylpropanal and 2-butanone are
the main intermediates in the dehydration of BDO to butene
(Zheng et al., 2015).

The HOMO level being primarily occupied by the oxygen
p-states indicate that they will mainly determine the reactivity
with the surface, as shown in Figure 2. This is later supported by
Figure 3, which shows that having the oxygen functional groups
face the surface are far more favorable, resulting in
chemisorption. This is further supported by the results of the
global optimization study. As evidenced by Figure 4B, the least
favorable structures obtained through a thorough testing of 1,200
structures were the ones where the BDO functional groups are
directed toward the vacuum layer. As the BDO surface-facing
orientation is required to promote its eventual dehydration, we
expect that this adsorption configuration would be more
favorable.

5.2 Adsorption Analysis
The adsorption analysis of BDO on RuO,(110) began by
understanding its surface orientation. As is evident by the
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differential charge analysis (Figure 3) and the global optimization
search (Figure 4), having the oxygen functional groups face the
surface leads to the most favorable adsorption site. This is an
expected result, as the PDOS reveals that the HOMO level was
mostly occupied by the oxygen p-states. Additionally, for an
optimal chemisorption configuration, the hydroxyl groups
need to be parallel with the Rus. atoms as evidenced by
Table 1. While other orientations of the BDO molecule with
the surface could have been tested manually, the results from our
NWPEsSe-based analysis confirm that the horizontal
configuration is the most favorable when BDO adsorbs on a
pristine RuO,(110) surface.

Further confirmation of the differential charge analysis at
the surface can be obtained through a Bader charge analysis
that is given in Table 4, which was completed for both the
NWPEsSe-based and ensemble-based determined global
minima. In both cases, the Bader charge on the Rus. atoms
decreases with respect to the clean surface indicating a
depletion of electrons. On the other hand, the Bader charge
analysis of the O; species, one of the hydroxyl oxygens,
increases upon adsorption of BDO as compared to the clean
surface indicating an accumulation of electrons. The hydroxyl
oxygens Bader net atomic charge doesn’t necessarily indicate a
net gain of electrons and that is most likely attributed to how
the charge is partitioned in the calculation. Analyzing Figures
3A-Cit’s clear that there is both a charge gain and a charge loss
occurring around each oxygen species in BDO’s hydroxyl
functional groups. Therefore, the Bader analysis is most
likely including both in its calculation. Interestingly, in the
case of the ensemble-based structure the Bader charge of the
O, species within the adsorbed BDO molecule is unchanged as
compared to its gas phase value, while there is slight loss for the
O, species in the NWPEsSe-based structure as compared to the
gas phase species. However, these changes are minor as
compared to those occurring for the Rus. species. As such,
we conclude that the Rus. species donates electrons to the
hydroxyl oxygen to chemisorb BDO to the metal oxide surface.

The electronic configuration of the two different systems is
similar. The PDOS of the main species that are involved in the
adsorption of BDO (Figure 5) and the resulting partial charge
density distributions (Figure 6) further confirm that both the
ensemble-based and the NWPEsSe-based structure chemisorb
to the surface. The overlap between the hydroxyl oxygen’s
p-states and Rus. d-states suggest the exchange of electrons.
This is evidenced by the distinct partial charge density
distributions, specifically between the higher energy peaks
shown in Figure 6 (F3, G3, F4, and G4). In these analyses,
a p-orbital is clearly seen on the hydroxyl oxygens, and, in the
case of F4 and G4, there is significant charge distributed on the
Ru cations. The final peak in the p-states, G3 and F3, show the
most similarity to the E4 HOMO peak found for the BDO
molecule in the gas phase (Figure 2). The corresponding peaks
are shifted 0.6 and 0.4 eV lower than the gas phase values for F3
and G3, respectively. The similarity of the partial charge
densities is more clearly seen when comparing the F3 and
E4 partial charge distributions as the ensemble-based
configuration looks more like the converged gas phase

Adsorption Energetics of 2,3-Butanediol

structure. In both cases, F3 and G3, the p-orbital cloud is
distinct in the hydroxyl oxygens, and the ¢ cloud is distinct
between the C2-C3 bond and the accompanying methyl group
attachments to C2 and C3. As these are higher energy peaks,
they are less stable and have slight overlap with the Ru cations
they are bonded to (Figure 6). The chemisorption is also
further supported in Table 3 where the d-band center and
width decreases and becomes broader as the Rus. cations
exchange electrons with BDO. The d-band center value of
the NWPEsSe-based structure being slightly more negative
indicates a stronger chemical bond as compared to the
structure identified by our ensemble-based method.

Between the two analyses, ensemble-based and NWPEsSe-
based, the ground-state structure had the same placement on
the lattice indicated as Site 1 in Supplementary Figure S2 of
the SI. However, the global minimum of the NWPEsSe-based
structure has a lower adsorption energy (-2.61eV) as
compared to the ensemble-based local counterpart
(-2.34eV). The lower energy from the NWPEsSe-based
structure is likely attributed to the orientation of the
methyl groups. With the NWPEsSe-based structure the
methyl groups point toward the vacuum layer, making
them perpendicular to the surface, as identified by the large
dihedral bond angle with the oxygen functional group. This
orientation, while having a comparable distortion energy to
the ensemble-based structure from the gas-phase BDO, results
in shorter bond lengths. Therefore, we hypothesize that in the
ensemble-based structure, the flattening of the methyl groups
to become parallel with the surface causes a strain on the
hydroxyl bond to the surface and the bond lengthens to
accommodate it, resulting in a less favorable adsorption
energy. This conjecture is supported by the results from
the calculations on the 10 lowest structures from the
GFN2-xTB program. Their configuration details and
adsorption energies are supplied in Supplementary Table
S4. Structures 1-3,5, and 6 all have similar dihedral angles,
bond lengths, and adsorption energies as compared to the
ensemble-based structure. Therefore, we conclude that the
ensemble-based structure adsorption site analysis was able to
determine one of the lowest energy adsorption configurations
but was limited in identifying the global ground-state
structure.

We compare the 10 lowest structures from the GFN2-xTB run
and their corresponding DFT-based optimizations in Figure 7.
The relative adsorption energies are shown as the GFN2-xTB
program was not specifically parameterized for metal oxide
adsorbate systems and therefore provides unrealistic absolute
adsorption energies. As such it highlights the need to further
optimize these structures using DFT-based calculations to get
more accurate adsorption energies. There is good agreement
between the two relative energies (although there are two
defined outliers seen in orange and purple, Structures 7 and 9,
respectively). Structure 7 has a lower energy as it is closest
configuration-wise to the ground-state structure seen in pink,
Structure 10. Conversely, Structure 9 has the highest relative
energy, making it less favorable. As shown in Figure 7, Structure
9 did not in fact form a strong bond with the surface and instead is
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flattened out by interacting with the neighboring O,’s through
hydrogen bonding. The lowest adsorption energy is Structure 10,
making it the most favorable conformation and the ground-state
structure identified, while Structure 9 is the least favorable. When
examining Supplementary Table S4 it is also clear from the bond
lengths, dihedral angles, and adsorption energies that Structure 7
is the structure that has the closest conformation to Structure 10.
The agreement between the two systems confirms the accuracy of
the calculations in determining the ground-state structure.

6 CONCLUSION

Analyzing the energetic pathways of BDO dehydration to
butene (Figure 1), it was determined that Pathways 2 and 3
are more favorable since they are less likely to stall in the
intermediary phase. By comparing the electronic properties
of BDO in the gas phase to when it is adsorbed on the
surface, we find that the adsorption of BDO on RuO,(110) is
due to the overlap of the hydroxyl oxygens p-states with the Rus,
d-states. A differential charge distribution analysis confirmed
the adsorption through a noticeable charge exchange between
the hydroxyl groups and the surface. Correlation plots between
the GFN2-xTB structures generated using the NWPEsSe
software and their corresponding DFT-based optimized
adsorption energies show agreement between the systems.
Comparison between the ensemble-based approach and the
NWPEsSe-based approach for adsorption site testing show
that the NWPEsSe-based approach was able to find a more
favorable ground-state structure with an adsorption energy of
-2.61 eV. The success in using the NWPEsSe software in
determining the most favorable ground-state structure opens
the possibility of using the global optimizer to be used in more
complex adsorption systems. This will be especially beneficial
with surfaces that have defects and therefore more nuanced
adsorption configurations.
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