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ABSTRACT

The initial dehydrogenation of ethanol is important in the development of sustainable and
practical energy processes. Transition metals, especially the less expensive and more abundant 3d
metals, are appealing as catalysts for ethanol dehydrogenation. As a single atom adsorbed to
ethanol, these metals are likely to have enhanced selectivity and activity, in addition to maximized
utilization efficiency. Density functional theory calculations were performed with Gaussianl6 to
investigate these ideas using both the B3PW91 and PBEPBE functional. The presented work
explores the use of 18 different single metal atoms as catalysts in the first dehydrogenation of
ethanol. All of the 3d metals, as well as eight 4d and 5d metals, were investigated as catalysts for
this reaction. Three ethanol dehydrogenation pathways were studied for each metal catalyst: a-H,
B-H, and o-H cleavage. Analysis of the energies of each reaction allowed for a determination of
the dehydrogenation pathway most favored by each metal catalyst, and ultimately yielded a top
catalyst for each dehydrogenation pathway. Based on the results of these calculations, the best
predicted catalyst for o-H cleavage was scandium, for B-H and a-H cleavage was platinum.
However, differences in the B3PW91 and PBEPBE results suggest that -H cleavage could also
be favored for Pt, and that another possible top catalyst for f-H cleavage could be Pd. This work

will serve as a benchmark for heterogeneous catalysis of the ethanol dehydrogenation reaction.
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1. Introduction

An increasingly relevant ambition in current research is the desire to develop methods for
producing sustainable, environmentally friendly energy that is both economically and realistically
feasible for fulfilling our world’s energy needs.! According to a 2020 IEA world energy outlook
report, if the infrastructure currently in place and the power plants currently under construction
were to be operated at similar levels as they are today, using natural gas combustion as the primary
source of energy, our world would see a 1.65°C increase in temperature with 10 Gt of continued
CO2 emission from these sources in 2050.2 The projected energy needs going forward into 2040
come with an increase in high quantities of oil and natural gas as the primary sources with
continued use of coal, all of which are nonrenewable.®

Biofuels are an appealing source of alternative energy, as they are made from biomass and are
therefore renewable.* Ethanol, a well-known biofuel, is added in various percentages to about 97%
of the gasoline used in the U.S., which decreases the amount of crude oil used to produce petroleum
fuels.*® This, plus the fact that ethanol burns cleaner than the pure fuels, helps lower emissions of
pollutants like carbon monoxide.*® Due to it already being established as a widely-used biofuel,
further utilization of ethanol as a renewable energy source in other sustainable-energy processes
IS attractive.

There are three types of hydrogens in an ethanol molecule: the hydrogen that bonds to O atom,
denoted as 0-H; two hydrogen that bond to the a-C, i.e. a-H; three hydrogen that bond to the B-C,
i.e. B-H. Therefore, there are theoretically three reaction pathways in the first dehydrogenation of
ethanol. Ethanol dehydrogenation to produce hydrogen gas, a clean and efficient energy source,
has made this reaction very promising as a source of energy that is sustainable, renewable, and

low-cost.! Ethanol steam reforming (ESR) is a very efficient process that produces hydrogen via
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the dehydrogenation of ethanol.® The overall reaction of ESR is: C2HsOH (g) + 3H20 (g) =>
2C0O2(g) + 6H2(g), where the first step is the selective dehydrogenation of ethanol at the oxygen
and alpha carbon.® It has been found for ESR that decreasing the size of metal catalysts brings an
increase in the activity and stability of the catalyst.® While highly active catalyst systems involving
noble metals like rhodium, ruthenium, platinum, and palladium have been found to catalyze ESR,
the expensive nature of these metals makes them an unreasonable option for large-scale production
of hydrogen for energy.®

Ethanol dehydrogenation reaction is industrially very important, not only to produce hydrogen
for clean energy technology but also as starting materials to synthesize value-added molecules for
many other applications,”?® and it can be efficiently enhanced by the SACs. Ethanol
dehydrogenation can take place via many reaction pathways and produce different products.
Catalytic dehydrogenation via O-H and C-H bond cleavage can produce acetaldehyde and Hz.* C-
C and C-O bond scission steps occur in deoxygenation, decomposition, and reforming reactions
and will end up with many different products along with H, and other byproducts.? Non-
oxidative ethanol dehydrogenation is one of the most potential routes for acetaldehyde and H:
production.?” Produced H through a non-oxidative pathway is clean and doesn’t require a
separation process.?® So, it is important to develop stable and selective catalysts for ethanol

dehydrogenation reactions.

Besides using ethanol dehydrogenation for hydrogen production, ethanol can also be utilized
directly in direct ethanol fuel cells (DEFCs) to generate energy.?°? The utilization of DEFCs could
be an optimal solution since the storage and transportation of Hz is not well established, and the
process is CO; neutral.® In DEFCs, the complete oxidation of ethanol, C2HsOH + 302 = 2CO; +

3H.0, can be carried out to produce twelve electrons.®® Despite the incredible potential for DEFCs
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to be used as an efficient and environmentally friendly source of high density energy, the high
energy barrier of C-C bond cleavage®2® can limit their prospective use as large-scale energy
sources.?® Therefore, a lot of research efforts have been devoted to understand catalytic EOR.33"-
%1 From our previous work, we found that the activation barrier of ethanol C-C bond cleavage on
an Ir(100) surface was always lowered with the removal of the hydrogen from oxygen.®? Thus,
selective ethanol dehydrogenation could potentially be utilized to lower this C-C bond cleavage in
order to make the complete oxidation of ethanol a more favorable process, thereby making DEFCs
a more viable option in the world of sustainable energy.

Copper-based catalysts were considered a highly selective and reactive metal for ethanol
dehydrogenation reactions®3%® but suffered from the low activity and particle sintering.®” Gold-
based catalysts also showed promising catalytic activity toward ethanol dehydrogenation with
higher sintering resistance.®® A silica-supported Ag catalyst has been shown to be an efficient
heterogeneous catalyst for non-oxidative ethanol dehydrogenation into acetaldehyde and H2.%° A
series of alloys containing Pd-Ru, Pd-Ag, Pd-Rh, and Pd-Ni has been shown higher catalytic
activity for ethanol dehydrogenation and excellent hydrogen formation capability.® Georgios
reported that NiAu single-atom alloy shows promising catalytic properties for nonoxidative
ethanol dehydrogenation.”® Most of the d-block metals are used in the ethanol dehydrogenation
experiments as the catalyst.

Catalytic oxidation and dehydrogenation reactions have been successfully achieved with
single-atom catalysts (SACs) in recent years.”* Single-atom catalysts (SACs) have been shown
experimentally and theoretically to catalyze a number of reactions with high activity,**"2-% may
also be used to catalyze ethanol dehydrogenation.®® In single atom catalysis, isolated metal atoms,

which are generally stabilized by the support of or by alloying with another metal, are the only
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active metal catalyst.*>°® While free single atoms possess a high surface energy, rendering them
unstable on their own, strong interaction with a metal support lowers the single atom’s surface
energy to help prevent aggregation.®®6 Since the catalyst is a single atom, the utilization efficiency
of the metal being used is at a maximum, and the cost of the catalyst is reduced relative to other
catalysts involving the same metal.®>°" The small size of SACs, as well as their ability to be
uniformly distributed on surfaces, gives them an increased catalytic selectivity and activity. %%
This is so much so, that they have been found to be hundreds of times more active per atom than
nanoparticle catalysts.®> When looking for a metal species to act as a SAC in ethanol
dehydrogenation, it is important to note that transition metals have generally been found to catalyze
the removal of hydrogen from saturated molecules with high efficiency and selectivity.”* SACs
made of 3d transition metals are of interest because of their potential to be more sustainable due
to their abundance, durability, and decreased toxicity relative to other 4d and 5d metals.%%
However, the variability in electronic structure, oxidation state, and atomic radii of transition
metals has an impact on their catalytic ability, making it necessary to determine how these different
metals may catalyze various reactions.”

The need for a sustainable and practical energy source may be one step closer to being met if
an efficient catalyst for ethanol dehydrogenation can be found, so that the dehydrogenated products
can be utilized in further reactions to produce energy. In searching for this catalyst, we
systematically studied all three types of ethanol dehydrogenation reactions in the presence of a
single metal atom of the ten third row metals, as well as eight other metals: Ru, Rh, Pd, Ag, Os,
Ir, Pt, and Au, using DFT calculations. B3PW91 is often used in the studies of ethanol
dehydrogenation on metal clusters®®, but PBE is often the choice of functional in the studies of

catalysis on bulk materials. To allow better comparisons with single atom, cluster, or bulk models,
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we chose to perform calculations using both B3PW91 and PBE. We note that single atom catalysis
has become a hot topic recently due to advanced characterization becoming available.%°

These calculations were performed with the intention of identifying the dehydrogenation
pathway of ethanol as a function of the metal catalyst used. Further, they were completed in order
to determine which metal(s) is/are the best for the selective dehydrogenation of o-H, o-H, or B-H.
Computations were performed using two different functionals to see how the choice of functional

affected the preferred pathway of dehydrogenation for each metal catalyst, and if the overall top

catalysts for each type of ethanol dehydrogenation was consistent between the models.

2. Computational Details

The results presented are those of DFT computations performed using Gaussian16. Eighteen
metals were studied as catalysts for the dehydrogenation of ethanol, including all of the row 3d
metals (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn), four 4d metals (Ru, Rh, Pd, Ag), and four 5d metals
(Os, Ir, Pt, Au). For each metal, computations were performed for the cleavage of the a-H, B-H,
and o-H of ethanol. The initial state (IS) of each dehydrogenation was characterized by a single
metal atom bonded to the oxygen of ethanol, and each final state (FS) molecule was such that the

metal atom was inserted between the atoms of the bond being cleaved.

Calculations were performed using both the B3PW91 functional and the PBEPBE
functional, so the results of each could be compared. The spin multiplicities used for each metal,
based on the relative stability of the IS structure at that spin, are given in Table 1. For calculations
performed using the B3PW91 functional, the 6-311G(d,p) basis set was used for C, H, and O
atoms. For calculations completed with the PBEPBE functional, the 6-311++G(d,p) basis set was
used for C, H, and O atoms. For all calculations, the LANL2DZ basis set was used for the single

metal atom.
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To ensure the IS and FS structures were optimized to a minimum, frequency calculations
were performed so the structure could be checked to have no imaginary vibrational frequencies.
Transition state (TS) structures were found using TS (Berny), QST2, and QST3 methods. Intrinsic
reaction coordinate calculations (IRC) were completed to verify that the TS structure led to the FS

structure. All TS structures were made sure to have only one imaginary vibrational frequency.

For those reactions which transition states were not found, we used the relationship between
reaction energy (AE) and activation energy (Ea) of ethanol dehydrogenation reaction using the
Bronsted-Evans-Polanyi (BEP) correlation method to predict the activation barriers. Many of the
computational studies associated with the difficulties in finding and characterization the transition
structures have been overcome those difficulties with the using the Bronsted-Evans-Polanyi (BEP)
relationship, by linearly relating the activation barrier to the reaction energy or adsorption

ener-gy.lOl 102

Table 1: Spin multiplicities of predicted ground electronic state of metal atom.

Metal | Spin Multiplicity
Sc 2
Ti
\V
Cr
Mn
Fe
Co
Ni
Cu
Zn
Ru
Rh
Pd
Ag
Os
Ir
Pt
Au
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For each metal catalyst tested, adsorption energy of the metal on ethanol (Eadss) was
calculated. This, as well as the reaction energy (AE) and activation energy (E.) of each

dehydrogenation reaction were calculated using the equations:

Eaqas = Eis — ECH3CH20H —Ey 1)
AE = Eps — Ejg 2)
Eq =Ers — Ejs (3)

where Ejs, Ers, and Evs are the total energies of the IS, FS, and TS, respectively, that have been
corrected for zero-point energy (ZPE). EcHacHz2on and Em are the ZPE-corrected energies of ethanol
and the single metal atom, respectively. All energies presented here have been corrected for ZPE

using:
hv;
Ezpr = X1y : 4)

where all non-imaginary vibrational frequencies (vi) are summed together after being multiplied

by the Planck’s constant (h) and divided by two.
3. Results and Discussion
3.1 Adsorption of ethanol to metals

For the following results shown in Figure 1, numerical values are assigned to metals for the
purpose of plotting data as a function of metal. The 18 metals studied, and their corresponding

numerical identities are given in Table 2.
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Table 2: Numerical values assigned to metals in Figure 1.

3d Metal | 4d Metal | 5d Metal
1 Sc
2 Ti
3 V
4 Cr
5 Mn
6 Fe Ru Os
7 Co Rh Ir
8 Ni Pd Pt
9 Cu Ag Au
10 Zn
b.
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Figure 1: Adsorption energies of metals onto the oxygen of ethanol, calculated using the B3PW91
functional (a) and the PBEPBE functional (b). O-M bond length for metals, calculated using the B3PW91

functional (c) and the PBEPBE functional (d).
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Obtaining the adsorption energy of a single metal atom onto the oxygen of ethanol is the
first step in determining whether or not the upcoming dehydrogenation reaction could be feasible.
A positive adsorption energy indicates that the formation of the initial state, and therefore the
continuation of the ethanol dehydrogenation reaction, is thermodynamically nonspontaneous. A
negative energy translates to a thermodynamically favorable process, which will allow further
reaction of the initial state species. Adsorption energies are plotted as a function of metal in Figure
1, based on calculations performed using the B3PW91 and PBEPBE functional. For both sets of
data, the adsorption energies of all 18 metals onto ethanol are negative, meaning any of the metals
could theoretically go on to catalyze the dehydrogenation of ethanol. There is some difference
between the two functionals, with most differences ranging between 0.2 and 0.05 eV, and the

largest being that of Mn, 0.93 eV.

e e N s me S N m o s o s 3 S5 Fr—T—T T T T T T T T T T T T T T

0 (a) ] 0 (b) ]

2r l\,/'/.\-\to—;_/\\-\/\/\/ ] 23 -\./I/.\'*M ]

20F B 20 1

1.5 F B 1.5k 5

1.0 - B 1.0 -

0.5 F 1 0.5

0.0 o B 0.0 - b

| e\ 7% » .- e N

05k L\ e A N T 05k Wt gl e T
e’ \ & T ) b’ AL L

-1.0 N \/ V¥ . -1.0 > \ / A

15 F o it - -15F =

20 F —=— 0-M Bond Length (A) 2.0F —=— O-M Bond Length (A) ]

251 —e— Eads (eV) = 25 —e— Eads (eV)

3.0 A B Y i M (O G M ! I (O A | (R £ W A LI N 3.0 [ GO I R A R M | 1 I I R Vo
Sc Ti V CrMnFeCoNiCuZnRuRhPdAgOs Ir Pt Au Sc Ti V CrMnFe Co Ni CuZnRuRhPdAgOs Ir Pt Au

Figure 2: Plots of O-M bond length and adsorption energy for metals, calculated using the B3PW91
functional (a) and the PBEPBE functional (b).

An interesting comparison to make is with the oxygen-metal (O-M) bond length of the IS
species and the adsorption energy of the metal onto the oxygen (Fig. 2). Visually, by looking at

the plots of O-M bond length and Eads, there appears to be a relation between the two. For most
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metals, the more favorable the adsorption, indicated by a more negative energy, the shorter the O-

M bond. This is the case for both the B3PW91 and the PBEPBE functional.

3.2 Ethanol dehydrogenation: a-H, -H, and o-H
The DFT results of dehydrogenation in the presence of a single metal atom are presented and
compared first based on the row that the metal atoms are and then the group.

3.2.1 3d metal-catalyzed dehydrogenation

3 b.
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Figure 3: Activation energies and reaction energies of a-H, p-H, and o-H dehydrogenation catalyzed by
3d metals, including a) AE calculated using the B3PW91 functional, b) Ea calculated using the B3PW91
functional, c) AE calculated using the PBEPBE functional, and d) Ea calculated using the PBEPBE
functional.
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The overall trend in reaction energy of 3d metal-catalyzed dehydrogenation is to increase from
left to right across the period (Fig. 3). There are, however, large jumps in reaction energy for
dehydrogenation reactions catalyzed by V, which disrupt this trend. These observations are true
for both functionals, at all three locations of ethanol dehydrogenation. For most metals, the reaction
energies of 0-H dehydrogenation are the lowest, and those of a-H dehydrogenation are the greatest.
Exceptions to this are V, for which the B-H dehydrogenation reaction energy is the greatest for
both functionals, and for Sc when modeled by the PBEPBE functional, which has a very negative
reaction energy for 3-H dehydrogenation. It should be noted that these results can change slightly,
depending on which B-H is removed. If the metal is positioned trans to the oxygen of ethanol on
the B-C, the reaction energies of 3-H are mostly greater than those of a-H. If the metal is positioned
cis to the oxygen of ethanol on the §-C, as was done to obtain these results, the reaction energies

of B-H are mostly lower than those of a-H.

For most reactions, the reaction energies calculated using the PBEPBE functional are more
negative than those calculated using the B3PW91 functional. The difference in reaction energy
between the two functionals is fairly small (0.1 to 0.4 eV) for most all metals at three
dehydrogenation locations. However, there is a large difference of 2.05 eV in the AE of Sc-
catalyzed B-H removal. As previously noted, this reaction energy, when calculated using the
PBEPBE functional, is very negative. One would not expect this to be the case based on the results
obtained using the B3PW91 functional, and on the trend in reaction energy for Sc-catalyzed a-H
and o-H dehydrogenation. Thus, it could be that this unusually negative reaction energy is a result

of error in the structure of the FS following B-H cleavage by Sc.

Relative to the plots of reaction energies, the plots of the activation energies are much less

cohesive. For Sc, TS structures were not able to be found for B-H and o-H dehydrogenation
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reactions. So, activation barriers were predicted using the Bronsted-Evans-Polanyi (BEP)
relationship. Despite these things, it remains that for most reactions, the activation barriers are
lowest for 0-H dehydrogenation. As for a-H and -H dehydrogenation modeled with the PBEPBE
functional, there is variability between the metals as to which kind of dehydrogenation is more
favorable. This variability lessens with the use of the B3PW91 functional, which shows most

barriers being greater for B-H dehydrogenation.

Using the criteria that for a reaction to proceed favorably under room temperature, it must
have an exothermic reaction energy and an activation barrier of less than around 0.72 eV, the
results of both functionals reveal that of the 3d metals, VV and Cu would not catalyze any of the
dehydrogenation pathways of ethanol. These metals have both positive reaction energies and high
activation barriers. Other metals, which have exothermic reaction energies for some
dehydrogenation pathways, but have high activation barriers for all three pathways, include Cr.
Thus, Cr would not be good catalysts. Of the remaining 3d metals that have favorable reaction and
activation energies for at least one of the dehydrogenation pathways (Sc, Ti, Mn, Fe), o-H

dehydrogenation has the lowest reaction energy and activation barrier when catalyzed by Sc.

As for a-H dehydrogenation, Ti is the only 3d metal with a negative AE and small E (0.66
eV), but only when the reaction was modeled with the PBEPBE functional. When calculated using
the B3PW91 functional, the activation barrier is larger (1.09 eV). While Fe does have favorable
energies for B-H dehydrogenation when calculated using the PBEPBE functional, there are
significant differences in these energies when calculated using the B3PW91 functional. The results
of the B3PW91 functional point towards Fe being an unfavorable catalyst for [B-H
dehydrogenation. The reaction energies of Sc-catalyzed p-H dehydrogenation for both functionals

are negative, but the Ea could not be obtained with the PBEPBE functional, leaving only the
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B3PW91 result to analyze. Due to these discrepancies, it cannot be determined whether any of the

3d metals could favorably catalyze B-H dehydrogenation of ethanol.

3.2.2 4d metal-catalyzed dehydrogenation

a b.
20t 55
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Figure 4: Activation energies and reaction energies of a-H, -H, and o-H dehydrogenation catalyzed by
4d metals, including a) AE calculated using the B3PW91 functional, b) Ea calculated using the B3PW91
functional, ¢) AE calculated using the PBEPBE functional, and d) Ea calculated using the PBEPBE
functional.

The trends in reaction energy of ethanol dehydrogenation when catalyzed by 4d metals
except Ru, are very similar between the B3PW91 and PBEPBE functionals (Fig. 4). The shapes

of the plots are almost identical, with the difference being that the energies calculated with the
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PBEPBE functional are all around 0.3 eV lower than those calculated using the B3PW91
functional. According to the results of both functionals, a-H dehydrogenation is most
thermodynamically favorable when catalyzed by Rh and Pd, but o-H dehydrogenation is more
favorable when catalyzed by Ru. The trends in activation energies also appear to be similar
between the two functionals. Once again, the energies calculated using the PBEPBE functional are
all 0.2-0.4 eV less than those calculated using the B3PW91 functional, with some differences being
larger, such as the 0.83 eV difference for Ag-catalyzed a-H dehydrogenation. Activation energy
barrier for -H dehydrogenation using Rh and Ru were obtained using BEP relation for further
analysis of the study. It seems B-H dehydrogenation is more Kinetically favorable with Rh and Pd

as catalysts.

Of the 4d metals, Ag is the only one that has both high activation energies (> 1 eV) and
positive reaction energies for all three dehydrogenation pathways, making it a poor catalyst for
ethanol dehydrogenation. This is true for both functionals. All three dehydrogenation reactions
have the most negative reaction energies and low activation barriers with Rh as a catalyst. The
B3PW91land PBEPBE results for this set of data reveal a very low activation barrier (0.05 eV), so
Rh is accepted as the best catalyst of the 4d metals when paired with the fact that is also has the
most negative reaction energy. The AE of a-H dehydrogenation via Rh is more negative than 3-H
dehydrogenation whe using the PBEPBE functional, but the activation barrier of o-H
dehydrogenation is lower, predicting a-H dehydrogenation to occur first. Pd could also potentially
act as a good catalyst in the a-H and B-H dehydrogenation of ethanol, but it does not have as
favorable energies as Rh. Differences between the two functionals make it difficult to discern
which reaction pathway Pd would prefer to catalyze. The activation barriers of p-H

dehydrogenation for both functionals are lower than a-H dehydrogenation, but the reaction energy
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of B-H dehydrogenation calculated using B3PW91 is positive, whereas it is negative using
PBEPBE. The reaction energies of Pd-catalyzed o-H dehydrogenation are more exothermic than
B-H for both functionals. However, Pd is a better dehydrogenation catalyst'%*1% than other metals,

such as Rh based on the comparison of overall reaction energy.

3.2.3 5d metal-catalyzed dehydrogenation
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Figure 5: Activation energies and reaction energies of a-H, B-H, and o-H dehydrogenation catalyzed by
3d metals, including a) AE calculated using the B3PW91 functional, b) Ea calculated using the B3PW91
functional, c) AE calculated using the PBEPBE functional, and d) Ea calculated using the PBEPBE
functional.

16

https://doi.org/10.26434/chemrxiv-2023-h618h ORCID: https://orcid.org/0000-0002-6131-3532 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-h618h
https://orcid.org/0000-0002-6131-3532
https://creativecommons.org/licenses/by-nc-nd/4.0/

Once again, there is a large similarity between the plots of reaction energy for the B3PW91
and PBEPBE functional for 5d metal-catalyzed dehydrogenation (Fig. 5). The PBEPBE energies
are lower than B3PW91, many by 0.1-0.3 eV, and some by lesser amounts, as small as 0.02 eV.
Most activation barriers obtained for the two functionals have a difference of around 0.3-0.5 eV,

with some being as small as 0.006 eV.

The energies of Au-catalyzed dehydrogenation are thermodynamically and kinetically
unfavorable for every pathway, making it a poor catalyst for this purpose. This is true for the results
of both functionals. According to the B3PW91 results, Ir would be an unlikely catalyst due to the
high activation barriers of every dehydrogenation reaction, despite having exothermic reaction
energies for a-H and o-H dehydrogenation. However, all of these reactions have lower activation
barriers (<0.72 eV) and negative reaction energies when calculated using the PBEPBE functional.
Thus, results for Ir are inconclusive. Between Os and Pt, they could both catalyze a-H, -H and o-
H and dehydrogenation, but the Pt-catalyzed reaction has a lower activation barrier, and the Os-
catalyzed reaction is more exothermic. However, differences between functionals once again
create a barrier to conclusively predicting whether Pt would favor B-H or o-H dehydrogenation.
According to the B3PW91 results, the barrier to -H dehydrogenation is lower, but according to
PBEPBE results, the barrier to o-H dehydrogenation is lower. For both functionals, the Pt-
catalyzed B-H dehydrogenation reaction is much more exothermic than the Pt-catalyzed o-H

dehydrogenation reaction.

3.2.4 Energies of dehydrogenation by the same group of metals
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Figure 6: Reaction energies and activation energies calculated using the B3PW91 functional, of a,b)
group 8 metals, ¢,d) group 9 metals, e,f) group 10 metals, and g,h) group 11 metals.

In Figure 6, the reaction energies and activation energies of ethanol dehydrogenation are
displayed in an alternative way, in order to see the trend in energy for each group of metals on the
periodic table that were investigated. In terms of reaction energies, for group 8, those of a-H and
B-H cleavage are similar for the first two metals, with Ru being slightly larger than Fe, then
decrease for Os. On the other hand, reaction energy of o-H decreases from Fe to Ru. Activation
barrier for all three types of dehydrogenation paths of Fe are relatively higher than Ru and Os. For
group 9 metals, only the o-H cleavage reaction becomes more thermodynamically favorable
moving down the group. The a-H and B-H cleavage reactions are much more favorably catalyzed
by the 4d metal, Rh. Based on the data in Fig. 6d, it appears the activation energy follows a similar
trend to reaction energy for the a-H and B-H, with Rh having the lowest energy. In the case of Ir,
o-H is the most feasible reaction on a single Ir, but it is the p-H cleavage the easiest on Ir(100).1%
The selectivity in dehydrogenate different hydrogen atoms may also be tuned using cluster size of

the catalysts, %121 which ranging from single atom to bulk surfaces.
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The reaction energies of the group 10 metals decrease down the group for the a-H and -H
cleavage of ethanol, with a significant decrease in these reaction energies from the 4d to 5d metal.
However, this same trend is not observed for the o-H bond cleavage by group 10 metals. For these
metals, the reaction energy of the 4d metal, Pd, for o-H bond cleavage is much higher than for the
other two metals in the group. Looking at the activation energy of the dehydrogenation reactions
for the group 10 metals, they primarily decrease down the group, besides the rise in energy of Pt-

catalyzed a-H dehydrogenation.

Lastly, it appears that for the group 11 metals, the dehydrogenation reactions are more
favorably catalyzed by the 3d and 5d metal than by the 4d metal, both thermodynamically and
kinetically. The increase in the energy of the 4d metal-catalyzed reactions is more significant for

the reaction energy, but also appears for the kinetic energy.
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Figure 7: Reaction energies and activation energies calculated using the PBEPBE functional, of a,b)
group 8 metals, c,d) group 9 metals, e,f) group 10 metals, and g,h) group 11 metals.

Just as reaction energy and activation energy were plotted in Figure 6 for groups 8, 9, 10, and
11 using B3PW91 results, this was also done for PBEPBE results in Figure 7. In comparison
between the B3PW91 and PBEPBE plots, there is a visual similarity between most of the figures,
though none exactly the same. Overall, it seems that for each group, there is greater resemblance
between the trends in energy for a-H and B-H dehydrogenation than for o-H dehydrogenation. It
also appears that for groups 9, 10, and 11, the first metal in the group, the 3d metal, prefers o-H
cleavage, whereas the 4d and 5d metals mainly prefer a-H and -H cleavage. This “preference” is
based on the reaction having both a negative reaction energy, or smallest as in the case of group

11 metals, and the lowest activation barrier.

3.3 Best catalysts for ethanol dehydrogenation
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Despite the differences in some results depending on the functional used, some likely catalysts
for each type of dehydrogenation can be predicted. Out of all of the metals studied, Sc seems to be
the best catalyst for o-H dehydrogenation of ethanol, since this reaction has the lowest activation
barrier and most exothermic reaction energy with the adsorption of a Sc atom. As for p-H

dehydrogenation, this reaction has the lowest energy barrier when catalyzed by Pt. Due to the
differences in results between the two functionals, it is difficult to determine whether Pt would
prefer to catalyze B-H or o-H dehydrogenation. Lastly, it is predicted that the best catalyst for a-H
cleavage would be also Pt. Rh is another interesting atom that has lower dehydrogenation activity.

To illustrate further the details of the activation of dehydrogenation by Sc, Pt, and Rh, we plotted

the structures and energetics of the catalytic steps in Figures 8-10.
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Figure 8: Energies and structures of dehydrogenation in the presence of a Sc atom obtained using the
PBEPBE. The gray, red, small white, and bigger white balls correspond to the C, O, H, and Sc atom,
respectively.
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Figure 9: Energies and structures of dehydrogenation in the presence of a Sc atom obtained using the
PBEPBE. The gray, red, white, and blue balls correspond to the C, O, H, and Pt atom, respectively.
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Figure 10: Energies and structures of dehydrogenation in the presence of a Sc atom obtained using the
PBEPBE. The gray, red, white, and blue balls correspond to the C, O, H, and Rh atom, respectively.

Finally, we note that it is encouraging that Sc, a 3d metal, appears to be a favorable catalyst
for the 0-H dehydrogenation of ethanol based on both B3PW91 and PBEPBE calculations. While
Sc is not the cheapest or most abundant of the 3d metals, it is certainly more so than most of the
4d and 5d metals shown in Figures 3 and 4. These results could be a significant piece of data in

the search for an environmentally and economically suitable catalyst for ethanol dehydrogenation.

4. Conclusions

In this work, removal of the a-H, B-H, and o0-H of ethanol using single atom metals as catalysts

was studied using DFT calculations. Gaussian16 was used to perform calculations using two
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different functionals, B3PW91 and PBEPBE, in order to evaluate any variation between the two.
In most cases, the reaction and activation energies computed using the PBEPBE functional were
smaller or more negative than those computed using the B3PW91 functional. This difference, in
some cases, was significant enough to lead to inconsistent conclusions about the catalytic ability
of a metal in an ethanol dehydrogenation reaction. For most of the reactions, the reaction energies
calculated using the PBEPBE functional were around 0.1-0.4 eV lower than those calculated using
the B3PW91 functional. Still, the results of both functionals were analyzed to predict the best
catalysts for each ethanol dehydrogenation reaction. Pt was found to be the best catalysts for both
a-H and B-H ethanol dehydrogenation reaction. Sc was found for the o-H ethanol dehydrogenation.

There is some uncertainty in whether Pt would prefer a-H or f-H dehydrogenation reaction first.
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