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Rational design of catalysts for selective conversion of alcohols to olefins is key since product selectivity
remains an issue due to competing etherification reactions. Using first principles calculations and chemi-
cal rules, we designed novel metal-oxide-protected metal nanoclusters (M;3X4015, with M = Cu, Ag, and
Au and X = Al, Ga, and In) exhibiting strong Lewis acid sites on their surface, active for the selective for-
mation of olefins from alcohols. These symmetrical nanocatalysts, due to their curvature, show unfavor-
able etherification chemistries, while favoring the olefin production. Furthermore, we determined that
water removal and regeneration of the nanocatalysts is more feasible compared to the equivalent strong
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acid sites on solid acids used for alcohol dehydration. Our results demonstrate an exceptional stability of
these new nanostructures with the most energetically favorable being Cu-based. Thus, the high selectivity
and stability of these in-silico-predicted novel nanoclusters (e.g. Cu;3zAlO;,) make them attractive cata-
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Introduction

Earth-abundance and the low cost of plant biomass make it a
viable substitute to fossil fuels as carbon-neutral feedstock for
the production of fuels and chemicals." Generally, its high
oxygen content is an issue in the field of biomass processing,
forming a range of alcohols, polyols and phenols with one or
more hydroxyl (OH) functionalities. The high oxygen content
of these biomass products has been shown to lower the overall
value and cause processing complications.' ™ Unit operations
to reduce the oxygen content of biomass products are impor-
tant for improving the overall efficiency and process econ-
omics. Catalytic upgrading of oxygenates is a vital component
in biomass processing operations, characterized by cleavage of
oxygenate C-O bonds. Dehydration of aliphatic alcohols via
acid-based catalysis is an important, industrially relevant reac-
tion. Solid acids, including metal oxides, zeolites, and polyoxo-
metalates, have been shown to be active alcohol dehydration
catalysts.”™ Dehydration reactions occur at moderate tempera-
tures (~500 K) and proceed via unimolecular and bimolecular
pathways, forming olefin and ether products.”™® The for-
mation of acetaldehyde (via dehydrogenation reactions) should
not be expected in these catalytic systems, as it has been
shown in recent computational® and experimental®® studies
that for vy-Al,0;, which exhibits undercoordinated, Lewis
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lysts for the selective dehydration of alcohols to olefins.

surface acid sites, the formation of ethers and olefins is
majorly preferred over aldehydes. Ethylene and diethyl ether
(DEE) are ethanol dehydration products and precursors in the
production of polymers, solvents, fuels, and specialty chemi-
cals.>* Solid acid catalysts currently used for alcohol dehydra-
tion are generally limited in selectivity control therefore requir-
ing the tuning of operating conditions."™* The design of
highly stable, selective and active heterogeneous catalysts is
the “Holy Grail” in catalysis and in processes of industrial rele-
vance, such as the dehydration of ethanol to ethylene
(polymer building blocks).

Lewis (LA) and Brensted (BA) acid catalysts are active in
alcohol dehydration to olefins, with the preferred reaction
mechanism being primarily a function of nature of active sites
and substitution of the reacting alcohol.'* Both LA- and BA-
catalyzed dehydration reactions are characterized by the for-
mation of carbenium ion (CI) intermediates in the rate-deter-
mining steps of the reaction pathway.>®'* Gamma alumina
(y-Al,O3) is a heterogeneous LA catalyst that has been shown to
be one of the strongest among acidic oxides.®'®> The coordi-
nation environment of alumina surface sites plays a key role in
the catalyst reactivity. A recent computational study has shown
the tricoordinated aluminum sites (AI°"*) to be most
acidic'>'® and has been shown to exist on the (110) surface ter-
minations of y-Al,0;.27*°

The two reaction pathways for alcohol dehydration (DEE
vs. ethylene) compete in selectivity at moderate reaction
temperatures.”'> The selectivity towards the ether pathway
increases at lower temperatures and higher reactant press-
ures. In addition, selectivity has also been shown to be a
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function of alcohol chain length and substitution, preferring
olefin formation with more substituted species - i.e. more
stable carbenium ion intermediates. Specifically, Kang
et al.’® reported a ~90% olefin selectivity increase from
ethanol to isobutanol under identical reaction conditions,
indicating that the molecular structure of reactants as well as
surface sites strongly affect the observed rates. Along with
this complexity, we pose a question: can we design active and
selective catalysts that exhibit high olefin selectivity?
Specifically, the goal is to design a catalyst capable of prefer-
entially catalyzing the ethylene route. To the best of our
knowledge, this work is the first to show rational design of
mixed metal-oxide-protected metal nanocluster catalysts
with structure-based selectivity towards the olefin pathway.
Specifically, we demonstrate that one can take advantage of
the high curvature of nanoparticles, stabilized by metal
oxide complexes with generated acid sites apart from each
other that do not favor bimolecular reactions, responsible for
ether production.

Computational methods

Alcohol dehydration towards olefin and ether formation was
investigated on tri-coordinated Lewis acid sites of metal oxides
X0;, (X = Al, Ga, and In), stabilized on M;; icosahedral
(initially) clusters (M = Ag, Au, and Cu). The structure of the
optimized M;;X,0,, nanoclusters is shown in Fig. 1. Systems
composed of metal oxides supported on transition metals have
been successfully used to investigate the industrially relevant
reactions such as CO oxidation and the water gas shift reaction
(WGS).>>>* We investigated the structural, electronic and cata-
lytic properties of these nanoclusters (9 in total) using the
BP86 functional®**®> combined with the def2-SV(P)*® basis set
and the resolution of identities (RI) technique®*?”*® as
implemented in Turbomole 6.6. For the reaction mechanisms
studied, all transition states and local minima were verified
with frequency calculations. Key reaction paths were also
calculated at the B3LYP**7! level of theory (hybrid density
functional). Cohesive energy and free energy of formation
calculations were performed to assess the stability of the nano-

(@) Ag13X4012

(b) Auy3X4042

(€) Cuy3X4042

Fig. 1 Structural representation of (a) Agi3X4012, (b) Aui3X40;15 and (c)
Cu;3X404, nanoparticles where “X" (green atoms in the structures) for
each chemical formula can be Al, Ga, or In. The approximate distance
between each metal oxide center “X" is 5.4 A, 5.0 A, and 5.0 A for Ag, Au,
and Cu, respectively.
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clusters. Eqn (1) was used to determine the cohesive energy
(binding energy (BE) per atom (7)) of the nanoclusters:

BE/29 = [E(M3X;4012) — 13 X E(M) — 4 X E(X)

—12 x E(0)]/29 @

The cohesive energy quantifies the average bond strength,
and thus, the stability, of the atoms forming the M;3;X,0;,
nanoclusters. The stability of the nanoclusters was also
assessed with free energies of formation (eqn (2)) calculated
according to the following chemical reaction: 4AIl(OH); +
M3 — M;3A1,04, + 6Hy:

AGt = [G(M13X405,) + 6 X G(H,) — G(My3) — 4 x G(X(OH),)]
(2)

where G(M;3X,01,), G(H,), G(M;3), and G(X(OH)3) are the free
energies of an isolated M;3X,0;, nanocluster, an M;3; nano-
cluster, a H, molecule, and a X(OH); molecule, respectively.

Results and discussion

The stability of the M;3X,0;, nanoclusters is shown in Fig. 2
and quantified in terms of cohesive energy (CE) as a function
of M;5X,0;, nanocluster composition. The Cu,3Al;0;, nano-
cluster was determined as the most stable nanocluster with a
CE of —101.52 kcal mol™" (negative values represent exothermi-
city). Furthermore, within each metal type we determined that
the M;3X,0;, nanoclusters containing aluminum (X = Al) were
the most favorable structures. We have previously shown that
the cohesive energy of My (Ag, Au, Cu) clusters follows the
trend (in kcal mol™"): |CEq, = —84.35| > |CEa, = —34.68| >
|CEsg = —27.64.%” The observed CE trend in this current work
is reversed for Au and Ag in M;3AL 05, (|CEcuaycam| >
|CEagayGam| > |CEauaycaim|). However, just as with our pre-
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Fig. 2 Cohesive energy of the M;3X401, clusters where M = Ag, Au, or
Cu and X = Al, Ga, or In. The x-axis is abbreviated showing the MX
combinations.
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vious work, the difference in CE values between Ag and Au
(~2 kecal mol™" difference) is not as significant as the differ-
ence between Ag/Au and Cu (~22 kcal mol™" difference). Due
to the stability of M;3Al,0,,, we selected these clusters for the
analysis of the alcohol dehydration reactions to ether and
olefin products. Specifically, we investigated the dehydration
of ethanol to form ethylene via the concerted (E2) and sequen-
tial (Intramolecular - Intra.) mechanisms, and formation of
DEE via the (competing) Sy2 substitution reactions.

Fig. 3 illustrates the reaction energy profiles for E2 and
intramolecular (Intra.) mechanisms on the M;;Al,0,, clusters
for ethanol dehydration to ethylene. In recent publications the
E2 mechanism has been shown to be preferred for alcohol de-
hydration over the sequential intramolecular pathway on Lewis
acid sites,® with the C-"H bond cleavage being rate-limiting in
both mechanisms. Identically, we also found the sequential
mechanism to exhibit significantly higher activation barriers
(state V in Fig. 3) for the abstraction of a hydrogen atom from
the fB-carbon. As a result, we will focus on the E2 reaction
mechanism as dominant on M,;Al,0,, clusters for the remain-
der of this work.

The E2 activation energy barriers calculated on clusters in
this work for ethanol dehydration to ethylene are comparable
(E. = ~31 kecal mol™") to those previously reported for pure
alumina systems, performed at the B3LYP*®'® (E, = 32-37
keal mol™") and PW91° levels of theory (E, = 37 kcal mol ™).
The calculated alcohol dehydration activation barriers for the
sequential (Intra.) and concerted (E2) mechanisms followed
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Fig. 3 Reaction pathways for ethanol dehydration on Ag;zAl,Os,,
Au33AlLO1,, CuisAlyO1, via the sequential (Intra.) and concerted (E2)
reaction mechanisms. The roman numerals on each step represent:
|. reference state with gas-phase molecular nanoclusters and ethanol in
infinite separation, Il. ethanol adsorption, Ill. TS1 in Intra. Mechanism
with O—-H bond dissociation, IV. ethoxide formation, V. TS2 in Intra.
mechanism of ethylene formation, VI. TS for E2 concerted mechanism
of ethylene formation, VII. physisorbed ethylene and chemisorbed disso-
ciated water on the nanocluster, VIII. ethylene desorption, IX. TS for
water formation, X. adsorbed water, and Xl. final state with water de-
sorption and the regeneration of the catalyst. The inset graph (bottom
right) compares the reaction pathway for ethanol dehydration on the
Cu;3A1,01, nanocluster to that of the pure alumina systems.
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the trend Au < Ag < Cu and Ag < Au ~ Cu in terms of core com-
position, respectively. The rate-limiting reaction barriers in the
sequential pathway were calculated to be 57.66, 54.51, and
64.72 kecal mol™", while those in the E2 pathway were calcu-
lated to be 29.98, 31.08, and 31.43 kcal mol™*, on Ag-, Au-, and
Cu-based nanoclusters, respectively. In the inset graph located
at the bottom right of Fig. 3 (solid green line: AlgO;, and solid
blue line: Cu,3Al1,0;,), we compare the ethanol dehydration
pathway on the Cu,3Al,0,, nanocluster (the most stable nano-
cluster from our CE calculations) to the pure alumina cluster
(AlgOy,, see ref. 8 and 15), with both systems exhibiting strong
Lewis (tricoordinated) Al sites and treated at the BP86 level of
theory. As shown in the inset of Fig. 3, the E2 activation ener-
gies of the pure alumina system (26.88 kcal mol™) is lower
than that on the Cuy3Al,0;, nanocluster. Although the pure
alumina systems bind alcohol (—47.37 kcal mol™") and water
(-44.79 kcal mol™') stronger, which contributes to the
decrease of the dehydration barrier as a result of the recently
identified structure-activity relationships in Lewis-acid-cata-
lyzed alcohol dehydration reactions,”'’ this strong binding
leads to eventual deactivation of the catalyst by water poison-
ing'”'® (Sabatier principle). Due to the weaker interactions
between the Cuy3Al;0,, nanocluster and ethanol (—33.08
keal mol™") and water (—32.91 kcal mol™), less energy would
be required to regenerate the bare Cu,3Al;0,, nanocluster,
compared to the pure alumina analogue, making it a more
active and robust alcohol dehydration catalyst. Fig. 4 shows the
optimized geometries of elementary steps involved in the reac-
tion mechanism for alcohol dehydration to ethylene on the
Cuy3AL,0,, nanocluster. To further address the reaction energy
profiles for ethylene formation on the Cu,3Al,0,, nanocluster
compared to the pure alumina system, we repeated the calcu-
lations using the hybrid B3LYP functional. We found that the
results generated using the B3LYP functional agreed very well
with the observations at the BP86 level (Fig. S17).

The olefin and the ether formation pathways are shown to
be competing during ethanol dehydration.'®'* DEE formation
has been shown to occur via the Sy2 mechanism, requiring co-
adsorption of two alcohols on neighboring Lewis acid sites
(see example of Al sites on y-Al,O; positioned at a distance of
~3.7 A).” However, the distance between the Al centers on the
nanoclusters in this study varies between 5.0 and 5.4 A (as
shown in Fig. 1) due to the significant curvature of the metal
core. Consequently, the interaction of two ethanol molecules
chemisorbed on Al sites to form DEE is not feasible. An
alternative etherification route involves the chemisorption of
one alcohol reacting with an additional physisorbed alcohol
(Fig. 5). The two interacting alcohols (one chemisorbed and
one physisorbed as shown in structure II of Fig. 6) react
through a concerted transition state (III in Fig. 6) in which
DEE and a dissociated, surface-bound OH-H form in a single
step (IV in Fig. 6). Subsequent desorption of DEE and water
complete the catalytic cycle. The detailed reaction energy
profile for DEE formation is shown in Fig. 5. Compared to the
unimolecular (E2) pathway for olefin (i.e. ethylene) formation,

olefin formation is energetically preferred (E3.;, = 31.43

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Graphical representations of elementary reaction steps reported in Fig. 3 for the competing ethylene formation mechanisms, using the
Cuy3Al,O1, nanocluster as an example. The roman numerals above each structure correspond to individual energetic states of reaction steps

reported in Fig. 3.

keal mol ™" vs. B3, = 51.08 kecal mol™"), highlighting the struc-
ture-based selectivity of these nanocatalysts. Since the etherifi-
cation barrier on Cu;3Al,0;, was shown to be prohibitively
high, the barriers were not calculated for the remaining nano-
clusters. The E2 pathway for olefin formation on the same
catalyst is also plotted in Fig. 5 for comparison. In the ESI{ we
report the alcohol dehydration reaction energy paths for ethyl-
ene (E2) and DEE (Sy2) formation on the Cu;3Al,0,, nano-
cluster, calculated using the B3LYP functional. We found that
the results generated at the B3LYP level were in agreement
with the BP86 calculations (Fig. S2+).

The use of these potentially highly selective nanoclusters in
catalysis relies on their feasibility to be synthesized in the lab.
Thus, to verify the synthesis potential of our novel nanocata-
lysts, we performed free energy of formation calculations at
500 K (represents the typical operating conditions in alcohol
dehydration reactions) on the synthesis of the M;3Al,0,, nano-
clusters, using eqn (2).

This journal is © The Royal Society of Chemistry 2018

We calculated the formation free energies of all three clus-
ters and found that the energies followed the trend: AGg,
(—148.1 kcal mol™") < AGag (117.8 kcal mol™) < AGa,
(232.4 keal mol™"). This formation energy trend follows what
has been reported for CeO, particles supported by Au(111),
Ag(111), and Cu(111).*>* Our results showed that the most
stable (most negative CE) catalyst in our study, the Cu;3Al,04,
system, was the most thermodynamically favored, while the
formation of Auy3AlL,0;, and Ag;3AlL,0,, was thermo-
dynamically uphill. The Cu,3Al,0,, system, in addition to
being a very active and selective alcohol dehydration catalyst,
has the potential of being synthesized according to our
thermodynamic analysis. It should be noticed that these
metal-oxide-protected metal nanoclusters resemble the thio-
late-protected metal nanoclusters. For example, the experi-
mentally synthesized Au,s(SR);s nanocluster®® consists of a
13-atom metal core, stabilized by a thiolate shell network, exhi-
biting 12 contacts with the core.*® Similarly, in our work the

Nanoscale, 2018, 10, 4004-4009 | 4007
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Fig. 5 Reaction pathway energetics for DEE and ethylene formation on
Cu;3A14,015 via the Sy2 (black dashed line) and E2 mechanism (blue line),
respectively. The roman numerals on each step of the DEE mechanism
represent: |. reference state with the gas phase nanocatalyst and the two
ethanol molecules in infinite separation, Il. both ethanol molecules
coadsorbed on the nanocluster (one chemisorbed and the other physi-
sorbed), Ill. DEE formation TS, IV. physisorbed DEE and chemisorbed dis-
sociated water on the nanocluster, V. DEE desorption, VI. water for-
mation TS, VII. formation of adsorbed water, and VII. water desorption
and regeneration of the nanocluster. The description of the roman
numerals for ethylene formation (in blue) are the same as presented in
the caption of Fig. 3.

M;3Al,0;, nanoclusters consist of a 13-atom metal core, pro-
tected by an oxide shell that makes 12 contacts (O-bonds) with
the core.
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Overall, the nanoscale engineering of these novel
M;3A1,04, nanocatalysts shown in this work is a unique
example of in silico rational catalyst design, utilizing compo-
sition and morphology (size/shape) of metal and metal-oxide
systems to design stable and highly selective alcohol dehydra-
tion catalysts. This is made feasible by shutting down non-
preferred (bimolecular) reaction pathways through designing
active sites on high-curvature nanoparticle surfaces. As a
result, we report the first computational design of nanocata-
lysts that selectively convert ethanol to ethylene avoiding the
DEE formation.

Conclusions

In this work, we use electronic structure calculations to design
novel nanostructures, consisting of a metallic core and a
metal-oxide shell of the form M;3X,0;, (where M = Cu, Ag,
and Au, and X = Al, Ga, and In), able to selectively dehydrate
ethanol to ethylene. These nanocatalysts effectively catalyze
the unimolecular (E2) dehydration of ethanol, while avoiding
bimolecular reactions responsible for diethylether formation,
due to the high curvature of the catalysts. We also determine
that these nanoclusters can be more efficient dehydration cata-
lysts than pure alumina systems by minimizing the energy
required to regenerate the catalyst during reactions. In addition
to designing these highly active and selective nanocatalysts our
work demonstrates evidence of their potential synthesis; the
nanoclusters were determined to be exothermically formed
with Cuy3Al,0,, displaying the most energetic preference.
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Fig. 6 Graphical representations of elementary reaction steps reported in Fig. 5 for the ether formation mechanism on the Cu;3Al,01, nanocluster.
The roman numerals above each structure correspond to individual energetic states of reaction steps reported in Fig. 5.
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To the best of our knowledge, this is the first demonstration of
in silico rational catalyst design at the nanoscale for selective
dehydration of alcohols to olefins.
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