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Abstract: Indium oxide catalyzes acetylene hydrogenation
with high selectivity to ethylene (>85 %); even with a large
excess of the alkene. Insitu characterization reveals the
formation of oxygen vacancies under reaction conditions,
while an in depth theoretical analysis links the surface
reduction with the creation of well-defined vacancies and
surrounding In;O; ensembles, which are considered respon-
sible for this outstanding catalytic function. This behavior,
which differs from that of other common reducible oxides,
originates from the presence of four crystallographically
inequivalent oxygen sites in the indium oxide surface. These
resulting ensembles are 1) stable against deactivation,
2) homogeneously and densely distributed, and 3) spatially
isolated and confined against transport; thereby broadening
the scope of oxides in hydrogenation catalysis.

H eterogeneously catalyzed hydrogenations are widely
applied in the production of numerous chemicals (for
example, commodity, fine, specialty, and pharmaceutical
chemicals). Intensive efforts have been devoted to reducing
the ecological footprint of these processes, breaking away
from the reliance on scarce noble metals (Pd, Pt, Ru) and
avoiding modification with toxic selectivity enhancers (for
example, Pb, Bi, and V).[l] Two directions have shown
significant promise: 1) targeting the improved design of
noble-metal-based catalysts by reducing the size of the
metal ensemble through development of ligand-modified
systems, bimetallic compounds, and single-atoms heteroge-
neous catalysts,"? and 2) exploiting the untapped potential of
metal oxides.”! In this context, cerium oxide and supported
iron oxide have emerged as highly selective catalysts for the
semihydrogenation of acetylene, a reaction integral to the
purification of olefin streams for downstream polymerization
processes.’*# Detailed mechanistic studies of the former have
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unraveled the role of the surface Ce—O pairs in activating
molecular hydrogen (H,) and stabilizing the various reaction
intermediates."! However, progressive surface reduction and
oxygen (O) vacancy formation induced rapid activity loss
under operating conditions, limiting the performance of this
oxide."l On the other hand, the fine dispersion of planar
Fe™™ oxide nanoparticles on appropriate acidic oxide sup-
ports required to attain a high chemo- and stereoselective
character, still presents various synthetic challenges for the
industrial implementation of this oxide. To date, no other
metal oxides have been identified to selectively catalyze this
reaction, leaving ample room for a more extensive inves-
tigation on the abilities of oxides in hydrogenation catalysis.

Indium oxide (In,O;, bixbyite structure, space group /a3)
shows an intrinsic n-type conductivity related to the possi-
bility of forming O vacancies and entrapping hydrogen atoms
(H), which act as carrier donors.”! We were intrigued by the
rich electronic structure of In,O;, and by the promising
catalytic properties recently identified in the synthesis of
methanol from CO, and H,.”) Herein, the outstanding
performance of In,O; in the semihydrogenation of acetylene
is described. In depth characterization reveals surface reduc-
tion by O vacancy formation, while detailed theoretical
assessment points to the creation of a new type of active site
comprising the O vacancy and surrounding In;Os unit that
behaves as a “single ensemble”.

In,0O; was prepared by the controlled thermal decompo-
sition of In(OH); at 673 K (see the Supporting Information
for preparative details). Analysis by X-ray diffraction (XRD)
confirms the transformation (Figure 1a) of the hydroxide
precursor to the pure oxide, as indicated by the sharp
reflections of its XRD peaks, assigned to a compound with
bixbyite structure with an estimated average crystal size of
about 15 nm. Examination by high-resolution transmission
electron microscopy (HRTEM) reveals the presence of
aggregated nanocrystals of comparable dimensions, which
predominantly display the (111) facet (Figure 1b; Supporting
Information, Figure S2). The prevalence of this surface is in
line with the lowest energy provided by first principles
calculations.’ A type IV isotherm with type II hysteresis
typical of a nanocrystalline material is observed by N,
sorption (Figure S1), evidencing a relatively high surface
area (108 m?’g ') and pore volume (0.38 cm®g '), and a dis-
crete distribution of intercrystalline pore sizes centered on
10 nm.

The performance of In,0O; was evaluated in the semi-
hydrogenation of acetylene. Light-off curves, obtained by
monitoring the acetylene conversion as the temperature was
ramped from 523 to 673 K, present a distinct S-shape, with the
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Figure 2. a) Acetylene conversion (solid symbol) and ethylene selectiv-
ity (open symbol) over In,0; (blue) and CeO, (red) as a function of
the reaction temperature at H,:C,H,=30. The temperature windows
for the optimal performance of both catalysts are highlighted. b) Effect
of the feed H,:C,H, ratio on the acetylene conversion (——e——) and
selectivity to ethylene (-----0-----), ethane ( ), and oligomers
(====- ===~ ) over In,0; at T=573 K. c) Long-term test in the presence
of excess ethylene at T=>558 K; acetylene conversion (®) and selectiv-
ity to ethylene (0). d) Conversion () and selectivity to ethylene (m),
ethane (=), and oligomers (m) in excess ethylene at T=623 K. Other
conditions: 7=1s, P=1 bar.
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Figure 1. a) XRD patterns of In(OH); (—), In,O; (—), and In,0;
after temperature cycle experiments at 523-673 K (—), and corre-
sponding total surface area. b) Transmission electron micrographs of
the In(OH); precursor (top left), the fresh In,O; (top right), and the
In,O; after the temperature cycle experiments (bottom row). The
vertical lines below the XRD patterns indicate the expected reflection
positions of cubic In,0s.

activity increasing abruptly from a few percent to full
conversion by 600 K. The selectivity toward C,H, is around
95% in the low-conversion regime, and converges to about
85 % at full conversion (Figure 2a). Comparatively, fixing the
temperature at 573 K and increasing the feed ratio of H,:C,H,
from 5 to 30 enhances the conversion (from 30 to 65 %) and
selectivity to ethylene (from 38 to 85 % ), while the selectivity
to oligomers decreases (from 60 to 14 %, Figure 2b). Almost
no overhydrogenated products (that is, C,Hy formation) are
observed (< 5%) even at high feed ratios, which is a unique
feature of oxides.! No hysteresis in the activity is revealed
upon cycling the temperature of the catalyst bed in the range
523-673 K. A 100 h stability test conducted in the moderate
conversion regime and applying excess ethylene in the feed—
conditions that would accelerate potential deactivation
phenomena and selectivity issues—confirms the stable per-
formance of In,O; in acetylene semihydrogenation (Fig-
ure 2¢). The remarkable selectivity to ethylene was further
demonstrated by a test at full conversion and in the presence
of ethylene (Figure 2d).
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Characterization of the catalyst by XRD after use in the
cyclic experiments at 673 K demonstrates preservation of the
In,O; phase, which has an increased crystallinity (Figure 1).
This agrees with the lower surface area of the used material
(25 m?g") with respect to the fresh catalyst, and the larger
crystal size observed by microscopy analysis. Note that the
crystals retain a similar morphology in the fresh and used
catalysts, and the (111) surface remains dominant (Figures 1b
and S2). When performing the same cyclic measurement in
Figure 2a over a wider temperature range (523-873 K),
a drastic irreversible activity loss is observed above 850 K
(Figure S3a). The XRD pattern of the catalyst recovered
after this test indicates complete reduction of the oxide to
metallic In (Figure S3b). To confirm the catalytic relevance of
the (111) surface, In,O; nanocubes mostly exposing (100)
facets were synthesized and evaluated in acetylene semi-
hydrogenation (Figure S4), exhibiting a rate of ecthylene
formation (7.5 pmolc,, min~'g™') half that obtained over
the original catalyst (15.6 umolc ;, min~'g™"). Analysis of the
used catalyst confirmed the preservation of the cubic
morphology under the testing conditions.

Compared to In,0O; CeO, exhibits lower temperature
activity (Figure 2a), reaching a maximum acetylene conver-
sion of 90% at 523 K with slightly inferior selectivity to
ethylene (80%). Progressive deactivation is observed at
T>575K, resulting from the formation of O vacancies
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under the reaction conditions.“*! The distinct behavior of
In,0; and CeO, is striking and calls for a more detailed
mechanistic understanding of the performance of the former
oxide in acetylene hydrogenation.

Hydrogenation reactions require the surface to efficiently
activate H,. As shown by the temperature-programmed
reduction (H,-TPR) profile (Figure 3a), the In,O; catalyst
displays a H, uptake at about 500 K, which is lower than the
acetylene hydrogenation light-off temperature (> 550 K, Fig-
ure 2a). Temperature-programmed desorption of acetylene
(C,H,-TPD), on the other hand, shows that the interaction of
C,H, with In,O; depends strongly on the temperature of
adsorption. Upon adsorption at 523 K, the C,H,-TPD profile
exhibits a desorption peak centered at 643 K. In contrast, only
a weak signal at 355 K is observed after adsorption at 323 K
(Figure S5). Density functional theory (DFT) calculations
conducted on the stoichiometric In,O5(111) surface reveal
that H, adsorption presents a large energy barrier (0.85 eV),
leading to two stable surface hydroxy groups (E,i = —2.54 eV
with respect to gas-phase H,, Figure 3c). Comparatively,
acetylene adsorption only requires an energy barrier of
0.46 eV and results in an In~CHCH—O complex that exhibits
strong chemisorption (—1.51 eV with respect to gas-phase
acetylene). Hence, based on the energy values above, the
adsorption of H, on In,0; is hampered in the presence of the
alkyne. To validate this result, the catalyst was analyzed by
H,-TPR after pretreatment with C,H, at 523 K (Figure 3 a).
Indeed, exposure of the catalyst to the alkyne induces a shift
of the first reduction peak from 500 to 650 K, confirming that
C,H, chemisorption prevents low-temperature surface reduc-
tion. Significantly, the H, consumption peak starts exactly at
550 K, which corresponds to the onset temperature of
hydrogenation activity (Figure 2a). In summary, once the
temperature is ca. 535 K, CH, starts desorbing from the
surface. Molecular H, can then adsorb dissociatively, gener-
ating two hydroxy species that can recombine to form water
(H,O) with an activation energy of 1.20 eV. These steps have
been experimentally verified by diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) under exposure to
H,. This analysis clearly revealed the appearance of features
indicative of OH bending at 1580, 1430, and 1370 cm™',
evidencing the formation of hydroxy species upon hydrogen
activation (Figures 3b and S6a).">< Upon reaching the onset
temperature of surface reduction (Figure 3a), broad bands
assigned to H,O appear at 1680 and 1210 cm™'. The H,O
formed only requires an additional 0.81 eV for its desorption
(see proceeding text), leaving behind a surface O vacancy
(Figure 3c¢).

To address the state of the catalyst under reducing
conditions, an ab initio thermodynamics analysis was carried
out, taking into account the chemical potential of H, In, and
H,O (details are given in the Supporting Information). In the
configurational pool, several surface motifs such as O
vacancies, In adatoms, and H coverages were considered.
The most relevant structures and the In adatom distribution
are summarized in Figures S7 and S8, respectively. Under
hydrogenation conditions (that is, atmospheric pressure and
mild temperature), surface reduction is expected to occur by
the loss of H,O and consequent vacancy formation (see
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Figure 3. a) H,-TPR profiles of In,0;, prior (—) and after (—)
pretreatment with C,H, at 523 K, and C,H,-TPD on In,0; (-----).
b) DRIFT spectra of In,O; with varying temperature under H, flow.

c) Reaction profiles for the chemisorption of C,H, (——) and the
activation, with concomitant H,0 formation, of H, (—) on
In,05(111). Inset: reaction intermediates; In (@), O (@), C (®), and H
(0); atoms at the surface (solid colors), atoms in the subsurface layer
(hatched). d) Top view of the In,05(111) surface where the 12 surface
O atoms follow the color code according to their vacancy formation
energy (E,..) and the rest of the lattice is shown in light blue (In) and
red (O). The three In atoms belonging to the ensemble are connected
with a black dashed triangle. The vacancy formation energies are
calculated considering both O, and H,O formation.

proceeding text).® Nonetheless, In adatoms were also
considered as potential active sites since they were identified
to form in earlier scanning tunneling microscopy (STM)
experiments upon annealing of In,O; at 773 K in ultra-high
vacuum (UHV).®! The dependence of the surface energy
with respect to the H chemical potential, at fixed In and H,O
chemical potentials (—1.0 and —2.0 eV, respectively) is shown
in Figure 4a (additional chemical potential scenarios are
shown in Figure S9). From the results of Figures 4a and S9, it
is shown that In adatoms form at low H and high In chemical
potentials; however, under the relevant hydrogenation con-
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Figure 4. a) Relative surface energy per (1x1) cell of several reduced
configurations, namely the partially reduced surfaces with one In
adatom (In,,,05(111)), one O vacancy (In,0;_,(111)), two In adatoms
(In,,,05(111)), or one In adatom and one O vacancy (In,,,0;_,(111)),
and the stoichiometric surface (In,0;(111)), as a function of the
hydrogen chemical potential. In (Aw,) and H,O (Auy,0) chemical
potentials were fixed to —1.0 and —2.0 eV, respectively. Completely
hydrogenated surfaces were considered for 1n,0;(111)_11H,,
In,,,05(111)_11H,, and In,0;_,(111)_11H,. b) Single ensembles
formed on In,0;(111) under reaction conditions as a result of an O
vacancy formation; In (@) and O (@) atoms. The three In atoms
belonging to the ensemble are connected with a black dashed triangle.
Diffusion channels of the surface O atoms adjacent to the vacancy are
marked with arrows, the absence of outward diffusion paths indicates
confinement of the vacancy.

ditions (for example, p(H,) 2 0.96 bar), a single isolated O
vacancy per unit cell is the most stable surface configuration.
To further support the formation of vacancies, in situ Raman
spectroscopy measurements in flowing H, have been carried
out, which reveal a reduction in the intensity of phonon
scattering modes associated with InO¢ octahedra (Fig-
ure S6b), in agreement with previous observations.>**!
These results corroborate that the surface state under
reaction conditions is O-depleted, and thus the nature and
properties of the associated active site are further explored.
Vacancy formation energies (E,,.) of the surface O atoms for
the stoichiometric In,O;(111) surface (Figure3d) range
between —0.64 and 0.30 eV with respect to the gas-phase
H,O reference. Differing from the lowest energy surface
terminations of other representative oxides, four types of
inequivalent atoms are distinguished (Table S1 and Fig-
ure S10). Those with the lowest abstraction energy are
colored violet in Figure 3d. For this O vacancy, the excess
charge delocalizes within the ensemble composed by the
vacancy, the first neighboring In atoms, and the second
neighboring O atoms (Figure S11). Once the first vacancy is
formed, the abstraction of a second O at neighboring sites is
less likely (Figure S12) whereas subsurface defects are also
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less stable (0.38 and 0.95 eV for a vacancy in the higher and
lower subsurface layers). Diffusion of the vacancy is only
allowed through the three violet positions in Figure 3d, which
lead to the formation of identical ensembles. Diffusion
outside this confined region is not possible because of the
high energy barriers (Figure 4b). As a result of the anisotropy
of the lattice, in which O atoms are bonded to differently
coordinated In atoms, the O vacancy is effectively shielded
from aggregation and diffusion, which leads to its confine-
ment and isolation.

The semihydrogenation of acetylene (Figure 5), and its
potential overhydrogenation and oligomerization side paths,
were investigated on the most stable surface configuration
under reaction conditions (that is, a reduced In,O;_,(111)
surface). The adsorption of C,H, occurs at an In—O pair of the

AE eV

Reaction path

Figure 5. Energy profile for the semihydrogenation of acetylene on the
reduced In,0,_,(111) surface, including C,H, adsorption and activation
(1), H, coadsorption and activation (I1), C,H, hydrogenation (lll), and
C,H, desorption (IV). Inset: reaction intermediates; color code as in
Figure 3. The three In atoms belonging to the ensemble are connected
with a black dashed triangle.

In;O5 ensemble adjacent to the vacancy, with strong bond
polarization leading to In—C*H—C°>*H~O. In contrast to the
stoichiometric surface, at the ensemble H, is activated as
H?~—H®" in one of the neighboring In—O pairs, where the H~
moiety sits close to the vacant site. To prove that C,H, and H,
compete for the same site, a kinetic analysis has been
conducted, obtaining reaction orders of 0.5 for both reactants
(Figures S13a,b). Moreover the apparent activation energy of
the reaction is about 80-90 kJ mol~', which corresponds to the
energy for H, activation once the entropic and zero-point
vibrational energies are taken into account (Figure S13c¢).
The hydroxy proton can then be transferred to the adsorbed
alkyne and the H°~ is subsequently transferred to the O—C,H;
intermediate to form ethylene. The activation energies of
both hydrogenation steps, 1.17 and 1.31 eV, respectively, are
attainable at an experimental light-off temperature exceeding
550 K.

The ethylene molecule formed, easily detaches from the
ensemble because of its low desorption energy. The reaction
intermediates of each hydrogenation step are shown in
Figure S14, and the full reaction profile (combining the
steps in Figures 3¢ and 5) is presented in Figure S15 of the
Supporting Information. The overhydrogenation of the olefin
is hindered as C,H, desorption (0.22 eV) requires significantly
lower energy than its hydrogenation (1.54 eV), in line with the
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low selectivity towards ethane (<5%, see preceding text).
Similarly, the C—C coupling of two coadsorbed C,H, mole-
cules presents rather low activation energy (1.18 eV; Fig-
ure S16), explaining the high hydrogen partial pressure
required to achieve the exceptional level of ethylene selec-
tivity observed in Figure 2b. Furthermore, to prove that the
In;O5 ensemble is the sole active site, the reaction energy
profile was also evaluated on the stoichiometric In,05(111)
surface (Figure S17), showing that a high activation energy of
227¢eV is required for the second hydrogenation step.
Similarly, the reaction cannot occur at the In adatom
In, ,O5(111) surface as the heterolytic activation of hydrogen
is thermodynamically unfavorable (Figure S18) and the
homolytic dissociation of H, is very energy demanding
(Figure S17). In summary, the complementary polarity of
the C°"—C°" and H° —H’" moieties found on the reduced
In,O;_,(111) surface facilitates the reaction and is responsible
for the low activation energy of both hydrogenation steps. As
the heterolytic activation of H, is only possible at the
ensemble created upon vacancy formation (Figure S18), this
represents the only site where the reaction can proceed with
low energy requirement.

In conclusion, we have described In,O; as a novel catalyst
for the semihydrogenation of acetylene, which exhibits 85 %
ethylene selectivity at full conversion even in ethylene excess
and at temperatures above 550 K. Theoretical models ration-
alize this outstanding performance predicting the formation,
under reaction conditions, of a unique In;Ojs site consisting of
an O vacancy, an In trimer, and adjacent O atoms, where C,H,
and H, can coadsorb and react. The precisely defined nature
of these ensembles, which represent a novel variant of
ensemble size control for non-metallic systems in hydro-
genations, originates from the low symmetry of the In,O;,
which permits a high ensemble density (ca. 0.08 ML) while
ensuring isolation (as diffusion is hindered) and avoiding
lateral interactions with other centers. Since the active center
contains different types of atoms, this site is denoted as
a “single-ensemble heterogeneous catalyst” (SEHC). In
contrast to oxidation reactions where vacancy sites are
considered active centers, this SEHC requires both the In
and O atoms surrounding the empty site for the reaction to
occur. When compared to single-atom heterogeneous cata-
lysts (SAHC), on the other hand, where atomic dispersion
and high densities are very difficult to attain simultaneously,
the confinement and robustness of the ensemble circumvent
typical pitfalls related to the miniaturization of the ensemble.
Oxides presenting large unit cells with marked anisotropy are
natural scaffolds for single-ensemble sites representing new
selective catalytic materials for hydrogenations and beyond.
Future advances in microscopy techniques will be essential to
gain a deeper understanding of these sites.
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