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A B S T R A C T

It is highly desirable to convert bioethanol to value-added chemicals. As such, conversion of ethanol to propene
(ETP) is attractive because propene is an important raw material for the production of plastics. In2O3 has shown
promising catalytic performance for ETP conversion. However, the underlying mechanisms remain elusive. In
this work, we use density functional theory (DFT) to investigate ETP reaction pathways on the In2O3 (110)
surface. We find that the ETP reactions proceed through three major stages: ethanol to acetaldehyde, acet-
aldehyde to acetone, and acetone to propene. The ethanol-to-acetaldehyde step is kinetically facile. Comparing
the two pathways from acetaldehyde to acetone, we show that the aldol reaction pathway via direct coupling of
two acetaldehyde is more favorable than the acetate-ketonization pathway. The acetone-to-propene process is
found to be the rate-limiting step of the overall reaction. This work provides a detailed mechanistic view of the
ETP chemistry on In2O3(110) that paves the way for further exploration of effects such as surface termination,
surface doping, and co-feeding of H2 and H2O on selectivity and catalyst stability.

1. Introduction

Bioethanol, produced through the process of fermentation of bio-
mass such as corn, sugar canes or switchgrass, has been widely used as a
drop-in fuel in the automobile industry [1–4]. More important, bioe-
thanol can be converted to value-added chemicals such as acetone,
isobutene, and propene [5–7]. Because propene is one of the most
important feedstocks in chemical industry, catalytic conversion of
ethanol to propene (ETP) has drawn some recent research interest
[8,9].

In searching for ETP catalysts, initial attention focused on zeolites
such as Ni-MCM41 and HZSM-5 because of their impressive catalytic
performance in oligomerization and metathesis reactions of ethylene,
after the dehydration of ethanol [10–13]. However, these catalysts
suffered from low selectivity toward propene (only about 15%–30%)
and poor stability [14–16]. Recent research has explored ways to im-
prove their selectivity and stability [17].

Metal oxides such as CeO2, ZrO2, and In2O3 have also been tested for
ETP [18–22]. For example, a yttria-ceria solid solution displayed stable
catalytic performance and reasonably good propene selectivity (30%)
[18,21]. Furthermore, some ZrO2-based materials have shown propene
yields of 40% [23]. Among the metal oxides, In2O3 is of particular

interest because it gives the highest propene yield, though quickly de-
activates over time [24–26]. With co-feeding of 8.5% H2O and 30% H2,
Sc-doped In2O3 demonstrates 61% propene selectivity and high stabi-
lity [26]. Moreover, a recent study reported that In2O3 composite ma-
terials (In2O3 and β-zeolite) also exhibit improved propene selectivity
because the β-zeolite enhances the acetone to propene conversion [27].

Although these In2O3-based materials show promising catalytic
performance for ETP reactions, the underlying ETP reaction mechan-
isms on In2O3 are still not well understood. To this end, this work aims
to provide a fundamental understanding of ETP reactions on the In2O3

surface, by employing density functional theory to investigate the ele-
mentary reaction pathways. Our goal is to lay a foundation for further
exploration of the ETP reactions on metal oxides and their advanced
forms (such as doped ones and composite materials).

2. Methodology

The Vienna Ab Initio Simulation Package (VASP) was used to per-
form all calculations with periodic boundary conditions [28]. The
Perdew-Burke-Ernzerhof (PBE) functional was employed to describe
electron exchange and correlation [29]. The Projector Augmented
Wave (PAW) method was used to describe the interaction between the
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core and the valence electrons [30,31]. A kinetic energy cutoff of
450 eV was used for the planewave basis set. Structure relaxation was
achieved by optimizing all ionic positions until the force was less than
0.01 eV/Å. Climbing-Image Nudged-Elastic-Band (CI-NEB) calculations
were performed to search the minimum-energy pathways, with a force
criterion of 0.05 eV/Å [32,33].

The In2O3 (110) surface was cleaved from the (1× √2) supercell of
the In2O3 bixbyite bulk structure. The In2O3 bulk unit cell was opti-
mized and displayed a cell parameter of 10.31 Å, which shows a rea-
sonable good agreement with the experimental value [34]. The slab
model consists of 32 In atoms and 48 O atoms. The In2O3(110) slab
contains four atomic layers and the Brillouin zone was sampled using a
(3×3×1) Monkhorst–Pack k-mesh. The bottom two layers were fixed
to their equilibrium bulk position, while the top two layers and ad-
sorbates were allowed to relax. A vacuum layer of 15 Å was added in z
direction to avoid interactions between slabs. The adsorption energy
was calculated as Ead = Eslab+adsorbate - Eslab - Eadsorbate, where
Eslab+adsorbate, Eslab, and Eadsorbate denote the energy of the In2O3 slab
with the adsorbate, the clean slab, and an isolated adsorbate, respec-
tively.

3. Results and discussion

3.1. Structure of In2O3 and its (110) surface

The most stable In2O3 crystal has a body-centered-cubic bixbyite
structure and the unit cell is in the space group symmetry of Ia3. Each
unit cell contains 32 indium atoms and 48 oxygen atoms (Fig. 1a). For
In2O3, the (110) and (111) surfaces are the most stable [35]. The In2O3

(110) surface is stoichiometric and its termination has a relatively
simple atomic surface structure when compared to the (111) surface. As
a good starting point for a computational work, we focus on the (110)
surface in this work and will address the (111) surface in the future.

Fig. 1a also shows the (110) cleavage plane through the bulk
structure, while Fig. 1b and c show the top and side views of the In2O3

(110) slab, respectively. The top layer of the In2O3 (110) surface con-
sists of chain-like repeating units, with each chain composed of two
four-member In-O rings and one In-O-In chain (Fig. 1b). The surface
structure contains four different types of In atoms: In1 and In4 are four-
coordinated, while In2 and In3 are five-coordinated (Fig. 1b). Since
both four-coordinated and five-coordinated In atoms are cleaved from
the six-coordinated In atoms from the bulk structure, all In atoms on the

surface are coordinatively unsaturated (cus). These cus In atoms can
serve as surface sites for adsorbates and intermediates.

The total and projected density of states for In2O3 (110) are shown
in Fig. 2. One can see that a small band gap is maintained for the In2O3

(110) surface. The valence-band maximum is dominated by the O 2p
states, while the first few peaks in the conduction-band minimum are
mainly originated from the In 5s5p states. These electronic states are
important in adsorption and reaction of ethanol molecules on the sur-
faces, as explored next.

3.2. Ethanol adsorption on In2O3(110)

Due to its partially negative charge, the eOH group of ethanol
prefers to interact with a metal center on an oxide surface. Table 1
summarizes the ethanol adsorption energies at various In atoms on
In2O3 (110). In1 has the strongest adsorption among all the In atoms.
One can also see the correlation between the coordination number and
the adsorption energy: the four-coordinated In atoms (In1 and In4)
exhibit stronger adsorption (more negative adsorption energies) than
the five-coordinated In atoms (In2 and In3).

Fig. 3 shows the structure of the most stable site for ethanol ad-
sorption on In2O3 (110) surface at the In1 site. The oxygen atom from
ethanol adsorbs on top of the In atom, with an In-O distance of 2.28 Å,
while the hydrogen atom from the ethanol hydroxyl group closely in-
teracts with an In2O3 surface oxygen with an HeO distance of 1.85 Å.
There are some short contacts between H atoms on the ethyl group and
the surface O atoms (Fig. 3 left). The total Bader charge on the adsorbed
ethanol molecule is +0.10 |e|, suggesting a partial electron transfer
from the ethanol to the surface.

To understand why the four-coordinate In site is more active than
the five-coordinate In site, we have analyzed the local density of states
on In1 (C.N.= 4) and In2 (C.N.= 5) of the In2O3(110) surface. As
shown in Fig. 4, a big difference between the two is In1′s large peak
around 1.5 eV (mainly 5s states with minor contribution from 5p

Fig. 1. (a) The In2O3 bulk structure and the (110) surface slice. (b) Top view of
the In2O3 (110) slab model; top surface layer in ball-and-stick model, bottom
three layers in line model. (c) Side view of the In2O3 (110) slab model. In, blue;
O, red (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.).

Fig. 2. Total and projected density of states of the In2O3(110) surface.

Table 1
Ethanol adsorption energy (Ead) on different In atom sites (Fig. 1b) of
In2O3(110). The coordination numbers of the In atoms by lattice O
(C.N.) are also given.

Site C.N. Ead (eV)

In1 4 −1.00
In2 5 −0.61
In3 5 −0.64
In4 4 −0.86
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states), just above the Fermi level. This empty state, as a result of less
coordination from O atoms of the oxide, plays a key role in adsorbing
ethanol more strongly, as it interacts greatly with the O states of
ethanol. Table 1 also shows that there is a slight difference between In1
and In2 in their reactivity, though both are four-coordinate. This in-
dicates that the local geometry of the first-coordination shell of O atoms
around an In atom is also important. In1 has two of the four oxygens
exposed on the surface, while In4 has three of the four exposed, so In1 is
less sterically hindered in adsorbing ethanol. Our subsequent compu-
tational modeling of the ETP chemistry is hence based on this config-
uration where ethanol molecules are adsorbed on the In1 sites.

3.3. Main pathways of ethanol to propene (ETP) conversion

Although there is a lack of detailed studies of ETP reaction pathways
on the In2O3 surface, previous experimental studies [8,18,25] have
concluded that acetaldehyde and acetone are two important inter-
mediates of ETP reactions. Based on these two important intermediates,
we propose that the whole ETP reactions can be divided into three
stages (Scheme 1). In stage 1, ethanol dehydrogenates to acetaldehyde.
In stage 2, acetaldehyde converts to acetone through two likely reaction
pathways: in pathway 1, acetaldehyde undergoes a direct-coupling re-
action and then a decarboxylation reaction to produce acetone; in
pathway 2, acetaldehyde first converts to surface acetates which then
undergoes a ketonization reaction to produce acetone. In stage 3,
acetone is converted to propene. In order to identify the detailed me-
chanism for each pathway, we used DFT to investigate the elementary
steps along the main pathways in Scheme 1.

3.4. Ethanol to acetaldehyde

Experimental studies [8,18,25] suggested that acetaldehyde is the
very first intermediate in the ETP reaction. So we hypothesize that the
ETP reaction starts with ethanol dehydrogenation to acetaldehyde. To
test this idea, we first investigated the ethanol to acetaldehyde con-
version on the In2O3 (110) surface. Fig. 5 shows the reaction pathway
and the structures along the path. The ethanol to acetaldehyde

conversion is exothermic and involves two dehydrogenation steps. The
first step is the dehydrogenation of the hydroxyl group of ethanol. This
elementary step is very facile and has a very low activation energy
(0.13 eV). The second step is the dehydrogenation of the α carbon on
the ethoxy group to form acetaldehyde. This elementary step requires
an activation energy of 0.81 eV. Since both dehydrogenation steps re-
quire rather low activation energies, the ethanol-to-acetaldehyde con-
version on In2O3(110) is predicted to be facile.

3.5. Direct coupling of acetaldehyde to form acetone

In the next stage (Stage 2), acetaldehyde can couple to form acetone
on the In2O3 (110) surface via Pathway 1 (Scheme 1). Fig. 6 shows the
elementary steps of the coupling process. First, two acetaldehyde mo-
lecules are adsorbed at two neighboring In sites (In1and In2) initially
(i). Then, the acetaldehyde adsorbed on the In2 site undergoes cleavage
of a CeH bond on the methyl group and tautomerizes to the enolate
form (ii). This is followed by CeC coupling between acetaldehyde and
enolate where the β-C of enolate attacks the aldehyde group of acet-
aldehyde at the In1 site (TS2), as in an aldol reaction. In the same step,
the α-C of enolate further dehydrogenates and forms a new bond with a
surface lattice oxygen, forming a carboxylate group. The newly formed
intermediate, β-oxidobutyrate (iii), shows a significantly lower energy
than the species in the previous step. Next, the β-oxidobutyrate inter-
mediate undergoes β-H elimination (TS3) to form acetoacetate (iv).
Then, the acetoacetate intermediate undergoes a decarboxylation re-
action (TS4), to form acetone enolate (v). This elementary step is en-
dothermic by 1.0 eV and generates an oxygen vacancy on the surface.
After CO2 desorption, the acetone enolate intermediate (vi) extracts a
hydrogen atom from a surface hydroxyl group (TS5), forming an
acetone molecule on the In2O3 surface (vii). Both the coupling step (ii
→ iii) and the dehydrogenation of β-oxidobutyrate step (iii → iv) re-
quire relatively high activation energies (1.46 eV and 1.48 eV), which
are likely the rate-limiting steps for acetaldehyde to acetone conver-
sion.

Fig. 3. Top view (left) and side view (right) of ethanol
adsorption structure at the In1 site on In2O3(110). The
key distances are labelled in Å. In, blue; O, red; C,
grey; H, white (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.).

Fig. 4. Site-projected local density of states In1 and In2 sites of the pristine In2O3(110) surface (Fig. 1b).
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3.6. Acetaldehyde to acetate and ketonization of acetate to form acetone

In Stage 2 of Scheme 1, the acetone formation can also proceed via
an alternative pathway through ketonization of acetate species on the
In2O3 surface (Pathway 2). So we also investigated this mechanism. We
first examined the acetaldehyde-to-acetate reaction on In2O3(110). As
shown in Fig. 7, the aldehyde group of the adsorbed acetaldehyde
molecule (i) first reacts with a lattice oxygen atom via a very small

barrier (TS1), forming a CH3CHOOL intermediate (ii; OL denotes a
lattice oxygen). Then, CH3CHOOL further dehydrogenates to form a
surface acetate group and a surface hydroxyl (iii). This elementary step
requires an activation energy of 1.59 eV.

The surface acetates from acetaldehyde can undergo a ketonization
reaction to produce acetone and CO2, as shown in Fig. 8. The reaction
starts with two surface acetates adsorbed next to each other (i). Then
one methyl group of a surface acetate loses a hydrogen atom (TS1),
forming a CH2COOL intermediate (ii). Interesting to note, the

Scheme 1. Proposed reaction scheme of ethanol to propene (ETP) conversion on In2O3(110). OL indicates a lattice oxygen atom.

Fig. 5. Reaction pathway from ethanol to acetaldehyde on In2O3(110).

Fig. 6. Reaction pathway for direct coupling of two acetaldehyde molecules to form acetone on In2O3(110). AcH, acetaldehyde.

Fig. 7. Reaction pathway from acetaldehyde to acetate on In2O3 (110).
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unsaturated Cα atom of CH2COOL binds to an In atom on In2O3 surface.
Next, the Cα of CH2COOL lifts from the surface and attacks the car-
boxylate carbon of the other surface acetate (TS2), forming a β-dioxi-
dobutyrate intermediate (iii). This step is slightly endothermic and re-
quires an activation energy of 1.41 eV. Then, the reaction is followed by
breaking one of the Cβ-oxido bond of β-dioxidobutyrate (TS3), forming
an acetoacetate intermediate (iv). This elementary step has an activa-
tion energy of 1.38 eV. It should be noted that the acetoacetate inter-
mediate is also observed in the acetaldehyde to acetone conversion in
Pathway 1 (Fig. 6). So the remaining steps from acetoacetate to acetone
are similar: acetoacetate undergoes decarboxylation first, creating an
acetone enolate which then extracts a surface hydrogen to acetone.

3.7. From acetone to propene

In the last stage (Stage 3) of Scheme 1, acetone is converted to
propene. Fig. 9 shows the minimum-energy pathway starting with an
adsorbed acetone and a nearby hydroxyl group (i). The surface hy-
drogen atom can be obtained from the previous dehydrogenation pro-
cess of ethanol or acetaldehyde. In the first step, one surface hydrogen
reacts with the carbonyl group of the acetone molecule (TS1), forming
an isopropoxy intermediate (ii). Although relatively difficult on oxide
surfaces, hydrogenation reaction on In2O3 has been demonstrated re-
cently [36–38]. Next, the CeO bond and one CH2eH bond of the iso-
propoxy intermediate break (TS2), leading to propene formation (iii).
The propene molecule weakly adsorbs on the In2O3 surface and can be
easily desorbed. After breaking from isopropoxy, the oxygen atom re-
turns to the lattice, replenishing the oxygen vacancy site that was
created during the CO2 formation in the previous steps. The overall

profile of the acetone-to-propene conversion (Fig. 9) suggests a barrier
of 1.8 eV (from i to TS2).

After completing the DFT-energy profiles for the pathways as shown
in Scheme 1, one arrives at a few points. First, the ethanol-to-acet-
aldehyde step is kinetically facile. Second, comparing the two pathways
from acetaldehyde to acetone, one finds that the aldol reaction pathway
via direct coupling of two acetaldehyde (Pathway 1 in Scheme 1) is
more favorable than the acetate-ketonization pathway (Pathway 2 in
Scheme 1). This is due to both the difficulty in acetate formation
(Fig. 7) and the continuing uphill process in the acetate-to-acetone
process (Fig. 8). Third, the acetone-to-propene process is more difficult
(barrier: 1.8 eV) than the acetaldehyde-to-acetone process via Pathway
1 (barrier: 1.5 eV).

3.8. Implications

Recently, Iwamoto et al. investigated ETP reaction on In2O3 and
conducted detailed mechanistic studies on Sc-doped In2O3. Based on
pulse reaction experiments, they found acetaldehyde, acidic acid, and
acetone to be key intermediates [24]. They further proposed that
acetaldehyde was first converted to acidic acid by reacting with the
surface hydroxyl group, and then the resulting acetic acid yielded
acetone and carbon dioxide via the ketonization reaction [24]. Our DFT
results suggest that the direct coupling of acetaldehyde is more likely.
However, the difficulty in the acetone-to-propene process could also
make the acetate-to-acetone channel open. Iwamoto et al. reported a
relatively high amount of unreacted acetaldehyde and acetone in pulse
experiment, suggesting that acetaldehyde coupling and acetone hy-
drogenation may be the rate-limiting steps. Our DFT calculation con-
firmed that acetone hydrogenation is indeed the rate-limiting step. This
also helps in explaining the effect of co-feeding hydrogen in the ETP
reaction: the co-fed H2 can promote the hydrogenation of acetone, thus
promoting the propene formation. But we note that the In2O3 catalyst
may undergo phase change during prolonged catalysis to metallic In or
In2O3 clusters, which is still challenging for DFT to model and might
account for some differences between our results and the experimental
literature.

4. Conclusions

We have studied the ethanol to propene (ETP) conversion on the
In2O3 (110) pristine surface by density functional theory. Ethanol mo-
lecules were found to strongly chemisorb on In2O3 (110) surface.
Among In atom adsorption sites, the In1 sites show the highest ad-
sorption energy due to their low coordination number (four). The
ethanol to acetaldehyde conversion was found to be facile on the In2O3

surface, with an activation energy of 0.87 eV. The acetaldehyde to
acetone conversion was investigated through two possible reaction
pathways. In the first reaction pathway, acetaldehyde dehydrogenates
and then couples to another acetaldehyde via the aldol reaction, then
leading to a β-oxidobutyrate intermediate before acetone formation. In
the second reaction pathway, the acetaldehyde molecules are first
oxidized to surface acetates, then undergoing ketonization to produce
the acetone product. We found that the directing coupling of acet-
aldehyde is more likely, leading to acetone. The acetone to propene
conversion was found to go through isopropoxy intermediates and to be
the rate-limiting step of the overall reaction. This work provides an in-
depth understanding of ETP reaction on In2O3 (110) and we hope to
further explore the role of dopants such as Sc in controlling the se-
lectivity in future.
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