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ABSTRACT: The ethanol surface reaction over CeO, nanooctahedra H,C=CH C02
(NO) and nanqcubes (NC), v_vhich mainly expose (111) and (100) HZC/CH3 H2C O H
surfaces, respectively, was studied by means of infrared spectroscopy 6 Hz £ ,}:/

(TPSR-IR), mass spectrometry (TPSR-MS), and density functional . . /\ a4 . /\ ol o A,\ L \
theory (DFT) calculations. TPSR-MS results show that the production rCEOz(100)ky,\y}\y)\y)\y)\y/\yk\, o
of H, is 2.4 times higher on CeO,-NC than on CeO,-NO, which is

rationalized starting from the different types of adsorbed ethoxy species H,c—CHs H H,C=—CH>
controlled by the shape of the ceria particles. Over the CeO,(111) 2(]) g J
surface, monodentate type I and II ethoxy species with the alkyl chain 0 ~GH2
perpendicular or parallel to the surface, respectively, were identified.

Meanwhile, on the CeO,(100) surface, bidentate and monodentate type =~~~ #="~"

III ethoxy species on the checkerboard O-terminated surface and on a

pyramid of the reconstructed (100) surface, respectively, are found. The more labile surface ethoxy species on each ceria nanoshape,
which are the monodentate type I or III ethoxy on CeO,-NO and CeO,-NC, respectively, react on the surface to give acetate species
that decompose to CO, and CH,, while H, is formed via the recombination of hydroxyl species. In addition, the more stable
monodentate type II and bidentate ethoxy species on CeO,-NO and CeO,-NC, respectively, give an ethylenedioxy intermediate, the
binding of which is facet-dependent. On the (111) facet, the less strongly bound ethylenedioxy desorbs as ethylene, whereas on the

(100) facet, the more strongly bound intermediate also produces CO, and H, via formate species. Thus, on the (100) facet, an
additional pathway toward H, formation is found. ESR activity measurements show an enhanced H, production on the nanocubes.

KEYWORDS: ceria nanostructures, green hydrogen, ethanol decomposition, ethylenedioxy species, facet-dependent activity

1. INTRODUCTION very difficult task due to the inhomogeneity of the particles in
their sizes and morphologies. In this context, the strategy of
using model catalysts that capture part of the complexity of the
real systems emerges as an alternative to establishing well-
defined relationships between structure and catalytic function.”
Traditional model catalysts are based primarily on single
crystals and the studies are generally performed under
ultrahigh vacuum (UHV) conditions. These model catalysts
are very useful for addressing the effect of the surface exposed
crystallographic planes on catalytic performance.®™ ' However,
the so-called “material gap” and “pressure gap” between those
model single crystal-based catalysts and the corresponding
powder catalysts exist.'”'> Model nanocrystal-based powder
catalysts with well-defined shapes that expose specific facets
provide a means to bridge these gaps. To that end, various

The ethanol steam reforming reaction (ESR) represents an
excellent opportunity to test the advantage of nanoshaped ceria
catalysts to correlate the catalytic performance with the
structure of the catalysts, while the increasing demand for
clean and renewable energy sources has attracted attention
toward the production of “green hydrogen”. Structure—activity
relationships are essential toward the rational design of
catalysts with improved activity and selectivity. The ESR
reaction has the advantage of producing more H, per mole of
ethanol, compared to other catalytic routes. Additionally,
ethanol has become an important energy vector due to its non-
toxicity, easy storage, and safe handling and the fact that it can
be obtained from renewable resources.” One of the main
challenges with respect to the formulation of catalytic materials
for the ESR reaction lies in the development of active metal-
supported catalysts with enhanced yield toward H, and
inhibition of undesired byproducts that can lead to coke
formation.”~

The use of "real” catalysts (for example, polycrystalline
powders) makes the unequivocal correlation between the
surface structure of the catalyst and the catalytic performance a
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types of nanostructured materials (oxides) with a uniform
composition and structure (size and morphology) can be
successfully synthesized.'*”'® These materials constitute a new
type of model catalysts to explore relationships between
structure and catalytic performance.

In particular, it has been reported that cerium oxide can be
suitable as a support for ESR metal-oxide catalysts due to its
high oxygen storage capacity and at the same time that oxygen
mobility can improve catalytic stability avoiding sintering of
metal particles and suppressing formation of carbonaceous
species.'” Thus, using the hydrothermal method, CeO,
nanostructures are obtained with preferential exposure of
certain crystallographic planes: (111) for nanooctahedra, (100)
for nanocubes, and a mixture of (110) and (100) facets for
nanorods,*~*" which presented different catalytic activity for
some catalytic processes,”> >’ but reports on the ESR reaction
are scarce.””**™> Soykal et al. studied Co catalysts supported
on ceria nanorods and nanocubes. The activity measurements
over the bare supports showed that ceria nanocubes were more
active and showed better C—C cleavage activity compared to
the rods.”* The Co catalysts supported on the cubes showed
higher H, and CO, yields, whereas Co/CeO,-nanorods were
only active for dehydrogenation and dehydration. The superior
performance of Co/CeO, nanocubes catalysts was thought to
be due to a combination of factors, including improved metal
dispersion, increased reducibility, and higher oxygen mobility.
Moraes and collaborators studied the effects of ceria
morphology (nanocubes, nanorods, and flower-like) on the
catalytic gerformance of Ni/CeO, catalysts for the ESR
reaction.”® The ESR activity measurements, performed at 300
°C over prereduced catalysts, showed that the product
distribution was not affected by the ceria morphology and
that the ethanol decomposition and dehydrogenation were the
main reactions for all catalysts. Another work by Araiza et al.
focused on the effect of ceria nanostructures (particles, rods,
and cubes) on the carbon deposition during steam reforming
of ethanol over 10% Ni/CeO, catalysts.”* Nickel supported on
ceria nanorods exhibited the best activity and hydrogen yield in
the ESR reaction at 550 °C for 24 h and presented the lower
amount of carbon deposits. These characteristics of the rod-
shaped catalyst were ascribed to the enhanced oxygen storage
capacity presented by ceria rods and the higher dispersion of
nickel over this last ceria nanoshape. Most recently, Kourtelesis
et al. studied the ethanol steam reforming over Pt/CeO, with
different support morphologies (cubes, rods, and flower-
like).”” The support morphology was found to influence
certain reaction routes, even though the reaction scheme was
the same regardless of the support. Pt supported on ceria
nanocubes exhibited the highest initial ethanol conversion.

All of these works have mainly focused on the support
morphology effect on the catalytic activity of a catalyst with the
metallic function on the surface. Concerning pure ceria, Li et
al. have studied the temperature programmed desorption
(TPD) of ethanol by mass spectrometry (MS) and infrared
spectroscopy (IR) over CeO, nanorods, nanocubes, and
nanooctahedra.”” However, this work focused on the catalytic
oxidation of ethanol rather than the understanding of ethanol
chemisorption and decomposition on the different ceria
nanoshapes. Therefore, to the best of our knowledge, a
comprehensive study on the adsorption and decomposition of
ethanol on the surface of differently shaped ceria nanoparticles
that combine experimental work and DFT calculations is
missing.

Thus, in this work, the interaction of ethanol with the
surface of CeO, nanocubes and nanooctahedra, which mainly
expose the (100) and (111) facets on the surface, is studied
employing temperature-programmed surface reaction (TPSR)
of ethanol by means of infrared spectroscopy (IR) and mass
spectrometry (MS) combined with DFT calculations, and the
facet-dependent chemisorption and decomposition properties
are discussed. Moreover, the catalytic performance of these
different ceria nanoshapes is evaluated for the ESR reaction.
We show that the modification of the shape, surface/face
reconstruction of ceria crystallites at the nanoscale, can offer an
important tool to control activity and selectivity in the ESR
reaction. In particular, the role of ethylenedioxy species,
OCH,CH,0y,, in enhancing H, formation has been compel-
lingly shown, shining a light on the discrepancy between results
on extended ceria surfaces and on ceria nanoshaped crystallites
in the literature.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Materials. The cerium oxide nanocubes
(CeO,-NC) were synthesized by a hydrothermal method.”
Ce(NO;);-6H,0 (99.99%, Sigma-Aldrich) and NaOH
(Merck, 99%) were used for the preparation of the nanocubes.
Appropriate amounts of Ce(NO;);:6H,0 (115 mL, 0.1 M)
and NaOH solutions (125 mL, 11.5 M) were mixed and stirred
in a Teflon 300 mL vessel for 30 min. Then, the Teflon reactor
was introduced in a stainless steel autoclave and heated at 180
°C for 24 h in an electric oven. After the hydrothermal
synthesis, the mixture was cooled down to room temperature,
and the precipitate was separated from the aqueous solution by
centrifugation. The solid was washed several times with water
followed by ethanol and then dried in an oven at 60 °C for 24
h. The dried material was calcined at 450 °C for S h (2 °C/
min) in a glass tubular reactor under flowing 20% O,/N,
mixture (5 mL/min/ g).

The synthesis of CeO, nanooctahedra (CeO,-NO) was
performed also by a hydrothermal method but using an
approach similar to that of Han et al”’ An important
characteristic of the method employed has been to avoid the
use of a phosphate salt as the precursor, as done in most of the
recipes employed for preparation of this particular type of
nanoshapes since the first works dedicated to this topic."” Note
that an important concern in this sense is that, as demonstrated
by Wu et al,,***” phosphate is difficult to eliminate from the
sample surface during the rinsing steps involved in the
preparation and its presence, even at very low concentration,
importantly modifies the surface acid—base or redox properties
of CeO,.”® Thus, for that purpose, 1 g of Ce(NO;);-6H,0 was
diluted in 10 mL of deionized water and added dropwise to 50
mL of a 0.01 M solution of NaOH. After stirring for at least 15
min, water was added to obtain a final volume of 80 mL (pH ~
7). Then, the mixture was introduced in an autoclave and
heated for 24 h at 180 °C. At the end of the autothermal
heating, the mixture was cooled to room temperature (pH ~
2); then, the solid was separated by centrifugation and washed
several times with water followed by ethanol. Finally, the
sample was dried at 80 °C for 12 h and calcined under air at
500 °C for 2 h (2 °C/min).

2.2. Characterization. The Brunauer—Emmett—Teller
surface area (Sppr) of each material, previously outgassed at
200 °C for 2 h under dynamic vacuum (base pressure = 1.339
107* Pa), was measured at —196 °C (LN2) using Micro-
meritics ASAP-2020 apparatus.

https://doi.org/10.1021/acscatal.2c02117
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Transmission electron microscopy (TEM) was performed
with a field emission gun TEM/STEM (JEOL 2100 F)
operating at 200 kV, providing a point resolution of 0.19 nm.

2.3. Temperature-Programmed Surface Reaction of
Ethanol. Two kinds of temperature-programmed surface
reaction (TPSR) studies of adsorbed ethanol were carried
out to follow the adsorbed and gaseous-phase evolved species,
by infrared (IR) and mass spectrometry (MS), respectively, as
follows:

2.3.1. TPSR by Infrared Fourier Transform Spectroscopy
(TPSR-IR). TPSR-IR experiments were performed by in situ
transmission IR spectroscopy using a Nicolet 8700 FTIR
spectrometer operated with a Hg-Cd-Te detector. Self-
supported wafers of each solid (approximately 30 mg/cm?®)
were placed in an electrically heated glass flow-through cell
fitted with NaCl windows. Before the alcohol adsorption, the
samples were pretreated for carbonate surface removal as
follows: (1) heating under pure H, flow to 450 °C (1S5 min);
(2) evacuation at 450 °C (15 min); (3) oxidation with O, at
450 °C (15 min); (4) cooling under O, flow to 100 °C; and
(S) evacuation at 100 °C (1S min). Then, a pulse of gaseous
ethanol (500 umol) was admitted into the cell and afterward
evacuated to eliminate the ethanol excess (15 min, 100 °C).
Finally, the cell was heated until 450 °C (S °C/min) under He
flow. In all cases, the gas flow was S0 cm®/min. The IR spectra
were taken consecutively by averaging 25 scans (acquisition
time = 30 s) and with a resolution equal to 4 cm™".

2.3.2. TPSR by Mass Spectrometry (TPSR-MS). A sample
amount equivalent to 10 m? of each oxide, diluted with quartz,
was loaded on a U shaped microreactor coupled with a mass
spectrometer (Balzers QMG 112A). The same cleaning
treatment protocol was implemented, as detailed in the
previous TPSR-IR experiment, but purging was done under
He flow (instead of vacuum). Ethanol adsorption was
performed by injecting ethanol pulses of 10 uL into an
evaporator at 250 °C, until the area of ethanol pulses remained
unchanged. Afterward, TPSR was performed by heating the
reactor until 450 °C (5 °C/min) under He flow (50 cm®/min).
During the TPSR-MS, the following species were scanned at
the outlet of the reactor: H,, He, N,, CH,, H,0O, C,H,
(ethylene), CO, C,H,O (acetaldehyde), C,H;OH (ethanol),
0, CO,, C3H(O (acetone), (C,H;),O (diethyl ether),
C,H,0, (acetic acid), and C,HzO, (ethyl acetate) (that is,
mle=2,4, 14, 16, 18, 27, 28, 29, 31, 32, 44, 58, 59, 60, and 61
amu, respectively). The amount of absorbed ethanol (ethanol
uptake) was determined from the difference between the area
of an ethanol pulse measured bypassing the reactor and the
area of the pulse taken during the adsorption of ethanol.

2.4, Theoretical Models and Computational Methods.
Density functional calculations (DFT) were carried out using
the slab—supercell approach® with the Vienna ab initio
simulation package (VASP, http://www.vasp.at; vasp version
5.4.4).1" We explicitly treated the Ce (4f, Ss, Sp, 5d, 6s), O
(2s, 2p), C (2s, 2p), and H (1s) electrons as valence states
within the projector augmented wave (PAW) method with a
plane-wave cutoff energy of 600 eV, whereas the remaining
electrons were considered as part of the atomic cores. Strong
correlation effects due to charge localization were modeled by
adding a Hubbard U-like term® (Ug = U — J, ie, the
difference between the Coulomb U and exchange ] parameters,
from now on referred to simply as U) to the Perdew, Burke,
and Ernzerhof (PBE) generalized gradient approximation
(GGA) functional.*> We used a value of U = 4.5 eV for the

Ce 4f states.*”® Long-range dispersion corrections were
considered employing the so-called DFT-D3 approach.*®*
The adsorption energies and vibrational frequencies reported
in this work for the case of the (111)-oriented CeO, surface
differ insignificantly from those reported by some of us in ref
48 due to the different description used for the long-range
dispersion corrections.

The three ceria surface models (see Figure 1) used in the
present work were created from the ceria bulk with a DFT-
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Figure 1. Top and side views of the clean ceria surfaces: (a) (3 X 3)-
(111), (b) (2 % 2)-(100) O-terminated, and (c) c(2 X 2)-(100) with
a mixture of O and Ce terminations (75% [(100)-O]—25% [(100)-
Ce]). Color code: Ce (O) atoms in the outermost layer are white
(red/green). This color code is used in all subsequent figures.

calculated lattice parameter of 5.485 A. The (111) termination
was modeled with 3 X 3 periodicity and a six atomic layer slab
(two O—Ce—O trilayers). In an earlier work,™ selected
calculations have been carried out with nine atomic layer slabs
(three O—Ce—O trilayers) and the results indicated that the
thickness of the slab model in the calculated properties such as
the adsorption energy of dissociatively adsorbed ethanol
species and their vibrational frequencies did not have a
noticeable effect. In the case of the Ce0,(100) surface, the
checkerboard O termination and a mixture of the O and Ce
terminations (75% [(100)-0]—25% [(100)-Ce]) with c(2 X
2) periodicity, as described previously by Pérez-Bailac et al.,*
hereinafter referred to as (100)-O and (100)-Mix, respectively,
have been considered. The O and Ce terminations have only
S50 % of the atoms in the surface layer, compared to
corresponding deeper layers, and the (100)-Mix c(2 X 2)
termination has a single nanopyramid with a topmost Ce ion
and four anions in the layer below. The selection of these two
terminations is due to the fact that the surface energy of the
(100)-Mix termination (1.42 J/m?*) is only 0.03 J/m” smaller
than that of the pure (100)-O termination (1.45 J/m?),
whereas that of the Ce-terminated one is 0.32 J/m? larger,*” in
agreement with what was observed by Pan et al.>’ During
geometry optimizations, only the three bottom layers of the
slabs have been kept fixed at their optimized bulk-truncated
positions. The composition of the slabs was Ce 3054, Ces;O¢4)
and Cey30¢; for the pure ceria (111), (100)-O, and (100)-Mix
terminations, respectively.

In a previous work,” the important influence of the
presence of water and hydroxyl species on the CeO,(111)
surface on the vibrational frequencies of ethoxy species was
observed. It has been earlier reported that the dissociative
adsorption of water is stronger on the (100) surface than on
(111).>"* The coordinative unsaturation of the (100) surface
favors the dissociative adsorption of water and the full

https://doi.org/10.1021/acscatal.2c02117
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hydroxylation of the surface. Therefore, a higher degree of
hydroxylation is expected on the (100) surface as compared to
the (111). In line with those results, our models for the
hydroxylated ceria surfaces have been constructed with one
dissociated water molecule on the (111) surface and three on
the (100)-O and (100)-Mix surfaces, resulting in slabs with
Ce 304,H,, Ce;,04Hg, and Cey304Hg compositions, respec-
tively. We point out that in this work, the most stable
configuration of dissociated water and ethanol has not been
sought, but rather how the presence of neighboring hydroxyl
groups influences the nature and stability of adsorbed ethoxy
species and their vibrational frequencies. We further note that
the catalytic activity of the clean and hydroxylated (100)-Mix
surfaces has been considered in several recent studies.”>**

The adsorption energy of the dissociatively chemisorbed
ethanol was calculated according to the following equation for
the hydroxylated ceria surfaces: E = E[(C,H;O + H)/
(hydro-ceria)] — E[hydro-ceria] — E[C,H;OH,,], where
E[(C,H;O + H)/(hydro-ceria)] is the total energy of the
ethoxy species and hydrogen co-adsorbed on the hydroxylated
surface, E[hydro-ceria] is the total energy of the surface where
C,H;O + H adsorbates were removed and structures
optimized (Figure S1), and E[C,H;OH,,] is the energy of
the gas phase ethanol molecule.

The frequencies and intensities have been calculated using
the density functional perturbation theory (DFPT).>™>
Within the dipolar approximation, the intensity of the infrared
active modes may be calculated™ in terms of the oscillator
strengths®® determined by the Born effective charges and the
displacement vectors as described by Karhanek et al.®' The
frequencies have been scaled, following the procedure
described by Merrick et al.’” in the ranges from 800 to 1200
and from 2800 and 3200 cm™' (see the Supporting
Information and Table S1), obtaining a scale factor of A =
1.019 and A = 0.987 in each range, respectively.

2.5. Catalytic Test. Each sample was diluted with quartz
(1:4 w/w), placed in a quartz microreactor, and then subjected
to the same cleaning pretreatment as detailed previously for
the TPSR experiments. The catalytic test was run with a
mixture of water and ethanol (H,0:C,H;OH = 6:1 mol-to-
mol) diluted in Ar (H,0:C,H;OH:Ar = 8.8:1.5:89.7 molar
ratio). The catalytic performance was measured from 300 to
450 °C (50 °C steps, 1 h at each temperature) using two gas
chromatographs Shimadzu GC-9A equipped with a Porapack
QS and Carbosieve SII and TCD and FID detectors for the
quantification of C,H;OH, H,, CO, CO,, CH,, C,H,
(ethylene), C,H,O (acetaldehyde), CH;COCH; (acetone),
and CH;CHOHCH; (2-propanol). The residence time was
normalized per surface area of the oxides (Sc.o,/F°cn.on =

gas

800 m* h/ molg,y on, Where Sc.o, stands for the surface area of
the sample and F°¢ y; oy stands for the molar flow of ethanol at
the inlet of the reactor). Conversion of ethanol (XCZHSOH) and
yield to carbon-containing compounds (Yield;) were calculated
(for details, see the Supporting Information).

In order to determine the apparent activation energies (E,)
for ethylene and acetone production, additional experiments
were performed under differential ethanol conversion con-
ditions (lower than 10%): H,0:C,H;OH = 6:1 mol-to-mol;
F° = 300 cm®/min (where F°, stands for the total molar
flow at the inlet of the reactor); T = 380—430 °C; Sc.o,/

Fcon = 274 and 530 m* h/molc y o for CeO,-NO and

CeO,-NC, respectively. Furthermore, to better compare the
values of selectivity of both materials under iso-conversion and
isothermal conditions (X¢ g on ~ 5% at 400 °C), the space
velocity employed with CeO,-NO was adjusted accordingly
(F°u¢ = 415 cm®/min corresponding to Sceo,/Foemon = 212

m? h/ molc 1 on)-

3. RESULTS

3.1. Characterization. The morphology and micro-
structure of both ceria samples were studied by transmission
electron microscopy. The low-magnification TEM micrograph
in Figure 2a shows the presence of aggregates of octahedra-

Figure 2. TEM and HREM images for CeO,-NO (a,b) and CeO,-NC
(c,d). Inset in panels (b) and (d) are the FFT of that image.

shaped nanoparticles (CeO,-NO) with a size ranging from 10
to 40 nm and an average particle size of 23.2 nm. A more
detailed high-resolution HRTEM analysis of a faceted
octahedra particle is shown in Figure 2b, which is perfectly
oriented along the [110] zone axis of the fluorite type
structure, as can also be deduced from the FFT (fast Fourier
transform) shown in the inset. Moreover, it can be observed
that the octahedral particles are not perfectly shaped because
they present truncated vertices. This type of truncation exposes
(100) facets and is in good agreement with the results
previously described in the literature.®?

Figure 2c shows a representative TEM micrograph of the
CeO,-NC sample. In this case, a cube-shaped morphology of
the nanoparticles is displayed. The particle sizes vary within a
10 to 50 nm range, with an average particle size of 30 nm. The
HRTEM micrograph (Figure 2d) reveals the microstructure of
a cube, which is oriented along the [100] zone axis of the
fluorite type structure (see the FFT in the inset) where slight
truncations exposing (110) facets are observed.

As expected from the average particle sizes, the BET surface
area was higher for CeO,-NO than for CeO,-NC, that is, 57 vs
28 m?*/g, respectively (see Table 1).
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Table 1. Characterization of the CeO, Nanoshapes

S?ET average size ethanol uptake

sample (m*/g)” (nm)® (umol C,H;OH/m?)*
CeO,-NO 57 232 42 +02
CeO,-NC 28 30.0 3.8 +02

“Brunauer—Emmett—Teller (BET) surface area. “Determined by
TEM. “Mass Spectrometry (MS) at 100 °C (see text).

3.2. Adsorption and Decomposition of Ethanol over
Ceria Nanooctahedra and Nanocubes. 3.2.1. Temper-
ature-Programed Surface Reaction by Mass Spectrometry
(TPSR-MS). The ethanol temperature-programmed surface
reaction was studied by mass spectrometry (TPSR-MS). The
ethanol uptakes calculated after adsorption over the octahedra-
and cube-shaped nanoparticles (see Section 2.3.2) are reported
on Table 1. The amount of ethanol adsorbed on both
nanoshapes studied in this work was approximately 4 pmol
EtOH/m”. Figure 3 shows the main gaseous products detected

Ce0,-NO
1 Ce0,-NC
]2
] Ha
Lo T T T T T
= 1lo.1
S 4
S CoHy
=
c
2
o 4
‘D -
= Jjos
1 CO,
1
] CHy
100 150 200 250 300 350 400 450

Temperature (°C)

Figure 3. Traces of H,, CO,, CH,, and C,H, obtained during the
TPSR-MS for CeO,-NO and CeO,-NC samples (10 m* of each
sample was loaded into the reactor).

at the outlet of the reactor for CeO,-NO and CeO,-NC. The
temperature-programmed surface reaction of ethanol produces
H,, C,H,, CO,, and CH, over the surfaces of both ceria
nanooctahedra and nanocubes, which mainly expose (111) and
(100) CeO, facets, respectively, as described above. However,
some differences can be observed.

On Ce0,-NO, H, begins to be detected at 200 °C, reaching
a maximum at 268 °C. Then, the intensity of the molecular
hydrogen MS signal begins to decrease, disappearing
completely at 310 °C. Ethylene has a similar evolution as
H,; however, it is detected at lower temperatures (175 °C)
with a shoulder at 210 °C. CO, evolves together with CH,;
thus, both products start to be measurable at 250 °C and their
intensities increase up to 450 °C.

On the other hand, H, production on CeO,-NC onsets at
lower temperatures (175 °C) than on nanooctahedra, with a
maximum at approximately the same temperature (264 °C),
but the integrated area of the H, evolution is 2.4 higher on the
nanocubes. Ethylene, however, is detected above 240 °C

reaching a maximum at 290 °C. In other words, in the case of
the nanocubes, the development of the H, and ethylene signals
occurs at different temperatures. CeO,-NC produces ethylene
at higher temperature compared to CeO,-NO, and there is not
a low temperature shoulder as in the case of the nano-
octahedra. Additionally, the integrated area of the ethylene
peak is approximately half smaller in ceria cubes than in
octahedra. CO, and CH, are also released after ethanol
adsorption and decomposition on the CeO,-NC: both gases
are detected from 250 °C, reaching a maximum at 437 °C. The
amount of CO, and CH, released in the gas phase is 1.4 and
1.7 times larger, respectively, for the cubes than for the
octahedra.

From our TPSR-MS experiments, it can be concluded that
the underlying chemistry of both ceria nanoshapes is similar
since the same type of species is produced in the gas phase
after adsorption and decomposition of ethanol. However, the
differences observed between the cubes and the octahedra with
respect to the amounts and evolution temperature of the
gaseous products are worth to be further analyzed. Thus, to
better understand the decomposition of ethanol on ceria
surfaces and to find correlations between the evolution of
gaseous products and that of adsorbed surface species, we have
also studied the nature of the latter by means of IR
spectroscopy.

3.2.2. Ethanol Adsorption on CeO, Nanoshapes by IR and
DFT. After ethanol adsorption at 100 °C, a number of bands
assigned to ethoxy species can be detected on the surface of
the CeO, nanoshapes. The dissociative chemisorption of
ethanol followed by water release is generally accepted as the
first step of the mechanism for linear alcohol chemisorption on
oxides (see Scheme 1, r; in Section 3.2.3).°%°® The
consumption of OH groups present at the surface can be
observed by the negative bands in the 3800—3500 cm ™' region
of the spectra after ethanol adsorption at 100 °C (Figure S2),
in line with the reaction between the OH and H species to
form water. The detailed assignment of each IR band is
reported in Table 2 for the samples studied in this work. Figure
4 shows the IR spectra in the 1200—800 cm™ region. The
bands in this spectral region usually provide information on the
coordination of alkoxy species on the surface of oxides.*”” A
clear difference can be found in the IR fingerprint of ethoxy
species between CeO,-NO and CeO,-NC.

In the case of CeO,-NO, a number of bands were identified
at 1120, 1100, 1062, 1052, 1041, 905, 889, and 882 cm™'. The
thermal evolution of these bands during the TPSR-IR
experiments clearly showed that, on one side, the intensities
of the signals at 1120, 1062, and 905 cm™" decrease faster than
the signals at 1100, 1052, and 889 cm’, suggesting the
presence of two types of ethoxy species with different thermal
stability (see Section 3.2.3.1). As reported by some of us,*
DFT calculations on the hydroxylated (111) ceria surface, with
one dissociated water molecule, allowed us to assign the first
set of signals to monodentate ethoxy species in a standing-up
(SU) configuration (with the C—C axis perpendicular to the
surface) and the second set to monodentate ethoxy species in a
lying-down (LD) configuration (with the C—C axis parallel to
the surface), the former being the less stable one. For the sake
of clarity, in this work, the SU and LD ethoxy species will be
referred to as monodentate type I (C,H;0,.;) and type II
(C,HsO,,.1) ethoxy, respectively (see Figure Sab). The
calculations in ref 48 were repeated with a slightly different
computational setup (see Section 2.4). The newly optimized
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Scheme 1. Mechanism for Ethanol Adsorption and Decomposition on CeO,-NO and CeO,-NC“

CzHsOH + Ce** + OH

I

CoHsOma / CoHsOpy and CoHsOman / CHsO,, + H,0

Ncim

Ce0,-NO
Ce0,-NC

CHiCHOO %, + OjeH) OpaeH+ OCH,CH 0101
‘i %Hj + Oy / i +20
3/ + Ol \\ — s o
) I
_— X h, + 200 7 2HCOOkr + Ha
CH3COO ¢ +Oj4H CoHa + O + Opare g
r4\+ OpyeH 2C0, + H, +2[]
COz + CHa + ]+ Oy

“Ethoxy species in color green and purple correspond to CeO,-NO (C,H;O,,; and C,H;O,, ;) and CeO,-NC (C,H;O,, 1y and C,H;O,,14),
respectively. Pathways in black and orange are common to both samples, while pathways in purple correspond only to CeO,-NC.

Table 2. Experimental and Calculated Infrared Frequencies (cm™') Together with Surface Species and Mode Assignments
during the Adsorption and TPSR of Ethanol on CeO,-NO and CeO,-NC

experimental calculated
CHOp *  CHOpy” C,H O, C,HOpq
chemisorbed species vibrational mode Ce0,-NO CeO,-NC (111) (111) (100)-Mix (100)-0
ethoxy v,,(CH3) 2962 2965
(C,H,0) v, (CH,) 2927 2930
v,(CH,) 2864 2870
v(CH,) 2849 2850
8(CH,) + Fermi resonance 2690 2704
8(CH,) n/o 1487
8,,(CH;) 1448 n/o
5.(CH,) 1382 1384
w(CH,) 1354 1355
¥(CCO) 1150 1152 1146 1135 1138 1148
¥(CO) 1120 1118 1112 1106
1100 1096 1102 1096
1,,(CCO) 1062 1061 1068 1071
1052 1045 1063 1041
1,(CCO) 905 905 904 915
889 882 898 883
acetate 1,,(0CO) 1552 1554
(C,H,00,,,) 1,(0CO) 1425 1428
ethylenedioxy intermediate v(CH) 2833 2840 2831 2846
(OCH,CH,0p,q) 4(CO) 1041 (masked) 1039 1037
v(CC) 882 (masked) 881 874
Ce’* forbidden electronic transition, 2112 2110

2 2
Fspp 2Frpn

“The difference in the values of the frequencies with those reported in ref 48 is due to the fact that a different method was used to describe the

long-range dispersion corrections.; n/o: not observed.

C,H;O,, and C,H;O,,  structures are shown in Figure S, and
the corresponding vibrational frequencies are listed in Table 2.
Based on the relative stability of these species (Figure 6),
combined with the agreement between the simulated vibra-
tional IR spectra in the range of 1200 to 800 cm™' (Table 2),
the assignment of C,H;0,, | (less stable) and C,H;0,,.; (more
stable) species to the faster and slower decomposing species,
respectively, was made. On the other hand, the intensity of the
signals at 1041 and 882 cm™' have almost the same thermal
evolution, decreasing more slowly than the ones of type I and

10487

type II monodentate ethoxy species. The assignment of those
two bands will be addressed in the next section.

In the case of CeO,-NC, two types of ethoxy species can
also be observed. A more labile species at 1118, 1061, and 905
cm™! and a more stable species at 1096, 1045, and 882 cm ™/,
i.e, the latter set of frequencies, are red-shifted by up to 23
cm™! compared to the former one (see Section 3.2.3.2).
Moreover, comparing with the frequencies observed in the case
of the nanooctahedra, it can be noted that the positions of the
first set of IR signals in the nanocubes are almost identical to
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Figure 4. Normalized IR spectra for CeO,-NO (nanooctahedra) and
CeO,-NC (nanocubes) after ethanol adsorption at 100 °C and
purging with He. The spectrum of the clean oxide right before the
adsorption was subtracted.
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Figure S. (a) Structures of ethoxy + H adsorbed on the hydroxylated
ceria surface, where the adsorption energy is indicated with respect to
the hydroxylated surface and gas-phase ethanol. (b,c) Simulated
normalized IR spectra in the range of 1200—800 cm™" for ethoxy + H
species on the hydroxylated (111) and differently terminated (100)
CeO, surfaces, respectively.

the ones of the more labile monodentate type I ethoxy species
(C,H;0,,;) detected on the nanooctahedra (Figure 4).
However, the frequencies within the second set of signals for

the nanocubes are red shifted by up to 7 cm™ compared to the
analogous ones for the more stable monodentate type II
species (C,H;O,, ;) on the nanooctahedra.

DEFT calculations of the stability and vibrational frequencies
of ethoxy species were initially performed on the non-
hydroxylated (100)-O ceria surface in order to identify the
types of ethoxy species present on the CeO,-NC samples.
Similar to the case of the (111) surface,*® we found that the
calculated frequencies for the two more stable states on the
(100)-O surface (Figure S3), which are of the bidentate type,
do not reproduce the experimental findings for the CeO,-NC
samples, namely, the three frequencies within the 1200—800
cm™' range associated to the more stable species are not all
red-shifted compared to those of the less stable species (cf.
Table S2). In any case, we note that on the (100)-O surface,
the oxygen of the ethoxy species can occupy the position of the
lattice oxygen that has been removed from the surface layer,
yielding a particularly stable bidentate surface species as
compared to the monodentate ones on the (111) surface
(Figure S3), in line with the findings by Beste and Overbury.®®

Moreover, hydroxylating the (100)-O surface, as previously
done for the (111) termination,”® adding in this case up to
three dissociated water molecules (Figure S3), did not yield
the expected result (cf. Table S2). With one water molecule,
the question remains related to the relative shifts of the
frequencies associated with the two more stable species found,
i.e, no systematic red shift was obtained. With three water
molecules (Figure S3), the set of frequencies corresponding to
the most stable species are not red-shifted but blue-shifted, by
up to 6 cm™', compared to the set corresponding to the less
stable one (Table S2). The most stable species on the
hydroxylated (100)-O surface with three dissociated water
molecules is of the bidentate standing up type with an
adsorption energy of —2.68 eV, hereinafter referred to as
C,H;Op4 (Figure S).

To find another type of ethoxy species on the hydroxylated
(100) surface, three dissociated water molecules were also
added to the (100)-Mix facet (75%—25% mixture of the
(100)-O and (100)-Ce terminations with c(2 X 2)
periodicity), and the stability of differently coordinated and
oriented ethoxy species was investigated. We recall that, as
mentioned above, the stability of the (100)-Mix termination is
comparable to that of the pure (100)-O. On this hydroxylated
(100)-Mix termination, the most stable ethoxy species on the
outermost Ce atom is of monodentate lying-down type
(monodentate type III species, C,H;O,, ;) with an adsorption
energy of —2.50 €V (see Figure 5), that is, 0.18 eV less stable
than the C,H;Oyq species already discussed. The calculated

1100 1062 889
UCOMm v, (CCOYy | | 2(CCOMmy
1 882
905 v(CC)ep
{vs(CCO)m.i

Absorbance (u.a.)
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Figure 6. IR spectra and normalized integrated intensity of IR bands in the
for CeO,-NO.
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1200—800 cm™" region of the spectra during the TPSR-IR of ethanol
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three frequencies within the 1200—800 cm™" range for the less
strongly bound C,H;O,, y; species, i.e, 1106, 1071, and 915
cm™!, are higher by up to 32 cm™' compared to the
corresponding ones for the more strongly bound C,H;O4
species, i.e., 1096, 1041, and 883 cm ™" (cf. Figure Sc and Table
2). The relative stability of these two species and the
magnitude of the relative shifts between the corresponding
CO, asymmetric and symmetric CCO stretching vibrations,
suggest that the experimentally observed more and less stable
ethoxy species can be assigned to the C,H;0y4 and C,H O, 1y
species, respectively.

3.2.3. Temperature Programed Surface Reaction by IR
Spectroscopy (TPSR-IR). After the adsorption of ethanol, the
samples were heated under He flow to study the thermal
evolution of the species adsorbed on the surface (TPSR-IR).
The correlation of the TPSR results by IR in transmittance
mode and by MS (see Section 3.2.1) together with DFT
calculations allowed us to propose a mechanism for the
reaction of ethanol with the surfaces of ceria studied in this
work (Scheme 1), as discussed below. We first discuss the case
of the CeO, nanooctahedra and then that of the cubes in
comparison to the former.

3.2.3.1. CeO,-NO. Figure 6 shows the IR spectra during the
TPSR-IR in the 1200—800 cm ™" region of the spectra (left and
middle panel) and the thermal evolution (right panel) of the
main bands (more intense and less overlapped) of ethoxy
species on the CeO,-NO sample. As mentioned above, it can
be clearly observed that the monodentate type I (C,H;O,,.1)
ethoxy is the more labile surface species that decomposes faster
than the (more stable) monodentate type II (C,H O, ;)
ethoxy (Tso = 170 °C and T, = 225 °C, respectively).

The 1041 and 882 cm™' IR bands show a very unique
behavior. While heating the sample from 100 to 175 °C, the
intensity of these bands slightly decreases (10% decrease of the
intensity). Then, above 175 °C, the intensity increases again
until 230 °C, and finally sharply decreases, disappearing
completely at 320 °C (see Figure 6 for the example of the 1041
cm™! band). To understand this behavior and find the nature
of the surface species associated with these bands, it is
necessary to explore the IR spectra in the higher wavenumber
region, that is, the one corresponding to the CH stretching
vibrations [v(CH)].

The left panel of Figure 7 shows the v(CH) region of the
spectra during TPSR-IR. In addition to the bands assigned to
the ethoxy species (see Table 2), a signal at 2833 cm ™" begins
to be detected above 175 °C. On the right panel of Figure 7,

~ 1.01 CoHs0m.
3 CoHsOm1
S ] o8 OCH,CH3O1mt
2 =S 1041 cm'!
§ i 2833 cm™’ E 0.6 2833 cm”
£ 3
2 0 N 0.4+ H,
2 )\ / T g
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£ — ," e 0.0 A L Lt - N s atoid
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Figure 7. IR spectra in the 3100—2650 cm™ region and normalized
integrated intensity of the most important IR signals detected during
the TPSR-IR and normalized intensity of the gaseous products
detected during the TPSR-MS for CeO,-NO.

the thermal evolution of the normalized integrated intensity of
this band is plotted together with that of the main bands in the
1200—800 cm™" region and the evolution of gaseous ethylene
and H, (from the TPSR-MS experiments). Due to the band
overlapping in the v(CH) region of the spectra, the evolution
of the peak at 2833 cm™" cannot be clearly discriminated below
225 °C and, for this reason, the intensity of this band is only
plotted from that temperature onward. However, above 225
°C, it can be observed that the intensity of the 2833 cm IR
band decreases at the same rate of the 1041 cm™' signal,
meaning that they might correlate to the same surface species.
In order to gain more information of the nature of the 2833
cm ™ IR band, an additional TPSR-IR experiment was carried
out using ethanol with the deuterated methylene group, that is,
CH,CD,OH (Figure S4). First, it can be noticed that a small
band at 2830 cm™ can be detected in the 2(CH) region of the
spectra, without overlapping of other IR bands. In addition, a
new band is detected in the v(CD) region of the spectra at
2133 cm™!. The wavenumber ratio between 2830 and 2133
em™! is 1.32, which is very close to the one expected due to the
isotopic exchange from C—H to C—D (this value is
proportional to the square root of the reduced mass ratio of
C—D to C—H, that is, 1.36). On the other hand, in the 1200—
800 cm™' region of the spectra (not shown), a peak at 970
cm™! is detected, which shows a similar behavior to the 1041
cm ™" IR band detected during the TPSR of CH;CH,OH. Note
that such a last relatively small isotopic shift correlates well
with theoretical analysis, as exposed below. The normalized
integrated intensities of the three IR bands, that is, 2830, 2133,
and 970 cm ™', during the TPSR-IR of CH;CD,OH are plotted
in Figure S4. It is clear that the thermal evolution of these
three bands is almost identical, suggesting that they come from
the same species, which most likely is a deuterated ethyl-
enedioxy intermediate, OCH,CD,O,,, since the observed
CH, and CD, vibrations (2830 and 2133 cm™, respectively)
and the CO vibration (970 cm™) would correspond to such
species. Moreover, we note that the maxima of the thermal
evolutions of the 2833 and the 1041 cm™ bands agree with the
~50% decomposition of C,H;O, species (Figure 7). In
addition, when the intensity of these bands begins to decrease,
ethylene is detected in the gas phase at the outlet of the
reactor. In fact, the maximum of ethylene desorption matches
with ~40% conversion of the 2833 and 1041 cm™' signals.
Thus, the 2833 and 1041 cm™! IR bands detected during the
TPSR-IR of ethanol are assigned to an intermediate of ethylene
production, referred to as ethylenedioxy intermediate. There-
fore, it is proposed that the monodentate type II ethoxy
(C,H;0,, 1, the most stable one) species on the (111) surface
of the CeO,-NO sample decomposes to form an ethylenedioxy
intermediate (Scheme 1, rg) that later desorbs as ethylene in
the gas phase (Scheme 1, 1), as suggested by the consecutive
thermal evolutions of their IR representative bands at 1100 and
2833 cm ™! and of the ethylene MS signal (Figure 7). Another
pathway proposed for ethylene production is by H addition to
the a-C together with C—O bond cleavage of an enolate
intermediate (CH,CHO—-).””> However, evidence of an enolate
intermediate is characterized by the C=C stretching peak at
~1615 cm™" while no such peak is detected in our spectra.
In order to get more insights into this ethylene intermediate,
DEFT calculations were performed for an ethylenedioxy species
(hereinafter referred to as OCH,CH,0Oy,,.). For the case of the
hydroxylated CeO,(111) surface, we have searched for the
minimum energy path connecting the C,H;O,, j; state with the
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during the TPSR-IR and normalized intensity of the gaseous products detected during the TPSR-MS for CeO,-NO.

OCH,CH,Oy, intermediate and compared it with that for the
formation of adsorbed CH,CH, (Figure 8a). Both paths have
two steps and involve the same first step where a OH species
diffuses between neighboring Ce atoms. In the second step, the
formation of the ethylenedioxy intermediate involves the
simultaneous f-H abstraction from the C,H;O,,  species,
which will form a H,0 molecule with the OH that has diffused,
and the binding of the f-C with an Oy, The formation of
adsorbed ethylene also occurs via a -H abstraction pathway
that forms a H,O molecule, which is accompanied by the
cleavage of an Oy,,—H bond. The cleaved H binds to the O of
the ethoxy, causing the cleavage of the O—C bond and the
formation of ethylene and a OH species. The OH diffusion has
a low activation barrier of 0.58 €V, and therefore diffusion of
hydroxyl species is feasible under experimental reaction
conditions. Second, the ethylenedioxy formation has an
activation barrier that is 17% lower than that corresponding
to ethylene formation. These results are further evidence,
together with the TPSR-IR and DFT results of
OCH,CH,0,,;/OCH,CD,0Oy,, that these species are inter-
mediates in the decomposition of ethanol.

Frequencies for the OCH,CH,Oy, (Figure 8b) on the
hydroxylated CeO,(111) surface were calculated, finding
values of 2831, 1094, 1039, and 891 cm™" (Figure SSa). The
calculated frequencies of 2831 and 1039 are in good agreement

10490

with the reported experimental values of 2833 and 1041 cm™/,

corresponding to v(CH) and 2(CO) stretching vibrations,
respectively, whereas the frequencies of 1094 and 891 cm™ lie
within the 1112—1102 and 904—898 cm™' ranges, within
which frequencies of ethoxy species have been found.
Moreover, the spectrum of the deuterated ethylene species
(Figure 8b) was also simulated with the three most intense
frequencies being 2821, 2133, and 985 cm ™" (see Figure SSa).
By comparing to the non-deuterated species, we observe that
the 2831 cm™' band in the v(CH) region of the spectra
appears at 2133 cm™" in the v(CD) region (ratio 1.32), in line
with the experimental results and thus unambiguously
establishing the presence of an ethylenedioxy intermediate.

A point that probably deserves to be highlighted is the
detection of the ethylenedioxy intermediate from the
beginning of the TPSR-IR experiments. Either deuterated or
not deuterated ethanol seems to decompose to give the
ethylenedioxy intermediate on the surface of the ceria
nanooctahedra, even at 100 °C (see Figure 7 and Figures
S4). As the temperature begins to rise, a small fraction of that
intermediate desorbs to give ethylene. Simultaneously, the
ethylenedioxy intermediate is produced from the decom-
position of C,H;O,, ; at temperatures higher than 175 °C,
giving rise to the valley observed at 175 °C (Figure 7). In fact,
as mentioned in Section 3.2.1, a low temperature shoulder of
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Figure 10. IR spectra and normalized integrated intensity of IR bands in the 1200—800 cm™ region of the spectra during the TPSR-IR of ethanol

for CeO,-NC.

gaseous ethylene begins to develop above 175 °C during the
TPSR—MS, which could be related to the transformation of
the ethylenedioxy intermediate below 175 °C. Li et al
observed a broad desorption peak of ethylene at around 130
°C on ceria nanooctahedra after ethanol TPD experiments and
suggested that a low-energy concerted bimolecular elimination
pathway (E2) can occur from adsorbed ethanol.”> However,
our explanation seems to be more consistent due to the direct
experimental IR evidence of the proposed ethylenedioxy
intermediate from 100 °C.

In the 1800—1200 cm™" region of the spectra, two signals at
1550 and 1423 cm™', assigned to acetate species
(CH;COOy,), can be detected above 125 °C (Figure 9, left
panel). The thermal evolution shows that the intensity of these
signals increases until 300 °C (Figure 9, right panel). Next,
acetate species begin to decompose while at the same time,
CO, and CH, are observed at the outlet of the reactor.
Additionally, the signal at 2130 cm ™', assigned to the forbidden
electronic transition *Fs;, — *F,, of Ce*,%” shows a similar
development as CO, and CH,. In the case of polycrystalline
ceria,” it was proposed that acetate may be formed by two
simultaneous a-CH scissions of C,HO,,; species (Scheme 1,
r, and r3), that is, of the more labile surface ethoxy, since the
formation of acetate species matched 50% of the conversion of
the type I ethoxy species. However, acetate formation on the
Ce0,-NO surface does not intersect at 50% of the C,H;O,,
depletion (Figure 9). This discrepancy can be explained by
assuming that in our model nanooctahedra material, two
consecutive a-CH scissions are responsible for the acetate
formation while on a defected powder surface (like polycrystal-
line ceria), both elementary reaction steps could not be
discerned. Above 300 °C, acetate species begin to decompose
releasing CO, and CH, in the gas phase leaving an oxygen
vacancy at the surface (Scheme 1, r,).

Finally, the gaseous hydrogen detected during the TPSR-MS
(Figure 3) could be the result of the recombination of H and/
or OH species resulting from both the dehydrogenation of
C,H;O,, 1 ethoxy species to the ethylenedioxy intermediate
(Scheme 1, r;) and the formation of acetate species from
C,H;0,,; (Scheme 1, r, and r3).

3.2.3.2. CeO,-NC. Figure 10 shows the thermal evolution of
the ethoxy species adsorbed on CeO,-NC. As discussed in
Section 2.2, on the nanocubes, two species have been
identified, namely, C,H;O,.; and C,H;Op4. It can be
observed that the monodentate C,H O, ; species decom-
poses faster (Tsy = 155 °C) than the bidentate C,H;O,q
species (T, = 207 °C).

A chemisorbed OCH,CH,O,, species was also detected on
the CeO,-NC. Importantly, we found that the OCH,CH, Oy,

species are about 2.15 eV more stable on the (100) surface
(Figure 8). An experimental (theoretical) signal at 2840
(2846) cm™ was recorded in the v(CH) region of the spectra
(Figure 11 and Figure SS). However, a signal at approximately
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Figure 11. IR spectra and normalized integrated intensity of IR bands
in the 3100—2650 cm™ region of the spectra during the TPSR-IR of
ethanol and normalized intensity of the gaseous products detected
during the TPSR-MS for CeO,-NC.

1040 (1037) cm™ could not be discerned because it is
probably completely masked by the presence of IR signals
assigned to bidentate ethoxy species. A TPSR-IR experiment
after adsorption of deuterated CH;CD,OH molecules was also
performed (Figure S6). Two signals at 2837 and 2140 cm™!
(calculated at 2847 and 2151 cm™’, respectively, Figure S5b)
in the C—H(D) stretching region can be clearly observed and
show similar evolutions, attributed to the v(CH) and v(CD)
modes, respectively, of the chemisorbed OCH,CD,O,,,
species.

Now, going back to the evolution of the 2840 cm™" IR band
of the non-deuterated ethylenedioxy species during the TPSR-
IR of ethanol plotted in Figure 11, it can be observed that this
signal reaches a maximum at 230 °C, which agrees with a 60%
conversion of the C,H;Oy4 ethoxy species. Thus, in the case of
CeO,-NC, it is proposed that bidentate ethoxy species are the
ones that react to form chemisorbed OCH,CH,0O,, species
(Scheme 1, rg), which later on partially release ethylene to the
gas phase (Scheme 1, rg). It is worth mentioning that the
OCH,CH,0y,, species decompose at higher temperature on
CeO,-NC than on CeO,-NO (cf. Figure 7, Ts, is 300 and 280
°C for the decomposition on nanocubes and nanooctahedra,
respectively) and, as a consequence, ethylene is also released at
higher temperatures on the nanocubes, reaching a maximum
concentration at 295 °C (Figure 11) and consistent with
TPSR-MS results (Figure 3).

As mentioned in Section 3.2.1, the amount of ethylene
released in the gas phase is 1.75-times (Figure 3) larger on
CeO,-NO than on the CeO,-NC. To correlate the ethylene
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Figure 12. IR spectra in the 1800—1200 and 2300—1850 cm™' regions and normalized integrated intensity of the most important IR signals
detected during the TPSR-IR and normalized intensity of the gaseous products detected during the TPSR-MS for CeO,-NC.

production with the concentration of the OCH,CH,Oy,
species, the maximum integrated intensity of the v(CH) and
v(CD) IR bands of the OCH,CD, O, species was normalized
by the surface area of each ceria wafer. The intensity ratio of
each IR stretching mode showed that the ethylenedioxy surface
concentration is two times smaller on the ceria nanooctahedra
than on the nanocubes for both the CH and the CD vibrations,
which is opposite to the corresponding ethylene concen-
trations in the gas phase. The fact that the ethylenedioxy
concentration is smaller on the CeO,-NO while the ethylene
released in the gas phase is larger as compared to the CeO,-
NC can be related to the lower binding (by 2.15 eV, Figure 8)
of that intermediate on the (111) facets, facilitating the
desorption of ethylene to the gas phase.

Furthermore, the presence of two additional peaks at 1370
and 1356 cm™ is detected for the CeO,-NC sample (see
Figure 12), which are attributed to formate surface species. It is
proposed then that some of the particularly stable
OCH,CH,0,,; species on the (100) facets react on the
surface of ceria nanocubes, by a parallel pathway, to give
formate species (pathways in purple, Scheme 1, r;). Those
surface formate groups decompose to CO, and H,, leaving two
oxygen vacancies on the surface (pathways in purple, Scheme
1, rg), which is correlated to the CO, shoulder at 280 °C and
the evolution of Ce®" in Figure 12. Another experimental result
agrees with this last proposal: formate species are not detected
in the CeO,-NO sample for which the ethylenedioxy
intermediate is less stable. Moreover, the oxidation of the
OCH,CH,Oy, species to formate species is in line with the
greater ease with which oxygen vacancies are formed on the
Ce0,(100) surface compared to the (111).* That is, the
ethylenedioxy intermediate on (100) facets of the nanocubes
seems to be more sensitive to be attacked (oxidized) by surface
oxygen than the one on the (111) facets of the nanooctahedra.

Acetate species were also observed on the surface of the
nanocubes. The signals at 1550 and 1428 cm™ are detected
from 110 °C, both reaching their maximum at approximately
280 °C (Figure 12). Since the corresponding signals for acetate
species on the nanooctahedra are detected above 125 °C and
their intensity increases until 300 °C (cf. Figure 9), it can be
concluded that the formation and decomposition of acetate
species occur faster on the CeO,-NC than on the CeO,-NO.
Then, it is proposed that acetate species are the product of two
a-CH scissions of the more labile monodentate C,HO,,
ethoxy species (Scheme 1, r, and r;). As in the case of ceria
nanooctahedra, it is suggested that a CH;CHOO,,, inter-
mediate may be formed after the first a-CH scission that is not
detected in the IR spectra (Scheme 1, r,) and for this reason,
the evolution of the IR signals of C,H;O,, ; and acetate

species shown in Figure 12 does not match 50% of the
conversion as expected. Again, Ce**, CO,, and CH, are
produced as soon as acetate species begin to decompose
(Scheme 1, r4). Figure S7 shows the evolution of acetate
species on CeO,-NO and CeO,-NC during the TPSR-IR,
normalized by the surface area of each wafer. It can be
observed that the amount of surface acetate species is higher
on nanocubes than on nanooctahedra. This is consistent with
the higher release of gaseous CO, and CH, on the cubes. This,
together with the formation of formate species on the cubes,
indicates that on the surface of the CeO,-NC, the C—C bond
can be more easily cleaved than on the CeO,-NO. In other
words, CO, production on CeO,-NC can come from both
C,H;O, ;1 and C,H;O,4 ethoxy species, which further
decompose to chemisorbed acetate and ethylenedioxy
intermediate, respectively, followed by C—C cleavage in both
cases. However, on CeO,-NO, only one reaction pathway is
possible toward CO, production, which involves C,H;O,,
oxidation to acetate species (cf. Scheme 1).

We further note that, according to the mechanism for
ethanol decomposition proposed in Scheme 1, CeO,-NC
produces two additional oxygen vacancies on the surface
compared to CeO,-NO (pathway in purple, Scheme 1, rg). In
line with this, we show that the integrated intensity of the Ce®"
signal as a function of temperature, plotted in Figure S8,
reflects that the concentration of Ce* is higher on the
nanocubes compared to the nanooctahedra throughout the
whole temperature range. In fact, at 450 °C, the integrated
intensity of the Ce®" signal is 2.2-fold larger on the cubes than
on the octahedra. This is in agreement with the aforemen-
tioned greater ease with which oxygen vacancies form on the
Ce0,(100) surface compared to (111).*

The other product of ethanol reforming is H,. In the case of
ethanol decomposition, the molecular hydrogen evolutions are
almost the same in both nanoshapes, meaning that the
recombination of H and/or OH species is similar on both
types of surfaces (pathways in orange, Scheme 1). The higher
H, released in the gas phase in the case of CeO,-NC (see
Section 3.2.1) can be explained by two additional sources of
H, on the cubes, that is, the decomposition of the
ethylenedioxy intermediate into formate species (Scheme 1,
r,), which are further decomposed (Scheme 1, rg).

3.3. Ethanol Steam Reforming over CeO, Nano-
shapes. Figure 13 shows the ethanol conversion as a function
of temperature for CeO,-NO and CeO,-NC. It can be
observed that both ceria nanoshapes start to convert ethanol
above 350 °C. Additionally, the ethanol conversion is higher
on CeO,-NO than on CeO,-NC in the whole temperature
range, reaching maximum conversions of 63 and 34%,
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Figure 13. Ethanol conversion vs temperature (300—450 °C) for
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respectively, at 450 °C. The H, molar fraction and the product
yields during the ESR experiment at 400 and 450 °C, that is,
temperatures for which significant ethanol conversions (7—
63%) were reached, are shown in Figure S9. The main
byproducts under ethanol reforming conditions on both
samples are ethylene, acetaldehyde, acetone, and CH,.
However, the product distributions are different between
both ceria nanoshapes. At 400 and 450 °C, ethylene yields
were 4.1 and 2.5-times higher, respectively, on the CeO,-NO
than on CeO,-NC. On the other hand, higher CO, yields were
achieved on the nanocubes compared to the nanooctahedra
(20 and 40% higher at 400 and 450 °C, respectively), while the
H, molar fraction was almost identical on both samples. As a
consequence, the H,:CO, ratios at the outlet of the reactor
were 8.6 and 4.4 for CeO,-NO and CeO,-NC, respectively, at
450 °C. Even though the ethanol conversions were different
between both ceria nanoshapes, the H,:CO, for the CeO,-NC
sample is closer to the theoretical value expected for the ESR
reaction (H,:CO, = 3), and then the ceria nanocubes are
expected to be better reforming catalyst than nanooctahedra.
Thus, the higher conversions achieved for the CeO,-NO are
due mainly to the formation of ethylene, that is, the
dehydration of ethanol rather than its reforming. We note
that Soykal and collaborators™® studied bare ceria nanorods
and nanocubes under ESR conditions (H,0:EtOH = 10:1,
WHSV = 2.03 gc 1011/ (8 h), that is, Sceo,/Foc,m,on = 1370
m” h/molc;on) and found that the nanocubes were more

active at all temperatures tested (350—500 °C). They also
found that while acetaldehyde was the main product over the
ceria nanorods, the nanocubes showed better C—C bond
cleavage activity, producing higher H, yields and higher CO,
selectivity at all temperatures tested.

In order to get a deeper insight into the reactivity differences
between CeO, nanocubes and nanooctahedra, an additional
activity measurement was performed under differential
conditions (approximately 5% ethanol conversion for the
cubes and octahedra at 400 °C). The H, molar fraction and
the selectivities plotted in Figure 14 show that the octahedra
are more selective toward ethylene and acetaldehyde, whereas
the cubes produce more H,, CH,, CO, acetone, and isopropyl
alcohol. These results are in agreement with the TPSR of
ethanol, where CeO,-NO also showed a higher production of
ethylene in the absence of water, while CeO,-NC showed a
greater capability to break the C—C bond, producing higher
amounts of CH, and CO,. Strikingly, CO, was not detected
under differential ESR conditions, probably due to the
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Figure 14. Ethanol reforming under differential conditions (400 °C).
Xemon: 54 and 4.0%, and Sceo,/Focpon = 530 and 210 m* h/
molc,y on for CeO,-NO and CeO,-NC, respectively, in each case.

adsorption of the small fractions of CO, produced, which
can be (partially) trapped as carbonate species.

The activation energies (E,) for ethylene and acetone
production, that is, the main products of the ESR reaction on
Ce0,-NO and CeO,-NC, were measured in the range of 380—
430 °C (see Figure S10). In the case of ethylene production,
the activation energies are ~180 kJ/mol for both ceria
nanoshapes studied in this work. These results suggest that
the rate-limiting step for the ethylene production might be the
same on both ceria nanoshapes. Therefore, the higher
production of ethylene by the ceria nanooctahedra (see Figure
$10) could be due to a greater concentration of surface species
responsible for the formation of ethylene. Although during the
TPSR-IR, the concentration of ethylenedioxy intermediate was
higher on the nanocubes than on the nanooctahedra, on the
surface of the former, some of this species give rise to formate
species that decompose into gas phase CO, and H,.

The values of the activation energies for acetone production
are almost identical on the CeO, nanocubes as compared to
the CeO, nanooctahedra (139 and 153 kJ/mol, respectively).
However, if we assume that acetate species are involved in
acetone production under ESR by the ketonization reaction
involving surface acetate species, which is the main hypothesis
of several authors,”” it is possible to correlate the higher surface
concentration of acetate observed by TPSR-IR on the
nanocubes to the higher acetone selectivity under ESR
conditions (cf. Figure S7 and Figure 14). To fully elucidate
the ESR reaction mechanisms, further studies under operando
conditions that also take into account the role of Ce*, which
can be present at T > 300 °C, and of water would be necessary.
Either way, it is clear that ceria nanooctahedra show higher
ethanol conversions than nanocubes during the ESR experi-
ments.

Thus, both the TPSR and reactivity experiments indicate
that the CeO,(111) surface is more active toward ethylene
production, that is, ethanol dehydration. On the other hand,
the nanocubes revealed lower ethanol conversion, though the
Ce0,(100) surface appears to be better than the (111) at
breaking the C—C bond and is more selective toward H, and
CO,, in other words, superior for ethanol reforming. At this
point, it is worth mentioning that surface reconstruction of
nanoshaped ceria particles has been reported.”””'~"* In
particular, nanofaceting is known to occur on the edges of
ceria nanocubes after thermal treatment under hydrogen (T >
500 °C, 3 h) and under oxygen (T > 600 °C, 3 h), the
nanooctahedra being very stable at those reducing and
oxidizing atmospheres, respectively (up to 700 °C).”*
However, since our pretreatment was performed at 450 °C
(under H,, He, and O,, 15 min each), we do not expect to
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have major reconstruction on the edges of our CeO,-NC
sample, which could account for 10% of the total exposed
surface.”' In any case, the effect of surface restructuring of ceria
nanoshapes is a matter of further systematic work. In summary,
the use of ceria nanoshapes constitutes an adequate model to
study the interaction of ethanol with different ceria surfaces
with well-defined crystal planes. By a combination of
experimental and theoretical results, together with the use of
ceria with different morphologies, we have been able to
establish a correlation between the surface structure and the
ESR activity of the different ceria nanoshapes.

4. DISCUSSION

In this section, our results are discussed in light of the results in
the literature for model ESR ceria catalysts, namely, single
crystals and ceria nanoshapes.””**”>~”7 As shown in Scheme 1,
the surface structure of cerium oxide was found to influence
ethanol reaction routes. Mainly, it was shown that during
ethanol decomposition, ceria nanocubes, dominated by (100)
surface crystal planes, are better at breaking the C—C bond of
ethanol compared to the nanooctahedra, which mainly expose
(111) planes. A correlation was found between those results
and the catalytic performance toward ESR of the ceria
nanoshapes. Namely, the C—C bond cleavage capacity of
CeO,-NC improved the selectivity toward H, and CO,
compared to CeO,-NO.

Ethanol adsorption and decomposition have mainly been
investigated over ceria thin films under UHV conditions,”*”°
while the use of bare ceria nanoshapes, that is, without the
metallic function, is rather scarce. Li and coworkers®* have
studied the ethanol adsorption over ceria nanorods, nanocubes,
and nanooctahedra by means of DRIFT spectroscopy. Infrared
bands attributed to surface ethoxy species were intense on the
rods and nanocubes but rather weak on the nanooctahedra. In
fact, after the evacuation of ethanol by flowing He through the
DRIFT cell, the IR bands in the 1200—800 cm ™' region of the
spectra drastically decreased in their CeO, nanooctahedra. It
must be taken into account that their nanocubes have 2-fold
higher Sgpr surface area compared to their nanooctahedra (27
vs 13 m?/ g, respectively). However, normalizing the IR spectra
by the surface area of their samples does not account for the
differences in the intensity of the ethoxy signals. In the case of
our ceria nanoshapes, if we integrate the IR spectra in the
1200—950 cm™' region after ethanol adsorption and
evacuation, normalized by the area of the sample loaded in
our IR cell (see Figure 4), that IR area on the CeO,-NC is only
1.15-fold higher than on CeO,-NO. This discrepancy found
between the behavior of the ceria nanooctahedra reported by
Li et al.”* and the one presented in our work could be due to
the different synthesis methods employed. As mentioned in the
Experimental Section, the hydrothermal method employed
here does not use phosphate, which is known to have an
impact on the properties of CeO,.”® Lépez-Granados et al.
have proposed that two different domains exist when P is
incorporated in CeO,, depending on the P/Ce ratio.”® For P/
Ce values <0.03, isolated orthophosphate units are proposed
on the ceria surface and within the subsurface layers of the
phosphated Ce oxide, which are responsible for the inhibition
of oxygen diffusion within the subsurface region. At higher P/
Ce ratios, CePO, (monazite) crystals are detected in the
surface, that is, a very stable Ce®" phase unable to participate in
the Ce*/Ce® redox couple required for the optimum
functioning of the oxygen storage and release (OSR)

properties of ceria. Either the formation of orthophosphate
species and/or monazite crystals could be responsible for
blocking adsorption sites for ethoxy species, which would in
turn result in lower intensity of the observed DRIFT signals on
the nanooctahedra reported by Li et al.*”

The temperature-programmed decomposition of ethanol
followed by mass spectroscopy was also studied by Li and
coworkers over the three ceria nanoshapes.”” In the case of
their ceria nanocubes, similar results were obtained compared
to our CeO,-NC sample. However, some differences can be
found in the case of the nanooctahedra. According to Li et al,
two broad and unresolved ethylene desorption peaks between
70 and 330 °C were reported.”” Additionally, only a small
amount of CH, was observed at the outlet of the reactor, and
H, evolution showed a maximum at 380 °C, that is, 100 °C
higher compared to our ceria nanooctahedra. As shown in our
Scheme 1, the participation of ceria lattice oxygen is proposed
to be crucial in every step of the ethanol reaction on the
surface of our CeO, nanoshapes. The formation of both
acetate and ethylenedioxy species that later on produce CO,
and CH, or ethylene, respectively, involves surface lattice
oxygen. Thus, the modification of the OSR properties of ceria
in the presence of P on the surface could be responsible for the
differences in the ethanol decomposition between our results
and the ones reported by Li and collaborators on ceria
nanooctahedra.””

Another difference worth mentioning is that neither ethanol
nor acetaldehyde was detected in the gas phase for any of our
ceria nanoshapes. Conversely, Li et al. detected ethanol and
acetaldehyde as broad features between 70 and 250 °C.**
These contrasting results could be explained by the different
adsorption temperatures used in our experiments. As reported
recently by some of us, a TPSR-MS experiment performed
after ethanol adsorption at 25 °C over polycrystalline ceria
showed broad desorption peaks of ethanol and acetaldehyde
between room temperature and 150 °C.** Thus, it is proposed
that during ethanol adsorption at 100 °C followed by purging
with He, most of the acetaldehyde has already been removed
from our reactor, that is, before our study of ethanol
decomposition, which is governed by ethoxy species.

Then, two types of ethoxy species with different thermal
stability were identified by means of IR spectroscopy on each
ceria nanoshape. Over the CeO,(111) surface, DFT
calculations identified those ethoxy species as monodentate
type I and II ethoxy with the alkyl chain more parallel or more
perpendicular to the surface. On the CeO,(100) surface,
bidentate and monodentate type III ethoxy species are
proposed on the checkerboard O termination and on a
pyramid of the reconstructed (100) surface, respectively. Then,
we have proposed that the more stable surface ethoxy species
on each ceria nanoshape, which are the monodentate type II
and bidentate ethoxy, are responsible for the formation of an
ethylenedioxy intermediate. An ethylenedioxy intermediate
was also proposed over CeO,(111) thin films after the
adsorption of ethylene glycol by means of the XPS C 1s
spectrum.”®”” In contrast, Mullins’ and Libuda’s groups did
not detect such an intermediate after ethanol adsorption and
reaction over CeO,(111).”"”* Moreover, Lykhach et al. were
not able to observe acetate species by means of XPS after
ethanol adsorption and reaction on CeO,(111) thin films and
suggested the presence of an acetaldehyde-like intermediate.”®
However, using infrared spectroscopy, the surface acetate
group was revealed over our CeO, nanoshapes and we propose
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its formation from two consecutive a-CH scissions of
monodentate type 1 or III ethoxy (on CeO,-NO and CeO,-
NC, respectively). At this point, even though the origin of both
discrepancies is not clear, our IR experimental evidence that
agrees with the DFT results, including isotopic labeling,
suggests the presence of ethylenedioxy species and acetate
species during ethoxy decomposition.

Three considerations must be taken into account in order to
understand the differences found in our study with ceria
nanoshapes and the studies performed over CeO,(111) thin
films. On the one hand, the experimental conditions are very
different in both kinds of experiments. In the work of Mullins
et al. and Lykhach et al,, ethanol adsorption was performed at
—88 and —123 °C, respectively,75’76 whereas in this work, it
was at 100 °C. On the other hand, the experimental techniques
used for the identification of adsorbed surface species are based
on contrasting principles. IR spectroscopy as used in this work
is a more suitable technique for identifying adsorbed surface
species since the vibrations provide a direct fingerprint of the
molecular fragments, whereas XPS as used by Mullins et al. and
Lykhach et al.”>”® is an indirect technique that measures shift
in the binding energy of the C 1s electrons, which is affected by
the surrounding bonds of the C atom. Finally, the truncated
vertices that expose (100) facets observed on our nano-
octahedra, together with edges and corners sites, could also be
contributing to the different experimental results compared to
CeO,(111) model catalysts. The ethanol adsorption temper-
ature could probably affect the nature of the released products
at low temperature since the surface is covered by molecular
species, some of them partially physisorbed, giving rise to
ethanol and acetaldehyde as explained before. The exper-
imental technique and the existence of the truncated vertices
on our nanooctahedra could be playing a role in the
interpretation of the results and the results themselves,
respectively. However, the IR intensity of the proposed
intermediates (ethylenedioxy and acetate) is large enough as
to have originated from a small proportion of defects on the
nanoshapes.

Furthermore, the pathways for ethanol dehydrogenation and
dehydration catalyzed by ceria extended non-hydroxylated
(111) and (100) surfaces have been studied by computational
methods by Beste and Overbury.”® For both surfaces, they
identified a one-step pathway for ethylene formation, where -
H transfer occurs simultaneously with O—C bond scission as
well as a two-step pathway, where -H transfer occurs first
leading to an intermediate (¢CH,CH,O) that further reacts
through O—C scission. On the other hand, they proposed that
acetaldehyde formation can involve a-H—C scission or an
intramolecular transfer of a hydrogen atom of the «CH,CH,0
intermediate. They proposed that acetaldehyde formation
through a-H — C scission is on both surfaces the energetically
lowest reaction pathway. The selectivity for acetaldehyde and
ethylene formation was obtained by calculating rate constants
for each elementary step and simulating the reaction progress
at 300 and 450 °C, and they suggested that acetaldehyde is
almost exclusively produced on both surfaces. These
theoretical results were consistent with their temperature-
programmed reaction experiments under a steady reactant feed
up to ~390 °C, including ethanol and O,, performed by Li et
al. employing ceria nanoshapes.”” However, Li et al.”> also
observed ethylene release from their ceria nanoshapes during
the decomposition of ethanol in the absence of O,, which is
congruent with our TPSR-MS results on both CeO,

nanooctahedra and nanocubes. A possible explanation for the
disagreement between the nature of the products of the
ethanol decomposition suggested by the studies on the
extended ceria surfaces as compared to those employing
ceria nanoshapes could be related to the nature of the surface
species that were used in their DFT calculations of the
minimum energy paths in the reaction of ethoxy species, as
well as the considered intermediates. In the case of the (111)
surface, the monodentate standing up ethoxy (monodentate
type I in our case) had been considered as the initial state,
whereas in our work, it is proposed that ethylene is produced
from monodentate type II ethoxy (that is, lying down
conformation) on CeO,-NO. Moreover, ethylenedioxy species,
OCH,CH,Oy,, are observed when ethylene is formed, which
had not been considered in their calculations. Thus, the ethoxy
and ethylenedioxy intermediate proposed here for the
production of ethylene can account for our experimental
results and also the results of Li et al.”* for ethoxy
decomposition on (111) and (100) facets of ceria nano-
octahedra and nanocubes.

Furthermore, if we compare our result for the ethylene
formation for the example of the hydroxylated CeO,(111)
surface (C,H,O,.y + 2 O + OH — CH,CH, + H,0 +
OH + O, H + Oy,,) with an energy barrier of 1 eV (Figure 8)
with those reported by Beste et al.”” and recently by Salcedo et
al.”® (C,HO + Oy, ,H — CH,CH,+ Oy,;H + OH) for the non-
hydroxylated surface with barriers of 2.08 and 1.19 €V,
respectively, we conclude that the presence of hydroxyl groups
that give rise to the formation of water with OH species after
the abstraction of the #-H from the C,HO,, ; species plays a
fundamental role in the reduction of the activation energy
barrier for the formation of ethylene from C,H;O + O, H up
to 20% (we compare 1 and 1.19 eV since the mechanisms only
differ in the fate of the extracted f-H and the methodology
used in this work and in ref 78 is the same, which is not the
case for ref 68, where, in addition to the different methodology,
the way in which the O—C bond breaks differs). In summary,
considering that the hydroxylated surface reproduces the
experimental conditions more faithfully, our theoretical results
should be more reliable.

Finally, the experimentally detected ethylenedioxy species,
the binding of which depends on the orientation of the
exposed ceria facets, do not only explain the larger amounts of
gas-phase ethylene produced on the (111) facets, on which the
intermediates are much less strongly bound as compared to the
(100) facets, but also the observed enhanced yield toward
hydrogen production for the nanocubes. The more strongly
bound intermediate on the (100) facets results in an increased
probability of formation of hydrogen via formate species with
the participation of the more labile lattice oxygen atoms on this
facet.

5. CONCLUSIONS

The interaction of ethanol over ceria nanooctahedra and
nanocubes, which mainly expose (111) and (100) facets,
respectively, as proven by TEM, was studied by means of mass
spectrometry, infrared spectroscopy, and DFT calculations.
The temperature-programmed surface reaction of ethanol
produces H,, C,H,, CO,, and CH, over both ceria surfaces.
Although H, and ethylene had a similar evolution on the ceria
nanooctahedra, showing a maximum at 268 °C, on the
nanocubes, ethylene was produced at higher temperatures as
compared to H, (maximum at 290 and 264 °C, respectively).
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Additionally, the ethylene peak was twice as large on the
octahedra as in the cubes, while higher amounts of H,, CO,,
and CH, could be observed on the cubes with respect to the
octahedra.

The correlation of the results of TPSR-MS and IR in
transmittance mode together with DFT calculations allowed us
to propose a mechanism for the reaction of ethanol on the
surfaces of the ceria nanoshapes explored in this work, allowing
us to explain the shape-dependent differences found in the
TPSR-MS.

In the case of CeO, nanooctahedra, after ethanol adsorption,
monodentate type I and II ethoxy species were formed on the
surface, with the alkyl chain parallel or perpendicular to the
surface, respectively. Monodentate type I ethoxy species, which
is the less stable surface species, decomposed to acetate species
that result in CO, and CH, in the gas phase, leaving an oxygen
vacancy on the surface. On the other hand, the more stable
monodentate type II ethoxy species decomposes to give a
labile ethylenedioxy intermediate (OCH,CH,O,,), which
desorbed as ethylene in the gas phase.

On the case of ceria nanocubes, two types of ethoxy species
were also detected. By means of DFT calculations, the ethoxy
species were identified as bidentate ethoxy species on the
checkerboard O-terminated (100) surface and a monodentate
type III ethoxy species on a pyramid of the (100) surface that
has a mixture of the O- and Ce- terminations (75% [(100)-O]-
25% [(100)-Ce]). As in the case of the nanooctahedra, the
more labile monodentate type III ethoxy species decomposes
into acetate species that result in CO,, CH,, and an oxygen
vacancy. On the other hand, bidentate ethoxy species were
proposed as responsible for the formation of a very stable
ethylenedioxy intermediate, which partially desorbed as
ethylene but further reacted to give formate species via C—C
cleavage. That formate species, not detected on the nano-
octahedra, decomposes to H, and CO,, leaving two oxygen
vacancies on the surface. Thus, both ethoxy species on the
(100) facets contribute to CO, production. Furthermore, the
molecular hydrogen evolution that results from the recombi-
nation of H and/or OH species has been found to be similar
on both types of surfaces. However, the higher H, released in
the gas phase in the case of CeO, nanocubes has been
explained by an additional pathway, that is, the decomposition
of the strongly bound ethylenedioxy intermediate on the (100)
facets.

Finally, under ESR conditions, the enhanced reactivity
observed for ceria nanooctahedra as compared to the
nanocubes is due to the increased dehydration probability of
ethanol to ethylene on the (111) facets, in line with the results
of the TPSR experiments. In contrast, the nanocubes are more
efficient for breaking the C—C bond of a tightly adsorbed
ethylenedioxy intermediate on the (100) facets, resulting in a
higher yield toward H,.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal. 2c02117.

Definition of catalytic performance parameters, addi-
tional details on the calculations of ethoxy, TPSR-IR of
CH,;CD,OH, calculated IR spectra of ethylenedioxy
species, integrated intensity of acetate and Ce®* IR bands

during TPSR-IR normalized by the surface are of each
sample, catalytic evaluation results (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Julia Vecchietti — Instituto de Desarrollo Tecnoldgico para la
Industria Quimica, UNL-CONICET, 3000 Santa Fe,
Argentina; © orcid.org/0000-0001-7672-3027;
Email: jvecchietti@santafe-conicet.gov.ar

Pablo G. Lustemberg — Instituto de Catilisis y
Petroleoquimica, CSIC, 28049 Madrid, Spain; Instituto de
Fisica Rosario (IFIR), CONICET-UNR, 2000EZP Rosario,
Argentina; © orcid.org/0000-0003-4058-4023;
Email: p.lustemberg@csic.es

Authors

Patricia Pérez-Bailac — Instituto de Catdlisis y
Petroleoquimica, CSIC, 28049 Madrid, Spain; PhD
Programme in Applied Chemistry, Doctoral School,
Universidad Auténoma de Madrid, 28049 Madrid, Spain;

orcid.org/0000-0002-9992-1875

Esteban L. Fornero — Instituto de Desarrollo Tecnoldgico para
la Industria Quimica, UNL-CONICET, 3000 Santa Fe,
Argentina

Laura Pascual — Instituto de Catdlisis y Petroleoquimica,
CSIC, 28049 Madrid, Spain

Marta V. Bosco — Instituto de Desarrollo Tecnolégico para la
Industria Quimica, UNL-CONICET, 3000 Santa Fe,
Argentina

Arturo Martinez-Arias — Instituto de Catdlisis y
Petroleoquimica, CSIC, 28049 Madrid, Spain;
0000-0001-6867-937X

M. Verénica Ganduglia-Pirovano — Instituto de Catdlisis y
Petroleoquimica, CSIC, 28049 Madrid, Spain; © orcid.org/
0000-0003-2408-8898

Adrian L. Bonivardi — Instituto de Desarrollo Tecnoldgico
para la Industria Quimica, UNL-CONICET, 3000 Santa Fe,
Argentina; Facultad de Ingenieria Quimica, Universidad
Nacional del Litoral, 3000 Santa Fe, Argentina;

orcid.org/0000-0002-8575-675X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal. 2c02117

orcid.org/

Notes

The authors declare no competing financial interest.

The DFT data that support the findings of this study are
available in Materials Cloud {https:// www.materialscloud.org/
home} with the identifier doi: 10.24435/materialscloud:1p-7e.

B ACKNOWLEDGMENTS

This project received funding from the ANPCyT (project code
PICT Nrs. 2015-3651, 2017-4063 and 2017-3846) and UNL
(project code CAID-PI 50420150100066LI) of Argentina, the
MICINN-Spain (RTI2018-101604-B-100) and the European
Union’s Horizon 2020 research and innovation programme
under the Marie Sklodowska-Curie Grant Agreement No.
832121. Computer time provided by the RES (Red Espariola
de Supercomputacién) resources at MareNostrum 4 (BSC,
Barcelona) and LaPalma (IAC, La Palma) nodes is acknowl-
edged.

https://doi.org/10.1021/acscatal.2c02117
ACS Catal. 2022, 12, 10482—-10498


https://pubs.acs.org/doi/10.1021/acscatal.2c02117?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c02117/suppl_file/cs2c02117_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julia+Vecchietti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7672-3027
mailto:jvecchietti@santafe-conicet.gov.ar
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+G.+Lustemberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4058-4023
mailto:p.lustemberg@csic.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patricia+Pe%CC%81rez-Bailac"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9992-1875
https://orcid.org/0000-0002-9992-1875
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Esteban+L.+Fornero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Pascual"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+V.+Bosco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arturo+Marti%CC%81nez-Arias"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6867-937X
https://orcid.org/0000-0001-6867-937X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Vero%CC%81nica+Ganduglia-Pirovano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2408-8898
https://orcid.org/0000-0003-2408-8898
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adrian+L.+Bonivardi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8575-675X
https://orcid.org/0000-0002-8575-675X
https://pubs.acs.org/doi/10.1021/acscatal.2c02117?ref=pdf
https://www.materialscloud.org/home%7D
https://www.materialscloud.org/home%7D
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c02117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

B REFERENCES

(1) Haryanto, A.; Fernando, S.; Murali, N.; Adhikari, S. Current
Status of Hydrogen Production Techniques by Steam Reforming of
Ethanol: A Review. Energy Fuels 2005, 19, 2098—2106.

(2) Balat, M,; Balat, H. Recent Trends in Global Production and
Utilization of Bio-Ethanol Fuel. Appl. Energy 2009, 86, 2273—2282.

(3) Hou, T.; Zhang, S.; Chen, Y.; Wang, D.; Cai, W. Hydrogen
Production from Ethanol Reforming: Catalysts and Reaction
Mechanism. Renewable Sustainable Energy Rev. 2015, 44, 132—148.

(4) Sharma, Y. C.; Kumar, A.; Prasad, R;; Upadhyay, S. N. Ethanol
Steam Reforming for Hydrogen Production: Latest and Effective
Catalyst Modification Strategies to Minimize Carbonaceous Deacti-
vation. Renewable Sustainable Energy Rev. 2017, 74, 89—103.

(5) Mattos, L. V.; Jacobs, G.; Davis, B. H; Noronha, F. B.
Production of Hydrogen from Ethanol: Review of Reaction
Mechanism and Catalyst Deactivation. Chem. Rev. 2012, 112,
4094—4123.

(6) Fornero, E. L.; Vecchietti, J.; Boucinha Rodrigues, M,;
Hernéndez-Garrido, J. C.; Bonivardi, A. L. Cooperative Role of
Cobalt and Gallium under the Ethanol Steam Reforming on Co/
CeGaO,. Int. J. Hydrogen Energy 2022, 47, 18018—18031.

(7) Kolasinski, K. W. Surface Science: Foundations of Catalysis and
Nanoscience; John Wiley & Sons, Ltd, 2012, DOI: 10.1002/
9781119941798.

(8) Campbell, C. T. Ultrathin Metal Films and Particles on Oxide
Surfaces: Structural, Electronic and Chemisorptive Properties. Surf.
Sci. Rep. 1997, 27, 1-111.

(9) Ertl, G. Reactions at Surfaces: From Atoms to Complexity
(Nobel Lecture). Angew. Chem., Int. Ed. 2008, 47, 3524—3535.

(10) Freund, H.-J. Model Studies in Heterogeneous Catalysis. Cherm.
— Eur. J. 2010, 16, 9384—9397.

(11) Goodman, D. W. Model Studies in Catalysis Using Surface
Science Probes. Chem. Rev. 1995, 95, 523—536.

(12) Gao, F; Goodman, D. W. Model Catalysts: Simulating the
Complexities of Heterogeneous Catalysts. Annu. Rev. Phys. Chem.
2012, 63, 265—286.

(13) Masala, O.; Seshadri, R. Synthesis Routes for Large Volumes of
Nanoparticles. Annu. Rev. Mater. Res. 2004, 34, 41—81.

(14) Burda, C.; Chen, X; Narayanan, R; El-Sayed, M. A. Chemistry
and Properties of Nanocrystals of Different Shapes. Chem. Rev. 2008,
105, 1025—1102.

(15) Xia, Y.; Xiong, Y.; Lim, B.; Skrabalak, S. E. Shape-Controlled
Synthesis of Metal Nanocrystals: Simple Chemistry Meets Complex
Physics? Angew. Chem., Int. Ed. 2009, 48, 60—103.

(16) Patzke, G. R; Zhou, Y.; Kontic, R; Conrad, F. Oxide
Nanomaterials: Synthetic Developments, Mechanistic Studies, and
Technological Innovations. Angew. Chem., Int. Ed. 2011, 50, 826—859.

(17) Li, P.; Chen, X; Li, Y,; Schwank, J. W. A Review on Oxygen
Storage Capacity of CeO,-Based Materials: Influence Factors,
Measurement Techniques, and Applications in Reactions Related to
Catalytic Automotive Emissions Control. Catal. Today 2019, 327,
90—118.

(18) Mai, H.-X;; Sun, L.-D.; Zhang, Y.-W,; Si, R;; Feng, W.; Zhang,
H.-P.; Liu, H.-C,; Yan, C.-H. Shape-Selective Synthesis and Oxygen
Storage Behavior of Ceria Nanopolyhedra, Nanorods, and Nano-
cubes. J. Phys. Chem. B 2005, 109, 24380—24385.

(19) Yan, L,; Yu, R;; Chen, J.; Xing, X. Template-Free Hydrothermal
Synthesis of CeO, Nano-Octahedrons and Nanorods: Investigation of
the Morphology Evolution. Cryst. Growth Des. 2008, 8, 1474—1477.

(20) Tinoco, M.; Fernandez-Garcia, S.; Lopez-Haro, M.; Hungria, A.
B.; Chen, X; Blanco, G.; Perez-Omil, J. A.; Collins, S. E.; Okuno, H.;
Calvino, J. J. Critical Influence of Nanofaceting on the Preparation
and Performance of Supported Gold Catalysts. ACS Catal. 2018, S,
3504—-3513.

(21) Han, J,; Kim, H. J.; Yoon, S.; Lee, H. Chemical Shape Effect of
ceria in Cu/Ceria Catalysts for Preferential CO Oxidation. J. Mol.
Catal. A: Chem. 2011, 335, 82—88.

(22) Li, M;; Wu, Z.; Overbury, S. H. Surface Structure Dependence
of Selective Oxidation of Ethanol on Faceted CeO, nanocrystals. J.
Catal. 2013, 306, 164—176.

(23) Zhou, G.; Gui, B.; Xie, H; Yang, F.; Chen, Y.; Chen, S.; Zheng,
X. Influence of CeO, Morphology on the Catalytic Oxidation of
Ethanol in Air. J. Ind. Eng. Chem. 2014, 20, 160—165.

(24) Soykal, 1. I; Bayram, B.; Sohn, H.; Gawade, P.; Miller, J. T;
Ozkan, U. S. Ethanol Steam Reforming over Co/CeO, Catalysts:
Investigation of the Effect of Ceria Morphology. Appl. Catal, A 2012,
449, 47—58.

(25) Dai, Q; Huang, H,; Zhu, Y.; Deng, W.; Bai, S.; Wang, X,; Lu,
G. Catalysis Oxidation of 1,2-Dichloroethane and Ethyl Acetate over
Ceria Nanocrystals with Well-Defined Crystal Planes. Appl. Catal, B
2012, 117-118, 360—368.

(26) Trovarelli, A.; Llorca, J. Ceria Catalysts at Nanoscale: How Do
Crystal Shapes Shape Catalysis? ACS Catal. 2017, 7, 4716—4735.

(27) Lykaki, M.; Pachatouridou, E.; Carabineiro, S. A. C.;
Iliopoulou, E.; Andriopoulou, C.; Kallithrakas-Kontos, N.;
Boghosian, S.; Konsolakis, M. Ceria Nanoparticles Shape effects on
the Structural Defects and Surface Chemistry: Implications in CO
Oxidation by Cu/CeO, Catalysts. Appl. Catal, B 2018, 230, 18—28.

(28) Moraes, T. S.; Neto, R. C. R;; Ribeiro, M. C.; Mattos, L. V.;
Kourtelesis, M.; Verykios, X.; Noronha, F. B. Effects of Ceria
Morphology on Catalytic Performance of Ni/CeO, Catalysts for Low
Temperature Steam Reforming of Ethanol. Top. Catal. 2015, S8,
281-294.

(29) Kourtelesis, M.; Moraes, T. S.; Mattos, L. V.; Niakolas, D. K.;
Noronha, F. B.; Verykios, X. The Effects of Support Morphology on
the Performance of Pt/CeO, Catalysts for the Low Temperature
Steam Reforming of Ethanol. Appl. Catal, B 2021, 284, No. 119757.

(30) Hsiao, W.-L; Lin, Y.-S,; Chen, Y.-C.; Lee, C.-S. The Effect of
the Morphology of Nanocrystalline CeO, on Ethanol Reforming.
Chem. Phys. Lett. 2007, 441, 294—299.

(31) Wang, F.; Zhang, L.; Zhy, J.; Han, B.; Zhao, L.; Yu, H.; Deng,
Z.; Shi, W. Study on Different CeO, Structure Stability during
Ethanol Steam Reforming Reaction over Ir/CeO, Nanocatalysts.
Appl. Catal, A 2018, 564, 226—233.

(32) Divins, N. J.; Casanovas, A.; Xu, W.; Senanayake, S. D.; Wiater,
D.; Trovarelli, A; Llorca, J. The Influence of Nano-Architectured
CeO, Supports in RhPd/CeO, for the Catalytic Ethanol Steam
Reforming Reaction. Catal. Today 2015, 253, 99—105.

(33) Soler, L.; Casanovas, A.; Ryan, J.; Angurell, I; Escudero, C.;
Pérez-Dieste, V.; Llorca, J. Dynamic Reorganization of Bimetallic
Nanoparticles under Reaction Depending on the Support Nanoshape:
The Case of RhPd over Ceria Nanocubes and Nanorods under
Ethanol Steam Reforming. ACS Catal. 2019, 9, 3641—3647.

(34) Araiza, D. G.; Gémez-Cortés, A.; Diaz, G. Effect of Ceria
Morphology on the Carbon Deposition during Steam Reforming of
Ethanol over Ni/CeO, Catalysts. Catal. Today 2020, 349, 235—243.

(35) Wang, H; Zhang, L; Li, M,; Liu, Y.; Bai, X. Co/CeO, for
Ethanol Steam Reforming: Effect of Ceria Morphology. J. Rare Earths
2013, 31, 565—571.

(36) Wu, Z.; Li, M.; Howe, J.; Meyer, H. M., III; Overbury, S. H.
Probing Defect Sites on CeO, Nanocrystals with Well-Defined
Surface Planes by Raman Spectroscopy and O, Adsorption. Langmuir
2010, 26, 16595—16606.

(37) Wu, Z.; Li, M.; Overbury, S. H. On the Structure Dependence
of CO Oxidation over CeO, Nanocrystals with Well-Defined Surface
Planes. J. Catal. 2012, 285, 61—-73.

(38) Lépez Granados, M.; Galisteo, F. C.; Lambrou, P. S.; Mariscal,
R.; Sanz, J.; Sobrados, L; Fierro, J. L. G.; Efstathiou, A. M. Role of P-
Containing Species in Phosphated CeO, in the Deterioration of Its
Oxygen Storage and Release Properties. J. Catal. 2006, 239, 410—421.

(39) Payne, M. C; Teter, M. P; Allan, D. C; Arias, T. A;
Joannopoulos, J. D. Iterative Minimization Techniques for Ab Initio
Total-Energy Calculations: Molecular Dynamics and Conjugate
Gradients. Rev. Mod. Phys. 1992, 64, 1045—1097.

https://doi.org/10.1021/acscatal.2c02117
ACS Catal. 2022, 12, 10482—-10498


https://doi.org/10.1021/ef0500538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef0500538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef0500538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apenergy.2009.03.015
https://doi.org/10.1016/j.apenergy.2009.03.015
https://doi.org/10.1016/j.rser.2014.12.023
https://doi.org/10.1016/j.rser.2014.12.023
https://doi.org/10.1016/j.rser.2014.12.023
https://doi.org/10.1016/j.rser.2017.02.049
https://doi.org/10.1016/j.rser.2017.02.049
https://doi.org/10.1016/j.rser.2017.02.049
https://doi.org/10.1016/j.rser.2017.02.049
https://doi.org/10.1021/cr2000114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr2000114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijhydene.2022.03.278
https://doi.org/10.1016/j.ijhydene.2022.03.278
https://doi.org/10.1016/j.ijhydene.2022.03.278
https://doi.org/10.1002/9781119941798?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/9781119941798?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0167-5729(96)00011-8
https://doi.org/10.1016/S0167-5729(96)00011-8
https://doi.org/10.1002/anie.200800480
https://doi.org/10.1002/anie.200800480
https://doi.org/10.1002/chem.201001724
https://doi.org/10.1021/cr00035a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00035a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev-physchem-032511-143722
https://doi.org/10.1146/annurev-physchem-032511-143722
https://doi.org/10.1146/annurev.matsci.34.052803.090949
https://doi.org/10.1146/annurev.matsci.34.052803.090949
https://doi.org/10.1021/cr030063a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr030063a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200802248
https://doi.org/10.1002/anie.200802248
https://doi.org/10.1002/anie.200802248
https://doi.org/10.1002/anie.201000235
https://doi.org/10.1002/anie.201000235
https://doi.org/10.1002/anie.201000235
https://doi.org/10.1016/j.cattod.2018.05.059
https://doi.org/10.1016/j.cattod.2018.05.059
https://doi.org/10.1016/j.cattod.2018.05.059
https://doi.org/10.1016/j.cattod.2018.05.059
https://doi.org/10.1021/jp055584b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp055584b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp055584b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg800117v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg800117v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg800117v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molcata.2010.11.017
https://doi.org/10.1016/j.molcata.2010.11.017
https://doi.org/10.1016/j.jcat.2013.06.019
https://doi.org/10.1016/j.jcat.2013.06.019
https://doi.org/10.1016/j.jiec.2013.04.012
https://doi.org/10.1016/j.jiec.2013.04.012
https://doi.org/10.1016/j.apcata.2012.09.038
https://doi.org/10.1016/j.apcata.2012.09.038
https://doi.org/10.1016/j.apcatb.2012.02.001
https://doi.org/10.1016/j.apcatb.2012.02.001
https://doi.org/10.1021/acscatal.7b01246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b01246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2018.02.035
https://doi.org/10.1016/j.apcatb.2018.02.035
https://doi.org/10.1016/j.apcatb.2018.02.035
https://doi.org/10.1007/s11244-015-0369-x
https://doi.org/10.1007/s11244-015-0369-x
https://doi.org/10.1007/s11244-015-0369-x
https://doi.org/10.1016/j.apcatb.2020.119757
https://doi.org/10.1016/j.apcatb.2020.119757
https://doi.org/10.1016/j.apcatb.2020.119757
https://doi.org/10.1016/j.cplett.2007.05.024
https://doi.org/10.1016/j.cplett.2007.05.024
https://doi.org/10.1016/j.apcata.2018.07.036
https://doi.org/10.1016/j.apcata.2018.07.036
https://doi.org/10.1016/j.cattod.2014.12.042
https://doi.org/10.1016/j.cattod.2014.12.042
https://doi.org/10.1016/j.cattod.2014.12.042
https://doi.org/10.1021/acscatal.9b00463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b00463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b00463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b00463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cattod.2018.03.016
https://doi.org/10.1016/j.cattod.2018.03.016
https://doi.org/10.1016/j.cattod.2018.03.016
https://doi.org/10.1016/S1002-0721(12)60321-4
https://doi.org/10.1016/S1002-0721(12)60321-4
https://doi.org/10.1021/la101723w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la101723w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcat.2011.09.011
https://doi.org/10.1016/j.jcat.2011.09.011
https://doi.org/10.1016/j.jcat.2011.09.011
https://doi.org/10.1016/j.jcat.2006.02.007
https://doi.org/10.1016/j.jcat.2006.02.007
https://doi.org/10.1016/j.jcat.2006.02.007
https://doi.org/10.1103/RevModPhys.64.1045
https://doi.org/10.1103/RevModPhys.64.1045
https://doi.org/10.1103/RevModPhys.64.1045
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c02117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

(40) Kresse, G.; Furthmiiller, J. Efficient Iterative Schemes for Ab
Initio Total-Energy Calculations Using a Plane-Wave Basis Set. Phys.
Rev. B 1996, 54, 11169—11186.

(41) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the
Projector Augmented-Wave Method. Phys. Rev. B 1999, 59, 1758—
177S.

(42) Dudarev, S. L,; Botton, G. A.; Savrasov, S. Y.; Humphreys, C. J.;
Sutton, A. P. Electron-Energy-Loss Spectra and the Structural Stability
of Nickel Oxide: An LSDA+U Study. Phys. Rev. B: Condens. Matter
1998, 57, 1505—1509.

(43) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865—3868.

(44) Fabris, S.; Vicario, G.; Balducci, G.; de Gironcoli, S.; Baroni, S.
Electronic and Atomistic Structures of Clean and Reduced Ceria
Surfaces. J. Phys. Chem. B 20085, 109, 22860—22867.

(45) Castleton, C. W. M.; Kullgren, J.; Hermansson, K. Tuning LDA
+U for Electron Localization and Structure at Oxygen Vacancies in
Ceria. J. Chem. Phys. 2007, 127, 244704.

(46) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and
Accurate Ab Initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, 154104.

(47) Grimme, S.; Ehrlich, S; Goerigk, L. Effect of the Damping
Function in Dispersion Corrected Density Functional Theory. J.
Comput. Chem. 2011, 32, 1456—1465.

(48) Vecchietti, J.; Lustemberg, P.; Fornero, E. L.; Calatayud, M.;
Collins, S. E.; Mohr, S.; Ganduglia-Pirovano, M. V.; Libuda, J;
Bonivardi, A. L. Controlled Selectivity for Ethanol Steam Reforming
Reaction over Doped CeO, Surfaces: The Role of Gallium. Appl
Catal, B 2020, 277, No. 119103.

(49) Pérez-Bailac, P.; Lustemberg, P. G.; Ganduglia-Pirovano, M. V.
Facet-Dependent Stability of near-Surface Oxygen Vacancies and
Excess Charge Localization at CeO, surfaces. J. Phys.: Condens. Matter
2021, 33, 504003.

(50) Pan, Y.; Nilius, N.; Stiehler, C.; Freund, H.-J.; Goniakowski, J.;
Noguera, C. Ceria Nanocrystals Exposing Wide (100) Facets:
Structure and Polarity Compensation. Adv. Mater. Interfaces 2014,
1, 1400404.

(51) Fernandez-Torre, D.; Kosmider, K; Carrasco, J.; Ganduglia-
Pirovano, M. V.; Pérez, R. Insight into the Adsorption of Water on the
Clean CeO,(111) Surface with van der Waals and Hybrid Density
Functionals. J. Phys. Chem. C 2012, 116, 13584—13593.

(52) Kropp, T.; Paier, J.; Sauer, J. Interactions of Water with the
(111) and (100) Surfaces of Ceria. J. Phys. Chem. C 2017, 121,
21571-21578.

(53) Zhou, H.; Wang, D.; Gong, X.-Q. Clarifying the impacts of
surface hydroxyls on CO oxidation on CeO,(100) surfaces: a DFT+U
study. Phys. Chem. Chem. Phys. 2020, 22, 7738—7746.

(54) Zhou, H.; Wu, X.-P.; Gong, X.-Q. Catalytic Activities of Low-
Coordinated Ce for Methane Conversion. ChemCatChem 2022, 14,
No. €20210125.

(55) Giannozzi, P.; de Gironcoli, S.; Pavone, P.; Baroni, S. Ab Initio
Calculation of Phonon Dispersions in Semiconductors. Phys. Rev. B
1991, 43, 7231-7242.

(56) Gonze, X. First-Principles Responses of Solids to Atomic
Displacements and Homogeneous Electric Fields: Implementation of
a Conjugate-Gradient Algorithm. Phys. Rev. B 1997, SS, 10337—
10354.

(57) Gonze, X; Lee, C. Dynamical Matrices, Born Effective Charges,
Dielectric Permittivity Tensors, and Interatomic Force Constants
from Density-Functional Perturbation Theory. Phys. Rev. B 1997, SS,
10355—10368.

(58) Baroni, S.; de Gironcoli, S.; Dal Corso, A.; Giannozzi, P.
Phonons and Related Crystal Properties from Density-Functional
Perturbation Theory. Rev. Mod. Phys. 2001, 73, 515—562.

(59) Kresse, G.; Furthmiiller, J.; Hafner, J. Ab Initio Force Constant
Approach to Phonon Dispersion Relations of Diamond and Graphite.
Europhys. Lett. 1995, 32, 729.

10498

(60) Briiesch, P. Phonons: Theory and Experiments II: Experiments
and Interpretation of Experimental Results; Springer: Verlag Berlin
Heidelberg, 1986, DOI: 10.1007/978-3-642-52263-5.

(61) Karhanek, D.; Bucko, T.; Hafner, J. A Density-Functional Study
of the Adsorption of Methane-Thiol on the (111) Surfaces of the Ni-
Group Metals: II. Vibrational Spectroscopy. J. Phys.: Condens. Matter
2010, 22, No. 265006.

(62) Merrick, J. P; Moran, D.; Radom, L. An Evaluation of
Harmonic Vibrational Frequency Scale Factors. J. Phys. Chem. A 2007,
111, 11683—11700.

(63) Roldan Cuenya, B,; Behafarid, F. Nanocatalysis: Size- and
Shape-Dependent Chemisorption and Catalytic Reactivity. Surf. Sci.
Rep. 2015, 70, 135—187.

(64) Suda, Y.; Morimoto, T.; Nagao, M. Adsorption of Alcohols on
Titanium Dioxide (Rutile) Surface. Langmuir 1987, 3, 99—104.

(65) Lusvardi, V. S.; Barteau, M. A.; Dolinger, W. R.; Farneth, W. E.
Influence of Surface Hydroxyls on the Adsorption and Reaction of
Ethanol on Polycrystalline Titania. J. Phys. Chem. 1996, 100, 18183—
18191.

(66) Lamotte, J.; Moravek, V.; Bensitel, M.; Lavalley, J.-C. FT-IR
Study of the Structure and Reactivity of Methoxy Species on ThO,
and CeQ,. React. Kinet. Catal. Lett. 1988, 36, 113—118.

(67) Collins, S. E.; Briand, L. E.; Gambaro, L. A.; Baltanis, M. A.;
Bonivardi, A. L. Adsorption and Decomposition of Methanol on
Gallium Oxide Polymorphs. J. Phys. Chem. C 2008, 112, 14988—
15000.

(68) Beste, A.; Overbury, S. H. Pathways for Ethanol Dehydrogen-
ation and Dehydration Catalyzed by Ceria (111) and (100) Surfaces.
J. Phys. Chem. C 2018, 119, 2447—2455.

(69) Binet, C.; Badri, A.; Lavalley, J.-C. A Spectroscopic Character-
ization of the Reduction of Ceria from Electronic Transitions of
Intrinsic Point Defects. J. Phys. Chem. 1994, 98, 6392—6398.

(70) Zanchet, D.; Santos, J. B. O.; Damyanova, S.; Gallo, J. M. R;;
Bueno, J. M. C. Toward Understanding Metal-Catalyzed Ethanol
Reforming. ACS Catal. 2015, S, 3841—3863.

(71) Florea, L; Feral-Martin, C.; Majimel, J.; Ihiawakrim, D.;
Hirlimann, C.; Ersen, O. Three-Dimensional Tomographic Analyses
of CeO, Nanoparticles. Cryst. Growth Des. 2013, 13, 1110—1121.

(72) Yang, C.; Yu, X; Heifller, S.; Nefedov, A.; Colussi, S.; Llorca, J.;
Trovarelli, A.; Wang, Y.; Woll, C. Surface Faceting and Reconstruc-
tion of Ceria Nanoparticles. Angew. Chem., Int. Ed. 2017, 56, 375—
379.

(73) Bezkrovnyi, O. S.; Kraszkiewicz, P.; Ptak, M.; Kepinski, L.
Thermally Induced Reconstruction of Ceria Nanocubes Into Zigzag
{111}-Nanofacetted Structures and its Influence on Catalytic Activity
in CO Oxidation. Catal. Commun. 2018, 117, 94—98.

(74) Yang, C.; Capdevila-Cortada, M.; Dong, C.; Zhou, Y.; Wang, J.;
Yu, X.; Nefedov, A.; Heifller, S.; Lopez, N.; Shen, W.; Woll, C.; Wang,
Y. Surface Refaceting Mechanism on Cubic Ceria. J. Phys. Chem. Lett.
2020, 11, 7925—7931.

(75) Mullins, D. R.; Senanayake, S. D.; Chen, T.-L. Adsorption and
Reaction of C,-C; Alcohols over CeOy(111) Thin Films. J. Phys.
Chem. C 2010, 114, 17112—17119.

(76) Lykhach, Y.; Johinek, V.; Neitzel, A.; Skala, T.; Tsud, N.;
Beranova, K.; Myslivecek, J.; Brummel, O.; Libuda, J. Redox-Mediated
C—C Bond Scission in Alcohols Adsorbed on CeO,_ Thin Films. J.
Phys.: Condens. Matter 2022, 34, 194002.

(77) Chen, T.-L; Mullins, D. R. Ethylene Glycol Adsorption and
Reaction over CeOy(111) Thin Films. J. Phys. Chem. C 2011, 115,
13725-13733.

(78) Salcedo, A.; Poggio-Fraccari, E; Marifio, F.; Irigoyen, B.
Tuning the selectivity of cerium oxide for ethanol dehydration to
ethylene. Appl. Surf. Sci. 2022, 599, No. 153963.

https://doi.org/10.1021/acscatal.2c02117
ACS Catal. 2022, 12, 10482—-10498


https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1021/jp0511698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0511698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2800015
https://doi.org/10.1063/1.2800015
https://doi.org/10.1063/1.2800015
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1016/j.apcatb.2020.119103
https://doi.org/10.1016/j.apcatb.2020.119103
https://doi.org/10.1088/1361-648X/ac238b
https://doi.org/10.1088/1361-648X/ac238b
https://doi.org/10.1002/admi.201400404
https://doi.org/10.1002/admi.201400404
https://doi.org/10.1021/jp212605g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp212605g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp212605g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b08150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b08150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CP00204F
https://doi.org/10.1039/D0CP00204F
https://doi.org/10.1039/D0CP00204F
https://doi.org/10.1002/cctc.202101254
https://doi.org/10.1002/cctc.202101254
https://doi.org/10.1103/PhysRevB.43.7231
https://doi.org/10.1103/PhysRevB.43.7231
https://doi.org/10.1103/PhysRevB.55.10337
https://doi.org/10.1103/PhysRevB.55.10337
https://doi.org/10.1103/PhysRevB.55.10337
https://doi.org/10.1103/PhysRevB.55.10355
https://doi.org/10.1103/PhysRevB.55.10355
https://doi.org/10.1103/PhysRevB.55.10355
https://doi.org/10.1103/RevModPhys.73.515
https://doi.org/10.1103/RevModPhys.73.515
https://doi.org/10.1209/0295-5075/32/9/005
https://doi.org/10.1209/0295-5075/32/9/005
https://doi.org/10.1007/978-3-642-52263-5
https://doi.org/10.1007/978-3-642-52263-5
https://doi.org/10.1007/978-3-642-52263-5?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0953-8984/22/26/265006
https://doi.org/10.1088/0953-8984/22/26/265006
https://doi.org/10.1088/0953-8984/22/26/265006
https://doi.org/10.1021/jp073974n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp073974n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.surfrep.2015.01.001
https://doi.org/10.1016/j.surfrep.2015.01.001
https://doi.org/10.1021/la00073a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la00073a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp961372q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp961372q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF02071150
https://doi.org/10.1007/BF02071150
https://doi.org/10.1007/BF02071150
https://doi.org/10.1021/jp801252d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp801252d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp509686f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp509686f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100076a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100076a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100076a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs5020755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs5020755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg301445h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg301445h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201609179
https://doi.org/10.1002/anie.201609179
https://doi.org/10.1016/j.catcom.2018.08.005
https://doi.org/10.1016/j.catcom.2018.08.005
https://doi.org/10.1016/j.catcom.2018.08.005
https://doi.org/10.1021/acs.jpclett.0c02409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp103905e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp103905e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1361-648x/ac5138
https://doi.org/10.1088/1361-648x/ac5138
https://doi.org/10.1021/jp201639n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp201639n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apsusc.2022.153963
https://doi.org/10.1016/j.apsusc.2022.153963
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c02117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

