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Vanadia supported on titania were prepared with increasing vanadia loadings up to 20 wt % to study the
effect of the vanadia loading on catalytic reactivity. A competitive decomposition of ethanol into ethylene
(dehydration) and acetaldehyde (dehydrogenation) over the catalyst occurs over the vanadia supported on
TiO,. Dehydrogenation is generally favored over dehydration over a wide range of the vanadia loadings
up to 20 wt % due to a lower energy barrier for the dehydrogenation channel. Both dehydration and dehy-
drogenation rates are enhanced in proportion to the vanadia loadings up to about 2 wt %. At higher van-
adia loadings (>2 wt %), however, the dehydration rate decreases while the dehydrogenation rate
saturates. X-ray photoelectron spectroscopic analysis reveals that reduced V and Ti species are formed at
the low vanadia contents and act as strong dissociative adsorption sites for H,O, while extended VO,
clusters as well as three-dimensional V,Os islands formed at high vanadia loadings prevent the formation
of such sites. Thus, the observed difference between the two reaction channels can be explained from the
structural transition of the vanadia overlayers from highly dispersed small VO, clusters into larger
polyvanadates or islands. At low vanadia loadings (<2 wt %), both the edge sites and the surface sites of
the small VO, clusters grow in proportion to the loadings as the number of the clusters increases. Thus,
both reaction channels are enhanced as well. At higher vanadia loadings (>2 wt %), however, the transfor-
mation into larger islands reduces the edge sites or the boundaries between the clusters and TiO, not the
surface area. This implies that the active sites for the dehydrogenation are on the surfaces of the vanadia
overlayers, while those for the dehydration are on the boundaries between the VO, and TiO,. Our results
provide an additional insight into the active sites for dehydration and dehydrogenation reactions over the
titania-supported vanadia catalysts.

Keywords: Vanadia/TiO,, Dehydrogenation, Dehydration, Ethanol

21-23

Introduction species, a polymeric vanadium oxide species,

KOREAN CHEMICAL SOCIETY

23,24

Titania-supported vanadia (VO,/TiO,) catalysts are com-
mercial materials that are used for the removal of NO, by
selective catalytic reduction with ammonia.' Also, they
are known to be active for various reactions including oxi-
dative dehydrogenation (ODH) of alkane®'® and alcohols
such as methanol'"'? and ethanol.’*'® Especially, increas-
ing interests on the use of ethanol as a fuel or a feedstock
to produce hydrogen have triggered many studies on the
use of various vanadia-based catalysts for the conversion of
ethanol into acetaldehyde or ethylene, with modified sup-
ports such as Ti0,-SiO,,'”'® Zr0,-Si0,," Al,03," and
with promoters such as alkali metals.'®*°

One of the key factors determining the catalytic activity
is the structure of vanadium oxides in the supported van-
adia catalysts, which would vary with the vanadia loading
and the type of interaction with the supporting oxide. Vana-
dium oxides can exist as isolated vanadium oxide
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crystalline vanadium oxide spe<:ies.25’26 Studies of Kilos
et al., indicate that VO, species from monovanadate to
polyvanadate structures are formed with increasing vanadia
loadings, which would grow into crystalline V,05 domains
at higher vanadia loadings."? Here, the interaction with the
support determines not only the types of vanadium oxide
species®"**7 but also the catalytic activity, which can vary
by orders of magnitude.?®** Highly selective (~80%) ODH
of ethanol to acetaldehyde is suggested to occur on
supported vanadia catalysts with a polyvanadate mono-
layer."*° Such diverse structures of supported vanadia cat-
alysts also act a central role in tuning the surface
acidity,l’31‘32 such as Bronsted>> and Lewis acid,33 which
are also closely correlated with the nature of active sites in
connection with surface V=0 bonds** and specific influ-
ences of oxide supports.*

In this study, we investigate into how selectivity and
reactivity of ethanol toward dehydrogenation and
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dehydration change for vanadia supported on TiO, (p-25)
with increasing vanadia loadings up to 20 wt %. We find
an enhancement of dehydration as well as dehydrogenation
at low vanadia contents (0.3—-2 wt %), which we attribute
to an increased concentration of charged defects at/near the
surface. Reactivity toward dehydrogenation is greatly
enhanced with increasing vanadia loadings up to 2 wt %
and saturates at higher vanadia loadings. We explain the
observed variations in reactivity and selectivity from the
changes in the density and distribution of the charged
defects with increasing VO densities on TiO5.

Experimental

Preparation of VO,/Ti0,. Preparation of VO,/TiO, cata-
lysts (VO4-p25) was performed by impregnation of the
commercial TiO, (Degussa p-25, 47 m2/g) powders (1 g)
with a concentrated nitric acid (14 M) solution containing
0-0.322 g of NH,VO; (Sigma Aldrich, 99.0%) for the van-
adia loadings of 0-20 wt %. The resulting solution was
heated at 80 °C with a constant stirring for several hours,
washed and dried at 100 °C for 10 h. After a final calcina-
tion under an O, flow at 500 °C, the resulting powders
showed colors ranging from yellow to orange depending on
the vanadia loading.

Characterization of VO,/TiO,. Characterization of VO,/
TiO, was performed by X-ray fluorescence (XRF), X-ray
diffraction (XRD), UV-Vis diffuse reflectance spectroscopy
(DRS) and X-ray photoelectron spectroscopy (XPS). The
vanadia loading (wt %) used in the present study was deter-
mined from XRF analysis (Rigaku, TX, USA, ZSX Pri-
mus). The surface vanadium atomic density (~1.4 V
atoms/nm?) of our VO,-p25 for the vanadia loading of 1 wt
% was also determined using the measured surface area of
Degussa p-25 (47 m*/g, our measurement). XRD patterns
of the VO,-p25 were obtained using an X-ray diffractome-
ter (Rigaku, TX, USA, Ultima III) with Cu-Ka
(A = 0.15406 nm, 40 kV, 30 mA) irradiation by scanning
26 from 10° to 70° at a scanning speed of 2°/min to deter-
mine the appearance of any bulk vanadia phase as well as
the crystallinity of our catalysts. UV—Vis DRS of the VO,-
p25 catalysts was obtained on a double-beam UV spectro-
photometer (Scinco, Seoul, Korea, Neosys-2000) equipped
with a BaSOy-coated integrating sphere. The absorbance in
the photon energies of 200-800 nm was measured for the
determination of the band-gap (E) of our powder samples
by applying the Kubelka-Munk model (that is, a plot of (F
(R)h)"? vs. hv). XPS measurements were performed in a
XPS system (PHI, MN, USA, 5000 VersaProbe II) with
Mg Ka (1253.6 eV) and a charge neutralization system.
The binding energies are referenced to the C 1 s peak at
284.4 eV of the surface adventitious carbon.

Thermal Reactivity Measurements. Thermal reactivity
measurements of ethanol over the VOx-p25 catalysts were
evaluated by gas chromatography (GC) (Younglin,
Anyang-si, Korea Acme 6000MC) equipped with a column
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(Porapak Q, Agilent, CA, USA, 6 ft) and a thermal conduc-
tivity detector detector, operating at a He flow of 20 sccm.
Thermally vaporized ethanol in a bottle placed in a water
bath maintained at 10 °C, was carried out in a He flow
(40 sccm, net ethanol flux = 55 pmol/min) with O, (2 sccm,
82 pmol/min). The catalyst powder (0.1 g) was placed in a
Pyrex tube reactor (Kwangjin Glass, Korea) and the tem-
perature of the reactor was controlled from room tempera-
ture up to 400 °C by a ceramic heating jacket. The reactant
gas passed through the tube reactor and the composition of
the gas mixture after the reaction was analyzed by GC. A
typical GC spectrum (Figure 1) indicates well-resolved sig-
nals for O,, ethylene, H,O, acetaldehyde, and ethanol. All
the GC signals for the reactant and products were found to
increase proportional to the reactant gas flux under our
experimental condition, indicating that the reactions are not
limited by the mass transfer limit. The absolute fluxes
(pmol/min) of reaction products (ethylene and acetalde-
hyde) were determined by referencing the integrated GC
peak area of a known flux of each gas. The integrated area
of the GC peak was proportional to the concentration of
each component in the gas flow.

Results and Discussion

Figure 2 shows XRD spectra for VO,-p25 with selected
vanadia loadings of 0, 2, 5, and 20 wt %. We find that the
XRD peaks assigned to p-25 (associated with anatase and
rutile TiO, phases) have no change in the peak position as
well as in the intensity ratio with increasing vanadia load-
ings except a gradual decrease of the overall peak intensity
due to the decrease in the mole ratio of p-25 in the compo-
sition of our catalysts. At the same time, new set of XRD
peaks are observed from 5 wt %, which are assigned to
orthorhombic crystalline V,05 phase. Below 5 wt %, we
find no distinct vanadia-related XRD feature within our
detection limit; this implies that well-dispersed small VO,
clusters are uniformly dispersed over the TiO, support.
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Figure 1. A typical GC spectrum showing all chemical species
identified from our reactant gas (ethanol + O, in he flow) passed
through VOx-p25 catalysts at 450 K.
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Figure 2. XRD patterns of VO,-p25 prepared with the vanadia
loadings of 0, 2, 5, and 20 wt %. XRD peaks for bulk crystalline
V,05 phase are noted for V-loading of 5 and 20 wt %.

Figure 3 shows the band gap of our VO,-p25 catalysts
determined from the UV—vis DRS measurements. We find
that the band gap of p-25 (~3.0 eV) decreases in proportion
to the vanadia loading from the very early stage and slowly
approaches to about 1.7 eV above the vanadia loading of
about 10 wt %. A gradual increase in the domain size of
surface vanadia overlayers in a form of polyvanadate would
induce a gradual shift in the absorption edge in the UV—vis
spectra.*® Compared with the band gap of bulk crystalline
V505 (2.2 eV), the band gap goes below 2.0 eV at above
5 wt % of vanadium. This indicates the formation of disor-
dered structure of VO clusters on TiO, with possible V
incorporation into TiO, in addition to large crystalline bulk
V,05 islands (which is confirmed from XRD in Figure 2).

During the cycles of reactions up to 570 K, the colors of
our catalysts remain unchanged as determined by naked
eyes and the reactivity is maintained to be constant over
cycles, suggesting that our reaction condition does not
change the surface or bulk structure of our catalysts. In
addition, we find H,O desorption as a dominant byproduct;

3.0 i VOx-p25

Band gap (eV)

o TR

V,05 (Wt%)

Figure 3. The band gap of VOx-p25 plotted against the vanadia
loading (wt %). Dotted line is to guide the eyes.
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no H, desorption is detected up to 570 K. Thus, the follow-
ing stoichiometric reactions of dehydrogenation and dehy-
dration are suggested as described below;

Dehydrogenation: CH;CH,OH + 1/20, — CH;CHO + H,0.

Dehydration: CH;CH,OH — CH,CH, + H,O.

Figure 4 shows the areal rates of dehydrogenation (top)
and dehydration (bottom) with increasing vanadia loadings
at selected temperatures between 380 and 460 K. Both reac-
tions are greatly enhanced with increasing temperatures. In
addition, the enhancement is in proportion to the vanadium
loading from the very initial content. A difference between
the two channels is also found; the dehydrogenation rate sat-
urates at the vanadia loadings of 2 wt % and above, while
the dehydration rate, shows a maximum at 2 wt %, then
decreases at higher vanadia loadings. The ratio between the
two channels (dehydrogenation/dehydration) is higher than
50 at the very low vanadia loading (~0.1 wt %), indicating
the selectivity is in favor of dehydrogenation. But it gradu-
ally decreases to about 20 as the vanadia loading approaches
to 2 wt %, then increases again to about 50 at 20 wt %.

The fact that the enhancement starts from the very
initial vanadia loading up to 2 wt % indicate that the ini-
tial vanadia overlayers provide the active sites for both
reactions. These coverages (0-2 wt %) corresponds to
those without distinct vanadia phase in XRD (Figure 2).
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Figure 4. Areal rates (per s/nm?) of dehydrogenation and dehydra-
tion are plotted vs. the vanadia loading (wt %) at different
temperatures.
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Thus, highly dispersed VO clusters that can be formed
in the low coverage ranges provide active sites for both
reactions.

The difference in the behavior of the reaction rate
enhancement between the two reaction channels at around
2 wt % suggests different active sites for both channels. It
may be that the active sites for dehydrogenation are on the
surface layers of the vanadia islands, and those for dehy-
dration are at the boundary sites of the islands. Small van-
adia islands are formed in the beginning and will grow in
size at higher loadings. The surface area of the vanadia
islands can be expected to grow and saturate at higher
islands even though the size of the islands grows later. The
boundary sites (between TiO, and vanadia) will also
increase in the beginning when small islands are formed at
low vanadia loadings. However, they will begin to decrease
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Figure 5. Arrhenius plot for dehydrogenation (top) and dehydra-
tion (bottom) of ethanol over VOx-p25 with the vanadia loadings
of 0-20 wt %.
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as the size of the islands grow at higher vanadia loadings
>2 wt %).

The measured reaction rates (in a unit of pmol/min) of
acetaldehyde and ethylene, corresponding to dehydrogena-
tion and dehydration, respectively, are plotted in the Arrhe-
nius form of In(R) vs. 1/T, in Figure 5. The maximum
conversion of ethanol into acetaldehyde (ethylene) mea-
sured in the present experiment is in the range of 0-10%
(0-1%) for acetaldehyde (ethylene). A quite linear relation
between In(R) and 1/T is obtained for the reaction condition
studied, suggesting that the reaction rates is not limited by
the reactant.

The enhanced reaction rates or turnover frequencies with
increasing vanadia loadings are reflected as a shift of the
linear relation in the Arrhenius plot (Figure 5) toward lower
temperatures. For dehydrogenation, the low-temperature
shift saturates above 2 wt %, while it shifts back to higher
temperatures by about 20 K above 2 wt % for dehydration.
This is consistent with the reduced reaction rates for dehy-
dration at higher vanadia loadings as indicated in Figure 4.

We can also determine the apparent energy barrier
(AE,pp) from the slopes in the Arrhenius plot, as shown in
Figure 6. For the dehydrogenation channel, they are mea-
sured to be ~ 70 £ 10 kJ/mol at all vanadia loadings up to
20 wt %. This value is quite close to the experimentally
determined energy barrier of methanol dehydrogenation
over vanadia supported on TiO,.>” For dehydration, how-
ever, they are measured to vary depending on the vanadia
loading. The lowest value of ~ 140 kJ/mol is obtained at
0.1-03 wt %. AE,p, however, increases again with increas-
ing vanadia loadings and saturates at 160-170 kJ/mol
above 2 wt %. This value is somewhat close to 175 kJ/mol
for ethanol dehydration over rutile TiO,(110) surface,*® at
which the oxygen vacancies with excess charges act as
reaction sites for ethanol dehydration.”® The higher AE,pp
for p-25 (~200 kJ/mol) may be due to the fact that oxygen
vacancies need to be created on fully oxidized p-25 for eth-
anol dehydration.
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Figure 6. Apparent activation energy barriers for dehydration and
dehydrogenation of ethanol over VOx-p25.
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Considering that the catalytic reactivity is not limited by
the gas flow, the change in the measured AE,, is a direct
measure of the energy barrier of a rate-limiting step. This
leads to the conclusion that the rate-limiting step for dehy-
drogenation is insensitive to the coverage of vanadia or the
size of VOx-p25, while that for dehydration is more
structure-sensitive. This result is consistent with our specu-
lation that the active sites for dehydrogenation are on the
surface of 2D vanadia islands while those for dehydration
are on the boundaries of the islands. It is likely that the
boundary sites are more sensitive to the size of the islands.
Enhanced dehydrogenation over polyvanadates has been
suggested in a recent study of others,'? suggesting that the
active sites for dehydrogenation are on the surface of
extended vanadia overlayers.

Chemical bonding states of our VO,-p25 catalysts are
further investigated from XPS analysis as shown in
Figure 7. Here, Ti 2p, V 2p, and O 1 s core level spectra
are shown with increasing vanadia loadings. Ti 2p;, at
458.5 eV is from Ti** species in the bulk TiO,.**™** In
addition to the major Ti** species, a shoulder feature
appears toward lower binding energy at the vanadia load-
ings of 0.3-0.5 wt % (indicated by arrows), which can be
assigned to a reduced Ti species such as Ti’* as in Ti inter-
stitials*? or Ti,05.*** At higher vanadia loadings (5-20 wt
%), the main Ti 2p;/, peak decreases in intensity due to the
formation of three-dimensional crystalline V,0s5 islands.

V 2p3,, features starts to appear at 515-516 eV from 0.3
vanadia wt %, which shifts to 517 eV as the vanadia load-
ing increases above 2 wt %. The main V 2p;z, peak at
517 eV is assigned to V°* species from the bulk V,Os
phase‘w’45 in V,0s5/T 102.46’47 The V 2p;,, features at lower
binding energies (516-515 eV) at the very low vanadia
loadings are due to reduced V species such as V4404849
and V?* *%°° The reduced V species can originate from
highly dispersed VO, clusters or V species incorporated
into the TiO, lattice (substituted for Ti**).>!

Intensity (a.u.)

L L L
525 520 515 465 460 455 540 535 530 525
Binding Energy (eV)

Figure 7. V 2p, Ti 2p, and O 1 s core level spectra of VOx-p25
catalysts with increasing vanadia loadings.
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The main O 1 s peak at 529.8 eV is due to the lattice
oxygen species in TiO,. The O 1 s binding energy of bulk
V,0s also appears at a very similar position*>*!' and little
shift in O 1 s peak position is observed with increasing
vanadia loadings. The shoulder features toward higher
binding energies (with distinct peaks at 532 and 533 eV,
observed especially at 0.1-0.5 vanadia wt %) are assigned
to surface-bound OH* and H,O species, respectively, as
has been reported on vanadia,’? TiO,,”>>* and VO/Ti0,.*®
The shoulder feature (labeled as O,, at 528.5 eV) toward
lower binding energies of the main O 1 s peak observed
especially at 0.3-0.5 V,05 wt % (indicated by arrows) may
be due to surface O atoms bound to reduced Ti sites as has
been reported on VO,/T i0250 as well as on reduced
titania,*>*> in a form of 0>~

Figure 8 shows the XPS-determined surface atomic con-
centration ratio of Ti and V of our VO,-p25 catalysts with
increasing vanadia loadings. A linear increase (decrease) of
V (Ti)-ratio up to 2 wt % indicates a growth of highly dis-
persed VO clusters on TiO,. A deviation from the linearity
occurs indicates a growth of three-dimensional large V,0s5
islands on TiO,.

Based on the above XPS analysis, it is clear that highly
dispersed (and reduced) V species on TiO, surface are
formed at 0-2 wt %. Strong interaction between vanadia
and titania®">® and the disordered structure of the surfaces
of p-25 nanoparticles inhibit the transformation of isolated
VO clusters into polyvanadates or even three-dimensional
V,0s5 islands up to the vanadia loading of 2 wt %
(or 2.8 V/nm?). The reduced V species (V** and V**) are
suggested to be stabilized on the surface of titania.”®>° The
reduced V species on titania-supported vanadia could exist
in various forms such as a single or an extended VO, clus-
ters with terminal vanadyl group (V=0),!#33:60-62 y(, 49
V503,793 or V species incorporated into the TiO, lattice
substituting lattice Ti** in a form of Ti-O-V.® Incorpora-
tion of such V species into the TiO, lattice can occur dur-
ing calculation above 450 °C,°® and would induce charged
defects into the bulk.
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Figure 8. Surface atomic ratio of Ti and V determined from inte-
grated areas of Ti 2p and V 2p core levels in Figure 7.
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O 1 s spectra in Figure 7 also indicate that surface O,
OH, and H,O contents are higher at low vanadia loadings
(0.1-2 wt %), suggesting that the highly dispersed V spe-
cies formed on TiO, can act as stable binding sites for
those oxygen species. The growth of polyvanadates as well
as large crystalline V,0s5 islands (XRD in Figure 2) at high
vanadia loadings reduces the binding sites for surface OH
and H,O species. Thus, the binding sites for H,O and OH
are likely to be distributed to the boundaries between
polyvanadates and TiO, as well as those of the isolated
VOy clusters. Such VO, species are reported to be in a
form of a vanadium atom with a vanadyl group (V=0) and
oxygen atoms (in a distorted tetrahedral geometry) that
bridge the vanadium atom to the Ti atoms in the TiO, sup-
port.®”%® Binding sites for H,O can also act as the binding
sites for alcohol (RO-H).

Ethanol may dissociate into ethoxy (CH;CH,O) and
hydroxyl (OH) over terminal vanadyl group or over
reduced Ti (or V) sites.'>® Hydroxyls recombinatively
desorb from the surface as H,0'*"°; this process consumes
lattice oxygen in the oxide catalyst and needs to be
replenished from O, gas to keep the stoichiometric cycles
of catalytic reaction. Ethoxy can be released from the sur-
face by a rate-limiting decomposition into acetaldehyde
(a-H elimination) or ethylene (f-H elimin21'[ion).13’38

Combining the results of XPS (Figure 7) and reactivity
analysis (Figures 4 and 5), we conclude that the presence
of reduced V (or Ti) species on/near the surface at the low
vanadia loadings is the origin of the enhanced reactivity
and selectivity, especially in favor of dehydration. The
reduced V (or Ti) species provide excess charges to the sur-
face in various forms of point defects such as interstitials
and oxygen vacancies.®® The role of such defects in cata-
lyzing catalytic dehydrogenation and dehydration has been
extensively studied over rutile TiO,(110) surface’"’? as
well as on a V-deposited TiO, surface.”® The decrease in
the apparent energy barrier of dehydration at low vanadia
loadings also explains a direct influence of the defects in
lowering the energy barrier for the rate-limiting step (p-H
elimination) toward dehydration. No or negligible effect of
the vanadia loading on the energy barrier of dehydrogena-
tion suggests the insensitivity of the reaction pathway for
dehydrogenation to the charged defects. Here, the role of
the vanadyl group (V=0) in the surface VO, clusters is
regarded to be important.'*73"

As the TiO, is saturated with VO, clusters with increasing
surface VO density, dispersed (mono) VO clusters are con-
nected by V-O-V linkages to form extended (poly) vanadates
(or even three-dimensional V,Os islands). Suppression of
dehydration at the higher VO, density is expected to be the
result of decreased number of active sites associated with
reduced V(or Ti) sites, which may be located on/near the
edges of the isolated VO, clusters as well as on bare TiO,
surfaces. The formation of polyvanadate overlayers reduce
the number of edge sites with charged point defects (e.g.,
oxygen vacancies and reduced V or Ti species) at the
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interface between VO, clusters and TiO, surface due to the
reduced boundary sites of larger vanadia islands.

Conclusion

To summarize our results, ethanol dehydrogenation is
found to be favored over dehydration on our titania-
supported vanadia catalysts. At the very low vanadia load-
ing, we find that the surface has a high density of reduced
Ti (or V) species with highly dispersed small VO, clusters.
Such defective structures provide strong binding sites not
only for H,O dissociation into OH, but also for alcohols for
heterolytic dissociation into alkoxy and OH for oxidative
and reductive catalytic reactions into aldehyde and alkene,
respectively. At higher vanadia loadings, the growth of
extended VO, structures such as polyvanadates and large
V,0s islands suppress the formation of such defective
structures, which reduces the dehydration channel. The
structure insensitivity of the dehydrogenation suggests the
active sites are on the surface of vanadia. We find that the
structural transition from small VO, clusters into larger
islands play a key role in controlling the reactivity and
selectivity in catalytic reactions of ethanol.
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