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Role of Exposed Surfaces on Zinc Oxide Nanostructures in
the Catalytic Ethanol Transformation

Maria V. Morales,” Esther Asedegbega-Nieto,” Ana Iglesias-Juez,” Inmaculada Rodriguez-

Ramos,™ and Antonio Guerrero-Ruiz*®

For a series of nanometric ZnO materials, the relationship be-
tween their morphological and surface functionalities and their
catalytic properties in the selective decomposition of ethanol
to yield acetaldehyde was explored. Six ZnO solids were pre-
pared by a microemulsion-precipitation method and the ther-
mal decomposition of different precursors and compared with
a commercial sample. All these materials were characterized in-
tensively by XRD and SEM to obtain their morphological spe-
cificities. Additionally, surface area determinations and IR spec-

Introduction

Chemical conversions over solids with acidic properties have
received much attention compared to the small amount of
data collected for basic catalysts. However, in recent years,
there has been a renewed interest in heterogeneous catalysts
that have exposed surfaces with basic properties because of
their good performance in some reactions of biomass transfor-
mation," among others. Biomass and its derivatives provide
some viable routes to alleviate the strong worldwide depend-
ence on fossil fuels.” One of the major products from biomass
conversion is ethanol, a commodity chemical derived from the
fermentation of sugarcane or energy-rich crops such as corn.”’
Bioethanol can be the raw material to manufacture a number
of chemical products.! An important pathway for ethanol con-
version is its dehydration over acid catalysts to yield ethylene,
which has received much attention in the literature.”’ However,
less attention has been focused on ethanol dehydrogenation
to acetaldehyde, which is favored on basic catalysts.”” Recently,
acetaldehyde has been categorized as a promising ethanol de-
rivative from a sustainable perspective.” This chemical is an
important intermediate in organic synthesis and is used as raw
material for the production of acetic acid, acetic anhydride,
ethyl acetate, butraldehyde, crotonaldehyde, pyridine, perace-
tic acid, vinyl acetate, and many other products.”’ Besides,
acetaldehyde obtained from ethanol can be a basic reactant
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troscopy were used to detect differences in the surface proper-
ties. The density of acid surface sites was determined quantita-
tively using an isopropanol dehydration test. Based on these
characterization studies and on the results of the catalytic
tests, it has been established that ZnO basal surfaces seem to
be responsible for the production of ethylene as a minor prod-
uct as well as for secondary reactions that yield acetyl acetate.
Furthermore, one specific type of exposed hydroxyl groups ap-
pears to govern the surface catalytic properties.

for subsequent condensation reactions to yield larger mole-
cules such as 1-butanol® or 1,3-butadiene.”’ Industrially, acetal-
dehyde is mainly obtained by the direct catalytic oxidation of
ethylene by the Wacker process, which produces chlorinated
wastes and is energetically costly."” Therefore, there is a need
to develop new synthetic routes and improved heterogeneous
catalysts for this process.

An alternative for solid catalysts that exhibit basic properties
are those derived from ZnO, which is a promising candidate
for ethanol catalytic valorization.” ZnO materials have recently
become the focus of many studies that address their use as
heterogeneous catalysts for a variety of reactions. ZnO is an es-
sential component of methanol synthesis catalysts? and has
been suggested as a suitable catalyst for water™ and sulfur
hydride" dissociations, for desulfurization processes, for the
water gas shift reaction,”'® for CO, activation processes,"” and
for the conversion of maleic anhydride into 1,4-butanediol."®
However, ZnO, as a metal oxide semiconductor, has also re-
ceived much attention because of its photocatalytic properties.
For instance, some studies of its application as a photocatalyst
in the degradation or in complete mineralization of environ-
mental pollutants have been presented.!™

Pure ZnO materials crystallize in a wurtzite-type structure.
Microcrystalline powder of ZnO is usually made up of hexago-
nal prisms, in which the (0001) and (0007) polar faces are locat-
ed perpendicular to the ¢ axis, and the nonpolar ones, (1010)
and (1120), are parallel to the [0001] axis. These surfaces are
created simultaneously if the crystal is cut along a basal plane
(Scheme 1).%° Nonpolar surfaces, of which the (1070) surface is
the most studied, exhibit almost equivalent amounts of Zn
and O atoms and do not need to compensate any surface
dipole moment. In contrast, the polar Zn-terminated (0001)
surface and the O-terminated (000) surface can possess large
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Scheme 1. Crystallographic ZnO waurtzite structure. Preferential surface ori-
entations are displayed with colored planes and direction vectors for the
hexagonal (left image) and the orthorhombic (right image) unit cells.
Orange and blue spheres denote O and Zn atoms, respectively.®*!

dipole moments.”" As ZnO exhibits a variety of morphologies,
which include single-crystal surfaces,”? thin films,”! nanostruc-
tures,” and well-faceted nanoparticles,” with distinct polar/
nonpolar facet ratios, many experimental studies have ad-
dressed this point by relating the catalytic behavior to structur-
al factors. However, the discussion remains open to a large
extent. On one hand, some research groups assign the highest
catalytic activities to polar surfaces®*?® and point out that
such surfaces are the most unstable, that is, exhibit the highest
surface energy, and consequently are prone to react more
easily. On the other hand, others have shown that nonpolar
surfaces'®? are responsible for the catalytic performance.

Surface crystalline structures are well known to be a funda-
mental aspect in the activity and selectivity in heterogeneous
catalysis using metal oxides.””” The surface structure sensitivity
phenomenon, which implies that active sites are different from
one crystalline face to another, was suggested by Boudart for
metallic nanoparticles.?® Structure sensitivity on metal oxides
for oxidation reactions was demonstrated for the first time by
Volta et al.”? for propene partial oxidation to acrolein, who
used a new method to prepare MoO; crystals with specific ori-
entations. In the particular case of ZnO, apart from photocatal-
ysis, there is very little data that deals with the influence of the
morphology or surface properties of ZnO powders in their be-
havior towards chemical reactions in catalysis. Indeed, there is
a lack of fundamental understanding on how these ZnO pow-
ders work under real catalytic reactions, and the aspects on
which the catalytic activity and selectivity depend on surface
structures are still matters of debate. In some studies, the cata-
lytic activity of the polar surfaces was found to be higher than
that of the nonpolar surfaces, such as in methanol synthesis,”
in the decomposition of terminal alkynes, and in the decompo-
sition of acetic and propionic acids.®" However, most of these
studies concern single crystals and/or high-vacuum conditions.
It is known that the surfaces of polycrystalline ZnO particles
comprise a large number of defects such as steps, edges, cor-
ners, kinks, and vacancies, which are not present on perfect
single-crystal surfaces.

As mentioned above, polar surfaces on ZnO are intrinsically
unstable, and different stabilization processes can occur. Exam-
ples of stabilizing processes are surface reconstruction,®” satu-
ration of the surface with hydroxyl groups through the adsorp-
tion of hydrogen or water,”" and the formation of oxygen va-
cancies on the polar O-terminated (0007) surface. The latter
was proposed to play an important role in catalysis on ZnO,

ChemSusChem 2015, 8, 2223 -2230 www.chemsuschem.org

2224

' CHEMS U SCHEM
= Full Papers

for example as active sites for methanol synthesis,®® and has

recently been proposed to be a pivotal factor in ethanol con-
version to yield acetaldehyde and/or ethylene."” With respect
to the surface hydroxyl groups on polar surfaces, there is also
an open discussion of their role in catalysis. This is because, in
many catalytic reactions, one or more reaction steps involve
hydrogenation/dehydrogenation of the reaction species, likely
to be performed by these surface moieties.®*¥ Furthermore, it is
known that the presence of surface hydroxyl groups could
modify the acid-base surface properties of the material.
Indeed, it has been shown that in many solid bases, such as
rare earth oxides® or hydrotalcites,®® surface hydroxylation
partially controls their reactivity.

In the present work, we explore the relationship between
the ZnO morphology and the surface reactivity during the de-
hydrogenation of ethanol for a series of seven nanometric
samples, six synthesized in the lab and one available commer-
cially. The structural and chemical differences encountered for
the different nanostructures are analyzed as a function of the
specific surface planes exposed to the medium. The main char-
acterization tools applied are surface area (Sg) determination,
XRD, and SEM for structural and morphological details. Diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
and catalytic tests of isopropanol dehydrogenation/dehydra-
tion are used to determine the main acid-base surface proper-
ties. The information obtained from these characterization
methods is used to discuss the reactivity of the exposed facets
of these polycrystalline ZnO samples in the ethanol decompo-
sition reaction.

Results and Discussion

Some characterization results that concern the textural, struc-
tural, and morphological properties of the samples are sum-
marized in Table 1. Although samples ZnO-E3, ZnO-E4, ZnO-ox,
and ZnO-E5 have a relatively high BET surface area (20-
40 m?g™"), the other three zinc oxides, ZnO-hc, ZnO-A, and
ZnO-h, exhibit lower specific surface areas, less than 7 m*g™",

Table 1. S intensity ratio of XRD (1010)/(0002) peaks, morphological
observations, range of particle sizes measured from the SEM micrographs,
and average particle size calculated from the principal XRD peak of the
ZnO samples.

Sample  Sger (1070)/(0002) Morphological Particle size®™ [nm]

Im?g~"] issues® SEM XRD™®!
ZnO-E3 38 0.97 brick! 20-200 32
ZnO-E4 35 1.06 hexagonal™ 10-50 37
ZnO-ox 23 1.31 hexagonal disk 30-80 45
ZnO-E5 23 1.44 needle™ 20-120 43
ZnO-h 0.8 1.27 hexagonal disk ~ 200-1000  >100
ZnO-hc 6.7 1.27 hexagonal disk 80-200 86
ZnO-A 29 1.29 hexagonal prism  100-400 >100

[a] Observed by SEM. [b] Particle sizes calculated by the application of the
Debye-Scherrer equation to the principal ZnO XRD peaks. [c] Studies by
TEM also support these morphological observations, as reported in
Refs. [20, 26]
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Figure 1. XRD patterns of ZnO samples.

which results in a BET surface area of close to 1 m?*g™" for
ZnO-h.

XRD patterns of the bulk ZnO samples are shown in
Figure 1. All seven ZnO samples present the typical XRD dif-
fraction character of the wurtzite structure according to the
standardized card (JCPDS 36-1451). The main peaks at 26=
31.8, 34.5, 36.3, 47.6, 56.6, 62.9, 66.5, 68.0, 69.2, 72.7, and 77.1°
correspond to the (10), (002), (101), (102), (110), (103), (200),
(112), (201), (004), and (202) crystalline planes of ZnO, respec-
tively. If we establish the relationship between the cubic and
hexagonal systems, it is found that the (100) and (002) planes
correspond to the (1070) and (0002) planes of the hexagonal
structure, respectively (Scheme 1). In the case of the four sam-
ples with a high specific surface (higher than 20 m?g™), it can
be seen that the (1010)/(0002) intensity ratio varies from 0.97
to 1.44 (ZnO-E3 <Zn0-E4 < ZnO-ox < ZnO-E5, Table 1), which
evidences a morphological variation in which the growth per-
pendicular to the crystallographic ¢ axis is favored if this ratio
is increased and, consequently, leads to an increase in the
extent of basal planes at the surface, or viewed from another
perspective, to a decrease of the nonpolar versus polar surface
proportion. According to our XRD results, ZnO-E5 exhibits the
highest basal surface extent; in other words, ZnO-E5 presents
a preferred orientation in the [1070] direction that exposes
basal (0001)/(0007) surfaces. By contrast, ZnO-E3 has a higher
proportion of nonbasal facets. Notably, the rest of the samples,
Zn0O-hc, ZnO-A, and ZnO-h, which have low specific surface
areas, and ZnO-ox, have a very similar (1070)/(0002) intensity
ratio of around 1.30, and consequently, a similar morphology is
expected for these samples.

Such morphological evolution throughout our first series of
samples was also studied by SEM. SEM images of the sample
with the lowest (1070)/(0002) intensity ratio, ZnO-E3, show
small particles between 20 and 100 nm with a brick-like mor-
phology (Figure 2a). This corresponds to slightly elongated
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Figure 2. SEM images of the ZnO samples with different (1010)/(0002) XRD
peak intensity ratios. a) ZnO-E3, b) ZnO-E4, ¢) ZnO-ox, and d) ZnO-E5. Scale
bars correspond to 100 nm.

particles along the c crystallographic orientation and presents
a larger contribution of nonpolar (1070) than basal (0001)/
(0007) plane types. ZnO-E4 exhibits poorly identifiable particle
shapes by SEM (Figure 2b). Images of ZnO-ox show rounded
(hexagon-like) ZnO nanoparticles with sizes around 30-80 nm
(Figure 2c¢). For ZnO-E5, more elongated forms are shown that
display some needle-like structures in which the nanostructure
grows in a direction perpendicular to the crystallographic
¢ axis and mainly exposes (0001)/(0007) facets along the
needle surface layer (Figure 2d). The SEM study of the low-sur-
face-area samples [ZnO-h (Figure 3a), ZnO-hc (Figure 3b), and

Figure 3. SEM images of the ZnO samples with similar (1070)/(0002) intensi-
ty ratios. a) ZnO-h, b) ZnO-hc, ¢) ZnO-ox, and d) ZnO-A. Scale bars corre-
spond to 500 nm.

ZnO-A (Figure 3d)] and ZnO-ox (Figures 2c and 3c), which
have similar (1070)/(0002) intensity ratios, reveals that these
samples show a hexagonal-type morphology, which evidences
a preferential exposure of the (0001)/(0001) planes. This mor-
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phology type is clear in the ZnO-h sample (Figure 3a), which
exhibits the largest crystallite size (between 200 and 1000 nm).
However, in the case of ZnO-A, SEM images also show elongat-
ed hexagonal prisms.

The particle sizes of the ZnO nanocrystals were obtained by
the Scherrer method from the XRD patterns (broadening of
the peaks).”” These values are presented in Table 1 and are
comparable with those obtained directly from the SEM images
(Table 1). In most cases these values are on the nanometer
scale, except for ZnO-A and ZnO-h, for which the particle sizes
are out of the range of the application of the Scherrer equa-
tion (> 100 nm). Notably, the particle size calculated is in good
agreement with the surface areas measured for the samples.

SEM and XRD are physical techniques that give information
on the entire material and provide morphological and structur-
al information, whereas a surface technique such as DRIFTS
allows us to explore the chemistry of the surfaces, which are
clearly involved more directly in the catalytic reaction. Shape
modification involves changes in the ratio of the exposed faces
for both polar and nonpolar surfaces, which presumably
means chemical differences because of the presence of differ-
ent surface sites. DRIFTS is a powerful tool in the description
of the morphology and surface ZnO nanostructures and allows
the tracking of surface active sites and the identification of dif-
ferent types of hydroxyl groups that depend on the domi-
nance of nonpolar or polar surfaces® on faceted nanoparti-
cles.

The DRIFTS spectral region that corresponds to hydroxyl-re-
lated contributions for all ZnO samples are presented in
Figure 4. The presented spectra were obtained after in situ
treatments at 423 K under a dry gas flow. The spectra shown
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Figure 4. DRIFTS spectra in the hydroxyl region for ZnO samples with a) dif-
ferent and b) similar (1010)/(0002) XRD peak intensity ratios.

can be divided into four different regions defined by cutoff
levels at 7~3100, 3370, and 3500 cm . The first region of low-
wavenumber values contains relatively small contributions that
are presumably dominated by interacting OH species as well
as molecularly adsorbed water® on nonpolar (1010) surfaces
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(e.g., bands between 7=2600 and 3100 cm™'). The middle-
wavenumber region (e.g., bands between #¥=3100 and
3370 cm™') contains contributions from isolated OH species on
nonpolar (1120) surfaces.®*3" This region exhibits slight var-
iance for the four samples presented in Figure 4a. However, in
the wavenumber region over #=3370 cm™', most significant
differences were observed between these samples; a certain
tendency in the peak centered at #=3400 cm™' is appreciable
and follows the intensity order: ZnO-E3 <Zn0O-E4 < ZnO-ox <
ZnO-E5. This contribution has been proposed to correspond to
O.—H species (conformation with H attached to an O surface
atom) on O-terminated (0007) polar surfaces.®” The peak trend
shows a clear correlation to the variation of morphology in
these four samples, that is, the higher the proportion of ex-
posed polar faces (evidenced by XRD) the greater contribution
of the peak around #=3400cm~'. The hydroxyl groups ex-
posed on the basal faces of the ZnO crystallites have a more
acidic character than those on other surfaces. Finally, signals
above 7=3500cm' are associated with OH groups with
a more basic character and related to both basal (0007) and
nonpolar (1010) surfaces. Although the latter seem to be more
important at higher wavenumbers, it is not possible to estab-
lish significant differences between these spectra that can be
related to the structural findings (i.e., XRD).

Interestingly, DRIFTS spectra of samples with a comparable
(1070)/(0002) XRD intensity ratio (ZnO-h, ZnO-hc, ZnO-ox, and
ZnO-A) display significant differences (Figure 4b). These can be
related qualitatively to the contribution of the peaks at 7
~3400 cm™, that is, O,—H species of moderate acidity increase
in the order ZnO-h <ZnO-hc <ZnO-ox < ZnO-A. If we take into
account the previous XRD and SEM results, the different pro-
portion of this contribution cannot be ascribed to the different
ratio of polar/nonpolar faces. These IR experiments indicate
that the exposed O—H species are not equivalent. However,
the presence of other types of hydroxyl groups, that is, ex-
posed on the edges and kinks of the crystallites, cannot be
ruled out if we consider the relatively high BET surface area of
these samples. Therefore, although these ZnO materials pos-
sess similar structural characteristics, they exhibit different
acid-base characters depending on the preparation treatment.

To obtain a quantitative measurement of the acidic proper-
ties for the ZnO samples with similar structural characteristics
(Figure 1) and with different surface area values (Table 1), we
performed isopropanol decomposition as a test reaction. This
method presents the advantage of studying the solid materials
under similar conditions (temperatures, flow of reactant gases,
etc.) than if they are analyzed in the transformation of ethanol.
In general, isopropanol is dehydrated to propylene mainly over
acidic sites and dehydrogenated to acetone over basic or
redox sites. These transformations occur through different
mechanisms that depend on the nature of the catalysts.*” The
main results achieved with this procedure for these ZnO cata-
lysts are collected in Table 2. Only two reaction products were
obtained with our ZnO samples: acetone with selectivities
higher than 97 % in all cases and propylene as a minor byprod-
uct. Clearly, these selectivities indicate that ZnO surfaces
mainly expose basic sites. Furthermore, the obtained informa-
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Table 2. Initial isopropanol selectivities and specific activities of the acid
surface sites (5 min of reaction at 493 K).

Sample Selectivity [%] Acid centers
acetone propylene [x10° umolm™2s7]

ZnO-h 99.1 0.9 1.71

ZnO-hc 99.0 1.0 2.15

Zn0O-ox 99.0 1.0 3.46

ZnO-A 97.9 2.1 5.59

tion can be considered as quantitative, so we can obtain
values related to the density of the active surface sites. We
have not determined the amount of basic surface sites from
isopropanol converted to acetone because these ZnO samples
suffer severe deactivation under the studied reaction condi-
tions. The reported data were measured after a short time on
stream (5 min), and propylene formation, mainly over acidic
sites, was used to evaluate the concentration of acidic surface
sites to corroborate the DRIFTS finding of acid hydroxyl
groups. Surfaces of oxide powder particles comprise a large
number of defects such as steps, edges, corners, kinks, and va-
cancies, and particularly for samples with higher specific sur-
face areas (>30m?g™"), deactivation during tests is very fast.
ZnO-E3, ZnO-E4, and ZnO-E5 are intrinsically unstable in the
isopropanol test, which makes it impossible to obtain reprodu-
cible data. For the other ZnO samples, the density of acidic
sites can be estimated easily by dividing the specific catalytic
activity (umol of CH;CHOHCH; transformed into C;Hg per gram
of catalyst) by the surface area of the sample, and these results
are reported in Table 2. Interestingly, the order of the degree
of acidity for these four samples follows the trend of the IR in-
tensity of the acidic hydroxyl group at #~3400cm™' (Fig-
ure 4b). Thus these ZnO samples with very similar structural
characteristics are different if we study their acid surface prop-
erties, either by DRIFTS or by the isopropanol test.

The results of the activity tests in the ethanol reaction are
summarized in Figures 5 and 6. The mass of catalyst in each
experiment was adjusted in each case to work under isocon-
version conditions, that is, conversions between 15 and 20%
in all cases. The product distribution under these conditions re-
flects the specific nature of the active surface sites as it mini-
mizes secondary reactions, although the complete limitation of
the secondary reactions is rather difficult in this reaction. For
all the studied catalysts, ethanol is converted mainly into acet-
aldehyde (selectivities of 84-94%), whereas the primary prod-
uct ethylene becomes minor (selectivities lower than 8%).
Some condensation products were also obtained: ethyl acetate
with selectivities of 2-6% and 2-butenal (crotonaldehyde) with
very low selectivities close to 1-3%. With regard to a reaction
mechanism that can justify the production of a given com-
pound, the main primary product, acetaldehyde, is obtained
from the classical dehydrogenation of ethanol. According to
the literature, this dehydrogenation involves the initial adsorp-
tion of ethanol on a strong acid-base pair, Zn>*—0?~ species in
our studied samples. Then, the abstraction of the adsorbed hy-
drogen leads to a surface ethoxy intermediate that undergoes
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Figure 5. Selectivity results at 623 K for samples with different (1010)/(0002)
XRD peak intensity ratios. The results presented correspond to average
values after 1 h of reaction up to the end of the experiment.
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Figure 6. Selectivity catalytic results at 623 K for samples with similar (1070)/
(0002) XRD peak intensity ratios. The results presented correspond to aver-
age values after 1 h of reaction up to the end of the experiment.

dissociation into an aldehyde intermediate and a hydride-like
hydrogen atom that involves a neighboring acid site.® Ethyl-
ene is formed mainly by the direct dehydration of ethanol over
acid sites and does not undergo further reaction. However,
acetaldehyde can undergo subsequent successive condensa-
tions, which is revealed by the continuous decrease of the
acetaldehyde selectivity if the ethanol conversion increases, for
instance, at high reaction temperatures (these experiments are
not described for the sake of brevity). The main secondary
product is ethyl acetate, which is obtained from the coupling
of ethanol and acetaldehyde. For this, acetaldehyde is ad-
sorbed on an acid site, and the hydrogen atom of the ethanol
OH group is abstracted over surface basic sites to generate
surface alkoxides. Thereafter, a hemiacetal is formed by the re-
action of the surface alkoxide and the adsorbed aldehyde. The
hemiacetal is dehydrogenated immediately to produce ethyl
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acetate.”” The other condensation product, 2-butenal, origi-
nates through a base-catalyzed aldol condensation mechanism
(bimolecular reaction between adjacent adsorbed acetalde-
hyde species). In this case, the primary product is 3-hydroxybu-
tanal, which is dehydrated easily to form 2-butenal over strong
acid-base pairs.”!

To test the stability of these catalysts and some deactivation
phenomena under reaction conditions, all experiments were
performed at 623 K for 6 h. For all ZnO samples, both the con-
versions and selectivities remained absolutely unaltered during
our catalytic experiments. The values of specific activities and
selectivities are average values taken after 1 h into the reaction
up to the end of the each experiment. Finally, the determined
specific activities are of the same order of magnitude, more
precisely these values are: ZnO-E3, 2.0 umolm~?s™'; ZnO-E4,
1.0 umolm™2s7"; Zn0-ox, 1.2 umolm™2s7"; ZnO-E5,
1.2 umolm™2s7"; ZnO-h, 6.5 umolm s’ ZnO-h,
1.7 umolm™2s7"; and ZnO-A, 1.7 umolm~?s™".

As indicated in the previous section, the presence of surface
sites of different natures and amounts on each sample can be
related to their different morphologies. The obtained selectivi-
ties are presented for four catalysts as a function of the in-
creased (1070)/(0002) XRD intensity ratios in Figure 5. It is evi-
dent that the product distribution varies significantly with the
catalyst studied. The formation of acetaldehyde decreases con-
siderably with a catalyst that has a highly polar surface and, si-
multaneously, an increase in the selectivity to ethylene and
condensation products occurs. ZnO-E3, which has a high pro-
portion of nonpolar surfaces, exhibits the highest selectivity to
acetaldehyde (94%), whereas the sample with the highest
extent of basal surface, ZnO-E5, presents the lowest values
(88%). These results highlight the requirement of the presence
of nonpolar surfaces to optimize the dehydrogenation per-
formance. Such a location of active sites is consistent with the
work of Drouilly et al.,"™ in which the high activity of this face
is related to its high performance in the ethanol dehydrogena-
tion reaction. However, as acetaldehyde is generally the main
product observed even for the sample that exposes polar sur-
faces preferably, we cannot rule out the location of active
acid-base Zn**-0”" pairs involved in acetaldehyde formation
on basal O-terminated (0007) faces, as these could also expose
surface acid-base pairs, which is supported by DFT calcula-
tions."™ With regard to ethylene selectivity, which increases
gradually if the exposure of polar surfaces is maximized, the
presence of Lewis acid Zn®" sites on the (0001) surface and/or
the oxygen vacancies on (0001) surfaces might be responsible
of the formation of this primary product. The selectivity to-
wards ethylene over the needle-shaped sample ZnO-E5 is
around four times higher than that with the brick-like sample
ZnO-E3, which evidences the requirement of basal surfaces for
ethylene formation. The increase in the selectivity to the sec-
ondary products ethyl acetate and 2-butenal with an increase
in the (1070)/(0002) intensity ratio is shown in Figure 5. Thus
we can hypothesize that basal faces are also involved in these
secondary condensation reactions.

In the case of samples with comparable (1070)/(0002) inten-
sity ratios, significant differences in the obtained selectivities
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are also found (Figure 6), even though these samples have
a similar relative exposure of the different surfaces [(1010)/
(0002) intensity ratios of 1.27-1.31]. These findings led us to
consider a parameter in addition to the morphology that con-
trols the selectivity, as mentioned above for the first group of
samples that display different (1070)/(0002) intensity ratios. In
the case of the second group of four samples, both the contri-
bution of hydroxyl species at 723400 cm™' (Figure 4b) and
the isopropanol reaction test (Table 2) denote an increase in
the acidic sites with moderate strength in the order: ZnO-h <
Zn0O-hc < ZnO-ox < ZnO-A. Selectivity values are presented for
the different samples in the same order in Figure 6. Although
the formation of acetaldehyde decreases, the selectivity to eth-
ylene and condensation products increases. Thus, as reported
in Figure 7, an increase in the density of acid sites caused by
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Figure 7. Ethylene selectivity as a function of the density of acidic hydroxyl
groups determined from the isopropanol reaction test for ZnO samples with
similar (1010)/(0002) XRD peak intensity ratios.

these hydroxyl groups gives rise to an increase in the selectivi-
ty to ethylene. Previously, acidic hydroxyl groups have been
described to act as active sites in the dehydrogenation of etha-
nol to ethylene in a series of commercial alumina materials.”*?
The tendency caused by the effect of moderate acidic hydroxyl
groups is also evident in the formation of secondary products
(Figure 6), so we can propose that these types of hydroxyl
groups act as acid active sites. From a catalytic point of view
and under our experimental conditions, ZnO-A is able to pro-
duce yields of ethyl acetate six times higher than ZnO-h. It
should be highlighted that these types of hydroxyl groups are
related to polar surfaces, which evidences once again that
active sites are different from one crystalline face to another. In
other words, a surface-structure-sensitive phenomenon occurs.

Conclusions

A series of ZnO nanostructures prepared by different methods
that display different morphologies and surface hydroxyl fea-
tures have been tested in catalytic ethanol decomposition.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Characterization by XRD, SEM, diffuse reflectance infrared Four-
ier transform spectroscopy, and isopropanol decomposition al-
lowed us to provide a complete structural, morphological, and
superficial analysis of the materials. The interpretation of these
results gave conclusive evidence on the key role played by the
ratio of the polar and nonpolar facets exposed at the external
surface of the ZnO nanomaterial on the studied reaction. It
was shown that the maximization of specific activity is not ob-
tained by maximizing the exposure of any particular type of
surface (polar versus nonpolar) to the external solid surface.
However, with regard to the selectivity, a structure-surface-sen-
sitivity phenomenon was found in the ethanol decomposition:
polar surfaces were more selective than nonpolar ones to
minor products; ethylene and condensation products. Further-
more, it was determined that this dependence on morphology
is related to the different superficial properties displayed by
different types of surfaces. Specifically, the presence of particu-
lar acidic hydroxyl groups seems to be responsible for the acid
catalytic properties that favor the formation of ethylene and
condensation products, which evidences the indirect role of
polar (or basal) surfaces on ZnO materials in the ethanol cata-
lytic transformation. These results indicate the requirement to
minimize the polar surface extension as well as the importance
to control the acid-base properties in ZnO materials to opti-
mize the dehydrogenation performance towards acetaldehyde
as the main product.

Experimental Section

Three of the studied materials were prepared by a microemulsion
method using n-heptane as the organic medium, Triton X-100 as
the surfactant, and hexanol as the cosurfactant. The water/surfac-
tant molar ratio was 9 (ZnO-E3), 6 (ZnO-E4), and 36 (ZnO-E5). De-
tails are described in Ref. [26]. Three other samples were prepared
as indicated in Ref. [43]. In brief, these were obtained by the ther-
mal decomposition of zinc oxalate (ZnO-ox), zinc hydroxide (ZnO-
h), and zinc hydroxicarbonate (ZnO-hc), respectively. A commercial
sample Analar, from B.D.H. Chemicals Ltd, (ZnO-A) prepared by the
combustion of Zn was also studied. All these samples were cal-
cined at 723 K for 2 h before characterization and catalytic studies.

The catalysts were characterized as follows. The structural proper-
ties were determined by XRD by using a Rayflex XRD3100 instru-
ment using with CuK, X-rays (1=1.54 A) and a Ni filter. Steps of
0.05° were employed with a time of 1 s per step and a 26 range of
5-95°. The morphological appearance of the samples was ob-
served by SEM by using a JEOL JSM 7600F system. Before observa-
tions by SEM, the samples were metalized to assure electron con-
duction. For this, a layer of Au with a thickness close to 5 nm was
evaporated over each ZnO sample. Surface areas of the samples
(Sger) were measured from the adsorption of N, at 77 K by using an
automatic volumetric adsorption apparatus (Micromeritics ASAP
2010) using the BET method. Before N, adsorption, the samples
were outgassed for 8 h at 523 K.

DRIFTS spectra were collected by using a Varian 670 infrared spec-
trometer at 423 K under an Ar atmosphere. The spectra were ob-
tained by collecting 200 scans with a resolution of 4 cm™" and are
presented in the absorbance mode. Furthermore, to gain informa-
tion about the surface acid sites density with quantitative values,
the samples were studied in the isopropanol dehydrogenation or
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dehydration test at 493 K. The experimental and the analytic
system used in these reaction tests is the same that described
below for the studies of ethanol valorization reactions. The mass of
the catalyst was adjusted in each test to work under differential
conditions (conversion values lower than 10%) in all cases.

The catalytic properties of the samples were studied for the trans-
formation of ethanol in the gas phase at atmospheric pressure in
a fixed-bed vertical microreactor (9 mm id.). Typically, a known
mass of catalyst (with a particle size of 0.5-0.1 mm) was dispersed
in solid-glass beads to increase the bed length and to avoid local
heating. The reactor was placed inside a temperature-controlled
heating jacket, and a thermocouple was placed at the centre of
the catalytic bed. The catalytic experiments were performed at
623 K. Ethanol (99.5%, Panreac) was fed by using a micropump
and vaporized in He (carrier gas). The resulting stream, 31 vol% of
ethanol, was fed to the reactor at 20 mLsmin~'. The composition
of the stream reactor effluents was analyzed on-line by GC (Varian
CP-3800) with a Porapak Q column and equipped with flame ioni-
zation and thermal conductivity detectors.

The conversion was calculated using Equation (1):

>~ mmol;

X %) = - 100% 1

EtOH( 0) 2mOlEtOH +Z| nimoli 0 ( )

in which n; is the number of carbon atoms of the product i and

MOl is the amount of unreacted ethanol in the stream reactor
effluent.

The selectivity to a specific product was defined as follows [Eq. (2)]:

S(%) = n,mol,

Carbon mass balances in these catalytic tests were calculated as
the ratio of the total composition of the stream reactor effluent (all
formed products and unreacted ethanol) against the introduced
ethanol, and resulted in all cases in an accuracy higher than 97 %.

To discard the presence diffusion problems, the experiments per-
formed were replicated with other particles sizes and with the
double the catalyst weight. The results obtained suggest the ab-
sence of both external and internal mass transfer effects. Blank ex-
periments were performed to verify the absence of catalytic activi-
ty under the conditions used in this study either with the empty
reactor or filled with the glass beads. The catalyst properties in eth-
anol decomposition, conversions, and selectivities were unmodified
during time on stream. These observations were extensive for all
the samples with changes lower than 1% in both specific activity
and selectivity values, which indicates clearly that the catalyst sur-
faces were quite stable under reaction conditions (no modifications
of either the structure or chemical surface properties seem to
occur).
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