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Nanocrystalline ZrO2 and WOx-ZrO2 catalysts with a good control over the zirconia phase and the nature of the W species
were synthesized in a microwave-assisted aqueous route. The zirconia polymorphs monoclinic ZrO, (m-ZrO,) and
tetragonal ZrO2 (t-ZrO2) were isolated through an accurate control of the synthetic conditions, in acidic and basic media,
respectively.

The evolution of the zirconia and W species under annealing of the WOx-ZrO2 nanocomposites at 500°C and 800°C was
studied, and the resulting materials were tested as catalysts for the reactions of aldoxime dehydration and hydration of
alkynes for the production of nitriles and carbonyls, respectively. In the dehydration reaction the most active species are
W(VI) in tetrahedral coordination, independently of the ZrO, polymorph, while in the hydration reaction the zirconia phase

plays a key role, as the tungsten doped t-ZrO2 appears the most active catalyst.

1. Introduction

A large number of acid-catalyzed industrial processes require the
substitution of the aggressive and ecologically harmful mineral
acids by solid acid catalysts that are stable, regenerable and active
at moderate temperatures. Zirconia-based catalysts are promising
candidates due to their thermal stability, structural versatility and
surface properties.

The acid-base properties of zirconia depend on the crystalline
phase, as ZrO, exhibits different polymorphs.1 The
thermodynamically most stable phase at room temperature and
pressure is the monoclinic one, but depending on the synthetic
methodology or by doping the material with different cations
(ce™? ca®™ La*” ¥*° .), other metastable phases, like
tetragonal and cubic ones, can be stabilized and isolated as single
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phases.

The acid properties of zirconia can be adjusted by the addition of
squate,7 Mo(VI)’3 or W(VI)9 ions. Among these modified zirconia,
tungsten-deposited zirconia is the most interesting candidate
because the sulfated zirconia undergoes partial deactivation due to
sulfate loss during thermal treatment,'® while the molybdenum-
doped zirconia is a less active catalyst. Since the first work of Hino
and Arata™" demonstrating the use of tungsten-deposited zirconia
as a solid acid for isomerization of light alkanes, several reactions
such as oxidative desulfurization," alkylation of phenols,14 o-xylene
isomerization," production of aromatics from aIkyIfurans,16 2-
butanol dehydration,17 among others, have been catalyzed by these
materials. Herein, we focus on the industrially relevant aldoxime
dehydratation and alkyne hydration reactions, for the synthesis of
nitriles and carbonyl compounds, respectively.

On one side, nitriles are a family of organic compounds used as
intermediates for the production of pharmaceuticals, agricultural
chemicals dyes and materials."®" Among the several synthetic
pathways reported to obtain nitriles,19 catalytic dehydration of
aldoximes is the most efficient. This reaction has been classically
catalyzed by homogeneous catalysts,20 a including HZSO‘;.23 2
However the use of a heterogeneous catalyst may be a step
forward towards an eco-friendly process. In this sense, some
heterogeneous catalysts have been reported,25 but they usually
involve precious (Ru)26 or toxic (Sn)27 elements.

On the other side, alkyne hydration discovered in 1860 has
become an industrially important reaction producing carbonyl
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compounds. Traditionally, this reaction is carried out in the
presence of Brgnsted or Lewis acids as catalysts. Among them, ngg
%0 salts are the most efficient but they are highly toxic. Other metals
such as Au, Ru*? or Fe* also present high efficiency, but recycling
their salts is tedious. In the last years, some reports on the use of
alternative heterogeneous catalysts for alkyne hydration have been
presented, but their usefulness is limited due to the necessity of
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(Au35 or Ag36) or toxic elements (Sn37). We show in this report that
W-modified zirconia nanoparticles are promising heterogeneous
catalysts for aldoxime dehydratation and alkyne hydration.

Several synthetic pathways have been proposed to synthetize
W/ZrO, materials, such as deposition of tungsten salts over hydrous
zirconia,™* *® anion exchange,39 40 coprecipitation,‘u’42 hydrothermal
synthesis,43 or the sol-gel process.44 In the three latter methods
mentioned, treatments at relatively high temperatures are required
in order to activate the materials, probably because the tungsten
ions are located inside the zirconia and have to migrate to the
surface in order to be catalytically active. Moreover, several authors
have pointed out that impregnating tungsten salts over already
crystalline zirconia yields much less active catalysts than the
impregnation of a disordered hydrous oxo-zirconium support. 12,45
Beyond the aforementioned preparation methods, other colloidal
synthesis approaches based on irradiation are
developed since few years.

Microwave-assisted synthesis of solid materials presents several
advantages over the synthetic pathways cited above, because it
relies on heating directly the whole reaction volume, rather than by
heat diffusion across the reaction vessel. This feature results in
short reaction times (just few minutes to obtain crystalline
materials), homogenous temperature inside the synthesis medium,
thus avoiding temperature gradients and heterogeneities, and the
possibility to control particle morphology and size by an accurate
tuning of the synthetic conditions. Thus,
methodologies offer new opportunities to develop low cost and
easy-to-prepare heterogeneous catalysts such as W-doped ZrO,
that can be of interest for different reactions. To our knowledge,
such synthetic methods have not been reported so far for tungsten-
modified zirconia nanocrystals.

In this paper we propose a one-step, fast and environmentally
friendly microwave-assisted synthesis of WO,-ZrO, in which the
zirconia crystal phase and the distribution of W species can be
tuned through an accurate control of the synthetic conditions.
These materials have an important impact as catalyst for the
aldoxime dehydration and alkyne hydration. The catalytic activity
and reaction mechanisms are discussed with respect to the zirconia
crystal phase and the nature of the W species present in the final
materials.

microwave

microwave-assisted

2. Results and Discussion
2.1 Microwave-assisted synthesis of ZrO,-based naterials

Briefly, the materials were synthesized from an aqueous solution of
zirconium oxychloride and the appropriate amount of sodium
tungstate (Scheme 1). In so-called “acid route” (“ZA” samples), this
solution was heated in a dedicated microwave-oven at 220°C
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Scheme 1. Microwave-assisted WO,-ZrO, synthesis. ZrO, phase and
W species tuning upon acid or urea synthesis.

for 10 min. In the “urea” route (“ZU” samples), some urea was
added to the initial solution to yield a pH increase upon its
decomposition. The evolution of the crystalline phase in the WO,-
ZrO, system with respect to synthesis conditions (acid/basic media)
and the W content has been studied first (Scheme 1). Powder X-ray
diffractograms (PXRD) shows that the non-doped ZA zirconia
exhibits solely the monoclinic phase, while the non-doped ZU
zirconia is mostly made of the tetragonal phase (89 vol. % evaluated
intensities of specific XR reflections, see
Supporting Information (Sl)).

@e;m; \llngsted kodtehiqarhd Yesusing zireonia phase
has beé resp2, S1 and S2 in Sl). In the acid
syntHhé&s| (03 Ao sanTplew°SWZA and
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contehts 20 40 60 30 (

from the relative

Figure 2a and Figure S1b). On the contrary, upon addition of 5 to 10
at. % of tungsten in the urea synthesis (samples 5WZU and 10WZU,
respectively), the tetragonal phase is stabilized, with a
corresponding volume fraction of 89, 95 and 100 vol. % for ZU,
5WZU and 10WZU, respectively (Figure 2b and Figure S2b). The
molar tungsten and zirconium percentages measured by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) (Table S1)
are close to the initial ratios of precursors, thus showing that all
tungsten and zirconium species precipitate.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. XRD patterns of as-synthesized un-doped zirconia powders
prepared by the urea- (ZU) and acid-based (ZA) syntheses.

The thermal stability of these materials was studied by
thermogravimetric analysis under air (Figure S3). In the 10WZA
sample, a mass loss of around 7 wt. % at 250°C is associated to the
removal of water molecules adsorbed at the surface. Another mass
loss of around 3 wt. % occurs at 450°C, which is probably due to the
loss of structural hydroxyl species. The 10WZU sample shows larger
weight losses, around 10 wt. % for the first process, and 5 wt.% loss
in a two steps, which correspond to the same processes
commented for 10WZA. FT-IR of the as prepared samples and
calcined at 500 and 800°C were perfomed. In this experiment a
decrease of band intensity corresponding to OH upon heating was
observed (Figure S4) confirming the primary.

The phase evolution with the annealing temperature was studied
by XRD (Figure 2 and Figures S1 and S2). For the acid procedure, the
tungsten-free (ZA) and the 5 at. % W-doped (5WZA) samples
(Figure S1) present at all calcination temperatures the monoclinic
phase as only crystalline phase, with sharper and narrower peaks as
the temperature increases. No peaks associated to WOj; species are
observed, suggesting that tungsten is highly dispersed and/or
incorporated into the ZrO, matrix. For the 10WZA sample (Figure 2
a), the monoclinic phase is again the only crystalline phase (100%)
until 500°C, but at 800°C reflections associated to crystalline
monoclinic WO; and tetragonal ZrO, phase (around 13 vol.%)
appears together with the m-ZrO, peaks.

The percentage of the tetragonal phase, the zirconia crystal size
calculated from XRD by the Scherrer equation and the BET surface

This journal is © The Royal Society of Chemistry 20xx

ARTICLE
a) = = Monoclinic Zr0,
z — m Tetragonal ZrO,
2000 E T Monoclinic WO;
1500 4
S5
&
E 0
T 1000 10WZA 800°C
[
E
500 10WZA 500°C
10WZA
0 T T T T T T
20 0 60 30
2%e
b) Monoclinic Zr0,
E TetmgonalZvOz
$000 4 ht Monoclinic WO,
4000 4
3
S 3000
Ey
n
5 0,
£ 2000 10WZU 800°C
1ee04 10WZU 500°C
.MM 10WzU
0 T T T T

20 40 60 30

Figure 2. XRD patterns of a) 10WZA and b) 10WZU powders as
prepared and annealed at 500°C and 800°C.

Table 1. Volume percentage of the tetragonal phase, zirconia crystal
size calculated by the Scherrer equation and BET surface areas of
the materials obtained by the synthesis in acidic medium.

Vol. % i 2
Sample Crystal Size (hnm)  Sggr(m°/g)
Tetragonal
ZA 0 2 210
ZA 500°C 0 8 65
ZA 800°C 0 17 22
5WZA 0 213
5WZA 500°C 0 109
5WZA 800°C 0 10 51
10WZA 0 3 222
10WZA 500°C 0 137
10WZA 800°C 13 10 57

area of the materials prepared under acidic conditions are compiled
in Table 1. The non-annealed materials present similar BET surface
area values of ca. 220 mz/g. Upon annealing, small crystal sizes and
large areas are best preserved for higher W contents. This trend can
be explained by the presence of WO, surface species, which inhibit
the surface mobility of Zr and O species on zirconia, thus limiting
the sintering process and keeping high surface area values.’
Another explanation might arise from the stabilizing effect of W
species which substitute hydroxyl groups and defects at the
surface.”

The thermal evolution of the materials synthesized under basic
conditions is different. The as-synthesized non-doped sample (ZU)
mostly occurs in a tetragonal phase (89 vol. %). However upon
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annealing, the monoclinic phase becomes the major zirconia
polymorph, with only 36 vol. % of the tetragonal phase remaining at
500°C, while the material is completely monoclinic under the form
at 800°C (Figure S2a and

Table 2). A significant stabilization of the tetragonal phase is
observed in the materials after doping with W species, with 100, 96
and 85vol. % of tetragonal polymorph in 5WZU for the as-
synthesized sample and those annealed at 500°C and 800°C,
respectively (Figure S2b and

Table 2). The material doped with 10% W molar (10WZU) presents
pure tetragonal phase at all temperatures (Figure 2 b and

Table 2). 10WZU was further

Table 2. Volume percentage of the tetragonal phase, zirconia
crystal size calculated by the Scherrer equation and BET surface
areas of the materials obtained by the urea-based synthesis.

Sample Vol. % Crystal Size (hnm)  Sger(m’/g)
Tetragonal

Zu 88 5 137
ZU 500°C 36 8 53
ZU 800°C 0 23 78
5WzU 100 5 172
5WZU 500°C 96 107
5WZU 800°C 84 12 44
10WzU 100 4 298
10WZU 500°C 100 6 140
10WZU 800°C 100 10 67

annealed at 900°C, thus leading to crystallization of monoclinic
WO;, together with the sole monoclinic zirconia (Figure S5).
Moreover, as in the synthesis in acidic conditions, the addition of W
in the sample limits sintering and loss of BET surface area (

Table 2). The W atomic percentage is preserved in all the materials
after the different thermal treatments as measured by ICP-AES
(Table S1), thus pointing out that no W is lost during the calcination
steps.

XRD provides information about the crystalline phase of zirconia
but is not suitable to address the nature of the poorly crystalline
tungsten species. Thus, the samples were characterized by Raman
spectroscopy that is a powerful tool to elucidate the nature of W
species.9 1>

The Raman spectra of tungsten-free ZA and ZU samples calcined at
different temperatures are given in the Supporting Information
(Figure S6). The spectra of ZA show the typical bands corresponding
to monoclinic ZrO, (637 (s), 618 (s), 558, 537 (w), 504, 477 (s), 381,

343, 335, 305, 221 (w), 187 (s) and 177cm™)* at all temperatures.
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The spectra of ZU exhibit the typical bands of both monoclinic and
tetragonal ZrO, (639 (s), 604 (sh), 462 (s), 313 (s), 271 (s) and 149 (s)
cm'l),46 but the tetragonal phase disappears upon temperature
increase, in good agreement with XRD. In the W-doped samples,
the Raman zirconia bands follow also the same tendency observed
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Figure 3. Raman spectra of a) 5WZA and b) 10WZA samples as-
prepared and annealed at 500°C and 800°C.

in XRD. Interestingly, in the range where the bands associated to W
species usually appear (from 700 to 1100 cm'l), significant
differences are found (iError! No se encuentra el origen de la
referencia.).

W-doped ZA samples show a band around 930 cm™ attributed to
the A; mode (v, symmetric stretching vibration) of tetrahedral
W(VI) cations,® ** which shifts towards larger wavenumbers (945
cm™) when the material is annealed at 500°C, probably due to the
condensation of the tungsten species.43 At 800°C, different bands
depending on the W content are detected. Both 5WZA and 10WZA
samples present a band around 965 cm™ corresponding to the W=0
stretching mode, while 10WZA exhibits also two intense bands at
716 and 807 cm™ associated to W-O-W and W=0 stretching modes
of microcrystalline monoclinic WO; species.13’16

In basic conditions (Figure 4), the as-prepared 5WZU and 10WzZU
materials show the previous W-related band at 940 em™ and a new
one at 840 cm'l, which correspond to the A; and F, (v;

This journal is © The Royal Society of Chemistry 20xx
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antisymmetric stretching vibration) modes of tetrahedral W(VI)
cations, respectively. In these samples, we also find at 1050 emta
band attributed to carbonates neutralizing the basic sites
unoccupied by tungstates for low W contents.* At 500°C, this band
at 1050 cm™ disappears while the others remain almost constant,
showing that carbonates are eliminated from the zirconia surface.
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Figure 4. Raman spectra of a) 5WZU and b) 10WZU powders as
prepared and calcined at 500°C and 800°C.

At 800°C, two bands located at 820 and 992 cm™ assigned to W-O-
W and W=0 stretching modes of hydrated interconnecting
polyoxotungstate clusters are visible’ ** *°: From the Raman data,
one can conclude that after annealing at high temperature,
tungsten is better dispersed starting from the tetragonal phase
(WZU samples) rather than the monoclinic one (WZA samples),
since features of molecule-size clusters are still observed in the
WZU samples. This behavior is quite different from Mo species
supported on different zirconia polymorphs in which a better
dispersion of Mo species is obtained on the monoclinic phase,
mainly due to the presence of 2D polymolybdate species.
Meanwhile in the tetragonal phase, crystalline MoOs is observed.
This behaviour also affects the catalytic activity, as a lower Mo
dispersity is detrimental to the catalytic rates in methanol
oxidation.*®

The morphology of the different samples was studied by
transmission electron microscopy (TEM). Under acid conditions, the

This journal is © The Royal Society of Chemistry 20xx
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pure zirconia ZA sample (Figure 5 a) is obtained as rod-like
nanocrystals (10 x 3 nm) agglomerated into 40 nm diameter urchin-
like particles, while well dispersed 5 nm nanoparticles are found in
the pure ZU sample (Figure 5 b). The addition of W in the system
induces slight morphological changes. In acid conditions, small
“quasi-spherical” particles of 4 nm instead of rods are detected
(Figure 6a); these particles agglomerate into slightly denser
aggregates than in the case of non-doped samples. Under basic
conditions, no significant morphological changes occurred upon

Figure 5. TEM micrographs of a) ZA and b) ZU samples as prepared.
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Figure 6. a) TEM micrographs of 10WZA as prepared, b) HRTEM and
HAADF-STEM micrographs (insets) of 10WZA annealed at 500°C and
c) at 800°C

addition of tungsten (Figure 7a). With the thermal treatment,
surface tungsten species become visible in HRTEM in the form of
dark spots in bright field and bright spots in HAADF-STEM, the latter
providing contrast as a function the atomic number. Indeed, the
10WZA sample exhibits small spots at the surface of the 5 nm
zirconia particles after annealing at 500°C (Figure 6 b). The
phenomenon is more apparent after annealing at 800°C (Figure 6 c).
These spots of less than 1 nm are interpreted as the crystalline
monoclinic W0347 phase detected by XRD and Raman spectroscopy

6 | J. Name., 2012, 00, 1-3
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Figure 7. a) TEM micrographs of 10WZU as prepared, b) HRTEM and
HAADF-STEM micrographs (insets) of 10WZU annealed at 500°C and
c) at 800°C

for 10WZA annealed at 800°C.

In the 10WZU sample calcined at 500°C (Figure 7b), small spots are
also visible. According to Raman data, they are attributed to W(VI)
species in tetrahedral coordination. At 800°C, the images show very
small nanoparticles (few angstroms) that could be associated to
polyoxotungstate clusters,” * % in agreement with Raman
spectroscopy.

The dispersion and oxidation state of W of the different samples
were determined by X-ray photoelectron spectroscopy (XPS). The

This journal is © The Royal Society of Chemistry 20xx
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signal of Wy was fitted using two components which correspond to
W (ca. 35.6 eV) and W’" (ca. 34.5 eV) (Figure S7). The ratio
WGJ'/W5+ increase upon increasing the calcination temperature (see
Table S2), this fact is caused because in the as prepared materials
the high dispersion of tungsten atoms in zirconia induce a strong
interaction between zirconium and tungsten which induce high
content of tungsten in the lower oxidation state. Upon heating, the
different tungsten species are formed, decreasing the interaction
with zirconia an increasing the content fo W%, The ratio W/Zr
follows the same trend for 10WZA and 10WZU upon heating. In the
as prepared sample the high dispersion of tungsten atoms in
zirconia and the small size of the particles lead to high W/Zr ratio.
Upon heating at 500°C this ratio decreases because of the
formation of tungsten patches in tetrahedral coordination, doing
zirconium more visible. Finally at 800°C the rartio decreases
because the particles grow to 10 nm and part of the zirconium is
not detected (depth analysis 6.5nm).

The acid type, strength and density were evaluated by adsorption
and desorption of pyridine at different temperatures (Figure S8 and
Table S3). For samples calcined at 500°C (10WZA500 and
10WZU500) only Lewis acid sites are observed with similar density
and strength which may correspond to the acidity of tetrahedral
W(VI). For samples calcined at 800°C (10WZA800 and 10WZU800)
both samples present similar Lewis acid sites at lower desorption
temperature but the strength of this sites in 10WZU are higher.
Moreover much higher Brgnsted acidity and strength are observed
in 10WZU800 compared to 10WZA800. These acid differences may
rely on the different tungsten species present in these materials
discussed above.

Three different materials from the literature were also synthesized
to provide references for the catalytic properties microwave-
derived materials. They are a mixed Sn-W oxide (in a molar ratio
2Sn:1W, denoted SnW-2:1), zirconia doped with W at 10 mol. %
prepared by coprecipitation (denoted 10WZDis), and another W-
doped zirconia with the same W content but obtained from
impregnation techniques (denoted 10WZDep) (see Sl). These
samples were also annealed at 500°C and 800°C.

The XRD pattern of SnW-2:1 (Figure S6a) shows the pure rutile
structure (casiterite, Sn0O,), thus demonstrating that tungsten is
highly dispersed or incorporated into the SnO, matrix, in good
agreement with Ogasawara et al.® Similarly to the microwave-
derived samples, at 800°C, XRD peaks of microcrystalline WO,
appear in the pattern (Figure S9). The as-prepared reference
zirconia samples 10WZDep and 10WZDis are amorphous (Figure S9
b and c). After annealing, the main zirconia phase is the tetragonal
one in both cases. Again, at 800°C, microcrystalline WO; is
detected. Crystal sizes calculated by the Scherrer equation and BET
surface area are compiled in Table S4. The values are similar to
those obtained for the microwave-derived materials, which is of
outmost importance for comparing the catalytic activities.

The results detailed above synthesis
demonstrate that the zirconia crystalline phase can be tuned from
monoclinic to tetragonal by changing the pH conditions (acid to
basic, respectively). In addition, high tungsten doping levels induce
a phase transformation towards the tetragonal phase. Annealing
yields the thermodynamic phase, which is monoclinic zirconia. For
the non-doped samples, the morphology can also be changed from

in  microwave-assisted

This journal is © The Royal Society of Chemistry 20xx

rod-like to more spherical nanoparticles, and from aggregated to
more dispersed systems by changing the pH of the synthesis
medium from acid to basic conditions. For W-doped samples,
different W species have been detected by TEM and identified by
Raman spectroscopy. Their nature strongly depends on the thermal
treatment and the synthesis conditions.

In comparison to 10WZA and 10WZU with the reported references
materials 10WZDep and 10WZDis prepared by impregnation or
coprecipitation respectively, the microwave-assisted synthetic
approach allows obtaining as-prepared nanocrystalline materials of
few nanometers with a controlled morphology. The crystal sizes
measured by XRD are almost twice for the reference materials
compared to those obtained by the microwave-derived route,
independently of the tungsten content and the annealing
temperature (Tables 1, 2 and S1). Consequently, the microwave
route provides a highly dispersed catalyst. Furthermore, adjusting
the pH in the microwave-assisted synthesis provides an efficient
way to tune the nature of the catalytic W sites and possibly the
catalytic activity.

2.2 Formation mechanism of m- and t-ZrO, under microwave
synthesis

The formation mechanism of the nanoparticles was further studied
carrying out the microwave synthesis in the same reaction
conditions, but quenching the reaction medium at different
temperatures and times. The XRD patterns of the different
materials are compiled in Figure S12 and S13. The materials
synthesized in acid conditions at 120°C are amorphous. After 1 min
at 170°C, very weak peaks of the m-ZrO, are superimposed to the
amorphous background. By increasing the reaction time and
temperature (220°C for 1 min and 220°C for 10 min), the XRD peaks
of the monoclinic polymorph become narrower, indicating an
increase in the crystallinity. In the urea-based synthesis, the first
diffraction peaks appear at higher reaction times and temperatures
(170°C/10 min). At 220°C/1min, more defined diffraction peaks are
observed whose intensity increases with temperature and time,
thus leading mostly to t-ZrO,, with m-ZrO, as a minor product.

The different materials were also characterized by Raman
spectroscopy (Figure S14 and S15). The sample treated at low
temperature in the acid route shows broad peaks at 151, 260, 405
and 546 cm™. The two first signals can be assigned to the tetragonal
Zr0, polymorph51 while the two others correspond to hydrolyzed
polymeric zirconium species.‘r’z_55 At higher temperatures, bands
corresponding to m-ZrO, appear, becoming narrower as the
temperature increases while the peak of t-ZrO, is still observed.
This fact indicates that minor amounts of t-ZrO, coexist with m-
Zr0,, although it was not detected by XRD. For the samples
obtained by the urea method, at low temperature the same bands
are observed as for the acid method except the t-ZrO, signal around
260 cm™. Increasing the temperature and time vyields the
appearance of this t-ZrO, peak and other peaks characteristics of m-
Zr0,, in good agreement with the XRD analysis.

TEM (Figure S16 and S17) highlights the evolution of the
morphology of ZrO, synthesized in acid and in urea aqueous media.
For the acid synthesis, at 120°C an amorphous dendritic sol is
observed which still remains at 170°C with denser aggregates
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without any clear morphology. These aggregates could be assigned
as incipient monoclinic nuclei, according to the XRD and Raman
analysis. At this temperature, if the reaction time is prolonged, rod-
like nanoparticles (10 x 3 nm) agglomerated into 40 nm particles
appear, this morphology is preserved when the reaction
temperature is increased to 220°C at different reaction times
(Figure S13). On the other side, the materials obtained with the
urea method remain amorphous until 170°C/10 min where we can
observe some crystalline fringes immersed in the amorphous
particles. Increasing the temperature to 220°C/1min increases the
crystallinity of the sample while the nanoparticles boundaries begin
to be clearly observed. Finally at 220°C/10min well defined
crystalline nanoparticles are obtained.

When ZrOCl,-8H,0 is dissolved in water, cyclic [Zr(OH)2~4H20]48+
tetramers (which consist in four zr*" atoms forming a square linked
by two OH groups, and four molecules of water filling out the
coordination sphere of the zirconium atoms) are the major species
3637 Starting from this soluble precursor, the acidic and
urea synthesis routes lead preferably to m-ZrO, and t-ZrO,,
respectively. It is possible to explain this phase selection by
considering differences in the solubility of Zr species in acidic and
basic media. For the acid synthesis, upon heating, the tetramers
polymerize via hydroxyl binding and olation,*® *° forming an
amorphous hydrous zirconia sol [ZrO,(OH),.yH,0],. Previous
works have shown that the short range order of such amorphous
phase is very close to the structure of tetragonal ZrOz60
(120°C/10min), in agreement with our Raman data (Figure $14).
Upon increasing the temperature and time, the vast majority of Zr
species crystallize into monoclinic zirconia (170°C/1min), the
thermodynamic phase in the synthesis conditions. The
transformation from the amorphous form with the local order of
the tetragonal phase into the monoclinic form is enabled by a
dissolution-recrystallization mechanism through the significant
solubility of zirconium species in acidic media.®! ® For the urea
synthesis, upon heating, urea hydrolyzes to CO, and NH; at
ca. 80°C, thus increasing the pH and leading again to the
precipitation of amorphous hydrous zirconia. In such conditions, the
solubility of Zr species is low.®* ® Hence the amorphous phase
crystallizes by in situ transformation that results in minimal ion
displacements. Consequently, amorphous zirconia with the local
order of the tetragonal phase evolves towards t-ZrO,. The observed
slight amounts of m-ZrO, originate from the non-negligible
solubility that allows partial dissolution and recrystallization of the
thermodynamic monoclinic phase.

in solution.

2.2 Catalytic results

2.2.1 Synthesis of nitriles from aldoximes

The catalytic activity of all the materials was tested in two different
reactions requiring acid catalysis, namely aldoxime dehydration
(Scheme 2) and alkyne hydration (Scheme 3).

In the aldoxime dehydration, pure zirconia (ZU and ZA) show very
poor catalytic activity, with a maximum conversion of ~38% for the
as-synthesized ZA sample. The activity diminishes for the annealed
catalysts down to 10% conversion (for ZU-800). In all cases, the
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materials synthesized by the acid route exhibits slightly higher
activity (~ 5% conversion higher) than those synthesized by the
basic route. In any case, the selectivity toward the cyano product is
not higher than 60%, leading to benzamide or benzaldehyde as by-
products (Scheme S1 and Table S5).

P

L \T/\\“NOH

2

/”.;\\\ ) /CN
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Benzaldoxime Cyanobenzene

Scheme 2: Benzaldoxime dehydration reaction to cyanobenzene
(Cyano).

Table 3 and Table 4 show the catalytic activity for aldoxime
dehydration of the W-doped samples prepared in acid and basic
conditions. For 5WZA (

AR ~._CN
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\_;'}"// \\\///."

Benzaldoxime Cyanobenzene

Scheme 2: Benzaldoxime dehydration reaction to cyanobenzene
(Cyano).

Table 3), the conversion of the oxime is higher as the annealing
temperature of the catalyst increases, but the highest selectivity is
obtained for 5WZA-500 (90%). On the other hand, for 10WZA, the
highest conversion and best selectivity towards the cyano product
(98% and 92% respectively) are obtained for an annealing
temperature of 500°C.

In the samples prepared under basic conditions (Table 4), the
highest activity and selectivity is observed for the catalysts
annealed at 500°C, independently of the W content. A general
tendency in the samples WZA and WZU is that by increasing the
amount of W conversion and the selectivity towards the desired
product increase

% ~.CN

() o (7 o
F N
Benzaldoxime Cyanobenzene

Scheme 2: Benzaldoxime dehydration reaction to cyanobenzene
(Cyano).
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Table 3. Conversion, yield, selectivity and initial rate towards
aldoxime dehydration of X-WZA-Y. Reaction Conditions: Catalyst 50
mg, 0.50 mmol Benzaldoxime, nitrobenzene as standard, 1.5 mL o-
xylene, 150°C, 5h.

X o,y YCyano Sel.Cyano Initial rate/ Sger

Catalysts X Oxime (%) (%) (%) (g/h-mz)

5WZA 53.6 43.7 81.5 0.05
5WZA500 71.0 64.1 90.3 0.14
5WZA800 94.1 78.9 83.8 0.54

10WZA 85.4 76.5 89.6 0.10
10WZA500 97.8 89.7 91.7 0.25
10WZA800 85.0 72.6 85.3 0.39

10WZA500used 97.2 86.3 88.8 -

In the samples prepared under basic conditions (Table 4), the
highest activity and selectivity is observed for the catalysts
annealed at 500°C, independently of the W content. A general
tendency in the samples WZA and WZU is that by increasing the
amount of W conversion and the selectivity towards the desired
product increase.

Notice that by using microwave-assisted synthesis, the best
materials 10WZA500 and 10WZUS500 reach conversions and
selectivities of ca. 98% and 90%, respectively, while all reference
catalysts show lower activity and selectivity (see Table S6).
According to these results, the large amount of hydroxyl groups at
the surface of the as-prepared catalysts appears as detrimental for
aldoxime dehydration. Once these hydroxyls are removed at 500°C,
catalytic results improve, although further annealing at 800°C leads
to a decrease in the activity and selectivity, because of a decrease in
the dispersion and surface area. In addition, the higher the tungsten
content (10 at. %W), the more active the catalyst is.

When normalizing the initial rate versus the BET surface area (

_/""\"\\‘\ P PN _/_,CN
[ NOH ___ I ] + H0
Benzaldoxime Cyanobenzene

Scheme 2: Benzaldoxime dehydration reaction to cyanobenzene
(Cyano).

Table 3 and Table 4) it can be seen that the specific activity of the
materials increases as the annealing temperature increases, despite
the fact that the materials calcined at 500°C are the most active and
selective. This fact can be explained on basis of acidity that presents
these materials, thus the Lewis acid sites and strength that present
10WZA500 and 10WZU500 seems to be the best for this reaction
compared to the acidity that present 10WZA800 and 10WZU800.

Table 4. Conversion, yield, selectivity and initial rate towards
aldoxime dehydration of X-WZU-Y. Reaction Conditions: Catalyst 50

This journal is © The Royal Society of Chemistry 20xx

mg, 0.50 mmol Benzaldoxime, nitrobenzene as standard, 1.5 mL o-
xylene, 150°C, 5h

Catalysts X Oxime Y Cyano (%) Sel. Cyano Initial rate/

(%) (%) Seer (g/h-m’)
5wzu 62.8 49.8 79.2 0.08
5WzU500 80.8 69.9 86.5 0.14
5WzuU800 49.4 39.1 79.1 0.20
iowzu 69.2 58.5 84.6 0.05
10WzU500 98.2 87.6 89.3 0.25
10Wzus800 72.0 60.6 84.2 0.21

10WZU500used 97.9 87.2 89.1 -

Since the crystalline phase of the zirconia is very different in the
(monoclinic form) and basic
conditions (tetragonal form), the zirconia phase does not seem to

materials prepared under acid

play a direct role on the catalytic activity. Taking into account the
structural analysis detailed above, we can conclude that the most
active species for this reaction are the W(VI) species in tetrahedral
coordination, present in both samples annealed at 500°C. For the
as-synthesized samples, which also contain W(VI) tetrahedral
species, the presence of hydroxyl groups and other adsorbed
species (carbonates) at the surface is detrimental to aldoxime
dehydration. Furthermore, both the microcrystalline WO;3
nanoparticles on monoclinic ZrO, and the interconnecting
polyoxotungstate clusters on tetragonal ZrO, detected at 800°C, are
less active than the tetrahedral species.

10WZA500 and 10WZU500 spent catalyst were calcined at 500°C
and its structural and catalytic activities were further studied.
Figure S18 and S19 show the XRD patterns and Raman spectra of
these catalysts. For 10WZA500 no structural differences can be
observe compared to the fresh one while for 10WZU500 small
amounts of most thermodynamically stable monoclinic phase is
observed in Raman spectra which is not visible by XRD. The catalytic
activity of these materials are almost identical than the fresh
catalysts (Table 3 and Table 4)

The reference samples (Table S6) show lower activity than our
microwave-synthesized materials. Comparisons are arduous with
the Sn-W oxide that shows a totally different structure, but in the
case of W/ZrO, prepared by coprecipitation and
impregnation methods, the materials exhibit similar tetragonal
phase and Sggr area as the microwave-derived WZU materials.
However, reference samples show larger zirconia crystallite sizes.
These results suggest that the increased size of ZrO, crystallites is
detrimental to the W dispersion and therefore for the catalytic
activity and selectivity.

samples

2.2.2 Hydration of alkynes

The catalytic activity of all materials was also tested for the
hydration of alkynes, and more specifically for hydration of
phenylacetylene (Scheme 3).

In this reaction, only W-doped zirconias annealed at 800°C showed
good results (Table 5). The best activity (98%) and selectivity (89%)
were obtained with the 10WZU-800 sample (100% t-ZrO,). The
sample 10WZA800 (87% m-Zr0O,) exhibits lower activity, which
indicates that the tetragonal phase is more favorable for the
catalysis of phenyl acetylene hydration.
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10WZU800 spent catalyst calcined at 800°C presents a small
amount of monoclinic zirconia not observed in the fresh
catalyst(Figure S18 and S19), moreover some WOy evolves to
crystalline WO;. The catalytic activity suffers a slight decrease
probably caused by these structural changes.

The reference materials also show activities and selectivities as
good as for the 10WZU-800 sample (Table S7). SnW 2:1 annealed at
800°C presents lower selectivity toward the desired product (84%),
even with 3 times larger amount of W than the microwave-derived
materials. The good results of the 10WZDep800 and 10WZDis800
samples point out that the tetragonal phase has a clear beneficial
role on this catalysis.

Z

H0 —

Phenylacetylene Acetophenone

Scheme 3: Hydration of phenylacetylene.

Table 5. Conversion, yield and selectivity towards acetophenone in
hydration of phenylacetylene of X-WZA-Y and X-WZU-Y samples.
Reaction conditions: Catalyst 50 mg, 0.50 mmol Phenylacetylene,
2.5 mmol water, dodecane as standard, 1.5 mL cyclooctane, 95°C, 5
hours.

Journal Name

good agreement with previous works reporting that the activity of
materials prepared by impregnating tungsten salts over crystalline
monoclinic zirconia is much lower than those impregnated in the
hydrous support,12 % Wwhich develops tetragonal phase upon
annealing. In order to confirm this hypothesis, pure monoclinic and
tetragonal ZrO, were synthesized,46 wet impregnated with 10 wt. %
of a W salt and annealed at 800°C (10WZM800 and 10WZT800
respectively). Figure 8 shows that the most active material in this
reaction is 10WzZU800, followed by 10WZT800, 10WZA800 and
10WZM800. By plotting the yield of acetophenone versus the
tetragonal phase percentage (Figure 9), one can observe that the
catalytic activity increases with increasing content of tetragonal
Zr0O,, thus confirming the primary role of this polymorph.

100 4

10WZU800

& - 10WZT800
g
3 0 L 10WZA800
[
g 40 o
_g. .
2 10WZ1800
8
< 204

A
o

T T T T T T
2 3 4 S

Reaction Time (hours)

o4

Figure 8. Kinetics plots for the hydration of phenylacetylene.
Reaction Conditions: 0.5 mmol of phenylacetylene, 2.5 mmol of
water, 1.5 Ml of cyclooctane, dodecane as standard and 95°C.

100

X Phenylacetylene Y Acetophenone  Sel.Acetophenone

Catalyst

80

(%) (%) (%)

5WZA800 16.9 11.7 68.9
10WZA500 6.2 0.2 25
10WZA800 65.5 55.7 85.0
5WZU800 436 37.4 85.8
10WZU500 10.4 0.7 7.1
10WZU800 97.7 87.4 89.4
10W2l2800use 99.3 83.0 83.6

Pure zirconias and W(VI) species in tetrahedral coordination are not
active in the alkyne hydration, probably due to the highly acidic
character required for the catalyst to activate this reaction. Even at
800°C, where 10WZA800 and 10WZU800 samples behaves like a
strong acid®® 41, their activities are different. The material with the
tetragonal phase (10WZU800) is the most active. This behavior is in
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Acetophenone Yiled (%)
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Figure 9. Acetophenone yield (reaction time 5 hours) as a function

of tetragonal ZrO, content.

influence of the zirconia
Au,% Ag,67 Rh,%® and Mo™*

Several authors have studied the
. 63-65
polymorphs in supported Cu,
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catalysts. According to these studies, the species isolated on the
tetragonal polymorph tend to exhibit a more cationic character
than those isolated on the monoclinic phase with a higher metallic
character. The reason for this trend lies in the presence of anion
vacancies in the metastable tetragonal polymorph originating from
the introduction of trivalent or divalent ions.”® As a consequence,
the more ionic character of the tetragonal polymorph induces
higher Lewis and Brgnsted acidity63 (see Figure S8 and Table S3)
than in the more covalent monoclinic structure. Thus the more acid
species stabilized over the tetragonal zirconia could explain the
higher activity in the hydration of alkynes.

The better activity of 10WZU800 sample than 10WZT800 reference
(both pure t-ZrO,) reveals differences in the active W-based
clusters. According to the previous work of Kiely and co-workers,*
the catalytic active species in the alkane isomerization reaction are
0.8-1 nm WO, clusters incorporating some Zr(IV) cations. In our
experiments, the species for alkyne hydration are
interconnected polyoxotungstate clusters on t-ZrO,. We suggest
that the technique the partial
incorporation  of cations these small
polyoxotungstate clusters. Indeed, the high heating efficiency of
microwave heating levers the different reactivities of zirconium and
tungsten soluble precursors. Consequently, the formation of mixed
Zr-W oxide frameworks is more likely than in conventional heating
with slower heating ramps and nucleation rates. As a consequence,
both the predominance of the tetragonal crystalline zirconia phase
and the presence of Zr-W oxoclusters would be responsible for the
improved catalytic properties of the microwave-derived 10WZU800
catalyst in the hydration of alkynes.

active
microwave-assisted allows

zirconium within

3. Conclusions

To conclude, different W-ZrO, materials were synthesized by a
microwave-assisted aqueous route for the first time. The variation
of different synthetic parameters (pH of the reaction medium, the
W- doping level, further thermal treatment..) allows obtaining
selectively zirconia in its tetragonal or monoclinic polymorphs. This
results in a change in the nature of the tungsten species dispersed
on the ZrO, nanoparticles.

The performances of these materials as catalysts were tested for
the aldoxime dehydration and alkyne hydration reactions and
compared with reference materials. For the aldoxime dehydration,
the most active materials were those having W(VI) species in
tetrahedral coordination, mainly found in samples annealed at
500°C, and the zirconia polymorph did not show any significant
impact on the activity.

On the contrary, in the alkyne hydration, the active species seem to
be the interconnected polyoxotungstate clusters and
microcrystalline WO3 supported on the tetragonal polymorph,
which are more acid than the W species supported on monoclinic
zirconia. This strong effect may arise from the more ionic character
of the tetragonal phase compared to the monoclinic one, which
exacerbates the acidic character of supported W species.
Furthermore, the microwave-assisted methodology seems to
facilitate the incorporate of zr* ions in the WO, clusters located on
the tetragonal polymorph, thus resulting in highly active mixed
cationic active sites.

This journal is © The Royal Society of Chemistry 20xx
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