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Solvothermal synthesis of VO, nanoparticles with
locally patched V,05 surface layer and their
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Vanadium oxides are promising oxidation catalysts because of their rich redox chemistry. We report the
synthesis of VO, nanocrystals with VO,(B) crystal structure. By varying the mixing ratio of the components
of a binary ethanol/water mixture, different VO, nanocrystal morphologies (nanorods, -urchins, and
-sheets) could be made selectively in pure form. Polydisperse VO,(B) nanorods with lengths between
150 nm and a few micrometers were formed at large water : ethanol ratios between 4:1 and 3:2. At a
water : ethanol ratio of 1:9 VO, nanosheets with diameters of ~50-70 nm were formed, which aggre-
gated to nano-urchins with diameters of ~200 nm in pure ethanol. The catalytic activity of VO, nanocrys-
tals for the oxidation of alcohols was studied as a function of nanocrystal morphology. VO, nanocrystals
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with all morphologies were catalytically active. The activity for the oxidation of benzyl alcohol to benz-
aldehyde was about 30% higher than that for the oxidation of furfuryl alcohol to furfural. This is due to the
substrate structure. The oxidation activity of VO, nanostructures decreases in the order of nanourchins >
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Introduction

Multivalent transition metal oxides (TMOs) display a wide
range of intriguing and useful properties.'™ The ground state
in TMOs is dictated by the valence state of the transition metal
cations. In particular, the interplay between spin, orbital,
charge, and lattice degrees of freedom has been studied in this
category of solids with partially filled d-band.>® Vanadium
oxides are prototypical examples of multivalent TMOs with
strongly correlated electrons.””® They can undergo reversible
metal-insulator phase transitions accompanied by changes in
their crystallographic, magnetic, optical, and electrical
properties.” *° Electron-lattice interactions and electron-elec-
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tron correlation modify the properties of vanadium oxides for
a variety of applications as chemical sensors,'' electrode
materials for lithium batteries,">™** capacitors and super-
capacitors,® for electronic and optical® devices, and in particu-
lar in heterogeneous catalysis.>'®*® They are used for the pro-
duction of important chemicals (e.g., sulfuric acid, phthalic
anhydride) and in the alleviation of environmental pollution
(e.g., nitrogen oxides from power plant flue gas)."* "

The high catalytic activity of V-oxides can be attributed to
the ability of vanadium to easily switch between its V¥, v**
and V>* oxidation states under the respective reaction con-
ditions®* and to the presence of unsaturated surface coordi-
nation sites, which represent oxygen-deficient defects that
allow reactions involving bulk oxygen atoms.”**”>® Oxide sur-
faces undergo restructuring and can exchange oxygen atoms
with the environment in ways that are difficult to predict.>”*®
VO, in particular is a catalyst for the desulfurization of diben-
zothiophene,” the oxidative dehydrogenation of propane® or
the electrochemical reduction of trinitrotoluene.**

Nanocrystals can serve as model catalysts with defined
surface structure to study the structure-property relationships
of powder catalysts. Apart from the oxidation state and crystal-
linity of vanadium oxide catalysts there are a variety of vari-
ables such as structure, surface area, morphology, surface

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Preparation of VO, nanoparticles with different morphologies and their catalytic applications in the oxidation of furfuryl alcohol.

wetting and interface interactions.*? Colloidal synthesis allows
the controlled preparation of metal oxide nanocrystals with
defined and uniform morphology. Different facets of a nano-
crystal have different surface energies, surface structures, and
chemical reactivity, which can significantly determine catalytic
performance. By controlling the morphology and size of the
nanocrystals, it is possible to tune the exposed facets and
enhance the catalytic activity and selectivity for a given
reaction.**%*3*

The activities of nanostructured VO, catalysts have been
reported as a function of crystal morphology, crystal size and
surface area.>>>® Most of these studies, however, have been
carried out with Magneli-type vanadium oxides such as
V0241 (V305, V40, and V¢0,3),” whereas morphology-depen-
dent catalytic properties of VO, NPs have rarely been
reported.” Several routes have been reported for the synthesis
of VO, and other vanadium oxide nanocrystals.>”*° The most
common ones are based on hydro- or solvothermal tech-
niques.*' The choice of the solvent controls the reactivity, solu-
bility and the diffusion of the precursors.*” In binary solvent
mixtures these factors can be tuned accurately and inde-
pendently. This allows the preparation of nanocrystals with
different morphologies, e.g., spheres,”*>  rods,**™*
sheets,>®>* and urchins®"*> only by varying the volume ratio
of the solvents.”®

Sheet- and urchin-like morphologies are the most promising
options for large surface areas, but the morphological effects
can be offset by the particle size. Often the crystallites are
several hundred nanometers in diameter. This leads in total to
a significant reduction of the surface area. Therefore, a syn-
thesis of nanometer-sized urchins and sheets is highly desir-
able. This requires the reactivity during the reaction to be fine-
tuned to prevent uncontrolled aggregation into larger particles.

This journal is © The Royal Society of Chemistry 2024

Here we describe the solvo-/hydrothermal synthesis of
VO,(B) nanorods and VO, nanosheets and -urchins. Therefore,
the effect of solvent, especially the impact of chain length of
aliphatic alcohols and the composition of binary mixtures on
morphology and phase of VO, nanoparticles was explored sys-
tematically. The catalytic activity of VO, nanoparticles with
different morphology and active surface area was tested for the
oxidation of benzyl alcohol to benzaldehyde and furfuryl
alcohol to furfural as a model reaction (Scheme 1). To the best
of our knowledge, this is the first investigation of the catalytic
properties of VO, nanoparticles in oxidation reactions as a
function of particle size and morphology.

Results and discussion

The morphology of the nanoparticles was controlled by the
reaction conditions, ie., by the solvent composition in the
solvothermal reaction.”””® For this purpose, the synthesis of
vanadium oxide nanoparticles was carried out in water/
ethanol mixtures with different mixing ratios. The other reac-
tion variables (reaction time, temperature, amount of pluronic
capping agent and the concentration of the output compound)
were kept constant.

The electron micrographs in Fig. 1 show that the mor-
phology of the VO, nanoparticles is determined by the compo-
sition of the solvent mixture. The ratio of water to ethanol was
systematically varied between 0% (pure water) and 100% (pure
ethanol). Nanorods with very different aspect ratios formed in
water (Fig. 1a). The length of the rods varied between 150 nm
and several micrometers, while the width was between 20 and
200 nm. At water to ethanol ratios of 4:1 (20 mL:5 mL,
Fig. 1b) and 3:2 (15:10 mL, Fig. 1c), the morphology was
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Fig. 1 TEM micrographs of the reaction products with different water : ethanol ratios. (a) pure water (25 mL: 0 mL), (b) 4:1 (20 mL:5 mL), (c) 3:2
(15 mL:10 mL), (d) 2:3 (10 mL:15 mL), (e) 1:4 (5 mL:20 mL), (f) 1:9 (2.5 mL:22.5 mL), (g) 1:49 (0.5 mL:24.5 mL), (h) 1:82.3 (0.3 mL:24.7 mL)

and (i) pure ethanol (0 mL:25 mL).

similar (nanorods), but the rods were significantly smaller and
less polydisperse than when synthesized in pure water. Their
width was in the range between 20 and 80 nm and their length
between 100 and 220 nm. There was no visible difference in
the morphology of the nanorods from water : ethanol mixtures
between water : ethanol ratios of 4:1 and 3:2. The particles
remained rod-like for higher ethanol concentrations. However,
their polydispersity increased again (Fig. 1d, water: ethanol
ratio 2: 3). At a water : ethanol ratio of 1: 4, the rods agglomer-
ated into disordered bundles (Fig. 1e), and at a ratio of 1:9,
nanorods no longer formed. The particles became increasingly
isotropic but without defined morphology (Fig. 1f).

At high ethanol concentrations (water : ethanol < 1:49), a
significant change in morphology occurred, and sheet-like
nanocrystals with a narrow size distribution were formed
(Fig. 1g and h).

The morphology of some nanoparticles in Fig. 1g is remi-
niscent of structures obtained at a water—ethanol ratio of 1:9
(Fig. 1f). In both cases, the diameter of the sheets was about
50-70 nm. The thickness of about 5 nm can be deduced from
some sheets that were oriented vertically on the grid acciden-
tally. Nanoparticles synthesized in pure ethanol have urchin-
like morphologies with a total diameter of about 200 nm
(Fig. 1i), as illustrated in Fig. 2. The wet chemistry methods
used for the synthesis of nanoparticles are ideal to control

3134 | Dalton Trans., 2024, 53, 3132-3142
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Fig. 2 Schematic representation of the morphological relation between
the sheets and urchins.
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the morphology, size and composition. In particular, hydro-
thermal/solvothermal methods*®®° where the solubility and re-
precipitation of the precursors define the number of nuclei
and the growth (size) of particles, can be utilized to control
size and morphology. We used pure water (high dielectric con-
stant) as solvent, resulting in a medium of low supersatura-
tion, leading to a small number of nuclei and the formation of
larger particles (nanorods). However, a gradual increase of the
amount of ethanol (low dielectric constant that provides a
medium with high supersaturation), the number of nuclei
increases and ultimately results in small size particles sizes.
Using pure ethanol, where the number of nuclei is highest,
these nuclei combine to form nano-urchins to compensate

This journal is © The Royal Society of Chemistry 2024
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their surface energy. Basically, a single urchin consists of
several sheets that agglomerate in a random manner.
Therefore, the crystallinity of the resulting particles is very low
as indicated by the very broad diffraction intensities (Fig. 3,
vide infra). The driving force for this agglomeration could be
the different colloidal stability of the sheets depending on the
solvent. Moreover, the sheets that compose the nano-urchins
were smaller than free-standing sheets, thereby favoring aggre-
gation. Thus, the composition of the solvent mixture is an
effective means of controlling the morphology of vanadium
oxide nanoparticles. By varying the water : ethanol ratio, three
different morphologies - rods, sheets, and urchins (resulting
from sheet agglomeration) - could be made in a reproducible
fashion. We note that the surfactant F-127 helps to obtain well
dispersed (but not porous) nanoparticles as indicated by the
TEM images in Fig. S1.f The morphology of the nanoparticles
was primarily controlled by using different ethanol:water
ratios.
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Fig. 3 Powder X-ray diffraction patterns of the reaction products pre-
pared with different water : ethanol ratios. (a) Pure water (25 mL: 0 mL,
VO, nanorods), (b) 4:1 (20 mL:5 mL, nanorods, less polydisperse), (c)
3:2 (15 mL:10 mL, nanorods, less polydisperse), (d) 2:3 (10 mL:15 mL,
nanorods, more polydisperse), (e) 1:4 (5 mL:20 mL, nanorods agglom-
erated into disordered bundles), (f) 1:9 (2.5 mL:22.5 mL, isotropic
nanoparticles, no distinct morphology), (g) 1:49 (0.5 mL:24.5 mL,
sheet-like nanoparticles with narrow size distribution), (h) 1:82.3
(0.3 mL:24.7 mL) and (i) pure ethanol (0 mL: 25 mL, sheets agglomerat-
ing to urchin-like morphologies).

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 shows the PXRD patterns of the products prepared at
different water : ethanol ratios. The diffractograms of the pro-
ducts prepared with water and water : ethanol ratios between
5:1 and 1:4 show the reflections of VO,(B) (JCPDS 812392,
Fig. 3a-e). Some reflections display sharper profiles than
others. This is indicative of strongly anisotropic crystallites, as
the crystallite size is inversely proportional to the full width at
half maximum (fwhm).®"*> Anisotropic crystallite sizes are in
good agreement with the rod-like morphology of the nano-
particles (Fig. 3a-e), where the reflections should be sharper
along the lattice direction associated with the long axis of the
rods. For the rods obtained in pure water, the 00!/ reflections
are weak. For the product obtained at a water : ethanol ratio of
1:9 (Fig. 3f), there or virtually no resolved reflections i.e., the
intensities of the X-ray diffraction patterns are extremely broad
(compared to the diffractograms in Fig. 3a-e). The principal
reflection is roughly at the same 26 value as that for VO,(B),
indicating that the main product is also VO,(B), albeit with
very low crystallinity, i.e., no long range order.

The PXRD patterns of the sheet-like products prepared with
an ethanol excess (water-ethanol ratio < 1:49, Fig. 3g-i) also
show broad reflections, indicating a low crystallinity. However,
the weak reflection at 20 = 15.7° in Fig. 3g and h, which is not
present in the sample prepared from pure ethanol, does not
match the diffraction pattern of VO,(B). Its position roughly
corresponds to the stacking separation of layers in the struc-
ture of layered vanadium oxides (like V,05), although no other
reflections of V,05 are present. This might be compatible with
the formation of a second phase which may be present as a
surface (mono)layer on the crystallites of VO,(B), but might
also be due to the sheet-like structure. The remaining broad
intensities match in essence the diffraction pattern of VO,(B),
indicating that it is still the principal phase, although the
reflections are also very broad and weak. The diffractogram in
Fig. 3i is again not well defined, and the broad reflections are
in harmony with the morphology of the particles seen in the
TEM images (Fig. 3g-i). These products are made up of nano-
structures with thin layers forming sheets or urchins. Typical
for layered structures (stacked in a random manner) are broad
reflections with partial overlap. The overall crystallinity of the
samples is very low, resulting in weak scattering (and broad/
weak reflections). Due to the poor crystallinity and the lamellar
morphology it was difficult to clearly assign individual reflec-
tions and to assign the crystalline phase unambiguously. The
change in morphology from rod- to sheetlike structures
observed in the TEM would be compatible with a change in
crystal structure of VO,(B) to a sheet-like structure and possibly
the formation of a surface layer containing fragments of the
V,0s structure. This assumption would also be in harmony
with a Raman band at ~990 cm ™" (Fig. 5, vide infra) that indi-
cates the presence of polymeric V,05°>%* containing distorted
VOs pyramids sharing edges and corners as structural motif,
while VO, (whose structure is based on edge-sharing VO, octa-
hedra) is responsible for the remaining bands.*”

This might arise from a “monolayer” of V,05 on the surface
of the VO, nanocrystals (that does not show up in the X-ray
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diffractograms due to the absence of long-range order).
Although the XPS spectra (Fig. 7, vide infra) could indicate that
vanadium remains in oxidation state +4 (V 2p at 516.9 eV) con-
sistent with a VO, composition the V 2p signals of V** and V**
are to close (516.3, 517.3 eV)®° to allow for a clear distinction.

The VO, nanorods, -sheets and -urchins were characterized
by Raman spectroscopy (Fig. 5). The Raman spectrum of the
nanorods shows bands at 283 and 406 cm™ that can be
assigned to V-O bending vibrations. The band at 477 cm™
belongs to the V-O-V bending vibration, and the broad peak
at 526 cm™" corresponds to the stretching mode of triply co-
ordinated V5-O. The V,-O band is located at 695 cm™* whereas
the V-O stretch appears at 878 cm™'. Additionally, there is
another band at 929 cm™ which is attributed to a (local, i.e.,
defect-related) V**=0 moiety.®”

The strong Raman peak at 995 cm™
the V-O stretching mode of a V,0; surface layer.
the Raman and X-ray data corroborate that the principle phase
of the rods is VO,. The different signal-to-noise ratios between
sheets and urchins on one hand and rods on the other hand
are due to different filters. The nanosheets and -urchins
decompose under the measurement conditions for the rods.
Therefore, the radiation intensity is lower for the sheets and
urchins, while no peaks were observed for the rods. Since the
local structure of the phases crystallizing in sheet and urchin
form is not complete from the PXRD and the vibrational
spectra, it remains difficult to assign the bands and phase
identity unambiguously. Both, urchins and sheets, exhibit
their strongest band at the same wavenumber (855 cm™*). This
position is typical of a V-O stretch. Additionally, a weak band
appears at 366 cm™ ', which is due to V-O bending modes.”
The Raman spectra suggest in agreement with the PXRD and
IR data that the sheets and urchins have the same structure,
because they show the same characteristic bands. The differ-
ence in fwhm of the VO, urchins and sheets is due to their
respective morphology. The urchins show a higher degree of
disorder as the petals are randomly oriented which in turn
leads to a strong peak broadening in the Raman spectrum.

To further characterize the nanosheets, their composition
was examined by energy dispersive X-ray spectroscopy (EDX,
Fig. 6a). EDX confirms the presence of vanadium, oxygen,
carbon and copper in the sample. The copper signal is from
the copper grid on which the sample was measured. In
addition, the carbon signal is likely caused in part by (i) the
carbon coating on the grid. The carbon signal further orig-
inates (ii) from the organic components that serve as capping
agents for the nanoparticles. The FT-IR spectrum of the sheets
shows the presence of alkyl groups (Fig. 4). Therefore, the
layers are composed of vanadium and oxygen, while part of
the carbon signal likely originates from the ligands covering
the nanoparticles. Fig. 6b shows a dark field image of the
nanosheets with a size between 50 and 70 nm. Here, upright
sheets with a thickness of 5 nm can be seen. Some electron
diffraction patterns of the sheets are shown in Fig. 6c and d.
Fig. 6¢ shows the patterns within the sheet layer. The sheet
spacings are 6.6 A and 23.8 A (compatible with the VO,(B)

1

might be caused by

63,64,68,69 still,
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Fig. 7 XPS data of VO, nanorods (black), VO, nanosheets (red) and
-urchins (green).

structure'®) with systematic extinctions along the short axis. A
diffraction pattern from the side of a platelet is shown in
Fig. 6d, which shows spacings of 14.7 A. Overall, the reflections
are very broad, and the crystallinity of the associated phase is
very low. Therefore, it was not possible to determine the cell
parameters of the VO, sheets by electron diffraction, especially
since the material is radiation sensitive. The sheets (with the
organic surface ligands) decompose under the beam. Either
bubble formation or hole etching occurs as in Fig. 6e (red
circle), which prevents a structure determination by automated
diffraction tomography (ADT).”*"”?

Finally, the oxidation state of the vanadium atoms in the
vanadium oxide nanoparticles was determined by XPS spec-
troscopy. In the XPS spectra (Fig. 7), the oxidation state of the
respective atoms determines the peak position via the electron
binding energies (or electron work functions). The nanorods,
-urchins, and -sheets show the vanadium 2p peaks at 516.4 eV.
The assignment of oxidation states (V** vs. V°*) based on XPS
data is not unambiguous, because the V 2p signals of the
different oxides may appear at similar energies (516.3,
517.3 eV) and the value for the nanorods, -urchins, and -sheets
(516.4 eV) is in between. Moreover, the oxygen 1s peak (530 eV)
which could not be deconvoluted agrees for the three particle
types, i.e., nanorods, -urchins, and -sheets contain vanadium
in the same oxidation states. Since the phase identity of the
crystalline fraction of the nanorods is assured from the PXRD
diffractograms and the Raman spectra, (Fig. 3 and 5) the
urchins and -sheets also contain V**, i.e., VO,. The positions of
the vanadium 2p (516.9 eV) and oxygen 1s orbitals (530 eV)
agree with literature data for the respective bands.”*””

Catalytic evaluation

Many partial oxidation catalysts in industrial applications are
based on vanadium and molybdenum oxides.>'*!** The
partial oxidation of alcohols is particularly well studied
because the resulting aldehydes and ketones are important
and reactive intermediates in industrial chemistry. Highly
active catalysts have been developed and optimized mostly

This journal is © The Royal Society of Chemistry 2024
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empirically by high-throughput methods. The structure of
these catalysts often consists of several cooperating phases.
Moreover, the structure of the surface, where the catalytic reac-
tion proceeds, is rich in structural defects and structurally
different from the bulk. Therefore, nanoparticles with a large
variety of possible active surface sites are interesting targets
for experimentation. They are also difficult to prepare in pure
form by high-throughput reactions. In this context, VO, nano-
particles with different morphologies are interesting model
systems.

Here we investigate the effect of particle morphology on the
catalytic performance of the VO, nanoparticles. All three mor-
phologies, i.e., VO, nanorods, -sheets, and -urchins were used
as catalysts for the oxidation of two model compounds, benzyl
alcohol and furfuryl alcohol. The experimental procedure for
the oxidation of alcohols and GC chromatogram showing
product purity of furfuryl alcohol and benzyl alcohol oxidation
using VO, nano-urchins is shown in the ESI Fig. S2 and S3.1
Oxidation reactions were performed under identical conditions
reaction temperature 150 °C with O, gas as oxygen source for
comparison. All three VO, particle morphologies were active
for the oxidation of benzyl alcohol to benzyl aldehyde. The
results in Table 1 show that the catalytic efficiency is mor-
phology dependent. VO, nano-urchins showed highest yield
(~100%) and a specific activity of 3.01 mmol g' h™". VO,
nanorods showed the lowest yield of ~71% with a specific
activity of 2.13 mmol g~' h™'. VO, nanosheets yielded a
slightly lower conversion (87%) than urchins. For the oxidation
of furfuryl alcohol to furfural the catalytic activity was signifi-
cantly lower (Table 2) with a maximum conversion of ~67%
for the urchin morphology. Still, the trend in terms of mor-
phology dependence remained. VO, urchins showed the
highest conversion (67%), VO, nanosheets a slightly lower con-
version of ~60%. while the lowest conversion (~33%) was
achieved with VO, nanorods. The lower product conversion
during the oxidation of furfuryl alcohol compared to that of
benzyl alcohol can may be attributed to the O heteroatom in
the furfuryl ring system.

Surface area analysis (using multipoint BET measurement)
shows the correlation between the catalytic activity of the VO,
nanocatalysts and their surface area. VO, nanorods have a
surface area of 21.7 m”® g~ measured, which is within the
typical size range for nanorods.”® The surface area of the
urchins and sheets is significantly higher (124.6 and 73.9 m?
g7, respectively) due to their higher surface-to-volume ratio.
Specifically, the surface area of the VO, urchins is remarkably

Table 1 Morphology-dependent catalytic performance of VO, NPs for
the conversion of benzyl alcohol to benzaldehyde

Benzyl alcohol — Benzaldehyde

Morphology (VO, NPs) Conversion (%)

Nano-urchins 100
Nanosheets 87
Nanorods 71
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Table 2 Morphology-dependent catalytic performance of VO, NPs for
the conversion of furfuryl alcohol to furfural

Furfuryl alcohol — Furfural

Morphology (VO, NPs) Conversion (%)

Nanourchins 67
Nanosheets 60
Nanorods 33

high compared to the reported surface areas of sheet- and
urchin-like particles. Xu et al.”’ synthesized urchin-like V,05
particles with a surface area of 48.57 m* g™*, while Pan et al.”®
obtained flower-like V,05 with a surface area of 33.64 m? g n
The differences in surface area are due to the difference in the
overall size of the particles, which was in the nanometer range
for the VO, urchin-type particles, while the diameters of the
particles reported in the literature are in the micrometer
range. Another factor is the thickness of the “petals”. The
thinner the petals, the larger the surface area. Pang et al.”®
obtained flower-like V,0o microparticles with a specific surface
area of 107.9 m” g™, which can be attributed to the thin layers
of 2 nm. The surface areas of nanoparticles are usually much
larger than those of bulk vanadium oxides (e.g., V,O5 with
8.4 m> g™"). When correlating the surface areas with the cata-
lytic performance, the catalytic performance is high with
increasing surface area. The highest conversion of alcohol to
aldehyde is obtained for urchins and sheets, while the lower
active surface area of nanorods entails a lower conversion. For
all morphologies there are indications for surface layers with
local V,0Os-type characteristics (without long-range order).
Since these surface layers with local V,0s-type moieties but
without translational symmetry are present on all surfaces,
they affect the catalytic activity of the VO, particles in a com-
parable way. To confirm that enhanced catalytic activity is
related to VO, nanomaterials with traces of V,05; surface
patches (VO,/V,05 hybrid) and not just due to the surface V,0s
layer, we provide a comparison based on previous reports.®*
(Table S1t). The results in Table S17 show that, depending on
their morphology, VO, nanomaterials with patches of a V,05
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surface layer exhibit better catalytic activity than pure V,0s
nanoparticles as well as V,0s nanoparticles on different
support surfaces.

The turnover number (TON) and turnover frequency (TOF)
for the three different morphologies of VO, nanocatalysts are
also compiled in Tables 1 and 2. For the oxidation of benzyl
alcohol to benzaldehyde, the TON and TOF values range from
9.97 to 7.08 and from 2.49 to 1.77 h™", respectively. For the oxi-
dation of furfuryl alcohol to furfural, the values are 8.00-3.94
and 2.00-0.99 h™", respectively. Urchin-like VO, nanoparticles
had the highest, VO, nanorods the lowest TON and TOF
values. The results are illustrated in Fig. 8 and 9. The re-
usability of the VO, nano-urchins, the best catalyst, was investi-
gated in five cycles. The catalyst was essentially stable (activity
decrease from 100% to ~96%, Fig. 9). The VO, materials are
structurally stable as shown by the X-ray diffractogram
(Fig. S47) of the VO, nanourchins measured after the catalytic
application.

Based on the catalytic results obtained, we propose a poss-
ible reaction mechanism for the oxidation of alcohols over the
VO, nanocatalysts (Fig. S51). The adsorption of alcohols on the
surface of nanocatalysts occur in the beginning of the catalytic
cycle. Subsequently, breaking of O-H bond and loss of a
proton may lead to the formation of VO,-alkoxide on the

[
» )] -]

(=] o o 8
i i i i

Conversion (%)

N
(=]

Fresh Reuse 1 Reuse 2 Reuse 3 Reuse 4 Reuse 5

Number of times of reuse

Fig. 9 Catalytic performance of VO, nano-urchins when reused.

= Benzyl alcohol

Turn Over Number (TON)

Nanourchins Nanoplates Nanorods

w

= Furfuryl alcohol

N

Turn Over Frequency-TOF (h-)

o

Nanourchins Nanoplates Nanorods

Fig. 8 TON and TOF values for as-synthesized VO, nanocrystals, (A) benzyl alcohol and (B) furfuryl alcohol.
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surface of the cluster, which is suggested by the DFT simu-
lations in an earlier study.’® In the next step, the released
proton is captured by adsorbed O, on the catalyst surface,
which lead to the cleavage of the C-H bond of a-C. This may
lead to the generation of desired carbonyl compound and
regeneration of the VO, surface (IV).

Conclusion

By simple but very efficient reaction control, VO, nanocatalysts
with different morphologies and activities could be prepared
for the selective oxidation of alcohols to aldehydes. We demon-
strated this by changing the composition of a binary solvent
mixture, which established a facile new hydro-/solvothermal
synthesis of VO, nanoparticles. VO, nanorods were obtained at
water : ethanol ratios between 4:1 and 3:2. Polydisperse
VO,(B) nanorods were formed at a large water : ethanol ratio.
At a water : ethanol ratio of 1:9 and in pure ethanol, aggre-
gates of VO, nanosheets were formed. The formation of these
aggregates may be due to a lack of water leading to aggregation
because of insufficient hydration of the products. The VO,
phase identity was determined by TEM and X-ray diffraction
on powder samples. XPS spectroscopy clearly showed the pres-
ence of V**, thus supporting the VO, phase assignment. Weak
binding of alcohol surface ligands was demonstrated by IR
and Raman spectroscopy. The catalytic activities of VO, par-
ticles in oxidation reactions were investigated using two model
reactions, the oxidation of benzyl alcohol to benzaldehyde and
the oxidation of furfuryl alcohol to furfural. All VO, particles
were catalytically active. VO, particles with urchin-like mor-
phology had the larger active BET surface area and showed the
highest conversion for the oxidation of benzyl alcohol to benz-
aldehyde and furfuryl alcohol to furfural with 100% and 67%
(spec. activities 3.01 and 2.41 mmol g~' h™"). VO, nanorods
showed the lowest conversion with 71% and 33% (spec. activi-
ties 2.13 and 1.19 mmol g~ h™"). The conversion for alcohols
in the presence of VO, particles with sheet-like morphology
was slightly lower (87% and 60%) than for VO, with urchin-
like morphology (spec. activities 2.61 and 2.16 mmol g~* h™).
The differences in catalytic activity can be attributed to the
active surface area of the catalysts as a result of particle size.
The VO, nanocatalysts are reusable; their activity remained
stable even after several catalytic cycles. Our results show that
(i) VO, is a good redox catalyst for the oxidation of alcohols,
and (ii) mixed-valent vanadium oxides of the Magneli-type are
not needed. (iii) The particle morphology has a strong effect
on the catalytic activity of a solid, which for a given compound
is (iv) determined to a large extent by the active surface area.

Experimental
Chemicals

All starting materials were used without further purification.
Pluronic F-127, vanadyl acetylacetonate (98%, VO(acac),), and

This journal is © The Royal Society of Chemistry 2024
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ethanol (p.a.), were purchased from Sigma Aldrich. Benzyl
alcohol (BzOH, 99%), furfuryl alcohol (99%), 1-dodecanol
(98%) and triethylamine were obtained from Acros Organics.

Synthesis of VO, (B) nanorods

In a typical synthesis, 150 mg of pluronic F-127 was dissolved
in 5 mL of ethanol to which 140 mg of VO(acac), was added.
The resulting solution was stirred for 3 h. Subsequently, it was
poured into 20 mL water in a 50 mL Teflon-lined autoclave and
kept at 453 K (180 °C) for 24 h. The products were separated by
centrifugation (15 min, 9000 rpm) and further purified by
washing with 15 mL of ethanol. Finally, the nanoparticles were
precipitated by centrifugation and dried in a vacuum oven at
313 K (40 °C) for 12 h. The product was stored at ambient
temperature.

Synthesis of VO, sheets

To 150 mg of pluronic F127 dissolved in 24.7 mL of ethanol
140 mg of VO(acac), was added, and the resulting solution was
stirred for 4 h. Then, 0.3 mL of water was added, and this solu-
tion was transferred into a 50 mL Teflon-lined autoclave and
kept at 453 K (180 °C) for 24 h. Finally, the products were
washed, isolated and dried in a vacuum oven.

Synthesis of VO, urchins

140 mg of VO(acac), were added to a 150 mg of pluronic F-127
solution in 25 mL of ethanol, and the solution was stirred for
4 h. Subsequently, the solution was transferred into a 50 mL
Teflon-lined autoclave and heated to 453 K (180 °C) for 24 h.
The products were washed, isolated and dried in vacuo.

Synthesis with dodecanol

Pluronic F127 (150 mg) was dispersed in 25 mL of dodecanol
(25 mL) in a water bath at 313 K. 140 mg of VO(acac), was
added, and the solution was stirred for 4 h. Subsequently the
reaction mixture was transferred into a 50 mL Teflon-lined
autoclave and heated to 453 K for 24 h. The brown product
was precipitated by centrifugation (9000 rpm, 10 min) and
washed with 15 mL of ethanol.

Heat treatment of VO, urchins

The dried VO, was heated to 453 K in a corundum boat with a
heating rate of 2 K min~". This temperature was kept for 4 h
before the sample was allowed to cool down at a rate of 2 K

min~ .

Oxidation catalysis

The catalytic oxidations were performed using benzyl alcohol
and furfuryl alcohol as substrates with VO, nanorods, -sheets
and -urchin as catalysts. The reactions were performed in a
100 mL stainless steel autoclave reactor equipped with a
mechanical stirrer. A typical procedure for the catalytic oxi-
dation of alcohol was as follows. The autoclave reactor was
charged with benzyl alcohol (0.61 mmol), trimethylamine
(0.61 mmol), VO, nanorods (0.050 mmol), toluene (15 mL),
and O, (14 bar) and the reaction solution was heated for 4 h at
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150 °C. After completion of the reaction, the catalyst was separ-
ated by filtration. The recovered catalyst was washed with
ethanol (25 mL), dried at 80 °C and reused. To determine the
product selectivity, the liquid products were analyzed by gas
chromatography (GC, 7890A) Agilent Technologies Inc.,
equipped with a flame ionization detector (FID) and a
19019S-001 HP-PONA column.

Characterization

Electron microscopy. All nanoparticles were characterized by
transmission electron microscopy (TEM) using a Philips
EM420 instrument with an acceleration voltage of 120 kV.
Scanning electron microscopic analysis was carried out on a
Zeiss LEO 906e. Sample were prepared by depositing dilute
ethanolic suspensions of the nanoparticles on a carbon coated
copper grid. High resolution (HR) TEM images, and energy
dispersive X-ray (EDX) spectroscopy images were acquired on a
FEI Tecnai F30 S-Twin microscope with a 300 kV field emission
gun.

X-ray diffraction. X-ray diffraction patterns were recorded
with a Bruker AXS D8 Discover diffractometer equipped with a
HiStar detector using graphite monochromatized Cu Ko radi-
ation. Samples were glued on top of glass using a VP/VA copo-
lymer (vinylpyrrolidone/vinylacetate) solution in isopropanol.
Crystalline phases were identified according to the PDF-2 data-
base using the Bruker AXS EVA program suite.

X-ray photoelectron spectroscopy. The samples were
measured with an ESCA from PREVAC equipped with an
SCIENTA R4000 X-ray photoelectron spectrometer using Mg Ko
radiation (330 W, 15 kV, 22 mA).

Infrared and Raman spectroscopy. FT-IR spectra were
measured on a Bruker Tensor 27 spectrometer. The samples
were prepared as KBr pellets. Raman spectra were recorded
using a Horiba Jobin Yvon LabRAM HR 800 spectrometer
equipped with a CCD-detector. The Raman spectrometer was
coupled to an Olympus BX41 optical microscope applying 50x
magnification with a slit width of 100 pm. A HeNe laser with a
wavelength of 632.8 nm and a spot size of 2 x 2 pm was
employed for excitation.

N, sorption experiments. Nitrogen sorption experiments
were performed using a Quantachrome autosorb 6B instru-
ment using N2 as the adsorbate at 77 K. The multipoint
Brunauer-Emmett-Teller (BET) method was used to determine
the specific surface area. All samples were dried in a vacuum
oven for 12 h at 313 K before analysis.
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