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Selective oxidation of alcohols to aldehydes or ketones is a fundamental process in organic chemistry and the
development of green and sustainable transformations are strongly required. Herein, we focused on the devel-
opment of Ru-based catalysts deposited over ceria-zirconia supports (CZRu) for the solvent free oxidation of
benzyl alcohol using air as oxidant, which is a cheap and safe process and meets to the atom economy and
environment requirements. XPS characterization of the material reveals that the formation of RuOy on the
surface is necessary to achieve higher catalytic activity. The activity is strongly related to the reducibility of the
material and to the close interaction between ceria-zirconia and RuOj, with the likely formation of Ru-O-Ce
arrangements. The greater mobility of oxygen due to the formation of bridging oxygens in Ru-O-Ce and to the
formation of superoxide species (O2) over ce3t sites, significantly boosts the selective oxidation of alcohols.
CZRu is a promising material with a remarkable 61% alcohol conversion at 90 °C without solvents; it also ex-
hibits high activity (55% conversion) and complete selectivity (100%) for the selective oxidation of 1-phenyle-
thanol to acetophenone. Overall, the formulation is among the most active reported so far under solvent free
conditions and molecular oxygen. In addition, the reaction over CZRu exhibits an environmental factor (E-factor)
lower than 1 (0.95) confirming the sustainability of the proposed process.

Ceria-zirconia
Sustainable procedure

1. Introduction strategical importance of these reactions, the enhancement of sustain-

able transformations is still a big challenge and great efforts are

Selective oxidation is among the most important reactions in in-
dustrial processes and in particular the oxidation of alcohols to carbonyl
compounds is a fundamental step in synthetic organic chemistry due to
the wide use of these products as precursors and/or intermediates of
numerous compounds such as drugs, vitamins and fragrances [1-4].
Benzyl alcohol oxidation to benzaldehyde has been extensively studied
due to the great importance of benzaldehyde as raw material for a large
number of products [2,5,6]. In addition, benzyl alcohol oxidation is
often use as a model reaction for the oxidation of alcohols [7]. Ho-
mogenous catalysts are widely investigated, but they show several
drawbacks due to the difficult separation and recycling of the catalyst
[8,9]. Recently, several studies on heterogeneous catalysts have been
proposed [2,10-19]. Commonly, alcohol oxidations have been carried
out in organic solvent in the presence of strong oxidants. Due to the
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continually being made to develop aerobic oxidation methods that
combine metal catalysts in solvent-free procedures (to reduce solvents),
occurring in mild conditions (to save energy) and using molecular ox-
ygen (cheap, safe and low-polluting oxidant) [12,20]. In the last thirty
years [21,22], significant efforts have being made to develop greener
processes and numerous green chemistry metrics have been identified to
evaluate the sustainability of the reactions [23]. In this new vision, the
chemical reaction is evaluated in a more global manner, taking into
account several parameters such as the energy consumption, the origin
of the reactants, the kind of solvent, the presence of toxic chemicals, the
amount of waste, etc. [24]. Thus, the E-factor and the mass productivity
[25,26] are suitable green chemistry parameters to compare different
processes in terms of sustainability and environmental impact of our
reaction.
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The E-factor (Eq. (1)) is focused on the quantity of waste that is
produced for a given mass of product [23,27] and it had a main role in
driving waste minimization and resource efficiency and developing
waste-free processes. E-factor is an excellent metric of how green a re-
action is, values closer to 0 indicates the goal of zero waste and more
sustainable and greener process:

mass waste

E — factor = 1
actor mass of desired product M

Mass productivity, MP (Eq. (2)) includes all the reactants, i.e. reagents,
solvents, catalysts, and any other materials used in the reaction. It is the
percentage of the ratio of the mass of the desired product to the total
mass of the reactants. It is defined as the reciprocal converted to a
percentage of the mass intensity (MI). The mass intensity and the E-
factor are related each other through the eq. 3.

MP(%) = mass of desired product x 100 1

=—x1 2
total mass of used materials MI x 100 @

E — factor = MI — 1 3

Ceria-based materials are widely used as a promoter or co-catalyst in
several catalytic processes. The main application is in the automotive
sector, where ceria is used in the three-way catalysts for the removal of
CO, VOC and NOx from gasoline exhaust [28-31]. In addition, ceria,
alone or in combination with transition/noble metals or other oxides, is
exploited in several oxidation or hydrogenation reactions [32-34]. The
key role of ceria in catalysis is mainly related to its oxygen storage ca-
pacity, the ability to reversibly remove/uptake oxygen from the fluorite
lattice [35-37]. Redox properties of ceria could be strongly improved
introducing other elements (such as 7Zr*) to form solid solution by
replacing Ce**in the fluorite lattice [35,38]. Ceria-zirconia solid solu-
tions exhibit higher thermal resistance and enhanced oxygen storage
capacity and are widely used in several catalytic applications [35,
38-40]. Ceria alone has been also used in benzyl alcohol oxidation,
although the activity is rather low [41]. To improve performances, the
deposition of metal or metal oxide nanoparticles over ceria support is a
promising strategy which takes advantage from the redox behavior and
oxygen storage properties of ceria and the potential synergistic effects
between the supported metal/metal oxide and the support. Ruthenium
is a transition metal that has been effectively used in several oxidation
reactions, both homogeneous and heterogeneous, for the treatment of
organic substrates or inorganic pollutants [42-48]. The main purpose of
this work is to immobilize Ru/RuOy species over ceria and ceria-zirconia
supports for the selective oxidation of benzyl alcohol carried out in a
solvent free environment under air atmosphere. The main goal is to
achieve a “greener” process; the measurement of environmental
acceptability of the reaction with the new developed catalysts has been
performed by two green chemistry metrics, the E-factor and the mass
productivity. The idea is that the interfacial area between Ru/RuOy
particles and Ceria can act as a source of active oxygen thanks to the
redox/oxygen storage behavior of ceria and to positive synergic inter-
action between Ce and Ru. The addition of zirconia can further enhance
interaction by promoting oxygen exchange within the support.

2. Experimental
2.1. Catalyst preparation

A sample of commercial ceria (Treibacher AG) was used as received;
ceria-zirconia solid solution of composition Ceq gZry 202 was prepared
by co-precipitation of a solution of cerium and zirconium nitrate (Trei-
bacher Industrie AG, Althofen, Austria) with NH4OH (Sigma Aldrich) in
the presence of HyO. Briefly, 42.76 g of cerium nitrate and 12.85 g of
zirconium nitrate are mixed together in presence of 32 mL of HoO (30%
w/w in Hy0, Sigma Aldrich). The pH is progressively increased till 9.5
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with ammonium hydroxide and the obtained suspension is mixed for 4
h. The formed precipitate is filtered, dried overnight at 100 °C and then
calcined under static air at 500 °C for 3 h. Supported catalysts were
prepared by incipient wetness (IW) using an aqueous solution of
ruthenium nitrosyl nitrate (Sigma-Aldrich) in order to obtain Ru (2 wt
%)/MxOy with MxOy = CeO and Ce gZrp 202. Samples were then dried
at 100 °C overnight and calcined at 500 °C for 3 h (CeRu and CZRu). All
the materials were also treated at 300 °C for 2 h under 100 mL/min of
50%H,/N2 gas mixture (reduced samples are indicated as CeRu-R and
CZRu-R).

2.2. Catalyst characterization

Textural characteristics were measured according to the B.E.T.
method by nitrogen adsorption at 77 K, using a Tristar 3000 gas
adsorption analyzer (Micromeritics). Structural features of the catalysts
were investigated by X-ray diffraction. Diffraction patterns were recor-
ded on a Philips X’Pert diffractometer (equipped with a real time mul-
tiple strip detector) operated at 40 kV and 40 mA using Ni-filtered Cu-Ka
radiation. Diffraction patterns were collected using a step size of 0.02°
and a counting time of 40 s per angular abscissa in the range 20°—145°
The Philips X’Pert HighScore software was used for phase identification.
The mean crystalline size was estimated from the full width at the half
maximum (FWHM) of the X-ray diffraction peak using the Scherrer [49]
equation with a correction for instrument line broadening. Rietveld
refinement [50] of XRD patterns was performed by means of
GSAS-EXPGUI program [51,52].

The reducibility of the catalysts was studied by temperature-
programmed reduction (TPR) experiments (Autochem II 2920 Instru-
ment, Micrometrics); catalysts (40 mg) without pretreatment were
heated at a constant rate (10 °C/min) in a U-shaped quartz reactor from
room temperature to 900 °C under a flowing hydrogen/nitrogen mixture
(35 mL/min, 4.5% Hj in Ng). The hydrogen consumption was monitored
using a thermal conductivity detector (TCD). Quantification of Hy con-
sumption was carried out by calibrating the signal with the introduction
of known amounts of hydrogen.

Raman spectra were collected with a Xplora Plus Micro-Raman sys-
tem (Horiba, Kyoto, Japan) equipped with a cooled CCD detector
(—60 °C) and Edge filter. The samples were excited with the 532 nm
radiation. The spectral resolution was 1 cm ™" and the spectra acquisition
was of 2 accumulations of 40 s with a 50x LWD objective. The optical
images were collected with an integrated microscope Olympus BX43
(Olympus, Tokyo, Japan) with a 10x objective.

X-ray photoelectron spectroscopy (XPS) was performed on a SPECS
system equipped with a XR50 source operating at 250 W and a Phoibos
150 MCD-9 detector. The energy step of high-resolution spectra was set
at 0.05 eV. Atomic fractions were calculated using peak areas normal-
ized on the basis of acquisition parameters after background subtraction,
experimental sensitivity factors and transmission factors provided by the
manufacturer. Cerium 3d spectra were deconvoluted using six peaks for
Ce* (V, Vv, V**, U, U and U’**) and four peaks for Ce>* (Vo, V’, Up and
U’), where U and V refer to the 3ds/» and 3ds/5 spin-orbit components,
respectively [53]. In-situ reduction treatments were carried out at
300 °C and 1 bar for 3 h under a Hy:Ar=1:1 mixture. The sample was
heated with an IR lamp and the temperature was measured with a
thermocouple in contact with the sample.

High resolution transmission electron microscopy (HRTEM) images
were obtained by using a field emission gun FEI Tecnai F20 microscope
equipped with a field emission source at an accelerating voltage of 200
kV, with a point-to-point resolution of 0.19 nm. The average particle
diameter was calculated from the mean diameter frequency distribution
with the formula: d = }" m;d;/ Y n;, where n; is the number of particles
with particle diameter d; in a certain range.
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2.3. Alcohol oxidation

Solvent-free oxidation of benzyl alcohol was carried out in a 5 mL
round-bottom flask under reflux and continuous stirring conditions. For
a typical run 0.2 g of catalyst, 1 mL of benzyl alcohol (9.7 mmol) and
0.01 g of hexamethylbenzene (Sigma Aldrich) as internal standard were
placed in a flask and heated at the required temperature (70-90 °C) for
24 h under atmospheric pressure of Os.

The progress of the reaction was checked by 'H NMR using a Bruker
Avance I1I HD 400 MHz spectrometer at 298 K equipped with carousel of
24 sample and automation program IconNMR which man-ages analysis
from insertion of sample to integration of signal of spectra. The
deuterated solvent, CDCl3 (Sigma Aldrich) was used without any further
purification. 10 pL of the reaction mixture was taken with a syringe and
dissolved in 500 pL of anhydrous CDCls. The conversion was calculated
from the integral area of the singlet at 4.72 ppm, corresponding to the
-CH; protons of the benzyl alcohol, and compared with the hexame-
thylbenzene signals (2.30 ppm) as internal reference. Reported con-
versions are an average of three runs. The selectivity was evaluated
through the analysis of the products obtained after reaction.

For the most promising catalyst, a free radical scavenger 2,6-
di-tert-butyl-4-methylphenol (BHT) was added during the reaction to
exclude the formation of radical intermediates.

Recycling of the catalyst has been investigated in multiple runs. After
the first catalytic run, the catalyst was recovered by evaporation, dried
under vacuum at 150 °C for 10 min and then reused in the next run
under the same conditions. After each recovery, a loss of catalyst of
about 2.5% was observed.

3. Results and discussion
3.1. Textural and structural characterization

Composition and textural/structural parameters of investigated
materials are reported in Table 1. Ruthenium supported materials have a
Ru content close to the nominal one, within the experimental error. All
the materials show a surface area in the range 60-80 m?/g. After
impregnation of ceria and ceria-zirconia the surface area shows a slight
decrease. The crystallite size obtained according to the Scherrer equa-
tion was about 6 nm for CZ-based materials and 12 nm for CeOy-based
catalysts. No differences in crystal size were observed after impregna-
tion of ruthenium salt.

The structural characteristics of the catalysts were studied by XRD
(Fig. 1).

For all the materials, peaks belonging to the support (CeOy or
Ce.gZro.20y) are clearly observed. The presence of very weak signals at
20 = 35.1°and 54.5° suggests the formation of ruthenium oxide (RuO3)
in the samples after calcination. Although the XRD peaks are very low
and close to the detection limit of the technique it is possible to obtain a
preliminary information from this analysis. The results were then
confirmed using XPS spectra. After treatment in Ho/N5 the formation of
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metallic Ru was suggested by the disappearance of the RuO, peaks and
the simultaneous evolution of a very low signal at 20 = 44° [54]. Riet-
veld analysis (Table 1) of investigated materials does not show any
significant difference in the cell parameter after loading of Ru and after
oxidation and reduction, thus indicating that Ru species are not entering
in the fluorite structure of ceria or ceria-zirconia but remains very well
dispersed over the surface.

For Ce-catalysts only a slight modification in cell parameter is
observed due to a different amount of Ce>* in the sample, as reported in
Table 1.

CeRu and CZRu samples have been characterized by means of
HRTEM analysis. Fig. 2A shows a representative image of the CeRu
sample, which is constituted by crystalline ceria nanoparticles. The
mean particle size of ceria is about 12+6 nm. The ceria nanoparticles are
decorated by subnanometric entities, which show a darker electron
contrast. A few of them are marked with arrows. Given the small di-
mensions of these entities, no lattice fringes can be observed, which
prevents an exact identification of their nature. Nevertheless, the EDX
spectrum recorded in the area shown in Fig. 2A reveals clearly the
presence of Ru signal. This fact, together with the absence of any large
Ru particle, suggests that the subnanometric entities correspond to a
ruthenium phase. It is possible that Ru occurs as RuO5 or as Ru-O-Ce
assemblage. The EDX spectrum shows, in addition to Ru, the solely
occurrence of Ce, O and Cu signals. Cu originates from the grid used for
TEM measurements.

Fig. 2B shows a representative image of CZRu sample, which is
constituted by crystalline ceria-zirconia nanoparticles. The mean parti-
cle size of the support crystallites is considerably lower than the previous
sample, being about 5 + 1 nm. Therefore, ceria-zirconia has a much
narrower particle size distribution and shows a mean particle size lower
than the ceria sample. In a similar way than the ceria sample, the ceria-
zirconia nanoparticles are decorated by subnanometric entities, too
(some of them marked with arrows). Again, given the small dimensions
of these entities, no lattice fringes can be observed, which prevents an
exact identification of their nature. Now, the EDX spectrum recorded in
the area shown in Fig. 2B reveals, in addition to Ru, Ce and O (and Cu)
signals, also the presence of Zr, as expected.

The particle size of ceria and ceria-zirconia crystallites are similar to
the values calculated from the XRD patterns. HRTEM also allowed to
identify the occurrence of ruthenium as subnanometric entities, very
well dispersed on the supports, while, given the small dimensions of the
entities, no lattice fringes were observed, preventing their exact iden-
tification as Ru or Ru oxide.

XPS analysis has been carried out to better elucidate the chemical
state of Ruthenium (Table 2). Ru 3ds,; peak has been used for the
analysis of the chemical state of surface Ru. CeRu and CZRu showed one
peak at binding energies of 280.7 and 281.0 eV, respectively, which
were assigned to Ru** species, indicating that Ru over ceria-based ma-
terials is mainly in the oxidized state (RuO2) [54].

After in situ-treatment under H, atmosphere, peaks attributed to
RuO,, disappeared and peaks at 280.2 eV due to metallic Ru species were

Table 1

Composition and textural characterization of investigated samples.
Sample Surface area (m?/ 2) Crystallite size (nm)® Cell parameter A)P° Molar compositionh Ru

(Wt.%)¢

Ce 68 11.5 5.4141(2) CeO, (0.70% Ce®") /
CeRu 62 11.5 5.4112(2) CeO, (0.05% Ce®™) 1.89
CeRu-R 61 12.0 5.4125(2) CeO, (0.35% Ce®") 1.89
Cz 79 5.5 5.3653(4) Ce.84Z10.1602 /
CZRu 72 5.5 5.3677(4) Cep.85Zr9.1502 1.98
CZRu-R 72 6.0 5.3681(2) Ceg.85Zr0.1502 1.98

2 calculated with Scherrer formula from X-ray diffraction patterns.

b from Rietveld refinement.
¢ from elemental analysis.
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Fig. 1. XRD profiles of CeO, (left) and Ceria-zirconia (right) based catalysts. In the bottom, magnified zone of the range 34-56 26 degrees are reported to highlight

peaks belonging to Ru and RuO, (v, Ru; ¢ RuO,).

identified. In both cases, the initial state of Ru is Ru oxide (most likely
Ru0»), which evolves into metallic Ru after the in situ reduction treat-
ment. Metallic Ru formed during the treatment is stable and does not
completely oxidize back to RuO; due to exposure to ambient air.
Metallic ruthenium is indeed visible in XRD profiles of reduced samples
recorded under air atmosphere. HRTEM measurements have revealed
that subnanometric ruthenium entities are very well dispersed on the
supports, in perfect agreement with dispersion obtained by XPS analysis.
Indeed, the Ru dispersion for the as prepared catalysts has been esti-
mated from the signal ratio between Ru and Ce, Zr and it is almost
double for CeRu compared to CZRu (0.154 versus 0.089, respectively);
however, after in situ reduction the dispersion of CeRu decreases

severely to 0.079, while it is rather stable to 0.083 for CZRu.

In addition, the atomic percentages of the elements present in the Ru-
based catalysts obtained from elemental analysis were used to calculate
bulk atomic ratios and for a comparison with atomic ratios obtained
from XPS analysis (Table 2), which are representative of surface
composition. The Ru/(Zr+Ce) atomic ratio is much higher from XPS
than elemental analysis, highlighting the surface enrichment in Ruand a
uniform dispersion of Ru particles on the surface. The analysis of Ols
signals shows two peaks, one at 529.4-530.0 eV related to lattice oxygen
(Olat), the other at 531.6-532.9 eV assigned to surface oxygen (Ogyrf).
The ratios of Ogy/(Olatt + Osurf) 0n CZRu is slightly higher than that on
CeRu, revealing an higher content of surface oxygen over the ceria-
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Fig. 2. HRTEM images for CeRu (A) and CZRu (B).

Table 2
XPS results of materials as prepared and after in situ reduction with Hy/Ar at 300 °C for 1 h and hydrogen consumption in H,-TPR profiles in the region 50-200 °C.
Sample Ru 3ds/2 Ce(III) OCsur)/(Osurf+Otar) Ru/(Zr+Ce) Ru/(Zr+Ce) mmol Hy/g
% % atomic % atomic” % atomic”
CeRu 280.7 (RuO3) 20.1 55.6 0.154 0.033 0.34
CeRu-R 280.2 (Ru) 28.2 60.0 0.079 0.033 /
CZRu 281.0 (RuO2) 29.2 57.7 0.089 0.032 0.57
CZRu-R 280.2 (Ru) 31.1 63.6 0.083 0.032 0.68

# from XPS analysis.
Y from elemental analysis.

zirconia sample, as shown in Fig. 3 (signals of the other elements have
been reported in Figs. 1S and 2S). The increase of Ogy is usually related
to the presence of surface adsorbed oxygen [55]. In addition, CZRu
shows higher surface concentration of cedt (29.2%) compared to CeRu
(20.1%). As expected, after in situ reduction, the amount of surface
oxygen and of Ce(IIl) increases for the two samples. In the case of small
ceria crystallites (below 5 nm) Ce3* sites are not necessarily related to
oxygen vacancy and can easily adsorb oxygen producing active oxygen
species and promoting oxygen storage capacity [56,57]. Previous in-
vestigations indicate that molecular oxygen can be easily activated by
Ce3" sites forming Ce**-O3 that is a very active and mobile species of
surface oxygen [58,59]. As suggested by those studies, in CZRu the
higher amount of Ce(Ill) significantly affects the creation of surface
active oxygen species in the form of superoxide oxygen, Oz, enhancing
oxidation activity already at low temperature due to the maximization
of adsorption/release of active oxygen under operative conditions.

Reducibility of materials has also been investigated by Hy-TPR
(Fig. 4). The reduction profile of pure CeOy is well known with the
characteristic bimodal profile with two peaks at low and high temper-
ature attributable, respectively, to the reduction of small crystallites
and/or surface ceria and to the reduction of bulk and large ceria crys-
tallites [60]. Ceria-zirconia sample displays a typical profile with one
reduction peak around 500 °C [61], indicating a higher mobility of the
oxygen species. The addition of Ru modifies the redox properties of CeO5
and Ce gZrp.202 materials as a consequence of the Ru-CeO; interaction
at the oxide interface and two distinguished sharp peaks are visible at
low temperature (at around 80 °C and 120-130 °C).

These latter have been assigned to the reduction of RuOy with
different strength of interaction with CeOs-based support and surface
Ce**. Indeed, bare RuO, shows only one peak at 170 °C, due to the direct

reduction from Ru** to Ru® [62], while in our samples, the presence of
more peaks suggests that Ru on CeO; exists in various states. Peak at
lower temperature (around 80 °C) is related to the presence of very small
ruthenium particles very well dispersed over the support, as evidenced
by HRTEM images [63]. Hosokawa has studied in detailed the state of
Ru on CeO3 by coupling of several techniques, such as XRD, TPR, XANES
and EXAFS spectra [64,65]. He found that the peak at lower temperature
(around 70-80 °C) is related to the formation of bridging oxygens with
ceria surface, Ru-O-Ce species, while the peak at higher temperature is
due to Ru-O-Ru in the bulk RuO; oxide [63-66] as confirmed by XAFS
analysis [67].

Considering the solid attribution of Hy-TPR peaks in ruthenium
supported over ceria-based materials reported in literature, we can as-
sume the presence of both Ru-O-Ce (low temperature peak, 80 °C) and
Ru-O-Ru (high temperature peak, 120 °C) species . Ru-O-Ce bonds are
unstable and the oxygen is very mobile and it is easily reduced at very
low temperature. In addition, the reduction signal of ceria and ceria-
zirconia at around 500 °C is shifted at lower temperature, indicating
that Ru-species promotes surface ceria reduction at a much lower tem-
perature. For CeRu-R a very low signal at around 150 °C is still visible,
while CZRu-R shows in the low temperature region a very sharp peak. In
Table 2 a quantitative analysis of TPR profiles in the region 50-200 °C is
reported.

For CZRu and CZRu-R the quantitative analysis of the TPR profile
reveals that a part of Ce** is reduced between 50 and 200 °C; the amount
of hydrogen consumption in this temperature range (respectively 0.57
and 0.68 mmol/g.,) is larger than that required for the complete
reduction of RuOy (0.39 mmol/g.,), while CeRu shows a hydrogen
consumption comparable with the theoretical amount. TPR results
suggest that reduction of Ceg gZrg 20> is significantly enhanced by the
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Ru species dispersed over the surface and takes place simultaneously
with RuO2 reduction at very low temperature (50-200 °C). The
enhancement of Ce( gZr 20, reduction can be due to hydrogen spillover
from Ru to ceria or to the transfer of oxygen from Ceg gZrg 205 to Ru with

formation of more reducible oxygen species [54,68]. It is worth noting
the high consumption of hydrogen which is observed for CZ2Ru-R; in
this sample Ru species are in metallic state as revealed by XRD and XPS
analysis and consequently, the hydrogen consumption is only due to
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Table 3

FWHM and peak intensity ratio (Ip/I2¢) from Raman spectra.
sample FWHM (cm 1) In/Ip2g
Ce 22 0.06
CeRu 50 0.08
CeRu-R 48 0.09
CZ 35 0.05
CZRu 50 0.09
CZRu-R 46 0.10

CeO; reduction, indicating that Ru® over CZ induces higher reducibility
of the support compared to RuOs. These findings are in good agreement
with previous studies on Ru over ceria-based catalysts [54,64].

The catalysts were also characterized using laser Raman spectros-
copy (Fig. 5).

Commonly, cerium oxide has Raman active triply degenerate Fagq
mode at 465 cm ! (black line in the F ig. 5) which is characteristic of the
cubic fluorite phase. The investigated CeOy samples show one Raman
mode, centered at 455 cm™!; the stronger red shift to 455 cm ™! of our
samples is mainly due to the small dimension of the crystallites [69-71].

Generally, the introduction of Zr in CeO fluorite structure leads to a
blue-shift (from 465 to 473 cm 1) due to substitution of Ce‘”by smaller
Zr** cations, indeed, Raman mode shifts upwards as the cell parameter
decreases and vice-versa [71]. In our samples a blue-shift from 455 to
460 cm™! is observed due to the small crystallite size of our materials.
When Ru is added to the supports, a broadening in the full width at half
maximum (FWHM) values of Fo; peaks is observed (Table 3) that is
correlated to high concentration of defects in the sample due to the
strong interaction between ruthenium species and Ce-based materials
with formation of Ru-O-Ce [72,73].

Besides the main band, the Raman spectrum of CeO5/CZ materials
shows additional peaks at around 220 (due to second-order transverse
acoustic, 2TA mode) and 570 em! (defect-induced, D mode), that
generally are attributed to oxygen defects in the fluorite structure [69,
70,74,75].

A detailed analysis of the Raman profiles, provides interesting find-
ings on the formation of oxygen defects due to the presence of Ru spe-
cies. Characteristic bands of RuO, at 528, 644 and 716 cm ™! are not
visible in the Raman profile probably because they are too weak
compared to CeOy bands [76].

In the Ru-based catalysts, the ratio of the Raman peak at 560 cm ™! to
the peak at 455 cm ! (Ip/Tp2g) increases (Table 3), suggesting an in-
crease in the oxygen defect concentration for ceria-based catalysts [71,
74,771. After addition of ruthenium, the samples show two new peaks at
around 700 and 970-980 cm ™!, that are better defined after reduction.
These peaks are assigned to Ru-O-Ce bond [72,73]. The increase in ox-
ygen vacancies in Ru-doped ceria and CZ catalysts, will lead to more
active oxygen species on the surface of the catalysts, and this will be an
important descriptor for catalyst activity. Summarizing, the addition of
ruthenium to ceria-zirconia supports significantly promote the forma-
tion of surface active oxygen specie, O* (Scheme 1) such as bridging
oxygens (Ru-O-Ce) and superoxide species (Oz), as evidenced by XPS,
Hy-TPR and Raman analysis.

3.2. Catalytic activity

Benzyl alcohol oxidation to benzaldehyde has been carried out under
air at 70 or 90 °C for 24 h. 'H NMR spectroscopy has been used for the
quantitative analysis of the conversion and selectivity of benzyl alcohol
oxidation to benzaldehyde. The 'H NMR spectrum of benzyl alcohol
shows a multiplet at 7.43-7.29 ppm bearing to the protons of the aro-
matic ring, and a singlet at 4.72 ppm corresponding to the methylene
group. The formation of the benzaldehyde gives rise to new sets of sig-
nals. Specifically, the signal at about 10 ppm is attributed to the proton
resonance of the aldehyde group and from 7.87 to 7.51 ppm the signals
are related to the phenyl group. A detailed analysis of the 'H NMR
spectrum does not reveal formation of any other reaction products
arising from further oxidation, indicating that the reaction is completely
selective.

Preliminary tests over bare supports evidenced no conversion in the
oxidation of benzyl alcohol in this temperature range and therefore,
exclude any oxidation activity of the oxides under these conditions;
these results also exclude important adsorption effects of the substrate
on the catalyst surface. At 70 °C, CeRu and CZRu are moderately active
with a conversion in the range 18-38%, while an increase in the reaction
temperature (90 °C), resulted in an improvement of conversion,
respectively to 29 and 61%. The selectivity to benzaldehyde was always
complete (Fig. 6).

CZRu results to be significantly active also for secondary alcohol (1-
phenylethanol) oxidation with a conversion of around 55% and a
complete selectivity to acetophenone (red bar in Fig. 6).
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Fig. 6. Selective conversion of benzyl alcohol to benzaldehyde. Red bar shows
oxidation of a 1-phenylethanol to acetophenone (reaction conditions: 1 mL of
benzyl alcohol (or 1-phenylethanol) 200 mg of catalyst, 90 °C for 24 h, 10 mg of
hexamethylbenzene as internal standard).

CZRu is the most active material with a remarkable conversion of
61% at 90 °C, resulting among the most active heterogeneous catalyst
reported in literature under solvent free conditions (Table 4).

A direct comparison between the different reactions is rather difficult
due to the extreme variation of the reaction parameters and in particular
the amount of O, used.

Pd supported on different metal oxides (Pd/SiO»-Al,03 and Au-Pd/
CeOg rod) are particularly active (93-97% of conversion), but the re-
actions were carried out either under 3 atm of pure O3 or in O flow (3
mL / min) thus favoring the reaction [78,80]. Non-supported colloidal
Ru nanoparticles [79] result to be a very effective catalyst for oxidation
of benzyl alcohol to benzaldehyde with a conversion of 93% and a
selectivity of 90%, but the reaction has been carried out at severe con-
ditions, under 10 atm of pure O3 in an autoclave. A comparison of re-
actions carried out at atmospheric pressure evidenced that Ru-supported
on ceria-based materials are promising formulations (Ru/CeO, reached
a conversion of 67% and a selectivity of 91% [68] while Ru/CZ [this
study] achieved 61% of conversion and complete selectivity).

For a better understanding of the process sustainability, we have
considered two green chemistry metrics, the E-factor and the MP (mass
productivity) and results for the catalytic reactions carried out under
atmospheric pressure are reported in Fig. 7. Ru/CZ achieved the best
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results in green chemistry metrics, with a e-factor lower than 1 (0.95)
and a MP of 51% demonstrating to be an ideal material with low envi-
ronmental impact for the oxidation of benzyl alcohol in terms not only of
conversion and selectivity but also of sustainability of the process and
reduction of waste. A E-factor of 0.95 is typical of bulk chemistry sector
[25].

The conversion of benzyl alcohol shows a dependence on the reac-
tion temperature, with better activity at higher temperature. This in-
crease is not only due to kinetic effect on the catalytic reaction, but is
mainly related to the favored reduction of RuO- at the higher temper-
ature (see Ho-TPR profiles). This can also explain the higher increase in
activity observed for CZRu, in agreement with the intensity of the Hy-
TPR peak at 80 °C.

Benzyl alcohol oxidation has been also carried out over reduced
materials at 90 °C; CeRu-R does not change its activity (27% conver-
sion), while CZRu-R show a severe decrease of conversion from 61 to
25%. It seems likely that when ruthenium is in a metallic state, the ac-
tivity can reach a maximum at around 25-27% conversion independent
from the support, while when RuOs is formed on the surface the activity
is higher and is mainly related to the reducibility of the catalyst. CZRu
exhibits the higher activity (around 61%) and is characterized by higher
hydrogen consumption during reduction (0.57 mmol Hy/g), while CeRu
shows a lower hydrogen consumption 0.34 mmol Hy/g and about half
conversion in the same conditions (29%).

The remarkable activity of our Ru/CZ catalyst has been also
confirmed carrying out the reaction in the presence of a solvent where
conversion of 90% and 100% selectivity was found (Fig. 3S), indeed, for
solvent-based reactions, Ru-based materials reported in literature show
very different conversion results ranging from 13% to 100% [87-89].

To exclude the possibility of a radical chain process, for CZRu the
reaction has been carried out in the presence of a radical scavenger (2,6-
Di-tert-butyl-4-methylphenol) and does not show any difference in
conversion indicating that active free radicals are not generated.

In addition, the reusability of the most promising catalyst, CZRu, at

10 60
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g ° g
& 30
] 4 =
120
21 10
Ru/CeOz Ru/CZ Pd/TiOz  Pd/SBA-15 Au-Pd/MgO

Fig. 7. Comparison of E-factor and mass productivity (MP) for benzyl alcohol
oxidation over heterogeneous catalyst.

Table 4

Comparison of results for benzyl alcohol oxidation over heterogeneous catalyst in solvent free reaction.
catalyst Catalyst (mg) Alcohol (mmol) (023 T(°C) Time (h) Conv (%) Select (%) Ref
Pd/Si0,-Al;03 100 48.5 3 mL/min 70 10 97 98 [78]
Ru 20 27.7 10 atm 100 5 93 90 [79]1
Au-Pd/CeO, rod 50 144 3 atm 120 3 78 88 [80]
Ru/CeO, 500 1° 1 atm 50 4 67 91 [68]
Ru/CzZ 200 9.6 1 atm 90 24 61 100 this study
Au/CeO, 150 48 5 atm 150 24 52 93 [81]
Pd/TiO, 20 18 1 atm 120 1 52 75 [82]
Pd/SBA-15 50 96 1 atm 95 3.5 50 95 [83]
Pd/TiO, 100 96 90 mL/min 90 2 39.5 72.9 [84]
Au-Pd/MgO 200 18 1 atm 120 4 20 97 [85]
Au/TiOy 200 96 2 atm 100 5 2.5 100 [86]

2 1 mmol of alcohol in 5 mL of acetonitrile. Reaction carried out in solvent, 10 mL of acetonitrile.
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Fig. 8. Reusability of CZRu (selectivity is 100%). Reaction conditions: 1 mL of
benzyl alcohol, 200 mg of catalyst, 90 °C for 24 h, 10 mg of hexamethylbenzene
as internal standard.

90 °C over two further reaction cycles was investigated. After the first
run, the used catalyst was recovered by evaporation and then it has been
reused under the same conditions. The results reported in Fig. 8 indicate
that, while the selectivity to benzaldehyde does not change the con-
version decreases to 35% in the third cycle.

XPS analysis of the CZRu sample after used has been carried out
(Fig. 4S). Ru 3ds,/ peak has been used for the analysis of the chemical
state of surface Ru and the material show one peak at binding energies of
281.0 eV that were assigned to Ru*t species, indicating that, after used,

intensity (a.u).

T
530
binding energy (eV)

540 520

Fig. 9. XPS spectra of O 1s photoelectrons for CZRu after use (Oj,y in red and
Ogyrf in green).
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Scheme 1. Surface active oxygens species (O*) on Ru/CZ.

Ru over ceria-based materials is again mainly in the oxidized state
(RuO2). The dispersion of Ru after used, estimated from the signal ratio
between Ru and Ce, Zr, is rather stable with respect to the fresh catalyst
(0.092 versus 0.089, respectively).

The analysis of O1s signals shows two peaks, one at 529.4-530.0 eV
related to lattice oxygen (Ojatt), the other at 531.6-532.9 eV assigned to
surface oxygen (Ogyf). The ratios of Ogyf/(Olaet + Osurf) On CZRu after
used significantly decreases, revealing a lower content of surface oxygen
after the reaction, as shown in Fig. 9. In addition, the used CZRu shows a
lower surface concentration of Ce>* (24.1%) than the fresh catalyst
(29.2%). The decrease of Ogyr/(Ojatt + Osurp) ratio and of the amount of
Ce(III) after reaction, is in agreement with the decrease of the conver-
sion. Indeed, the lower amount of Ce(III) can affect the formation of
surface active oxygen species in the form of superoxide oxygen, O3,
invalidating the oxidation activity.

The possibility of reuse of the catalyst affects the sustainability of the
process. A comparison was made between the CZRu system developed in
this study and the Au-Pd / MgO catalyst prepared by Alshammari et al.
[85]. In both cases the material was reused three times. The conversion
at the third cycle is reduced by about 40% for CZRu and by 77% for
Au-Pd / MgO. The E-factor slightly increases for CZRu from 0.95 to 1.86
while the effect of recycles for Au-Pd / MgO is significant with an in-
crease from 8 to 39. At the third recycle CZRu has a mass productivity of
35%, while the value drops to 2.5 for Au-Pd / MgO. This further analysis
of green chemistry metrics confirms the promising activity of the
developed CZRu catalyst.

Summarizing, the catalytic activity is related, from one side, to the
state of Ru over the supports, with ruthenium oxide more active
compared to metallic Ru, and from the other side, to the reducibility and
oxygen mobility of the materials. XPS, Hy-TPR and XRD measurements
show the formation of RuO5 on CeRu and CZRu, while metallic ruthe-
nium prevails on reduced samples (CeRu-R and CZRu-R). Catalytic tests
evidenced the higher activity of CeRu and CZRu compared to reduced
materials CeRu-R and CZRu-R, suggesting a key role of RuO; in the se-
lective oxidation reaction. Indeed, Ru-species promote surface ceria
reduction at low temperature, in the range 80-130 °C, and this specific
reduction behavior of RuO2 on Ce and CZ plays a crucial role in the
enhancement of the catalytic activity for the selective oxidation of
benzyl alcohol.

The activity could be probably related to the increased mobility of
surface oxygen induced by the presence of RuO; species and the for-
mation of Ru-O-Ce and superoxide O3 over ce®t sites; this effect is
much higher for CZ compared to Ce, due to the promotion induced by
zirconia substitution [90]. The strong metal-support interaction be-
tween RuO; and CZ boosts the oxidation capacity of the catalyst [90].
Indeed, the amount of Ce>*that is strictly related to the formation of
surface active oxygen species, as reveled by XPS analysis, is higher for
CZRu compared to CeRu (29% vs 20%) significantly enhancing the
oxidation capacity at low temperature. By contrast, the dispersion of
ruthenium species on the surface does not play a significant role in the
reaction.

In light of these findings, it can be assumed that the activity is
strongly related to the reducibility of the material and to the close
interaction between ceria-zirconia and RuO, with the formation of
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Scheme 2. Possible mechanism of oxidation of benzyl alcohol over CZRu catalyst.

bridging oxygen Ru-O-Ce and superoxide species. This metal-support
interaction leads to a greater mobility of oxygen at low temperatures
and the coupling of the Ce**/Ce®*and Ru**/Ru redox cycles consider-
ably increases the catalytic activity. These findings are in good agree-
ment with previous results on Ru over ceria-based catalysts in different
catalytic reactions [64,90,91].

Conceivable reaction path can be proposed where active oxygen
species (bridging oxygen Ru-O-Ce and Ce**-03), which are very mobile
and reducible at low temperature, play a fundamental role likely
through a Mars-van Krevelen mechanism (Scheme 2) [79]. The first step
is the adsorption and deprotonation of alcohol over CZRu with forma-
tion of the alkoxide intermediate and activation of C—H bond in f po-
sition [12], followed by the desorption of benzaldehyde and water.
Then, the vacancy formed on CZ surface during the reaction is filled by
molecular oxygen.

4. Conclusion

We have shown that ruthenium supported over ceria-zirconia is a
promising material for the selective oxidation of benzyl alcohol to
benzaldehyde, with a remarkable conversion of 61% at 90 °C, resulting
among the most active catalyst reported in the literature. The reaction is
carried out in the presence of molecular oxygen and under solvent free
conditions following a “green procedure” in the light of a better envi-
ronmental sustainability. The E-factor lower than 1 and a mass pro-
ductivity of 51% confirmed the sustainability of the process.

The activity of the catalyst is not related to the dispersion of ruthe-
nium species over the support, but is strongly affected by the reducibility
of the material and to the close interaction between ceria-zirconia and
RuO,. The formation of active oxygen species such as superoxide and
bridging oxygen between ceria and ruthenium (Ru-O-Ce), is responsible
for the enhancement of the oxygen mobility and the reducibility at very
low temperature which then promote a significant conversion and a
complete selectivity in the oxidation reaction.

The work reported here is a preliminary study paving the way for
future research on heterogeneous catalysts for the oxidation of organic
molecules for the production of fine chemicals in more sustainable re-
action conditions without the use of solvents, compared to traditional
reactions. The practical impact of our study is the assessment of a new
green approach for the catalytic oxidation of alcohols. Indeed, it is
important to change the traditional synthesis route into greener and
more sustainable reactions. In the future we plan to investigate the
oxidation of other molecules and to evaluate the possibility of suitably
modifying the formulations to improve their reusability.
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