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Abstract

We report the catalytic performance of Au-Pd nanoparticles prepared via a sol immobilisation
technique for the catalytic hydrogenation of cinnamaldehyde under mild reaction conditions. We
synthesised a series of bimetallic Au-Pd colloidal supported nanoparticles with different Au:Pd
molar ratios and optimized the experimental parameters to achieve best catalyst performance. The
optimum catalytic activity for the hydrogenation of cinnamaldehyde was observed for the
AusoPdso/TiO; (Au:Pd 1:1 molar ratio), while the monometallic Pd/TiO, was the most selective
towards hydrocinnamaldehyde. The catalysts have been structurally characterised and FTIR
analysis showed that the presence of adsorbed carbonyl surface species in used catalyst materials
coupled with Pd leaching, which is the main reason for catalyst deactivation. The effect of
calcination on the most active Au-Pd/Ti0, was studied in the range 110-400 °C and we observed a
direct correlation between the rise in calcination temperature and catalyst stability and selectivity.
These results emphasise the importance of tuning the Au-Pd molar ratio and understanding the
metal-support interaction of catalysts synthesised for hydrogenation reactions, such as

cinnamaldehyde hydrogenation.
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Introduction

Supported palladium nanoparticles based catalysts are widely reported as heterogeneous
catalysts for many organic transformations such as selective alcohol oxidation,' unsaturated
hydrocarbon hydrogenation,” and C-C coupling reactions.’ It has been shown that alloying
palladium with gold enhances its catalytic activity for the oxidation of benzyl alcohol*
hydrogenation of levulinic acid to gamma-valerolactone’ and the direct synthesis of
hydrogen peroxide,® demonstrating a synergistic in both oxidation and hydrogenation
reactions. o,pB-unsaturated aldehydes are important molecules in the pharmaceutical,
fragrance and fine chemical industry;”® cinnamaldehyde (CAL) is used extensively in the
fragrance industry and also as a polymerisation and corrosion inhibitor in metal coatings.”'°
The selective hydrogenation of the vinyl (C=C) or carbonyl (C=0) groups of CAL lead to
hydrocinnamaldehyde (HCAL) and cinnamyl alcohol (COH) respectively, that are useful
intermediates in pharmaceuticals and perfumery.”'! Further hydrogenation of the products,
results in hydrocinnamyl alcohol (HCOH) and phenyl propane (PPR) by hydrogenolysis
(Figure 1). Several transition and noble metal based catalysts are reported in literature to be
active in the hydrogenation of cinnamaldehyde.” Gold nanoparticles typically require harsh
reaction conditions to obtain high conversion and selectively hydrogenate the carbonyl
group leading to the formation of COH. Bus et al., reported the conversion of CAL with
Au/y-Al,0O3 to COH with a selectivity up to 90 % at 85 bar of H, and 100 °C. In their

studies, high selectivity to COH were produced from the initial stages of the reaction, and
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the selectivity remained unaltered up to 85 % of conversion, after which all the COH was
further hydrogenated into HCOH.'? Similar results were obtained by other research groups
for Au nanoparticles supported on different supports such as CeO,"” and 0-Fe,03.'* Au
supported on CNT, SiO; and ZrO,, however, has been reported to selectively hydrogenated
the C=C bond.'>'® On the other hand, Pd nanoparticles are more selective towards the

hydrogenation of the C=C bond both when supported'’ or stabilised in ionic liquids.'®

Numerous studies on the effect of support materials, solvents and hydrogen sources have
been reported in literature.'*'%'*?° However, very few articles have been focused on
supported AuPd catalysts. Dash et al. reported equimolar production of HCAL and HCOH
using bimetallic AuPd nanoparticles stabilised in imidazolium ionic liquids when the Au/Pd
molar ratio was 3:1 and 1:3. However, the selectivity of HCOH increased substantially for
the 1:1 AuPd catalyst.>' Similar results were reported for the AuPd/C catalysts prepared by

reverse water-in-oil microemulsion method.?? On the other hand, Parvulescu et al. observed
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an increase in COH production using AuPd colloids embedded in SiO,” . Very high
selectivity towards HCAL was obtained by Yang et al. with bimetallic nanoparticles

supported on mesoporous Si0,.**

In the present work, pre-formed colloidal AuPd nanoparticles with narrow particle size
distribution were prepared via a sol-immobilisation method. These pre-formed nanoparticles
were then immobilised onto titanium dioxide and tested for the selective hydrogenation of
cinnamaldehyde under relatively mild reaction conditions. In this extensive study we report
the effect of reaction temperature, hydrogen partial pressure, solvent and Au/Pd molar ratio
has been on the catalytic activity, selectivity and the stability of the sol-immobilised catalyst.
Finally, an efficient 2-step heat treatment protocol is reported to increase the metal-support
interaction, which is crucial for increased activity, selectivity and stability for this selective

hydrogenation reaction.

Experimental

Materials

HAuCly and PdCl; (99.999 % purity, Sigma-Aldrich) were used as metal precursors and,
commercial TiO, (Degussa, P25) was used as the support. NaBH,4 (granular, 99.99 % purity,
Sigma-Aldrich) and polyvinyl alcohol (PVA, Mw = 9,000-10,000, 80 % hydrolysed, Sigma-
Aldrich) were used for the catalyst preparation. Cinnamaldehyde (Sigma-Aldrich, 99 %),
cinnamyl alcohol (Alfa Aesar, 95 %), hydrocinnamaldehyde (Sigma-Aldrich, 98 %),
hydrocinnamyl alcohol (Sigma-Aldrich, 98%) and phenylpropane (Sigma-Aldrich, 98 %)
were used as substrates and/or as standards. Toluene (Sigma-Aldrich, > 99 %), ethanol

(VWR, 99.8 %) and 2-propanol (Sigma-Aldrich, 99.5 %) were used as solvents.

Catalyst preparation

Sol-immobilisation catalysts were prepared as follows: To an aqueous solution of HAuCly
and/or PdCl;, of the desired concentration (total metal concentration 0.127, 0.130, 0.143,
0.165, 0.194, and 0.235 mmol/L for Au/Pd molar ratios of 100:0, 95:5, 75:25, 50:50, 25:75
and 0:100 respectively), PVA solution (1 wt %) was added (PVA/(Au + Pd) (w/w) = 1.2 for
bimetallic catalysts, 0.65 for monometallic catalysts) under constant stirring. A freshly
prepared aqueous solution of NaBH4 (0.1 M, NaBH4/(Au + Pd) (mol/mol) = 5) was then

added to form a ruby-red sol when monometallic gold was prepared or a dark-brown sol

4
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when AuPd or Pd sols were prepared. After 30 minutes of sol generation, the colloid was
immobilised by adding the TiO, and acidified at pH 1 by sulfuric acid under continuous
vigorous stirring. The amount of support material required was calculated so as to have a
total final metal loading of 1 wt. %, and the molar ratio of Au/Pd was varied by adjusting the
relative concentrations of the two metals in aqueous solution. After 1 h of stirring, the slurry
was filtered and the catalyst was washed thoroughly with 2 L of distilled water and dried at
120 °C for 16 h. Unless specified this dried catalysts were used without any further
treatment. In some cases, the dried catalyst was first calcined in static air for 4 hours at
either 200, 300 and 400 °C with a heating rate of 10 °C/min and finally reduced at the same

heat treatment temperature under a 5 % H,/Ar flow for another 4 hours.

Catalyst testing

The hydrogenation reactions were carried out in a Radleys carousel reactor using 5 parallel
50 mL glass reactors stirred using magnetic bars. In a typical reaction, catalyst (50 mg,
typical substrate/metal molar ratio 1200:1), substrate (500 pL, 4 mmol) and solvent (5 mL of
toluene, ethanol or 2-propanol) were charged into the reactors at room temperature, which
were then purged with H, (3 times) before the reactors were sealed. The reactors were
connected to the gas-line to replenish the consumed H; gas. The reactors were loaded into a
preheated heating block, which was maintained at the desired reaction temperature and
pressure (typically 100 °C and 1 H; bar). The reaction started by commencing stirring inside

the reactors at 1000 rpm. After the desired reaction time, the reactors were taken out the

Published on 12 February 2018. Downloaded by University of Windsor on 14/02/2018 09:10:56.

carousel and cooled down in an ice bath for a period of 5 minutes to quench the reaction.
The contents were then centrifuged and an aliquot of the clear supernatant reaction mixture
(0.5 mL) was diluted with an external standard (0.5 mL of a 0.7 M solution of o-xylene in
the appropriate solvent) for GC measurement. For the analysis of the products, a GC-MS
(Shimadzu, GCMS-QP2010SE) was employed and the resulting fragmentation peaks
compared with standards present in the software database, while for the quantification of the
amounts of reactants consumed and products generated, a GC-FID (Agilent 7820A equipped
with an Agilent HP-5, 30 m x 320 pum x 0.25 pum column) was employed and the external
calibration method was used. Turnover frequency (TOF) were calculated according to the
following equation:

TOF — mOICOTlU
moly, *t

where mol.,,, 1S the moles of CAL converted, moly. is the moles of the active sites and t is

the reaction time in hours. The total metal content was obtained from MP-AES analysis.
5
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The catalyst reusability was carried out using the following experimental procedure. After
90 minutes of reaction, the flask was cooled to room temperature in an ice bath and the
catalyst allowed to settle at the bottom of the flask. The supernatant liquid reaction mixture
was removed carefully and the solid catalyst was washed with acetone 2 times and allowed
to dry in air. A second reaction was then started with the washed catalyst and this procedure

was repeated 4 times.

Catalyst characterisation

The metal colloids were analysed by UV-Vis (Agilent Cary 60) spectroscopy to study the
surface plasmon resonance peak of gold and the completion of metal reduction. The UV-vis
spectra were recorded in quartz cuvettes after 30 minutes of sol generation.

TEM experiments were carried out on a JEOL JEM-2100 electron microscope with a 200
kV accelerating voltage. The samples were first dispersed in methanol and sonicated for 5
minutes and then a drop was placed onto a 300 mesh carbon-coated copper grid.

Nitrogen physisorption analysis was performed at — 196 °C with a Quantachrome
Quadrasorb SI after evacuation of the samples at 120 °C for 2 hours. Surface area and pore
volume were calculated using Brunauer-Emmet-Teller (BET) theory.

Powder XRD measurements were carried out at room temperature in a PANalytical
X’PertPRO instrument using a Cu Ko radiation source, (Ko, A= 1.5418 A°). The
diffractograms were collected over the 10-80 ° 20 range at a rate of 1 °/min. The metal
loading of the catalysts was verified using an Agilent 4100 MP-AES. The samples were
firstly dissolved in aqua regia, diluted and filtered to remove the undissolved support. X-ray
photoelectron spectroscopy (XPS) measurements were performed on a Thermo Scientific K-
alpha+ spectrometer. Samples were analysed using a monochromatic Al X-ray source
operating at 72 W (6 mA x 12 kV), with the signal averaged over an oval-shaped area of
approximately 600 x 400 microns. Data was recorded at pass energies of 150 eV for survey
scans and 40 eV for high resolution scan with a 1eV and 0.1 eV step size respectively.
Charge neutralisation of the sample was achieved using a combination of both low energy
electrons and argon ions (less than 1 eV) which gave a C(1s) binding energy of 284.8 eV.
All data were analysed using CasaXPS (v2.3.17 PR1.1) using Scofield sensitivity factors
and an energy exponent of -0.6.

Diffuse reflection infrared spectroscopy (DRIFTS) was carried out with a Bruker Tensor 27

spectrometer fitted with a HgCdTe (MCT) detector and operated with OPUS software. The

6
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Harrick Praying Mantis HVC-DRP-4 cell was equipped with ZnSe windows and included
gas inlet and outlet and vacuum ports as well as capabilities for heating and cooling. The
required gas flow was introduced using a 2 % CO/N, gas mixture at 40 cm® min™' of, over a
period of 60 minutes. The mixture composition and flow rate was controlled by mass-flow
controllers. Each absorbance spectrum represents an average of 64 scans with a spectral
resolution of 2 cm™. Prior to analysis, the gas-phase CO signal was removed by subtracting
the spectra recorded under CO containing atmosphere, followed by background and
normalisation of the spectra. No high temperature pretreatments were performed on the

catalysts in order to avoid sintering of metal nanoparticles.

Results and discussion

Catalyst characterisation

A series of AuPd catalysts with varying metal ratios were prepared. The AuPd metal loading
and ratios were confirmed by XPS & MP-AES (total metal content = 1 wt. %) (Supporting
information, Table S1). The average metal particle size and particle size distribution of the
catalysts were determined by TEM (supporting information, Figure S1 and Table S2).
Representative bright field TEM micrographs of monometallic and bimetallic catalysts are
presented in Figure 2. The mean particle sizes of all the supported bimetallic Au,Pd,

nanoparticles were between 2.1 (£0.4) - 2.7 (= 1.0) nm without any appreciable size
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variation for different AuPd ratios. The presence of small metal nanoparticles was evidenced
by the low intensity of Au (200) and Pd (200) reflexions in the powder XRD of the catalysts
(supporting information, Figure S2). BET analysis on the bare support TiO; and on the final
AusoPds¢/TiO, shows no substantial difference in surface area and porosity due to metal

deposition (Table S3).

XPS data of the supported monometallic and bimetallic catalysts are presented in Figure 3.
For the whole series of samples, the Au4df;, peak were between 83.3-83.7 eV confirming
that Au is in the metallic state.”> The Pd(3d) spectra showed the presence of metallic Pd
(334.9 eV) as the major species and some Pd*", attributed to PdO (337.0 eV) since no
chloride is detected, (Figure 3). For the monometallic Au/TiO, sample the B.E. of Au was
83.7 eV, lower than that of bulk gold (ca. 84.0-84.2 eV). This slight decrease in B.E. is be
attributed to (i) particle size effects and (ii) charging of Au particles (presence of Au with

partially negative charge Au®). The addition of Pd to the Au samples caused a downward
7
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shift in the BE of Au from 83.7 to 83.3 eV indicating an electronic interaction between the
Au and Pd as noted by Lee ef al. *° In common with that study the Pd B.E. shifts were no
greater than 0.2 eV, which we consider to be the experimental confidence limit for absolute
B.E. (supporting information, Figure S3). With the small size of the nanoparticles, the
photoelectron attenuation lengths are of the same order as the particle sizes, therefore
absolute information on the formation of core-shell particles from XPS alone is difficult,
however analysis of the bimetallic catalysts revealed the Pd/Au atomic ratios were close to
the expected nominal values suggesting the presence of random alloys rather than core-shell

structures and in agreement with our previous reports (supporting information, Table S1)*’.

CO-DRIFTS analysis was performed on the bimetallic Au-Pd and monometallic Au, Pd
nanoparticles supported on TiO, Figure 4. The monometallic Au catalyst shows a primary
peak at around 2120 cm™ comprised of two peaks at 2124 and 2112 ¢cm™ assigned to CO
linearly bonded on Au’° step sites on top of nanoparticles and on peripheral Au’ step sites
respectively (deconvolution shown in supporting information, Figure S4).%* The presence of
the latter peak, in particular, suggests the presence of small nanoparticles on the catalyst
surface. The peak at 2072 cm™', on the other hand, has been assigned to linear CO adsorbed
on Au® species.”’ These partially negative species form during the gradual reduction of Au’
to Au® by the adsorbed CO at high CO partial pressure,’® as shown by comparison of the
spectra at low CO partial pressure (supporting information, Figure S4). The broad peak at
2050-1950 cm™ has been assigned to bridge bonded CO on Au® species. The presence of
this broad band is a direct effect of very well dispersed small Au nanoparticles on the

surface of support, as reported by Tabakova et al?!

The CO-DRIFTS spectra of monometallic Pd catalyst (deconvolution shown in supporting
information, Figure S5), consists of two broad groups of peaks. The first group, is comprised
of 3 peaks at 2130, 2096 and 2083 cm™; the latter two peaks have been assigned to linear
CO coordinated on Pd°,;*** while the peak at 2130 cm™ suggests the presence of cationic Pd

33,34

species, most likely PdO, in agreement with XPS analysis. The second group at lower

wavenumbers, is comprised by multiple and broad peaks assigned to p, bridge bonded CO
(ca. 1980-1930 cm™') and ps bridge bonded CO (ca. 1930-1820 cm™) in accordance with

: . 32,34
previous literature.”
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In the case of bimetallic AuPd catalysts, it has been previously reported that Pd carbonyls
are much more stable than Au carbonyls due to the higher m-back-donation of the Pd-CO
bond.* For this reason, the typical Pd-CO bands dominate the DRIFTS spectra in AuPd
alloys when Pd is present in significant amount and it is therefore difficult to observe bands
related to the presence of Au sites. Indeed, for the AussPdgs, AusoPdsp and AuegsPdss
catalysts, all the CO-Pd features observed for the monometallic Pd catalyst are present,3 6
with varying intensities corresponding to the amount of Pd (supporting information, Figure
S6). The same explanation applies to the AugsPdss catalyst, where the nanoparticle mean
size is very similar to the Pd/TiO,. Interestingly, when the Au/Pd ratio is 95:5, the CO
stretching modes are dominated by the CO-Au interactions (supporting information, Figure
S7). The appearance of a strong peak at 2123 cm™ with a small shoulder at 2103 cm™ is
evident and these peaks are characteristic of linear CO bonded on Au’ step sites on top of

nanoparticles and of peripheral Au® step sites.

Cinnamaldehyde hydrogenation over AusyPds¢/TiO;

Cinnamaldehyde (CAL) hydrogenation reactions were initially performed at 100 °C and
under 1 bar of H, using a bimetallic gold-palladium catalyst (AusoPdso/TiO2, 1 wt.%, 1:1
Au/Pd molar ratio) as our chosen model catalyst, and the main products observed were
cinnamyl alcohol (COH), hydrocinnamaldehyde (HCAL), hydrocinnamyl alcohol (HCOH)

and phenylpropane (PPR) (Figure 5). The conditions to avoid diffusion limitations were

Published on 12 February 2018. Downloaded by University of Windsor on 14/02/2018 09:10:56.

identified to ensure reactions were not under mass transfer limitations (supporting

informations, Figure S8).

The influence of hydrogen pressure on both activity and selectivity was also investigated. Several
experiments were carried out varying the hydrogen pressure from 1 to 3 bar and using the optimised
reaction conditions reported above. The increase of H, pressure enhances the concentration of the
gas in the reaction medium, increasing the accessibility of the H, molecule. Figure 6a shows that the
TOF for cinnamaldehyde hydrogenation increased linearly from 600 to 1080 h' as the partial
pressure increased in the studied range, confirming that the reaction is a first order in respect of the
hydrogen partial pressure.** The reaction temperature effect was subsequently evaluated by varying
the reaction temperature from 40 to 100 °C and maintaining the hydrogen partial pressure constant
at 1 bar. It is well known that hydrogenation rates usually increase with increasing temperatures,’

and here too there is a direct correlation between TOF and temperature (Figure 6b). It should be
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noted, however, that the hydrogenation selectivity to HCAL at iso-conversion level over the
AusoPdso/TiO; catalyst remained unchanged with variation of both H, pressure and reaction
temperature (supporting information, Figure S9 ¢ and d, 40 — 45 % selectivity at 30 % of iso-
conversion). This behaviour is in agreement with previous studies on bimetallic catalysts.***"* The
apparent activation energy, from Arrhenius plot, was 24 kJ mol™ (supporting information, Figure
S10). The obtained value is in good agreement with the data reported in the literature for various

metal based catalysts (supporting information, Table $4).%**

3.4 Solvent effects

Toluene was initially employed as solvent in order to avoid potential transfer
hydrogenations of CAL with hydrogen donor solvents.It has been shown previously that the
solvent plays a very important role in this reaction in terms of activity and
selectivity.'>'*1%2223 Besides toluene, polar solvents (ethanol and isopropanol) were also
tested for the hydrogenation of cinnamaldehyde hydrogenation. It has been reported for the
CAL hydrogenation reaction over Pd/C, Pt/C and Co/Al,0Os3, that polar solvents promote the
hydrogenation of carbonyl group, while non-polar solvents favour the hydrogenation of the
vinyl group.* Our results (Figure 7) show a small variation of catalytic activity (£ 7 %
conversion after 2 hours), between the three solvents studied, however significant difference
in selectivity is observed between the solvents. It is interesting to notice the strong decrease
in selectivity to HCAL, with ethanol (only 3 % is produced at 85 % conversion), and the
increase of PPR selectivity (from 3 % with toluene up to 18 % with ethanol). In presence of
Lewis acid sites and small chain alcohols, it has been previously reported for this reaction
the formation of acetals.'**® Indeed, when both ethanol and isopropanol were used,

considerable amounts of acetals were produced (33 % and 25 % respectively).

3.5 Effect of Au/Pd molar ratio

The effect of Au/Pd molar ratio on (i) cinnamaldehyde hydrogenation activity (adsorption of
cinnamaldehyde on metal active sites) and (ii) the selectivity towards to the C=0 or C=C
hydrogenation was studied. A series of catalysts with different Au/Pd metal molar ratios
were prepared (Au, AugsPds, AugsPdss, AusoPdsg, AussPdgs, and Pd, supporting information,
Table S1). Monometallic Au/TiO, and AuysPds/TiO, catalysts were inactive (Figure 8); an
increase of catalytic activity based on TOF was observed only with a further addition of Pd,
meaning that a minimum amount of this noble metal is required to initiate the reaction. This
is in agreement with the CO-DRIFT results (Figure 4), where no Pd features were detected

in the AugsPds catalyst. When the molar ratio between Au and Pd is approximately 50:50,
10
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the activity reached a maximum with a TOF of 836 h', and a further addition of Pd
decreased the catalytic performance. Activity enhancement due to alloying effect were also
reported by other groups, but no effect on selectivity was reported.”'** Only Parvulescu et
al., reported an increase in COH selectivity using AuPd colloid embedded in SiO, as
catalyst,”® while Szumelda and co-workers observed a progressive decrease in both activity
and selectivity towards HCAL starting from a Pd/C catalyst and increasing the amount of
Au.” In both cases, changes in selectivity are explained as geometric and electronic effects.
It is clear from these results that Au, although totally inactive when is present alone under
our experimental conditions, plays an important role when alloyed with Pd, increasing the
catalytic activity of more than 50 % with respect to the monometallic Pd (from 541 to 836 h
. In terms of selectivity, contrary of what previously reported by Parvulescu and co-
workers for AuPd on SiO,, an increase in the content of Pd leads to higher production of
HCAL up to 82 % in selectivity, with a consequential decrease in HCOH selectivity at iso-
conversion levels (Figure 9). It is possible that this selectivity improvement is simply caused
by the increase in Pd availability on the surface of the nanoparticles with the increase of total

Pd content.

3.6 Catalyst stability

AusoPdso/TiO, catalyst was tested in multiple consecutive reactions in order to evaluate its
reusability. The results are reported in Figure 10. After the first run, the conversion

decreased from 73 % to 50 % and it stabilised at a value of 45 % for the following runs. The

Published on 12 February 2018. Downloaded by University of Windsor on 14/02/2018 09:10:56.

selectivity, however, changed accordingly to the conversion level (HCOH decreased from
56 % to 45 %), indicating that the deactivation process affects mainly the catalytic activity
rather than the selectivity. MP-AES analysis showed a significant loss (about 22 %) of the
Pd content after 4 runs that partially explain the loss in activity. Pd leaching was also
detected when the reaction was performed with the monometallic Pd/TiO, catalyst, with a
28 % loss after 4 consecutive reactions. A control experiment using the hot filtrate solution
without catalyst confirmed that eventual leached species do not take active part to the
reaction. Sintering of metal nanoparticles could be another reason for catalyst deactivation.
TEM analysis of the spent catalyst (Table 1) showed an increase in the mean particle size as
well as a broadening in size distribution. The FTIR spectra of the fresh and spent catalysts
(supporting information, Figure S11), show a weak band at 1670 cm™ accompanied by a
broad band in the range of 3700-3000 cm™ that can be attributed to the OH stretching and

bending typical for the stabilising agent used (supporting information, Figure S12).
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However, the enhanced peak at 1670 cm™ in the spent catalyst can be also attributed to the
alcoholic functional group of the CAL hydrogenation products and a series of small peaks at
around 1500-1400 cm™ typical account for the presence of aromatic C=C stretches that
indicate the presence of either COH or HCOH adsorbed on the surface of the catalyst
(supporting information, Figure S13). The stronger band at 3700-3000 cm™ in the fresh
catalyst is only due to remaining adsorbed water on the catalyst surface.

In order to improve the catalyst reusability, the AusoPdso/TiO, catalyst was heated at 200,
300 and 400 °C. High temperature calcination/reduction steps improve the metal-support
interaction via a mechanism known as strong metal-support interaction (SMSI);** SMSI has
been accounted for stability and selectivity improvement in several reactions by a thin layer
of TiOy species that moves over and partially covers supported metal nanoparticles.45 The
results on the effect of heat treatment are reported in Table 1. Increasing the reduction
temperature decreases the activity from 73 for the dried only sample to 50 % for the catalyst
heated at 400 °C. However, the stability improves considerably, with the AusoPdso/Ti0>—300
°C and AusoPds¢/TiO,—400 °C catalysts maintain the catalytic activity for 4 consecutive
reactions. A small decrease in activity was observed for the AusoPdso/TiO>—200 catalyst
(from 70 to 58 %). MP-AES tests on the final reaction solutions, revealed the absence of Pd,
confirming that high temperature treatments help to increase the stability of the catalyst by
increasing the metal-support interaction. XPS data (supporting information, Table S5) of the
heat-treated catalysts do not suggest significant changes in metal composition with the heat
treatment, even though, as mentioned before, these data cannot be considered as a true
representation of the real surface composition. The overall loss in activity is probably due to
both the suppressed hydrogen chemisorption due to the SMSI and increase in mean particle
size with the increased reduction temperature (supporting information, Table S6), with a
measured average mean diameter that varies from 2.1 = 0.6 nm to 5.3 £ 1.2 nm for the
AusPds¢/TiO, and AusogPdse/Ti0,—400 °C catalysts respectively. On the other hand, the
significant improvement in stability may be due to the protective TiOy surface layer prevent
metal sintering phenomena during reaction (Figure 11), and this is confirmed again by TEM
analysis (supporting information, Table S6): for high temperature treated catalysts, the
nanoparticles dimension changes only slightly (from 5.3 = 1.2 nm to 5.9 = 1.3 nm for the
AusoPdso/TiO,—400 catalyst). The high temperature treatments not only influence the
activity of the catalysts, but also the selectivity: increasing the reduction temperature, the
selectivity towards CAL increases drastically from 40 to 83 % at iso-coversion, with

AusoPdso/TiO, and AusoPdso/Ti0O2—400 respectively. It is well known that high temperature

12
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treatments in AuPd alloy systems may cause Pd segregation on the surface of the
nanoparticles to form core-shell structures.*®™*® This hypothesis is also consistent with our
observations at different Au:Pd ratios, where a Pd rich surface led to higher selectivity
towards CAL. XPS analysis cannot clear out all doubts, since the penetration depth of the X-
ray is in the same order of magnitude of the nanoparticle dimensions, and the quantification
analysis are good only to evaluate the overall content of the two metals.

The AusoPdso/TiO,-300 catalyst represents a good compromise between activity, selectivity
towards HCAL and stability to reuse, and it is among the most active and selective

bimetallic AuPd catalyst reported in literature.?' *

4. Conclusions

In this study, the catalytic hydrogenation of cinnamaldehyde has been investigated using
supported Au-Pd nanoparticles prepared via sol immobilisation method. Systematic studies
have been carried out to optimise catalyst properties and reaction conditions. We have
shown that the most active bimetallic Au-Pd catalyst is with 1:1 molar ratio. In addition,
nature of solvent significantly affects the selectivity for this hydrogenation reaction. When
non-polar toluene was used as the solvent higher selectivity of HCAL and HCOH was
observed, whereas when polar solvents (ethanol and isopropanol) were used a significant
increase in the formation of acetal and PPR was observed. Finally, the effect of heat
treatments was studied and by increasing the heat treatment temperature under air and

hydrogen we switched off the leaching of Pd observed at lower heat treatment temperatures

Published on 12 February 2018. Downloaded by University of Windsor on 14/02/2018 09:10:56.

without significantly affecting the catalytic activity, therefore improving the long-term
stability of bimetallic catalysts. The selectivity towards HCAL improved significantly as

well, probably due to Pd segregation on the surface of the nanoparticles.
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Table 1. Catalysts reusability in the CAL hydrogenation. Reaction conditions 90 minutes,

100 °C, 1 H; bar, catalyst amount 50 mg, CAL 4 mmol, substrate/metal molar ratio 1200:1.

Catalyst/Catalyst Run Mean particle  Conv. (%) Selectivity at 50 % conversion
pre-treatment size (nm)
HCAL COH HCOH PPR

AusoPdso/TiO, - dried 1 2.1+£0.6 73 40 6 52 2
AusoPdso/TiO, - dried 4 33+09 46 49 5 45 1
AusoPdso/TiO, - 200 °C 1 2.5+£0.8 70 67 1 31 1
AusoPdso/TiO, - 200 °C 4 34+0.8 58 62 0 34 3
AusoPdso/TiO, - 300 °C 1 3.7+1.0 56 81 0 18 2
AusoPdso/TiO, - 300 °C 4 38+0.8 55 78 0 21 2
AusoPdso/TiO, - 400 °C 1 53+1.2 50 83 0 16 1
AusoPdso/TiO, - 400 °C 4 59+1.3 49 79 0 20 1
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Figure 1. Cinnamaldehyde hydrogenation pathways.
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Figure 2. Representative TEM images of the fresh catalysts (a) Au/TiO; (b) AugsPds/Ti0O,

(C) Au65Pd35/Ti02 (d) Au5oPd50/Ti02 (e) AU35Pd65/Ti02 (f) Pd/T102
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Figure 3. Pd (3d) XPS spectra for the Au,Pd,/TiO, catalysts: (a) Pd/TiO, (b) AuzsPdes/TiO,

(C) AU50Pd50/Ti02 (d) Au65Pd35/Ti02 (e) Au95Pd5/Ti02 (f) Au/TiOz.
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Figure 4. CO-DRIFT of (a) Pd/TiO,, (b) AuszsPdes/TiOs,

AugsPdss/TiO, () AugsPds/TiO, and (f) AwTiOs.
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Figure 5. Cinnamaldehyde hydrogenation profile. Reaction conditions 100 °C, 1 H; bar,

catalyst amount 50 mg, CAL 4 mmol, substrate/metal molar ratio 1200:1.
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Figure 6. Effect of (a) H, pressure and (b) temperature on the TOF of the reaction. Reaction
conditions (a) 100 °C, catalyst amount 50 mg, CAL 4 mmol, (b) 1 H; bar, catalyst amount

50 mg, CAL 4 mmol.
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Figure 7. Solvent effect in the CAL hydrogenation. Reaction conditions 100 °C, 1 H; bar,

catalyst amount 50 mg, CAL 4 mmol, substrate/metal molar ratio 1200:1.
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Figure 8. Au/Pd ratio effect in the CAL hydrogenation. Reaction conditions 100 °C, 1 H,

bar, catalyst amount 50 mg, CAL 4 mmol, substrate/metal molar ratio 1200:1.
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Figure 9. Au/Pd molar ratio effect in the CAL hydrogenation. Reaction conditions 100 °C, 1

H, bar, catalyst amount 50 mg, CAL 4 mmol, substrate/metal molar ratio 1200:1.
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Figure 10. Reusability of the AusoPdso/TiO; catalyst in the CAL hydrogenation. Reaction

conditions 100 °C, 1 H; bar, catalyst amount 50 mg, CAL 4 mmol, substrate/metal molar

ratio 1200:1.
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Figure 11. TEM evidence of the presence of a TiOy layer covering the metal NPs.
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