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Abstract 

The behaviour of a Pd(OAc)2/P4VP catalyst submitted to different pre-treatments (pre-
reduced, pre-oxidised and un-treated) during the aerobic oxidation of 2-propanol to 
acetone in the gas phase has been investigated. Synchronous, time-resolved, 
SAXS/XAS/MS techniques coupled with operando DRIFT spectroscopy (which gave 
information on the destiny of the acetate ligands) and ex-situ HR-TEM (to detect the 
formation of Pd nano-particles and to obtain their size distribution) were employed to 
accomplish a dynamical picture of the changes occurring to the Pd phase under transient 
reaction conditions. In addition, the catalytic performances were qualitatively explored by 
means of a CATLAB micro-reactor, with the final aim to establish structure-activity 
relationships. Our approach clearly demonstrates that highly isolated Pd2+ cationic 
species, either atomically dispersed or in the form of ultra-small Pd2+-oxo clusters, are 
efficient and very stable active sites for the gas-phase aerobic oxidation of 2-propanol to 
acetone. Noticeably, the behaviour of the Pd(OAc)2/P4VP catalyst in reaction conditions 
are influenced by the nature of the support. On one hand, the presence of the pyridyl 
functional groups is fundamental to stabilize the cationic Pd2+ species, on the other hand, 
the porous structure of the P4VP polymer efficiently confine the active Pd2+ species in the 
presence of the reagents. As such, our catalyst is situated at the confluence between its 
homogeneous and heterogeneous analogues. 
 
Keywords: alcohol oxidation, palladium, SAXS, XAS, operando 
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1. Introduction 

Selective aerobic oxidation of alcohols to their corresponding aldehydes over noble-metal-
based catalysts is an environmentally benign process in fine chemistry, but also a reaction 
particularly demanding, because it requires the activation of molecular oxygen and C-O 
bonds in close proximity, at temperatures typically below 160 °C.1-5 The economic and 
environmental advantages of molecular oxygen as a chemical oxidant are readily 
apparent: oxygen is abundant, inexpensive and thermodynamically potent. However, 
effective solutions to this problem must overcome the intrinsic reactivity and selectivity 
challenges posed by the chemistry of O2: O2 is a four-electron oxidant when it is reduced 
to water but most desired reactions are 2-electron oxidations, and partially reduced oxygen 
species are typically more reactive and potent oxidants than O2 itself.6-9 Both 
heterogeneous and homogeneous Pd-based catalysts are largely employed in selective 
alcohol oxidations, on account of the Pd ability to perform selective oxidations at 
temperatures typically between 60 and 160 °C and atmospheric oxygen pressure.1-6 Albeit 
significant progresses have been achieved in understanding the role of Pd-based catalysts 
by using in situ or operando spectroscopic10-12 and microscopic13,14 tools, the mechanism 
of the reaction is still a matter of discussion.15-17  

It has long being accepted that the reaction proceeds following an oxidase-style 
mechanism consisting of two steps: 1) a Pd-mediated oxidation of the alcohol by 
dehydrogenation, with the formation of the corresponding aldehyde and of a Pd-hydride 
intermediate; and 2) the aerobic oxidation of the reduced catalyst. The two stages occur 
independently and in sequence.1-6,18,19 According to this mechanism molecular oxygen is 
not directly involved in the substrate oxidation, but has the double role of re-oxidizing the 
Pd-hydrides (supported by the observation that O2 can be replaced by an hydrogen-
acceptor),20,21 and suppressing the decarbonylation of the oxidation products over metallic 
Pd. 1-5 Competing reactions may occur at specific surface sites19 during the catalytic cycles 
(such as the decarbonylation or the over-oxidation of the products, over-oxidation of the 
catalyst, aggregation of Pd species to inactive bulk metal), with a consequent decrease in 
selectivity and de-activation of the catalyst.  

In both homogeneous and heterogeneous cases, the unambiguous identification of 
the oxidation state (Pd(II) or Pd(0)) and of the aggregation of the Pd species during the 
catalysis has a pivotal importance. The aerobic oxidation of alcohols was investigated both 
in liquid phase (aqueous media or organic solvents)16,22-25 and in the gas phase,26,27 by X-
ray absorption spectroscopy (XAS) coupled with vibrational spectroscopies and/or 
electrochemical measurements. For Pd-based heterogeneous catalysts, it was early 
discovered that the rate of alcohol oxidation is higher on a reduced metal surface than on 
an oxidized one.1,28,29 Several works indicate that metallic Pd is the catalytically active 
phase. Interestingly, in most of these studies it was also reported that the introduction of 
oxygen in the reactant feed causes a sudden increase of the alcohol conversion, 
observation that was attributed to a cleaning of the Pd surface by oxygen, rather than to a 
change in the Pd oxidation state. Other studies30-35 indicate that surface PdO is the active 
phase in alcohol oxidation reactions, and that the oxide-to-metal structural transition is 
accompanied by catalyst deactivation through secondary decarbonylation of the products.  
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The nature of the active Pd sites during alcohol oxidation is similarly uncertain also 
for homogeneous Pd-based catalysts.6,36-41 For the Pd(OAc)2/pyridine system, Steinhoff et 
al. detected (by means of in situ spectroscopy) a Pd(II) resting state.17,42,43 However, 
Uemura et al.,44 proposed an alternative hypothesis, wherein Pd remains in the +2 
oxidation state throughout the catalytic cycle. The above mentioned Pd(OAc)2/pyridine 
homogeneous system is one of the most efficient and selective catalyst for oxidation of 
alcohols to aldehydes.17,36,42-46 All the major classes of alcohols (primary, secondary, 
benzylic, and allylic) are oxidized in toluene solution at 80 °C, generally in good-to-
excellent yields (80–100%).36 In this system the labile pyridine ligands greatly facilitate the 
reductive elimination of the aldehyde from the Pd-H intermediate and therefore 
significantly enhance the rate of Pd(0) oxidation by molecular oxygen. When the efficiency 
of this second step diminishes (i.e. in absence or in defect of oxygen) the catalyst is 
deactivated through the formation of Pd nanoparticles.   

Recently, we have been involved in the study of the chemistry of Pd(OAc)2 inside a 
porous, divinylbenzene cross-linked, pyridine-containing polymer (P4VP).47-50 In the freshly 
prepared form this system might be seen as the heterogeneous counter-part of 
Pd(OAc)2/pyridine, and this stimulated us to explore its behaviour during the aerobic 
oxidation of an alcohol in the gas phase, as a function of the reaction conditions. In 
particular, we applied synchronous, time-resolved, SAXS/XAS/MS techniques to obtain a 
dynamical picture of the changes occurring to the Pd species (in terms of oxidation state, 
aggregation, and local structure) under transient reaction conditions. The SAXS/XAS/MS 
measurements were complemented with two additional characterization techniques: 1) 
operando DRIFT spectroscopy, to interrogate the destiny of the acetate ligands; 2) ex-situ 
HR-TEM, to directly visualize the eventual presence of Pd nanoparticles and to evaluate 
their particle size distribution. Finally, the catalytic performances were qualitatively 
explored by means of a CATLAB micro-reactor, with the final aim to correlate the catalyst 
properties to the catalytic performances. We selected 2-propanol as reactant, because of 
its high vapour pressure that allows performing the experiments in the gas-phase, thus 
avoiding competitive solvent effects. In addition, it is easy to handle, non-toxic, with a low 
boiling point and a flash point at higher temperatures with respect to other alcohols. 
Finally, 2-propanol is the simplest secondary alcohol, and it can be oxidized solely to 
acetone, thus simplifying the catalytic study. Although oxidation of 2-propanol to acetone is 
not relevant from a technological point of view (acetone is produced directly or indirectly 
from propylene, mainly via the cumene process), our spectroscopic results indicate the 
occurrence of a single site mechanism for the alcohol oxidation reaction that might be of 
potential help in developing more performant catalysts for selective alcohol oxidation. 

 

2. Experimental 

 
2.1 Catalyst preparation  

The Pd(OAc)2/P4VP catalyst was prepared in the Chimet laboratories starting from Pd(II) 
acetate (hereafter Pd(OAc)2) and a poly-4-vinyl-pyridine 25% crosslinked with 
divinylbenzene (Sigma Aldrich, hereafter P4VP), showing a specific surface area of about 
50 m2g-1. P4VP (in the form of micro-spheres) was added to an orange solution of 
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Pd(OAc)2 in acetonitrile containing 4 wt% of Pd51 with respect to the support and left under 
stirring at room temperature overnight.47,48 The solution appeared completely decoloured, 
the sample was filtered, successively dried at room temperature and mildly ground in an 
agate mortar when necessary. We demonstrated previously48 that the Pd(OAc)2 precursor 
is stabilized inside the P4VP scaffold through the coordination of the pyridyl groups to the 
Pd2+ cations, with the consequent rupture of the trimeric structure characteristic for solid 
Pd(OAc)2, and the restructuring of the acetate ligands in a mono-dentate coordination. 
2.2 Treatment protocols  

Before investigating the catalyst changes during the aerobic oxidation of 2-propanol, the 
effect of the two reagents alone was explored. Reduction in 2-propanol was accomplished 
by feeding in the reactor (either the capillary in SAXS/XAS/MS measurements or the 
DRIFTS cell for the FT-IR measurements) the vapours of the alcohol stripped by an inert 
flow (He, 20 ml/min) at 50 °C, and increasing the temperature up to 200 °C (ramp 2 
°C/min). Oxidation of the catalyst was achieved by flowing in the reactor a 15% O2 in He 
flow (20 ml/min of total flow) at 50 °C and successively increasing the temperature up to 
200 °C (ramp 2 °C/min). The aerobic oxidation of 2-propanol was conducted on the 
catalysts 1) pre-reduced in 2-propanol, 2) pre-oxidized in O2, and 3) fresh. The reaction 
was performed by feeding in the reactor the vapours of the alcohol stripped by a 15% 
O2/He flow at 50 °C, and successively increasing the temperature up to 180 °C. The 
temperature was limited to 180 °C owing to the observation that at higher temperature the 
complete combustion of 2-propanol was favoured.  
2.3 Characterization techniques and data analysis 

2.3.1 Synchronous SAXS/XAS/MS measurements 

Synchronous SAXS/XAS/MS measurements were performed on the BM26A beamline at 
the ESRF facility (Grenoble, France), by using the experimental set-up reported 
previously.48,52,53 The catalyst powder was placed in a 2 mm glass capillary, having 
upstream and downstream two small pieces of quartz wool. The capillary was connected 
to the BM26A gas rig for with mass-flow controllers for gas delivery,54 and heated with a 
heat gun. The evolution of the gaseous products of reaction are monitored with an online 
mass spectrometer (MS) at the end of the capillary by sampling a fraction of the out-
stream flow.  

Transmission XAS spectra at the Pd K edge (24350 eV) were collected using an 
ionization chamber before the sample and an X-ray sensitive photodiode placed in the 
centre of the SAXS detector. The white beam was monochromatized using a Si(111) 
double crystal and harmonic rejection was performed by using Pt coated mirrors 
(horizontal acceptance 2 mrad). The beam was focused in order to achieve 1.5 x 1 mm 
dimension on the sample. The energy was calibrated measuring the XANES spectrum of a 
palladium foil. The XAS spectra were acquired in the 24200 – 24600 eV range with an 
energy step of 3 eV and an integration time of 1 s/point in the pre-edge region, 1.5 eV step 
and 3 s/point in the XANES region, while the step in the EXAFS region was chosen to 
obtain a 0.05 Å−1 step in the k-space with the acquisition time increasing quadratically from 
3 to 9 s/point. Each spectrum required an acquisition time of about 10 minutes as 
compromise between fast acquisition and quality of the spectra. It is worth noticing that, 
according to literature,18,27 the reaction induced restructuring of Pd nanoparticles 
equilibrates within ca. 10 seconds during the vapour phase selective oxidation of crotyl 
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alcohol. Hence, the timescale for spectra acquisition is long enough to allow our system 
equilibrating at each temperature. The spectra were normalized and analysed in the frame 
of multiple scattering theory with the GNXAS package software.55,56 The details of the data 
analysis are reported in Section S2.  

Simultaneously with XAS, SAXS patterns were collected by using a 2D Mar CCD 
detector. The sample-detector distance was calibrated accordingly to the peak position of 
a standard Ag behenate powder sample. The energy change between the start and the 
end of the XAS spectrum (about 80 eV) is irrelevant to SAXS so that the incident beam 
wavelength can be treated as constant, λ=0.509(1) Å. At this energy, we cover a q range 
(q = 4πsinθ/λ; 0.01-0.3 Å-1) big enough to get information on the size and the shape of 
eventually formed nanoparticles. A SAXS pattern was collected for each XAS spectrum. 
The patterns were integrated with Fit2D57 and modelled with a home-made code.53,58  

The SAXS data have been analysed by fitting the experimental patterns with the 
function described by Eq. (1):  

I�q�=A+
B

q4 +C�D�r�j(qR)2r6dr        

 Eq. (1) 
where the term A+ B/q4 describes the Porod function,59 simulating the polymer 
contribution; D(r) corresponds to the Weibull function, accounting for the particle size 
distribution, which is in turn defined as D(r) = (r/R)−1exp(-r/R)b, in which R is the average 
radius of the particles and j(qR) is the spherical first order Bessel function, accounting for 
the spherical shape of the metal clusters. 
2.3.2 DRIFT spectroscopy 

FT-IR spectra were collected in diffuse reflectance mode (DRIFT) on a Nicolet 6700 
instrument, equipped with a MCT detector. A Thermo-Fisher Environmental Chamber was 
used to record the FT-IR spectra under reaction conditions. The cell was connected to a 
gas-flow system (under atmospheric pressure), equipped with electronic mass flow 
controllers (MFC). Each FT-IR spectrum required an acquisition time of about 2 minutes. 
FT-IR spectra were recorded at regular time interval, during the whole process at a 
spectral resolution of 4 cm-1. Just at the end of each experiment, the catalyst powder was 
recovered and immediately measured by HR-TEM, trying to minimize the exposure to air.  
2.3.3 High resolution Transmission Electron Microscopy 

High Resolution Transmission electron micrographs (HR-TEM) were obtained using a 
JEOL 3010-UHR instrument operating at 300 kV, equipped with a LaB6 filament and fitted 
with X-ray EDS analysis by a Link ISIS 200 detector. Digital micrographs were acquired by 
a 2k × 2k pixel Gatan US1000 CCD camera. Samples were quickly deposited (in the dry 
form, i.e. without using any solvent) on a copper grid covered with a lacey carbon film. 
Histograms of the particle size distribution were obtained by considering a statistical 
representative number of particles on the HR-TEM images, and the mean particle 
diameter (dTEM) was calculated as: 

<d TEM>=
∑dini

∑ ni
          Eq. (2) 

where ni was the number of particles of diameter di.  
2.4 Catalytic tests 

For the catalytic tests, an integrated quartz micro-reactor and mass spectrometer system 
(CATLAB from Hiden) was adopted. The system features a fast-response, low thermal 
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mass furnace with integrated air-cooling, a precision quadrupole mass spectrometer, and 
a quartz inert capillary with “hot zone” inlet for continuous close-coupled catalyst sampling 
with minimal dead volume and memory effects. The catalyst was loaded into the quartz 
reactor with an inner diameter of 10 mm. The reaction temperature was monitored by 
using an in-bed thermocouple that ensures optimal measurement of catalyst temperature. 
The reactant gases were fed through electronic mass flow controllers. Feed and product 
analysis were performed by using a Pfeiffer OmniStar quadrupole Mass Spectrometer, 
monitoring the following ionic masses: (m/Z) = 4 (He), 18 (H2O), 28 (CO2), 32 (O2), 43 
(acetone), 45 (2-propanol), 60 (acetic acid). It is worth noticing that 2-propanol contributes 
also to the intensity of mass 43, that however is the most intense fragment for acetone.  
 

3. Results and Discussion 

 
3.1 Pd(OAc)2/P4VP reduced in 2-propanol and its catalytic performances 

3.1.1 Reactivity of Pd(OAc)2/P4VP with 2-propanol 

The ability of simple alcohols in reducing palladium oxide in mild conditions has been 
known since long time.1 Newton et al.60 have recently proved that also ethanol-water, a 
prototypical “green” solvent mixture, cannot be considered as innocent toward supported 
Pd nanoparticles. Even dehydrogenation of the simplest secondary alcohol, 2-propanol, 
leads to PdO reduction and may poison metallic Pd already at room temperature.1 
Reduction of Pd(OAc)2 is less easy than reduction of PdO: it does not occur at room 
temperature, but requires reaching ca. 110 °C and it is completed around 180 °C. In our 
previous work50 we followed the reduction of Pd(OAc)2 in 2-propanol by means of DRIFT 
spectroscopy, by monitoring the disappearance of the IR bands characteristic of the 
acetate ligands and by characterizing the obtained Pd nanoparticles by using CO as a 
probe molecule. The sequence of DRIFT spectra collected during the reaction are shown 
Figure S1 in the Supporting Information and here represented in a 2D map as a function of 
the temperature in Figure 1a, in the 1800 – 1250 cm-1 region. The two absorption bands at 
ca. 1365 and 1300 cm-1, assigned to the νsym(COO) mode of two slightly different terminal 
acetate ligands (dotted lines in Figure 1a labelled as Pd(OAc)2),

48 gradually decrease in 
intensity and are no more observed around 170 °C. Concomitantly, a shrinkage of the very 
intense band centred at 1596 cm-1 (assigned to the 8a vibrational mode of the pyridyl 

functional group) is observed (dotted line in Figure 1a labelled as py⋅⋅⋅Pd2+), due to the 
disappearance of the shoulder at ca. 1640 cm-1. This shoulder was previously considered 
as the fingerprint of a chemical interaction between the pyridyl groups of P4VP and the 
Pd2+ cations of the hosted Pd(OAc)2,

48 similar to what was reported for several 
P4VP/metal complexes. 61-66 

At the end of the DRIFTS experiment, the sample was analysed by HR-TEM. A 
representative image is shown in Figure 1b, along with the particle size distribution 
determined by counting about 800 particles. Very small Pd nanoparticles, homogeneously 
distributed in the polymer, and with a spherical shape and a regular size are observed. 
Most of them have a diameter smaller than 2 nm and are hardly detectable by our TEM 
instrument. The average particle size (<dTEM> = 1.4 ± 0.3 nm) is very similar to that of Pd 
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particles obtained upon reducing the same system in H2,
47,48 and reflects the stabilization 

effect of the pyridyl ligands in P4VP.  

 
Figure 1. Part a): 2D map showing the evolution of the DRIFT spectra as a function of the reaction 
temperature, for the Pd(OAc)2/P4VP reacting with 2-propanol. The intensity increases from blue to white. 
Dotted lines highlight the evolution of the absorption bands assigned to Pd(OAc)2 and to the pyridyl groups of 
P4VP interacting with the hosted Pd2+ cations, respectively. Part b): Representative HR-TEM image of 
Pd(OAc)2/P4VP after reaction with 2-propanol at 200 °C and corresponding particle size distribution.  

To get insights into the mechanism of Pd(OAc)2/P4VP reduction, the reaction of the 
catalyst with 2-propanol was followed by means of simultaneous, time–resolved, 
SAXS/XAS/MS measurements. Figure S2 in the Supporting Information shows the 
sequence of normalized XANES spectra, SAXS patterns and EXAFS spectra at the Pd K-
edge collected simultaneously during the reaction of the Pd(OAc)2/P4VP catalyst with 2-
propanol upon increasing the temperature from 50 °C to 200 °C. A gradual change is 
observed by all three techniques starting from ca. 110 °C, while they did not evolve 
anymore once the temperature reached ca. 180 °C. This evolution indicates that the Pd2+ 
precursor is progressively reduced with the consequent formation of Pd0 nanoparticles. 
The temperature interval during which Pd(OAc)2 is reduced to Pd0 nanoparticles is in very 
good agreement with that previously determined by DRIFT spectroscopy (Figure 1a). To 
better visualize the spectral changes as a function of the reaction temperature, the same 
data have been reported in 2D maps in Figure 2a-c, together with the evolution of the 
gaseous products of the reaction as simultaneously monitored by online MS (part d), and 
in the independent experiment with the CATLAB micro-reactor (part d’). Starting from the 
XANES spectra (Figure 2a), the following changes are observed during the reaction: 1) the 
edge (border between red and black regions) progressively shifts to lower energy; 2) the 
peak at ca. 24372 eV (labelled as Pd2+), characteristic of Pd(OAc)2, vanishes, and 3) is 
replaced by a peak at ca. 24386 eV (labelled as Pd0), which is assigned to the first EXAFS 
oscillation of palladium atoms arranged in a face centred cubic (fcc) local structure, typical 
of Pd0 nanoparticles.47,48,67 Figure 2b shows the contribution of the spherical particles 
(either Pd(OAc)2 or Pd0, or both) with respect to the modelled background as determined 
by the analysis of the SAXS data. A gradual increase of the average particle size (<dSAXS>) 
is observed throughout the reaction, from ca. <dSAXS> = 1.27 ± 0.05 nm to ca. 1.79 ± 0.05 
nm, in good agreement with that determined by means of HR-TEM at the end of the 
reaction.  

As far as the EXAFS spectra are concerned (Figure 2c), the peak initially at ca. 1.45 
Å (not-phase corrected, labelled as Pd-OAc), attributed to the first shell Pd-O contribution of 
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Pd(OAc)2, decreases in intensity and shifts at slightly higher distances (ca. 1.52 Å), while 
at the same time a new peak appears at ca. 2.55 Å (labelled as Pd-Pd), which is due to 
the first-shell Pd-Pd contribution of the Pd nanoparticles. The persistence of a signal 
around ca. 1.52 Å reveals that a substantial fraction of the Pd atoms interacts with low-Z 
elements. Since all the Pd(OAc)2 has been reduced, this peak is attributed to the 
interaction of Pd either with the nitrogen of the pyridine ligands in P4VP47,48 or with the 
carbon of carbonaceous species derived from the dehydrogenation of 2-propanol. 
Hereafter, we will refer to this peak as Pd-X contribution, where X states either for O, N or 
C (which are not distinguishable by EXAFS). The results of the EXAFS fits for each 
spectrum of the series are reported in Table S1 in the Supporting Information. Starting 
from ca. 130 °C the fraction of the Pd atoms in interaction with other Pd atoms (%Pd-Pd in 
Table S1) gradually increases, up to ca. 84% at the end of the reaction. In these conditions 
all the Pd(OAc)2 has been reduced to Pd nanoparticles. The average coordination number 
NPd-Pd = 2.6 ± 0.5 is extremely small compared with NPd-Pd = 12 in bulk Pd metal, as 
expected for very small nanoparticles.68-73 Notably the results agree with literature data on 
similar systems74-76 (more details are reported in the SI file). 

In summary, Pd(OAc)2 in P4VP is reduced by 2-propanol at elevated temperature to 
Pd0 nanoparticles which are stabilized by the pyridyl moieties in P4VP. As far as the 
reduction mechanism is concerned, synchronous MS measurements detect small traces of 
acetic acid (m/Z = 60) during the reduction of Pd(OAc)2 by 2-propanol (Figure 2d). This is 
confirmed by an independent catalytic test performed with the CATLAB micro-reactor 
(Figure 2d’). Acetic acid originates from the hydrogenation of the acetate ligands, and 
indicates the occurrence of alcohol dehydrogenation.  

 
Figure 2. 2D maps showing the evolution of the XANES spectra (part a), of the particle size distribution as 
determined by the analysis of the SAXS data (part b), and amplitude of the phase-uncorrected FT of the 
EXAFS spectra (part c) as a function of the reaction temperature, for the Pd(OAc)2/P4VP reacting with 2-
propanol. The intensity increases from black to yellow. The labels refer to the main assignments. Parts d and 
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d’ show the evolution of gaseous acetic acid (m/Z = 60) as detected by online MS and by the independent 
catalytic test performed with the CATLAB micro-reactor.   

 

 

3.1.2 Catalytic performances of the Pd(OAc)2/P4VP pre-reduced in 2-propanol  

The Pd(OAc)2/P4VP catalyst pre-reduced in 2-propanol efficiently catalyses the oxidation 
of 2-propanol to acetone. The reaction was initially followed by means of DRIFT 
spectroscopy. Figure S3 reports the evolution of the DRIFT spectra as a function of 
temperature, whereas Figure 3a shows the corresponding 2D map in the 1800 – 1680 cm-

1 region, that is the region where acetone can be easily detected, because the 
characteristic ν(C=O) absorption band at ca. 1730 cm-1 does not overlap neither with those 
of the catalyst nor with those of 2-propanol. Acetone starts to be spectroscopically 
detected already around 80-90 °C, but the maximum conversion is achieved only at ca. 
170-180 °C, in well agreement with the MS data (vide infra, Figure 4d and d’). After the 
reaction, the catalyst was also analysed by HR-TEM. A representative image and the 
particle size distribution are reported in Figure 3b. Despite the majority of the Pd NPs have 
preserved the initial small size, some very big Pd agglomerates, whose composition was 
checked by EDS analysis, have been observed (inset). With respect to the same catalyst 
before the aerobic oxidation of 2-propanol, a slight increase of the average particle size is 
detected (<dTEM> = 1.6 ± 0.4 nm).  
 

 
Figure 3. Part a): 2D map showing the evolution of the DRIFT spectra as a function of the reaction 
temperature, for the Pd(OAc)2/P4VP catalyst pre-reduced in 2-propanol during the aerobic oxidation of 2-
propanol to acetone. The intensity increases from blue to yellow. Part b): Two representative HR-TEM 
images of pre-reduced Pd(OAc)2/P4VP after the aerobic oxidation of 2-propanol at 180 °C and 
corresponding particle size distribution.  

The main question, however, is whether the catalyst works in the oxidized or in the 
reduced state. This is readily apparent by looking to Figure 4a-c, that shows the evolution 
of the XANES spectra (part a), of the particle size distribution as determined by the 
analysis of the SAXS data (part b), and of the amplitude of Fourier-transforms of (FT) of 
the EXAFS spectra (part c) during the oxidation of 2-propanol over the pre-reduced 
Pd(OAc)2/P4VP catalyst as a function of the reaction temperature. The raw spectra are 
reported in Figure S4. As soon as the reaction starts (around 80-90 °C), the contributions 
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due to metal Pd (i.e. the Pd0 peak at ca. 24386 eV in the XANES spectra and the Pd-Pd 
contribution at ca. 2.55 Å in the EXAFS spectra) rapidly decrease in intensity and reach 
the minimum values around 110 °C. At the same time, the contributions ascribed to Pd2+ 
(the Pd2+ peak at ca. 24372 eV in the XANES spectra and the Pd-X contribution around 
1.52 Å in the EXAFS spectra) increase in intensity, reaching the maximum values at ca. 
160 °C. The fraction of the Pd atoms in interaction with other Pd atoms (%Pd-Pd in Table 
S2), as determined by fitting the EXAFS data, drastically decreases to less than 15%. The 
whole set of data clearly indicates that in the presence of the reaction mixture the Pd0 
nanoparticles are rapidly oxidized to PdO nanoparticles. The oxidation is almost complete 
because of their very small size. In the whole 110 – 170 °C interval, that corresponds to 
the best performance of the catalyst (Figure 4d and d’), the average oxidation state of 
palladium remains 2+, while the particle size changes are negligible (<dSAXS> increases 
from 1.89 ± 0.05 nm to 1.96 ± 0.05nm, Figure 4c).  

 
Figure 4. 2D maps showing the evolution of the XANES spectra (part a), of the particle size distribution as 
determined by the analysis of the SAXS data (part b), and of the amplitude of phase-uncorrected FT of the 
EXAFS spectra (part c) as a function of the reaction temperature, for the Pd(OAc)2/P4VP pre-reduced in 2-
propanol during the aerobic oxidation of 2-propanol. The intensity increases from black to yellow. The labels 
refer to the main assignments. Parts d and d’ show the conversion of 2-propanol (m/Z = 45) into acetone 
(m/Z = 43) as detected by online MS and by an independent catalytic test performed with the CATLAB micro-
reactor, respectively.  

Around 170 – 180 °C a very sudden change is observed in all the spectra. The PdO 
nanoparticles are reduced back to Pd0 and at the same time the particle size abruptly 
increases (<dSAXS> goes from 1.96 ± 0.05nm to 2.45 ± 0.05 nm, Figure 4c)77 and the %Pd-
Pd (Table S1) reaches again a value of about 70%. The phenomenon is associated with a 
slight loss of the catalytic activity (Figure 4d and d’). The whole sequence of data 
presented so far converges in indicating that: 1) the pre-reduced Pd(OAc)2/P4VP catalyst 
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is rapidly oxidized in the presence of the reaction mixture and remains oxidized during the 
conversion of 2-propanol to acetone in the whole 110 – 170 °C temperature range, in 
agreement with recent studies that have implicated surface PdO as the active phase in the 
selective oxidation of alcohols;30-35 2) the pre-reduced Pd(OAc)2/P4VP catalyst is not 
stable during the aerobic oxidation of 2-propanol at 170-180 °C. The reason for the 
instability of the Pd phase in these reaction conditions is not completely clear, but it might 
be associated with a sudden increase of the temperature at the catalyst surface. It is 
interesting to notice that the catalyst deactivation is not irreversible. Once that the catalyst 
is re-oxidized at 180 °C the activity is almost completely restored (data not shown), in a 
similar way to what reported in the literature for supported PdOx nanoparticles.26 

 
3.2 Pd(OAc)2/P4VP oxidized in molecular O2 and its catalytic performances 

3.2.1 Reactivity of Pd(OAc)2/P4VP with oxygen 

Successively, we explored the reactivity of Pd(OAc)2 towards molecular oxygen, which is 
the second reagent in the investigated reaction. Figure 5a shows the evolution of the 
DRIFT spectra for Pd(OAc)2/P4VP in the presence of oxygen at increasing temperature 
from 50 °C to 200 °C (the corresponding spectra are reported in Figure S5). The two 
absorption bands at ca. 1365 and 1300 cm-1 characteristic of the acetate ligands48 start to 
decrease in intensity when the temperature approaches 180 °C, although they do not 
completely disappear even at 200 °C. This indicates that a fraction of the acetate ligands is 
removed. At the same time, the shoulder at ca. 1640 cm-1, indicative of the chemical 
interaction between the pyridyl groups of P4VP and the Pd2+ cations of Pd(OAc)2 does not 
disappear (as observed for the reaction of Pd(OAc)2/P4VP with 2-propanol), but further 
shifts to ca. 1665 cm-1 (dotted line in Figure 5a). A larger up-ward shift of the 8a vibrational 
mode of the pyridyl moieties indicates that these functional groups in P4VP interact with 
stronger acid sites, as it might be the case for Pd2+ cations that have lost one or both the 
acetate ligands. Interestingly, almost no nanoparticles were detected by means of HR-
TEM at the end of the oxidation reaction (Figure 5b), signifying either that the acetate 
ligands are burnt off leaving isolated Pd2+ cations stabilized by the P4VP environment, or 
that extremely dispersed PdO clusters, with size below the detection limit of our TEM 
instrument, are formed.  

 
Figure 5. Part a): 2D map showing the evolution of the DRIFT spectra as a function of the reaction 
temperature, for the Pd(OAc)2/P4VP catalyst during the reaction with molecular oxygen. The intensity 
increases from black to yellow. Dotted lines highlight the evolution of the absorption bands assigned to 
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Pd(OAc)2 and to the pyridyl groups of P4VP in interaction with Pd(OAc)2, respectively. Part b): A 
representative HR-TEM image of Pd(OAc)2/P4VP after the reaction with molecular oxygen at 180 °C.  

The results of the synchronous XAS/SAXS/MS experiment in the presence of 
molecular oxygen are reported in Figure 6, while the raw experimental data are shown in 
Figure S6. Essentially, no changes are observed in the position of edge of the XANES 
spectra along the whole reaction (Figure 6a), but only a slight increase of the signal 
around 24395 eV is detected. The particle size distribution determined by analysing the 
SAXS data (Figure 6b) remain unchanged. In the EXAFS spectra, a slight shift of the Pd-X 
contribution towards longer distances is observed (from ca. 1.40 to 1.50 Å, not phase 
corrected), as well as a tiny decrease in the peak intensity. The fit of the EXAFS data 
(Table S3) confirms that RPd-X moves from ca. 2.04 ± 0.05 Å, typical for RPd-O in Pd(OAc)2, 
to ca. 2.08 ±0.05 Å. This change is compatible with a reconstruction of the local 
environment around the Pd2+ cations. Only traces of acetic acid were detected by MS, at a 
temperature of 180 °C.  

 
Figure 6. 2D maps showing the evolution of the XANES spectra (part a), of the particle size distribution as 
determined by the analysis of the SAXS data (part b), and of the amplitude of the phase-uncorrected FT of 
the EXAFS spectra (part c) as a function of the reaction temperature, for the Pd(OAc)2/P4VP reacting with 
molecular oxygen. The intensity increases from black to yellow. The labels refer to the main assignments.  

 
3.2.2 Catalytic performances of the Pd(OAc)2/P4VP pre-oxidized in molecular oxygen  

Also the Pd(OAc)2/P4VP catalyst pre-oxidized in molecular oxygen efficiently catalyses the 
aerobic oxidation of 2-propanol to acetone. The reaction starts around 80-90 °C, as 
determined by DRIFT spectroscopy (appearance of the absorption band around 1730 cm-1 
due to acetone, Figure S6) and by MS measurements (Figure 7d and d’). The maximum 
conversion is achieved around 150 °C, i.e. at a slightly lower temperature than for the pre-
reduced catalyst. Figure 7 displays the results of the synchronous XAS/SAXS/MS 
experiment during the aerobic oxidation of 2-propanol on the pre-oxidized Pd(OAc)2/P4VP 
catalyst, while the raw experimental spectra are reported in Figure S8. During the whole 
reaction, no changes are detected by any technique, indicating that highly dispersed Pd2+ 
cations stabilized by the pyridyl groups in P4VP are the active sites in the reaction. 
Noticeably, the catalyst is highly stable also at 180 °C, in contrast to what was observed 
after pre-reduction.  

It is difficult to determine whether the Pd2+ cations are isolated or aggregated in 
small Pd-oxo clusters. In this respect, it is worth noticing that atomically dispersed Pd2+ 
species in a ultra-diluted mesoporous 0.03 wt% Pd/Al2O3 catalyst showed an exceptional 
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activity in the selective oxidation of alcohols.34 Pd1O4 single‐sites anchored on the internal 
surface of micropores of a microporous silicate exhibit high selectivity and activity in the 

partial oxidation of CH4 to CH3OH with H2O2.
78 On the other hand, a trinuclear [(LPdII)3(µ

3-
O)2]

2+ intermediate compound has been recently identified during O2 activation by Pd 
complexes and shown to be chemically and kinetically competent intermediate in catalytic 
alcohol oxidation reactions.79 Our experimental data are compatible with the presence of 
both atomically dispersed Pd2+ species and ultra-small Pd-oxo clusters. 

 
Figure 7. 2D maps showing the evolution of the XANES spectra (part a), of the particle size distribution as 
determined by the analysis of the SAXS data (part b), and of the amplitude of the phase-uncorrected FT of 
the EXAFS spectra (part c) as a function of the reaction temperature, for the Pd(OAc)2/P4VP pre-oxidized in 
molecular oxygen during the aerobic oxidation of 2-propanol. The intensity increases from black to yellow. 
Parts d and d’ shows the conversion of 2-propanol (m/Z = 45) into acetone (m/Z = 43) as detected by online 
MS and by an independent catalytic test performed with the CATLAB micro-reactor, respectively. 
 
3.3 Aerobic oxidation of 2-propanol over un-treated Pd(OAc)2/P4VP 

As a final step, we investigated the behaviour of the un-treated Pd(OAc)2/P4VP catalyst in 
the oxidation of 2-propanol to acetone in the same reaction conditions adopted for the pre-
reduced and pre-oxidized catalysts. Three successive reaction cycles were performed to 
test the catalyst stability. Figure 8 summarizes the main results. During the first cycle, 2-
propanol starts to be oxidized to acetone only at ca. 160 – 170 °C, as determined by 
DRIFT spectroscopy (Figure 8a1) and synchronous MS (Figure 8b1), as well as by the 
independent catalytic test performed with the CATLAB micro-reactor (Figure 8c1). The 
reason is that the Pd2+ cations need to loose (at least partially) the acetate ligands. Indeed, 
the XANES spectra (Figure 8d1) slightly change upon increasing the temperature, in the 
same way as was observed during the treatment in only O2 (Figure 6a). This indicates that 
the active phase is not Pd(OAc)2, but the cationic Pd2+ species in a different environment. 

Page 13 of 22

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



In the successive cycles (second, Figure 8a2 – Figure 8d2, and third Figure 8a3 – Figure 
8d3) the oxidation of 2-propanol to acetone starts around 100 – 110 °C, reaching the 
maximum conversion at ca. 150 °C. The XANES spectra (as well as the EXAFS spectra 
and the SAXS patterns) do not change anymore (Figure 8d2 – Figure 8d3). The catalyst is 
highly stable even at 180 °C.  
 
 

 
Figure 8. Part a1) 2D map showing the evolution of the DRIFT spectra as a function of the reaction 
temperature, for the un-treated Pd(OAc)2/P4VP catalyst during the aerobic oxidation of 2-propanol. The 
intensity increases from black to yellow. Parts b1) and c1) conversion of 2-propanol (m/Z = 45) into acetone 
(m/Z = 43) as detected by online MS and by an independent catalytic test performed with the CATLAB micro-
reactor, respectively. Part d1) 2D map showing the evolution of the XANES spectra as a function of the 
reaction temperature, for the un-treated Pd(OAc)2/P4VP during the aerobic oxidation of 2-propanol. The 
intensity increases from black to yellow. Parts a2) – d2) and a3) – d3) are the same for the second and third 
reaction cycles, respectively.  
 

4. Conclusions 

We have investigated the behaviour of a heterogeneous Pd(OAc)2/P4VP catalyst that 
mimics the most famous and widely employed homogeneous Pd(OAc)2/pyridine system, 
during the gas-phase aerobic oxidation of 2-propanol to acetone. The combined use of 
synchronous SAXS/XAS/MS, coupled with operando DRIFT spectroscopy and HR-TEM, 
reveals to be a strategic approach to unravel simultaneously the oxidation state and the 
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aggregation of the Pd phase under reaction conditions, at the same time monitoring the 
catalytic performances. In particular, we have demonstrated the following: 
1) Pd(OAc)2 in P4VP is reduced by 2-propanol in the 110 – 170 °C temperature range, 

leading to highly dispersed Pd0 nano-particles with a very homogeneous particle size, 
which are stabilized by the pyridyl ligands in P4VP, similarly to what previously found in 
the presence of H2.

47,48  
2) These Pd0 nano-particles are rapidly and almost completely oxidized in the presence of 

the 2-propanol-O2 reaction mixture (at least when the O2 concentration is 15 vol%), 
already at low temperature (50 °C). The oxidized PdO nano-particles efficiently oxidize 
2-propanol in acetone starting from ca. 110 °C. No variation in both particle size and Pd 
oxidation state are registered until 170 °C. This demonstrates the fundamental role of 
surface PdO in the adopted reaction conditions, in good agreement with the recent 
literature on the Pd catalysed selective oxidation of alcohols.30-35 At temperature higher 
than 170 °C the PdO nano-particles are suddenly reduced and aggregate to form larger 
particles, with a consequent slight decrease of the catalytic activity.  

3) In the presence of only O2 at ca. 180 – 200 °C Pd(OAc)2 in P4VP loses a fraction of the 
acetate ligands, with the consequent formation of isolated Pd2+ cations or ultra-small 
Pd-oxo clusters or both, stabilized by the pyridyl ligands in P4VP.  

4) These Pd2+ cationic species catalyse the oxidation of 2-propanol to acetone starting 
from ca. 100 °C (i.e. at a temperature slightly lower than the pre-reduced catalyst). The 
catalyst remains in the reaction mixture stable also when reaching 180 °C. 

5) The un-treated catalyst does not work in the reaction until a fraction of the acetate 
ligands are removed, which occurs around 170 – 180 °C. At that point, the catalyst 
behaves as the pre-oxidized one: it converts 2-propanol to acetone starting from ca. 100 
°C, without any change in the Pd oxidation state and aggregation, even at 180 °C and 
for several reaction cycles, proving that the reaction occurs at a single site even though 
a heterogeneous system is used.   

Observations 3)-5) clearly demonstrate that highly isolated Pd2+ cationic species, either 
atomically dispersed or in the form of ultra-small Pd2+-oxo clusters, are efficient and very 
stable active sites for the gas-phase aerobic oxidation of 2-propanol. These results are in 
very good agreement with recent findings that both atomically dispersed Pd2+ species in a 
heterogeneous ultra-diluted catalyst34 and multi-nuclear Pd-oxo homogeneous 
complexes39,79 are active species implicated in the Pd-catalyzed aerobic oxidation 
reactions. It is important to remark, however, that our experiments have been conducted in 
excess of oxygen, and that a different outcome could have been obtained in other 
experimental conditions. Noticeably, the behaviour of the Pd(OAc)2/P4VP catalyst under 
reaction conditions is influenced by the nature of the support. On one hand, the presence 
of the pyridyl functional groups is fundamental to stabilize the cationic Pd2+ species, 
exactly as for the ligand-modulated homogeneous Pd2+ complexes. On the other hand, the 
porous structure of the P4VP polymer efficiently confine the active Pd2+ species in the 
presence of the reagents. We can state that our Pd(OAc)2/P4VP catalyst is situated at the 
confluence between its homogeneous and heterogeneous analogues. 
 

Supporting Information.  
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Raw experimental DRIFTS, SAXS and XAS data; details on the EXAFS data analysis; 
results of the EXAFS fit.  
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