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Introduction

It is well known that metal nanoparticles are generally not
stable and have the tendency to aggregate in clusters of larger

dimension, unless they are supported on solid carriers or suita-

ble stabilizers are added in the synthetic protocol.[1–3] This is
fundamental to fully exploit the large metal surface area and

the enhanced reactivity, which are the most desirable advan-
tages with respect to bulk materials of identical composition

and one of the vital properties for most of the applications in

nanotechnology. Polymers may act simultaneously as supports
and as stabilizers for metal nanoparticles, and the resultant

supported metals usually display unique physical-chemical
properties.[4–12] The stabilizing effect of a polymer towards

metal nanoparticles depends on both the available surface
area (steric stabilization) and the chemical composition (elec-
trostatic stabilization). In particular, for polymers not contain-

ing specific functional groups, such as polystyrene-based poly-
mers, stabilization may occur only through a simple electronic
interaction (e.g. , between the p electrons of the benzene rings
of the polystyrene-based polymer and the vacant orbitals of

metal atoms).[9, 13] On the contrary, if polymers characterized by
specific functional groups are used, an additional stabilization

mechanism, involving a s type coordination between the het-
erodonor atoms present in the functional groups and the sur-
face of the metal nanoparticles, may take place. Notably, a simi-
lar effect happens in solution in the presence of classical stabil-
izers, such as carboxylic acids, thiols, or amines.[14] Porous poly-

mers bearing functional groups are very interesting in this re-
spect, because they allow to tune the properties of the

supported nanoparticles by acting simultaneously on the two

stabilization mechanisms, steric and electrostatic.
The use of polymers as supports for metal nanoparticles is

particularly attractive in the field of catalysis.[15–20] For example,
polymer-supported palladium-based catalysts have shown re-

markable performance in coupling and hydrogenation reac-
tions.[21] In this context, we have been recently involved in

The reactivity of palladium acetate inside a poly(4-vinylpyri-
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pyridyl functional group in the polymer. Diffuse reflectance in-
frared Fourier transform spectroscopy (DRIFTS) and simulta-
neous X-ray absorption near edge structure (XANES) and small
angle X-ray scattering (SAXS) techniques have been applied to
monitor the reactivity of palladium acetate in the presence of

H2 and CO as a function of temperature. H2 reduces palladium

acetate to Pd nanoparticles and acetic acid. The pyridyl groups

in the polymer play a vital role both in stabilizing the formed
acetic acid, thus allowing its detection by means of DRIFTS,

and the final Pd nanoparticles, which are extremely small and
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a thorough investigation of palladium-based catalysts support-
ed on highly cross-linked polymers, characterized by a perma-

nent porosity. In a previous study of this series, we demon-
strated that these polymers, namely a poly(ethylstyrene-co-di-

vinylbenzene) and a poly(4-vinylpyridine-co-divinylbenzene),
both of them having commercial origin, efficiently stabilize pal-

ladium nanoparticles, the final properties of which depend on
the chemical composition of the polymer matrix.[22] In particu-
lar, it was found that the nitrogen-based ligands in the poly(4-

vinylpyridine-co-divinylbenzene) polymer (hereafter P4VP) sta-
bilize extremely small palladium nanoparticles very homoge-
neously dispersed (average particle size of 1.5 nm with a stan-
dard deviation of 0.3 nm as evaluated by a systematic high-res-
olution TEM (HRTEM) analysis on a statistically significant
number of particles, and even smaller dimension as estimated

by extended X-ray absorption fine structure (EXAFS) data anal-

ysis). More recently, we monitored the formation of palladium
nanoparticles in situ inside the poly(ethylstyrene-co-divinylben-

zene) polymer (i.e. , without functional groups).[23] We proved
that the reduction process of palladium acetate inside the

polymer and the concomitant formation of Pd nanoparticles
can be efficiently monitored by simultaneously applying small-

angle X-ray scattering (SAXS) and X-ray absorption near edge

structure (XANES) techniques under reaction conditions, cou-
pled with other techniques, such as diffuse reflectance infrared

Fourier transform spectroscopy (DRIFTS).
Here, we apply the same methodology to monitor the for-

mation of palladium nanoparticles, starting from palladium
acetate precursor, inside the P4VP matrix (i.e. , in the presence

of nitrogen-containing functional groups) using H2 as a reduc-

ing agent. These data, collected in operando, complement
those reported in our previous publication, collected on ex situ

treated samples,[22] and add interesting information on the
mechanism of palladium acetate reduction and palladium

nanoparticles formation. In addition, the reactivity of the same
system towards CO is also investigated for the first time.

Indeed, in certain reaction conditions CO is known to reduce

PdII compounds to give palladium nanoparticles exhibiting un-
usual shapes,[7, 23, 24] probably owing to the fact that CO stabiliz-

es certain faces with respect to others. A comparison of the re-
sults with those obtained previously for palladium acetate in

poly(ethylstyrene-co-divinylbenzene)[23] will allow us to eluci-
date the role of the pyridyl functional groups on the palladium

nanoparticle formation.

Results and Discussion

The P4VP/Pd(OAc)2 system

The P4VP/Pd(OAc)2 starting material was obtained by impreg-

nating a commercial P4VP polymer (Scheme 1) with a solution

of palladium acetate in acetonitrile, resulting in a final Pd load-
ing of 5 wt %. Details of the synthetic procedure and on the

polymer are given in the Experimental Section.
DRIFTS was used to obtain preliminary information on the

structure of palladium acetate inside the P4VP scaffold.
Figure 1 shows the DRIFT spectra of the P4VP/Pd(OAc)2 system

(spectrum 2) compared to that of P4VP (spectrum 1). The first
observation is that the IR absorption bands characteristic of
the pyridyl group in the polymer are shifted after insertion of
palladium acetate. In particular, the two bands at ñ= 1596 and

1414 cm¢1, which are assigned to the 8 a and 19 b vibrational

modes of pyridyl functional group,[25] shifted to ñ= 1640 and
1430 cm¢1, respectively (arrows in Figure 1). Similar shifts of

the IR absorption bands typical of the pyridyl groups in P4VP
were reported for several P4VP/metal complexes,[26–32] testify-
ing the occurrence of a strong interaction between the pyridyl
groups of the polymer and the hosted metal precursors.

Hence, insertion of palladium acetate into the P4VP scaffold
occurs through chemical interactions involving the pyridyl
groups in the polymer.

In addition, two broad IR absorption bands centered at ñ=

1366 and 1301 cm¢1 are observed in the spectrum of P4VP/

Pd(OAc)2, which are assigned to the n(COO) vibrational modes
of the acetate groups. The frequency position of these bands

is much lower than for solid palladium acetate and reflects

a different local structure of the acetate.[33–35] For a series of
acetate complexes, it has been shown that nasym(COO) and

nsym(COO) change as a function of the acetate coordination
mode (bridging, chelating, or terminal in Scheme 2).[36] In par-

ticular, nasym(COO) increases and nsym(COO) decreases as the
metal¢O bond becomes stronger.[36] Indeed, if the metal¢O

Scheme 1. A sketch of the P4VP polymer.

Figure 1. DRIFT spectrum (in Kubelka-Munk units) of P4VP/Pd(OAc)2 (spec-
trum 2) compared to that of pure P4VP (spectrum 1); both samples were de-
gassed at room temperature. The spectra are shown in the 1850–900 cm¢1

region, in which the most intense IR absorption bands characteristic of both
the vinyl pyridyl functional groups (belonging to P4VP) and the acetate moi-
eties (belonging to Pd(OAc)2) are observed. The absorption bands relevant
for the discussion are also assigned.

ChemCatChem 2015, 7, 2188 – 2195 www.chemcatchem.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2189

Full Papers

http://www.chemcatchem.org


bonds are strong, the nasym(COO) vibration is more properly de-
scribed as a C=O stretch, whereas the nsym(COO) approximates

a C¢O motion, with little contributions from the rest of the
molecule. Correspondingly, the frequency separation between

these two modes is larger for terminal (monodentate) acetates

than for bridging and chelating (bidentate) acetates.[33–35]

In agreement with this general trend, the nasym(COO) and

nsym(COO) frequency values for palladium acetates are around
ñ= 1615 and 1430 cm¢1 for trimers, in which both bridging

and chelating acetates are present,[37] and ñ= 1630 and
1315 cm¢1 for terminal acetates (monodentate),[34] respectively.

Based on this, the couple of bands at ñ= 1366 and 1301 cm¢1

in the spectrum of P4VP/Pd(OAc)2 are tentatively assigned to
the nsym(COO) modes of two slightly different terminal acetate

ligands being the nasym(COO) mode mixed with the absorption
band previously assigned to the perturbed 8 a mode of the

pyridyl groups (around ñ= 1630 cm¢1). Hence, the DRIFT spec-
tra shown in Figure 1 suggest that, if palladium acetate is in-

serted into P4VP, the acetate ligands have mainly a monoden-

tate coordination. In conclusion, DRIFTS reveals that palladium
acetate is stabilized inside the P4VP scaffold through the coor-

dination of the pyridyl groups to the Pd2 + cations, with the
consequent rupture of the trimeric structure characteristic for

solid palladium acetate, and the restructuring of the acetate li-
gands in a monodentate coordination.

Reduction of P4VP/Pd(OAc)2 in the presence of H2 : forma-
tion of Pd nanoparticles in P4VP

DRIFTS was successively employed to monitor the reduction of
P4VP/Pd(OAc)2 in situ in the presence of gaseous H2 as a func-
tion of temperature. The sequence of DRIFT spectra collected

during the reaction is shown in Figure 2. Part a) shows the
spectra collected from room temperature to 110 8C and part b)
shows the spectra collected in the 110–200 8C interval.

Below 110 8C only minor modifications in the spectrum of
P4VP/Pd(OAc)2 are observed, except for the appearance of ad-

ditional IR absorption bands around ñ= 1715 and 1260 cm¢1

(see arrows), which are easily ascribed to acetic acid.[36] Above

110 8C, these bands gradually disappear, accompanied by the

decrease in intensity of the IR absorption bands characteristic
of the acetate groups (see arrows). The spectrum collected at

200 8C is very similar to that of bare P4VP. This observation pro-
vides evidence that the pyridyl functional groups in P4VP are

no longer interacting with Pd2 + cations and that the acetate li-
gands have been completely removed. The decrease in intensi-

ty of the IR absorption band at ñ= 1365 cm¢1 (characteristic of
acetate ligands) as a function of temperature gives a rough es-

timation of the reaction kinetics (vide infra Figure 5 a below).
According to DRIFTS data, reduction of palladium acetate in

P4VP proceeds through the formation of acetic acid. The pres-
ence of the basic pyridyl groups in the polymer matrix allows

the spectroscopic observation of acetic acid, which is probably

coordinated to pyridyl groups up to around 110 8C. Above
110 8C, acetic acid is desorbed, and the equilibrium of the reac-

tion is rapidly shifted towards the products side. It is interest-
ing to observe that if the same reaction is monitored for palla-

dium acetate in the poly(4-ethylstyrene-co-divinylbenzene)
matrix, which has no functional groups, acetic acid is not de-

tected by DRIFTS.[23] The sample at the end of the DRIFTS ex-

periment was investigated by HRTEM. A representative image
is shown in Figure 3. Very small Pd nanoparticles with a spheri-
cal shape and a very narrow size distribution are homoge-
neously distributed in the polymer matrix. Most of these nano-

particles have a diameter smaller than 2 nm, which is in good
agreement with our previous data.[22]

Successively, the same reaction was followed by means of si-
multaneous SAXS and XAS techniques, to get combined infor-
mation from the Pd perspective. As demonstrated in the previ-

ous work of this series,[23] SAXS and X-ray absorption spectros-
copy (XAS) applied simultaneously under reaction conditions

may provide information on the evolution of the Pd oxidation
state, the size of the formed Pd nanoparticles or aggregates,

and the quantity of Pd contributing to the total scattering as

a function of both time and temperature.[23, 38–44] Figure 4
shows the evolution of the normalized XANES spectra and

SAXS patterns (in log–log scale) at the Pd K edge, collected si-
multaneously during thermal treatment of P4VP/Pd(OAc)2 in

gaseous H2 from room temperature (black) to 200 8C (red). The
experimental details are given in the Experimental Section.

Figure 2. DRIFT spectra (in Kubelka-Munk units) collected during reduction
of P4VP/Pd(OAc)2 in H2 from room temperature (black) to 200 8C (red), heat-
ing rate 2 8C min¢1. Part a) refers to the first part of the heating ramp (RT–
110 8C), and highlights the formation of acetic acid (grey arrows). Part b)
shows the evolution of the spectra during the successive part of the heating
ramp (110–200 8C): acetic acid is removed and the absorption bands owing
to acetate ligands decrease in intensity (grey arrows). The spectrum of pure
polymer is shown for comparison (dotted black).

Scheme 2. Possible coordination modes for an acetate ligand to a metal site
(grey ball).
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During the reaction, the XANES spectra (Figure 4 a) gradually
evolve, testifying a progressive reduction of the Pd2+ precursor

and the formation of Pd0 nanoparticles. In particular, the edge
shifts to lower energy, and a weak band slowly grows at

24 393 eV, which is assigned to the first EXAFS oscillation of
palladium atoms arranged in a fcc local structure.[22, 23] The evo-

lution of the spectra is better appreciated by looking at their
derivative (inset in Figure 4 a). The energy position of feature A
and the intensity of feature B are shown as a function of tem-
perature in Figure 5 b. The energy position of feature A (DEA)

correlates with the edge position, and, hence, gives informa-
tion on the oxidation state of palladium. It is evident that

almost no reduction occurs up to about 110 8C, which is in fair
agreement with the DRIFTS data (Figure 5 a). The growth in in-

tensity of feature B in the derivative of the XANES spectra (DIB)
correlates, in a first approximation, with the dimension of the

formed Pd0 nanoparticles. Feature B grows in intensity as soon
as feature A starts to change. The final intensity of feature B
(0.02 eV¢1) is much smaller than that observed in the spectrum

of a palladium metal foil (0.04 eV¢1),[22] as expected in case of
very small nanoparticles, owing to the significant fraction of

low-coordination surface sites over the total number of Pd-
metal sites.

Complementary information on the Pd particle size can be

obtained by the analysis of the SAXS data collected simultane-
ously to the XANES spectra. Figure 4 b shows the evolution as

a function of temperature of the I(q) versus the modulus of
scattering vector q in the logarithmic scale for P4VP/Pd(OAc)2

during the heating ramp in gaseous H2. The patterns start to
change for temperatures above 110 8C, in agreement with the

Figure 4. Evolution of the normalized Pd K edge XAS spectra (part a) and
SAXS patterns (in log–log scale, part b) collected simultaneously during re-
duction of P4VP/Pd(OAc)2 in H2 from room temperature (black) to 200 8C
(red); heating rate 2 8C min¢1. The inset in part a) shows the derivative of the
normalized XANES spectra.

Figure 5. Evolution as a function of temperature and in the presence of H2

of: part a) the intensity of the IR absorption band at 1365 cm¢1, which is
characteristic of the acetate ligands; part b) features A (shift in energy) and
B (change in intensity) of the derivative XANES spectra (see arrows in the
inset of Figure 4 a); part c) average Pd particle size as obtained from analysis
of the SAXS data shown in Figure 4 b.

Figure 3. Representative HRTEM image of the Pd particles obtained upon re-
duction of P4VP/Pd(OAc)2 in H2 during the DRIFTS experiment shown in
Figure 2. Scale bar = 5 nm.
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previously discussed results. The SAXS data have been ana-
lyzed by fitting the experimental patterns according to calcu-

lated function described by Equation (1):

IðqÞ ¼ Aþ B
q4 þ C

Z
DðrÞjðqRÞ2r6dr ð1Þ

in which the function A + B/q4 is the Porod function, simulat-
ing the polymer contribution; D(r) is the Weibull function, ac-

counting for the particle size distribution, defined as D(r) = (r/
R)b¢1exp(¢r/R)b, in which R is the mean radius of the particles;

and j(qR) is the Bessel function of order 1, accounting for
spherical shape of the metal clusters. Figure 5 c shows the evo-

lution of the average particle diameter. Below about 110 8C,
the particle diameter (<dSAXS> = 2R) remains almost constant

around (0.70�0.05) nm. On the onset of the palladium acetate

reduction, the average particle diameter increases up to a final
value around (1.50�0.05) nm, which is in good agreement

with the value estimated by HRTEM measurements (Figure 3)
and with that reported previously for a similar P4VP/Pd(OAc)2

sample reduced in H2 in static conditions.[22]

The data summarized in Figure 5 can be directly compared

with those obtained for palladium acetate inside the poly(eth-

ylstyrene-co-divinylbenzene) (i.e. in the absence of functional
groups in the matrix).[23] The presence of nitrogen-containing

functional groups is responsible, at first, of a greater stabiliza-
tion of palladium acetate and the simultaneous stabilization of

acetic acid, which is the by-product in the H2-reduction pro-
cess. The consequence is that palladium acetate is reduced at

higher temperature in P4VP than in poly(ethylstyrene-co-di-

vinylbenzene). Moreover, much smaller palladium nanoparti-
cles are formed in P4VP.

Inefficiency of CO in reducing the P4VP/Pd(OAc)2 system

Successively, we investigated the reactivity of the P4VP/
Pd(OAc)2 system in the presence of carbon monoxide. CO was

found to be an efficient reducing agent for palladium acetate
in poly(ethylstyrene-co-divinylbenzene): it causes the formation
of bigger palladium nanoparticles characterized by a triangular
morphology.[23] Surprisingly, we found that CO does not reduce
palladium acetate at all in P4VP, as already evident by looking
to the color of the sample, which remains pale yellow.

Figure 6 shows the evolution of the XANES spectra and
SAXS patterns at the Pd K edge, collected simultaneously
during thermal treatment of P4VP/Pd(OAc)2 in gaseous CO

from room temperature (black) to 200 8C (red). It is evident
that the XANES spectra remain almost unchanged during the

course of the reaction, providing evidence that the Pd2+ cat-
ions are reduced by CO only in minimal part. The evolution as

a function of temperature of features A and B in the derivative

of the XANES spectra is shown in Figure 7 b. On the contrary,
SAXS patterns starts to change immediately after the begin-

ning of the reaction. This change cannot be ascribed to the
formation of palladium nanoparticles, since the XANES spectra

collected simultaneously do not reveal any reduction phenom-
enon. Figure 7 c reports the evolution as a function of temper-

ature of the average diameter of aggregates characterized by

a different electronic density with respect to the starting palla-
dium acetate precursor.

DRIFTS may help in understanding the origin of this interest-
ing observation, that is, a great change in the SAXS pattern,

which is not accompanied by significant modifications in the

XANES spectra. The whole series of DRIFT spectra collected
during the reaction of P4VP/Pd(OAc)2 in the presence of CO as

a function of temperature is shown in Figure 8. Part a) shows
the spectra collected from room temperature to 110 8C, and

part b) those collected in the 110–200 8C interval. Rapid ap-
pearance of a broad band at ṽ = 2170 cm¢1 in the DRIFT spec-

tra is observed (inset in Figure 8 a), overlapped to the rotovi-
brational profile of gaseous CO. This band may be assigned to
the formation of Pd2 + carbonyls. Similar high n(CO) values

have been reported for highly electrophilic CO complexes of
Pt and Pd, characterized by a negligible metal–CO p back

bonding and an enhanced p acceptor ability of the ligand, and
also for isolated Pd2+ carbonyls formed in zeolites.[45, 46] Simul-

taneously, the IR absorption bands characteristic of monoden-

tate acetate ligands shift downward from ṽ = 1372 to
1360 cm¢1 and from ṽ = 1320 to 1300 cm¢1, probably as a con-

sequence of a further change in the geometry of the acetate li-
gands induced by the insertion of CO into the Pd2 + coordina-

tion sphere. Finally, the IR absorption bands characteristic of
the acetate groups start to decrease in intensity since the be-

Figure 6. Evolution of the normalized Pd K edge XAS spectra (part a) and
SAXS patterns (in log–log scale, part b) collected simultaneously during reac-
tion of P4VP/Pd(OAc)2 in CO from room temperature (black) to 200 8C (red);
heating rate 2 8C min¢1. The inset in part a) shows the derivative of the nor-
malized XANES spectra.
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ginning of the reaction, opposite to what was observed in the
presence of H2. Above 110 8C, these bands gradually disappear.

Nevertheless, the disappearance of the acetate ligands should
be ascribed to their thermal degradation and not to the reduc-
tion of palladium acetate, according to the XANES results.

In summary, CO seems unable to reduce the palladium ace-

tate stabilized in P4VP. Probably, isolated Pd2+ carbonyls are
immediately formed with the concomitant displacement of the

acetate ligands. The so formed Pd2 + carbonyls are no longer
bound to the nitrogen atoms of the pyridyl units of the poly-
mer matrix, as was the case for the palladium acetate precur-

sor, and they can migrate and aggregate. The aggregation of
Pd2 + carbonyls causes a net local change of the electronic

density in the polymer matrix, with the consequent rapid
change of the SAXS patterns. These metal carbonyls are not

able to further evolve into metal nanoparticles.

Conclusions

The combined use of DRIFTS and simultaneous XANES–SAXS

allowed us to monitor the reactivity of palladium acetate in
a P4VP polymer towards different reducing agents as a function

of temperature and to get insights into the important role

played by functional groups in polymeric matrices during the
formation of palladium nanoparticles.

We have demonstrated that the presence of pyridyl func-
tional groups inside P4VP facilitates the dispersion of palladi-

um acetate in a monomeric form, in which the acetate ligands
assume a monodentate configuration. This peculiar structure

of palladium acetate in P4VP is at the basis of its different reac-

tivity towards reducing agents with respect to what was ob-
served for palladium acetate inside a similar polymer without

functional groups. It was demonstrated that H2 efficiently re-
duces palladium acetate in P4VP, to give palladium nanoparti-

cles and acetic acid. The latter is stabilized by the basic func-
tional groups in the polymer, which make its spectroscopic ob-

servation possible. As a consequence, the reduction occurs at

a higher temperature than for palladium acetate dispersed in
a similar polymer without functional groups, as determined by

DRIFT and XANES spectroscopy.[23] In addition, the palladium
nanoparticles are smaller (as determined by SAXS), because of
the stabilization through direct covalent interaction with the
nitrogen-containing ligands, which is in fair agreement with

previous findings.[22] On the contrary, CO does not reduce pal-
ladium acetate. Isolated Pd2 + carbonyl adducts are immediate-

ly formed, with the simultaneous displacement of the acetate
ligands, as detected by DRIFTS. These Pd2+ carbonyl adducts
easily migrate and aggregate in clusters of about 5 nm, which,

having a higher electronic density with respect to the polymer
matrix, are clearly revealed by SAXS.

The results discussed in this work demonstrate that the es-
tablishment of interaction between a metal precursor and the

polymer matrix plays a fundamental role in determining the re-

activity of the metal precursor. Chemical reactions in confined
spaces, in which strong interactions may take place, are com-

pletely different from those occurring in non-confined spaces.
These findings have important potential implications in the

field of catalysis. For example, it is expected that reactions cat-
alyzed by palladium acetate and involving carbon monoxide

Figure 7. Evolution as a function of temperature in the presence of CO of:
part a) the intensity of the IR absorption band at 1365 cm¢1, which is charac-
teristic of the acetate ligands; part b) features A (shift in energy) and B
(change in intensity) of the derivative XANES spectra (see arrows in the inset
of Figure 6 a); part c) average particle size as obtained from analysis of the
SAXS data shown in Figure 6 b.

Figure 8. DRIFT spectra (in Kubelka-Munk units) collected during reduction
of P4VP/Pd(OAc)2 in CO from room temperature (black) to 200 8C (red), heat-
ing rate 2 8C min¢1. Part a) refers to the first part of the heating ramp (RT–
110 8C). Grey arrows highlight the decrease of the IR absorption bands
owing to the acetate ligands. The inset shows the n(CO) spectral region.
Part b) shows the evolution of the spectra during the successive part of the
heating ramp (110–200 8C): the absorption bands owing to acetate ligands
further decrease in intensity (grey arrows).
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would have a different outcome if palladium acetate is hosted
in porous P4VP rather than in other supports without pores

and/or nitrogen-containing ligands. As a general conclusion,
this work demonstrates the potential of combined synchrotron

radiation techniques in the characterization of nanostructured
materials.[47–50]

Experimental Section

The polymer used as a matrix for palladium acetate is a poly(divi-
nylbenzene-co-4-vinylpyridine) (P4VP; Aldrich), showing a specific
surface area of about 50 m2 g¢1. The polymer was impregnated
with a solution of palladium acetate in acetonitrile, resulting in
a final palladium loading of 5 wt %. After impregnation, the sample
was filtered and dried at RT. The so obtained P4VP/Pd(OAc)2

sample was successively heated in gas flow of either CO(5 %)/He or
H2(5 %)/He at 25 mL min¢1. During each treatment, the temperature
of the sample (in the powder form) was raised from 25 8C to 200 8C
at a heating rate of 2 8C min¢1. The process was monitored in situ
either by DRIFTS or by means of simultaneously applied XANES
and SAXS techniques.

FTIR spectra were collected in reflectance mode (DRIFTS) on a Nico-
let6700 instrument, equipped with a MCT detector. A Thermo
Fisher Environmental Chamber was used to record FTIR spectra
under reaction conditions. FTIR spectra were recorded at regular
time interval, during the whole process at a spectral resolution of
4 cm¢1.

In situ XAS and SAXS measurements were simultaneously per-
formed on the BM26A beamline at the ESRF facility (Grenoble,
France), by using the experimental set-up previously reported.[51, 52]

The powdered samples were placed in a 2 mm glass capillary con-
nected to gas flow, and heated with a heat gun. Fluorescence XAS
spectra at the Pd K edge (24.35 keV) were collected with a 9-ele-
ment Ge detector. The energy delivered by the double crystal
Si(111) monochromator was calibrated measuring the XANES spec-
trum of a palladium foil in transmission mode. The spectra were
normalized and treated with the Athena software.[53] The SAXS pat-
terns 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 be-
tween the start and the end of the XANES spectrum (about
120 eV) is irrelevant to SAXS collected with a photon energy so
high that the incident beam wavelength can be treated as con-
stant, l= 0.509(1) æ. The resulting q-range was 0.5–7 nm¢1 (with
the module of the scattering vector q = 4psinq/l, in which q is half
of the scattering angle), allowing to investigate the 12.5–0.7 nm d-
spacing interval (d = 2p/q). Each XAS spectrum was collected in
about 300 s. As the readout and erasing time of the 2D Mar detec-
tor was of 180 s, each XAS spectrum was collected with an integra-
tion statistics of 120 s; in such a way we obtained a 1:1 corre-
spondence between XAS spectra and SAXS patterns. The patterns
were integrated with Fit2D and modeled with a home-made
code.[54]
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