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Interaction between Pt(acac), and alumina surfaces studied by XAS
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The anchoring and decomposition mechanisms of platinum(II) bis-acetylacetonate on alumina surfaces are studied by X-ray absorption
spectroscopy at the platinum Lyj; edge. A distinction is made between highly reactive surfaces which are partially dehydroxylated and exhibit
coordinatively unsaturated surface sites, and deactivated surfaces which are covered by a monolayer of OH groups. The samples are studied
after three stages of a wet impregnation synthesis: after drying at room temperature, drying at 120 °C and calcination at 350 °C. The XANES
signal and the filtered EXAFS signals of the first and second coordination shells around platinum were analyzed. Two different mechanisms

are discussed for the two types of supports.
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1. Introduction

Supported metals are extensively used in industry to
catalyze various chemical reactions. Their catalytic
properties are determined by several parameters, like
particle size, dispersion, etc. It is obvious that the repro-
ducible preparation of well-defined catalysts with pre-
defined properties needs a detailed knowledge of the
mechanisms controlling the reaction between the metal
precursor and the surface of the support. The currently
widely used Pt/Al,O; catalysts are often prepared by
wet impregnation techniques using as metal precursor a
salt, like H,PtClg, or an organometallic complex, like
platinum(II) bis-acetylacetonate (Pt(acac),). The wet
impregnation technique comprises three steps: (i) the
impregnation step, where the support is brought into
contact with a solution containing the precursor; (ii) a
drying step where, after extraction from the solution,
the solvent remaining in the pores of the support is
evaporated at temperatures around 100 °C; and (iii) a
calcination step, where the initial ligands are removed
from the metal while it is definitively fixed to the support
by chemical bonds with surface oxygen atoms. While the
mechanisms governing these three steps have been
investigated in detail for the precursor H,PtClg [1,2],
little is known about the way Pt(acac), adsorbs and
decomposes on alumina surfaces. Berdala et al. [3]
studied Pt/Al,O; catalysts prepared from Pt(acac),
after drying, calcination and reduction steps at various
temperatures. These authors proposed a two-step
decomposition mechanism with the loss of one acac
ligand at the drying stage and platinum bonded to two
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or three surface oxygen atoms, and the loss of the
second acac ligand during the calcination step. Similar
mechanisms were proposed for Pd(acac), [4] and
Ni(acac), [5] on alumina and Cu(acac),, Pd(acac), and
Pt(acac), on silica [6—8]. An alternative model was pro-
posed by van Veen et al. [9]. According to these authors
an immediate complete decomposition of Pd(acac), and
Pt(acac), occurs on coordinatively unsaturated surface
(c.u.s.) aluminum ions following the equation

Pd(acac), + A" — [Al(acac) ]’ + Pd2"

where s denotes a surface site the exact environment of
which has not been further specified. The authors
observed an increasing amount of metal adsorbed with
increasing degree of dehydroxylation of the surface. At
high metal loadings physisorption of Pt(acac), was
observed on some but not all of the supports used in
their study. Low metal loadings led to inhomogeneous,
eggshell-like metal distributions across the alumina
pellets.

The work on H,PtClg [1,2] showed that the inter-
action mechanism depends critically on the nature of
the sites present at the surface of the support, a point
that remained beyond the scope of several of the studies
cited above. Alumina surfaces exposed to water or moist
atmospheres are terminated by a monolayer of hydroxyl
groups. Dehydroxylation by heat treatments leaves c.u.s.
aluminum ions in the outermost surface layer which are
electron deficient and behave therefore as a Lewis acid
site [10-12].

The purpose of the present study is to further elucidate
the reaction mechanism between Pt(acac), and alumina
surfaces. A distinction is made between the aforemen-
tioned two types of alumina surfaces. We chose X-ray
absorption spectroscopy (XAS) at the Pt Lj; edge to
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follow the progressive decomposition of the complex and
the anchoring of the metal on the surface. Analysis of the
X-ray absorption near-edge structure (XANES) provides
information on the oxidation state of the probing atom by
means of the intensity of the white line [13,14]. Evaluation
of the extended X-ray absorption fine structure (EXAFS)
gives insight into the local environment of the probed ele-
ment on an atomic scale. XAS is therefore well suited to
study isolated molecules adsorbed on surfaces [15-18].
Our study comprises an analysis of the white line intensity
and the EXAFS signals of both the first and second
coordination shell around platinum atoms of samples
dried at 25 and 120 °C and calcined at 350 °C, correspond-
ing to the three steps of the impregnation technique
mentioned above.

2. Experimental
2.1. Preparation of high-dispersion catalysts

The alumina support used consisted of pellets of ~-
alumina with a diameter of 2mm and a pore volume of
0.6cm’/g. Two methods of surface pre-treatment prior
to impregnation were used:

(1) Calcination of the support for 2h at 350 °C in a dry
air stream, followed by cooling to room temperature
overnight in the same air stream. In the following, a
support treated in this way will be referred to as a
reactive support.

(i) Hydroxylation by incipient wetness impregnation
with an amount of water corresponding to the pore
volume of the pellets. The support was then dried
at 120°C overnight. No calcination prior to the
impregnation was carried out. These supports will
be referred to as deactivated supports.

Immediately after the pre-treatment, the supports
were impregnated during 24h at room temperature
with Pt(acac), (Johnson Matthey, >98.8%) diluted in
toluene, with a solvent to support ratio of 5ml/g. The
catalysts were then filtered and washed in toluene. Two
series of samples were prepared, one on a reactive and
one on a deactivated support. The initial Pt(acac),
concentration was 1 mM. Three samples were taken
from each preparation. The first was dried after impreg-
nation in ambient atmosphere at 25 °C, the second also in
ambient atmosphere at 120 °C, the third was calcined at
350°C in a dry air stream. In the following these samples
are referred to as “D” and “R” for the deactivated and
reactive support, respectively, followed by the tempera-
ture at which they were dried.

2.2. XAS

XAS spectra were recorded in the Laboratoire pour
I’'Utilisation du Rayonnement Electromagnétique,

Orsay, at the EXAFS4 beam line using synchrotron
radiation from the DCI storage ring running at
1.85GeV with an average current of 250 mA. The XAS
data were recorded at the Pt Ly absorption edge at
about 11560eV in transmission geometry, using a
Si(111) double-crystal monochromator. The energy
step width was 0.5eV in the XANES region (11540-
11585eV) and 3eV in the EXAFS region. The time
necessary to measure a complete X-ray absorption spec-
trum (11450-12300¢V) was about 25 min.

For analysis of the XANES region, the Pt Lj; edge
spectra were first corrected for a linear baseline and then
for atomic absorption by fitting a polynomial function
to the spectral region above the absorption edge. The
spectra were normalized with respect to the point at
12300eV, where EXAFS oscillations are already
completely attenuated. EXAFS spectra were analyzed
using a standard data analysis procedure [19] (SIMPLEX
software package [20]). The EXAFS spectrum was first
transformed from k space (k°, Hanning windows 3.28,
42,104, 121&71) to R space to obtain the radial distribu-
tion function f(R). The EXAFS spectrum for one or
several coordination shells was isolated by inverse Fourier
transform of f(R) over the appropriate region and fitted
using the single-scattering EXAFS equation. Phase and
amplitude functions were derived from the spectrum of
Pt(acac), using as parameters N =4 for the number of
first neighbors and d=1.99 A for the Pt-O distance [21].

The experimental error in the determination of the
absorption coefficient at the white line maximum,
essentially induced by the normalization procedure, is
estimated as +0.05 units, the error in N, the number of
neighbors in the first coordination shell, as +0.5 and
the error in R as £0.02 A.

3. Results
3.1. XANES

The values of the absorption coefficient i at the white
line maximum with respect to the normalization point at
12300 eV are given in table 1. The line widths, measured
at half height from the maximum, show no significant
differences between the reference compounds and all
samples, so that the analysis of the line shape can be
limited to a comparison of the peak heights. The

Table 1
X-ray absorption coefficient at the Pt Ly; edge white line maximum with
respect to the normalization point at 12300 eV

Pt(acac), 1.28
D25 1.43 R25 1.47
D120 1.43 R120 1.52
D350 1.70 R350 1.75
PtO, 1.70
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formal oxidation state of platinum in Pt(acac), is +2,
corresponding to a formal electron configuration of
5d®, whereas in PtO, platinum is usually described as
Pt(IV) with an electron configuration of 5d°. The white
line intensities of the two compounds reflect well the
higher number of unoccupied d states in Pt(IV) as
compared to Pt(II).

The evolution of the white line intensity in the series of
samples R25 to R350 indicates a progressive oxidation of
the metal with increasing temperature of the heat treat-
ment. The line intensities of D25 and D120 are identical
and somewhat lower than that of R25 but still higher
than that of bulk Pt(acac),, which gave the lowest
intensity of all samples studied. Comparison of samples
D350 and R350 with PtO, shows that, independent of
the surface pre-treatment, after calcination at 350 °C all
platinum is in the +4 oxidation state.

3.2. EXAFS first coordination shell

As outlined in the introduction, the number of neigh-
boring atoms around the absorber is derived from the
intensity of the EXAFS oscillations above the absorption
edge. Figure 1 shows as an example the extracted
EXAFS signal of sample D120. Spectra of similar quality
(signal-to-noise ratio S/N) were obtained for all samples
with the exception of R120, where the S/N ratio was
somewhat lower.

When analyzing an EXAFS signal, it must be kept in
mind that the oscillation intensities, and thus also the
magnitude of f(R), are reduced by atomic disorder and
atomic vibrations. This is usually corrected for by com-
parison with a crystallographically well-defined reference
compound of similar structure. In the present case, the
samples consist of isolated molecules while the reference
compound is bulk Pt(acac),. It is obvious that atomic
vibrations in adsorbed molecules are different from
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Figure 1. EXAFS signal of sample D120.

those in bulk material and must be corrected for if true
coordination numbers are to be obtained. For systems
with the same atomic neighbors at the same distance:

x(k) o Ne 27

where N is the number of neighbors and o is a term repre-
senting the disorder. The function s for platinum
bisacetylacetonate corresponds to four neighbors so that

o[8[ o

and a plot of In(x/xref) vs. k> will be a straight line with
an intercept at k=0 of In(N/4) [22]. The value of N
obtained by this method is independent of disorder.
Examples of plots of In(x/xrf) Vs. k* are shown in
figure 2 and derived values for coordination number

o D25
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Figure 2. Determination of structural parameters from EXAFS data of Pt(acac), impregnated on deactivated (D) supports dried at 25, 120 and 350 °C.
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Table 2
Coordination numbers N and disorder parameter Ao® derived from the
filtered first coordination shell EXAFS signal as shown in figure 3. R
values were determined from a fit to the filtered Fourier-transformed signals
of the first coordination shell

Sample N (oxygen) Ac? (1077 A% R (A)
R25 4.6 2 2.00
R350 6.9 6 2.03
D25 4.2 -0.3 2.00
D120 43 3 2.00
D350 6.5 6 2.01

and relative disorder are presented in table 2. The
spectrum for R120 was not evaluated due to poor
signal-to-noise ratio.

Sample D25 shows N and o values close to those of
Pt(acac),. For D120 we find a similar value for N and a
higher value of . Sample R25 also shows an increased
disorder with respect to Pt(acac),, with a value of ¢ very
similar to that of D120. For samples D350 and R350 we
find values of N close to 6, the coordination number of
platinum in PtO,. Comparison of the radial distribution
functions shows that the Pt—O distances in Pt(acac),,
PtO, and the samples differ by no more than 0.04 A,
all lying in the range 1.99-2.03 A. Differences in co-
ordination number and first neighbor distances are
obviously rather weak, making it difficult to distinguish
between oxygen atoms of the acac group and oxygen
atoms of the alumina surface. A deeper insight into
the reaction mechanism can, in principle, be expected
from an evaluation of the second coordination shell,
where it should be possible to distinguish between

f(R) (a. u.)

Pt(acac), molecule

carbon atoms of the acac group and aluminum atoms
of the support.

3.3. EXAFS second coordination shell

The classical EXAFS theory is based on the assump-
tion that the EXAFS signal beyond approximately
50eV above the absorption edge is exclusively due to
single scattering and free of any contributions from
multiple scattering. A first step in the evaluation of the
EXAFS signal of outer shells must be a verification of
this hypothesis for the case under study. We used the
FEFF7 code [23] to calculate all possible single and
multiple scattering paths for Pt(acac), up to path
lengths of 5A using the crystallographic data of
Onuma et al. [21]. The individual single-scattering con-
tributions of the C and O atoms to f(R) reproduce well
the corresponding peaks in the experimental curve
(figure 3), but do not reproduce the part between 3
and 4.5 A, which the calculation shows to be essentially
due to numerous multiple scattering paths. Some of
these contribute as much intensity to the EXAFS signal
as do the single-scattering paths. A conventional
EXAFS code must therefore fail to simulate correctly
the Pt(acac), EXAFS spectrum of the second coordi-
nation shell and the evaluation of the data must be
limited to a comparison with bulk Pt(acac), by visual
inspection. This will be done in the following by compar-
ison of the filtered EXAFS signals of the range 2.2-4.5 A
(figure 4).

The following remarks can be made. An oscillation
beat at SA™" in the filtered EXAFS signal of bulk
Pt(acac), can be explained by interference of the

Ptl'o Il Pt(acac), exp.

n — Simulation FEFF

m
L=
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Figure 3. Numbering of atoms in the acac cycle (left) and FEFF simulation of contributions to f(R) from single scattering compared to the experimental
f(R) curve of Pt(acac), (right).
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backscattered waves from the carbon atoms at three
different distances. The filtered EXAFS signal of D25
agrees well in shape with that of bulk Pt(acac),, indi-
cating that the atomic arrangement of the complex is
entirely conserved. Samples R25, R120 and D120 are
clearly different from Pt(acac), indicating a modification
of the atomic arrangement in the second coordination
shell. The main difference between samples R25 and
D120 on one side and Pt(acac), on the other is a shift
of the oscillation beat from 5 to 4.5 A~". This oscillation
beat is more pronounced in D120 and the oscillations
fade out more rapidly than in R25. R120 is different
from all other samples showing an oscillation beat
at 7A7!.

k(A1)

Figure 4. Filtered EXAFS signal (2.2-4.5 A) of bulk Pt(acac), and the catalyst samples.

It is worth noting that no Pt—Pt second neighbors are
detected in the f(R) of any of the samples, showing that
the platinum remains in a dispersed state.

4. Discussion

The first- and second-shell EXAFS results of D25
agree well with those of Pt(acac),. The complex remains
intact and is anchored by physisorption, as already
observed for hydroxylated silica surfaces [6]. Kenvin
et al. proposed for this latter case an interaction by
hydrogen bonding either between the oxygen atoms of
the acac ligand or by the m-electron system of the
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whole chelate ring and the OH groups of the surface
[6,7]. Such an interaction is likely to also affect the Pt—
O bond properties by withdrawing electron density
from the metal towards the ligands. This would explain
the higher density of unoccupied 5d states in the sup-
ported complexes as compared to bulk Pt(acac),, as is
reflected by the increased intensity of the white line of
D25 with respect to the reference sample.

Heating to 120 °C leads to a decomposition of at least
some of the complexes with modification of the second Pt
coordination shell. The higher disorder in the first
coordination shell at constant mean coordination and
electron numbers can be explained by platinum bonds
to oxygen atoms of the support replacing those of one
or both acac ligands.

The second coordination shell of R25 is also clearly
different from that of Pt(acac),. The interaction of
electron-deficient surface sites with the chelate ring is
sufficiently strong to lead to an immediate decom-
position of the complex already at room temperature.
Once all c.us. sites are saturated in this way, further
complexes from the solution are physisorbed as
described for D25. R25 also differs from D120. In addi-
tion to different second coordination shells, we see slight
increases in the mean Pt coordination number and oxida-
tion state with respect to D120 (or D25). For sample
R120 the change in the mean Pt electron configuration
with respect to D120/D25 is still more pronounced.
Heating to 120 °C increases the fraction of decomposed
complexes.

Calcination at 350 °C causes a definitive decomposi-
tion of the Pt(acac), complex leading to a local environ-
ment close to that of PtO,, independent of the way the
surface was pre-treated. Deviations from the ideal
oxygen coordination value of six may be explained by
the fact that the phase and amplitude functions for
scattering derived from Pt(acac), as reference compound
differ from those in PtO,.

These results demonstrate that the decomposition of
the Pt(acac), complex on alumina surfaces follows two
different mechanisms:

(i) an immediate, chemically induced decomposition
at room temperature on c.u.s. sites of partially
dehydroxylated surfaces; and

(i1) a thermally induced decomposition below 120 °C of
complexes loosely bound to surface OH groups.

The Pt—O distances for platinum bound in the com-
plex and bound to surface oxygen atoms are too similar
to be detected separately; EXAFS provides here no
information on the fraction of decomposed versus
physisorbed intact complexes. It is therefore difficult to
confirm from the present data the model of an immediate
complete decomposition on c.u.s. sites, as proposed by
van Veen et al. [9] or a two-step mechanism as proposed
by several other authors [3—8]. The results indicate, how-
ever, that the decomposition mechanisms (i) and (ii)

mentioned above involve surface sites that differ by
more than the presence or absence of one OH group.
Decomposition on a reactive support is accompanied
by an increase of coordination number and oxidation
state, leading to hexa-coordinated Pt(IV). Decomposi-
tion on a deactivated support at temperatures below
120 °C rather conserves tetra-coordinated Pt(II). Calci-
nation of the support at 350 °C might create several
neighboring c.u.s. sites, allowing platinum to form
bonds with a larger number of surface oxygens than on
a deactivated support where drying at 120 °C does not
create such sites.

The consequences of the above observations for
catalyst synthesis by wet impregnation techniques are
obvious. An immediate decomposition of the complex
upon the first contact with the surface of the support,
especially when the lost acac ligand — or both lost ligands
— react themselves with the alumina surface as seen by
van Veen et al. [9], must shift the equilibrium between
complexes in solution and on the surface completely
towards the surface. Therefore, sample preparations
with low metal loads on highly reactive surfaces lead to
inhomogeneous, i.e. eggshell-like, metal distributions
across the porous support particles, as observed by van
Veen et al. [9]. The metal is deposited on the outermost
shell of the particles where the solution first comes in
contact with the support. On the other hand, the rather
weak interaction with a deactivated surface, leaving the
complex intact, should allow for an equilibrium that is
not completely shifted toward the surface. In this way,
homogeneous metal distributions even for low metal
loads are obtained.

5. Conclusion

Anchoring and decomposition of platinum(II) bis-
acetylacetonate on alumina surfaces has been studied
by X-ray absorption spectroscopy at the platinum Ly
edge. The interaction between Pt(acac), and deactivated
(i.e. hydroxylated) alumina surfaces is weak and causes
no destruction of the complex upon contact with the
support. Anchoring on the surface is made by simple
physisorption. Heating to 120 °C leads to a decomposi-
tion of a fraction of the complexes. The interaction
with reactive (i.e. coordinatively unsaturated) surface
sites is strong and leads to an immediate decomposition
of the complex at room temperature upon the first con-
tact. The results indicate that decomposition on reactive
and deactivated surfaces anchors the metal on surface
sites of different nature, leading to different coordination
spheres. Calcination at 350°C in dry air leads to a
complete decomposition of all complexes, to an oxida-
tion of all platinum to Pt(IV) and to PtO,-like particles.
No Pt-Pt second neighbors are detected in the radial
distribution function of any of the samples, showing
that the platinum remains in a dispersed state.
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The study further demonstrates the usefulness of
EXAFS in studying reaction mechanisms between
single molecules and surfaces. A careful analysis of the
EXAFS signal in terms of single and multiple scattering
is, however, to be carried out prior to investigations
beyond the first coordination shell to make sure that
the basic assumption of EXAFS theory of negligible
contributions from multiple scattering is valid for the
second and outer coordination shells.
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