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Abstract: Platinum nanoclusters highly dispersed on g-alu-
mina are widely used as heterogeneous catalysts. To understand
the chemical interplay between the Pt nanoparticles, the
support, and the reductive atmosphere, we performed X-ray
absorption near edge structure (XANES) in situ experiments
recorded in high energy resolution fluorescence detection
(HERFD) mode. Spectra are assigned by comparison with
simulated XANES spectra on models obtained by molecular
dynamics (DFT-MD). We propose platinum cluster morphol-
ogies and quantify the hydrogen coverages compatible with
XANES spectra recorded at variable hydrogen pressures and
temperatures. Using cutting-edge methodologies to assign
XANES spectra, this work gives unequalled atomic insights
into the characterization of supported nanoclusters.

Better knowledge of oxide-supported metal nanoclusters is
of paramount fundamental and technological importance
especially in the field of energy.[1] In particular, highly
dispersed platinum nanoparticles supported on g-alumina
are widely used as heterogeneous catalysts, from the labo-
ratory scale to the industrial plant.[1c,2] Their reactivity and
selectivity are intimately related to the local geometry and the
electronic density of the active sites. As hydrogen is often
present in the reactive medium, the metallic nanoparticles are

in interaction with both the g-alumina support and the
reductive environment. On such catalysts, the particles are
typically sub-nanometric,[3] and the metal sites are even more
sensitive to the chemical environment.[4] Herein we show that
it is now possible to characterize such systems at the atomic
level and in situ. To elucidate their structural and electronic
properties, we use X-ray absorption near edge structure
(XANES) experiments recorded in high energy resolution
fluorescence detection (HERFD)[5] mode. A reasonable
quantitative assignment is proposed thanks to ab initio
simulations performed on structural models provided by
density functional theory molecular dynamics (DFT-MD)
approach.

XANES is one of the most appropriate analysis technique
to study the local geometry, the oxidation state, and even the
electronic structure of nanoclusters, in situ.[6] However, the
number of parameters involved and the lack of reference
spectra to compare with, makes the need of simulations
mandatory to gain quantified insights from experimental
data. Typically the unknowns are the atomic positions and the
hydrogen coverage, in addition to the fact that the nano-
particles can be adsorbed on different sites and faces of the
supporting material. To date, simple models for clusters of
well-defined morphology,[3a,4b, 7] scarcely accounting for sche-
matic support[6a,d, 7, 8] and adsorbate[6d, 8, 9] effects are used in
this purpose. More recent studies[10] deal with the effect of
adsorbates on supported platinum sub-nanometric particles
by XANES spectroscopy. They underline the strong need of
more accurate molecular models (including models of the
support) to help the interpretation. Herein, we assign in situ
HERFD–XANES spectra at the Pt-L3 edge, recorded at
various temperatures and hydrogen pressures, thanks to full
multiple scattering (MS) theory calculations using the
FDMNES code.[11] The structural models used for such
calculations are obtained by DFT-MD using the VASP
package,[12] taking into account relevant g-alumina surfaces
and reconstruction effects induced by the hydrogen adsor-
bate. To our knowledge, this is the first attempt to assign
XANES spectra, recorded at this level of resolution, with such
accurate models.

The synthesis method to obtain the Pt/g-Al2O3 catalysts is
the same than the one employed in Ref. [13]. Chlorine was
removed from the support to avoid presence of contaminants.
We got a 0.3 wt % Pt loading and a typical cluster size of 1 nm
(Supporting Information S3). Hence, we chose Pt13 particles
as a relevant model for such systems.[4d, 14] g-Al2O3 platelets
exhibits two main faces (Scheme 1): (100) (ca. 20% of
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exposed surface) and (110) (ca. 70%). The (111) surface (ca.
10%) is neglected. The hydroxylation state of the (110)
surface in reaction conditions considered in this case remains
larger than that of the (100) surface.[15] The simulation will
assume the location of platinum particles on both surfaces, in
the absence of experimental information on that point.

The sample was then analyzed in situ at two temperatures,
25 8C and 500 8C, and two hydrogen pressure values, P(H2) =

10�5 and 1 bar. The higher temperature is typical of operating
conditions in catalytic reforming.[1c] We performed the experi-
ment at the Pt-L3 edge. The benefits of the HERFD collection
of the data are well documented.[10a, 16] The inset of Figure 1
highlights that a critical feature (detailed below), such as the
shoulder at 11574 eV, is revealed only in the HERFD mode.
Comparing these spectra with the ones of Pt metal foil,
unambiguously highlights the features of the nanometric size
of Pt particles (Supporting Information S2).

Decreasing the temperature or increasing P(H2) makes
the main peak at the Pt-L3 absorption edge, called whiteline,
at around 11567 eV broadening, decreasing in maximum
intensity and shifting to higher energy. At the same time, the
absorption feature at 11574 eV increases. This trend, already
reported in the literature,[10a, 17] is emphasized in this case

because we used vacuum to tune P(H2) while in previous
studies, H2 was diluted in He and the total pressure was kept
at atmospheric pressure or above.[8–10] These observations are
clearly related to hydrogen adsorption, which follows the
expected tendency: the higher P(H2), or the lower the
temperature, the higher the coverage of hydrogen on the
particle.

Recent DFT studies suggest that Pt13 clusters are almost as
stable on both (100) and (110) g-Al2O3 platelets faces in the
absence of H2.

[18] Most stable morphologies for supported Pt13

clusters are however very different from one face to another:
a biplanar structure is preferred on the dehydrated (100) face,
whereas a 3D cluster is favorable on the hydrated (110) face
(Scheme 1).[14a,18] A hydrogen pressure-dependant recon-
struction of the biplanar cluster supported on the g-Al2O3

(100) surface was already suggested by DFT.[4d] For hydrogen
contents higher than 20 hydrogen atoms per cluster, the
morphology shifts from a biplanar one to a cuboctahedron. To
go further, we performed a complementary DFT-MD study
on the (110) face and for all possible hydrogen coverage. A
thermodynamic diagram was determined using the same
method as Mager-Maury et al.[4d] Supporting Information S4
and S5 depict the morphology and stability of these new
models as a function of temperature and P(H2), in comparison
with previous findings on the g-Al2O3 (100) face. The stability
of the clusters with adsorbed hydrogen is roughly the same on
both alumina surfaces. However, the morphologies depend on
the nature of g-Al2O3 platelets faces. On the (110) face, the
clusters exhibit morphologies with a more pronounced 3D
character which may be an effect of the higher hydroxylation
state. At high hydrogen coverage (for more than 20 H per
cluster), a reconstruction into a cuboctahedron type cluster is
also observed though this cluster is more flatten than on (100)
surface and closer to the support.

We now turn to the simulation of XANES spectra, using
models obtained by DFT as an input for the simulation of
XANES spectra. As a preliminary step, to show the sensitivity
of the spectroscopy on the models, we compare simulated
spectra corresponding to the single alumina (100) face with
the experimental spectrum recorded at 25 8C and P(H2) =

1 bar (Figure 2). The best fit is obtained with a model
containing 18 hydrogen atoms adsorbed on the cluster. This
fit correctly gives the width of the whiteline, and the existence
of structured features at 11 574 and 11583 eV. This model still
presents a biplanar morphology. A reconstructed cuboctahe-
dron model can be thermodynamically invoked from 20 ad-
sorbed hydrogen atoms (Supporting Information S4.2). The
corresponding simulated spectrum (red plot on Figure 2) is
not consistent at all with the experimental spectrum, in
particular it fails in reproducing 11574 and 11 583 eV features.
A simulation of the Pt13H18/g-Al2O3 (100) model, from which
all hydrogen atoms were removed (blue in Figure 2) clearly
shows the hydrogen coverage impact on the spectra excluding
the role of the morphology. Indeed, the simulated whiteline is
much too intense, which illustrates that the projected
electronic density of state (DOS) on platinum decreases
with the presence of hydrogen, as also shown by Bader charge
analysis.[4d] Moreover without hydrogen, the spectral features

Scheme 1. Schematic representation of alumina platelets,[15b] and two
models of Pt13 clusters calculated on the main alumina faces (110)
and (100) without hydrogen adsorption.[14a, 18] Note that on the (110)
surface, two hydrogen atoms located on the Pt13 cluster were trans-
ferred from the hydroxyl groups of the support.

Figure 1. Pt-L3 edge HERFD–XANES of Pt/Al2O3 catalysts recorded at
different operating conditions. Inset: spectra recorded at 25 8C and
1 bar of H2, in HERFD mode (High resolution) and in standard
fluorescence mode (Standard resolution).
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at 11 574 and 11 583 eV do not appear at all on the simulated
spectra.

The full library of models, relative to both alumina faces, is
investigated in Supporting Information S6. After a weighted
convenient average by the face proportion ratio ((110)/
(100) = 7/2), we compare the simulated curves to the
experimental spectra recorded at the four given pressure
and temperature conditions. Figure 3 shows the best
agreements for the four experimental points. By this way
we propose a resolution of the hydrogen coverage and
the cluster structure, for each experimental condition and
on each g-alumina surface. As expected from the
experimental spectra comparison (Figure 1), the hydro-
gen pressure has a more significant effect on hydrogen
coverage than the temperature.

Whatever the conditions, the clusters on the g-Al2O3

(100) face remain biplanar whereas the clusters on the
(110) face have a 3D morphology, although strongly
distorted compared with the original cluster calculated
without hydrogen adsorption (Scheme 1). At lower
hydrogen coverage (blue, orange, and green curves in
Figure 3), the clusters on the (100) face adsorb slightly
more hydrogen atoms than on the (110) face, in agree-
ment with the thermodynamic diagram. This H-coverage
difference between Pt13 clusters on the two faces comes
from the hydroxyl groups of the g-Al2O3 (110) surface.
They reduce the negative charge of the metallic clus-
ters[14a] and so the number of electrons available for
hydrogen adsorption. The g-Al2O3 (100) surface is not
hydroxylated in these conditions, and thus more hydro-

gen atoms can be adsorbed. In contrast, considering the
experiment at 25 8C and P(H2) = 1 bar (Figure 3), with the
most significant hydrogen coverage, the cluster on the (110)
surface adsorbs more hydrogen atoms than the one on the
(100) face. In these (T, P(H2)) conditions, the cluster
morphology on the (110) face is changed into a distorted
cuboctahedron making available more adsorption sites for
hydrogen atoms than for the biplanar morphology.

The biplanar to cuboctahedral cluster reconstruction
expected from Mager-Maury et al.[4d] is not reached on the
(100) surface according to our experiments but it appears
possible on the (110) surface. Note that Mistry et al.[10b]

evidenced a reconstruction using a hydrogen pressure much
higher (10 bar) than those in our experiments. Clearly,
a higher hydrogen coverage is needed to observe a symmetric
cuboctahedral morphology, with a characteristic XANES
signature, which cannot be reached at the experimental
conditions used in our work.

At room temperature, the thermodynamic diagrams over-
estimate H-coverage (36H under H2 and 16 H under vacuum)
with respect to the coverage deduced from XANES analysis
(18–20H and 8–10H respectively, Figure 3) whereas at 500 8C,
the diagrams predict lower values (8 H under H2 and 0H
under vacuum). More specifically around the cluster recon-
struction zone, at 500 8C and P(H2) = 1 bar, the hydrogen
coverage is lower than at room temperature and under
vacuum, which is the opposite in our experimental results.
Accuracy limitations of DFT calculations, uncertainties on
the temperature/pressure measurements or kinetic effects
may explain the shift between thermodynamically predicted
data and experimental ones. Thus, it is difficult to have precise
information about hydrogen coverage by using calculated
thermodynamic diagrams alone, while it is even more difficult

Figure 2. Experimental Pt-L3 edge HERFD–XANES spectra (dashed
line) recorded at 25 8C and P(H2) =1 bar, and simulated ones (solid
line) of the different models displayed on the right side, calculated on
g-Al2O3(100). Successive spectra are vertically offset by one unit for
clarity.

Figure 3. Pt-L3 edge HERFD–XANES spectra of Pt/Al2O3 catalysts recorded in
different operating conditions reported in the Figure (dashed line) and best
simulated XANES spectra combining models on the (100) face (represented
on right) and on the (110) face (represented on left) using the ratio
(110)/(100)= 7/2. Successive spectra are vertically offset by one unit for
clarity.
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by using XAS experiments alone. As a consequence, it is only
by combining DFT-MD, XANES simulations and dedicated
experiments, that more accurate insights are obtained on the
morphologies and the mean hydrogen coverage of the
catalyst.

To conclude, in situ HERFD–XANES analysis coupled to
DFT-MD calculations allows the discrimination of different
morphologies of nanoparticles and to quantify hydrogen
coverage, as function of the temperature and hydrogen
pressure, taking into account nanometric platinum clusters
supported on the two main surfaces of g-alumina. This work
gives unrivalled insights into the influence of hydrogen on
morphology, surface structure, and electronic properties of
supported metallic nanoclusters, and also brings new method-
ologies to interpret XANES analysis, used in the character-
ization of many systems. Hopefully this fine understanding of
highly dispersed platinum particles will help for the better
control of catalysts under reductive environment.

Experimental Section
The Pt/Al2O3 catalyst was prepared by wet impregnation of g-Al2O3

with a solution of H2PtCl6. The HERFD–XANES spectra were
recorded at the ESRF on the FAME beamline. Ab initio calculations
were performed with VASP[12] for the structural part, and with the
FDMNES program[11] for the calculation of XANES spectra. Details
are given in Supporting Information S7.
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