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An in situ cell for reductive and oxidative treatments at different temperatures
that allows the possibility of recording data as a function of temperature has
been designed and constructed for X-ray absorption experiments at the GILDA
beamline BMOS8 of ESRF. The cell is linked to a mass quadrupole spectrometer
providing control of the reaction gases and monitoring of the products. The
apparatus allows measurements to be performed both in transmission and
fluorescence geometry. The cell was tested by studying the CO oxidation
reaction promoted by a Pt/ceria-zirconia-supported catalyst. The CO, yield is
correlated with the structural results confirming the existence of a strong metal—
support interaction between the Pt metal clusters and the ceria-zirconia support.
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1. Introduction

The possibility of performing time- and temperature-resolved
experiments using in situ devices is one of the most important
tools for studying catalysts or other materials and obtaining a
deeper knowledge of the relationships between structure and
properties. For this reason, many in situ cells have been
designed and assembled; although each one has its own
peculiarities (Pettiti et al., 1999; Van Bokhoven et al., 1999;
Bando er al., 2001; Wienold et al., 2003; Lamberti et al., 2003;
Carlsson et al., 2004; Huwe & Froba, 2004), the main features
of these devices are quite similar.

Recently, Huwe & Froba (2004) presented a new in situ cell
which allows XAFS (X-ray absorption fine structure) experi-
ments to be performed at very high temperatures in trans-
mission and fluorescence geometry over a wide energy range.
Although by using this cell it is possible to carry out
measurements at 1250 K, XAFS spectra cannot be recorded at
temperatures lower than 298 K. In a previous paper, Pettiti
and co-workers (Pettiti ef al., 1999) described a cell for cata-
lytic applications both at high and at liquid-nitrogen
temperatures, suitable for reducing and oxidizing reactions.
With this apparatus, however, the control and the direct
detection of the reaction gas mixtures is not allowed. In this
paper, a new cell for in situ treatments is described. The cell
can be operated in three different ways:

(i) After treatment at a suitable temperature and in a
controlled chemical environment the sample is placed in an
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inert atmosphere, the temperature is lowered to that of liquid
nitrogen and a static XAFS experiment is carried out.

(ii) Once the sample has reached a stationary state the
XAFS experiment is performed, maintaining the attained
temperature and chemical environment.

(iii) The XANES (X-ray absorption near-edge structures)
part of the X-ray absorption spectrum can be collected in
quick mode to follow structural/chemical changes of the
sample during treatment.

As a test case, the structural analysis performed on a Pt/
ceria-zirconia three-way catalyst is reported.

2. Set-up of the in situ cell

The new in situ cell reported in this paper has the following
main features:

(i) The possibility to record XAFS spectra in both absorp-
tion and fluorescence mode is given.

(i) XAFS spectra at low and high temperatures can be
recorded.

(iii) Different gases can be introduced into the sample
environment and monitored together with the products of the
reduction and oxidation cycles using a mass spectrometer.

A schematic view of the cell is shown in Figs. 1 and 2. The
cell is made up of two parts: a cylindrical steel (AISI321)
vessel used as a thermal screen, and a sample holder directly
welded to a cold and warm finger. The cylindrical steel vessel
is equipped with three Kapton (100 pm-thick epoxy sealed
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Kapton) windows, each of diameter 22 mm; the sample-to-
window distance of 30 mm allows an angular aperture of 40°
for the outcoming radiation. This configuration is particularly
suited for transmission- and fluorescence-mode XAFS
measurements, achieved by simply rotating the sample holder
flange by 45°.

The cylindrical vessel is kept at room temperature by means
of a cooling water circuit set within the cylindrical shelter. This
feature avoids possible damage of the Kapton windows owing
to thermal radiation emitted by the sample during the heating
treatments.

The sample holder has two main parts. The first part is a
gold-coated copper frame in which the sample is fitted. To
improve its thermal contact, the sample is gently pressed using
a clamp. A class K thermocouple inserted into the cell by a
feedthrough crossing the closing flange, and suitably sited
close to the sample holder, monitors the sample temperature
and provides feedback to the thermoregulator.

The second part of the sample holder is a steel structure
which contains the cold and the warm finger. Inside this
element, a stainless-steel U-shaped tube is set for liquid-
nitrogen flow during low-temperature measurements or,
during thermal treatments, for nitrogen gas flow to avoid local
overheating. The final parts of the U-shaped tube (external
diameter = 2 mm) that cross the closing flange are connected
to wider tubes (external diameter = 4 mm) with two Swagelok
fittings. This system allows 173 K to be reached, as a lowest
temperature. Finally, a suitable lodge of diameter 6.5 mm
allows thermal contact between the sample holder and an
electrical resistance. Therefore, heating of the sample during
thermal treatments is achieved by heat conduction: the resis-
tance used determines the highest attainable temperature,
which cannot exceed 850 K. The sample can be changed
simply by unscrewing the upper flange of the cell and lowering
the cylindrical vessel.

Tubes for the inlet and outlet of the reaction gases pass
through the top of the closing flange. The outlet tube is
connected to a mass spectrometer (VGQ England). The gas
flow can be set to the most suitable values for the investigated
reaction by tuning a bottle manometer and a mass flow
controller (Brooks Instrument; maximum flow: 104 ml min™").

The in situ cell can be easily installed in the experimental
chamber. All the cooling tubes and heating devices are
included in a DN160LF top flange by means of suitable
feedthroughs. The x,z movements of the chamber then allow
the perfect alignment of the sample to the beam position. The
cell was tested for the effective temperature on the sample.
Heating was carried out by raising the temperature of the
electrical resistance and keeping the sample in a flow of He.
The temperatures of the sample holder and of the sample were
measured by thermocouples. The highest temperature reached
on the sample was 773 K, while the corresponding tempera-
ture of the sample holder was 820 K. The temperature of the
Kapton windows was about 308 K, while the lowest
temperature on the sample was 173 K. For all of the tests the
equilibrium temperature of the sample was reached in about
20 min.

During chemical reactions involving the sample lodged in
the cell, the reaction products monitored by the mass spec-
trometer were analyzable and the reaction products and
reaction kinetics were reproducible.

3. Test case: structural analysis of a Pt/ceria-zirconia
catalyst

Three-way Pt/ceria-zirconia catalysts are employed for the
exhaust treatment in gasoline-fuelled vehicles to achieve
simultaneous control of CO, hydrocarbons and NO emission.
Platinum promotes the oxidation of CO and hydrocarbons,
while the ceria-zirconia support is able to store and release
oxygen, owing to the easy reducibility of Ce" to Ce'" and vice
versa. Reducible supports can give rise to the so-called strong
metal-support interaction that originates peculiar catalytic
properties in the supported metal phase (Tauster et al., 1978).
Recently, in situ X-ray diffraction (XRD) experiments
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performed at the GILDA beamline (Martorana et al., 2003,
2004) on Pt/ceria-zirconia catalysts allowed the structural
modifications that take place in ceria-zirconia during the
anaerobic CO oxidation reaction to be determined
(Martorana et al., 2004). Under these reaction conditions, the
oxygen for CO oxidation is entirely provided by the support,
through a mechanism involving the reduction of cerium. It was
also shown that the structural kinetics of ceria-zirconia and of
Pt/ceria-zirconia during reductions at 773 K are quite
different, proving the presence of an effect owing to the
metal-support interaction. However, it was not possible to
gain other information because in the in situ XRD patterns the
Pt phase was not detectable.

Therefore, in order to obtain detailed information on the
chemical environment of Pt in the catalysts already studied,
the XAFS measurements become fundamental. While several
studies have been performed on ceria-based three-way cata-
lysts at the Ce K or Ly edges (Fonda et al., 1999), only a few
deal with the Pt Ly absorption edge (Bitter et al., 2000; Bera
et al., 2003) of Pt catalysts supported on pure ceria or ceria-
zirconia. In these papers the most important evidence is that
the strong metal-support interaction effects between Pt and
ceria depend on the reduction treatment: at temperatures up
to 773 K it produces a modification of the electronic structure
of Pt, while at 973 K it determines the decoration of the metal
phase with partially reduced ceria and Ce-Pt alloying. As
shown, the metal phase plays a fundamental role in the
behavior of the catalyst, and actually some of the unsolved
fundamental aspects are the complete explanation of the
mechanism leading to the reduction of the support, the study
of the oxidation state of supported platinum and its behavior
during the redox treatments. The results of XAFS experiments
carried out in fluorescence geometry at GILDA by the in situ
cell described in §2 are reported in the following section.

3.1. Sample treatments and XAFS measurements

The Ceq¢Zry40, support was prepared by the sol-gel
method according to a published procedure (Liotta et al.,
2003). 1 wt% Pt then was added by impregnating the support
with a calculated amount of Pt(acetylacetonate), solution in
toluene at 343 K. After drying under vacuum, the solid was
calcined at 673 K for 4h in order to oxidize the organic
ligands.

The XAFS experiments were carried out at the Pt L; edge
(Ey = 11565eV) at the GILDA-CRG beamline of the
European Synchrotron Radiation Facility (d’Acapito et al.,
1998). The monochromator was equipped with a pair of
Si(311) crystals and was run in the so-called dynamical
focusing mode (Pascarelli ef al., 1996). Harmonic rejection was
achieved by using a pair of Pd-coated mirrors with an inci-
dence angle of 3 mrad (E o = 21 keV). An ion chamber
filled with Ar gas was used for normalization whereas the
absorption coefficient of the sample was detected in fluores-
cence mode by using a 13-element high-purity Ge multi-
detector (MD) coupled to an X-ray pulse digital analyzer for
more accurate correction of dead-time effects (Ciatto et al.,

2004). The MD resolution allowed selection of the Pt L,
fluorescence lines over the background originated by elastic,
Compton and other fluorescence signals, improving the data
quality. To reduce the total number of counts, which was very
high owing to the fluorescence signals of the substrate, a
100 mm Al filter was placed in front of the MD (Pt L, intensity
reduction ~30%). The spectra of the Pt catalyst were detected
according to the procedure reported below and the reference
samples were measured at 77 and 173 K.

For the in situ EXAFS measurements the platinum-
supported catalysts were pressed into boron nitride pellets of
diameter 10 mm and thickness 0.5 mm. Fig. 3 shows a typical
fluorescence yield spectrum. The quality of the spectrum is
good and allows an accurate data analysis. A preliminary test
on the pellet consisted of sending a gas reaction mixture (0.5%
CO in He, 100 ml min~" flux) to the sample placed in the in
situ cell at a temperature of 773 K. The reaction kinetics were
recorded by monitoring the products and the reaction gases
using the mass spectrometer. Fig. 4 reports typical CO,
kinetics, obtained by flowing CO/He on the pellet made up of
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Figure 3

Fluorescence yield spectrum of a CO reduced catalyst collected using the
in situ cell.
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Figure 4
Typical kinetics of the CO, production at 773 K detected with the mass
spectrometer during continuous CO/He flow.
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Pt/ceria-zirconia mixed with boron nitride. Inspection of Fig. 4
shows that an induction time of about 2.5 min occurs between
switching on the reaction gas (at time ¢ = 0) and the onset of
the CO, yield. This delay is due to the time necessary to
permeate the overall volume of the reaction system, consisting
of about 2.5 m of tubing and the reaction camera. Evidence of
this estimate is provided by Fig. 5, reporting the CO, produced
by flowing the reaction mixture for 5 min and performing mass
spectrometer measurements for a further 15 min. By inspec-
tion, it is clear that the CO, production continues for about
2.5 min after the CO flow is interrupted, and then decays
owing to complete consumption of the reagent.

The kinetics reported in Fig. 4 refer to the continuous flow
of the reaction mixture CO/He until the CO, yield fades to an
almost constant value. As oxygen is not flowed, the oxidation
of CO is carried out by oxygen provided by the catalyst. The
X-ray absorption experiments were performed in the 0-38 min
interval. The upper limit corresponds to a decrease in the CO,
production owing to the depletion of the oxygen that the
catalytic system can provide. Thereafter, the CO, yield
continues with a slow negative slope that can be partially
attributed to a residual oxygen release and to the CO
disproportionation reaction occurring at the surface of ceria-
zirconia TWC systems (Holmgren & Andersson, 1998). Some
minor differences with respect to the reaction kinetics
reported in previous in situ XRD measurements (Martorana et
al., 2003, 2004) can be attributed to the different reaction
conditions (flux, geometry etc.) in the two reactors; a deeper
analysis will be discussed elsewhere.

We also verified, during these tests, that the cell is vacuum
tight up to 0.1 Pa and that it can work at a pressure of about
2 x 10° t0 2.5 x 10° Pa. Taking into account the kinetics profile
reported in Fig. 4, after XAFS data collection on the as-
prepared sample the following treatments and XAFS experi-
ments were carried out:

(i) The sample was subjected to a CO/He (0.5 vol%,
100 ml min~") gas mixture flow for 15 min at 773 K, then the

3
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Figure 5

Kinetics of the CO, production at 773 K detected with the mass
spectrometer during a 5 min CO flow. The switch-off time is indicated by
the arrow.

Table 1
XAFS analysis fitting results of the catalysts after each reductive
treatment.

Subscript 1 relates to the Pt—O contribution and subscript 2 to the metallic Pt—
Pt contribution. The Debye-Waller factors (o7) are given x107> A2 N is the
coordination number. R, and R, are the first and the second shell distance,
respectively, expressed in A.

Treatment Ny R, o} N, R, o3

As prepared 5.1(8) 2.02 (1) 2 (1) - - -

15 min 1.1(6) 204(06) 1008 72 272(2) 17(3)
Re-oxidized 4.8 (7) 2.02 (1) 2(1) - - -

3 min 48(7) 202(1)  2(1) - - -

8 min 1909 207@®) 2008 7(2) 272(1) 16(2)
38 min 108 2000 2008 7(1) 270(1) 13 (2)

CO/He mixture was switched off and He was applied for 5 min
at 773 K in order to stop the conversion of CO into CO,; at
this point an XAFS measurement at 173 K was recorded.

(ii) The sample was subjected to a 5 vol% O,/He mixture
flow (100 ml min~") at 773 K for 20 min to ensure its complete
oxidation; then an XAFS spectrum was collected at 173 K.

(iii) Step (i) was repeated, changing the time scale. Instead
of 15 min the chosen times were 3, 8 and 38 min, respectively.
XAFS measurements at 173 K were performed after each
reductive treatment.

Taking into account the first spectrum on the ‘as-prepared’
samples and the different redox treatments, six XAFS spectra
were collected. The XAFS data were extracted using the EDA
(Kuzmin, 1995) package of programs. Phase shifts and back-
scattering amplitudes for the Pt—-Pt and Pt-O scattering pairs,
according to the (Fm3m) and the (P3ml) crystalline struc-
tures, were generated utilizing the FEFF8 code (Ankudinov et
al., 1998). These phase shifts and backscattering amplitudes
were calibrated with the help of the XAFS spectra of the Pt
foil and platinum oxide. For the Pt foil, four shells were taken
into account, together with the necessary multiple-scattering
contributions. The analysis of the Pt foil at 173 K and 77 K, as
expected, shows only a small difference in the Debye—Waller
parameters. This suggests that 173K is a reasonable
temperature for performing XAFS experiments at the Pt Ly
edge because it is low enough to reduce the anharmonic
effects (Clausen & Norskov, 2000) and their influence on the
XAFS structural information. The results achieved on the
reference samples are in good agreement with the crystal-
lographic parameters. S5 was found to be equal to 1 for the Pt
foil and 0.7 for platinum oxide.

For the analysis of platinum oxide and of the ceria-zirconia-
supported Pt samples, two contributions were used: Pt-O for
the first coordination shell and metallic Pt-Pt for the second.
The results are reported in Table 1. Fig. 6 shows the calculated
and experimental XAFS signals relative to the above-
described treatments (upper panel) and to the reference
samples (lower panel); the Fourier transforms of the XAFS
signals are reported in Fig. 7 for the reference samples and in
Fig. 8 for the treated samples. By inspection of Fig. 8, it is
evident that for the ‘as-prepared’ catalyst and for the oxidized
catalyst the only contribution needed to fit the data is that of
Pt—O. Similar results were achieved for the samples treated
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Figure 6

Experimental and calculated kx(k). The upper panel shows the results
relative to different reduction times of the Pt/ceria-zirconia catalyst. The
lower panel shows the fitting of the Pt foil and Pt oxide.

only for 3 min with the reductive CO/He mixture at 773 K.
During the 3 min treatments the presence of CO, was detected
by the mass spectrometer. This suggests that, since the
reduction of Pt did not occur in these 3 min (see Table 1), the
CO, detected by mass spectrometry is initially produced by
the most accessible oxygen species, probably consisting of
adsorbed atoms. When the reductive treatment is longer than
3 min, the reduction of Pt takes place. Actually, in fitting the
data relative to the samples treated for 8 min, 15 min and
38 min with the CO/He at 773 K, the metallic Pt-Pt contri-
bution together with the Pt—-O must be included. It is notable
that, after 38 min, CO, production is still detectable,
suggesting that the complete reduction of the sample does not
occur within this time, although the reduction of the metal
clusters seems to stop after 15 min (see Table 1). The CO,
yield after 15 min should therefore be attributed only to the
ceria-zirconia oxygen and, for larger times, to the CO
disproportionation reaction. Comparing the coordination
numbers, no increase of the Pt cluster size is evident, although
some minor difference can be attributed to the Pt-O corre-
lation, more evident for the 15 min CO/He reduced sample.
By inspection of Table 1, it can be seen that the contribution of
Pt-O is still essential in the analysis of the sample treated for
38 min in CO/He at 773 K, as well as for the samples treated
for 8 min and 15 min with the reductive mixture. Moreover, no

FT mag. (a.u.)

Pt foil

Figure 7
Experimental and calculated &> (k) Fourier transforms relative to Pt foil
and Pt oxide.

FT mag. (a.u.)

Figure 8

Experimental and calculated &’ x(k) Fourier transforms relative to the Pt/
ceria-zirconia catalyst at different reduction times. The Fourier transform
was calculated in the same k-space interval for both standards and
samples. The sample treated for 15 min is scaled by 0.5.

difference in the coordination numbers was found in the Pt—Pt
shell as a function of the reduction time.

Recently, Mullins & Zhang (2002) showed that an electronic
interaction exists between the metallic Pt and the ceria-
zirconia support when a reductive treatment is performed.
Many recent papers (Bernal et al., 1999; Miller et al., 2000;
Ramaker et al., 2001; Mullins & Zhang, 2002) have proven that
this interaction, called strong metal-support interaction
(SMSI), induces a charge rearrangement between the Pt 6s
orbitals within the metallic particles and the O atoms of the
Pt—support interface, and vice versa, showing that the Pt atoms
are in contact with the oxygen ions of the support (Bernal et

]. Synchrotron Rad. (2005). 12, 499-505
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Variation of the coordination numbers (left-hand side) and first-shell
interatomic distance (right-hand side) of the Pt catalyst as a function of
the reductive treatment.

al., 1999; Miller et al., 2000). In agreement with these previous
results, we find that the Pt—O distance does not depend on the
reduction time (see Fig. 9). In agreement with the constant
values found for the coordination numbers, no increase of the
clusters size occurs as the duration of chemical treatments at
773 K increases. This result is essentially due to the SMSI
which prevents the sintering of the metal clusters (Bernal et
al., 1999), anchoring the metal particles to the ceria-zirconia
surface. When the sample is re-oxidized, according to the
literature on the SMSI effect, the SMSI breaks down and
oxidation of the Pt clusters takes place (Tauster et al., 1978).
As reported in the Introduction, the in situ cell can also be
used for the rapid collection of XANES spectra during the
sample rearrangement produced by specific sample treat-
ments. As an example, Fig. 10 reports the quick-XANES data
recorded during the re-oxidation of a reduced sample. Each
scan was collected in 4 s and different scans were collected
every 20 s.

4. Conclusion

A new cell for in situ XAFS measurements linked to a mass
quadrupole spectrometer has been designed and assembled.
The cell works properly as a chemical reactor for kinetics
studies and is very suited for high and low temperature as well
as fluorescence and transmission XAFS measurements. In
particular, the wide angular range for outcoming radiation
allows the collection of high-quality fluorescence data. After
preliminary tests carried out to check the actual temperature
range of the sample, the CO oxidation reaction promoted
by a Pt/ceria-zirconia-supported catalyst has been studied.
Chemical and structural information were obtained and
combined with the CO, yield monitored by mass quadrupole
spectrometry. The results achieved are in agreement with
literature data confirming the existence of the strong metal-
support interaction between ceria-zirconia and platinum. As
an improvement, changes in the set-up of the in situ cell are
planned in order to perform time-resolved Q-EXAFS at the
GILDA beamline.

"\ ——— as prepared

after CO

\ / reduction

2

normalized absorption (a.u.)
O, flow

T
11580
energy (eV)

T
11560 11600

Figure 10

Quick-XANES spectra recorded during the re-oxidation of the reduced
sample (O, 5%/He at 773 K). Each spectrum is collected in 4s and
spectra were recorded every 20 s.
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