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Two novel high-temperature reactors for in situ X-ray absorption spectroscopy

(XAS) measurements in fluorescence are presented, each of them being

optimized for a particular purpose. The powerful combination of these reactors

with the turbo-XAS technique used in a dispersive-XAS beamline permits the

study of commercial three-way catalysts under realistic gas composition and

temporal conditions.
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1. Introduction

Three-way catalysts (TWCs) have been used to control gaso-

line-fuelled vehicle emissions for over 20 years and they are

still one of the most widely used catalysts in automobile

commerce. Relentless efforts are being made to improve

catalyst performance, reduce costs and, most importantly,

meet the increasingly stringent regulations regarding toxic gas

emissions produced in spark ignition engines (CO, NOx and

unburned hydrocarbons).

Investigation of TWCs at the atomic level permits obtaining

fundamental information regarding the relationship between

structure and function/performance. The numerous advanced

techniques offered by modern synchrotron sources give core

means to provide structural windows into materials such as

these. For more practical reasons, there is an increasing

tendency and need to investigate these processes in situ in

order to provide a true insight into how catalysts interact with

the fuelled gas mixture under real working conditions on a

variety of time scales. Such an in situ approach promises a

more complete understanding of the functioning of these

complex materials and thus the rational development of

improved TWCs. The importance of the construction of

suitable (from an X-ray probe and process point of view) in

situ cells is therefore apparent. On the other hand, emulating

the highly fluxional (feedstock composition/temperature)

operating conditions of car catalysts, while collecting useful

analyzable absorption data, poses a challenge to both scien-

tists and engineers. Exhaust catalysts are transiently submitted

to very high temperatures, and can momentarily reach up to

1300 K in modern cars. In addition, the exhaust gas compo-

sition itself fluctuates rapidly between oxidative and reductive

atmospheres, the lambda cycle occurring on the order of a few

seconds. These severe conditions influence the design of both

the experiment and the catalytic cell itself. Conceptualizing

them together as an inclusive entity is vital for obtaining

significant and accurate results.

The aim of this paper is to present the design of two novel

catalytic reactors optimized for an in situ X-ray absorption

spectroscopy (XAS) investigation of commercial three-way

catalysts working under realistic conditions.

The development of X-ray-compatible in situ cells for

catalyst studies, either in a general sense or with more specific

objectives, has a long history (see, for example, Kampers et al.,

1989; Couves et al., 1991; Clausen et al., 1991; Dent et al., 1995;

Meitzner et al., 1998; Revel et al., 1999; Ressler, 2003; Wienold

et al., 2003; Huwe & Fröba, 2004; Grunwaldt et al., 2004; Bare

et al., 2006, 2007). Many techniques other than XAS, namely

Fourier transform infrared spectroscopy and mass spectro-

metry, for example, have also been used in recent years to

study, in situ, the evolution of these catalysts in order to reveal

the relationship between their structure and reactivity, and to

inspect the formation of intermediate species and products in

a particular reactive environment (Rohe & Pitchon, 2001;

Martı́nez-Arias et al., 2001; Boaro et al., 2004; Heeb et al.,

2004). However, the remarkable benefit of XAS studies lies in

the ability to directly examine the oxidation state and local

environment of the metallic catalytic centres, present as

nanoparticles supported on an oxide support with high surface

area, under temperatures and time scales close to those of real

working conditions. Work in this field has been extensively

carried out by Thomas & Sankar (2001), Topsoe (2003), Bare

et al. (1999), Yi et al. (2003), Newton, Dent et al. (2007),

Grunwaldt et al. (2006), Evans et al. (2007) and Beale et al.

(2005), to mention just a few. Considering the complexity of

these processes, a multi-technique approach that combines
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two or more of the techniques has increasingly been applied

with great success providing unambiguous complementary

information (Tinnemans et al., 2006, and references therein).

In line with the stringent operational requirements of time

resolution (in the milliseconds to few seconds range), the

selection of X-ray absorption methodologies becomes highly

restricted (Newton et al., 2002), i.e. the piezo-QEXAFS and

energy-dispersive XAS techniques. Both techniques have

been shown to play a pivotal role in the elucidation of the

reaction mechanisms of highly dynamic catalysts using the

transmission mode (Lützenkirchen-Hecht et al., 2005; Briois et

al., 2005; Newton, Belver-Coldeira et al., 2007). However, in

the case of commercial auto-exhaust catalysts, which contain a

very low amount of precious metal dispersed on highly

absorbing matrixes, in situ XAS experiments in transmission

mode are very often not possible. Consequently, fluorescence

acquisition is frequently the mode of choice for these types

of experiments and adds the challenge of using suitable

detection systems, and associated electronics/storage struc-

tures, that are able to fulfil subsecond time-resolution

requirements.

The above-mentioned techniques, both well suited for

studying catalytic reactions in situ, have their own advantages

and restrictions. Piezo-QEXAFS is a recent optimization of

the more standard quick-EXAFS method which has been used

to measure fluorescence near-edge spectra of a very homo-

geneous sample (10 mmol l�1 solution of CuSO4) in 55 ms

with a reasonably good signal-to-noise (S/N) ratio (Lützen-

kirchen-Hecht et al., 2001). This technology is currently being

implemented on a number of synchrotron radiation XAS

beamlines and the potential for research in this field is indu-

bitably tremendous. The main limitation of the quick-EXAFS

or piezo-QEXAFS method lies in the continuous movement

(rotation) of the crystals and in the vertical oscillation of the

beam exiting the monochromator.

The turbo-XAS approach developed by Pascarelli et al.

(1999) on the energy-dispersive XAS beamline at the ESRF

(ID24) takes advantage of some of the specificities of energy-

dispersive XAS spectrometers, although acquisition is

performed using sequential, not parallel, data acquisition. In

particular, the stability of the energy scale and focal spot

position remain unaltered during an energy scan, which is

performed by scanning a slit on the polychromatic fan

downstream of the polychromator. The main drawback in this

scheme is related to the important flux reduction operated by

the slit: the size of the slit opening is defined by a compromise

between energy resolution and flux.

In the experiments described in this work, we have used the

turbo-XAS approach in fluorescence mode. The limiting

factor for time resolution is presently of the order of 100 ms

for XANES, and is defined by the speed of the slit, the need

to reverse the slit direction (bidirectional collection), and

the readout electronics. Independently, it is worthwhile

mentioning that other fields of research have also profited

from the fluorescence turbo-XAS approach with a dispersive

set-up (Pascarelli et al., 2006; Muñoz et al., 2006).

The aim of this paper is to describe the development of two

new catalytic cells which have been conceptualized to fulfil the

above-mentioned rigorous requirements for the in situ study

of three-way catalysts. The specific characteristics of these

catalytic cells together with the original experimental

approach of choosing the turbo-XAS method using an energy-

dispersive EXAFS beamline for real-time investigations

have led to a new type of experiment and investigative

possibilities.

2. In situ cells

The required features that the reported cells fulfil are the

following: (i) collection of XAFS spectra in fluorescence

mode; (ii) high temperatures achievable (1123 K and 1273 K

on the sample for the two cell designs); (iii) ability to work

under oxidizing/reducing atmospheres; (iv) gases can flow

through the sample environment at high fluxes and they can

be monitored in time with a mass spectrometer; (v) minimized

dead volume; (vi) contain sample holder for pellets of

diameter 5 mm (this can be adapted for other pellet sizes);

(vii) small cell, easy to handle.

These cells can only hold samples in pressed pellet form.

This final design was restricted by the aforementioned

industrial users’ needs and priorities. The sample presentation

and the cell design have to be borne in mind in order to plan a

proper and meaningful experiment, thus reaching the best

compromise between spectroscopy and catalysis. It is known

that limitations due to film and pore diffusion may occur

owing to flow conditions, catalyst shape, reactor design and

material, if any, that serves to dilute the catalyst. For instance,

the reduction kinetics of CuO/ZnO in 5% H2/He is different

for a plug-flow system (the reaction is considerably faster)

than for a pellet cell, and this difference has been attributed

either to mass transfer limitations or different flow conditions

in the cells (Grunwaldt et al., 2004). Although a plug-flow

system is generally preferred because it represents more

realistic catalytic conditions and the resistance for pore

diffusion is minimal, cells containing pellets can also give

similar results in those cases where temperature ramp rates

and flow conditions are adequately controlled and pore

diffusion of the molecules is sufficiently fast. Therefore, cells

with pressed pellets are not always a barrier to obtaining

meaningful results; it will depend on the piece of information

one is looking at and how the results are interpreted. In

addition, a pressed pellet has the advantage over a powdered

sample that it is more homogeneous, leading to a better S/N

ratio, and temperature measurements can generally be

obtained more accurately.

For convenience we have given the two in situ cells the

names ‘Thermocoax cell’ (the company of the heating

element) and ‘Maxthal cell’ (the material of the heating

element). The Thermocoax cell has been optimized to perform

catalytic reactions under strictly trace-element-free conditions

whereas the Maxthal cell has been optimized for high-

temperature studies.
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2.1. Thermocoax cell

This reactor cell is formed by three

main parts: (i) the heating chamber, (ii)

the reactive chamber, which lodges (iii)

the sample holder. This compact cell has

cylindrical symmetry, compatible with

the required very small volume of the

reactive chamber, and covers a range of

temperatures between 298 and 1123 K

measured on the sample, bringing about

a uniform temperature distribution on

the sample.

A schematic view of the furnace is

presented in Fig. 1. The heating element

is a sheathed coaxial resistor of diameter 1 mm. The resistor

is spring-shaped. The heater is adjusted inside the sample

holder; this improves the thermal transfer to the sample and

reduces the inertia. The maximum accepted electrical power is

about 150 W. The temperature of the heater is controlled by a

Eurotherm, and the maximum rate of heating or cooling is

limited to 300 K h�1 to avoid the thermal shock of the heating

element. Under these conditions the heater life time is about

three to eight days at 1123 K.

A stainless steel membrane welded on the cylindrical flange

of the heating chamber forms the separation between the

heating chamber and the reactive chamber. This is of para-

mount importance in catalysis when working at such high

temperatures so as to avoid trace contamination of the sample,

which can tremendously impinge on the system reactivity.

Furthermore, the shape and thickness (optimal thickness of

200 mm) of the membrane has been designed with the aim of

minimizing thermal losses whilst ensuring a good thermal

exchange with the sample. Fig. 2 depicts the membrane.

The tailored inconel clip that holds the sample is fixed on

top of the central part of the stainless steel dividing membrane

(see Fig. 2). This clip has been designed to maintain good

thermal contact with the sample and to accommodate pellet

samples with an effective diameter of a few millimeters and

thickness between 0.5 and 1 mm. This arrangement though can

be readily adapted for pellet samples of other dimensions.

The heating chamber of the cell is designed to work under

vacuum (about 10�6 mbar) in order to avoid heat dispersion

and therefore decrease the effective sample temperature. A

circular reflective stainless steel screen of thickness 0.1 mm is

placed around the inconel holder of the reactor to reduce

thermal losses.

On the sides of the reactive chamber, opposite to each

other, are the gas inlet and gas outlet, with push-on fittings and

adaptable to 1/16 inch stainless steel gas capillaries. This

configuration allows high gas-flow rates. The reactive chamber

has dimensions of 40 mm diameter and 9.5 mm height. A

machined Macor piece is integrated inside the chamber to

reduce the dead volume to 7.4 cm3. A small dead volume is

important in heterogeneous catalysis to obtain fast gas

response. This ceramic insert also serves to reduce heat

dissipation. The chamber is hermetically closed with a circular

Kapton window (thickness 25 mm and diameter 30 mm) held

by a customized stainless steel washer. The separation of the

Kapton window from the heating source is 5.5 mm, the

Kapton achieving a maximum temperature of 400 K when the

sample is at 1123 K owing to the efficient cooling system.

The external part of the cell, which wraps around the

reactive chamber, is composed of a stainless steel cylinder

cooled by water running at high flow to avoid burning the

Kapton window and prevent overheating of the fluorescence

detector (Si-diode), the latter placed at only 9 mm from the

top of the sample.

To control the temperature, a K chromel–alumel thermo-

couple is set into a carefully polished stainless steel disc placed

below the sample in order to obtain a realistic reading of the

sample temperature. At 1123 K, thermal stability can be

attained after 5 min with a maximum gradient of 5 K. This

efficient control of isothermals applies to the entire heating

process. Whilst the temperature below the sample is read by

the K thermocouple connected to a Eurotherm device, the

sample temperature can equally be read in situ by a pyrometer

(over 675 K) through the Kapton window.

2.2. Maxthal cell

A new reactor cell has been built for the study of TWCs,

similar to the previous cell but optimized to perform high-

temperature studies. The main additional feature of this cell is

that it can reach temperatures up to 1273 K on the sample with
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Figure 1
Full view and sectioned view of the design of the Thermocoax cell.

Figure 2
Dividing stainless steel membrane that separates the heating chamber
from the reacting chamber. An inconel clip is placed on the top to hold
the sample.



the aim of studying possible redispersion behaviour of the Pt-

based catalysts.

Such high temperatures are achieved using a Maxthal

heating element. Maxthal material possesses a combination of

properties essential for high-temperature non-stick coating

applications. This material is remarkably resistant to thermal

shock, wear, oxidation and corrosion; it is tough and a good

electrical and thermal conductor.

Fig. 3 illustrates the reactor cell. A Maxthal 211 (Ti2AlC)

heating element is machined into a circular form (diameter

15 mm, thickness 0.5 mm). The disc is cut in a zigzag shape to

increase its resistivity (see Fig. 4). This heating element is

mounted on a flexible mechanical adaptation to avoid stress

and pressure on the Maxthal heater while heating up to high

temperatures. The isolating interface between the heater disc

and the electrical holder part is made of boron nitride.

The original in-house idea of welding two stainless steel

electrical connectors onto the heater disc permits the passage

of strong currents through the system, avoids undesired

oxidation of the cell elements and keeps the system undis-

turbed for the entire experiment. The maximum accepted

electrical power is about 220 W. The maximum heating or

cooling rate is limited to 600 K h�1 by the Maxthal expansion.

This rate is twice as fast as in the previous cell. In this case,

however, longer times are needed to obtain a uniform

temperature distribution on the sample. The heater lifetime is

about 16 h at 1273 K on the sample and three days at 1173 K.

The overall outline of the cell is very similar to that of the

Thermocoax cell. The electrical part of the cell, however, does

not need to be kept in a vacuum. The dimensions of the water-

cooled circular reactive chamber are 28 mm diameter and

8 mm height. This leaves a dead volume of only 4.5 cm3. This

chamber is hermetically closed with a Kapton window held

with a stainless steal washer. During the experiment a

compressed-air gun is used to avoid

damaging the Kapton window.

The pellet sample (5 mm � 0.5 mm)

is placed directly onto the Maxthal

heater, although a thin interface layer of

boron nitride coating is used to avoid

sample stickiness. The sample is held

using a tailored inconel clamp.

Temperature regulation is managed by a

Eurotherm device. A K chromel–alumel

thermocouple, placed on top of the

sample and below the inconel clamp,

reads the temperature of the sample. At

the same time, for further verification,

the sample temperature can also be measured in situ using a

pyrometer, calibrated previously.

3. Experimental

The Thermocoax and Maxthal cells have been tested on the

undulator dispersive-EXAFS beamline ID24 of the ESRF

operating at 200 mA of stored current. The XANES

measurements were carried out at the Pt L3-edge (11565 eV)

on several Pt samples potentially used as TWCs at 1 kHz

sampling rate. The polychromator was equipped with a Si(111)

crystal; the turbo-XAS acquisition mode was used. The

moving transversal slit placed upstream of the polychromator

was opened to 120 mm; this opening did not affect the overall

energy resolution of the beamline. This methodology

permitted continuous acquisition of fluorescence spectra of

low-loaded Pt samples containing highly absorbing matrixes,

otherwise impossible to measure in transmission, while taking

advantage of the quick data collection reaching the subsecond

to second range. This time resolution is compatible with the

lambda cycle at which catalytic exhaust converters are

submitted during driving. The measurements performed with

both Thermocoax and Maxthal cells were found to be of the

same spectroscopic quality.

Fig. 5 exemplifies the difficulties involved in measuring

energy-dispersive XANES spectra in transmission mode for a

TWC containing 2 wt% Pt dispersed on a highly absorbing

support made of pure cerium–zirconium–yttrium mixed oxide

(CZY) (Nagai et al., 2008). The acquisition time for the

fluorescence spectra is 1.1 s. In this case and for this particular

sample the S/N ratio is 1.5 � 103. This is an acceptable value

for investigating in situ the dynamics of these catalysts. This

S/N ratio was calculated as the effective number of counts

considering the signal as the difference between the number of

photons above the edge and the number of photons below the

edge, and the noise as the square root of the number of

photons above the edge.

For the in situ XAS measurements, pellets of different Pt

loadings dispersed on highly absorbing supports were pressed

so as to obtain discs of diameter 5 mm and thickness 0.5 mm.

The catalysts were not mixed with the low-porosity and low-

surface-area BN compound in order to avoid pore diffusion

limitations as well as changes in the thermal properties of the
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Figure 3
Full view and sectioned view of the design of the Maxthal cell.

Figure 4
View of the circular Maxthal heating element cut in a zigzag configuration
and supported on a BN block.



system. The pellets were placed inside the reactor cell. Two Si-

diode detectors were used to collect both the incident (I0) and

the fluorescent (I1) radiation. The flexibility of the in situ cells

allows positioning of the two Si-diode detectors very close to

the sample. The I0 diode is placed perpendicularly with

respect to the beam and collects the elastically scattered

X-rays from a Kapton foil of thickness 130 mm. The I1 diode is

placed facing the sample and is oriented perpendicular to the

incident beam direction in order to minimize elastically scat-

tered radiation. The I1 diode is placed very close to the sample

(9 mm apart) to maximize the solid angle available for photon

collection. Owing to its proximity to the heating element, the

I1 diode is water-cooled down to 283 K. The signals from the

diodes are converted and amplified by two Stanford SR 570

current-to-voltage preamplifiers. Furthermore, a gas flow

system regulated by mass flow controllers permits the control

of the oxidative and reducing atmospheres that are introduced

in the cell. A remotely controlled switching valve allows

swapping between gas conditions. This valve is placed very

close to the sample environment in order to minimize the dead

volume (down to 6 � 10�2 cm3 before reaching the cell). The

set-up of the valve is configured to minimize back-pressure

problems. Additionally, a quadrupole mass spectrometer

monitors continuously and in time the reactivity of the main

gas components. Fig. 6 shows a photograph of the set-up. The

scheme of this set-up can be viewed in the publication of Nagai

et al. (2006).

Very promising results have been obtained as a result of

studies of Pt catalysts performed by Toyota with this set-up.

The analysis of these results is out of the scope of this paper; a

thorough interpretation of some of these results can be found

elsewhere (Nagai et al., 2006, 2008, 2009). Nonetheless, in this

paper we will provide a general description of the type of

experiments carried out by Toyota in the dynamic study of

TWCs under realistic conditions; we will also illustrate the

type of data obtained using the Thermocoax and Maxthal cells

in a turbo-XAS set-up in extreme cases.

In a typical experiment, different loadings (2 wt%, 1 wt%

and 0.5 wt%) of Pt dispersed on a variety of highly absorbing

matrixes have been synthesized in order to dynamically

investigate the sintering/redispersion phenomena of real

exhaust catalysts, in real time and under realistic reaction

conditions. To do this, temperature-programmed experiments

at different stages (ramps of 7 K min�1) were carried out,

starting from room temperature up to typically 1123 K

(1273 K for the case of the Maxthal cell). During these

experiments, oxidizing (4 or 20% O2/He) and reducing (3%

H2/He) atmospheres were switched every 30 s. Pt L3-edge

XANES fluorescence spectra were collected continuously

with an integration time in the range of seconds (which

appeared to be sufficient to follow dynamically the sintering/

redispersion process, though in some instances a subsecond

resolution was used), and during the time that the entire

temperature-programmed cycled experiment took place

(typically 11 h). In these long but quick experiments, the long-

term stability, successfully attained by the dispersive optics

and sample environment, is obviously critical.

Fig. 7 shows XANES spectra taken in fluorescence of 1 and

0.5 wt% Pt samples dispersed on a CZY support containing

traces of other heavy elements. These were taken in situ at

673 K and under oxidizing and reducing atmospheres. The

spectra were measured in 6 s for the 1 wt% Pt samples and in

5.8 s for the 0.5 wt% Pt samples, which seems to be sufficient

for the given experiment. The S/N ratios of these spectra are

0.8 � 103 for the 1 wt% Pt samples and only 0.2 � 103 for the

0.5 wt% Pt samples, these S/N ratios being calculated as

previously mentioned. It can be seen though that on the
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Figure 6
Photograph showing the arrangement of the in situ XAS cell and the
measuring diodes (I0 and I1) on the beamline.

Figure 5
Comparison of the XANES region of spectra taken on the dispersive
beamline ID24 (ESRF) at the Pt L3-edge. The sample contains 2 wt% Pt
dispersed on a mixed oxide support containing pure ceria–zirconia–ytria
(Nagai et al., 2008). Top: taken in transmission (acquisition time 3.8 s).
Bottom: taken in fluorescence using turbo-XAS (acquisition time 1.1 s).



0.5 wt% Pt spectra a glitch at 11540 eV begins to be percep-

tible.

This type of low-Pt-content sample, highly inhomogeneous

and extremely absorbing, could be measured, although with

some difficulty, down to 900 ms over the XANES region, as

shown in Fig. 8. The usefulness of the data, in terms of quality,

depends greatly on the type of information needed. In our

case, the quality was sufficient for measuring, after normal-

ization, the height of the white line to study quantitatively the

redispersion process up to 1173 K. Clearly, if the experiments

permit, S/N ratios can be improved by averaging several

spectra or by simply collecting the spectra for longer times.

Moreover, Fig. 8 exhibits the high reproducibility of the

system given that each of these spectra is made of five

consequently recorded spectra with almost no dead time

between scans.

Fig. 9 exemplifies the improvement of the data quality when

the CZY matrix of the 0.5 wt% Pt sample is replaced by a

less absolving matrix as is the case of 10% ceria–zirconia

on alumina. The XANES spectrum, which was measured at a

time resolution of 830 ms, manifests the much lower back-

ground contribution and therefore enhances the quality of the

data by over a factor 20, the S/N ratio in this case being

13 � 103.

4. Conclusions

Two new XAFS in situ cells have been conceived to work in

fluorescence mode. Although these cells have been aimed at

studying commercial TWCs under tight design constraints,

their flexibility and very small size make these instruments

particularly handy and versatile for other techniques and

experiments. A major feature of these cells is the elevated

temperatures attained (up to 1123 K and 1273 K) while

resisting to oxidative and reducing atmospheres. This is

possible owing to the strict isolation of the reactive chamber

from the heating element, as in the case of the Thermocoax

cell, and the high resistance to oxidation properties of the

Maxthal material. Additionally, the minimization of the

overall cell design provides the possibility of placing the

detector very close to the sample, thus allowing collection of

better signal without damaging any of the set-up elements.

Notwithstanding, there are also some limitations associated

with these cells: they can only hold pellet samples; the Ther-

mocoax cell is limited in temperature to 1123 K, which is

sometimes exceeded in modern cars; and in the Maxthal cell

the temperature ramp needs to be more accurately controlled

to obtain a uniform distribution of temperature across the

sample. These cells have been used for the first time on the

dispersive-EXAFS beamline of the ESRF, ID24, using the

turbo-XAS technique for the in situ study of three-way cata-

lysts under realistic conditions that mimic an exhaust of a car.

Some illustrative examples have been presented to demon-

strate the potential of the complete set-up and experiment.

Nonetheless, it is foreseen that these cells will soon find
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Figure 8
Pt L3-edge XANES spectra measured at room temperature in
fluorescence turbo-XAS mode of a 2 wt% Pt/CZY sample (reduced
form, top) and 0.5 wt% Pt/CZY sample (oxidized form, bottom). Each of
these spectra comprises five subsequent spectra of 900 ms each.

Figure 9
Pt L3-edge XANES spectrum measured at room temperature in
fluorescence turbo-XAS mode of 0.5 wt% Pt dispersed on 10% ceria–
zirconia on alumina. The XANES spectrum shown comprises two spectra
measured at 830 ms each.

Figure 7
Pt L3-edge fluorescence XANES spectra of 1 wt% (top) and 0.5 wt%
(bottom) Pt samples dispersed on CZY with traces of other heavy
elements, submitted to oxidizing (20% O2/He) and reducing (3% H2/He)
atmospheres at 67 K. Spectra of 1 wt% Pt samples are measured in 6 s,
and those of 0.5 wt% Pt samples in 5.8 s.



applications in a fan of scientific areas opening new appealing

experimental possibilities in material science.
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