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Time-resolved X-ray diffraction experiments carried out at the

beamline BM08-GILDA of ESRF allowed a study of the structural

modi®cations taking place in a Pt/ceria±zirconia catalyst while the

CO oxidation reaction was in progress. The capillary tube in which

the sample is stored acts effectively as a chemical microreactor that

ensures homogeneity of the sample treatments and minimization of

diffusion effects. During the ¯owing of the reactant CO/He mixture,

the investigated catalyst undergoes a fast Ce(IV)±Ce(III) partial

reduction that involves the release of one O atom for every two

reduced Ce cations. Because Ce(III) has a larger ionic radius than

Ce(IV), the structural modi®cation produces an increase of the lattice

constant of the ceria±zirconia mixed oxide, and this increase is

monitored by the translating imaging-plate device implemented at

GILDA. The CO2 resulting from the oxidation of the ¯uxed CO is

monitored by a quadrupole mass spectrometer during the recording

of the time-resolved X-ray diffraction pattern. The chemical and

structural information was combined to show that the CO2 yield is

nearly constant until the catalytic system can provide oxygen for the

reaction, while the structural rearrangement of the catalyst is delayed

with respect to the switching on of the CO/He ¯ux. After this

induction time, during which CO2 is produced with no structural

modi®cation of the catalyst, a fast increase of the lattice constant

takes place.

Keywords: in situ X-ray diffraction; imaging plates; Rietveld; three-
way catalysts; ceria±zirconia.

1. Introduction

Three-way catalysts (TWC) are materials tailored for the abatement

of pollutants in gas exhausts of automotive vehicles. The triple task

they are designed for ± i.e. the reduction of nitrogen oxides and,

simultaneously, the oxidation of carbon monoxide and of unburnt

hydrocarbons ± is best carried out in a narrow composition range of

the reaction mixture (the so-called stoichiometric window) and at

temperatures corresponding to a steady operation regime of the

engine (Trovarelli, 1996). Outside these ideal conditions the catalyst

performance can be far from optimal, thus considerable effort has

been undertaken by industrial and academic researchers in order to

develop new TWC systems with wider stoichiometric windows and

effective temperature intervals.

CeO2-based TWC systems are nowadays widely used and investi-

gated because of the ability of Ce(IV) to undergo a straightforward

reduction to Ce(III) in a reductive environment and to be promptly

reoxidized in an oxygen excess. The reduction of two Ce(IV) cations

in the ceria network involves, to preserve the net charge neutrality,

the release of one O atom, and the opposite oxidation process

involves oxygen uptake from the reaction mixture. Therefore, while

the actual catalyst for pollutants' redox reactions is constituted by the

supported precious metals, the ceria-based promoter performs the

fundamental task of keeping the gas exhaust composition within the

stoichiometric window. The ability of ceria-based TWC systems to

provide oxygen to the reaction environment can be improved by

doping CeO2 with different cations, such as Zr(IV) (Fornasiero et al.,

1995) and La(III) (Miki et al., 1990; Deganello & Martorana, 2002),

and supportation of the mixed oxide on - or �-alumina. As concerns,

in particular, zirconium-doped ceria, it has been hypothesized that

the oxygen mobility depends on the lattice deformation about the

smaller Zr4+ cations (Vlaic et al., 1997); a very accurate pulsed

neutron diffraction study (Mamontov et al., 2000) demonstrated the

defective structure of the ceria±zirconia anion sublattice and ascribed

the oxygen mobility to the noteworthy fraction of interstitial O atoms.

Actually, while much work has been carried out to develop new TWC

systems and to study their catalytic activity, further investigation of

the structure±properties relationships could give useful indications

for the tailoring of better materials. Time-resolved X-ray diffraction

(XRD) studies, in particular, can provide interesting information

about the structure of TWC systems in different temperatures and

reaction environments. Pioneering work, in this respect, has been

carried out by Ozawa & Loong (1999) on Zr- and La-doped ceria.

These authors demonstrate that the Ce(IV)! Ce(III) reduction

leads to an increase of the ceria-based mixed-oxide unit cell.

The apparatus for in situ XRD experiments at the BM08 GILDA

beamline of the European Synchrotron Radiation Facility (ESRF)

(Grenoble, France) (Meneghini et al., 2001) is based on an IP

(imaging plate) camera that can be used in translation mode. In this

paper the improvement of the set-up for time-resolved experiments

on catalytic systems is described and, as an example of application,

the information obtained on a Pt/ceria±zirconia catalyst prepared by

a sol±gel route is detailed. The sample is contained in a quartz

capillary through which the gas reaction mixture is ¯owed. Using this

geometry, the experimental conditions can be tuned to ensure that

the reaction kinetics are not determined by the rate of diffusion of

reactants and products but mostly by the chemical properties of the

catalyst. Such a con®guration of the reaction cell is particularly useful

with TWC systems, because the rate of release of oxygen to the

reaction environment is one of the most important parameters to be

evaluated in the design of new materials.

2. Experimental

2.1. Time-resolved XRD set-up for catalytic applications

The experimental set-up for time-resolved XRD experiments at

the GILDA beamline is described in a recently published paper

(Meneghini et al., 2001) and consists of a ¯at IP detector

(200 � 400 mm) translating behind an adjustable-width Ta slit screen.

The Ta slit system allows the recording of a narrow vertical portion of

the Debye rings on the IP; successive XRD patterns (`strips') are

collected during sample treatment on the translating IP. A gas-¯ux

heater (Hot-air Blower, Cyberstar, Grenoble France) with remote

temperature control allows the tuning of the sample temperature in

the room temperature to 1223 K range.

A speci®c set-up has been implemented to monitor the structural

evolution of a catalyst in the reaction environment. The sample is

contained in a quartz capillary that is supported by an aluminium
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frame ®tted in a goniometer head. The capillary is open on both sides,

which allows the reaction gases to be input at one end and the

products to be conveyed to a quadrupole mass spectrometer (Ther-

mostar GSD 300 T, Balzers) at the other end. As already pointed out

(Clausen et al., 1991), this geometry warrants the optimal experi-

mental conditions as concerns (i) the absence of dead-sample

volumes not reached by the gas ¯ow, (ii) the uniformity of the sample

temperature and (iii) the overcoming of diffusion effects. On the side

of the structural analysis, the correspondence between the sample

participating in the chemical reaction and that probed by the X-ray

beam is therefore ensured. The layout of the reaction line and of the

in situ X-ray diffraction is shown in Fig. 1. The bottles containing the

gas mixtures are placed outside the experimental hutch, and the gas

¯ow can be set to the most suitable values for the investigated

reaction by proper tuning of the bottle manometer and a mass-¯ow

controller (Brooks Instruments). The sample is kept ®xed inside the

capillary by quartz-wool frames on both the sides that prevent the

powdered catalyst from polluting the quadrupole circuit.

The choice of the experimental conditions should take into account

several contrasting factors: a large sample-to-detector distance and

thin capillary diameter allow the line broadening to be reduced, but a

shorter sample-to-IP distance permits the enlargement of the 2�
range and a larger diameter can be needed to ensure a stable gas ¯ux

through the sample. To guarantee the homogeneity of the tempera-

ture throughout the sample, the ®lled capillary length should be

entirely under the jet of the blower, thus limiting the overall amount

of catalyst that can be used in the experiment.

2.2. Sample preparation

The synthesis of the ceria±zirconia mixed oxide with nominal

composition Ce0.6Zr0.4O2 was carried out by a sol±gel procedure. The

amounts of reagents (Aldrich, 99% analytical grade purity, used as

delivered without any further puri®cation) for the preparation of 5 g

of ceria±zirconia promoter are given. The zirconium precursor [5.9 ml

of Zr(OCH2CH2CH3)4, 70 wt% solution in n-propanol] was added at

room temperature to Ce(NO3)3�6H2O (8.5 g) dissolved in ethanol

(20 ml). In order to promote the hydrolysis step determined by the

crystallization water present in the cerium salt, the reaction

temperature was raised from 298 to 338 K. The resulting mixture was

stirred at 338 K overnight and gelation occurred in about 12 h. After

evaporation to dryness in a vacuum, the material was calcined at

923 K for 8 h and subsequently at 1073 K for 1 h (heating rate

5 K minÿ1).

The Pt catalyst (1 wt%) was prepared by impregnation of the

ceria±zirconia oxide, which was characterized by a surface area of

48 m2 gÿ1, with a solution of Pt(acetylacetonate)2 in toluene at 343 K.

After drying in a vacuum, the solid was calcined at 673 K for 5 h and

then reduced at 623 K for 3 h (heating rate 1 K minÿ1).

2.3. Sample treatments and experimental conditions

The investigated TWC sample was subjected to two types of

thermal treatment: temperature ramps lasting 50 min from room

temperature to 973 K and isothermal treatments for 60 min at 773 K.

The ramps were carried out in pure He ¯ux and in CO/He (0.1% vol).

During the isothermal runs, the input gas was changed, after 10 min,

from an oxidative O2/He mixture (10% vol) to reductive (0.1% vol)

CO/He. A 1 mm capillary diameter ensured a stable gas ¯ow

(5 ml minÿ1 at 2 atm measured at the bottle outlet) through the

stored sample; the latter was obtained by sieving the catalyst and

taking the particle-size fraction to be between 80 and 120 mm. A ®lled

capillary length of about 1 cm was entirely bathed by the blow of the

heat gun, which was put at a distance of 1.5 mm from the capillary.

The temperature effectively experienced by the sample was

con®rmed by the thermal expansion of a reference silver powder

sample. With the above-quoted gas ¯ux and sample amount, the

resulting space velocity (given by the ratio between the gas ¯ux and

the catalyst volume) of 38197 hÿ1 was similar to typical values

exploited in kinetic studies on macroscopic reactors.

Because of the presence of the input and output gas circuit and the

hindrance of the aluminium frame that supports the capillary, it was

not possible to spin the capillary during the time-resolved experi-

ments. On the other hand, the samples were certainly isotropic, so

that a satisfactory homogeneity of the scattered intensity was

achieved. The chosen sample-to-IP distance was 155 mm, which

ensured that, with the wavelength � = 0.72384 AÊ , the most important

part of the XRD pattern could be recorded. The instrumental line

broadening (FWHM), which in ¯at IP geometry mainly depends on

the values of the sample±detector distance and the capillary diameter

(Norby, 1997), ranged between 0.36� at 2� = 10� and 0.28� at 2� = 40�

(Meneghini et al., 2001).

3. Results and discussion

The stable form of zirconia at room temperature is normally mono-

clinic, but the tetragonal form can be stabilized by impurities or small

particle size (Lutterotti & Scardi, 1990). From a comparison of

Figs. 2(a) and 2(b), which show, respectively, fragments of tetragonal

zirconia, space group P42/nmc, and of cubic ceria, space group Fm�3m,

it is clear that the two structures are very similar. The symmetry

differs because cerium coordinates eight O2ÿ anions at the corners of

a regular cubic box, while in the neighbourhood of zirconium two

different ZrÐO distances are actually present, which give rise to a

somewhat distorted cubic coordination. If these two distances

suitably degenerate into a single one and the ratio between the

tetragonal lattice constants cT and aT is equal to 21/2, tetragonal

zirconia has the same symmetry as cubic ceria and can be referred to

a cubic face-centred cell with volume Vcub = 2VT, where VT = aT aT cT

is the tetragonal cell volume. It is likely, therefore, that ceria±zirconia

solid solutions have an oxygen environment about the cations that is

Figure 1
Schematic view of the experimental set-up developed at GILDA for time-
resolved XRD experiments on TWC catalysts.



midway between the environment of the pure structures. Actually, as

demonstrated by Vlaic et al. (1997), while Ce(IV) in a Ce0.5Zr0.5O2

sample keeps the eightfold oxygen coordination, the number of O

atoms about Zr(IV) is reduced to about six, with two anions at non-

bonding distance that probably have higher mobility and are likely

to contribute to the improvement of the redox properties of the

material.

A typical XRD pattern of the investigated Pt/ceria±zirconia sample

is reported in Fig. 3(a). The absence of any recognizable diffraction

peak that could be associated with platinum-containing phases

probably originates from both a small metal content and a very high

dispersion. The diffraction pattern, as is particularly evident in the

enlargement of Fig. 3(b), is consistent with the hypothesis that two

very similar ceria±zirconia phases are present. In fact, the ®tting

performed by GSAS (Larson & Von Dreele, 1988), which involved

the weighted sum of a cubic ceria-like phase (from now on `cubic

phase') and a tetragonal zirconia-like phase (`tetragonal phase'), gave

good results, as can be estimated from inspection of the calculated

and residual patterns reported in Figs. 3(a) and 3(b) and from the

agreement factors reported in Table 1 (McCusker et al., 1999). The

cubic and tetragonal ceria±zirconias used in the ®tting runs are likely

to be representative of a continuous distribution of phases that are

actually present in the investigated sample; clearly, the attempt to

re®ne more than two phases would lead to severe correlations

between the ®tting parameters.

In Fig. 4 the dependence of the cell constant of the cubic phase, aC,

on the ramp temperature in CO/He 0.1% and pure He ¯ux is shown.

As already observed by Ozawa & Loong (1999) in a similar experi-

ment, the CO/He ramp is very different from the corresponding He

ramp: in the latter treatment the increase of aC is essentially due to

thermal expansion, whereas the larger aC values in CO/He are a

result of the reduction of Ce(IV) [ionic radius rCe(IV) = 0.97 AÊ ] to
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Figure 2
(a) Fragment of the structure of tetragonal zirconia. (b) Fragment of cubic
ceria. The respective unit cells are shown by dashed lines.

Figure 3
(a) Rietveld re®nement of the ninth vertical strip of the imaging plate,
corresponding to about 8 min of catalyst treatment at 773 K (� = 0.72384 AÊ ).
Upper tick marks: tetragonal phase. Lower tick marks: cubic phase. The
amorphous halo at 10� 2� is due to the capillary scattering. (b) Enlargement of
the 20±25� 2� interval, demonstrating the presence of two phases.
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Ce(III) [rCe(III) = 1.14 AÊ ]. A similar behaviour is shown by the

tetragonal phase.

The re®ned value of the lattice parameter in the isothermal

treatment at 773 K allowed the evaluation of the doping amount in

the respective host lattices by the following procedure. The thermal

expansion was determined from the increase of aC versus T in the He

ramp and used to discriminate between the thermal expansion effect

and the expansion due to the reduction of Ce(IV). Assuming a linear

dependence of aC versus the amount of hosted species, the values

obtained by the GSAS re®nements were ®tted using the equation

(Kim, 1989)

aC � 5:413�P
k

�2:2�rk � 0:15�zk� xk; �1�

where �rk is the difference between the ionic radius of the kth

dopant and that of Ce(IV), �zk is the difference between the

respective valencies, and xk is the kth stoichiometric coef®cient.

Equation (1) allowed the determination of the amount of dopant Zr

in the cubic phase of the fully oxidized Ce(IV)1ÿyZryO2 sample and,

assuming that the Zr content did not change in reductive

conditions, was also applied to obtain the amount of Ce(III) in

the reduced catalyst, according to the chemical formula

Ce(IV)1ÿxÿyCe(III)xZryO2ÿx/2.

In Fig. 5 the response of aC to the change of the ¯owing mixture

from O2/He to CO/He at 773 K is shown; the reported aC values were

corrected for thermal expansion using the aC values in the He ramp.

The Zr doping fraction y was determined to be 0.25 from the lattice

constant of the fully oxidized sample. This value was obtained by

®tting equation (1) to the value aC = 5.34 AÊ (obtained from the room-

temperature values of the He ramp, see Fig. 4), assuming that the

Ce(III) content (x) was zero and, therefore, that the only dopant was

Zr. About 5 min after the change of the reaction mixture from

O2/He to CO/He, a fast aC increase takes place; afterwards, the aC

value keeps rising at a de®nitely slower rate. Assuming that the Zr

content is not changed, the value of the lattice parameter is now

®tted by varying x, the amount of Ce(III), in equation (1). The

value aC ' 5.36 AÊ , which corresponds to the beginning of the

slow increasing rate regime, is relative to the composition

Ce(IV)0.67Ce(III)0.08Zr(IV)0.25O1.96; indeed, taking into account an

uncertainty (evaluated from the scattering of neighbouring points in

Fig. 5) of about 0.05% in the determination of the lattice parameter,

the fraction of released oxygen is affected by a large error of about

10%. However, by inspection of Fig. 5 it is clear that the ¯uctuation of

aC before and after its steep rise is stable enough to ensure the

reliability of �aC determined by the Rietveld re®nement and,

therefore, of the estimated amount of Ce(III) produced in the reac-

tion.

The doping level and the amount of Ce(III) of the tetragonal phase

were determined by a similar procedure, although the analysis can be

only roughly quantitative, because the diffraction peaks are wider

and overlapped, and there is also overlapping with the cubic phase

peaks. On the basis of the structural similarity with the cubic

component outlined above, a cubic equivalent cell parameter was

calculated as

acubÿeq � �2aT aT cT�1=3;

and the same analysis as for the cubic phase was carried out. From

Fig. 6 it is possible to establish that, despite the evident larger

uncertainty in the acub-eq parameter, the redox behaviour of the

tetragonal component is very similar to that of the cubic phase, as

concerns the delay time of the structural transition and the initial fast

reduction followed by a slower formation of Ce(III). From the

composition Ce(IV)0.42Ce(III)0.10Zr(IV)0.48O1.95, the observed tetra-

gonality is clearly related to the noteworthy Zr amount. The fraction

of Ce cations that underwent the Ce(IV)! Ce(III) transition is

de®nitely higher than in the cubic phase, probably because the

Figure 4
Lattice constant of the cubic phase versus treatment temperature in CO/He
and He ¯ux.

Table 1
Agreement factors² of the Rietveld re®nements.

Strip �2³ Rwp§ Rp}

3 0.90 4.50 3.39
8 0.88 4.13 3.10
13 0.86 4.13 3.10
18 0.91 4.19 3.16
23 0.94 4.21 3.22
28 0.95 4.27 3.23
36 0.91 4.12 3.13

² Sampled every ®ve points in Figs. 5 and 6. ³ �2 =
P

w(Iobs ÿ Icalc)
2/(Nobs ÿ Nvar).

§ Rwp = 100[
P

w(Iobs ÿ Icalc)
2/
P

wI 2
obs]

1/2. } Rp = 100
P

|Iobs ÿ Icalc|/
P

Iobs.

Figure 5
Lattice constant of the cubic phase versus time during the isothermal
treatment of the catalyst at 773 K. At 10 min the gas mixture is switched from
O2/He to CO/He. Evidently the increase of aC takes place with a delay of
about 5 min with respect to the change of reaction environment.



smaller amount of cerium is more than balanced by a higher number

of mobile O atoms (Vlaic et al., 1997).

For both the cubic and the tetragonal phase, the weight fraction,

which is determined in the Rietveld re®nements of all the patterns,

varies in the range 49±51% and is independent, as expected, of the

oxidation state of ceria±zirconia. Assuming an equal weight compo-

sition of the cubic and tetragonal phase, the cerium and zirconium

number fractions are, respectively, 0.63 and 0.37, which are very close

to the input composition. As the synthesis procedure does not involve

any loss of reagents, this result can be considered as further evidence

of the reliability of the XRD analysis.

The CO2 yield at 773 K is shown in Fig. 7. It is clear that the CO

oxidation takes place immediately after the change of the reaction

mixture from O2/He to CO/He and remains nearly constant until the

sample can release oxygen to the reaction environment. Conversely,

the reduction of reticular Ce(IV) begins (see Figs. 5 and 6) with a

de®nite delay with respect to the CO2 production. Taking into

account the overall quantity of converted CO and the amount of

catalyst used in each experiment, the oxygen provided by the ceria±

zirconia structure can account for about 80% of the converted CO.

The remaining 20% can be ascribed to the oxygen chemisorbed or

physisorbed on the catalyst surface during the catalyst oxidation

treatment. It appears, therefore, that initially a more readily acces-

sible oxygen, probably coming from the support surface and/or

chemisorbed on the platinum particles, is consumed. Only after this

step does the depletion of surface oxygen produce the diffusion of

bulk oxygen to the surface. Conversely, the rate of CO conversion

does not present any signi®cative variation in correspondence to the

fast reduction of reticular Ce(IV), and the CO conversion continues

after the fast Ce(IV) reduction process is ®nished. The experimental

evidence is therefore that the reticular oxygen provided by the

catalyst is in excess with respect to the need, while the rate of the

reaction is determined by the process of CO oxidation.

The results of the structural analysis carried out on the time-

resolved XRD data of the investigated ceria±zirconia samples are in

qualitative agreement with those reported by Ozawa & Loong (1999)

as concerns the cell expansion of ceria-based TWC systems in

reductive environments. However, although a direct comparison

cannot be performed, because the materials (Ce0.1Zr0.9O2/Pt 0.1%)

and the reaction conditions are different, it is noteworthy that the

time scale of the structural rearrangement is very different [only a few

minutes in the experiments described in this paper, versus several

hours for those of Ozawa & Loong (1999)] and that no delay in the

structural variation is reported by Ozawa & Loong (1999). Taking

into account that their experiment was performed on a sample

obtained by compacting a powder into a tablet and putting it in a

chamber with controlled atmosphere, it cannot be excluded that

under such conditions the response of the material is mainly ruled by

the time necessary for the reaction mixture and the products to

completely diffuse through the bulk of the sample and that the

recorded time-resolved patterns are actually an average of contri-

butions from volumes of the sample in different oxidation states.

4. Conclusions

A set-up for the time-resolved XRD analysis of heterogeneous

catalysts operating in the gas phase was developed at GILDA. The

apparatus was used for the ®rst time to study TWC systems composed

of 1 wt% Pt supported on ceria±zirconia mixed oxide. The informa-

tion that could be extracted from this kind of experiment has been

shown. In particular, the geometry of the apparatus is best suited for

performing in situ experiments, as the set-up overcomes possible

diffusion problems of devices projected with a different operational

scheme. The use of the translating imaging plate allows the fast

recording of the whole diffraction pattern and very good counting

statistics; a drawback of this geometry is the lower resolution with

respect to point detector diffractometers, in particular when large

capillary diameters must be used to ensure a stable gas ¯ow. New

experiments have been carried out at GILDA (the data are presently

being analysed) using a chemically inert �-alumina diffraction stan-

dard mixed with the catalyst to improve the accuracy in the deter-

mination of the lattice constants. The investigation of lower

temperatures and different reaction mixtures will hopefully provide

further information about the structure±properties relationships in

these materials.
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MURST projects CLUSTER 20P5 and Catalysts for the removal of

nitrogen oxides in lean burn engine emissions. The experimental set-

up for the simultaneous monitoring of the chemical reaction and the

XRD patterns could not have been implemented without the

J. Synchrotron Rad. (2003). 10, 177±182 A. Martorana et al. � Time-resolved X-ray powder diffraction 181

research papers

Figure 6
Cubic equivalent lattice constant of the tetragonal phase versus treatment time
of the catalyst at 773 K. The behaviour is quite similar to that of the cubic
phase.

Figure 7
CO2 yield of the catalyst in CO/He ¯ux at 773 K, as determined by the mass
spectrometry experiment carried out during the XRD experiment. Evidently
the production of CO2 begins immediately at 10 min treatment, after the
change of reaction mixture to CO/He, and remains nearly constant until the
catalyst can provide oxygen to the reaction environment.



research papers

182 Received 21 May 2002 � Accepted 17 October 2002 J. Synchrotron Rad. (2003). 10, 177±182

precious collaboration of the GILDA technicians Fabio D'Anca,
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