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Abstract

Temperature-programmed (TP) methods have been increasingly used in recent years for the characterization of catalytic
materials under conditions similar to those encountered in commercial applications. A large variety of complementary TP
techniques can be used with minimum variation of experimental conditions, thus allowing great characterization potential in a
single apparatus. Modern analytical and numerical tools allow accurate analysis and modeling of TP profiles, to obtain kinetic
and other reaction parameters. Here, we will briefly review the experimental TP methods used for the characterization of the
reduction features and the dynamic behavior of oxygen-storage/redox components of auto exhaust catalysts, based mainly on
Ce(O and ceria-zirconia.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction under conditions close to those encountered in indus-
trial operation; and the availability of efficient nu-
The interest in temperature-programmed (TP) and merical methods to model and predict the dynamics
transient methods in heterogeneous catalysis has ex-0f complex reaction systems under transient and TP
perienced rapid growth in recent years. This attention methods.
is motivated by a number of factors, including the de-  The interaction of reactants with the catalyst surface
velopment of experimental techniques for monitoring is a key parameter in heterogeneous reaction systems.
concentration in the gas phase with a sensitivity and For example, the temperature at which species are des-
time-resolution not previously available; the recogni- orbed from a surface is indicative of the strength of the
tion that simple experiments can quite often give a surface bond: the higher the temperature, the stronger
quick answer to catalytic performances of materials the bond. Therefore the adsorption of a probe molecule
at low temperature, and subsequent monitoring of its
desorption/reaction characteristics with temperature,
, ) o _ is a simple way to characterize surface properties of
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particles is recorded as a function of tempera- with diluted H, and at the same time the temper-
ture. ature of the system is linearly increased. Similarly,
These methods have been widely applied to indus- temperature-programmed oxidation (TPO) utilizes di-
trial catalysts primarily because their conditions of use luted oxygen to oxidize a solid material (a reduced
are close to those encountered in commercial opera-phase or supported metals or deposited carbon) as
tions. In addition, the transient nature of a TP analysis a function of temperature. Temperature-programmed
technique, in which the temperature, the surface cov- (surface) reaction (TPSR, TPRe) refers to the study of
erage and the reaction rate all vary with time, has the reactions under TP conditions. This type of study can
advantage of providing information not available from be conducted in two different ways: (i) the reagents
steady-state experiments. (usually two gases) can be coadsorbed on the catalyst
Several different applications of TP methods have and heating done in an inert carrier; or (ii) a carrier
been employed in recent years and have been detailedyas containing reagents can be used and reaction car-
in excellent reviewg1—4]. In this paper, a few of the  ried out by increasing temperature. Since several sites
basic concepts underpinning these techniques will be of different activity can exist on the catalyst surface,
given and one case of study will be presented. which can increase or decrease with a change in cat-
alyst temperature, this approach permits the evalua-
tion of kinetic parameters and activity data at various
2. Generality of TP methods temperatures and the monitoring of the contribution
of each site to catalytic activity. Specifically, depend-
Based on similarity of experimental procedure, TP ing on the type of reaction carried out, we may refer
methods for the characterization of catalysts can be to TP hydrogenation, methanation, sulphidation, com-
classified in a very broad range of techniques known bustion, carburization, gasification, etc.
as thermoanalytical techniqué3]. Table 1presents The majority of information can be obtained by a
a classification of these techniques. Strictly speaking, simple qualitative approach which does not require
TP methods in catalysis research include those be- modeling. The comparison of different profiles with
longing to classes 4 and 5, i.e. TP desorption and TP “calibrated profiles” and/or the evaluation of specific
reaction although the TP methods represented in the parameters in a sequence of profiles (temperature of
other classes have also been profitably applied. The maximum, number of peaks, peak area, etc.) is more
former can give information on the physical desorp- often sufficient for the characterization of the system
tion of gases as well as on gases evolved by chemicalunder investigation.
mechanisms while the latter includes several possibil-  The analysis is most often confined to a qualitative
ities and is identified as a more chemical-based tech- level by discussion of peak maxima, number and po-
nigue concerned with analysis of gases from purely sition of peaks, and total reactant consumption. How-
chemical processes. To this class belong the major- ever, if a more detailed picture is required, several
ity of TP methods. In temperature-programmed re- theoretical models have been developed especially for
duction (TPR), the reduction of a solid is carried out TPD and TPR analysis (see, e +9]).

Table 1
A classification of TP techniqud8]

Thermoanalytical techniques

Techniques dependent on dimensional changes Dilatometry

Techniques dependent on weight changes Thermogravimetry

Techniques dependent on energy changes Differential thermal analysis (DTA), differential
scanning calorimetry (DSC)

Techniques dependent on evolved gas analysis TP desorption

Techniques dependent on gas analysis from chemical reaction TPR, TPO, temperature-programmed (surface) reaction
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3. Experimental methods times. This results in very poor time-resolution of TP
profiles. Recently, with the introduction of micro GC

Several experimental setups have been used andwhich perform complex analysis in a few seconds this
described for carrying out TP desorption and reac- problem can be overcome and quantification of com-
tion/reduction studies. Only the simplest arrangement plex mixtures can be performed in the time interval
will be discussed here. It can be used for both des- required for TP analysis.
orption and reaction studies. It is generally composed TCD without separation column can be used when
of three main sections: (1) Introduction of reac- only one component is present in the carrier gas. It
tants; (2) Furnace and reactor; and (3) Detector and is generally utilized for TPR and TPO analysis when
data-acquisition system. only Hy or O, is monitored, provided that cold traps

The gas introduction section consists of a series are installed before the detector to eliminate water.
of valves and mass-flow controllers which allow for MS is most often used as a detector. It has the ad-
adsorption of various components and regulate the vantage of giving the concentration of a selected com-
carrier/reacting gas stream fed to the reactor during ponent continuously as a function of time. With the
heating. Generally, the carrier gas is He or Ar, al- use of recently developed software, several compo-
though N can also be used. In the last case, however, nents can be calibrated and quantified simultaneously.
if a mass spectrometer (MS) is used for detection, MS has also the advantage of giving an immediate re-
mass 28 corresponding to CO cannot be observed. Thesponse to leaks and impurities present in the system.
composition fed to the reactor depends on the type of Connection to the reactor can be made using a heated
experiment. For TPR, a composition o H—-10% in capillary which allows continuous sampling from at-
Ar or He is generally used. TPO requires 1% oxygen mospheric pressure to 10Torr and minimal prob-
in He while for TPD, pure He is preferred. Other TP lems associated with mass selection during sampling.
reaction techniques require a feed composition which The main drawback is that it is the most expensive of
depends on the specific reaction carried out. Thus for the detection methods available. The acquisition data
TP methanation, CO can be adsorbed on the catalystsystem is generally adapted from the software control-
and heating carried out with #fHe reacting carrier,  ling the detector and it is necessary to display data in
or CO/H, can be used directly in the carrier gas. the form of concentration against temperature.

The furnace is generally of the vertical tubular type ~ We will briefly discuss features of a typical appa-
and must be able to maintain a linear temperature rise ratus used in our laboratory for combined TPD/TPR/
to at least 1273 K for high-temperature studies. Heat- TPO studies. A schematic diagram is presented in
ing is generally controlled by a PID temperature pro- Fig. 1 In this scheme, a series of two six-way,
grammer and typical heating rates range from 2 to two-position valves (V1-V2) allows the introduction
30K/min. The reactor is inserted into the furnace. It of different streams to the reactor coming from three
consists of a quartz tub@{nt. 6-12 mm) designed to  different stainless steel lines made with 1/8in. tubes.
properly hold the catalyst. A thermocouple is inserted Line (L1) is connected to treatment gases (reduc-
into the catalyst bed to monitor catalyst temperature. ing/oxidizing mixtures) to permit sample pretreat-
The amount of catalyst loaded can be in the range ment in various atmospheres. It is in fact necessary
from 50 to 300 mg with a flow rate of 20—200 ml/min. to treat the sample before analysis to eliminate ad-

The detector is the most important part of the sys- sorbed molecules which could otherwise affect TP
tem. Two types of detectors can be used: a thermal analysis. Line (L2) is the line connected to reaction
conductivity detector (TCD) without or with a sepa- and carrier gases, which can be/He, O;/He or He
rating column or a quadrupole MS. TCD with a sep- for TPR/TPO and TPD analysis. Line 3 is connected
arating column, that is a gas chromatograph, can beto adsorbing gases. These gases are fed to a sampling
used when more than one desorbed gas is present andbop (10-50Qul) in valve V1 which can be used to
it has the advantage of giving an accurate quantifi- inject the mixture to the reactor. A separate external
cation of gases evolved during analysis. However, its line L4 is used for calibration purposes with standard
most significant drawback is that measurements can- mixture. The analytical system consists of an MS
not be carried out continuously because of separationand a micro GC which analyze simultaneously gases
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Fig. 1. Schematic diagram of an apparatus for TP analysis. F1-F4 mass-flow controllers, V1-V2 six-way two-position valves, V3-V4
four-way two-position valvesR reactor.

evolved from the reactor. To avoid dilution of peaks its oxygen for the removal of CO and hydrocarbons

and time lag between reaction and detection, down- (HC) during the oxygen-deficient portion of the cy-

stream the reactor the lines are 1/16in. in diameter. cle while adsorbing and storing oxygen from, IO
and water during excursion into the lean part of the
cycle. These reactions positively affect the conversion

4. A case of study: investigation of of the three major pollutants (CO, HC and NO) under
oxygen-storage phenomena in ceria-based conditions typically encountered in the normal oper-
catalysts with TP techniques ation of a three-way catalyst. This unique feature is

carried out in commercial catalysts by cerium dioxide

In this section, we will briefly review some appli- and CeQ-based promoters. The use of these materi-
cations of TP techniques to the characterization of als derives from the ability of Ce{to beeasilyand
the oxygen-storage properties of auto exhaust cata-reversiblyreduced to several CeQ, stoichiometries
lysts. Three-way catalysis is the current technology when exposed to £deficient atmospherg41,12]
used for abating emissions from internal combustion
engines[10]. The catalyst is composed of a carrier 4.1. TPD studies
material, mainlyy-Al,03, stabilized with LaOs, Ba,
etc., a catalytic active phase (precious metals like Pt, The role of ceria in providing oxygen for CO oxi-
Pd, Rh) and an oxygen-storage promoter which plays dation and capturing oxygen from NO decomposition
an important role in providing oxygen buffering ca- can be satisfactorily evidenced by TP desorption
pacity during the rich/lean perturbations of exhaust studies[13,14] Fig. 2 shows a series of succes-
gases associated with the feedback control system.sive TPDs of adsorbed NO on reduced Pi@d
Under working conditions, the catalyst is in fact ex- and Pt/Ce@Al,03 catalysts. The signal of Nis
posed to constantly varying feedstream compositions recorded during linear heating after adsorption of
going alternately from rich exhaust stoichiometry (de- NO at room temperature. Experiment 1 is obtained
ficient @) to lean stoichiometry (excess;P In this with reduced samples while successive adsorption
environment, the promoter has the ability to donate and desorption runs were carried out without further
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gas-phase oxygen. TPD of CO adsorbed on reduced
Fig. 2. TPD of NO over Pt/alumina and Pt/ceria-alum[@&a]. and oxidized Pd/ceria clearly highlight this point by
showing no CQ desorption in the former case and en-

reduction. Only very weak or no desorption of NO hanced C@ formation in the latter casé=(g. 3). This
and NbO were observed in experiment 1, evidencing can be attributed to direct reaction of CO with lat-
that the decomposition of NO via 2N& N + O, tice oxygen, forming an oxygen vacancy G0 =
occurs predominantly on freshly reduced samples. It COz + V. This process can also be evidenced by CO
is shown that with Pt/AlOs, NO decomposition be-  TPR. In this case, a mixture of CO/He is used as
comes incomplete in successive cycles (cycles 2-5), a reducing agent. It is passed over pure ceria while
demonstrating that oxygen atoms deposited after eachtemperature is linearly increased. £@rmation rate
run inhibit the capacity of the catalyst to decompose reaches a maximum at around ca. 830K as the result
NO. The addition of ceria has a dramatic effect on of reduction of ceria operated by CJ@5].
TPD desorption spectra: (i) the main desorption peak
is located at 373K, ca. 150 K lower than that observed 4.2. TPR studies
on Pt/ALOs; (ii) as successive runs are performed
and oxygen is accumulated on the catalysts, the main H,-TPR is also a convenient way to investigate the
N2 desorption peak moves to a higher temperature reduction/oxygen-storage properties of Gefor ap-
close to that observed when ceria is not present; andplication in TWCs. It gives information on the steps
(i) the oxygen-inhibiting effect is much lower. This involved in reduction processes and is very sensitive
can be explained by the ability of ceria to attenu- to changes in textural, morphological and structural
ate the negative effect of oxidizing atmospheres by properties of the oxide. Thus, TPR of ceria can be
temporarily storing oxygen in the lattice. The noble profitably used for characterization of pure and doped
metal does play an important role in this mechanism ceria, hoble metals supported on ceria and associated
by providing a kinetic path for gas-phase oxygen to effects (spillover, metal/support interaction), ceria sup-
reach ceria (some kind of oxygen spillover effect). ported on AbO3, and mixed oxide-containing ceria.
On oxidized support, that is when ceria is in the  The first TPR on ceria dates back to 1986] but
form of CeQ_, with x close to 0, oxygen from the only a few years later was it first suggested that re-
lattice can be available for oxidation in the absence of duction of ceria may follow a two-stage procg¢$g].
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Typically, the reduction profile of ceria shows two Table 2
peaks. The first low temperature signal located at ca. Degree of reduction of ceria at 500K under TPR conditifitig

770K is assigned to the reduction of the most easily sample X in CeQ,
reducible surface-capping oxygen of ceria while re- 200
moval of the bulk oxygen was suggested as the causeryceq 1.95
of the high-temperature signal at ca. 1100K. Similar ir/ceo, 1.97
correlation were reported later by others, who found Ru/CeG 1.95
a good relationship between BET surface area and PUCeQ 1.96

H, consumption from TPR at low temperatUres]. Pd/CeQ 1.96

The presence of noble metals strongly modifies these
features due to hydrogen activation by the metal and experiments. Other factors were considered important
consequent migration to the support (spillover) favor- |ike the variation of the thermodynamic reduction
ing reduction of the ceria surface at lower tempera- properties of ceria microcrystals as a function of their
ture[19-21] The TPR profile is modified by a shift of  size and the textural changes occurring upon heating.
the low temperature peak of ceria reduction to lower Based on these factors the authors developed a sim-
temperature where reduction of the supported metal ple kinetic model able to predict the unimodal and
occurs.Fig. 4 shows the typical TPR profile of pure  bimodal shape of low (LSA) and high surface area
ceria and Rh/Ce@sample where it is shown the dis-  (HSA) ceria with correct location of the main peaks.
appearance of the itonsumption peak at ca. 800K A few years ago, modified ceria catalysts were in-
and the appearance of a new peak at low temperaturetroduced in TWC formulations. They are based on
due to metal oxide and surface ceria reduction. The ZrO, in the form of solid solutions with Cefand
consequence is that in the presence of a noble metal,characterized by an enhanced oxygen-storage capac-
reduction of surface Ce(lV) is enhanced at lower tem- ity and thermal resistance compared to their Zf@@e
perature. An estimation of the reduction of ceria at counterpar{24]. TPR has been widely used initially
low temperature in the presence of noble metals were to characterize the oxygen-storage/release behavior of
carried out by de Leitenburg et 21] and the results  these material$sig. 5shows clearly that the introduc-
are summarized iffable 2 tion of ZrO, strongly modifies the reduction behavior
Recently the interpretation of ceria reduction peaks of CeQ, by shifting main F consumption to a lower
in TPR profiles, as due to surface and bulk reduction, temperaturg25]. By quantifying reduction according
has been critically revised and a quantitative model for to the following equation:
ceria reduction during TPR has been repof&j23]
From oxygen diffusion data it was concluded that Ce.Zri_,02 + §H2
oxygen diffusion can be neglected in modeling TPR  _, ce 7r, 0, 5+ 8H,0+ 8V¢

it is shown also that the value éfvaries with compo-
sition, reaching a maximum at around 50 mol% of the
two oxides and is almost independent of surface area.
a The promotion of reduction is attributed to the en-
hanced oxygen mobility of solid solutions compared
to pure oxideg24].

b There are several points that still need to be consid-
ered in the interpretation of TPR diagrams, especially
when H consumption is monitored through TCD.
One problem is associated with the non-specific na-

273 473 tgzn3 er:tz?e /K1073 1273 ture of the detector which is also sensible to desorp-
P tion of carbonates in the form of CO/G@r methane
Fig. 4. TPR of pure Ce®(Grace Davison, surface area ca. 53g) [26]. It is therefore important that a cleaning proce-

and RRO3 supported on same CeQ dure is adopted before any TPR measurement. This is
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nanocrystalline ceria being reduced more easily than
bulk-like large ceria crystalg3]; (ii) irreversible and
reversible reduction (i.e. reduction with and without

10 water/vacancy formation) have been observed to occur
depending on several variables like pre-treatments,
20 precursor salts, presence of noble metals,[2&;34]
;:\ 30 (i) the presence of noble metal dramatically changes
s the redox behavior due to hydrogen activation by the
= 40 metal at lower temperature and consequent migra-
-S tion to the support favoring reduction of the surface,
g‘ S0t the so-called Hkspillover effect[19-21} and (iv)
2 incorporation of hydrogen by ceria during reduction
5 50¢ has been reported to occur although this phenomena
: has given rise to discussion and controversy in the
o 60 literature [18,30,35-38] Therefore, it is clear that
o hydrogen consumption and vacancy formation cannot
=4 70 be simply related and the amount of the former can
< be much larger than that of vacancy formation.
80 Technical limitations of conventional TPR tech-
90 nique arise from the lack of quantitative data regard-
ing HoO production during reduction. This does not
100 allow to distinguish if H consumption originates

from irreversible reduction and/or reversible reduc-
300 700 1100 tion or adsorption/incorporation processes. The use of
temperature/K an MS detector, partly overcome these limitations and
semi-quantitative data can be obtairj@él]. However,

Fig. 5. Series of TPR of Rh/CQQ_Zr_OZ _at various compositions the lower Sensitivity and some dilution and mass se-
{ﬁs]' The molar content of CePis indicated on the right. For 10 inn effects can often be observed during capillary
e 50:50 sample ¢ and t indicate cubic and tetragonal phase, . . . N
respectively. sampling, which does not allow precise quantitative

analysis of peak shape and position. To allow a more

generally made through an in situ oxidizing treatment precise quantitative monitoring of effluents and lack
[27] which also has the advantage of standardize the of mass-selection effect during sampling we have re-
sample treatment procedure and in mixed valence cently described a modification of the standard TPR
materials, like ceria and ceria-based mixed oxides, to apparatus with the introduction of a micro-GC de-
provide a uniform and reproducible redox state before tector which allows complete analysis of effluents
analysis. (including CO and C@ originating from carbonate

The major drawback to the application of con- impurities) in approximately 1 mifd0]; thus allowing
ventional TPR to study reduction of cerium-based a complete TPR profile to be collected in the range
materials is due to the complex interaction of With 298-1273 K with an accuracy of approximately 10 K
ceria. The study of reduction of ceria and its interac- in the determination of peak position. A comparison
tion with hydrogen under more or less severe condi- between the quantity and position of idonsumption
tions has represented a major effort in the last decadeand HO evolution peaks enables distinction between
and the main results have been critically reviewed the type and extent of reduction and of any iHcor-
in a number of recent survey28,29] In short, the poration/spillover phenomena. As an exampig. 6
main findings can be summarized as follows: (i) ceria shows a series of TPR carried out on,Ri and CuO
can be reduced by hydrogen at temperatures highersupported on ceria-zirconia. It is clearly seen that in
than 600K, and its reduction is strongly affected by the first TPR profile HH consumption is not “in phase”
textural and morphological propertig®2,30-32] with water evolution, peaking at lower temperature.
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Fig. 6. (A) Profiles of H uptake (dotted line) and #D evolution (solid line) obtained in TPR of (a) fresh R/Cey 442105602 and (b)
sample resulting from experiment a further reoxidized at 773 K. (B) Profilesofiplake (dotted line) and 40 evolution (solid line)
obtained in TPR of (a) fresh CuO/e&Zros5602 and (b) sample resulting from experiment a further reoxidized at 773 K.

Similar features were also observed with Pd and similar hydrogen storage effect was recently observed
Au-based catalysts. This can be interpreted as an “hy-on Rh supported on ceria-silidd0], ceria-zirconia
drogen storage” phenomena in which hydrogen is ini- [39] and Cu on ceri§d2]. In the latter case, the shiftin
tially utilized for rhodium and copper oxide reduction, peak position betweentand HO was associated to
then stored in some form on the support to be used hydrogen adsorption prior to metal-oxide reduction.
for its reduction at higher temperature. It is not clear

in which form hydrogen is stored on ceria but several 4.3. Dynamic OSC studies

possibilities exist, like formation of hydrides, hydrox-

yls, etc.[28,29,41] A quantitative evaluation of water Overall, by carefully monitoring reduction behavior
produced during reduction is in agreement with hydro- with TPR, we can obtain qualitative and quantitative
gen consumed during the entire TPR, thus excluding information on the degree of reduction and the reduc-
any major phenomena ofHncorporation into Ce®@ tion rate as a function of temperature. In particular, the
lattice at the end of TPR experiments. The second TPR degree of reduction is easily obtained by integration of
collected from samples resulting from first TPR fur- the TPR profile using a standard calibration, and better
ther reoxidized at 773 KHig. 6, TPR b) does not show  relates with the amount of oxygen thermodynamically
discrepancy in the positions of peaks due to hydrogen available at a given temperature, what is generally
consumption and water evolution due to the lower called “total” oxygen storage capacity. However, great
surface area of sample after redox cycle which should care should be used to directly correlate TPR data
hinder any H-storage/spillover phenomerja0]. A with the so-called “fast” or “kinetic” oxygen-storage
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capacity. Although TPR data may be useful to rapidly
evaluate the potential OSC of candidate materials,
a definitive answer must be obtained from dynamic
OSC measurementR7]. The amount of oxygen
transferred in a dynamic regime better simulates the
oscillations that the exhaust gas may undergo during
real operation and is therefore much more useful in
the evaluation of the activity of the material. This
is therefore the oxygen that is kinetically available
during the fast transitions between reduction and ox-
idation environments. Dynamic OSC measurements
have been recently developed in combination with
conventional TPR studies to offer a more appropriate i
characterization of the transient aspects involved in 530 630 730 830
oxygen exchange during redox catalyidg,43—-49] temperature/K

To better quantify the kinetically available oxygen Fig. 7. TP CO oxidation under oscillating environment over
during operation, we have recently developed in our Ceyszrgs0,. Peaks indicated with 1 and 2 refer to signaiaé
laboratory a microreactor system working under TP 44, while 3 refer tonve 28. For clarity oxygen signal has been
dynamic reaction mode (fOI’ experimental details see omitted in the mai_n curve. Details of the curve including oxygen

. g are shown in the insg60].

[50]). The catalyst is exposed to an oscillating reduc-
ing/oxidizing mixture while temperature is linearly in-
creased and from the response of the catalyst the OSCtributing to these peaks is rather complex and only the
is evaluated. Specifically, we have studied the dynamic main features will be outlined here. The first gfeak
of CO oxidation over fresh and high-temperature-aged appearing below the peak of CO is the result of direct
ceria-zirconia solid solutions with fast cycling feed- reaction of CO with oxygen from the support (true
stream composition. A constant gaseous flow of oxygen-storage) while the second contribution, which
variable cycling composition was passed through the appears under the peak of oxygen, depends strongly
catalyst at a GHSV of approximately 150 000th on surface area and temperature and is probably due
The composition cycle fed into the reactor consisted to desorption of C@ in the presence of oxygen or
of CO and @, alternating with He with a frequency of  to reaction between adsorbed CO angl ®ossible
0.2-1Hz. The reactants and g@roduced are mea- participation of the CO disproportionation reaction
sured against temperature in a sorf Bfdynamic reac- (2CO <> C+CO0Oy) inthe dynamics of oxygen-storage
tion studyand the light-off temperature was assumed cannot be excluded at this stage, especially for ceria.
as a measure of the activity of the different catalysts. CO, evolution in the case depictedhig. 7starts at ca.
Fig. 7 shows the appearance of a typical TP dynamic 550K, reaching complete conversion at around 700 K.
CO oxidation profile. For clarity, only CO and GO  The first component reaches a steady-state value at ca.
signals are reported. In this case, the temperature was750 K while the second component shows a maximum
linearly increased at a rate of 10K/min while the of intensity at around 640 K. The temperature at which
concentration of reactants and product was constantly 50% conversion of CO is observed was used to mea-
monitored by an MS. It may be clearly seen thatZCO sure the relative activity of the different catalysts. It is
formation is the result of two distinct contributions (in-  important to stress here that this method allows a quan-
dicated as 1 and 2 in the insetkfy. 7) whose relative tification of the contribution of true oxygen-storage to
intensity is dependent on temperature. The intensity overall activity as a function of temperature and under
of the first component generally increases with tem- dynamic conditions typical of auto exhaust catalysis.
perature, before reaching a steady-state value, while Fig. 8 shows the TP dynamic reaction profile of
CO, originating from the second component shows a CO, evolution from HSA and aged, low-surface area
maximum of intensity at a conversion of ca. 50% and (LSA) ceria and CgsZrg502 [51]. The region char-
then slightly decreases. The dynamic of reactions con- acteristic of each C®component is indicated with 1
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Fig. 8. Details of CQ@ formation (components 1 and 2) in TP CO
oxidation of HSA ceria (a), GgZros02 (b), LSA ceria (c) and

Cep5Zro502 (d) [51].

and 2. The following considerations emerge from this
analysis: HSA ceria is more active than ceria-zirconia
in terms of overall C@ formation, activity starting

at ca. 470K (530K for ceria-zirconia), but analysis
of CO, formation shows that true oxygen-storage
(component 1) is in a minority in ceria. A large frac-
tion results from surface reaction between CO and
oxygen. This explains why with aged catalysts a dra-
matically different situation exists. Only component
1 is observed (a residual surface activity persists on
ceria) and ceria-zirconia is far more active than ceria.
A substantial difference exists between the activity of
catalysts subjected to reaction under stationary and
dynamic/cycled feedstream composition. In the first
case, activity depends mainly on surface area and ex-
posed surface redox centers (i.e. Ce ions) while under
cycled conditions structural features of the material
becomes more important. Surface area is still an im-
portant parameter under dynamic conditions but as
the oscillation frequency decreases, the mobility of
oxygen through the bulk may compensate for loss of
surface area. Therefore, at low oscillation frequency,
aged samples of ceria-zirconia perform better than
ceria, in agreement with their greater ability to use
bulk oxygen anions for oxidatiof52].

A similar TP dynamic analysis was recently devel-
oped by Bernal et a[46]. The experimental method
consists of injecting pulses ofGn an He stream with
an interval of 10 s while linearly increasing tempera-
ture. The Q content is measured with a TCD detector
at the outlet of the reactor. In this way, it is possible
to rapidly evaluate the oxygen buffering capacity of
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Fig. 9. TCD detector signal for experiment conducted o3& 0, catalyst[46].
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a catalyst, that is the ability to attenuate the oxy-

gen pressure induced by the pulses as a function of

temperatureKig. 9). It was applied to the characteri-
zation of oxygen-storage behavior of ceria-terbia and
ceria-zirconia catalysts and results obtained are in
good agreement with those obtained with TPPR].
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