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A comparative study of oxygen storage capacity over Cep gZro 402
mixed oxides investigated by temperature-programmed reduction
and dynamic OSC measurements
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The effects of redox-ageing on the temperature-programmed reduction and dynamic oxygen storage were investigated on two samples of
Cep.Zr0.402 prepared under different synthesis conditions. It was observed that a high-temperature reduction/mild oxidation redox cycle
can generate temperature-programmed reduction (TPR) profiles featuring a reduction pesk at a temperature as low as 537 K. However,
despite such favourable reduction behaviour, a strong deactivation of the oxygen storage is observed under dynamic conditions, indicating

the limitations of the TPR method for investigation of oxygen storage.
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1. Introduction

The redox properties of CeO,—ZrO, mixed oxides have
received considerabl e attention in recent years due the exten-
sive use of these materials in advanced three-way catalysts
(TWCs) as the so-called oxygen storage material [1]. The
oxygen storage/release capacity (OSC) of athree-way cata-
lystisthe ability to attenuate the negative effects of rich/lean
oscillations of exhaust gas composition upon pollutant con-
version. OSC is usually discussed in terms of the ability to
regulate the oxygen partial pressure in the exhaust through
the Ce3t/Ce** redox couple. Of the two processes, oxida-
tion is easy and occurs even at room temperature (rt), while
the reduction requires temperatures higher than 473 K [2].
For this reason the reduction rather than oxidation processis
usually studied.

Total OSC, which represents the overall amount of
transferable oxygen at a fixed temperature, is generally
measured by the temperature-programmed reduction (TPR)
method [3]. Following the pioneering work of Yao and Yu-
Yao [4], dynamic OSC measurement involves aternately
pulsing the chosen reducing agent (usually CO but some-
times Hy) and O, over the material under investigation.

Under real exhaust conditions, the air-to-fuel (A/F) ratio
oscillates with a frequency of about 1 Hz around the stoi-
chiometric point [5], which in principle makes measurement
of redox behaviour under dynamic conditions more relevant
than total OSC measurement [3]. However, measurement
of dynamic OSC by means of the pulse technique is criti-
cally influenced by several factors and no standardised pro-
cedure for measuring dynamic OSC has been suggested in
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the literature, which makes comparison of the various data
reported difficult. In contrast, TPR is a simple technique
and it iswidely applied for characterisation of reducible ma-
terials [6]. In such measurements, the OSC is calculated
by calibration of the integrated peak areas of the TPR pro-
file against those of a standard such as CuO. Although this
method is not absent from criticism, mainly due to potential
contribution of adspeciesto TPR profiles[7], neverthelessit
is aquick and effective measurement widely employed for
characterisation of the OSC property. Generally speaking,
a TPR profile featuring a single reduction peak at low tem-
perature istaken as afingerprint of an effective OSC system
[8], even for evaluation of commercial products[9].

The reduction behaviour of CeO,—ZrO, and NM/CeO,—
ZrOy systems shows some peculiar features in that it has
been demonstrated that redox-ageing using high-temperature
reduction followed by a mild oxidation can effectively pro-
mote reduction at low temperatures[10-15]. In contrast, the
reduction temperature increases when a high-temperature
oxidation is employed instead of the mild treatment [13,16].
In summary, the TPR method is routinely employed to detect
the efficiency of the OSC materials, however, evidence ex-
ists that the TPR profile may be strongly affected by several
factors, including the pre-treatment.

Efforts to produce CeO,—ZrO, systems capable of re-
leasing oxygen at low temperatures are on-going. Recently,
chemical high-temperaturefiling using AICl3 was applied to
obtain reduction peaks at an exceptionally low temperature
in a Cep.45Zrp 5502 mixed oxide [17]. It was claimed that,
dueto their high efficiency as OSC promoters, such systems
would be available for the next generation of automotive ex-
haust catalysts.
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In this paper two samples of a Cep Zrp.402 mixed oxide
featuring remarkably different TPR profiles (low- and high-
temperature reduction) were prepared and their TPR behav-
iour compared with the dynamic OSC behaviour. The aim
isto investigate the correlation between the favourable TPR
behaviour, i.e., low-temperature reduction; and the dynamic
OSC, i.e., rapid alternating of oxidising/reducing condition.
The latter technique is considered to be more relevant to
real exhaust conditions [3], even though some correlation
between dynamic OSC and TPR were reviewed [8]. It is
shown that under dynamic OSC conditions, when Hy and
O are dternatively pulsed over the catalysts, the redox be-
haviour ismodified in situleading to deactivation of thelow-
temperature reduction, detected by TPR.

2. Experimental

Cep.Zrp.402 mixed oxides were synthesised as follows:
After dissolving appropriate amounts of Ce(NO3)3-6H20
(41.15% CeO,, Aldrich) and ZrO(NO3)2-xH20 (35.58%
ZrOo, Aldrich) in the chosen solvent (see below), citric acid
(99.7%, Prolabo) was added in amolar ratio citricacid: M =
2.1:1 (M = Ceor Zr). The resulting solution was stirred at
rt for at least 12 h before the solvent was eliminated using a
rotary evaporator. Thisfirstly yielded a transparent gel, and
then, after the evolution of nitrogen oxides, a solid was ob-
tained. Thiswas flash decomposed at 773 K and calcined at
thistemperaturefor 5 h to obtain ayellow powder. Hereafter
these samples are indicated as CZ-W and CZ-A, when, re-
spectively, water and water-free ethanol was used as solvent.
Powder XRD patterns and Raman spectra measured on both
fresh and calcined (1273 K, 5 h) samples revealed formation
of a CepeZro40, solid solution of t” symmetry [8]. Lat-
tice parameters of 0.5315 and 0.5317 nm were calculated,
respectively, for CZ-W and CZ-A using a Rietveld profile
fitting of the powder XRD spectra on samples calcined at
1273 K, 5 h. CZ-A contained about 5 mol% of a CeO»-rich
impurity. XRD characterisation of the redox-aged (see be-
low) samples revealed the presence of single phase products
with cell parameters of 0.5311 and 0.5306 nm, respectively,
for CZ-W and CZ-A.

The cleaning/ageing procedures applied (consecutively)
to the samples are summarised in figure 1. Inthe ageing pro-
cedures performed after thein situ oxidising cleaning proce-
dure[19] (heatingto 823K for 1 hwhilepulsing Oz, 100 ul),
TPR measurementsup to 1273K (5% Hy in Ar, 10K min—1,
25 mlmin—1) served both as a test of the effect of previ-
ous pretreatment on the TPR profile and the severe reduc-
tion (SR) part of that pretreatment. Reoxidation (O2 100 ul
pulses, every 75 s) was performed at either 700 K (mild oxi-
dation, MO) or 1273 K (severe oxidation, SO). Quantitative
dynamic OSC measurements were performed by increas-
ing the temperature in a stepwise manner and — during the
isothermal steps (30 min) — aternately pulsing every 70 s
Hz (100 wl) and O2 (100 wl) over the sample (1520 mg,
maintained in aflow of Ar of 25 ml min—1). OSC was meas-
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Figure 1. Cleaning/redox ageing procedures used. All ramping rates were

10K min~L. Inreoxidation procedures the O, pulses were made every 75 s

using 100 u| loops. All the treatments were performed consecutively on the
same sample.

ured using a thermal conductivity detector as the uptake of
O, from the O, pulse.

3. Reaultsand discussion
3.1. TPR behaviour

Using the above-described ageing procedures, TPR pro-
files and the effects of redox ageing thereon are exemplified
for both CZ-W and CZ-A samplein figure 2. Temperatures
of maximum reduction rate and total OSC, as detected by
pulsed reoxidation 700 K, are summarised in table 1.

Single peak profiles were obtained for both fresh sam-
ples (figure 2), consistent with the absence of significant
phase inhomogeneity in the as-prepared samples [20]. Dra-
matic changes are induced by the redox ageing procedures.
CZ-A shows an important improvement of the oxygen re-
lease property upon application of SR/IMO | (figure 2(a),
trace 2), the reduction peak being lowered to 537 K. To

our knowledge, this is the lowest reduction temperature ever

reported for such type of materialgvhich would suggest
a high efficiency of such systems as OSC promoters. It
should be noted that SR/MO | leads to a strong sintering
of the surface area, which drops to 4 m?g—1, as detected
by in situ BET measurement. The SR/SO treatment |leads
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to an increase in the temperature of reduction (figure 2(a),
trace 3). Thisissubstantially reversed by the second SR/'MO
sequence (figure 2(a), trace 4). These observations are con-
sistent with previous reports.
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Figure 2. The effects of redox-aging on the TPR profiles of fresh

Cep.6Zro.402 synthesised using (&) ethanol (CZ-A) or (b) water (CZ-W)

as solvent: (1) fresh, (2) SR/IMO I, (3) SR/SO and (4) SR/MO Il. Compare
figure 1 for pre-treatment details.

Table 1
Summary of the TPR behaviour of CZ-W and CZ-A &fter various
redox ageing procedures.

Sample  TPR® Tiex O, uptake?  Ce3t+
(K) (mg™ (%)

cz-w 1 840 18 75
2 900 18 75

3 930 18 75

4 650, 900 18 75

CZ-A 1 795 19 80
2 537 19 80

3 950 17 71

4 620, 800 17 71

aSeefigure 2.

b Measured by pulsing O, at 700 K &fter the TPR experiment.

8

The comparison with the TPR profiles of CZ-W is strik-
ing. In this case, no improvement of the reduction behav-
iour is observed upon application of SR/MO | (figure 2(b),
trace 2). Infact, thereisan upward shift to 900 K of the peak
observed at 840 K in the fresh sample. No further modi-
fication of the TPR profile was observed upon application
of at least three consecutive SR/MO sequences (data not re-
ported). The SR/SO treatment results in a further dight up-
ward shift of the TPR peak (figure 2(b), trace 3). However,
asfor CZ-A, SR/MO Il resultsin an overall decrease in the
reduction temperature (figure 2(b), trace 4), producing asig-
nificantly different profile from the others in the sequence.
In summary, the most important point is that the ageing pro-
cedures induce very different TPR behaviour for these sam-
ples.

TPR behaviour of CeO>—ZrO, mixed oxides is strongly
affected by a number of factors including synthesis condi-
tions [21], phase composition [20], textura properties [11]
and pre-treatment [16]. A rationale for the above-described
TPR behaviour is behind the scope of this investigation;
however, it can be commented that the low temperature re-
duction induced by the TPR/M O sequenceis observed when
either a non-homogeneous solid solution is used [22] or the
sample was pre-sintered [ 23].

3.2. Dynamic OSC measurements

Figures 3 and 4 contain results of dynamic H2-OSC in-
vestigations on these samples using H, as reducing agent.
With regard to the dynamic H2-OSC results contained in
figure 3, the values shown are the average of the last five
pulses at each temperature and, for reasons outlined be-
low, do not necessarily refer to a steady-state situation.
However, mass balance considerations indicate that near-
stoichiometric Hz : O2 uptake was observed in these exper-
iments. The aim of this study was to correlate the very
favourable TPR behaviour of the SR/MO aged CZ-A sam-
ple with the ability to store/release oxygen under dynamic
conditions.
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Figure 3. Dynamic OSC measured at the indicated temperature on Ceg gZrg. 402, synthesised using water (CZ-W) or ethanol (CZ-A) as solvent following
the same treatments as in figure 2. The OSC values shown are the average of the last five pulses at each temperature and do not necessarily relate to a
steady-state situation, which was not always reached (see text). (#) Fresh, (o) SR/SO, (l) SR/MO | and (e) SR/MOII.
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Figure 4. (a) Dynamic Ho-OSC pulse profiles measured at the indicated
temperatures on Cey Zrg.40>, synthesised using water (CZ-W) as solvent,
after SR/MO I; (b) dynamic H»-OSC pulse profiles measured at the indi-
cated temperatures on Ceg Zrg.402, synthesised using ethanol (CZ-A) as
solvent, after SR/IMO [; (c) dynamic H»-OSC pulse profiles measured at the
indicated temperatures on Cep gZrg 402, synthesised using ethanol (CZ-A)
as solvent, after SR/MO I1. Notice that O, and H» are aternately pulsed
during the experiment.

For the fresh samples, appreciable OSC values are meas-
ured starting from about 800 K. This is fairly consistent
with the fresh TPR profiles of the samples, which feature
reduction peak maxima, respectively, at 795 and 840 K. At
1000 K, which is the maximum temperature here investi-
gated, a dynamic OSC of 3.5 ml-O,g~1 is observed over
fresh CZ-W (figure 3(a)). In contrast, dynamic OSC of
CZ-A is about 30% lower, despite the fact that comparable
total OSC were measured on the two samples (table 1).

Comparison of figure 3 with figure 2 reveds that the
changes induced in the TPR profiles by the series of treat-
ments are not directly reflected in dynamic Hz-OSC investi-
gations. Certain general trends are followed. Thus, SR/SO
lowers the dynamic OSC vaues measured, while SR/MO
Il causes them to increase again. In particular, the im-
provement in the TPR profile of CZ-W after SR/IMO |1 (fig-
ure 2(b), trace 4) is clearly apparent: significant O, and
Hy uptakes were measured at 600 K. This is a rather low
temperature if the low surface area of the sampleis consid-
ered. Generally speaking, dynamic OSC measurements on
Ce0,-ZrO, mixed oxides of comparable surface area were

reported at and above 673 K, which typically represents the
onset temperature for the dynamic OSC when CO is em-
ployed as reducing agent [ 24], even though CO-TPR experi-
ments carried out on high surface area mixed oxides showed
that reduction can start at temperaturesaslow as473 K [25].
More important perhaps than the temperature of on-set of
dynamic H2-OSC however are the values measured at higher
temperature, truly remarkable for dynamic measurements.

However, other observations suggest that the two tech-
niques do not show a direct correspondence. For example,
the value obtained for the dynamic H»-OSC of the CZ-A
sample after SR/MO 1 is significantly lower than would be
expected on the basis of the corresponding TPR profile. In
addition, after SR/MO 11, both samples show significant de-
creases in dynamic OSC values at the highest temperatures
of investigation; as well as an inversion of the values meas-
ured for the fresh and SR/MO | treated samples as the tem-
perature increases. An explanation of these observations
may be found in the pulse profiles observed in the exper-
iments. Figure 4 (@) and (b) reports typical experiments
carried out on CZ-A and CZ-W after SR/MO |. There are
clear indications of atransient behaviour as the temperature
of the dynamic H-OSC measurement is progressively in-
creased: the dynamic OSC of the CZ-A observed at 700 K
appears to decreases gradually with time part (b), indicating
that an in situ modification of the active species is occur-
ring. This deactivation is even more apparent at 800 and
900 K. This behaviour is also observed in the case of the
CZ-W sample (part (a)), but only becomes significant at 900
and 1000 K. This deactivation phenomenon was observed
in al such dynamic experiments, and was aways evident
at lower temperatures for the CZ-A sample, which appears
to be very unstable after treatments which induce very low-
temperature TPR profiles. This suggests a lower “thermal
stability” of the dynamic OSC property in this sample. The
most remarkableinstance of the phenomenonisillustrated in
figure 4, part (c), which shows the dynamic pulse sequence
obtained after SR/MO I1. It should also be noted that, while
reproducible for each ageing procedure, the severity of the
effect differed greatly acrossthe series, the fresh profiles be-
ing least affected.

For the purposes of comparison, dynamic OSC meas-
urements were also made using CO as the reducing agent
(figure 5). These were performed immediately following
dynamic H»-OSC investigations. Accordingly, due to the
above-mentioned in situ deactivation, steady-state values
were measured. It appears that CO is a more effective re-
ducing agent than H> for these sample. For the fresh and
SR/MO treated samples, full uptake of CO but not H, was
observed at 1000 K under identical conditions of investiga-
tion. The detrimental effect of SR/SO upon reductions, as
suggested by the TPR profiles, is also apparent in that full
uptake of CO was hot observed up to 1000 K after thistreat-
ment. A set of datawas also obtained following the SR/IMO
treatment, without an intermediate experiment involving Hz
and O, pulses. As with analogous experiments involving
Ho, the pulse profiles in these experiments were unsteady,
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Figure 5. Dynamic CO-OSC measured at the indicated temperature on Ceg gZrp.402, synthesised using water (CZ-W) or ethanol (CZ-A) as solvent.
() Fresh, (a) SR/SO, (l) SR/MO | and (e) SR/MO II.
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Figure 6. TPR profiles of CZ-A: (1) fresh, (2) after SR/MO followed by dy-
namic Hy-OSC and pulsed oxidation at 500 K, (3) after SR/MO followed by
dynamic H»-OSC and pulsed oxidation at 600 K, (4) after SRIMO followed
by dynamic Ho-OSC experiment from 400 to 1000 K, (5) after SR/MO fol-
lowed by heating in He for 2 h and pulsed oxidation at 700 K.

beginning at 700 K, and remarkably so at 800 K. However,
it should be noted that the manifestation of the effect was
different for the two reducing agents. CZ-W after SR/SO |
appearsto be the most effective system. Good mass balance
was observed in all of these experiments.

To obtain some insight into this deactivation phenom-
enon, a separate sequence of experiment was conducted us-

ing the CZ-A sample, in which TPR profiles were obtained
(during SR/MO) after dynamic H>-OSC investigations had
been conducted at various temperatures. These dynamic
measurements were followed by O, pulses at the same tem-
perature to ensure oxidation of the sample. The aim was
to determine the effect of the dynamic experiments on TPR
behaviour. The TPR profiles thus recorded are reported in
figure 6. The profile observed after the dynamic OSC meas-
ured at 500 K iscomparablewith that reported in figure 2(a),
trace 2, indicating that species of equivalent reduction be-
haviour were obtained in the two experiments. However,
when the TPR is performed after the dynamic OSC experi-
ment at 600 K, the reduction peak is shifted to a higher tem-
perature, indicating that modifications of the reduction be-
haviour had occurred in the dynamic OSC experiment. Con-
sistently, after the dynamic OSC carried out at 1000 K afull
displacement of the reduction peak to atemperature compa-
rableto that of the fresh CZ-A (figure 2(a), trace 1) was ob-
served. No shift of the reduction peak to higher temperature
was observed inthe TPR profile obtained after subjecting the
sample to athermal treatment (2 h, He) at 700 K, followed
by O2 pulses at 700 K.

The extent of the changes induced by dynamic measure-
ments show a dependence on the treatment. Thus, before
the SR/SO treatment, dynamic H>-OSC measurements to
1000 K are sufficient to fully reverse the TPR profile. Af-
ter the SR/SO treatment, dynamic measurements do not af-
fect the profile. Once a further SR/MO treatment has been
performed, the changes induced in the TPR profile by the
dynamic measurements areintermediate. A further SR treat-
ment is necessary to produce a TPR identical to that in fig-
ure 2(a), trace 4.

4, Conclusions

Investigation of the redox properties of two Cep gZro 402
materials prepared via a citrate route showed that materi-
als which release oxygen at very mild temperature under
TPR conditions can be made by appropriately pre-treating
the sample. When ethanol is employed as a solvent reduc-
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tion at a temperature as low as 537 K could be achieved af-
ter aTPR/mild oxidation treatment. However, dueto the fact
that these materials show ahigh sensitivity to oxidativetreat-
ments, the improved reduction behaviour is of a transitory
nature, in situ deactivation of dynamic OSC being observed
even at relatively low temperatures. An important result of
this investigation is that we have obtained a straightforward
indication that a CeO>—ZrO, material which shows a very
favourable TPR profile with low-temperature reduction may
be rather ineffective as an OSC material. Under driving con-
ditions high-temperature oxidative conditionsare easily met,
while prolonged rich type of excursions of the air-to-fuel ra-
tio are infrequent. This indicates TPR analysis may not be
appropriate for the investigation of the OSC property and
that caution should be exercised before the superior perfor-
mances of a CeO,—ZrO; material can be inferred from an
analysis of the TPR behaviour only.
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