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in automotive exhaust gases, analysing the evolution of CO, C3Hg, O, and NO conversion and nitrogen
compounds formed. The effects of pre-reduction and ageing treatments in cycled redox feedstreams at
1173 K, where the composition of oxidizing and reducing streams and cooling environment were changed,
were investigated. The obtained results are compatible with the presence of two active palladium species
on the catalyst surface whose predominance is temperature-dependent: Pd(I)-like species in the low-
temperature range, and Pd(0) in the high temperature range.
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1. Introduction

In Three-Way Catalysis (TWC), the appropriate choice of pre-
cious metal, among Pt, Rh, Pd or their combinations, depends on
the emission control to be achieved, the operating conditions cho-
sen and the cost objectives [1]. Traditionally, the standard system
was based on Pt-Rh, but modern three way catalytic converters
incorporate a front Pd-only monolith [2]. Although Pd is known to
be a good oxidation catalyst, its activity concerning NOy reduction
is less effective [3]. In order to achieve the more drastic regulations
concerning NOy emissions, a Pt/Rh monolith is set after the Pd-only
monolith [2].

The use of Pd presents some major interest, as it is the cheapest
precious metal applicable in TWCs and it shows some perfor-
mance advantages under certain operating conditions [4]. In order
to achieve high nitrogen oxides, carbon monoxide and hydrocar-
bon efficiencies, many works have been carried out modifying the
precious metal function with different supports: Al,03 [5-7],La;03
[7-10], LaFeO3 [11], MoOs [12], ceria [6,13-15], ceria and zirconia
[16], ceria-zirconia [11,17-20] or modified ceria-zirconia [21-26],
and other metals [27-30].

The role of palladium has been particularly studied in methane
[16,31-41] or VOCs combustion [42-44]. It has been underlined
that the crystallite size, the dispersion and, particularly, the oxi-
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dation state of Pd are very important parameters in the catalytic
performance. The presence of oxidized palladium species in the
catalysts has been related to higher activities [16,42,45,46]. The
redox nature of the reacting gas and the treatment temperature
have been underlined as very important parameters in the forma-
tion/decomposition of PdO [47].

The catalytic activity of supported Pd catalysts has been inves-
tigated in conditions close to the TWC application by the use of
complex gas mixtures and actual exhaust gases. It was shown
that the reactivity was dependent on the support [48] and the
pre-treatment atmosphere [3]. Ceria is widely used as promoter
in TWCs because of its ability to store and release oxygen (OSC)
[49-51], to improve dispersion of noble metals [49,51,52], and to
promote water-gas shift reaction [53]. However, ceria is known to
present low structural stability when submitted to high temper-
ature treatments, losing many of its interesting properties. It has
been reported that the addition of zirconia into the ceria lattice,
sometimes combined with rare earths, in a reasonable propor-
tion leads to a significant improvement of the OSC [19,54-56] and
the thermal stability [21,57,58] of ceria. TWCs have been aged in
the field [59] and under simulated conditions [20,30]. It has been
reported that support sintering has relatively low effect in the loss
of catalytic activity, the main effect related to Pd sintering and
weakness in the Pd-Ce interaction. Besides, CO oxidation is much
more affected by ageing than C3Hg oxidation.

Most studies reported in the literature on Pd supported
on ceria-zirconia (alumina) TWCs deal with particular reac-
tions [42,56,60,61], or simulated stationary mixtures [62,63]. The
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Table 1
Treatments applied to the different catalyst samples.
Sample Ageing environment A/F range Cooling environment Reduction
F-0 Fresh - - No
F-R Fresh - - Yes
A-HOR Cycled redox complex mixtures 15.13-14.13 Oxidizing complex mixture Yes
A-HCR Cycled redox complex mixtures 15.13-14.13 Cycled redox complex mixtures Yes
A-LOR 0,/H20/Ny-Hz [H20/N; 19.62-12.98 02/N; Yes
A-LRR 0,/H20/Ny-Hz[H20/N; 19.62-12.98 H2 /N, Yes
interest of using complex redox cycling gas mixtures for catalytic Table 2 )
activity measurements is that they simulate the behaviour in the Textural properties of fresh and aged catalyst samples.
actual application of the catalyst while the inlet gas composition is Sample Sper (M2/g) Vp (cm3/g) dp (nm)
easily controlled. This k.md of activity measurgments constitutes a Fresh (F-O, F-R) 103 0228 38
good way to compare different catalysts, particularly when study-
ing deactivation effects or durability. The durability of a catalyst Aged (A-HOR, A-HCR) 30 0.153 205
’ Aged (A-LOR, A-LRR) 30 0.122 16.5

submitted to severe ageing depends on the metal, the support and
the ageing treatment. A specific ageing treatment can induce a
strong deactivation of the catalyst or, on the contrary, improve its
activity.

In this article, we have studied the effect on the activity of a
Pd/CegggZrp 320, catalyst under simulated cycled redox exhaust
gas mixtures of: a reduction treatment, and different ageing treat-
ments under cycled redox streams at 1173 K in the presence of
water, modifying the composition of the oxidizing and reducing
streams, the duration of the treatment at 1173 K, and the cooling
environment. The evolution of CO, HC, NO and O, light-off curves
and the corresponding nitrogen compounds produced (NH3 and
N,0) have been detailed and correlated to the presence of different
palladium species on the catalytic surface.

2. Experimental
2.1. Preparation of fresh and aged catalysts

The Pd/CegggZrg 320, catalyst used in this study was supplied
by Rhodia, with a palladium content of 0.64 wt.%. The catalyst con-
sisted of a very fine powder (average particle size 29.5 pwm) and
was pelletized to a particle size in the range 0.5-1.0 mm in order
to avoid unacceptable pressure drop in the reactor. The catalyst
in pellet form was cleaned by an oxidation treatment consisting
of heating up to 823 K under a flow of 5% O, /N, for 1h. The cata-
lyst thus cleaned constituted for us the fresh catalyst (F-O) in the
activity measurements.

The fresh catalyst was submitted to a mild reducing treatment
in a flow of 5% Hy/N, for 1h at 573 K. The catalyst thus reduced
constituted for us the fresh reduced catalyst (F-R) in the activity
measurements. This reduction treatment was always performed
immediately before an activity measurement and in the same
experimental equipment, in order to prevent reoxidation of the
catalyst.

Before ageing, the fresh catalyst was kept for 12h at 373K in
a flow of N,. Catalyst ageing was carried out by submitting the
fresh catalyst to a hydrothermal treatment at 1173 K in which the
gas flow was cycled between mixtures with oxidizing and reduc-
ing character. After switching the gas to the cycled ageing flow,
the catalyst was heated from 373K to 1173 K at a rate of 8 K/min,
then kept at this temperature (1173 K) for several hours and, after
switching the gas to the cooling flow, finally slowly cooled down
first to 423 K, where the gas flow was again switched to N5, and
then to room temperature.

Differently aged catalysts were obtained by changing: oxidizing
and reducing gas flow compositions during cycled ageing, duration
of the ageing treatment, and composition of the gas flow during
the cooling stage. Thus, four aged catalysts were prepared as fol-
lows.

The first group of aged catalysts (A-HCR and A-HOR) was aged
using as oxidizing and reducing gas mixtures those used in the
cycled activity measurements, that is:

Oxidizing: 10.0% CO3, 0.4% CO, 900 ppm C3Hg, 900 ppm NO, 1.26% O,
10.0% H,0 and N, to balance.
Reducing: 10.0% CO,, 1.6% CO, 900 ppm C3Hg, 900 ppm NO, 0.46% O,

10.0% H,0 and N; to balance.

which were alternatively fed to the reactor with a frequency of
0.55 x 10~3 Hz(thatis, each feedstream was changed every 15 min),
with an amplitude in the air to fuel ratio (A/F) of £0.5 units around
the stoichiometric point (A/F=14.63). This cycled flow was kept
during heating, and for the 5 h treatment at 1173 K. After this,
two possibilities were used in the cooling stage until 423 K: either
keeping the same cycled flow, but with a cycling frequency of
0.017Hz (each feedstream was changed every 30s; A-HCR cat-
alyst); or switching to the oxidizing gas mixture during cooling
(A-HOR catalyst).

The second group of aged catalysts (A-LRR and A-LOR) was aged
using as oxidizing and reducing gas mixtures the following:

5.0% 03, 10.0% H,0 and N, to balance.
5.0% Hs, 10.0% H,0 and N to balance.

Oxidizing:
Reducing:
which were alternatively fed to the reactor with a frequency of
0.55 x 1073 Hz(thatis, each feedstream was changed every 15 min),
with an amplitude in A/F of 6.6 units (A/F between 19.62 and 12.98).
This cycled flow was kept during heating, and for the 6 h treatment
at 1173 K. After this, again two possibilities were used in the cooling
stage until 423 K: either switching to a reducing flow of 5% H, /N,
(A-LRR catalyst), or switching to an oxidizing flow of 5% O, /N, (A-
LOR catalyst).

All aged catalysts were submitted to reduction for 1 h at 573 K
in a flow of 5% H, /N, immediately before an activity measurement.
Table 1 summarizes the different fresh and aged Pd/Ceg ggZrg 320>
catalysts studied.

Specific surface area (Sggr), pore volume and average pore radius
of fresh and aged catalyst samples have been measured with N,
at 77K using a Micromeritics ASAP 2010C apparatus. Before the
measurements, the samples were outgassed for 12 h at 573K and
a vacuum of 100 mPa. Table 2 shows the results obtained for the
different catalyst samples.

2.2. Activity measurements

Ageing treatments and activity tests were carried out in a
conventional continuous-flow reactor previously described [64].
Before the activity measurements, the catalysts were kept for
4h at 373K in a flow of N,. Catalyst activity was tested by



90 M.P. Gonzdlez-Marcos et al. / Catalysis Today 180 (2012) 88-95

determination of both light-off curves and stoichiometric win-
dows.

Light-off experiments consisted of flowing through the cat-
alyst sample (ca. 1.8¢g of pellets, in a catalytic bed of 3.5cm?3)
125,000 h~! of a gas mixture whose composition was continuously
cycled around the stoichiometric value (A/F=14.63, amplitude of
+0.5 A/F) by alternating the following oxidizing and reducing feed-
streams:

Oxidizing: 10.0% CO3, 0.4% CO, 900 ppm C3Hg, 900 ppm NO, 1.26% O3,
10.0% H,0 and N, to balance.
Reducing: 10.0% CO3, 1.6% CO, 900 ppm C3Hg, 900 ppm NO, 0.46% O,

10.0% H,0 and N, to balance.

with a frequency of 1 Hz, while the temperature was increased from
373K to 873 K at 3 K/min. The conversion data were continuously
evaluated by non-dispersive infrared (CO, CO,, NH3 and N, 0), flame
ionisation (C3Hg), magnetic susceptibility (O, ) and chemiluminis-
cence (NO and NO»).

Stoichiometric window experiments were carried out imme-
diately after the light-off experiments. After finishing the
measurements at 873K, the flow was switched to N, and the
temperature set to 773 K. Once the temperature stabilised, seven
feedstreams (see Table 3) were successively passed through the
fixed bed from the most reducing (A/F=14.13) to the most oxidis-
ing (A/JF=15.13), at 125,000 h—1. Change between feedstreams was
carried out in N,. Each feedstream was fed for about 10 min for
stabilisation before measuring the conversion values.

Finally, after the stoichiometric window experiment was fin-
ished, a test was carried out in order to determine to what extent
water-gas shift (WGS) and steam reforming (SR) reactions took
place on the catalyst. Thus, the flow through the catalyst was
switched to N, for about 10 min. Then, a stationary mixture com-
posed of CO (1.0%) and H,0 (10.0%) diluted in N to a total space
velocity of 125,000h~! was fed to the reactor and the exit con-
version measured after about 10-min stabilisation. The flow was
again switched to N for cleaning and then to a stationary mixture
composed of C3Hg (900 ppm) and H,0 (10.0%) diluted in N, to a
total space velocity of 125,000 h~!. After about 10-min stabilisa-
tion, exit conversion was measured and the flow switched again
to N,. The temperature was successively set to 773, 673, 573 and
473 K; and the conversion measured with the two feed-streams at
each temperature. Change between temperatures was carried out
in Nz.

3. Results
3.1. Light-off experiments

Fig. 1 shows the results of CO, O,, C3Hg and NO conversion versus
temperature in the light-off experiments with fresh catalysts. The
only difference between F-O and F-R catalysts is that the latter has
been submitted to reduction before activity measurements. Table 2
shows that the catalysts present a high surface area of 103 m?/g.
The palladium dispersion of the catalysts has been estimated as
CO/Pd=0.64 [65]. At low temperature, CO reacts with oxygen to
a high extent, only a limited amount of C3Hg reacts below 473K,
while NO conversion only occurs above this temperature. CO con-
version presents a decrease at intermediate temperature which has
not been observed when similar light-off experiments were carried
out with the support in the absence of noble metal [66] or with Pd
catalysts supported on cerium-promoted alumina [67].

Comparing the behaviour of F-O (Fig. 1a) and F-R (Fig. 1b) cat-
alysts, we can see it is virtually identical below 423 K. Also, NO
conversion starts at the same temperature, 473 K, which is coin-
cident with the minimum observed in CO conversion curves (an
auxiliary vertical line has been drawn in Fig. 1 to facilitate com-

100F----------- :»,,,,,;._,, .—K%V'YTV"V""‘VVVVVVVVV'VV'VY\,,
Ko
R i
SR B ST
c ’0 i om ;
L 6of Yo 3
2 ¢
g e
o E
O - :
201 ] ‘
A | a)
0 ""'J E ; i L 1 )
100 f----------- %....7‘”1.,.. LEAASAMAABAASAADASD] o, - |
S
i SAm
o - ' '
R 80 500 %
g o~
O w0 ¢ .inm *
7]
a |
> g0} 4 . :
c [ ]
o .
(&]

N
=1
*

[

" b)

0 L H L L L
350 450 550 650 750 850
Temperature, K

Fig. 1. Light-off curves obtained with fresh catalysts: (a) F-O, and (b) F-R. Symbols:
4 :C0, " :0,,M:CsHg, and @ : NO.

parison). Total conversion of CO, O, and C3Hg is reached, the latter
component being the one to reach total conversion at higher tem-
perature. F-R presents a shift of about 60K to higher temperature
compared to F-O to reach total conversion of each one of the three
components. NO does not reach total conversion, although a maxi-
mum of 97% is obtained with F-R at 723 K, and then decreases with
temperature. The presence of this maximum in NO conversion with
temperature has been associated to the contribution of WGS and
SR reactions (see hollow symbols in Fig. 2) in the high temperature
range, which allows for more oxygen availability in detriment of
NO.

Fig. 2 shows the light-off curves for the same components: CO,
0,, C3Hg and NO, obtained with the two catalysts aged under cycled
redox complex mixtures. These ageing conditions were chosen to
ensure strong sintering of both Pd and Ceg ggZrg 3205 support while
avoiding extensive encapsulation of the noble metal [68]. Table 2
shows that catalysts aged in these conditions have lost an important
amount of surface area, with a final value of 30m?/g, and also of
palladium dispersion, which has been estimated as CO/Pd = 0.14 for
A-HOR aged catalyst, and as CO/Pd=0.06 for A-HCR aged catalyst
[65]. The only difference between these two aged catalysts is that
A-HOR was cooled in oxidizing complex mixture, while A-HCR was
cooled in cycled redox complex mixture.

Comparing the behaviour of A-HOR (Fig. 2a) and A-HCR (Fig. 2b)
catalysts, we can see there are significant differences. Behaviour
of A-HOR catalyst resembles that of fresh catalysts in Fig. 1, with
virtually identical light-off curve for CO up to 473 K compared to
that of F-O. Also, minimum CO conversion is coincident with the
starting of NO conversion (an auxiliary line has been also drawn in
Fig. 2), which is 20 K shifted to higher temperature in A-HOR com-
pared to F-0. This effect produces a more pronounced minimum in
CO conversion in the aged catalyst, which in this case can be also
observed in the curve for oxygen. Total conversion of CO, O, and
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Table 3
Composition of the stationary feedstreams used in stoichiometric window experiments.
Feedstream AJF CO; (%) CO (%) C3Hg (ppm) NO (ppm) 0, (%) H,0 (%) N,
I 14.13 10.0 1.6 900 900 0.465 10.0 Balance
Il 14.33 10.0 1.0 900 900 0.448 10.0 Balance
111 14.53 10.0 1.0 900 900 0.724 10.0 Balance
v 14.63 10.0 1.0 900 900 0.860 10.0 Balance
\% 14.73 10.0 1.0 900 900 0.993 10.0 Balance
VI 14.93 10.0 1.0 900 900 1.254 10.0 Balance
VI 15.13 10.0 1.0 900 900 1.510 10.0 Balance
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Fig. 2. Light-off curves obtained with catalysts aged under cycled redox complex
mixtures: (a) A-HOR, and (b) A-HCR. Symbols: ¢ CO, /. : 0,,M: C3Hg, :NO,<>
: CO in an experiment with only 1.0% CO +10.0% H,0 in N, (WGS), and 1. CsHg in
an experiment with only 900 ppm C3Hg +10.0% H,0 in N, (SR).

C3Hg is reached, also shifted 20K to higher temperature compared
to F-0. Concerning NO, virtually total conversion is reached around
773 Kwith A-HOR, although a small decrease at higher temperature
is also observed as a consequence of WGS and SR.

A-HCR in Fig. 2b shows no significant CO, O, and C3Hg conver-
sion below the temperature at which NO conversion starts which,
in this case, is 533 K, that is 40 K above A-HOR (an auxiliary line has
been also drawn), and 60 K above F-O and F-R. The curves for CO, O,
and C3Hg are almost coincident in all the temperature range, with
a shift of about 40 K with respect to those for A-HOR. The curve for
NO reaches a lower maximum conversion as compared to A-HOR,
in the same temperature range.

Fig. 3 shows the light-off curves for the same components: CO,
0,, C3Hg and NO, obtained with the two catalysts aged under cycled
0,/H;0/N,-H;/H,0/N, streams. In this case, the higher oscillation
in the A/F ratio as compared to cycled redox complex mixtures and
the longer duration has been designed to produce a more severe
ageing in the catalysts. The results of surface area in Table 2 of the
samples thus aged, however, do not show a significant difference
compared to those aged in cycled redox complex mixtures. The

350 450 550 650 750 850
Temperature, K

Fig. 3. Light-off curves obtained with catalysts aged under
02/H,0/N2-H,/H20/N3: (a) A-LOR, and (b) A-LRR. Symbols as in Fig. 1.

cycled

only difference between A-LOR and A-LRR aged catalysts is that
the former was cooled down in an oxidizing mixture, whereas the
latter was cooled down in a reducing mixture.

Comparing the behaviour of A-LOR (Fig. 3a) and A-LRR (Fig. 3b)
catalysts, we can see they are much more similar than those aged in
cycled redox complex mixtures. Still, A-LOR catalyst presents small
but significant conversion of CO, O, and (much less) C3Hg below the
temperature at which NO starts reacting that, in this case, is 513 K,
about 40K above F-O and 20K above A-HOR. A maximum of 98%
NO conversion is reached around 773 K with A-LOR, with a clear
decrease at higher temperature as a consequence of WGS and SR.

A-LRR presents no significant CO, O, and CO conversion below
563K, the temperature at which NO starts reacting with this cata-
lyst, in the same line than A-HCR, and total conversion of C3Hg is
reached in both A-LRR and A-LOR around the same temperature. A
maximum NO conversion of 92% is reached with A-LRR also around
773 K, with a pronounced decrease at higher temperature.

Figs. 4-6 show the evolution in the exit concentration of
nitrogen compounds with temperature corresponding to the
light-off experiments in Figs. 1-3, respectively. The same aux-
iliary lines than those included in the corresponding light-off
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experiments have been added to the figures, to facilitate compari-
son.

Apart from N, and NO, only N,O and NH3 have been detected in
the products, the latter in very small proportion, and only in the low
temperature range, associated to the range of temperatures where
C3Hg presents some degree of conversion but no conversion of NO
is observed. N,O is produced in two separate steps. The first one
is also associated to the range of temperatures where C3Hg reacts,
but not NO. The second one is related to NO conversion, as the
concentration starts rising when NO conversion starts, and the peak
temperature is set at about 70% NO conversion in the corresponding
light-off curve.

3.2. Stoichiometric windows

Fig. 7 shows the results of the stoichiometric window experi-
ments carried out in stationary conditions at 773 K with A-HOR,
A-HCR and A-LOR catalysts. The data corresponding to an A/F ratio
of 14.63, as compared to the results for the corresponding cata-
lysts in Figs. 2, 3, 5 and 6, for conversion and nitrogen compounds
exit concentration, respectively, shows the big differences found
between the behaviour of the catalysts in cyclic and stationary
conditions in NO conversion and exit concentration of nitrogen
compounds.

While cyclic stoichiometric experiments in Figs. 2 and 3 show
that NO conversion at 773 K is very high with aged catalysts cooled
under oxidizing conditions (99.5% for A-HOR, and 98% for A-LOR)
and somewhat lower with the corresponding aged catalysts cooled
under cyclic or reducing conditions (88% for A-HCR, and 92% for A-
LLR), stationary stoichiometric experiments in Fig. 7 show different
behaviour: low NO conversion at 773K, although the aged sam-
ples cooled under cyclic or reducing conditions still present lower
values than the corresponding catalysts cooled under oxidizing
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Fig.5. Evolution in the outlet concentration of nitrogen compounds during light-off
experiments in Fig. 2: (a) A-HOR, and (b) A-HCR. Symbols as in Fig. 4.

conditions, and significantly higher values for catalysts aged under
cyclic O,/H;0/N;-H,/H,0/N; streams (49% for A-HOR, 43.5% for
A-HCR, and 67% for A-LOR).

Concerning the distribution of nitrogen compounds, while cyclic
stoichiometric experiments in Figs. 5 and 6 show that, at 773 K, no
NH3 is formed and N,O concentration is relatively low (35 ppm
for A-HOR, 60 ppm for A-HCR, 28 ppm for A-LOR, and 43 ppm for
A-LRR), higher for aged samples cooled under cyclic or reduc-
ing conditions compared to the corresponding catalysts cooled
under oxidizing conditions, stationary stoichiometric experiments
in Fig. 7 show that: a significant amount of NH3 is formed with
aged catalysts cooled under oxidizing conditions (49 ppm for A-
HOR, and 15 ppm for A-LOR), no NH3 is formed with aged catalysts
cooled under cyclic or reducing conditions, and much higher
amount of N,O is formed (121 ppm for A-HOR, 110 ppm for A-
HCR, and 136 ppm for A-LOR), slightly higher for catalysts cooled
under oxidizing conditions compared to the catalysts cooled under
cyclic or reducing conditions, and for catalysts aged under cyclic
0,/H,0/N;-H;/H,0/N;, streams compared to those aged under
cyclic redox complex mixtures.

All these results clearly indicate that one should be careful when
extrapolating conclusions obtained with experiments carried out in
stationary conditions to actual catalyst behaviour in the automobile
(cyclic) [69,70].

4. Discussion

The light-off experiments presented in Figs. 1-3 clearly point
to changes in the active surface of the catalysts with tempera-
ture. Fernandez-Garcia et al. [71], using in situ Pd k-edge XANES
and DRIFTS, studied the evolution with temperature of the chem-
ical state of several oxidized palladium catalysts, under stationary
streams simulating those of TWC. They observed that the evolution
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of surface palladium species was different in Pd/ceria-zirconia
compared to Pd/alumina or Pd/ceria-zirconia/alumina catalysts,
when C3Hg was present in the stream.

In their studies, initially, until 373 K, palladium was found com-
pletely oxidized as PdO (or PdO-like phase) on all catalysts. On
Pd/alumina or Pd/ceria-zirconia/alumina, PdO was slowly con-
verted to Pd(0) from around 400K. In the absence of CsHg,
Pd/ceria-alumina underwent a similar process. However, in the
presence of C3Hg, PdO on Pd/ceria-zirconia was slowly converted
to an intermediate Pd(I)-like species with a certain metallic char-
acter which, after reaching a maximum around 550K, was slowly
converted to Pd(0), which was the only palladium species above
673 K.

Our experiments were carried out with a Pd/ceria-zirconia cata-
lyst (Pd/CeqgZrg320>), in the presence of C3Hg. Thus, stabilization
of the intermediate Pd(I)-like phase is expected to occur. In fact, this
explains very well the observed behaviour of the catalysts during
the experiments.

A light-off experiment starts at 373 K, when conversion of PdO
to Pd(I)-like species has begun. The certain metallic character of
this palladium species is able to activate CO and C3Hg, the former
via carbonyl and the latter via polymeric species [71] which, in the
fresh catalyst (Fig. 1), results in significant CO and C3Hg conversion.
As the temperature increases, CO and C3Hg increases, in accordance
with the observed increase in the amount of Pd(I)-like species in the
catalyst. Above 473 K, evidence of the presence of Pd(0) species on
the catalyst is given by the increase of NO conversion with temper-
ature, activated on Pd(0). The presence of Pd(0) also produces the
observed quick increase of CO and C3Hg conversion with temper-
ature. Thus, the low-temperature activity of these catalysts can be
associated to the presence of Pd(I)-like species, which seem to be
only formed on Pd/ceria-zirconia catalysts in the presence of C3Hg;
and the high-temperature activity to Pd(0).
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Fig. 7. Results of stoichiometric window experiments with the feedstreams in
Table 3, obtained with several catalysts at 773 K: (a) A-HOR, (b) A-HCR, and (c)

A-LOR. Symbols: ¢ :co conversion, : 0, conversion, M : C3Hg conversion,
NO conversion, O: N0 concentration, and [OF NHj3 concentration.

According to the results in Fig. 4, Pd(I)-like species are then
responsible for the formation of the small amounts of NH3 at
low temperature, and also of a small amount of N,0. However,
no conversion of NO is observed in the low-temperature range.
We considered the source of nitrogen to be NO adsorption during
start-up of an experiment. However, we discarded this possibil-
ity as formation of NH3 and N,O had been observed previously at
low temperature [61] in experiments carried out with a similar
Pd/CegggZrp 320, catalyst with simplified stationary feedstreams
and long periods of stabilization between measurements at differ-
ent temperature. There, the presence of C3Hg was observed to be
necessary for NH3 and N5 O to be formed, and also net consumption
of N».
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In the high-temperature range, on Pd(0), according to Figs. 4-6,
in no case NHjs is formed when experiments are carried out with
cyclic feedstreams simulating the actual behaviour of the TWC in
an automobile, no matter what the stationary experiments in Fig. 7
show.

F-O and F-R in Fig. 1a and b present the same surface area,
and the same palladium dispersion, as the only difference between
them is a mild reduction step. Although F-R was reduced, and pal-
ladium should have been completely transformed in Pd(0) as no
stabilizing C3Hg was present during reduction, when the light-off
experiment starts there seems to be not much difference between
F-0O and F-R samples, and Pd(I)-like species is present, probably sta-
bilized during starting-up with the cycled feedstream. Reduction of
the pure support [72] occurs above 573 K, and significant reduction
of the support below that temperature occurs in the catalyst [73]. If
reduced support were less efficient in stabilizing Pd(I)-like species
or supplying oxygen, that would explain the lower value of maxi-
mum CO conversion in the low temperature range obtained with
F-R.

At high temperature, when the conversion of CO, C3Hg and O,
is complete, NO conversion is not complete because of the compe-
tence with WGS and SR reactions, which allow for more available
oxygen in detriment of NO. Comparison between Fig. 1a and b
shows that an oxidized support favours WGS and SR compared to
a more reduced support. Thus, from the point of view of NO con-
version, a reduction step before reaction is advisable, and that is
the reason why all aged catalysts were reduced before the activity
experiments.

When the catalysts are aged under cyclic redox complex mix-
tures, specific surface area and palladium dispersion is greatly
decreased compared to the fresh catalysts. The cooling environ-
ment also affects palladium dispersion, which remains higher
in the sample cooled in oxidizing complex mixture (A-HOR).
Figs. 2a and 4a show that A-HOR presents the low-temperature
activity characteristic of Pd(I)-like species, which indicates that
there still remains enough palladium surface and enough contact
between palladium and support for this effect to occur. The smaller
palladium surface may be the cause for the 20K shift of the trans-
formation in Pd(0). On the whole, this aged catalyst is better than
the fresh F-R catalyst, as it presents similar conversion of all the
reactants during cold start, and practically total conversion of NO
in normal operation conditions in the automobile (773 K) with a
high selectivity to N».

The sample cooled in cyclic redox complex mixture (A-HCR)
presents negligible low-temperature activity (Figs. 2b and 4b),
which means that no significant Pd(I)-like species is formed. This
fact, together with the shift to higher temperature of formation
of Pd(0), indicates that there is a very small amount of surface
palladium, at least in Pd(I)-like or Pd(0) state, perhaps by the sta-
bilization of palladium oxidized species forming part of a solid
solution with the support [47].

The catalysts aged under cyclic O, /H,0/N,-H, /H,O/N; streams,
present activity results (Figs. 3 and 6) compatible with a more
severe ageing on the palladium side. Small, but still noticeable
low-temperature conversion, indicative of the presence of Pd(I)-
like species, can be observed for the catalyst cooled in oxidizing
mixture (A-LOR), while negligible conversions are observed with
the catalyst cooled in reducing mixture.

5. Conclusions

The light-off behaviour of a Pd/Ceg ggZrg 3,05 catalyst has been
studied under cycled redox complex gas mixtures simulating those
in automotive exhaust gases. Two zones in the light-off curves have
been observed, associated to two ranges of temperature. In the

low-temperature range, which has been associated to the presence
of Pd(I)-like species with a certain metallic character on the cata-
lyst surface, CO, O, and C3Hg, but not NO, conversion occurs, and
a small amount of NH3 and N,O are detected as products, what
points to net conversion of N,. Pd(I)-like species, present at low
temperature, are not important during normal operation of a TWC
in the automobile, but could be important during cold start, where
the majority of CO and C3Hg emissions occur.

The high temperature range is defined by the temperature at
which NO conversion starts, and has been associated to the pres-
ence of Pd(0) on the catalyst surface. In this range, no NHs is
detected, but a significant amount of N, O is formed with a maxi-
mum around 70% NO conversion, which decreases in favour of N, at
higher temperature. Pd(0) species is the one predominating around
773 K, temperature of normal operation in a TWC.

The results have shown that no important effect is observed in
the low-temperature behaviour of the fresh catalyst upon reduc-
tion, although a significant benefit is obtained in the conversion of
NO under normal operation conditions, which has been associated
to inhibition of WGS and SR reactions with a more reduced support.
Thus, reduction of the catalyst is recommended before its use.

Hydrothermal ageing at 1173 K under cycled redox mixtures
produces an important sintering of both palladium and support
and, when the ageing procedure is more severe (high oscillation in
the A/F ratio and for a longer time), stabilization of some palladium
as PA(II) probably by forming a solid solution with the support. This
stabilization reduces the amount of palladium available to form
Pd(I)-like and Pd(0) species, and thus the activity of the catalysts.

Cooling the aged catalysts under oxidising conditions, provided
that sufficient palladium is not forming a solid solution with the
support, increases palladium dispersion as compared to cooling
under cycled redox or reducing conditions. If ageing is carried out
in cycled redox simulated automotive exhaust gases, which proba-
bly reproduces better actual ageing in the automobile, the catalyst
recovers almost completely its original activity, with compara-
ble low-temperature behaviour (during cold start) and behaviour
under normal operating conditions which even exceeds that of the
fresh reduced catalyst. Thus, an oxidizing treatment to the catalyst
from time to time during operation in the automobile would prob-
ably increase its durability and its behaviour during cold start by
redispersion of palladium on the support. This oxidizing treatment
should be followed by reduction, in order to keep the good catalyst
performance towards NO in normal operation conditions. These
treatments could be programmed to be carried out, for example,
during annual maintenance operation of the automobile.

Finally, it has been shown that experiments carried out in sta-
tionary conditions, even with complex mixtures simulating average
composition of actual automotive exhaust gases, do not provide
adequate information on how the catalyst will behave in actual
automobiles.
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