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Abstract

Three PdO/γ -Al2O3 catalysts differing in Pd loading (between 0.05 and 1 Pd wt%) have been examined with regard to their l
catalytic activity for CO oxidation and NO reduction reactions under stoichiometric conditions. Catalytic activity results are explaine
basis of DRIFTS analysis of the adsorbed species present under reaction conditions. It is shown that differences between the cat
from the expected increasing activity with the Pd loading for both reactions) are considerably greater for NO reduction than for CO
reactions. This is explained by structural differences between the active metallic Pd particles formed during the particle nucleatio
process that takes place during the course of the light-off run upon interaction with the reactant mixture. On the basis of differen
natures and relative intensities of adsorbed CO and NO species present during competition for atop and bridging sites over the P
the correlation (within the Pd loading studied) between NO reduction capability and Pd loading is attributed to the increasing NO dis
efficiency as the relative size of the particles formed during the course of the reaction is increased.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Three-way catalysts (TWC) have been widely used
reduce pollutant emissions from gasoline engine-powe
vehicles [1]. Basic components of these systems usuall
clude Rh, Pt, and/or Pd as active metals, zirconia-ceri
promoter, and alumina as a high surface thermally st
support [1,2]. More recently, considerable attention has b
paid to the use of Pd as the single active metal compo
in TWC on the basis of economical aspects (the high
and limited supply of Rh) and the availability of clean
fuels and considering also its remarkable activity for
idation reactions [3,4]. However, some limitations are
parent for Pd-only TWC with respect to their performan
in NO reduction reactions [4–6]. This is partly linked
the controversy existing with respect to the optimum ca
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lyst configuration in terms of which metal–oxide interactio
(Pd–alumina, Pd–promoter or both) are most favourabl
promoting NO reduction reactions [4,7,8], in particular d
ing the light-off period during which the greatest proporti
of the whole toxic emission is produced over a driving
cle [1]. Thus, some reports show that introduction of
Ce-containing promoter to the Pd-only catalyst produce
decrease in NO conversion at relatively low temperatu
(around 600 K) although it is enhanced at higher temp
atures (around 770 K) [4], suggesting that Pd–prom
interactions may be detrimental for light-off performan
of the system. However, other authors propose that o
gen vacancies created upon reduction of the promote
the proximity of palladium can act as promoting sites
NO reduction, leading to an enhanced NO conversion
ing light-off [7,8]. It is possible that the reasons behi
these discrepancies lie mainly in differences in the partic
configuration of active components present in each spe
case. Such differences may significantly affect NO reduc
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processes given the structural dependency of NO activa
processes over Pd catalysts and the dynamic operating
of the TWCs, which may induce important redox chan
in the active components as a function of the variable
mosphere [1,9]. These aspects have motivated the pr
study, in which preoxidised Pd/Al2O3 catalysts differing in
the Pd loading present in each case were examined
the aim of determining the factors affecting their light-
performance for CO oxidation–NO reduction processes
der different conditions of Pd dispersion/interaction with
alumina support. For this purpose, the catalytic activity
the systems under stoichiometric CO–O2 and CO–O2–NO
light-off conditions has been examined in combination w
in situ DRIFTS results in order to correlate catalytic prop
ties with the state of the catalyst surface and the proce
taking place on it under reaction conditions.

2. Experimental methods

Three Pd/Al2O3 catalysts (with 0.05, 0.5, and 1 wt
metal loadings) were prepared by incipient wetness imp
nation of aγ -Al2O3 support (supplied by Condea,SBET =
180 m2 g−1) with aqueous solutions of Pd(NO3)2 ·xH2O,
followed by drying overnight at 383 K and calcination und
air at 773 K for 2 h.

Catalytic tests using stoichiometric mixtures of 1% CO+
0.5% O2 or 1% CO+ 0.45% O2 + 0.1% NO (N2 balance)
at 3× 104 h−1 were performed in a Pyrex glass flow reac
system. Gases were regulated with mass flow controllers
analysed online using a Perkin–Elmer 1725X FTIR sp
trometer coupled with a multiple reflection transmission
(Infrared Analysis, Inc.). Oxygen concentrations were
termined using a paramagnetic analyser (Servomex 54
The experimental error in conversion values obtained
der these conditions was estimated as±7%. Prior to cat-
alytic testing, in situ calcination under synthetic air at 773
was performed, followed by cooling in synthetic air and
N2 purge at room temperature. A characteristic test c
sisted of increasing the temperature from 298 to 823 K
5 K min−1. Catalyst particles in the 0.125–0.250 mm ran
were selected after pelleting, grinding and sieving in or
to minimise the pressure drop and internal diffusion effe
during the catalytic tests. The absence of significant exte
diffusion effects was also evidenced by the similar activ
profiles obtained during tests at 30,000 h−1 under different
flow conditions.

DRIFTS analysis of adsorbed species on the catalys
der reaction conditions was carried out using a Perkin–E
1750 FTIR spectrometer fitted with an MCT detector. T
DRIFTS cell (Harrick) was fitted with CaF2 windows and a
heating cartridge that allowed samples to be heated to 77
Samples of ca. 80 mg were calcined in situ (in a way s
ilar to what was employed for the catalytic tests) and t
cooled to 298 K in synthetic air before the reaction m
ture was introduced and heated at 5 K min−1 up to 673 K,
e

t

s

.

l

.

recording one spectrum (average of 25 scans at 4 cm−1 res-
olution) generally every 15–20 K. The gas mixture (us
the same concentrations as employed for the catalytic t
was prepared using a computer-controlled gas blender
ca. 75 cm3 min−1 passing through the catalyst bed at
mospheric pressure, which roughly corresponds to the s
velocity condition employed for the reaction tests. Onl
NOx analysis at the outlet of the IR chamber was perform
by chemiluminescence (Thermo Environmental Instrum
42C).

3. Results and discussion

The main results of the light-off catalytic activity tests f
the CO–O2 and CO–O2–NO reactions are shown in Fig.
Results obtained for the CO oxidation with oxygen alo
show a gradual shift of CO conversion values to higher t
perature with decreasing Pd loading. The form of the cu
shows a kind of “staircase” shape for the 1% Pd catalyst
to a lesser extent, for the 0.5% Pd one; this may also o
for the 0.05% Pd catalyst although it shows a smoother
file in this respect. Different factors could account for th
irregularities, such as the presence of deactivation phen
ena resulting from self-poisoning effects or catalytic int
ferences among reactants or intermediates [5,9,10]. Ano
possibility, considering the essentially transient characte
these experiments, is related to the occurrence of chang
the number or nature of active sites during the course o
reaction as a consequence of the interactions of the ca
with the reactant atmosphere. This point will be addres
later when examining in situ DRIFTS results.

The presence of NO in the reactant mixture produ
a shift to higher temperature for the light-off of CO wi
O2. The magnitude of this shift is generally larger for t
1% Pd catalyst than for the other two catalysts, the inh
ing effect of NO on CO oxidation being particularly stro
for the 1% Pd catalyst at the lower conversion temperat
(�T20 = 82, 23, and 46 K, while�T50 = 34, 22, and 25 K
for the 1, 0.5, and 0.05% Pd catalysts, respectively;Tx refers
to thex% isoconversion temperature). Important differen
between the catalysts were observed comparing the a
of the two oxidants (O2 and NO) for oxidizing CO in eac
case. Analysis of the CO and NO conversion values
ing runs under CO–O2–NO shows that while CO oxidatio
with NO is strongly favoured with respect to the CO o
dation with O2 for the 1% Pd catalyst, the opposite occ
for 0.05% Pd while the 0.5% Pd catalyst represents an in
mediate case in which CO oxidation with both NO and2
takes place almost simultaneously. As a consequence
range of activities amongst the catalysts are much gre
for NO reduction than for CO oxidation with O2. In fact,
analysis of the N2O yield profile indicates that the 1% P
catalyst is active for NO reduction even from 303 K, in co
trast with the other two catalysts. For this analysis, it m
be noted that the first two to four NO conversion poi
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Fig. 1. Main results obtained during light-off tests under stoichiome
CO–O2 (top) and CO–O2–NO (middle and bottom) for the 1% Pd/Al2O3
(squares), 0.5% Pd/Al2O3 (rhombi), and 0.05% Pd/Al2O3 (circles) cata-
lysts. In the middle, full and open symbols correspond to NO and
conversion, respectively.

(below ca. 330 K) present a certain contribution correspo
ing to NO adsorption processes and not to NO reduc
processes, as inferred from mass balance analysis. Con
ing N2 selectivity during the NO reduction process, analy
of the N2O yield shows that N2O formation increases up t
a maximum (lower for the 1% Pd catalyst), roughly follo
ing the initial NO conversion profiles, and then decrea
the catalysts becoming almost fully selective to N2 at high
temperatures. This indicates that the N2O selectivity grad-
ually decreases with the reaction temperature with the
alysts showing almost full N2O selectivity for the reduction
process during the first low-temperature NO reduction st

Different factors can be considered as playing a role
the different CO oxidation and NO reduction behaviours
-

served for the catalysts. Pd can be assumed to be pr
initially as an oxidised phase in all the catalysts, as a
sult of the oxidising preconditioning that has been app
to the samples. This has been verified for samples simil
those studied here by in situ XANES studies, which show
the evolution from an inactive PdO-type state to the ac
metallic Pd state during the course of an experiment
formed under stoichiometric CO–O2–NO under conditions
similar to those employed here [11]. In this respect, for co
parative purposes, it must be taken into account that th
reduction process taking place during the course of the r
tion may depend to some extent on the degree of interac
between the oxidised Pd species and the alumina sup
i.e., a greater degree of difficulty for reduction of oxidised
is expected as the degree of interaction with alumina (wh
in principle, can be enhanced by decreasing the size o
oxidised Pd entities) is increased [12]. On the other han
is necessary to consider the important sensitivity of NO
tivation/reduction processes on the structural details of
metallic Pd particles present under reaction conditions
terms of not only particle size but also particle shape [9,
Another aspect to consider is the temperature and stru
dependences of adsorption/activation competition proce
between the different reactants [9,14–17]. In order to cla
these aspects, two of the samples (the 0.5 and 1% Pd
ples) have been examined by in situ DRIFTS (Figs. 2–
Unfortunately, in the 0.05% Pd sample the low Pd load
did not permit a reliable analysis by this technique since
very weak signals obtained for the species chemisorbe
Pd were masked by a much more intense CO(g) signal.

Certain differences were noted comparing CO2(g) and
NO(g) evolutions between experiments in Figs. 1 and
These must be mainly attributed to differences in the ge
etry and/or reactant flow conditions of the catalytic reac
between both types of experiment. Nevertheless, qua
tive correlation between experiments was apparent.
results obtained during the CO–O2 reaction over both cata
lysts show the formation of basically two types of carbo
species (Figs. 2A and 2B). In the first place is a ba
at 2099–2066 cm−1, which shifts to lower wavenumbe
and shows a decrease in intensity with increasing r
tion temperature; this corresponds to atop carbonyl spe
chemisorbed on metallic palladium particles [8,12,14–1
Second, a band appears at 1980–1968 cm−1, which grows
appreciably with reaction temperature (but slightly d
creases at 463 K with concomitant downward shift for
1% Pd sample) and whose frequency shows a maximu
intermediate reaction temperatures. This can be attribute
carbonyl species chemisorbed on bridging sites of me
lic palladium particles [8,11,14–18]. Roughly in paral
with the latter, a third carbonyl species appeares as a
frequency shoulder extending to 1850–1800 cm−1. Its posi-
tion is not well defined due to its relatively large linewid
and its overlap with the 1980–1968 cm−1 bridged carbony
band. This shoulder can be attributed to carbonyl spe
chemisorbed on threefold hollow sites of the metallic p
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Fig. 2. DRIFTS spectra taken at the indicated temperatures under stoichiometric CO–O2 (A, B) and CO–O2–NO (C, D) for the 0.5% Pd/Al2O3 (A, C) and 1%
Pd/Al2O3 (B, D) samples. A reference spectrum containing exclusively the CO(g) bands has been employed to subtract the corresponding contribution from
each spectrum in order to isolate contributions from chemisorbed species.
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Fig. 3. Results of online analysis of DRIFTS experiments showing the evolution of integrated contribution of CO2(g) bands observed by DRIFTS and the NOx

signal of the chemiluminescence detector obtained over the course of the indicated experiments.
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ladium particles [18,19]. Both catalysts show an incre
in bridged/atop carbonyl intensity ratio with the reacti
temperature. This evolution can be attributed, in accorda
with previous studies [20,21], to the fact that the relat
size of the metallic palladium particles increases with
reaction temperature during the course of the PdO→ Pd re-
duction process that occurs (in agreement with the gen
increasing intensity of metallic palladium carbonyls and
confirmed by in situ XANES experiments performed ov
catalysts similar to the ones studied here, as found e
where [11]) upon interaction with the reactant mixture. T
hypothesis obviously assumes that low-temperature O2 ad-
sorption, which most likely would preferentially involv
covering of bridging sites [22], must be strongly inhibit
under the CO-rich conditions employed [23]. The main d
ference between both catalysts in the process of gen
of the metallic Pd particles concerns a somewhat gre
difficulty in generation of bridging sites in the 0.5% Pd sa
ple (compare Figs. 2A and 2B). This can be related to
lower metallic Pd particle size achieved for the sample w
lower Pd loading during the process of nucleation/growth
metallic particles. This becomes more apparent at the lo
reaction temperatures for which only incipient germs of
metallic Pd particles have apparently developed.

A fair degree of correlation was observed (Fig. 4) b
tween the frequency decrease of the atop carbonyl b
and the CO oxidation rate taking into account that the
quency position of the palladium carbonyls is mainly de
mined (for each type of carbonyl) by dipolar coupling effe
(those corresponding to atop species being the most sen
l

e

Fig. 4. Wavenumber shift of the atop carbonyl adsorbed on metallic Pd p
cles and CO2(g) evolution as a function of the reaction temperature dur
the light-off runs under CO–O2 in the DRIFTS cell for 0.5% Pd/Al2O3
(rhombi) and 1% Pd/Al2O3 (squares).

to coupling [24]), which increases with coverage. The
served evolution indicates, as widely demonstrated [19,
that the reaction is limited by thermal desorption of C
from the metallic Pd particles within the typical Langmu
Hinshelwood kinetic scheme. This also agrees with the r
tively sharp termination (at values approaching 100% c
version) of the light-off profiles for both catalysts (1 a
0.5%, Fig. 1), which is typical of negative order kineti
for the relevant reactant [26] (CO in this case), as expe
when the catalyst operates under the aforementioned l
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ing step [19]. It somewhat contrasts with the approach
sigmoidal-type termination of the profile for the 0.05%
catalyst (Fig. 1), which suggests [26] that the catalyst m
be operating under a different kinetic regime in which
reaction is essentially limited by the rate of CO adsorp
on the Pd particles (i.e., it becomes positive order with
spect to CO), as expected at the relatively high conver
temperatures at which it is active [19]. Some limitation
Pd reduction may also appear in this sample as a co
quence of PdO-support interaction [12], which can also li
to some extent the onset of CO oxidation. On the other h
the similarities in the shapes of the CO conversion or C2
production profiles between the 0.5 and the 1% catal
(Figs. 1 and 3) suggest that the main differences betw
them are essentially related to the different numbers of
tive centres present in each case. In this respect, it mu
considered that the nucleation/growth process of forma
of active metallic particles is practically the same for b
catalysts (according to DRIFTS results in Figs. 2A and
and that the small structural differences between the p
cles formed for each catalyst (as discussed above) ar
reflected in strong kinetic changes for the CO–O2 reaction,
according to the essentially structurally insensitive chara
of this reaction over Pd [19]. Nevertheless, the increas
the number of active sites occurring as a consequence o
progressive growth of metallic particles during the cours
the reaction for any of the catalysts may well be respons
for the irregularities (giving rise to the staircase-type sh
mentioned) observed in the activity profiles at lower temp
ature.

Important differences are observed comparing DRIF
spectra in the absence and in the presence of a small am
of NO in the reactant mixture (Fig. 2). Such differences
more acute for the 1% Pd sample, which is in agreem
with the greater effect of NO on the CO oxidation cataly
properties of this system. Thus, an important suppressio
the formation of metallic Pd carbonyls is observed for
latter catalyst, most particularly at lower reaction tempe
tures (compare Figs. 2B and 2D), while new features at 2
and ca. 2125 cm−1 (sh) are observed atT <∼ 423 K and
show decreasing intensity with increasing reaction temp
ture. These bands can be attributed to atop carbonyl sp
chemisorbed at oxidised Pd sites [8,19]. Bands due to m
lic Pd carbonyl species (atop carbonyls at 2098–2044 c−1

and bridged carbonyls at 1970–1920 cm−1) begin to ap-
pear only atT � 333 K for this sample (Fig. 2D). Althoug
both bands generally show lower intensity in the prese
of NO, it is worth noting that bridged carbonyls are co
paratively more affected by this adsorbate. The evolu
of the frequency shifts observed for these carbonyls by
creasing the reaction temperature correlates well with
catalytic activity for CO oxidation, in a manner similar
that shown above. Additionally, two bands at 2232 and
2250 cm−1, corresponding to NCO species chemisorbed
alumina [8,17], were observed atT � 393 K and showed
maximum intensity in spectra of the sample at 498 K. Th
-

,

t

e

t

s

isocyanate species are proposed to be formed following
dissociation on the metallic palladium particles and sub
quent N–CO reaction and spillover onto the alumina sup
where they accumulate [8,17,27,28]. It can be noted tha
onset temperature for their formation correlates well w
the increase in the NO reduction catalytic activity, as a
noted in previous studies [8,11]. According to a recent
port [28], the isocyanate species formed in this kind of c
alyst are relatively little reactive toward NO+ O2 mixtures
and can thus be considered spectators under the cond
employed here; nevertheless, they can present an intere
practical role as intermediates in the formation of ammo
upon interaction with components of the automobile exh
gases [28].

As mentioned above, significant differences are obse
between the 0.5 and the 1% Pd samples with respect t
formation/evolution of the different Pd carbonyl species
the presence of NO (Figs. 2C and 2D). Thus, the exten
which NO hinders the formation of metallic Pd carbonyls
low reaction temperatures is considerably less for the 0
Pd sample. Common to both samples, the presence o
influences the formation of bridging species to a gre
extent than the atop carbonyls. However, for the 0.5%
sample, atop species adsorbed on metallic Pd particle
clearly formed even after the initial contact at low temp
ature with the reactant mixture, while the presence of a
species adsorbed on oxidised Pd entities appears negli
It is interesting to note that the onset of NO reduction
both samples (at ca. 393 and 423 K for the 1 and 0.5% s
ples, respectively), in accordance with the initial detec
of chemisorbed isocyanate species (Figs. 2C and 2D) a
reasonable agreement with catalytic activity results (Fig
and online gas analysis (Fig. 3), coincides with a sharp
crease in the population of bridged carbonyl species.

The increase in NO reduction activity with Pd loading
in line with literature results showing that this activity i
creases with the relative size of the metallic Pd particle
least up to a certain limiting value [9,13]. In our particu
case, the reasons behind this behaviour can be related, o
basis of DRIFTS results, to the particular CO–NO comp
tion for atop–bridging sites on the active metallic palladi
particles and to the NO dissociation capability as a func
of the size/structural details of the particles formed dur
the course of the light-off run. The main difference betw
the catalysts is related to the presence of oxidised Pd
bonyls (bands at 2143–2125 cm−1) for the 1% Pd sampl
at low reaction temperatures. The formation of these
bonyls may result from dissociative NO adsorption on
Pd particles, which leads to the formation of the oxidised
(Pdn+) chemisorption sites. This is consistent with the c
alytic activity results (Fig. 1), which show that the 1%
sample is able to dissociate NO even at 303 K. Forma
of the Pdn+ sites can be associated with the presence of
in the reactant stream on the basis of comparison betw
DRIFTS experiments conducted in the presence and abs
of this oxidant (Fig. 2). These oxidised Pd species can
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Fig. 5. Postreaction DRIFTS experiments at 303 K for (a, b) 0.5% Pd/Al2O3
and (c, d) 1% Pd/Al2O3. Following the run under CO–O2 up to 483 K, the
sample was cooled under N2 and then 1% CO was flowed through the c
(a, c) (dotted line) and subsequently flushed with N2. (b, d) Same as the
former, but after the CO–O2–NO reaction up to 573 K.

formed during the whole run, even if only in small amoun
as demonstrated by postreaction experiments (Fig. 5). T
data again support the proposal that oxidised Pd sites
linked with the presence of NO in the reactant stream.
stabilization of these Pdn+-bonded carbonyls in significan
quantities only at lower reaction temperatures can be
lated to their lower thermal stability with respect to carbo
species adsorbed on metallic particles, as evidenced b
respective behaviour toward flushing with N2 at room tem-
perature (Fig. 5). The combined results suggest a greate
dissociation efficiency on the particles formed for the 1%
sample. This can be used to explain the greater activit
such a catalyst, taking into account that the NO disso
tion process has been proposed as rate limiting, at leas
relatively low temperatures and within a range of relativ
small particle sizes [13,29].

By considering the influence of NO on the relati
amounts of atop–bridging adsorption sites, indicated by
respective carbonyl intensities, one would expect a relati
stronger interaction of NO with bridging sites and with t
1% Pd catalyst. The analysis of the region relevant to
sorbed nitrosyl species is complicated as a consequen
r

f

Fig. 6. DRIFTS spectra under CO–O2–NO at the indicated temperatures
the region relevant to adsorbed nitrosyl species for 0.5% Pd/Al2O3 (top)
and 1% Pd/Al2O3 (bottom).

the relatively lowPNO/PCO employed for the catalytic ex
periments as well as the presence of overlapping bands
to species chemisorbed on the support. Thus, the spec
both samples (Fig. 6) show bands due to bicarbonate sp
adsorbed on the alumina (at 1654 and 1439 cm−1) [30] and
of species giving a band at 1543 cm−1 that grew with the
reaction temperature and can be assigned to nitrate sp
chemisorbed on alumina [30]. A more careful analysis
this region reveals the presence of bands at 1648–1
(showing a slight high-temperature red shift) and 1612 cm−1

that may be attributed to nitrosyl species chemisorbed
bridging sites of the metallic Pd particles [14–16]. No h
of formation of atop nitrosyl species (expected to give
band at 1750–1730 cm−1 [15–17]) was observed in thes
spectra, which suggests that when both CO and NO
present under the employed conditions, the latter mole
interacts preferentially with bridging sites while CO form
mainly atop species through either exchange or NO-indu
site transfer (bridging→ atop [14,17]) processes. Compa
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An-
ison of bridging nitrosyl species for both catalysts reve
that, surprisingly, the 0.5% Pd catalyst appears to sust
greater amount of such species at low temperature (cons
ing the greater extinction coefficient of the bicarbonate b
at 1439 cm−1 with respect to that of the overlapping ba
at 1654 cm−1 for this analysis [30]). NO reverse spillov
effects, which would be favoured when a higher amoun
support (i.e., for lower metal loading) is exposed, may a
play a role in this observation [13]. Nevertheless, the
served results are compatible with the higher NO reduc
activity of the 1% Pd catalyst and apparently reflect the m
efficient NO dissociation over this catalyst within the b
ance of NO adsorption/dissociation processes taking p
on the surface of the catalysts.

4. Conclusions

A combined catalytic activity in situ DRIFTS stud
of stoichiometric CO–O2 and CO–O2–NO reactions ove
PdO/γ -Al2O3 catalysts with different Pd loadings has be
carried out. Results for the CO–O2 reaction are in line with
many studies in the literature showing that the catalysts
low typical Langmuir–Hinshelwood kinetics in which th
reaction is initially rate limited by CO desorption from t
metallic particles except for a sample with a very small
loading for which the reaction onset is shifted to sign
cantly higher temperatures, in which case CO adsorp
may become the rate-determining step for the reaction.
light-off profiles show certain irregularities at low reacti
temperatures which are attributed to the fact that the n
ber of active sites undergoes a change during the cour
the reaction as a consequence of the process of form
of metallic Pd particles. A comparison between the cata
activities for CO oxidation and NO reduction under st
chiometric CO–O2–NO reveals significant differences f
NO reduction processes. These are explained on the ba
different structural characteristics of the Pd particles form
in each case following interaction with the reactant m
ture. In this respect, it is shown that NO dissociation (wh
may be the rate-determining step under the employed
ditions) is most favoured over the larger Pd particles form
for the highest loaded sample, as deduced from catalyti
tivity results and DRIFTS analysis of the nature (redox s
and coordination number of the adsorption site) and the
tive intensities of atop–bridging carbonyl or nitrosyl spec
formed for each catalyst.
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