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Abstract

This work attempts to gain fundamental information about the role of Fe in the chemical deactivation of a three-way catalyst (TWC), with
Fe originating from materials used in the construction of automotive engines and exhaust pipe systems. Topics of particular interest are Fe’s
role as a chemical poison of the oxygen storage and release properties of a model TWC (1 wt% Pd–Rh/20 wt% CeO2–Al2O3), its effects on
the redox properties of Pd and Rh, and its effects on NO and CO chemisorption; these topics are investigated for the first time here. Oxygen
storage capacity (OSC) measurements in the 500–850 ◦C range indicated that OSC increased after the addition of 0.1–0.3 wt% Fe in the model
catalyst. It can be concluded that iron acted as an oxygen storage component under oxidizing conditions through the process Fe → FeO → Fe3O4
(FeO·Fe2O3) → Fe2O3, and not as a chemical poison of the oxygen storage and release properties of the solid. However, when the amount of
deposited iron increased to 0.4 wt%, the OSC of the catalyst deteriorated but still remained slightly greater than that measured over the catalyst
uncontaminated with Fe catalyst. H2 temperature-programmed desorption and reduction and X-ray photoelectron spectroscopy (XPS) studies
performed on the oxidized and reduced Fe-contaminated samples indicated that iron (0.1–0.3 wt%) was deposited on both noble metals (Pd and
Rh) and support, causing the development of electronic interactions that influenced the oxidation states of Pd and Rh and enhanced the oxygen
chemisorption properties of ceria. In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) studies proved that iron deposited
to a level of 0.2 wt% significantly favors the formation of a superoxide (O2

−) species on CeO2. The latter species was found to desorb completely
at temperatures above 250 ◦C. However, at the 0.4 wt% level, O2

− formation was minor. In situ DRIFTS chemisorption studies of CO and NO
performed at 25 ◦C also provided important information about the electronic interactions between Pd and Fe in the model Pd–Rh–Fe/20 wt%
CeO2–Al2O3 TWC, confirming the XPS results.
© 2006 Elsevier Inc. All rights reserved.

Keywords: TWC deactivation; Iron; OSC; In situ DRIFTS; XPS; Transient kinetics; Oxygen isotopic exchange; H2 TPD; H2 TPR
1. Introduction

It is well known that commercial three-way catalysts
(TWCs) lose their activity and performance (deactivation phe-
nomenon) after about 150,000 km as a result of various changes
to which their structure and surface chemical state are subjected
[1–3]. TWC deactivation can be categorized into three main
groups: chemical [1], thermal [4–6], and mechanical. Chem-
ical deactivation is considered the most complex of the three
processes. When attempting to prolong catalyst life, resistance
to chemical deactivation is one of the most important problems
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that must be overcome. This is because chemical deactivation
is proportional to the operational time, whereas thermal effects
decay exponentially over time [7].

Various chemical compounds (i.e., impurities) present in au-
tomotive engine exhaust gas can strongly interact chemically
with the active sites of TWCs, decreasing its activity and over-
all performance. A metal contaminant can poison active sites
through deposition mechanisms (geometric effect) or can alter
the adsorptive properties of an active site or a catalyst compo-
nent (electronic effect) [8]. Another possibility is modification
of the chemical nature of active sites by the creation of new
phases that can change the catalytic performance of TWCs. The
most common contaminants retraced from aged commercial
TWCs are Pb and S originating from fuel additive components
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[9–11]; P, Zn, and Ca from lubricant oil additives [3,12,13]; and
Fe, Ni, Cu, and Cr from the materials used to construct engine
and exhaust pipe systems [14–16].

Many researchers have detected the presence of Fe on aged
commercial TWCs. Angelidis et al. [15,16] reported that Fe
was present on aged TWCs of various origins and mileages at
concentrations in the 0.08–2.0 wt% range. Tabata et al. [7] de-
tected iron at the level of 0.41 wt% among other contaminants
in an aged TWC. Iron, among other contaminants (e.g., Pb, Ni,
Ca, P), has been detected by inductively coupled plasma (ICP)
and total X-ray fluorescence on commercial TWCs of varying
ages (59, 96, and 242 × 103 km) [13,17].

To our knowledge, only Tabata et al. [7] have prepared
model Fe-contaminated TWCs in an attempt to interpret the ob-
served decrease in N2 selectivity of the NO reduction over aged
TWCs for natural gas-fueled engines. Iron detected at the sur-
face of the catalyst washcoat layer was considered to poison
Rh and/or other active metals, but not to reduce the selectiv-
ity to N2 formation of the NO reduction [7]. Iron was used as
a promoter mainly of the water–gas shift (WGS) reaction and to
a lesser extent of other catalytic reactions [18–20]. For exam-
ple, Wang and Gorte [20] showed that Fe-promoted Pd/CeO2
catalysts resulted in higher (by a factor of eight) WGS reaction
rates compared with other promoters (Y, Tb, and Gd).

Sirijaruphan et al. [21] studied the selective oxidation of CO
in the presence of H2 over Pt/γ -Al2O3 and found that deposi-
tion of Fe enhanced the intrinsic site reactivity, possibly due to
the formation of new oxygen adsorption sites and/or an increase
in oxygen coverage. In another study, Pt–Fe alloy particles sup-
ported on alumina were found to prevent Pt sintering [18]. Mas-
telaro et al. [22] doped ZrO2–CeO2 systems with Fe and Ni in
an attempt to better understand the tetragonal phase stabiliza-
tion process of zirconia. Using extended X-ray absorption fine
structure (EXAFS) studies, they clearly showed that Fe atoms
formed a solid solution only with ZrO2, thereby introducing
oxygen vacancies in the oxide lattice, which in turn enhanced
oxygen diffusion and improved the tetragonal-phase ZrO2 sta-
bilization process.

The present work aimed to investigate for the first time
the effects of low loading of Fe (0.1–0.4 wt%) on the oxy-
gen storage and release properties of TWCs, with Fe present
as a chemical contaminant of TWC. Model TWCs consisting
of 1 wt% Pd–Rh (14/1)/20 wt% CeO2–Al2O3 and impregnated
with varying Fe loadings (0.1–0.4 wt%) were used. The effects
of Fe2O3 (3.3–13.2 wt%) used as component of an Al2O3–
CeO2 support, the latter impregnated with Pt and Ba on the
NOx storage reduction catalyst, were studied [23]. The OSC
of the catalyst was found to depend linearly on the iron oxide
loading.

In the present work, X-ray photoelectron spectroscopy
(XPS) studies performed after various oxidation and reduction
treatments on the Fe-contaminated and uncontaminated model
catalysts, along with in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) chemisorption studies of CO
and NO, were used to investigate the oxidation states of Pd
and Rh in the presence of Fe. In addition, H2 temperature-
programmed desorption (TPD) and temperature-programmed
reaction (TPR) studies were conducted to investigate the effect
of Fe on the chemisorptive and reducing properties of the model
catalyst. Fe’s effect on the thermal stability and exchange of su-
peroxide adsorbed species (O2

−) populated mainly on CeO2 in
the Pd–Rh–Fe/CeO2–Al2O3 catalysts were studied by in situ
DRIFTS using 18O2.

2. Experimental

2.1. Model TWCs

A model three-way catalyst, 1 wt% Pd–Rh (14/1)/20 wt%
CeO2–Al2O3, was prepared as follows. The support mater-
ial was prepared by impregnating γ -Al2O3 (Aldrich, standard
grade) with Ce(NO3)3·6H2O (Aldrich, 99.999%) in distilled
deionized water at 40 ◦C so as to yield 20 wt% CeO2–Al2O3.
After drying at 120 ◦C for 12 h, the support material was cal-
cined in air at 200–800 ◦C with a 1-h stay at every 100 ◦C
increment. The CeO2–Al2O3 support was then impregnated
with appropriate amounts of Rh(NO3)3 and Pd(NO3)2 (Aldrich,
99.999%) in distilled deionized water at 40 ◦C so as to yield
1 wt% total metal loading (Pd/Rh = 14/1). The resulting solid
was then dried at 120 ◦C for 12 h. Portions of the 1 wt%
Pd–Rh/20 wt% CeO2–Al2O3 solid were impregnated with ap-
propriate amounts of Fe(NO3)3 (Aldrich, 99.99%) so as to
yield iron loadings in the 0.1–0.4 wt% range. After drying at
120 ◦C for 12 h, the solids were stored without further treat-
ment. Herein the 1 wt% Pd–Rh/20 wt% CeO2–Al2O3 solid is
referred to as PRCA; the 20 wt% CeO2–Al2O3 solid support,
as CA.

2.2. OSC measurements

2.2.1. Pulse injection technique
The OSC of the various model TWCs (with or without Fe)

was measured by the pulse injection technique as described
previously [2,24,25]. The reactive oxygen species present in
a model TWC sample is defined as the amount of H2 or CO
consumed (consecutive pulses) when H2 or CO is used to titrate
the oxygen species, or the amount of oxygen consumed during
the reoxidation stage [2]. The latter amount is referred to as
oxygen storage capacity complete (OSCC). The amount of the
most reactive oxygen (labile oxygen) of the catalyst is defined
as the amount of oxygen that reacts during the first H2 or CO
pulse and referred to as the OSC. Before any OSC measure-
ments were obtained, the catalyst sample (50 mg) was oxidized
(20% O2/He) at 700 ◦C for 2 h and then reduced (1 bar H2) at
300 ◦C for 2 h. It was then pretreated in a 20% O2/He gas mix-
ture for 1 h at a given temperature, TOSC [2]. The transient flow
system, the microreactor, and the mass spectrometer were as
described previously [25,26].

The OSC of the uncontaminated and Fe-contaminated cata-
lysts was also measured at 500 ◦C after 2 h of oxidation (20%
O2/He) at 500 ◦C, followed by 2 h of reduction (1 bar H2) at
600 ◦C. The latter high-temperature reduction step was used to
increase the oxygen vacancies on the surface and in the bulk of
the CeO2 support component.
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Table 1
Description of step gas concentration switches for dynamic oxygen storage capacity (DOSC) measurementsa

Type of experiment Sequence of step gas concentration switches

A 1.5% O2/He (TOSC, 30 s) →He (TOSC, 30 s) → 3% CO/3% Ar/He (TOSC, 300 s), repeat cycle

B 10% CO2/1.5% O2/He (TOSC, 30 s) → He (TOSC, 30 s) → 3% CO/3% Ar/He (TOSC, 300 s), repeat cycle

a The underlined step in the sequence of step gas concentration switches indicates that estimation of DOSC was based on this step.
2.2.2. Alternating-step gas concentration switches
Experiment A was conducted to measure OSC by alternating

step concentration switches of the gas composition (dynamic
oxygen storage capacity [DOSC]); the findings are reported in
Table 1. The catalyst sample (50 mg) was initially pretreated
in 20% O2/He for 1 h at a given temperature, TOSC. Ar was
present in the reducing gas to record the transient response of
a nonadsorbing and nonreacting gas passing from the switching
valve through the reactor (with the catalyst in place) to the mass
spectrometer, to evaluate CO consumption due to reaction and
chemisorption [25,27].

Experiment B was conducted to study how the presence of
CO2 in the oxidizing gas mixture affects DOSC; the results are
presented in Table 1. The O2 and CO2 concentrations used were
similar to those found in the exhaust gas of a gasoline-powered
automobile. The total flow rate used in all of the DOSC ex-
periments was 30 NmL/min. The accuracy of OSC and DOSC
measurements was within 5%.

2.3. TPD and TPR experiments

H2 TPD and H2 TPR experiments were conducted in a spe-
cially designed gas flow system as described previously [26].
A 0.3-g catalyst sample and a 30-NmL/min total flow rate were
used. Chemical analysis of the reactor’s gas effluent stream was
done with an on-line quadrupole mass spectrometer (Omnistar,
Balzers) equipped with a fast-response inlet capillary/leak valve
(SVI 050, Balzers) and data acquisition system. The gaseous re-
sponses obtained by mass spectrometry were calibrated against
standard mixtures. For H2 TPD runs, the fresh catalyst sample
was first oxidized in 20% O2/He at 700 ◦C for 2 h, and then re-
duced in 10% H2/He at 300 ◦C for 2 h. The catalyst was purged
in He flow at 500 ◦C until no H2 evolution was observed, then
cooled quickly to room temperature for H2 chemisorption fol-
lowed by TPD (β = 30 ◦C/min up to 825 ◦C).

For the H2 TPR experiments, after catalyst pretreatment in
20% O2/He at 500 ◦C for 2 h, the feed was changed to He for
15 min and the reactor was rapidly cooled to 25 ◦C in He flow.
A 2% H2/He gas mixture was then switched to the reactor, and
the temperature of the catalyst was increased to 825 ◦C at a rate
of 30 ◦C/min. The mass numbers (m/z) 2, 18, and 32 were used
for H2, H2O, and O2, respectively. The accuracy of quantitative
analyses of the TPD and TPR response curves was within 5%.

2.4. XPS

X-Ray photoelectron spectroscopy (XPS) studies were per-
formed with a VG Escalab 200R spectrometer equipped with
a hemispherical electron analyzer and an Mg-Kα (1253.6 eV)
X-ray source. The sample was placed in a copper holder
mounted on a sample rod in the pretreatment chamber of the
spectrometer, then outgassed at room temperature for 1 h.
A certain region of the XPS spectrum was then scanned a num-
ber of times, to obtain a good signal-to-noise ratio. The binding
energies were referenced to the spurious C 1s peak (284.6 eV)
used as internal standard to take the charging effects into ac-
count. The areas of the peaks were computed by fitting the
experimental spectra to Gaussian/Lorenztian curves after re-
moval of the background (Shirley function). Surface atom ratios
were calculated from peak area ratios normalized by using the
corresponding atomic sensitivity factors [28].

2.5. In situ DRIFTS studies

In situ DRIFTS studies were performed using a high-
pressure DRIFTS cell equipped with CaF2 windows. Catalyst
sample (∼30 mg) in a fine-powder form was well mixed with
KBr (1:10 w/w) and placed firmly into the ceramic cup of
the DRIFTS cell (Spectra Tech). Spectra were recorded using
a Perkin–Elmer Spectrum GX II FTIR spectrometer interfaced
with a computer. All spectra were recorded as a single back-
ground beam experiment. The ratio of the spectrum was then
taken with respect to a background spectrum recorded under Ar
flow at the temperature of the experiment. The spectral resolu-
tion used was 2 cm−1. Before the measurements were taken,
the sample was pretreated in 20% O2/Ar at 550 ◦C for 2 h, fol-
lowed by reduction in 10% H2/Ar at 300 ◦C for 2 h. To further
increase the number of oxygen vacancies in the CeO2 solid, the
catalyst sample was reduced in situ in a 20% H2/Ar mixture at
600 ◦C for 2 h.

O2 TPD was performed after a 30-min oxygen treatment of
the catalyst with 3% 16O2/Ar at 25 ◦C. The DRIFTS cell was
then purged with Ar for 15 min, and the temperature was in-
creased to 550 ◦C. Infrared (IR) spectra were recorded every
100 ◦C in the 3500–800 cm−1 range. Oxygen isotopic exchange
was performed at 25 ◦C. After 30 min of adsorption in 3%
16O2/Ar gas mixture, the feed was switched to Ar for 10 min,
followed by a switch to 3% 18O2/Ar. Exchange of the adsorbed
surface oxygen species with 18O2 was followed by DRIFTS
after 2, 5, and 10 min on the isotopic gas mixture. Every IR
spectrum presented here corresponds only to the spectrum of
the adsorbed phase (the spectrum of the solid itself was sub-
tracted).

CO and NO chemisorption studies were also performed at
25 ◦C on the PRCA and 0.2 wt% Fe/PRCA catalysts. Before
any measurements, the sample was pretreated in 20% O2/Ar
at 550 ◦C for 2 h, followed by reduction in 10% H2/He at
300 ◦C for 2 h. The DRIFTS cell was then purged with Ar and
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cooled to 25 ◦C. The concentrations of CO and NO used were 5
and 1 vol%, respectively, with Ar as a balance gas.

3. Results and discussion

3.1. OSC measurements

3.1.1. Pulse injection technique
Fig. 1 presents results of OSCC and OSC measurements

(µmol-O/gcat) obtained over the x wt% Fe/PRCA (x = 0, 0.1,
0.2, 0.3, and 0.4) catalysts in the 500–850 ◦C (TOSC) range us-
ing H2 (Fig. 1a) and CO (Fig. 1b) as reducing agents. The OSC
and OSCC increased with increasing temperature at which oxy-
gen was stored and reduced in H2 (TOSC). This is an expected
behavior considering the fact that the kinetic rate constant (k) of
the reduction of oxygen species present in PdO, Rh2O3, Fe2O3,
and CeO2 is expected to increase with increasing temperature.
In addition, by increasing the temperature under which oxygen
is stored mainly in the bulk of CeO2, the amount of this stored
oxygen is expected to increase. It was found that the OSCC of
the five catalysts investigated increased from 41 to 54% on in-
creasing the TOSC from 500 to 850 ◦C (Fig. 1a).

An important result presented in Fig. 1 is that by increasing
the Fe loading in the 0.1–0.3 wt% range, the OSC and OSCC
increase. These results suggest that Fe deposited in the PRCA
catalyst either acts as an additional oxygen storage component
or alters the oxygen chemisorptive properties of Pd–Rh/CeO2

Fig. 1. OSC and OSCC (µmol-O/gcat) measured by H2/O2 (a) and CO/O2
(b) pulsed-feed experiments over the x wt% Fe/PRCA (x = 0, 0.1, 0.2, 0.3,
and 0.4) solids in the 500–850 ◦C range.
and/or CeO2 solid surfaces, which are associated with the oxy-
gen storage and release processes. A possible interpretation of
these results might be that iron present in the catalyst is first
oxidized to Fe2O3 after the 1-h treatment in 20% O2/He at
TOSC (oxygen storage step). Then, during the reduction step
(H2 pulses), in addition to the oxygen stored in the metals
(PdO and Rh2O3) and CeO2 support, oxygen of the iron ox-
ide formed can also be reduced and measured. Thus, the latter
provides greater OSC and OSCC than those obtained in the
PRCA catalyst uncontaminated with iron. The OSC of iron
oxide was determined by performing similar OSC measure-
ments on commercial Fe2O3 (Aldrich, 99.98%). The fact that
iron oxide can store oxygen in the 500–850 ◦C range has to
do with the multiple oxidation states of Fe, where Fe2O3−x

(a nonstoichiometric oxide) can store oxygen under oxidizing
conditions and release it under reducing conditions [20]. On
the other hand, the amount of oxygen (µmol-O/g) stored in the
iron oxide corresponding to 0.3 wt% Fe deposited in PRCA
is 80 µmol-O/g, quantity that cannot explain the increased
OSCC observed in Figs. 1a and 1b. For example, at 700 ◦C
(TOSC), the OSCC of PRCA was found to be 208 µmol-O/g,
compared to 345 µmol-O/g of the 0.3 wt% Fe/PRCA. In
other words, a 26% increase in OSCC is estimated (after sub-
tracting the contribution of Fe2O3, if the latter was fully re-
duced by H2 pulses at 700 ◦C). Furthermore, if the additional
OSCC were the result of OSCC due to the iron alone, then
a monotonic increase in OSCC with increasing Fe loading in
the 0–0.4 wt% range would be expected, a result not seen in
Fig. 1. This strongly implies that iron should have additional
effects on the chemistry involved in the oxygen storage and re-
lease processes.

Yamazaki et al. [23] showed that at 300 ◦C there was a good
linear correlation between OSC and Fe2O3 loading in the 3.3–
13.2 wt% range for the Pt–Ba/Al2O3–CeO2–Fe2O3 catalyst.
They proposed that iron oxides contributed to the OSC of the
solid independently by the following reaction scheme:

Fe + (1/2)O2 ↔ FeO, (1)

3FeO + (1/2)O2 ↔ Fe3O4, (2)

2Fe3O4 + (1/2)O2 ↔ 3Fe2O3. (3)

Based on reactions (1)–(3) and the fact that the iron oxide was
initially present in the support material on which Pt was de-
posited, an increased OSC with increasing iron oxide loading
can be reasonably expected. However, in the present work, iron
was deposited by wet impregnation in the Pd–Rh/Al2O3–CeO2
solid in small amounts (0.4 wt%). Some intrinsic reasons why
the increased Fe loading in the 0.1–0.4 wt% range does not have
a monotonic positive effect on the OSC of the present catalytic
system are discussed later in the paper. Figs. 1a and 1b illustrate
that even though deposition of 0.4 wt% Fe in PRCA catalyst
leads to decreased OSC and OSCC compared with those ob-
tained on the 0.3 wt% Fe/PRCA, the former values are not
lower than those measured over the PRCA catalyst.

Fig. 2 presents OSCC (µmol-O/gcat) measured at TOSC =
500 ◦C over the x wt% Fe/PRCA (x = 0, 0.1, 0.2, 0.3, and 0.4)
catalysts after high-temperature reduction (Tred = 600 ◦C) (see
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Fig. 2. OSCC (µmol-O/gcat) measured by H2/O2 pulsed-feed experiments at
500 ◦C over the x wt% Fe/PRCA (x = 0, 0.1, 0.2, 0.3, and 0.4) solids after H2
reduction (1 bar) at 600 ◦C for 2 h (see Section 2.2.1).

Section 2.2.1). As clearly shown, OSCC increased after the de-
position of 0.1–0.3 wt% Fe but decreased after the addition of
0.4 wt% Fe, in agreement with the findings at Tred = 300 ◦C
(Fig. 1). In addition, the OSCC measured at the same tempera-
ture (TOSC = 500 ◦C) in both experiments Figs. 1a and 2 was
4.0–14.7% greater (depending on Fe loading used) after the
high-temperature reduction (Tred = 600 ◦C) of ceria.

3.1.2. Alternating step gas concentration switches/dynamic
OSC measurements

Fig. 3 presents transient response curves of CO2 obtained
over the x wt% Fe/PRCA (x = 0, 0.2, and 0.4) and 0.4 wt%
Fe/CA solids obtained at 500 ◦C under DOSC measurements
(experiment A in Table 1). The greatest amount of CO2 was
produced with the 0.2 wt% Fe/PRCA; the lowest, with the
0.4 wt% Fe/PRCA solid. The latter results agree with those ob-
tained using the pulse injection technique (Fig. 1). The peak
maximum position of the transient response curve of CO2 ob-
tained over the 0.4 wt% Fe/PRCA shifted to lower reaction
times (by 8 s) compared with that obtained over the PRCA
solid. This shift (noted by vertical dashed line segments in
Fig. 3) was earlier explained to be associated with the rate con-
stant (k2) of the back-spillover of oxygen process and not with
the rate constant (k1) of CO oxidation step occurring on the Pd
and Rh metal surfaces [25,29]. Therefore, it is concluded that
even though addition of iron (0.4 wt%) in PRCA increases the
amount of oxygen stored in Fe/PRCA, a negative effect on the
site reactivity (k2) associated with labile oxygen diffusion in
ceria is obtained, the latter being one of the “oxygen storage”
materials of the washcoat of TWC. As will be shown later by
XPS studies, some Fe is found in close contact with Pd and
Rh crystallites. As the amount of deposited Fe increases, par-
tial coverage of Pd and Rh might be expected, which seems to
affect the rate of oxygen back-spillover from ceria to the noble
metals.

When 10% CO2 was added in the O2/He feed gas stream
(Table 1, experiment B), the amount of CO2 produced de-
creased compared with that corresponding to the results in
Fig. 3 (no CO2 was present in the oxidizing gas mixture), except
for the 0.4 wt% Fe/CA solid (Table 2). Formation of stable car-
bonate species at 500 ◦C under the experimental conditions can
Fig. 3. Transient response curves of CO2 obtained over the PRCA, 0.2 and
0.4 wt% Fe/PRCA, and 0.4 wt% Fe/CA solids at 500 ◦C according to the gas
delivery sequence: 1.5% O2/He (TOSC, 30 s) → He (TOSC, 30 s) → 3% CO/
3% Ar/He (TOSC, 300 s), repeat cycle (see also Table 1).

Table 2
Amounts of CO consumed and CO2 produced (µmol/g) after 300 s in the 3%
CO/3% Ar/He gas mixture at 500 ◦C during experiments A and B (Table 1)

Type of
experi-
ment

Catalyst CO
consumption
(µmol/g)

CO2
production
(µmol/g)

λ =
[CO cons.]/
[CO2 prod.]

A PRCA 300 273 1.1
0.2 wt% Fe/PRCA 312 290 1.03
0.4 wt% Fe/PRCA 241 239 1.0
0.4 wt% Fe/CA 160 158 1.0

B PRCA 293 237 1.2
0.2 wt% Fe/PRCA 312 276 1.1
0.4 wt% Fe/PRCA 290 192 1.5
0.4 wt% Fe/CA 197 150 1.3

explain these results. These species poison oxygen storage sites
in CeO2 [30]. This explanation is supported by the experimen-
tal findings in this work. A similar transient experiment to that
reported in Fig. 3 was performed using the DRIFTS cell as reac-
tor, with the carbonate band region scanned every 5 s. The area
bands due to the carbonates associated with ceria were clearly
observed to increase after the switch from Ar to O2/CO2/Ar. In
addition, CO pulse-feed experiments similar to those reported
in Fig. 1 indicated IR bands due to adsorbed carbonate species.
Table 2 reports values of the λ parameter (defined as the ratio
of the amount of CO consumed to that of CO2 produced) ac-
cording to the experiments of Fig. 3 and also in the presence
of CO2 in the oxidizing gas mixture (experiment B in Table 1).
Note that λ takes values equal to unity when only the following
reactions occur:

CO(g) + O–S1 → CO2(g) + S1, (4)

O–S2 + S1 → O–S1 + S2 (oxygen back-spillover), (5)

CO(g) + OH–S2 → CO2(g) + (1/2)H2(g) + S2. (6)

Here S1 refers to a site on the precious metal/metal oxide, and
S2 is a site on the ceria–alumina support. But reaction (6) must
be excluded, because no H2 production was observed. When λ

takes values larger than unity, other side reactions must occur,
for example, adsorption of CO2 and disproportionation of CO
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to give C or Fe3C and CO2. All catalysts exhibited λ values
close to unity in experiment A (Fig. 3), whereas the opposite
was true in experiment B (i.e., λ values were larger than unity;
see Table 2).

3.2. H2 TPD

Fig. 4 presents H2 TPD response curves obtained on the
x wt% Fe/PRCA (x = 0, 0.2, and 0.4) and 0.4 wt% Fe/CA
solids. In the case of PRCA (curve A), the amount of H2 des-
orbed was 40.9 µmol-H/gcat. Addition of 0.2 and 0.4 wt%
Fe in PRCA caused 24.0 and 20.7% increases, respectively,
in the amount of H2 desorbed, but the shape and position of
H2 desorption peaks were largely different. The H2 TPD re-
sponse curve of PRCA consists of one peak centered at TM =
200 ◦C with a large shoulder at the falling part of the curve and
a smaller shoulder at the rising part. Addition of 0.2 wt% Fe
caused the TM to shift to higher values (TM = 250 ◦C, curve B),
with the shoulder observed at the rising part of the desorption
peak becoming larger compared with that seen in the PRCA
catalyst. With a further increase in Fe content to 0.4 wt%,
the high-temperature side of the desorption peak (curve C) re-
mained practically the same as that observed in the 0.2 wt%
Fe/PRCA and 0.4 wt% Fe/CA solids. These results strongly
suggest that Fe affected the desorption kinetics of H2 associated
with the Pd surface (Pd/Rh = 14:1). As demonstrated by the H2
TPR and XPS measurements, the electronic environment of the
Pd surface atoms was altered due to the presence of Fe, thus
affecting their chemisorptive properties. Formation of Fe–Pd
alloy has been reported under reducing conditions (i.e., strong
interaction of Fe0 and Pd0) [31,32], with the Pd–Fe phase di-
agram showing Pd and Fe forming a single-phase PdFex alloy
(0 < x < 0.12) [33].

3.3. H2 TPR studies

H2 TPR traces obtained over the x wt% Fe/PRCA (x = 0
and 0.2) and 0.2 wt% Fe/CA solids are shown in Fig. 5a, and
corresponding traces obtained on the x wt% Fe/PRCA (x = 0
and 0.4) and 0.4 wt% Fe/CA solids are shown in Fig. 5b. The

Fig. 4. H2 temperature-programmed desorption (TPD) response curves ob-
tained over the PRCA, 0.2 and 0.4 wt% Fe/PRCA, and 0.4 wt% Fe/CA solids.
Tads = 25 ◦C; W = 0.3 g; β = 30 ◦C/min; QHe = 30 NmL/min.
H2 TPR traces thus obtained exhibit two resolved peaks in sig-
nificantly different temperature ranges. The first peak, located
in the 25–225 ◦C range can be attributed mainly to reduction
of rhodium and palladium oxides. In particular, the peaks cen-
tered at 45 ◦C (curve A) and 85 ◦C (curve B) in Fig. 5a are
attributed to reduction of Rh2O3 and PdO oxides [24,34–38].
The peaks appearing in the 200–450 ◦C range can be attributed
to the reduction of metal oxides in close contact with CeO2

(Rh–O–Ce and Pd–O–Ce bonds) [39,40], whereas the H2 TPR
trace in the 450–825 ◦C range can be attributed to bulk reduc-
tion of CeO2 [34].

The reduction of iron oxide involves a two-step process, with
Fe2O3 first reduced to Fe3O4 (FeO·Fe2O3) and then to metal-
lic Fe [41]. The H2 TPR trace of Fe2O3 to Fe3O4 appears in
the 285–420 ◦C range; that of Fe2O3 to Fe0, in the 300–480 ◦C
range [42]. Unmuth et al. [43] reported that the H2 TPR trace of
5 wt% Fe/SiO2 consists of two peaks (TM = 307 and 447 ◦C),
which correspond to the aforementioned two-step reduction
process. Munteanu et al. [44] reported that the TPR trace of
α-Fe2O3 also comprises two peaks (TM = 280 and 427 ◦C). The
peak at 280 ◦C with a shoulder was ascribed to the reduction of
Fe2O3 (hematite) to Fe3O4 (magnetite),

3Fe2O3 + H2 → 2Fe3O4 + H2O, (7)

Fig. 5. Temperature-programmed reduction (TPR) traces obtained in 2%
H2/He gas flow over (a) PRCA (curve A), 0.2 wt% Fe/PRCA (curve B), and
0.2 wt% Fe/CA (curve C) solids; (b) PRCA (curve A), 0.4 wt% Fe/PRCA
(curve B), and 0.4 wt% Fe/CA (curve C) solids. W = 0.3 g; β = 30 ◦C/min;
QH2/He = 30 NmL/min.
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whereas the peak at 427 ◦C was ascribed to a second reduction
step [44],

Fe3O4 + 4H2 → 3Fe0 + 4H2O. (8)

The results of Fig. 5 demonstrate that adding 0.2 or 0.4 wt%
Fe in the PRCA solid caused the TPR trace of rhodium and
palladium oxides to shift to higher temperatures. In particu-
lar, for 0.2 wt% Fe (Fig. 5a), the TM shifted from 45 to 85 ◦C,
with a similar behavior seen for the shoulder of this peak. The
same behavior was also observed for 0.4 wt% Fe (Fig. 5b).
Furthermore, the amount of H2 consumed up to 225 ◦C in the
TPR traces of Fig. 5, attributed mainly to reduction of PdO,
decreased substantially by increasing the Fe loading from 0.2
to 0.4 wt%. In addition, the total amount of H2 consumed in
the 25–825 ◦C range increased by 60% after the addition of
0.2 wt% Fe in PRCA (685 vs. 1096 µmol-H/gcat; see Fig. 5a),
but decreased substantially after the addition of 0.4 wt% Fe
(392 µmol-H/gcat; see Fig. 5b). These results are in harmony
with the XPS results presented next, which suggest deposition
of Fe on the Pd surface or in intimate contact with the latter,
and also with the OSC measurements, which showed a decrease
in the overall redox performance of PRCA when 0.4 wt% Fe
was deposited on the ceria–alumina surface (Fig. 1). On the
other hand, the TPR trace in the 600–825 ◦C range was af-
fected only slightly when 0.4 wt% Fe was added in the PRCA
solid (Fig. 5b), whereas a significant increase in the amount
of reducible oxygen species at temperatures above 600 ◦C was
observed for the 0.2 wt% Fe/PRCA solid. Significant changes
occurred in the TPR trace of Fe/CA with increasing Fe load-
ing from 0.2 to 0.4 wt% (compare the curves C in Figs. 5a and
5b). In particular, the amount of H2 consumed was found to be
744 µmol-H/g for the 0.2 wt% Fe/CA solid and 520 µmol-H/g
for the 0.4 wt% Fe/CA solid.

The foregoing remarks point out that iron at 0.2 and 0.4 wt%
affects Pd–O, Pd–O–Ce, and Fe–O–Ce bonding in different
ways. Even though doping of ceria lattice with Fe3+ was re-
ported after calcination at 1400 ◦C [22], whether this occurred
at the calcination temperature of 800 ◦C used in the present
work remains speculative. However, this possibility cannot be
excluded at least to a limited extent within the first subsurface
layers, given the high dispersion of iron oxide expected in the
Fe/PRCA solids.

The H2 TPR trace of 0.2 wt% Fe/CA (Fig. 5a, curve C) is
very broad. In the 450–825 ◦C range, a peak at 625 ◦C not seen
in the PRCA appeared. A second peak at 810 ◦C also appeared,
but it was larger than that seen in the PRCA. These results
indicate that Fe influences the reduction behavior of CeO2 in
the Al2O3–CeO2 support. The TPR trace of 0.4 wt% Fe/CA
(Fig. 5b, curve C) was largely different than that obtained over
the 0.2 wt% Fe/CA. In particular, a clear broad peak centered
at 450 ◦C not seen in the 0.2 wt% Fe/CA was obtained. In ad-
dition, the peak centered at 810 ◦C also seen in the 0.2 wt%
Fe/PRCA (Fig. 5a) was smaller here. Closer observation of the
broad reduction peak observed in the 225–625 ◦C range over
the 0.4 wt% Fe/CA solid reveals two shoulders at 300 and
525 ◦C. As discussed previously, these features are likely as-
sociated with reduction of Fe2O3 to Fe0.
3.4. XPS

Fig. 6a presents Pd 3d photoelectron spectra obtained in
the PRCA and 0.2 wt% Fe/PRCA solids after exposure to the
20% O2/He gas mixture at 500 ◦C for 2 h; Fig. 6b shows the
same after exposure to the 10% H2/He gas mixture at 300 ◦C
for 2 h after oxidation at 500 ◦C for 2 h. After oxidation of
PRCA and 0.2 wt% Fe/PRCA solids, the Pd 3d5/2 peak ap-
pearing at 337.6 eV (Fig. 6a) was attributed to Pd2+, whereas
after H2 reduction, this peak appearing at 335.5 eV (Fig. 6b)
was attributed to Pd0. These results indicate that Pd was fully
oxidized and reduced at the applied conditions. Note, however,
that in the H2 reduction of Fe/PRCA, the binding energy of Pd
3d3/2 peak shifted to a lower value (by 0.4 eV) with respect
to the value obtained in the PRCA solid (Fig. 6b), indicating
that reduction of Pd2+ was greater than that of PRCA. This
result was confirmed by the DRIFTS chemisorption of CO stud-
ies (see Section 3.5.3). In the Rh 3d5/2 photoelectron spectra
(not shown here), the peak centered at 309.7 eV was assigned
to Rh3+, whereas that at 307.2 eV was assigned to Rh0. The
addition of 0.2 wt% Fe in PRCA caused the binding energy
of Rh3+ to shift to a lower value (309.3 eV) after oxidation.
The same behavior was obtained when the 0.2 wt% Fe/PRCA
was subjected to the applied reduction conditions. These results
demonstrate that iron affects the electronic environment of Pd

Fig. 6. X-Ray photoelectron spectra of Pd 3d core level obtained over PRCA
and 0.2 wt% Fe/PRCA solids after treatment in 20% O2/He at 500 ◦C for
2 h (a), and after treatment in 10% H2/He at 300 ◦C for 2 h, following oxy-
gen treatment (b).
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and Rh surface atoms, in harmony with the H2 TPD results of
Fig. 4 (see Section 3.2).

In the Fe 2p3/2 photoelectron spectra, the situation is more
complicated. After oxidation of the 0.2 wt% Fe/PRCA solid at
500 ◦C, iron was found only in the Fe3+ oxidation state (Fe
2p3/2 peak at 711.1 eV). After H2 treatment at 300 ◦C, complete
reduction of Fe3+ to Fe0 was not obtained. Iron appeared in-
stead in two oxidation states, Fe3+ (55 at%) and Fe2+ (45 at%).
This surface iron composition does not correspond exclusively
to magnetite (FeO·Fe2O3). The surface after the given reduc-
tion conditions applied appeared more enriched in Fe2+ than
magnetite.

Table 3 reports the surface atom ratios of Ce/Al, Pd/Al,
Rh/Al, and Fe/Al for the PRCA and 0.2 wt% Fe/PRCA solids
after application of the aforementioned oxidation and reduc-
tion treatments. The surface atom ratios of Pd/Al and Rh/Al
decreased in the presence of iron; in particular, the Pd/Al ratio
decreased by 32% after oxidation and by 41% after reduction. It
is logical to suggest that this decrease may be due to deposition
of iron/iron oxide crystals on both the alumina and Pd surface
and, to a lesser extent, on the Rh surface. The presence of iron
in the PRCA also resulted in a lower Ce/Al surface atom ra-
tio after oxidation and reduction treatments. In particular, after
reduction, the Ce/Al ratio in the 0.2 wt% Fe/PRCA solid was
almost half that in PRCA. These results support the aforemen-
tioned observation that Fe was deposited not only on the noble
metal surfaces, but also on the support surface, as was also de-
duced from the H2 TPR experiments (Fig. 5). Liu et al. [45]
reported that Fe oxide can interact strongly with Pt, modifying
its electronic surface states. The XPS results of Fig. 6b support
that Fe has a similar influence on Pd. A previous study demon-
strated that adding a monolayer of Fe2O3 (2 wt%) in Pd/CeO2
significantly increased the rate of the WGS reaction [20]. It was
proposed that Fe can transfer oxygen from the iron oxide to the
precious metal (Pd), lowering the barrier for oxygen transfer be-
tween CeO2 and Pd, thereby enhancing the WGS reaction rate.
The main requirement for this mechanism is that Fe2O3 must be
in close contact with Pd on the surface of CeO2. These obser-
vations might also help explain the increased OSCC described
in Section 3.1.

3.5. In situ DRIFTS studies

3.5.1. Surface oxygen species
The thermal stability and isotopic exchange of surface

species formed on oxygen chemisorption at room tempera-
ture were studied by in situ DRIFTS. Binuclear oxygen species

Table 3
Surface atom ratios of Ce, Pd, Rh and Fe with respect to Al in the PRCA and
0.2 wt% Fe/PRCA catalysts derived from XPS analyses

Catalyst Pretreatment Ce/Al Pd/Al Rh/Al Fe/Al

PRCA O2/500 ◦C/2 h 0.071 0.038 0.0023 –
H2/300 ◦C/2 h 0.116 0.032 0.0023 –

0.2 wt% Fe/PRCA O2/500 ◦C/2 h 0.069 0.026 0.002 0.046
H2/300 ◦C/2 h 0.059 0.019 0.002 0.042
are involved in oxygen chemisorption and surface diffusion in
CeO2 [46]. These species can be viewed as either intermedi-
ates in the activation of oxygen on the ceria surface (storage)
or oxygen carriers throughout the oxygen surface diffusion
process [46]. It has been reported that oxygen adsorption on ce-
ria at 25 ◦C resulted in the appearance of a band at 1126 cm−1

characteristic of the formation of surface superoxide (16O2
−)

species [46–48].
In the present PRCA and 0.2 and 0.4 wt% Fe/PRCA solids,

after oxygen chemisorption at 25 ◦C, a combination of IR bands
in the 1250–1025 cm−1 range was observed due to the presence
of various adsorbed carbonate species. The latter formed as
a result of CO2 impurities in the 3% O2/Ar gas adsorption mix-
ture prepared in situ (using mass flow control valves) in a flow
panel. When preparing this mixture, only the Ar carrier gas was
passed through oxygen and water traps. Therefore, spectrum
deconvolution (curve fitting) was necessary to correctly quan-
tify the 16O2

− superoxide band and the corresponding bands of
the oxygen isotopic species. Fig. 7a presents the DRIFTS spec-
trum (in K-M units) recorded for the 0.2 wt% Fe/PRCA solid

Fig. 7. (a) In situ DRIFTS spectra recorded in the 1250–1000 cm−1 range over
the 0.2 wt% Fe/PRCA after O2 adsorption at 25 ◦C (3% O2/Ar gas mixture)
for 30 min followed by TPD in Ar flow (T = 125 ◦C). After spectrum decon-
volution (curve fitting), the superoxide (16O2

−) band centered at 1126 cm−1

is marked (shaded area). (b) Area band at 1126 cm−1 due to 16O2
− estimated

after oxygen chemisorption at 25 ◦C followed by TPD in Ar flow (125 and
225 ◦C) over PRCA, 0.2 and 0.4 wt% Fe/PRCA solids.
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at 125 ◦C in the 1250–1000 cm−1 range after O2 adsorption at
25 ◦C for 30 min followed by TPD in Ar flow. The fresh cat-
alyst sample was first pretreated in 20% O2/Ar at 550 ◦C for
2 h, and then cooled quickly to 25 ◦C in Ar flow. Deconvolu-
tion of the spectrum was done after considering the likely bands
arising from carbonate adsorbed species and the IR band of su-
peroxide (1126 cm−1) species of interest. Appropriate software
(Origin, version 6.0) was used to allow the number of bands
(Gaussian band shapes were used) and their position to vary, to
obtain the best fitting of the experimental IR spectrum recorded.
Similar procedures were also reported for the analysis of com-
plex NOx adsorption spectra [49]. Fig. 7a shows seven IR bands
that best describe the recorded spectrum; these bands are due to
(a) monodentate carbonates (1043 cm−1 [50,51]), (b) monoden-
tate/polydentate carbonates (1077 cm−1 [52,53]), (c) bridged
carbonates (1164, 1195, and 1223 cm−1 [51,54,55]), (d) poly-
dentate carbonates (1100 cm−1 [52,53]), and superoxides on
ceria (1126 cm−1 [46,48]). The area of the latter band is shaded
in Fig. 7a. IR bands due to superoxide species (1100–900 cm−1)
have also been reported for various other metal oxides [56].

By increasing the temperature under Ar flow (TPD run), the
amount of adsorbed 16O2

− species was significantly decreased,
with no superoxide species detected above 250 ◦C. Superoxide
species are characterized as “virtual” intermediates in the reoxi-
dation of CeO2−x , where electrons are progressively transferred
from the solid to the dioxygen molecule [57],

O2gas
1→ O2ads

2→ O2ads
−(superoxide)

3→ O2ads
2−(peroxide)

(9)
4→ 2Oads

− 5→ 2Olattice
2−.

Increasing temperature has been suggested to increase the rate
of desorption and transformation of superoxide species into
O2

2−, O−, and Olattice
2− according to the reaction path given

above and the results of previous studies [58].
Fig. 7b presents the area band at 1126 cm−1 associated with

16O2
− species, the thermal stability of which was recorded un-

der TPD in Ar flow at 25, 125, and 225 ◦C for the three solids in-
vestigated. IR bands recorded at 25 ◦C correspond to the end of
the oxygen chemisorption step, followed by a 5-min Ar purge.
The 1126 cm−1 band increased significantly after deposition of
0.2 wt% Fe in PRCA. In contrast, the addition of 0.4 wt% Fe
did not result in any further increase in 16O2

− concentration on
the ceria surface; rather, a decrease was obtained. As discussed
later in the paper (Section 3.5.2), the increased Fe loading at
the level of 0.4 wt% weakened the bond between superoxide
and the ceria surface, partially explaining the decreased popula-
tion of this species compared with 0.2 wt% Fe/PRCA solid. At
225 ◦C, only the PRCA solid surface populated a small amount
of superoxide species (Fig. 7b). These results illustrate that Fe,
particularly at 0.2 wt%, largely promoted the population of su-
peroxide species on ceria.

To the best of our knowledge, no previous studies have ad-
dressed the issue of whether superoxides can also be formed on
Fe2O3−x . We propose that the amount of iron oxide present on
the ceria surface regulates the bond strength and thermal stabil-
ity of superoxides and that the presence of iron oxide does not
create more oxygen vacancy sites (potential superoxide adsorp-
tion sites) in ceria.

Descorme et al. [46] found a good correlation of the OSC
measured at 400 ◦C on CexZr1−xO2 with the population of su-
peroxide species at 25 ◦C. They concluded that such species
are involved in the oxygen transport and storage on ceria. In the
present work, the increased OSC with increasing Fe loading
(wt%) in PRCA is in good agreement with the increase of the
superoxide IR band, supporting the interpretations given ear-
lier [46].

3.5.2. Oxygen isotopic exchange
After performing oxygen adsorption and exchange at 25 ◦C

(see Section 2.5), the superoxide species 16O2
−, 16O18O−, and

18O2
− potentially could be observed. Based on earlier studies

on 18O exchange in ceria [47,58,59], characteristic stretching
vibrational frequencies for 16O18O− and 18O2

− would be ex-
pected at around 1094 and 1062 cm−1, respectively. Two types
of oxygen-exchange mechanisms on metal oxide surfaces have
been suggested [60,61]. The first of these, termed simple het-
eroexchange, involves the participation of only one oxygen
atom of the oxide according to the following steps:
18O18O(g) + 16Os ⇔ 18O16O(g) + 18Os (10)

and
18O16O(g) + 16Os ⇔ 16O2(g) + 18Os. (11)

The second mechanisms, multiple heteroexchange, involves the
participation of two oxygen atoms of the oxide according to the
following steps:
18O18O(g) + 16O16Os ⇔ 16O2(g) + 18O18Os, (12)
18O16O(g) + 16O16Os ⇔ 16O2(g) + 16Os + 18Os, (13)

and
18O16O(g) + 18O18Os ⇔ 18O2(g) + 16Os + 18Os. (14)

Fig. 8 presents the evolution of IR bands of adsorbed 18O2
−

species at 1062 cm−1 and of adsorbed 16O2
− species at

1126 cm−1 [47,58], respectively, after 2 and 10 min of treating

Fig. 8. In situ DRIFTS spectra recorded in the 1250–1000 cm−1 range after
2 (—) and 10 (- - -) min of exchange of adsorbed 16O16O− species with gaseous
18O2 over the PRCA solid at 25 ◦C. The evolution of IR bands at 1062 cm−1

(18O2
−) and 1126 cm−1 (16O2

−) obtained after deconvolution (curve fitting)
was performed is indicated.
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the PRCA solid at 25 ◦C in the 3 mol% 18O2/He gas mix-
ture. A rapid increase in the 1062 cm−1 IR band occurred
after 2 min of exchange, but no further development was ob-
served after 10 min of exchange. At the same time, the IR band
at 1126 cm−1 decreased. The recorded spectra in the 1250–
1000 cm−1 range after 2 (—) and 10 (- - -) min of exchange (be-
fore deconvolution) are also shown. Clearly, the only part of the
IR band exhibiting a distinct increase is that due to the 18O2

−
superoxide species. This result confirms the accuracy of the de-
convolution analysis performed earlier. Note that exchange of
18O2(g) with carbonate-adsorbed species at 25 ◦C did not oc-
cur. Using a band centered at around 1094 cm−1 (16O18O−1) in
the deconvolution analysis shown in Fig. 8 could not produce
the observed experimental spectrum in the 1250–1000 cm−1

range, indicating that significant oxygen exchange occurred
via the multiple heteroexchange mechanism [Eq. (12)]. After
conducting 18O2 isotope-exchange studies over CeO2, MgO,
Al2O3, ZrO2, and CeO2–Al2O3, Martin et al. [58] concluded
that simple heteroexchange is the principal mechanism of oxy-
gen exchange on alumina, but that both simple and multiple
exchanges occur on ceria. On CeO2–Al2O3, the oxygen ex-
change process is more complex, and both mechanisms can
occur equally well.

Figs. 9a and 9b compare the development of the area band
due to 18O2

− and 16O2
− adsorbed species, respectively, ob-

tained in PRCA and 0.2 and 0.4 wt% Fe/PRCA solids after 2, 5,
and 10 min of treatment in 18O2/He at 25 ◦C. Adding 0.2 wt%

Fig. 9. Comparison of IR area bands at 1062 cm−1 (18O18O−) (a) and
1126 cm−1 (16O16O−) (b) as a function of Fe loading (x = 0.0, 0.2 and
0.4 wt%) and time in oxygen isotopic exchange at 25 ◦C recorded over the
PRCA solids.
Fe in PRCA significantly increased the formation of 18O2
−

species compared with that in PRCA (Fig. 9a), while at the
same time enhancing the depletion of 16O2

− (Fig. 9b). In con-
trast, adding 0.4 wt% Fe in PRCA resulted in a significant
decrease in the amount of exchangeable O2

− adsorbed species
compared with that obtained from adding 0.2 wt% Fe/PRCA
solid; however, the population of these species was still appar-
ently higher than that in PRCA solid. These results seem to
not support the view that Fe promotes the population of ad-
sorbed 16O2

− species by creating oxygen vacancy sites (i.e.,
adsorption sites of binuclear oxygen species). It seems rather
reasonable to suggest that an optimum Fe loading exists that en-
hances the overall rate of the oxygen multiple heteroexchange
mechanism. According to the XPS (Section 3.4), TPR (Sec-
tion 3.3), and TPD (Section 3.2) studies, the presence of Fe
alters the electronic environment of Pd, Rh, and CeO2 support
to some extent, likely enhancing oxygen diffusion on ceria and
decreasing the bond strength between binuclear oxygen species
and the ceria surface. Comparing the OSC results shown in
Figs. 1 and 9 may suggest that binuclear oxygen species par-
ticipate in the oxygen storage and release processes in PRCA
and Fe/PRCA solids, as has also been reported for CexZr1−xO2
solids [46].

3.5.3. CO and NO chemisorption at 25 ◦C
Fig. 10a presents in situ DRIFTS spectra recorded after

30 min of CO adsorption at 25 ◦C on PRCA and 0.2 wt%

Fig. 10. In situ DRIFTS spectra recorded after (a) CO, and (b) NO chemisorp-
tion at 25 ◦C over PRCA (—) and 0.2 wt% Fe/PRCA (- - -) solids. Adsorp-
tion conditions: 5% CO/Ar or 1% NO/Ar, Q = 30 NmL/min, W = 30 mg
(KBr/catalyst = 10/1 w/w). Pretreatment conditions: Oxidation (20% O2/Ar)
at 550 ◦C for 2 h followed by reduction (10% H2/Ar) at 300 ◦C for 2 h.



192 P.S. Lambrou, A.M. Efstathiou / Journal of Catalysis 240 (2006) 182–193
Fe/PRCA solids. It has been reported [62–66] that the stretching
ν(C–O) frequency is >2170 cm−1 for the M2+–CO adsorbed
species, 2160–2120 cm−1 for M+–CO, and <2100 cm−1 for
M–CO (M2+ and M+, metal cations; M, reduced metal surface
atoms). Weak bands in the 1800–1000 cm−1 range (not shown
in Fig. 10a) due to various carbonate-like species adsorbed on
CeO2–Al2O3 were observed [51,67]. The band at 2184 cm−1

(Fig. 10a) can be assigned to CO adsorbed on cationic Pd2+
species. This band was practically absent in the IR spectrum
obtained with the 0.2 wt% Fe/PRCA solid. This is in agreement
with the present XPS studies (Fig. 6b), which demonstrated
that iron in PRCA increases the number of Pd0 surface atoms
compared with PRCA after H2 reduction. A small IR band
at 2095 cm−1 (Fig. 10a) appearing in both solids can be as-
signed to linearly adsorbed CO on Pd0 [68–71]. The IR band
at 1980 cm−1 observed in both solids corresponds to adsorbed
CO-forming islands on the Pd surface [72] (every CO molecule
is bridged with two Pd0 atoms). The IR band at 1910 cm−1

is assigned to isolated Pd0–CO–Pd0 [73]; that at 1830 cm−1,
to bridged CO species on reduced Rh [74,75]. The concentra-
tions of the latter two adsorbed species appear to be greater in
0.2 wt% Fe/PRCA than in PRCA (Fig. 10a) solid, in agreement
with the fact that Fe promotes the reduced state of Pd and Rh in
the Fe/PRCA solid, according to our XPS studies (Fig. 6b).

Fig. 10b presents in situ DRIFTS spectra recorded after
30 min of NO adsorption at 25 ◦C on PRCA and 0.2 wt%
Fe/PRCA solids. The IR band at 1740 cm−1 was assigned to
linear NO on Pd0 [76], where its intensity becomes larger in
the 0.2 wt% Fe/PRCA solid. A similar result was also found
for CO chemisorption (Fig. 10a). The IR bands at 1693 and
1650 cm−1 were assigned to bent Pd–NO− [22] and to linear
Pd–NO− and Rh–NO− species [76], respectively. A shoulder
at 1795 cm−1 corresponded to NO adsorbed on Pd2+ [76], the
intensity of which hardly changed on the addition of 0.2 wt%
Fe in PRCA solid. These results are in harmony with the XPS
results (Fig. 6b), in which the presence of Fe in the PRCA
solid further facilitated the presence of a higher concentration
of reduced Pd0 after H2 treatment at 300 ◦C. Note that NO
can oxidize Pd0 to Pd2+ during adsorption at 25 ◦C by form-
ing N2O [77,78]. The fact that the shoulder at 1795 cm−1 was
rather small implies the small extent of this route. The very
small IR bands obtained at 1830, 1870, and 1915 cm−1 in the
0.2 wt% Fe/PRCA solid have been assigned to mononitrosyl
Fe2+(NO), dinitrosyl Fe2+(NO)2, and polynitrosyl Fe2+(NO)n
species, respectively [79]. As seen in Fig. 10, the intensities
of all previously mentioned IR bands increase when 0.2 wt%
Fe is deposited in PRCA, demonstrating that Fe affects the
chemisorptive properties of Pd and Rh with respect to NO and
CO chemisorption. At the same time, Fe creates new active sites
for adsorption and reduction of NO and adsorption and oxida-
tion of CO and C3H6, according to recent results obtained in
our laboratory, which we will report elsewhere [80].

4. Conclusion

The following conclusions can be derived from the results of
the present work:
(i) Fe deposited on a model TWC (Pd–Rh/CeO2–Al2O3) in
amounts between 0.1 and 0.3 wt% does not reduce the
oxygen storage capacity (OSC) of the catalyst. Instead, Fe
increases the catalyst’s OSC up to 40% in the 500–850 ◦C
range compared with the catalyst uncontaminated with Fe.
When the amount of Fe deposited increases to 0.4 wt%,
the OSC decreases but still remains larger than the OSC
measured over the uncontaminated with Fe catalyst.

(ii) The results of H2 TPD, H2 TPR, and XPS studies indicated
that iron in the Fe/PRCA solid was partly deposited on Pd
and Rh, as well as on the ceria component of support. An
electronic interaction was formed between noble metals
and Fe, which influences the redox properties of Pd and
Rh. The latter was also probed by in situ DRIFTS of CO
and NO chemisorption. The Ce–O–Ce bond strength was
also affected.

(iii) In situ DRIFTS studies indicated that iron significantly fa-
vored the formation of superoxide (O2

−) species on CeO2
when deposited on the PRCA catalyst at the 0.2 wt% level
and also, to a lesser extent, at the 0.4 wt% level. Increas-
ing the Fe loading from 0.2 to 0.4 wt% weakened the bond
strength of O2

− with the ceria surface.
(iv) Oxygen 18O2 isotopic exchange performed on the x wt%

Fe/Pd–Rh/CeO2–Al2O3 (x = 0, 0.2, 0.4) catalysts at 25 ◦C
demonstrated that oxygen exchange proceeded mainly
via the multiple heteroexchange mechanism. Furthermore,
adding Fe in the 0.2–0.4 wt% range influenced the rate of
binuclear 18O2

− species formation.
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