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Perovskite-supported Palladium for
Methane Oxidation — Structure-Activity
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Abstract: Palladium is the precious metal of choice for methane oxidation and perovskite-type oxides offer the
possibility to stabilize it as PdO, considered crucial for catalytic activity. Pd can adopt different oxidation and
coordination states when associated with perovskite-type oxides. Here, we review our work on the effect of
perovskite composition on the oxidation and coordination states of Pd and its influence on catalytic activity
for methane oxidation in the case of typical Mn, Fe and Co perovskite-based oxidation catalysts. Especially
X-ray absorption near edge structure (XANES) spectroscopy is shown to be crucial to fingerprint the different
coordination states of Pd. Pd substitutes Fe and Co in the octahedral sites but without modifying catalytic activity
with respect to the Pd-free perovskite. On LaMnO, palladium is predominantly exposed at the surface thus
bestowing catalytic activity for methane oxidation. However, the occupancy of B-cation sites of the perovskite
structure by Pd can be exploited to cyclically activate Pd and to protect it from particle growth. This is explicitly
demonstrated for La(Fe,Pd)O,, where catalytic activity for methane oxidation is enhanced under oscillating redox
conditions at 500 °C, therefore paving the way to the practical application in three-way catalysts for stoichiometric

natural gas engines.
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Introduction

Perovskite-type oxides of general for-
mula ABO,_,, where A is typically a lantha-
nide or alkaline-earth element in twelve-
fold coordination and B a transition metal
in sixfold coordination (BO, octahedra),
are mixed-oxide oxidation catalysts with
intriguing properties.l!] Substitution of ei-
ther the A- or B-site cation is considered a
suitable strategy to tune both the stability
to exposure to high temperature and the
efficiency for various catalytic reactions.
For some practical applications like car
exhaust aftertreatment where reductive
operation periods are periodically applied,
addition of a precious metal by the partial
substitution of B-site cation?! or by mix-
ing the perovskite-type oxide with a con-
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ventional non-perovskitic formulationl3!
results in suitable conversion efficiencies
of pollutants. The former situation is the
subject of this contribution. The protective
function of the perovskite-type oxide to-
wards particle growth of precious and tran-
sition metals was already recognized in the
early studies.[*! However, the structural re-
dox ‘breathing’ of a perovskite-type oxide
has provided renewed interest for the com-
bination with a precious metal, especially
where the precious metal is required for
low-temperature activity and for reduction
activity. Addition of Pd to LaFeO, gener-
ates a promising three-way catalyst for
the exhaust aftertreatment of gasoline en-
gines that was commercialized in Japan.[?!
Under the oscillating redox conditions
and after exposure to high temperature,
LaFeO, is able to avoid extensive Pd par-
ticle growth observed on the conventional
catalyst, a major source of efficiency loss
of automotive catalysts with mileage. Pd
can reversibly enter the perovskite lattice
under oxidizing conditions and exsolve
under reducing conditions. This strong
interaction was also exploited to develop
a PtO /LaFeO, catalyst for NO and N,O
reduction.B!

The scarce global oil reserves together
with the increasing number of vehicles
worldwide and the progressively severe
emission regulations call for alternative
fuels and as a consequence for targeted ex-
haust after-treatment technologies. In this
context, the Swiss Federal Laboratories

for Materials Science and Technology
(Empa) are developing mid-class passen-
ger vehicles based on the use of natural
gas (composed of >90% CH,). The current
commercial after-treatment technology for
stoichiometric natural gas fuelled engines
is based on three-way catalysts (TWC)
enriched in Pd, recognized as the major
active precious metal for CH, oxidation.
Beside CO and NO, pollutants, engine
CH, emissions need to be treated catalyti-
cally because of its larger global warming
potential than CO,.I! Since perovskite-
type oxides are excellent CH, oxidation
catalysts”l and are promising TWC of
natural gas engines when modified with
palladium,®] we have initiated a research
line directed towards the systematic un-
derstanding of the structure of precious
metal-substituted perovskite-type oxides
and its influence on catalytic activity for
the specific case of CH, oxidation as model
reaction. Against the background provided
by the work on LaFe ,Pd, O, . for gaso-
line vehicles, we have started to consider
the influence of the structure of Pd in the
same catalyst formulation but for CH, oxi-
dation under steady state and oscillating
redox conditions. Since LaFeO, is not very
active for CH, oxidation, the major ques-
tions are whether the protective function
exerted by the perovskite-type structure is
a general feature of typical oxidation cata-
lysts (ferrate, cobaltate and manganate)
and whether it can be exploited in the case
of natural gas operation. In this contribu-
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tion, we review our results obtained over
the past five years.

Where is Palladium?

Determination of the oxidation- and co-
ordination state of palladium in perovskite-
type oxides by XRD is difficult because of
the fine dispersion of the Pd-containing
phase and especially because of the over-
lap of the perovskite reflexes with those
of PdO. The oxidation and coordination
states of palladium are better investigated
using X-ray absorption near edge struc-
ture (XANES) spectroscopy, which is also
excellently suited for in situ studies. The
XANES spectra of two samples are pre-
sented in Fig. 1(a). La(Fe,Pd)O, was pre-
pared by the amorphous citrate method(!!]
by directly mixing La, Fe and Pd precursors
and citric acid, followed by drying on the
rotary evaporator and in the vacuum oven
at 70 °C and by calcination at 700 °C for
2 h.[% On the other hand, a second sample
designated as PdO/LaFeO, was prepared
by impregnation of LaFeO by keeping the
Pd loading at 2 wt%. Both spectra indicate
that palladium is oxidized. However, the
spectrum of PdO/LaFeQ, is very similar to
that of dispersed PdO on A1203. Therefore,
Pd in this sample is present on average as
Pd?** in square planar coordination as is the
case of Pd in PdO particles. This conclu-
sion is strongly supported by XPS.! Pd
exhibits different oxidation and coordina-
tion states in La(Fe,Pd)O,. The high en-
ergy edge position of the corresponding
XANES spectrum suggests that the oxida-
tion state is higher than in PdO/LaFeO, and
typical supported PdO. XPS results indi-
cate that Pd is in a higher oxidation state
than 2+. Additionally, the whiteline of the
XANES spectrum is very different from
that of PdO and presents a doublet (AE =
ca. 11 eV) that can be taken as the finger-
print of Pd occupying octahedral Fe sites
and therefore in octahedral coordination
inside the LaFeO, framework.”! The fol-
lowing evidence supports this conclusion.
The simulated spectrum of La(Fe,Pd)O,,
based on full multiple scattering theory[91
clearly shows the doublet observed in the
experimental spectrum (Fig. 1(a)). Further,
a similar XANES spectrum with the char-
acteristic doublet is observed for LaPdO,.
The origin of the peak 11 eV higher than
the whiteline was associated by Kim et al.
to a shake up process involving 1s—5p
transitions in the octahedral system,[!2]
but still deserves deeper investigation.
Additionally, the doublet is also observed
in the XANES spectra of the self-regenera-
tive catalyst (LaFe ,Pd O, .).l'*! though
the interpretation of the reversible change
of structure of Pd in oxidizing and reduc-
ing environments was based mainly on the
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Fig. 1. Transmission XANES spectra at the Pd K-edge of (a) La(Fe,Pd)O,, PdO/LaFeO and PdO/

ALO,;

(b) La(Mn,Pd)O, and La(Co,Pd)O,. The simulated spectrum of LaFe

O, |s also report-

095 005

ed in (a) for comparison. (c) Corresponding FT-EXAFS. Adapted from refs. [9] and [1 0].

shift of the Pd edge energy. The observa-
tion that also other elements in distorted
octahedral coordination display a doublet
in the whiteline of the XANES spectrum
supports our interpretation.!4

The nature of the different Pd species
identified using XANES can be further
verified by probing their stability under
reducing conditions, i.e. using hydrogen
temperature programmed reduction (H.-
TPR). Under H,-TPR conditions, PdO/
LaFeO, partly reduces already at room

temperature, which is typical of supported
Pd nano-particles (Fig. 2). At 300 °C, the
spectrum resembles that of metallic Pd
supported on conventional oxide supports.
In strong contrast, La(Fe,Pd)O, reduces
slowly and at 300 °C the XANES spectrum
does not present any evident feature of me-
tallic Pd. Reduction occurs as indicated by
the shift of the edge energy to lower values
(arrows in Fig. 2). The different reduc-
tion behaviour of La(Fe,Pd)O, is associ-
ated with the slow segregation of Pd and
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Fig. 2. Selected in situ transmission XANES spectra at the Pd K-edge during H,-TPR of PdO/
LaFeO, and La(Fe,Pd)O, (5 vol% H,/He). The arrows indicate the shift of energy upon reduction.

Adapted from ref. [9].
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Fig. 3. Methane oxidation activity profiles of (a) La(Fe,Pd)O,, PdO/LaFeO, and PdO/AIl,Q,, and (b)
La(Mn,Pd)O,, La(Fe,Pd)O, and La(Co,Pd)O, during a full heating-cooling cycle between 200 °C

and 900 °C. Adapted from refs. [9] and [10].

the formation of small Pd domains that do
not yet show the typical EXAFS oscilla-
tions of structured Pd nano-particles at this
temperature. The in situ XANES data well
reflect conventional H,-TPR experiments
showing a single reduction peak at 86 °C
and a broad one at 270 °C for PdO/LaFeO,
and La(Fe,Pd)O3, respectively. %]

The characterization data show that Pd
adopts at least two different oxidation and
coordination states in LaFeO, depending
on the different synthesis routes When the
Pd salt is added to the precursor solution of
the perovskite-type oxide, a solid solution
between LaFeO3 and Pd is formed, where
Pd is in distorted octahedral coordina-
tion and as a result of charge neutrality in
higher oxidation state than 2+. The formal
formula of this sample is LaFe , Pd 03055
On the other hand, when LaFeO, is im-
pregnated with the Pd salt, calcrnatron
generates supported PdO nano-particles
and therefore, Pd in the oxidation state
2+. Actually, we have shown by XANES
analysis that both Pd states populate PdO/
LaFeO,.! Thermal aging of PdO/LaFeO,
causes variations of the ratio between the
two observed Pd species.[15]

The observed Pd species demonstrate
different effects on the catalytic activity of
the two LaFeO,-based materials.”! It is im-
mediately evident from Fig. 3(a) that PdO/
LaFeQ, is more active at lower tempera-
ture than La(Fe,Pd)O, for methane oxida-
tion (O,/CH, = 4) durlng a full heating-
cooling cycle (200-900 °C). PdO exposed
on LaFeQ, is obviously the active phase In
contrast, the activity of La(Fe,Pd)O, is al-
mostidentical to that of LaFeO,. Therefore
octahedral Pd cannot sustain catalyt1c ac-

tivity in this temperature regime. Typically,
the activity of a perovskite-type oxide
above 500 °C is dictated by the oxygen
supplied by the perovskite lattice (intra-
facial mechanism).[!¢] Hence, Pd does not
modify this property upon incorporation in
the LaFeO, structure.

The cooling segment of the activity run
of Fig. 3(a) is indicative of strong struc-
tural modifications upon attaining high
temperature. The activity profile of PdO/
LaFeO, exhibits a loss of ca. 25% between
700 and 550 °C that is typical of the forma-
tion of metallic Pd. At high temperature,
PdO thermodynamically reduces to Pd°
even under oxidizing conditions, a pro-
cess that is well-known on conventional
Pd-based methane oxidation catalysts.[l7]
Pd re-oxidation upon cooling regenerates
the catalytic active PdO phase below 600
°C thus explaining the activity rise before

extinction. Interestingly, the same activity
profile is observed in the case of La(Fe,Pd)
O,. Assuming that the same reduction/
re-oxidation process described for PdO/
LaFeQ, is valid, we conclude that during
heating at temperatures above 700-800
°C octahedrally coordinated Pd segregates
at the LaFeO, surface as Pd” thus causing
the activity loss during cooling. At lower
temperature Pd° re-oxidation causes a
similar activity increase observed for PdO/
LaFeO,, but the gained activity is lower
than for PdO/LaFeO, because of the par-
tial re-incorporation of Pd into the LaFeO,
structure. The process may be partial be-
cause restoration of the LaFe ,Pd 0503
like structure upon reduction and re-oxi-
dation is temperature dependent: the lower
the re-oxidation temperature the lower the
fraction of octahedral Pd.[12]

Methane oxidation under lean condi-
tions is a suitable probe reaction for the
different Pd states. It allows structural
information to be drawn during the reac-
tion and it is a measure of the reactivity
of different precious metal species. Fig.
3(a) reveals that if the activity profile of
PdO/LaFeO, is compared to that of PdO/
ALQ,, a tenfold higher surface area cata-
lyst (Table 1), PdO/LaFeO, can be consid-
ered a good high temperature catalyst, but
still inferior to PdO/ceria-zirconia, for ex-
ample.!'8 LaFeO, retards the spontaneous
reduction of PdO the temperature range in
which the activity drop occurs is narrower
and the activity loss is reduced compared
to PAdO/ALO,. This function can be easily
attributed to the strong interaction between
palladium and LaFeO, that is reflected in
the small fraction of octahedral Pd pres-
ent in the sample. It can be speculated that
PdO particles obtained after calcination
are anchored to LaFeO, through the PdO,-
contarmng phase, 3! LaFeO providing a
reservoir for oxidized Pd in the high tem-
perature regime where re-incorporation is
still feasible.

Table 1. Physico-chemical properties of Pd-free and Pd-substituted LaMnO,, LaFeO, and

LaCoO,.

sample SSA [m?g]
LaMnO, 20
La(Mn,Pd)O, 12
LaFeO, 14
La(Fe,Pd)O, 14
PdO/LaFeO, 13
LaCoO, 6
La(Co,Pd)O, 9
PdO/ALO, 135

Pd content [wt%]* XRD?
_ pr
1.86 pr
_ po
1.95 po
1.98 po
_ pr
1.90 pr
2 PdO, y-ALO,

aDetermined by ICP-OES.®'% bp, perovskite; r, rhombohedral; o, orthorhombic.
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Oscillating Reaction Conditions

LaFeO, is not very active for methane
oxidation and improved catalytic activity
was found only upon addition of palladium
in the form of PdO particles. However, it
has been shown above that we have been
able to prepare a LaFe , Pd, .O.-like solid
solution that is homogeneous with respect
to the oxidation and coordination states
of Pd. The apparent activation pathway
shown in Fig. 3 indicates that it would be
meaningful to exploit this property de-
scribed for LaFe, Pd 0503+5~[2] Therefore,
La(Fe,Pd)O, was tested under redox os-
cillations (pulses of 60 s) at a representa-
tive temperature for automotive exhaust
after-treatment of natural gas engines (500
°C). Redox oscillations are severe in these
experiments, the target being the observa-
tion of structural changes associated with
activity variations upon pulsing rather than
working under realistic conditions of, for
example, high frequency oscillations (~1
Hz) and complex exhaust composition.!!

The in situ quick-EXAFS data collect-
ed for La(Fe,Pd)O, and PAO/Al,O, demon-
strate that at 500 °C palladlum 1n the two
catalysts periodically reduces and re-oxi-
dizes according to the oxygen concentra-
tion modulation (Fig. 4(a)). However, the
spectral changes are more important for
La(Fe,Pd)O,. In PAdO/ALQ,, the spectrum
obtained at the end of each O, pulse does
not coincide with the fully oxidized state
indicating that during the experiment the
oxidation state of Pd reduces. This is con-
firmed by the data obtained after treatment
using phase sensitive detection (PSD) to
improve the S/N ratio and to enhance the
subtle spectral changes induced by the
repeated redox pulsing.[!9201 The phase-
resolved spectra of both samples (Fig.
4(b)) show that the amplitude of the sig-
nal arising in correspondence with the Pd
edge (24.350 keV) of La(Fe,Pd)O, is twice
that of PdO/ALQO,. The amphtude of this
signal is proportlonal to the oxidation state
of the sample, its intensity coinciding with
the energy shift indicated by arrows in Fig.
2. The larger the difference between initial
and final oxidation state achieved during
the experiment, the larger the amplitude
change in the phase-resolved spectra. In
the case of PdO/ALQ,, this amplitude
change must correspond to the change
from reduced Pd to partially oxidized Pd,
the highest achievable oxidation state be-
ing 2+. However the time-resolved spectra
indicate that re-oxidation is not complete.
On the other hand, the intense edge energy
signal for La(Fe,Pd)O, can be associated
with the periodic reductlon to Pd° and re-
oxidation to an oxidation state that is larger
than 2+ and that possibly corresponds to 3+
as indicated for LaFe ,Pd O, .12 This
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the protective function of the perovskite
is at work under these conditions. Under
oxidizing conditions, metallic Pd is re-ox-
idized and the strong interaction between
the perovskite and the precious metal is
restored. The absence of such interaction
in the case of the alumina support prevents
Pd from returning to the original oxidized
state after every reduction pulse, thus caus-
ing the continuous reduction that at higher
temperature induces particle sintering.

The mass spectrometry (MS) data also
demonstrate that such reversible periodic
reduction/re-oxidation has positive effects
on catalytic activity for methane oxida-
tion. In correspondence with each pulse
the concentration of methane is transiently
reduced to a larger extent than at the end
of each pulse, which represents steady
state reaction conditions (Fig. 4(c)). This
is confirmed by the corresponding tran-
sient increase of the CO, concentration at
each pulse, which is not observed for PdO/
AlO,. Hence, the transient reduction and
re-oxidation of Pd in La(Fe,Pd)O, evident
from the QEXAFS data is associated with
a transient enhancement of catalytic ac-
tivity. The data obtained under periodic
reaction conditions indicate the need to
perform operando time-resolved measure-
ments under representative reaction condi-
tions in order to try to disclose the nature of
the possible transient species responsible
for this behaviour.

Typical Perovskite-type Oxidation
Catalysts

In contrast to LaFeO,, LaMnO, and La-
Co0, are excellent 0x1dat10n catalysts [1b]
LaMnO, was shown to surpass Pt/AlO, for
methane oxidation.?!1'The addition of Pd to
the perovskite structure can generate active
materials with similar properties to those
of LaFe 95Pd0 050 Pd- and Pt-substituted
LaCoQ, is promising for example for NO
reductlon by H,[22! and for the water gas
shift reaction,[?3] respectively Synthesis
of LaFeO, and LaMnO, using ultrasonic
spray combustlon (USC) indicated that
the oxidation and coordination states of
Pd might be different from those proposed
for LaFe ,Pd O, .4 Nishihata et al
reported the solubility regimes of Pd, Pt
and Rh in a number of perovskite-type for-
mulations.[?! They also demonstrated that
the self-regenerative property observed for
LaFe ,.Pd, O, was not valid for LaMnO,
and LaCoO, because of the irreversible re-
duction of the perovskite lattice at high
temperature.l?6! Based on the acquired
knowledge on the possible Pd species
present on La(Fe,Pd)O, using XANES,
La(Mn,Pd)O, and La(Co,Pd)O, were pre-
pared by the amorphous citrate method
and were characterized with respect to
the oxidation and coordination state of Pd
(Table 1).1101 The XANES spectra of fully
oxidized La(Mn,Pd)O, and La(Co,Pd)
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Fig. 5. Selected in situ fluorescence XANES spectra at the Pd K-edge during H,-TPR of (a)
La(Mn,Pd)O, and (b) La(Co,Pd)O, (5 vol% H,/He). The arrows indicate the shift of energy upon

reduction. Adapted from ref. [10].

O, samples display very similar features
to those of PdO/LaFeO, and La(Fe,Pd)
O,, respectively (Fig. l(b)) In particular
La(Co Pd)O, exhibits the same doublet of
La(Fe,Pd)O, thus indicating the presence
of distorted octahedrally coordinated Pd in
oxidation state larger than 2+. On the con-
trary, La(Mn,Pd)O, was characterized by
largely exposed PdO at the LaMnO, sur-
face. The clear Pd-O-Pd second shell con-
tribution appearing in the corresponding
FT-EXAFS data (Fig. 1(c)) confirms the
bulk character of the PdO particles. On the
contrary, both La(Fe,Pd)O, and La(Co,Pd)
O, present negligible contrlbutlon from
shells other than the first, thus indicating
the fine dispersion of Pd within LaFeO,
and LaCoO,.12"

Despite the large structural difference,
the reduction behaviour of La(Mn,Pd)O,
and La(Co,Pd)O, followed by XANES
is very similar (F1g 5). Reduction of
La(Co,Pd)O, occurs at lower temperature
compared to La(Fe,Pd)O, which is in con-
tradiction with the incorporation of Pd in
LaCoO, evident from the XANES data.
The contradiction is solved by comparison
with the conventional H,-TPR experiments
demonstrating that PdO and LaCoO, reduce
in the same temperature range. Because of
the simultaneous and synergic reduction of
LaCoO,, Pd segregates from the perovskite
structure at lower temperature.?7]

The different behavior of Pd when as-
sociated with Fe and Co or with Mn is at-
tributed to the difference of ionic radius
between the various cations and to the dif-
ferent chemistry and non-stoichiometry of

perovskite-type oxides.[!01 Possibly, also
the crystal structure can play a role. The
small Pd** cation can ideally fit in LaFeO,
and LaCoO structures, while Pd** is more
appropriate for LaMnO, thus providing Pd
segregation during synthes1s This copes
with the generally higher average oxida-
tion state of Mn in the perovskite structure
compared with that of Co or Fe.ll2]
Obviously, the manganate and cobal-
tate samples exhibited significantly differ-
ent catalytic activity for methane oxidation
under lean conditions as a consequence of
the different oxidation and coordination
states of Pd (Fig. 3(b)). Exposure of the
PdO phase on LaMnO, produced the best
low-temperature act1v1ty La(Co,Pd)O, dis-
played very similar activity to La(Fe, Pd)O
thus confirming the inactivity of Pd burled
in the perovskite lattice for this reaction.

Conclusions

Dispersed palladium on perovskite-
type mixed oxides is a potential catalyst
for three-way catalysis, where the oxida-
tion activity of the support is completed by
the reduction and the oxidation activity of
the precious metal. Our work shows that
the structure of the precious metal-based
catalysts needs to be carefully ascertained.
The solid solution between the perovskite-
type oxide and the precious metal is advan-
tageous for methane oxidation under lean
conditions only if the material is exposed to
temperatures above 700 °C. Generally, ox-
idation activity is determined by the mixed

metal oxide, but interactions between the
perovskite support and palladium reduce
the temperature range in which PdO is
thermodynamically instable thus retarding
PdO decomposition and aging phenom-
ena. The strong interaction between the
precious metal and the perovskite-type ox-
ide can be fruitfully exploited to grant en-
hanced redox activity that is characteristic
of three-way catalysts. We have shown that
such a possibility is strongly dependent on
perovskite composition and is not equally
valid for the three classes of materials dis-
cussed here. The origin of this difference
lies in the reducibility of the perovskite,
which is dependent on the nature of the se-
lected metal cations, including Pd.

Finally, it should be emphasized that the
intimate interaction between a perovskite
matrix and Pd is not a characteristic of
Pd only but can be associated with transi-
tion and coinage metals in a broader view.
Therefore, the ‘self-regenerative’ property
can be used in a wider application range
where other elements than precious metals
are used.[1al It certainly represents a fasci-
nating strategy to prepare catalysts with
new and unusual properties.
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