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The simultaneous reduction of NO and N2O has been investigated on Pt-based catalysts supported on c-
Al2O3 and perovskite materials (LaFeO3). Particular attention has been paid to the catalyst resistance to
thermal sintering processes occurring under reaction conditions at elevated temperature in the pres-
ence of oxygen and water. Bulk and surface modifications have been examined using appropriate phys-
icochemical techniques (H2-TPR, XPS, and HRTEM) and have been tentatively correlated to the catalytic
performances in terms of activity and selectivity. It has been found that a significant particle growth
occurs on 4 wt.% Pt/c-Al2O3 having a strong detrimental effect on the conversion of N2O at high tem-
perature. On the other hand, 4 wt.% Pt/LaFeO3 exhibits a higher resistance to thermal sintering. Such a
behaviour has been explained by the occurrence of strong metal/support interactions highlighted by
high resolution TEM observations. The formation of epitaxially oriented Pt particles on the LaFeO3 crys-
tal lattice during thermal activation, still observable after thermal ageing would partly explain the best
resistance of 4 wt.% Pt/LaFeO3 to deactivation towards the conversion of N2O at high temperature.
Hence, supported catalysts on LaFeO3 with lower Pt loading were prepared. It has been finally found
a striking enhancement of the catalytic performances, opening a new practical interest for minimising
the noble metal loading.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Noble metal-modified perovskites have been recently devel-
oped for post-combustion applications particularly under three-
way conditions [1]. In those typical cycling conditions, involving
alternative reductive and oxidative atmospheres, reversible
changes may occur at least at the surface with a partial reduction
of LaBO3 (with B = Fe, Co) into La2O3 and BOx followed by the res-
toration of the structural properties of the perovskite [1–3]. The
most important issue was presumably related to the consequences
of those structural changes on the chemical environment and the
oxidation state of noble metals. It was pointed out that noble metal
cations, localised in B sites of the perovskite structure, might go out
and segregate into metallic nanoparticles under rich conditions,
whereas reverse oxidation/re-dispersion processes with partial
inclusion of oxidic Pd species into the bulk perovskite would pref-
erentially occur under lean atmosphere. Those transformations
have been essentially characterised on Pd/LaCoO3 and Pd/LaFex-
Co1�xO3 [1–6] with the stabilization of oxidic palladium species
in unusual oxidation states. It was found that those modifications
ll rights reserved.
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are activated at the surface at mild temperature (T = 300 �C) and
induce significant improvements on the catalytic performances
(particularly the durability in three-way conditions) [1] because
the particle growth of noble metals is inhibited under such condi-
tions contrarily to usual observations on conventional alumina
supports. As previously explained, the importance of those phe-
nomena is mostly governed by the sensibility of perovskites under
reductive atmosphere and, also, the sensibility of noble metals to
oxidation under lean conditions. Recently, it was found that both
aspects determine the extent of re-dispersion of Pd impregnated
on LaCoO3. Pre-activation thermal treatments under successive
reductive and oxidative atmospheres lead to significant re-disper-
sion of oxidic Pd species during the reconstruction of the perov-
skite structure [5–7]. Recently, similar tendencies have been
reported on Pt/CeO2 [8] with the formation of surface nanocom-
posite oxide that involves the formation of a Pt–O–Ce bond, which
stabilises Pt against sintering and redisperses agglomerated Pt par-
ticles under oxidative conditions. Herein, we have examined the
behaviour of Pt supported on LaFeO3 in terms of catalytic perfor-
mances and resistance to particle sintering under reaction condi-
tions. It will be found that the catalytic performance in the
reduction of NO and N2O by hydrogen strongly depend on the
pre-activation thermal treatment, which might originate different
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surface reconstruction phenomena as those earlier reported on Pd/
LaCoO3.
2. Experimental

2.1. Catalyst preparation and characterisation

The preparation procedure of LaFeO3 was described elsewhere
[9,10] using a so-called sol–gel method involving a citrate route.
Iron and lanthanum nitrate salts were dissolved in the presence
of citric acid (CA) according to the molar CA/(Fe + La) ratio equal
to 1. The solvent was removed by heating at 60 �C under vacuum
until the formation of a gel. After drying at 80 �C, nitrates were
decomposed at 200 �C before calcination in air at 600 �C for 8 h.
LaFeO3 (25 m2 g�1) and c-Al2O3 (100 m2 g�1) were impregnated
by hexachloroplatinic acid solutions with adjusted concentrations
in order to obtain 4 wt.% Pt. The precursors thus obtained were cal-
cined in air at 400 �C and successively reduced at 300 �C in H2 over-
night. The samples were labelled, respectively, 4Pt/LaFe(C400) and
4Pt/LaFe(R300). The same nomenclature was adopted in the case of
Pt/c-Al2O3. Subsequent comparisons were achieved with a refer-
ence LaFe0.95Pt0.05O3, in which Pt was directly introduced during
the gel formation in order to obtain, after calcination at 600 �C,
well-dispersed oxidic Pt species in the bulk structure of LaFeO3.
The corresponding platinum loading was equal to 4 wt.%. This ref-
erence sample was labelled 4LaFePt(C600). Thermal-ageing proce-
dure was performed overnight, on reduced samples, under reactive
conditions as described in Fig. 1. Aged catalysts were labelled 4Pt/
LaFe(A500) and 4Pt/Al(A500). Hydrogen temperature-programmed
reduction (H2-TPR) was carried out in a Micromeritics Autochem II
2920 apparatus (5 vol.% H2/Ar). X-ray photoelectron spectroscopy
experiments (XPS) were performed using a Vacuum Generators
Escalab 220XL spectrometer. A monochromatized aluminium
source (1486.6 eV) was used for excitation. Binding energy (BE)
values were referenced to the binding energy of the C 1s core level
(285.1 eV). Simulation of the experimental photopeaks was carried
out using a mixed Gaussian/Lorentzian peak fit procedure accord-
ing to the software supplied by VG Scientific. Semi-quantitative
analysis accounted for a nonlinear Shirley background subtraction
[11,12]. Transmission electron microscopy (TEM) studies were per-
formed on a Tecnai 20 microscope operating at an accelerating
voltage of 200 kV, while high resolution TEM micrographs were re-
corded on a JEOL JEM-3010. Prior to TEM observations, samples
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Fig. 1. Experimental protocol for examining changes in the catalytic performances of Pt/A
prepared catalysts (TPR-1) and after thermal ageing (TPR-2) in reactive conditions 0.1 vo
(1) reduction in pure hydrogen.
were deposited from ethanolic solution onto holey-carbon copper
grids.

2.2. Catalytic measurements

Temperature-programmed experiments were performed in a
fixed-bed flow reactor using 0.7 g of pre-reduced catalysts in pow-
der form. The total flow rate was 15 L h�1, corresponding to a gas
hourly space velocity of approximately 10,000 h�1 calculated on
the basis of the volume of the catalytic bed. The reactant mixture
was typically composed of 1000 ppm N2O, 1000 ppm NO, 3 vol.%
O2, 0.5 vol.% H2O and 0.5 vol.% H2 as reducing agent. Inlet and out-
let gas mixtures were analysed with a lGC Varian CP-4900 chro-
matograph fitted with two thermal conductivity detectors and a
Balzer mass spectrometer for the detection and the quantification
of NO2. Prior to quantification, reactants and products were sepa-
rated on two 5-Å molecular sieve and poraplot Q columns. The
temperature was gradually increased during temperature-pro-
grammed experiments with a constant heating rate of 3 �C min�1.
As shown in Fig. 1, as-prepared and aged catalysts were systemat-
ically pre-reduced in H2 at 300 �C before temperature-
programmed reaction (TPR-1 and TPR-2).

3. Results and discussion

3.1. Reducibility of oxidic Pt species dispersed on as-prepared and aged
Pt/LaFeO3

The reducibility of LaFeO3 and 4Pt/LaFe(C400) catalysts is illus-
trated in Fig. 2. H2-TPR experiments were also repeated on 4Pt/La-
Fe(A500) after thermal ageing. As exemplified, no significant
hydrogen uptake is noticeable on LaFeO3. Parallel XPS and XRD
measurements (results not shown) showed that Fe3+ remains un-
changed inside the perovskite structure up to 700 �C. Deviation
of the TCD signal is noticeable in Fig. 2b on Pt/LaFe(C400) with a
maximum at 128 �C. H2 consumption has been essentially ascribed
to the reduction of oxidic Pt species. The calculation of the atomic
H/Pt ratio (3.8) indicates the preferential stabilisation of PtO2 spe-
cies on LaFeO3 after calcination in air. H2-TPR experiments were
also performed on 4Pt/Al(C400) leading to a lower atomic H/Pt ra-
tio (3.0), which suggests a preferential stabilisation of Pt2+ as PtO
contrary to 4Pt/LaFe(C400). Similar experiment on 4Pt/LaFe(A500),
reported in Fig. 2c, shows a shift of the H2 consumption profile to
TPR-2

e/h
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24 36 

l2O3 and Pt/LaFeO3 after thermal ageing: temperature-programmed reaction on as-
l.% N2O, 0.1 vol.% NO, 3 vol.% O2, 0.5 vol.% H2O, 0.5 vol.% H2 overnight (step 2) – step
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Fig. 2. H2-temperature-programmed reduction on LaFeO3, 4 wt.% Pt/LaFeO3 and
LaFe0.95Pt0.05O3: LaFeO3 (a); 4Pt/LaFe(C400) (b); aged 4Pt/LaFe(A500) (c); sol–gel
4LaFePtO3(C600) (d).
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Fig. 3. TEM micrographs of an as-prepared 4Pt/Al(R300) sample (a); of an aged 4Pt/Al(A5
4Pt/Al(A500R300) (h) samples are presented. For each histogram, 500 particles have be
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higher temperatures accompanied with a lower value for the atom-
ic H/Pt ratio (2.7). Such a variation may have different significances
associated with an incomplete bulk re-oxidation of metallic Pt par-
ticles during thermal ageing under lean conditions, the formation
of less reducible oxidic Pt species due to partial diffusion inside
the bulk structure of LaFeO3 [5,6] and/or a preferential stabilisation
of Pt2+ at the expense of Pt4+ as above-mentioned on alumina. It is
worthwhile to note that the reference 4LaFePt(C600) behaves dif-
ferently with the appearance of two H2 consumption domains
characterised by maxima at 207 and 481 �C, which largely exceed
the theoretical H2 uptake needed for a complete reduction of PtO2

to Pt0 (H/Pt = 13.6). Two comments may arise from these observa-
tions related to the fact that Pt inclusion in the perovskite structure
drastically enhances its reducibility and the lack of observation of
reduction processes at high temperature on 4Pt/LaFe(A500) sug-
gests that no significant diffusion of oxidic Pt species into the bulk
structure of LaFeO3 occurs during thermal ageing.
3.2. Transmission electronic microscopy (TEM) observations

TEM images have been recorded on Pt supported on Al2O3 and
on LaFeO3 and representative micrographs of the catalysts after
different thermal treatments are reported in Figs. 3 and 4. Small
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metallic Pt particles are observable on 4Pt/Al(R300) in Fig. 3a with
a mean diameter of 1.2 nm estimated from the particle size distri-
bution (see Fig. 3c). Thermal ageing leads to drastic changes with
the appearance of a bimodal distribution. The presence of metallic
Pt particles, smaller than 1.5 nm, is still observed on 4Pt/
Al(A500R300) with a mean particle size of 0.9 nm. However, suc-
cessive thermal treatments also lead to the formation of larger par-
ticles in the range 5–30 nm, with a mean diameter of 15 nm. TEM
micrographs on Pt/LaFeO3 in Fig. 4 reveal different information.
The orthorhombic phase of LaFeO3 is observed and identified from
measurements in HRTEM of the lattices fringes of the (2 0 0),
(0 0 2), (1 1 1) and (2 0 2) crystal planes characteristic of this struc-
ture (respectively, 2.778 Å, 3.929 Å, 3.514 Å and 2.269 Å). However,
heterogeneous spatial distribution of platinum particles is noticed
on the perovskite support irrespective of the nature of the thermal
treatment with areas without any particles, whereas other parts
are densely populated with small Pt particles exhibiting a particle
diameter smaller than 4 nm (Fig. 4a–c). Very few large particles
with a diameter around 10–20 nm are also present. The lattice
fringes measured on the different particles correspond to the
(1 1 1) planes of metallic platinum, whatever the particle size
and independently of the thermal treatment nature (oxidative or
reductive atmosphere). Moreover, the particle size distributions
from the different 4 wt.% Pt/LaFO3 samples (Fig. 4d) appear to be
monomodal with mean particle sizes of 1.5 nm, 1.6 nm and
1.1 nm for, respectively, 4Pt/LaFe(R300), 4Pt/LaFe(A500) and 4Pt/
(d)
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Fig. 4. TEM micrographs of as-prepared 4Pt/LaFe(R300) sample (a); an aged 4Pt/LaFe(A5
the 4Pt/LaFe(R300) (j), 4Pt/LaFe(A500) (h) and 4Pt/LaFe(A500R300) ( ) samples are p
LaFe(A500R300), confirming that the platinum particles do not sin-
ter during these successive thermal treatments. Furthermore, 4Pt/
LaFe(A500R300) is characterised by a narrower size distribution
with a mean size of 1.1 nm against 1.5 nm on 4Pt/LaFe(R300),
which may reflect the involvement of re-dispersion processes of
Pt at the surface as previously demonstrated with Pd supported
on LaCoO3 [5,6]. It has been found that reconstruction phenomena
are mainly governed by surface reduction/oxidation processes acti-
vated under successive reductive and oxidative atmospheres,
respectively. As a result, partial incorporation of isolated oxidic
Pd species in the bulk structure of LaCoO3 was previously observed
after reconstruction [6,7]. Nevertheless, those processes were dri-
ven by significant structural changes, which have not been ob-
served on LaFeO3 due to its weak reducibility. The highest
strength of Pt particles than Pd to bulk oxidation illustrated from
H2-TPR experiments, in agreement with TEM observations, would
also inhibit those possible structural modifications. As seen in
Fig. 4b, clear identification of Pt particles from the contrast with
the support can be achieved on 4Pt/LaFe(A500), which underlines
that even under oxidative conditions and at high temperature,
the metallic character of Pt would be preserved, oxidation pro-
cesses being strictly limited to the first layers of metallic Pt parti-
cles. In order to get a better understanding of this behaviour,
particular attention has been paid to possible interactions of Pt
particles with the support. Among the observed particles, HRTEM
micrographs recorded on 4Pt/LaFe (R300) show a preferential
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Fig. 5. HRTEM images from Pt particles on as-prepared 4Pt/LaFe(R300) sample (a); on an aged 4Pt/LaFe(A500) sample (b) and on an aged 4Pt/LaFe(A500R300) sample (c). The
lattice fringes of the Pt particles and of the LaFeO3 support show a preferential orientation of Pt particles on the orthorhombic structure of the LaFeO3 support. The Pt(1 1 1)
crystal planes tend to be parallel to the low index lattice planes of the LaFeO3 structure.
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Fig. 6. XPS Spectra of Pt 4d on 4 wt.% Pt/Al2O3: 4Pt/Al(C400) (a), 4Pt/Al(R300) (b),
and 4Pt/Al(A500R300) (c).
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orientation of the (1 1 1) crystal planes of the Pt particles parallel
to the different low index (2 0 0), (1 1 1), (0 0 2) and (2 0 2) planes
characteristic of LaFeO3 orthorhombic structure (see Fig. 5). Similar
observations were repeated on 4Pt/LaFe(A500) and 4Pt/La-
Fe(A500R300), which emphasise the fact that these small metallic
Pt particles strongly interact with the support even after subse-
quent thermal treatments. These preferential orientations towards
the support would be able to protect them from thermal sintering
processes under lean conditions.

3.3. Surface analysis by XPS and correlation with H2-TPR and TEM
observations

XPS analysis was performed in order to compare the character-
istic BE values of metallic and oxidic Pt species according to the
nature of the support and the thermal treatments. Pt 4d photopeak
instead of Pt 4f core level was examined on Pt/Al2O3 due to the
overlapping between Pt 4f and Al 2p photopeaks. Pt 4d spectra
on 4Pt/Al(C400), 4Pt/Al(R300) and 4Pt/Al(A500R300) and BE values
are reported in Fig. 6 and Table 1, respectively. All characterised
the preferential stabilization of Pt2+ possibly as PtO on 4Pt/
Al(A300) according to literature data reported elsewhere [13].
Comparable BE values characterise 4Pt/Al(R300) and 4Pt/
Al(A500R300), which can be ascribed to the presence of metallic
Pt species covered by chemisorbed O atoms due to storage in ambi-
ent atmosphere after reduction. The most important observations
are probably related to a significant decrease in the surface atomic
Pt/Al ratio from 0.13 to 0.05 after thermal ageing associated to par-
ticle sintering in accordance with TEM observations reported in
Fig. 3. As illustrated in Fig. 7, particular attention has been paid to-
wards the Pt 4f core level on 4Pt/LaFeO3. Pt 4f 7/2 photopeak re-
corded on 4Pt/LaFe(C400) in Fig. 7a is characterised by a main



Table 1
XPS analysis of Pt/Al2O3 and Pt/LaCoO3 after exposure under oxidative and reductive conditions.

Catalysts BE (eV) Surface compositionb Bulk composition H2 uptakea (lmol g�1 catal.) H/Pta

Pt 4d 5/2 Pt 4f 7/2 Pt/Al Pt/La Fe/La Pt/M (M = Al or La)

4Pt/Al(C400) 317.0 0.018 0.011 309 3.0
4Pt/Al(R300) 314.9 0.013
4Pt/Al(A500R300) 314.9 0.005
4Pt/LaFe(C400) 75.0 0.15 0.80 0.052 393 3.8
4Pt/LaFe(R300) 72.5 0.10 0.82
4Pt/LaFe(A500R300) 72.1 0.11 0.78
4LaFePt(C600) 74.5 0.097 0.56 0.052 1399 13.6
0.5Pt/LaFe(C400) 74.7 0.032 0.74 0.006 52 4.1
0.5Pt/LaFe(R300) 72.5 0.030 0.70
0.5Pt/LaFe(A500R300) 72.0 0.027 0.78

a Calculated from H2-TPR experiments.
b Relative accuracy ±20%.
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Fig. 7. XPS spectra of Pt 4f on 4 wt.% Pt/LaFeO3: 4Pt/LaFe(C400) (a), 4Pt/LaFe(R300)
(b), 4Pt/LaFe(A500) (c), and 4Pt/LaFe(A500R300) (d).
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Fig. 8. Decomposition of the XPS Pt 4f photopeak recorded on 4Pt/LaFe(A500).

Table 2
Estimation of the relative surface composition of oxidic Pt species stabilised in
different oxidation states.

Catalysts Relative surface composition H/Pta H/Ptb

Pt0 Pt2+ Pt4+

4Pt/LaFe(C400) 0 0.15 0.85 3.8 3.8
4Pt/LaFe(R300) 0.09 0.80 0.11
4Pt/LaFe(A500) 0.07 0.44 0.49 2.7 2.7
4Pt/LaFe(A500R300) 0.07 0.88 0.05

a Estimated from the relative concentration of Pt4+, Pt2+ from deconvoluted XPS
spectra.

b Calculated from H2-TPR experiments.
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contribution on the overall spectrum at 75.0 eV corresponding to
the characteristic binding energy of Pt4+ in PtO2 [13]. Let us notice
that those spectral features support H2-TPR measurements with
the preferential stabilisation of Pt2+ on alumina whereas Pt4+ pre-
dominates on 4Pt/LaFe(C400) coexisting with Pt2+ in significant
lower concentration. Now, regarding 4Pt/LaFe(R300), a shift of
the Pt 4f 7/2 photopeak to lower BE values at 72.5 eV reflects an
extensive reduction of oxidic Pt species into metallic Pt particles
in agreement with H2-TPR, which characterised a complete reduc-
tion of oxidic Pt species in those temperature conditions. Neverthe-
less, the corresponding BE value is higher than the usual value
listed in the literature for Pt0 (71.0 eV [13]), which may suggest
the existence of peculiar interactions between Pt0 and LaFeO3

and/or disturbance on the electronic properties of Pt due to the
electron withdrawing effect from chemisorbed hydroxyl groups
and/or O atoms on Pt0 after exposure in air [13]. Let us now exam-
ine XPS measurements on 4Pt/LaFe(A500) after exposure overnight
at 500 �C under reactive mixture (spectrum c) and on 4Pt/La-
Fe(A500R300) (spectrum d). In the former case, thermal ageing in
lean conditions in the presence of O2 excess leads to the develop-
ment of a major contribution at 74.9 eV, in line with the value ob-
tained on 4Pt/LaFe(C400). Parallel to that observation, a minor
contribution is discernible at 72.5 eV as previously discussed and
representative of metallic Pt0 covered by O atoms and/or the stabi-
lisation of PtO film at the topmost surface. This emphasises the fact
that an extensive surface re-oxidation takes place but a complete
re-oxidation seems to be ruled out in agreement with H2-TPR
and TEM observations. Subsequent reduction in H2 leads to the res-
toration of the metallic character of Pt. Worth noting that a slightly
lower BE value at 72.1 eV is observed in comparison with that
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recorded on 4Pt/LaFe(R300), which could suggest that the
electronic properties of Pt are not completely restored after
oxidative/reductive cycles on 4Pt/LaFe(A500). Nevertheless, the
most prominent information on 4Pt/LaFe(A500) and 4Pt/La-
Fe(A500R300) is probably provided by the quantitative analysis
in Table 1. As indicated, it is gratifying to note only slight changes
in the atomic Pt/La ratio within the margin of error, highlighting
the absence of significant Pt particle sintering in agreement with
TEM observations contrarily to 4Pt/Al(A500R300).
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A systematic decomposition of the XPS Pt 4f 7/2 peaks was per-
formed on 4 wt.% Pt/LaFeO3. Fig. 8 presents typical decomposition
spectra recorded on 4Pt/LaFe(A500) after ageing. The decomposi-
tion of the Pt 4f 7/2 photopeak provides three different contribu-
tions with maxima at 71.3 eV, 72.2 eV and 74.0 eV. The former
BE value mainly characterises metallic Pt, whereas the latter ones
would correspond to Pt2+ and Pt4+, respectively. Nevertheless, it
seems obvious that the BE values are lower than those currently
reported for Pt2+ (73.6–74 eV [13]) and Pt4+ (74.8 eV) stabilised in
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bulk PtO and PtO2. As previously argued, those values may also re-
flect the stabilisation of a PtO and/or PtO2 monolayer on Pt0 parti-
cles or the presence of subsurface oxygen species. Hence, these
decompositions allowed us to estimate the relative amount of each
Pt species at the surface according to the thermal treatment proce-
dure in reductive or oxidative atmosphere. Results are reported in
Table 2. It is interesting to note that bulk and surface compositions
are quite similar on 4Pt/LaFe(C400) with an estimate of the surface
atomic H/Pt ratio, from the relative Pt2+ and Pt4+ concentration
from deconvoluted Pt 4f spectra, comparable to that of bulk H/Pt
value provided by H2-TPR experiments. Interestingly, no significant
change seems to occur on 4Pt/LaFe(R300) and 4Pt/LaFe(A500R300),
which would suggest that reversible changes would take place
during successive oxidative and reductive thermal treatments.
The slightly lower concentration of Pt4+ on 4Pt/LaFe(A500R300)
seems to be in agreement with the lower BE value. Regarding
4Pt/LaFe(A500), thermal ageing under lean conditions induces a
significant re-oxidation of metallic Pt particles, which could not
be limited to the extreme surface accompanied with a significant
increase in the Pt4+ concentration. These observations seem consis-
tent with those provided by Hatanaka et al. on Pt/CeO2 [8]. Ther-
modynamic calculations suggest that bulk re-oxidation of
metallic Pt particle to PtO and PtO2 should be restricted at high
temperature under oxidative conditions if there is no interaction
between Pt and the support. In fact, these authors explained the
discrepancy between predictions and experimental by the forma-
tion of strong metal/support interactions between oxidic Pt species
and CeO2. Hence, the formation of a Pt–O–Ce bond would decrease
the total energy of Pt/CeO2 and then stabilise dispersed Pt species
on the support. Similarly, stronger interactions between Pt and
LaFeO3 are expected and previously characterised by epitaxially
oriented Pt particles on the LaFeO3 crystal lattice. According to
those explanations, the greater stabilisation of Pt4+ species on Pt/
LaFe(C400) than on Pt/Al(C400) could be also related to stronger
metal/support interactions.

3.4. Catalytic performance of Pt/LaFeO3 in the simultaneous reduction
of NO and N2O by H2

The reduction of NO and N2O by H2 reaction was examined in
the presence of 3 vol.% O2 and 0.5 vol.% H2O, which are known to
induce strong inhibiting effects on the reaction. The kinetic behav-
iour of Pt-supported catalysts may also be altered in the presence
of hydrogen. Typically, the following set of target reactions yield-
ing nitrogen can be considered [14]:

2NOþ 2H2 ¼ N2 þ 2H2O ð1Þ
N2OþH2 ¼ N2 þH2O ð2Þ

Side reactions might also occur:

2NOþH2 ¼ N2OþH2O ð3Þ
2NOþ 5H2 ¼ 2NH3 þ 2H2O ð4Þ
2NOþ O2 ¼ 2NO2 ð5Þ
2H2 þ O2 ¼ 2H2O ð6Þ

Generally, noble metals [15], particularly Pt, are recognised as
none selective with reaction (6) promoted at the expense of reac-
tion (1). At low NO conversion regime, incomplete NO reduction
yielding N2O according to reaction (3) might occur. Additional
competitive oxidative reactions might also take place such as the
catalytic oxidation of NO to NO2, which usually leads to the subse-
quent stabilisation of nitrate species on the support [5,6]. Previous
investigations also suggested the involvement of gaseous oxygen
in the overall reduction of NO to nitrogen on Pt/MgO–CeO2 [16]
and Pt/LaCeMnO3 [17,18] according to Eqs. (7) and (8),
2NOþ 4H2 þ O2 ¼ N2 þ 4H2O ð7Þ
2NOþ 3H2 þ O2 ¼ N2Oþ 3H2O ð8Þ
which suggest the participation of ad-NOx species stabilised on the
support as possible intermediates in the reduction of NO to
nitrogen.

Catalytic measurements were performed on pre-reduced sup-
ported Pt catalysts on c-Al2O3 and LaFeO3 in pure H2 at 300 �C.
The procedure described in Fig. 1 was implemented for the evalu-
ation of the catalytic performances. As explained, TPR-1 and TPR-2
were performed, respectively, on as-prepared and aged catalysts
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previously reduced in H2 at 300 �C prior to temperature-pro-
grammed reactions. TPR experiments were also repeated on aged
catalysts without any reductive post-treatment in H2 (TPR-3).
TPR conversion curves recorded on 4 wt.% Pt/Al2O3 and on 4 wt.%
Pt/LaFeO3 are reported in Figs. 9 and 10, respectively. In all cases,
no significant ammonia formation was observed. Similar results
have already been observed in the presence of an excess of oxygen
and are related to the usual strong O2 adsorption over noble metals
with usual high chemisorbed O coverage and higher relative rates
of steps associated to the formation of water between H2 and
chemisorbed O atoms [19]. As illustrated in Fig. 9A(a), two NO con-
version ranges arise on 4Pt/Al(R300). A narrow conversion range at
low temperature with a maximum NO conversion of approxi-
mately 78% leads to the preferential formation of N2O according
to reaction (3), whereas the simultaneous reduction of NO and
N2O into nitrogen takes place above 380 �C. Let us mention that
the formation of NO2 has not been detected on 4Pt/Al(R300). Dif-
ferent behaviour characterises 4Pt/Al(A500R300) as illustrated in
Fig. 9B. Catalytic features are summarised in Table 3. As observed,
noticeable changes take place at high temperature showing the
detrimental effect of a thermal ageing in the simultaneous reduc-
tion of N2O into nitrogen. Changes in the selectivity behaviour
are also observed and linked with an extra conversion of oxygen
correlated to the production of NO2. Surprisingly, the low temper-
ature NO conversion broadens with conversion starting at lower
temperature and a maximum NO conversion of 95% below
100 �C. It is remarkable that this gain in NO conversion is not
accompanied with correlative enhancement in nitrogen produc-
tion, as shown in Table 3.

Catalytic performances recorded on 4Pt/LaFe(R300) (TPR-1),
4Pt/LaFe(A500) (TPR-3) and 4Pt/LaFe(A500R300) (TPR-2) are re-
ported in Fig. 10. Clearly, those catalysts are less active than
4 wt.% Pt/Al2O3 irrespective of the thermal treatment particularly
at low temperature. This tendency is probably due to lower Pt dis-
persion on perovskite, with the coexistence of small and large Pt
particles, this support material exhibiting specific surface area four
times lower than that of c-Al2O3. Now, the relative comparison of
NO conversion profiles on 4Pt/LaFe(R300) and 4Pt/LaFe(A500R300)
shows the same tendency with a rate enhancement of NO conver-
sion at low temperature after ageing. Nevertheless, the high tem-
perature NO conversion range does not seem to be altered and is
not accompanied with changes of the selectivity in favour of the
formation of NO2 on 4Pt/LaFe(A500R300) contrarily to 4Pt/
Al(A500R300). As a matter of fact, the more significant changes
are noticeable on 4Pt/LaFe(A500) from TPR-3. As seen in Fig. 10a,
a broader low-temperature conversion range is observable with a
maximum conversion exceeding those previously obtained on
4Pt/LaFe(R300) and 4Pt/LaFe(A500R300) (91% vs. 56% and 82%,
Table 3
Catalytic performance of Pt/Al2O3 and Pt/LaFeO3 at low temperature for the NO
reduction by H2 to N2 and N2O.

Catalyst T
(�C)

XNO

(%)
SN2

(%)
TM

a

(�C)
XNO

b

(%)
SN2

c

(%)

4Pt/Al(R300) 90 52 25 102 75 25.9
4Pt/Al(A500R300) 38 51 0 65 95 23.5
4Pt/LaFe(R300) 100 49 55.7 115 56 53.7
4Pt/LaFe(A500) 50 60 – 67 91 16.5
4Pt/LaFe(A500R300) 45 53 29.2 56 82 28.8
0.5Pt/LaFe(R300) 120 47 31.9 147 87 36.9
0.5Pt/LaFe(A500) 120 31 34.2 147 89 34.3
0.5Pt/

LaFe(A500R300)
129 28 57 155 100 40.3

a Temperature at the maximum NO conversion.
b Maximum NO conversion.
c Selectivity at the maximum NO conversion.
respectively). On the other hand, a detrimental effect on the selec-
tivity to the formation of nitrogen is remarkable as seen in Table 3.
Moreover, the formation of NO2 intensifies above 300 �C. All those
observations underline the beneficial effect of the post-reductive
thermal treatment after ageing and the poorest selectivity of 4Pt/
LaFe(A500) towards to formation of N2 being presumably associ-
ated with the greater amount of Pt4+ formation at the surface. This
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is clearly illustrated in Table 3, with significant enhancement in N2

production on 4Pt/LaFe(A500R300) in comparison with 4Pt/
LaFe(A500).

In the light of those observations, the stabilisation of the disper-
sion of noble metals over perovskite-based materials offers new
perspectives with the opportunity to lessen noble metal loadings
without altering the number of accessible sites because of a strong
attenuation of thermal sintering processes. In order to verify such a
hypothesis, the catalytic performance of 0.5 wt.% Pt/LaFeO3 has
been examined. Additional bulk and surface characterisation of
as-prepared and aged catalysts from H2-TPR and XPS experiments
agree with previous tendencies reported on 4 wt.% Pt/LaFeO3

showing a more accentuated stabilisation of well-dispersed Pt spe-
cies on LaFeO3 than on alumina. As seen in Table 1, a slight increase
in the atomic H/Pt suggests a greater stabilisation of Pt4+ species on
0.5Pt/LaFeO3(C400) than on 4Pt/LaFe(C400), which might reflect
more extensive metal/support interactions as earlier discussed.
Such an explanation is supported by XPS measurements based on
the comparison of the atomic Pt/La ratios. As exemplified in Table
2, the relative decrease in the Pt/La values with respect to the cal-
cined precursors (0.5 and 4Pt/LaFe(C400)) attenuates on 0.5 wt.%
Pt/LaFeO3 (16% vs. 27% on 4 wt.% Pt/LaFeO3), which reflects a great-
er stabilisation of well-dispersed Pt particles.

Temperature-programmed conversion and concentration
curves vs. temperature are reported in Fig. 11 on 0.5Pt/LaFe(R300)
(TPR-1), 0.5Pt/LaFe(A500) (TPR-2) and 0.5Pt/LaFe(A500R300) (TPR-
3). Interestingly, the NO/H2 reaction takes place in a broader low-
temperature range than on 4Pt/LaFe(R300) with a maximum NO
conversion of approximately 90%. On the other hand, the formation
of NO2 is promoted at higher temperature contrarily to highly
loaded Pt catalysts. As seen, thermal ageing has a beneficial effect
on the conversion of NO on 0.5Pt/LaFe(A500R300) at low temper-
ature with an enlargement of the operating window and a com-
plete conversion of NO into N2 and N2O. However, the most
remarkable observation is probably related to the significant
enhancement in N2 selectivity on 0.5Pt/LaFe(A500R300) with N2

production higher than that recorded on 0.5Pt/LaFe(R300). In par-
allel, no extra NO2 formation is observable in comparison with 4Pt/
LaFe(R300). All those observations emphasise the fact that the
thermal-ageing process does not affect the selective transforma-
tion of NO to nitrogen at low temperature. Hence, regarding those
results, it seems obvious that substantial lowering of noble metals
loading is possible and may lead to a greater extent of activity be-
cause of stronger metal/support interactions, which would pre-
serve the metallic character of Pt. Those results are consistent
with previous investigations with the occurrence of two different
mechanisms for the production of N2 and N2O. Let us mention that
the formation of NO2 has already been reported in a wider temper-
ature range [15,20]. Mac Leod and Lambert [20] argued that the
NO/H2 reaction is governed by the competition between NO and
O2 for adsorption on noble metals, which becomes in favour of oxy-
gen with a rise in temperature. Ueda et al. [15] also concluded that
the NO/H2 reaction goes through the in situ generation of NO2 at
high temperature but without decisive arguments because they
found that the O2/H2 reaction predominates at the expense of the
NO2/H2 reaction. Despite numerous investigations dedicated to
the NO/H2 reaction, there are still controversial statements related
to the mechanisms and the nature of the active sites. Hence, the
low NO conversion range is usually assigned to the presence of
metallic noble metals when they are dispersed over inert materi-
als, such as alumina [15,19]. Previous explanations suggest that
subsequent increase in temperature would lead to the loss of the
metallic character of noble metals and correlatively to changes of
the selectivity to the production of NO2. Our observations on 4Pt/
LaFe(A500) associated with partial oxidation of Pt to Pt4+ are con-
sistent with the preferential production of N2O and NO2, respec-
tively, at low and high temperature, which can be associated
with a slower NO dissociation than on 4Pt/LaFe(R300) and 4Pt/La-
Fe(A500R300). The reductive post-treatment in H2 partly restores
the selectivity behaviour except on 4Pt/Al(A500R300), which high-
lights the importance of the support. Previous investigations re-
ported significant improvement of Pd supported on reducible
supports. By way of illustration, Barrera et al. [21] characterised
strong interactions between Pd and La2O3 forming Pd3LaOx after
reductive treatment, which promote the production of nitrogen
during NO conversion. Such extensive surface reductions are not
expected on Pt/LaFeO3 according to H2-TPR and XPS observations,
which show that LaFeO3 is not reduced after Pt impregnation, sig-
nificant reduction processes being only activated at relatively low
temperature when Pt is directly incorporated into the orthorhom-
bic structure of the perovskite during the sol–gel preparation. Nev-
ertheless, it seems to be obvious that the post-reductive treatment
plays a key role in determining the catalytic properties of Pt/LaFe-
O3, which would affect more strongly small metallic Pt particles.
This is well illustrated by the recent investigations reported by
Costa and Efstathiou on Pt/LaCeMnO3 [17,18] and Pt/MgO–CeO2

[16], which showed remarkable catalytic performances in the
NO/H2/O2 reactions associated to the extent of the metal/support
interface. In fact, the reduction of ad-NOx species located on the
support would depend on the rate of the H-spillover from the Pt
surface to the vicinity of the support. These authors explained that
the rate of this process would be governed by the Pt particle size
and its morphology. Shibata et al. [22] envisaged modifications
of the electronic properties more accentuated on smaller particles,
which might alter the chemical bonding of H on Pt and the subse-
quent H-spillover. As a matter of fact, TEM observations provide
significant evidences on the existence of strong Pt/LaFeO3 interac-
tions with a preferential orientation of Pt(1 1 1) on the characteris-
tic crystallographic plans of the perovskite structure, which may
originate synergy effects on the activity and selectivity as previ-
ously found [14]. Clearly, those structural changes induce modifi-
cations in the adsorptive properties of Pt preserving the
accumulation of oxygen at the surface and the metallic character
of Pt particularly during thermal ageing in lean conditions. This ef-
fect is essentially characterised at low temperature and more
accentuated on low Pt loaded 0.5Pt/LaFe(A500R300) samples min-
imising the formation of Pt aggregates. As a matter of fact, this re-
sult opens the possibility to optimise the metal loading and the
pre-activation thermal treatment. A striking promotion of the
selective reduction of NO to N2, at the expense of the NO oxidation
to NO2, in a wider range of temperature will be presented in a
forthcoming paper.
4. Conclusion

This investigation compared the catalytic performances of Pt/
Al2O3 and Pt/LaFeO3 with a special attention on the impact of ther-
mal ageing in the NO/H2 reaction. It has been found that a signifi-
cant loss of activity and selectivity affects the catalytic behaviour
of Pt/Al2O3 at high temperature due to thermal sintering of Pt par-
ticles. On the other hand, this process is inhibited on Pt/LaFeO3.
Stabilisation of the Pt dispersion on perovskite can be explained
by the existence of stronger metal/support interaction under
reductive atmosphere as well illustrated by the occurrence of an
epitaxial growth of Pt(1 1 1) plans with the characteristics surface
plans of the orthorhombic structure of LaFeO3. Such microstruc-
tures would be preserved under oxidative conditions further block-
ing the particle growth of Pt oxide clusters, which originates an
increase in NO2 formation. Nevertheless, contrarily to Pt/Al2O3,
reversible changes occur on Pt/LaFeO3 illustrated by a strong atten-
uation of NO2 formation. Hence, the peculiar properties of LaFeO3
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have been profitably used for the synthesis of supported Pt cata-
lysts containing a drastically lower amount of noble metal. As ob-
served, a significant rate enhancement in the NO/H2 reaction can
be obtained, which opens new perspectives of those types of
catalysts.
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