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This paper reports an extensive kinetic investigation of the overall reduction of NO by H2 over platinum
supported on LaCoO3. Particular attention has been given to the influence of reductive pretreatment
under pure H2 at 250 or 450 ◦C. According to temperature conditions, a partial or extensive reduction of
the support occurs that drastically changes the kinetic behaviour. Prereduction at 250 ◦C leads to metallic
platinum particles in weak interaction with LaCoO3. In that case, only Pt catalyses the NO/H2 reaction,
which obeys a conventional Langmuir–Hinshelwood mechanism. On the other hand, extensive reduction
of LaCoO3 into La2O3 and CoOx (x < 1) at 450 ◦C leads to peculiar interactions between metallic Pt
particles and CoOx, correlated with different kinetics features. A bifunctional mechanism involving anionic
vacancies at the vicinity of platinum particles likely occurs. Subsequent comparisons of adjusted kinetic
and thermodynamic constants on supported Pt and Pd explain the changes in their intrinsic catalytic
performance.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Today, research efforts are essentially focused on the develop-
ment of low atmospheric pollutant emission systems, integrating
low energy consumption to minimise CO2 emissions and other
gases that exhibit greenhouse gas behaviour. Such a viewpoint
must be taken into account for future implementation of efficient
catalytic end-of-pipe technologies devoted to nitric oxide (NOx)
abatement.

Previous investigations underlined the potential interest of hy-
drogen as reducing agent for the catalytic reduction of NOx in
three-way conditions and in O2 excess [1–10]. Findings from those
investigations showed that NO can be efficiently reduced to N2
at moderate temperature (T > 100 ◦C), particularly on noble met-
als supported on reducible materials, such as perovskites [1,3–7,
9]. Such efficiency is related to the specific interactions between
noble metals and perovskites according to reactive conditions. Re-
versible structural changes have been reported after exposure to
reductive or oxidative atmosphere, which may generate synergistic
effects on the selective conversion of NOx to nitrogen on Pt and Pd
[1,7,10,11], particularly on LaCoO3 [6,7,11–13]. Previous investiga-
tions dealt with the kinetics of the NO/H2 reaction in the absence
of oxygen on supported Rh-, Pt-, and Pd-based catalysts [14–18]. In

* Corresponding author. Fax: +33 3 20 43 65 61.
E-mail address: pascal.granger@univ-lille1.fr (P. Granger).
0021-9517/$ – see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2008.07.003
fact, various reactions may occur over noble metals with the simul-
taneous formation of N2, N2O, and NH3 according to the following
set of reactions:

2NO + 2H2 = N2 + 2H2O, (1)

2NO + H2 = N2O + H2O, (2)

2NO + 5H2 = 2NH3 + 2H2O. (3)

Among the different mechanism proposals, there are controver-
sial aspects concerning the nature of elementary steps related to
the formation of nitrogen, as well as the nature of intermediates,
because nitrosyl, dinitrosyl, nitrites, and nitrates can be involved
[12–14,16–18]. By way of illustration, Burch et al. [18] suggested
the involvement of the gas-phase or very weakly adsorbed NO
species for the formation of N2O on Pt, whereas chemisorbed N
atoms and NO molecules recombine for the formation of N2 [16].
Alternative explanations were recently proposed for the reduction
of NO by H2 on Pd/Al2O3 [12,13]. A bimolecular reaction between
two adjacent adsorbed NO molecules for the production of N2O
was proposed according to the following step:

NOads + NOads → N2O + Oads. (4)

Previous steady-state rate measurements performed in our labora-
tory on Pd/Al2O3 agree with mechanism 1 described in Fig. 1 [12,
13]. Two important mechanistic information arise in this sequence,
associated with NO dissociation assisted by hydrogen, as suggested

http://www.ScienceDirect.com/
http://www.elsevier.com/locate/jcat
mailto:pascal.granger@univ-lille1.fr
http://dx.doi.org/10.1016/j.jcat.2008.07.003


F. Dhainaut et al. / Journal of Catalysis 258 (2008) 296–305 297
Mechanism 1 Mechanism 2

NO + ∗ � NOads (5) NO + ∗ � NOads (5)

H2 + 2∗ � 2Hads (6) H2 + 2∗ � 2Hads (6)

NOads + Hads → Nads + OHads (7) O + Hads → OH + ∗ (16)

Nads + Nads → N2 + 2∗ (8) OH + Hads → H2O + V + ∗ (17)

NOads + Nads → N2 + Oads + ∗ (9) V + NOads → O + Nads (18)

NOads + Nads → N2O + 2∗ (10) Nads + Nads → N2 + 2∗ (8)

Nads + Hads → NHads + ∗ (11) NOads + Nads → N2 + Oads + ∗ (9)

NHads + Hads → NH2,ads + ∗ (12) NOads + Nads → N2O + 2∗ (10)

NH2,ads + Hads → NH3 + 2∗ (13) Nads + Hads → NHads + ∗ (11)

Oads + Hads → OHads + ∗ (14) NHads + Hads → NH2,ads + ∗ (12)

OHads + Hads → H2O + 2∗ (15) NH2,ads + Hads → NH3 + 2∗ (13)

Oads + Hads → OHads + ∗ (14)

OHads + Hads → H2O + 2∗ (15)

Fig. 1. Mechanism schemes for the NO/H2 reaction on Pd/Al2O3 (mechanism 1) and
on Pd/LaCoO3 [12,13].

earlier by Hecker and Bell [see step (7)] [14], whereas previous in-
vestigations privileged a nearest-neighbour vacant site for NOads
dissociation according to step (19):

NOads + ∗ → Nads + Oads. (19)

Different kinetic features were reported on Pd/LaCoO3 with alter-
native mechanistic proposals involving the redox properties of the
support according to mechanism 2 (see Fig. 1). As indicated, oxy-
gen species (O) from the support may react with hydrogen, and
then NO would dissociate on anionic vacancies (V ) subsequently
formed according to steps (16)–(18).

This study deals with a combined theoretical and experimen-
tal kinetic study of the NO/H2 reaction on Pt/LaCoO3. Subsequent
comparisons with Pd-based catalysts will show different selectivity
behaviours toward the transformation of NO into nitrogen, which
have been explained by the involvement of different elementary
steps.

2. Experimental

2.1. Catalyst preparation and characterisation

LaCoO3 (20 m2 g−1) was prepared according to a so-called “sol–
gel” method involving a citrate route [4,19]. Optimal textural and
structural properties were obtained after exposure to air at 600 ◦C.
Platinum deposition on LaCoO3 was achieved according to a classi-
cal wet impregnation route using hexachloroplatinic acid solutions
with adjusted concentrations to obtain 1 wt% Pt. The impreg-
nated samples were calcined in air at 400 ◦C and then reduced
overnight at 250 or 450 ◦C in pure H2. The respective catalysts
were designated Pt/LaCoO3(250) and Pt/LaCoO3(450). Pt dispersion
was obtained from H2 titration performed at room temperature.
The hydrogen uptake calculated from H2 chemisorption measure-
ments on Pt/LaCoO3(450) was 2.5 μmol per gram of catalyst corre-
sponding to a metallic Pt dispersion of 0.06. Previous investigations
[5,20] found the occurrence of hydrogen spillover effects during
H2 chemisorption measurements, particularly when noble metals
were dispersed on reducible materials. The corresponding value on
Pt/LaCoO3(250) was not reported due to significant overestimation.
In fact, H2 spillover strongly depended on the reductive pretreat-
ment in H2. It was found that the intensity of these hydrogen
transfer phenomena was decreased with increasing reduction tem-
perature of Pd supported on ceria–zirconia mixed oxides [20]. Such
a process could not be strictly ruled out after extensive reduction
at 450 ◦C. Additional experiments on reduced LaCoO3 support did
not show a significant hydrogen uptake (<0.1 μmol per gram of
catalyst).

H2 temperature-programmed reduction (TPR) experiments were
carried out on a Micromeritics Autochem II 2920 instrument un-
der a flow of 5 vol% H2 diluted in Ar. In situ X-ray diffraction
(XRD) patterns were recorded on a Bruker D8 diffractometer using
CuKα (λ = 0.154 nm) radiation. The sample was reduced in situ
under a flow of 3 vol% H2 diluted in He. The temperature gradu-
ally increased to the desired temperature at a heating rate dT /dt =
3 ◦C min−1. Data acquisition was performed under isothermal con-
ditions. X-ray photoelectron spectroscopy (XPS) experiments were
performed using a Vacuum Generators Escalab 220XL spectrom-
eter with a monochromatized aluminium source (1486.6 eV). All
binding energies (BEs) were referenced to the BE of C 1s core level
(285.1 eV).

2.2. Kinetic measurements

Catalytic measurements were performed in a recycling fixed-
bed flow reactor running at atmospheric pressure with a recycling
ratio of 180, which created a CSTR performance. The catalytic setup
has been described elsewhere [21]. Previous steady-state exper-
iments did not demonstrate any changes in rate measurements
from modifying the catalyst loading, suggesting that external dif-
fusion phenomena were minimised. The absence of significant in-
ternal diffusion also was checked according to the estimate of the
effectiveness factor in our experimental conditions. A value close
to 1 was calculated assuming a Knudsen regime with an effective
diffusion coefficient Deff ∼= 10−6 m2 s−1 [22]. Consequently, our
steady-state rate measurements were performed under a chemical
regime. The catalyst was in powder form, with an average grain
size of 80 μm. The gaseous mixture was analysed using a Balzers
quadrupole mass spectrometer and a Hewlett Packard 5890 series
II chromatograph fitted with a thermal conductivity detector. Re-
actants and products were separated on a CTR1 column supplied
by Alltech. Typically, catalytic measurements were performed with
0.1 g of catalyst, diluted with 0.2 g of α-Al2O3, at a global flow rate
of 10 L h−1. Before reaction, the catalyst samples were reduced in
situ in hydrogen at 250 or 450 ◦C.

The overall conversion of NO (XNO) was calculated according to
Eq. (20),

XNO = 2(FN2 + FN2O) + FNH3

F 0
NO

= XN2 + XN2O + XNH3 , (20)

where XNH3 , XN2 , and XN2O represent the conversion of NO into
ammonia, nitrogen, and nitrous oxide, respectively; F 0

NO is the inlet
molar flow rate of NO; and FNH3 , FN2 and FN2O are the molar flow
rates of NH3, N2, and N2O, respectively:

The specific rate was calculated according to Eq. (21):

r = F 0
NO XNO

m
(mol h−1 g−1), (21)

where m is the mass of catalyst. The N2O-selectivity corresponding
to the transformation of NO into N2O (SN2O), given by Eq. (22), was
easily related to the relative rates rN2/rN2O and rNH3/rN2O:

SN2O = 2rN2O

2rN2O + 2rN2 + rNH3

= 1

1 + rN2
r + rNH3

2r

, (22)
N2O N2O
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Fig. 2. Temperature-programmed reduction on calcined LaCoO3 (a) and Pt/LaCoO3

(b) under 5 vol% H2 diluted in Ar.

where rN2 , rNH3 and rN2 are the rates of conversion of NO to N2O,
NH3, and N2 respectively.

3. Results

3.1. Effect of reductive preactivation thermal treatment on the bulk and
surface physicochemical properties of Pt/LaCoO3

3.1.1. Bulk properties
The reducibility of LaCoO3 was investigated using H2 TPR ex-

periments. H2 consumption profiles are reported in Fig. 2. As
observed, a two-step reduction process [23] occurred on LaCoO3

with two H2 consumptions in the temperature ranges 250–450
and 500–730 ◦C, corresponding to bulk atomic H/Co ratios of 0.98
and 2.04. The global ratio indicates a complete reduction of Co3+
species into metallic Co particles involving a two-step process with
the intermediate formation of Co2+. Similar tendencies were ob-
served after incorporation of Pt, with a significant shift of the
low H2-temperature consumption range to lower temperatures.
The overestimation of the atomic H/Co ratio of >1 is connected
to additional reduction of PtO2 into Pt0. In situ XRD measure-
ments were performed under reductive conditions in the pres-
ence of 3 vol% H2 diluted in He between room temperature and
800 ◦C. XRD patterns recorded on the calcined PtO2/LaCoO3 in-
dicate that a two-step reduction process occurred. As illustrated
in Fig. 3, the most intense characteristic X-ray line of the rhom-
bohedral structure of LaCoO3, at 2θ = 32.9, shifted progressively
toward lower values up to 500 ◦C due to partial reduction of Co(III)
located in B sites of the perovskite structure. Subsequent temper-
ature increases above 500 ◦C led to the disappearance of X-ray
lines characteristic of LaCoO3. Correlatively, additional contribu-
tions developed at 2θ = 26.2◦,29.2◦,29.9◦,46.2◦,52.3◦ , and 55◦ ,
assigned to the hexagonal structure of La2O3. Interestingly, no re-
lated bulk cobalt structure was detected, suggesting a high degree
of dispersion of reduced cobalt species. Ex situ XRD measurements
on Pt/LaCoO3(450) indicated an extensive bulk reduction during
reductive thermal treatment overnight at 450 ◦C, leading to the
disappearance of LaCoO3. In contrast, the structural properties of
LaCoO3 were preserved at 250 ◦C.
Fig. 3. In situ XRD analysis of calcined Pt/LaCoO3 during reductive thermal treat-
ment in 3 vol% H2 diluted in He: 25 (a), 100 (b), 200 (c), 300 (d), 400 (e), 500 (f),
600 (g), 700 (h), 800 ◦C (i), after cooling down at room temperature (j).

Fig. 4. Co 2p spectra from ex situ XPS analysis on Pt/LaCoO3(250) (a), Pt/LaCoO3-
(250) after steady-state measurements (b), Pt/LaCoO3(450) (c), Pt/LaCoO3(450) after
steady-state measurements (d).

3.1.2. Surface properties
Ex situ XPS measurements were performed on both freshly pre-

pared and used Pt/LaCoO3(250) and Pt/LaCoO3(450) after kinetic
measurements. Co 2p spectra are shown in Fig. 4, and spectro-
scopic features are summarised in Table 1. In all cases, partial
surface oxidation due to storage at room temperature must be ac-
counted for, because no subsequent in situ thermal treatment was
performed before XPS analysis. Changes in spectral features after
reaction were observed predominately on Pt/LaCoO3(250), with a
narrower Co 2p photo peak exhibiting a half-peak width of 3.4,
versus 5.2 before reaction. Parallel to those observations, a strong
attenuation of the characteristic shakeup structure at 785.5 usually
assigned to Co2+ was seen, along with a weak and broad signal at
789.7 eV corresponding to the usual shakeup structure of Co3+. Re-



F. Dhainaut et al. / Journal of Catalysis 258 (2008) 296–305 299
Table 1
Ex situ XPS analysis of Pt supported on LaCoO3 submitted to different thermal treatment

Catalyst B.E. (eV)a Half-peak width Surf. Co compositionb

Co 2p3/2 (eV) Co/La

Pt/LaCoO3(250) Initial 780.3 5.2 0.59
After reactionc 780.1 3.4 0.67

Pt/LaCoO3(450) Initial 779.7 3.8 0.59
After reactionc 780.1 4.0 0.57

a Binding energy (accuracy ± 0.2 eV).
b Relative accuracy equal to ±20% on the atomic Co/La ratio.
c Reaction conditions: T (reaction) = 145 ◦C, inlet partial pressures of H2 and NO in the range (4.3–11.7) × 10−3 and (2.8–12.6) × 10−3 atm respectively.

Table 2
Calculated enthalpies (�H) and activation barriers (�E) in kJ mol−1 for various elementary steps suggested in the NO + H2 reaction on Pt(111) and Pd(111)

Reaction Pt(111) Pd(111)

�H �E �H �E

NOg + ∗ → NOads −109 0 −134 0
H2g + ∗ → H2ads −27 0 −28 0
H2g + 2∗ → 2Hads −75 13 −84 9
O2g + 2∗ → 2Oads −213 0 −232 0
NOads + ∗ → Nads + Oads −100 53 −143 38
NOads + Hads → Nads + OHads −78 22 −114 7
NOads + Hads → NHads + Oads 32 96 1 89
NOads + H2ads → NHads + OHads 5 55 −25 44
2Nads → N2g + 2∗ 25 111 142 179
NOads + Nads → N2g + Oads + ∗ −75 7 −1 53
NOads + Nads → N2Og + 2∗ 113 113 197 197
NOads + Nads → N2Oads+∗ 72 81 142 142
N2Oads → N2Og+∗ 41 41 55 55
N2Oads → N2ads + Oads −132.3 0 −287.4 0
N2ads → N2ads+∗ 45.2 45.2 56 56
NOads + NHads → N2g + OHads −185 0 −116 0
NOads + NHads → N2Og + Hads −19 30 52 74
2NOads → N2Og + Oads + ∗ 13 34 54 60
Nads + Hads → NHads + ∗ 132 150 143 159
Nads + H2ads → NHads + Hads 83 110 88 118
NHads + Hads → NH2ads + ∗ −41 48 −25 61
NH2ads + Hads → NH3 + 2∗ −7 23 36 44
Oads + Hads → OHads + ∗ 22 85 29 91
OHads + Hads → H2Og + 2∗ −77 0 −66 0
Oads + H2ads → OHads + Hads −26 139 −27 137
garding Pt/LaCoO3(450), no significant change in spectral features
was seen on the used catalyst, which may be related to subse-
quent modifications under reactive conditions. Also, no significant
signal was detected on the N 1s photo peak, which may be related
to significant accumulation of nitrites/nitrates in the course of the
reaction.

3.2. Kinetics of the NO/H2 reactions

3.2.1. Theoretical approach
Theoretical and practical approaches were compared to evaluate

the validity of key elementary steps related to the transforma-
tion of NO in mechanism 1, as proposed previously on Pd/Al2O3.
The bond order conservation Morse potential and its generalisa-
tion as the unity bond index–quadratic exponential potential (UBI-
QEP), developed by Shustorovich et al. [24–26], can be used for
this purpose. This mathematical model straightforwardly provides
the heat of adsorption for molecular and radical species and the
activation barrier for elementary reactions. Estimated data for el-
ementary DeNOx reactions, such as decomposition and/or reduc-
tion to N2, N2O, and NH3, were previously reported on closely
packed surface Pt(111) [25]. In the present work, those calcu-
lations were completed on Pd(111), taking into account various
proposals in the literature, including a bimolecular reaction be-
tween two chemisorbed NO molecules and between adsorbed NO
and NHx species according to previous suggestions [17,18], and
were repeated on Pt(111) (see Table 2). The model input param-
eters, dissociation energies, and atomic heats of adsorption were
obtained from previous work [24]. N2O was treated according to
Zeigarnik’s approach [28]. This approach integrates the heat of ad-
sorption in the zero coverage limit case, which does not reflect
our typical reactive conditions. Similar calculations also account
for NO bonded via the N atom at a two-fold bridge site. As ob-
served, the deviation between the enthalpies of NO and H2 on
Pd(111), −134 and −28 kJ mol−1, respectively, at θ = 0, leads to
the conclusion that the competition for adsorption on Pd(111) was
largely in favour of NO. Such a tendency was observed on Pt(111),
but to a lesser degree. Consider that under realistic conditions, at
high coverage, a weakening of the metal–adsorbate bond would
be expected due to lateral repulsive interactions and changes in
the coordination mode of adsorbates [24]. By way of illustration,
on-top coordination may be more representative at high cover-
age for NO adsorption on Pt(111) [27]. Consequently, experimental
values derived from kinetic experiments should be lower than the-
oretical ones. Such a tendency was previously reported for the
NO/H2 reaction on Pd [13]. Considering the particular case of H2
adsorption on NO saturated surfaces, in agreement with the cal-
culated adsorption enthalpies, the probability for finding two ad-
jacent sites for the dissociative adsorption would be very low,
particularly on Pd(111). Consequently, weakly bonded chemisorbed
H atoms and H2 molecules were envisaged as intermediates. As
indicated in Table 2, different cases were examined for the disso-
ciation of chemisorbed NO molecules involving nearest-neighbour
vacant sites (step (19)) and assisted by dissociated or molecular
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chemisorbed hydrogen species. In this latter case, the occurrence
of different routes can be considered according to steps (23)–(25).
As shown, the activation barrier for step (24) on Pt(111) was sig-
nificantly higher than that obtained according to step (23) (96 vs
22 kJ mol−1) and remained higher than that calculated for the dis-
sociation of NO on a nearest-neighbour vacant site (53 kJ mol−1).
Similar trends were observed on Pd(111). The involvement of
molecular H2 precursor also was considered; however, calcula-
tions led to a slightly higher activation barrier then those obtained
when NOads dissociated on a nearest-neighbour vacant site. Con-
sequently, these findings suggest that dissociated hydrogen species
on Pt(111) and Pd(111) surfaces assist in the dissociation of NO on
Pt(111) and Pd(111) rather than the molecular precursor:

NOads + Hads → Nads + OHads, (23)

NOads + Hads → NHads + Oads, (24)

NOads + H2,ads → NHads + OHads. (25)

We next examine the subsequent production of nitrogen from
adsorbed N-containing species. Particular attention can be given
to the production of nitrogen, the target molecule. Two differ-
ent reaction pathways involving adsorbed N atoms can be con-
sidered related to the usual associative desorption of nitrogen
(Nads + Nads → N2 + 2∗) and the subsequent step (9) (NOads +
Nads → N2 + Oads + ∗) as reported in Fig. 1 and Table 2. A signif-
icantly higher activation barrier was obtained for the former step
on Pd (179 vs 53 kJ mol−1) and on Pt (111 vs 7 kJ mol−1), suggest-
ing that N2 would form preferentially via step (9). Previous kinetic
measurements on supported polycrystalline Pd corroborate these
theoretical calculations [12,13]. It was found that steps (9) and
(10) predominated for the formation of N2 and N2O, respectively.
We evaluated alternative routes that account for the involvement
of chemisorbed N2O molecules as common intermediates for the
production of N2O and N2 via the desorption or dissociation of
adsorbed N2O molecules, respectively, and reached the same con-
clusion by comparing the activation barriers associated with steps
for the production of N2O and N2. In both cases, the preferen-
tial formation of nitrogen would be expected. An ultimate attempt
takes into account the formation of N2O via a bimolecular reaction
between two adjacent chemisorbed NO molecules. Such a reaction
pathway was suggested previously [13,17,18] and should be taken
into account in the case of surfaces essentially covered by NOads.
The calculated activation barriers of 60 and 44 kJ mol−1 on Pd(111)
and Pt(111), respectively, were relatively low, suggesting that this
step could compete with step (10) for the production of N2O. How-
ever, such a suggestion disagrees with the relative insensitivity of
the N2O selectivity to reaction conditions and the negative ap-
parent order with respect to the partial pressure of NO reported
previously on Pd [12,13].

We next consider the formation of ammonia. The results pre-
sented in Table 2 indicate that the hydrogenation of Nads to
NHads was rate-limited, with higher activation energies of 150 and
159 kJ mol−1 on Pt(111) and Pd(111), respectively, than those cor-
responding to the successive hydrogenation steps of NHads species
to NH3. Additional calculations involving bimolecular reactions be-
tween chemisorbed NO and NHads species were considered for the
production of N2 and N2O with lower numerical solutions for �E
than those calculated accounting for Nads as an intermediate. How-
ever, it is noteworthy that the activation barrier for N2 production
remained lower than that calculated for N2O, indicating that N2
would be formed preferentially at the expense of N2O via the in-
volvement of NHads species.

3.2.2. Experimental approach
Preliminary temperature-programmed experiments Earlier investiga-
tions of the NO/H2 reaction [6] showed that LaCoO3 exhibits sig-
Fig. 5. Temperature-programmed conversion curves of NO by reaction with H2 on
Pt/LaCoO3(250) (1) and Pt/LaCoO3(450) (P) with identical inlet H2 and NO partial
pressures of 1 × 10−2 atm.

Fig. 6. Temperature-programmed conversion curves of NO by reaction with H2 on
Pd/LaCoO3(250) (1) and Pd/LaCoO3(450) (P) with identical inlet H2 and NO partial
pressures of 1 × 10−2 atm.

nificant catalytic activity in the conversion of NO above 300 ◦C. As
illustrated in Fig. 5, a subsequent incorporation of platinum dras-
tically increased the activity with conversion starting above 50 ◦C.
In addition, significant changes in the conversion profiles of NO ac-
cording to the temperature of the reductive pretreatment occurred.
As shown in Fig. 5, a maximum NO conversion occurred at 205 ◦C
on Pt/LaCoO3(250). Above that temperature, NO conversion de-
creased gradually. This finding is related to competitive processes
with side reactions involving the catalysts. As shown previously,
prereduction at 250 ◦C did not alter the bulk structural proper-
ties of LaCoO3 with the stabilisation of partially reduced Co2+
species. Consequently, additional consumption of hydrogen could
occur above 205 ◦C during temperature-programmed experiments,
likely due to extra reduction of Co2+ species to metallic Co par-
ticles at the expense of NO reduction. As shown in Fig. 6, similar
bulk processes also occurred on Pd/LaCoO3(250). A different con-
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Table 3
Partial pressure dependence on the catalytic performances of Pd/LaCoO3(250) in the
NO + H2 reaction −T (reaction) = 145 ◦C

pNO
(10−3 atm)

pH2

(10−3 atm)
r

(10−3 mol h−1 g−1)
rN2 /rN2O rNH3 /rN2O

7.8 7.9 9.0 0.46 0.24
11.5 7.3 10.3 0.42 0.42
10.6 8.1 9.8 0.41 0.12

2.8 7.0 – 0.80 1.08
4.2 6.6 7.4 0.71 0.95

12.0 6.9 6.1 0.40 0.35
9.1 8.1 9.4 0.43 0.03
4.7 5.7 – 0.57 0.70
8.3 4.8 6.9 0.34 0.45
8.4 4.3 6.5 0.38 0.37
7.6 11.7 10.4 0.41 1.13
8.0 6.5 8.5 0.47 0.57
7.7 9.8 9.6 0.43 0.23
7.5 8.1 8.8 0.48 0.54
7.8 7.8 10.2 0.47 0.24

Table 4
Partial pressure dependence on the catalytic performances of Pd/LaCoO3(450) in the
NO + H2 reaction −T (reaction) = 145 ◦C

pNO
(10−3 atm)

pH2

(10−3 atm)
r

(10−3 mol h−1 g−1)
rN2 /rN2O rNH3 /rN2O

9.5 9.3 2.2 0.25 0.56
9.7 6.8 1.7 0.23 0.51
9.6 5.5 1.6 0.27 0.52
9.6 8.5 1.7 0.22 0.50
9.4 11.2 2.6 0.22 0.62
9.4 10.3 2.3 0.25 0.64
9.5 9.3 2.3 0.20 0.76
4.4 9.1 2.5 0.53 1.28

13.5 9.3 1.9 0.19 0.73
6.4 9.1 2.6 0.23 0.66

12.6 9.5 1.8 0.24 0.46
5.3 8.9 3.0 0.34 1.10

14.5 9.2 2.1 0.24 0.58
8.6 9.5 2.2 0.25 0.32

11.5 9.4 1.9 0.21 0.52
7.4 9.3 2.5 0.31 0.73

10.5 9.3 2.2 0.24 0.73
9.5 9.3 2.2 0.30 0.98

version profile characterised Pt/LaCoO3(450). Under those preacti-
vation conditions, complete reduction of the solid was achieved,
and no side reaction related to subsequent processes involving the
solid would be expected. However, two distinct conversion ranges
were seen with an apparent maximum at 140 ◦C, which can be at-
tributed to the existence of different kinetic regimes. Such activity
changes were not accompanied by the production of NO2. We note
that conversion range on Pt/LaCoO3(450) between 50 and 175 ◦C
was strongly attenuated on Pt/LaCoO3(250). As shown in Fig. 6,
Pd/LaCoO3(450) behaved differently with the observation of only
one conversion range.

Steady-state rate measurements on Pt/LaCoO3 during the NO/H2 reac-
tion The temperature dependency of the rate of NO conversion
was studied in the range 140–160 ◦C with identical inlet partial
pressures of NO and hydrogen of 1.0 × 10−2 atm. The apparent ac-
tivation energies of 46.0 and 52.8 kJ mol−1 on Pt/LaCoO3(450) and
Pt/LaCoO3(250), respectively, were estimated from the slope of the
Arrhenius plots. The influence of NO and H2 partial pressures was
evaluated under isothermal conditions at 145 ◦C on Pt/LaCoO3(250)
and Pt/LaCoO3(450) with inlet H2 and NO partial pressures varying
within the ranges (5.0–15.0)×10−3 and (2.0–15.0)×10−3 atm, re-
spectively. The experimental rates are reported in Tables 3 and 4.
Regarding the N2O selectivity related to the relative rates rN2/rN2O
and rNH3/rN2O, the formation of N2O and ammonia was greater on
Pt/LaCoO3(450) than on Pt/LaCoO3(250). Clearly, the reductive pre-
treatment at 450 ◦C had a detrimental effect on the conversion of
NO to N2.

4. Discussion

Activity and selectivity changes in the course of the NO/H2 re-
action on prereduced Pt/LaCoO3 are in qualitative agreement with
previous observations from steady-state and transient experiments
on Pt/SiO2 [18]. N2O formed predominately at low conversion
and temperature, whereas N2 formation was increased above the
light-off temperature when the successive reduction of N2O be-
came significant (results not shown). Ammonia was observed un-
der our operating conditions, with more extensive formation on
Pt/LaCoO3(450) than on Pt/LaCoO3(250). According to the temper-
ature of the reductive pretreatment in hydrogen at 250 or 450 ◦C,
the preservation of the perovskite structure or its complete reduc-
tion with subsequent segregation of La2O3 and CoOx could occur.
Consequently, different interactions between metallic Pt particles
and the reduced support could explain changes in the kinetic be-
haviour of both catalysts in terms of activity and selectivity. Such
arguments are in line with previous findings on Pt/CoOx/SiO2 [29]
suggesting the involvement of Co species in DeNOx reactions. How-
ever, the relative activity of oxidic cobalt species could be closely
related to the oxidation state. As reported previously [30], Co3+
was less active than Co2+. Interestingly, Pt/LaCoO3(450) exhibited
two distinct conversion ranges, in contrast to Pt/LaCoO3(250), with
a minimum located at 180 ◦C (see Fig. 5). This finding may reflect
the existence of two different kinetic regimes according to temper-
ature conditions.

Considering the foregoing findings, two main questions arise for
modelling our results, concerning the nature of active sites and
the nature of elementary steps for the production of N2O, N2, and
NH3 on Pt/LaCoO3. Both aspects have been tentatively explained
through recent experiments conducted essentially over noble met-
als in the presence and absence of oxygen. The strength of the
metal–NO bond appears to be essential and may determine the
nature of the elementary steps for formation of the reaction prod-
ucts. To illustrate, the involvement of dimeric NO intermediates
from weakly adsorbed NO species has been suggested for N2O
formation [18], whereas different routes for N2 formation may oc-
cur between physisorbed NO molecules and reduced N-containing
species (NHads) stabilised on Pt or between two identical interme-
diates. Regarding this latter proposal, the associative desorption of
two adjacent chemisorbed N atoms is usually suggested accord-
ing to step (8) in Fig. 1 [14,18], but unusual mechanisms involving
two adjacent nitrosyl and/or NHads species also have been pro-
posed [18]. Mechanism 1 in Fig. 1 was proposed by our group for
depicting the partial pressure dependencies of the rate of NO re-
duction by H2 on supported Pd catalysts, which accounts for the
dissociation of chemisorbed NO molecules assisted by hydrogen.
But alternative routes can be envisaged taking into account vari-
ous N-containing adsorbates, such as NHads. As a matter of fact,
the introduction of the UBI-QEP method provides some guidelines
for selecting the most relevant elementary steps for depicting the
NO/H2 reaction on Pt/LaCoO3; however, the theoretical values cal-
culated from this phenomenological model integrate the pressure
gap that usually differentiates surface science studies under ultra-
high vacuum on single crystals and kinetic investigations at atmo-
spheric pressure on polycrystalline catalysts.

It seems obvious that the predominant reaction sequence will
be governed by the nature of the dissociation step of NO assisted
by hydrogen, taking into account the involvement of the dissoci-
ated or molecular state for hydrogen. Among the various proposals
presented in Table 2, the lowest activation barrier for NO disso-
ciation was obtained with the assistance of dissociated hydrogen
species (NOads + Hads → Nads + OHads). Determining the successive
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surface reactions leading to the formation of NH3, N2 and N2O re-
mains an open problem. As shown in Table 2, different routes can
be considered involving Nads, NHads, and NOads as intermediates.
The N2O-selectivity will be governed by the relative rates of those
elementary steps depending on the rate constant (i.e., on the ac-
tivation barrier) and also on the relative surface concentration of
intermediates. The involvement of NHads species in the formation
of N2 and N2O leads to lower values for �E than those calcu-
lated with Nads as an intermediate. In this sense, considering the
corresponding elementary steps could be relevant. However, the
predominant formation of N2O fits more correctly with the high
activation barrier for the recombination of two adjacent N atoms
and the limiting step Nads + Hads → NHads involved in the forma-
tion of ammonia. As suggested previously, mechanism 1 in Fig. 1
seems to be appropriate for depicting the NO/H2 reaction over no-
ble metals.

4.1. Mechanisms and rate expressions according to surface
modifications of Pt/LaCoO3

As observed, a decrease in the apparent energy of activation
from 52.8 to 46.0 kJ mol−1 occurred when the reductive pretreat-
ment was performed at higher temperatures. A rate expression
can be derived from mechanism 1 based on the following set of
assumptions: (i) NO dissociation as rate-determining, (ii) fast ad-
sorption of the reactants at equilibrium, and (iii) chemisorbed H
atoms and NO molecules as the most abundant species. The fol-
lowing equation can be established:

r = r1 = 2(rN2O + rN2 ) + rNH3

∼= k7θ
∗
NOθ∗

H = k7 KNO PNO
√

KH2 PH2

(1 + KNO PNO + √
KH2 PH2 )

2
(26)

with

θ∗
NO = KNO PNO

1 + KNO PNO + √
KH2 PH2

(27)

and

θ∗
H =

√
KH2 PH2

1 + KNO PNO + √
KH2 PH2

, (28)

where kn and Ki are respectively the kinetic constant associated
with step (n) and the thermodynamic constant for the adsorption
of the compound i (i = NO and H2), and θ∗

i represents the adsor-
bate coverage on metallic Pt particles.

The lower apparent activation energy recorded on Pt/LaCoO3-
(450) [46.0 vs 52.8 kJ mol−1 on Pt/LaCoO3(250)] may have a differ-
ent significance. It likely reflects changes in the nature of interac-
tions between metallic Pt particles and the support due to signif-
icant structural changes. According to the extent of such interac-
tions, the adsorptive properties of Pt can be altered. Consequently,
activity and N2O selectivity changes can be explained based on
mechanism 1, taking into account significant modifications in the
relative rates of each elementary step. Alternately, the creation of
different active sites localised at the metal–support interface could
explain changes in the apparent activation energies and the ob-
servation of an additional low-temperature conversion range as
observed from TPR experiments. Such a viewpoint has been exten-
sively developed for reducible supports, particularly when noble
metal interacts with ceria and/or ceria/zirconia materials [31–33].
As a matter of fact, previous investigations of CO + O2 on Pt/CeO2
revealed a beneficial effect of ceria on Pt, explained by a weaken-
ing of the Pt–CO bond when platinum interact with reduced ceria,
and also a charge transfer from metal to ceria, accompanied by a
slight increase in the oxidation state of the metal and a decrease in
the Ce–O bond strength correlatively [33]. Accordingly, a coopera-
tive effect between Pt and CoOx segregated after extensive reduc-
tion of LaCoO3 could explain our results. Previous studies proposed
those beneficial effects for depicting NO/H2/O2 in the interaction
of noble metals and reducible supports. It was proposed that ad-
NOx species stored on the support would react with chemisorbed
H atoms at the metal–support interface [34,35]. Under our con-
ditions, those ad-NOx species were not observed by XPS, and no
significant production of gaseous NO2 was detected in the absence
of O2. Thus, the bifunctional mechanism shown in Fig. 1 seems
more appropriate for the competitive adsorption of NO and H2 on
Pt and the involvement of the redox properties of CoOx related to
the formation of anionic vacancies (V ), which can be further re-
plenished via the dissociation of chemisorbed NO molecules on Pt
according to steps (16)–(17) and (18), respectively. We note that
the steps for the formation of N2, N2O, and NH3 were similar on
both mechanisms and involved Pt as active sites. Eqs. (29)–(31) can
be easily derived based on previous assumptions. First,

r = r2 = k18θ
∗
NOθV, (29)

θV = 1 − θO denotes the fraction of surface anionic vacancies, θO
corresponds to the surface oxygen species from the support, and
θ∗

NO represents the NO coverage on Pd particles. Steady-state ap-
proximation to anionic vacancies V from the support leads to

θV = k16θ
∗
H

k18θ
∗
NO + k16θ

∗
H

. (30)

Clearly, two different mechanisms may coexist that are difficult
to differentiate unambiguously. Consequently, we considered both
mechanisms 1 and 2, involving only noble metals and account-
ing for the existence of elementary steps on the reduced support.
Consistently, the following can be derived:

r = r1 + r2 = k7θ
∗
NOθ∗

H + k18θ
∗
NOθV = k7 KNO PNO

√
KH2 PH2

(1 + KNO PNO + √
K H PH2 )

2

+ k18k16 KNO PNO
√

KH2 PH2

(k18 KNO PNO + k16
√

KH2 PH2 )(1 + KNO PNO + √
KH2 PH2 )

.

(31)

Numerical solutions for the kinetic kn and thermodynamic Ki
(i = NO and H2) constants can be obtained through a statisti-
cal method described elsewhere [29] that involves minimising the
sum of the square differences between calculated and experimen-
tal rates using the Solver setup on Microsoft Excel 5. As shown in
Fig. 7, good correlation was observed between the experimental
and predicted rates according to Eq. (31). The adjusted values for
the parameters kn and Ki are reported in Table 5. Different conclu-
sions can be drawn from their examination and subsequent com-
parisons with those optimised earlier on Pd/LaCoO3. As illustrated,
Pt/LaCoO3 behaved differently with significant changes in the rate
constants involving steps on Pt and on the support. In addition,
k18 was negligible on Pt/LaCoO3(250), leading to the approximate
rate expression r ∼= r1 and demonstrating that mechanism 1 likely
occurred at 145 ◦C. According to previous XPS observations, this
result seems to agree closely with a preferential segregation of
Co3+ on Pd/LaCoO3(250), exhibiting a lower intrinsic activity than
Co2+ [23]. Consequently, Pt would catalyse the NO/H2 reaction.
In contrast, the corresponding values of k16 and k18 adjusted on
Pt/LaCoO3(450) were substantially higher than the value of k7.
Based on that comparison, we estimated the relative contributions
of mechanisms 1 and 2 on the predicted rates. As shown in Fig. 8,
the contribution of mechanism 1 did not exceed 15%; consequently,
the approximation r ∼= r2 could be considered. Similar trends were
previously found on Pd/LaCoO3, with a more significant contribu-
tion of mechanism 2 at lower temperature (T = 110 ◦C).
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Fig. 7. Correlation between experimental and predicted rates on Pd/LaCoO3(250) (2)
and Pd/LaCoO3(450) (1) according to Eq. and optimised parameters listed in Ta-
ble 6.

Fig. 8. Contribution of mechanism 1 (2) and 2 (1) for depicting the NO + H2 reac-
tion at 145 ◦C on Pd/LaCoO3(450).

Returning to the temperature-programmed conversion profiles
on Pt/LaCoO3(450) and Pd/LaCoO3(450), we note that they char-
acterise different kinetic behaviours with the occurrence of two
conversion regimes on Pt, in contrast to Pd. A tentative explana-
tion for this may be based on comparing the relative rate constant
k18/k16 at 145 ◦C. The values of 12 and 59 on Pt/LaCoO3(450) and
Pd/LaCoO3(450), respectively, indicate a substantially higher rela-
tive surface concentration of anionic vacancies on Pd/LaCoO3(450)
than on Pt/LaCoO3(450). This comparison correctly explains the
coexistence of mechanisms 1 and 2 on Pt/LaCoO3(450), whereas
only mechanism 2 would prevail on Pd/LaCoO3(450) [13]. A border-
line case where θV � θO on Pt/LaCoO3(450) at a sufficiently high
temperature can be assumed. In such a situation, the contribution
r2 on the overall rate of NO conversion would become negligible
with r ∼= r1. Such an assumption would satisfactorily explain the
observation of two distinct conversion ranges on Pt/LaCoO3(450),
with the predominance of mechanism 1 at high temperature. Ac-
cordingly, a more extensive interaction would occur between Pd
and the reduced support, which may explain changes in kinetic
behaviour. Such an explanation seems to be in relative good agree-
ment with the highest metal dispersion on Pd/LaCoO3(450) [0.16 vs
0.06 on Pt/LaCoO3(450)] corresponding to a larger interface.

We next consider changes in the adsorptive properties of noble
metals. The comparison of the adsorption equilibrium constants in
Table 5 shows that the competition for adsorption was usually in
favour of NO, but the extent of such competition varied according
to the nature of noble metals and the temperature of the prere-
ductive thermal treatment. We note that those results corroborate
previous theoretical calculations with higher values for the ad-
sorption enthalpies of NO on Pt(111) and Pd(111) (see Table 2).
More obvious is the comparison of KNO/KH2 equal to 32 and 7
on Pd/LaCoO3(450) and Pt/LaCoO3(450), respectively. Subsequently,
the highest surface concentration of chemisorbed hydrogen atoms
on Pt can be associated with a more extensive ammonia produc-
tion, particularly as seen on Pt/LaCoO3(450).

4.2. The nature on elementary steps for the production of nitrogen

As reported previously, SN2O depends on the relative rates
rN2/rN2O and rNH3/rN2O. Consider the relative rates rN2/rN2O de-
fined by Eq. (32),

rN2

rN2O
= k8

k10

θN

θNO
+ k9

k10
. (32)

θN/θNO can be obtained by applying the steady-state approxima-
tion to chemisorbed N atoms according to Eq. (33),

dθN

dt
= 0 = k7θNOθH − 2k8θ

2
N − (k9 + k10)θNOθN − k11θNθH. (33)

Then Eq. (34) can be obtained after resolution and rearrangement,

θN

θNO
= (k9 + k10) + k11θH/θNO

4k8

×
(√

1 + 8k8k7θH/θNO

[(k9 + k10) + k11θH/θNO]2
− 1

)
. (34)

Subsequent approximation can be achieved considering a surface
covered predominately by chemisorbed NO molecules and consid-
ering previous assumptions. Equation (35) is thus obtained:

θN

θNO
= (k9 + k10)

4k8

(√
1 + 8k8k7

√
KH PH2

(k9 + k10)2 KNO PNO
− 1

)
. (35)

The substitution of Eq. (35) in Eq. (32) leads to Eq. (36),

4rN2

rN2O
+ 1 = k9 + k10

k10

√
1 + 8k8k7

√
KH PH2

(k9 + k10)2 KNO PNO
+ 3k9

k10
. (36)

The weak partial pressure dependency of the N2O selectivity re-
ported previously on Pd/LaCoO3 [12] can be easily explained if
the ratio 8k8k7

√
KH PH2/(k9 +k10)

2 KNO PNO is small, which implies
high numerical solutions for KNO, k9, and k10 compared with those
obtained for KH, k8, and k7. In such a case, Eq. (36) can be simpli-
fied, leading to Eq. (37):

rN2

rN2O

∼= k9

k10
, (37)

with k9/k10 = 0.33. This result is consistent with very low values
for θN compared with θNO in all cases. Consequently, the rate of the
recombination of two chemisorbed N atoms (step (8)) likely would
be much slower than those of steps (9) and (10), and the produc-
tion of N2 would involve mainly step (9). Such a relative weak sen-
sitivity to reaction conditions was not observed on Pt/LaCoO3(450)
and Pt/LaCoO3(250) with a partial pressure dependency of N2O se-
lectivity (see Tables 5 and 6). Consequently, Eq. (37), previously
established according to mechanism 1, could not be considered,
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Table 5
Optimised kinetic and thermodynamic parameters calculated for the NO + H2 reaction on Pt/LaCoO3 at 145 ◦C

Catalyst Temperature of reduction k7
a k16

a k18
a KNO (atm−1) KH (atm−1)

Pt/LaCoO3 250 (3.1 ± 0.5) × 10−1 (2.0 ± 0.3) × 10−2 ∼=0 85 ± 13 3 ± 0.5
450 (5.3 ± 0.8) × 10−3 (1.2 ± 0.2) × 10−2 (1.4 ± 0.2) × 10−1 200 ± 30 30 ± 5

Pd/LaCoO3
b 250 4.48 239 0.3

Pd/LaCoO3
b 450 ∼= 0 2.1 × 10−2 1.24 48 1.5

a mol h−1 g−1.
b Calculated values from optimised kinetic and thermodynamic parameters in Refs. [12,13].

Table 6
Relative rate constant associated with the production of N2 and N2O during the NO + H2 reaction on Pd/LaCoO3(250) at 145 ◦C

Catalyst Slopea Intercepta k8/(k9 + k10)2 k9/k10

Pt/LaCoO3(250) 1.9 × 10−2 0.24 0.15 0.24
Pd/LaCoO3(250)b ∼=0 0.33 ∼=0 0.33

a From the plot rN2 /rN2O vs
√

pH2 /pNO.
b See Ref. [12].
Fig. 9. Plot (4rN2 /rN2O + 1)2 − 1 vs
√

PH2 /PNO on Pt/LaCoO3(250) from steady-state
rate measurements at 145 ◦C.

particularly on Pt/LaCoO3(250). In an initial approach, we consid-
ered the hypothesis that k9 could be substantially lower than k10,
which agrees with the fact that the bimolecular reaction between
Nads and NOads usually gives N2O, whereas the production of N2
occurs via the associative desorption of two adjacent nitrogen N
atoms. Accordingly, Eq. (38) must be considered:[

4rN2

rN2O
+ 1

]2

− 1 = 8k8k7
√

KH PH2

(k9 + k10)2 KNO PNO
. (38)

Strictly speaking, the validation of these previous assumptions im-
plies a straight line with a zero intercept for the plot (4rN2/rN2O +
1)2 − 1 versus

√
PH2/PNO. As illustrated in Fig. 9, Eq. (38) is in-

validated, suggesting that step (9) contributes to the formation of
nitrogen. However, the straight line obtained also indicates that the
value for the ratio 8k8k7

√
KH PH2/(k9 +k10)

2 KNO PNO should be low
compared with k9/k10, allowing the transformation of Eq. (36) to
Eq. (39):

rN2

rN2O
= k9

k10
+ 2

(
1 + k9

k10

)
8k8k7

√
KH PH2

(k9 + k10)2 KNO PNO
. (39)

Table 6 reports the slope and intercept of the straight line from
the plot rN2/rN2O versus

√
PH2/PNO with the corresponding values

of k9/k10 and k8/(k9 +k10)
2 and compares these values with those

calculated previously on Pd/LaCoO3(250). As observed, the main
observation is associated with the recombination of adsorbed ni-
trogen atom for the production of nitrogen on Pt/LaCoO3(250), in
contrast to Pd/LaCoO3(250).

5. Conclusion

The present study provided an extensive kinetic investiga-
tion of the reduction of NO by H2 on supported Pt catalysts
on LaCoO3. Two complementary experimental and theoretical ap-
proaches were combined to obtaining a proposed mechanism and
reliable kinetic and thermodynamic values that can characterise
the effect of support materials on the adsorptive properties and
reactivity of intermediates on Pt. Our main findings can be sum-
marised as follows:

Kinetic features were strongly influenced by the prereduction
temperature of LaCoO3. Extensive reduction at 450 ◦C led to pecu-
liar interactions between Pt and CoOx. A bifunctional mechanism
likely occurred in the NO/H2 reaction.

Prereduction under mild conditions at 250 ◦C preserved the
structural properties of LaCoO3. No cooperative effect was seen be-
tween metallic Pt particles and the support, and the NO/H2 obeyed
a Langmuir–Hinshelwood mechanism.

The adsorptive properties of Pt also differed, with competi-
tive adsorption more in favour of hydrogen on Pt/LaCoO3(450),
correlated with more extensive formation of ammonia than on
Pt/LaCoO3(250).

Subsequent comparisons with Pd/LaCoO3 showed that NO ad-
sorbed more strongly on Pd than on Pt, also correlated with lower
formation of ammonia and changes in the nature of elementary
steps for the formation of nitrogen.

The associative desorption of two chemisorbed nitrogen atoms
occurred on Pt/LaCoO3, in contrast to Pd/LaCoO3, where the prob-
ability of finding two adjacent N atoms was very low.
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