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Abstract

In this study, the nature of surface intermediates generated by adsorption of NO and NO, on a commercial ceria-zirconia powder of
composition Ceg goZr 310, was investigated using Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS). The conditions of
occurrence of the main adsorbed species, i.e. nitrites and nitrates, are studied semi-quantitatively as a function of catalyst pre-treatment and/or type
of adsorbed NO, molecule. On the partially reduced ceria-zirconia, the primary role of NO, is to re-oxidize the surface via adsorption/
decomposition on reduced sites. By contrast, the formation of nitrites and nitrates readily occurs on oxidized surfaces, the latter kind of species

being strongly promoted in the case of NO, adsorption only.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The use of ceria in environmental catalysis has attracted
much attention these recent years, namely as a key component
in three-way-catalysts (TWC) or in soot abatement from diesel
engine exhaust [1-4]. Apart from the treatment of emissions
from mobile sources, applications of ceria-based materials
include the removal of organics from wastewaters, and their use
as additives in combustion processes or Fluid Catalytic
Cracking (FCC) [1]. The strong redox properties of ceria are
related to the facile oxidation/reduction of the cerium
component with the concomitant creation/filling of oxygen
vacancies. Among all ceria-related materials, ceria—zirconia
Ce,Zr;_,O, mixed oxides have known a particular interest due
to their good thermal resistance to sintering and superior high
Oxygen Storage Capacity (OSC) [1]. Within the Ce,Zr;_,0,
series, the redox properties of solid solutions strongly depend
on their crystalline structures, the Ce/Zr ratio, the specific
surface area and the presence of a promoter and accordingly,
many nanostructural characterization studies have been made
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[1,5-8]. Noteworthy, it has been shown that the surfaces of
some Ce,Zr;_,O, monocrystals still include Ce** species and O
vacancies after extensive oxidation in oxygen gas [9].

Despite the extensive literature existing both on the above-
mentioned applications and nanostructural characterizations,
there are only a few studies reporting the performances of
ceria—zirconia as a support or catalyst in the Selective Catalytic
Reduction (SCR) of NO, by hydrocarbons, and most of these
studies were using propene as reductant [10,11]. For NO,-SCR,
it is now clear that the mechanism involves a surface reaction
between ad-N,O, and ad-HC intermediates, whose probability
to occur at a given temperature depends on the intrinsic
reactivity of the catalytic system and the relative surface
coverages of the two adsorbates as well as their local structures.
From a general viewpoint, the knowledge of the possible
structures of surface ad-NO, species and their routes of
formation on metal oxides has been complicated by the fact that
both surface acid-base and redox properties play a role in NO,
adsorption at the molecular level [12].

In this study, we aimed to investigate the adsorption/
desorption behaviour of NO and NO, on a commercial ceria—
zirconia (Ce g9Zr( 310;) pre-treated under different conditions.
A peculiar attention was paid to the nature of ad-NO, species
and the sites involved in their adsorption.
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2. Experimental

The Ceg 9Zrp.310, sample used in this study was supplied
by Rhodia France (La Rochelle) and obtained from nitrate
precursors. XRD data (cubic lattice, space group Fm3m,
a=0.530 nm) and textural properties (Sggt = 131 m2/g, pore
volume = 0.3146 cm>/g, average pore size = 10.2 nm) relevant
to the characterization of this sample are described in more
details elsewhere [11].

The structural characterization of the calcined ceria—
zirconia by Raman spectroscopy was performed onto a
Jobin-Yvon FT-Raman spectrometer (100 scans, resolution
2 cm™ ') with a double monochromator Spex and the 632.8 nm
line of a He—Ne laser (P =9 mW).

In situ diffuse reflectance infrared (DRIFTS) spectra
generated upon exposure of the ceria—zirconia surface to NO
or NO, at 30 °C were recorded onto pure samples using an
environmental cell (Spectra-Tech) and a DRIFTS optical
accessory (Graseby-Specac) attached to a Bio-Rad FTS 185
spectrometer. In order to investigate the effect of various pre-
treatments on adsorption, the Ceg goZr 3,0, was pre-treated in
situ inside the DRIFTS cell at 500 °C under synthetic air or Ar
before admission of the reactive gas. Time-course difference
spectra were calculated by taking as reference the Single-Beam
(SB) spectrum of the ceria—zirconia just prior to NO or NO,
adsorption.

3. Results and discussion
3.1. Structural properties of Ceg 0Zr¢.3:0;

For comparison purposes, the FT-Raman spectrum of
Ce.60Zr0 310, (calcined at 500 °C) is displayed together with
that of ceria (CeQ,) in Fig. 1. As expected from the literature for
a pure cubic fluorite structure [1,7], a single peak at 465 cm ™'
(fundamental with F,, symmetry) is observed for the CeO,
reference (Fig. 1(a)). By contrast, the F,, peak for
Ceg.69Z19310, is considerably lowered in intensity and
broadens towards higher frequencies (new maximum at
477 cm ™! in Fig. 1(b)). These changes have to be connected
with the increase of disorder in the fluorite structure and cell
contraction upon partial substitution of Ce by Zr and/or
existence of oxygen vacancies [1,7]. The appearance of weak
bands ca. 304 and 625cm ! (Fig. 1(b)) is assigned to a
tetragonal displacement of oxygen atoms from their ideal
fluorite lattice positions [1]. According to the ceria—zirconia
phase diagram and XRD results [1,11], these data seem
consistent with the co-existence of small domains of cubic (c)
and metastable tetragonal (t”) phases on Ceg goZro3;05.

3.2. In situ DRIFTS of NO, adsorption at 30 °C on
Ceo.60Zr0.3102

Time-course DRIFT difference spectra recorded during the
exposure of Ceg goZr( 310, to NO, (1000 ppm/Ar) at 30 °C are
given for the 1800-700 cm ' region in Fig. 2. These data were
obtained using the spectrum of the pre-treated sample under air
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Fig. 1. FT-Raman spectra of (a) CeO, with cubic fluorite structure; (b)
Ceg.69Z10.3102.

at 500 °C and cooled under Ar to 30 °C just before introduction
of NO,. Interpretation of these spectral data is based on
common IR assignments of NO, ad-species on metal oxides
[13] and the known reactivity of ceria-based materials towards
NO, [9,14-16].

Up to 15-20 min of adsorption, difference spectra are
dominated by a band ca. 1187 cm ™! attributed to the v(N-O)
vibrations of NO, ™ nitrites (Fig. 2) [13,16]. The low intensities
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Fig. 2. Difference DRIFTS spectra in the 1800-700 cm ™' region corresponding
to the adsorption of NO, at 30 °C on Ce ¢9Zr( 3,0, (pre-treated under air at
500 °C) after: 5, 7, 15, 20, 30, and 42 min.
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observed in the 15201375 cm ™' region compared with those
of the 1187 cm ™! band, indicate that these surface nitrites have
in most case no corresponding v(N=0) modes [13]. Hence,
these surface nitrites are thought to preferentially adopt the
bridged bidentate (M»(O,)=N") and/or chelating bidentate
(M(0O,)=N") configurations. It has been shown recently that the
(1 11) surface of CeygZry,0,, even submitted to prolonged
treatment in O,, still contain some reduced Ce sites due to the
increased stability of oxygen vacancy defects in comparison to
those existing on ceria [9]. Here, the detection of surface nitrites
on the air-pretreated Ceg9Zro 310, surface is a clue for the
presence of reduced sites. Bidentate nitrite species may have
been formed by electron transfer from a reduced Lewis centre
(Ce** or Zr™) to a NO, molecule with simultaneous re-
oxidation of an oxygen vacancy, which can be depicted for
instance as:

Ce*™-[J-M*" 4 NO, — Ce**(ONO)"M** (D)

Additionally, the bands ca. 1350, 1070 and 850 cm™! are
ascribed to the N-N (for the former) and N-O stretching modes
(for the two latter), respectively, of cis-hyponitrites N,O,>~
species (Fig. 2) [13,16]. Accounting for the existence of
reduced sites on the air-pretreated Ceg goZr( 310, surface, these
species could have been formed in two steps involving: (i) the
dissociation of NO, with simultaneous surface re-oxidation of
vacancy defects; (ii) the subsequent adsorption of NO pairs
(generated during (i)) via electron transfer from Ce>* cations to
yield N,O,”". According to [16], hyponitrites on ceria are not
very thermally stable species and should decompose to N,O. In
our case, the existence of some adsorbed N,O is revealed by the
presence of a weak band at 2240 cm ™' [13]. During the same
time period, other minor bands arising in the 1500-1300 cm™!
range are assigned to some monodentate nitrites, nitro or nitro-
nitrito compounds (Fig. 2) [13]. On the other hand, a negative
absorption develops ca. 3690 cm ™' (shoulders at 3740 and
3660 cm ') and weak positive absorptions are observed instead
ca. 3630 and 3565 cm ™! (not shown here). These changes are
due to the interaction and/or replacement of some ceria—zirco-
nia hydroxyls with/by a NO, molecule. In the literature, similar
red shifts in the positions of OH groups have been assigned
either to an increased Bronsted acidity due to the withdrawing
effect of the NO, moiety or as a result of hydrogen bond
formation between slightly acidic OH and a NO, molecule [13].

After 20 min of adsorption, the intensity of the 1187 cm™'
nitrite band decreases progressively at the expense of very
strong bands, whose new maxima after 42 min on stream are
1009-1025, 1242-1275, 1520-1565-1585 and 1612 cm ™'
(Fig. 2). As nitrites have no modes around 1000 cm ™, this
set of bands can be unambiguously ascribed to various kinds of
surface nitrates [13]. According to Hadjiivanov and Vayssilov
[13], the modes of bonding of NO;~ species to the ceria—
zirconia surface can be further distinguished by the extent of
splitting between their v,((NO,) and v4(NO,) modes and the
positions of the (v; + v3) combination modes in the 2650-
2450 cm ™! region (not shown here). Here, the intense bands
observed in our spectra ca. 1585-1565, 1275 and ca. 1010-

1005 cm ™! (combination mode ca. 2565 cm™!) can be ascribed
to various kinds of chelating bidentate species whereas bridged
bidentate nitrates are observed at 1610, 1220-1200 and
1010 cm ™' (combination band ca. 2610 cm™"). Additionally,
bands around 1530-1515, 1240 and 1030-1000 cm”! (combi-
nation band ca. 2530 cm™ ") seem in good agreement with the
existence of monodentate NO5 ™~ species (Fig. 2) [13].

Considering the decrease in the concentration of surface
NO, ™ species after 20 min on stream, the formation of some of
these NO3;~ species may involve, at least partially, the surface
reaction of a nitrite species with an oxygen atom already
present on the air-pretreated surface or left by the decomposi-
tion of a NO, molecule on a neighboured site:

NO,™ +O(ads) — NO3~ 2)

In addition to this “nitrite route”, the simultaneous growth
of the nitrate bands with absorptions ca. 2300-2200, 2010 and
1934 cm ™! ascribed to NO,* and/or NO* species (not shown
here) indicates that other mechanisms could be operative. In
that respect, the disproportionation of NO, in its dimerized
form, i.e. N,Oy, to give NO* and NO; ™ adsorbates that pair on
acid-base sites has been proven by theoretical calculations to
be a valid mechanism for a defect-free MgO surface and has
been observed experimentally for other kinds of metal oxides
[12]. Here, the disproportionation of NO, dimers is thought to
contribute to the production of nitrates on defect-free crystal
planes (the so-called “‘terrace’ sites) of the ceria—zirconia.

3.3. DRIFTS study of NO adsorption at 30 °C—effect of
pre-treatment conditions

When the DRIFTS study was repeated on the air-pretreated
Ceg ¢0Zrg 310, surface with NO instead of NO,, rather similar
spectra were obtained. For this reason, the corresponding
spectra are not shown here. However, some changes were
sometimes observed in the relative concentrations of the
peculiar ad-NO, species at a given adsorption time. In order to
examine the respective effects of the nature of the reactive gas
(NO or NO,) and catalysts pre-treatments (500 °C under air or
Ar) on the relative concentrations of the main adsorbed NO,
species, a semi-quantitative study was attempted using
DRIFTS. Owing to absorptions in distinct spectral domains,
peak fitting was not necessary and the intensities of the
1187 cm™' (nitrites) and 1560 cm™' bands (chosen as
representative of nitrates) were measured directly from
absorbance DRIFTS spectra. They are plotted in Fig. 3(A
and B), respectively.

By comparing the signals obtained during the initial stages
of adsorption (up to 20 min), it can be seen that the amount of
nitrites and nitrates generated by NO and NO, on the air-
pretreated Ceg goZr( 310, catalyst is almost similar (Fig. 3(A)).
This is explained by the strong oxidizing properties of some
ceria—zirconia surface oxygens that promote the following
reaction:

NO + (O)ads = NO, 3)
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Fig. 3. Effect of pre-treatment conditions on the development with time of (A)
the 1188 cm™! (nitrites NO,”) and (B) the 1560 cm™! (representative for
nitrates NO;3 ) bands.

After 20 min adsorption, the decrease observed in the amount
of surface nitrites is accompanied in both cases by the increase
of nitrates (Fig. 3(B)). However, it is worth noting that the
formation of nitrates from nitrites is strongly promoted for NO,
adsorption but not for NO. This is in good agreement with the
known relative oxidizing character of these two nitrogen oxi-
des. Whereas NO, is a strong oxidizing agent, the effect of NO
could be either reducing or oxidizing depending on the nature
of the site.

Noteworthy, the argon-pretreated CeggoZry3;0, catalyst
exhibits a marked different adsorption behaviour. First, nitrates
were never observed even after more than 100 min exposure to
NO (Fig. 3(B)). Second, the development of the nitrite band (now
at 1194 cm™") is considerably delayed in comparison with the
air-pretreated surface (Fig. 3(A)). By contrast, the characteristic
absorptions of hyponitrites (1327 and 1063 cm ') and other
easily removable ad-NO, species (bands at 1640 and 1545 cm ™'
tentatively assigned to N,O7) and a band at 2240 cm ™'
(adsorbed N,O) were observed during the first stages of
adsorption (spectra not shown here). These discrepancies
obviously reflect the differences existing in the amount of
oxygen vacancy defects on the air- and argon-pretreated

Ce.60Z19 310, surfaces prior to adsorption. The pre-treatment
of the Cegg9Zrp3,0, catalyst under Ar is thought to create
thermally induced oxygen vacancies and other kinds of defective
sites more easily than the same pre-treatment performed under
air. Therefore, reaction (3), which is needed for the formation of
nitrites from NO, is hindered for the argon-pretreated surface in
the first stages of NO adsorption. The primary role of NO is to re-
oxidize the surface while undergoing decomposition or electron
transfer reactions, such as leading to the formation of adsorbed
N,0,%", N,O and elemental N, O species. Whereas N and O ad-
atoms are not detectable by FTIR, they were identified using XPS
in other studies [12].

4. Conclusions

Using DRIFTS, the structures of ad-NO, species generated
by NO or NO, adsorption on ceria—zirconia Ceg ¢9Zr( 310>
surface characterized by different degrees of reduction were
investigated. Whereas the quantity of oxygen vacancy defects
and reduced metal centres was found to be not negligible for the
air-pretreated surface, it was considerably more important for
the argon-pretreated surface due to thermal reduction. As a
consequence, the air-pretreated catalyst was able to readily
promote the oxidation of NO to NO, at room temperature and
the formation of bidentate nitrites, mainly via electron transfer.
Upon increasing exposure to NO,, nitrites transform via oxygen
transfer to bidentate and monodentate nitrates, the latter process
being especially promoted in presence of NO,. By contrast,
nitrates were never detected by NO adsorption on the partially
reduced surface. Instead, hyponitrites and reduced ad-NO,
species were the dominant species initially formed on defective
sites, a period of surface re-oxidation being necessary to the
formation of nitrites.
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