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Infrared studies on SnO, and Pd/SnO,
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Abstract

The peculiarities of the IR studies of adsorption on semiconducting oxides are reviewed with special attention to SnO».
Absorption by free electrons is very strong in reducing atmospheres and well-defined conditions are required to get vibrational
information on the nature of surface species. CO adsorption on SnO, at room temperature (r.t.) gives rise to CO-Sn>* and
CO-Sn** end-on species and to various carbonate entities. NO adsorption leads to the formation of mononitrosyls, nitrite and
nitrate species. Pd/SnO, catalysts are prepared according to original procedures: photodeposition and grafting of a molecular
complex; the grafting method leads to highly dispersed PdO which is reduced to well-dispersed Pd upon CO adsorption atr.t.,
whereas NO gives rise to nitrosyl species mainly adsorbed on ionic Pd. The specificity of SnO; is evidenced upon interaction of
a stoichiometric (CO+NO) mixture at r.t.: formation of N,O on SnO, alone, generation of N, O and isocyanate on PdO/SnO;.
These results are explained by the presence of oxygen vacancies and may be related to the low-temperature catalytic activity
of SnO,-supported palladium in deNO, reactions reported elsewhere. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

1.1. Peculiarities concerning the infrared studies
of semiconducting oxides

The optical absorption of semiconducting oxides
arises from five different phenomena [1]: (i) intrinsic
absorption, corresponding to transitions between (full)
valence bands and (empty) conduction bands, which
occur often in the UV-visible range and sometimes in
the near-infrared (NIR) (for narrow gap semiconduc-
tors); (ii) transitions between valence bands, called
intervalence transitions, only observed in p-type ma-
terials, which may appear in the NIR; (iii) free carrier
absorption, arising from transitions within one band;
(iv) transitions of an electron to or from a localized
state; (v) lattice vibrational absorption.

* Corresponding author. Fax: +33-1-44-27-61-37.
E-mail address: bozonver@ccr.jussieu.fr (F. Bozon-Verduraz).

Semiconducting oxides are widely used in hetero-
geneous catalysis either as supports or active phases;
when compared to insulating oxides such as silica,
alumina or magnesia, their mid-infrared examination
offers special difficulties due to mainly the transition
types (iii) and (iv), which involve the absorbance due
to free carriers and electron- or hole-donors, whose
concentration depends on the semiconduction type,
the surrounding atmosphere and the temperature.

In the case of n-type semiconductors (e.g. ZnO,
TiO, CeO,, SnOy), a pretreatment in a reducing
atmosphere generates electron-donor levels (oxygen
vacancies Vg, metal under a lower oxidation state),
which increases the free electron concentration; the
semiconductor may even become degenerate, i.e. it
may behave like a metal, showing a reflectivity edge
and a plasma frequency. When the semiconductor is
not degenerate, the absorption of conduction electrons
is a function of 1/v"* with 2 < n < 3 [1,2] and the
increase of absorption is larger at low wavenumbers
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(high wavelengths); this phenomenon may then pre-
clude the observation of bulk and surface species as
reported in the case of CeO» [3] and SnO» [4]. In ad-
dition to this background absorption, the presence of
electron-donor levels gives rise to electronic transiti-
ons (type (iv)) which may occur in the infrared region:

M(n71)+ — Mt tLe” (D)
Vo — Vot +e” (2a)
Vot — Vo2t +e~ (2b)

Such transitions have been previously reported, e.g.
Ce3t in CeO; [3.5].

These difficulties are seriously enhanced when the
sample under study is a metal supported on an n-type
semiconducting support; the reduction of the support
is then greatly favoured by the metal, e.g. through
activation in vacuum and spill over of hydrogen or
CO. It follows that the absorbance may decrease to
zero, especially when the reducing gas is adsorbed at
temperature higher than the ambient. For example, this
has been observed in the case of metals supported on
7ZnO [6] and ceria [7].

For a given support, the reducibility depends on
the texture, the morphology and the conditions of
pretreatment. Heating the sample in oxygen at a
convenient temperature allows one to maintain the
transmittance at an acceptable level as oxygen can act
as an electron trap. For example, adsorption of oxy-
gen on a non-stoichiometric oxide, containing oxygen
vacancies Vo, generates lattice oxygen Og* (remov-
ing the donor levels):

3029 + Vo — 00* 3)

according to the Kroger—Vink notation [2].
It follows that the electron concentration in the solid
decreases and that the sample transmittance increases.
Hence the study of adsorbed species in reducing
atmosphere requires the conditions of examination to
be carefully chosen.

1.2. The case of tin dioxide

Tin dioxide is an n-type semiconductor. Its band
gap width E, amounts to 3.6eV [8,9]. It is transpar-
ent in the visible range in its undoped form, which
has been applied to the production of transparent

conductive coatings [10]. When heated in reducing
atmosphere (vacuum, hydrogen, carbon monoxide), it
becomes non-stoichiometric by losing oxygen, which
generates tin cations with unsaturated coordination (4
instead of 6) [11]; it is believed that the point defects
are oxygen vacancies and Sn2* ions [2,11], whose
thermal excitation may give rise to paramagnetic
species such as Vo© (F-centre) and Sn3* [12,13]. As
its electrical conductivity is very sensitive to oxida-
tive and reducing atmospheres, SnO; is widely used
in sensors [8,14] and a large amount of publications
and patents have appeared. Moreover, the adsorption
of a series of molecules has been studied, especially
by Harrison et al. [15-19,59,60] for 30 years.

Conversely, tin dioxide has received limited atten-
tion in the catalysis field and the use of Sn—Sb oxides
in selective oxidation appears to be a unique indus-
trial application [20]. Moreover, the ability of SnO;
to generate defects has been only recently shown to
induce interesting performances for supported Pd cat-
alysts, e.g. in deNO, reactions [21]. The present paper
concerns first the infrared study of high surface area
SnO; at various temperatures and under different sur-
rounding atmospheres; the surface and bulk species
present in vacuum or in oxygen (OH, Sn—O-Sn, etc.)
are examined as well as the interactions with CO,,
CO, NO and (CO + NO). The second part concerns
the examination of Pd/SnO, catalysts; it focuses on
the influence of the pretreatment on the nature of the
species formed upon adsorption of CO and NO.

A prerequisite for sensing and catalytic applications
is the preparation of high surface area tin dioxide; the
procedure used is described below.

2. Experimental
2.1. Samples preparation

High surface area tin dioxide (174m?/g) was
prepared through reaction of metallic tin with con-
centrated nitric acid, centrifugation of the suspension
obtained, washing of the solid with distilled water
and drying at 120°C [22].

SnO;-supported Pd samples were obtained accord-
ing to the following procedures, original on SnO; and
already presented elsewhere [21]: (i) oxidized sample
(GC): grafting of Pd acetylacetonate on tin dioxide
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from a solution in toluene at 110°C for 4 h, filtering,
drying of the grafted support at 80°C for 12 h and cal-
cination under flowing oxygen at 400°C for 2 h; (ii)
reduced sample (PH): photodeposition of Pd on the
support by irradiation of a suspension of SnO; in a
Pd(NO3); solution (pH = 2.0-2.8); the source was a
mercury lamp and 2-propanol was used as hole scav-
enger; after filtration, the solid was dried at 80°C for
12h. The Pd content, determined by emission spec-
troscopy (ICP), was 3.0% for both samples; the mean
Pd particle size was about 1.8-2nm (from TEM) for
the GC sample and 4.4nm (from XRD broadening)
for the PH sample.

2.2. Methods

FTIR transmission spectra were recorded on a
Perkin-Elmer 1730 and on a Bruker Equinoxe spec-
trometers (resolution 4cm~!, 50 scans); the samples
were pressed into self-supporting discs (about 25 mg/
cm?) and placed in a stainless steel cell (In Situ Re-
search Instruments) allowing in situ analysis of sam-
ples in the 20-500°C range, including CO adsorption.

3. IR studies on SnO,

Several bands due to fundamentals, overtones and
combinations of OH, Sn—O and Sn—O-Sn entities
appear in the 4000-800 cm™! range; below 800 cm™!
there occurs the cut-off arising from lattice vibra-
tions. In order to explore with a suitable resolution in
the region 400-1000cm ™!, the spectrum of a sample
calcined at 500°C in air (surface area: 62 mz/g) was
recorded after dispersion in a KBr matrix (Fig. 1).

The results and the proposed attributions are
presented in Table 1 and compared with the data
published in the literatures [15,23-35]. The discrep-
ancies concerning these attributions are due to several
factors: (i) the nature of the sample (monocrystal,
powder, colloidal suspension) and the proportion of
low-coordination sites [36]; (ii) the stoichiometry of
the oxide, i.e. the presence of intrinsic defects; (iii)
the presence of impurities, i.e. extrinsic defects; (iv)
the size and shape of the particles [61,62]; (v) the
hydroxyl groups concentration.

A detailed account of all these factors appears to
overcome the frame of this paper; additional work is

60
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Fig. 1. IR spectrum of SnO; calcined at 500°C (KBr) in the
700-500 cm™! range.

certainly needed in particular to check the interven-
tion of electronic transitions in the infrared range,
proposed by Ghiotti et al. [4,29-32].

3.1. FTIR spectra after outgassing at various
temperatures

The spectra were recorded at room temperature
(rt) after outgassing (107> Torr) the as-prepared
SnO; sample at various temperatures (100-500°C) for
15h (Fig. 2). After evacuation at 100°C, the spectrum
shows several bands: a peak at 3500 cm~!, a broad
band centred around 3000 cm™! [vou(Sn—OH)], two
peaks at 2440cm™! [280p(Sn-OH)] and 1610cm™!
[6ou(H20)] and bands at 1250, 1180, 960 and
874 cm~! assigned to §og(Sn—OH) (Table 1). Out-
gassing at 200°C removes the band located near
1610cm~! and the shoulder around 874cm™!, de-
creases the intensity of the bands at 2442, 1251, 1180
and 960 cm ™!, whereas new bands appear at 1524 and
1420 cm~!. Evacuation at 300°C shifts the hydroxyl
band to 3190cm~! and removes the bands at 2442
and 960 cm™!.

Until 300°C, the transmission increases with the
outgassing temperature, especially at low wave-
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Table 1
IR band positions and assignments for SnO»

v (cm™) Reference Fundamental Overtones and
vibrations? combinations
300 [23,24]; 312 [25] [23-25] v(Sn-0)
526*; 540 [26]; 556*; 561 [27] [26,27], this work* v(Sn-0, T)
610 [25] [25] v(Sn-0)
(617, 648)* This work* v(Sn-0)
650 [23] [23] v(Sn-0)
(665, 667) [26]; 680 [27]; 669* [26,27], this work* v(0O-Sn-0)
670 [25]; 690 [23] [23,25] v(Sn-0)
(737; 770) [16] [15] Vas(Sn—0-Sn)
870 [16] [15] Vas(Sn—OH)
934 [27] [27] Sou(Sn-OH, T)
950 [16] [15] Sou(Sn—-OH, T)
(960, 1000, 1060, 1120) [23] [23] Lattice
1175 [16]; (1177-1180)*; 1242 [27]; [15,27], this work* Sou(Sn—-OH, T)
1245 [16]; (1245-1250)*
(1370, 1520) [23] [23] Lattice
(1378-1382)* This work* Lattice

1436 [16]; (1420-1436)*

1536 [16]; (1520-1536)*
(1610-1623)*; 1636 [28]; 1640 [16]
(2429-2442)

2900 [33]; 3000 [27]

(3000-3500)* [33]

[15], this work*
[15], this work™
[15,28], this work*
This work™
[27,33]

[33], this work*

Son(H20)

voH(Sn—-OH, B)
vou(Sn—-OH, B)

2V,5(Sn—0-Sn)
2V,5(Sn—0-Sn)

26ou(Sn—-OH, T)

(2900-3400) [27] [27]
3160 [29,30]; 3400 [33-35] [29-35]
3640 [16,29-32]; 3655*; (3740, 3830) [33]

[15,29-33], this work™*

v(OH--- 0, B)
vou(Sn—-OH, B)
vou(Sn—-OH, T)

4T: terminal; B: bridged.

Transmittance (a.u.)

0 . . 1
4000 3000 2000 1000
Wavenumber, cm™

Fig. 2. IR spectra of SnO, outgassed at: (a) 100°C; (b) 200°C;
(c) 300°C; (d) 400°C; (e) 500°C.

numbers. This phenomenon may be explained by the
dependence of the light intensity diffused by the sam-
ple (Id) on the particle size (d) and on the frequency
v, which is expressed by Id & d3v* [37]. As a conse-
quence, Id decreases with v and the sample transmit-
tance increases when v diminishes. After outgassing
at 400°C, a drastic loss of transmission is observed.
Only a weak shoulder near 1180cm™' is detected
(spectrum d). This fall of transmission is assigned to
the presence of free electrons created upon outgassing
(that is in reducing conditions); the electron-donor
levels have been evidenced by UV-visible spectra
[21] and EPR measurements [38,63]. Even after out-
gassing at 500°C a broad hydroxyl band centred
around 3200cm™! and a very small shoulder near
1180cm™! are still present, which may be explained
by the presence of strongly bound hydroxyl groups
encapsulated in the oxide bulk [39].

In order to differentiate the vibrations due to OH
groups from those due to the Sn—O-Sn bridges, a



D. Amalric-Popescu, F. Bozon-Verduraz/Catalysis Today 70 (2001) 139-154 143

sample outgassed at 200°C during 4h, was treated
with D>O vapour at r.t. (p = 18 Torr) during 15 min,
and then evacuated at 200°C. Hydrogen—deuterium
exchange was rapid. The broad band centred around
3190cm~! generates two bands: one located at
2639 cm™!, the other at 2511 cm™!; the bands at 1250
and 1180 cm™~! disappear and they probably move to-
wards frequencies lower than 1000cm™!. The bands
at 1524 and 1420 cm~! were not modified by the D>O
treatment; they should be ascribed to vibration har-
monics of Sn—O-Sn bridges obtained by condensation
of hydroxyl groups. Outgassing at high temperature
should increase the concentration of these species;
however, such treatment leads also to a marked de-
crease of transmission, decreasing the sensitivity of de-
tection of all entities; hence a pretreatment procedure
minimizing the transmission losses was carried out.

3.2. Influence of a pretreatment in oxygen

To avoid the loss of transmission due to the partial
reduction of the oxide, the SnO, sample dried at 120°C
was pretreated first at 400°C in oxygen (1 h) and then
cooled in vacuum from 400°C to r.t.; the surface area
was then equal to 90 m%/g.

Fig. 3 shows the influence of this pretreatment
on the spectrum of SnO;. The initial spectrum (a),
recorded after outgassing at r.t., presents several bands
which were ascribed above. After the pretreatment
(spectrum b), the transmission is significantly higher
and only residual hydroxyl groups, characterized by
a broad band around 3000cm™! (vog) and a weak
shoulder at around 960 cm™! (6omn), are still present;
the bands at 1524 and 1420cm™~! (see Fig. 2) are not
observed; this means that the oxygen pretreatment has
markedly decreased the concentration of Sn—O-Sn
bridges.

Once more the transmission increases below
2500cm~! because the losses arising from diffused
light decrease. The resulting sample may be consid-
ered as free from carbonates species and presents an
appreciable transmittance. This pretreatment will then
be employed as a standard procedure.

3.3. COy adsorption

Various carbonate and related species may form
upon CO; or CO adsorption on the surface of metal

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000
Wavenumber, cm™

Fig. 3. Spectra of SnO;: (a) outgassing at r.t.; (b) after calcination
and outgassing at 400°C.

oxides and detailed assignment is not straightforward
[40,41]; in contrast with other oxides of catalytic in-
terest, a few IR studies have concerned the interaction
of CO, with tin dioxide [15]; in the present work,
CO; was only used as a probe to characterize the tin
dioxide sample submitted to the standard procedure.
The experiments were performed under 50 Torr at r.t.;
several bands (Fig. 4) appear at about 1724, 1586,
1541 (shoulder), 1432, 1375, 1300, 1272 (shoulder),
1227 and 1050 cm™!; after outgassing at r.t., the band
at 1724 cm™! disappears, the other bands decrease in
intensity and the shoulder near 1540cm™! is better
resolved. This complex spectrum may involve weakly
adsorbed CO», unidentate and bidentate carbonate to-
gether with bicarbonate species; Table 2 (upper part)
presents the assignments proposed with a reference
to previous works.

3.4. CO adsorption

Upon contact with CO, the sample suffers a signif-
icant transmission decrease, indicative of an increase
of the electron concentration that is a partial reduc-
tion of the sample, described below by Eqgs. (7)—(8b).
Hence the experiments were performed at low CO
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Fig. 4. IR spectrum of CO; adsorbed on SnO;: (a) under CO;
(50 Torr); (b) after outgassing at r.t.

pressure (<30 Torr); carbon monoxide was introduced
at r.t. (10 min) and the gaseous phase was evacuated
at the same temperature. The spectra were recorded at
r.t. and presented after subtracting the spectra of the
gas phase and of the solid before adsorption. (i) In the
1800-1200 cm™" region (Fig. 5), the band positions
in the spectrum of the adsorbed phase are similar to
those obtained upon CO; adsorption but their relative
intensities are different, indicating a different distri-
bution of the adsorbed species and possibly the pres-
ence of carboxylates (Table 2, lower part) [4,15-19].

1580

0.14

0.12

0.10 +

0.08

Abs. (a.u.)

0.06 F

0.04

0.02

0.00 . 1 . 1 " 1 N 1 N 1 N
1800 1700 1600 1500 1400 1300 1200
Wavenumber, cm”

Fig. 5. IR spectra (1800-1200cm™!) of CO adsorbed on SnO»:
(a) under 6 Torr; (b) under 30 Torr; (c) after outgassing at r.t.

Upon outgassing at r.t., the band at 1700cm™! is al-
most removed but the intensity of the other bands is
only slightly decreased. The formation of carbonate
species through contact with CO implies the existence
of reactive oxygen on SnO, after the pretreatment at

Table 2
Band positions and assignments for CO, and CO adsorption on SnO, (1800-1000cm™!)
Adsorbate Reference Carboxylate Unidentate Bidentate Adsorbed CO, Bicarbonate
CO, This work 1432-1375 1586, 1280-1300, 1724 1541, 1432, 1227
(Fig. 4) 1050
[15] 1440-1450, 1596, 1300, 1225
1370-1380
Cco This work 1500-1320 1500, 1370 1580, 1280 1700 1540, 1432, 1230
(Fig. 5)
[4] 1480-1473, 1550-1538, 1590-1585,
1380-1370 1320-1310, 1443-1438,
1030-1022 1228-1225
(15] 1440, 1370
[19] 1540, 1300 1500-1422, 1590-1600, 1700, 1180 1585, 1295,
1401-1320 1223-1275 (organic carbonate) 1225
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Fig. 6. IR spectra (2250-2100cm™") of CO adsorbed on SnOj:
(a) under 6 Torr; (b) under 30 Torr; (c) after outgassing at r.t.

400°C. (ii) In the 2500-2000cm™" range (Fig. 6):
bands attributed to “on-top” CO-Sn** (2200cm™")
and CO-Sn?* entities (2145cm™") [21].

The drastic loss of background transmission indu-
ced by CO adsorption is partially suppressed upon out-
gassing at r.t. (not shown); this means that the electron
concentration is decreased, that is, the reduction by
CO is partially reversible.

The creation of donor levels Sn** and oxygen
vacancies as well as the variations of background
transmission may be described as follows:

1. upon outgassing pretreatments: point defects are
formed as shown by UV-visible diffuse reflectance
spectroscopy [38,63]:

Sn0, = SnOs_y + 3x0xg) )
0o = Vo + %Oz(g) 5)
Sn*t + Vg = Sn?t + Vot (6)

2. upon CO adsorption:
CO(ads) + 00" = COy(g) + Vo 7
The increase in electron concentration arises from

Vo= Vot +e~ (8a)

Vot = Vo>t +e” (8b)
Sn?t = Sn** +2e” ©)]

where Vo, Vot and V2T are the neutral and
ionized oxygen vacancies, respectively, Og* is
the lattice oxygen, according to the Kroger—Vink
notation [2].

3.5. NO adsorption

The adsorption of N,O, compounds on metals and
metal oxides gives rise to a variety of species and
has been very recently reviewed by Hadjiivanov [42].
Among the great number of papers, a few were devoted
to SnO» [29] or SnO; containing transition metal ions
of the first series [30,59,60].

In the present work, NO adsorption was carried out
at different temperatures on a SnO; sample pretreated
at 400°C as above.

3.5.1. Influence of NO pressure at room temperature

Several bands ascribed to nitrite and nitrate species
[43—46] appear between 1700 and 1000 cm ™!, where-
as nitrosyl entities are observed in the 1800-2000 cm ™!
range (Fig. 7): (i) under 0.15 Torr (spectrum a) ap-
pear only very weak peaks at 1565, 1548, 1280,
1175 and 1010cm™!; (ii) when the NO pressure
increases to 0.3 Torr (spectrum b), the bands cited
above are markedly intensified whereas additional
bands or shoulders are detected at 1617, 1450, 1220,
and 1115cm™!; (iii) under 2 Torr (spectrum c), a fur-
ther increase of intensity is noted together with the
appearance of new bands at 1900 and 1850 cm™! and
of shoulders at around 1507 and 1045 cm™".

After evacuation at r.t. (spectrum d), the peaks at
1900 and 1850cm~! disappear, indicating that the
nitrosyl species are weakly adsorbed on Sn**; con-
versely no change is noticed in the 1700-1000 cm™!
region, showing that the nitrite and nitrate entities are
more firmly held. Table 3 (upper part) presents the as-
signments proposed; it is relevant to note that: (i) the
band attribution of nitrite and nitrate is only tentative;
(i1) the formation of N»,O was previously observed
on SnO, at r.t. together with nitrites but without
nitrates [29], and also reported upon interaction of
NO with TiO, anatase [47]; the absence of N>O in
the present work may arise from the pretreatment in



Table 3

Band positions (cm~1) and assignments for NO adsorption on SnO2, oxidized Pd/SnO; and some related systems

System Reference N,O adsorption  Linear nitrosyls (DN: dinitrosyls) Bridged Nitrites on the support, Nitrates on the support,
on the support 7 nitrosyls, Pd’ unidentate (U), chelating bidentates (BD), bridging
Sn*t Pd**, Pd*+ pd’ ©) unidentates (BU)
SnO; This work 1900, 1850 1450, 1370 (U); 1545-1580, 1280,
(Figs. 7 and 8) 1510, 1175 (C) 1045 (BD); 1627,
1220, 1010 (BU)
[29] 2236 1826 1280, 1175 (C)
Pd/SnO, This work 1820-1825, 1730, 1753 1685-1690 1582-1586, 1280,
(Figs. 14 and 15) 1788-1800 1045 (BD)
Pd/ALO3  [49] 2232 1632-1599 (m2);
1580-1572 (u3)
[50] 2240 1815, 1855 1715 1612, 1463, 1240
(including adsorbed NOy)
Pd/SiO; [51] 1740, 1600 1690, 1570
(bent)
Pd/zeolite  [52] 1840-1850 1878, 1908,

1839 (DN)
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Fig. 7. IR spectrum of NO adsorbed on SnO;: influence of NO
pressure: (a) under 0.15 Torr; (b) under 0.3 Torr; (c) under 2 Torr;
(d) after outgassing at r.t.

oxygen which decreases the concentration of oxygen
vacancies, which are believed to induce the formation
of nitrous oxide (see Eq. (11)).

3.5.2. Influence of the adsorption temperature

The spectra obtained under 2 Torr in the 25-200°C
range are presented in Fig. 8. After adsorption at 50
and 100°C (spectra b and c) better resolved peaks
appear between 1650 and 1500 cm™!; after outgassing
at 100°C (not shown), the intensity of all bands does
not change significantly.

If the adsorption is carried out at 200°C (spectrum
d) the intensity of all peaks is decreased, even though
the pressure is increased up to 4 Torr; however, after
evacuation at 200°C (not shown), they are still present
including those ascribed to the nitrosyl species.

3.6. (CO + NO) adsorption

Adsorption at r.t. (Fig. 9) of a stoichiometric mixture
(3 Torr CO, 3 Torr NO) led to the appearance of: (i)

1900 1850

044 1220 |

Abs. (a.u.)

1370
2000 1500 1000

-1
Wavenumber, cm

Fig. 8. IR spectra of NO adsorbed on SnO, under 2 Torr at different
temperatures: (a) r.t.; (b) 50°C; (c) 100°C; (d) 200°C.

two peaks at 2238 cm~! (N,0) [29,30] and 2200 cm ™!
(Sn**+—CO) [21]; (ii) a series of bands at 1700, 1580,
1545, 1430, 1280, 1230, 1170 and 1040cm™!, as-
signed as above to various carbonate (Table 2), nitrite
and nitrate species (Table 3). The comparison with
Fig. 8 shows that in the presence of CO the nitrosyls
are transformed into N> O. It may involve the reaction:

CO + 2NO — N0 + CO, (10)

since the bands assigned to CO; (1700 cm~!) and bi-
carbonates are enhanced (1580, 1430 and 1230 cm™! );
but N>O may also arise from the reaction of NO with
oxygen vacancies induced by CO adsorption on the

support (Eq. (7)):
2NO + Vg — N,O + Op* (11

Upon outgassing at r.t., the peaks located at 2238 and
2200cm™~! disappear and the intensity of the other
bands decreases markedly. The weak stability of the
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Fig. 9. IR spectra recorded upon interaction of a (CO + NO)
stoichiometric mixture with SnO, at r.t.: (a) under 6 Torr; (b) after
outgassing at r.t.

peaks at 2238 and 2200cm™~! confirms their respec-
tive attribution to N,O and Sn*T—CO rather than to
isocyanate species [18,42].

4. Pd/SnO; samples

Two types of catalysts were used (cf. Section 2):

1. In oxidized form (GC): calcination of the grafted
sample at 400°C during 4 h followed by cooling
under vacuum down to r.t.

2. In reduced form (PH): after photodeposition,
drying at 120°C and evacuation at r.t.

4.1. CO adsorption

CO adsorption was carried out at r.t. or at a fixed
temperature Tads. Upon contact with 100 Torr CO,
the sample suffers a strong transmission decrease, as-
cribed to an increase of electron concentration (reduc-
tion of the carrier); in order to limit this phenomenon,
the procedure was the following: introduction of CO
under 3 Torr, then increase up to 30 Torr, evacuation

first at r.t. during 15 min, then at 100°C during 1h.
The spectra were recorded “in situ” at the adsorption
temperature.

4.1.1. CO adsorption on the oxidized sample (GC)

4.1.1.1. CO adsorption at room temperature. The
1800-1200 cm ™! region (not shown) contains a series
of bands assigned to carbonates (mono and biden-
tate) and to bicarbonates already present on SnO» (cf.
Table 2); the intensities are somewhat different, which
indicates a different distribution of these species.

In the 2300-1800cm~! interval (Fig. 10 and
Table 4), four bands appear:

at 2200cm~! (A) ascribed to Sn*t—CO,

at 2144 cm~! (B) assigned to Pd2*t—CO [53-55],
at 2098 cm™! (D) ascribed to Pd°-CO [44,55,56],
at 1930cm™' (E) with a shoulder (F) around
1895 cm™! assigned to bridged species [44,55,56].

0.4

035 | 2098

2200 2100 2000 1900 1800
Wavenumber, cm™

Fig. 10. Oxidized catalyst (GC): IR spectra (2300-1800 cm~!) of
CO adsorbed at r.t.: (a) under 5 Torr; (b) under 15 Torr; (c) after
outgassing at r.t.
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Table 4

IR bands (2300-1800cm™!) of CO adsorbed on SnO; and Pd/SnO, with reference to Pd/alumina

v (cm™) Species Reference

2200 O=C-Sn*+ This work

2145 0=C-Sn** This work

2160-2145 0=C-Pd**+ This work, Pd/alumina [44,53-56]
2135-2110 O=C-Pd+ This work, Pd/alumina [44,53-56]
2100-2025 0=C-Pd° This work, Pd/alumina [44,53,55,56]
1995-1960 Pd,(CO) compressed or bridged on (100) faces This work, Pd/alumina [53,55,56]
1950-1925 Pd,(CO) isolated or bridged on (111) faces This work Pd/alumina [53,55,56]
1900-1800 Pd3(CO) This work Pd/alumina [53,55,56]

UV-visible diffuse reflectance experiments (not
shown), were also performed to discriminate the in-
fluence of the pretreatment on the electronic state of
Pd from that of CO adsorption. After the pretreat-
ment in oxygen, the spectrum presents a broad band
centred at about 465nm ascribed to Pd>* ions or
PdO clusters [7,48]; upon outgassing at 400°C, this
band is slightly weakened; after contact with 100 Torr
CO at r.t., it is markedly decreased within less than
30min and the sample colour turns from yellow to
grey. This means that the sample is slightly reduced
in vacuum and suffers a strong reduction upon contact
with CO.

Hence the PdY entities detected above (bands D and
F) arise mainly from the reduction of Pd*t species
by CO, leaving only residual ionic Pd species (b and
B) (Table 4). After outgassing at r.t. (Fig. 10, spec-
trum c), A disappears and B suffers a marked decrease,
which confirms the attribution (these species are less
firmly bonded because no retrodonation occurs); in ad-
dition, a weak displacement of band D towards lower
wavenumbers is observed owing to the decrease of
the dipole space coupling of the CO vibrators [55,56].
The high linear/bridged intensity ratio and the absence
of compressed bridged species show that the metal is
highly dispersed on the carrier.

4.1.1.2. CO adsorption at 50 and 100°C. After
adsorption at 50°C (Fig. 11), the band B is almost
undetectable, the D peak located initially (at r.t.) at
2095 cm~! moves to 2087cm~! and is weakened,
whereas the F peak is reinforced. This tendency may
be explained by the achievement of the reduction of
palladium and the sintering of the Pd particles, the in-
crease of the metal particle size leading to a decrease
of the linear/bridged intensity ratio (L/B + L). This

0.20
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Abs. (a.u.)
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0.00 K 1 1 1 I
2200 2100 2000 1900 1800
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Wavenumber, cm

Fig. 11. Oxidized catalyst (GC): IR spectra (23001800 cm™!) of
CO adsorbed at 50°C: (a) under 5 Torr; (b) under 15 Torr; (c) after
outgassing at r.t.

phenomenon becomes more marked when the pres-
sure increases (not shown) and when the adsorption
temperature reaches 100°C (Fig. 12). At this temper-
ature, under 15 Torr CO, there is also an increase of
the background absorbance arising from the reduction
of SnO; (increase of electron concentration).

4.1.2. CO adsorption on the reduced sample (PH)
After CO adsorption at r.t., the spectrum of the solid
obtained by photoreduction (PH) (Fig. 13) presents
a weak band (B) at 2163cm™!, a shoulder (C) at
2125cm™!, an intense peak (D) at 2080 cm™! and a
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Fig. 12. Oxidized catalyst (GC): IR spectra (2300-1800cm™~!) of

CO adsorbed at 100°C: (a) under 0.1 Torr; (b) under 7 Torr; (c)
after outgassing at r.t.
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Fig. 13. Reduced catalyst (PH): IR spectra of CO adsorbed at r.t.;
influence of CO pressure: (a) 5 Torr; (b) 15 Torr; (c) 35 Torr; (d)
after outgassing at r.t.

strong broad band (E) centred around 1960 cm™! with
a shoulder F around 1925cm™!.

The intensity of C-F increases with the CO pres-
sure in the 5-35 Torr range; decreasing the pressure to
10 Torr has no noticeable effect (not shown); after out-
gassing at r.t. (spectrum d) only small peaks at 2127
and 2080cm~! and an intense band at 1930 cm™!
(with a shoulder near 1950cm™"') are still present;
finally, after outgassing at 150°C during 1h (not
shown), these bands disappear almost completely.

The attributions have been given above (Table 4).
The main observations are: (i) the presence of resid-
ual Pd* and Pd*t species, which shows that the
photoreduction is not complete, in agreement with the
results obtained by photoelectron spectroscopy (XPS)
[38,63]; (ii) the predominance of the bridged species
compared to the linear species; this indicates that the
dispersion is lower than in the case of the oxidized
sample (GC).

4.2. NO adsorption

The experiments have been conducted only on the
oxidized sample. The results obtained and the as-
signments are collected in Table 3, with reference to
Pd/alumina [49,50], Pd/silica [51] and Pd/zeolite [52].

4.2.1. Influence of NO pressure at room temperature

Adsorption at r.t. (Fig. 14, spectra a—) led to a
series of bands and shoulders at 1788, 1730 1690,
and 1550 cm™!. Increasing NO pressure intensifies all
bands and induces the appearance of a shoulder near
1825 cm™~!. Outgassing at r.t. (spectrum d) brings no
significant changes; upon outgassing at 200°C (spec-
trum e), the bands in the 1825-1650cm™" range are
markedly decreased, whereas a shoulder at 1612 cm™!
(bidentate nitrate) becomes detectable. The peaks at
1825 and 1788cm™! are ascribed to linear nitrosyl
species on Pd** and Pd*, respectively; the peaks at
1730 and 1685-1690 cm ™! are assigned to linear and
twofold (o) bridged species on Pd°, respectively
[49-52]. Note that the peak at 1685-1690cm~! is
especially resistant to outgassing, which supports the
assignment to bridged species on Pd.

4.2.2. Influence of the adsorption temperature
Fig. 15 compares the spectra recorded under 2 Torr
at different temperatures. Increasing the adsorption
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Fig. 14. Oxidized catalyst (GC): IR spectra of NO adsorbed at r.t.;
influence of NO pressure: (a) under 0.15 Torr; (b) under 0.9 Torr;
(c) under 2 Torr; (d) after outgassing at r.t.; (¢) after outgassing at
200°C.

temperature to 50°C (spectrum b) does not bring sig-
nificant changes but, at 100°C (spectrum c), there is
an upward shift of the main peak (1785-1800cm™"),
suggesting an increase of the proportion of (NO)-Pd**+
species. Upon adsorption at 200°C (spectrum d), the
same features are observed but the peak at 1550 cm™!
becomes very weak. After outgassing at 200°C (not

Table 5

1800
0.354 vo1Tss
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Fig. 15. Oxidized catalyst (GC): infrared spectra of NO adsorbed
under 2 Torr at different temperatures: (a) r.t.; (b) 50°C; (c) 100°C;
(d) 200°C.

shown) the intensity of the peak at 1585cm™! is not
affected, which shows that the species involved is
firmly bonded. Conversely, the band at 1800 em~! s
markedly weakened. After outgassing at 300°C all
bands are almost removed.

As a conclusion, when the adsorption temperature
increases, the concentration of nitrates decreases,
whereas the concentration of nitrosyl species adsorbed
on Pd® and Pd** does not change. This may explain

Band positions (cm™') and assignments of nitrosyl, carbonyl and related species for (CO 4 NO) adsorption on oxidized Pd/SnO, with

reference to Pd/alumina

Reference Isocyanate N,O Linear (L) and bridged (B) nitrosyls Linear (L) and bridged
(B) carbonyls
Sn*+ pd>t, pd* pd° Pd* pd°
Pd/SnO; This work 2165 (Pd-NCO) 22352 2211° (L) 1790 (L); 1745 (L); 2135 (L) 2095
(Fig. 16) 1825 (B) 1700 (B)
Pd/Al, O3 [57] 2254 (Pd-NCO) 1750-1780 2133 (L) 2065 (L);
1936 (B)
[58] 2241 (AI-NCO) 1779, 1796 1754, 1652 2083 (L);
(bent) 1966 (B)

a Observed at 2238cm™! on SnO,.
b Observed at 2200cm™! on SnO».
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that the deNO, activity of Pd/SnO, approaches 100%
at 200°C [21].

4.3. CO + NO adsorption

The experiments have been conducted only on the
oxidized sample (GC). The assignments are summa-
rized in Table 5, taking into account the data obtained
on the support alone (Section 3.6 and Tables 2 and 3).
After adsorption of a stoichiometric CO 4+ NO mix-
ture at r.t. (Fig. 16), several peaks are observed in
the spectral region 2300-1400 cm™~!: (i) two bands at
2235 and 2211 cm~! ascribed to N,O and to end-on
CO adsorbed on Sn**, respectively; (ii) three peaks
at 2165, 2135 and 2095cm™! whose assignment is
discussed below; (iii) a strong band at 1790 cm~! as-
cribed to bridged NO adsorbed on Pd™* with a shoul-
der at 1745cm™! assigned to linear NO species on
Pd?; (iv) a shoulder at 1700 cm™" assigned to bridged
NO adsorbed on Pd%; (v) a series of bands in the
1650-1000 cm™! range, assigned to nitrite, nitrate and
carbonate species (Tables 2 and 3). After evacuation

0.125 1540 1170
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Wavenumber, cm

Fig. 16. Oxidized catalyst (GC): infrared spectra recorded upon
interaction with a stoichiometric (CO + NO) mixture at r.t.: (a)
under 6 Torr; (b) after outgassing at r.t.

at r.t. (Fig. 16, spectrum b), the peaks at 2235 and
2211 cm~! and the shoulders at 1745 and 1650 cm™!
disappear, whereas the peak at 2165cm™! is accentu-
ated. In addition, new bands or shoulders become vis-
ible at 1825cm™! (linear NO adsorbed on Pd**) and
1620cm™! (nitrates).

The persistence of the band at 2165 cm ™! in vacuum
suggests that it should be assigned to an isocyanate
Pd—NCO rather than to a Pd>T—CO species. Moreover,
the band at 2095 cm™! is much less intense than in the
presence of CO alone (Fig. 10).

It may be concluded that adsorption of a stoichio-
metric (CO 4+ NO) mixture: (i) delays the reduction
of Pd** to Pd® by CO, and (ii) generates weakly
adsorbed N>O and more strongly held nitrosyl and
isocyanate species.

5. Conclusions

The IR transmission of SnOj, n-type semicon-
ductor, is sharply decreased by electron absorption
and the quality of vibrational information concerning
the surface species depends strongly on the nature
of the pretreatment. Outgassing at 400°C creates
low-coordination Sn** and Sn”* cations able to ad-
sorb CO end-on species vibrating around 2200 and
2145 cm™!, respectively. CO adsorption also generates
various carbonate species, which implies the existence
of reactive oxygen. NO adsorption at r.t. leads to the
formation of mononitrosyl species weakly adsorbed
on Sn**t cations together with strongly held nitrites
and nitrate species; when the adsorption temperature
increases, the contribution of the latter decreases.

For the preparation of Pd/SnO, catalysts, the graft-
ing of a molecular complex on SnO; leads to a
larger dispersion than the photodeposition method:
it generates highly dispersed PdO, which is reduced
to well-dispersed Pd® upon CO chemisorption at
r.t.,, giving rise mainly to end-on CO, a few bridged
species and some residual Pd?+(CO) entities, whereas
NO gives rise to linear and bridged nitrosyls mainly
adsorbed on ionic Pd; these entities are also observed
upon adsorption of a (CO + NO) mixture together
with N>O and isocyanate species. The presence of
NO delays the reduction of Pd** to Pd” by CO.

The specificity of SnO; is evidenced upon interac-
tion of a stoichiometric (CO 4+ NO) mixture at r.t.:
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formation of N,O on SnO;, generation of N,O and
isocyanate on PdO/SnO;, whereas, on alumina and
Pd/alumina, temperatures higher than 200°C are re-
quired [57,58,64]. This peculiarity may be related to
the presence of oxygen vacancies which has been ev-
idenced elsewhere by UV-visible diffuse reflectance
spectroscopy and electrical conductivity measure-
ments [38,63]. These oxygen vacancies are believed
to account for the low-temperature catalytic activity of
SnO;-supported palladium in deNO, reactions [21].
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