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a b s t r a c t

A sequence of thermal treatments in oxygen was undertaken to study the influences of oxygen adsorp-
tion on the catalytic activity of SnO2 in CO oxidation. Commercial SnO2 (Fluka) and tin dioxide obtained
eywords:
in dioxide
arbon monoxide oxidation
xygen TPD
PR-CO

from SnCl4 were characterized using XTD, BET, SEM TPD, and TPR methods. Catalytic activity of SnO2

samples was carried out as a function of pre-treatment temperature in oxygen. Due to the presence
of different reactive oxygen forms, CO oxidation shows the hysteretic course. The approach to the dif-
ferentiated mechanism of CO oxidation over SnO2 has been presented. The results obtained should be
useful in understanding how the oxygen adsorption affects the catalytic activity of tin dioxide towards
CO oxidation.
. Introduction

The catalytic low temperature oxidation of carbon monoxide
as been studied on numerous both metallic and oxide catalysts
ver the years. This reaction is of great practical importance due to
ts relevance in applications such as air purification, pollution con-
rol devices, closed-cycle CO2 lasers, cleanup automobile emissions
uring cold start etc.

SnO2 is a reducible oxide (n-type semiconductor) with a wide
and gap (3.6 eV) and rutile bulk structure [1]. It is one of the most
idely used semiconductor oxides for the manufacturing of sensors
sed for monitoring the environment [2–5]. Tin dioxide may also be
pplied as a catalyst, catalyst support [6], an interesting material for
hemically resistant electrode [7] or an optoelectronic device [8].

Although the catalytic activity of pure SnO2 in the oxidation
eactions is rather poor, tin dioxide has been intensively studied
s a support for noble metal catalysts during the last two decades
9,10]. Pt/SnO2 was reported as an active catalyst in reactions of
ow temperature CO or CH4 oxidation [11,12]. Grass and Lintz [13]
uggested a probable pathway of CO oxidation over Pt/SnO2 cata-
yst, which assumed an adsorption of oxygen on SnO2 followed by
ts migration to the reaction sites situated at the border between
xide and platinum metal particles. Therefore the capacity of SnO2
or O2 adsorption seems to be very important because of its partic-
pation in the total catalytic activity of the Pt/SnO2 systems in CO

xidation.

Platinized tin oxide shows high activity and selectivity in
xidation of carbon monoxide in the presence of hydrogen
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(PROX—preferential oxidation). One can anticipate that also in this
case catalytic efficiency of Pt/SnO2 catalysts is connected with O2
adsorption [14].

Yamaguchi et al. [15] have investigated methane oxidation on
the reduced SnO2 surface. Their results reveal that O− species
adsorbed on the SnO2 surface are the main active centre for the
dissociation of C–H bond in methane.

Chemisorption of oxygen by SnO2 is also crucial for the mech-
anism of gas detection occurring on resistive semiconductor gas
sensors. Such a mechanism is connected with oxygen chemisorp-
tion followed by catalytic oxidation of the detected gas [16]. For
instance, a simple reaction scheme describing the process of carbon
monoxide detection can be written as:

O2 + 2e → 2O− (1)

CO + O− → CO2 + e (2)

Therefore from the catalytic point of view, the gas detection
properties depend mainly on the ability to oxygen adsorption.

Several different instrumental methods e.g. FTIR (Fourier trans-
formed infrared), TPD (temperature-programmed desorption), EPR
(electron paramagnetic resonance), etc. were used to character-
ize various oxygen species chemisorbed on SnO2 surface. On the
basis of these measurements [17–19] it was proposed that adsorbed
oxygen turns into various oxygen species transferring an electron
from SnO2 to the chemisorbed oxygen according to the following
processes:

O2(gas) ⇔ O2(ad) ⇔ O2
− ⇔ O− (ad) ⇔ O2− (ad) ⇔ O2−(lattice)
(3)

Adsorbed oxygen species are involved in different catalytic oxi-
dation reactions. Their nature depends on the temperature. Below

dx.doi.org/10.1016/j.cattod.2010.09.015
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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80 ◦C oxygen adsorption occurs in a form of O2
−, while above this

emperature to ca. 350 ◦C the O− form predominates. Over 30 years
go Bielański and Haber [18] classified the metal oxides into three
ain groups (p-type semiconducting oxides, n-type semiconduc-

ors and binary oxides) depending on their interaction with O2.
hey claimed that for n-type semiconductors O2

− and O− forms
redominate. Che and Tench in their fundamental reviews [19]
roved, that the wide range of oxygen species can be observed
n all these metal oxides given the right conditions although their
hermal stability varies considerably.

It is obvious that adsorption properties of tin dioxide depend
n the surface structure and therefore on the methods of SnO2
reparation. SnO2 has been widely fabricated using a variety of
echniques. Those methods were described in detail in works
20–22].

In this paper the influence of oxygen chemisorption on the cat-
lytic activity of differently prepared SnO2 samples in CO oxidation
as studied. In spite of many experimental and theoretical works
escribing the mechanism of oxygen adsorption on SnO2 surface,
he effect of this process on SnO2 catalytic activity is still ambigu-
us.

. Experimental

.1. Sample preparation

The tin chloride (SnCl4·5H2O, analytical grade) and ammo-
ia (NH3·H2O, analytical grade) were used as raw materials. The
nCl4·5H2O was dissolved in distilled water to form transparent
olution. An aqueous solution of SnCl4 was hydrolysed with an
mmonia solution

nCl4 + 4NH4OH ⇒ SnO2·nH2O + 4NH4Cl + (2 − n)H2O n ≤ 2(4

The obtained white precipitates were washed with distilled
ater for several times, dried at 120 ◦C for 16 h and finally calcined

t 600 ◦C in air for 4 h. The sample was denoted as SnO2(Cl).
The properties of SnO2(Cl) powders were compared to the com-

ercial SnO2 (Fluka 96550), which was denoted as SnO2(Fl).

.2. Structural and morphological characterization of samples

Specific surface area of SnO2 was determined by BET method
sing a Carlo Erba Sorptomatic 1900 apparatus.

X-ray diffraction (XRD) patterns were obtained at room temper-
ture using a PANalytical X’Pert Pro MPD diffractometer operating
t 40 kV and 30 mA (CuK� radiation) Data were collected in the
ange of 2� = 0–80◦ with a step size of 0.0167◦ and step time of 10 s.
CPDS-ICDD files were used for phase identification.

The particle morphology of samples was investigated by
canning electron microscopy with energy dispersive X-ray spec-
roscopy (SEM-EDS) using a S-4700 Hitachi system.

Differential thermal analysis (DTA) and thermogravimetric
nalysis (TGA) were carried out in the atmosphere of air (Setsys
6/18, Setaram).

.3. Oxygen adsorption

Oxygen adsorption was measured using temperature-
rogrammed desorption method (O2-TPD) with an application
f a zirconium oxygen analyser (Z110, Hitech Instruments Ltd.,
uton, England). This device shows very high sensitivity (oxygen

etection limit 0.1 ppm) and is highly selective to oxygen. Prior to
xygen adsorption, the sample of 0.2 g was in situ pre-treated by
eating in ultra pure (99.9999%) Ar flow for 1 h at a temperature
00 ◦C, followed by cooling to room temperature. Next, argon was
is Today 169 (2011) 192–199 193

replaced by oxygen, which was passing through the reactor with
a flow rate of 40 cm3 min−1 at different temperatures in the range
25–800 ◦C for 1 h. One can assume that after such treatment the
samples were free from hydroxyl groups [23].

After cooling to room temperature, oxygen flow was replaced
by argon and the temperature-programmed desorption of oxygen
was recorded in the temperature range 25–800 ◦C at a heating rate
of 20 ◦/min.

2.4. TPR measurements

Temperature-programmed reduction (TPR-CO) measurements
were carried out in PEAK-4 apparatus [24], using CO as a reducing
agent. TPR-CO experiments were performed using CO/Ar (5 vol.%
CO, 95 vol.% Ar) gas mixture, with a flow rate of 40 cm3 min−1,
in the temperature range 25–760 ◦C with a linear ramp rate of
15 ◦C min−1. Prior to the TPR run, the sample of 0.2 g was in situ
pre-treated by heating in either O2 or Ar flow for 1 h at a given
temperature in the range 25–760 ◦C, followed by cooling to room
temperature. The presence of CO2 in the effluent gas due to the
reduction of the sample was monitored by the CO2 infrared gas
analyser (Fuji Electric System Co., type ZRJ-4).

2.5. Catalytic test

Temperature-Programmed Surface Reaction (TPSR) method
was used to measure catalytic activity in the temperature range
25–760 ◦C. The mass of the sample of 0.2 g, the stream of the react-
ing gases CO/air (0.35 vol.% CO, 99.65 vol.% air) or (0.72 vol.% CO,
99.28 vol.% air) and a linear increase and decrease in temperature
(5 ◦/min) were used. Behind the reactor, the concentration of CO2
was constantly measured by the CO2 infrared gas analyser (Fuji
Electric System Co., type ZRJ-4).

Prior to oxidation, the samples were heated in O2 stream at a
given temperature within the range 200–760 ◦C for 1 h.

The adjustment and monitoring of the total gas flow, tempera-
ture and CO2 concentration behind the reactor were controlled by
computer.

The catalytic activity was expressed as the temperature of 50%
CO conversion reached during an increase (T50i) and decrease (T50d)
in the temperature. The difference (T50i − –T50d) reflecting hys-
teretic changes of catalytic activity was denoted as �TH.

3. Results

3.1. Characterization of the samples

Fig. 1 shows thermo gravimetric and differential thermal anal-
ysis patterns of SnO2(Cl) sample before its calcination. Two steps
of weight loss can be observed on TG curve the massive at 100 ◦C
and smaller at 220–550 ◦C, which can be attributed to the removal
of physical and chemisorbed water, respectively.

The masses of both samples investigated stabilize at above
550 ◦C. That is why the temperature of 600 ◦C was chosen as a final
temperature of samples calcination.

The X-ray diffraction patterns of SnO2 samples are shown in
Fig. 2. The calcined samples correspond to the cassiterite phase.
SnO2(Cl) powders show the same diffraction lines as the commer-
cial SnO2(Fl) and their intensity is very similar.

The average crystallite size of SnO2 was determined basing
on Scherrer equation taking into consideration the broadening of
[1 1 0] diffraction line [25]. The calculated values are presented in

Table 1. The crystallite size of both investigated SnO2 samples is
almost the same.

The BET surface area of the samples under study is reported
in Table 1. The SnO2(Cl) sample shows a higher surface area than
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Table 1
Properties of SnO2 samples.

Sample code Mean crystallite
size (calculated
from XRD) [nm]

BET surface are
[m2/g]

Particle diameter
(calculated from
SEM) [nm]

BET surface area

[m2/g]

SnO2(Cl) 109 8.2 300 7.6
SnO2(Fl) 113 6.2 300 6.2

a After heating at 800 ◦C in oxygen.

S
p
p
×
1
t
(

Fig. 1. Thermal analysis of SnO2(Cl) sample precursor.

nO2(Fl). To get a better insight into the morphology of SnO2 SEM
hotographs were taken (Fig. 3). The pictures of both SnO2 sam-
les are similar. The comparison of two magnifications ×900 and
15,000 of the sample SnO2(Cl) reveals large agglomerates ca.

0–15 �m (Fig. 3a), which consist of small (≈0.3 �m) spherical par-
icles of SnO2 (Fig. 3b). The structure of SnO2(Fl) is in fact identical
Fig. 3c).

Fig. 3. SEM pictures of the surface of SnO2 samples. Magnification
Fig. 2. XRD patterns of SnO2 samples.

3.2. Oxygen adsorption

The TPD-O2 profiles of the investigated samples are presented
in Fig. 4a and b. It can be observed that the area of recorded peaks
strongly increases with an increase in the adsorption temperature.
The adsorption at room temperature results in a very small desorp-
tion peak at ca. 150 ◦C.

The oxygen desorption from both samples after their heating in
◦
oxygen at temperatures higher than 200 C occurs in two stages.

The maximum of desorption for the first peak occurs at ca. 650 ◦C
and for the second at over 800 ◦C.

s ×900 (a), ×15,000 (b) SnO2(Cl) and ×15,000 (c) SnO2(Fl).
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Fig. 4. (a) TPD-O2 profiles of SnO2(Fl) sample after pre-treatment in oxygen at dif-
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temperatures in the range 25–500 ◦C, are in fact similar to those
heated just in argon. The blue, green and red TPR profiles in Fig. 6
were obtained after heating the SnO2(Fl) sample in oxygen for 1 h at
600, 700 and 760 ◦C, respectively. The new low temperature reduc-
erent temperature [◦C]. (b) TPD-O2 profiles of SnO2(Cl) sample after pre-treatment
n oxygen at different temperature [◦C].

TPD-O2 studies over SnO2 oxide have been reported in a few
orks [26,27]. The general conclusion is that the course of TPD

trongly depends on the pre-treatment of the catalyst surface pre-
eding the desorption process.

SnO2 is a berthollide type, unstoichiometric compound, which
hows a deficiency of O2− ions towards Sn4+. Thus, the predominant
dsorptive centres are oxygen vacancies, which can be formed on
he SnO2 surface both during the preparation and the tempera-
ure pre-treatment of the sample in an appropriate atmosphere.
n general, the heating in oxygen leads to the decrease of their
oncentration whereas in a reductive or neutral atmosphere to the
ncrease. Thus the adsorption of oxygen may be considered as the
rocess of oxidation of SnO2 surface whereas the desorption of oxy-
en as reduction. The efficiency of these processes for the particular
nO2 sample depends on the temperature.

Yamazoe et al. [28] reported desorption of four kinds of different
xygen species: O2 at 80 ◦C, O2

− at 150 ◦C, O− (or O2−) at 450–600 ◦C
nd lattice oxygen above 600 ◦C. Following these findings we could
ttribute our TPD peaks to particular oxygen species: The peaks
hich arise at the lowest temperatures (<200 ◦C) denoted as A,
ere ascribed to O2, or O2

− while those which arise at ca. 600 ◦C,
enoted as B, to O−. The peaks which arise at the highest temper-
tures were denoted as L and attributed to the removal of lattice
xygen O2−.

To summarize, two forms of oxygen, namely B (O−) and lat-
ice oxygen L (O2−), were observed after SnO2 heating in oxygen

◦
t temperatures higher than 200 C, while SnO2 sample heated in
xygen at temperatures lower than 200 ◦C showed practically only
he L (O−2) form. Thus it can be assumed that B peaks describe real
roperties of SnO2 as an oxygen adsorbent.
Temperature [ C]

Fig. 5. Dependence of the amount of desorbed O2 vs. temperature of O2 adsorption.

Fig. 5 shows the amount of desorbed oxygen calculated from
the area under the TPD curves vs. temperature of oxygen adsorp-
tion. Both samples show similar adsorption. The amount of oxygen
adsorbed on SnO2(Fl) sample gets stable from ca. 500 ◦C. For the
sample SnO2(Cl) the slight decrease of the amount of adsorbed
oxygen is observed at the temperatures 700 and 800 ◦C, connected
with the small escape of BET surface (Table 1) of this sample, as
a result of its heating at the temperatures higher than calcination
temperature.

An influence of time on the amount of adsorbed oxygen at 600 ◦C
was checked in an additional experiment. The TPD profiles after
heating for 5, 10, 20, 40 and 80 min, respectively, were, in fact
identical.

3.3. TPR-CO measurements

Fig. 6 shows the TPR-CO profile of SnO2(Fl) sample after heating
in argon at 600 ◦C for 1 h (black curve). One can observe an evolution
of CO2 in the temperature range 270–500 ◦C with the maximum at
ca. 350 ◦C, which can be attributed to the surface reduction of SnO2
described by the equation:

(SnO2)s + CO = (SnO)s + CO2 (5)

At the temperature of 600 ◦C, a rapid increase in CO2 evolution
reflecting the start of bulk reduction of SnO2 is clearly seen. TPR-CO
profiles of SnO2(Cl–)—not shown here—are in fact identical.

The TPR-CO profiles of the samples pre-treated in oxygen at the
Fig. 6. TPR-CO profiles of SnO2(Fl) sample pre-treated in argon or oxygen at different
temperatures [◦C].
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Fig. 8. CO conversion in the first and second TPRS run for SnO2(Fl) sample pre-
treated in oxygen at different temperatures [◦C].

T
I

t

ig. 7. CO conversion as a function of temperature for SnO2(Fl) sample pre-treated
n argon or oxygen at different temperatures [◦C].

ion range (100–200 ◦C, maximum at ca. 150 ◦C) is now observed.
he intensity of these peaks, connected with the removal of oxy-
en adsorbed at the temperature ≥600 ◦C, significantly increases
ith the increase in the oxygen pre-treatment temperature. As we
ave earlier shown in Fig. 5, the amount of oxygen desorbing from
nO2(Fl) sample after its pre-treatment in oxygen at the temper-
ture >500 ◦C is practically stable. Thus one could expect that the
ntensity of low temperature peaks on TPR-CO profiles, should be
lso similar. However it is not. Such a discrepancy may suggest that
n the total amount of desorbed oxygen presented in Fig. 5 con-
ribute two forms of adsorbed oxygen: “inactive” and “active”. If so
he low temperature TPR peak may be attributed to the removal of
active” adsorbed oxygen form.

.4. Catalytic test

Fig. 7 shows the conversion of CO as a function of temperature
or SnO2(Fl) sample pre-treated in argon or oxygen at different tem-
eratures. The catalytic activity of the sample, heated in oxygen
t the temperature up to 400 ◦C is identical to that pre-treated in
rgon. Only heating in oxygen at the temperature ≥500 ◦C leads to
very significant increase in catalytic activity. The optimum activ-

ty is reached after the activation in oxygen at the temperature
700 ◦C. Thus one can claim that the temperature of pre-treatment
nd quantity of oxygen adsorbed influence the catalytic activity of
nO2.

The hysteresis of the catalytical activity is observed when we
ecord the changes of conversion during an increase and subse-
uent decrease in the temperature (Fig. 8). This process is presented
or the SnO2(Fl) sample pre-treated in oxygen at 760 ◦C (red curves)
nd at 200 ◦C (black curves). The hysteretic change of catalytic
ctivity �TH = T50i − –T50d can be either positive (+) or negative
−), depending on the temperature of pre-treatment in oxygen.

TH values for the discussed samples are −–95 ◦C and +35 ◦C,

espectively. Table 2 presents the calculated values of T50 and �TH
howing the similar behaviour of both the investigated samples.

It is interesting to compare the results of CO conversion in the
rst and second TPRS run. The samples pre-treated in oxygen at

able 2
nfluence of the temperature of heating in oxygen on the catalytic activity of SnO2.a

Temperature of
heating in oxygen

300
[◦C]

400
[◦C]

50
[◦C

Sample T50i T50d (TH T50i T50d (TH T50

SnO2(Cl) 328 291 +37 327 291 +36 19
SnO2(Fl) 327 293 +34 323 287 +36 21

a T50i and T50d denote the temperature of 50% CO conversion reached during an increas
ext for further details.
Fig. 9. CO conversion vs. temperature after heating the SnO2(Fl) sample in oxygen
at 600 ◦C for 10, 20, 40 and 80 min.

temperatures up to 400 ◦C show that the second TPSR run is iden-
tical as the first one. However, when the sample is pre-treated in
oxygen at the temperature ≥500 ◦C the second TPSR run strongly
changes in comparison with the first one. In Fig. 8 the dashed red
line of hysteresis curve represents the second run. The catalytic
activity significantly decreases and �TH value shows a reverse sign.
It seems to indicate that during the first run adsorbed oxygen is
completely removed from the SnO2 surface and that during CO
oxidation the rate of oxygen readsorption is very low.

As it has already been mentioned, the results presented above
indicate that the catalytic activity of SnO2 in the reaction of CO
oxidation strongly depends on its pre-treatment in oxygen atmo-
sphere.

Fig. 9 depicts the changes in CO conversion vs. temperature after
heating the SnO2(Fl) sample in oxygen at 600 ◦C for 10, 20, 40 and
80 min. The conversion starts at the same temperature (ca. 80 ◦C),
but the shape of TPSR profile depends on the time of heating. This
shape suggests that the concentration of oxygen increases with the
heating time. Such a conclusion is inconsistent with the O2–-TPD
results presented earlier, which indicated no correlation between
the time of O2 adsorption and the amount of O2 adsorbed.

To explain this discrepancy we assumed that the time of pre-
treating in oxygen increases only the surface concentration of
oxygen showing high reactivity. It results a higher activity is

observed when SnO2 samples were heated at high temperatures
≥500 ◦C. It also causes different values of �TH parameter depending
on the adsorption temperature, The sequence of several succes-
sive processes of CO oxidation in the temperature range 400–700 ◦C

0
]

600
[◦C]

700
[◦C]

i T50d (TH T50i T50d (TH T50i T50d (TH

5 222 −27 194 231 −36 152 234 −82
6 283 −67 193 254 −61 140 235 −95

e and decrease in the temperature [◦C]. �TH is the difference (T50i − –T50d). Refer to
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ig. 10. CO conversion in the successive cycle of experiments at the temperature
00, 500, 600 and 700 ◦C, respectively.

as carried out and each subsequent experiment was finished at
he temperature of about 100 ◦C higher than the previous one. The
esults are presented in Fig. 10. The most characteristic feature is
he fact that in each case the reaction starts at practically the same
emperature and that hysteresis gradually increases with the rise in
he final temperature of the TPSR process. These results confirm the
act that the concentration of oxygen which shows higher reactivity
ncreases with temperature although the total amount of oxygen
dsorbed does not change.

The results of the catalytical activity presented up to now were
btained for the reacting mixture (0.35 vol.% CO, 99.65 vol.% air). If
e double the concentration of CO in air (0.72 vol.% CO, 99.28 vol.%

ir), the shape of the curves illustrating the conversion of CO can
hange, which is presented in Fig. 11.

When the SnO2(Fl) sample is pre-treated in oxygen at the tem-
eratures lower than 500 ◦C, TPSR curves have a typical light-off
hape identical to that presented in Fig. 7. For higher temperatures
f pre-treating in oxygen, shapes of curves strongly change show-
ng two temperature ranges of SnO2 activity. The first one starts at
a. 85 ◦C, reaches its maximum between 135 and 150 ◦C, finishes
t 160–180 ◦C and is followed by a typical light-off course; the sec-
nd begins at ca. 270 ◦C. The low temperature activity is obviously
onnected with the removal of adsorbed oxygen. Such results are in
ccordance with the CO-TPR results presented earlier. CO consump-
ion during TPR as well as TPSR in the first stage is similar. The above
esults confirm that the rate of oxygen readsorption is very low at
emperatures characteristic of the first stage of TPSR. The correla-
ion of TPR-CO and TPSR suggests that CO oxidation over SnO2 and
he reduction of SnO2 may be described by the same mechanism.

. Discussion

It is well known that the surface of tin dioxide in clean air or in

he atmosphere containing oxygen may be covered by ionosorbed
xygen species [O−] or [O2

−], which are characterized by different
hemical activity [29]. Literature date [19,30–33] also show that
O−] species are more reactive than [O2

−] and the dissociation of

ig. 11. CO conversion (reacting mixture: 0.72 vol.% CO, 99.28 vol.% air) vs. temper-
ture for SnO2(Fl) sample pre-treated in oxygen at different temperatures [◦C].
Fig. 12. The model of SnO2 (1 1 0) surface: (a) – stoichiometric, (b) – reduced. Based
on [36] (c) – “oxidised” with oxygen ad-atom.

[O2
−] to [O−] begins in the temperature range of 100–200 ◦C. Due to

the presence of different reactive oxygen species and the fact that
they appear at different temperatures during CO oxidation carried
out by TPSR method, hysteresis can be observed. This hysteresis
can be explained in terms of the type of oxygen species adsorbed
on SnO2 surface. When the TPSR process is carried out during the
temperature increase, the adsorbed oxygen species can be either
molecular (O2) or ionic (O2

− and O−). Oxygen species O2 and O2
−

are less reactive and are adsorbed at lower temperatures than O−,
which is adsorbed at a higher temperature and is the most reactive
form of oxygen. Therefore when the TPSR measurement is taken at
an increasing temperature, the less reactive oxygen species extract
electrons from SnO2 becoming gradually more reactive, and CO
oxidation occurs. However, when the TPSR process is realised at
a decreasing temperature, more reactive oxygen ions (O−) remain
adsorbed as the temperature is lowered. As a result, a higher con-
version of CO is observed. The increase in the amounts of adsorbed
O− species also leads to hysteresis.

TPD results show that oxygen adsorption practically does not
occur at the temperature lower than 300 ◦C. It means that the con-
centration of oxygen species on the surface of SnO2 samples is very
low, especially that of the most reactive O−. Thus, the reaction of CO

oxidation does not occur according to the mechanism given above.
However, the fact that CO conversion begins at the same temper-
ature at which TPR process starts indicates that CO oxidation over
SnO2 may be described by Mars van Krevelen mechanism. Accord-
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Fig. 13. The amount of total and active

ng to this mechanism, oxidation of carbon monoxide precedes the
eduction of an oxidised surface site, which is subsequently reoxi-
ised by gas-phase molecular oxygen [34]. On the other hand, the
etailed analysis and comparison of TPR and TPSR profiles show
hat Mars van Krevelen mechanism can be used to describe CO oxi-
ation only in its initial stage. This conclusion results from the fact
hat at a given temperature CO conversion increases faster dur-
ng TPSR than CO consumption during TPR. This enhancement of
onversion may suggest that new catalytic centres are created.

We assume that such new catalytic centres are anion vacan-
ies which arise on six coordinated tin cations. The structure of
nO2 (1 1 0) surface, which is crucial for the following discussion,
s shown in Fig. 12a and b. Tin dioxide (1 1 0) crystal face is the

ost stable [35] and, as it was earlier shown (Fig. 2), it is a major
omponent of both SnO2 samples investigated in this work.

Image of this surface was created on the basis of the work
36]. The stoichiometric (1 1 0) SnO2 surface is depicted in Fig. 12a.
ccording to work [37] the outmost atomic layer consists of two
oordinated oxygen anions denoted as O2c and called bridging oxy-
en, which occupy the bridging position between six coordinated
in cations denoted as Sn6c, located in the second layer. In this
ayer, there are also five coordinated tin cations Sn5c and three
oordinated oxygen atoms O3c.

The removal of the bridging oxygen layer from the stoichiomet-
ic surface leads to its reduction giving one bridging vacancy per
nit cell and reduces the coordination of six coordinated tin atoms
o four. These centres are denoted as Sn4c. This kind of surface is
alled a reduced surface and it is shown in Fig. 12b.

During CO oxidation, when the temperature increases to that at
hich the reduction of SnO2 starts, carbon monoxide reacts with

toms of bridging oxygen leading to the creation above mentioned
acancies. These vacancies are the centres for oxygen adsorption
nd are reoxidised by molecular oxygen from a gas phase. Basing
n the literature data [38,39] and our results, one can postulate
hat the mechanism of reoxidation is connected with the dissoci-
tion of oxygen molecule. As a result, one oxygen atom fills anion
acancy, the second is adsorbed on the nearest five coordinated tin
ation. Oxygen atom adsorbed on tin cation extracts electron from
nO2 becoming the most reactive O− species. Such species lead
o the enhancement of CO conversion and hysteresis phenomenon,
escribed above. This mechanism can be expressed by the sequence
f reactions

nO2 + CO = SnO + CO2 (6)
nO + O2 + e = SnO2· · ·O− (7)

nO2· · ·O− + CO = CO2 + SnO2 + e (8)
of O2 vs. temperature of O2 adsorption.

Dissociation of oxygen may also take place on the reduced sam-
ple (Fig. 12b) when it is subjected to the treatment in oxygen
at temperatures >500 ◦C. Also in this case one oxygen atom fills
an oxygen vacancy, whereas the second one, called an ad-atom,
adsorbed on Sn5c is able to create the reactive O− species. This
process can be visualized by the scheme below:

SnO -  + O2 = SnO -    ←  O.......O    =  SnO2

O (9)

where � is the anionic vacancy and SnO-� the reduced surface of
SnO2.

As the result, “oxidised” surface shown in Fig. 12c is formed. The
concentration of charged O− species should not exceed 1% of mono-
layer coverage, because of electrostatic reasons (Weisz limitation)
[40].

The proposition that oxygen dissociates at bridging oxygen
vacancies, filling the vacancy and producing an oxygen ad-atoms
was postulated by authors of work [38]. The presence of these reac-
tive oxygen ad-atoms is evident in the temperature-programmed
reduction (Fig. 6). They are also accessible during CO oxidation
leading to the significantly high catalytic activity of SnO2 at low
temperatures. However, this effect is not durable. Due to the deple-
tion of highly active O− forms, this increased catalytic activity
quickly lowers, especially at the higher concentration of carbon
monoxide (Fig. 11). It also means that the rate of oxygen read-
sorption is so low that the reaction is limited by the concentration
of adsorbed O− species. Thus taking the above into consideration
one can assume that to get an effective SnO2 catalyst for oxidation
reactions, the promoters improving the ability of SnO2 surface to
oxygen readsorption should be applied.

In order to determine precisely the oxygen concentration which
shows the highest reactivity, a pulse technique was used. The small
volumes (0.05 cm3) of hydrogen were introduced on the SnO2 sam-
ple in the stream of carrier gas (argon 40 cm3 min−1). Prior to the
reaction SnO2 (0.2 g) was pre-treated in the stream of oxygen of
high purity at different temperatures in the range 25–600 ◦C for 1 h.
After cooling to room temperature, oxygen was changed to argon
and the temperature was raised to 150 ◦C, at which the pulses of
hydrogen were introduced on the SnO2 sample. Temperature of
150 ◦C was chosen since according to the results presented earlier
the maximum of low temperature CO conversion was recorded just
at that temperature. This maximum is connected with reaction (9).
Fig. 13a and b shows the amount of the active forms of oxy-
gen (O−) species vs. temperature (red curves). These results are
confronted with total oxygen adsorption obtained from TPD (blue
curves). It can be observed that according to expectations the total
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dsorption was in each case higher than adsorption of O−. These
ifferences are smaller for SnO2(Fl) than for SnO2(Cl), probably
ecause of the presence of residual chlorine on the SnO2 surface.
nalysing these results one also can claim that in contrast to the

otal adsorption, adsorption of O− still increases with tempera-
ure. The difference between the total adsorption and adsorption
f O− can be ascribed to oxygen which adsorbs on the SnO2 surface
ithout charge (weak adsorption).

The adsorption of O2 on stoichiometric as well as on reduced
1 1 0) surface has been investigated based on theoretical methods
40]. Authors of work [41] state that weak adsorption is possible
t the five coordinated Sn5c sites with an adsorption energy lower
han 0. 4 eV. A much stronger adsorption is possible at bridging
xygen vacancy sites. There was also some evidence that a bridging
xygen vacancy can bind even three O2 molecules simultaneously
ith one at the vacancy site and two at the nearest five coordinated

n5c sites [42,43].

. Conclusions

The main aim of this work was to determine if there is any rela-
ionship between adsorption of oxygen on SnO2 and its activity in
O oxidation. The experimental results proved that such a rela-
ionship exists. Due to the presence of different reactive oxygen
orms, CO oxidation shows the hysteretic course. The approach to
he differentiated mechanism of CO oxidation over SnO2 has been
resented. The most surprising feature of CO oxidation over SnO2 is

ts high (although short-lived) activity after pre-treatment in oxy-
en at temperatures higher than 500 ◦C. This phenomenon may be
f significance for the explanation of mechanisms of gas detection
n SnO2 sensors.
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