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The influence of nitrogen oxide on the lean CO oxidation activity of highly dispersed Pt/ceria and reference Pt/
alumina catalysts has been studied by kinetic measurements and infrared spectroscopic characterization. Co-
feeding of nitrogen oxide leads to the formation of nitrates on the supports that induce a highly oxidized
character of the Pt sites and in the case of Pt/ceria, inhibit ceria lattice oxygens to react with CO adsorbed on Pt
rim sites via a Mars-van Krevelen mechanism below the ignition temperature. The build-up of nitrates below the
light-off temperatures is faster when CO is present in the feed. Above the light-off temperatures, carbonates

replace the nitrates while the catalytic activity remains high.

1. Introduction

The catalytic removal of carbon monoxide (CO) from process and
exhaust streams is much dependent on other compounds present in the
stream. These compounds do not have to be serious catalyst poisons such
as sulfur and phosphorus oxides, but can be molecules that interact more
weakly with the catalyst, still affecting essential catalyst functions. A
clear example is the aftertreatment of combustion gases where air is
used as the main source of oxidant in the combustion. This leads to the
formation of nitrogen oxides (NO,), which not only pose a pollution
problem in itself but also complicates the catalytic abatement of CO
emissions.

Supported platinum catalysts are among the most robust catalysts for
CO oxidation. Highly active catalysts can be designed by supporting
platinum onto ceria [1,2]. In a previous study, we investigated in detail
the oxidation of CO over highly dispersed Pt/ceria and Pt/alumina
catalysts synthesised by industrially relevant methods [3]. The
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as-prepared Pt/ceria and Pt/alumina catalysts exposed a total surface
area of 140 and 131 m?/g., and contained Pt particles with an average
size of 1.5 and 2 nm, respectively. From operando infrared spectroscopic
measurements it was concluded that for Pt/ceria, spectator CO
ad-species on ionic platinum exist even at high temperatures with high
CO conversions while the CO oxidation proceeds on sites on the Pt
particles. Operando X-ray absorption spectroscopic measurements reveal
that these particles exhibit a high oxidation state and Pt-O coordination
is dominating. During the protracted catalytic extinction, the CO
coverage builds up gradually while the Pt oxidation state and Pt-O co-
ordination remain high due to the interactions with the ceria support.
The observed CO oxidation at low temperatures, i.e., at high CO cov-
erages, proceeds on sites at the platinum-ceria boundary that cannot be
CO self-poisoned (both CO and O, reaction orders are close to zero),
following a Mars-van Krevelen mechanism involving ceria lattice oxy-
gens that react with CO adsorbed on platinum rim sites [4]. This
behavior is in stark contrast to that of the reference Pt/alumina catalyst,
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which shows a clear removal of platinum oxides formed during CO
oxidation and the classical drop in catalytic activity caused by rapid CO
self-poisoning when reaching a critical temperature.

The present aim is to explore the effect of NO on the activity for CO
oxidation over these catalysts, and to give a rather detailed infrared
spectroscopic analysis of the surface species under reaction conditions to
explain this effect.

2. Experimental
2.1. Basic characterisation of spent catalysts

The catalyst preparation and basic characterisation of as-prepared
Pt/ceria and reference Pt/y-alumina catalysts were described briefly in
the Introduction and the detailed descriptions can be found in previous
work [3]. Here some additional characterisation of the spent catalysts, i.
e., after being used for CO oxidation in presence of NO is done.

The crystalline phases of the spent catalysts were analysed by pow-
der X-ray diffraction (PXRD) using a D8 Discover diffractometer
(Bruker) equipped with a Cu-K, X-ray source (1.5418 A) and a EIGER2 R
500 K Hybrid Photon Counting (HPC) detector. Diffracted X-rays were
recorded under ambient conditions with a variable slit and a fixed
sample illumination of 7 mm in the 20 range from 20 to 91° with an
incremental step of 0.02°. Each step was measured for 2 s.

The spent catalysts were also imaged by high-resolution transmission
electron microscopy (HRTEM) and scanning transmission electron mi-
croscopy (STEM) using a Tecnai T20 microscope (FEI) and a Titan
80-300 microscope (FEI), respectively. The Tecnai T20 microscope was
equipped with a LaBg filament operated at 200 kV and a high-angle
annular dark-field STEM detector. A field emission gun operated at
300 kV was used for the Titan 80-300 microscope. The specimen was
prepared by dispersing the catalyst in ethanol using ultrasonication for
enhanced mixing. A droplet of the obtained suspension was then applied
to a holey carbon film supported on a copper grid. The recorded mi-
crographs were analysed using ImageJ [5] as to extract Pt particle size
distributions.

2.2. Catalytic tests

The catalytic performance was evaluated using a stainless steel fixed-
bed powder reactor, as described in detail elsewhere [6], positioned in a
vertical flow direction. In brief, the sample was placed in the 4 mm wide
and 16 mm long sample compartment, and a type K thermocouple was
located 2 mm into the sample bed. The reactor was heated resistively by
an inbuilt heating coil using a PID regulator and another type K ther-
mocouple for measuring the reactor block temperature. The entire
reactor was insulated. The feed gas composition was composed by a set
of mass flow controllers (Bronkhorst). The effluent gas was analysed by
mass spectrometry (Pfeiffer Vacuum GSD-350) following the m /e ratios:
2 (Hy), 18 (H20), 28 (CO), 32 (02) and 44 (CO2).

The powder samples were sieved and the fraction between 100 and
300 um was kept and diluted with ground cordierite sieved to the same
fraction. Around 10 mg of catalyst was mixed with 90 mg ground
cordierite, and then loaded into the reactor. Catalytic tests were carried
out using 0.2 vol% CO, 1 vol% O3 and 300 ppm of NO. The total flow was
150 ml/min and constant, and Ar was used as carrier gas throughout the
measurements. The reactor temperature was first increased from room
temperature to 350 °C with a rate of 5 °C/min and dwelled for one hour
in the reaction mixture. Then a catalytic extinction-ignition cycle was
repeated three times by cooling the reactor to 35 °C, dwell for 10 min
and then increasing the temperature again to 350 °C and dwelling for 30
min before repeating the next two extinction-ignition cycles. Additional
catalytic tests in which the catalyst has been pre-exposed to nitrogen
oxide (300 ppm NO, 2 h, 35 °C) were also carried out. The catalytic
ignition was studied by increasing the reactor temperature to 350 °C
with a rate of 5 °C/min after purging with Ar for 20 min
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Fig. 1. XRD patterns of the a) spent Pt/ceria in and b) spent Pt/alumina
sample, i.e., after CO oxidation with NO (brown), and as-prepared Pt/ceria and
as-prepared Pt/alumina samples (black). Reflection assignments are assigned
using reference patterns (blue) from the Powder Diffraction File™ (PDF)
database for CeO, (PDF 00-004-0593) and y-Al,O3 (PDF 00-010-0425).

2.3. Infrared spectroscopic characterization

Infrared spectroscopic speciation of adsorbates was done in diffuse
reflectance mode (DRIFTS) using a VERTEX 70 spectrometer (Bruker)
set-up as described elsewhere [3]. A high-temperature stainless steel
reaction chamber (Harrick Inc.) with CaF; windows was mounted inside
a Praying Mantis mirror accessory (Harrick Inc.). One type K thermo-
couple was inserted into the sample holder to measure the catalyst bed
temperature in the IR probing volume and another thermocouple was
placed underneath the sample holder for control of the reactor heating.
The feed gas was composed by individual mass flow controllers
(Bronkhorst) mixing suitable flows of 10 %CO, 100 % O and 3 % NO in
Ar with pure Ar to the desired feed composition.

The measurements were carried out using either 55 mg Pt/ceria or
45 mg of the Pt/alumina catalyst in the sample holder. First the catalyst
was pretreated with 5 vol% O; for 40 min, then 2 vol% Hj for 30 min
followed by pure Ar flow for 2 h at around 200 °C (measured tempera-
ture underneath the DRIFTS cell was 211 °C), to establish steady levels of
the mass spectrometer signals. The total gas flow was kept constant at
100 ml/min. Then, the temperature was decreased in steps to 35 °C and a
background spectrum was recorded in the range 400-4400 cm ™! with a
resolution of 1 cm™! at each temperature. The background spectra were
recorded by averaging 100 scans using a 6 mm aperture and 20 kHz
scanner velocity. After this, the feed mixture containing 0.2 vol% CO, 2
vol% O and 300 ppm NO was introduced and fed for 4 h at 35 °C while
recording a spectrum every ten minutes averaging over 50 scans.
Thereafter, a CO ignition/extinction experiment was carried out by
increasing/decreasing the temperature in steps. A spectrum was
collected after 10 min at each temperature. Also, CO ignition
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Fig. 2. High-resolution TEM and STEM-HAADF micrographs of the spent Pt/ceria (panel a,b) and spent Pt/alumina (panel d,e) catalysts after CO oxidation in
presence of NO. The average Pt particle size for the spent Pt/ceria (panel c) is 1.14 nm based on 214 Pt particles, and for the spent Pt/alumina (panel f) 1.82 nm based

on 574 Pt particles.

measurements in which the pretreatment procedure included a final step
of exposing the sample to 300 ppm NO at 35 °C for 2 h were carried out.
Subsequently, CO oxidation was carried by stepping up the temperature
as above while collecting spectra at each temperature. Further, mea-
surements where the pretreatment was finished with 0.2 vol% CO for 2 h
at 35 °C followed by exposing the sample to 300 ppm NO keeping the
temperature constant while recording spectra every 10 min for 4 h were
carried out.

3. Results and discussion

We start off this section by commenting on the physical character-
istics of the catalysts. Then follows a discussion of the catalytic perfor-
mance tests and the infrared characterisation.

3.1. X-ray diffraction and electron microscopy analyses

Fig. 1 shows the X-ray diffractograms of the spent catalysts after CO
oxidation in presence of NO for Pt/ceria (panel a) and Pt/alumina (panel
b). Diffractograms for the as-prepared catalysts are included for com-
parison and the patterns for y-alumina (PDF 00-010-0425) and CeO»
fluorite structure (PDF 00-004-0593) are included as references. The
diffractograms of the spent catalysts are identical to the corresponding
ones of the as-prepared catalysts. Further, the diffractogram of the Pt/
ceria and Pt/alumina sample matches the reference pattern of fluorite
CeO5 and y-alumina, respectively. The apparent support crystallite size
was calculated by use of the Sherrer equation. The ceria crystallite size is

found to be 7 nm for both the as-prepared and spent catalysts. Likewise,
the alumina crystallite size for the as-prepared and spent Pt/alumina
samples is found to be 7 nm. The diffractograms present no observable
peaks for Pt phases. The support crystallite sizes can also be estimated
from the TEM images shown in the left column of Fig. 2 (panels a and d).
Here, the size of the ceria and alumina crystallites is around 7 and 10
nm, respectively.

Concerning the Pt phase, TEM imaging is for these samples superior
to standard PXRD for analysis of the presence of small Pt particles. In
addition to TEM images, Fig. 2 displays STEM images (panels b and e)
and estimated particle size distributions (PSD) for the two catalysts after
being exposed to CO oxidation reaction conditions including NO. For the
spent Pt/ceria sample, the Pt particles appear somewhat diffuse in the
TEM images in part due to the small difference in mass between Pt and
Ce, and in part, because low mass-thickness contrast originating from
thickness variations in the specimen. Nevertheless, the observed fringes
are indicative of a superposition of different types of crystal planes,
which orient in different directions. In the STEM images, however, the Pt
particles can be clearly distinguished from the ceria support thanks to
the difference in atomic number. The PSDs for the spent catalysts are
nearly unaltered due to exposure to CO oxidation reaction conditions
with NO co-feeding. For Pt/ceria, the majority of the Pt particles in the
size-range of 0.7-1.7 nm whereas for the spent Pt/alumina sample, the
majority of the Pt particles falls within the range of 0.7-2.5 nm.
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Fig. 3. CO conversion as a function of inlet gas temperature during ignition
(solid lines) and extinction (dashed lines) for a) Pt/alumina and b) Pt/ceria
when exposed to either 0.2 vol% CO and 1 vol% O, (black), 0.2 vol% CO, 1 vol
% O5 and 300 ppm NO (red) or 0.2 vol% CO and 1 vol% O, after preadsorption
of NO (blue).

3.2. Flow-reactor results

The measured CO conversions over the Pt/ceria and Pt/alumina
catalysts during catalytic ignition and extinction (third cycle) w/wo NO
present in the feed as well as during ignition with preadsorbed NO are
shown in Fig. 3. The CO conversion changes rapidly from high-to-low in
a narrow temperature interval when the temperature is increased, or
vice versa, reflecting the typical kinetic behaviour of CO oxidation [3,
7-10]. Principally, the hysteresis is widened by heat and mass transfer
characteristics, i.e., transport of heat generated by the exothermic
oxidation reactions and mass transfer rates of the limiting reactant CO.
Here, the adiabatic temperature difference due to CO oxidation is about
20 °C, but the rigorous dilution with inert material lowered the practical
temperature increase to 4 °C as measured by the thermocouple posi-
tioned in the rear catalytic bed. Thus thermal effects are small.

For both catalysts, it is clear that the CO conversion profiles generally
shift towards higher temperatures when NO is present in the feed or pre-
adsorbed on the samples.

In more detail, the light-off temperature, here denoted with T
signifying 50 % CO conversion during ignition, increases from 155 to
248 °C for the Pt/ceria catalyst whereas for the extinction process, the
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corresponding Tg) increases from 145 to 224 °C. The width of the
ignition-extinction hysteresis, i.e., here defined as the temperature dif-
ference Tiggo - Tgy, changes from 10 °C for pure CO oxidation to 24 °C
when NO is present. When NO is pre-adsorbed, the start of the CO
conversion is shifted similarly to the case with NO co-feeding. Upon
ignition, however, the CO conversion increases more rapidly and the ngo
is lower, 226 °C, as compared to the case of continuous NO supply. For
the Pt/alumina catalyst, the CO conversion profiles during catalytic
ignition/extinction measurements exhibit rapid changes in the CO
conversion at low temperatures. The light-off temperature increases
from 185 °C to 215 °C when NO is co-fed. Similarly the Tg increases
from 161 °C to 191 °C when NO is added to the feed. The width of the

hysteresis, here defined as the temperature difference TS, - T, is the
same (24 °C) w/wo NO present. For the ignition with pre-adsorbed NO,

Tiggo, the conversion profile is nearly the same as in the case of co-feeding
of NO. Clearly NO inhibits the CO oxidation for both catalysts. For Pt/
ceria, the CO conversion curves in presence of NO are similar to the
curves for Pt/alumina, indicating that the Mars-van Krevelen mecha-
nism involving ceria lattice oxygen is blocked.

3.3. In situ infrared spectroscopy

To shine some light on the NO inhibition, in situ infrared spectros-
copy was used to monitor surface species during CO oxidation in the
presence of NO while increasing/decreasing the temperature in steps in
the temperature region spanned in the flow-reactor ignition/extinction
measurements. Also a few complementary time-resolved measurements
at constant temperature are included as to strengthen the analysis. The
general assignment of infrared absorption bands to, e.g., -CO, -OH and
-NO surface species, can often be done without major uncertainties, but
the more specific assignments to adsorbates occupy particular sites and
interact with each other are many times open for debate even when
supported with theoretical calculations. Here, the peaks stemming from
Pt bound species are rather safely assigned whereas peaks arising from
species bound to the supports are not always straightforward to inter-
pret. In this section, the IR spectroscopic results will be presented and
discussed aiming at a qualitative understanding of the NO inhibition
effect. A summary of IR peak assignments for ceria and alumina bound
species is given in Table 1 whereas those for platinum bound species are
referenced continuously.

In Fig. 4 the infrared difference spectra collected for the Pt/ceria
catalysts while increasing (panel a) and decreasing (panel b) the sample
temperature in steps in the presence of 0.2 vol% CO, 1 vol% Oy and
300 ppm NO in Ar are shown. The double IR band at around 2350 cm ™!
7502 which is

gas 2

signifies product CO» in the gas phase. It is denoted with
one of the notation styles to be used for identified species hereafter.
Starting off with the ignition over the Pt/ceria catalyst, the '17;82 band
becomes visible at 52 °C and increases in intensity with increased tem-

perature reflecting increased CO conversion to CO,. The peak at

2230 cm ™! is assigned to isocyanate species linearly bound to ceria

ygnco(ceria)). Adsorbed N0 also gives rise to a peak at this position,

however, it adsorbs weakly and is expected to exist only at low tem-
peratures [11]. Here, the peak is visible also at higher temperatures and

it is thus more likely to originate from isocyanate species. The intensity

~NI . . . . .
of the T C(ceria) band increases with increased temperature until

130 °C is reached above which it decreases upon further increase of the
temperature. The peaks at 1930, 1750, and 1675 cm™! are assigned to
species bound to Pt. The bands at 1750 and 1674 cm™! are assigned to

NO bonded to Pt in linear GA°(Pt%) and bridged y]'jro(PtO)) configura-

lin
tion, respectively [12]. The minor peak at 1930 cm ™! could either be
assigned to CO adsorbed on platinum-ceria boundary sites (7> (Pt-Ce3")

or NO adsorbed on oxidic platinum NOPt2h)) [13,14]. With increasing

lin

temperature, the Eﬂf (Pto) and ZgrO(PtO) disappear whereas the intensity
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Table 1
Assignment of identified IR bands corresponding to species adsorbed on the supports for the Pt/ceria and Pt/alumina catalysts.
Wavenumber /cm ™! Assignment Notation Vibration Reference
1587, 1297, 1010 Ceria Bidentate carbonate b-CO3 Tas(CO3%7) splitting, 7;(CO%™) (15]
o)
1738, 1402, 1220 Bridged carbonate br-CO3 Tas(CO37) splitting, 7;(CO37) [16]
1606, 1393, 1037 Bridged hydrogen carbonate br-(CO,)OH Das(CO%™) splitting, 7;(CO%™) [17,18]
3617, 1218 7(OH), §(OH
v(OH), 5(OH) [17.18]
1490, 1371 Monodentate carbonate m-CO3 Uas(CO%7) splitting [17.18]
1475, 1033 Polydentate carbonate p-CO3 W(C=0) [15]
1460, 1357 Ues(CO37) splitting [15]
1581, 1240, 1033 Bidentate nitrate b-NO3 Tas(NO3 ") splitting, Ts(NO3™) [19,20]
1591, 1212, 1010 Bridged nitrate br-NO3 Vas(NO3 ") splitting, 7:(NO3 ") [19,20]
1551, 1276, 1010 Monodentate nitrate m-NO3 Uas(NOZ% ) splitting, 7;(NOZ ") [19,20]
1475, 1033 Monodentate nitrite m-NOy (N = N), Z(NO) [21]
1433, 1322 Polydentate nitrate p-NO3 Uos(NOZ) splitting [20-22]
1433, 1322 Water-solvated nitrate NO3(OH) EﬂS(Nogf) splitting
Nitro compound NO, Vas(NO), 75(NO)
trans-hyponitrite trans-N,0%~ U(N=N)
1361, 1058 cis-hyponitrite cis-N,03~ U(N = N), Z(NO) [22,23]
1605, 1322 Weakly adsorbed NO, NO» Uas(NO), 75(NO) [22]
1186 Nitrosyl ani NO- SONG
itrosyl anion V(NO) [23,24]
1544, 1255 Alumina Bidentate carbonate b-CO3 Tes(CO%7) splitting [25]
o)
1655, 1228, 1429 Bridged carbonate br-CO3 Ues(CO37) splitting, 75(CO%7) [26]
Bridged hydrogen carbonate br-(CO,)OH) 7(CO),8(COH), 5(CO% ™)
1459, 1352 Polydentate carbonate p-CO3 Uas(CO%7) splitting (25]
1596, 1308 Bidentate nitrate b-NO3 Tas(NOZ™) splitting [26,.27]
O,
1618, 1274 Bridged nitrat br-NO 7, 2— itti
ridged nitrate r-NO3 Vas(NO3™) splitting [26,27]
1553, 1308 Monodentate nitrate m-NO3 Uas(NOZ%) splitting 126,271
1487 Monodentate nitrite m-NOy (N =N)
[26,27]
1416, 1344 Polydentate nitrat -NO: 7 2- itti
olydentate nitrate p-NOs Ues(NO37) splitting [20,28]
Water-solvated nitrate NO3(OH) Uas(NO% ) splitting
Nitro compound NO, Uas(NO), 75(NO)
trans-hoponitrite trans-N,0%~ UN=N)

of the band at 1930 cm ™! first becomes stronger but then weakens as a
function of increased temperature similar to the evolution of the
Zgnco(ceria). This suggests that the band at 1930 cm ! reflects ZﬁInO ®Ph.
Concerning CO ad-species, the peaks at 2129 and 2089 cm™! are
ascribed to 750 (Pt>*) and 750 (Pt**) [10]. The T5°(Pt?*) band initially
grows when the temperature is increased and reaches maximum at 88 °C
showing a red-shift of 4 cm™ . It then gradually decreases with further
increase of the temperature although it is clearly visible also at 208 °C. In
contrast the Eﬁr? (Pt’*) band is hardly visible above 185 °C. At the higher
temperatures, the minor peak appearing at 2150 cm ™! can be assigned
to CO linearly adsorbed on reduced ceria (75 (Ce>")). Moving to the
region between 1000 and ca 1700 cm™! many peaks are visible (cf.
Table 1). The bands observed at 1605 and 1322 cm™! at the lower
temperatures are likely caused by weakly adsorbed NO2. Both bands
vanish quickly with increasing temperature. The bands at 1592, 1212
and 1010 cm™! are related to bridged nitrates (br-NOs3) on ceria,
whereas the bands at 1581, 1241 and 1033 cm ™! are bidentate nitrates
(b-NO3) on ceria. The band at 1434 cm ! is more difficult to assign. It
could originate from polydentate nitrate (p-NO3) or, together with the
band at 1322 cm ™, water-solvated nitrate (NO3(OH)). Another assign-
ment is a nitro compound in which the nitrogen atom binds to ceria, but

this seems to be less likely due to the presence of O,. It could also be the
asymmetric stretch of trans-hyponitrite but this is unlikely due to the
lack of a band for the symmetric stretch 7; expected at around
1100 cm™ L. The minor peak at 1474 cm™! can be attributed to the
asymmetric stretch of monodentate nitrite (m-NO3), accompanied with
the band at 1033 cm™!. However, also polydentate carbonates (p-COs)
are expected to cause a peak at this position. With increasing tempera-
ture, all these bands lose intensity. At 105 °C, some minor peaks assigned
to carbonates appear and become clear at around 130 °C. The peak at
1434 cm™! possibly originating from p-NOs at the start grows and
blue-shifts and is therefore assigned to p-COj3 at the elevated tempera-
tures. The expected split band for a p-CO3 species might be too weak to
observe. Upon decreasing temperature (panel b), the CO oxidation re-

action extinguishes as reflected by the continuous decrease of the in-

tensity of the 7/;82 band. The intensity of the ZE,?

until 162 °C is reached, and then decreases and is hardly visible at

130 °C. Simultaneously, the intensity of the Dﬁ,lco(ceria) band increases

until 130 °C is reached. Upon further lowering of the temperature, the
TpcO(ceria) band starts to diminish showing a blue-shift of around
6 cm ™! and a shoulder peak at around 2253 cm™! that blue-shifts about

8 cm™! becomes visible. The intensity of the 75°(Pt**) band at

(Ce3+) band increases
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Fig. 4. Infrared difference spectra collected during CO oxidation in the presence of NO (0.2 vol% CO, 1 vol% O, 300 ppm NO and Ar as balance) over Pt/ceria while
increasing (panels a) and decreasing (panels b) the sample temperature in steps between 34 and 209 °C.

2109 cm™! gradually increases with a blue-shift of 13cm™! to

2122 cm™!. The shoulder peak at 2086 cm™! exhibits a blue-shift of

around 30 cm~!. The intensity of the 'E{;"? (Pto) band may increase
~NO

somewhat whereas the 7, (Pt%) band is not visible even at the lowest
temperature.

In summary, the evolution of IR bands in the 1000-1700 cm ™ region
during CO oxidation ignition-extinction in the presence of NO clearly
show that the adsorbate composition on the ceria surface changes from
being occupied by nitrate species that upon increased temperature is
replaced by carbonate species. These in turn (to some extent) decompose
at the highest temperature. When lowering the temperature, carbonate
species start to be replaced by nitrate species. Thus one can envisage that
the NO inhibition is related to formation of nitrate species effectively
hindering ceria lattice oxygen close to the rim of the platinum particles
from taking part in the CO oxidation reaction at low temperatures as has
been shown in previous works [3,4].

The corresponding results for the catalytic ignition-extinction of the

CO oxidation over the Pt/alumina catalyst are shown in Fig. 5. The
f/ﬁ,‘o (Pt>") band increases in intensity until 123 °C is reached from where

it starts to decrease. At 131 °C, a Dga(;z band is visible, although it is very
~NCO

Vlin
its maximum intensity at 138 °C. Simultaneously, the

~NO
Vor

(alumina) band appears at around 88 °C and reaches
WoPt?) and
(Pt%) bands disappear although some IR bands for nitrate species on

~NCO
Viin
Upon decreasing the temperature, the intensity of the D;gz band remains

weak. A clear

the alumina are visible. The (alumina) is visible even at 209 °C.

until at 131 °C is reached where it suddenly drops in intensity and ceases
with further decrease of the temperature. The intensity of the

h<C(alumina) band passes through a maximum during the cooling

process. During the lowering of the temperature, the 75°(Pt>*) band at
2109 cm™! grows and the Efno (Pt’") band appears as a shoulder at
170 °C. When the final temperature is reached, a blue-shift of around 11
is observed for the 75°(Pt*") and Z5O(Pt°") band,

-

and 20 cm™
respectively.

In essence, the evolution of IR bands in the 1000-1700 cm™! region
for the for the Pt/alumina catalyst during ignition-extinction is quali-
tatively similar to the case of Pt/ceria. At the lower temperatures, nitrate
species dominate the alumina surface. When the temperature is
increased and the CO oxidation starts (although to a minor extent), the
alumina nitrates are slowly replaced with carbonates.

To deepen the discussion of the carbonate and nitrate formations,
time-resolved infrared difference spectra collected during CO oxidation
conditions in the presence of NO at 35 °C are shown in Fig. 6 for the Pt/
ceria (panel a) and Pt/alumina (panel b). For the Pt/ceria, the two major
IR bands at 2104 and 2090 cm™! are assigned to Df‘? (Pt*") and
7<O(Pt*!). With increasing time, the 7S0(Pt?") band blue-shifts by
25 cm~ ! while also becoming more intense. At the start (t = 1 min), the
peaks observed at 1606, 1393, 1218, 1037 em~! (and together with a
peak at 3617 cm ™! not shown) can be ascribed to bridged hydrogen
carbonate (br-(CO2)OH). For this species, the bands at 1606 and
1393 cm™! origins from splitting of the asymmetric stretch (¥) of CO%’
whereas the band at 1037 cm ™ is the symmetric stretch (z5). The bands
at 1218 and 3617 cm™! (not shown) signifies the OH bending (5) and
stretching () modes respectively [17,18]. At t= 30 min, a peak at
1186 cm™? appears, which can be attributed to either a nitrosyl anion
(NO7) or the asymmetric stretch of a bidentate chelating nitrite, simply
referred to as a bidentate nitrite (b-NO,) as these species are spectro-
scopically indistinguishable [29]. The corresponding band for the
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Fig. 5. Infrared difference spectra collected during CO oxidation in the presence of NO (0.2 vol% CO, 1 vol% O, 300 ppm NO and Ar as balance) over Pt/alumina
while increasing (panels a) and decreasing (panels b) the sample temperature in steps between 34 and 209 °C.

symmetric stretch should appear in the region 1266-1314 cm ™! but may
be difficult to observe due to overlapping with nitrate bands. Also, it can
be somewhat masked by peaks from carbonate species (in the back-
ground spectrum) present as a result of the pretreatment. However, the
combination band of 7,, and 7, can be seen at 2477 cm ™! indicating the
existence of b-NO,. The two weak bands at 1361 and 1058 cm ! can be
ascribed to cis-hyponitrite (cis-N20%7) on ceria. These bands disappear
quickly and new peaks at 1605, 1591, 1581, 1551, 1475, 1433, 1322,
1276, 1240, 1212, 1033 and 1010 cm™! grow, at the expense of a
gradual decrease of the intensity of the band at 1186 cm™?, and reach
maximum intensity after two hours. Among these, the band at 1605 and
1322 cm ™! are likely caused by weakly adsorbed NO, as both bands
disappear quickly when increasing temperature (cf. in Fig. 4a). The
bands at 1591, 1212, and 1010 cm™! are related to bridged nitrates
(br-NO3) on ceria, whereas the bands at 1581, 1240 and 1033 cm ! are
bidentate nitrates (b-NO3) on ceria. The band at 1433 em~! is more
difficult to assign. It could originate from polydentate nitrate (p-NOg) or
water-solvated nitrate (NO3(OH)) together with the band at 1322 em L.
Another assignment is a nitro compound in which the nitrogen atom
binds to ceria, which seems to be less likely due to the presence of Oy. A
third assignment could be the asymmetric stretch of trans-hyponitrite
but this is unlikely due to the lack of a band for the symmetric stretch 7
band at around 1100 cm™}. The minor peak at 1475 cm™! can be
attributed to the asymmetric stretch of monodentate nitrite (m-NOy),
accompanied with the band at 1033 cm™'. However, this peak could
also be caused by polydentate carbonates (p-COs) as it remains upon
increasing temperature and also blue-shifts. The expected split band
might be too weak to observe. For Pt/alumina, two major IR bands at

2077 and 2090 cm™! are seen, which are assigned to 750 (Pt’*). Upon
increasing temperature, the Zﬁ‘? Pt°") bands shift to 2088 and

2130 cm_l, which indicates the presence of Ef,? (Pt2+). At t = 5 min, the
minor peaks at 1655 and 1228 cm ™! can be attributed to br-COs3 or to
bridged hydrogen carbonate (br-(CO2)OH) considering the peak at
1429 cm L. At t = 40 min, nitrate species start to grow progressively for
two hours on stream, where they reach maximum intensity. Another
assignment might be NO; species on alumina. The broad peak observed
at 1308 cm ™! might contain several species.

The time-resolved infrared spectra show that adding NO to the CO
+ Oy feed results in nitrate ad-species inducing a clear oxidation of the
platinum particles. In fact the build-up of nitrate species on both the
ceria and alumina surfaces occurs faster in presence of both CO and NO
as compared to NO exposure to CO pre-treated catalysts (cf. Figure S1).
The 75°(Pt*") bands blue-shifts by 25 cm™! and an intensity transfer
from low to high wavenumber is obvious. An increased platinum
oxidation state by addition of NO to a CO + Og feed to Pt/alumina has
previously been measured by X-ray absorption spectroscopy before [30].
Although NO can dissociate on Pt under net-reducing conditions, which
would lead to the formation of O ad-species that may convert into PtO,
species [31,32], it is unlikely that this occurs under oxygen excess
conditions. Rather, NO is oxidised to NO,. The bands at 1605 and
1322 cm ! are likely signifying weakly adsorbed NO,, which disappear
quickly when increasing the temperature (Fig. 5). As NO; is a strong
oxidant one can speculate that it decomposes on some other Pt sites [33]
leading to oxidation of the platinum particle. This, however, seems
unlikely as it would involve oxidation and reduction of the same NO,
species, and the resulting O ad-species probably would react with CO
and thus ignite the CO oxidation reaction. Instead, the spectroscopic
data shows that NO/NO, form nitrate species on both Al,O3 and CeOs,
which may occur even without platinum [27,34]. Many of these species
are likely formed close to or at the platinum-support boundary, thus
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Fig. 6. Infrared difference spectra recorded while feeding 0.2 vol% CO, 1 vol% O, and 300 ppm NO (Ar as balance) at 35 °C over the Pt/ceria (panel a) and Pt/

alumina (panel b) catalysts.

influencing the Pt particles. As nitrate species are likely to attract elec-
trons, the Pt particles become oxidised. This interpretation goes hand in
hand with that the Pt particles still can be covered by CO resulting in the
clear 750 (Pt**) band.

The infrared spectroscopic results for ignition of the CO oxidation
over NO pre-exposed catalysts are shown in Fig. 7. For Pt/ceria, again,
750(Pt>h) and 7}, (Pt°) bands are clearly seen. Also, IR bands for NO~
and b-COg are seen at 34 °C. Upon increasing temperature, the '17§02 band

as
is visible from 69 °C while Dﬁ? Pt and ’17,’;0 (Pto) bands as well as bands
from br-COs species are also visible. At 104 °C, the maximum intensity of
the 750(Pt?™) band is seen and the 750 (Pt*") and 750 (Pt*") bands red-
shifts by 9 and 5 cm™, respectively. Simultaneously, m-CO3 becomes
an evident species. For Pt/alumina, the IR bands for CO ad-species in-
crease in intensity. Clear red-shifts can be seen for the 75 (Pt*") and

E‘lfno (Pt’") bands by 5 and 14 cm™!, respectively. Also, their intensities
passes a maximum at 132 °C. Reaching 140 °C, an abrupt change in in-

tensity of the 75°(Pt°") band is observed.

The formation of nitrates at the platinum-support boundary can
explain the NO inhibition effect for Pt/ceria and Pt/alumina. For Pt/
ceria it is suggested to block ceria lattice oxygen to participate in the
reaction, thus quenching the Mars-van Krevelen mechanism responsible
for the low-temperature activity. For Pt/alumina, the NO inhibition ef-
fect on the ignition is very similar for co-feeding and pre-adsorption of
NO. In this case nitrate formation affects the oxidation state of the
platinum, which is suggested to be most significant for platinum atoms
at the rim of the particles. Thus these sites become electron deficient and
likely less active for CO oxidation such that ignition occurs once the CO
desorption becomes significant.

@

4. Conclusions

The presence of NO shifts the CO conversion, both ignition and
extinction profiles, over alumina and ceria supported platinum to higher
temperatures. Pre-adsorption of NO also shifts the ignition profiles to
higher temperatures, although the slope of the CO conversion curve
once light-off takes place is similar to the case without pre-adsorbed NO.
It is thus clear that NO suppresses the low-temperature CO oxidation
over both types of catalysts. For Pt/ceria, a similar shift has been seen
upon adding NO, to catalytic systems with larger Pt particles, although
not to this extent [2]. In case of the Pt/ceria catalyst, spectroscopic data
indicates that NO inhibits the Mars-van Krevelen mechanism operating
at low temperatures. For temperatures at and close (above) the light-off
temperature, for which the CO self-poisoning is expected to be minor,
the CO conversion may suffer from competitive adsorption of CO and
NO on free Pt sites. The less steep slope of the CO oxidation ignition
profile for continuous feed of NO as compared to that of pre-adsorbed
NO supports this. The formation of nitrates at low temperatures seem
to induce a clear oxidation of a significant number of the Pt sites, as
reflected by the vibration frequencies of adsorbed CO species, likely
leading to that these sites become less active for CO oxidation.
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