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ARTICLE INFO ABSTRACT

In this paper mechanistic aspects involved in the formation of N,O over model Pt-Ba/Al,03 and Rh-Ba/Al,03
LNT catalysts are discussed. The reactivity of both gaseous NO and of stored NOy (nitrates) has been studied,
with simultaneous surface characterization by operando FT-IR spectroscopy, using different reductants (i.e. Ha,
CO, CO + H,, CO + H,0) both under isothermal conditions and temperature programming. The results show
that N,O formation may occur during both the lean/rich and rich/lean switches (primary and secondary N,O,
respectively). In particular: i) primary N,O formation involves the presence of gas-phase NO and partially re-
duced metal sites; ii) N,O formation increases in the presence of CO because the reduction of the metal sites is
slower, thus favoring N,O formation upon the lean/rich transition; iii) residual reducing species onto the surface
(i.e. NCO™, CO) can react with NO giving the secondary N,O peak. A reaction pathway for N,O formation is
suggested where metal sites (Pt or Rh) catalyse the NO dissociation reaction into N- and O-adatoms; N-species
further interact with undissociated NO molecules leading to the formation of N,O (primary N,0). In additions,
isocyanates formed during the NOy reduction in the presence of CO may participate in the N,O formation upon
reaction with NO during the lean phase (secondary N,O).

Pt- and Rh-based catalysts show similar behavior even if Rh-based catalyst is less reactive than Pt-based
sample likely due to the lower dispersion of the noble metal.
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1. Introduction

In densely populated areas, traffic emissions are a significant source
of pollutants. Some of them are short lived and have mainly local health
and environmental effects; those include carbon black and NO,. Long
lived gases, like CO,, CH,4, N>O are greenhouse gases and have global
effects on atmospheric chemistry and climate.

Catalytic elimination of environmental pollutants from passenger
cars is a permanent challenge for researchers. Particularly, NOy re-
duction from exhaust gas of diesel and lean-burn engines is still a
problem for car manufacturers. Among the processes effective to reduce
NOy in lean condition, lean NOj traps (LNTs, also known as NOy Storage
Reduction (NSR) catalysts) represent a viable technology either as a
stand-alone system or complemented by an urea-SCR system. The LNT
catalytic system, introduced by Toyota in ’90, contains three funda-
mental components: a high surface area support like y-Al;03, a NOy
absorber material like alkaline or alkaline-earth metal oxide (Ba, K) and
noble metals such as Pt, Rh, Pd. Promoters and additives like Zr, Ce may
be also included to increase thermal stability and add Oxygen Storage
Capacity (OSC) functionality [1]. In NSR catalysts the NO, conversion is
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achieved on the basis of cyclic operations alternating between lean
(60-90 s) and rich (1-3s) conditions: NOy are adsorbed on the catalyst
surface during lean operations, while the trap is regenerated under the
fuel rich environment [1-3]. Among the disadvantages of this system,
the selectivity of the reduction may be problematic. Indeed, an in-
complete reduction leads to the formation of NH3 and/or N5O [4], a
powerful greenhouse effect gas responsible for about 6% of the an-
thropogenic radiative forcing [5]; besides this, N,O is expected to be-
come the most important ozone-depleting gas. It is known that the N,O
emission rate depends on a multitude of factors: presence, technology
and age of catalyst (e.g. vehicles equipped with a three-way catalyst
have higher N,O emission rates than old vehicles without a catalyst);
driving regime and catalyst temperature (largest emissions for cold
catalyst); type of fuel; presence of sulfur in fuel; etc.; also, it is clear that
N,O is formed inside the catalyst as an intermediate during NO re-
duction [6].

In previous works of our group [7,8] we have investigated me-
chanistic aspects of N,O formation over Pt- and Rh-based lean NOy trap
catalysts by using H,, NH; and CO as reductants. Micro-reactor ex-
periments and operando infrared spectroscopy have been used to
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provide a complementary overview on the pathways leading to N,O
evolution during the reduction of the stored NO, i.e. the so-called
primary N,O formation [9]. It has been found that the N,O formation
involves the presence of gaseous NO and originates upon the coupling
of undissociated NO molecules with N-adatoms, in line with other lit-
erature works [9-12]. This process is driven by the presence of partially
reduced Platinum-Group-Metal (PGM) sites, which catalyse the NO
dissociation into N- and O-adspecies on one side and prevent complete
NO dissociation on the other side [9,13]. Accordingly, N,O formation is
observed at low temperatures, when PGM sites are partially reduced,
and is negligible at high temperatures where PGM sites are fully re-
duced and complete NO dissociation takes place. The onset temperature
for N>O formation depends on the activity of the reductant in the re-
duction of the PGM sites, i.e. upon the efficiency in the O-scavenging
process by the reductant [7].

In this work we want to provide further insights into the mechan-
isms involved in N,O formation over model Pt- and Rh-Ba/Al,O5 cat-
alysts when a more representative reducing mixture (CO + H, in a 3/1
ratio) has been considered with respect to our previous studies [7,8].
Accordingly the reactivity of gaseous NO and of stored NO, species
(nitrates) has been studied using CO/H, reducing mixtures both under
isothermal conditions and temperature programming. Complementary
gas phase analysis and FT-IR characterization of the surface species are
here presented, and eventually deeper insights on the N,O formation
pathways and mechanisms could be provided.

2. Experimental

The reactivity study has been performed over homemade Pt-Ba/
Al,03 (1/20/100 w/w) and Rh-Ba/Al,03 (0.5/20/100 w/w). The cat-
alysts have been prepared by standard incipient wetness impregnation
of commercial y-alumina support with aqueous solution of Pt
(NH3)5(NO5)» or Rh(NO3),. After drying and calcination at 500 °C, the
binary Pt-Al,03; or Rh-Al,O3 samples have been impregnated with Ba
(CH3C0O0), aqueous solution. After drying overnight and calcination at
500 °C for 5h, Pt-Ba/Al,0O5 catalyst shows a specific surface area of
131 m?g~! with a final metal dispersion near 48%; Rh-Ba/Al,O5 ex-
hibits a specific surface area of 135m? g~ ' with a Rh dispersion near
7%.

Lean-rich cycles have been performed using 60 mg of powder cat-
alyst (70-100 um) loaded in a micro-reactor (7 mm I.D.) under a flow of
100 cc/min (at 0°C and 1atm). During the lean phase NO/O,
(1000 ppm NO + 3% O, v/v in He) has been fed to the reactor, while
the rich phase consists of CO/H, (1500/500 ppm in He) or H,
(2000 ppm in He). The gas exiting from the reactor were monitored by
on-line mass spectrometer (QMS 200, Pfeiffer), FT-IR analyser
(Multigas 2030, MKS) and pGC (Agilent).

Lean-rich experiments have also been carried out in an operando FT-
IR reactor for the analysis of the surface species. In this case 15 mg of
sample was formed into a self-supported disk with diameter 16 mm and
thickness 0.11 mm. Then, square shape was cut with characteristic
length 11 mm, placed inside the sample holder, and inserted into a
“sandwich” IR reactor [14]. The sample holder has been fixed between
KBr windows to drive the gases around the wafer with the same dy-
namic as in a 400 cpsi honeycomb; the temperature was measured with
a K-type thermocouple, inserted 1 mm above the wafer and calibrated
to provide the actual temperature in the centre of the wafer. The spectra
were collected on the FT-IR Nicolet Nexus with a spectral resolution of
4 cm ™! and accumulation of 64 scans under atmospheric pressure using
a mercury-cadmium-telluride (MCT) detector. The outlet of IR cell was
measured continuously with mass spectrometer (ThermoStar TM GSD
301), chemiluminescence analyser (42i-HL MEGATEC) and FT-IR gas
analyser with a MCT detector [15].

The reactivity of gaseous NO (1000 ppm in Ar) and of stored NOy
(nitrates) has also been investigated in the operando FT-IR cell under
temperature programming (TPR and TPSR experiments) in the
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temperature range 40 °C—400 °C (heating rate: 4 °C/min) with various
reductants, i.e. CO (2000 ppm), CO/H, (1500 ppm + 500 ppm), CO
(2000 ppm) + H>O (2% v/v). Before the catalytic runs the samples
were subjected to the conditioning procedure in order to obtain re-
producible catalyst behavior, i.e. 4-6 lean-rich cycles with NO
(1000 ppm) + O, (3%) and H, (2000 ppm) in He for the lean and rich
phase, respectively. Afterwards, the catalysts were subjected to
cleaning treatment at 400 °C with H, (2000 ppm) in order to remove
residual N-containing species originating from the conditioning proce-
dure, if any.

3. Results and discussion
3.1. Lean-rich cycles with CO + H

Fig. 1 shows the results of isothermal lean-rich cycles performed at
250°C over Pt-Ba/Al,0O3; and Rh-Ba/Al,O3 catalysts using CO + H,
mixture or H, as reductant (Fig. 1A and B, respectively, for Pt-Ba/Al,05
and Fig. 1C and D for Rh-Ba/Al,;03). Note that in the Figures only one
representative lean-rich cycle has been shown, while the entire ex-
periment consists in several lean-rich cycles.

Over Pt-Ba/Al,0; when using CO + H, as reducing mixture
(Fig. 1A), a dead time near 90 is observed in the NO, breakthrough
upon NO/O, admission; then the NO, concentration increases with time
approaching a steady state value. As expected at this temperature the
NO oxidation is effective and high concentration of NO, is detected at
the reactor outlet.

The transition to the rich phase leads to the reduction of the stored
NOy species. Indeed, upon feeding the CO + H, reducing mixture, N, is
immediately formed together with CO,. Initially the reductant is com-
pletely consumed and the N, concentration remains constant; then, the
N, concentration decreases and CO and H, breakthrough is observed
along with NHj3. Formation of N5 could be described by the following
global reactions in the case of nitrates and nitrites, respectively:

Ba(NOs), + 5 H, — N, + Ba(OH); + 4H;0 (@8]
Ba(NO3); + 5 CO — N, + BaCO3 + 4 CO, 2)
Ba(NOy); + 3 Hy — N, + Ba(OH); + 2H,0 3)
Ba(NO,), + 3 CO — N, + BaCO3 + 2 CO, (€]

NH; evolution is then observed after N, formation, in line with the
suggested 2-steps reduction mechanism involving the formation of
ammonia as intermediate species in N, formation [16,17].

Notably, N,O formation is also observed in correspondence to both
the lean-to-rich and rich-to-lean transitions (primary and secondary
N-O formation, respectively), as also reported by other studies [9,10].
In particular during this experiment a rather small N,O peak is ob-
served at the lean-to-rich transition (primary N,O formation), whereas
a much greater N,O peak is seen upon the rich-to-lean switch.

N,O formation upon the lean to rich transition (primary N,O) is
related to the reaction of NO, released in the gas phase from the NO,
adsorbed species, over partially reduced metal sites (Me = Pt, Rh)
[7,9]:

NO + 2 Me — Me-N + Me-O (5)
NO + Me-N — N,0 + Me (6)
and the resulting O adspecies are scavenged by the reductant:
Me-O + Me-CO — 2 Me + CO, )
Me-O + 2 Me-H — 3 Me + H,0 (8

At variance, formation of secondary N,O (rich to lean transition) is
related to the reaction of adsorbed NCO ™~ (isocyanate species) with NO/
O, [18] and/or to the reaction of adsorbed CO with NO. This clearly



L. Castoldi et al.

Catalysis Today 320 (2019) 141-151

1800 : 100
| : CEl
1500 _ 1 S
E : 80
& 1200 40 S
B : 60 =
k) | 1 k=
g 00 g
= ] &
g 600+ . 40 5
5 9,
O 300+ . 20 2
0 - [
{3 I | ._—fL N & O
50500 51000 51500 52000 52500 14500 15000 15500 16000
1800 —— : . . 100
E 150011 i 5 £
&1500 = : : §
S 1200+ : S
= ] NO NO, ! ; T
£ 900+ ! =
3 8
c [ =
S 600 ) 5
o | e O
1 N,O g o
300 N, v
‘“JL\‘
0= " —
55000 55500 56000 56500 58000 58500 59000 59500
Time [s] Time [s]

Fig. 1. Lean-rich cycles at 250 °C over Pt-Ba/Al,03 (A: rich phase in CO + H,; B: rich phase in H,) and Rh-Ba/Al,03 (C: rich phase in CO + Hj; D: rich phase in H,). Lean conditions: NO
1000 ppm + O, 3% v/v in He, length 15 min; rich conditions: CO 1500 ppm + H, 500 ppm in He, or H, 2000 ppm in He, length 15 min.

appears from FT-IR spectra recorded during the rich and lean phases
(Fig. 2A and B, respectively. Only the 1800-2500cm ™' region is
shown). During the rich phase (Fig. 2A) the bands characteristic of CO
adsorbed on Pt (2043 cm ™ ') and of isocyanates NCO ™~ species on AR
tetrahedrally and octahedrally coordinated, respectively (2230,
2245cm™ 1) [19] and Ba phase (2170 cm™Y) [20] rapidly grow up;
these species are formed upon the reduction of stored NO, with CO
[21]. Then, upon switching to the lean phase (Fig. 2B), the band of
adsorbed CO on Pt immediately disappears whereas those of iso-
cyanates decrease more slowly. Simultaneously, N,O evolution is ob-
served, suggesting that its formation is related to the reaction of NCO™
with NO/O,, [22] and/or to the reaction of adsorbed CO with NO. Note
that the oxidation of isocyanates is not complete since residual NCO ™~
species remain on the catalyst surface at the end of the lean phase.
Lean-rich cycles have been performed at the same temperature
using H, as reductant as well, and results are shown in Fig. 1B. A
slightly higher dead time for NO, breakthrough is observed if compared
to Fig. 1A. Switching from lean to rich conditions a similar products
evolution is observed, with instantaneous production of N, and of NH;
later on. Primary and secondary N,O peaks are detected also in this case
upon the lean-to-rich and rich-to-lean switches respectively, although
they are almost negligible at variance with that observed in the case of
CO/H, as reducing mixture. In particular, negligible amounts of sec-
ondary N,O are detected when using H, as reducing agent. According to
the lines previously depicted, this is due to the lack of isocyanate spe-
cies whose formation is not possible in this case and that in fact have
not been observed by FT-IR spectroscopy (data not reported).
Lean-rich cycles at 250 °C using CO + H, mixture or H, as reductant
have been carried out also over the Rh-Ba/Al,O; catalyst and re-
presentative cycles are reported in Fig. 1C and D, respectively. The Rh-
based catalyst exhibits a lower storage capacity than the Pt-based cat-
alyst, as pointed out by the lower dead time for NO, breakthrough.
Also, the NO oxidation capability is very poor. The lower storage ca-
pacity of the Rh-containing catalyst, together with its lower NO
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oxidizing capabilities, might be related to the lower noble metal dis-
persion of this system compared to the Pt-based catalyst sample, as
reported in the Experimental section. This is in line with the observa-
tion that i) the storage ability of Pt-containing catalysts increases upon
increasing the metal dispersion [23], and ii) an higher storage capacity
is in fact obtained at these temperatures when the Rh dispersion is
higher than that of Pt [7].

The reduction phases over Rh-Ba/Al,03 catalyst show similar fea-
tures to those described in the case of Pt-Ba/Al,03 catalyst. Upon ad-
mission of CO + H, or H,, the stored NO, are reduced to N5, N,O and
NHj;. Also in this case, a significant production of N,O is observed at the
lean-to-rich transition (primary N,O) in the presence of CO + H,, and a
minor formation in the presence of H, only.

N,O formation is observed at the rich-to-lean transition as well
(secondary N»,O) in the case of the CO/H, reducing mixture (Fig. 1C),
although in much lower amounts if compared to Pt-Ba/Al,O3. Again,
this is due to the reaction of NO/O, with isocyanate species/adsorbed
CO, as pointed out by the spectra reported in Fig. 2C showing the for-
mation of isocyanates on Ba and Al sites (bands at 2170, 2230,
2245 cm ™) during the rich phase, along with adsorbed CO on Rh sites
(CO dicarbonyls on Rh* at 2084 and 2010cm™' [20] and Rh*
monocarbonyl or Rh* (CO)(NO) complex at 2048 cm ! [24]), being the
intensity of these latter lower than in the case of Pt. When switching to
the lean phase (Fig. 2D) the bands of isocyanates decrease due to the
oxidation of these species by NO/O,, and a N,O peak is detected in the
gas phase (Fig. 1C).

The effect of temperature on N5O formation is shown in Fig. 3A (Pt-
based catalyst) and 3B (Rh-based catalyst), where the amounts of N,O
evolved during the lean-to-rich and rich-to-lean transitions are shown
at 250 °C and 350 °C when both CO/H, mixtures and pure H, are used
as reducing agents. In all cases both the primary and the secondary N,O
peaks decrease by increasing the temperature. Furthermore, higher
amounts of N,O are formed when CO/H, is used as reducing mixture,
and in particular during the secondary N,O formation. Accordingly, the
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Fig. 2. Operando FTIR spectra during lean-rich cycles at 250 °C over Pt-Ba/Al,03 (A: first rich phase in CO + Hj; B: subsequent lean phase in NO/O,) and Rh-Ba/Al,0O3 (C: first rich phase
in CO + Hy; D: subsequent lean phase in NO/O). Spectra collected every 0.2s up to 10 min.

nitrogen selectivity increases upon increasing the temperature since in
all cases both the amounts of NH3; and of N,O decrease.

The data presented so far showed that over both the Pt- and Rh-
based catalytic systems N,O formation is observed both during lean-to-
rich (primary) and rich-to-lean (secondary) transitions, in line with
literature reports [9,11 and references therein]. Higher amounts of N>O
(both primary and secondary N,O) are formed when CO/H, is used as

reducing mixture if compared to pure H,. Besides, temperature also
affects N,O formation, being N,O emissions higher at lower tempera-
tures. To better clarify mechanistic aspects involved in N,O formation
in the presence of CO, and on the role of the noble metal on its for-
mation, the reduction of stored nitrates and gas-phase NO with CO and
CO/H, mixtures has been investigated under temperature programmed
conditions.
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Fig. 3. Total amount of N,O produced during lean-rich cycles at
B 250 °C over A) Pt-Ba/Al,0O; catalyst; B) Rh-Ba/Al,03 catalyst.
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3.2. CO-TPSR of nitrates

The reactivity of nitrate ad-species stored over Pt- and Rh-based
catalysts has been investigated under temperature programming using
CO as reductant (CO-TPSR). The results of the gas phase analysis are
reported in Figs. 4A and 5A for Pt- and Rh-based catalysts, respectively,
whereas Figs. 4B and 5B show the corresponding surface species on the
catalyst obtained with operando FT-IR spectroscopy. Figs. 4A and 5A
report also the surface concentration of isocyanate species, obtained by
integration of the area of the peaks in the FT-IR spectra with maxima at
2230-2235cm ™! and 2167-2170 cm ™.

Over Pt-Ba/Al,O;3 catalyst (Fig. 4A), the temperature onset for CO
consumption is observed near 175 °C with simultaneous CO, evolution.
CO consumption is also accompanied by evolution of NO and N, ob-
served starting from 220 °C, and by isocyanates formation, as shown by
FT-IR spectra of Fig. 4B (see below). The isocyanate concentration trace
as a function of temperature is also shown in Fig. 4A. Above 250-300 °C
small amounts of ammonia are also detected, along with trace amounts
of H,, possibly related to the reaction of CO with surface hydroxyls
(WGS reaction).

Very similar results have been obtained in the case of Rh-Ba/Al,03
catalyst (Fig. 5A) although the CO consumption (and the evolution of
reaction products) is minor if compared to the Pt-based sample due to
the lower amounts of initially stored NOy. Also, NCO™ species are
formed to a lower extent. Notably, in both case no N,O has been found
at the reactor outlet.

The FT-IR analysis of the surface species performed over Pt-Ba/
Al,O3 catalyst during the CO-TPSR is shown in Fig. 4B. Curves a-j
correspond to the spectra recorded upon heating the stored nitrates
with CO in the 40-450 °C temperature range. Upon heating, the bands
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of surface nitrates (modes at 1340 cm ™', 1410cm ™! and 1040 cm ™ 1)
remain unchanged up to ca. 200 °C and then rapidly decrease. Starting
from 200 °C, NCO~ species are formed on Al and Ba sites [21], as re-
vealed by the two related bands at 2235 and 2170 cm ™~ *, whose in-
tensity increases markedly with temperature, while the position slightly
shifts to lower frequencies. The formation of NCO™ species is accom-
panied by the formation of carbonates: main bands are observed at
1555, ~1340 and 1065 cm ™! even if the partial superposition of vi-
brational modes of carbonates and nitrates makes it difficult to track the
simultaneous NO, removal and carbonates formation. However, the
analysis of the spectra at lower wavenumbers clearly show that the v1
mode band at 1040cm™! (related to nitrates) decreases while a
shoulder at 1060 cm ~ ! progressively appears due to carbonate forma-
tion.

The formation of small amounts of nitrites (low intensity band at
1215cm™Y) is also observed upon reduction of nitrates. Furthermore,
FT-IR spectra also show the presence of a weak band at ca. 2080 cm ™!
(shifting towards 2020 cm ~! with temperature) related to the presence
of linear carbonyls onto the Pt sites and witnessing for a progressive
reduction of the metal particles or the reduction of the metal particle
sizes (surface restructuration) [25]. NCO™~ species (bands at 2170 and
2235cm 1) are thermally stable and are still present on the catalyst
surface at the end of the heating ramp (see the concentration trace of
NCO™ species showed in Fig. 4A).

The FT-IR spectra recorded over Rh-Ba/Al,O3 catalyst during the
CO-TPSR of nitrates (Fig. 5B) show similar features with respect to
those already described for Pt-catalyst. At the beginning nitrates species
are present at catalyst surface (main bands in the range
1400-1330 cm ™~ ! and at 1040 cm ™ 1). Upon increasing the temperature,
nitrates bands decrease and Ba-carbonates (main band at 1555 cm™ 1)
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are formed, along with Rh-dicarbonyls (bands at ca. 2085 and
2010 cm ™ *, shifting towards 2030 cm ~ ! with temperature). Also in this
case the analysis of IR modes in the 1500-1300 cm ~ ! is not straight-
forward because of the superposition of vibrational modes of carbo-
nates and nitrates. The consumption of nitrates is accompanied by the
increase of bands at 2167 and 2230 cm ™!, related to isocyanates for-
mation. Also in this case the formation of NCO ™ species increases with
temperature and at the end of the heating ramp significant amounts of
isocyanate species are present onto the surface (see also the NCO™
concentration trace in Fig. 5A).

The results reported above clearly indicate that the reduction of
stored nitrates with CO leads to the formation of both gaseous (NO, N,
NH3) and adsorbed species (isocyanates), in line with previous works
carried out over the same Pt-Ba/Al,03 sample [21]. In particular, from
Figs. 4 and 5 it appears that isocyanate species are initially formed upon
reaction of CO with the surface nitrates and the consequent release of
NO; then N, formation is observed upon surface reaction involving
isocyanates and nitrates and/or NO according to the stoichiometry of
the overall reactions (9), (9") and (10), (10):

3 Ba(NO3), + 5 Ba(NCO), = 8 N + 8 BaCO3 + 2 CO4 9
2 AI(NO3)3 + 2 AI(NCO)3 — 6 N, + 2 Al5(CO3)3 + 3 O, @)
6 NO + 2 Ba(NCO), = 5N, + 2 BaCO3 + 2 CO4 (10)
6 NO + 2 AI(NCO)3 — 6 N, + Al»(CO3)3 + 3 CO (109

Worth to note is the absence of N,O in the reduction products
during these experiments, indicating that the reduction of the stored
nitrates with CO is selective to NO and N, (and isocyanates). This is
possibly related to the small concentration of gas-phase NO that is re-
leased in the gas phase from the adsorbed NO, species, as discussed
below.

3.3. NO/CO-TPR

To better clarify the role of gas phase NO and NCO ™ ad-species in
the N,O formation, experiments have been performed by feeding CO/
NO mixtures over Pt-Ba/Al,03 and Rh-Ba/Al,O5; (TPR experiments).
The results of the gas phase analysis are shown in Figs. 6A and 7A for
the Pt-Ba/Al,03; and Rh-Ba/Al,O3 catalysts, respectively, while the
surface analyses are shown in Figs. 6B and 7B.

Over Pt-Ba/Al,03, the onset temperature for NO and CO con-
sumption is detected near 150 °C, accompanied by the formation of
small amounts of N, and N,O (Fig. 6A) and of isocyanates (Fig. 7A and
trace in Fig. 6A). The CO concentration profile decreases with tem-
perature and shows a minimum near 300 °C, whereas that of NO shows
a monotonic decrease. NO is completely consumed above 350 °C.
Among the reduction products, N,O shows a maximum near 330 °C
whereas N, presents a monotonic increase. Small amount of NH; are
also formed. The parallel surface characterization (Fig. 6B) shows the
development of several bands upon increasing the temperature, and in
particular: i) bands at 2167 cm ™! and 2227 cm ™! attributed to NCO~
species on barium and alumina sites, respectively [26]; ii) bands near
1610 cm ™ (shift towards 1555cm™") and 1330cm ™" corresponding
to bidentate carbonates on alumina (doubly degenerated v,sym (OCO)
stretch), iii) 1443cm ™! and 1394cm ™! attributed to monodentate
and/or bulk ionic carbonates [26,27]; iv) band at 1214 cm ™! (low in-
tensity) corresponding to nitrites. Above 170 °C new peaks of carbo-
nates are also observed at 1060 cm ! [vsym (OCO) mode] together with
1360 cm ™~ ! (monodentate and/or bulk ad-species). Furthermore, FT-IR
spectra also show the presence of a weak band near 2085 cm ™ (shift
towards 2060 cm ~ ') corresponding to carbonyls bonded to Pt. Of note,
at the end of the temperature ramp, significant amounts of isocyanates
species remain on the surface (see Fig. 6A and B). As a matter of facts,
the instantaneous C- and N-balance (not shown in the Figure) shows
negative deviation in the range 250-400 °C due to the build-up of
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Fig. 6. A) TPR experiment over Pt-Ba/Al,O; catalyst from 40 to 400 °C (4 °C/min), with
NO (1000 ppm) + CO (2000 ppm); B) operando FTIR spectra during TPR. Spectra col-
lected at a) 40 °C, b) 79 °C; ¢) 121 °C; d) 146 °C; e) 172 °C; f) 192 °C; g) 223 °C; h) 300 °C; i)
400 °C. NCO chemigram has been calculated from NCO peaks area (band at 2227 cm ™!
and 2167 cm ™! in panel B).

isocyanate species on the surface.

A similar picture is obtained over the Rh-Ba/Al,O3 catalyst, but the
NO + CO reaction is observed at higher temperatures. However the NO
consumption is completed at lower temperatures in this case. In fact the
gas phase analysis (Fig. 7A) shows a NO light off temperature near
220 °C, with production of N5 and N,O. Isocyanates species are also
formed, but at much lower concentration if compared to Pt-Ba/Al;05.
N,O presents a maximum in the concentration near 275 °C, while
complete NO consumption is observed near 300 °C. Also in this case,
small amounts of ammonia are detected. The corresponding surface
spectra obtained over Rh-catalyst (Fig. 7B) show a small band near
1218cm ™! due to nitrites formation at the very beginning of the
heating rate which then decreases with temperature. Above 250 °C, the
development of bands at 2165 and 2227 cm ™! indicates the formation
of NCO™ species. By increasing the temperature, these bands grow
together with those of Rh-CO (2077 and 2005 cm ™~ Yand superficial Ba-
carbonates (main bands at ca. 1555, 1350 and 1060 cm ™ 1). At the end
of the run, the surface of the catalyst is dominated by CO- and NCO-ad-
species, although the intensity of NCO™ modes is much lower with
respect to Pt-based catalyst. As a matter of facts, in this case the in-
stantaneous C- and N-balance show only a small negative deviation in
the range 250-350 °C (not shown in the Figure), due to the minor build-
up of isocyanate species. The NCO ™ species are still present onto the
catalyst surface at the end of the heating ramp.

The following overall reactions may be invoked to account for the
formation of the reaction products over both Pt- and Rh-catalysts in the
CO + NO reaction:

2 NO + CO —= N30 + CO, an
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2NO 4+ 2CO—N, + 2 CO, 12)
2 NO + 5 CO + 2 BaO — Ba(NCO), + BaCOs + 2 CO, as)
6 NO + 6 CO + 2 Al,O3 — 2 AL, (NCO)3 + 6 O, [¢kD)

Note that both the Pt- and Rh-catalyst show similar features, with
different onset temperatures being Rh- generally less active than the Pt-
based sample.

Notably, over the Pt-Ba/Al,O; catalyst sample, the production of
N,O is observed both in the low-temperature region with a maximum
near 200 °C, and at high-temperature with a maximum near 300 °C. It
should be speculated that at low temperature, gaseous NO fed to the
reactor reacts with reduced Pt sites giving N,O according to the reac-
tions (5)—(7) already discussed. Since undissociated NO molecules are
involved in these reactions, the catalyst metal sites should be not fully
reduced in order to prevent complete NO dissociation.

Oxygen formed by the direct dissociation of NO on reduced Pt atoms
or concomitant to isocyanate formation (reaction (13')) can produce
N,O as well, according to reaction (14) [19]:

2 NCO + 3/2 O, — N30 + 2 CO, a4

On the other hand, at high-temperatures the reaction between iso-
cyanate species and gaseous NO may also contribute to N,O formation:

8 NO + Ba(NCO)z ind 5N20 + BaC03 + COZ (15)

12 NO + 2 AI(NCO)3 — 9 N0 + Al(CO3)3 (16)

In the case of Rh-based sample, the formation of N,O occurs only at
low temperatures through the reaction between gaseous NO and the
reduced metal sites (reactions (5)-(6)) and not at high temperature due
to the low amounts of isocyanate species present at the surface (see
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Fig. 7A). We can consider too that the few residual isocyanates are
hydrolyzed into ammonia, which appears from 300 °C.

The comparison between the results obtained during TPSR and TPR
experiments, where NO, stored species or gaseous NO respectively react
with fed CO, clearly confirm that the formation of N,O is favored by the
presence of high gas-phase concentration of NO. In fact NO is involved
in N,O formation both via reactions (5)-(6) (self-coupling of NO
[7,8,28]) and/or upon reaction with isocyanates (reactions (15) and
(16) [29]). Both pathways require gas-phase NO; in the case of TPSR
experiments (where gaseous NO is not fed to the reactor) only tiny
amounts of NO are released in the gas-phase during the reduction of the
stored nitrates and accordingly no N,O formation is observed during
the run.

In order to provide further insights into the NO/isocyanate reaction,
operando FT-IR experiments have been carried out over Pt-Ba/Al,O3
where isocyanate species have been formed onto the catalyst surface by
feeding NO/CO. Then, the catalyst has been cooled down to room
temperature in inert atmosphere (i.e. He) and NO has been admitted to
the reactor. Eventually the catalysts have been heated from RT up to
350 °C in the presence of NO, and the obtained results are shown in
Fig. 8A (gas phase) and 8 B (surface). NO consumption is seen starting
from ca. 200 °C (Fig. 8A) with simultaneous N,O formation which is
also accompanied by the evolution of N,. Simultaneously CO, is de-
tected at the reactor outlet. The correspondent FT-IR results are shown
in Fig. 8B where curves a-h correspond to the spectra recorded during
interaction of the NCO-ad-species previously formed (bands at
2232 cm ™! - isocyanates on AI** sites and 2163cm ™! — isocyanates
on BaZ™ sites, [26]) with NO in the range 50-350 °C. Upon increasing
the temperature, the band at 2232 cm ™" is gradually eroded, while the
band at 2163 cm ™! initially increases. This indicates the consumption
of isocyanates but also the possible initial conversion of the NCO™
species related to the higher frequency component into the lower
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2235cm ! and 2165cm ™! in panel B).

frequency one. Above 250 °C the intensity of both bands decreases
markedly with temperature and then are fully consumed at the end of
the heating ramp. Simultaneously, the intensity of the band at
2055 cm ! related to the presence of carbonyls onto Pt sites (formed
during the previous NO/CO TPR) decrease with temperature, while the
bands related to surface carbonates (1555, 1360 and 1060 cm ™) in-
crease due to the adsorption of CO5 produced during the reaction. A
small band at about 1225cm ™! is also observed, indicating the for-
mation of small amounts of nitrites. Therefore, these experiments pro-
vided evidence for the reaction of gaseous NO with surface isocyanates
(and possibly adsorbed CO) to give N,O.

3.4. Effect of water in the CO/NO reaction

The effect of water on the CO/NO reaction has been investigated
through TPR experiments in the presence of 2% H,0 in the feed. Results
have been reported in Figs. 9A and 10A (gas phase analysis) and Figs.
9B and 10B (surface analysis) in the case of Pt- and Rh-based catalysts,
respectively.

The onset temperature for CO consumption is observed slightly
above 120 °C in the case of Pt- and near 170 °C in the case of Rh-catalyst
(Figs. 9A and 10A, respectively). Simultaneously, NoO and N, are
produced while NH; appears at slightly higher temperature (180 °C for
Pt-, 225°C for Rh-catalyst). Complete consumption of NO is reached
near 270 °C both over Pt-Ba/Al,O and Rh-Ba/Al,Os;.

Over both the systems H, evolution is also observed, starting from
265 to 270 °C. The production of H, is related to the occurrence of WGS
reaction due to the co-presence of CO and water:

CO + HyO — H; + CO, a7)
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In the case of the Pt-based catalyst (Fig. 9A), the H, concentration
shows a maximum near 200 ppm at 270 °C. In fact H, is initially pro-
duced according to the WGS reaction (17), but it is then fully consumed
in the reduction of NO. At variance in the case of the Rh-based catalyst
(Fig. 10A) the H, concentration shows a monotonic increase due to the
occurrence at high temperature of the NH; decomposition (reaction
(18)) leading to N, and H, evolution:

2 NH3 —>N2 + 3H2 (18)

The surface analysis reported in Figs. 9B and 10B shows similar
features over both catalysts: i) at low temperatures, the H,O bending
mode is detected at 1638cm™'; ii) bands in the region of
1700-1000 cm ~ ! reveal the formation of mainly Ba-carbonates; Pt-
carbonyls bands develop in the region near 2090-2005 cm ™ !; iv) bands
corresponding to NCO™~ group on Ba phase appear (main band at
2165cm™'). Upon heating, Ba-carbonates evolve changing their
structure and the corresponding wavenumber region shows different
bands, as already discussed. On the other hand, the bands of NCO™
species grow up with temperature, reach a maximum (near 180 °C and
260 °C in the case of Pt- and Rh-catalyst, respectively), and then de-
crease; these species appear fully consumed above 300 °C.

Comparing these data with the results obtained in the absence of
water, noticeable differences are apparent. At first, the onset tem-
perature of NO + CO reaction is shifted towards lower temperature in
the presence of water, possibly due to H, formation via the reverse
water gas shift reaction (in fact the reaction NO + H, reaction has a
lower onset temperature). However at these temperatures the amounts
of H, produced are entirely consumed in the reaction with NO leading
to N,O, whose formation in fact is observed at low temperatures. Also,
isocyanates concentration shows a maximum with temperature being



L. Castoldi et al.

1800 300
—1500 250—
= i =
o S
£1200 200 -
= | o
.8 900 1 150
£ o0 £
© 6004 1000
[} o
o 1 5
S 300 50 3
(&) ] pz4

0 0
T ¥ T v T v T J T K T v T v T '
50 100 150 200 250 300 350 400 450
Temperature [°C]
1 3
3 B % o

— N

=

5,

© 2

o

C

s

2

o 14

n

g |

0 a

» T T T T ¥ T * T *
2200 2000 1800 1600 1400 1200 1000
Wavenumber [cm™]

Fig. 11. A) TPR experiment over Pt-Ba/Al,0; catalyst from 40 to 400 °C (4 °C/min), with
NO (1000 ppm) + CO (1500 ppm) + H (500 ppm); B) operando FTIR spectra during TPR.
Spectra collected at a) 40 °C; b) 88 °C; ¢) 130 °C; d) 173 °C; e) 248 °C; f) 300 °C; g) 400 °C.
NCO chemigram has been calculated from NCO peaks area (band at 2229 cm ™' and
2165cm ' in panel B).

formed at low temperatures but being readily hydrolysed by water at
higher temperatures leading to the formation of ammonia (and CO,)
[19,22], that is indeed observed starting from near 200 °C. Accordingly
the surface isocyanate concentration rapidly decreases above 200 °C in
correspondence with ammonia evolution.

Similar effects are observed in the case of Rh-containing sample,
although in this case the effect of water on the onset of the CO/NO
reaction is less evident.

3.5. NO/(CO + Hz)-TPR

Eventually, the reactivity of NO with CO has also been investigated
in the presence of H,, i.e. by using the same reducing mixture used in
lean rich cycles. The results are reported in Figs. 11A, 12A (gas phase)
and 11B, 12B (surface spectra) , for both Pt-Ba/Al,05 and Rh-Ba/Al,03
catalysts, respectively.

In the case of Pt-catalyst, the onset temperature for the consumption
of H,/CO is observed near 100 °C, together with evolution of N>O, N,
and CO, (Fig. 11A). At higher temperature, near 175 °C, ammonia is
also detected at the reactor outlet. Complete consumption of NO and H,
is observed near 220 °C, while CO decreases in two steps, being its
consumption complete at higher temperature (near 300 °C) where the
N,O concentration is nihil.

Fig. 12A reports the gas phase analysis of the TPR experiment car-
ried out over Rh-Ba/Al,O3 catalyst. In this case the onset temperature
for gaseous reductants slightly higher than over Pt-catalyst, i.e. near
170 °C, with simultaneous evolution of N,O, N5, and CO,. At higher
temperatures, near 225°C, ammonia is also observed. The complete
consumption of NO is observed at slightly higher temperature than over
Pt-based system (250 °C vs. 220 °C). Above 300 °C no further evolution
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of N,O is observed; both CO and H, consumption is not complete even
at high temperatures.

The surface spectra recorded in this case are shown in Figs. 11B and
12B for Pt-Ba/Al,03 and Rh-Ba/Al,Os3, respectively. Similar features
over both catalysts can be observed which closely resemble those pre-
viously described in the presence of CO only (see Figs. 6B and 7B).
Upon increasing the temperature, several bands develop in the region
1600-1000 cm ™~ ' due to carbonates formation on Ba sites. In parallel,
bands near 2080 cm ™! (shifting towards 2045 cm ™! in the case of Pt)
grow up corresponding to carbonyls bonded to Pt and Rh sites. At the
same time, in the high wavenumbers region, the formation of bands
related to isocyanates is observed at ca. 2165cm ™! and 2230 cm ™!
whose intensity increases monotonically with temperature in the case
of Pt-based sample and show a maximum near 300 °C over the Rh-based
sample. In both cases, at the end of the heating ramp isocyanates spe-
cies are still present at the catalyst surface. Of note, over the Rh-based
catalyst isocyanates are formed at higher temperature with the respect
to the Pt-containing catalyst and their concentration is much lower with
respect to the Pt-based catalyst, in line with the data discussed so far.

4. Routes for N,O formation

The results of isothermal lean-rich cycles have clearly shown that
N,O is formed both upon the lean/rich (primary N,O) and rich/lean
(secondary peak) switches, as already reported in the literature
[9,11,29-32]. The primary N,O formation occurs as a peak at the re-
generation front, i.e. the early beginning of the regeneration upon re-
duction of the stored NOy over partially reduced platinum group metal
(PGM) sites [7,9,11]. Primary N,O formation is favored at low tem-
peratures (where the reduction of Pt sites is slower) and is observed with
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all reductants [33]. At variance the secondary N>O peak more strongly
depends on the nature of the reductant [33 and references therein].

When using a strong reductant like H,, the fast reduction of the
metal sites results in a sharp N,O formation peak upon the lean-rich
transition since NO released in the gas phase from the stored NOy
species is readily reduced. Also, when no significant amounts of re-
duced species (like NHj, isocyanate) are left on the surface after the rich
phase, the secondary N,O peaks is also small. At variance, when CO is
co-fed with H,, higher amounts of N,O are produced both during the
lean/rich and the rich/lean transitions. In fact in the presence of CO the
reduction of the metal sites upon the lean/rich transition is slower and
this favors the primary N,O formation. Also, residual reduced species
are left onto the surface after the rich phase (i.e. NCO ™, CO ad-species)
that could react with NO upon the subsequent NO/O, admission giving
rise to secondary N,O formation. In that respect, similar trends have
been observed over both Pt- and Rh-based catalyst samples.

The results of TPR/TPSR experiments, coupled with FT-IR analysis
of the surface under operando conditions, provided further details on
the pathways leading to N,O formation. These experiments clearly il-
lustrated that N,O formation is favored by the presence of high con-
centrations of gas-phase NO: in fact significant amounts of N,O have
been observed in the experiments where gas-phase NO is fed to the
reactor, whereas no nitrous oxide formation has been observed both
over the Pt- and Rh-Ba/Al,03 catalysts upon the reduction of the stored
nitrates under temperature programming (TPSR experiments). In fact
during these experiments the concentration of gaseous NO released
from the adsorbed NO, is small and N,O formation according to reac-
tions (5)—(6) is expected to be unlikely. At variance, due to the high
reductant/gaseous NO ratio which is attained upon admission of the
reductant, NO dissociation to N- and O-adspecies is favored and this
prevents N,O formation [13,28].

Apparently, these findings contrast with results of lean/rich opera-
tion, where N,O formation has been instead observed upon reduction of
the stored NO,. This is due to the different operating conditions: indeed,
upon the lean to rich transition, a significant NO release in the gas
phase is observed upon reductant admission. This leads to significant
NO concentration in the gas phase that in turn favors N,O formation.

Accordingly, the pathway for N,O formation upon reduction of the
stored NO, species (rich phase) can be depicted as follows. The reaction
is initiated by the reduction of the PGM sites by the reducing agent. This
leads to the reduction of the stored NO, species leading to the release of
NO in the gas phase [1,34-36]. The released gaseous NO is dissociated
into N- and O-adatoms over reduced Pt and Rh sites (reaction (5)); in
case no complete NO dissociation is attained (poorly reduced noble
metal sites), N-adsorbed species interact with undissociated NO mole-
cules (either in the gas-phase or from an adsorbed state) leading to the
formation of N,O (reaction (6)):
NO + 2 Me — Me-N + Me-O 5)
(6)

where Me is the metal site (Pt or Rh) [13,37,38]. Simultaneously, the
formed Me-O sites are reduced by the reductant (reaction (19)):

NO + Me-N —- N,0 + Me

Me-O + 2 Me-H — 3 Me + H;0 (19)

When the reduction is very efficient (e.g. at high temperatures) NO
fully dissociates and the coupling of N-adatoms leads to the formation
of N, reaction (20):

Me-N + Me-N — N, + 2 Me (20)

Accordingly, N,O formation occurs in the presence of undissociated
NO in the gas phase (either already present in the feed stream or re-
leased from the stored NO,) and partially reduced metal sites. When H,
is used as reductant, N,O formation occurs at low temperature upon the
lean/rich transition and at the beginning of the heating ramp in the TPR
runs. N,O formation is seen at higher temperatures using CO or
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CO + H, mixture, due to the lower reducing capability of these gases.
Besides, isocyanates species may also play a role in N,O formation.
These species are formed during the reduction of NO/stored NOy in the
presence of CO and may originate N>O upon reaction with NO, as ob-
served in this work during the isocyanate + NO reaction (Fig. 8) and as
also pointed in previous studies [29]. These species are also involved in the
secondary N,O emissions, where isocyanates species left on the surface
after the rich phase react with NO/O, upon the rich/lean transition.

Both the primary and the secondary N,O formation decrease by
increasing the temperature during lean/rich cycles. In fact, at higher
temperature the reduction of the metal sites is faster, so that NO dis-
sociation is enhanced thus favoring the coupling of N-adatoms (reaction
(20)) with respect to N,O formation (primary N5O, reaction (6)). The
secondary N,O formation is also depressed since lower amounts of
isocyanates/adsorbed CO are left on the surface at the end of the rich
phase [9,31].

Finally, water decreases N,O formation (when CO is used as redu-
cing agent) in that its presence enhances the reduction of the catalyst
(due to H, formation via the WGS reaction) and reduces the isocyanates
surface concentration as well, being these species readily hydrolyzed to
NH3 and C02 [19].

5. Conclusions

In this work mechanistic aspects involved in the formation of N>O
over model Pt-Ba/Al,O3; and Rh-Ba/Al,03; LNT catalysts have been
discussed. The reactivity of both gaseous NO fed to the reactor and of
NOy (nitrates) stored on the catalyst surface has been studied, with si-
multaneous surface characterization by operando FT-IR spectroscopy,
using different reductants (i.e. CO + H,, H,, CO, CO + H,0) both
under isothermal conditions and temperature programming.

During lean/rich cycling operation of the LNT catalysts, N>O for-
mation may occur during both the lean/rich and rich/lean transitions
(primary and secondary N,O, respectively). Upon the lean to rich
switch, N,O formation is explained on the basis of the slow reduction of
the metal sites, that not readily dissociate gaseous NO over the noble
metal sites into N- and O-adspecies. Eventually N,O is formed upon the
coupling of undissociated NO with N-adspecies. At variance, N,O evo-
lution upon the lean to rich transition is due to the reaction with NO/O,
of reduced species left on the surface at the end of the rich period (e.g.
adsorbed CO, isocyanates).

The nature of the reducing agent affects the N>O formation and
accordingly the amounts of the primary and secondary N,O peak. Using
a strong reductant like H,, the fast reduction of the metal sites results in
a small N,O formation upon the lean-rich transition. Also, no significant
amounts of reduced species are left on the surface (e.g. NHj, iso-
cyanate) during the rich phase, so that the secondary N,O peaks is also
small. On the other hand, the presence of CO favors the formation of
both the primary and secondary N»O in that the rate of reduction of the
metal sites is depressed, and residual reducing species (e.g. isocyanates)
are left onto the surface after the rich phase.

Both the primary and the secondary N,O formation decrease by
increasing the temperature during lean/rich cycles. In fact, at higher
temperature the metal sites are easier reduced by the reducing agent, so
that NO dissociation is enhanced. The secondary N,O formation is also
depressed since lower amounts of isocyanates/adsorbed CO are left on
the surface at the end of the rich phase.

Water depresses N,O formation (when CO is used as reducing agent)
in that its presence enhances the reduction of the catalyst (due to Hy
formation via the WGS reaction) and reduces the isocyanates surface
concentration as well since these species are readily hydrolyzed to NH3
and CO,.

Finally, Pt- and Rh-based catalysts have shown similar behavior, but
the Rh-containing sample is less reactive than the Pt-based catalyst.
This could be partially ascribed to the lower dispersion of Rh with re-
spect to Pt.
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