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Abstract

The reduction of NO by CO over a powdered Pt/Al,O3 catalyst in flow reactors is investigated as a function of tem-
perature and stoichiometry at low concentrations typical for emission control. The study investigates the initial decline in
conversion over pre-reduced catalysts and its correlation with the formation (and decomposition) of isocyanate (—-NCO)
on the support, tracked by time-resolved operando and in situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS). Free sites on noble metal particles are necessary for both isocyanate formation and decomposition. CO adsorp-
tion and isocyanate formation occur on different time scales, but the amount of isocyanate equilibrates with CO coverage.
In the presence of hydrogen, isocyanate decomposes rapidly, producing NHs. The timescales for -NCO formation and
activity decline are similar, suggesting a direct link or influence by a common process. Findings align with models that
show a) isocyanate formation might aid NO dissociation by countering the inhibiting effect of CO adsorption, and/or b)
changes in the oxidation state affect both catalytic activity and isocyanate formation.

Keywords Catalytic conversion - NO reduction by CO - Pt/Al,O3 - Deactivation - Isocyanate formation - Catalyst
regeneration - Emission control

1 Introduction

Due to their negative impact on the environment and human
health, nitrogen oxide (NO), carbon monoxide (CO), and
hydrocarbon (HC) emissions from internal combustion
engines and industrial exhaust are of particular concern [1].
Emission standards set by governments have significantly
reduced the number of potentially hazardous substances
and continue to do so today, further increasing the need for
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technical solutions to reduce emissions [2]. An example is
the three-way catalytic converter (TWC) for spark ignition
engines, which has significantly reduced NO, CO and HC
emissions. Unlike compression ignition engines, indus-
trial exhaust and the exhaust from spark ignition engines
often contain sufficient amounts of CO, hydrocarbons and/
or hydrogen (Hs) to serve as reducing agents for NO and
NOg species. Thus, the reduction of NOyx by CO offers a
simple and cost-effective technology to decrease NOy emis-
sions from mobile and stationary sources, with CO acting
as the reductant for NO and NO; [3-5]. In recent decades,
extensive research has been conducted to investigate the
performance of noble metal and transition metal catalysts in
the reduction of NO by CO for gas purification [5]. Due to
rhodium’s advantageous effect on activity and selectivity in
the CO + NO reaction, rthodium-based catalysts, as well as
bimetallic rhodium-platinum catalysts, have been shown to
be a crucial component for the reduction of nitric oxide in
automobile exhaust [5-8]. This improvement is attributed to
the increased ability of metallic thodium to dissociate NO
compared to platinum. Iridium-based catalysts exhibit out-
standing activity for NO reduction by CO in the presence
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of oxygen and also show high resistance to sulfur and water
poisoning, making them suitable for industrial use [5].
However, researchers have also investigated other noble
or transition metal-based catalysts intensively [4, 5, 9], not
least because of the huge increase in the cost and limited
availability of thodium and iridium [10].

One very well-known example is platinum supported on
alumina (Pt/Al,O3), whose catalytic effect on the reaction
CO +NO has been intensively studied for almost five decades,
starting with the pioneering work of Unland [11]. Srinivasan
and Depcik provide a comprehensive review of the histori-
cal development and current state of research on the catalytic
reduction of NO by CO using Pt/AlsOs3, in the absence of
other components, such as hydrocarbons, hydrogen, or water
[12]. From a mechanistic point of view, and according to the
general view in the literature, the reaction involves the non-
dissociative adsorption of NO and CO, followed by the dis-
sociation of NO (see [12, 13] and references therein):

CO+ x = CO* (1)
NO + % — NO* 2)
NO* 4% — N* + O* 3)
CO* + 0" — CO2 + 2« (4)
2N* — N2 4 2% (5)
NO* + N* — N20 + 2« (6)
0"+ 0" — 02 + 2« (7)

Here, * represents an empty site on the catalyst’s surface or
an adsorbed species. The rate determining step is generally
assumed to be the dissociation of NO (Eq. 3), although it
is still debated whether the intrinsic dissociation rate or the
number of available reduced Pt sites limits the dissociation
of NO. The global reaction rate has a negative order at low
temperatures (low conversion regime) with respect to the
partial pressure of CO [12, 14, 15], implying that CO lim-
its the number of free reduced sites. Thus the global reac-
tion rate will decrease with increasing the CO coverage.
Nevertheless, CO does not form impenetrable islands that
prevent NO from adsorbing [16—18]. The recombination of
adsorbed oxygen atoms to molecular oxygen, Eq. 7, plays a
minor role, except at higher temperatures (> 430°C) [19].
Platinum (Pt) is a highly active [15] and cost-effective
[10] component in the reaction NO + CO, but there are three
disadvantages that limit the technical application of bare Pt/
Al30s3 in technical systems today: 1) It has the highest light-
off temperature among the platinum group metals [20, 21].
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2) Depending on operating conditions and stoichiometry, it
forms significant amounts of NoO [14, 15, 21-23], a green-
house gas with ~ 300 times the global warming potential of
CO; [1]. 3) Near stoichiometry and under rich conditions
(excess CO), the catalytic activity rapidly decreases over
time and settles at a much lower level [14, 15, 22, 24]. The
exact turning point depends on the actual composition of
the mixture and shifts further towards lean conditions with
increasing CO concentration [14, 24, 25]. This well-known
deactivation behavior and bi-stability of the CO + NO sys-
tem over Pt/Al,O3 [14, 24] is accompanied by the forma-
tion of adsorbed isocyanate (-NCO) and adsorbed CO on
oxidized platinum sites (Pt" " —CO) [11, 22, 25-30]. Isocya-
nate is probably formed on platinum but quickly spills over
to the support. However, the precise role of these species
in the reaction mechanism and catalytic deactivation is not
generally clear to date [14, 15, 22, 28, 31].

Note that the formation of -NCO is not included in cur-
rent kinetic models, (1) to (7), as NCO forms rapidly at
higher partial pressures of NO and/or CO and is assumed
to decompose under real-time operating conditions for cata-
lytic converters (> 600°C; reacts with water to form NHj
and CO3) [12]. On the other hand, the reduction of NO by
CO over Pt/Aly03 is most susceptible to dynamic, oscil-
latory operating conditions among platinum group metals
[21, 27], which could be adjusted to minimize or even elimi-
nate N2 O formation [21]. Under such conditions, and taking
into account that the surface composition of all species is
fully reversible with respect to changes in the stoichiometry
of the feed stream [25, 27], the deactivation and reactiva-
tion dynamics will play an important role, especially at the
lower limit of operating temperatures. However, until now,
only a limited amount of quantitative data on the dynamics
of deactivation / reactivation is available, and there is no
microkinetic model that describes these dynamics, which
must account for the formation of -NCO as an additional
sink for NO and CO. Up to date, there has been a lack of
studies of the dynamic behavior in the CO/NO system for
the development of such models.

Although the formation of isocyanate has been confirmed
spectroscopically [11, 22, 26, 28, 30, 32-34], its quantita-
tive dynamics and direct contribution to catalyst deactiva-
tion remain poorly understood. Currently, no microkinetic
model incorporates dynamic phenomena such as deactiva-
tion/reactivation or considers —-NCO as an additional sink
for NO and CO or as a reaction intermediate. This study
addresses this gap by providing time-resolved, quantita-
tive measurements of -NCO formation and decomposition
under realistic low-concentration conditions and correlating
these processes with catalytic activity decline. Such insights
are essential for refining kinetic models and improving
emission control strategies.
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In previous work, a novel channel reactor enabled spatio
temporal correlations between catalytic activity monitored
via planar laser induced fluorescence (PLIF) and catalyst
oxidation state tracked by operando X-ray absorption spec-
troscopy (XAS) during the reduction of NO by CO over
Pt/Al;03 [35]. That study revealed that catalytic activity
declines on timescales distinct from changes in Pt oxida-
tion state and suggested that transient isocyanate formation
might mitigate CO poisoning by removing CO from Pt sites.
However, evidence for NCO involvement was indirect,
inferred from spatial gradients and stoichiometric shifts
rather than direct detection. The present work builds on
these findings by employing operando DRIFTS and pow-
der bed reactors to directly observe isocyanate species and
quantify their formation and decomposition. Furthermore, a
range of inlet conditions is explored, including temperature,
stoichiometry, and the presence of Hy that influence -NCO
stability and its potential role as intermediate in the NHg
formation under exhaust like conditions.

2 Materials and Methods
2.1 Catalyst Preparation

The catalyst was prepared using the CATIMPREG platform
(Chemspeed) [36] for automated incipient wetness impreg-
nation and used as reference catalyst in the Collaborative
Research Center 1441. A solution of tetraamineplatinum(II)
nitrate (Fischer Scientific, 99.99%) diluted in water was
added dropwise to a commercial aluminum oxide support (y
-Al;03, Sasol Puralox TH 100/150, calcined for 5 hours at
700°C in static air). Subsequently, the material was dried for
two hours at 75°C and a reduced pressure of 120 mbar. After
drying, these two steps were repeated eight times in total.
Temperature and pressure were controlled by the CATIM-
PREG platform, while the impregnation process was per-
formed in 12 double-walled glass reactors, similar to [37].
The mixed sample was then calcined for 5 hours at 500°C in
static air. The final platinum loading amounted to 1.9+ 0.1%
as determined by ICP-OES (Inductively Coupled Plasma-
Optical Emission Spectrometry) and serves as the reference
catalyst in the Center for Emission Control Karlsruhe.

The catalyst was examined by TEM using a Themis 300
Probe Corrected (S)TEM configuration (see supporting
information, Fig. 11). The sample was applied to a copper
grid using a dry mix method. Images were taken at various
magnifications between 120000 and 980000. The average
particle size of platinum nanoparticles was determined by
measuring the longest diameter of 700 different nanopar-
ticles, yielding an average size of 2.0 = 0.9nm. Assuming
ideal hemispherical nanoparticles [38], this corresponds to

a dispersion value of about 56% for platinum nanoparticles.
CO chemisorption experiments gave a dispersion value of
approximately 52% for two consecutive measurements,
which confirmed the TEM measurements. XRD did not
show significant reflections for platinum, confirming that no
significantly enlarged nanoparticles are present.

2.2 Conditioning

Before each measurement, the catalyst is pretreated/condi-
tioned by: 1) Oxidation with 10 vol.% O in Ny at 450°C
for one hour. 2) Reduction with 5 vol.% Hs in Ny at 400°C
for two hours. 3) Removal of the remaining hydrogen in the
system by purging with pure Ny (or Ar) at 400°C for at least
30 minutes or until no hydrogen was detected end-of-pipe.
Unless otherwise specified, catalyst conditioning was per-
formed before each series of measurements and separately
in each of the setups described below.

2.3 Powder Bed Reactor

For powder bed measurements 100 mg of the 1.9% Pt/Al,
Oj catalyst are pressed, sieved (125 pm - 250 um sieve frac-
tion), diluted with 1900 mg of SiO5 (125 pm - 250 um sieve
fraction) and placed inside a quartz tube (inner diameter 8
mm) of a plug flow reactor. Thus, the total amount of Pt in the
catalyst bed is approximately ~ 9.6 umol. At a dispersion of
about 56%, this results in about 5.1 umol platinum surface
sites. Quartz wool plugs hold the catalyst bed in place inside
the reactor. Heating is provided by a tube furnace, and the
temperature is controlled by two thermocouples placed at
the beginning and end of the catalyst bed. Individual gases
are dosed by mass flow controllers (Bronkhorst) and the total
gas flow is set to 1L/min (NTP = 1 atm & 20°C), resulting
in a weight hourly space velocity (WHSV) of 32000 L/h/
gp¢. Cooling and heating rates are set to 10°C/min. For each
catalytic deactivation cycle, a gas mixture of CO and NO
balanced by Nj is fed for one hour and the outlet gas com-
position is analyzed using an FTIR spectrometer (MultiGas
2030 FTIR Continuous Gas Analyzer, MKS Instruments).
Throughout the manuscript, species concentrations in the
gas phase are expressed either in ppm, denoting mole per
mole (10~ mole/mole), or in percent by volume (volume
percent, abbreviated as %). To verify reproducibility, sev-
eral deactivation cycles with different recovery times (at
least 4.5 hours) were performed using a gas flow of 1L/min
Ns to clean/reactivate the catalyst.

2.4 Infrared Spectroscopy

Measurements of diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) are conducted using
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a VERTEXS80 FTIR (Bruker) device, which is fitted with
Praying Mantis diffuse reflection optics (Harrick) and a
liquid nitrogen-cooled mercury cadmium telluride detec-
tor (LN-MCT) [39, 40]. The sample is placed as a powder
within a high-temperature in situ cell (Harrick) sealed with
ZnSe windows. The temperature of the powder is controlled
by a heating cartridge beneath the cell and a circulating
water system. A Type K thermocouple is placed in the cen-
ter of the powder bed to monitor the catalyst temperature.
To prevent temperature variations in the catalyst bed, 6 mg
of the Pt/Al,O3 catalyst are mixed with 54 mg «-Al,O3
. The utilization of a-Al>O3, due to its low surface area,
minimizes interaction between the sample and diluent. An
IR background spectrum (256scans, resolution of 2 cm™1)
of the untreated sample is captured at 25°C under inert con-
ditions. The sample undergoes an oxidative and reductive
pretreatment, consistent with the method used for powder
bed measurements, to remove organic residues and mois-
ture, which is confirmed through reference spectra recorded
both prior to and following the pretreatment.

Once the target temperature is reached, a reference spec-
trum is recorded with 256 scans and a resolution of 2 cm~!
under Ny, serving as the background for the IR absorbance
spectra collected during transient measurements. Prior
to switching to the specified NO/CO mixture, continuous
recording of spectra is started (approximately 2 seconds per
spectrum, averaged over 8 scans). The outlet gas compo-
sition is evaluated for integral conversion using an FTIR
spectrometer (MultiGas 2030 FTIR Continuous Gas Ana-
lyzer, MKS Instruments) at the DRIFTS cell’s outlet. Spec-
tra are recorded continuously until the IR signals approach
saturation. Following each measurement, the sample cell is
reheated to 450°C under a flow of pure N5 to desorb all spe-
cies from the surface. Heating is continued until all IR bands
attributed to surface species disappear. After each heating
cycle, it is verified that the IR spectrum has returned to the
state observed immediately after the initial oxidative and
reductive pretreatment.

Flow rates are controlled by mass flow controllers
(Bronkhorst), maintaining a total gas flow of 250mL/min
(1 atm & 20°C), yielding a WHSV of 135000L/h/g,. This
WHSV is set higher than that used for powder bed measure-
ments to ensure suitable time resolution and to satisfy the
calibration parameters of the end-of-pipe FTIR analysis.

3 Results and Discussion
3.1 Powder Bed Reactor

In an earlier work, we detailed observations of the initial
decline in catalytic activity during NO reduction by CO,
employing planar laser-induced fluorescence (PLIF) to elu-
cidate catalytic activity over Pt/AloO3 layers with spatial
and temporal resolution [35]. The findings were comple-
mented by end-of-pipe measurements obtained in a novel
channel reactor, paired with time-resolved X-ray absorp-
tion spectroscopy (XAS) measurements at various positions
along the plate, enabling monitoring of the temporal and
spatial Pt oxidation state evolution as the catalytic activity
declined. To corroborate our earlier results, we now report
measurements obtained in a powder bed reactor (PBR)
under selected operating conditions. The powder bed con-
figuration reduces potential external gas phase transport
limitations [41] and more closely mimics the conditions in
the DRIFTS cell.

Figure 1 shows the time evolution of catalytic conver-
sion at 300°C for three stoichiometries: net oxidizing (200
ppm CO, left), stoichiometric (400 ppm CO, middle), and
net reducing (800 ppm CO, right). The NO feed concentra-
tion is kept constant at 400 ppm. In contrast to the channel
experiments reported earlier [35], no CO5 is added to the
inlet gas stream to also observe the evolution of CO5. Addi-
tional experiments with and without CO5 resulted in only
marginal differences, comparable to the overall reproduc-
ibility of the experiment, which is on average better than 5

Fig.1 CO and NO conversion as 200.0 ppm CO
well as N,O and CO, formation in e NO |
the powder bed reactor (PBR) at — CO
o . .
300°C as a function of time and 600 F_g co,

for three different stoichiometries:

idizi = Na 2
net oxidizing (200 ppm CO), £ —— N2O (X2)
stoichiometric (400 ppm CO) and S 400 b
net reducing (800 ppm CO). Total 5\ ] CO comversion

gas flow (1.0 L/min) and inlet NO
concentration (400 ppm) are kept 200
constant in all cases

0+ = =0 = 0= = -0~ v O~ = 0= = 0= =0 =
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ppm at 200 and 400 ppm CO and better than 15 ppm at 800
ppm CO (see Fig. 12 in the Appendix).

At t =0 min, the feed stream is switched from pure
N3 to the corresponding CO/NO mixture, balanced by No
. The catalytic conversion |Az;| depicted in Fig. 1, i.e. the
consumption of reactants (CO and NO) or the formation of
products (N2O), is monitored as a function of time, where
x; is the mole fraction of species jand Az = z; out — Tjin
is the concentration difference between reactor outlet and
inlet. Since the amount of NoO formed is significantly less
than the initial conversion of CO or NO, the formation of No
O in Fig. | has been multiplied by a factor of two to better
visualize the temporal evolution. The response time of the
FTIR signal to a sudden and abrupt change in inlet concen-
trations is approximately 15 s and is mainly due to the size
of the FTIR gas cell (200 mL), the flow rate and volume of
the reactor tube (inner diameter 8 mm, length 750 mm) and
the associated residence time after a step change in concen-
tration (see Fig. 13 in the Appendix). To avoid artifacts in
the calculation of the catalytic conversion, the first 60 sec-
onds were therefore excluded from all measurements.

Starting with a preconditioned catalyst, each measure-
ment is repeated four times by purging the catalyst bed with
nitrogen at 300°C for at least 4.5 hours after each conver-
sion cycle. The high reproducibility of these cycles (com-
pare Fig. 12) indicates that the original catalytic activity of
the preconditioned (reduced) catalyst can be restored simply
by flushing with inert gas [14], suggesting that the deacti-
vation is reversible, that is, it can be reversed by thermal
desorption or decomposition of the species responsible for
the reduced activity.

Under net oxidizing conditions (Fig. 1, left), CO under-
goes complete conversion from the very start, whereas
NO consumption and formation of NoO and CO- increase
modestly in the first minutes before remaining constant
throughout the measurement period. Later (¢ > 10min),
CO consumption and CO5 formation are very close to each
other, indicating that almost all CO is converted to COx.
Initially (¢ < 10 min), however, less COg is formed than
would be expected based on the amount of CO consumed.

Analogous observations, but to a much greater extent, are
found under stoichiometric and net reducing conditions. At
400 ppm CO (stoichiometric), both NO and CO are fully
converted in the first 12 minutes, followed by a slow decline
in catalytic activity. The system does not reach steady state
even after 60 minutes. It should be noted that CO5 forma-
tion is significantly lower than CO consumption during the
entire measurement period. Since CO is the only carbon
source, some CO must be converted to a species other than
COa, resulting in a carbon deficit at the reactor outlet. The
initial discrepancy between CO2 formation and CO con-
sumption is even larger under net reducing conditions (800

ppm CO), however, the carbon imbalance disappears after
about 20 minutes. During all this time, the conversion rate
decreases, and the system almost reaches steady state after
60 minutes. The decrease in NO and CO conversion, once it
starts, is faster at higher CO concentrations.

Two further observations at 800 ppm CO merit discus-
sion. First, the CO conversion far exceeds the NO con-
version in the first 20 minutes. Initially, the CO turnover
frequency is almost twice the NO turnover (by a factor of
~1.8). At 400 and 200 ppm CO, carbon monoxide is the
limiting component, therefore excess consumption of CO
over NO is difficult to detect. [15] also reported a higher
CO consumption compared to NO consumption during the
decline in catalytic conversion, whereas the opposite would
be expected if only Ny and N2O are formed. Similarly, [22]
observed an excess formation of CO2 compared to the for-
mation of Ny and N>O. Based on stoichiometric consid-
erations and supported by IR studies, these effects were
attributed to the reaction of one NO with two CO to form
-NCO and COs. The excess consumption of CO, as well
as the excess formation of COy was observed only during
the decline in catalytic conversion and disappeared as the
systems approached steady state [15, 22]. Therefore, both
the carbon deficit and the excess consumption of CO in our
measurements can be attributed to the well-known forma-
tion of isocyanate above 200°C [30-33, 42-44]. Second,
even COy formation exceeds NO consumption during the
first 5 minutes by as much as 100 ppm in the beginning,
while even more CO is consumed, suggesting that NO is
not the only source of oxygen in the system. This could be
attributed to the catalyst not being completely reduced by
Hs initially, as confirmed by XAS measurements [35].

After dissociation of NO* into N* and O* (2), adsorbed
nitrogen can react with CO* to form NCO* and migrate to
the support as -NCO:

CO* + N* = NCO* (8)
NCO* = —NCO ©

Although NCO* most likely forms on platinum sites, it
quickly spills over onto the support (—NCO, 9 [30-33, 42—
44], where it is much more stable [11, 33]. By comparison,
NCO* on Pt(110) and Pt(111) decomposes rapidly above
100°C to N3 and CO [17, 44—46]. The left-over O* from the
NO* dissociation may react with another CO* to form CO»
according to (4). In our experiments, there is no evidence of
NOs formation (O* + NO* — NO2*), consistent with the
literature [12]. Consequently, for each NCO* formed at the
surface, an additional CO is consumed by the O* left over
from NO* dissociation. Stated differently, NCO* formation
consumes two CO for each NO, while it is the reverse for
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N2 O formation [22]. Such over-consumption of CO relative
to NO is clearly seen in the measurements in the powder bed
reactor at 800 ppm CO, cf. Figure 1 (right).

In the following, we will assume that the formation of
—NCO is the only process involving carbon-containing spe-
cies, in addition to the adsorption of CO at the Pt sites and
the formation of COs as a product that is rapidly desorbed.
In fact, so far there is no evidence from infrared studies of
the formation and accumulation of other species [11, 22, 26,
28, 30, 32-34]. In this case, each stored molecule contains
only one carbon atom, and the amount of carbonaceous spe-
cies stored can be estimated from the carbon mass balance
between the inlet and outlet of the reactor, integrated over
time:

ne total(t) = /0 ne(r)dr = 7/0 [Azco(T) + Azcoz(T)) Z—V(ZT (10)

where V is the volumetric flow rate at pressure p and temper-
ature 7, R is the ideal gas constant, and Az = Z; out — Tjin
is the difference between inlet and outlet concentrations
(here expressed as mole fraction) of species j. All experi-
ments in this work were performed under isothermal con-
ditions. The heat of reaction and reaction induced density
changes are negligible at the low concentrations used here.
Figure 2 shows the evolution of the total amount of
stored carbon-containing species nc iotqr as a function of
time under lean, stoichiometric, and rich conditions accord-
ing to (10). The error bars correspond to the standard error
lo of the repeated catalytic cycles, mainly reflecting the
reproducibility of the measurements. To account for pos-
sible correlations between CO and CO» in the MKS FTIR

60

T T

—(I)— 200 ppm CO
50 | 400 ppm CO
—— 800 ppm CO

40

30 -

20 -

platinum sites

10

stored carbon species [umol]

Fig. 2 Estimated minimal amount of carbon species stored nc,total
up to time ¢ according to (10) in the powder bed reactor at 300°C. The
gas flow rate (1.0 L/min) and inlet NO concentration (400 ppm) are
kept constant in all cases and only the CO inlet concentration is varied.
The dashed line indicates the estimated number of available Pt sites
(5.1 pmol)
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analyzer [47] and to provide a lower bound for the amount
of stored -NCO, the carbon imbalance is assumed to be zero
at the end of each measurement cycle.

Under net oxidizing conditions, the accumulation of
-NCO is minimal, if present at all, especially when con-
sidering the estimated error margins and the slight devia-
tion of the carbon balance from zero. Conversely, nc total
increases continuously under stoichiometric conditions
(apparently even after one hour), while it reaches a plateau
after about ten minutes under reducing conditions. In both
cases, the total amount of deposited species exceeds the
estimated number of available platinum sites, namely 5.1
pmol, represented by the horizontal dashed line in Fig. 2,
determined based on the platinum loading and dispersion).
This statement remains true even when taking into account
the significant margins of error in the absolute values.
-Als03 has a remarkable adsorption capacity for HNCO of
2200 umol/g (at room temperature), which is dissociatively
adsorbed on transition metal oxides [48]. This high storage
capacity is in large part the result of the high surface area of
v-Al2O3 compared to other transition metal oxides. Based
on the specific surface area and the amount of catalytic sam-
ple used for the powder bed measurements, we can estimate
the storage capacity at room temperature to be on the order
of ~170 pmol. Taking into account the decrease in storage
capacity with temperature and the uncertainty in these esti-
mates, the storage capacity is larger but of a similar order of
magnitude to the -NCO storage observed in the powder bed
measurements.

Indirect evidence that there is a large surplus of adsorbed
—NCO compared to the number of platinum sites avail-
able has already been obtained from IR measurements of
adsorbed species [30, 32, 33]. Together with the observation
that the IR absorption frequency of adsorbed isocyanate is
largely independent of the noble metal but sensitive to the
support material [30, 43, 48], these were clear indications
of a rapid accumulation of isocyanate on the support. Our
results in Fig. 2 are consistent with these earlier findings.
They provide a quantitative measurement of the amount and
time evolution of -NCO storage on Pt/Al,O3 under oper-
ating conditions and emphasize that the formation rate of
—NCO is strongly dependent on experimental conditions.

3.2 DRIFTS - NCO Formation

The powder bed results in the previous section indicate that
-NCO is formed and stored on the surface of the support.
Although the evidence is indirect through the observed
carbon imbalance, it is consistent with previous literature
[30-33, 42—44]. Moreover, the time scale of the changes in
carbon imbalance matches that of the decline in catalytic
activity, and there appears to be no carbon imbalance once
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the system reached steady state [15, 22, 29]. So, it appears
that both processes are connected or that the process respon-
sible for the decline in catalytic activity also influences the
formation of -NCO. The transient DRIFTS measurements
presented in the following section first provide direct evi-
dence for the formation of -NCO under the conditions
selected here, with very low concentrations of NO and CO.
However, a particular focus is on gaining insight into the
dynamics of the formation of —-NCO.

The measurement procedure is very similar to that
described above for powder bed measurements. After pre-
treatment, the sample is cooled under Ny to the desired reac-
tion temperature, at which a reference spectrum is obtained
and continuous DRIFTS scans are started. At g = 0 min, the
catalyst is exposed to a gas mixture of CO and NO, balanced
by N at a total flow rate of 250 mL/min. Simultaneously, the
efluent gas composition at the outlet is monitored by FTIR
spectroscopy to record the time-dependent integral conver-
sion. A typical DRIFT spectrum obtained after 8 min under
stoichiometric conditions at 300°C is shown in Fig. 3.

The most striking feature is the asymmetric stretch vibra-
tion band of -NCO at 2261 cm~*, which agrees well with
the values reported in the literature for -NCO on the Al
O3 support [11, 27, 28]. The spectral region between 2080
and 1900 cm~! is attributed to CO molecules adsorbed in a
linear configuration on metallic platinum. Specifically, the
CO band at 2069cm ™! is characteristic of CO adsorption on
highly coordinated Pt sites of Pt nanoparticles. In contrast,
the low-wavenumber tail likely arises from CO bound to
various under-coordinated sites on small Pt clusters as well
as to platinum—ceria interfacial sites in a bridging configura-
tion [49]. Other bands frequently reported in the literature
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Fig. 3 Typical DRIFT spectrum obtained after 8 min during the reduc-
tion of NO by CO. Clearly visible are the asymmetric stretch vibra-
tional band of Al,03-NCO at 2261 ¢cm~! and the Pt-CO band at
2069 cm™!. See text for more details. (300°C, 400 ppm CO, 400 ppm
NO, 250 mL/min)

for this system (e.g., at 1630, 1564, and 1474cm™~1) are usu-
ally attributed to nitrite and nitrate species.

The broad band between approximately 3000 cm~! to
3700 cm~! can be attributed to the formation of H-bonds
between the hydroxyl groups on the support and the
adsorbed species, probably -NCO, with the complementary
depletion of the free OH group at 3765 cm~!. However,
there is only one dominant negative OH band, correspond-
ing to only one of the three known Lewis acid cites on the
-alumina surface [50, 51]. The OH groups of the other two
Lewis acid sites, which are commonly observed near 3729
and 3671 cm™!, produce only very weak signals, if any.

In terms of temporal evolution, the degradation of the
free OH group, the emergence of H-bonded hydroxyl spe-
cies, and the nitrite/nitrate bands all scale independently of
the stoichiometry relative to the intense —-NCO band (see
also Fig. 15). This behavior corroborates previous findings
on barium-containing lean NO, trap catalysts [52], indicat-
ing that these processes are associated with the storage of
isocyanate at Lewis acid sites on the support. As an illus-
trative example, Fig. 4 shows the temporal evolution of the
DRIFT spectrum under stoichiometric conditions, at 300°C
in the range 1300 cm~! to 2400 cm~!. At ¢ = O min, the
intensity of -NCO begins to increase with time and reaches a
nearly steady state after about 10 min. The same behavior is
observed for the bands associated with nitrite/nitrate species.
In contrast, the Pt-CO band appears almost immediately and
remains constant throughout the measurement period.

To further highlight the qualitative differences in the
timescales, Fig. 5 compares only the evolution of the peak
intensities of the -NCO and Pt-CO bands for different tem-
peratures and for the same three stoichiometries used in the
powder bed measurements. The Kubelka-Munk transforma-
tion has been used to more accurately reflect the quantitative

AlL,O3;—NCO //P\\—\,,\\

0.25
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A@, D[]
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Fig. 4 Temporal evolution of the DRIFT spectra in the region 1300—
2400 cm', with the absorbance A(v,t) represented by a color scale.
The —-NCO increases until it reaches steady state after several min-
utes, whereas the Pt-CO band appears instantly and remains constant.
(300°C, 400 ppm CO, 400 ppm NO, 250mL/min)
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Fig. 5 Development of the peak intensities of the -NCO band at
2261 cm™! (top) and the Pt-CO band at 2069 cm ™~ over time, mea-
sured at different temperatures and for three different stoichiometries.

species concentration [53]. Herein, we use peak absorption
instead of the area under the peak here because the focus
is on time-dependent behavior and qualitative differences
in intensities. The use of peak absorption is justified as
no change in peak width as a function of time at a given
temperature is observed, and the overlap between the two
spectral features is small. The latter becomes only slightly
relevant at higher temperatures.

A comparison of the temporal behavior of the two bands
reveals several noteworthy points:

1. Pt-CO almost reaches its saturation intensity within
the first few scans, regardless of temperature and stoi-
chiometry, and then remains constant throughout the
measurement. The slight increase observed at higher
temperatures is due to temperature-induced line broad-
ening and the resulting slight overlap with the -NCO
feature (see above).

2. Under net oxidizing (200 ppm CO) and stoichiomet-
ric (400 ppm CO) conditions, the intensity of Pt-CO
decreases with increasing temperature. At 400°C, the
intensity of Pt-CO is greatly reduced or close to zero.
However, with an excess of CO (800 ppm), the Pt-CO
band, which is an indicator of CO coverage, decreases
only slightly with increasing temperature, is still very
pronounced at 400°C and comparable in intensity to
lower temperatures (see also Fig. 14).

@ Springer
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Otherwise, the conditions are the same as in Fig. 4. The Kubelka-Munk
transformation has been used to more accurately reflect the quantita-
tive species concentration

3. There appears to be a correlation between the saturation
intensities of -NCO and Pt-CO — the higher the CO cov-
erage, the higher the final amount of isocyanate — which
is consistent with the general assumption that the isocya-
nate on the support (-NCO) is in equilibrium with Pt-CO
(cf. Egs. 8 and 9) [11, 29].

4. The temporal evolution of -NCO and Pt-CO is decou-
pled from each other. Whilst isocyanate increases over
a period of minutes to several dozen minutes depending
on the temperature, the CO band and thus the CO cover-
age appear to remain virtually unchanged as a function
of time. The observed increase in Pt—CO band intensity
at elevated temperatures can be attributed to the onset
of spectral overlap with the -NCO band, arising from
temperature-induced broadening of the absorption lines.

Relating the time-dependent formation of isocyanante with
the decline in catalytic activity is not straightforward. First,
the time resolution of the DRIFT spectra and that of the end-
of-pipe concentrations are very different, mainly because of
the size of the FTIR gas cell in combination with the smaller
volumetric flow rate compared to the powder bed measure-
ments. Second, the DRIFT spectra reflect only the initial
(upstream) portion of the catalytic bed, whereas the end-
of-pipe data measure the integral conversion. Consequently,
any changes along the catalytic bed will not be reflected by
the DRIFT spectra. However, previous studies show that
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under similar reaction conditions and depending on the stoi-
chiometry, spatial gradients of both catalytic activity and
oxidation state occur [35].

To illustrate this challenge, Fig. 6 shows the change in
NO and CO concentrations at the outlet of the DRIFTS cell.
Some of the time resolution is recovered by deconvolution
of the FTIR signal with the residence time distribution of
the FTIR cell, using a fast iterative soft-thresholding algo-
rithm [54] implemented in python through the pylops pack-
age [55] with a penalty on the L; norm. The residence time
distribution is obtained as the gradient of the FTIR signal
response to a step-change in the inlet concentration [56].
Since deconvolution is an ill-posed mathematical problem,
it inevitably introduces additional "noise" to the FTIR data.
To focus on the decline in activity over time, Fig. 6 just
shows the change in concentration, namely x;(t) — x;(t’),
where z; is the mole fraction and ¢’ corresponds to the time
of the first data point in the graph. The first 30 s of the data
are discarded from the data, to omit data points dominated
by the early rise in concentration in the FTIR when switch-
ing from inert gas to the gas mixture containing NO and CO.

A decline in catalytic activity (increase in NO and CO at
the outlet) over time is clearly visible for all temperatures.
Compared to the powder bed measurements, the decline
occurs on a much shorter time scale, mainly due to the much
smaller amount of catalyst used in the DRIFTS cell (6 mg vs.
100 mg). Qualitatively, both the DRIFTS cell and the pow-
der bed measurements show similar trends. At 200 ppm CO

300°C

there is barely any deactivation, while the overall magnitude
of change is the largest with an excess of CO (800 ppm).
However, there is no obvious trend in terms of faster deac-
tivation with increasing temperature, which would directly
correlate with the increasing formation rate of isocyanate
seen in the DRIFT spectra. This highlights the deficiencies
of the current operando DRIFTS approach in time-resolved
studies, where the surface-sensitive and gas phase-sensitive
methods differ greatly in spatial and temporal resolution.

3.3 DRIFTS - NCO Decomposition

[11] suggested that -NCO might decompose by reacting
with adsorbed NO to form Ny and COs. This was already
questioned by [29], who observed that -NCO was quite sta-
ble in the presence of NO. Instead, a rapid decline of the
-NCO band in the presence of water and N,O was reported.
Therefore, and to complement the studies on isocyanate for-
mation in the previous section, we investigate in the next
step the decomposition dynamics of -NCO in the presence
of several gas species.

As stated previously, the high initial catalytic activity
of Pt-Al3O3 in the reduction of NO by CO can be restored
simply by purging the system with No for some hours at
elevated temperature. In accordance with this, we observe a
decrease in the intensity of the -NCO band under inert gas.
Hence, there seems to be a possibility to thermally decom-
pose —-NCO in the absence of NO and CO. To investigate

350°C 400°C

T T T
L ® 200ppm CO _
400ppm CO
e 800ppm CO

t [min] t [min]

Fig. 6 Change in the NO and CO concentration, z;(t) — z;(t'), at
the outlet of the DRIFTS cell over time, where x; is the mole frac-
tion and ¢’ corresponds to the time of first data point in the plot. The

t [min] t [min]

lower temporal resolution of the FTIR spectrometer was compensated

for by deconvolution with the residence time distribution (see text for
details). The conditions are the same as in Fig. 5
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this process in greater detail, the sample in the DRIFTS cell
is first loaded with -NCO and an excess of CO (800 ppm
CO, 400 ppm NO) at 350°C. The cell is then cooled to 150°
C while maintaining the reaction mixture, and flushed with
pure nitrogen to remove adsorbed CO and NO as far as pos-
sible. Finally, the DRIFTS cell is heated to 600°C within 4
minutes and DRIFT spectra are continuously recorded dur-
ing the decomposition.

The associated DRIFT spectra and gas phase concen-
trations at the DRIFTS cell outlet are presented in Fig. 7.
The figure illustrates the time-dependent DRIFT spectra
between 1300 cm~! to 2500 cm™! as a 2D image. More-
over, it includes individual spectra at specific times, the tem-
poral evolution of peak absorbances of -NCO and Pt-CO,
concentrations of gas phase species at the cell outlet, and
the temperature profile. Note that the temperature profile
serves as a reference due to inevitable temperature discrep-
ancies between the heating element and the sample at the
rapid heating rate employed. Initially, the DRIFT spectra
exhibit standard features of -NCO on the support (approxi-
mately 2261 cm™!) and bands for nitrites/nitrates, without
the presence of Pt-CO (around 2069 cm™!). After approxi-
mately 1 min (near 250°C), the intensity of the -NCO band
begins diminishing. Concurrently, the Pt-CO band appears
and does not vanish until -NCO has largely decomposed.
Primarily, CO is noted as a decomposition product at the
cell outlet, confirming earlier results by [30], while NO and
N2O occur in trace amounts. The reappearing Pt-CO during
decomposition hints that -NCO breaks down into N* and
CO* on the noble metal; see Eq. 8. CO* may desorb, allow-
ing two N* to recombine into No, undetectable by FTIR.

In the preceding section, the rapid breakdown of -NCO
was achieved by a rapid heating rate, which facilitates
the detection of decomposition products due to their pro-
nounced concentrations at the cell outlet. In contrast, under

isothermal decomposition within the temperature range of
250 to 400°C, product concentrations typically drop to lower
levels of ppm. Therefore, in the following discussion, we
concentrate on the temporal variations in the DRIFT spectra
and the impact that NO, O,, CO, and H, have on the decom-
position rate. The isocyanate is deposited as before at 350°
C with 800 ppm CO and 400 ppm NO until the -NCO band
nearly reaches full saturation. At ¢g = 0 min, the gas flow
is switched to mixtures comprising pure No, 400 ppm NO
in Na, 10% O4 in N2, 800 ppm CO in Ny, or 5% Hs in No,
respectively, maintaining a constant temperature of 350°C.
Unlike the aforementioned rapid thermal decomposition, the
system is not purged with nitrogen before switching, so that
the response of the Pt-CO band can also be observed. The
relevant DRIFT spectra, focusing exclusively on the -NCO
and Pt-CO bands, are depicted in Fig. 8; spectra recorded
at different times are marked with a color scale. Only every
10t spectrum is shown in the figure, so the time interval
between each spectrum is approximately 45 seconds.

The response of the -NCO and Pt-CO bands to different
gas mixtures is described separately for each gas composi-
tion below.

— Na: In the presence of pure Ny, the intensity of the —
NCO band decreases to about one-third of its initial
value within 10 min, with the rate of decrease pro-
gressively slowing over time. Extrapolating these time
scales suggests that complete removal of -NCO from
the surface would require several hours of purging with
Ny at 350°C. This is consistent with the aforementioned
observation that activity can be restored by simply purg-
ing with inert gas, and indirectly points once again to a
connection between the change in activity over time on
a freshly reduced catalyst and the formation of -NCO.
The decrease in the Pt-CO band intensity occurs in two

Fig. 7 2D time-dependent DRIFT 03 F T _NCO |
spectra between 1300 cm ™1 to
2500 cm ™ are shown during
flushing with N2 while heating.
This includes spectra at specific
times (top), peak absorbance
changes for -NCO and Pt-CO, out-
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Fig.8 Evolution of DRIFT spectra in the NCO and Pt-CO bands observed when switching from a CO/NO mixture to gas mixtures with either N2
or NO, Oz CO, Hz in Na. Temperature and flow rate remain constant at 350°C and 250 mL/min

distinct steps: first, the component at 2069 cm ™', cor-
responding to CO adsorbed on high-coordinated Pt atop
sites, vanishes rapidly in less than 1 min; second, the
remaining portion of the band diminishes quickly and
disappears entirely after approximately 10 min.

NO: The decrease in isocyanate band intensity in a
mixture containing 400 ppm NO in N3 closely matches
that observed in pure Ny, both in magnitude and in rate.
Thus, the presence of NO as an oxidizing agent does not
seem to enhance the decomposition of NCO, consistent
with the findings of [29]. In contrast, the entire Pt-CO
band disappears very rapidly, because any CO formed
by the decomposition of NCO reacts immediately with
NO to yield COs2, N2, and possibly also N2 O.

05 : With 10% O», the same behavior is observed as in
the presence of NO. The decrease in NCO band intensity
proceeds with identical time-scales for both oxidizing
agents. The same holds for Pt-CO, which is immediately
oxidized to CO2. At the temperature of 350°C used here,
oxygen readily dissociates on platinum [19]. Apparent
surface saturation or oxidation by oxygen thus does not
affect the decomposition rate of -NCO, which remains
identical to that of pure thermal decomposition, even in
the presence of oxidizing species such as NO and Os.
CO: With 800 ppm CO in Ny, the situation is entirely
different. Over the course of the measurement, only a
very slight decrease in the NCO band is observed, while
the Pt-CO band shows an immediate increase in inten-
sity, accompanied by a redshift of its maximum and a
subtle change in band shape. These alterations in the
Pt-CO band indicate complete saturation of the active
Pt sites with CO, in equilibrium with the gas phase CO
concentration. The occupation of all Pt active sites by
CO molecules accounts for the absence of any signifi-
cant reduction in the -NCO band. This finding supports

the conclusion that not only isocyanate formation [30]
but also its decomposition requires the presence of the
noble metal particles.

Hs: When the gas feed is switched to a mixture of 5% Hy
in Ny, the behavior changes again. Within the first two
minutes, the NCO band decays very rapidly and almost
completely. Simultaneously, the Pt-CO band instanta-
neously shifts to lower frequencies, with an intensity and
shape that closely resemble those of a fully saturated Pt-
CO surface in 800 ppm CO in the gas phase (see Fig.
9 for an enlarged view of the Pt-CO band under CO/Ng
and Ha/N2 at higher temporal resolution). As the pro-
cess proceeds, the band intensity decreases only slightly,
while the spectral features continue to shift toward low-
er wavenumbers. This temporal evolution is coupled to
the decrease of the NCO band and ceases once the latter
has nearly vanished. The band at ~ 2050 cm~! remains
clearly visible, with an intensity comparable to that of the
initial Pt-CO, even after almost complete decomposition
of —NCO. It appears unlikely that CO is still bound to
Pt at this stage, because once -NCO is consumed, CO
would be expected to desorb on a similar timescale as
under pure N2, which is not observed here. Instead, the
final band position and shape more closely resemble the
infrared spectrum of platinum hydride (Pt-H), both mul-
tiply and linearly coordinated, with the relative contri-
butions depending on the experimental conditions [57].
The observed temporal evolution may reflect an elec-
tronic restructuring of the Pt surface [57]. The similarity
between the DRIFTS bands immediately after initiating
the reaction of -NCO with Hs and those measured under
CO in Ny suggests that the noble-metal surface is initially
saturated with CO. As -NCO disappears, the CO source
is removed, and the system undergoes a transition from
Pt—CO to Pt-H.
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Fig. 9 Transient IR spectra in the region of the Pt-CO obtained after
switching from the reactive gas mixture containing CO/NO/N2 to mix-
tures containing just CO or H2 in N2
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Fig. 10 Decrease in peak absorbance of the -NCO band at ~
2261 cm ™" over time after switching from a CO/NO gas mixture to
either 5% Haz in N2 (left) or only N2 (right) at various temperatures,
with a constant flow rate of 250 mL/min

A significantly faster decomposition of NCO in the pres-
ence of hydrogen, as compared to thermal decomposition
under an inert gas (N2), is evident across all temperatures.
This phenomenon is clearly illustrated in Fig. 10, which
provides a comparative analysis of the temporal progres-
sion of the peak absorption of NCO at ~ 2261 cm™! in
environments containing 5% Hs versus those in pure
nitrogen. As anticipated, the rate of purely thermal

@ Springer

decomposition in Ny increases with increasing tempera-
ture. At 250°C, the decomposition rate in 5% Hs is very
similar to that observed in the absence of hydrogen. The
minor discrepancies can be attributed in part to the varia-
tion in catalyst samples utilized during the measurements.
Nevertheless, with rising temperature, the remarkable
reactivity of -NCO in the presence of Hs is visible in its
rapid decomposition rate.

4 Discussion

There is general consensus in the literature that at high
CO concentrations and after reaching steady state, the so-
called extinguished state, catalytic conversion is inhibited
mainly by high surface coverage of strongly adsorbed CO*
, effectively limiting NO* dissociation due to a lack of free
reduced sites [12, 14, 15, 24]. The negative reaction order
of the global steady-state conversion rate with respect to the
CO partial pressure also illustrates this [12, 15, 22]. [29] per-
formed simultaneous activity and IR studies and concluded
that the formation of isocyanate proceeds in parallel to the
decrease in catalytic conversion. In addition, [22] as well as
Granger et al. [15] showed that the transient stoichiometric
imbalance and excess CO consumption, both caused by the
formation of -NCO, occur only during the initial decline in
catalytic conversion and disappear as the system approaches
steady state. The combination of time-resolved powder bed
and operando DRIFTS measurements presented here is in
line with those earlier observations, strongly supporting the
notion that the decline in catalytic activity and the storage/
formation of NCO are correlated.

What role NCO* and NCO play in the catalytic deac-
tivation in the reaction of CO with NO over Pt/Al;O3 is
still controversially discussed in the literature [14, 15, 22,
27, 28, 31]. According to [22], the accumulation of -NCO
groups next to platinum particles may alter their electronic
properties, which in turn may affect their activity. [28] attrib-
uted the deactivation to the formation of strongly adsorbed
CO on oxidized platinum sites (Pt"*—CO) in parallel with
—NCO formation, but somewhat delayed, which no longer
participate in the reaction and continue to block adsorption
sites. This corroborated earlier findings by [27], where the
frequency response of the overall conversion under cyclic
operating conditions matches that of the buildup and decay
of the infrared bands of surface -NCO, but it even slightly
better matches that of CO on oxidized Pt sites. [14] were the
first to argue that isocyanates have an activating rather than
a deactivating effect. Isocyanate formation maintains some
NO and CO consumption and extends the time for the cata-
lyst to reach the steady, extinguished state, but otherwise has
no effect on catalytic activity. The observation that catalytic
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activity can be temporarily increased again by oxidizing or
hydrolyzing -NCO points in a similar direction [29].

Under near stoichiometric or under reducing conditions,
there is likely an excess of CO* relative to N*, which pro-
motes the formation of NCO*. Rapid spillover onto the sup-
port, where -NCO is much more stable [11, 33], removes
N* from the surface before it can react with NO* or another
N* to form N3O or Ns. The remaining O* left over from the
dissociation of NO* may react rapidly with the abundant
CO*. In effect, the formation of isocyanate might effectively
counteract the inhibiting effect of CO by partially remov-
ing both N* and CO* from the surface. Our results are con-
sistent with such a model, although one cannot completely
exclude the possibility that -NCO formation also ceases (in
part) due to other inhibitory effects, such as the formation of
Pt" T —CO [28].

During rapid decomposition in a hydrogen atmosphere,
particularly at elevated temperatures, the predominant prod-
uct is NH3, whereas only trace amounts of CH, are detected
(data not shown). Water is also observed, likely originat-
ing from the reaction of Hy with -NCO species or residual
surface hydroxyl groups on the support. The formation of
NH; during the fast reaction of -NCO with Hy corrobo-
rates the existence of a rapid hydrolysis pathway to NH3 in
SCR systems when NO and CO, as well as water, hydrogen,
or hydrocarbons are present [58—62]. It remains unclear
whether this reaction occurs directly at the metal particles or
if Hy dissociates on platinum, followed by hydrogen atom
migration to the NCO species. Nevertheless, the temporal
evolution of the Pt—CO band suggests that -NCO hydrolysis
involves dissociation into N and CO, as indicated by the
rapid saturation of Pt particles with CO and the subsequent
transition to Pt—H once most —-NCO species have decom-
posed (cf. Fig. 9). Notably, no additional CO or CO; is
detected in the gas phase during the reaction with Hy. Both
species originate from the preceding reactive deposition of
—NCO and are purged from the system upon switching from
the NO/CO mixture to Ho/N5. However, the limited catalyst
amount and the low temporal resolution of the gas phase
FTIR measurements at the DRIFTS cell outlet must be con-
sidered, as these factors hinder reliable detection. Accurate
identification and quantification of decomposition prod-
ucts would require complementary experiments employ-
ing larger catalyst amounts and higher temporal resolution,
analogous to the powder bed studies.

A key observation is that the presence of NO or Oy does
not affect the decomposition rate of -NCO. The comparable
rates under inert conditions and in the presence of oxidizing
agents indicate that, at least over Pt/Al;O3, NCO decompo-
sition proceeds primarily via thermal pathways, consistent
with the findings of [29]. This result appears to contradict the
assumption that isocyanate reacts with NO or O3 to produce

Na, COgq, and possibly NoO [11, 52, 63—65], albeit at a sig-
nificantly slower rate than its reaction with Hs or HoO [11,
29, 52, 59, 61, 62]. Conversely, the low reactivity of isocya-
nate toward oxidizing agents, combined with its high reactiv-
ity toward Ho and H2O, supports the existence of a reaction
pathway leading to NH3, with NCO acting as a key inter-
mediate. Further experimental investigations are required
to elucidate the detailed reaction pathways and confirm the
mechanistic role of -NCO under varying conditions. In par-
ticular, the presence of HoO and hydrocarbons are expected
to strongly influence -NCO dynamics by providing addi-
tional hydrogen sources and surface intermediates that can
compete with, or facilitate, isocyanate formation and con-
sumption. Water can promote hydrolysis or hydrogenation
pathways that accelerate -NCO conversion to NH3. System-
atic studies that explicitly include H2O and representative
hydrocarbons under multi-component feed conditions would
therefore bridge the gap between idealized experiments and
realistic exhaust gas compositions, enabling a more accurate
assessment of the relevance of -NCO-mediated pathways
under practical operating conditions.

5 Conclusion

Time-resolved studies in a powder bed reactor combined
with operando DRIFTS measurements were conducted to
explore how isocyanate species (-NCO) affect the perfor-
mance of Pt/Al,Og3 catalysts during NO reduction by CO.
The decline in catalytic activity closely parallels the accu-
mulation of -NCO on the alumina support, both occurring
on similar timescales, which suggests a mechanistic con-
nection or a shared underlying factor. While CO adsorption
on Pt sites takes place nearly instantaneously and remains
stable, -NCO formation is slower, strongly influenced by
temperature and stoichiometry, and increases with CO cov-
erage, confirming an equilibrium between -NCO concentra-
tion and gas phase composition.

Isocyanate is highly stable under oxidizing conditions,
showing negligible reactivity toward NO or O3 and decom-
poses primarily through thermal pathways. In contrast,
the presence of hydrogen triggers rapid NCO decomposi-
tion, producing ammonia and water, revealing a fast route
to NH3 formation under exhaust conditions where Hy or
hydrocarbons coexist. These insights underscore the need
to integrate NCO formation and decomposition into kinetic
models for NO + CO reactions, as they significantly impact
catalyst behavior and emissions control strategies. Overall,
the study provides quantitative evidence of -NCO storage
dynamics and its role in reversible deactivation, offering a
basis for improved catalyst design in robust emission con-
trol systems.
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Appendix A Transmission Electron
Microscopy results

10 nm

Fig. 11 Representative TEM images of the calcined Pt/Al2O3 catalyst size was determined using FIJI [67] by measuring the largest diam-
showing a homogenous Pt dispersion over the AloO3 surface as well eter of shown nanoparticles for a statistically significant amount of
as a narrow particle size distribution of Pt (bright spots). The particle nanoparticles

Appendix B Powder Bed Reactor
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Fig. 13 Response time of the analytics to a sudden change of the inlet
gas composition in the powder bed reactor without catalyst and at 300°
C. Initially, NO and CO flow through the FTIR gas cell via a bypass
while the reactor is maintained under nitrogen. Pneumatically actuated
valves switch the gas flow from the bypass to the reactor. Decrease
of concentrations as nitrogen is forced out of the reactor through the
FTIR and is eventually replaced by the inlet gas mixture. After a maxi-
mum of about 50 to 60 s, all nitrogen in the entire system is replaced
by the reactive gas mixture

Drifts

Figure 14 shows typical DRIFT spectra for the three
different stoichiometries and for different temperatures
in the region 1300 cm~! to 2400 cm~! obtained after
8 min. The intensity of the -NCO depends strongly on
temperature and stoichiometry. With an excess of CO
(800 ppm) is Pt-CO band, as an indicator of the CO
coverage, is almost independent of temperature, while
it significantly decreases with increasing temperature at
400 and 200 ppm. Figure 15 shows the same spectra, but
normalized to the maximum intensity of the -NCO band
to highlight the strong correlation between the nitrite/
nitrate bands and the intense band of isocyanate. The
same is true for the depletion of the free OH group and
the formation of H-bonded OH groups (not shown here
for brevity).
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Fig. 14 IR spectra obtained 8 min after introducing the NO/CO mixture to the DRIFTS cell. (400 ppm NO, 250 mL/min)
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Fig. 15 IR spectra obtained 8 min after introducing the NO/CO mixture to the DRIFTS cell. All spectra are normalized to peak intensity of the

-NCO band at 2261 cm™!. (400 ppm NO, 250 mL/min)
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