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The correlation of space- and time-resolved measurements of catalytic activity with catalyst state is an
invaluable tool to advance the understanding and development of complex catalytic systems under conditions
relevant to technical applications. Such an approach is employed here to investigate the catalytic deactivation
in the reduction of NO by CO over Pt/Al,O; on freshly reduced catalysts in a channel reactor and at
concentrations typical for emission control. Planar laser-induced fluorescence (PLIF) is used to visualize the
2D concentration profiles and to derive space- and time-resolved NO conversion rates for different CO/NO
ratios, temperatures and mass flow rates. The changes in catalytic activity are correlated with temporal and
spatial changes in oxidation state determined by operando X-ray absorption spectroscopy (XAS) under the
same conditions. The time scales of the changes in catalytic activity depend not only on the stoichiometry and
temperature, but also on the position along the catalyst channel and differ significantly from the temporal
changes of the oxidation state. The different time scales are discussed in the context of the known CO
poisoning as well as the formation and storage of isocyanate on the support. Isocyanate formation temporarily
counteracting CO poisoning could explain the differences in the observed time scales under different reaction
conditions and at different locations on the catalyst.

1. Introduction A very well-known example is platinum on aluminum oxide

(Pt/Al,03), whose catalytic effect on the CO + NO reaction has been

Platinum group metals are often used in three-way catalysts to
reduce emissions from mobile and stationary sources [1-6]. However,
future stricter emission standards set by the government as well as
other applications and sources for emissions [7] will increase the need
for technical solutions to reduce emissions even further [1,2,8]. Over
the past 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 [4]. Rhodium-based cata-
lysts and bimetallic rhodium-platinum catalysts have been shown to
be very effective for the reduction of nitrogen oxide [4,9,10], but due
to the huge increase in cost and limited availability of rhodium [11],
researchers have also looked extensively at other noble or transition
metals [3,4,12,13].

intensively studied for almost five decades [14]. Platinum (Pt) is a
highly active [15] and compared to rhodium cheaper material [11]
for the reduction of NO by CO. However, it has the highest light-
off temperature among the platinum group metals [16] and forms
significant amounts of N,O depending on operating conditions and
stoichiometry [15-18]. In addition, the catalytic activity decreases
rapidly over time near stoichiometry and under net reducing conditions
(excess CO) [15,17-19]. Mechanistically, the reaction involves non-
dissociative adsorption of NO and CO, followed by the dissociation of
NO (see Scheme 1) [14,15,20]. The dissociation of adsorbed NO at a
free neighboring site is generally considered to be the rate-limiting step.
However, the availability of reduced free Pt sites and not the intrinsic
reaction rate of dissociation is probably the actual limiting factor [21],
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Pt - +CO = Pt-CO

Pt - +NO = Pt-NO

Pt - +Pt-NO — Pt-N + Pt-O

Pt-CO + Pt-O — CO; + 2 Pt-

2Pt-N — Ny + 2 Pt-

Pt-NO + Pt-N — N,O + 2 Pt-

Pt-CO + Pt-N = Pt-NCO + Pt-

Scheme 1. Mechanistic steps for the reduction of NO by CO on Pt/Al,O,.

which supports the notion that inhibition by CO is the reason for the
low catalytic activity in the presence of excess CO [15,17,21-24].

The well-known deactivation behavior and bi-stability of the CO
+ NO system over Pt/Al,05 is accompanied by the formation of iso-
cyanate (NCO) [18,21,22,25-29], which is formed on platinum (Pt-
NCO) but quickly migrates to the support (Al,03-NCO) (c.f. Scheme
1). Frank and Renken [17] found that catalyst pre-treatment with a
CO/0O, mixture, which potentially saturates the noble metal surface
with adsorbed CO, did neither inhibit the high initial catalytic activity
nor prevented its subsequent decrease over time. They suggested that
the formation of isocyanate and its migration to the support removes
CO from the metal surface, thereby counteracting the inhibiting effect
of CO. However, the exact role of isocyanate in the reaction mechanism
and its possible role in the catalytic deactivation is still discussed in the
literature [15,17,18,22,30].

Although experimental results have been reported from a wide
range of systems investigating the reaction of NO with CO over noble
metal-based catalysts, experimental gas phase data from the literature
has so far been limited to end-of-pipe concentrations. Non-invasive,
optical measurement methods offer the possibility to follow the con-
centration profiles of selected species spatially and temporally resolved
over layered catalysts. In this regard, planar laser-induced fluorescence
(PLIF) is a highly sensitive, non-invasive standard diagnostic widely
used in combustion research [31-34], that has gained considerable
traction over the last two decades for studying the gas phase near
catalytic surfaces [34-50]. Although PLIF is limited to certain types
of molecules (e.g. OH, NO, NH3, CO, NO,, aldehydes), it allows the
two-dimensional detection of the concentration field of a single species
with a high time resolution, which is effectively limited only by the
repetition rate of the laser and the desired signal-to-noise ratio. This
enables the monitoring of catalytic activity as a function of space and
time to elucidate the coupling between gas phase transport, surface ki-
netics and catalyst state. These aspects make PLIF a valuable extension
to other existing spatially resolved methods, such as capillary based
techniques [47,51-58] for studying spatial and transient concentration
profiles, for example inside catalytic monoliths or in stagnation point
reactors, coupled with mass spectrometry.

In recent decades, the catalyst structure, which is highly dependent
on operating conditions and mass transfer properties, and its modeling
have been investigated separately in most cases. The advantage of
monitoring the spatial activity, as offered by PLIF, in conjunction with
spatially and temporally resolved information about the state of the
catalyst in a chemical reactor is that structure-activity correlations can

be determined. This also enables the creation of numerical models,
as these models can be verified. X-ray absorption spectroscopy (XAS)
is a common measurement method for identifying the structure of
small precious metal particles and clusters. In particular, it enables
the determination of the chemical state, both spatially and temporally
resolved [59-62]. XAS is also a non-invasive technique that can be used
for operando experiments in various reactors with a spatial resolution in
the mm range and a temporal resolution of several seconds to several
minutes. In recent years, spatially resolved XAS investigations have
attracted a lot of attention because it has become possible to measure
the X-ray absorption structure near the edge (XANES) in 2D [62,63]
and recently even in 3D [64].

In this work we report on measurements of local gas phase concen-
trations directly above a plate coated with Pt/Al,O4 in the reaction of
NO with CO using planar laser-induced fluorescence (PLIF) to elucidate
the space and time-resolved catalytic activity over a broad range of
conditions. The detection of the entire NO concentration field above
the catalyst layer offers the unique possibility to extract local NO
conversion rates. Depending on the stoichiometry and to a lesser extent
on the temperature, the temporal evolution of the NO conversion rate
and of catalytic activity is shown to differ significantly when moving
from the inlet to the outlet along the catalyst plate. Using a newly devel-
oped channel reactor, the gas phase measurements are complemented
by time-resolved X-ray absorption spectroscopy (XAS) measurements
that were conducted at different points along the plate to follow the
temporal evolution of the Pt oxidation state of the catalyst during the
decline of catalytic activity. Finally, the different temporal evolution of
catalytic activity and electronic state of Pt at comparable positions, as
well as the potential role of isocyanate, is discussed.

2. Experimental
2.1. Sample preparation

In our investigations, the catalyst was prepared using an auto-
mated incipient wetness impregnation technique (CATIMPREG, Chem-
speed Technologies AG) described previously [65,66] using tetraamine-
platinum(II) nitrate (Fischer Scientific, 99.99%) and a commercial
aluminum oxide support (Sasol Puralox TH 100/150). The resulting
Pt/Al,0; powder catalyst sample was calcined for 5 h at 500 °C in
static air. The final platinum loading amounted to 1.88 + 0.10wt.-%
as determined by ICP-OES (Inductively Coupled Plasma-Optical Emis-
sion Spectrometry) and the BET surface area was 136m?/g. TEM
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investigations revealed an average noble metal particle size of 2.0nm
(+0.9nm), which corresponds to a dispersion of about 56%, assuming
ideal hemispherical particles [67]. Based on this catalytic material, an
aqueous suspension (slurry) with 10 wt.-% Disperal P2 (Sasol) as binder
was made and applied to the respective stainless steel plates (see below)
as a carrier. The catalytically coated plates were calcined again for 5h
at 550 °C in air.

Before each measurement, the catalytic plate is pre-treated/
conditioned inside the reactor to clean and activate the Pt surface
by: (1) Oxidation with 10vol.-% O, in N, (or He) at 450 °C for one
hour. (2) Reduction with 5vol.-% H, in N, (or He) at 400 °C for
two hours. After conditioning, the catalyst is kept under an inert gas
flow (1L/min N, or He) until the start of the actual measurement.
At that point, the inlet gas flow is switched from inert gas to the
reactive gas mixture (200-800ppm CO and 400ppm NO in N, or
He) using either two 3/2-way solenoid valves (Biirkert) or a single
pneumatically actuated 4-way valve (Swagelok, Series 43) in the PLIF
or XAS setup, respectively. Gases are supplied to the reactors by
mass flow controllers (Bronkhorst). Except when noted otherwise, all
experiments are conducted at atmospheric pressure, with a total flow
rate of 1 L/min (NTP = 1 atm & 20 °C).

2.2. PLIF setup

The experimental setup for the channel experiments is identical to
that described previously [37,44]. An 18 mm wide and 25 mm long
plate cut from a cordierite honeycomb structure is coated with the
catalyst powder using the coating method described previously [50]
and placed flush with the inner channel wall into a recess and in the
center of a ceramic block forming a 2 mm high and 18 mm wide
channel with a total length of 150 mm. The ceramic channel is placed
inside a quartz tube, sealed with two steel caps, and heated by heating
coils (HORST) using a PID controller (Eurotherm).

Detection of NO by planar laser-induced fluorescence (PLIF) is

realized by exciting the P5(12.5) + Q;,(12.5) line in the A%23-X211(0,0)
rovibronic band at 226.7 nm [68], and collecting the fluorescence
through an image-intensified charge-coupled device (ICCD) camera
(IRO 25 & Imager QE, LaVision) equipped with a band pass-filter at
248 nm (FWHM = 10 nm, peak transmission 15%, LaVision) [37].
The excitation laser is generated from the fundamental of a tunable
dye laser at ~627.0 nm (PrecisionScan, Sirah) pumped by the second
harmonic of a 10Hz Nd:YAG laser (Quanta-Ray Pro, Spectra-Physics),
with subsequent sum frequency mixing of the dye laser output with the
third harmonic of the same Nd:YAG laser. Using a set of lenses, the laser
beam is transformed into a thin light sheet (~150 pm thick), oriented
parallel to the flow direction and vertical to the catalytic plate. This
allows capturing the 2D NO concentration field above the plate and
over the full height of the channel. The fluorescence intensity S is
generally governed by [69]:
Sp = CIOxNO%anB(T)#M €}
where C is an experimental constant which describes the optical sys-
tem, I, is the local laser intensity, xyo the mole fraction of NO, B,
and A,, are the Einstein coefficients for absorption and spontaneous
emission, respectively, f5(T) is the Boltzmann population fraction of
the excited energy level, 0,,(x,,T) the collisional quenching rate and
x, the mole fractions of the quenching species. Ny, p, kp and T are
the Avogadro constant, pressure, Boltzmann constant and temperature,
respectively, which relate the particle number density 'N to the mole
fraction: 'N = xyoN4p/(kpT). At the low concentrations investigated
here, changes in I, due to absorption along the catalyst plate can
be neglected, so that only xyo and Q,, depend on the local reactant
concentrations.
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Quantitative NO PLIF is achieved by adding 2vol.-% CO, as the
dominant fluorescence quencher to the gas mixture to keep the col-
lisional quenching rate essentially independent of the reactant concen-
trations throughout the whole channel. The quenching cross section of
CO, is similar to that of NO and much larger than any of the other
components in the gas mixture [69]. Powder bed reactor tests (not
shown here) with and without CO, addition confirmed that adding
excess CO, does not have a significant impact on the results. Dividing
the fluorescence signal S by a fluorescence image of a known NO
concentration (non-reactive case) at the same temperature takes into
account experimental factors such as the spatial intensity profile of the
laser, optical filters, solid angle of fluorescence signal detection and
spectral detection sensitivities as well as the temperature dependen-
cies. All measurements are conducted with the laser intensity and NO
concentration in the linear regime (F ~ I, and F ~ xyq). In addition
to the in-situ detection of NO using PLIF, a Fourier-transform infrared
spectrometer (FTIR) (Series 2000, MKS) is connected to the reactor to
monitor the NO, N,0, NO,, CO and CO, concentrations at the outlet.

2.3. Advanced channel reactor

A new reactor was developed to enable operando X-ray absorption
spectroscopy in fluorescence mode on flat layered catalysts in a thin
channel, with a flow pattern and catalyst geometry very similar to
that of the PLIF setup described in the previous section, but with the
potential of performing PLIF and XAS measurements simultaneously
in the next design iteration. It is designed to provide an undisturbed
laminar flow with minimal dead volume, which is suitable for rapid
gas changes at the inlet or pulsing experiments. A sufficiently large,
thermally insulated stainless steel body provides enough thermal inertia
to allow stable operation even in highly exothermic reactions over a
wide temperature range, while also enabling light-off measurements at
heating rates of 2K/min and temperatures up to 550 °C. An extensive
elucidation of the thermal stability and temperature distribution within
the reactor is provided in the supplementary material.

Fig. 1 shows a 3D rendering of a sectional view of the reactor to
illustrate the channel geometry as well as a cross-sectional slice in the
xz-plane. The reactor consists of a heated stainless steel frame and the
actual channel is formed by replaceable inlays to allow for an easy
replacement of the catalyst plate as well as to accommodate plates of
different sizes. All internal parts in contact with the gas phase have
been plasma-coated with Al,O; to suppress side reactions on metal
surfaces. The reactor is heated by four mineral-insulated, 2-core heating
wires with seamless cold ends (150 W per wire, ThermSys GmbH),
embedded on all four sides of the stainless steel casing. Thermocouples
(TC) are placed as close as possible to the catalytic layer and at different
positions throughout the reactor body to monitor the temperature
distribution inside the reactor. All four heating wires are controlled by
a single, programmable PID controller (Eurotherm, model 3208).

Access to X-rays is provided by a 5 mm wide and 80 mm long
slit and two layers of thin aluminum foil (thickness about 10 pm)
above the catalyst plate. The inner foil constraints the geometry of the
channel (height 2 mm) and the outer foil seals the reactor against the
environment.

2.4. XAS setup

XAS measurements were conducted at the CAT-ACT beamline of
the KIT Light Source (Eggenstein-Leopoldshafen, Germany) [70] in the
newly developed advanced channel reactor described in the previous
subsection. A dual channel monochromator with a pair of Si(111)
crystals was used to select the photon energy for the experiments.
The incoming X-ray beam penetrated the X-ray windows made by
Aluminum foil at an angle of roughly 45° as shown in Fig. 1. The
in total 28pum of Al foil in the X-ray beam decreases the overall
photon flux by approximately 12% at the Pt L; edge (11564 eV). The
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Fig. 1. (a) Sectional 3D-view of the new channel reactor for XAS measurements. The catalyst-coated plate (20mm x50 mm) is positioned at the center of the
channel in the direction of flow. (b) Cross-section in the xz-plane. The X-ray beam enters the reactor through a 5 mm wide and 80 mm long slit in the reactor
body and allows the detection of X-ray fluorescence at an angle of up to 90° relative to the X-ray beam. (c) Top view with gas flow indicated in blue.

emitted fluorescence radiation exhibited an angle of approximately 45°
as well. Vertical and horizontal slits were used to set a beam size of
1mm X2 mm, respectively. Fluorescence radiation was detected by
a Si solid state detector (1E-Vortex, Hitachi High-Tech America, Inc.).
XAS spectra of the Pt Ly edge were recorded in the energy range from
11.48keV to 11.91keV, with each complete scan taking about 2 min.
The XANES spectra were normalized by setting the regions of constant
signal intensity at low and high energies to 0 and 1, respectively (see
Fig. S3 in the supplementary material for details). The data analysis was
conducted by linear combination fitting (LCF) with Python. For this, the
spectrum after catalyst treatment in H, was used as reference for the
reduced state, hereafter referred to as Pt reference, and the spectrum
after treatment in O, was used as oxidized reference, hereafter referred
to as PtO, reference. This approach ensures that small deviations due
to the small particle/cluster size between the spectra of bulk Pt or
PtO, and reduced or oxidized Pt nano-particles, respectively, do not
bias the data evaluation. Gases were dosed by mass flow controllers
(EL-Flow Select, Bronkhorst) and analyzed after the reactor outlet by
a mass spectrometer (OmniStar, Pfeiffer) and Fourier-transform in-
frared spectroscopy in a flow through gas cell (Gasmet DX400, Gasmet
Technologies GmbH).

The catalyst plate itself is a stainless steel slab (20 mm wide and
50 mm long) with an Al, 05 plasma coating on the top, which is further
covered with the actual catalyst layer. The latter is deposited in layers
using an airbrush pistol, with each layer being allowed to dry at a
slightly elevated temperature (approx. 35 °C) before the next layer is
applied. A total of approx. 10-15 layers are applied, which corresponds
to a total specific Pt/Al,0; surface loading of approx. 54 pg/mm?. The
homogeneity of the layer coating was confirmed via a XANES line scan
along the catalyst. (See ESI for more information).

3. Results
3.1. Local conversion rates (PLIF)

Experiments measuring the spatio-temporal evolution of the cat-
alytic activity between 250 °C and 450 °C and with varying stoi-

chiometry were performed using PLIF, which provides quantitative
measurements of the NO gas phase concentration directly above the

catalytic plate inside the 2 mm high channel reactor as a function of
space and time. Prior to each measurement, the sample is conditioned
and then kept in an inert environment by flowing N, (1L/min). At
t=0min, the feed stream is switched to the corresponding CO/NO
mixture, which also contains 2vol.-% CO, to neglect local variations
in quenching rates (see experimental section) and is balanced by N,.
As an illustrative example, Fig. 2 shows the local NO concentration
distribution over the entire height of the channel at different times after
the onset of the reaction. PLIF images were recorded continuously for
30 min at a repetition rate of 10 Hz. To improve the signal-to-noise
ratio (SNR), the images are averaged over 100 continuous laser shots
for each time point shown. Since the decline in catalytic activity occurs
over a time frame of a few tens of minutes, the change in concentration
within 10 s is negligible. The position of the catalyst is marked by a
hatched area and ranges from x =0 mm to 25 mm. The observed NO
concentration gradients in flow and wall normal direction are due to
the interaction between catalytic surface reactions (consumption of NO
at the catalytic layer at z = 0 mm) and the diffusive and convective mass
transport in the channel flow. A decrease in catalytic activity over time
is directly reflected in a reduced overall NO concentration gradient in
flow direction, as can be seen from the downstream shift of the NO
concentration iso-lines as time progresses (indicated by arrows in Fig.
2).

The known decline in the catalytic activity [15,17-19] over fresh
Pt/Al,05 is also evident from the integral catalytic conversion |4x;|
at the reactor outlet, which is shown in Fig. 3 for stoichiometric and
net reducing conditions and which was determined in parallel to the
PLIF measurements using FTIR. The conditions are identical to those
in Fig. 2. Here, |4Ax;| is the consumption of reactants (CO and NO)
or the formation of the IR-active product N,O, where x; is the mole
fraction of species j and Ax; Xjou — Xjin 1S the concentration
difference between reactor outlet and inlet. NO, was not observed
under the conditions investigated here. Overall, the decline in catalytic
activity depends strongly on the CO/NO ratio and is considerably faster
with an excess of CO. In addition, the temporal development of the
N,O concentration, a harmful greenhouse gas, is also different. While
N,O rises slowly under stoichiometric conditions, it quickly reaches
a maximum under excess CO conditions, followed by a slow decline.
An important factor influencing N,O formation is the surface coverage
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x [mm]

Fig. 2. Temporal development of the two-dimensional NO distribution over a
catalyst-coated plate under stoichiometric conditions. The geometric location
of the catalytic plate is marked with a hatched area and extends from x =0 mm
to 25 mm. (350 °C, 1L/min, 400 ppm NO, 400 ppm CO, 2% CO,, rest N,).
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Fig. 3. Time evolution of the integral consumption of reactants (CO and NO)
and formation of N,O at the outlet of the channel reactor measured using
FTIR at stoichiometric and net reducing conditions. Also shown is the NO
consumption directly obtained from the PLIF images. (350 °C, 1L/min, 400
or 800 ppm CO, 400 ppm NO, 2% CO,, rest N,).

ratio [NO*]/[N*], which requires the presence of only partially reduced
Pt sites to catalyze the dissociation of NO into adsorbed N and O while
preventing complete NO dissociation [13,17,20,71,72].

Fig. 3 also shows the integral consumption of NO directly obtained
from the PLIF measurements by averaging the NO concentration dis-
tribution upstream (inlet, x < Omm) and downstream (outlet, x >
25mm) of the catalytic plate. Error bars represent the 3c¢-standard
deviation of the PLIF signal in those regions, so they only reflect the
statistical uncertainty of the detection system. On an absolute scale the
NO integral consumption obtained from FTIR and PLIF agree quite well,
verifying our approach to obtain quantitative NO concentration fields
using PLIF with sufficient precision.

In terms of species balances, the conversion of NO at the catalytic
plate is a sink for NO, resulting in a concentration gradient in the direc-
tion perpendicular to the plate. Since the mass flow and temperature
are constant, the convective mass transport and the diffusion coefficient
remain also constant. Therefore, the local concentration gradient at the
plate reflects the local NO consumption rate Ryg:

p [ dxno
Ryo ~ Do 7 ( > @
z=0
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Fig. 4. Wall normal slices at x=5 mm and 20 mm and at different times after
the onset of the experiment. Solid lines are fitting curves according to Eq. (3).
(350 °C, 1L/min, 400 ppm NO, 400 ppm CO, 2% CO,, rest N,).

where Dy is the mixture-averaged diffusion coefficient of NO. Con-
versely, the wall-normal concentration gradient at the upper (non-
reactive) wall should be zero: (dxyo/dz),—oqm = 0. Fig. 4 shows
concentration profiles perpendicular to the plate at two positions along
the plate, x = 5mm and 20 mm, and for the same time points as in
Fig. 2. For the visualization, the vertical profiles were averaged in time
intervals of 10s and in spatial intervals of 1 mm along the x-direction.
Taking the noise into account, the concentration gradient at the upper,
non-reactive wall is indeed approximately zero, while the concentration
decreases in the direction of the catalytic surface at z=0 mm.

Since all measurements were performed under isothermal condi-
tions and both the change in number density due to reactions and
axial diffusion are negligible in respect to the overall flow, the velocity
profile along the channel remains the same. In this case, the wall-
normal concentration profiles can be fitted to a functional form, which
is commonly found in 1D diffusion problems with Dirichlet and/or
Neumann boundary conditions [73]:

oo sin ((2n—1)7t%) )y
XNO(Z) =XsNOo T 4ﬁ,; W exp_(2n—1) T 3)
where x; o, # and 7 are fit parameters, 4 is the height of the channel
and z the distance from the catalytic surface. Apart from x, o, which
represents the NO concentration near the surface, the fitting parameter
p and the dimensionless time scale r have no directly applicable
physical interpretation in this context. The purpose of Eq. (3) is merely
to provide a functional form that reflects the physical process to analyze
the gas phase concentrations as well as the concentration gradients near
the catalytic surface.

Solid lines in Fig. 4 represent fits to Eq. (3), which also aid to
better visualize the evolution of the concentration gradients close to
the catalytic surface. At x = 5mm, a significant decrease in the near-
wall NO concentration gradient can be observed, indicating that the
NO consumption rate at the upstream position decreases significantly
over time. In contrast, the gradient at the downstream position (x =
20mm) appears to be invariant over the measured period (almost
parallel lines). However, the absolute NO concentration near the wall
still increases with time. Considering that the local conversion rate is
approximately proportional to the local gas phase concentration (Ryg ~
xno) [14,15,18], this means that the catalytic activity also decreases at
the downstream position, albeit at a slower rate.

Fitting Eq. (3) to the wall-normal concentration profiles at each time
step ¢ and at each position x along the plate and then inserting into
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Fig. 5. Sketch of the volume elements used to estimate the NO consumption
rate by means of a volumetric species balance.

Eq. (2) provides a measure of the space- and time-resolved consumption
rate of NO. Because the PLIF images cover the entire height of the
catalytic channel, the NO consumption rate can also be derived using
a volumetric species balance independently. For this purpose, the gas
phase is divided into small volume elements in the direction of the flow.
The height of each volume element corresponds to the full height of
the channel (see Fig. 5). Since no gas phase reactions take place at the
temperatures considered here, the catalytic consumption rate of NO is
simply the difference between the molar fluxes entering and leaving the
volume elements:

in (4)

oyt — 1,
RNO Asurf
Here A, is the geometric surface area of the catalytic plate under-
neath the volume element and #;, and #,,, are the total molar fluxes of
NO entering and leaving the volume element.

A comparison of the space- and time-resolved consumption rates
Ryo(x, 1) obtained with both methods, namely Eq. (2) and (4), is shown
in Fig. 6, again at 350 °C and for stoichiometric and net reducing condi-
tions. Consumption rates are plotted at the same points in time as in Fig.
4. Temperature dependent diffusion coefficients Dy, were calculated
using the kinetic theory for transport properties as implemented in the
Cantera software package [74] and which match diffusion coefficients
of NO in N, reported in the literature [75]. The first thing to note is that
the consumption rate derived from the wall normal concentration gra-
dient is smaller by a factor of about 2.2 compared to the values derived
from the volumetric balance. To facilitate a better visual comparison,
the first has been scaled to match the latter in Fig. 6.

From an analytical point of view, both methods have their strengths
and weaknesses. A more detailed discussion of the factors that influ-
ence the resulting conversion rates and which are responsible for the
factor 2.2 can be found in the supplementary material (c.f. Fig. S5).
The most important result, however, is that the variation of the NO
consumption rate as a function of time and location along the catalytic
plate is practically identical for both methods. Therefore, if only the
changes in relation to a specific position or time are considered, the
method based on diffusion fluxes is equivalent or even advantageous,
given its better temporal and spatial resolution. On the other hand,
the rates can also be easily scaled to the integral consumption rates
measured simultaneously via FTIR in order to obtain absolute spatially
and temporally resolved conversion rates with an accuracy better than
+20 %.

From Fig. 6 it is immediately obvious that the NO conversion rate
varies along the catalytic plate. Additionally, the temporal and spatial
behavior of the NO conversion depends strongly on the reaction condi-
tions. When interpreting spatio-temporal changes in the net conversion
rates of NO, the influence of the local gas phase concentration, which
also changes with time and along the catalyst, must always be taken
into account. Granger et al. measured the global conversion rates at
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Fig. 6. Space and time-resolved consumption rates of NO derived from wall
normal concentration gradients (1 mm and 10s intervals) and a volumetric
balance (2 mm and 60s intervals) for stoichiometric (400 ppm CO) and net
reducing conditions (800 ppm CO). (350 °C, 1L/min, 400 ppm NO, 2% CO,,
rest N,).

similar CO/NO ratios and temperatures over Pt/Al,05 and found that
the reaction order with respect to NO is close to one [15]. Similar
results were obtained by Lorimer and Bell for Pt/SiO, [18]. This is
also consistent with global kinetic models based on the generally ac-
cepted assumption that dissociation of adsorbed NO is the rate-limiting
step [14,15]. Although, strictly speaking, these models are only valid
under steady-state conditions, the decrease in activity over time is
much slower than the chemical time scales of the relevant reactions
involved. Therefore, for all reactions except those responsible for the
slow accumulation of surface species, and similar to our previous ex-
perimental and numerical studies of nitrogen storage catalysts [44,49],
steady-state assumptions continue to apply for each time step. Most
of the effects due to changes in local gas phase concentrations can
therefore be accounted for by taking the ratio between the net NO
conversion rate Ryo and the NO concentration ¢, o near the surface.
The latter is easily available by fitting the wall-normal concentration
profiles plotted in Fig. 4 to Eq. (3): ¢;no = X;n0 X p/(RT).

The ratio Ryp/c;no> Which is a more direct measure of the intrinsic
activity, is shown in Fig. 7 for the same conditions as before. When
there is an excess of CO (800ppm CO, 400ppm NO), the activity
decreases over the entire length of the catalyst in the first few minutes,
indicating that the catalytic state is the same at any position on the
plate at any given time. In contrast, under stoichiometric conditions
(400 ppm CO, 400 ppm NO), spatial gradients of the activity become
apparent in addition to the temporal dependence. Near the inlet, the
activity decreases very quickly, similar to that observed with an excess
of CO, but a rather slow yet clearly visible decrease in activity can also
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Fig. 7. Spatio-temporal variation of the catalytic activity under stoichiometric
(left) and net reducing conditions (right). (350 °C, 1L/min, 400 or 800 ppm
CO, 400 ppm NO, 2% CO,, rest N,).

be observed close to the outlet. Similar temporal and spatial changes as
well as the same strong differences between stoichiometric conditions
and those with an excess of CO were observed for all investigated
temperatures (see Figure S6 in the supplementary information).

3.2. Catalyst state (XAS)

To gain insight into the state of the catalyst during these spatial
and temporal changes, we performed time-resolved X-ray absorption
spectroscopy under very similar conditions using the new XAS channel
reactor that is also suited for PLIF. For both the PLIF and XAS mea-
surements, the same catalyst powder was used to prepare the catalytic
plates and an identical pre-treatment (oxidation with 10% O, at 450
°C and reduction with 5% H, at 400 °C) was applied to remove
all pre-adsorbed species on the catalytic surface and to start each
measurement from a unique catalytic state. Furthermore, the geometry
of the catalytic channel in the XAS measurements is essentially the
same as in the PLIF measurements, with the only difference that the
Pt/Al,O3-coated plate is now twice as long, namely 50 mm instead of
25 mm. The catalyst plate is oriented so that the X-ray beam lies in the
xz-plane (c.f. Fig. 1) and is positioned to examine points 5 mm from the
beginning or end of the plate, i.e. at x=5 mm and 45 mm respectively.
XAS spectra recorded during oxidative and reductive pre-treatment and
averaged over at least 30 scans (approx. 1 h of acquisition time) serve
as reference spectra in the following analysis (see Fig. 8) Note that
the reference spectra obtained at different positions of the catalyst are
practically identical, which underscores that the coating is uniform
(c.f. Fig. S4 in the supplementary information) and no gradients occur
after oxidative or reductive pre-treatment. A single sample spectrum
obtained with an excess of CO is also shown in Fig. 8 to illustrate the
signal-to-noise ratio in the XANES scans at the selected time resolution
of 2 min. The root-mean-square (RMS) value of the noise level of the
normalized spectra is approximately 0.02.

Fig. 9 shows the results of the XAS studies for the same two
conditions that proved to be of particular interest in the PLIF studies.
As before, after pre-treatment, the catalyst is kept under a constant
N, flow of 1L/min until at r=0min the feed flow is switched to
a near stoichiometric (left column) or net reducing (right column)
CO/NO mixture balanced by N,. To verify that the XAS channel reactor
provides similar results to those in the previous section, the top row
of Fig. 9 first shows the N,O formation as an example, for which
the temporal evolution is very sensitive to the reaction conditions
and which was measured with an FTIR at the outlet of the reactor,
simultaneously to the XAS spectra. In comparison to Fig. 3, it is clear
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Fig. 8. Pt Ly edge XANES reference spectra of Pt and PtO, particles recorded
during oxidative and reductive conditioning of the catalyst (averaged over at
least 30 scans). The reference spectra obtained near the inlet (x=5 mm) and
outlet (x=45 mm) are practically identical. A typical example spectrum (in
excess of CO) is shown with orange dots to illustrate the signal-to-noise ratio
and its state.
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Fig. 9. Time-resolved evolution of the oxidation state measured at two dif-
ferent positions along the catalytic plate (bottom row) as well as the integral
formation of N,O (top row) for near stoichiometric (left) and net reducing
conditions (right). (350 °C, 1L/min, 450 or 800 ppm CO, 400 ppm NO, rest
Ny).

that the temporal behavior of the N,O evolution closely matches that
of the PLIF channel reactor. For example, under stoichiometric condi-
tions, the N, O evolution slowly increases over the entire measurement
time, while under net reducing conditions it quickly increases to a
maximum and then slowly decreases. In addition, the two independent
measurements at the two positions (x=5 mm and 45 mm) on the
catalyst confirm that the same results are received based on the two
independent measurements, which is necessary for the comparison of
local, time-resolved XAS measurements performed sequentially at the
respective points.

The bottom line in Fig. 9 now shows the variation of the oxidation
state of the catalyst during the measurement and for the two positions
on the catalyst. For this purpose, each XANES spectrum was fitted to a
linear combination of the reference spectra of the oxidized and reduced
catalyst (compare Fig. 8) to obtain the fraction of oxidized Pt species.
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The fluctuations in the data points also illustrate clearly the signal-to-
noise ratio (SNR) of the time-resolved measurements. The fitting error
(30 interval) at each point is of similar magnitude as the SNR.

Initially, the fraction of oxidized catalyst is about 60%, although it
was reduced during pre-treatment. There is evidence of small amounts
of residual oxygen still present in the system, most likely from the
carrier gas itself, leading to a partial re-oxidation of the catalyst before
the actual measurement. Although these residual amounts of oxygen
and the partial re-oxidation lead to a higher initial conversion of CO
(oxidation to CO,), they have no further influence on the general
phenomena and the decrease in activity over time. As soon as the
NO/CO mixture enters the reactor, the catalyst is reduced by CO at the
inlet position (x=5 mm, black circles) for both stoichiometries. The
oxidation state falls to values that are very close to the reduced state
observed during pre-treatment. At the outlet (x =45 mm, blue squares),
however, the behavior is very different for the two stoichiometries.
While the catalyst at the outlet is also immediately reduced by CO
under net reducing conditions, the oxidation state under stoichiometric
conditions remains at around 60% at the outlet during the entire
measurement time and drops only slightly, as indicated by the gray
dashed line.

Overall, the XAS measurements indicate that there are strong spatial
and even temporal gradients of the catalyst state along the plate under
stoichiometric conditions, while the entire catalyst is almost instanta-
neously reduced in the presence of excess CO. This general behavior
is consistent with the spatially resolved catalytic activity derived from
PLIF measurements in the gas phase, where we do see complementary
spatial and temporal gradients under the same conditions.

4. Discussion

The mechanism of NO reduction by CO involves the adsorption of
both NO and CO, the dissociation of adsorbed NO (NO*) and finally
the oxidation of adsorbed CO by the adsorbed oxygen from the NO*
dissociation [19]. The dissociation of NO* is generally regarded as the
rate-determining step. However, dissociation requires the presence of
reduced Pt sites, similar to the oxidation of CO by O, [19,76,77]. While
CO readily reduces Pt sites even at low temperatures, it is also known
to inhibit [78] the reaction due to the competitive adsorption of NO
and CO in the Langmuir-Hinshelwood type of reaction [14,17,19,79],
considering that the adsorption equilibrium constant of CO is almost
an order of magnitude larger than that of NO [15]. This is directly
reflected in the overall low catalytic activity in the NO/CO reaction
over Pt/Al,05 at higher CO concentrations [14,17], leading to the so-
called extinguished state, as well as in the negative reaction order
with respect to the partial pressure of CO over the catalyst [17,18].
The exact ratio x¢q/xno at which the system enters the extinguished
state depends on the absolute concentrations and shifts towards smaller
ratios as the CO concentration increases [14,17,28].

The ultimately low conversion as well as the PLIF and XAS results
obtained here under net reducing conditions, i.e. with an excess of
CO, are at first glance consistent with the known inhibiting effect of
CO. The strong adsorption of CO is reflected in the almost immediate
reduction of the catalyst over its entire length in less than 2 min with a
slight excess of CO (lower right in Fig. 9). Simultaneously, the catalytic
activity derived from PLIF decreases uniformly across the catalyst, as
shown in Fig. 10, where the ratio Ryo(t,x)/c;no(t. X) is plotted at
selected positions along the catalyst relative to the ratio at +=0min.
Although the rate of decline in activity is the same at each position,
it is considerably longer compared to the reduction time scales at the
inlet and outlet in the XAS measurements, even though the catalytic
plate is twice as long in the XAS studies.

Under stoichiometric conditions, with half the CO content, the
behavior is strikingly different as the catalyst is only immediately
reduced at the inlet but remains partially oxidized at the outlet (Fig.
9, bottom left). Either the CO concentration at the outlet is now too
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Fig. 10. Visualization of the rate of decline in catalytic activity, represented
by the ratio Ryo(f,x)/c,no(f,x), under net reducing conditions at different
positions along the catalytic plate. For a better comparison, the data were
normalized to the values at + = Omin for each position separately. (350 °C,
1L/min, 800 ppm CO, 400 ppm NO, 2% CO,, rest N,).
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Fig. 11. Visualization of the rate of decline in catalytic activity, represented
by the ratio Ryo(f,x)/c,no(t,x), under stoichiometric conditions at different
positions along the catalytic plate. For a better comparison, the data were
normalized to the values at + = Omin for each position separately. (350 °C,
1L/min, 400 ppm CO, 400 ppm NO, 2% CO,, rest N,).

low for an efficient reduction and/or the local CO/NO ratio changes
significantly along the catalyst to support a more sustained catalytic
activity downstream, with a more balanced competitive adsorption of
NO and CO at the surface. Indeed, the PLIF measurements show higher
activity downstream than upstream, but the activity still decreases over
time, albeit much more slowly than with an excess of CO, as shown in
Fig. 11. The figure also nicely illustrates the different degradation rates
depending on the position on the catalyst.

In analogy to CO oxidation by O, [76], NO reduction by CO
becomes efficient only when the temperature is high enough and the CO
coverage is sufficiently reduced to allow the dissociation of NO to occur
efficiently [14,15,17,19]. In other words, the loss of catalytic activity is
most likely caused by a gradual loss of active sites over time. While it
is known that CO blocks the active sites, the time scales for (a) the
reduction of the catalyst upon exposure to CO and (b) the decrease
in catalytic activity at different sites of the catalyst are very different.
This difference is difficult to explain by CO adsorption alone, especially
since CO oxidation and establishing adsorption equilibrium take place
on much shorter time scales (« 1 min) [80]. Another possibility would
be that a secondary process counteracts the blocking by CO, such as the
generally known formation and storage of isocyanate on the support
material [18,25,27,81,82].
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A promoting effect of isocyanate formation on the catalytic con-
version has first been proposed by Frank and Renken [17], where it
maintains some NO and CO consumption and extends the time for
the catalyst to reach the steady, extinguished state. After the disso-
ciation of adsorbed NO, CO* can combine with N* to form NCO*
(c.f. Scheme 1). Rapid spillover onto the support, where isocyanate
is much more stable [25,27,81] effectively removes CO* from the
surface thereby releasing reduced Pt sites. Studies on Pt clusters also
suggest, that formation of NCO* only occurs in the absence of atomic
oxygen [23], which explains why isocyanate is formed only above a
certain CO/NO ratio or at low temperatures, where the dissociation of
NO* is ineffective.

Many features of -NCO formation on Pt/Al,03 known from the
literature are consistent with the temporal-spatial gradients of catalyst
state and activity observed here:

1. During the efficient formation of -NCO, two CO molecules are
consumed for each NO molecule, leading to a shift of the lo-
cal CO/NO ratio. Owing to the high formation rate of -NCO
and the large storage capacity of alumina, this effect is readily
observable even in end-of-pipe measurements [15,18]. Under
stoichiometric conditions that shift could be sufficient to push
the system locally towards net oxidizing conditions (x¢q/Xno <
1), thereby reducing the inhibiting effect of CO and resulting in
a higher catalytic activity downstream of the catalytic plate.

2. The formation rate of -NCO strongly depends on the stoichiom-
etry and is much faster with an excess of CO (larger CO/NO
ratio) [18,27,28,83], similar to the decline in catalytic activity
observed here. Additionally, the timescales of both, isocyanate
formation and the decline in catalytic activity are very simi-
lar [26]. A local shift towards smaller CO/NO ratios under stoi-
chiometric conditions would also explain the slower deactivation
rates closer to the outlet.

3. The storage capacity for -NCO on the alumina support is lim-
ited [84], so the promoting effect will cease over time as iso-
cyanate accumulates on the support.

Reducing the flow rate by 50% has almost no effect on the rate
of decrease in activity over time at the inlet (x=5 mm) and only
marginally slows down the deactivation rate at positions further down-
stream along the plate (see Figure S7 in the supplementary material).
The effect of flow rate is therefore negligible compared to the influence
of temperature and stoichiometry.

The change in stoichiometry downstream due to -NCO formation
would explain the behavior of the chemical state of platinum which
can be seen in Fig. 9. Even small amounts of CO under lean conditions
below the ignition temperature are known to reduce Pt [85]. Under
rich conditions, the abundance of CO immediately leads to a reduction
of the catalyst. Even though the CO/NO ratio decreases downstream,
the gas phase stays rich which explains why the catalyst bed reduces
upstream as well as downstream. Changes in the chemical state of the
catalyst in response to a change of the gas phase can occur within
seconds [86,87]. The chemical state of the catalyst within the new
reactor responds immediately (the measurement after 2 min shows
already a reduced state), which shows the capability of the new reactor
for tracking fast changes in the catalysts state which is crucial for
operando investigations that link the activity to the catalysts state.

Under almost stoichiometric (slightly rich) conditions the upstream
part of the catalyst is exposed to a rich gas mixture while the down-
stream part sees a lean mixture. Here CO and NO will compete for
adsorption sites on Pt. Support saturation with NCO leads to a decrease
in NCO formation and activity, which then leads to an increase in the
CO/NO ratio over time. According to the PLIF results this is supposed to
happen in a timescale of tens of minutes up to several hours. The slow
reduction from an oxidation state of 58% to 52%, observed in Fig. 9
for almost stoichiometric conditions at the downstream position fits this
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timescale. This confirms that time- and spatially resolved measurements
of the gas phase, and the catalysts state measured with the newly
designed reactor, can be correlated.

In summary, the influence of isocyanate formation on the local
CO/NO ratio as well as its ability to temporarily counteract the inhibit-
ing effect of CO, would explain all the spatial-temporal gradients as
well as the timescales at which the catalytic activity and the oxidation
state of Pt decline depending on the position along the catalyst.

5. Conclusions

For complex reactions, a spatial and temporal characterization of
both the gas phase and the catalyst structure in a reactor is required to
promote the development and understanding of current and future cat-
alytic systems. The possibilities of such an approach were demonstrated
here using the example of the reduction of NO by CO. Using PLIF, we
were able to visualize the spatio-temporal decrease in catalytic activity
and derive local conversion rates from the 2D concentration profiles.
In addition to the PLIF measurements, the new XAS channel reactor
provides time- and spatially-resolved information on the changes in
the oxidation state under the same conditions. Whereas CO reduces Pt
during the CO/NO reaction under rich conditions with CO-excess and
led to a fully reduced Pt at all positions, under stoichiometric conditions
a gradient in the Pt oxidation state along the catalyst bed formed
with a strong influence on the catalytic activity. For stoichiometric
conditions the changes in the oxidation state and the activity profiles
for a Pt/Al,05 catalyst during the CO/NO reaction were similar in
terms of time and length scales. XAS and PLIF data could well be
correlated and supported the possible impact of NCO formation on
reaction progress on Pt/Al,0; and the influence of CO poisoning.
To replace Rh with Pt, new approaches will be needed to tune the
interaction of Pt with CO, e.g. by searching for dopants/bifunctional
catalysts or by tailoring lean/rich cycles to convert/release stored NCO.
In this context, the combined PLIF/XAS approach presented here is an
invaluable tool to investigate and understand the coupling between
gas-phase mass transport, catalytic activity and catalyst state under
conditions relevant for technical applications.
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