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Abstract

Bifunctional Fe—Pt ammonia slip catalysts were studied by operando quick-scanning extended X-ray absorption fine struc-
ture spectroscopy (QEXAFS) under conditions mimicking rapid temperature variations that occur in an automotive exhaust
gas aftertreatment system during real driving. Two catalysts, Pt/Al,0; and Fe-ZSM-5, were tested individually, as mixtures
and in dual bed arrangements. Applying QEXAFS allowed to track changes of active metal state with high time resolution.
It uncovered a strong dependence of the active metal state on reaction conditions and catalyst bed layout. For example,
proximity to platinum stabilized iron species in their more active oxidized state and led to higher Fe-ZSM-5 activity. On
the contrary, isolated iron species were more susceptible to overreduction by ammonia which led to deactivation and low
selectivity. The use of transient conditions uncovered the influence of non-equilibrium phenomena on catalytic performance
under industrially relevant conditions. Specifically, the effect of ammonia storage on the increase of activity was shown. This
was also accompanied by elevated N,O production not observed during tests with gradual heating. Additionally, unusually
high NO, selectivity was detected for Fe-ZSM-5 under these conditions. Lastly, tracking catalyst state under dynamic reac-
tion conditions disclosed that Fe-ZSM-5 activity did not grow directly with temperature increase but rather depended on the
oxidation state of Fe and surface concentration of ammonia.
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nia, slipped through the NO, selective catalytic reduction
(SCR) catalyst, to nitrogen. Fe-containing zeolites are
components of ASCs that are highly selective to nitrogen,
but their activity is satisfactory only at temperatures above
350 °C [1]. The selectivity to nitrogen correlates with the
SCR-activity of a zeolite and is especially high in the case
of Fe-ZSM-5 [1]. The mechanism of ammonia oxidation
on these catalysts is proposed to be so-called internal SCR
(iSCR), which proceeds through initial oxidation of part of
ammonia to NO, and its further SCR by unreacted ammonia
to nitrogen [2]. Activity window of Fe-containing ASCs was
extended to low temperatures by combining them with noble
metals (PGM), among the most active of which is platinum
[3, 4]. However, this brought another problem, because
such an active oxidation catalyst as Pt had significant yields
of undesired N,O and NO,. Moreover, it converted most
of NH; at higher temperatures to NO, leaving insufficient
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amount of ammonia for the iSCR step, thus, decreasing
selectivity to N, [5-7].

Considerable effort has been spent in the last decade to
improve bifunctional ASCs containing a noble-metal and
an SCR components and to unravel the factors governing
their activity and selectivity. For example, different layouts
of a Pt-containing component with an SCR catalyst were
studied. These were mechanical mixtures of the two, their
layered arrangements and even core-shell structures [8—12].
Mixed catalysts demonstrated higher selectivity to nitrogen
at low temperatures, while layered catalytic beds with SCR
layer upstream outperformed them by this parameter at
high temperatures [8, 9, 13]. The benefit of the mechanical
mixture layout was short diffusion path between two types
of its active sites [9, 12, 13]. Dual layer arrangement on a
monolith with a Pt-containing component downstream was
improving selectivity to N, by enabling counter-diffusion of
oxidation products from the downstream layer and ammonia
from the gas feed through the outer SCR layer [11, 12, 14].
This facilitated reduction of NO, to N, but decreased con-
version at high flows because of a diffusion barrier in front
of the active Pt-containing component [10, 12, 15]. Core-
shell catalyst layout combined the benefits of the mechanical
mixture and layered arrangement and provided superior N,
selectivity both through the tight contact between the SCR
and Pt-containing components and the counter-diffusion of
ammonia and its oxidation products on an SCR layer [11].

Despite the outstanding advances in describing the fun-
damentals of combined ASCs containing a precious metal
and an SCR component, there are important unresolved
questions in this field. The existing studies lack characteri-
sation of composite ASCs under working conditions. They
mainly focus on explaining the varying activity and selec-
tivity of different PGM and SCR-component arrangements
with diffusion factors. However, these explanations are not
exhaustive since the catalyst state, which may change sig-
nificantly under reaction conditions, needs to be considered
for a complete understanding of the system. Another point
requiring elucidation is a possible mutual influence of Fe
and Pt components on the state of each other, which could
also alter the functioning of the catalytic system. Possibil-
ity of such an interaction between Fe- and Pt- components,
with a probable electron transfer, was reported by Kim et al.
[16]. Nonetheless, the XPS measurements of the electronic
structure of Pt and Fe sites were performed ex situ and did
not provide any comparison of electronic properties of Fe-Pt
mixtures with individual Fe- and Pt-containing catalysts.

Another crucial factor to consider when understand-
ing automotive exhaust gas aftertreatment catalysts is the
dynamic nature of this system involving rapid temperature
changes depending on the driving conditions [17-19]. As
mentioned before, these changes can strongly influence
exhaust catalyst structure and performance. They become
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especially important in the case of hysteresis, restructuring
of reactive species in reaction medium or reactants storage
on support [17, 20-25]. At the same time, typical catalytic
studies performed in laboratory imply gradual heating in
reaction mixture and may overlook the effects of these real-
istic rapid variations of the reactive medium. To take the
dynamic conditions of driving into account, testing proce-
dures for exhaust gas catalysts have been developed where
conditions mimic real-life driving cycles [26]. The exam-
ples of such typical driving cycles for catalytic tests directly
in a car are the World-wide Harmonized Light Duty Test
Cycle (WLTC) or the New European Driving Cycle (NEDC)
[19, 26]. It is, however, possible to implement the condi-
tions of the automotive exhaust system occurring during
driving cycles for laboratory tests or modelling in order to
obtain catalyst performance resembling the one in real-life
operation [19, 27-29]. Despite the importance of such an
approach, it has not yet been commonly reported in general
and in particular not applied to study dual-component ASCs.

In consequence, for a complete understanding of a cata-
lyst it is necessary to describe the dynamics of the catalyst
state under realistic and rapidly changing conditions. This
can be achieved by applying non-invasive in situ and oper-
ando methods of spectroscopic analysis with sufficient time
resolution. A suitable technique for such measurements has
evolved from conventional X-ray absorption spectroscopy
(XAS) as quick-scanning extended X-ray absorption fine
structure spectroscopy (QEXAFS) and e.g. was previously
successfully used to study Pt-based CO oxidation [30] or
zeolite-based SCR catalysts [31].

Therefore, the aim of this work is to study different
combinations of Pt/Al,0; and Fe-ZSM-5 as ASCs under
transient temperature conditions imitating realistic driving
using operando QEXAFS. This will allow revealing non-
equilibrium phenomena and tracking the state of Pt and Fe
active species with high time resolution to correlate these
with catalyst performance as function of the dynamic reac-
tion conditions. The obtained knowledge fills the gap in the
knowledge of ASCs structure in model and application-rel-
evant conditions and facilitates their rational development
in the future.

2 Experimental
2.1 Catalyst Preparation

Two Pt/Al,0; catalysts were synthesised through incipi-
ent wetness impregnation (IWI). Initially, y-alumina sup-
port (Sasol SCFa-230) was calcined at 750 °C for 4 h in air.
Then the support was impregnated with a solution of Pt (II)
nitrate (Chempur, anhydrous, 99.95%), dried in air for 40 h
at room temperature and further for 1 h at 60 °C. The dry
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impregnated sample was then calcined in static air at 400 °C
(ramp rate 3 °C/min) for 4 h. After calcination the sample
was reduced at 400 °C for 2 h in hydrogen flow (5% H, in
N,, temperature ramp rate 3 °C/min). Finally, to produce
two Pt/Al,O; samples with a bigger and a smaller particle
sizes, one part of the reduced catalyst from the previous
stage was calcined in air flow for at 500 °C, and another
part—at 700 °C for 4 h in both cases (heating rate 5 °C/min).
Pt loading amounted to 2 wt%. The samples are named PtA-
IW-500 and PtA-IW-700, respectively.

The Fe-zeolite sample was synthesised with ion exchange
using ZSM-5 as a support. NH,-ZSM-5 (Si/Al=11, Clari-
ant) zeolite was dried at 150 °C for 16 h in air. 25 g of the
dried zeolite were added to 2000 ml of 0.05 M FeCl, solu-
tion (prepared of anhydrous FeCl,, Alfa Aesar, 99.5%). Next,
ion exchange was conducted with magnetic stirring at room
temperature in N, flow for 24 h. After its completion, the
sample was filtered and rinsed with 2 1 of deionised water.
The filtered residue was dried in air flow at room tempera-
ture for 16 h and then—for 6 h at 120 °C. The dried sample
was calcined at 500 °C for 5 h (ramp rate of 4 °C/min). Pre-
viously this preparation method resulted in about 1.3 wt%
Fe loading. [23].

Four different layouts were used to combine Pt/Al,O; and
Fe-ZSM-5 in a catalyst bed and are shown in Fig. 1. Two of
these combinations contained subsequent catalytic beds of
the individual catalysts starting either with Pt/Al,O; or with
Fe-ZSM-5. The dual catalytic bed with Pt/Al,O5 upstream
will be further referred to as DB Pt upstream. Correspond-
ingly, the dual catalytic bed with Fe-ZSM-5 upstream will be
named as DB Fe upstream. The other two combinations were
the mixtures of Pt/Al,0; and Fe-ZSM-5. One of them was
the mixture of granules of separately granulated Pt/Al,O4
and Fe-ZSM-5, referred to simply as mixture of granules.
For forming another mixture, the powders of the individual
catalysts were mechanically mixed and ground together in

Dual bed
Pt upstream

Dual bed
Fe upstream

Mechanical
mixture

Mixture of
granules

Fig. 1 Schematic illustration of catalytic beds with different Pt/Al,0;
and Fe-ZSM-5 layouts. From the left to the right: dual bed with Pt
upstream, dual bed with Fe upstream, mixture of granules of two cat-
alysts, mechanical mixture of two catalysts

a mortar with subsequent granulation (1:1 mass ratio). This
combination of catalysts will be further named mechanical
mixture.

2.2 Characterisation

The Pt/Al,0; samples were characterised by transmission
electron microscopy (TEM) and PtA-IW-500—by X-ray
absorption spectroscopy (cf. Sect. 2.4). The TEM images
were taken on a Themis 300 transmission electron micro-
scope (ThermoFisher Scientific) equipped with a probe aber-
ration corrector, operating at 300 kV. Particle size distribu-
tion was determined using ImageJ software [32].

Fe-ZSM-5 catalyst was characterised with X-ray absorp-
tion spectroscopy (cf. Sect. 2.4) and ultraviolet-visible
(UV-Vis) spectroscopy using Perking Elmer Lambda 650
equipped with a Praying Mantis diffuse reflectance acces-
sory (Harrick). The spectra were measured with 2.0 nm slit
size, 1.0 nm wavelength resolution and 0.44 s scan time per
point against the Spectralon reference.

2.3 Catalytic Experiments

The laboratory catalytic experiments were conducted in a
plug-flow quartz reactor in a temperature-programmed
mode. The catalysts were heated from 50 to 400 °C and
cooled down to 50 °C in two subsequent cycles with a ramp
rate of 3 °C/min. The reaction mixture composition was 500
ppm NH;, 13% O, in N, with a 1050 cm*/min flow. The first
cycle was used to de-green a catalyst, while the results of the
second catalytic cycle are discussed in this work. For the
tests of the individual Pt/Al,O5, 25 mg of the sample were
taken. For the tests of the individual Fe-ZSM-5, the loading
of 50 mg of the catalysts was used. In the case of the
mechanical mixture or the mixture of granules, the total
loading of the previously mixed catalysts (1:1 wt. ratio)
amounted to 50 mg. In the case of the dual bed arrange-
ments, each bed contained 25 mg of either Pt/Al,O; or Fe-
ZSM-5. As Pt/Al,0O; in the laboratory catalytic tests, sample
PtA-TW-500 (the one calcined at 700 °C on the final stage)
was used as more active catalyst. Before the tests, the cata-
lysts were granulated to obtain the grain size of 100-200 pm.
Silicon carbide of same sieve fraction was used for catalyst
dilution to obtain gas hourly space velocity of 63,000 h™!.
0.5 mm layer of glass wool was used to separate the beds in
the case of the dual bed arrangements. The gas concentra-
tions in the effluent gas mixture were determined on-line
with the help of a Multigas 2030 FTIR spectrometer (MKS
Instruments, USA). The ammonia conversion (XNH?) was
calculated according to: Xy, = (1 - c}ﬂ\%} /c;'\';H}) % 100%» where

Cl‘(,’;; and C ;\’;H are ammonia concenrations at the reactor out-
3 3

let and inlet, respectively. Selectivity to products was
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determined as:S; = n; X C;/ (CiNnH3 - C]‘i]’flj) % 100%, where C;
is product i concentration, and n; — number of nitrogen atoms
in the coresponding product molecule. The nitrogen yield
was calculated from the mass balance taking into account

conversion and concentrations of other products detectable
by FTIR.

2.4 Operando QEXAFS

The catalysts with 100-200 pm sieve fraction were tested
in 1.5-mm-diameter quartz capillaries (plug flow geometry,
0.02 mm wall thickness, Markrohrchen, Hilgenberg GmbH).
The catalyst bed was located between two quartz wool plugs.
Transmission spectra at either the Pt Ly absorption edge or
the Fe K absorption edge were recorded in the energy range
of 11,375-12,330 eV and 7040-7400 eV, respectively. These
ranges contained the X-ray absorption near edge structure
(XANES) region of the respective absorption edges. For
energy calibration, spectra of Pt or Fe foils were recorded
simultaneously with experimental spectra.

Operando QEXAFS spectra were recorded at the P64
beamline of the PETRA III synchrotron radiation source
(DESY, Hamburg, Germany) [33]. A Si(111) channel-cut
monochromator was used. Monochromator oscillation speed
was set to 5 Hz for Pt and 1 Hz for Fe (up and down scans).
The sampling rate was 500 kHz for Fe and 1 MHz for Pt.
Energy correction and normalisation for individual selected
spectra and reference data were conducted in Athena soft-
ware from the JFEFFIT package [34]. Batch processing of
QEXAFS data (linear combination analysis, LCA) were
conducted using the JAQ software (by Oliver Miiller, BU
Wuppertal) [33]. The average oxidation state of iron was
determined from the position of the rising edge at a normal-
ised absorbance of 0.4 (max. error is 0.1 eV, corresponding
to max. error in oxidation state of 0.03).

The amounts of the operando-tested samples were about
4-5 mg for both Pt/Al,0; and Fe-ZSM-5 and are listed in
Table 1. The catalyst bed lengths for combined Fe- and

Table 1 Loadings for individual Pt/Al,O;, Fe-ZSM-5 catalysts and
their combinations. m is the mass (in mg) of either Pt/Al,O; or Fe-
ZSM-5 loaded to a capillary in an operando experiment

Sample m, mg

Pt/Al,0; Fe-ZSM-5
Individual Pt/Al,O5 5.0 -
Individual Fe-ZSM-5 - 4.0
DB Pt upstream 4.0 4.0
DB Fe upstream 4.0 4.1
Mixture of granules 4.0 5.1
Mechanical mixture 6.3
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Pt-containing samples were 67 mm, for individual Pt/Al,0;
and Fe-ZSM-5 catalysts 3—4 mm. For the mechanical mix-
ture the loading was decreased, compared to other samples,
not to exceed 7 mm catalyst bed length.

The in situ setup was similar to the ones previously
described, e.g. by Grunwaldt et al. [35]. The reaction feed
gas composition was 500 ppm NH;, 10 vol% O, balanced
with He, the total flow rate 75 cm>/min. For the pre-treat-
ment of the samples subsequent light-offs from 50 to 400 °C
in the reaction mixture were conducted with a heating rate
of 5 °C/min. After reaching 400 °C in the first light-off, the
samples were cooled down to 50 °C with a rate of 5 °C/min.
After reaching 400 °C in the second light-off, the cooling
was performed as fast as possible (approx. 2 min). The heat-
ing in the test cycles, imitating realistic driving conditions,
was conducted according to a standard type approval test for
light duty diesel vehicles: NEDC (Fig. 2), reported in earlier
works (e.g. Refs. [18, 30, 31]). Leister LE Mini gas blower
controlled with a Eurotherm 3216e temperature controller
and custom LabVIEW scripts were used to heat the sample.
The temperature was measured by a K-type thermocouple
contacting a sample-containing capillary. The driving cycle
program was repeated 5 times for each tested sample for
QEXAFS measurements both at the Pt L;- and Fe K-edges.

The Pt/Al,O; sample used for operando QEXAFS tests
was the one calcined at 500 °C on the final stage as the
catalyst (PtA-IW-500) with smaller Pt particle size. This
sample offers higher spectral changes due to larger fraction
of surface Pt atoms.

The composition of the gas mixture at the outlet of the
reactor was analysed on-line using a Multigas 2030 FTIR
spectrometer (MKS Instruments, USA) for NH;, N,0, NO,
and a Thermostar GSD-320 mass spectrometer (Pfeiffer
Vacuum, Germany) for nitrogen. The ion current signal of
nitrogen (m/z=28) of the mass spectrometer was normal-
ized by the signal of He (m/z=4) to eliminate any possible

400+
—— Model Temperature

8 —— Measured Temperature
e 300+
S
©
2 2001
£
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100+

0 - - - r
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Fig.2 Measured temperature of the experimental cycles (red) com-
pared to temperature of model driving cycle (NEDC) based on the lit-
erature data (grey)
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drift. Integral conversion of ammonia was calculated from
the difference between the total NH; volume dosed in one
cycle and the measured volume of unreacted NHj, calculated
by integration of its concentration profiles.

3 Results and Discussion
3.1 Characterisation Results

The two synthesized Pt/Al,O; catalysts were characterised
with TEM. According to their analysis, the Pt/Al,O; sample,
which was used in laboratory tests (PtA-IW-700), contained
large polydisperse nanoparticles with the average diameter
of 13.6 nm. The second Pt/Al,0; sample, used for operando
XAS measurements (PtA-IW-500), was more disperse and
contained mainly 1.8 nm nanoparticles with minor fractions
of clusters and single sites. Selected TEM images and the
particle size distributions are shown in Fig. S1 in the sup-
porting information (SI).

The as-prepared Fe-ZSM-5 catalyst was characterised
with UV-vis spectroscopy. The UV—-vis spectrum of this
sample is shown in Fig. S2. The most intense band was
located between 200 and 300 nm. This region is attrib-
uted to isolated Fe*™ ions in tetrahedral and higher coor-
dination which, thus, were the predominant species in the
catalyst [36]. Low-intensity bands on the shoulder of the
main absorption band with maxima at about 350 and about
500 nm point to the presence of smaller amounts of oligo-
meric Fe,O, clusters and Fe,O5 particles respectively [36].

3.2 Conventional Catalytic Tests in a Laboratory
Reactor

Different combinations of Pt/Al,0; and Fe-ZSM-5 were
tested in a laboratory reactor and compared with individual
catalysts (Fig. 3A). The light-off of individual Pt/Al,O4
started at about 160 °C. It reached the temperature of 50%
conversion (Tsq4) at 207 °C and full conversion at about
230 °C. All combinations with Fe-ZSM-5 performed simi-
larly. However, they were more active than the individual Pt/
Al,O;. Their Tsq shifted to lower temperatures and were the
lowest for the mixed catalyst combinations. For the mixture
of granules, T, decreased to 200 °C, and for mechanical
mixture to 202 °C. Individual Fe-ZSM-5 was rather inac-
tive compared to Pt-containing catalysts and exhibited no
detectable activity under 235 °C. The sample showed a Ts,
at 370 °C.

The differences between the individual catalysts and
their combinations were more pronounced in terms of
selectivity. The product distributions of the tested catalysts
are shown in Fig. 3B-D. Despite all Pt—-Fe combinations
generally followed the selectivity trend of the individual
Pt/Al,0O5 in the lower temperature range till about 245 °C,
at higher temperatures the product distribution differed.
More specifically, all Pt-containing samples started with
N, yield of about 65%. Then, after reaching full conver-
sion, selectivity to nitrogen of individual Pt/Al,O5 gradu-
ally decreased to about 25%. Contrarily, N, yield in this
range grew for 3 out of 4 Pt-Fe combinations. The selec-
tivities to N, for the mechanical mixture, the mixture of
granules, and DB Fe upstream had intermediate values
between those of individual Pt/Al,O5 and Fe-ZSM-5. The
latter produced almost exclusively N, with selectivity
between 85 and 100%. The only Pt—Fe combination that
did not show any improvement of selectivity to nitrogen
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was DB Pt upstream. Its N, yield mostly followed the
trend of individual Pt/Al,0; and at high temperatures was
even around 10% lower. Considering the three Pt-Fe com-
binations with improved selectivity to nitrogen, DB Fe
upstream exhibited the highest N, yield reaching about
75%. Maximum nitrogen selectivities of both mechani-
cal mixture and mixture of granules were lower, reaching
49% N, yield at 400 °C. Nonetheless, they produced an
increased amount of nitrogen in a much broader range than
the DB Fe upstream. For this dual bed sample, enhanced
N, production started only above 320 °C. At the same
time, the mixture of granules exhibited enhanced selectiv-
ity to nitrogen starting from 295 °C and the mechanical
mixture from 245 °C. The improvement of nitrogen selec-
tivity for all Pt—-Fe combinations was mainly attained at
the expense of lower selectivity to NO,. The selectivity to
N,O was similar for individual Pt/Al,0; and Pt-Fe com-
binations except for the mechanical mixture. This sam-
ple formed about 10% less N,O than the Pt/Al,05 above
245 °C. The abovementioned trends for both activity and
selectivity were also similar during cooling down in the
reaction mixture. These test results are shown in Fig. S3.

Possible explanations of varying selectivity of different
Pt-Fe combinations include different mass transport patterns
of the reactants and products between the two components
and a potential beneficial effect of proximity of Pt and Fe
sites. For example, the observation that N, yield did not
improve in the case of DB Pt upstream may be explained
with Pt/Al, O, reaching full ammonia conversion before the
temperatures at which Fe-ZSM-5 became active. Thus, with
the lack of ammonia feed, the reduction of NO, on Fe sites
was not possible and the performance of this combination
was similar to the one of the individual Pt component. On
the other hand, in the case of DB Fe upstream N, yield was
improved because NH; was mostly reacted on the first Fe-
containing catalytic bed. However, the overall selectivity to
nitrogen was lower compared to the individual Fe-ZSM-5.
This can be explained with the incomplete conversion of
ammonia on Fe-ZSM-5 in the whole tested temperature
range, which led to further reaction of NH; on the sec-
ond, Pt-containing, bed with some yield of the undesired
products.

Using the example of the catalyst combinations in the
form of mixtures, it becomes clear that the proximity of
Fe species and Pt particles is beneficial for widening the
temperature range of N, production. This proximity may
decrease the diffusion length of both NO, and unreacted
NH; from Pt sites to Fe sites which readily catalyse SCR
yielding more N,. Thus, tight contact between Fe- and Pt-
containing components in the mechanical mixture may make
this effect even more pronounced than for the mixture of
granules. Additionally, the mutual influence of one type of
catalytic sites on another at this point becomes possible, and
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its role in modifying catalytic activity and selectivity needs
to be assessed.

3.3 Transient Experiments Using a Spectroscopic
Microreactor

3.3.1 Catalytic Results

The tests under dynamic conditions imitating realistic
driving were conducted according to the protocol shown
in Fig. 2. Figure 4 summarized the integral conversion of
the individual catalysts and the various combinations (for
details, cf. SI Figs. S4 and S5). There are significant dif-
ferences in the activity of Pt—Fe combinations compared
to the individual Pt/Al,0; and Fe-ZSM-5 (Fig. 4). These
differences were more pronounced than in the case of grad-
ual heating during laboratory tests. For instance, DB Fe
upstream and both mixtures converted approximately 1/3
more ammonia compared to the individual Pt/Al,O5. This
is attributed to ammonia storage on the zeolite. Ammonia
stored at low temperatures desorbs with rise in tempera-
ture and can be converted on Pt located downstream. This
effect was not observed for the individual Pt- and Fe-con-
taining catalysts and for DB Pt upstream. Another differ-
ence between the individual Pt/Al,O; and Fe-ZSM-5 com-
ponents and their combinations was their low-temperature
performance. In the first 13.5 min of a cycle, at temperatures
below 200 °C (until 81 min in Fig. S4), the apparent inte-
gral conversion of the individual Pt/Al,O; and Fe-ZSM-5

30 _
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Fig.4 Integral conversion for the different Pt/Al,O; and Fe-ZSM-5
combinations during the fourth of the five subsequent transient tem-
perature cycles imitating NEDC
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was negative. This indicates that more NH; was thermally
desorbed from these samples than converted on them. At the
same time, all Pt—Fe-combinations demonstrated higher con-
version in the low-temperature range of the cycle with the
maximum values in the case of mixed layouts. This clearly
unravels a synergy of Pt/Al,0; and Fe-ZSM-5 which is
enhanced through tight contact between them.

Although the trends of selectivity to nitrogen during a
model driving cycle generally follow the trends observed
in conventional laboratory tests, the dynamic temperature
changes during driving cycles substantially alter them.
These results are demonstrated in Fig. 5. As in the case of
the laboratory reactor tests, mechanical mixture produced
the highest integral N, yield (Fig. 5B, C). Most of nitrogen
was observed over it during heating ramps above 220 °C.
When temperature approached 275 °C, the selectivity to

N,O grew at an expense of N, (Fig. 6B). This nitrogen
selectivity drop at high temperatures was not observed
for the mixture of granules and DB Fe upstream. For this
reason, although these samples did not produce as much
N, at lower temperatures as the mechanical mixture, their
overall N, yield was only lower by 2% and 5% for the mix-
ture of granules and DB Fe upstream, respectively. These
three Pt-Fe combinations exceeded the total production
of nitrogen over individual Pt/Al,O; by 15-20% and the
individual Fe-ZSM-5 sample by 45-50%. As in the case
of laboratory test results, DB Pt upstream did not show
any improved selectivity compared to the individual Pt/
Al,05 and produced ~ 7% less nitrogen. Notably, none of
the samples deactivated during the tests providing well-
reproducible results in all model cycles (Fig. S5).
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In contrast to N, selectivity, the trends of selectivity
to N,O during model driving cycles differed from those
obtained in conventional laboratory tests (see Fig. 6). N,O
yields in the laboratory reactor were very similar for all
Pt—Fe combinations, with the lowest one over the mechanical
mixture. The latter, however, produced the highest amount of
N,O in the model NEDC cycle test. The selectivity towards
N,O was slightly lower for the mixture of granules. Their
N,O yields exceeded the one of individual Pt/Al,O; by
25-30%. At the same time, DB Fe upstream was producing
a comparable amount of N,O to the individual Pt/Al,O;.
Most of N,O for the samples mentioned above evolved on
the starts of steep heating ramps. These N,O peaks preceded
in time the corresponding peaks of N, production. This may
serve as an indirect indication for the iSCR mechanism in
which oxidation of ammonia over Pt (with N,O as one of the
significant products) precedes SCR yielding predominantly
N,. Finally, the sample DB Pt upstream did not exhibit any
peak yields of nitrous oxide and produced a lower amount of
N,O than individual Pt/Al,0O5, which can be explained with
its lower conversion in general and conversion of N,O over
the downstream Fe-ZSM-5 catalytic bed.

In comparison, the observed trends of NO, produc-
tion were even more different from the laboratory results.
Mechanical mixture and mixture of granules were the least
selective to NO, with less than a half of individual Pt/Al,O4
selectivity. DB Pt upstream produced more NO,, but still
substantially less than the individual Pt/Al,O5. Surprisingly,
the second highest amount of NO,, was produced by the indi-
vidual Fe-ZSM-5. Unlike individual Pt/Al,O;, it produced
the main amount of NO, not at high temperatures and high
NH; conversions, but in the first 2/3 of the cycle, when the
temperature was rapidly ramped from 60 to 180 °C. DB Fe
upstream, which has the same Fe-ZSM-5 in the first bed,
produced almost the same amount of NO,. This is a remark-
able observation, since individual Fe-ZSM-5 did not exhibit
any activity in this temperature range in a conventional labo-
ratory reactor. This can be hardly explained either with con-
tamination with platinum, because for every experiment a
new single-use quartz microreactor was used, and individual

Pt/Al,0O5 produced less NO, with local overheating. All
other combined Fe—Pt-containing samples demonstrated
similar NO, yields to Pt/Al,O; at this part of the test cycle. A
tentative explanation for such a behaviour of Fe-ZSM-5 may
be some activity in ammonia oxidation of a small fraction of
oxidic Fe nanoparticles that are present in the catalyst (see
Characterisation results). According to literature, oxidic Fe
nanoparticles are significantly more active in deep oxidation
than isolated ionic ion sites [37]. In the conditions of rapid
heating and quick desorption of ammonia, which is a poison
for SCR-active single Fe sites in this reaction [23], these
nanoparticles might become active and yield the observed
NO, at lower temperatures.

A closer look on the high-temperature range in the last
third of the cycle (after 106 min in Fig. 6C), where NO,
yield was expected according to laboratory results, reveals
a different trend. When one omits the NO, peaks before
106 min, all catalysts enabling the diffusion of NH; oxida-
tion products from Pt-containing to the Fe-containing bed,
demonstrated significantly less NO, production compared to
individual Pt/Al,O;. The exception was the DB Fe upstream
sample, in which the reaction mixture did not interact with
any Fe-ZSM-5 towards the end of the catalyst bed.

3.3.2 Spectroscopic Results from Operando QEXAFS

The studied catalytic system can exhibit a significant gra-
dient of concentration of reactants and products and the
catalyst structure along the catalyst bed [38]. Therefore, the
spectra were measured in the closest possible point to the
start of a catalyst bed to probe the catalyst area with the
highest concentration of the reactants in order to better track
their influence on the state of the active metal under the
dynamic reaction conditions.

From all Pt L; edge spectra recorded in parallel to the
catalytic data in a model driving cycle, the strongest dif-
ference was observed between the spectra measured at the
lowest and the highest temperatures. These spectra for the
individual Pt/Al,O5 and for Pt/Al,O; in mechanical mix-
ture with Fe-ZSM-5 are shown in Fig. 7A and Fig. 7B,
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respectively. For all samples, they corresponded to Pt in
intermediate oxidation states between metallic Pt and PtO,,
the reference spectra of which are presented in Fig. 7C. In
both cases (individual Pt/Al,O5 and its mechanical mixture
with Fe-ZSM-5), platinum reduction was observed as a
result of heating in the reaction mixture. This is evidenced
by the decrease of maximum intensity near the absorption
edge (this energy range is also known as a “white line”)
[39]. For Pt/Al,05 in mechanical mixture with Fe-ZSM-5,
the white line intensity decreased more and, hence, reduc-
tion was slightly stronger. All other measured Pt L; spec-
tra at temperatures in between the highest and the lowest
one were located in between the two most distinct spectral
shapes described above. The trends of these changes have
been analysed further.

Differences in Fe K edge spectra of individual Fe-ZSM-5
and its mechanical mixture with Pt/Al,0; were more pro-
nounced. The most different shapes of the Fe K spectra were
found for the individual Fe-ZSM-5 and, as in the case of
Pt, for the highest and lowest temperatures (cf. Fig. 8A).
The absorption edges of the iron species at both low and
high temperatures were located between a-Fe,O; and FeO
(Fig. 8). This points to intermediate oxidation states between
+2 and + 3. The spectra of a-Fe,0; and FeO were used
as standards to estimate the average oxidation state of Fe
under the respective conditions. It amounted to +2.06 at
50 °C and to +2.45 at 360 °C for the individual Fe-ZSM-5.
This indicates reduction of Fe during heating in the reac-
tion mixture. In the same way, oxidation states for the most
different spectra at 50 and 360 °C were calculated for the
other samples. The corresponding spectra are shown in Fig.
S6, and the corresponding oxidation states—in Table S1. In
contrast to the behaviour of the individual Fe-ZSM-5, the
changes in the white line shape and edge position for the
spectra of Fe in combination with Pt were less pronounced.
This indicates a more stable oxidation state. The most evi-
dent example of Fe oxidation state stability in presence of
Pt was observed for the mechanical mixture. Its spectra were
almost identical at higher and lower temperatures (Fig. 8B).

The oxidation states for this sample were significantly higher
than for Fe-ZSM-5 and amounted to +2.50 at 50 °C and
+2.59 at 360 °C. Their difference amounted to only 0.09,
compared to 0.38 for the individual Fe-ZSM-5. The other
samples showed trends between Fe-ZSM-5 and the mechani-
cal mixture. Both the variance and the absolute values of
their oxidation state correlated with the proximity between
Fe and Pt species (see table S1). This is a clear indication
that the tight contact with Pt prevented Fe from reduction
by the reaction medium and stabilised it in a more oxidised
state.

In order to track the change of Pt and Fe states under
dynamic conditions of a typical NEDC driving cycle, the
most distinct spectra for each dataset were chosen as internal
references to conduct LCA. In this way, the relative frac-
tion of the low-temperature components (more oxidized
states) was determined during the NEDC with 0.2-1 s time
resolution for Pt and Fe components correspondingly. The
exemplary internal reference sets are shown in Figs. 7A, B
and 8A, B, all used Fe K internal reference spectra are also
shown in Fig. S6. The results of LCA analysis for Pt were
noisy and did not exhibit clear trends (Fig. S7). Unlike Pt,
LCA-derived change of Fe oxidation state demonstrated a
clear correlation with the reaction conditions and the catalyst
performance (Fig. S8). Therefore, an additional analysis was
conducted to attribute these changes to absolute oxidation
states of Fe over the whole NEDC. For this purpose, we
used the previously determined oxidation state of the inter-
nal references (Table S1) and the LCA-derived contributions
of these references (Fig. S6) into the measured spectra for
each data point. Figure 9 juxtaposes these analysis results
with the temperature program and product concentrations
in one driving cycle. The same results for five cycles are
shown in Fig. S9.

The change of Fe oxidation state in the dynamic reac-
tion conditions of driving cycles (Fig. 9) appears to corre-
late with the catalytic activity. For example, the least active
catalyst, the individual Fe-ZSM-5, exhibited pronounced
reduction in the reaction mixture (by 0.38, changing between
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Fig.9 Correlation of product concentrations with temperature and
state of Fe during the fourth one of 5 subsequent cycles of tempera-
ture change imitating realistic driving. A Measured temperature dur-
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+2.06 and +2.45; see Table S1) with temperature ramping
up and re-oxidation during cooling down. Iron reduction
with ammonia was previously observed in SCR reaction
and attributed to a less active ammonia-poisoned catalyst
state [23]. Fe-ZSM-5, thus, produced most of N, not at high
temperature but rather during the cooling step (e.g. around
20 min in Fig. 9), when its average oxidation state increased
again. Other samples with a catalytic bed of Fe-ZSM-5, DB
Fe upstream and DB Pt upstream, also produced N, in this
time span. Nevertheless, these samples produced most of N,
earlier, during the upward heating slopes, which presumed
participation of the Pt-containing beds and will be discussed
further. The initial oxidation states of the dual bed catalysts
were similar (+2.54 and +2.50 for the DB Pt upstream and
for the DB Fe upstream, respectively), but DB Pt upstream
was reduced to a lower extent to +2.28 (by 0.26), compared
to 2.19 (by 0.31) for DB Fe upstream. On the other hand, the
catalysts with Fe-ZSM-5 contacting with Pt/Al,O;—mix-
ture of granules and mechanical mixture—were the most
oxidised ones and kept a much more stable oxidation state,
which proves the crucial role of tight contact of Fe and Pt
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sites for maintaining Fe in oxidised state. This stable oxida-
tion state of Fe seems to be at the origin of the enhanced
yield of N, at lower temperatures and ascending slopes of
temperature ramps compared not only to the individual Fe-
ZSM-5, but also to its dual bed compositions with Pt/Al,O5.

4 Discussion

Transient cycle testing revealed effects of ammonia stor-
age on the zeolite-containing component. Its role may be
seen, in particular, by comparing the activity and selectivity
profiles of the dual component systems with those of the
individual catalysts. One such example are the previously
mentioned spikes in N,O production for all dual-compo-
nent systems except the DB Pt upstream (Fig. 9D). Since
Fe-ZSM-5 produced almost no nitrous oxide, the peaking
evolution of this by-product on steep heating ramps on 82
and 84.5 min in Fig. 9 originated from Pt, apparently from
the zeolite-stored ammonia. Notably, the DB Pt upstream,
where zeolite-stored ammonia evaded diffusion through the
Pt/Al,0; bed, demonstrated lower N,O yield with a profile
similar to the individual Pt/Al,05;. One more phenomenon
explaining the varying activity and selectivity of the dual-
component systems tested may be the synergy of the Fe- and
Pt-containing components. Similarly to the DB Fe upstream,
the mixtures of Fe-ZSM-5 and Pt/Al,O; exhibited increased
conversion on Pt in the conditions where the Fe-ZSM-5 was
inactive (Fig. 9C-E, S4). This differed from the testing with
gradual heating where the temperature range of the increased
N, selectivity coincided with the range of the Fe-ZSM-5
activity (Fig. 3). Apparently, ammonia storage contributed
to the conversion increase of the composites in the driving
cycles. However, it does not fully explain the results for the
mixtures because their NH; conversions exceeded the one
of the DB Fe upstream and the sum of the conversions of
the individual components. This clearly points to a synergy
of the Pt/Al,O5 and Fe-ZSM-5 combination in tight contact.

Differences in catalytic performance observed during
tests in driving cycles were accompanied by different trends
in the oxidation state of the iron sites. More specifically, the
systems with tight contact between the two active compo-
nents (the mechanical mixture and mixture of granules) had
the highest and the most stable iron oxidation state (Fig. 9B,
Table S1). They also produced most N, and had the highest
conversion among all tested samples, which exceeded also
the sum of conversions over the individual Pt/Al,05 and
Fe-ZSM-5 (Figs. 5, 9C). On the contrary, the iron oxidation
state in the samples with separate Fe-ZSM-5 beds changed
significantly with temperature and correlated with activ-
ity and selectivity under realistic dynamic conditions. For
example, in contrast to the laboratory test results, the activ-
ity of Fe-ZSM-5 did not directly grow with the temperature
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increase. The operando spectra showed that Fe was reduced
during the whole heating to 360 °C (around 86.5 min in
Fig. 9) in the reaction feed and became active only when it
started to re-oxidise during cooling (after 86.5 min). Appar-
ently, the re-oxidation became possible after desorption of
the excess of ammonia stored on zeolite prior to the intense
heating. Another effect that can be better understood with
the help of operando XAS is the high NO, yield on Fe-
ZSM-5 not observed during the conventional laboratory
tests. It seems that the ammonia inhibition of the SCR-active
Fe species during heating pulses may be responsible for such
an unusual selectivity. More specifically, a rapid decrease
of Fe oxidation state was clearly seen during all tempera-
ture pulses of a driving cycle (Fig. 9A, B). Additionally, the
maximal NO, yield coincided with the most reduced oxida-
tion state of Fe at the highest temperature (360 °C around
86.5 min, Fig. 9A, B, E). These trends were also similar
for DB Fe upstream, where the catalytic bed of Fe-ZSM-5
was also exposed to all ammonia dosed with the gas feed
as was the individual Fe-ZSM-5. The resulting ammonia
excess poisoned SCR-active Fe species and, at the same
time, provided enough ammonia to unselectively react over
Fe, O, oligomers and nanoparticles [36, 37]. Remarkably,
with the stable oxidation state of Fe in tight contact with Pt
in the mechanical mixture, almost no NO, production pulses
were observed. This may be another indirect confirmation
of a tendency of the reduced Fe-ZSM-5 to favour nitrogen
oxide production.

We should note that for precise evaluation of Fe oxidation
state, the analysis of the pre-edge XANES region needs to
be used, as done, for example, in Refs. [40, 41]. However,
such an analysis requires high quality data which presumes
high acquisition time of the spectra. For this study, high
time resolution was the priority, therefore, an approach of
comparing the position of the absorption edge was used.
It helped to set the observed spectral changes to a relevant
scale. This allowed to better distinguish the trends in the
changes of the state of Fe and estimate their extent. Despite
the potential bias in the determined oxidation states, the used
approach allows setting a common scale for all measure-
ments and discussing trends in the oxidation state of Fe.

Hence, with the help of operando XAS, a correlation
of the iron oxidation state with catalytic performance was
found. The rather reduced Fe species in the case of the iso-
lated Fe-ZSM-5 were SCR-inactive allowing undesired NO,.
On the other hand, oxidised Fe sites in tight contact with Pt
corresponded to higher activity and selectivity to N,. These
findings, together with the peculiar features of activity and
selectivity observed in the driving cycles and absent in the
tests with gradual heating, allow to specify the main factors
influencing the performance of the ASCs combining Fe-zeo-
lite and Pt/Al,O5: (1) ammonia storage both at low and high
temperatures; (2) increased activity of Fe sites in contact

with Pt; (3) efficient mass transport of NH; and its oxidation
products either from the Pt- to Fe-containing component or
in the opposite direction. The first factor, ammonia storage
on Fe-ZSM-5, may reasonably well explain the enhanced
conversion and N, yield of the dual-component systems. It
plays a predominant role in the case of the DB Fe upstream
sample and has already been discussed above. In order to
understand the even higher activity and selectivity increase
of the mixed catalyst beds, the tight contact between Fe and
Pt needs to be considered.

In this study, we showed that tight contact between Pt
particles and Fe sites increased low-temperature selectivity
to N, because of the decreased ammonia poisoning effect on
iron. This is an aspect that, to our knowledge, has not been
reported previously. The earlier works on the topic explain
the benefit of the tight contact between Pt and SCR-active
sites mainly by the decrease of diffusion path length between
Pt and Fe sites and, as a result, a higher chance for oxidation
products and ammonia to react on an SCR-active site [9, 11,
12]. However, this study suggests that the stable oxidation
state of Fe in contact with Pt may be an additional factor to
explain the low-temperature activity and selectivity of the
mixed catalyst arrangements. More specifically, re-oxidation
of Fe was shown to be the slowest step in the SCR of NO,
by NH; [38]. Therefore, due to the stabilisation of Fe sites
in the more oxidised state in proximity to Pt, the mechanical
mixture demonstrated the highest N, yield, outweighing also
other samples, even though some of them were more selec-
tive at high temperatures. The origins of the stable oxidised
state of Fe mixed with Pt can hardly be caused by the direct
contact between Pt and Fe entities. Particularly, Pt particles
exceed the size of zeolite pores which host most of the Fe
ions (although ion migration between the supports cannot
be excluded in these systems). Hence, Pt is more likely to
affect Fe sites through the products of ammonia oxidation.
On the one hand, it decreases the concentration of NH; by
converting it. On the other hand, Pt produces deep oxida-
tion products, such as NO, and NO [42]. These two gases,
together with ammonia, can participate in the so-called fast
SCR which proceeds on Fe at low temperatures and yields
N, [43].

On the contrary, high-temperature selectivity to N,
required Fe-ZSM-5 separated from Pt, provided there was
sufficient ammonia feed on the Fe-containing component, in
accordance with earlier reports [5, 9]. Hence, the samples
DB Fe upstream and the mixture of granules, which had Fe-
ZSM-5 separated from Pt and enabled sufficient NH; feed
on it, were most selective towards nitrogen among all the
samples at high temperatures. The reason for such behaviour
was that in these catalysts, ammonia flow reached Fe-ZSM-5
while it was exhibiting satisfactory activity and high selec-
tivity in these high-temperature conditions (for instance,
87.5 min in Fig. 9). At the same time, for the other catalysts
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most of ammonia was converted with the much more active
but less selective Pt, thus, leaving no reducing agent for SCR
on Fe-ZSM-5.

Finally, also NO, production is strongly affected (Figs. 6
and 9C, E). Firstly, the samples in which oxidation products
from the Pt-containing component could diffuse to the Fe-
ZSM-5 catalyst, produced almost no NO, at high tempera-
tures, where its highest yields were expected on individual
Pt (after 84 min in Fig. 9). Secondly, increased NO, yield
for the DB Fe upstream, compared to the individual Pt/
Al,O5, may be explained with the additional total conversion
because of ammonia stored on zeolite and desorbed at higher
temperature. Moreover, even though the conversion on the
upstream bed of Fe-ZSM-5 yielded mainly N,, the residual
ammonia, which was not completely converted on this barely
active catalyst, continued its oxidation on Pt with substantial
selectivity to NO, due to the temperature increase.

It is important to note that the systems tested in this study
differ from those used in industry. The primary difference is
the use of powder catalysts in plug flow reactors instead of
coated monoliths. In these systems, the type of mass transfer
is significantly different. Particularly, in plug flow reactors
convection of reactants prevails while in coated monoliths
convection coupled diffusion between catalyst layers plays
the major role. Additionally, monoliths are operating at sig-
nificantly higher gas flows. However, employing a simplified
model catalytic system was necessary for acquiring oper-
ando spectroscopic data, because monoliths do not allow
for uniform sample thickness and sufficient transmission of
X-rays at Fe K and Pt L; edges. Another constraint of the
used approach is the use of relatively large Pt catalyst bed
compared to the amount of Pt used in industrial catalysts,
also dictated by the in situ cell and experiment geometry.
In the case of the DB Pt upstream, high Pt content led to
overconsumption of ammonia on the Pt-containing catalytic
bed and did not allow the Fe-containing bed to participate
in the reaction. However, the used approach allowed to gain
the insight into Pt—Fe interaction in their tight contact and to
compare their state in individual catalytic beds. This infor-
mation can be useful for developing kinetic models based
on the tests of industrial systems and can help in validating
these models.

The findings obtained with the spectroscopic micro-
reactor not only explain catalytic activity and selectiv-
ity in rapidly changing temperature conditions but also
have a broader potential for applications. For example,
the use of a real catalyst bed in a plug-flow geometry is an
improvement, compared to the work of Benzi et al. [30],
which enables obtaining kinetic information and validating
micro- and macro-kinetic models. Additionally, the appli-
cation of temperature profile present during real-life oper-
ation simplifies the choice of conditions for such valida-
tion, helps to prevent excessive assumptions or insufficient
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consideration of transient effects. Moreover, the approach
used in this work can be useful not only in exhaust gas
aftertreatment, but also for studying other catalytic sys-
tems with dynamic reaction conditions, for example, fuel
cells or synthetic fuels production with intermittent wind
or solar energy supply [44].

5 Conclusion

Pt/Al,0; and Fe-ZSM-5 catalysts, their mixtures, and
dual bed arrangements were tested in temperature condi-
tions mimicking realistic automotive driving cycles and
characterised by operando QEXAFS. The application of
the temperature transient conditions allowed to unravel
important aspects of catalytic activity and selectivity not
present during conventional laboratory tests with gradual
heating. This includes high NO, production on Fe-ZSM-5
and elevated yields of N,O on dual-component systems,
synergy of Fe and Pt in tight contact, the influence of
ammonia storage on activity and selectivity. This dem-
onstrates the need to study catalysts also under transient
reaction condition with rapid changes in gas atmosphere,
temperature etc.

Operando QEXAFS allowed to follow catalyst state under
these rapidly changing conditions, which resemble automo-
tive driving cycles and to correlate it with catalytic perfor-
mance. The results uncovered that tight contact with Pt pro-
moted iron sites in the zeolite. The origin of the promotion
was probably the stabilization of the iron sites in the more
active oxidized state, which benefited their low-temperature
activity and, hence, overall selectivity to N,. On the con-
trary, rapidly changing oxidation state and fast reduction of
isolated Fe-ZSM-5 catalytic bed were associated with low
activity and production of NO, during rapid heating pulses.
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