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Abstract Lab scale fixed-bed reactor is applied for op-
erando transmission X-ray absorption spectroscopy (XAS)
for structure—activity studies of supported metal oxide
catalysts under real reaction conditions. This setup includes
many properties of an optimal fixed-bed reactor for oper-
ando transmission XAS studies. For instance, it is usable in
a wide range of temperature (up to 1,000 °C), pressure and
space velocity. Besides, this operando setup can be used for
transmission XAS measurements in a wide edge energy
range. The potential of this reactor for operando trans-
mission XAS is demonstrated by, as examples, the three-
way catalytic performance of Pd/Al,O3/CeZrO, and Rh/
A1203.

Keywords Operando spectroscopy - Lab scale fixed-bed
reactor - X-ray absorption spectroscopy - Structure—activity
relationships

1 Introduction
Operando spectroscopy is an important field of research in

heterogeneous catalysis as it provides the know-how of a
catalyst and hence, it can enhance our understanding of a
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catalytic process. Given the importance of the operando
methodology, a great deal of research has been dedicated to
developing operando spectroscopy further for characteriz-
ing heterogeneous catalysts. For example, by improved
reaction cell designs [1-8], coupling complementary
techniques [2—15] and data analysis methods [16]. Reaction
cells play an important role in operando spectroscopy as
small variations in the reaction conditions (gas composi-
tion, gas flows, mass transfer effects, temperature, pressure,
etc.) can dynamically transform catalyst structure which
ultimately impact the catalyst performance [2]. This could
provide a biased knowledge on the structure—activity
relationships in catalysts. Different reaction cell designs
such as capillary reactor, stainless steel block, diffuse
reflectance cell (required when IR is coupled with XAS)
and quartz tubes have been reported [1-10]. Undoubtedly,
each of the cell designs has its own merits and demerits.
These cells (except those reported very recently in [9] and
[17]) were used assuming similar reaction conditions to
those in a lab scale fixed-bed (or plug-flow) reactor [1-15].
In most of the cases it may be true however, some of the
cell designs are often limited by gas flows, mass transfer
effects, temperatures, etc.

These intrinsic limitations of reaction cells have been
significantly reduced by capillary reactors for X-ray based
techniques (XAS and XRD) [1]. Recently, improved but
hazardous, Be tube (2-1.5 mm diameter and 10 cm length)
cells were proposed over the conventional capillary reac-
tors [18]. Our experience with capillary reactors revealed
different disadvantages, for instance, pressure drop in the
reactor, small gas flow rates, gradients in the large catalyst
bed [19, 20] (e.g., 2 cm [1]) and a small amount of the
catalyst mass probed despite large catalyst bed. Quartz
reactors were also used however, with catalyst pellets
instead of a catalyst bed comprising of catalyst sieve
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fraction, not a plug flow type reactor [7]. Very recently, a
quartz reactor was reported for operando studies under
conditions approaching those used for industrial operations
[9, 17]. However, the reactor reported in [9] is only usable
for high energy X-rays (so that these X-rays can penetrate
through the thick reactor wall). For low energy X-rays, the
capillary reactors have been used. Though these capillaries
provide, under certain conditions, realistic reaction condi-
tions for operando XAS studies, there is still room for
improved cell designs [17].

In the present study, we report lab scale fixed-bed
reactor for operando transmission XAS studies under real
conditions (similar to those used for a commercial oper-
ation) using low energy X-rays. We have realized this by
adapting our lab scale fixed-bed reactor comprising of
quartz reactor (2 cm diameter and 45 cm length), oven,
gas manifold (Bronkhorst) and mass spectrometer (MS;
Balzers, Omnistar) for on line analysis of the reactor
outlet at the beam line X1 of Hasylab (DESY, Hamburg,
Germany).

2 Experimental
2.1 Reactor Setup

The detailed description of the setup is reported elsewhere
[21]. Briefly, the reactor is typically loaded with 400 mg of
catalyst (fraction of 100-150 pum) that resulted in a bed
length of ca. 2 mm. The reactor is fixed in a horizontal
oven placed between (/) and (/1) chambers and the system
is aligned such that the X-ray beam (8 x 1 mm) passes
through the length of the reactor and the catalyst bed. In
contrast, for a capillary reactor the X-ray beam bisects the
middle of the capillary wall (or an in situ cell) and the
catalyst bed [19-21]. For comparative purposes, some of
the experiments were also repeated with a capillary
(2.8 mm internal diameter and 7.5 cm length (Hilgenberg))
at the SuperXAS beamline, SLS (Villigen, Switzerland).
The capillary is loaded with ca. 50 mg of catalyst (fraction
of 100-150 pum) which resulted in a bed length of ca.
5 mm.

The potential of the operando setup was explored by
studying various supported (e.g., Pd, Pt or Rh on Al,O3,
CeZrO,, Al,03/CeZrO, or perovskites) catalysts on the
three-way catalytic (TWC) performance, oxidation and
reduction reactions. Here two examples will be discussed:
(i) comparison of TWC performance of Pd/Al,O3/CeZrO,
conducted with the present setup and with a capillary
reactor and (ii) the effect of thermal aging on the redox
properties of Rh supported on Al,O3 and its influence on
the TWC properties. For the second example, the fresh and
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hydrothermally aged 2 wt% Rh/Al,0Oj3 are subjected to H,-
TPR and sequential CO and NO pulse experiments.

2.2 Catalysts

The catalysts 1.6 wt% Pd/Al,03/CeZrO, (BET surface
area: 118 m2/g) and 2 wt% Rh/Al,O; (BET: 134 mz/g)
were kindly provided by Umicore, Germany. The fresh
catalysts were calcined in air at 500 °C for 4 h. A portion
of the fresh catalyst Rh/Al,O3 was hydrothermally aged (in
10 vol% H,0, 10 vol% O, in N,) at 1,000 °C for 16 h
(BET: 68 m?/g).

2.3 Operando X-Ray Absorption Spectroscopy

The three-way catalytic performance of Pd/Al,03/CeZrO,
was measured with the present setup and the capillary
reactor. The feed composition was 1,300 ppm CHy,
7,000 ppm CO, 1,600 ppm NO and 5,300 ppm O, in He.
The total flow rate was either 400 mL/min (for the present
setup) or 50 mL/min (for the capillary reactor). In the
former, the same flow rate was detected at the outlet of the
reactor. However, the flow rate of only 30 mL/min was
detected at the outlet of the capillary. This indicates that
there was a pressure drop in the reactor which could not be
avoided even at lower flow rates. The catalyst bed tem-
perature in the present setup is measured through the
reactor wall (by directly placing the K-type thermocouple
on the reactor wall), whereas only hot air temperature
estimation between the reactor and oven (air blower) is
considered for a capillary reactor [1, 20, 21].

Temperature programmed reduction with H, (H,-TPR)
of fresh and aged Rh/Al,O3; were performed between room
temperature and 450 °C. Prior to H,-TPR experiments,
catalysts were calcined in air at 500 °C for 30 min. After
H,-TPR, catalysts were flushed with He for 15 min at
450 °C and subsequently sequential pulses of CO/He and
NO/He for 500 s each were performed. In total of eight
cycles (CO + NO pulses gives rise to a cycle), first two
cycles were considered to allow the system to reach steady-
state.

X-ray absorption spectroscopy (XAS) data were col-
lected in the transmission mode. X-ray absorption near
edge structure (XANES) spectra were measured at the Pd
K-edge (24.35 keV) to study the behaviour of Pd during
the TWC over Pd/Al,O3/CeZrO,. XANES and EXAFS
(extended X-ray absorption fine structure) spectra were
obtained at the Rh K-edge (23.22 keV) using Rh foil as
reference. During H,-TPR, XANES spectra were mea-
sured. Quick EXAFS spectra (125 s per spectrum) were
obtained during the CO/NO pulse experiment. WINXAS
v3.1 software was used for data evaluation [22].
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3 Results and Discussion

3.1 The Potential of the Operando Setup is
Demonstrated by Probing the TWC Performance
of Pd/Al,03/CeZrO, and the Redox Properties
of Rh in Fresh and Aged Catalysts

3.1.1 Three-way catalytic (TWC) performance of Pd/
A1203/Cle02

The potential of the operando setup is assessed by com-
paring the TWC performance of Pd/Al,03/CeZrO,
obtained with the lab scale fixed-bed reactor and capil-
lary. For the sake of clarity, only the oxidation of methane
profiles and the corresponding XANES spectra are shown
in Fig. 1. Starting with the data obtained on the present
setup, the maximum conversion of methane during heat-
ing is observed at around 445 °C and the conversion
remains the same up to 860 °C (Fig. 1a). However, while
cooling conversion remains the maximum up to 680 °C.
Typical loss in the combustion activity is then observed
between 680 and 450 °C with a maximum loss of methane
conversion at around 589 °C. It is noteworthy that at
325 °C (either heating or cooling), around 30% conver-
sion of methane is observed. The corresponding XANES
measured during heating and cooling are shown in

Fig. 1a. The black spectrum (see heating) indicates the
initial state of palladium in the catalyst, which is the
oxidized state [21]. During heating, PdO, is reduced at
around 650 °C and it remains the same up to 860 °C.
While cooling, the reduced Pd only slightly reoxidizes at
around 200 °C. These results reveal the occurrence of a
redox cycle (reduction and re oxidation of PdO,) in the
catalyst under these experimental conditions. The data
obtained with the capillary reactor is different as shown in
Fig. 1b. No methane conversion is observed at 325 °C
(either heating or cooling) and the corresponding XANES
spectra show no reduction of PdO, in the catalyst even at
around 680 °C (Fig. 1b). These results can be attributed to
the following observations made during the experiment in
the capillary reactor: (i) pressure drop in the reactor, (ii)
the way the catalyst bed temperature is measured (see
Fig. 2 and Sect. 2.3), (iii) space velocity or (iv) temper-
ature (maximum 7 that could be attained with this capil-
lary setup is 680 °C).

3.1.2 XANES during H,-TPR

The reducibility of Rh in fresh and aged catalysts is shown
in Fig. 3. The initial state of Rh after oxidative pretreat-
ment and before H, switch (black spectra) is a completely
oxidized state [19]. In the fresh catalyst, significant
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Fig. 1 Three-way catalytic performance of Pd/Al,03/CeZrO, obtained with the present setup (a) and capillary reactor (b). See text for
experimental conditions. Temperature profile of the catalyst bed measured through the reactor wall is shown in the inset
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Fig. 2 Photographs (above)
and schematic representation
(below) of the lab-scale fixed
bed reactor (a) and capillary
reactor (b)
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reduction of Rh is observed already at 30 °C (red spec-
trum) as evidenced by the decreased intensity of the white
line that is accompanied by a red shift of the edge energy
and appearance of a new peak at A keV of 0.0324. These
features are characteristic for metallic Rh [19]. Complete
reduction of Rh is essentially observed at around 100 °C
(pink spectrum) after which the process is minimal even up
to 450 °C (green spectrum). In marked contrast, most of Rh
in the aged catalyst is not sensitive to reduction even up to
450 °C as evidenced by the negligible decrease in intensity
of the spectra taken at 30 °C (initial spectrum, black) and
450 °C (green). This indicates that only a small fraction of
Rh is reducible in the catalyst, in line with literature [23—
25]. For example, it was shown that the reducibility of Rh
in 0.5 wt% Rh/Al,0; decreases with increasing aging
temperature by H,-TPR. And, only 14% Rh is reducible in
the catalyst that was aged at 702 °C for 1 h [25]. However,
such a behaviour of Rh is not yet completely understood
and different mechanisms were proposed [23, 26]. Our
recent findings by UltraSTEM suggest that the diffusion of
Rh into the alumina lattice is responsible for highly
reduction resistant Rh oxide formation [27].

3.1.3 Quick EXAFS during Sequential CO and NO Pulses
over Reduced Catalysts

The reaction between CO and NO is one of the most
important steps in three-way catalytic processes for the
oxidation and reduction of CO and NO, respectively, over
Rh [28-31]. Thus, the behaviour of Rh during the transient
reaction between CO and NO over the reduced fresh Rh/
Al,O3 catalyst at 450 °C is studied by quick EXAFS
(Fig. 4). Every CO or NO gas pulse was sequentially
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quartz wool

X-ray bclzam path
outlet

switched on for 500 s for a total of eight cycles, starting
with CO pulse.

During each pulse, four quick EXAFS were measured.
For the sake of clarity, only the last spectrum (i.e., the
fourth spectrum) from each switch and two spectra from a
total of eight spectra for a complete CO/NO cycle are
shown in Fig. 4. Only three complete switches from a total
of eight are shown for MS data (Fig. 4). A set of 16 quick
EXAFS during two complete CO and NO cycles can be
found in ESI (Fig. S1).

After a reductive pretreatment, Rh is in a completely
reduced state. A subsequent CO switch does not change the
state of Rh in the catalyst as evident from the spectrum
(black) in Fig. 4 that is similar to the spectrum (green)
taken at 450 °C during H,-TPR (Fig. 3). The reduced Rh is
partly reoxidized upon subsequent NO switch indicating
that Rh is redox active in the fresh catalyst. A sharp evo-
lution of products CO, and N, is also evident from the
corresponding MS data on either a CO or NO switch.
Based on these observations it can be suggested that the
redox cycle involving surface reaction between CO and
NO is occurring on Rh as shown in Eq. 1.

CO + NO — CO, + 14N, (1)

The mass fraction (m/z = 44) of CO, overlaps with that of
N,O. Thus the formation of the latter cannot be ruled out
according to the Eq. 2.

CO + 2NO — CO; + N,O (2)

Evidence on the occurrence of these two reactions is
reported elsewhere [16], where we have studied CO/NO
cycles on on Rh/A,O; by energy dispersive EXAFS/
DRIFTS/MS. It was observed that upon a CO switch the
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Fig. 3 XANE spectra of the catalysts during heating from 30 to
450 °C (5 °C/min) in a flow of 5 vol% H,/He. Initial spectra at 30 °C
(black) and spectra at 450 °C (green)

catalyst surface is populated by differently adsorbed CO
species. A subsequent NO switch produces CO, via Rh-
NCO species (Eq. 1) and N,O via formation of Rh-
NO™(Eq. 2).

Interestingly, the relative intensity of MS signal of m/
z = 44 associated to CO, and N,O is different between the
CO — NO and the NO — CO switches (Fig. 4). The sig-
nal intensity is always higher for the latter switch than for
the former. It may suggest that during NO — CO switch
the formation of products is significant, especially N,O,
than that during CO — NO switch. This could be due to
more available Rh sites for NO to form species like Rh-
NO™ and to the partially oxidized state of Rh, which are
responsible for N,O formation [16].

In contrast to the fresh catalyst, as evident from Fig. 3,
most of Rh is not redox active in the hydrothermally aged
catalyst during CO/NO cycles (Fig. S1 in ESI). This could
explain the poor TWC performance of the catalyst [24,
25].

over pre-reduced fresh Rh/Al,O; catalyst at 450 °C. The quick
EXAFS during pulses (above) and relative concentration of reactants
(CO and NO) and products (CO,, N,O and N,) at the outlet of the
reactor is analyzed on-line by MS (below)

3.2 Advantages and Limitations of the Operando Setup
3.2.1 Advantages

The photographs and schematic diagrams of the operando
setup and capillary reactors are depicted in Fig. 2. The
main advantages of the setup are as follows:

(i) The typical catalyst bed length is around 2 mm in the
reactor which is much smaller than that often used in a
conventional operando reaction cell for example
1-2 cm [1, 4]. This implies that the concentration
gradients within the solid phase and gas—solid phases
can be greatly reduced.

(ii) The X-ray beam probes the whole catalyst bed length
(from front to rear), averaging out, if any, gradients in
the catalyst bed of 2 mm. This in turn prevents the
loss of spatiotemporal information [9].

(iii) The volume of the catalyst probed in the reactor is

more than one order of magnitude larger than that in
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conventional operando reaction cells. This allows to
obtain high-quality spectra.

The setup allows for studying catalysis under a large
window of space velocities which is extremely
limited with operando reaction cells. This implies
that a reaction can be performed under a kinetically
controlled regime.

@iv)

The above advantages demonstrate that accurate and
reliable data on the catalyst structure activity relationships
can be obtained with this setup. Furthermore, the reactor
setup can directly be coupled with operando UV-Vis and
Raman spectroscopic techniques.

3.2.2 Limitations

The setup is limited by the large reactor volume that has
the following main implications:

(i) The catalyst bed length is much smaller (between 2
and 4 mm, which is suitable for operando studies)
than that of in an optimal reactor (in this case it should
have been 20 cm). This is a compromise between the
bed length and spatiotemporal information along the
bed, the smaller the bed the better the received
spatiotemporal information.

(ii) Though the setup can be used in a wide space
velocity, it may not be suitable for very low space
velocity regimes.

(iii)) Unlike capillary reactors, this setup cannot be
coupled with XRD.

4 Conclusions

A lab scale fixed-bed reactor is presented that allows to
conduct operando transmission X-ray absorption spectros-
copy studies under an optimal reaction conditions of a
fixed-bed reactor and to obtain high quality data. With this
setup the loss of spatiotemporal information can be greatly
avoided. The obtained results demonstrate the participation
of Pd and Rh redox cycle in TWC process which in turn
proved the credibility of the setup.
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