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A setup for dispersive X-ray absorption spectroscopy (XAS) with
spatial, temporal and energy resolution is presented. Through
investigation of a Mo/HZSM-5 catalyst during the dehydroaroma-
tization of methane we observed a reduction gradient along the
packed bed. Our new method represents an unprecedented addi-
tion to the analytical toolbox for in situ characterizations.

The characterization of catalysts under reaction conditions
(in situ) or with simultaneous activity measurements during
their operation (operando®) is a cornerstone for the in-depth
understanding of catalytic processes and materials.> Compared
to analysis ex situ, these methods allow investigating dynamic
processes, transient products and active sites.® Raman,"®
infrared,® nuclear magnetic resonance,” electron paramagnetic
resonance® or X-ray spectroscopies’ ! have been successfully
demonstrated and are invaluable for improved catalyst and
process designs. However, demanding parameters such as high
operating temperatures and pressures impose difficulty on
operando characterization. Nevertheless, the insights possible
with such methods can be highly important, especially in the
field of heterogeneous catalysis. Fundamental knowledge in
catalytic materials at work, such as electronic structure and
local coordination environment, is essential to acquire infor-
mation about the nature of the active sites and to establish a
link between structural motifs and activity in a catalyst. One of
the most common techniques is X-ray absorption spectroscopy
(XAS)."? A recent review of the challenges and opportunities for
X-ray spectroscopy in catalysis research is given by Cutsail III
and DeBeer."® For time resolved studies the two most promi-
nent modes are quick XAS' and dispersive XAS.">'® With
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dispersive XAS the advantage for characterizing catalysts at
work is that the whole energy range interacts with the sample
and, with our setup, a large beam of a few mm® allows the
extraction of time-, space- and energy-resolved information in a
scanningless mode."”"'®

One particular catalytic conversion where in situ analysis is
of special interest is methane dehydroaromatization (MDA)."®
This reaction allows the production of ethylene, light aromatics
and hydrogen at high temperatures (=600 °C) in the absence
of oxidants.?® The most researched and widely used type of
catalyst for this reaction is molybdenum on various types of
acidic zeolites, most prominently HZSM-5.>'">* The MoO; on
the catalyst is converted to oxycarbidic or carbidic species
during the onset of the reaction before aromatics are produced
(see Fig. 1A).>*2° The utilization of in situ and operando
characterization methods,>”~2° isotopic labeling®®** as well as
DFT calculations®*** have been crucial for the elucidation of
structure-activity relationships, but there is still no clear con-
sensus about the exact reaction mechanism or structures of
active sites. Furthermore, catalysts suffer from constant deac-
tivation due to coking, particle agglomeration and dynamic
transformation of Mo species.***® The generation and stability
of active Mo species is key for MDA catalysts. A common
method to investigate the electronic properties of this element
is X-ray photoelectron spectroscopy (XPS), which is surface
sensitive,®® thus not allowing bulk observation of species in
the zeolite pores. In addition, the combination of the method
with the catalytic experiment must be carried out at very low
pressures to ensure sufficient photoelectron flux, which in turn
weakens the validity of currently reported in situ XPS results.’
However, XAS can be more easily performed under realistic
reaction conditions. In contrast to homogeneous catalysis or
reactions in stirred tanks, the concentrations of reactants and
products change significantly along a heterogeneous catalyst
bed as the reaction progresses. This is the case in many indus-
trial catalytic reactions, as they are conducted under continuous
reactant/product flow through packed beds. Considering the
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Fig. 1 (A) Simplified scheme of the MDA reaction on Mo/HZSM-5 cata-
lysts; (B) Sketch of the experimental in situ XAS setup; (C) Cross-section
view of the measurement cell including a zoom-in showing the different
sample regions and exemplary catalyst structure; (D) Visualization of the
concept for time, space, and energy resolution.

gradually different fluid-phase compositions along the packed
catalyst, it can also consequently impose a change upon the active
material. Thus, it must be noted that knowledge of the true nature
of a heterogeneous catalyst at work is often poorly understood. For
our specific catalytic case Lezcano-Gonzalez et al.*® and Kosinov
et al.*® used operando XAS to investigate the dynamic change of Mo
in methane at 700 °C. However, to our knowledge, the possible
influence of concentration gradients of reactants and products was
not yet considered in these characterizations. Nevertheless,
research has shown that pretreatment of Mo/HZSM-5 in different
gas compositions can lead to different catalytical properties,
suggesting the formation of active sites with slightly altered
physicochemical attributes.**”*® With respect to MoOj, the differ-
ent reactivities of CH, compared to the products H,,** C,H,*® and
C,Hg*' could have an impact on the structure and formation rate
of active sites. In this context Song et al.**** reported significant
disparities in coke deposition on spent Mo/HZSM-5 in different
catalyst layer positions at 800 °C. The inlet layer exhibited
increased polyaromatic coke compared to the outlet layer, pre-
sumably due to product concentration and selectivity gradients
along the catalyst bed. Unfortunately, literature results from in situ
or operando catalyst characterizations by XAS are obtained by
averaging over the reactor space.*

The focus of this work is the demonstration of spatial
resolution in an in situ investigation in addition to observations
over time on stream for a deeper insight into the transforma-
tion mechanisms of catalytically active species. As an exemplary
system we chose a Mo/HZSM-5 catalyst for MDA (see Fig. 1A).
We introduce a new, custom-designed dispersive XAS setup to
explore possible space-dependent differences in Mo speciation.
This innovative approach allows both space- and time-resolved
energy spectra to be measured in situ. The experimental setup is
depicted in Fig. 1B (further technical information in the ESIT).
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XAS measurements were performed at the synchrotron BESSY II
in Berlin, Germany. The setup for time-, space- and energy-
resolved XAS was installed at the BAMline."® The incident
polychromatic X-ray beam is generated by a Pd mirror together
with a 60 pm thick Al filter (spectral flux visualized in Fig. S1,
ESIT). A schematic view of the measurement cell and structure
of the Mo/HZSM-5 is shown in Fig. 1C. The sample cell is made
of Inconel steel and is equipped with a SiN window, gas
connections and two heating cartridges controlled by a thermo-
couple. The sample cavity has an area of approximately 6 x
6 mm?®. The X-ray beam used was 4 mm wide and 3 mm high,
resulting in a total illuminated area of 4 x 3 mm?®. Control
experiments have shown temperature differences below 10 K up
to 800 °C. The transmitted beam is diffracted by a convex
Si(111) crystal and recorded by a CCD detector (see also Fig.
S1, ESIt). This setup allows the detection of the entire XAS
spectrum in one shot for the whole illuminated area (Fig. 1D).
Spatial resolution is achieved by dividing the area into three
regions: 1 being the top, 2 the middle, and 3 the bottom (see
Fig. 1C). This promotes our setup to a novel and unique ability
to characterize catalyst materials in situ with a 3-dimensional
reference.

We first investigated our Mo/HZSM-5 catalyst by XPS before
and after treatment in methane at 600 °C (see Fig. 2, also Table
S2, ESIf) for comparison with our new method. The obtained
results show a partial reduction of molybdenum along with a
deposition of carbon. Contributions of Mo®* (232.9 eV), Mo>*
(231.8 eV), Mo*" (230.5 eV, 229.3 eV) and Mo*>" (228.9 eV,
228.3 eV) were assigned and deconvoluted using literature ref.
9 with binding energies given for the respective Mo 3ds,
signals (+ 0.1 eV). Mo®" can in this case be regarded as
stabilized species on Brensted acid sites.** Metallic Mo® was not
detected. To further elucidate the formation of these different
molybdenum states operando near-ambient pressure XPS
(NAP-XPS) was performed (see Table S3, ESIT). By increasing
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Fig. 2 XPS spectra at the Mo 3d level recorded ex situ of fresh 6Mo/
HZSM-5 (A) and spent sample after 360 min of reaction with 90% CH4/10%
N, at 600 °C (B), showing partial transformation of Mo to (oxy-)carbidic
species. Dashed lines corresponding to the Mo 3ds,, binding energies of
Mo®*, Mo>* and Mo?* are added as a visual aid.
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the temperature of the sample in a CH, atmosphere at 2 mbar a
stepwise reduction of Mo®" to Mo*" was observed, while Mo**
formation occurred only after a prolonged reaction time.
Lezcano-Gonzales et al.?® also concluded from their operando
XAS studies that Mo is carburized stepwise. Methane pulsing
resulted in similarly staggered changes as the reduced reaction
pressure of our NAP-XPS measurements. However, the required
pressure gap and surface sensitivity limit the power of NAP-XPS
for in situ characterization of MDA catalysts.

Both our ex situ and operando XPS investigations proved the
coexistence of oxidic and carbidic Mo species. As methane and
MDA products show different reduction/carburization poten-
tials, these compounds might form inhomogeneously over the
catalyst bed.*>™” In order to follow a possible reduction gra-
dient within the catalyst at work, we performed unprecedented
spatially resolved XAS measurements at ambient pressure.
Fig. 3 shows the recorded X-ray absorption data. The rows
labeled with regions 1, 2 and 3 refer to the spatial resolution
depicted in Fig. 1C. The columns are divided into selected
XANES curves at different temperatures (Fig. 3A, D and G), their
respective derivatives (Fig. 3B, E and H) and projections of the
derivative curves over the whole measurement (Fig. 3C, F and I).
From the XANES curves in all regions an absorption maximum
at approximately 20 020 eV is clearly visible from the beginning
of the experiment until 520 °C (1500 s). This energy is compar-
able to the MoO; reference (blue curve in Fig. S2A, ESIt) and
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Fig. 3 Three-dimensionally resolved in situ XAS investigations of 6Mo/
HZSM-5 during ambient pressure MDA in 20% CH4/80% N,. Measure-
ments were divided into different segments (from inlet to outlet regions 1,
2, 3). For each region, the XANES curves (left column, A, D, G), the
corresponding derivatives (middle column, B, E, H), sum of every 60 sec-
onds, and the projection of the derivative curves over the whole experi-
ment with a time resolution of 5 s (right column, C, F, 1) are shown. The
colors of the lines in the first two columns correspond to the time/
temperature plotted at the top of the figure. In the third column, dashed
lines corresponding to strong (black) and weak (grey) maxima are added as
a visual aid.
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signifies the dominant initial state of Mo as proven by XPS (see
Fig. 2). From 555 °C this absorption maximum decreases in
region 1, while in regions 2 and 3 it vanishes completely. This
indicates the loss of MoO; species through reduction by CH,.
Both the derivative curves and heat maps clearly show two
maxima (19994 £+ 1 eV and 20 007 £ 1 eV, see Fig. 3B, E and H)
until 520 °C, which again fit well with the first derivative plot
of MoO; (see Fig. S2B, ESIt). The former maximum reveals a
pre-peak transition (1s—4d) which is more likely to occur in
tetrahedrally coordinated environments.”® From 555 °C the
second maximum at 20007 £+ 1 eV disappears, indicating a
partial reduction of MoO;. a new maximum is observed at
20001 + 1 eV, while 19994 £ 1 eV becomes the strongest
maximum in region 3. Both fit well to the maxima observed for
the MoC and Mo,C references (red and purple curves in
Fig. S2B, ESI{). Furthermore, the XANES curves in region 3
reveal new features between 20060-20100 eV, which also
indicate the formation of MoC or Mo,C. From these observa-
tions it can be concluded that the reaction with methane at
600 °C produces a mixture of Mo oxide and carbide species. The
reduction of Mo begins at 520 °C, resulting in a diminishment
of the oxide contribution in the obtained spectra. The regional
XANES and derivative curves indicate that the concentration of
MoO, species decreases over the length of the catalyst bed while
the relative concentration of MoC, species increases inversely.
The observation of both oxidic and carbidic species agrees with
our XPS results. The differences in Mo speciation in depen-
dence of relative position in the reactor can be explained by the
characteristics of the MDA reaction itself. Upon contact with
CH, MoO;s; is reduced to create active sites. During this initial
activation process, only CO,, H, and possibly H,O are formed.
This is also visible from our MDA experiments in a conven-
tional plug flow reactor, resulting in ~7% methane conversion,
high CO, selectivity and no aromatics formation at 30 min on
stream at 600 °C (see Fig. S3, ESIt). As CH, is consumed while
flowing through the catalyst bed, the amount of H, increases.
This in situ formed hydrogen may facilitate downstream reduction
of MoO:;. Literature studies of temperature-programmed reduction
(TPR)* by H, and temperature-programmed surface reaction
(TPSR)*® by CH, reveal a significant difference in reduction
potential. While Mo®" is reduced to Mo** at temperatures
>600 °C in methane, a first reaction occurs at temperatures
100-150 °C lower in diluted hydrogen.*” Our own TPR experiments
(see Fig. S4, ESIt) show similar reduction behaviour. Furthermore,
it has been demonstrated that C,, hydrocarbons can carburize Mo
oxides at lower temperatures than CH,.*’ The concentration
gradient of CH, fragments and C-C coupled products in packed
bed reactors may thus be responsible for the more severe carbur-
ization of Mo species we observe near the outlet.

In summary, the addition of spatial resolution to XAS is an
important step in improving the understanding of catalytic
materials in operation. We have shown that the change in
reactant and product concentrations along a catalyst bed
should not be neglected and can lead to the formation of
different species. The knowledge gained from this new type
of characterization could improve rational catalyst design,

This journal is © The Royal Society of Chemistry 2023
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especially for industrial applications where reactors are large,
and conversions are typically high.
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