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ABSTRACT

Coupling operando synchrotron-based Mdossbauer spectroscopy (SMS) with operando Raman spectroscopy provides comple-
mentary structural information during catalytic reactions. We demonstrate the potential of this approach for the oxidative
dehydrogenation of ethanol to acetaldehyde over an iron molybdate catalyst. The coupled SMS-Raman approach enables the
simultaneous detection of bulk (*’Fe Mgssbauer) and (sub)surface (Raman) structural changes and their correlation with the
catalytic conversion and selectivity recorded by online mass spectrometry. Based on the high photon flux at the synchrotron and
absence of a non-resonant background, SM spectra could be recorded with high time resolution, enabling simultaneous analysis by
SMS and Raman spectroscopy. Exposure to reducing conditions (absence of gaseous oxygen), while the reaction to acetaldehyde is
maintained, revealed a significantly faster response of Raman signals from crystalline phases (MoOs, Fe,(Mo00,);) in comparison to
SMS, which originates from the higher surface sensitivity of Raman spectroscopy. SMS as a bulk technique monitors the reduction
of iron, leading to 3-FeMoO, formation under reductive conditions. Our results show that the application of coupled (sub)surface
and bulk operando methods strongly facilitates a detailed understanding of the structure-activity relationship of bulk metal oxide
catalysts in selective oxidation reactions, including oxygen transport from the bulk to the catalyst surface.

1 | Introduction showed that the same material is also very active and selective for

the ethanol (EtOH) ODH to acetaldehyde [3]. For both reactions,
Iron(IIT) molybdate (Fe,(Mo0O,);)-based catalysts represent the ODH of methanol and ethanol, a Mars-van Krevelen mechanism
state-of-the art material for oxidative dehydrogenation (ODH) of ~ has been proposed, similar to other selective oxidation reactions
methanol to formaldehyde [1]. For industrial applications, the [4-6]. This means that during the reaction, lattice oxygen reacts
catalyst is usually applied with an excess of MoO, to improve  with the substrate (e.g., methanol or ethanol), followed by the
the selectivity and stability [2]. In a recent work, Oefner et al. replenishment of anion vacancies by oxygen from the gaseous
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feed. Depending on the kinetics of both steps, this can cause a
more or less pronounced reduction of the transition metals. In
an in situ x-ray absorption spectroscopy (XAS) study combined
with x-ray diffraction (XRD) structural changes were monitored
during redox cycling on Fe,(MoO,), with excess MoO; (Mo:Fe
= 2) [7]. It was shown that upon heating from 100°C to 400°C,
the catalyst was reduced to Mo(IV) and Fe(II), forming MoO,
and FeMoO, when gaseous oxygen was absent (5% MeOH/He).
Subsequent oxidation (10% O,/He) between 200°C and 500°C
returned the catalyst to its original state, involving intermediate
phases of Fe,O; and extra MoO;. On the basis of in situ wide-
angle x-ray scattering (WAXS), XAS, and UV-Vis spectroscopy on
stoichiometric Fe,(Mo00O,); in methanol ODH, it was concluded
that Fe,(Mo00Q,), is transformed under reductive conditions first
to an oxygen-deficient intermediate (named P1) and then to
B-FeMoO, and a MoC-type phase (P2) [8].

More relevant information can be extracted from operando
spectroscopies, in which the conversion and selectivity are mea-
sured in parallel to the spectroscopic changes. Using operando
synchrotron XAS/XRD and operando Raman spectroscopy on a
mixed MoO;/Fe,(Mo0,), catalyst (Mo:Fe = 2), the loss of excess
a-MoO; under reactive conditions was detected and related to the
observed decrease in performance [9]. The authors proposed that
the presence of an excess of @-MoO; minimizes the reduction
of Fe,(M00,);. Using a combination of operando UV-Vis, UV
Raman, and impedance spectroscopy as well as transient IR
spectroscopy during propane ODH over Fe,(MoO,);, it was
shown that molybdenyl (Mo = O) containing surface species
act as active redox sites and that the presence of iron supports
the oxygen transport by influencing oxygen diffusion within the
catalyst [10]. Bates performed anaerobic titration experiments
coupled with x-ray absorption techniques and showed that the
removable oxygen species, which are active in the reaction, are
shared between Fe and Mo within the Fe,(MoO,); lattice [11].
This finding underscores the importance of the role of iron
molybdate in facilitating the ODH process. While there were
different conclusions on the role of molybdenum oxide, it is
evident that the presence of iron in Fe,(M00O,); enables a higher
turnover frequency.

Hence, novel approaches are required that allow following the
structural changes in Fe,(MoO,), focusing specifically on the iron
coordination sphere under operating conditions. In this respect,
SFe Mossbauer spectroscopy is very powerful. For instance,
Jirak et al. explored the magnetic behavior of Fe,(M0O,); by
temperature-dependent Mossbauer spectroscopy and deduced a
possible spin arrangement for Fe-O-Mo-O-Fe [12]. In another
work by Diirl et al. [13], the defect density of Fe,(MoO,); was var-
ied using ball milling (BM). Ex situ Mossbauer spectra unraveled
that two different types of defects were introduced associated with
a higher performance. However, after longer application, defects
were healed, and the material behaved similarly to the catalyst
prior to BM [13]. This underlines, on the one hand, the high
sensitivity for local changes by Md&ssbauer spectroscopy and, on
the other hand, the necessity of in situ and operando experiments
to follow changes in defect density and catalytic performance at
the same time.

So far, very few in situ Mdssbauer spectroscopy studies have
been performed on iron molybdate, focusing mostly on methanol.

Carbucicchio and Trifird performed in situ measurements for
stoichiometric Fe,(M0O,); and Fe,(MoO,); with an excess of
MoO; (35%, namely, Mo:Fe = 1.8) under reductive conditions
in CH;0H/N, [14]. Thereby, the catalyst was first subjected to
the gas feed for a distinct time at ambient pressure, then the
pressure was reduced to ca. 1076 bar to record the spectrum (the
measurement time per Mossbauer spectrum was not given). A
reduction of the material occurred only at T > 230°C. At 230°C,
about 25% f3-FeMoO, was formed after 5 h. On the basis of further
characterization as well as catalytic conversion and selectivity
data, the authors concluded that in this temperature regime the
diffusion of oxygen to the surface is rate-limiting [14].

Mitov et al. [15] recorded spectra under reactive (CH;OH/air)
and reductive (CH;OH/Ar) conditions in a temperature regime
of 200°C-400°C. After applying reactive conditions for a defined
time, the gas flow was changed to purely Ar. Then, Md&ssbauer
spectra were recorded for 3-4 days each. For reactive conditions,
two doublets were identified in the spectra with isomer shift (IS)
and quadrupole splitting (QS) values of IS = 0.21 mm s™* and QS
= 0.16 mm s~! for the A-site and of IS = 0.10 mm s~! and QS
= 0.63 mm s7! for the B-site [15]. While the A-site corresponds
to standard parameters obtained for bulk ferric molybdate,
the B-site intensity increased with temperature and increasing
methanol feed during in situ conditioning. The authors assigned
this doublet to a “defective” iron (III) molybdate due to the
accumulation of anion vacancies, which might be the same phase
as assigned later by O’Brien as P1 [8]. Reductive conditions
were applied at 300°C for up to 2.5 h. After 25 min, 20% of B-
FeMoO, was formed, while after 2.5 h the iron atoms were fully
converted to Fe(IT). (No further reduction time in between was
tested). This indicates, on the one hand, that structural changes
can be probed by Mossbauer spectroscopy with high sensitivity
but, on the other hand, that lower photon fluxes together with
the non-resonant radiation make the realization of real-time
in situ/operando experiments challenging in laboratory-based
Mdssbauer spectroscopy.

The significant difference in the reaction toward the -FeMoO,
phase in the above-mentioned works [14, 15] might indicate the
trade-off between a good signal-to-noise ratio for Mdossbauer
spectroscopy (optimal mass according to thin-layer approxima-
tion [16]) and a homogeneous utilization of the overall catalyst
bed. Carbucicchio et al. [14] used “thin pellets” of the pristine
materials (defined mass is not given), whereas Mitov et al.
[15] used 20 mgp, cm™, corresponding to ca. 106 mg cm™2 of
Fe,(MoO,);.

Hence, an experimental arrangement that ensures a good signal-
to-noise ratio at relevant conversion with homogeneous utiliza-
tion of the catalyst bed is desired, thus making SMS highly
attractive. SMS is realized by using the 14.4 keV irradiation
of synchrotrons with high brilliance that is used to probe an
iron borate crystal nuclear Bragg monochromator [17]. The
crystal is kept close to its Néel temperature of 75.2°C and the
incident angle close to Bragg reflection [18]. At the same time,
the beam size is in the um range, enabling the use of small
sample volumes. To the best of our knowledge, no in situ or
operando SMS study has been conducted on any catalyst during
the ODH reaction so far. It is expected that SMS can give
insight into the bulk structural properties of Fe,(MoO,); during
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FIGURE 1 | (a)Schematic drawing of the coupled setup. (b) Picture of the operando coupled synchrotron Mssbauer spectroscopy-Raman (SMS-
Raman) spectroscopy setup. The setup enables the simultaneous measurement of SMS and Raman spectra while measuring the catalytic conversion and

selectivity in a mass spectrometer at temperatures up to 800°C.

the reaction. Meanwhile, as the time resolution is significantly
improved in SMS, Raman spectroscopy can be coupled to provide
complementary information on (sub)surface structural changes
during the catalytic reaction [19], which in this context includes
MoO; and Fe,(Mo0O,);. The simultaneous detection of both
(sub)surface and bulk dynamics will be important for a detailed
understanding of the overall reaction mechanism. Therefore, an
appropriate synchrotron-orientated setup is required to not only
capture the time-dependent Fe,(MoO,), structural changes with
both SMS and Raman spectroscopy but also to better mimic a
practical EtOH ODH reactor.

Herein, we report the extension of a setup design widely used
at synchrotron radiation sources for XAS, XRD, Raman spec-
troscopy, and SAXS, previously, for example, reported by Braun
et al. [20] based on earlier cell designs [21, 22]. Our setup
allows the coupling of SMS and Raman spectroscopy while
simultaneously monitoring the catalytic gas-phase reaction using
an online analysis system, herein using mass spectrometry to
follow the EtOH ODH over Fe,(MoO,); in an operando spec-
troscopic approach, allowing us to derive structure-performance
relationships.

2 | Cell Design and Setup Optimization

Figure 1a depicts a scheme of the setup that is also shown in
the picture taken at the European Synchrotron Research Facility
(ESRF, Grenoble, France) in Figure 1b. The central part of the
setup consists of a quartz capillary tube reactor that is heated by
a hot air blower (Leister mini sensor kit 800 W). The temperature
of the air blower was adjusted remotely for the relevant reaction
conditions. A thermocouple is fixed directly at the wall of the
capillary tube reactor to monitor the temperature.

To validate the setup and to find the best experimental con-
ditions, a temperature calibration and test measurements for
capillary tube size optimization were conducted. During in situ
or operando experiments, the temperature is measured by a
thermocouple at the outside wall of the quartz capillary. Figure 2a
compares this temperature (T,,,) with the temperature measured
inside the tube reactor (T;,) at the same heating conditions of the
gas blower, showing good agreement. The detailed temperature
profile is shown in Figure S1. Based on our data, the setup

enables temperature control within an experimental error of +
5°C. As the IS changes linearly as a function of temperature in
the relevant temperature regime, it can be used as an internal
standard to confirm the temperature conditions. Indeed, the IS
obtained for the starting compound matches the expectation for
this temperature using a conventional in situ oven (both with ca.
0.24 mm s~ of IS at 280°C).

SMS measurements are applied in transmission mode. Hence,
the sample thickness should enable a high relative absorption
while avoiding double resonance effects that might occur for
thicknesses beyond the optimal values following the thin-layer
approximation [16]. Based on the given enrichment factor and
beam size, we tested three different diameters for the capillary
tubes for data acquisition. The respective Mdssbauer spectra are
given in Figure 2b. In our case, quartz capillary reactors with a
diameter of 1 mm and 0.01 mm wall thickness were selected for
optimal detection conditions and the Mdssbauer effect. Fitting
analysis of these spectra is disclosed in the Supporting Informa-
tion (Figure S2 and Table S1). It is noted that the optimal size of the
capillary tube depends on the exact composition of the catalyst,
for example, the ¥Fe content within the sample, but also on which
other elements are present, the particle size, and bulk density.

The major difference of this setup in comparison to the one pre-
viously reported by Doronkin et al. [21] is the additional coupling
to Raman spectroscopy and mass spectrometry, besides demon-
strating its capability for SMS experiments. Above the quartz tube
a fiberglass optic is placed that enables the coupling to Raman
spectroscopy (at 532 nm excitation) in a 180° backscattering
geometry simultaneously to recording SMS spectra (Figure 1b).
The arrow indicates the direction of the incoming beam, and the
detector is placed at the opposite site of the setup in continuation
of the beam (SMS in transmission mode). The gas inlet is supplied
with the transfer gas (He) in combination with EtOH vapor
and/or oxygen. A syringe pump (IDL LA120) enables the injection
of a controlled volume of EtOH or any other alcohol. The gas
feed is remotely controlled by mass flow controllers (MFCs,
Bronkhorst). Reaction conditions can be promptly changed by an
automatic switching valve (VICI, EUDA-44UWE-CU). The gas
outlet is connected to a mass spectrometer (Hiden Analytical)
for the detection of reactants (EtOH) and products (acetaldehyde
(AcH), CO,), enabling the calculation of the catalytic conver-
sion X and selectivity S. The Raman spectrometer (Anton Paar
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(a) Temperature at the wall of the capillary tube reactor (T,,) as a function of the temperature inside the reactor (Tj,). Two separate

thermocouples were placed at the corresponding positions simultaneously. (b) Ex situ SMS measurements (at room temperature) of Fe,(MoOy,); (with

7% > Fe total enrichment) placed in capillary microreactors with different outer diameters.

OptoTec GmbH) enables simultaneous detection of vibrational
modes associated with Mo-O-related vibrations in Fe,(MoO,),
and MoO; as described in detail below. Thus, complementary to
SMS, Raman spectroscopy enables to follow structural changes
of Mo-related species in the catalyst. An overview picture taken
at the beamline with the assignment of components and detector
is given in Figure S3.

3 | Cell Performance

In this work, we used the improved setup for coupled SMS-Raman
spectroscopies to probe the role of lattice oxygen in a mixed
Fe,(M00,);/MoO; catalyst (Mo:Fe = 3) during EtOH ODH in
the absence of gaseous O, (0.5 mol.% EtOH/He). The reason to
perform such experiments under reductive conditions with our
setup is not only to study the role of lattice oxygen in Fe,(M00O,),
when gaseous O, is absent but also to probe the practicality and
sensitivity of the coupling setup for synchrotron-based spectro-
scopic experiments. The label “reductive conditions” refers to the
sample‘s perspective, as EtOH ODH under these conditions will
cause a reduction of the metals in the sample over time. Prior
to this, the catalyst was subjected first to oxidative (10% O,/He),
then to reactive (0.5 mol.% EtOH/10% O,/He), and finally again
to oxidative (10% O,/He) conditions.

The XRD data and scanning electron microscope (SEM) image
of the initial catalyst are shown in the Supporting Information
(Figures S4 and S5). In Figure 3a, the SMS results under reductive
conditions are given. The main signature is a doublet with IS
= 0.237 mm s7!, and QS of 0.110 mm s~!, representing Fe(III)
high spin (HS) species (noted as Dla hereafter) in Fe,(MoO,),
(FMO). As suggested by Mitov et al. [15], a second doublet
of Fe(III) (IS = 0.114 mm s™', QS = 0.630 mm s, noted as
D1b hereafter) connected to defective FMO is also considered
in the fitting analysis. This second doublet D1b, however, has
only a minor contribution during the reduction period. With
further exposure to the reductive conditions, two more doublets
appear (D2a: IS = 0.858 mm s7!, QS = 0.920 mm s~!; D2b: IS
= 1.006 mm s7!, QS = 1.342 mm s™!), which are characteristic
for 5-FeMoO, [15, 23]. Considering a reaction according to the
Mars-van Krevelen mechanism, lattice oxygen participates in the

EtOH ODH reaction, while oxygen from the gas feed replenishes
the vacancies in the bulk of the catalyst [15]. As no gaseous
oxygen is provided under reductive conditions, Fe(III) is reduced
to Fe(II), as the oxygen vacancies remain and even increase in
concentration with the progress of the reaction [14, 24, 25].

The intensity of the DI1b doublet remains small under all
conditions, indicating that exposure to reductive conditions
leads to the transformation of ferric molybdate to ferrous §-
FeMoO, (spectra F in Figure 3a, enlarged spectra is shown in
Figure 3b) and MoO, (not visible in SMS). The formation of
MoO, was confirmed by operando coupled Raman/XRD analysis
for Fe,(Mo0O,), as starting material [26]. Fitting details of each
of the above-mentioned spectra are shown in Figure S6. The
SMS contour mapping converted from the same time span is
shown in Figure 3c. A pronounced time-dependent change can
be observed, further indicating a gradual appearance of Fe(II)
species after around 30 min of time on stream under reductive
conditions.

Compared to operando XAS that gives an averaged signal of
all iron species and XRD that is limited to crystalline phases,
SMS can directly probe the different surroundings of iron atoms
[20], which helps to understand the role of Fe in Fe,(Mo0O,);
during EtOH ODH. Thus, both methods (SMS, Raman) coupled
in this work are capable of detecting amorphous and crystalline
contributions. While SMS is sensitive to the bulk structure,
Raman spectroscopy provides information on the structure of
the (sub)surface region of the catalyst. Here, Raman spectra are
dominated by the crystalline phases of Fe,(MoO,); and MoO,
due to their large cross-sections. Figure 3d shows the Raman
spectra at elevated temperatures under oxidative (top panel)
and reductive conditions (bottom panel). The feature with the
largest intensity of iron molybdate at 782 cm™ originates from
asymmetric stretching of MoO, in crystalline Fe,(MoO,); [27],
while the presence of crystalline MoO; is characterized by a sharp
feature at 820 cm™! resulting from corner-linking Mo-O vibrations
[28]. A detailed list of features observed in Raman spectroscopy
is given in Table S2. The products of the reduction, that is,
FeMoO, and MoO,, are not detected at this excitation wavelength
(bottom panel), due to their low Raman cross-sections [29, 30].
Nonetheless, the Raman intensities at 820 and 782 cm™ can
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FIGURE 3 | (a)Madssbauer spectra recorded under reductive conditions at 280° C. Reactant flow: 0.5 mol.% EtOH/He (total gas flow: 90 mL min~).
The time span for the experiments under reductive conditions is ca. 120 min. SMS spectra are recorded every 2 min, each fitted spectrum displayed in

(a) is a sum of nine individual SMS spectra (shown as spectra A to G). (b) Representative fitting analysis of an individual spectrum under reductive

condition (spectrum F in a), see Figure S6 for the other individual spectra. The color code of fitting species is the same for (a, b). (c) Contour mapping

of the SMS spectra as a function of reduction time. (d) Raman spectra (at 532 nm excitation) after a 30 min exposure to oxidative conditions (10% O,/He,

total gas flow: 100 mL min~!, time = 0 min) and after a 120 min exposure to reductive conditions. Signatures associated with iron molybdate (green) and

MoOj; (brown) are highlighted.

be used as an indicator for the degree of reduction during the
experiment.

The results of our coupled operando SMS-Raman spectroscopic
experiments are shown in Figure 4. Figure 4a depicts a schematic
diagram of the commonly accepted Mars-van Krevelen type
reaction mechanism and is used here to illustrate the different
operation conditions. At the beginning of the experiment,

oxidative and then reactive conditions were applied in succession
to verify the catalyst’s activity toward EtOH ODH at 280" C (noted
as oxidative 1 (light purple) and reactive (green) in Figure 4a,
respectively). During reactive conditions, SMS fitting analysis
(Figure 4b) reveals mostly Dla (98%) Fe(III) (HS) species (noted
as Fe,(MoO,), site a in Figure 4b). Details of the fitting analysis
are provided in Table S3. Accordingly, the D1b feature shows an
intensity of around 2%. Except for the first 15 min, where the EtOH
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FIGURE 4 | (a)Scheme illustrating the catalyst changes for the applied gas-phase conditions. Temporal evolution of iron-related bulk phases as
determined by (b) SMS incremental analysis and (c) 532 nm Raman spectroscopic bands under different gas-phase conditions at 280" C. The SMS analysis
only contains the data under steady-state conditions. The continuous evolution of iron signatures over time is provided in Figure S9. (d) Conversion
of EtOH (Xgiop) and selectivity toward acetaldehyde (Spcp) as derived from online mass spectroscopy. For Xgo = 0, Sacy is not plotted since it is
not defined mathematically. Background color code: Reactive conditions: 0.5 mol.% EtOH/10% O,/He (green), oxidative conditions: 10% O,/He (light
purple), reductive conditions: 0.5 mol.% EtOH/He (light orange) and waiting time for the EtOH supply to reach steady state (grey). The time zero (0 min)
is defined as the starting point of the reductive conditions. Reactive and oxidative conditions are part of the catalyst pre-treatment. Raman signals are

normalized based on time zero (0 min).

partial pressure increases toward its steady-state value (grey
region in Figure 4), online mass spectrometry reveals a steady
EtOH ODH reaction with a conversion Xy and selectivity
toward acetaldehyde S,y of around 27% and 100% (Figure 4d),
respectively. As expected by the low catalyst loading, the catalytic
performance is smaller compared to previous results (ball milling
Fe,(Mo00,);—5 vol% EtOH, 10 vol% O,, 85 vol% He, total volume
flow: 20 mL STP min™!) [3]. But more importantly, with a
100% ODH selectivity, all structural changes observed by SMS
and Raman spectroscopy can be attributed to the formation of
acetaldehyde.

To allow for the catalyst to return to its original state before being
exposed to reductive conditions, the setup was firstly switched
to oxidative conditions (light purple region in Figure 4, noted
as oxidative 2) for another 30 min. The activity and selectivity

of the catalyst dropped immediately to zero in the absence of
EtOH, indicating the possibility of fast switching between reactive
and oxidative conditions. During both types of oxidative regimes,
almost all iron atoms were associated with Fe,(Mo0O,);, with D1b
making only a marginal contribution. Considering the assign-
ment of D1b to a defective iron molybdate by Mitov et al. [15],
its disappearance under oxidative conditions seems reasonable,
as any defects being formed during reactive conditions should be
healed in the presence of oxygen from the gas feed, resulting in
the dominance of the main iron molybdate signal Dla. In terms
of Raman features, the intensities of the MoO; and Fe,(Mo0O,),
features are almost constant under reactive conditions (Figure 4c)
but increase over time under oxidative conditions. This observa-
tion is associated with oxidation of the molybdenum species in the
upper layers of the catalyst after being reduced during the ODH
reaction, indicating their participation in EtOH ODH. Moreover,
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the Raman intensity decreases upon exposure to EtOH, which
is caused by reduction of the (sub-)surface of the catalyst, while
there is no indication for bulk Fe reduction from SMS analysis.
Based on the Raman and SMS results and the consistency
with a Mars-van Krevelen mechanism, lattice oxygen is directly
involved in the EtOH ODH reaction, while gas-phase oxygen
replenishes the anion vacancies created in the catalyst under
reactive conditions (Figure 4a).

As mentioned before, for proof of principle of the capabilities
of the coupled SMS-Raman setup, the discussion in this work
focuses on reductive conditions. Each fitted SM spectrum rep-
resents the overlay of nine individual 2-min spectra. Figure S7
shows the mean value and standard deviation obtained for each
of these overlays. The largest standard deviation can be found in
the velocity region where the ferrous iron signatures appear and
it is most pronounced for the time span between 54 and 72 min.

Figure 4a illustrates the changes of the catalyst during ODH
based on the Mars-van Krevelen mechanism. Note that under
reductive conditions there is an increasing gradient of oxygen
depletion that starts at the surface and progresses further into the
bulk. Setting t = 0 min as the onset of the reductive conditions
(light orange region), Fe(II) species (D2a and D2b in Table S4,
representing 5-FeMoO,) start to appear in SMS, and their signals
steadily increase in intensity over time. The Raman bands, on
the contrary, show a sudden (within ca. 8 min) drop in intensity,
as a consequence of the reduction of the (sub)surface region of
the catalyst, which results in a decrease in Xgy from about
60% to 18% and an increase in S,y from 50% to 100% for Syy-
Considering the time dependent behaviour of the EtOH partial
pressure (Figure S8) this time window can be associated with
transient conditions, where the system is about to reach its steady
state. As visible in Figure S8, this transition period leads to a
more pronounced change in Xg,o; and S, under reductive con-
ditions rather than reactive conditions. When reaching constant
gas-phase conditions, the ODH reaction toward acetaldehyde pro-
ceeds under reductive conditions at a slightly lower conversion
rate compared to reactive conditions. The remaining activity is
attributed to the consumption of lattice oxygen [25].

With ongoing catalyst reduction, a further decrease of the Raman
intensities is detected until a minimum is reached after about
10 min for MoO; and 20 min for Fe,(MoO,);. Within this period,
iron molybdate is able to provide lattice oxygen to self-oxidize the
surface layers, enabling further reaction. Within this time interval
(8 to 20 min), Xgon gradually decreases to 8%. Notably, from the
SMS fitting analysis only 13.5 % of iron was transferred to the
ferrous state, after 20 min. After 30 min of reduction, the EtOH
ODH activity is negligible. We attribute this drop to the diffusion
limitation of lattice oxygen from the bulk to the surface of the
catalyst when the catalyst contains less than 83.3 % of Fe,(M00O,),
or more than 16.7 % of 8-FeMoO,.

Moreover, we have also checked the reversibility of the material’s
reduction. After 120 min under reductive conditions, the catalyst
contains 80 % of ferrous S-FeMoO,. Applying a re-oxidation
protocol at 350°C, most but not all of the iron is converted back to
the ferric state associated with Fe,(M00O,); Dla and D1b (in sum
88 %). Related Mdssbauer spectra are shown in Figure SI0.

Overall, the operando coupled SMS-Raman spectroscopic results
confirm the necessity of the presence of Fe(III) species for
an efficient EtOH ODH reaction, and illustrate that residual
ODH performance is reached when the sensitivity of Raman
spectroscopy fades based on the conversion of iron(IIT) molybdate
to f-FeMoO, and MoO, at the (sub)surface [26, 31], while SMS
reveals the structural changes of the bulk.

Summarizing, the setup presented in this work is suited to
study the structural dynamics of catalytic reactions by simul-
taneous detection of structural changes of the bulk (SMS)
and (sub-)surface (Raman). Furthermore, it allows to develop
structure-property correlations, by time-dependent monitoring
of spectroscopic signatures and their relation to the catalytic
performance.

4 | Conclusions

The present study demonstrates the feasibility of our setup for
measuring time-dependent in situ and operando synchrotron-
based Mdssbauer spectroscopy (SMS) coupled with Raman
spectroscopy and on-line mass spectrometry. The potential of the
coupled SMS-Raman approach was illustrated for the ODH of
EtOH over an Fe,(MoO,);/MoO;-mixture as a catalyst during
reductive conditions. The coupling of both methods allows to
distinguish (sub)surface and bulk properties. Based on Raman
spectra, a transformation of the (sub)surface of the catalyst grains
was observed after 20 min of exposure to reductive conditions,
accompanied by only minor changes in the catalytic performance.
In contrast, only small changes were observed by SMS at the same
time as it is a bulk technique and thus less sensitive to changes
in the (sub)surface region. However, SMS plays an important
role in the quantitative analysis of the formation of bulk S-
FeMoO, observed under further ongoing reductive conditions. In
this case, the catalyst still exhibited some activity even though
the overall Raman signals remained unchanged. Only when
about 17% (-FeMoO, was formed, the conversion dropped to
almost zero, as the diffusion of lattice oxygen became hindered.
Hence, a strong dependence of the catalytic performance to
the bulk phases could be observed. This study confirms the
benefit of coupled operando SMS-Raman analysis to enable the
time-resolved simultaneous collection of bulk and (sub)surface
features. Since spectra were recorded in 2-min steps and the
interplay between the surface and volume of bulk metal oxide
catalysts is highly important, the setup has great potential to be
applied to time-dependent operando spectroscopic experiments
of other metal oxide catalysts and heterogeneous catalysts in
general.

5 | Experimental Section
5.1 | Materials

Capillaries (1 mm as outer diameter, 0.02 mm wall thickness for
SMS) were purchased from Hilgenberg GmbH, Germany. Ethanol
(ROTIPURAN > 99.8 %, CAS-No: 64-17-5) was obtained from Carl
Roth.
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5.2 | Catalyst Synthesis

The mixed Fe,(Mo0O,);/MoO;-catalyst (Mo/Fe = 3) was prepared
using a modification of the co-precipitation method originally
described by Soares et al. [32]. A mixture (in total 8.52 x 10~* mol)
of ¥Fe (0.0024 g, Chemgas) and natural Fe powder (0.0452 g,
Aldrich Chemicals, 99.99 %+) was dissolved in 10 mL of diluted
nitric acid (the pH of the solution was adjusted to 1.5) and
added dropwise (2.5 mL min™') to a solution of ammonium
heptamolybdate tetrahydrate (3.64 x 10~* mol, (NH,);Mo,0,, -
4 H,0, Merck, extra pure) in 15 mL of H,0. The precipitation
process was then allowed to continue by stirring the suspension at
100°C for 3 h. The solid was filtered off and dried at 100°C before
being calcined in air at 500°C for 10 h. X-ray powder diffraction
patterns (Figure S4) and scanning electron micrographs (Figure
S5) of the product clearly show the existence of two crystalline
phases, Fe,(Mo00O,); and MoO;.

5.3 | Synchrotron Experiment

Synchrotron Mdssbauer spectroscopy (SMS) measurements pre-
sented in this work were conducted at the ID14 beamline of
the European Synchrotron Research Facility (ESRF) in Grenoble,
France, using the transmission mode with 14.4 keV excitation
energy to probe iron nuclear transitions. The beam, with a size of
10 um (horizontal) x 5 um (vertical), was directed at the center of a
1 mm diameter capillary to ensure uniform sample loading along
the beam path. Four inclined avalanche photodiode detectors
were used for signal detection. It is acknowledged that a first set of
experiments (not shown) that led to an improvement of the setup
and conditions was carried out at PETRA III, beamline POI.

The sample consists of 58 wt% Fe,(MoO,); (with 7% *’Fe total
enrichment) and 42 wt% MoO;. The typical sample bed length
ranged from 5 to 6 mm, with a mass of 2 + 0.5 mg. The
distance between the gas blower and the sample was maintained
at 5-6 mm. A total gas flow rate of 100 mL-min~" was applied
to achieve a EtOH oxidative dehydrogenation (EtOH ODH)
performance comparable to previously reported values [3]. The
gasreplacement time is ca. 2.5 ms within the capillary tube reactor
with an outer diameter of 1 mm and a wall thickness of 0.01 mm,
when using a catalyst bed of 6 mm. Spectra were recorded every
2 min under various conditions.

Data analysis was carried out using the SyncMoss software
package, which accounts for the instrumental function in fitting
SMS data [33]. The experimental function was determined and
verified using a single-line absorber, K,Mg”Fe(CN),, with a
nominal ’Fe isotope area density of 0.5 mg cm~2. Calibration was
performed using a standard 25 ym a-Fe foil.

SMS fitting under EtOH ODH reactive conditions was carried out
by applying a Dla and a D1b site associated with ferric molybdate
and its defective site, respectively; the initial parameters were
fixed to the values found in literature [15, 34, 23]. For reductive
conditions, besides the D1 sites, additional D2a and D2b sites
are assigned for ferrous molybdate, the CS and QS values of D2
sites were allowed to change and fitted as a batch throughout the
whole reductive phase while keeping the area ratio of D2a/D2b
constant. We first consider Mitov et al. and Ksenofontov et al. as

the references for initial D2 fitting parameters [15, 23]. Thereafter,
we took the average value of fitted spectra parameters that have
a more pronounced effect from the D2 site (spectra C to G in
Figure 3) and used them as the initial fixed parameters for the
final fitting model. SMS fitting was carried out by summing up 9
individual spectra (18 min in total), followed by an incremental
fitting, which shifts the sum to the next 2-min spectra (e.g., fit#1
=0 to 18 min, fit#2 = 2 to 20 min). Thus, we assigned the time axis
error of 9 min as the average value of every 18 min fitting. The aim
is to analyze the SMS data with more time resolution details.

5.4 | Raman Spectroscopy

Raman spectroscopy was performed at 532 nm laser excitation,
emitted from a diode-based solid-state laser, using a commercial
Raman spectrometer (Cora 5001, Anton Paar). The laser radiation
and emitted Raman radiation were transferred via a high-
temperature probe (Inphotonics, RPP532/12-5). The laser power
at the sample location was 10 mW. The Raman radiation was
dispersed by a transmission volume phase grating and detected
by a charge-coupled device (CCD) detector (2048 pixels). The
spectral resolution was specified by the supplier as 9 cm™. Data
analysis of the Raman spectra included a dark correction.

5.5 | Mass Spectroscopy

The EtOH ODH catalytic performance was calculated based on
the results from online mass spectroscopy (Hiden Analytical).
During EtOH ODH, different products besides the target product
acetaldehyde could be formed, where the main signal m/z is
given in parenthesis: acetaldehyde (AcH, 29), CO,, and ethylene
(28). Based on previous work on a FMO catalyst, the ethylene
formation is insignificant [3].

Regarding the overlap of signals, EtOH and AcH both also
contribute at m/z,, and EtOH also to m/z,y, which needs to
be considered in the calculations. To know the specific mass
fragmentation of EtOH and AcH under relevant conditions, we
performed calibration tests with pure EtOH and AcH using the
same mass spectrometer and reactor setup (Table S3). As visible
from Table S3, taking m/z; as selective signal for ethanol only
and setting its intensity to 100 %, leads to relative intensity con-
tributions of 88 % at m/z,, (EtOH) and of 77.6% at m/z,; (EtOH).
For AcH its original mass signal at m/z,, would overlay with CO,.
Based on this, the m/z,, (AcH) contribution is considered most
relevant. If this intensity is set to 100%, the contribution at m/z,g
(AcH) of 30% is most relevant for the discrimination of signal
overlap with side product. Based on this, the detailed calculations
are performed as follows:

Step 1: We first normalized each measured ion signal intensity by
He (m/z = 4) to distinguish the overall pressure offset, applying
Equation (1).

1

measured __

I measured
™ @

T e m
z4

I

corrected —

Step 2: As m/z = 31 is exclusively selective for the EtOH
contribution, we consider the overall quantity of the as-measured
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signal to the total EtOH ion signal intensity (Iy) as given in
Equation (2).

m
1 = — 2
BOH = 77 2

Step 3: To obtain an intensity relevant for AcH, the relative
intensity of this signal attributed to EtOH is subtracted. With
the values discussed above, the acetaldehyde (AcH) ion signal
intensity (I,.;) can be calculated according to Equation (3):

m m
Lg=— —-— XO0.
= = X088 ©)

Step 4: For determination of the ion signal intensity of CO,
(Icox), We subtract the contribution of EtOH and AcH at m/z,
(Equation 4):

m
Ico, = T Igiop X 0.776 + 14y X 0.3) 4)

Based on the stoichiometric factors in the conversion of EtOH to
AcH or CO, the overall conversion can be calculated from the sum
of product ion signals (corrected for the stoichiometric factors) in
relation to the intensity of EtOH.

Step 5: We determine the selectivity toward AcH (S,.;) as:

IAL‘H (5)

S =
AcH Icoy

Ly +
Step 6: We determine the yield of AcH (Y,.) as:

IACH (6)

Ico
Tgion + Taen + zx

Y =

Step 7: Finally, we can deduce the EtOH to AcH conversion as:

Y.
Xpion = _S:LZ ™
C.
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