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Unraveling surface and bulk dynamics of iron(lIl)
molybdate during oxidative dehydrogenation using
operando and transient spectroscopies

Leon Schumacher!, Mariusz Radtke!, Jan Welzenbach! & Christian Hess® '

Iron(lll) molybdate (Fex(MoQ4,)3) is a commercial catalyst for the oxidative dehydrogenation
(ODH) of methanol, but it has recently been shown to be relevant for other substrates as
well. Despite its commercial use, a detailed mechanistic understanding of Fe,(MoQO,4); cat-
alysts at the surface and in the bulk has been lacking, largely hampered by the lack of suitable
spectroscopic methods, directly applicable under reaction conditions. Using propane ODH as
an example, we highlight the potential of operando Raman and impedance spectroscopy
combined with transient IR spectroscopy, to identify surface active sites and monitor the
hydrogen transfer and oxygen dynamics. By comparison with the behavior of reference
compounds (MoQO3, MoO,/Fe,;03) a mechanistic model is proposed. The presence of iron
greatly influences the reactivity behavior via oxygen diffusion but is moderated in its oxidative
capacity by surface MoO,. Our approach directly elucidates fundamental properties of
Fe,(MoO,)s of general importance to selective oxidation catalysis.
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the oxidative dehydrogenation (ODH) of methanol to

formaldehyde!-2 but it has recently been shown to have also
potential for other oxidation reactions, such as ethanol ODH3->,
In these reactions, Fe,(Mo0O,); shows even higher activities than
the commonly used supported vanadia (VOy) catalysts6 and is
therefore very promising. However, the mode of operation of
Fe,(Mo00Q,); catalysts has been the subject of numerous kinetic
and structural studies”# as summarized in excellent reviews>%10.
More recently, there has been renewed interest in Fe,(MoO,);
catalysts, and new insights into the bulk dynamics were provided
by operando X-ray diffraction (XRD) and X-ray absorption
spectroscopy (XAS)!1:12. Despite the progress made there is still a
distinct lack of mechanistic understanding of the (sub)surface
processes in Fey(MoQOy,); catalysts under reaction conditions and
their relation to bulk properties, including the role of
iron>7:%13-16 . A problem commonly encountered with such
catalysts is that the conversion, even at low temperatures, is very
high, leading to additional effects (such as mass transport) that
make the mechanistic analysis more complex. One way to
approach this is to consider alkane oxidation reactions, such as
propane ODH, which in addition to being of great interest for
technical applications, might also facilitate the evaluation of
fundamental and transferable properties of Fe,(M0O,);, because
the reaction has lower conversions than alcohol ODH at similar
temperatures®!”. For a detailed mechanistic understanding, it will
be of particular importance to further define the role of molyb-
denum and iron, which is facilitated by the use of reference
materials, including MoO; (characterized by low conversions and
high selectivities) and Fe,O5 (shown to be a total oxidation cat-
alyst with high conversions and CO, yields)!41819,

In this contribution, we present a combined operando and
transient spectroscopic study on the reaction mechanism of
propane ODH over Fe,(MoO,); catalysts. Our focus is on com-
bining methodological approaches of general applicability
to selective oxidation reactions, such as modulation-excitation
(ME-) IR spectroscopy?’, operando impedance spectroscopy on
powder samples?!, and dedicated resonance enhancement using
multi-wavelength Raman spectroscopy?2, aiming at a profound
understanding of the (sub)surface and the bulk processes, as well
as their relevance for catalysis. Our findings serve as a funda-
mental basis for the mechanistic investigation of oxidation reac-
tions with much higher conversions.

Fez(MoO4)3 is a well-known catalyst used commercially for

Results
Catalytic activity. The Fey(MoO,); was synthesized using co-
precipitation and extensive structural characterization was per-
formed, as described elsewhere3. A brief summary of important
characterization data for this study is given in the Supporting
Information SI (see Supplementary Table 1). Additional X-ray
photoelectron spectroscopy (XPS) data for our Fe,(MoO,); batch is
provided in the SI (see Supplementary Fig. 1 and Supplementary
Table 2), showing a higher surface concentration of molybdenum
(Mo/Fe ratio of 2.52) than would be expected from the stoichio-
metry, which is in good agreement with previous studies®>!316,
Analysis of the Fe 2ps/, photoemission (see Supplementary Fig. 2)
reveals that most of the iron is present as Fe3* (711 eV). Besides, a
small shoulder due to Fe2* (709 eV) is detected?3, which may be
indicative of some FeMoQ, being present as a side phase in addi-
tion to the already detected Fe,O; by Méssbauer spectroscopy?.
The reactivity behavior of Fe,(M0oQO,); in propane ODH was
determined within the temperature range 25-550 °C (see Fig. 1a).
The corresponding consumption of oxygen is given in the SI (see
Supplementary Fig. 3) and shows that oxygen is never fully
consumed.

The conversion of propane increases exponentially with
increasing temperature and constantly stays above that of the
empty reactor, while the selectivity is initially around 40%,
showing a plateau, and then starts to decline continuously at
around 320 °C, following the increase in conversion. To under-
stand the reaction mechanism, two temperatures were chosen for
operando measurements, i.e., 320 and 500°C. At 320°C the
conversion is 0.91% with a selectivity of 35.5% while at 500 °C the
conversion significantly increases to 6.94% but the selectivity
decreases to 18.8%. The conversions at both temperatures are
significantly below those during the ODH of methanol or
ethanol>?>425, which eliminates additional kinetic effects such as
mass transport, enabling a detailed mechanistic investigation of
the reaction mechanism and fundamental surface/bulk properties
of the material transferable to other reactions. While the chosen
temperatures represent different aspects of the reactivity behavior,
the exponential decay of the selectivity—conversion plot (see
Fig. 1b) indicates that the reaction mechanism stays similar
within the temperature range covered in this study. The
selectivity—conversion plot for a sequence reaction (like the
selective/total oxidation of propane is proposed to be) shows an
exponential behavior, while its exact shape depends on the ratio
of the rate constants. A switch in reaction mechanisms usually
leads to a disruption of this exponential course, which cannot be
observed hereZ®. Furthermore, the temperature-dependent molar
product distributions (see Supplementary Fig. 4) show that all
products produced at 500 °C (C3He, CO, and CO,) increase
exponentially with the temperature, as expected for similar
pathways leading to their formation. The amount of CO,
increases the most, indicating a significant increase in oxygen
mobility necessary for this amount of total oxidation of propane.
This is in contrast to methanol oxidation3%27-28, for example,
where not all side products show an exponential increase with
increasing temperature, but rather go through maxima, indicating
a change of the underlying reaction mechanism, which is not
detected for our propane data. The observed behavior strongly
suggests a similar ODH reaction mechanism at 320 and 500 °C,
allowing operando experiments to be performed at low conver-
sion with higher selectivity and at high conversion.

Transient spectroscopy. Starting with the structural dynamics at
the surface, transient IR spectroscopy was applied during reaction
conditions by using modulation-excitation (ME-) DRIFTS cou-
pled with phase-sensitive detection (PSD), which allows active
species to be discriminated from spectator species, as described in
detail in the SI. A general description of the MES/PSD procedure
and how the results described here were obtained based on time-
resolved spectra is also given in the SI (see Supplementary Figs. 5,
6, and Supplementary Discussion 1)20:2%30_ Fig. 2 shows the PSD
spectra in a constant propane and pulsed oxygen flow at 320 °C
with a 30° phase resolution. The assignment to the propane gas
phase over KBr after PSD treatment are given in the SI (see
Supplementary Fig. 6). There are no ME-IR spectra for 500 °C
due to increased thermal emission, which leads to very noisy
spectra.

The PSD spectra of Fe,(MoO,4); show mostly gas-phase
contributions from propane and one additional peak between
990 and 1050 cm™! with a maximum at 1020 cm'!. This peak was
previously assigned to the terminal Mo=O stretching vibration of
amorphous molybdenum oxide (MoO,) supported on SiO, and
in reduced MoO331-33, indicating the presence of a molybdenum-
rich surface layer in Fe,(MoQO,);. Note that this feature has not
been observed previously in Raman spectra of bulk oxides, and its
participation in the reaction is accessible here only due to the
increased sensitivity of the modulation-excitation spectroscopy
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Fig. 1 Catalytic performance of Fe;(Mo0O,); during propane ODH. a Temperature-dependent reactivity behavior of Fe,(MoQO,)s in a feed of 12.5% O,/
12.5% C3Hg/He (total flow: 40 ml/min). The temperatures chosen for the operando experiments are indicated and the background conversion caused by
the reactor is indicated by the black line. b Propylene selectivity as a function of conversion. The inset shows an enlarged view of the low conversion region
for clarity. The temperatures at which spectroscopic experiments were performed are indicated. The error bars were produced as a percentage of the areas

obtained from the GC by error propagation.
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Fig. 2 Transient IR spectroscopic behavior of Fe;(M00,)s. The spectra
are based on PSD spectra with a 30° phase resolution during constant
propane and pulsed oxygen flow at 320 °C. The gas-phase contributions
from propane are highlighted and the inset shows an enlarged view of the
terminal Mo = O stretching region. For details see text.

(MES)/PSD approach as a change in the Mo = O signal cannot be
observed in the time domain (see Supplementary Fig. 5)2%30. The
presence of amorphous MoOy on the surface of Fe,(M0oO,); was
previously proposed based on ex-situ scanning transmission
electron microscopy (STEM) and electron energy loss spectro-
scopy (EELS) analysis!® and is consistent with our XPS results
(see Supplementary Table 2), but was not measured directly
under reaction conditions and evidenced an actively participating
species in ODH reactions. The small concentration of surface
MoO, (likely less than a couple of monolyers>3*3%) in
combination with the low conversion explains the small intensity
of the Mo=0O signal and underlines the need for a highly
sensitive approach as provided by ME-DRIFTS coupled with
PSD. A transient V=0 signal was observed previously in
supported vanadia catalysts as a result of a fast hydrogen transfer
from propane to the catalyst surface and subsequent
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regeneration?). As there is no indication of a change in
mechanism with temperature (see Fig. 1), a similar behavior
may also be operative in the case of the (supported) molybdenum
surface layer of iron molybdate catalysts.

In addition to the ME-DRIFTS results, operando UV-Vis
spectra (see Supplementary Fig. 7) reveal small contributions
from d-d transitions between 600 and 800 nm caused by the
presence of reduced Mo*5+ species under reactive conditions,
which are in good agreement with the reduction of Mo=0
groups during the hydrogen transfer from propane to MoO,,
further indicating the reduction and participation of Mo=0O
groups during the reaction32. The amount of d-d transitions also
increases concurrently with the increase in conversion between
320 and 500°C while no additional structural dynamics is
detected, further underlining the occurrence of the same reaction
mechanism.

Operando spectroscopy. The two wavelengths at which Raman
spectroscopy was performed are highlighted in the UV-Vis
spectra (see Supplementary Fig. 7), as the choice of the excitation
wavelength can greatly influence the Raman intensity and the
depth of information. At 514 nm, the absorption is small and is
expected to be mostly caused by oligomerized MoO, on the
catalyst surface3?, which may undergo a selective resonance
enhancement. However, this is not observed in the Vis-Raman
(514 nm excitation) spectra (see Supplementary Fig. 8 and Sup-
plementary Table 3 for assignments), which can be explained by
the high depth of penetration of the visible laser, thus gathering
information from the bulk and thereby covering the small con-
tribution from surface MoO, species. Hence, no structural
dynamics can be detected at this wavelength for Fe,(MoOy,)s,
indicating that the bulk structure is not significantly changed
during the reaction at either temperature. In contrast, in the case
of the UV-Raman spectra (at 385 nm excitation) the absorption is
much higher (see Supplementary Fig. 7), giving rise to resonance
enhancements mainly caused by transitions in the molybdate3°.
Fig. 3 depicts operando Raman spectra of Fe,(MoO,); at 320 and
500 °C recorded in a feed of 12.5% O,/12.5% CsHg/He compared
to oxidative conditions (12.5% O,/He). Based on the increased
absorption, the UV wavelength has a smaller depth of penetration
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Fig. 3 Operando UV-Raman spectra (at 385 nm excitation) of Fe;(M00,)s. The spectra were recorded in a feed of 12.5% 0,/12.5% CsHg/He compared
to oxidative conditions (12.5% O,/He) at a 320 °C and b 500 °C. The asterisk (*) marks a peak resulting from the CaF, window used.

compared to the Vis, leading to a difference in the depth over
which information is gathered by UV-Raman compared to Vis-
Raman spectroscopy, which is more focused on the subsurface of
the material.

The spectra measured at 320 °C show only very slight but
reproducible changes in the intensity of the antisymmetric MoO,
stretching modes at 782 and 818 cm™! (see Fig. 3a), indicating that
the MoO, in the Fe,(MoO,); lattice is reduced during the
reaction. At 500 °C these changes are much more pronounced
(see Fig. 3b), consistent with the increase in conversion,
indicating a significant transport of oxygen from the Fe,(MoO,);
subsurface lattice to the surface of the catalyst, facilitating the
ODH reaction. This is also in good agreement with the
proposition that the mechanism is the same over the investigated
temperature range, as higher temperatures facilitate the formation
of oxygen vacancies in the Fe,(MoO,); lattice and subsequent
oxygen diffusion to the surface. As a consequence, there is more
oxygen available for the reaction, thus increasing the reaction rate
including the over-oxidation of propane to CO,, which is in good
agreement with the observed selectivities. The results from
operando/transient ME-DRIFT, UV-Vis spectroscopy, and
Raman spectroscopy indicate that surface MoO, facilitates the
initial hydrogen transfer from propane to the catalyst, which is
the rate-determining step, while lattice oxygen of Fe,(Mo00O,); acts
as the oxidizing agent. So far, the discussion has focused on the
role of surface MoO, and the involvement of lattice oxygen.
However, the influence of iron and oxygen transport properties is
likely to be important, all the more so as the catalyst is
characterized by a very small surface area and large particles (as
shown previously for this sample)3, emphasizing the importance
of the bulk properties.

To enhance the understanding of the transport properties
within Fe,(MoO,)s, we applied an operando powder impedance
spectroscopic approach, developed in our group?!. For compar-
ison, MoO; and Fe,O; loaded with MoO, (1 Mo/nm?) were
measured as reference samples, to better determine the influence
of the Fe and Mo concentration on the catalytic activity. For best
possible comparability, the Fe,O3 sample had a similar particle
size and surface area to the Fe,(MoO,); one3. Operando
impedance spectra of the three samples at 320 °C and of MoO;
at 500 °C are shown in the SI (see Supplementary Figs. 9 and 10).

Since the conversions are low at 320 °C for all three samples,
the degree of reduction is also small, and due to the low
temperatures, the conductivity of the material is not sufficient for
good-quality impedance spectra. This leads to a high degree of
noise, which makes the interpretation of the spectra difficult (see
Supplementary Fig. 9). Therefore, we focused on the 500 °C

impedance spectra, which allow access to mechanistic informa-
tion due to the much higher oxygen mobility and hence
conductivity of the materials. Based on all the previous evidence
in the kinetic and spectroscopic results, it seems likely that the
reaction mechanism stays the same between both temperatures
and the effects detected only increase concurrently with the
conversion, the assumption that we can focus on the 500°C
impedance spectra seems justified. Based on the impedance data
of Fe,(MoQOy); at 500 °C under oxidative and reactive conditions
(see Fig. 4a), a detailed equivalent-circuit model analysis was
performed, enabling a physical interpretation of each electric
component (see Supplementary Figs. 11 and 12, and Supplemen-
tary Discussion 2). The region left of the dashed line is not shown
as it is composed of electrode resistance and inductance due to
the material skin effect (see discussion in the SI). When the gas
phase is switched from oxidative to reactive conditions, the
overall conductivity of the material increases, which is in good
agreement with its reaction-induced reduction (see Fig. 3 and
Supplementary Fig. 7) and the increased mass transport of oxygen
ions. As explained in detail in the SI, the impedance data suggests
oxygen ion mass transport from additional phases (Fe;O3, MoOy,
FeMoO,) to be too small to be detected by XRD, as well as
hydrogen and water transport in the molybdenum-rich and more
defective/porous surface regions of Fe,(MoQ,)s>2137. This is in
good agreement with the operando UV-Raman and UV-Vis data,
providing a clear indication of the relevance of oxygen transport
through the material. Furthermore, the resistance element R5 (see
Supplementary Fig. 11) indicates hydrogen transport through the
Fe,(Mo00Oy,); surface layer in agreement with ME-DRIFTS data. In
addition, taking into account water reduction (in the sub-circuit
containing R3, R4, C4, and W), significantly increases the quality
of the equivalent-circuit fit compared to a fit based on oxygen
transport phenomena only (see Supplementary Fig. 12). In
comparison, the impedance spectra of MoO,/Fe,O; shown in
Fig. 4b depict none of the additional features displayed by
Fe,(Mo00Oy,); but behave close to an ideal R-C equivalent circuit,
indicating the importance of oxygen ion transport only, without
any additional phases. A contribution of MoOy is not detected for
the MoO,/Fe,O; sample, as the surface loading of MoO, is
expected to be much smaller (1 Mo/nm?) compared to the near
stoichiometric presence of Mo close to the Fe,(MoO,); surface.
The MoO; impedance spectrum (see Supplementary Fig. 10)
shows a poor signal-to-noise ratio with very significant
resistances, indicating low conductance.

Comparing the conductance of the three samples to their
conversion reveals a correlation. Importantly, the resistance of all
samples decreases when the gas phase is switched from oxidative
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Fig. 4 Operando impedance spectroscopic results. The spectra show a Fe;(M00O4)s and b MoO,/Fe;03 at 500 °C in a feed of 12.5% 0,/12.5% C3Hg/He
compared to oxidative conditions (12.5% O,/He). The dashed line marks the region of bulk electrode resistance and the numbered circles highlight the
regions in which the Fe;(MoQ,4)s impedance spectrum differs from that of the MoO,/Fe,O3. The operando impedance spectroscopic results for MoOs,
Fe,(MoO,4)3, and 1.0MoO, + Fe,0O3 at 320 °C and MoOs3 at 500 °C are shown in the Sl (see Supplementary Figs. 9 and 10).

to reactive conditions, indicating an increased oxygen mobility
due to the reducing gas atmosphere38. The lowest conversion of
0.4% is observed for crystalline MoO;, which is accompanied by a
resistance in the megohm region, but cannot be quantified further
due to the high noise. Fe;(M0O,); and MoO,/Fe,05 show lower
resistances of ~700 and ~250 k() and higher conversions of 6.8%
and 11.8%, respectively, exhibiting a clear correlation between
iron content, oxygen mobility, and conversion. This suggests that
a higher concentration of iron is the driving factor for higher
conversions, while the presence of molybdenum seems to be
important for C-H bond breakage, which is supported by the
similar selectivities of Fe;(Mo0Q,); and MoOy/Fe,03, despite their
differences in conversion.

In summary, applying an operando impedance spectroscopic
approach developed in our group to the Fey(MoO,); system
allowed direct investigation of the influence of the catalyst
composition on the oxygen transport properties and therefore
conversion.

Discussion

Based on the operando and transient spectroscopic results pre-
sented above, a reaction mechanism is proposed (see Fig. 5). First,
a hydrogen atom is abstracted from propane via a Mo = O group
(shown by ME-DRIFTS, see Fig. 2 and Supplementary Figs. 5 and
6) of the molybdenum-rich surface and transferred quickly to the
catalyst surface. The reduced molybdenum can then be seen in
the d-d transitions observable in the operando UV-Vis spectra
(see Supplementary Fig. 7). The hydrogen atom then diffuses
through the surface layer of the catalyst, where hydroxyl and/or
water can be formed, as shown by the equivalence circuit of
operando impedance spectroscopy (see Supplementary Fig. 11
and Supplementary Discussion 2). Similarly, the second hydrogen
atom is abstracted and bound to lattice oxygen, eventually leading
to the formation of water, which desorbs from the catalyst into
the gas phase (see Supplementary Figs. 11, 12 and Supplementary
Discussion 2), thereby leaving an oxygen vacancy, which can then
be replenished by subsurface oxygen via oxygen transport to the
surface (seen by the conductivity and oxygen transport increase
in the impedance spectra) and gas-phase oxygen. As a result of
the reaction, there is an overall reduction of the material, both at
the molybdenum-enriched surface (ME-DRIFTS, UV-Vis) and in

the subsurface (UV-Raman, impedance; see Figs. 2, 3, 4 and
Supplementary Figs. 8, 9 and 11), which facilitates the formation
of FeMoOQ,, which is more conductive and can be seen clearly in
the operando impedance spectra (see Supplementary Fig. 11).
Additionally, an increased amount of iron in the lattice increases
the oxygen mobility and therefore the conversion but due to the
high oxygen mobility, Fe,O3-based catalysts often lead to total
oxidation®, which was also shown by the significant increase in
conductivity in the impedance spectra (Fig. 4b) due to the quick
transport of oxygen. In contrary, MoOj; has been demonstrated to
be an excellent selective oxidation catalyst but shows low con-
version in ODH reactions!, which could be explained by its low
oxygen mobility (see Fig. 4). Fe,(MoO,); combines these two
properties effectively by increasing the oxygen mobility compared
to MoOs3, and in addition, by forming a thin layer of amorphous
MoOy on the surface of the catalyst, greatly increasing the
selectivity for ODH in comparison to Fe;Os. The green and red
triangles indicate an increase or decrease of the respective value
mentioned, this is, it describes the influence of an increase of the
iron or molybdenum content on the conversion and selectivity.
In summary, we applied multiple operando and transient
spectroscopies to investigate the mechanism of propane ODH
over Fe,(MoO,)s;. Our findings suggest the M=O groups of
MoOj to be an active site that is responsible for the abstraction of
hydrogen from C-H bonds, which is commonly described as the
rate-determining step in propane ODHO. Multiple effects within
the subsurface/bulk contribute to a further enhancement of the
catalytic activity, including percolation of hydrogen in the sub-
surface, the formation of water, subsequent phase transformation,
and regeneration by oxygen diffusion and gas-phase oxygen.
Hereby, the concentration of iron is crucial for the oxygen
mobility within the material and can influence the catalytic
activity substantially. Owing to the structure of Fe,(M00O,);, both
high conversion, due to copious amounts of iron, and good
selectivity, due to the interaction of surface MoOy with the gas
phase, can be achieved. By applying multiple operando and
transient spectroscopic approaches under working conditions, we
were able to directly access fundamental properties of
Fe,(Mo00Oy,); catalysts that were previously a matter of debate or
only observed indirectly. The method of our approach is readily
transferable to other oxide catalysts and reactions, while our

COMMUNICATIONS CHEMISTRY | (2023)6:230 | https://doi.org/10.1038/s42004-023-01028-8 | www.nature.com/commschem 5


www.nature.com/commschem
www.nature.com/commschem

ARTICLE

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-023-01028-8

C3Hs C3H* CsHg"

e e W N
H 2 H 4 -CoHs
! ] -H,0

Q0 00 QO Q0 0,0\Q 0 Q.0

CIJ’MO\O’MO\O’MO\(? 9,Mo\O,Mo\O Mo\? /5 Q,Mo\cl)

o, JoN Mo-Rich Surface
H H H

Fe,(MoO,), o

%6 Subsurface
FeMoO;
8
[, Buk 7 Bulk
Oxygen
Diffusion
Wge — Wy —

X CH; —= X C;Hg =
S C;H; = S C,H, —d

Fig. 5 Mechanistic scheme of the ODH of propane over Fe;(Mo0,)3 catalysts. H atom abstraction from propane (1, 3) is followed by hydrogen transfer to
lattice oxygen (2, 4), leading to water formation (5) and leaving an oxygen vacancy. As a result of the reaction, the (sub)surface is reduced, facilitating the
formation of FeMoQ, (6), which can be replenished by oxygen diffusion from the bulk (7, 8). The influence of the content (») of iron and molybdenum on
the catalytic performance (conversion: X; selectivity: S) is illustrated in the bottom right.

findings are expected to serve as a basis for a detailed mechanistic
understanding of the mode of operation of selective oxidation
catalysts.

Methods

Catalyst preparation. The synthesis of Fe,(MoO,); by co-
precipitation®. Briefly, iron nitrate nonahydrate (Merck, >98%)
and ammonium heptamolybdate (Merck, 299%) were dissolved
separately in demineralized water. The aqueous iron solution was
then added dropwise to the molybdate solution while it was
stirred. The mixed solutions were stirred for three more hours to
complete the precipitation process. The precipitate was first fil-
tered and washed with demineralized water and ethanol and then
dried overnight at 100 °C in air. Finally, the powder was calcined
in air at 500 °C for 10 h.

For the reference samples, iron (III) oxide (Sigma Aldrich,
particle size <5um, >96%) was loaded by incipient wetness
impregnation with ammonium heptamolybdate tetrahydrate. For
that, the iron(III) oxide was dispersed in an aqueous solution of
ammonium heptamolybdate tetrahydrate (Fluka, puriss. p. a.
>99%) under continuous stirring. The dispersion was dried at
90 °C overnight, followed by calcination at 600 °C for 12 h.

MoO; was synthesized by calcination of recrystallized
ammonium heptamolybdate tetrahydrate (Fluka, puriss. p. a.
>99%) at 600 °C for 12 h.

Catalytic testing. Catalytic testing was performed in a CCR1000
reaction cell using 120 mg of catalyst. The sample was first
dehydrated for 1h at 365°C in 12.5% O,/He (40 ml,/min). The
catalyst was then cooled to 25°C, exposed to 12.5% 0,/12.5%
C;Hg/He with a total flow rate of 40 ml,/min, and then heated to
550 °C in 45°C steps, staying at each temperature for 1h. The
gas-phase composition was analyzed continuously using gas
chromatography (GC, Agilent Technologies 7890B). The GC is
equipped with a PoraPlotQ and a Molsieve column as well as a
thermal conductivity detector (TCD) and a flame ionization
detector (FID) in series. The setup is connected through a twelve-
way valve. One chromatogram is measured every 29 min,
resulting in two chromatograms for each temperature, which
were averaged. The pressure before and after the GC was mon-
itored to correct the detected areas for pressure fluctuations.

Table 1 Relative sensitivity factors (RSFs) for quantification
of elemental concentrations from XP spectra.

Mo 3d
9.79

O1s
2.50

C1ls
1.00

Element and level
RSF

Fe 2p3/,
7.96

X-ray photoelectron spectroscopy. X-ray photoelectron spec-
troscopy (XPS) was carried out on an SSX 100 ESCA spectro-
meter (Surface Science Laboratories Inc.) employing a
monochromatic Al Ka X-ray source (1486.6 eV) operated at 9 kV
and 10 mA; the spot size was approximately 1 mm x 0.25 mm.
The base pressure of the analysis chamber was <1078 Torr. Sur-
vey spectra (eight measurements) were recorded between 0 and
1100 eV with 0.5eV resolution, whereas detailed spectra (30
measurements) were recorded with 0.05eV resolution. To
account for sample charging, the C 1s peak of ubiquitous carbon
at 284.4 eV was used to correct the binding-energy shifts in the
spectra. Atomic concentrations were calculated using the relative
sensitivity factors (RSFs) given in Table 1.

Diffuse reflectance UV-Vis spectroscopy. Diffuse reflectance
(DR) UV-Vis spectra were recorded on a Jasco V-770 UV-Vis
spectrometer. Dehydrated BaSO, was used as the white standard.
For each experiment, 120 mg of catalyst was put in the com-
mercially available reaction cell (Praying Mantis High Tempera-
ture Reaction Chamber, Harrick Scientific) equipped with
transparent quartz glass windows. The Harrick cell was calibrated
separately to ensure the same temperatures in both reaction cells
used. Operando spectra were measured at 320 and 500 °C under
oxidizing (12.5% O,/He) and reactive (12.5% C;Hg/12.5% O,/He)
conditions, after 1h of dehydration in 12.5% O,/He at 365°C
(total flow rate: 40 ml,/min). Before measuring each spectrum,
the samples were pretreated in the respective gas phase for
30 min, to ensure a steady state.

Visible Raman spectroscopy. Visible (Vis) Raman spectroscopy
was performed at 514nm excitation, emitted from a Cobolt
Fandango diode laser (Hiibner Photonics). The light was focused
onto the sample, gathered by an optical fiber, and dispersed by a
transmission spectrometer (Kaiser Optical, HL5R). The dispersed
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Raman radiation was subsequently detected by an electronically
cooled charge-coupled device (CCD) detector (-40 °C, 1024 x 256
pixels). The spectral resolution was 5cm™! with a wavelength
stability of better than 0.5 cm™. For Raman experiments, 120 mg
of catalyst was filled into a CCR1000 reactor (Linkam Scientific
Instruments) equipped with a quartz window (Linkam Scientific
Instruments). The laser power at the sample location was 4 mW.
Data analysis of the Raman spectra included cosmic ray removal
and an auto-new dark correction. Operando spectra were mea-
sured at 320 and 500°C under oxidizing (12.5% O,/He) and
reactive (12.5% Cs;Hg/12.5% O,/He) conditions, after 1h of
dehydration in 12.5% O,/He at 365 °C (total flow rate: 40 ml,/
min). Before measuring each spectrum, the samples were pre-
treated in the respective gas phase for 30 min, to ensure a
steady state.

UV-Raman spectroscopy. UV-Raman spectroscopy was per-
formed at an excitation wavelength of 385 nm generated by a
laser system based on a titanium sapphire (Ti: Sa) solid-state laser
pumped by a frequency-doubled Nd: YAG laser (Coherent,
Indigo). The fundamental wavelength is frequency doubled to
385nm using a LiB;Os crystal. The light is focused onto the
sample, and the scattered light is collected by a confocal mirror
setup and focused into a triple-stage spectrometer (Princeton
Instruments, TriVista 555)3°. Finally, the Raman contribution is
detected by a CCD (2048 x 512 pixels) cooled to -120 °C. The
spectral resolution of the spectrometer is 1cm™l. For Raman
experiments, 120 mg of catalyst was placed in a CCR1000 reactor
(Linkam Scientific Instruments) equipped with a CaF, window
(Korth Kristalle GmbH). The laser power at the location of the
sample was 5 mW. Data processing included cosmic ray removal
and background subtraction. Operando spectra were measured at
320 and 500°C under oxidizing (12.5% O,/He) and reactive
(12.5% C;3Hg/12.5% O,/He) conditions, after 1 h of dehydration
in 12.5% O,/He at 365 °C (total flow rate: 40 ml,/min). Before
measuring each spectrum, the samples were pretreated in the
respective gas phase for 30 min, to ensure a steady state.

Modulation excitation (ME)-DRIFTS. ME-DRIFT spectroscopy
was performed using a modified apparatus that was already for
steady-state DRIFTS experiments?>#l. For each experiment,
120 mg of catalyst was used.

We used the rapid scan mode of Bruker’s spectrometer
software OPUS 7.2. Spectra were measured from 850 to
3800 cm™! with a resolution of 0.5cm!, an aperture of 8 mm,
and a mirror speed of 40kHz. A Valco Instruments 4/2 valve
(Model E2CA, version ED), communicating with the Vertex 70, is
used to rapidly switch between different gas feeds, which are
controlled via digital mass flow controllers (Bronkhorst).

As gases we used C;Hg (Westfalen, 3.5), O, (Westfalen, 5.0),
and helium (Westfalen, 5.0). One measurement series consisted of
20 periods (20 gas-phase switches), each of which had a duration
of 360s and consisted of 240 spectra. For one spectrum, five
consecutive interferograms were averaged, so that a new spectrum
was acquired every 1.5s.

As background the catalyst spectrum itself was used, after 1h
of dehydration at 365 °C in 12.5% O,/helium atmosphere and a
10 min treatment at 320°C in one of the reaction gases for
conventional ME-DRIFTS (12.5% O, or 12.5% Cs;Hg in helium).
The flow was kept constant at 100 ml,/min during the
pretreatment and experiment.

During ME-DRIFTS, a flow of either 12.5% C;Hjg or 12.5% O,
in helium was kept constant over the sample, while the other feed
gas was pulsed over the sample. The temperature during all
modulation-excitation experiments was kept at 320°C. To

remove the gas-phase contribution, we subtracted gas-phase
spectra over KBr from each recorded DRIFT spectrum. To
exclude the possibility of intensity fluctuations over multiple
periods, we checked the intensity profile at three distinct
wavenumbers, representative of the background, an adsorbate
peak, and a gas-phase peak, but detected no absolute intensity
changes over multiple periods that could influence the Fourier
transformation.

To obtain phase-sensitive spectra, the time-resolved 3D
spectral data was converted from the time to the phase domain.
For an overview, the resolution of phase spectra was chosen to be
30°, whereas mechanistic insights were obtained using a
resolution of 1°. The main operation of phase-sensitive detection
(PSD) is a Fourier transformation according to*2

T
E(p) = %/0 Iy(¢) - sin(2nft 4 ) dt

where I(f) is the time-dependent intensity at one specified
wavenumber (7) that is convoluted with the sine function,
representing the modulation of the external parameter (e.g., the
gas-phase concentration), thus forming I(¢), the phase-resolved
intensity. The frequency of the external modulation is f, and 0 and
T represent the times at which the considered dataset begins and
ends, respectively. To obtain a complete phase-resolved spectrum,
this procedure is repeated for every wavenumber. By varying ¢
from 0 to 360° with a chosen resolution and repeating the steps
above, the complete phase-resolved dataset is created.

The strong noise in the signal of the ME-DRIFT spectra (see
Fig. 2) is caused by the low MoOy concentration and low
conversion as the intensity after the Fourier transform depends
on the intensity change when switching the gas-phases.

Impedance spectroscopy. Potentiostatic electrochemical impe-
dance spectra (p-EIS) were acquired in a two-electrode system
using a BioLogic VSP potentiostat/galvanostat operated in the
1 MHz to 1 Hz range with 60 mV amplitude and 20 measurement
points per decade acquired in triplicate with a potential of 0.05 V
versus a reference of +0.771V (Fe3t to Fe2T). The positive
reduction potential was referenced against the standard hydrogen
electrode (SHE). Impedance spectra were recorded after placing
120 mg of the catalyst in a commercial CCR1000 cell (Linkam
Scientific Instruments, UK), equipped with a PTFE (polytetra-
fluoroethylene) plate with two holes for the copper electrodes, as
described previously?!. In this context, we also performed
experiments with gold electrodes (Alfa Aesar, UK, 99.999%),
where no influence of the electrode material on the electro-
chemical output was observed with the exception of a parasitic
potential iR drop, arising from the peculiarities of the cell
assembly. Its compensation was performed manually in the EC-
Lab v. 11.33 (BioLogic, France) acquisition software prior to the
actual measurement. Before each measurement, to allow for
equilibration, the sample was kept at 320/500 °C for about 30 min
under oxidative (12.5% O,/He) or reactive (12.5% 0,/12.5%
C;Hg/He) conditions, respectively (total flow rate: 40 ml,/min).
This procedure ensures that the measurements take place in a
stationary state as verified by considering the temporal evolution,
which did not show any significant changes during the mea-
surement. Raw spectra were validated by applying the
Kramers-Kronig relations, which deviate from an ideal behavior
by ca. 8%, with 11% being the benchmark for discarding the
measurement, meaning that the real and imaginary parts of the
experimental spectra overlap with say, the imaginary spectral
points calculated from the real part by applying Hilbert trans-
forms. Before measuring each spectrum, the samples were
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pretreated in the respective gas phase for 30 min, to ensure a
steady state.

Data availability
The datasets generated during and/or analyzed during the current study are not publicly
available but are available from the corresponding author on reasonable request.

Received: 30 June 2023; Accepted: 10 October 2023;
Published online: 26 October 2023

References
1. Hess, C. & Schlogl, R. Nanostructured Catalysts. Selective Oxidations (R. Soc.
Chem., 2011).

2. Adkins, H. & Peterson, W. R. The oxidation of methanol with air over iron,
molybdenum, and iron-molybdenum oxides. J. Am. Chem. Soc. 53, 1512-1520
(1931).

3. Oefner, N. et al. Activity, selectivity and initial degradation of iron molybdate
in the oxidative dehydrogenation of ethanol. ChemCatChem 14, €202101219
(2022).

4. Malik, M. L, Abatzoglou, N. & Achouri, I. E. Methanol to formaldehyde: an
overview of surface studies and performance of an iron molybdate catalyst.
Catalysts 11, 893 (2021).

5. Bowker, M. Rules for selective oxidation exemplified by methanol selective
oxidation on iron molybdate catalysts. Top. Catal. 58, 606-612 (2015).

6. Beck, B. et al. Partial oxidation of ethanol on vanadia catalysts on supporting
oxides with different redox properties compared to propane. J. Catal. 296,
120-131 (2012).

7. Soderhjelm, E. et al. On the synergy effect in MoOs;-Fe,(M0O,); catalysts for
methanol oxidation to formaldehyde. Top. Catal. 50, 145-155 (2008).

8. Routray, K., Zhou, W, Kiely, C. J., Griinert, W. & Wachs, L. E. Origin of the
synergistic interaction between MoO; and iron molybdate for the selective
oxidation of methanol to formaldehyde. J. Catal. 275, 84-98 (2010).

9. Soares, A. P. V., Portela, M. F. & Kiennemann, A. Methanol selective
oxidation to formaldehyde over iron-molybdate catalysts. Catal. Rev. 47,
125-174 (2005).

10. Yeo, B. R. et al. The surface of iron molybdate catalysts used for the selective
oxidation of methanol. Surf. Sci. 648, 163-169 (2016).

11. Gaur, A. et al. Operando XAS/XRD and Raman spectroscopic study of
structural changes of the iron molybdate catalyst during selective oxidation of
methanol. ChemCatChem 11, 4871-4883 (2019).

12. O’Brien, M. G., Beale, A. M., Jacques, S. D. M. & Weckhuysen, B. M. A
combined multi-technique in situ approach used to probe the stability of iron
molybdate catalysts during redox cycling. Top. Catal. 52, 1400-1409 (2009).

13. House, M. P., Shannon, M. D. & Bowker, M. Surface segregation in iron
molybdate catalysts. Catal. Lett. 122, 210-213 (2008).

14. House, M. P., Carley, A. F., Echeverria-Valda, R. & Bowker, M. Effect of
varying the cation ratio within iron molybdate catalysts for the selective
oxidation of methanol. J. Phys. Chem. C. 112, 4333-4341 (2008).

15. Bowker, M., Carley, A. F. & House, M. Contrasting the behaviour of MoO;
and MoO, for the oxidation of methanol. Catal. Lett. 120, 34-39 (2007).

16. Soares, A. P. V., Portela, M. F., Kiennemann, A. & Hilaire, L. Mechanism of
deactivation of iron-molybdate catalysts prepared by coprecipitation and sol-
gel techniques in methanol to formaldehyde oxidation. Chem. Eng. Sci. 58, 5
(2003).

17. Carrero, C. A., Schloegl, R., Wachs, I. E. & Schomaecker, R. Critical
literature review of the kinetics for the oxidative dehydrogenation of propane
over well-defined supported vanadium oxide catalysts. ACS Catal. 4,
3357-3380 (2014).

18. Kiristian Viegaard Raun et al. Deactivation behavior of an iron-molybdate
catalyst during selective oxidation of methanol to formaldehyde. Catal. Sci.
Technol. 8, 4626-4637 (2018).

19. Bowker, M. et al. Selectivity determinants for dual function catalysts: applied
to methanol selective oxidation on iron molybdate. Catal. Struct. React. 1,
95-100 (2015).

20. Schumacher, L., Weyel, J. & Hess, C. Unraveling the active vanadium sites and
adsorbate dynamics in VO,/CeO, oxidation catalysts using transient IR
spectroscopy. J. Am. Chem. Soc. 144, 14874-14887 (2022).

21. Ziemba, M., Radtke, M., Schumacher, L. & Hess, C. Elucidating CO,
hydrogenation over In,O; nanoparticles using operando UV/Vis and
impedance spectroscopies. Angew. Chem. Int. Ed. 61, €202209388 (2022).

22. Schumacher, L. & Hess, C. The active role of the support in propane ODH
over VO,/CeO, catalysts studied using multiple operando spectroscopies. J.
Catal. 398, 29-43 (2021).

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

Hallam, P. M., Gémez-Mingot, M., Kampouris, D. K. & Banks, C. E. Facile
synthetic fabrication of iron oxide particles and novel hydrogen superoxide
supercapacitors. RSC Adv. 2, 6672 (2012).

Bowker, M. et al. The selective oxidation of methanol on iron molybdate
catalysts. Top. Catal. 48, 158-165 (2008).

Bowker, M. et al. The selective oxidation of methanol to formaldehyde on iron
molybdate catalysts and on component oxides. Catal. Lett. 83, 165-176
(2002).

Baerns, M., Hofmann, H. & Renken, A. Chemische Reaktionstechnik (Thieme
Verlag, Stuttgart, 1992).

Dias, A. P. S, Rijo, B., Kiennemann, A. & Portela, M. F. Methanol oxidation
over iron molybdate catalysts. Main and side reactions kinetics. Appl. Catal. A
Gen. 658, 119118 (2023).

Brookes, C., Bowker, M. & Wells, P. Catalysts for the selective oxidation of
methanol. Catalysts 6, 92 (2016).

Srinivasan, P. D., Patil, B. S., Zhu, H. & Bravo-Sudrez, . ]. Application of
modulation excitation-phase sensitive detection-DRIFTS for in situ/operando
characterization of heterogeneous catalysts. React. Chem. Eng. 4, 862-883
(2019).

Urakawa, A., Biirgi, T. & Baiker, A. Sensitivity enhancement and dynamic
behavior analysis by modulation excitation spectroscopy: principle and
application in heterogeneous catalysis. Chemn. Eng. Sci. 63, 4902-4909 (2008).
Dieterle, M. & Mestl, G. Raman spectroscopy of molybdenum oxides part II.
Resonance Raman spectroscopic characterization of the molybdenum oxides
Mo,40O;; and MoO,. Phys. Chem. Chem. Phys. 4, 822-826 (2002).

Dieterle, M., Weinberg, G. & Mestl, G. Raman spectroscopy of molybdenum
oxides part I Structural characterization of oxygen defects in MoO; , by DR
UV/Vis, Raman spectroscopy and X-Ray diffraction. Phys. Chem. Chem. Phys.
4, 812-821 (2002).

Mojet, B. L., Coulier, L., van Grondelle, J., Niemantsverdriet, J. W. & van
Santen, R. A. Potential of UV-Raman spectroscopy for characterization of
sub-monolayer MoO, model catalysts at ambient pressure. Catal. Lett. 96, 1-4
(2004).

Brookes, C. et al. The nature of the molybdenum surface in iron molybdate.
The active phase in selective methanol oxidation. J. Phys. Chem. C. 118,
26155-26161 (2014).

Brookes, C. et al. Molybdenum oxide on Fe,O5 core-shell catalysts: probing
the nature of the structural motifs responsible for methanol oxidation
catalysis. ACS Catal. 4, 243-250 (2013).

Xu, Q., Jia, G., Zhang, J., Feng, Z. & Li, C. Surface phase composition of iron
molybdate catalysts studied by UV Raman spectroscopy. J. Phys. Chem. C.
112, 9387-9393 (2008).

Balasubramani, V. et al. Review—recent advances in electrochemical
impedance spectroscopy based toxic gas sensors using semiconducting metal
oxides. J. Electrochem. Soc. 167, 37572 (2020).

Forzatti, P., Villa, P. L. & Mari, C. M. Electrical conductivity of polycrystalline
Fe,(M0Oy);. Mater. Chem. Phys. 10, 385-391 (1984).

Waleska, P. S. & Hess, C. Oligomerization of supported vanadia: structural
insight using surface-science models with chemical complexity. J. Phys. Chem.
C. 120, 18510-18519 (2016).

Ziemba, M., Weyel, J. & Hess, C. Elucidating the mechanism of the reverse
water—gas shift reaction over Au/CeO, catalysts using operando and transient
spectroscopies. Appl. Catal. B Environ. 301, 120825 (2022).

Weyel, J., Ziemba, M. & Hess, C. Elucidating active CO-Au species on Au/
CeO,(111): a combined modulation excitation DRIFTS and density functional
theory study. Top. Catal. 65, 779-787 (2022).

Baurecht, D. & Fringeli, U. P. Quantitative modulated excitation Fourier
transform infrared spectroscopy. Rev. Sci. Instrum. 72, 3782-3792 (2001).

Acknowledgements

The authors acknowledge Karl Kopp for XPS measurements and spectral analysis, and
Katrin Hofmann for the synthesis of Fe,(MoQ,);. This work was supported by the
Deutsche Forschungsgemeinschaft (DFG, HE 4515/11-1). Leon Schumacher, Jan Wel-
zenbach, and Christian Hess gratefully acknowledge financial support by the CRC 1487.

Author contributions

L.S. performed the majority of the experimental work, designed the measurement pro-
tocols, analyzed most of the data, and was a major contributor in writing this paper. M.R.
performed the detailed equivalent-circuit analysis of the operando impedance spectra.

J.W. supplied the samples. C.H. wrote the grants, provides the experimental equipment,
supervised the project, and was a major contributor in discussing the results and writing
this paper.

Funding
Open Access funding enabled and organized by Projekt DEAL.

8 COMMUNICATIONS CHEMISTRY | (2023)6:230 | https://doi.org/10.1038/s42004-023-01028-8 | www.nature.com/commschem


www.nature.com/commschem

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-023-01028-8

ARTICLE

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42004-023-01028-8.

Correspondence and requests for materials should be addressed to Christian Hess.
Peer review information Communications Chemistry thanks Martin Hej and the other,

anonymous, reviewer(s) for their contribution to the peer review of this work. A peer
review file is available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
32

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

COMMUNICATIONS CHEMISTRY | (2023)6:230 | https://doi.org/10.1038/s42004-023-01028-8 | www.nature.com/commschem 9


https://doi.org/10.1038/s42004-023-01028-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commschem
www.nature.com/commschem

	Unraveling surface and bulk dynamics of iron(III) molybdate during oxidative dehydrogenation using operando and transient spectroscopies
	Results
	Catalytic activity
	Transient spectroscopy
	Operando spectroscopy

	Discussion
	Methods
	Catalyst preparation
	Catalytic testing
	X-ray photoelectron spectroscopy
	Diffuse reflectance UV-Vis spectroscopy
	Visible Raman spectroscopy
	UV-Raman spectroscopy
	Modulation excitation (ME)-DRIFTS
	Impedance spectroscopy

	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




