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1. Additional Spectroscopic Data

Supplementary Table 1: Characterization data for Fe2(M0Qa4)3, MoOx/Fe203, and MoOsa.

Sample ICP-OES N2 Physisorption SEM Imaging
Mo/Fe bulk ratio Surface Area Particle Size
Fe2(MoOa4)3 1.53 2.9 m3g 2-8 um
MoOx/Fe203 0 8.7 m3/g 5 um
MoO3 0 3.9 m3/g 2-5 um
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Supplementary Figure 1: Overview XP spectrum of Fez(MoOa)s. The peaks used for quantification

(Supplementary Table 2) are highlighted in red.

Supplementary Table 2: Elemental composition of Fe2(MoOa)s based on X-ray photoelectron (XP)

survey spectra and the use of the relative sensitivity factor (RSF) values from Table 1.
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Supplementary Figure 2: Fe 2ps2 photoemission of the Fe2(MoOa4)s sample used in this study. The

positions of characteristic Fe peaks are marked.
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Supplementary Figure 3: Oxygen consumption of Fe2(MoOa)s during reaction conditions at different
temperatures. The temperatures used for operando experiments are highlighted and the percentage of
consumed oxygen in regard to the amount where no consumption occurs is indicated by dashed arrows.

The error bars were produced as a percentage of the areas obtained from the GC by error propagation.
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Supplementary Figure 4: Molar product distribution of all products detected by the gas chromatography
(GC) during the treatment of Fe2(M00Oa4)3 in 12.5% 02/12.5% CsHs/He between 50 and 550 °C after initial
dehydration in 12.5% O2/He at 365 °C. The inset gives an enlarged view of the temperature region
between 120 and 550 °C.
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Supplementary Figure 5: Comparison between the time domain (before PSD, left) and phase domain
(after PSD, right) DRIFT spectra of Fe2(MoOs4)s recorded under modulation-excitation conditions as

described in the experimental section.

Supplementary Discussion 1

The time resolved DRIFT spectra of Fe2(MoOas)s were recorded under a constant
propane (12.5% CsHs/He) and a pulsed oxygen (12.5% 02/12.5% CsHs/He) flow. A
spectrum was measured every 1.54 s while the gas phases were switched according
to the experimental section. Due to the reaction conditions being switched on and off,
the signal of peaks that participate in the reaction follow the periodic pertubation with
a certain phase-shift, while peaks that do not participate in the reaction have no
periodic behavior. When the results are Fourier transformed over the entire phase
space (phase sensitive detection, PSD), only those peaks following the periodic
pertubation due to a concentration modulation remain, while the remaining signals are
eliminated, allowing for the discrimination between active and observer species. Due
to this, the detection sensitivity towards weak signals that are either heavily overlapped
by spectator species/background noise or participate only weakly in the reaction, is
significantly enhanced.*?

This is evidenced by Supplementary Figure 5, where, in the time-resolved
spectra (left), a large but noisy signal of the Mo=0 region between 950 and 1080 cm!
is observed, but no significant changes between the time resolved spectra can be
detected, while a constant background overlaps some of the propane gas phase peaks
between 1200 and 1600 cm*. After PSD, the propane gas phase is more pronounced,
but a participation of the Mo=0 peak is still observable, indicating its importance in the
reaction. To emphasize the assignments to the propane gas phase and to ensure that,
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besides the gas phase, only the Mo=0 peak participates, the same measurement as
in Figure 2 and Supplementary Figure 5 is performed in the same manner over KBr,
which is IR transparent and shows no conversion. The results after the PSD are shown

in Supplementary Figure 6.
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Supplementary Figure 6: Gas phas contribution from propane to the ME-DRIFT spectra afer PSD.

Comparing the results in Supplementary Figures 5 and 6, we can deduce that only
propane gas phase contributions can be observed beside the Mo=0 signal in the ME-
DRIFT spectra of Fe2(MoOa)s.
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Supplementary Figure 7: Operando UV-Vis spectra of Fe2(MoOs)s recorded in a feed of
12.5% 02/12.5% CsHs/He, compared to oxidative conditions (12.5% O2/He) at (a) 320 and (b) 500 °C.
Spectra have been normalized for comparability. The insets give an enlarged view of the absorption
between 600 and 800 nm. The wavelengths at which Raman spectroscopy was performed are marked

in the left panel.
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Supplementary Figure 8: Operando Raman spectra (at 514 nm excitation) of Fe2(MoOa)s recorded in
a feed of 12.5% 02/12.5% CsHs/He, compared to oxidative conditions (12.5% O2/He) at (a) 320 °C and

(b) 500 °C. Spectra have been normalized for comparability.

Supplementary Table 3: Assignment of the Raman features detected for Fe2(M00O4)3.3

Wavenumber /cm Assignment
117 — 258 Lattice modes
299 — 370 MoO4 bending modes
785 — 823 MoO4 antisymmetric stretching modes
938 — 991 MoO4 symmetric stretching modes
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Supplementary Figure 9: Operando impedance spectra of (a) Fe2(MoOa)3, (b) 1.0MoOx+Fe203, and
(c) MoOsz at 320°C in a feed of 12.5% 02/12.5% CsHs/He, compared to oxidative conditions

(12.5% Oa/He).
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Supplementary Figure 10: Operando impedance spectra of MoOs at 500 °C in a feed of
12.5% 02/12.5% CsHs/He, compared to oxidative conditions (12.5% O2/He).
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Supplementary Figure 11: Experimental impedance data (points) of Fe2(MoOs4)s recorded under
reactive conditions (12.5% 02/12.5% CsHs/He) at 500°C together with the results from equivalent circuit
fitting (red line). The parts pf the equivalent circuit corresponding to the skin-effect, water creation,
protonation and diffusion, as well as separation of Fe2(MoOa4)s are indicated by different colors. For

details see text.
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Supplementary Discussion 2

The impedance spectrum of Fez2(MoOa)s at 500 °C under reactive conditions is
composed of multiple elements separated into four sub-circuits. Each one is divided
into ohmic, kinetic and ohmic/kinetic contributions. The ohmic parts represent the
materials response, while the kinetic parts describe effects due to the occurring
reaction.

The sub-circuit on the left (low impedance/high frequency) is composed of an
induction (L) and a resistance (R) element in series (blue). When the indirect band gap
of 2.7 eV of Fe2(MoOa4)s is considered, the material can be described as a semi-
conducting oxide,* which therefore implies impaired conductivity at room temperature.
This causes the alternating current from the AC-potentiostatic impedance experiment
to generate charge at the surface, leading to a high accumulation of current, which is
described as the skin effect and is often fitted by L-R elements, even though, in some
cases, this part is subtracted from the data.® This inductive contribution was minimal in
our case, yielding a value of 1.39E-03 H after fitting while the electrode resistance was
more significant in comparison, yielding a value of R1=101 kQ, which is expected for
a solid-state system with diminished conductivity.®

Following the impedance acquisition path from left (high frequency) to right (low
frequency) the measurement time increases for each acquired point. The second sub-
circuit of the impedance spectrum (red) is composed of four parts, each of which
corresponds to different phases present in addition to Fe2(MoOQa)s before and/or due
to the reaction, that is, MoOx, FeMoOs and Fe20s3, as determined by separate
measurements (see main text and previous studies).”® MoOx and FeMoO4 have the
largest impact on the spectrum of Fe2(Mo0Qa4)s; note that the contribution of MoOx during
the reaction has already been observed during transient IR measurements. The exact
allocation of each phase to their electrical parts in the second sub-circuit is proposed
to be a mixture. This corresponds to the C1-R2 parallel circuit in series with C2, and
C2 is in parallel with C3. This C-C element describes the mixed character of MoOx as
Mo(V) and Mo(VI) corresponding to the induced oxygen transport initiated by the
reaction and hydrogen transfer upon the first C-H breakage or water reduction.®

The third sub-circuit (containing R3, R4, C4, and the Warburg element; green)
also describes oxygen transport in compliance with the Mars—van Krevelen

mechanism and Frenkel equilibrium: Mm*+0Oo* < Mw*+Oi"+Vo-. Here, the Kroger—Vink
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notation describes the presence of oxygen vacancies within the metal oxide to be
responsible for the oxygen conduction. As part of the above-mentioned phase
separation, the more-conductive FeMoOas is generated, which causes less charge
accumulation. Therefore, the second semi-circle in the impedance spectrum is reduced
in size since FeMoO4 is more conductive (even at room temperature) than Fe2(MoOa4)3
at temperatures between 370 and 900 K.10.11

The last semi-circle in the lower-frequency region (purple) corresponds to the
kinetic/ohmic contribution. Here, the reaction according to the Mars—van Krevelen
mechanism occurs. An interesting electrical component, leading to a significantly
improved fit (see Supplementary Figure 7, where only the oxygen transport is
regarded), is a proton transport element in the form of R5, which is fully consistent with
the transient hydrogen transfer suggested by the ME-DRIFTS data. The impedance
data further indicates the diffusion and storage to be mixed according to the analysis
performed by Chaparro et al.'?. This is also the region of mass-transport loss, which
indicates the release of compounds from the surface, which were previously diffusing
out from the bulk and sub-surface. Here, we propose a mass-transport loss due to
water, which is a product of the reaction.?

The last part of the spectrum (orange) in the lowest-frequency region
corresponds to the mixed mass-transport loss (R) and compensation by the ongoing
reaction (Warburg element W). The last R+W contribution (orange) corresponds to a
mass-transfer effect, while the previous contribution (purple) describes the kinetic
contribution from the reaction itself.

To further support the necessity of the proposed additional effects to oxygen transport,
we performed a fit to the same impedance spectrum by taking only oxygen transport
into account. The results are shown in Supplementary Figure 8. If only oxygen
transport based on RC-circuits is considered, the fit does not converge completely.
This behavior is caused by the lack of diffusive effects, hydrogen transport and the
inductive elements arising from the skin effect and vacancy displacement according to
the Frenkel equilibrium. For the fit shown in Supplementary Figure 8, data points
strongly deviating from the spectrum were removed, but the quality of the fit is still poor.
This behavior strongly indicates that oxygen transport is not the only phenomenon that

needs to be taken into account to describe the impedance data of Fe2(MoOa)s.
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Supplementary Figure 12: Experimental impedance data (points) of Fe2(MoOs4)s recorded under
reactive conditions (12.5% O2/12.5% CsHs/He) at 500°C together with the results from equivalent circuit

fitting (red line) based on oxygen transport effects only. For details see text.
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