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ABSTRACT: Unlocking the full potential of CO, as a mild oxidant CO,-assisted propane dehydrogenation
in propane dehydrogenation (CO,—PDH) hinges on mastering the C.H C.H
redox chemistry of metal oxide catalysts, that are suited to activate ..

C—H bonds, while mitigating deactivation. This work explores a
Mg(S wt % Fe,Al)O, catalyst, synthesized as layered double
hydroxide. The ensuing stabilization of oxidized iron within
Mg(Fe,Al)O, vields intricate redox dynamics during CO,—PDH.
Fe-normalized time yields between 2.0 and 5.6 mmolcsygmolg, s~
place Mg(Fe,Al)O, among the most efficient Fe-based systems
reported to date. The catalyst withstands CO,—PDH — O,
regeneration cycles without loss of initial activity. While gradual co co,
deactivation occurs across 20 h time-on-stream, the propylene

selectivity stabilizes at 78.9%, underscoring the potential for prolonged operation. The intricate redox dynamics were investigated
using time-resolved XAS and XRD with modulation-excitation. This approach enabled the decoding of two distinct CO,—PDH
pathways. First, iron reversibly cycles between Fe* in a surface MgFe,0, phase and dispersed Fe?* species, via Fe’*=Fe**/2*=Fe*
transitions. This Mars-van Krevelen pathway enables carbon removal, but can also overoxidize hydrocarbons. In a parallel
Langmuir—Hinshelwood pathway, these Fe?* species, stabilized by an MgO-like environment in a likely distorted coordination, serve
as highly selective sites for C—H bond activation. Although only ~ 1% of Fe participates, it governs the catalytic performance. In
contrast, irreversible Fe**=Fe’*/>*=Fe?" transitions lead to MgFe,0, depletion and aggregation of FeO,, the latter promoting
carbon formation. These structure—activity relationships break the long-standing code of active site identity and dynamics in Fe-
based CO,—PDH catalysts, highlighting both Fe dispersion and the Fe*"/Fe® speciation as critical levers for optimizing
performance.
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1. INTRODUCTION oxidation, causing an equilibrium shift toward propylene, while
oxidizing carbon deposits and preserving the accessibility of
active sites for propane adsorption. Mild oxidants are preferred
over O, to avoid hydrocarbon overoxidation and excessive
exothermicity. Among the mild oxidants, the use of CO,
(“CO,—PDH” or “COjassisted PDH”) has received notable
interest'”'” and is additionally incentivized as a strategy to
mitigate climate change.'* In CO,—PDH, CO, can participate
either via a two-step mechanism, in which dehydrogenation
(eq 1) is followed by the reverse water—gas shift reaction
(RWGS, eq 2), or via a one-step interaction with propane (eq

Propylene, the second most important olefin after ethylene, is a
crucial building block in the chemical industry. Approximately
15—-20% of the global propylene output stems from propane
dehydrogenation (PDH, eq 1).” Unlike the nonselective steam
cracking, PDH enables on-purpose propylene production.” A
major challenge of the PDH process is its endothermic and
equilibrium-limited nature, which requires temperatures above
800 K to achieve sufficiently high per-pass propane
conversions.”” Such temperatures, however, also promote
carbon formation, thereby accelerating catalyst deactivation.
Consequently, industrial PDH process technology requires
frequent catalyst regeneration cycles, resulting in additional Received:  December 21, 2025
energy demand, process downtime, and ultimately, permanent Revised:  January 26, 2026
catalyst deactivation.”™” Accepted: January 29, 2026
In the past two decades, oxidative PDH strategies have Published: February 6, 2026
gained interest as a means to address these challenges.”'°™"
Introducing an oxidant into the PDH process enables H,
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3).” Additionally, CO, can oxidize carbon deposits via the
reverse Boudouard reaction (eq 4).

k
C,Hg = C,H, + H, (AH298 - +124—J]
mol (1)
kJ
CO, + H, & H,0 + CO |AH,, = +41——
mol 2)
kJ
CO, + CiHy = CiHy + CO + Hy0 | AHyg = +164— -
mo
3)
kJ
C + CO, = 2CO |AH,p = +172——
mo (4)

Industrial nonoxidative PDH processes often employ Pt-
based catalysts, with Pt—Sn as a notable example (e.g,
Oleflex).""*%* Extending the application of supported Pt—Sn
and Pt—In catalysts from nonoxidative PDH toward CO,—
PDH was the focus of prior work.””™"" While promising
propylene yields were obtained, even relatively low CO,:C;Hg
molar feed ratios (1:8) led to disintegration of the alloyed
nanoparticles through promoter oxidation.'” As an alternative,
research on CO,—PDH using transition metal oxide catalysts
has recently emerged. Compared to noble metal catalysts,
these are more economical and potentially more stable in the
presence of CO,. Especially FeO, has gained attention as
affordable, nontoxic and environmentally benign catalyst
material."® Moreover, its facile redox properties, proven activity
for the RWGS reaction,"”™>* and ability to activate C—H
bonds makes it a promising catalyst candidate.

Despite these promising properties, the performance of
metal oxide catalysts and the associated knowledge on their
structure—activity relationships are still insufficient to allow for
the development of industrially viable CO,—PDH pro-
cesses.””® For FeO, catalysts specifically, the importance of
maintaining dispersed Fe’* species (2 > §>3) to preserve C—
H bond selectivity has been reported for nonoxidative
PDH.**"** In this context, Lewis acid—base catalytic
mechanisms have been proposed within zeolite frameworks:
Hu et al. demonstrated such a mechanism for isolated Fe*
species,”” while more recently, Alghannam and Bell reported
similar behavior for isolated Fe’* species.”® While this
knowledge provides a significant step forward in establishing
structure—activity relationships, further details on active site
properties remain a subject of debate. Moreover, the extension
to CO,—PDH introduces new unknowns to the structure—
activity relationships reported for nonoxidative PDH. Not only
does the presence of CO, modify the redox dynamics of Fe,
but it also introduces additional pathways for H, and carbon
oxidation, complicating the identification of the active sites.
Previously proposed active Fe species range from carbides””*’
to atomically dispersed three-coordinate Fe?*,”” dispersed
Fe?*/3+3173% and dispersed Fe** 2835 Moreover, identification
of an accompanying CO, activation pathway in the context of
CO,—PDH is not always reported.'®*° Finally, the majority of
these mechanistic propositions were made based on static
catalyst characterization, while the dynamic behavior of these
materials has rarely been considered. Although valuable, a
static approach yields sample-averaged conclusions, which may
overlook important mechanistic phenomena or the contribu-
tions of highly active minority species.’” "’
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To address the uncertainties associated with structure—
activity relationships, time-resolved in situ studies are required
on catalyst systems that stabilize dispersed Fe®* species under
CO,—PDH redox conditions. A promising pathway to stabilize
such Fe’" species within a mixed oxide is provided by layered
double hydroxides (LDHs),*"** the application of which is
underexplored for CO,—PDH. This work contributes to
establishing structure—activity relationships for FeO, catalysts
in CO,—PDH by employing an LDH synthesis route, by
assessing (CO,-)PDH performance, and by applying time-
resolved in situ X-ray characterization techniques. An LDH-
derived Mg(Fe,Al)O, catalyst with S wt % Fe was prepared, a
nominal Fe loading based on material stability, performance
stability and propylene iron-normalized time yield (Fe-TY,
mmolcyyemolg, 's™) reported in literature (Table S1).
Time-resolved quick X-ray absorption spectroscopy (QXAS)
identified the local Fe environment during reactive and redox
treatments, while in situ X-ray diffraction (XRD) provided
detailed information on the concomitant overall material
restructuring. Modulation-excitation (ME) approaches were
used in both XRD and QXAS to differentiate between
responsive (minority) species and spectator species. This
differentiation provides an essential key to unlocking the
mechanistic insight into the nature and evolution of active Fe’*
sites for CO,—PDH. Such knowledge can be relevant beyond
CO,—PDH, for other processes coupling CO, activation with
alkane or alkene transformations, including dry reforming of
methane™** and the CO,-assisted dehydrogenation of other
light alkanes.**®

2. MATERIALS AND METHODS

2.1. Catalyst Synthesis

A mixed oxide Mg(Fe,Al)O, catalyst was synthesized by calcining a
layered double hydroxide (LDH) precursor, targeting S wt % Fe and
an M>*:(M>*+M°*) molar ratio of 1:8.

The LDH phase was prepared through a low supersaturation
coprecipitation method,”’ using the following metal precursors:
Mg(NO;),-6H,0 (Sigma-Aldrich, ACS reagent, 99%), Al(NO;);-
9H,0 (Sigma-Aldrich, ACS reagent, > 98%) and Fe(NO,);9H,0
(Sigma-Aldrich, ACS reagent, > 98%). Further, Na,CO; (Sigma-
Aldrich, ACS reagent, > 99.5%) was used as CO5>” anion source and
NaOH (Sigma-Aldrich, reagent grade, > 98% anhydrous) as
precipitating agent.

A 200 mL aqueous cation solution with a total metal cation
concentration of 025 M (Mg®, AP* and Fe®*) was prepared by
dissolving the appropriate precursor masses in purified water (i.e.,
18.2 MQ-cm ™' resistivity at 298 K). Similarly, a 200 mL aqueous
anion solution of 0.4 M CO,>” was prepared by dissolving the
appropriate mass of Na,COj; in purified water. These solutions were
simultaneously added dropwise to a beaker containing 200 mL
purified water at 333 K under vigorous stirring. The temperature was
monitored using a stainless-steel temperature probe (IKA ETS DS)
and maintained at a constant level. The pH of the synthesis mixture
was maintained at 12 + 0.1 through dropwise addition of an aqueous
NaOH solution (2 M). The pH of the synthesis mixture was
monitored continuously with an electrode (3-point calibrated VWR
Phenomenal 221) and regularly verified with universal pH strips
(Whatman). The final synthesis volume was 0.8 L. The
coprecipitation took place over a 30 min timespan, after which the
mixture was further aged for 24 h at room temperature (RT).
Hereafter, the solution was filtered to obtain the precipitated LDH
phase. To remove anions and Na® cations, the residue was washed
with purified water until the filtrate reached neutral pH. Subsequently,
the washed sample was dried for 24 h in air at 393 K. The dried
material was then crushed into a fine powder and calcined for S h at
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Figure 1. Experimental sequences used for the in situ X-ray characterization experiments. a) Sequence probing redox properties through O,-TPO
— H,-TPR — CO,-TPO. Used for XRD and QXAS. b) Sequence probing reactive properties, used for XRD. c) Sequence probing reactive
properties, used for QXAS. d) Periodic H,—CO, square wave modulations used for ME-XRD. e) Periodic C;Hg—CO, rectangular wave

modulations used for ME-XAS.

1073 K in a continuous air flow of 100 Nlh™', employing a
temperature ramp of 2 K-min™.

In addition to the LDH-derived Mg(Fe,Al)O,, a physical mixture of
Fe,0; (Sigma-Aldrich, 99.999%) and MgO (Sigma-Aldrich, >
99.99%) was made as reference sample, employing the same molar
Fe:Mg ratio as in the Mg(Fe,Al) O, catalyst. The physical mixture was
prepared by repeatedly mixing and grinding it in an agate mortar to
achieve a homogeneous dispersion.

2.2. Synthesis Verification

2.2.1. N, Physisorption. The specific surface area was
determined using the BET method, while porosity properties were
calculated using the BJH method. A sample mass of 0.2 g (100—200
pum sieve fraction) was initially degassed at 523 K for 4 h under a
continuous N, flow using a Micromeritics SmartPrep apparatus.
Physisorption measurements were performed at 77 K with a
Micromeritics Tristar II apparatus.

2.2.2. Electron Microscopy. SEM-EDX measurements were
performed with a Jeol JSM 5400 equipped with an INCA x-act
(Oxford Instruments) for Energy Dispersive X-ray (EDX) analysis at
an acceleration voltage of 20 kV.

STEM images were acquired using a Jeol JEM-2200FS Cs
corrected electron microscope, equipped with a Schottky-type field-
emission gun (FEG) and a Jeol JED-2300D for EDX analysis.
Measurements were performed at an acceleration voltage of 200 kV
and a spot size of 1.5 nm. The catalyst sample was deposited onto a
Ted Pella 200 mesh Cu grid with a holey carbon film.

2.2.3. XRD during Calcination. The calcination of the LDH
precursor was monitored via in situ XRD to verify successful
synthesis. Measurements were performed using a Bruker-AXS D8
Discover apparatus with linear Vantec detector, using Cu K,, radiation
(wavelength: 1.54 A).*” Scans were taken in a 26 range from 28° to
48° with S s collection time and a 26 resolution of 0.1°. Fine catalyst
powder was placed onto a silicon wafer, connected to a conductive

4001

heating strip. A sample mass of ~ 0.02 g was used with flow rates of
160 N ml'min~' N, and 40 N ml-min~" O,. Temperature control
proceeded through a calibrated thermocouple. A temperature ramp of
5 K-min™" was employed from RT to 1073 K.

2.3. X-ray Characterization under Redox and Reactive
Conditions

In situ X-ray characterization for redox and reactive treatments was
conducted at synchrotron facilities (Figure 1). These experiments
comprised in situ X-ray diffraction (XRD) and quick X-ray absorption
spectroscopy (QXAS). Both techniques use hard X-rays, allowing to
probe the sample’s structural evolution under reactive conditions.
XRD provided information on the overall crystalline restructuring of
the sample, while QXAS at the Fe K-edge provided complementary
time-resolved information on the average local Fe environment,
allowing the capture of transient phenomena. A modulation-excitation
(ME) approach was used for both techniques to isolate the spectral
contributions of responsive (minority) species from those of spectator
species.’ #5752

2.3.1. Synchrotron XRD. 2.3.1.1. Measurement Setup. In situ
XRD measurements were performed at the ID20 beamline of the 6
GeV ESRF synchrotron (Grenoble, France).”® A 200 mA beam from
three U26 undulators was sent through a cryogenically cooled Si(111)
crystal monochromator. The monochromatic beam was then focused
to a spot size of approximately 40 ym x 80 um (V x H) with a
Kirkpatrick-Baez mirror system. The incident X-ray energy E, was set
at 9686.9 eV (wavelength 1.2799 A). Data were acquired with a
Minipix TPX3 detector™ in a 26 range from 23.38° to 60.78° with
0.04° step size for full scans (corresponding to the range 28.26°-
75.11° at Cu K, wavelength). For ME-XRD, data was acquired in a 26
range from 31.30° to 45.13° with 0.01° step size (corresponding to
38.68°-55.07° at Cu K, wavelength).

Measurements were performed in a custom-made reactor cell with
fine, undiluted catalyst powder pressed into a 0.5 mm-thick pellet.

https://doi.org/10.1021/acscatal.5c09151
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This pellet was placed on top of a resistive heating element, connected
to a thermocouple for temperature control. An Al foil dome was then
mounted over the pellet and heating element, see Figure S1.*> This
sealed off the pellet from the outside environment, while still allowing
sufficient X-ray penetration through the Al dome. The reactor was
connected to the cooling water circulation during high-temperature
treatments. Flow control was achieved through a custom-built mobile
gas rig equipped with calibrated mass flow controllers and pneumatic
valves, connected to the reactor cell via Swagelok connections.

2.3.1.2. Experimental Plan. Two in situ sequences were applied,
each starting with a fresh sample. A first sequence probed the redox
properties of the material (Figure 1a). This consisted of an O,-TPO
pretreatment (4 N mlmin™' O, and 16 N ml'min™' He), a
subsequent H,-TPR (1 N ml'min™' H, and 19 N ml'min~' He)
and a final CO,-TPO (4 N ml'min™" CO, and 16 N ml-min™" He).
Each time, a 10 K-min™" ramp rate was applied toward a temperature
set point (SP) of 973 K, followed by a 30 min dwell.

A second sequence probed the sample during reaction and
regeneration steps (Figure 1b). The sequence again started with an
0,-TPO pretreatment (4 N ml'min™' O, and 16 N ml‘min~' He)
with 10 K'min™" ramp rate toward an SP of 973 K, and a 30 min
dwell. This was followed by an isothermal CO,—PDH reaction (973
K SP, 4 N ml-min™" C;Hg 4N ml-min~' CO, and 12 N ml-min~! He,
30 min). After the CO,—PDH reaction, the sample was regenerated
isothermally (973 K SP) with CO, (soft regeneration, 30 min) and O,
(harsh regeneration, 30 min). Finally, a square wave modulation-
excitation XRD experiment (ME-XRD) was applied to probe the
nonlocal response of the material (Figure 1d). This was performed
over 15 periods of 6 min, each period consisting of 3 min H,/He (1N
ml-min~' H, and 19 N ml-min™' He) followed by 3 min CO,/He (4
N ml'min™' CO, and 16 N ml'min™" He). This ME protocol was
chosen to balance the time resolution of the XRD setup with the
requirements of successful data analysis via Phase-Sensitive Detection
(PSD, see 2.3.3). The Nyquist criterion requires at least two sampling
points per period, while a successful PSD analysis requires a sampling
rate at least an order of magnitude faster than the imposed
modulations.”® The square waveform of 6 min allowed for the
recording of 10 complete XRD patterns per period, while still
maintaining sensitivity to minority responsive phases.

2.3.2. Synchrotron QXAS. 2.3.2.1. Measurement Setup. In situ
QXAS measurements at the Fe K-edge (7112 eV) were performed at
the ROCK beamline of the 2.75 GeV SOLEIL synchrotron (Saint-
Aubin, France), operating under a machine current of 450 mA in top-
up hybrid mode. Spectra were recorded with a Si(111) mono-
chromator oscillating at 2 Hz, using only the forward oscillation
direction.”>*® A mirror with B,C coating was used for harmonics
rejection. The resulting spot size on the sample was 500 gm x 230 ym
(H x V). The X-ray intensities were recorded in transmission mode
with N,-filled ionization chambers. An Fe foil was used for the
reference channel during measurements. Further, ex situ spectra were
recorded for the metallic Fe foil itself, as well as for reference pellets of
a-Fe,05 (Sigma-Aldrich, 99.995%), y-Fe,O; (US Nano, 99.9%),
Fe;0, (Sigma-Aldrich, 99.99%), FeO (Sigma-Aldrich, 99.6%), spinel
MgFe,0,, Mg,Fe,O; (SI, section S3), and Fe(acac); (iron(III)
acetylacetonate, Sigma-Aldrich, 97%).

Fine catalyst powder was diluted with boron nitride (mass ratio
catalyst:BN of 1:2) and loaded between two quartz wool plugs in
quartz capillaries (1.2 mm outer diameter, 10 ym wall thickness),
yielding a catalyst bed length of 5 mm. The capillary was mounted in a
frame equipped with Swagelok fittings and encased in a radiant
furnace.”> Temperature control proceeded through a calibrated
thermocouple placed against the catalyst bed. Administration of gas
flows proceeded through calibrated MFCs, always maintaining a total
flow of 7.0 N ml'min~". With this configuration, the 5%as arrival time
from the MFCs to the catalyst bed was around 25 s.”" The capillary
outlet gas composition was monitored with a Cirrus MKS mass
spectrometer.

2.3.2.2. Experimental Plan. Two in situ treatment sequences were
applied, each starting with a fresh sample. A first sequence (Figure 1a)
probed the redox properties through an O,-TPO (pretreatment, 1.4 N
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ml'min~' O, and 5.6 N ml'‘min~! He), a subsequent H,-TPR (1.4 N
ml-min~' H, and 5.6 N ml'min™' He) and a final CO,-TPO (1.4 N
ml'min™' CO, and 5.6 N ml'‘min~" He). Each time, a 10 K-min™"
ramp rate was applied toward a temperature 973 K, followed by a 30
min dwell.

A second sequence (Figure 1c) probed the sample during reactive
conditions, starting with an O,-TPO pretreatment (1.4 N ml-min~"
0, and 5.6 N ml'min~"' He) with 10 K-min™" ramp rate toward 973 K.
This was followed by an isothermal CO,—PDH reaction (1.4 N ml-
min~' C;Hg, 1.4 N ml‘min™" CO, and 4.2 N ml'min~* He), and a 30
min O, regeneration (1.4 N ml'min™' O, and 5.6 N ml'‘min~' He).
Then, the same sample was exposed to an isothermal RWGS reaction
(973 K SP, 1.2 N ml'min~! H,, 1.4 N ml'min~! CO, and 4.2 N ml-
min~' He) with a subsequent 30 min O, regeneration (1.4 N ml-
min~' O, and 5.6 N ml'min™" He), before cooling down to 873 K in
7.0 N ml'min~' He. At 873 K, rectangular wave modulation-excitation
experiments were performed to probe the responsive Fe species in
conditions emulating CO,—PDH (Figure le). The gas concentrations
were cycled in 35 periods of 4 min, each consisting of a 1 min C;Hg
flow (1.4 N ml'min~!), constant CO, flow (1.4 N ml'min™') and
balanced He flow to maintain 7.0 N ml‘min™" as total flow. The high
time-resolution of the QXAS setup enabled the use of a rectangular
waveform instead of a square wave. The richer harmonic content of
rectangular waveforms allows for a more thorough kinetic differ-
entiation of Fe transformations.*®

2.3.2.3. Data Analysis. The absorption spectra were extracted from
the raw data using an energy grid with data points at 0.2 eV intervals
between 7100 and 7250 eV, and at 2 eV intervals elsewhere. All
spectra were energy-calibrated against the Fe foil, averaged and
normalized using the Python GUI of Roudenko et al.>> Averaging was
performed per 10 spectra (S s resolution), balancing the improvement
in signal-to-noise ratio with the preservation of time resolution.

Analysis of the pre-edge proceeded in LARCH> by fitting of
pseudo-Voigt peaks between 7108 and 7122 eV. First, the pre-edge
feature was isolated from the main edge via subtraction of a
background, consisting of a combined linear and Voigt function. For
peak fitting, the amplitude and center of all pseudo-Voigt components
were varied independently. The width and Lorentzian:Gaussian ratio
of the pseudo-Voigt components were also varied but constrained to
be equal for all components.”® Analysis started with one pseudo-Voigt
component. Additional components were added until no further
improvements were found in the reduced y* value, the Akaike
information criterion value, and the uniformity of the residuals vs
energy.

EXAFS analysis at the Fe K edge was performed on k*>-weighted
data, with Fourier transformation in a k-range of 2.6 — 14.0 AL using
a Kaiser-Bessel window with Ak of 1.5 A™". Fitting of the EXAFS data
was performed in the R-space magnitude and imaginary part, within
the range 1.2 — 3.2 A. The amplitude reduction factor S,* was
determined by fitting the first Fe—Fe shell of the measured reference
Fe foil and then fixed at the obtained value of 0.83 for all fits. To
respect the Nyquist criterion for EXAFS fitting, a minimal number of
paths and parameters were used, such that the total number of fitted
parameters was at most 2/3 of the maximum number of independent
points.”’ The following crystal structures were used for fitting: a-
Fe,0;, y-Fe,0;, Fe;0,, FeO, Mg(Fe)O periclase, MgFe,0, spinel,
and a-Fe metal (SI, Table S4). Different fits were compared based on
the R-factor and physical meaning of the fitted parameters. The R-
factors of the reported fits are below 5%.

2.3.3. PSD Analysis in ME Experiments.

2 [t 2
AE, ¢") = = /0 A(E, t) sin(kTHt + (kaSD)dt

(5)

The results of the ME-XAS and ME-XRD experiments were
analyzed with PSD using a lock-in amplifier analogon (eq 5).*%**®*
This transforms the data from time to phase domain.

Herein, A represents the normalized absorption coefficient in
QXAS or the normalized diffraction intensity in XRD. E represents
the spectral position: energy in QXAS or the diffraction angle in XRD.
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Further, t represents the time, @;°" the demodulation phase angle at
demodulation index k (integer), and 7 the modulation time period.
The use of eq 5 assumes the material’s response oscillates around a
quasi-steady state (QSS),"” which was identified through Multivariate
Curve Resolution-Alternating Least Squares (MCR-ALS) analysis
using 2 principal components (PCs).*”** Results of the MCR-ALS
analysis were evaluated based on the percentage lack of fit (LOF)
relative to the experimental data, the percentage of data variance
explained (R?), and the standard deviation of residuals vs
experimental data (6), as defined by Jaumot et al. o All periods
within the QSS regime were averaged into one period to improve the
signal-to-noise ratio in PSD.**%* An additional verification of the QSS
boundary consisted of performing PSD with a QSS regime containing
additional periods (yielding different conclusions) and fewer periods
(yielding the same conclusions).

2.4. Catalytic Activity Tests

2.4.1. Setup. CO,—PDH activity tests were performed in a fixed
bed quartz reactor tube with an internal diameter of 7.5 mm. The
temperature was measured in the catalyst bed and externally at the
reactor wall with K-type thermocouples. Calibrated Bronckhorst
MEFCs were used to control the gas feed. Changes in the gas feed were
imposed as a step function using a four-way valve. For each reaction,
the reactor was operated isothermally at a pressure of 121.3 kPa. The
catalyst bed was diluted with inert @-Al,O; in 100—200 pm sieved
fraction, and kept in position by a quartz wool plug.

The absence of mass transfer limitations was assessed through the
criteria of Carberry® and Weisz-Prater,”® while the absence of heat
transport limitations was assessed through the criteria of Mears®” (S,
Table S2).

Prior to the activity measurements, an empty quartz reactor and a
bed of a-Al,O; and MgAl,O, were tested under reaction conditions to
confirm the absence of thermal contributions and setup effects to the
measured activity.

2.4.2. Reverse Water—Gas Shift Reaction. The reverse water
gas shift reaction (RWGS) serves as a model reaction with H, as
reductant and CO, as soft oxidant, which can shift the dehydrogen-
ation equilibrium by coupling eq 1 and eq 2. To assess such
contribution in CO,—PDH, the RWGS activity was studied
separately. Reactions were performed isothermally at 873 K, 898 K,
923 K, 948 and 973 K. A catalyst mass (W,,,) of 0.200 g was mixed
with 0.600 g inert @-Al,O3. An equimolar feed ratio of CO, and H,
was used, diluted with Ar (30 N ml'min~' CO,, 30 N ml-min~"! H,, 90
N ml-min™" Ar). The resulting space time W, F°,,,”" was 1.8 kg_,'s-
mol ™.

2.4.3. CO,—PDH Reactions. All CO,—PDH reactions were
performed at 873 K. A first series of experiments tested the samples at
different CO,:C;Hg feed ratios and at two space times: (1) W,
Fo " = 1.8 kg ,s'mol ™" with 0.200 g catalyst, 0.600 g inert a-Al,O,
and a total flow of 150 N ml'min™", and (2) W,+F% " = 10.8 kg ,'s*
mol ™! with 0.800 g, 1.000 g inert @-Al,O and a total flow of 100 N
ml'min~". A constant C;Hg partial pressure was maintained across
experiments (26.7 vol %), while the CO,:C;Hg molar feed ratios were
varied: 1.0:1.0, 0.5:1.0 and 0.0:1.0. Reactions were performed for 20
min time on stream (TOS).

Additionally, the stability of the catalyst across CO,—PDH — O,
regeneration cycles was tested at W, F° ;™' = 10.8 kg_,-s-mol™" and
an equimolar CO,:C;Hg feed ratio. The reaction was repeated 5
times, each time for 15 min TOS. In-between reactions, the catalyst
was regenerated isothermally for 20 min in O, (20 N ml'min™" O,, 80
N ml-min~! Ar).

Finally, a 20 h TOS stability test was performed at W,
10.8 kg ,-s'mol™" with an equimolar CO,:C;H; feed ratio.

2.4.4. Data Analysis. The reactor outlet was monitored with an
online mass spectrometer (MS, Pfeiffer Omnistar) and gas chromato-
graph (GC, Thermo Scientific). MS signals were recorded at the
following mass-to-charge ratios (m/z) in view of minimizing the
overlap in mass fragments: m/z = 2 (H,), m/z = 16 (CH,), m/z = 18
(H,0), m/z = 26 (C,H,), m/z = 28 (CO), m/z = 29 (C;Hy), m/z =
32 (0,), m/z = 40 (Ar), m/z = 41 (C,;Hy), m/z = 44 (CO,).

0 -1
F tot
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Calibration measurements were collected at RT after each reaction
run to correct for overlapping MS fragments. GC data were recorded
with a TCD using Ar as internal standard, allowing to quantify all but
C; products. CH, was transferred to the FID detector on the same
apparatus, allowing to quantify the entire hydrocarbon pool. The
carbon balance (C,,,) was assessed via eq 6 with deviations
remaining below 5% for all reported results. The conversion of
component i (X;) was quantified via eq 7 and the selectivity from
C;Hy toward C3Hg (Sc,y,) via eq 8.

_ Zi nC,i(E,in -

E,out)
Zi "C,iFi,m

error

(6)

(7)

S FC3H5,Uut
Mo Feym—F,
C3Hg,in C3Hg,out

(8)

Here, F, is the molar flow of component i and n¢ ; the carbon
number of component i. Quantification of accumulated carbon after a
reaction was performed by oxidizing the carbon isothermally in 20%
O,/Ar, and integrating the outlet flow of CO, (derived from the
calibrated and defragmented MS signal at m/z = 44). Equilibrium
conversions were calculated via Aspen Plus v14, using the
corresponding experimental reaction conditions. For the calculations,
the NRTL property method®® and a Gibbs-free energy minimization
method (RGibbs reactor block) were applied.

3. RESULTS
3.1. Synthesis Verification

The composition and porosity properties of the calcined
Mg(Fe,Al)O, catalyst are listed in Table 1. This indicates that

Table 1. Basic Characterization Results of the Mg(Fe,Al)O,
Sample after Calcination, with Average Values and Standard
Deviations over Three Measurements”

Composition (wt
[V

%)
BET specific BJH average BJH average
surface area pore volume pore
(m>g. ") (em?g. ") diameter (A) Mg Al Fe
97.6 0.30 126 46.2 4.3 6.1
+ 938 + 0.01 +38 +03 =+ +
0.1 0.2

“Composition is obtained from SEM-EDX.

a mesoporous material has been obtained, as confirmed by the
type IV adsorption isotherm in Figure S2. The type HI1
hysteresis loop points at a uniform range of mesopores,
possibly combined with the presence of ink-bottle type pore
shapes.”” STEM-EDX (Figure 2) shows no clustering of Fe at
the recorded scale, which was an important objective of the
chosen synthesis route.

The presence of an LDH phase during synthesis is
confirmed by the XRD patterns of the material before and
after calcination (Figure 3a). Before calcination, the pattern is
dominated by contributions of LDH structures at 26 positions
of 11.2°, 22.2°, 34.2°, 38.3° 44.9°, 59.8°, 61.1, 64.7° and
72.8°. The low-angle reflections at 11.2° and 22.2° correspond
to (001) planes and represent the interlayer spacing, while the
higher-angle region displays broad, asymmetric nonbasal
reflections and a characteristic intralayer doublet.”””" Hex-
agonal brugnatellite (MgzFe®"(CO;)(OH),;-4H,0, PDF card
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Figure 2. Bright-field STEM image of Mg(Fe,Al)O, after calcination,
along with elemental EDX maps of the same region (K-edges). Data
recorded at 200 000 kV, 500 000 x magnification and 1.5 nm spot
size.

14—0365) and rhombohedral hydrotalcite (MggAlL(CO;)-
(OH),4-4H,0, PDF card 22—0700) can both give rise to
these experimental peaks.”' Their coexistence likely reflects
long-range disorder in cation distribution and layer stacking,
typical for M** - M*" LDHs.”””" Additionally, the peaks at
19.6°, 38.3°, 50.7°, 62.1°, 69.0° and 81.3° suggest the presence
of brucite (Mg(OH),, PDF card 01—1169), though multiple of
these reflections overlap with those of the LDH phases. After
calcination, a clear signature of an MgO periclase structure is
present (PDF card 45—0946), commonly observed when an
LDH phase collapses into an Mg(M**)O, phase.””~”* No
crystalline iron- or aluminum-only phases are discerned,
further suggesting these elements are mostly dispersed within
the MgO lattice. However, the presence of possible amorphous
phases cannot be excluded.

The evolution of LDH phases is further confirmed by in situ
monitoring of the crystal phase transformations during the
calcination process (Figure 3b), showing two characteristic
transitions.”” The first transition occurs around 420 K as a
decrease in peak intensity at 34.2° and 38.3° typical for
dehydration of the LDH material. This is accompanied by a
(partial) restructuring of the trivalent cations from an

octahedral to tetrahedral coordination, while still preserving
the layered structure. The second transition occurs abruptly at
640 K. The LDH peaks at 34.2° and 38.3° disappear and the
main MgO peak occurs at 26 = 42.9°. This is caused by the
decomposition of interlayer anions and the concomitant
collapse of the layered LDH structure. Above 640 K, the
crystal size of this phase increases as the peak width gradually
decreases. No intermediate or secondary crystal phases are
formed when transitioning from the LDH precursor to the final
catalyst material, indicating that the MgO lattice likely contains
Fe" and A", representing a periclase-like Mg(Fe,Al)O, phase.

3.2. Activity Tests

3.2.1. RWGS Activity. CO, can assist in CO,—PDH
through a two-step pathway, in which dehydrogenation (eq 1)
is followed by RWGS (eq 2).” The RWGS reaction then
provides a pathway for in situ H, consumption, shifting the
dehydrogenation equilibrium toward C;Hg. It also provides a
model reaction for CO, activation under redox conditions
resembling those of CO,—PDH. Here, the intrinsic activity of
Mg(Fe,Al)O, for the RWGS reaction is assessed in view of
examining its possible effect during CO,—PDH.

The CO, conversion during RWGS and the carbon
accumulation after 15 min TOS are shown in Figure 4 for §
different temperatures, confirming that the Mg(Fe,Al)O,
catalyst does exhibit RWGS activity. Both CO, and H, (Figure
S3) conversions rapidly evolve toward a steady-state in RWGS.
The high initial conversions are ascribed to transient effects
rather than to thermodynamics. These transient effects can
entail the adsorption of CO, on Mg(Fe,Al)O, surface up to a
certain coverage, the reduction and subsequent oxidation of Fe
in the catalyst by H, and CO, (establishing a certain Fe** vs
Fe®" ratio), and possible pressure effects upon switching of the
gas feed valves. The CO, conversion profile is relatively stable
within the 873 K — 973 K temperature range and at the
employed W_F°, ' = of 1.8 kg, smol™'. The CO,
conversions after 15 min range from 37% to 13%, each time
remaining below the corresponding equilibrium conversion.
The H, conversion profile (S, Figure S3) follows that of CO,
both in shape and magnitude, with quasi-constant CO,:H,
conversion ratios within a reaction run. The carbon
accumulation after 15 min TOS is negligible, with values on

25
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Figure 3. XRD for Mg(Fe,Al)O, synthesis verification, measured at Cu K, energy. a) Full XRD patterns of the LDH precursor (top) and the
Mg(Fe,Al)O, catalyst (bottom) obtained after S h calcination in air at 1073 K. Patterns recorded at RT in air, baseline subtracted, and individually
normalized for the most intense peak. The shaded region indicates the 26 range shown in panel b). b) In situ XRD patterns during calcination of
the LDH precursor. Patterns are baseline-subtracted. Flow: 200 N ml'min~" air. Temperature program: S K-min™" linear ramp from 300 to 1073 K,

without dwell.
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the order of 6-107* mol C per mol Fe. No CH, formation was
observed.

Figure 4a shows that CO, can be effectively activated and
reduced on the Mg(Fe,Al)O, sample under relevant high-
temperature redox conditions. This directly supports the idea
that, in CO,—PDH, (part of the) CO, consumption can
proceed via H,-assisted CO, reduction (RWGS), next to other
parallel reactions (Fe**<Fe** and carbon oxidation). The
RWGS activity of the current Mg(Fe,Al)O, sample is
comparable to that of other FeO,- and Fe-metal-based catalysts
in the context of CO,-assisted dehydrogenation.”"***>7%7>
However, this Mg(Fe,Al)O, is still outperformed by Pt—Sn
and Pt—In catalysts examined in prior work, which readily
reached equilibrium CO, conversions at equimolar CO,:H,
feeds."” This was achieved by impregnating 3 wt % of Pt and

4005

promoter (Sn or In) onto a spinel MgALO, with similar
porosity characteristics as the present Mg(Fe,Al)O,.

3.2.2. CO,—PDH Activity. The performance of the LDH-
derived Mg(Fe,Al)O,, during (CO,)-PDH at 873 K is shown in
Figure S for different CO,:C;Hj feed ratios, and compared to a
physical mixture of bulk Fe,O; and MgO with a molar Fe:Mg
ratio equal to that of the catalyst. The propane conversion is
highest without CO, and decreases with CO, increase,
reflecting the competition of both molecules for the available
adsorption sites. In presence of CO,, H, will get removed
through RWGS, as confirmed by the RWGS activity (Figure
4a), hence shifting equilibrium. However, not all CO, is
available for this shift, since it will also be consumed by C
oxidation and Fe** reoxidation.
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Mg(Fe,Al)O, shows higher C;H, selectivities and lower around ~ 10% (Figure 6). The C;Hy selectivity also shows

carbon accumulation than the physical mixture. Given the consistent profiles across regeneration cycles and rises to 65%.
importance of Fe" dispersion for C—H bond selectivity, these In contrast to the Pt—Sn and Pt—In catalysts examined in prior
results further confirm that Fe in the Mg(Fe,Al)O, sample is work,'” repeated exposure to reaction-regeneration conditions
well-dispersed. Moreover, nonoxidative PDH and CO,—PDH does not influence the initial activity of the Mg(Fe,Al)O,
over the physical mixture yield similar C;Hg conversion and catalyst.
C;Hg selectivity, while the carbon accumulation halves during The effect of prolonged exposure to CO,—PDH was
CO,—PDH. This implies that the presence of CO, does not assessed in a 20 h TOS stability test. Catalyst deactivation is
alter the nature of the active Fe sites on bulk FeO,. Rather, observed as the C;Hg conversion dropped from 10.7% to 3.3%
CO, assists in the oxidation of carbon. causing a significant (Figure 7a), while the CO, conversion decreased from 11.3%
reduction of carbon over the Mg(Fe,Al)O, catalyst (FigureSc). to 6.2%. The CO, conversion being higher than the one of
This effect is more pronounced at higher W F° " C;Hg could result from a combined effect of RWGS, dry
However, the C;Hg conversion and C;Hy selectivity do not reforming of C;H; (requiring 3 mol of CO, per mole of C;Hy),
follow the same trend. In absence of CO,, the C;Hj selectivity hydrocarbon oxidation through Fe** = Fe** cycling (e.g., for
is even higher. This can be caused by competitive adsorption C;Hj: requiring 1 or more moles of CO, per mole of C3Hy),
between CO, and C;Hj on selective Fe sites, or by changed Fe and carbon gasification.
properties due to a CO,—C;H; redox interplay. Overall, the The carbon accumulation after 20 h TOS amounted to 6.95
Fe-TY of the Mg(Fe,Al)O, catalyst shown in Figure S lies mol C per mol Fe. While the C;Hg and CO, conversions
between 2.0 and 5.6 mmolsygmolg, 's™!, placing it among consistently decrease, the C;Hy selectivity reaches a minimum
the best-performing Fe-based CO,—PDH catalysts (Table S1). of 58.2% before increasing to a final value of 78.9% (Figure
This is comparable to the works of Theofanidis et al.* and 7b). This minimum is also present when plotting C;Hg
Michorczyk et al,*” although still below what has been selectivity vs C3Hg conversion, with different slopes on each
achieved for nonoxidative PDH.** side of this minimum. These different regimes may pertain to
The catalytic stability across reaction-regeneration cycles distinct carbon formation regimes and/or different speciations
was assessed by repeating 5 CO,—PDH reactions of 15 min at of Fe within the mixed oxide matrix. Furthermore, the C;Hy
a W Fo% " of 10.8 kg -s'mol™" and equimolar CO,:C;Hy selectivity value after 20 h TOS lies close to that of
feed ratios, using 20 min O,/Ar regenerations in between. The nonoxidative PDH with minute-scale TOS (Figure Sa).
resulting conversion profiles for C;Hg and CO, are stable These results suggest that the presence of CO, slows down a
across the S regeneration cycles, both maintaining values material transition that occurs more rapidly in nonoxidative
4006 https://doi.org/10.1021/acscatal.5c09151
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PDH. To further detail such material transitions, in situ
characterization is applied.

3.3. In Situ X-ray Characterization

3.3.1. Crystalline Material Restructuring through
XRD. Crystalline material transitions were assessed through
in situ XRD at 9686.9 eV (cfr. Figure 1b). The diffraction
patterns obtained after O,-TPO, CO,—PDH, CO, and O,
regeneration treatments are all dominated by reflections of the
periclase-like Mg(Fe,Al)O, (SI, Figure S6a). The different
treatments, however, give rise to small variations in position
and relative intensity of these reflections, suggesting the
treatments induce small changes to this crystal Ilattice.
Additionally, a set of narrow peaks is present in all patterns.
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Since these peaks do not correspond to periclase structures,
but do appear in the diffraction pattern of a measured MgO
reference material, they are attributed to background
contributions (SI, Figure S6b). As with lab-based Cu K,
radiation (Figure 3), no separate iron-only phases are
discerned at 9686.9 eV.

To resolve possible substructures causing the small changes
in the periclase-like reflections, ME-XRD was applied using a
square wave CO,—H, concentration modulation with 6 min
periods at 973 K, coupled with PSD analysis.”**’ This work
presents a first-of-a-kind application of ME-XRD at the ESRF
ID20 beamline. Prior to PSD, the obtained time-resolved
diffraction patterns were normalized against the invariant
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background peaks and subsequently averaged within the QSS
regime into one period (SI, Figure S7). This modulation
protocol balanced the time resolution of the XRD setup with
the sampling rate requirements for a reliable PSD analysis,
while trying to avoid complete bulk responses of the material
(see section 2.3.1.2).°° It should be noted that PSD on
diffraction intensities only separates a responsive substructure
from passive contributions at k = 2.°%7° Square wave
modulations lack the k = 2 harmonic (SI, Figure S7c), but
the resembling envelope shapes at k = 1 (S, Figure S8) and k
=3 (Figure 8) suggest that a similar response would have been
observed at the k = 2 harmonic, had it been accessible.’*””

Figure 8a shows the demodulated diffraction at k = 3,
revealing changes of the MgO(200) reflection in terms of
position and intensity. The subtle angular shifts of the PSD
maximum around 43° could point to Fe** = Fe®" transitions
within the periclase-like lattice of Mg(Fe,Al)O, and/or Fe’*
moving in and out of this lattice. Alternatively, partial
transitions between Mg(Fe,Al)O, and spinel phases like
MgAlL,O, or MgFe,O, are possible (SI, Figure S7a). In
addition, small contributions between 41.0° and 41.5° are
visible, detailed in Figure 8b. These features do not align with
the narrow background peaks and could be ascribed to
FeO(200) planes (PDF cards 69—0687). No variations occur
at the position of the main diffraction peak of metallic Fe’
(~44.7°), meaning there is no metallic Fe involved in the
discerned transitions. These results suggest that redox
environments corresponding to RWGS conditions extract
and reincorporate a fraction of Fe’" species from an
Mg(Fe,Al)O, periclase-like matrix. The local environment of
these Fe®" species is further detailed through QXAS.

3.3.2. Local Material Restructuring through QXAS. To
identify the local material restructuring around Fe, a stepwise
approach is taken, going from reducing conditions (H,-TPR)
over RWGS (feed of H, and CO,) to CO,—PDH (reactive
feed of C;Hg and CO,). Figure 9 shows the spectral variations
at the Fe K-edge of Mg(Fe,Al)O, for these consecutive
treatments. The numerical values of the white line (WL) are
listed in SI Table S3. Spectra of references and selected
overlays are shown in the SI, Figure S9. In what follows, the
term “saddle point” refers to the state of minimal WL intensity
within a spectral evolution, a feature observed in all in situ
treatments.

3.3.2.1. Properties during H,-TPR. Figure 9a shows the
XANES evolution during H,-TPR. The WL shifts toward a
lower intensity and lower energy position, while passing
through a “saddle point”: from 1.65 at 7133.0 eV through 1.41
at 7130.8 eV to 1.46 at 7129.8 eV. The “saddle point” spectrum
during H,-TPR shows close but incomplete resemblance to the
Fe,O, reference (SI, Figure S9c), suggesting the reduction
proceeds through a comparable intermediate. The final H,-
TPR spectrum does not match any of the bulk references, such
as Fe;0,, FeO, or Fe foil (SI, Figure S9 and Table S3). Linear
combination fitting using MgFe,0,, Mg,Fe,0;, a-Fe,0;, -
Fe,0;, Fe;0,, FeO and Fe foil could not adequately replicate
the combination of WL position, WL intensity and pre-edge
shape. Starting from ab initio XANES simulations of bulk
references (SI, section 8.2, Figure S10) to set simulation
parameters, several hypothesized structures were evaluated for
XANES simulation of the reduced Mg(Fe,Al)O, sample
(Table S4). No resemblance was found between simulations
and experiment, excluding the bulk references as possible
structure for the reduced Mg(Fe,Al)O, sample. Hence, the
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average local Fe environment in Mg(Fe,Al)O,, derived from
LDH, differs from pure periclase or spinel. Rather, Fe may still
be (partially) incorporated in the mixed oxide matrix after
reduction, and hence only partially reduced.

Besides the WL, also the pre-edge changes notably during
H,-TPR (inset of Figure 9b). The Fe K pre-edge feature arises
from 1s—3d transitions, dominated by dipole components.”*””
Theoretically, the latter are forbidden in centrosymmetric
environments, e.g. when Fe occupies the octahedral inversion
center in an MgO lattice. In practice, however, this
centrosymmetry can be partially disrupted by asymmetric
vibrations, e.g. local distortions, leading to an increased pre-
edge intensity.” Deconvoluting the Fe K pre-edge feature
allows to resolve coordination (~intensity) from oxidation
state (~energy position or centroid position).éo’m’m’82 Hereto,
the pre-edge features in H)-TPR were fitted via pseudo-Voigt
peaks. Contributions centered above 7115.0 eV stem from
nonlocal interactions and were excluded from the anal-
ysis.?”%*! Figure 9b shows the results throughout the H,-
TPR treatment as a variogram, along with several bulk
references. A first change (I) occurs at ~ 573 K, where the
pre-edge intensity rapidly rises and the centroid position is
lowered by 0.2 eV. The elevated intensity indicates a more
tetrahedral-like nature of the Fe environment, while the
centroid position still implies a dominant Fe** character.’*”**’
A second shift (II) occurs at ~ 693 K, with a rapid decrease in
centroid position toward an Fe>*/?* state, while maintaining
the partial tetrahedral character. When further increasing the
temperature (III), the intensity lowers, indicating a return to
octahedral character at 823 K. When reaching 973 K (IV), an
average Fe phase is obtained with octahedral character and an
oxidation state close to Fe". Such a material evolution aligns
with findings from De Coster et al. for MgFe Al,_,O, spinel
phases.” Finally, the 30 min dwell at 973 K (V) does not
change the oxidation state but again increases the tetrahedral
character. These findings also align with the reduction
evolution shown by an MCR-ALS analysis using S principal
components (SI, Figure S12—S13), and with the H,
consumption profile during a similar conventional H,-TPR
treatment (SI, Figure S15).

3.3.2.2. Redox Properties during RWGS and CO,—PDH. A
CO,-TPO treatment reverses the trends seen during H,-TPR,
again obtaining an Fe®* state (SI, Figure S9a-b). The final
XANES spectrum closely resembles that of a more severe O,-
TPO treatment. It is therefore expected that the simultaneous
presence of H, and CO, will induce Fe redox dynamics. This
was studied through the RWGS reaction, which provides
model redox conditions for CO,—PDH. Besides probing the
material’s redox properties, RWGS itself can partake in CO,—
PDH via eq 1 and eq 2.

Figure 9¢ shows the XANES evolution during RWGS with
equimolar CO,:H, feed ratio at 973 K. Under these conditions,
a rapid WL shift occurs, implying a swift reduction from Fe®"
toward Fe®". This is accompanied by a weakening of the pre-
edge feature. The WL passes through a “saddle point”, closely
resembling the one observed during H,-TPR (Table S3).

The XANES evolution during a true CO,—PDH environ-
ment, involving alkane transformations, is shown in Figure 9d.
A similar evolution is observed as in the model redox
conditions of RWGS, with a rapid WL shift to lower energies
while passing through a saddle point. Together with ME-XRD
under H,/CO, modulation (Figure 8), indicating a reversible,
CO,-responsive Fe population that can be extracted from and
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Figure 10. PSD results of CO,—C;Hg ME-XAS at the Fe K-edge of Mg(Fe,Al)O,. Rectangular wave ME program at 873 K according to Figure le.
a) Demodulated absorbance vs energy at k = 1, with XANES overlay of the principal component dominant during the quasi steady-state regime

PSD

(dotted line). b) In-phase spectrum at k = 1 (¢}
phase angle for k = 1 (¢}P).

Demodulated absorbance vs phase angle for k = 2 (¢3°).

=270°) and difference spectrum of FeO vs MgFe,0, references. c¢) Demodulated absorbance vs

d) Demodulated absorbance vs energy at k = 2, with XANES overlay of the principal component dominant during the

quasi-steady state regime (dotted line). e) In-phase spectrum at k = 2 (¢5°° =

210°) and difference spectrum of Fe;O, vs MgFe,0, references. f)

reincorporated into the Mg(Fe,Al)O, matrix, these XANES
results show that RWGS conditions (Figure 9c) probe the
same Fe’*/Fe** redox couple that operates during CO,—PDH
(Figure 9d), thereby validating the catalyst’s ability to undergo
CO,-coupled redox cycling.

Comparing all WL shifts in Figure 9 reveals a similar saddle
point for all treatments, and the spectra at that point each time
resemble the XANES profile of the Fe;O, reference (Figure
S9¢). The final spectra all have a WL and pre-edge that point
to the formation of Fe*" species (S, Figure S9a-b). Beyond the
saddle point, the WL intensity increases, and the WL shape is
notably sharper than that of the bulk FeO reference material.
This implies different local or nonlocal Fe** environments are
obtained in Mg(Fe,Al)O,. The WL increase is more
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pronounced in the redox environments of RWGS and CO,—
PDH than in H,-TPR. Hence, the presence of CO, can affect
both the local and nonlocal Fe®" environment within
Mg(Fe,AI)Ox.84

3.3.2.3. EXAFS Analysis. To complement the preliminary
insight into the Fe oxidation states and coordination
environments, EXAFS analysis was performed to probe the
local structure around Fe species after the different redox and
reactive treatments (SI, Table SS and Figure S11). The R-
space profiles show moderate changes across treatments.
Resemblances are found in R-space between the as-prepared
and post CO,-TPO states, featuring two similar peaks at ~ 1.6
and ~ 2.6 A (not phase-corrected), albeit with different
intensity ratio, as well as similar imaginary parts of the Fourier
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transform. Other resemblances are found between the post H,-
TPR and post ME-XAS states in R-space, showing a lower first-
shell peak at ~ 1.5 A and second-shell peak at ~ 2.6 A.
Additionally, a shoulder emerges at ~ 1.8 A, which is most
pronounced after the H,-TPR treatment.

For all sample treatments, comparing fits with different
crystal phases to the R-space magnitude and imaginary part
yielded a best fit with mixed Mg—Fe oxides. Adding partial or
full contributions of bulk Fe oxide phases or metallic Fe phases
resulted in high R-factors (>8%) and physically meaningless
parameters.

Fitting the as-prepared state with effective scattering paths
for an Mg, Fe(,O structure yields an Fe—O coordination
number of 5.0 + 0.3, which could point to a locally distorted
octahedral coordination, in agreement with the pre-edge
analysis. The fitted Fe—O bond distance is 1.974 + 0.005 A.
This is slightly shorter than that of a Mg**-O bond in a
periclase structure, which could be attributed to the smaller
ionic radius of Fe>* (60 pm vs 72 pm effective radius).* Fitting
of the second shell reveals a mixed contribution of Fe and Mg,
with a sample-averaged Fe—Fe coordination number of ~ 8
and Fe—Mg coordination number of ~ 4. It is to be noted that
the Debye—Waller factor for the Fe—Fe path is high, which
again points to a distorted local environment. This supports
the provisional observations of Fe being incorporated as Fe®*
in a periclase Mg(Fe,Al)O, lattice environment. However,
given the Fe—Fe coordination number, the actual distribution
of oxidized Fe species likely occurs as subnanometre clusters
with (XRD-) amorphous character, rather than as atomically
dispersed species.

Fitting the post H,-TPR spectrum with only Mg, Fe,,O
resulted in insufficient match (R = 9.04%), indicating an
additional path was required. Hence, an extra tetrahedral Fe—
O path from MgFe,0, was added, yielding a better fit (R =
2.66%). This increased tetrahedral character aligns with the
pre-edge analysis (see Figure 9b). Given that Fe’" has a larger
radius than Fe’" (70 pm vs 60 pm effective radius,
respectively),®” the increased bond distance of the octahedral
Fe site after reduction, 2.03S vs 1.974 A, could point to Fe3*
being reduced to Fe’* within the Mg(Fe,Al)O, periclase
environment.® Compared to the as-prepared material, a
relatively higher Mg coordination number is obtained for the
second shell: 5.7 vs 3.8. This analysis thus indicates a partial
restructuring of the material into two different Fe-containing
oxide environments.

The post CO,-TPO spectrum can be well fitted with
Mg ¢Fe( 4O, leading to similar conclusions as those made for
the as-prepared state. Likely, any Fe that previously migrated is
now being reincorporated as Fe*" into the periclase-like lattice
of Mg(Fe,Al)O,. However, the Debye—Waller factor for the
second-shell Fe—Fe path has decreased, which indicates that
the lattice upon reincorporation now yields a more structured
or crystalline phase.

Finally, EXAFS fitting of the post CO,—PDH ME-XAS
spectrum (see section 3.3.3) leads to similar conclusions as the
post-H,-TPR spectrum, with minor tetrahedral Fe—O
contributions existing alongside an octahedral Fe—O environ-
ment. Hence, CO,—PDH ME-XAS entails similar structural
changes to those observed in H,-TPR on the sample-averaged
level. This comprises the emergence of local MgFe,O,-like
signatures, with Fe’ in tetrahedral configuration, parallel to
the dominant Mg, Fey,0, where Fe’* is octahedrally
surrounded.
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Overall, the EXAFS results align with XANES and XRD,
supporting a redox-responsive Fe environment characterized
by dominant octahedral Fe** = Fe?* transformations, and
minor formation of tetrahedral Fe®". Again, no contributions of
metallic Fe are discerned, suggesting that all Fe is successfully
immobilized in the Mg(Fe,Al)O, catalyst.

3.3.3. Responsive Fe Species through ME-XAS.
Modulation-excitation QXAS with CO,—C;Hg modulations
at 873 K was performed to elucidate the nature of the Fe
species participating in the CO,—PDH reaction (Figure lc,e).
The time-resolved ME-XAS spectra at 873 K (SI, Figure S17a)
evolve similarly as during the steady-state CO,—PDH at 973 K,
but now the WL stabilizes closer to the “saddle point”. Namely,
a WL shift occurs from 7132.8 to 7130.8 eV with a final
intensity of 1.45 (Table S3). For the post ME-XAS state,
EXAFS analysis revealed a dominant octahedral and minor
tetrahedral Fe environment on a sample-averaged level
(section 3.3.2.3). MCR-ALS is performed with 2 principal
components to determine the QSS regime. Their concen-
tration profiles exhibit periodic oscillations that evolve
asymptotically to 100% and 0%. (SI, Figure S17e). Analyzing
the frequency content of the latter through a single-sided fast
Fourier transform reveals the presence of 0.00417 s™' and
0.00833 s~', corresponding to the first and second harmonic
frequency of the imposed modulation period of 240 s (SI,
Figure $17d).%¢

The phase-resolved spectra from the QSS are plotted vs
energy and vs phase angle (¢;*") in Figure 10, revealing more
variation than the time-resolved spectra, since now only
reactive Fe species are being probed. PSD analysis at k = 1
shows a double feature near the Fe edge: a sharp peak at
7121.2 eV and a broader one around 7125.4 eV. Both have an
in-phase angle of 270°, meaning the lag vs the stimulus equals
360° - 270° = 90°. An anticorrelated feature appears around
the WL (7133.0 eV) with an in-phase angle of 90°. Finally, a
faint feature is observed at the pre-edge (7113.8 eV) with an
in-phase angle of 120°. In other work, a similar spectral
envelope has been attributed to Fe* = Fe®" transitions based
on XANES ﬁngerprinting.44 Along the same line, a difference
spectrum between the MgFe,O, and FeO references,
representative of Fe®" and Fe?* environments, yields the best
match with the current in-phase spectrum (Figure 10b), in
terms of the coefficient of determination, root-mean-square
error and alignment with the double feature at 7121.2 and
7125.4 eV.

Furthermore, three isosbestic points are present in Figure
10a: at 7131.4 eV, 7156.6 and 7175.0 eV. This implies that the
demodulated spectral envelope is identical across all phase
angles. Hence, a single type of transition between two states is
captured in PSD at k = 1, best described with MgFe,O, and
FeO as boundaries, where the latter is not to be considered a
bulk phase, but rather representative of Fe—O paths (Figure
10b). Figure 10c shows the same demodulated absorbance as
Figure 10a, but instead plotted as a function of phase angle,
with all sine wave amplitudes normalized (Euclidian norm). If
all spectral envelopes were indeed truly identical across all
phase angles, these sine waves would perfectly overlap. Instead,
Figure 10c shows they are lumped in bands with a ~ 20°
width. The sine waves corresponding to energies where the
demodulated absorbance is low (i.e., near the noise level in
energy domain, cfr. Figure 10a) show the greatest spread. This
suggests that the observed variation in phase behavior at those
energies may stem from signal noise. Another possibility is the
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contribution of a minority of parallel Fe transitions, as these
could induce slight changes to the spectral envelopes.™

Analysis at k = 2 can reveal possible Fe transitions with
comparably faster kinetics that remain unnoticed at k = 1.°%*’
The spectral envelopes at k = 2 are indeed different, now
showing a triple feature near the Fe edge: 7121.2, 7126.6 and
7129.0 eV with an in-phase angle of 210° (Figure 10d). The
difference spectrum best describing these three peaks is now
obtained from the MgFe,O, and Fe;O, references (Figure
10e). According to eq S, the in-phase angle of 210° should now
be considered relative to a periodic function with a frequency
of 2 - 27/ (see also S, Figure S17c). The different phase lags
and spectral envelopes at k = 1 vs k = 2 confirm that different
processes are captured at the different demodulation
frequencies.””*" Plotting against the phase angle at k = 2
(Figure 10f) reveals similar bands of sine waves, again implying
a contribution of noise and/or the occurrence of minor
transitions parallel to those of MgFe,O, = Fe;0,.

Altogether, ME-XAS identifies the dominant response of
Mg(Fe,Al)O, to CO,—PDH modulations as Fe** (best
described as MgFe,0,) being quickly reduced to an Fe;O,-
like intermediate before further reducing more slowly toward a
Fe—O local environment. Under CO,, the FeO-like species are
reoxidized via an Fe;O,-like intermediate to Fe®*, with
reincorporation into an MgFe,O,-like phase. Besides this
dominant response, the existence of minor parallel pathways is
hinted at by the spread in spectral shapes.

Importantly, no periodic transitions toward bulk-like Fe,O5
or deeper reduced phases like Fe;C or Fe” are discerned. An
example of an Fe’ response was reported by De Coster et al.
for spinel-based Fe—Ni/MgAl,O, dry reforming catalysts,
showing clearly different spectral envelopes.** As derived by
Routh et al, an order-of-magnitude estimate can be made of
the participating fraction of Fe atoms based on the magnitude
of the PSD signals compared to that of the difference
spectrum.”” This shows that only a minority fraction of ~
1% of all Fe atoms present participate in the CO,—PDH
modulations.

4. DISCUSSION

To construct a mechanistic understanding of the active Fe
species in CO,—PDH, the diverse material transformations
observed can now be correlated with the activity results.

Comprehensive in situ X-ray characterization reveals Fe
transformations between Fe®* and Fe* species, predominantly
octahedral, within a distorted MgO-type matrix. No deeper
reduced Fe species, such as metallic Fe’ or Fe,C, could be
discerned.””®® The absence of Fe’ phases relates to the
incorporation and stabilization of Fe’" into the Mg(Fe,Al)O,
catalyst. A similar observation has been made for spinel
MgFe Al,_,0, samples.”’

The Fe’* = Fe® redox dynamics are influenced by the
presence of CO,. Namely, the redox environments of RWGS
and CO,—PDH result in higher final WL intensities than
during H,-TPR (Figure 9 and SI, Table S3), pointing to a
lower occupancy of the 4p orbital. This can arise from different
local and/or nonlocal environments. The low pre-edge
intensities obtained in the redox environments further suggest
the prevalence of an octahedral local Fe environment (S,
Figure S9b). This is supported by ME-XRD and EXAFS
analysis. The presence of CO,, therefore, enables Fe’" to
remain incorporated in the periclase-like lattice of Mg(Fe,Al)-
Q)

x*
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ME-XAS under CO,—PDH conditions identifies part of the
Fe** as responsive species (Figure 10). CyHg reduces these
Fe*" species toward Fe®', while CO, reoxidizes them to Fe®'.
Both transitions proceed via an intermediate Fe**/>* phase.
The initial signature of these Fe*" species resembles the one of
MgFe,0,, while the one of the Fe** response resembles that of
FeO, and that of the intermediate Fe’*/>* resembles Fe;O,.
The presence of an MgFe,O,4-like response aligns with
Niedermaier et al, who demonstrated that octahedral Fe3*
ions dissolved in MgO nanoparticles can segregate toward a
minority MgFe,O, surface phase at elevated temperatures in
air.*” The driving force for this segregation was attributed to
the different oxidation states and ionic radii of Fe** and Mg*,
thus introducing defect clusters into the material. Such analysis
agrees with the current EXAFS fits, which require a minority
MgFe,0, phase to adequately fit the post-CO,—PDH ME-
XAS spectrum (section 3.3.2.3). In the static XRD data,
however, no MgFe,O, phase was discerned, supporting the fact
that the MgFe,0,-like response during ME-XAS stems from a
minority and/or disordered phase. By the same reasoning, the
Fe;O4like and FeO-like ME-XAS responses are likewise
attributed to minority and/or disordered phases.

ME-XRD discerns a periodic response of the MgO-type
material during H,—CO, modulations (Figure 8). This was
attributed to periodic changes of the incorporation and/or
oxidation state of Fe’* species within this matrix. Similarly,
Ferri et al. successfully resolved responses from minority
phases in a 2 wt % Pd on Ce,Zr, 330 catalyst via ME-XRD.""
These included responses of Pd phases as well as Ce** = Ce®*
changes stemming from only 6 mol % of the total Ce content.

Additional catalyst dynamics can be inferred from the
catalytic performance. During nonoxidative PDH, Fe** species
will rapidly reduce to Fe**, which will persist in the absence of
an oxidizing agent. During CO,—PDH, however, a certain Fe3*
vs Fe?" ratio is established within the pool of responsive Fe’*
species. The higher C;Hg selectivity observed in nonoxidative
PDH (Figure 5b) therefore implies that Fe®" is the selective
site for C—H activation rather than Fe®*. The physical mixture
of bulk Fe,O; and MgO is less selective (Figure Sb), in line
with literature reporting that aggregated FeO, phases are
nonselective.”®*”>133°1" Therefore, although the volume-
averaged EXAFS fit indicates some degree of Fe-clustering
within the periclase-like matrix (Table S5), the Fe®* sites in
Mg (Fe,Al)O, that selectively promote dehydrogenation then
rather appear to be mostly dispersed.

Furthermore, a longer TOS was required during CO,—PDH
to obtain a C;Hj selectivity comparable to that of nonoxidative
PDH (Figure 7a). It is therefore proposed that the higher Fe®*
vs Fe?* ratio enabled by CO, initially leads to overoxidation of
the hydrocarbons.”” Another role of CO, is to suppress carbon
accumulation. The lower carbon content obtained in CO,—
PDH (Figure Sc) points to the Fe’* = Fe®" redox couple as a
carbon oxidation pathway.

Combining characterization and performance results eluci-
dates two parallel pathways for CO,—PDH over Mg(Fe,Al)O,,
depicted in Figure 11. Because of the observed redox behavior,
the concluding mechanistic picture proposed implies only two-
step contributions, due to the simultaneous presence of C;Hg
and CO,. The one-step mechanism, see eq 3, cannot be
excluded, but given the lack of evidence, its contribution is
considered limited.

Based on the redox mechanisms observed, i.e. CO,
consumption and Fe reduction—oxidation, detailed by the
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Mars — van Krevelen
Langmuir — Hinshelwood

Figure 11. Parallel mechanisms during CO,—PDH over Mg(Fe,Al)-
O,. In a first pathway (left, Mars — van Krevelen), Fe participates via
reversible redox cycling between Fe®" in a surface MgFe,O,like phase
and dispersed Fe** species. This cycle can promote carbon removal,
but can also lead to overoxidation of propane. In parallel (right,
Langmuir — Hinshelwood), the dispersed Fe** species formed in the
Mars — van Krevelen pathway selectively transform propane to
propylene and hydrogen via a Langmuir — Hinshelwood-type Lewis
acid—base interaction over Fe>* — O~ pairs.

difference spectra from ME-XAS, a first pathway follows a
Mars — van Krevelen (MvK) mechanism, in which Fe®*
reversibly leaves and re-enters a minority MgFe,O,-like surface
phase, forming dispersed Fe?* species via an Fe’* = Fe¥*/?* =
Fe?* redox cycle (left-hand panel of Figure 11). Herein, CO,
primarily contributes through the redox/RWGS functional-
ity—consuming H,, maintaining the Fe 3+/2+ redox balance,
and assisting in coke mitigation. The comparison between
nonoxidative PDH and CO,—PDH implies that this CO,-
enabled redox pathway is only moderately selective for the
dehydrogenation of propane (Figure Sb).

In addition, this comparison implies a second, parallel
pathway, namely a Langmuir—Hinshelwood—type (LH)
dehydrogenation route, in which the dispersed Fe’" species
(Fe**—0*" pairs), formed during the MvK pathway, function
as highly selective C—H activation sites that promote propane
dehydrogenation. The latter pathway is proposed to occur via
Lewis acid—base interactions (right-hand panel of Figure 11),
in which a carbon atom from propane can interact with the
Lewis acid Fe* site, while the adjacent hydrogen atom can
interact with the Lewis base O site. This agrees with work on
isolated Fe®* sites in zeolite frameworks from Hu et al.”” and
Alghannam et al.”*® Similarly, Lewis acid—base interactions
have been described on Zn** — O”” pairs for nonoxidative
propane and n-butane dehydrogenation.”” The LH pathway is
hence dominated by Fe®'-site chemistry. However, the
dispersed Fe®" as active site for LH can transform to Fe®"
upon oxidation by CO,, ending up in the MvK mechanism.

Based on this mechanistic understanding, catalyst deactiva-
tion phenomena can now be assessed by including an analysis
of H, consumption profiles during repeated H,-TPR — CO,-
regeneration cycles (see SI, section 9.2). With an increasing
number of cycles, the H, consumption related to the reduction
steps Fe**—Fe3*/?*—Fe?" shifts toward lower temperatures.
This indicates the formation of more easily reducible FeO,
species, in turn suggesting some extent of FeO, aggregation
that cannot be fully reversed by subsequent oxidation in CO,
(SI section 9.2.2). However, the impact of this aggregation
remains limited after 20 H,-TPR — CO,-regeneration cycles,
as the corresponding H, consumption is still an order of
magnitude lower compared to that of a bulk Fe,0;—MgO
physical mixture. Limited aggregation of Fe’ aligns with
EXAFS analysis and with STEM-EDX mapping on the
corresponding spent sample (SI, Figure S16). Therefore, the
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Mars — van Krevelen pathway can also yield Fe®* species that
are not reincorporated into the spinel upon CO, exposure,
thus leading to FeO, aggregation. With prolonged TOS, this
aggregation depletes the MgFe,0O,-like surface phase, thereby
attenuating the reversible Mars — van Krevelen cycling.
Consequently, the pool of dispersed and selective Fe** species
will also diminish. Since aggregated FeO, species promote C—
C bond scission rather than C—H bond scission, such FeO,
species will eventually deactivate through carbon formation.
The pool of selective Fe** sites will decrease in number, but
will eventually dominate over the deactivating nonselective
Fe®" species. These deactivation pathways are depicted in SI,
Figure S19. The aggregate-forming Fe’* = Fe3"/*" = Fe?*
redox transitions (SI, Figure S19) coexisting with the reversible
ones of the Mars — van Krevelen cycle (Figure 11) explain the
spread in spectral envelopes of the demodulated ME-XAS
spectra (Figure 10c,f).

To balance C—H bond selectivity with CO, activation and
carbon removal, it is therefore not only essential to maintain
the dispersion of oxidized Fe species, but also to tune and
stabilize the availability of Fe** vs Fe®*. To this end, further
research could focus on optimizing reactor conditions, such as
temperature, space time, or the CO,:C;Hg feed ratio.
Alternatively, this can be achieved by modifying the catalyst
material. For example, the role of AP’* in the dispersion and
stability of Fe®" species can be further explored. It is known
that employing higher concentrations of trivalent metals during
the LDH synthesis leads to the formation of long-range spinel
structures upon calcination.”* Tasioula et al. recently showed
that a spinel arrangement of Mg, Fe, and Al can stabilize an
Fe3*/?* state. The resulting moderated lattice oxygen mobility
led to increased C—H bond cleavage selectivity, in contrast to
what was observed for purely octahedral Fe’* species.”

As a final note, it is worth mentioning that, while Fe*" sites
are correlated with higher selectivity, a conclusive assignment
of the specific nature of the active site remains to be
uncovered. On a sample-averaged level, EXAFS and pre-edge
XANES analyses indicate that Fe?* predominantly resides in an
octahedral coordination environment. Still, the emergence of
minor tetrahedral features under reducing conditions suggests
a possible involvement of surface-exposed tetrahedral Fe®*
sites. Alternatively, distorted or low-symmetry environments
may be involved. The associated Lewis acidity could influence
the activation of C3Hg, as recently suggested for isolated Fe®*
in zeolites.”® Future (site-specific) kinetic studies and DFT
modeling could help to resolve the precise local configuration
of these selective Fe’* sites.

5. CONCLUSIONS

An LDH-derived Fe-based oxide catalyst was examined for
CO,-assisted PDH. The synthesis route through an LDH
precursor enabled the stabilization of oxidized Fe’* species
within a mixed oxide matrix, aiming to preserve C—H bond
selectivity. The resulting catalyst exhibited Fe’* species that
were resistant to full reduction at reaction temperatures,
achieving Fe-time yields between 2.0 and 5.6 mmolcsys
molg,~!-s7".

Time-resolved characterization techniques, including mod-
ulation-excitation, decoded two parallel pathways in which
active Fe species participate in CO,—PDH. A less-selective
Mars — van Krevelen two-step pathway, involving ~ 1% of the
total Fe content, features a reversible Fe?* = Fe3*/?* = Fe?*
redox couple. This transforms a minority MgFe,O,-like surface
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phase to dispersed Fe?" species. The latter Fe® species are
allocated as the C—H bond selective site in a paralle],
Langmuir — Hinshelwood pathway, which likely occurs
through Lewis acid—base interactions between propane and
Fe* — O* pairs. While the exact nature of these selective Fe>*
species remains elusive, a distorted or asymmetric local
environment is hypothesized based on the evidence presented
in this work.

Catalyst deactivation occurs through irreversible Fe
Fe**/2* = Fe?* transitions, in which aggregated, nonselective
Fe®" species are formed that contribute to carbon formation.
These aggregated Fe?* species are not fully reincorporated into
the MgFe,O,-like surface phase upon CO, exposure, thereby
depleting this minority spinel phase.

Comparing CO,-assisted to regular PDH over the proposed
catalyst Mg(Fe,Al)O,, adding CO, induces competition
between propane and CO, over the available active sites,
thereby reducing the activity. A dualistic role of CO, then
arises: by enabling the Fe** = Fe3*/>" = Fe?* redox transition,
CO, can assist in the removal of carbon, in the oxidation of H,
via RWGS, and in suppressing FeO, aggregation. By doing so,
however, the formed Fe* species can overoxidize hydro-
carbons. As for the highly selective, dispersed Fe*" site, this can
be transformed to Fe’* upon oxidation by CO,, ending up in
the less selective Mars-Van Krevelen mechanism.

These findings highlight the power of dynamic character-
ization in revealing mechanistic phenomena that static
techniques may overlook. As such, not only is the importance
of Fe’ dispersion underscored, but the stabilization and
relative speciation of Fe’* vs Fe’" also emerge as a catalyst
design parameter. An improved balance between CO,
activation and C—H bond activation can be achieved by
tuning the reactor configuration and operating conditions, or
by adjusting the material composition.
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=
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