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Abstract: The replacement of noble metal catalysts by abundant iron as an active compound in CO
oxidation is of ecologic and economic interest. However, improvement of their catalytic performance
to the same level as state-of-the-art noble metal catalysts requires an in depth understanding of
their working principle on an atomic level. As a contribution to this aim, a series of iron oxide
catalysts with varying Fe loadings from 1 to 20 wt% immobilized on a y-Al,O3 support is presented
here, and a multidimensional structure—-activity correlation is established. The CO oxidation activity
is correlated to structural details obtained by various spectroscopic, diffraction, and microscopic
methods, such as PXRD, PDF analysis, DRUVS, Mossbauer spectroscopy, STEM-EDX, and XAS.
Low Fe loadings lead to less agglomerated but high percentual amounts of isolated, tetrahedrally
coordinated iron oxide species, while the absolute amount of isolated species reaches its maximum at
high Fe loadings. Consequently, the highest CO oxidation activity in terms of turnover frequencies
can be correlated to small, finely dispersed iron oxide species with a large amount of tetrahedrally
oxygen coordinated iron sites, while the overall amount of isolated iron oxide species correlates with
a lower light-off temperature.

Keywords: CO oxidation; iron oxide; emission control; PDF; STEM-EDX mapping; XAS

1. Introduction

Emission reduction nowadays is of great importance, since the world population and
hence the pollution of air, soil, and water is steadily growing [1-4]. A well-established
method to keep emission levels below certain thresholds is to convert pollutants into their
harmless derivatives, often by the utilization of a catalyst. Prominent examples are the
photocatalytic treatment of wastewater [5-7], the removal of particulate matter [8,9], or the
selective catalytic reduction (SCR) of nitric oxides to elemental nitrogen [10-13]. Modern
combustion engines are equipped with catalytic converters in which, besides the reduction
of NO, and the oxidation of hydrocarbons, CO is oxidized by residuary oxygen to non-toxic
CO, [14-17]. So-called three-way catalysts or diesel oxidation catalysts, as an example,
require the use of noble metals, namely rhodium, palladium, and platinum. Due to both
economic [18] and ecological [19] reasons, the search for alternatives to these noble metals
has gained more and more attention. Various abundant transition metals, such as cobalt
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or copper, have been investigated regarding their ability to convert CO to CO, but none
of these have been of reasonable relevance for industrial applications yet [20-30]. Iron
has been tested by various groups in this context since the 1960s but cannot yet compete
with the catalytic activity of state-of-the-art catalysts [31-33]. During the last two decades,
the demand for sustainable alternatives has grown, as has the interest in iron oxides for
catalytic CO oxidation. Mentionable approaches include the doping of quartz wool with
iron oxides by Li et al. [34] or a precipitation method for high-surface-area iron oxide
catalysts with very small particle sizes [35]. Different support materials were tested, such
as mesoporous zeolites [36] or even minerals such as bentonite [37]. Despite a manifold of
different approaches [38—42], iron catalysts are still not understood in detail to challenge
noble metal catalysts in terms of activity and stability. Schoch et al. showed a facile route
for the preparation of iron oxide catalysts supported on y-Al,O3; with excellent catalytic
activity in CO oxidation experiments [43]. They also ascertained differences in the catalyst
activity with structural variations. High amounts of tetrahedrally coordinated iron oxide
species tended to have higher CO oxidation activity than catalysts with Fe>* in octahedral
coordination geometry or even bulk phase.

Here, we aim to contribute to the application of iron oxides for CO oxidation under
lean conditions based on a systematic structure-activity correlation. For this purpose, five
iron oxide catalysts with Fe loads from 1 to 20 wt% on a y-Al,O3 support were prepared by
wetness impregnation with Fe(acac); and investigated in catalytic CO oxidation reactions.
Extensive characterization by a broad range of analytical tools was applied, such as powder
X-ray diffraction (PXRD, HR = high resolution), pair distribution function (PDF) analysis,
diffuse reflectance UV /Vis spectroscopy (DRUVS), Mgssbauer spectroscopy, scanning
transmission electron microscopy coupled with energy-dispersive X-ray spectroscopy
(STEM-EDX), and X-ray absorption spectroscopy (XAS). Thereby, we wish to elucidate the
structural parameters of iron oxide catalysts that promote high catalytic activity, especially
at low temperatures and by means of high rates of conversion. These findings can then be
used for the development of new synthetic routes to prepare catalysts that could eventually
show extraordinary catalytic activities, ready to compete with platinum group metals.

2. Results
2.1. Structural Characterization

The nomenclature of the catalysts in the following discussion is FeX, with X reflecting
the nominal loading of iron on the powdered y-Al,O3. The surface area can already give
important information about catalytic systems. The pure y-Al,O3 exhibits a BET surface
area of 169 m? /g, which does not change significantly for Fe01 to Fel0 (Table 1). For Fe20,
the area decreases to 121 m?/g, which indicates the agglomeration of the iron species and,
as a result, reduced accessibility of the metal centers.

Table 1. Specific surface areas of Fe0l to Fe20 compared to the pure y-Al,O3 support, obtained via
BET method.

Sample BET Surface [m?/g]
Y -A12 03 169

FeO1 155

Fe025 164

Fe05 167

Fel0 152

Fe20 121

The combination of HRPXRD and subsequent PDF analysis is highly suited to investi-
gate the long- and medium-range order of nanoparticular species, such as the crystalline
and nanostructured phases of the support material as well as the catalytic species [44—46].
For the highly loaded samples FelO and Fe20, the HRPXRD patterns (Figure 1) indicate
(besides reflexes of the support) reflexes of both x-Fe;O3 and y-Fe;O3.
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Figure 1. Experimental high-resolution powder X-ray diffractograms of catalysts Fe01 to Fe20 and
calculated diffractograms of y-Fe,O3 and a-Fe; O3, respectively, maghemite and hematite (beamline
P24, DESY).

Only the reflexes of the lattice planes (104), (202), and (024) of «-Fe,O3 [47], as well
as the lattice planes (220), (440), and (533) of y-Fe,O3 [48], can clearly be indexed. For
lower Fe loadings, no iron oxide reflexes are observed. However, the Bragg reflexes of
v-Al,O3 progressively shift to smaller 26 values for increasing iron loads (Figure 2). This
shift corresponds to an increase in the lattice parameters, which is isotropic due to its cubic
crystal class. Exact Bragg angles of the y-Al,Oj3 crystal lattices (311), (222), (400), (511),
and (440) were retrieved from pseudo-Voigt fits of the reflexes [49,50]—all five reflexes
shift in a similar manner. The (111) and (220) peaks could not be analyzed this way, due
to overlap with iron oxide peaks for higher loadings. This change in the lattice spacings
of the support material amounts to 0.03-0.60% of the bulk y-Al,O3 lattice parameters
for the different loadings and points towards the restructuring of the y-Al,O3 substrate.
Such a restructuring could be explained by the incorporation of Fe ions into the inverse
spinel structure of y-Al,O3 and hence expansion and local distortions [51]. Since the
v-AlLO3 support is porous (see BET results), much surface is available to interact with the
Fe during impregnation and calcination. Further, the interface between Fe,O3 particles
and the y-Al,Os support can bear a locally different structure than the bare support due to
restructuring of the y-Al,O;3 in the presence of the Fe,O3 without explicit Fe incorporation
into the y-Al,O3. The majority of the y-Al,O3; remains unaltered, as deduced from the
overlapping y-Al,O3 peak areas in Figure S3 top.

In order to gain insights into the local structure of the iron oxide entities on the support,
PDF analysis was carried out. First, the structure of the bare y-Al,O3 support was refined
against a cubic (inverse spinel) Fd3m crystal structure, with AI>* cations on tetrahedral
and octahedral spinel positions, as well as additional AI** cations on non-spinel positions.
The experimental PDF is described well over a fit range of 1-80 A, with a goodness-of-fit
Ry = 0.24 (see Figure S4 top). In particular, at r < 10 A, some structural features remain in the
difference curve, pointing towards a modified short-range order, as previously described
in the literature [52]. This modified short-range order involves mainly an underestimation
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of Al-Al interatomic distances at 2.82 and 3.31 A, which represent interatomic distances
between octahedral-tetrahedral and octahedral-octahedral positions within the spinel
structure, respectively (see Figure S4 bottom). The match between experimental and
theoretical PDF can be significantly improved to a Ry, of 0.20 (see Figure S5), when refining
only the 1-10 A range with a different occupancy for certain AI3* positions (see Table S1 for
refinement values). Some deviations still remain—for instance, the discrepancy of the O-O
interatomic distance at approx. 4.9 A—which could be explained by aperiodic stacking
faults in the oxygen sublattice [52].
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Figure 2. Cubic lattice parameter a obtained for different crystal planes of the y-Al,O3 support of
Fe01 to Fe20 and the corresponding linear regression, as determined from high-resolution XRD data
(beamline P24, DESY).

Then, the catalysts were refined with multiphase fits (see Figure 3 for Fe20 with the
experimental data in blue and the refinement in red). The fit contains a y-Al,O3 phase (grey)
and a y-Fe;O3 phase (orange). For both phases, the cubic lattice parameters a(y-Fe,O3)
and a(y-Al,O3) were refined using AL+ occupancies obtained from the fit of the bare
support, as well as the isotropic atomic displacement parameter and a spherical particle
size for the iron oxide phase. No a-Fe,O3 phase was considered in the fit, as the PDFs of
o-FepO3 and y-FepOj3 are very similar. Refinement with both phases led to high correlation
between the refined values and possibly over-parameterization. The lattice parameter of
the y-Al,O3 changes from the unloaded to the 20 wt% Fe-loaded sample from 7.919 to
7.962 A, corroborating the XRD findings of the expanding y-Al,O3 lattice upon iron loading.
Again, as for the bare support, the 1-10 A range shows higher residuals in the difference
curve (green). These residuals might stem from the y-Al,O3 support (compare difference
curve Figure 54) or very small iron oxide clusters, as the difference curve shows similarities
with the short-range order of y-Fe;O3 (orange curve).

Results of similar refinements for the 5 and 10 wt% loadings are summarized in Table 2
together with the data for Fe20. It shows the continuous increase in the y-Al,Oj5 lattice
parameter a for higher loadings (in agreement with XRD peak shifts). The spherical y-
Fe, O3 particle diameter grows with loading from 2.2 to 8.5 nm, with a sharp size increase
between 10 and 20% loading. One might speculate as to whether the range between these
two loadings presents a transition range between smaller and larger particles. The lattice
parameter of y-Fe,Oj is very small for the 5 and 10% loading (literature bulk 8.347 A). This
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could be caused by internal stress in the very small particles, or by a strong interaction of
the particles with the y-Al,O3 support, inducing strain or restructuring in the particles.

G(r) / a. u.

Gcalc GA]ZOS

r/A r/A
(a) (b)

Figure 3. (a) PDF refinement of laboratory PDF data of Fe20 with experimental data (Gp,) fitted
curve (Ggc) and difference between Ggp,s and Geyie (Ggiff)- Y-Alr O3 (grey) and y-Fe,Os (orange)
crystal structures were used; (b) magnification of the range of 1-10 A showing some structural
features left in the difference curve; Ry = 0.31; G(r) = reduced pair distribution function.

Table 2. Refined values for the lattice parameter of y-Al,O3 and Fe,O3 and the spherical particle size
of Fe,; O3 for Fe05, Fel0, and Fe20.

Refined Value Fe05 Fel0 Fe20

a(y-ALO3) [A] 7.935 7.949 7.962

a(y-Fep03) [A] 8.025 8.062 8.327
Spherical particle size (Fe;O3) [nm] 2.2 29 8.5

Since the two-phase PDF refinements leave a significant peak at ca. 3.3 A in the
difference curve and three phases over-parametrize the data, another approach to access
the structure of the iron oxide species was carried out. Since the y-Al,O3; Bragg peaks
are offset to smaller Q, respectively 20 (see above), we introduce a compressing factor
s = Qu40,cat / Qaa0,support, calculated from the positions of the Bragg peak maxima of the
catalyst-loaded support Q40 ,cat and the unloaded support Q40 support- The XRD pattern
of the unloaded catalyst is multiplied with this compressing factor to better subtract the
v-Al,O3 contributions during d-PDF calculation (see Figure S3 bottom). The resulting
d-PDFs mainly contain contributions from iron species (Figure 4), alongside some possibly
non-subtracted residuals of y-Al,O3, such as local restructuring, which cannot be mimicked
by merely accounting for the expansion of the lattice. d-PDFs of Fe05 and Fel0 could only
be refined in the range up to 10 A due to noise in the data. For Fe05 and Fel0, the theoretical
Fe-Fe interatomic distance at 2.9 A is not pronounced well. This could be due to some
distortion and overlapping of the two Fe-Fe peaks at 2.9 and 3.3 A, or due to slightly faulty
subtraction of the “compressed” y-Al,O3 support. The particle sizes for the 1-10 A regime
are refined to 2.1, 2.3, and 2.8 nm for Fe05, Fel0, and Fe20, respectively, suggesting that
very small particles exist. The Ry, values of 0.51 and 0.50 for Fe05 and Fel0, respectively,
are due to the high noise level in the data.
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Figure 4. d-PDF refinements of Fe05 (a), Fel0O (b), and Fe20 (c) in the 1-10 A regime using labo-
ratory PDF data. Dashed lines indicate the zero line of the respective refinement. Higher load-
ings show less noise. The two highest peaks for the Fe-O and Fe-Fe interatomic distances at
1.95 and 3.41 A are quite well resolved for every loading; G(r) = reduced pair distribution func-
tion; Ry (Fe05) = 0.51; Ry (Fel0) = 0.50; Ry (Fe20) = 0.26.

For Fe20, a refinement over 80 A could be carried out, to elucidate the particle sizes in
more detail from the decay of G(r) in the PDF reflecting the particle shape function. Fitting
a single y-FeoO3 phase with the particle size as a parameter yielded a poor Ry, of 0.60 (see
Figure 5a) and fitting a lognormal particle size distribution (fit not shown here) did not
significantly improve the fit. Figure 5a shows characteristic peaks in the difference curve
from 1 to 7 A, which hints towards possibly small clusters. Hence, we added the PDF of
1-nm-sized clusters (non-relaxed y-Fep; O3 structure cut-out) to the refinement; see Figure 5b.
The R,, value significantly improved and peaks at short distances fit better. This small
cluster phase has a molar content of 78%, while the larger particle size fraction features a
diameter of 14.0 nm. For Fe05 and Fel0, d-PDF refinements cannot detect any y-Fe,Os for
r>10 A due to noise and /or the absence of larger particles.

G(r)/a.u.

- ans_ Gcalc_ Gdiff - Gobs_ Gca]c_ G";r-FeZO3
Gduster_ Gdiff
20 40 60 80 20 40 60 80

r/ A r/A
(a) (b)

Figure 5. d-PDF refinement of Fe20 with a single y-Fe,O3 phase (a) and an additional 1 nm cluster
v-Fe;O3 phase (a); Rw (a) = 0.60; Ry (b) = 0.48.

To gain further insights into the cluster sizes of the iron oxide species, additional
Mossbauer spectroscopic measurements of catalysts Fe0l to Fe20 were carried out at
ambient temperature (298 K) as well as at low temperature (77 K). Due to the small iron
concentration in Fe0l, no Mossbauer spectrum at low temperature was recorded here.
Isomer shifts 6 of Fe025 to Fe20 together with their quadrupole splitting AEq verify that
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solely iron species in the oxidation state +3 are present in the investigated catalysts (see
Figure 6 and the corresponding Table 3). At ambient temperature, all of them show
a doublet with an isomer shift of 0.26 to 0.29 mm/s, and since a sextet is missing for
Fe01 to Fe05, this can be assigned to isolated iron oxidic species and particles below
13.5 nanometers [53], which is in agreement with the PDF results.
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Figure 6. Room-temperature % Fe Mossbauer spectra of Fe01 to Fe20 (black dots) with the respective
fits; red: doublet; blue: sextet; green: cumulative fit.

Table 3. Parameters obtained from room-temperature > Fe Mossbauer spectra of Fe0l to Fe20.
& = isomer shift; AEqg = quadrupole splitting; I' = line width; By, = magnetic hyperfine field.

Sample 8 [mm/s] AEg [mm/s] I' [mm/s] B¢ [TI]
Fe01 0.26 0.90 0.80
Fe025 0.29 1.01 0.70
Fe05 0.28 0.96 0.70
Fel0 doublet 0.28 0.92 0.66
€ sextet 0.28 0 0.74/0.69/1.0 493
Fe20 doublet 0.27 0.90 0.61
€ sextet 0.35 0 0.79/0.78/1.0 495

The fact that, even at 77 K, no additional sextet occurs for Fe025 and Fe05 indicates
that the particles feature superparamagnetism even at 77 K (see Figures S6 and S7). In
contrast, Fel0 and Fe20 show additional Zeeman lines due to magnetic splitting even at
ambient temperature, which also indicates the presence of iron oxide particles with sizes
above 13.5 nm. Areas of the fitted spectra can be used to estimate the ratio of small to large
particles. The percentage of doublet compared to sextet changes from 77% at catalyst Fel0
to 69% at Fe20, which means that the fraction of iron species with detectable magnetic
coupling, respectively present in particles above 13.5 nm, is much higher for the sample
with a higher Fe load.

To elucidate the distribution of iron oxide species in terms of tetrahedrally and octa-
hedrally coordinated Fe®* ions and isolated vs. agglomerated iron oxide species, DRUVS
spectroscopy was applied. The local geometry of Fe* has a strong influence on the ab-
sorption bands in the UV/Vis region originating from ligand-to-metal charge transfer
(LMCT) transitions. Henceforth, the term oligomers will be used for small agglomerates
and the term particles for large agglomerates. Bands below approx. 300 nm can be assigned
to isolated iron species, while LMCT transitions of tetrahedral coordinated iron species
tend to occur at lower wavelengths compared to those of octahedral coordinated metal
centers [54-60]. Oligomers and particles lead to additional bands at higher wavelengths up
to 900 nm (for further information, see SI). The spectra of the presented catalysts (Figure 7)
show obvious variations in these regions, with Fe01 having the smallest amount of contri-
butions above 400 nm and a main feature at low wavelengths around 300 nm. This feature
becomes more intense and shifts to the red with increasing iron loading. Additionally,
there is an increase in contributions above 400 nm from Fe(1 to Fe20. These observations
can be translated into a quantification of the present structures. In «-Fe,Os3, solely FeOg
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octahedrons are present, while the y-Fe, O3 structure consists of both octahedral FeOg and
tetrahedral FeOy sites, which means that the ratio of tetrahedrons to octahedrons is a good
indicator for the actual iron oxidic phase. Deconvolution of the absorption spectra, as
also shown in Figure 8, yields the quantitative information summarized in Table 4. As
can be seen in Figure 8a, the normalized area for tetrahedral coordinated isolated Fe3*
species decreases from Fe01 to Fe20. The same behavior is found for the area of isolated
octahedrons, while the areas for small oligomers and especially for particles increase with
increasing iron loading, which is in full agreement with the PDF and Mossbauer results.
For Fe01, 12% of the iron centers are found in tetrahedral and 37.3% in octahedral sites,
while the rest is present in oligomeric species.

FeO1

e 2 2 2
c N R o @
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(\
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\

-

300 400 500 600
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Figure 7. Experimental DRUYV spectra of Fe0l to Fe20 and the corresponding peak deconvolution
with cumulative peak fit.
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Figure 8. (a) Normalized areas obtained from peak deconvolution of the DRUV spectra of Fe01 to Fe20;
(b) total amounts of the species respective to the overall catalyst mass, calculated by multiplication of
the integrated percentual areas with the iron loading.

Table 4. Parameters obtained from peak deconvolution area of the DRUV spectra of Fe(1 to Fe20.

Catalyst Fetet [%] Feoct [%] FexOy Olig. [%]  FexOy Particles [%]
FeO1 12.0 37.3 50.3 0.44
Fe025 10.8 354 48.6 5.15
Fe05 7.30 22.7 60.5 9.52
FelO 4.87 17.6 57.7 19.8
Fe20 4.20 15.2 65.7 149

The fraction of tetrahedral sites decreases constantly with increasing iron loading

down to 4.2% for Fe20. Similarly, the structural contribution of octahedral sites decreases
to 15.2% for Fe20. Since the crystal structure of «-Fe,O3 does not comprise tetrahedral
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coordinated iron oxide species, this increase in the ratio of peak 2 to 1 in the 200 to 300 nm
regime at higher iron loadings can be correlated to a decrease in the amount of y-Fe,O3
compared to a-Fe;Os. In the same direction, the number of iron sites in oligomeric and
particulate structures increases to maximum values of 66% and 15%, respectively. When
the iron loading of each catalyst is taken into account (Figure 8b), the absolute amount
of both isolated tetrahedral and isolated octahedral species increases from Fe01 to Fe20,
accompanied by a similar increase in oligomers and bulk species. However, due to the
number of variables, these findings have to be seen only as an approximation of the actual
composition of the investigated catalysts.

To gain insights into the distribution of iron on the support and the iron oxide particle
size, scanning transmission electron microscopy of Fe(01 to Fe20 was carried out, combined
with energy dispersive X-ray mapping. Figure 9 shows the high angle annular dark-field
(HAADF) images of each catalyst, together with the elemental maps for oxygen, aluminum,
and iron. The catalyst support particles have a rough, irregular appearance with a broad
particle size distribution. The HAADF image of catalyst Fe20 shows bright spots with
diameters up to 50 nm, corresponding to iron species in the form of small oligomeric iron
oxide and particles. The signals of oxygen, aluminum, and iron on the remaining parts are
finely distributed. For Fel0, a smaller number of isolated iron oxide agglomerates is found.
For Fe05, there were almost no visible particles, and at Fe025, only small particles with a
maximum diameter of 7 nm can be found, while Fe01 comprises no visible agglomerates at
all. Overall, the observed domains of catalysts Fe0l and Fe025 show a very homogeneous
distribution of oxygen, aluminum, and iron signals.

As an extension to the results obtained by UV /Vis spectroscopy, X-ray absorption
spectroscopy (XAS) provides a tool to probe the oxidation state and local geometry of the
iron centers in the catalyst [61-63]. The iron K-edge X-ray absorption near edge structure
(XANES) spectra shown in Figure 10 can be divided into two main features, the prepeak
(around 7110 eV to 7120 eV) and the main edge (around 7125 eV to 7135 eV). The K-edge
prepeak originates from the excitation of a 1s electron to localized 3d/4p hybrid orbitals.
It is therefore sensitive to the symmetry of the probed atom and its oxidation state. The
prepeak energies and intensities of all samples are similar and found between 7113.9 and
7114.1 eV (see Table S30). In comparison to this, the prepeaks of x-Fe;O3 and y-Fe;O3 (here
represented by the first of two applied fit functions; see Figures 526 and 528) have slightly
higher energies, with 7114.6 eV, respectively 7114.3 eV, and with a less broadened and more
intense shape.

The main edge shows transitions of 1 s electrons into the continuum, making it a
descriptor for the oxidation state of the probed species. The edge positions of Fe01l to
Fe20 range between 7125.4 and 7126 eV (see Table S30), while «-Fe,O3 and y-Fe; O3 show
edge energies of 7125.1 eV and 7125.9 eV. The prepeak shifts to lower energies of Fe(1l
to Fe20 are very small, compared to the references, and can therefore be neglected. All
obtained energies are in good agreement with the literature and confirm, together with the
Mossbauer data, the presence of iron in the oxidation state of +3.

A more detailed view of the local short-range structure of the iron centers can be
achieved by analysis of the extended X-ray absorption fine structure (EXAFS) spectra. By
application of a model structure obtained from the literature [64], two main coordination
spheres can be fitted into the Fourier transformation of the experimental spectra (Figure 11).
The first region, from 1.8 to 2.2 A, containing the oxygen neighbors, allows a discrimination
of tetrahedral and octahedral coordination sites. Tetrahedrally coordinated oxygen neigh-
bors feature Fe-O distances below 1.90 A, while the distances in octahedrons are higher,
with 1.96 and 2.13 A. The region from 2.2 to 4.0 A contains the nearest iron and aluminum
backscatterers. Fitting the experimental data with the EXAFS equation yields the structural
parameters summarized in Table 5.
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Figure 9. HAADF images (top row) and STEM-EDX images (red: oxygen K-edge signal; green:
aluminum K-edge signal; blue: iron K-edge signal) of Fe01 to Fe20 (left to right); all scale bars 200 nm.
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Figure 10. XANES spectra of Fe01 to Fe20 and the respective references o- and y-Fe; O3 at the Fe K-edge.
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Figure 11. Fourier-transformed EXAFS spectra of Fe01 to Fe20 and the corresponding fits.
Table 5. Structural parameters obtained by EXAFS analysis of the catalysts Fe01-Fe20 and the o-
and y-Fe, O3 references; Abs = absorbing atom; Bs = backscattering atom; n(Bs) = number of back-
scattering atoms; r(Abs-Bs) = distance of absorbing to backscattering atom; o = Debye-Waller-like
factor; R = fit index; E¢ = Fermi energy; Afac = amplitude reducing factor.
Catalyst Abs-Bs N (Bs) R (Abs-Bs) [A] o[A-1]
Fe-O 48 +0.24 1.944 + 0.019 0.089 + 0.008 R =28.29%
Fe-O 1.1 +0.05 2.157 £ 0.021 0.045 £ 0.004 E¢=3.655eV
Fe01 Fe-Fe 1.0+ 0.10 3.059 4 0.030 0.112 £ 0.011 Afac =0.9477
Fe-Al 8.1 +0.81 3.426 + 0.034 0.112 £ 0.011
Fe-Fe 5.0 £0.50 3.439 £ 0.034 0.112 £ 0.011
Fe-O 4.6 £0.23 1.944 £ 0.019 0.095 £ 0.009 R =38.80%
Fe-O 1.6 +0.08 2.169 £ 0.021 0.087 + 0.008 Ef=3.137eV
Fe025 Fe-Fe 1.1+0.11 3.047 £ 0.030 0.107 £ 0.010 Afac =0.9072
Fe-Al 7.940.79 3.455 4 0.034 0.112 £ 0.011
Fe-Fe 5.6 + 0.56 3.463 £+ 0.034 0.112 £ 0.011
Fe-O 3.6 £0.18 1.911 +0.019 0.087 £ 0.008 R =34.13%
Fe-O 31+£0.15 2.076 4 0.020 0.112 £ 0.011 Ef=4.013 eV
Fe05 Fe-Fe 0.8 £ 0.08 3.063 £ 0.030 0.105 £ 0.010 Afac = 0.8896
Fe-Al 74 +£0.74 3.397 £ 0.033 0.112 £ 0.011
Fe-Fe 4.7 + 047 3.414 £ 0.034 0.112 £ 0.011
Fe-O 3.4+017 1.907 + 0.019 0.081 + 0.008 R =33.88%
Fe-O 3.0£0.15 2.065 £ 0.020 0.112 £ 0.011 Ef=2.925eV
Fel0 Fe-Fe 0.5 £0.05 2.983 4 0.029 0.092 £ 0.009 Afac =0.8896
Fe-Al 6.2 +0.62 3.354 £+ 0.033 0.112 £ 0.011
Fe-Fe 4.0 +0.40 3.403 £ 0.034 0.112 £ 0.011
Fe-O 25+0.12 1.898 £ 0.018 0.077 £ 0.007 R =33.35%
Fe-O 3.9 +0.19 2.025 £ 0.020 0.110 £ 0.011 Ef=4.384eV
Fe20 Fe-Fe 0.5 £0.05 2.962 £ 0.029 0.081 £ 0.008 Afac=0.8217
Fe-Al 9.0 £0.90 3.360 & 0.033 0.112 £ 0.011
Fe-Fe 5.7 £0.57 3.394 £+ 0.033 0.112 £ 0.011
Fe-O 32+0.16 1.961 + 0.019 0.081 £ 0.008 R =27.77%
Fe-O 33+0.16 2.134 4 0.021 0.110 £ 0.011 Ef=2584 eV
«-Fep O3 Fe-Fe 6.3 +£0.31 2.983 £ 0.029 0.112 £ 0.011 Afac =0.9735
Fe-Fe 2.9 £0.29 3.317 £ 0.033 0.112 £ 0.011
Fe-Fe 124012 3.706 & 0.037 0.063 £ 0.006
Fe-O 0.7 £0.03 1.868 +0.018 0.032 £ 0.003 R =24.68%
Fe-O 484014 2.003 £ 0.020 0.105 £ 0.010 Ef=3.112eV
v-Fer O3 Fe-Fe 44+ 044 3.019 4 0.030 0.112 £+ 0.011 Afac =0.8219
Fe-Fe 214021 3.467 £ 0.034 0.087 £ 0.008
Fe-Fe 3.6 £0.36 5.128 £ 0.051 0.112 £ 0.011
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Comparison of the first region clearly shows a trend from a coordination of 2.5 oxygen
backscatterers at 1.9 A and 3.9 at 2 A to the observed iron center of catalyst Fe20, over
3.6 oxygen atoms at 1.9 A and 3.1 at 2.1 A at catalyst Fe05, towards a ratio of 4.8 oxygen
atoms at 1.9 A to 1.1 atoms at 2.2 A for FeO1. If the crystallographic data of the presumed
phases of iron [47,48], Y-Fe;O3 and «-FepOj3, are taken into consideration, these numbers
can be correlated to tetrahedral and octahedral iron oxide species. Since the averaged
Fe-O distance in octahedrons is approx. 2 A and they are only slightly distorted, which
means that the coordination is still somewhat symmetrical, only a contribution of small
Fe-O distances from tetrahedrons could lead to a coordination number higher than 3 at
1.94 A. Thus, the high coordination number of 4.8 oxygen backscatterers of Fe01 can be
attributed to a high amount of tetrahedral coordinated iron species. Fe025 seems to be
identical, while the coordination changes over 3.6:3.1 for Fe05 to 2.5:3.9 for Fe20, indicating
that, here, the ratio of tetrahedral to octahedral iron(IIT) coordination is decreased, which is
in excellent agreement with the information obtained from DRUVS data (Figure 8). The
second region, as stated before, contains the nearest iron and aluminum atoms, which can
be an indicator for particle size as well as the incorporation of the active site into the support
lattice. Unfortunately, no significant differences can be detected in these shells. Accordingly,
the short-range order limitation of EXAFS hinders a further structural discussion using
these higher-order backscatterers.

2.2. Catalytic Activity

The CO oxidation activity of each catalyst was measured both dynamically with a
heating ramp of 2 °C/min up to 600 °C (Figure 12), as well as at constant temperatures
of 150, 200, and 250 °C (see Figures S30-534). In the dynamic measurements, the light-off
temperatures (defined as temperature where 10% CO; yield is observed) for Fe01, Fe025,
Fe05, Fel0, and Fe20 are 170, 109, 86, 88, and 94 °C, respectively, and 362, 211, 169, 177, and
177 °C for 50% of CO conversion (Table 6). Here, Fe01 shows the lowest activity, followed
by Fe025. Fe05, Fel0, and Fe20 only show minor differences in their activity curves, with
Fe05 being the most active catalyst.

100 80
777777777777777777777777777777777777777777777777 FeO1
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804 —Fe05
—Fel0 60 o
—Fe20 ~
60 ON
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Figure 12. Percentual CO, yield of Fe01 to Fe20 in measurements with continuous heating (a) and at
constant temperatures (b); CO; yield of 10, 30, 50, 90, and 95% marked with dashed lines; for detailed
information, see SI.
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Table 6. Temperatures of Fe0l to Fe20 corresponding to light-off, 30%, 50%, 90%, and 95% CO

conversion, respectively CO, yield, obtained from measurements with continuous heating. Light-off
was defined as the point of 10% CO conversion.

Catalyst TLight—off [OC] (100/0) T30 [OC] T50 [OC] Tgo [OC] T95 [OC]
FeO1 170 267 362 449 467
Fe025 109 169 211 307 332
Fe05 86 136 169 240 259
Fel0 88 142 177 283 340
Fe20 94 146 177 248 272

Comparing the temperatures corresponding to 90 and 95% CO conversion, Fe05 is
again superior to the other catalysts, followed by Fe20. Fel0 has a lower temperature than
Fe025 for 90% conversion, but due to a drop in activity of Fel0, this is inverted for 95% CO,
yield. Turnover frequencies, calculated with total iron loading, are shown in Figure 13.
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Figure 13. Three-dimensional visualization of the turnover frequencies of Fe01 to Fe20 calculated from
the values obtained by the measurements with continuous heating (a) and at constant temperatures (b).

Here, the catalysts with low iron loadings, Fe01, Fe025, and Fe(5, are superior to
Fel0 and Fe20 at 100, 150, and 200 °C. At higher temperatures, the turnover frequencies
of Fe01 and Fe025 are almost twice the TOF of Fe05, while the values for Fe05, Fel0, and
Fe20 stagnate. Turnover frequencies obtained from CO oxidation experiments at constant
temperatures show a similar trend, where, at 150 °C, Fe(1 has a slightly higher TOF than
Fe025 and Fe05. Fel0 has a much lower value, followed by Fe20. The turnover frequency
of Fe0l doubles 150 to 200 °C and increases with the same amount up to 250 °C, with
Fe025 being slightly less active at both temperatures. Fe05 can almost keep up at 200 °C
but has a much lower TOF than Fe025 at 250 °C. The values of Fel0 are much lower at all
temperatures and Fe20 shows even worse turnover frequencies. It is noteworthy that, for
the measurements at constant temperatures, a decay in conversion for each step could be
detected after reaching the desired temperature, which stabilized afterwards at 10 to 15%
below the initial value (see Figures S30-534). This decrease derives most certainly from
carbon dioxide poisoning of the active sites [65]. Nonetheless, at these measurements at
constant temperatures, the superiority of low iron loadings can be visualized even further
by comparison of the turnover frequencies (Figure 13b). If the whole amount of iron is

taken into the calculation, the TOF of catalyst Fe01 at 250 °C is five-times higher than Fel0
and more than eight-times higher than Fe20.



Catalysts 2022, 12, 675

14 of 22

3. Summary and Conclusions

A series of iron oxide catalysts with a range of 1 to 20 wt% iron loading immobilized
on a y-Al,O3 support was prepared to perform a multidimensional structure-activity
correlation. All catalysts contain iron in the oxidation state +3, as confirmed by the isomer
shifts and quadrupole splitting of the Mossbauer spectra, as well as the prepeak and edge
positions of XANES data. The BET surface area of the catalysts showed only minor changes
for Fe01 to Fel0 when compared to the pure y-Al,O3 support, whereas the surface area
drops from approx. 160 m?/g to 121 m? /g for Fe20. This can be explained by the higher
amount of agglomerated and particulate species of Fe20 compared to the other samples, as
also indicated by UV /Vis, Mossbauer spectroscopy, as well as the STEM-EDX mapping
and PDF analysis.

All characterization methods show smaller particles for the catalysts with lower iron
loadings (1-5 wt%) and an increasing agglomeration with loadings of 10 and 20 wt% of iron.
DRUVS allows a discrimination of tetrahedrally and octahedrally coordinated iron species
resulting in a higher amount of tetrahedrally coordinated centers in catalysts <5 wt%
loading. Furthermore, both types of PDF refinements show that for 5, 10, and 20 wt% iron
loading, y-Fe;O3 species are present. For 5 and 10 wt%, very small particles of 2-3 nm
are formed, and in the case of 20 wt%, significantly larger particles with a size of 8.5 resp.
14 nm (dependent on the refinement method) could be modeled. The results of Mossbauer
analysis support these results. Here, Fe01 to Fe05 were assigned to particles less than
13.5 nm, whereas Fel0 and Fe20 do also contain particles above this value. In particular,
the superparamagnetism of Fe025 and Fe05 even at 77 K underlines the conjecture of very
small particle sizes. Powder XRD analysis indirectly backs these findings, since, for 10 and
20 wt% iron loadings reflexes are visible which can be assigned to - and y-Fe;O3, while, for
samples <5 wt%, no bulk iron oxide-related reflexes are detectable—suggesting either poor
crystallinity or crystallite sizes too small to be detected by high-resolution XRD. In addition,
shifts in the Bragg angle of y-Al,Oj reflexes indicate an increase in lattice parameters with
higher loadings, which can be assigned to either the incorporation of Fe* ions into the
interfacial area or strain induced at the interface between the support and the catalyst
material. The changes in lattice parameters are also visible in the results of PDF analysis.

STEM-EDX mapping of Fe01l to Fe20 also shows large variations in the iron oxide
particle sizes. For Fe20, a number of large particles of iron oxide with diameters up to 50 nm
can be detected. The amount of these clusters decreases with decreasing iron oxide loading.
For Fe01 and Fe(025, none of these large clusters are visible. Besides these agglomerates, a
fine dispersion of iron oxide species with sizes below the resolution of the microscope can
be seen on all observed y-Al,O3 particles of Fe01 to Fe20. X-ray absorption spectroscopy of
the catalysts was carried out at the iron K-edge. While analysis of the near-edge region does
not show any differences throughout the samples, EXAFS analysis also leads to a clear trend
of more tetrahedral coordinated iron oxide species with Fe-O distances of approx. 1.94 A
for Fe01 and Fe025, to more Fe-O contributions at distances above 2 A with increasing iron
loading. This can be assigned to a higher amount of octahedral coordinated iron species for
Fel0 and Fe20, as also seen in the DRUVS analysis.

The catalysts showed considerable activity in catalytic CO oxidation experiments.
Fe05, Fel0, and Fe20 showed high activity at much lower temperatures than Fe0l and
Fe025 in the continuous measurements. Over the whole experiment, Fe05 was superior to
the other catalysts, followed by Fe20 and Fel0. Fe025 and Fe01 appeared to be least active
when comparing the temperatures needed for a particular CO, conversion yield. However,
when converted into turnover frequencies, the catalysts with lower weight loadings of iron
were superior to the other catalysts at distinct temperatures, in the continuous as well as
the measurements at constant temperatures.

The much higher turnover frequencies of Fe01 and Fe025 can be explained by a higher
ratio of more active tetrahedral to less active octahedral iron oxide species, as proven by the
deconvolution of the DRUVS data as well as the EXAFS. In addition to this, Fe0l and Fe025
did not show any agglomerates (FexOy) in STEM-EDX mapping, while, with increasing iron



Catalysts 2022, 12, 675

15 of 22

loading, large clusters of iron oxide up to 50 nm could be detected. This can be emphasized
by the information gathered throughout the Mossbauer analysis as well as the DRUVS data,
which both showed large contributions of iron oxide oligomers and FexOy particles. This
means that an increasing amount of iron oxide is present in the bulk phase with increasing
iron loading, which is likely to be less accessible for catalytic purposes. Nevertheless, Fe05
to Fe20 showed conversion at much lower temperatures than Fe0l and Fe025. While the
ratio of tetrahedral to octahedral iron oxide species of Fel0 and Fe20 is lower than that
of Fe01 and Fe025, the absolute amount of tetrahedrally coordinated Fe®* still increases
with increasing iron loading. The fact that Fe05 showed the highest activity by means of
the lowest temperatures needed leads to the assumption that Fe(5 is the best compromise
between a high amount of more active tetrahedral iron oxide species and the amount of
iron oxide present in the less or non-active bulk phase. The latter is higher for Fel0 and
Fe20, which is most probably the reason that they are not better than Fe05.

Taking all these results into consideration, Fe05 presents an excellent starting point
for the optimization of iron-based CO oxidation catalysts. An iron oxide catalyst with a
high amount of iron present in a tetrahedral coordination geometry that is finely dispersed
and easily accessible for catalysis without any agglomeration, i.e., without iron oxide in the
bulk phase, could exhibit competitive catalytic activity in CO oxidation. Since the process
of agglomeration is a problem most likely occurring during the annealing process and
could probably even be linked to the formation of higher amounts of a-Fe;Oj3, or solely
octahedrally coordinated iron oxide species, a synthesis route towards this aim needs to be
developed. Potential solutions comprise either the alteration of the heating process itself,
by variation of the temperature ramp applied or a stepwise temperature program, or the
successive annealing of small amounts of iron precursor impregnated on the support. Such
a multistep impregnation—calcination process would benefit from the fact that iron oxide is
less mobile than the non-annealed Fe(acac); precursor, potentially hindering agglomeration
on the support surface.

4. Experimental Methodology
4.1. Preparation of v-AlyO3

The v-Al,O3 support was synthesized by calcination of PuralBT® (Sasol Germany
GmbH) in a furnace under atmospheric air. Heating with a ramp of 5 °C/min was carried
out up to 600 °C, where the sample was further calcined for 3 h. Phase purity was checked
by X-ray diffraction measurements in a 20 range of 15 to 80 degrees (see Figure S1).

4.2. Preparation of Catalysts Fe01 to Fe20

A 0.25 M solution of Fe(III) acetylacetonate in a mixture of N-Methyl-2-pyrrolidone and
tetrahydrofuran (1:1) was prepared and added to a suspension of previously synthesized
v-Al>O3 in tetrahydrofuran. Details are given in Table 7. After stirring for 30 min, the
mixture was heated to 140 °C and the solvents were slowly removed under reduced
pressure. The dry reddish powders were then annealed in a furnace under air with a
heating ramp of 5 °C/min up to 600 °C and held at this temperature for 3 h. The reported
weight loadings of iron refer to the mass of iron inserted during synthesis. The amounts of
iron and y-Al,O3 were calculated to add up to 100 wt%.

Table 7. Parameters for the catalyst preparation of Fe01 to Fe20.

Weight Loading m (Fe) n (Fe(acac)s) m (y-Al,O3)
Catalyst [wt%] [mg] [mmol] [g]
Fe01 1 20 0.358 1.98
Fe025 25 50 0.895 1.95
Fe05 5 100 1.79 1.90
Fel0 10 200 3.58 1.80

Fe20 20 400 7.16 1.60
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4.3. Catalytic Experiments

For catalytic experiments the samples were homogenized in a mortar, pressed to a
pellet and then granulated and sieved to a fraction of 125 to 250 pm. Then, 333 mg of the
catalyst was filled in a quartz glass tube with an inner diameter of 8 mm. The filling was
plugged on both sides with quartz wool and the reactor was mounted into a clamshell oven.
K-type thermocouples were inserted from both sides to log the exact temperatures at the gas
entrance and exit of the packed bed. Continuous measurements were carried out during
heating with a rate of 2 °C/min up to 600 °C with a permanent gas feed of 1000 ppm CO and
10 vol% O, in inert gas balance to a total flow of 500 mL/min. For activation, the catalysts
were heated under a constant argon flow of 500 mL/min up to 600 °C with a heating rate
of 5 °C/min and cooled down again to room temperature. For good comparison, these
parameters were chosen according to previous work [43] and with exclusion of diffusion
limitation. For experiments at constant temperatures, the catalysts were cooled down in
inert gas after the continuous measurement to 150 °C. Then, the above-mentioned gas
feed was applied and the catalytic activity measured at 150, 200, and 250 °C, each for 2 h.
Further details about the experiment can be found in the Supplementary Information.

4.4. Analytics

The surface areas were calculated via the BET method from nitrogen physisorption,
which was carried out at 77 K using a Quantachrome Autosorb 6 after degassing the
samples for 12 h at 120 °C.

High-resolution powder X-ray diffractometry was carried out at beamline P24 at DESY
(Hamburg/Germany) with an incident radiation of 20 keV (A = 0.619 A) and a MarCCD
165 detector. For processing of the obtained Bragg circles, i.e., the transformation into a
diffractogram, the free software Datasqueeze [66] was used. For calibration of the spectra,
lanthanum hexaboride was used as a reference.

57Fe Mossbauer spectra of Fe025 to Fe20 at room temperature and of Fe025 and Fel0
at 77 K were obtained in transmission geometry using a constant acceleration spectrometer
(WissEl GmbH, Mémbris, Germany) with a 512-channel analyzer and a >’ Co source im-
plemented in a Rh matrix. A continuous flow cryostat (OptistatDN, Oxford Instruments,
Abingdon, UK) was utilized to perform experiments at 77 K with an accuracy of 1.0 K.
Transmitted radiation was measured by a proportional counter. Calibration was performed
with a-Fe. For further analysis, spectroscopic data were transferred from the multi-channel
analyzer to a PC. The spectra were analyzed, employing the public domain program
Vinda [67] running on an Excel 2003® platform, by least-squares fits using Lorentzian line
shapes. In addition to the Mossbauer parameters isomer shift 5, quadrupole splitting AEq,
and the line widths at half maximum I', the spectral area and area ratios of the components
to each other were determined.

%7Fe Mossbauer spectra of Fe01 at room temperature and Fe05 and Fe20 at 77 K were
taken on a different spectrometer (WissEl GmbH), and temperature was controlled by
an MBBC-HE0106 Mossbauer He/Nj cryostat within an accuracy level of £0.3 K. The
collected spectra were analyzed by the WinNormos [68] software using a least-square fitting
procedure assuming Lorentzian peak shapes. The obtained correlation coefficients were
always above 0.95, indicating appropriate accuracy of the deconvolution.

Diffuse reflectance UV /Vis spectroscopy was carried out at a Lambda 18 (Perkin
Elmer, Waltham, MA, USA) in the range of 200 to 900 nm. For background correction, a
Lorentz-type function was fitted to the regions of 200 to 215 nm and 700 to 900 nm and then
subtracted from the spectrum. Deconvolution was carried out with the NLFit function of
Origin 2020b [69] via manual selection of 5 (respectively, 6) initial wavelengths as starting
points for the fit. Lower limits were set for Peak 1 at 260 nm, Peak 3 at 340 nm, and Y
according to the lowest point of the spectrum to keep the fit within these boundaries.

Scanning transmission electron microscopy (STEM) images were obtained using the
probe-side Cs-corrected JEOL JEM-ARM200F, equipped with a cold field emission gun
and a JEOL SDD detector for the acquisition of energy-dispersive X-ray spectra (EDS).
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TEM specimens of all catalysts were prepared by dispersing the synthesis products in
isopropyl alcohol and placing a droplet of the dispersion on a Lacey grid. The analysis
of all specimens was conducted with a high tension of 200 kV, a semi-convergence angle
of 25 mrad and a maximum image resolution of 70 pm owing to the Cs correction. High
angle annular dark-field (HAADF) images were acquired on an annular dark-field detector
with a collection angle ranging from 51 & 2 to 180 £ 2 mrad at a camera length of 12 cm.
At these settings, the intensity contrasts in HAADF images can be explained within the
well-known Z-contrast model by Pennycook [70], in which the contrast is proportional
to the atomic number Z~27X (x between 0.3 and 0.7, accounting for inelastically scattered
electrons) [71]. Dwell time and image resolution of EDX mappings were chosen to keep
specimen drift during acquisition as small as possible. Elemental maps of iron, aluminum,
and oxygen were obtained using K-edges.

X-ray absorption spectroscopy (XAS) experiments at the Fe K-edge (7112 eV) were
performed at PETRA III beamline P65 at Deutsches Elektronen-Synchrotron DESY (Ham-
burg/Germany) using a Si(111) double crystal monochromator at a maximum beam current
of 100 mA. Energy calibration of the monochromator was controlled using a Fe foil. The
samples were diluted with cellulose (Sigma-Aldrich, St. Louis, MO, USA), homogenized
in a mortar and then pressed to a pellet. Fe01 was measured in fluorescence mode using
a passivated implanted planar silicon (PIPS) detector. Fe025 to Fe20 were measured in
transition mode using ionization chambers in front of and behind the sample. The spectra
were measured in step scan mode, which means that the spectra are divided into regions
with different step sizes (Table 8).

Table 8. Step scan parameters used in X-ray absorption spectroscopy.

Energy [eV] Step Size Time per Point [s]
6962-7062 5eV 0.2
7062-7092 3eV 0.2
7092-7142 0.5eV 0.2
7142-8112 05A1 02

Absorption edge energy (Eq) was defined as the center of the jump height. For EXAFS
analysis, the background was subtracted from the obtained spectra as a Victoreen-type
polynomial [72,73], followed by determination of the smooth part of the spectrum by a
piecewise polynomial, optimized to yield minimal low-R components for the resulting
Fourier transformation. After division by the smoothed part, the photon energy was
transformed into the photoelectron wavenumber k. x(k) was weighted with k° for the fitting
with the program EXCURV9S [74], which utilizes the EXAFS equation (Equation (1)) in the
form of pseudo-radial distribution functions.

o,
x(k) = Y53 (k) %Fj(k)efz”f"zeﬁé sin[2kr; + (k)] (1)
] ]

Here, inelastic effects are represented by the amplitude reducing factor s3(k) and A,
the mean free path length, while the number of backscattering atoms N;, their distance
to the observed atom r; and the Debye-Waller-like factor 0? take structural parameters
into account.

Synchrotron XRD data for PDF analysis were acquired at I15-1 beamline on a Diamond
Light Source with an X-ray energy of 65.4 keV. At the beamline, all samples were measured
in Kapton® capillaries with a diameter of 1 mm for 2 min. The powder diffraction patterns
were collected using a Perkin Elmer XRD 4343 CT detector, resulting in a Q-range of
0.5-34.5 A~1. Radial integration was done with the DAWN software [75].

Powder X-ray diffraction measurements for PDF analysis were carried out at room
temperature with a STOE STADI P Mythen2 4 K diffractometer (Ge(111) monochromator;
Ag K radiation, A = 0.5594 A) using four Dectris MYTHEN2 R 1K detectors in Debye—
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Scherrer geometry. Samples were measured in 1-mm-diameter Kapton® capillaries for 12 h.
The Q-range was 20.4 A~1[76]. PDF calculation of laboratory data was carried out with
xPDFsuite [77].

PDF refinements were carried out with diffpy-cmi [78]. The y-Al,O3 support was
refined against a cubic (spinel) Fd3m crystal structure [50], containing AI** ions on tetrahe-
dral and octahedral spinel positions, as well as additional AI** ions on non-spinel positions.
Refinable variables were the occupancy of these positions (8a, 16¢, 16d, 48f Wyckoff),
thermal parameters B, of the AI%* ions, the lattice parameter a, spherical particle size ac-
counting for small crystalline domains in the porous support, the phase scale factor and &,
accounting for correlated motion of nearest neighbor atoms, described by Jeong et al. [79].

The PDF of the loaded sample was refined with a y-Al,O3 support as one phase,
where all occupancies and thermal parameters were constrained to the values from the
previously refined y-Al,Os. Lattice parameter, scale, spherical particle size and 6, were
refined accounting for the structural changes evolving with the introduction of the Fe,O3
on v-Al,Os3. v-Fe;O3 was added as a second phase to the fit and refined against a cubic
P4332 crystal structure [80], refining its lattice parameter 4, the thermal parameters B,
the spherical particle size, the scale and the correlated motion factor 6,. The d-PDFs were
refined against a y-Fe,O3; phase in the manner mentioned above, adding a second cluster
phase, in which the spherical particle size was constrained to 1 nm. For all refinements,
laboratory PDF data were used.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ catal12060675/s1, Figure S1 Experimental powder X-ray diffractogram of the as prepared
v-Al,O3 support compared to a calculated powder pattern, obtained via the program Mercury [81]
from a single-crystal structure [49,50]. Figure S2 Powder X-ray diffractograms of Fe0l to Fe20,
compared to the y-Al,O3 support, obtained at the in-house setup. Figure S3 XRD of 20% Fe loading
(red) together with unloaded Al,O3 support (blue) and difference curve (grey, in offset). The top
panel shows the direct subtraction of experimental data resulting in strong dips at Q values where
strong Al,Os reflexes of unloaded support appear, because the modified lattice parameters of the
Al,Oj3 are not taken into account. Bottom panel contains the Al;O3 pattern compressed by the
compressing factor s for a better match of the Al,Oj3 reflexes, thus creating less strong dips in the
difference curve, which is indexed with y-Fe;O3. Figure S4 PDF refinement of the y-Al,O3 support
over the range 1-80 A (top) and magnification of the 1-10 A range (bottom). Figure S5 Refinement
of only the short-range order of the y-Al,O3 support between 1-10 A with different occupation of
octahedral and tetrahedral positions. Table S1 Refinement values. Figure S6 Mossbauer spectrum of
Fe025 (black dots) obtained at 77 K and corresponding fit of the doublet (red). Table S2 Parameters
obtained by Mdssbauer spectroscopy of Fe025 at 77 K. Figure S7 Mossbauer spectrum of Fe05 (black
dots) obtained at 77 K and corresponding fit of the doublet (red). Table S3 Parameters obtained
by Mgssbauer spectroscopy of Fe05 at 77 K. Figure S8 Mossbauer spectrum of Fel0 (black dots)
obtained at 77 K, fit of the doublet (red), sextet (blue) and the cumulative fit (green). Table S4
Parameters obtained by Mossbauer spectroscopy of Fel0 at 77 K. Figure S9 Mossbauer spectrum
of Fe20 (black dots) obtained at 77 K, fit of the doublet (red), sextet (blue) and the cumulative fit
(green). Table S5 Parameters obtained by Mossbauer spectroscopy of Fe20 at 77 K. Figure S10 DRUV
spectrum and deconvolution of Fe01. Table S6 Parameters of the peak deconvolution of Fe0l. Table S7
Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized
iron oxide. Percentual amounts of the respective iron species of the overall amount of catalyst,
calculated from the percentual areas multiplied by the iron loading. Figure S11 DRUV spectrum
and deconvolution of Fe025. Table S8 Parameters of the peak deconvolution of Fe025. Table S9
Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized
iron oxide. Percentual amounts of the respective iron species of the overall amount of catalyst,
calculated from the percentual areas multiplied by the iron loading. Figure S12 DRUV spectrum
and deconvolution of Fe05. Table S10 Parameters of the peak deconvolution of Fe05. Table S11
Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized
iron oxide. Percentual amounts of the respective iron species of the overall amount of catalyst,
calculated from the percentual areas multiplied by the iron loading. Figure S13 DRUV spectrum
and deconvolution of Fel0. Table S12 Parameters of the peak deconvolution of Fel0. Table S13
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Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized
iron oxide. Percentual amounts of the respective iron species of the overall amount of catalyst,
calculated from the percentual areas multiplied by the iron loading. Figure S14 DRUV spectrum
and deconvolution of Fe20. Table S14 Parameters of the peak deconvolution of Fe20. Table S15
Assignment of the peaks and their normalized areas to tetrahedral, octahedral and oligomerized iron
oxide. Percentual amounts of the respective iron species of the overall amount of catalyst, calculated
from the percentual areas multiplied by the iron loading. Figure S15 Prepeak area of Fe0l and the
background to remove the main edge, obtained by a Boltzmann function. Table S16 Fit parameters of
the background fit for Fe01. Figure S16 Prepeak area of Fe0l with inverse polynomial fit after removal
of the main edge. Table S17 Fit parameters of the prepeak fit for Fe0l. Figure S17 Prepeak area of
Fe025 and the background to remove the main edge, obtained by a Boltzmann function. Table 518 Fit
parameters of the background fit for Fe025. Figure S18 Prepeak area of Fe025 with inverse polynomial
fit after removal of the main edge. Table S19 Fit parameters of the prepeak fit for Fe025. Figure 519
Prepeak area of Fe05 and the background to remove the main edge, obtained by a Boltzmann function.
Table S20 Fit parameters of the background fit for Fe05. Figure S20 Prepeak area of Fe05 with
inverse polynomial fit after removal of the main edge. Table S21 Fit parameters of the prepeak fit for
Fe05. Figure S21 Prepeak area of Fel( and the background to remove the main edge, obtained by
a Boltzmann function. Table 522 Fit parameters of the background fit for Fel0. Figure S22 Prepeak
area of Fe010 with inverse polynomial fit after removal of the main edge. Table 523 Fit parameters of
the prepeak fit for Fel0. Figure 523 Prepeak area of Fe20 and the background to remove the main
edge, obtained by a Boltzmann function. Table 524 Fit parameters of the background fit for Fe20.
Figure S24 Prepeak area of Fe20 with inverse polynomial fit after removal of the main edge. Table 525
Fit parameters of the prepeak fit for Fe20. Figure S25 Prepeak area of «-Fe,Oj3 at the Fe K-edge and
the background to remove the main edge, obtained by a Lorentzian-type function. Table 526 Fit
parameters of the background fit for x-Fe,Os. Figure 526 Background-corrected prepeak of «-Fe,O3
and corresponding Gaussian-type peak fits and cumulative peak fit. Table S27 Fit parameters of the
prepeak fit of x-Fe;O3. Figure S27 Prepeak area of y-Fe,Oj at the Fe K-edge and the background
to remove the main edge, obtained by a Lorentzian-type function. Table 528 Fit parameters of the
background fit for y-Fe,O3. Figure 528 Background-corrected pre-peak of y-Fe,O3 and corresponding
Gaussian-type peak fits and cumulative peak fit. Table S29 Fit parameters of the prepeak fit of y-Fe,O3.
Table S30 Prepeak and edge positions of Fe01 to Fe20 and the - and y-Fe, O3 references. Figure S29
K3x(k) of the EXAFS spectra (left) and the corresponding Fourier-transformed functions (right) of
catalyst FeOl to Fe20 and the fitted spectra. Figure S30 CO oxidation experiment of Fe01 at constant
temperatures. Figure S31 CO oxidation experiment of Fe025 at constant temperatures. Figure S32 CO
oxidation experiment of Fe05 at constant temperatures. Figure S33 CO oxidation experiment of Fe10
at constant temperatures. Figure S34 CO oxidation experiment of Fe20 at constant temperatures.
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