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Abstract: CO, Fischer-Tropsch synthesis (CO,-FTS) is a promising technology enabling conver-
sion of CO, into valuable chemical feedstocks via hydrogenation. Iron-based CO,—FTS catalysts
are known for their high activities and selectivities towards the formation of higher hydrocarbons.
Importantly, iron carbides are the presumed active phase strongly associated with the formation of
higher hydrocarbons. Yet, many factors such as reaction temperature, atmosphere, and pressure can
lead to complex transformations between different oxide and/or carbide phases, which, in turn, alter
selectivity. Thus, understanding the mechanism and kinetics of carbide formation remains challeng-
ing. We propose model-type iron oxide films of controlled nanostructure and phase composition as
model materials to study carbide formation in syngas atmospheres. In the present work, different
iron oxide precursor films with controlled phase composition (hematite, ferrihydrite, maghemite,
maghemite/magnetite) and ordered mesoporosity are synthesized using the evaporation—-induced
self-assembly (EISA) approach. The model materials are then exposed to a controlled atmosphere of
CO/H; at 300 °C. Physicochemical analysis of the treated materials indicates that all oxides convert
into carbides with a core-shell structure. The structure appears to consist of crystalline carbide cores
surrounded by a partially oxidized carbide shell of low crystallinity. Larger crystallites in the original
iron oxide result in larger carbide cores. The presented simple route for the synthesis and analysis of
soft-templated iron carbide films will enable the elucidation of the dynamics of the oxide to carbide
transformation in future work.

Keywords: CO, Fischer-Tropsch synthesis; iron oxide; iron carbides; mesoporous films; EISA

1. Introduction

The ongoing increase in atmospheric levels of CO; is one of the major reasons for
pronounced global warming and climate change over the last decades on earth [1,2].
Thus, great efforts were recently made to develop technologies for CO, reduction [3-5].
CO; Fischer-Tropsch synthesis (CO,-FTS) is a promising approach to convert CO, with
hydrogen (H,) into olefins (C,—C4 alkenes), which are important feedstocks for the chemical
industry [6,7]. The reaction has been reported to proceed in two steps: the reverse water
gas shift reaction (RWGS), which reduces CO, to CO, and a subsequent hydrogenation of
CO, i.e, a typical CO Fischer—Tropsch synthesis (CO-FTS). Iron-based catalysts, such as
hematite («—Fe;O3), are able to catalyze both reactions under similar reaction conditions
and show high selectivities toward higher hydrocarbons [6-8]. Therefore, it is of great
importance to develop stable and highly efficient iron-based CO,—FTS catalysts.

Iron-based catalysts were shown to undergo a complex dynamic structural change
during the CO,—FTS process. «a—Fe;03, a typical starting material, can be converted under
the employed reducing conditions into many different phases under the conditions of the
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CO,—FTS—such as wustite (FeO), maghemite (y-Fe;O3), magnetite (Fe3Oy), elemental iron
(Fe), and iron carbides. Each of these phases may potentially form species which affect
both activity and selectivity of the catalyst [8-11].

Previous studies indicate that iron carbides are favorable for the formation of higher
hydrocarbons [12]. Schroff et al. investigated Fe3O4 catalysts in the CO,—FTS. In their
study, pristine Fe304 was observed to show hardly any catalytic activity for the CO-FTS.
More importantly, the formation of a carbide phase turned out to be of pivotal importance
to obtain high catalytic activities [13]. Herranz et al. used pure hematite catalysts, tracing
the formation of cementite (6—Fe;C) and Héagg iron (x—FesC;) during a pretreatment
in a mixture of gaseous CO/H,. Beyond that, the authors revealed the formation of
carbonaceous intermediate species on the surface of Hagg iron (x—Fe5C;) carbides, which
are claimed to be more active for the CO,—FTS [9]. Moreover, Yao et al., reported the use
of syngas treatments prior to CO,-FTS as an elegant way to activate the catalysts [14].
A comprehensive review on syngas—induced carbide formation, related iron oxide and
carbide phases, challenges in material characterization, and deactivation mechanisms has
been reported by de Smit and Weckhuysen in 2008 [11].

Additionally, the structure of the catalyst has a great impact on catalytic performance
and carbide formation. Galvis et al., reported significant particle size effects for supported
iron carbides [15]. Different studies focused on the addition of promotors. Alkali metals
e.g., potassium were reported to enhance the catalytic performance [11,16]. Galvis et al.,
studied sodium and/sulfur promoted catalysts and observed increased carbide contents
depending on the sodium/sulfur concentration. The results showed that not necessarily
the highest carbide content results in the best performing catalyst [17].

In the recent years, sophisticated characterization techniques in the field of surface
analysis led to an identification of formed iron carbide phases and other carbonaceous
intermediate species on iron-based catalysts in CO,—FTS [18]. Nonetheless, understanding
the carbide formation process under the CO,—FTS reaction conditions still remains a
challenge. Iron oxides can show various crystal structures and different phases, which,
accordingly, obstruct clear conclusions due to the heterogeneity of the studied catalysts [8,9].
Moreover, these materials are sensitive to changes in temperature, time on stream, applied
pressure, humidity, gases (air, Hy, CO, CO;) during CO,—FTS [6-8]. Beyond that, rather
low crystallinities of the intermediate phases and complex nature of the surface species
on iron-based catalysts in CO,—FTS process make a clear identification of the carbide
phases among other possible intermediate phases difficult. Therefore, in order to develop
an efficient guideline for designing high performance iron-based CO,-FTS catalysts, a
fundamental understanding for the dynamic and mechanistic behavior has to be achieved.
In a first step, we investigate the formation of carbides in CO/H, mixtures, i.e., treatments
that favor rapid carbide formation and can be used to activate CO,—FTS catalysts.

Herein, we introduce an approach to use model-type iron oxide films with a well—-
defined mesoporous structure to shed light on the formation of carbides upon exposure
to synthesis gas on different length scales. Physicochemical properties were assessed by
complementary bulk— and surface-sensitive analysis techniques. The mesoporous iron
oxide films can be synthesized with different initial phase composition as established
in our previous work, i.e., hematite [19], ferrihydrite, [19] maghemite [20] as well as a
maghemite partially converted into magnetite [20]. We previously employed this approach
to investigate phase transformation and crystallization behavior of iron oxides and/or —
oxohydroxides upon exposure to air, [19] Ny, [20] Ar/H; [20] as well as the role of water [21]
in oxide phase transformations.

Briefly, the model-type oxide films are prepared using the well-established EISA
approach with block—copolymer micelles as soft template for the introduction of a meso-
porous structure [22,23]. It enables synthesis of well-ordered mesoporous thin films with
tunable composition, crystallite size and wall thickness [24,25]. The as—synthesized or-
dered mesoporous films enable a precise investigation of bulk-averaged information (e.g.,
XRD) and study of local changes in the phase composition, i.e., domain growth on the
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nanometer scale using microscope methods such as SEM, TEM, and SAED. Beyond that,
thin mesoporous iron oxide films can avoid the shortcomings of typical nanoparticles such
as low accessibility, pronounced agglomeration or ill-defined particle shapes which were
shown to cause difficulties in the studies of in situ surface reactions [14,15,26-28].

In this work, different iron oxide phases with template—controlled mesopore structure,
i.e., hematite (HEM), ferrihydrite (FH), maghemite (MAGH), and maghemite/magnetite
(MAGH/MAGN) were exposed to syngas and studied via different analytical methods
prior and after syngas treatment to understand the phase transformation and crystallization
into carbides. To the best of our knowledge no mesoporous carbide films have been
reported. The developed models present a powerful tool for mechanistic studies also under
conditions of the CO,—FTS.

2. Results

The preparation of the mesoporous iron oxide films via the EISA approach is outlined
in Scheme 1, including the syngas treatment applied to the precursor films in the right
column. Typically, the fresh iron oxide samples were prepared based on a previous
report [19,20]. Briefly, as a first step, a low crystalline mesophase is produced via dip—
coating in argon atmosphere and stabilization at 250 °C in air. Calcination in air at 400 °C
for 10 min yields ferrihydrite films (FH) with a well-ordered mesoporous structure and low
crystallinity, whereas calcination at 550 °C for 10 min forms a highly crystalline hematite
film (HEM). Maghemite films (MAGH) are obtained after a heat treatment of the mesophase
in Ny at 350 °C for 5 h. Partial reduced maghemite/magnetite films (MAGH/MAGN) form
after a heat treatment in N at 400 °C for 2 h followed by a reduction in Hy /Ar at 350 °C
for 1 h.

20 h @ 300 °C,
Cco= 66.6 %
Cyp =33.3%
p =1 bar
HEM
10 min@550°C crystalline
air g FesC,core

Si

A

) 5h@350°c > g
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Scheme 1. Synthetic approach for mesoporous iron oxide films with different initial phases and subsequent controlled

exposure to syngas atmospheres. The mesophase is obtained after dip—coating and mild calcination at 250 °C. Further

thermal treatment enables the formation of different iron oxide phases: air forms HEM, FH; nitrogen forms MAGH which
can be partially reduced to MAGH/MAGN. All films were treated in CO/Hj (2 to 1, 1 bar) for 20 h at 300 °C leading to the
formation of iron carbides while retaining the mesoporous structure. The carbides appear to consist of core—shell structures

with highly crystalline FesC, cores surrounded by partially oxidized low—crystallinity carbide shell.

In order to study the impact of the phase composition on the carbide formation, all
oxide films were exposed to syngas (66% CO, 33% Hj) at 300 °C for 20 h at atmospheric
pressure.
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In order to study the formation of iron carbides during the aforementioned process,
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and se-
lected area electron diffraction (SAED) were performed and presented alongside results
from X-ray diffraction measurements in gracing—incidence geometry for the incoming
beam (GI-XRD) of the fresh hematite (HEM), ferrihydrite (FH), maghemite (MAGH), and
maghemite/magnetite (MAGH/MAGN) films are presented in Figure 1.
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Figure 1. Fresh iron oxide films obtained after controlled exposure of the mesophase to different gas atmospheres. 550 °C
air for 10 min forms (a) HEM and 400 °C air for 10 min (b) FH. 350 °C in N for 5 h forms (¢) MAGH. 400 °C in N, for 2 h
— 350 °Cin Hy /Ar for 1 h (d) MAGH/MAGN. All samples were characterized by (I) SEM, (II/III) TEM, (IV) SAED and

(V) GI-XRD.

Fresh hematite (HEM) samples (Figure 1a) present a mesoporous—templated film with
a grid-like morphology according to SEM imaging (Figure 1(al)), which can be explained
by sintering processes of neighboring crystallites. Such grid-like structures have already
been observed in our previous work [21] and for other systems (e.g., TiO, Nb,Os) [29,30].
Representative TEM images (Figure 1(alLIIl)) reveal partially sintered crystallites and an
average pore wall thickness of 11 4+ 3 nm. Compared to the SEM top view images the pore
walls appear to be thinner in the bulk indicating a higher degree of sintering on the surface.
The recorded SAED pattern can be assigned to hematite (Figure 1(alV)) and shows only
few spots instead of homogeneous diffraction rings observed for polycrystalline materials.
These patterns have been recorded for spots larger than 100 nm, indicating crystallites
sharing a nearly identical orientation [30]. The GI-XRD pattern (Figure 1(aV)) shows
narrow reflections for a pure hematite phase and crystallite size of 18 nm determined using
the Debye—-Scherrer equation for the strongest reflection at 26 = 33.153°.

Ferrihydrite (FH) precursor films are fine-grained, low crystalline materials with a
well-ordered mesoporosity (SEM Figure 1(bI)). The absence of any clear lattice fringes in
the corresponding TEM images confirms a low crystallinity (Figure 1(bILIII)), which is
further corroborated by SAED analysis (Figure 1(bIV)). Evidently, the SAED pattern only
shows signals stemming from the carbon film of the TEM grid. The formation of larger
crystallites was ruled out using GI-XRD analysis (Figure 1(bV)).
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Maghemite (MAGH) precursor films feature a well-defined pore structure with a pore
diameter of 7 & 1 nm (Figure 1(cI)). Lattice fringes observed in representative TEM images
can be assigned to the maghemite phase and the pore walls have an average thickness of
7 £ 1 nm (Figure 1(cILIII)). Several rings can be observed in the SAED pattern, which can
be assigned to maghemite (Figure 1(cIV)). The GI-XRD pattern (Figure 1(cV)) recorded
for maghemite features reflections corresponding to either maghemite or magnetite. Due
to the structural similarity of maghemite and magnetite, it is not possible to distinguish
between both crystal phases. Using the Scherrer equation for the strongest reflection at 20
=35.7°, an average crystallite size of 7 nm was determined which correspond well to the
wall thickness determined by TEM.

Maghemite films that have been partially transformed into magnetite by reductive
treatment (MAGH/MAGN) show signs of grain coarsening and the formation of a grid—
like structure (Figure 1(dl)). SAED (Figure 1(dV)) and GI-XRD (Figure 1(dV)) results are
similar to the MAGH film. As mentioned above, it is not possible to clearly assign the
maghemite or magnetite phase. With 8 nm, a similar value for the average crystallite size
can be obtained.

In general, the properties of all precursor films are consistent with results from previ-
ously reported studies [19-21].

In order to study the precursor films’ tendencies to form carbides, all iron oxide films
were treated in CO/Hj; at 300 °C for 20 h. Figure 2 displays the corresponding (I) SEM, (II,
III) TEM, (IV) SAED, and (V) GI-XRD analysis results.
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Figure 2. Physicochemical analysis for mesoporous iron oxide films after treatment in CO/H; (2 to 1) flowrate 372 mL/min
at 300 °C for 20 h. (a) HEM, (b) FH, (c¢) MAGH, and (d) MAGH/MAGN. All samples were characterized by (I) SEM, (II/III)
TEM, (IV) SAED, and (V) GI-XRD.

HEM precursor films show well-preserved mesopores after the treatment, as evi-
denced by top—view SEM imaging (Figure 2(al)). Yet, there are indications for a swelling
of the pore walls. TEM images (Figure 2(allIIl)) illustrate the formation of a core—shell
structure of the carburized materials. Lattice fringes of 0.20 nm matching to (510) lattice
planes of Fe5C, can be observed in the core indicating the full transformation of the initial
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hematite to a carbide phase. The shell appears to consist of a low—crystallinity material with
no lattice fringes. Diffraction spots in the SAED pattern (Figure 2(alV)) are also consistent
with the formation of iron carbides. However, assignhment of carbides is challenging due to
the great number of possible diffraction rings. The GI-XRD pattern (Figure 2(aV)) features
three reflections that nicely match to reflections of Fe;C,. An average crystallite size of 8
nm can be determined, indicating a significant decrease in crystallite size compared to the
corresponding oxide phase.

FH precursor films treated in CO/H, feature a grid-like structure (SEM, Figure 2(bI)).
Similar to HEM, the analysis via TEM imaging indicates a core-shell structure consisting
of a crystalline carbide core (lattice fringes of 0.21 nm corresponding to (021) lattice planes)
with a shell of low crystallinity (TEM, Figure 2(bILIII)). The SAED pattern consists of
comparably few diffraction spots (Figure 2(bIV)), indicating domains with crystallites
that share a similar orientation. The most intense reflections in the GI-XRD pattern
(Figure 2(bV)) indicate the formation of iron carbide with a comparably small average
crystallite size of 4 nm.

MAGH films exposed to CO/Hj still feature a mesoporous structure with pore walls
that appear much thicker than in the original oxide film (Figure 2(cl)). TEM analysis shows
the formation of a core/shell structure with a carbide core. The shell shows in some areas in
the shell with lattice fringes of 0.25 nm, which could either correspond to oxide or carbide
phase. SAED (Figure 2(cIV)) and GI-XRD (Figure 2(cV)) both provide clear evidence for
the formation of Fe5C,. The observed average crystallite size of 5 nm after is smaller than
in the original oxide (7 nm).

SEM images indicate for MAGH/MAGN films after CO/H, exposure a similar sin-
tered appearance as for treated FH films (Figure 2d). This material also features a mor-
phology consisting of carbide cores which are surrounded by a shell of low crystallinity
(TEM). Again, a small crystallite size of 4 nm can be calculated (XRD), highlighting the
nano—crystallinity of the formed carbide cores.

In brief, the reaction conditions of 300 °C for 20 h in a mixture of CO/H, with a ratio
of 2 to 1 lead to a conversion of all presented precursor films to carbides. Despite the
high reduction strength of the syngas atmosphere, the initial soft-templated mesoporous
structure is mainly preserved. TEM analyses for HEM and MAGH indicate that crystalline
oxide walls transform into carbides with a distinct structure. The formed walls contain
crystalline particles, each of them surrounded by a layer of lower crystallinity. Apparently,
the oxide crystallites are transformed into a carbidic core-shell structure made up of
crystalline cores and low—crystallinity shells. Moreover, exposure of the materials to air
appears to induce a partial surface oxidation of the carbide shell. Depending on the initial
precursor oxide phase, different degrees of crystallinity can be observed for the carbide
films, i.e., a different width of the signals in the GI-XRD patterns (HEM > MAGH/MAGN
>MAGH > FH).

Surface—-analysis of the CO/H,-treated HEM, FH, MAGH, and MAGH/MAGN
precursor films treated in a mixture of CO/H; was performed via XPS (Figure 3). In a
typical Fe 2p spectrum, iron carbides usually depict a sharp doublet peak, whose 2p3/2
peak locates at 707.9 eV and a Fe—C contribution around 284.1 eV in the C 1s spectrum [20].
Both contributions can be found in all CO/Hj treated films, indicating that regardless of
the initial iron oxide phase, a significant contribution of a carbide phase in the surface
region can be deduced.
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Figure 3. XPS spectra of ((a) I-IIl HEM), ((b) I-I1I) FH), ((c) I-IIl) MAGH), ((d) I-III)) MAGH/MAGN samples after the

CO/Hj; syngas treatment.

Among the samples, the carburized MAGH film features a very weak signal for the
carbide phase in the corresponding Fe 2p and C 1s spectra. Instead, the main contributions
in the Fe 2p spectrum can be assigned to a typical Fe>* spectrum, with an asymmetric peak
located at 710.8 eV, and a broad satellite feature at 716.1 eV [31,32]. Meanwhile, a strong
Fe-O contribution can be found at 529.8 eV in the O 1s spectrum [33], further supporting
that the surface of the CO/Hy—treated MAGH sample is partly oxidized. A similar feature
can also be observed in the CO/Hj-treated HEM film. These results suggest the formation
of an iron carbide during the treatment, which shows a crystalline core surrounded by a
low—crystallinity carbide shell. Due to subsequent exposure of the films to air, the surface
of that weakly crystalline shell undergoes partial oxidation. Carburized MAGH/MAGN
films also provide evidence for iron carbide species close to the surface, yet with a lower
degree of surface oxidation after exposure to air. Similarly, strong iron carbide features can
be observed in the carburized FH samples, with relatively weak surface oxidation.

Except for the contributions assigned to iron carbides and iron oxide, several promi-
nent features in the spectra can be assigned to graphitic carbon (284.8 eV), surface hydroxy-
lated carbon (286.3 eV) and surface oxidation (298.1 eV) in every C 1s spectra [34,35]. In
the O 1s spectrum, two peaks assignable to C-O (5631.9 eV) and -OH (533.1 eV) can be
observed and are well-known from other iron oxide materials [36]. These peaks originate
from the inevitable adventitious carbon species adsorbed on the material’s surface or from
the surface oxidation caused by exposure to air. It should be noted that these peaks do not
correlate with the chemical structure of the bulk material of the films [37].

The study presents a simple approach for the synthesis of ordered mesoporous iron car-
bide films using iron oxide precursor films of different phase, composition and crystallinity,
yet with similar morphology. By a carburization reaction under rather mild conditions, i.e.,
300 °C, 20 h, CO/Hj; (ratio of 2/1), a bulk conversion to the Fe5sC, carbide phase can be
achieved, independent of the initial bulk phase or composition of the precursor films. Due
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to the mild conditions in the carburization step, the mesoporous structure is kept intact for
all films.

Accordingly, the initial phase and composition of different iron oxides do not signif-
icantly affect the preferred reaction product. Yet, initial crystallite sizes affect the grain
size of the formed carbide. For instance, HEM shows the biggest crystallite sizes prior to
and after CO/Hj treatment compared to the other materials. Moreover, we observed the
formation of a low—crystallinity shell with only a few lattice fringes that can be assigned to
either iron carbides or oxides.

Core-shell structures have been observed in previous studies for catalysts with a
carbide phase, where the presence of an oxide shell has been related to air exposure
prior to sample analysis [38—-40]. From our findings, we propose a structure of highly
crystalline iron carbide cores surrounded by a thin shell of partially surface—oxidized,
weakly crystalline carbide. In this context, signals for both oxidic and carbidic species can
be detected in the XPS spectra, indicating a partially oxidized carbide shell that, most likely,
results from exposure to air after carburization. Depending on the initial phase, a different
degree of surface oxidation can be detected. Overall, the phase assignment proofs to be
difficult for the observed shell due to its low crystallinity and limitations of the employed
methods with respect to the analysis of iron—carbon compounds.

3. Conclusions

In summary, soft-templated mesoporous iron oxide films with different oxidation
states and phase composition were successfully transformed into iron carbides. Under the
chosen conditions (300 °C, 20 h, CO/Hj; 2 to 1) all samples form carbides independent of
the initial oxide phase. SAED patterns indicate a local ordering of crystallites. We propose
the formation of carbide phases with core-shell structure, in which the core consists of a
crystalline carbide and the shell consists of a low—crystallinity partially surface-oxidized
carbide. The degree of oxidation appears to depend on the initial phase composition.
Swelling of the structure observed in the top view SEM is most likely the results of the
formed low—crystallinity carbide shell. However, other methods are required to fully
resolve the phase information of the shell.

This work reveals the phase transformation of iron oxides to iron carbides with
different initial phase compositions into carbides upon controlled exposure to syngas
atmospheres, leading the field one step further towards understanding the intermediate
phase transformation of during the complicated CO,-FT reaction.

4. Materials and Methods

For this study a selection of iron oxide films have been prepared with different
oxidation degree by controlled thermal treatment of a stabilized mesophase obtained by
dip coating on silicon substrates.

Iron nitrate nonahydrate from (99+%) was purchased from Acros Organics (Acros
Organics, Fair Lawn, NJ, USA), Ethanol (99.9+%, ACS grade) was obtained from VWR
(Radnor, PA, USA). 2-Methoxyethanol (99.3+%, ACS grade) was obtained from Alfa Aesar
(Alfa Aesar, Haverhill, MA, USA). The soft template was a copolymer (PEO;g4—b-PBgr—b-
PEO1o4) was synthesized by Polymer Service GmbH Merseburg (Polymer Service GmbH,
Merseburg, Germany) [24]. All chemicals were used without further purification.

The stabilized mesophase was prepared analogue to previous works [19]. Adapted
from Brezesinski at al. [41], a dip coating solution was prepared by dissolving PEO;4—b-
PBgy—b-PEOj04 (109 mg) in a mixture of ethanol (4.36 mL) and 2-methoxyethanol (4.64 mL)
for 20 min at 40 °C yielding a colorless solution. Fe(NO3)3-9H,0 (1173 mg) was added and
stirred for an additional hour resulting in a solution with orange-red color. Si(100)-wafers
were used as substrate.

Film deposition and thermal treatment were similar to previous works [19,20]. An
essential step during film synthesis is a controlled low humidity that can be ensured in a
glove box with an argon atmosphere. Substrates were dip coated with a withdrawal rate of
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400 mm/min and dried in argon for 10 min. Afterwards, the films were transferred under
inert conditions into an oven and calcined at 250 °C in air for 1 h forming the mesophase.
Calcination of the mesophase at 400 °C for 10 min in air forms FH, at 550 °C for 10 min
HEM as reported in earlier studies [19,21]. Treatment in nitrogen for 5 h at 350 °C forms
MAGH, whereas treatment at 400 °C in nitrogen for 2 h and subsequent treatment in Hp
(4%)/ Ar at 350 °C for 1h forms a partially reduced MAGH/MAGN phase [20].

For the CO/H; experiments HEM, FH, MAGH, and MAGH/MAGN films were
wrapped in quartz wool and placed in a tube reactor. The reactor was first flushed with He
(372 mL/min) for 1 h and then in CO (248 mL/min) and H, (124 mL/min) for an additional
hour. Thereafter, the samples were heated to 300 °C with 10 K/min and kept at 300 °C
for 20 h. The samples were then cooled down in CO/H; to 80 °C in a time frame of 1.5 h
followed by a change of the gas feed to He (372 mL/min). The samples were removed after
a cool down in He to 50 °C.

TEM analysis was conducted on a Tecnai G 2 20 S-TWIN (FEI, Hilsboro, OR, USA)
instrument that was operated at 200 kV. The films were scraped off from the substrates
transferred onto copper grids coated with a carbon-film. Before installment of the samples
a second copper grid with a carbon film placed on top to ensure that no material can escape
the sample holder. To ensure that no sample SAED was performed on the same instrument
using an aperture resulting in an investigated sample area with a diameter of 180 nm.

SEM imaging was performed using a JEOL 7401F (JEOL, Tokyo, Japan) instrument at
an acceleration voltage of 10 kV and a working distance of approximately 4.5 mm. Image]
(National Institutes of Health, Bethesda, MD, USA) was employed to analyze the SEM
images [42].

XRD was measured on a Bruker D8 Advance instrument (Cu K, radiation, A = 1.5409 A)
with a grazing incident beam (1°). Reflections were assigned using PDFMaintEx library
version 9.0.133 (Bruker, Billerica, MA, USA). Crystallite sizes were estimated by applying the
Scherrer equation to the most intense signal ((104)-reflection).

XPS spectra were obtained via Thermo Fisher Scientific ESCALAB 250Xi (Thermo
Fischer Scientific, Waltham, MA, USA), with the spot size 400 um. Avantage was used as
XPS data processing software. Shirley background was used with an additional constraint
that the background intensity does not exceed the data at any point in the region. Samples
were measured as-is, i.e., without removing the Si substrates. Only minor contributions
from the Si substrate (<2%) were detected in the spectra.
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