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Iron-based catalysts are employed in CO,-FTS due to their
ability to convert CO, into CO in a first step and their selectivity
towards higher hydrocarbons in a second CO hydrogenation
step. According to the literature, iron carbides represent the
active phase for hydrocarbon formation and are claimed to
emerge in the presence of CO. We propose nanostructured
FeO, films as model systems to assess information about the
complex phase transformations during CO,-FTS. Mesoporous
hematite, ferrinydrite, maghemite, maghemite/magnetite films

Introduction

The catalytic reduction of CO, via hydrogenation is a highly
promising concept to recycle large amounts of exhausted CO,
gas in the chemical industry, generating value-added or plat-
form chemicals.™” The hydrogenation of CO, into higher
hydrocarbons can be performed on iron- or cobalt-based
catalysts in the CO,-Fischer-Tropsch synthesis (CO,-FTS). On the
basis of CO,-FTS, kerosene and other synthetic fuels can be
produced using green hydrogen from renewable energy
sources.
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were exposed to CO,-FTS atmospheres at 20 bar and 300°C. Up
to three distinct phases were observed depending on the time-
on-stream (TOS): a sintered maghemite/magnetite phase, a
carbidic core-shell structure, and a low-crystalline, needle-type
oxide phase. Our findings indicate that the formation of an
intermediary maghemite/magnetite phase, predominant after
short TOS (30 h), precedes the evolution of the carbide phase.
Yet, even after prolonged TOS (185 h), no full conversion into a
bulk carbide is observed.

According to the literature,®™ the first step of CO,-FTS relies
on the conversion of CO, into CO via the reverse water-gas shift
(RWGS) reaction. Subsequently, the formed CO is converted
into hydrocarbons via typical CO-Fischer-Tropsch synthesis (CO-
FTS). Iron-based catalysts are the most promising candidates,
due to their ability to catalyze both the RWGS as well as the
CO-FTS reactions under similar reaction conditions with high
selectivity toward higher hydrocarbons.’”

In CO,-FTS, temperature and partial pressure of the
reactants appear to be critical, as they affect reaction kinetics
and surface states. Iron-based catalysts were reported to
undergo complex morphological and structural changes man-
ifested in the formation of various oxide and carbide phases.”
For instance, hematite (a-Fe,O;) was reported to form wustite
(FeO), maghemite (y-Fe,0;), elemental iron (Fe), cementite (6-
Fe;C) and Hagg iron (x-Fe;C,) under the conditions of CO,-FTS.
The emerging phases show a strong impact on catalyst activity
and selectivity.”'"" Thus, the reaction-induced phase trans-
formations and the different surface reactivity result in a highly
complex, dynamic behavior. Beyond that, metal-support inter-
actions can alter the catalytic properties.'? Moreover, the
promotion with e.g. alkali metal ions was reported to increase
catalytic activity.">'"

Understanding the complex interplay between different
phases requires a decoupling of the relevant parameters, such
as initial phase vs. reaction conditions and time of exposure to
different reactants. In a previous work, we reported the
synthesis of different structurally defined iron oxide phases as
model systems to unravel phase transformation mechanisms
and kinetics.'"® The mesoporous iron oxide films can be
synthesized with different initial phase composition, i.e.
hematite,"® ferrihydrite,"® maghemite,"” as well as a maghe-
mite partially converted into magnetite!”” We previously
employed this approach to investigate phase transformation
and crystallization behavior of iron oxides and/or -oxohydr-
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oxides upon exposure to air,"® N, Ar/H,"” as well as the role

of water™ in oxide phase transformations. These films have
well defined properties i.e. crystallite and pore sizes as well as
phase composition. Local changes observed in e.g. SEM can be
applied to the whole films. Moreover, the pore structure act as
an indicator for changes in the morphology. Since CO was
reported to be an important reaction intermediate, we recently
studied the effects of different FeO, phases exposed to mixtures
of CO/H, using electron microscopy and diffraction techniques
in order to connect phase transformations on different length
scales. Independent of the initial iron oxide phase (hematite
“HEM", ferrihydrite “FH”, maghemite “MAGH", maghemite/
magnetite “MAGH/MAGN"), a complete transformation into iron
carbides was observed upon CO/H, exposure at 300°C and
atmospheric pressure within less than 20 h time-on-stream
(TOS). Importantly, the formed carbides mostly retained their
templated mesopore structure.

The present study increases the complexity of the catalyst
treatment toward CO,-FTS conditions, i.e. mixtures of CO, and
H, at high pressures (20 bar) and varying exposure time (30 and
185 h). Comprehensive physicochemical characterization meth-
ods (SEM, TEM, STEM-EELS, SAM, SAED, XPS) were used to
assess the dynamics of local and surface/bulk averaged phase
transformations for HEM, FH, MAGH and MAGH/MAGN oxide
films.

The combined analysis reveals a dynamic material behavior
of significantly higher complexity compared to CO/H,
treatments."? The formation of predominantly oxidic domains
can be already observed to some extent after 30 h TOS. After
185 h, up to three distinct phases are formed: a weakly sintered,
a strongly sintered and a needle-like phase. The phases are
arranged in domains of varying average sizes and morpholog-

ical features, depending on the initial iron oxide phase and TOS.
Mechanistic, kinetic and practical implications of the observed
complex behavior are discussed.

Approach

Scheme 1 outlines the approach of the present study. Iron oxide
films with templated pore structure and different phase
composition were prepared via the EISA (evaporation induced
self assembly) approach, adapting synthesis routes from
previous works."*'¥ Briefly, this sol-gel process employs soft
templates e.g. block-copolymer for the synthesis of well-
defined mesoporous films. It relies on fast evaporation of
solvents, formation of a metal-polymer hybrid mesophase and
condensation of e.g. metal precursor around the soft
template.’®*" These films were exposed to CO,/H, feeds at
20 bar and 300°C for different TOS (30 and 185 h) with a gas
flow of 3.8 mL/min.

Ex-situ analysis of the obtained materials was performed to
assess the reaction-induced structural and morphological
changes using scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). The phase composition was
investigated by selected area electron diffraction (SAED). Surface
composition was studied via X-ray photoelectron spectroscopy
(XPS). Scanning Auger Microscopy (SAM) was used to connect
local Auger spectra with microscopy-derived morphologies.
Scanning transmission electron microscopy coupled with elec-
tron energy loss spectroscopy (STEM-EELS) was employed for
high-resolution local phase analysis
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Scheme 1. Approach for the synthesis of mesoporous iron oxide films with different initial phase composition and subsequent treatment under realistic
conditions of the CO,-FTS reaction for 30 and 185 h TOS. Dip-coating of flat silicon substrates and calcination at 250°C in air for 1 h yields the mesophase

which is further treated in different atmospheres to obtain HEM (air), FH (air), MAGH (N,

) and MAGH/MAGN (N,, then H,/Ar). Exposure to CO,-FTS conditions

induces controlled phase transformations. After 30 h TOS, sintering of the samples can be observed and the formation of domains with a second phase for FH
and MAGH. Up to three phases can be observed after 185 h: a strongly sintered phase, core-shell structures with a crystalline carbide core and a partially
oxidized, low-crystalline oxide shell, as well as domains with needles.
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Results and Discussion

The most important structural features of the synthesized HEM,
FH, MAGH and MAGH/MAGN oxides films are summarized in
Figure S1. The results are well in-line with our previous
findings."®'¥ Due to their homogeneous structure, these oxide
films featuring varying composition, crystallinity and average
oxidation states of the iron species are ideal starting systems for
an evaluation of reaction-induced changes during CO,-FTS.

30h TOS under CO,-FTS conditions

Figure 1 displays SEM (I, Il, lll) and TEM (IV, V) images along with
SAED analysis (VI) recorded for all spent oxide materials after
CO,/H,-treatments at 300 °C for 30 h TOS. In order to assess the
different length scales of phase transformation, representative
electron microscopy images are provided at varying magnifica-
tions. Different morphological features observed in low magni-
fication (I), i.e. different domains of emerging phases, were
further investigated at higher resolution (e.g. b-1I-B, c-ll). The
drawings given on the right side of the figure schematically
illustrate the derived understandings of the respective local

50 nm

structures and phase compositions for each oxide model
system.

The crystallites of HEM films were strongly sintered after
30 h TOS, as evidenced by top-view SEM imaging (Figure 1a-I/1l/
Ill). Lattice fringes visible in the TEM images of 0.48 and 0.25 nm
can be assigned to a mixture of MAGH/MAGN (Figure 1a-V).
Similar to fresh HEM films, the SAED pattern features only a few
diffraction spots typical for highly crystalline materials, and can
be assigned to MAGH/MAGN alongside a residual HEM phase.

Spent FH films undergo significant sintering of the crystal-
lites resulting in mesopores with a reduced degree of local
order (Figure 1b-II-A). Moreover, the formation of distinct
domains with a second phase with larger crystallites of brighter
contrast can be resolved (Figure 1b-II-B). Corresponding lattice
fringes of 0.48 nm and 0.30 nm were found (Figure 1b-V), which
represent characteristic values for MAGH and/or MAGN which is
further validated by the recorded SAED pattern (Figure 1b-VI).
For the second phase, it was not possible to collect any phase
information due to the limited amount in the film. Probably,
this second phase with minor contribution represents a carbide
phase, but it is also possible that other phases such as wustite
or elemental iron were formed due to the reductive atmos-
phere.

SAED

5 nm-!
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Figure 1. Iron oxide films treated in conditions of the CO,-FTS at 300 °C, 20 bar for 30 h in to H,/CO,/N,=3:1:0.3. Following iron oxides have been employed:
(@) HEM, (b) FH, (c) MAGH, (d) MAGH/MAGN. All samples were characterized by top-view SEM (I/1I/1l), TEM (IV/V) and SAED (VI). Domain formation was
observed for FH (b-11l-B) and MAGH (c-1II-B). Higher magnification SEM images show representative areas of each sample.
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Spent MAGH films reveal similar structural features as spent
FH materials after 30 h TOS, showing a sintered mesoporous
structure, as illustrated in top-view SEM images (Figure 1c-I/Il/
ll). Two morphologies can be differentiated, sintered meso-
pores (Figure 1 c-lll-A) as the main phase which contain small
domains with larger sintered morphology as a second phase
(Figure 1c-IlI-B). Lattice fringes of 0.30 and 0.25 nm (see TEM
images in Figure 1 c-V) match well with MAGH/MAGN and are
consistent with the SAED pattern (Figure 1c-VI).

Spent MAGH/MAGN films undergo similar sintering effects
as spent FH and MAGH oxides (Figure 1d-I/ll/lll). However,
homogeneous, domain-free films were obtained, in which
MAGH/MAGN is indicated to represent the main phase
according to TEM (Figure 1d-V) and SAED (Figure 1d-VI) analy-
ses, and no indication for any carbide formation can be found.

In brief, spent FH and MAGH films formed domains with a
second phase that likely represents an intermediate phase in
the carbide formation pathway. Moreover, oxides synthesized
via thermal treatment in an inert or reducing atmosphere prior
to the H,/CO, treatment show a higher resistance to pro-
nounced sintering compared to films calcined in air.

185 h TOS under CO,-FTS conditions

Aiming at a more profound understanding of the dynamic
behavior of iron-based oxides under CO,-FTS conditions, the
same characterization methods except for GI-XRD were applied
after an extended TOS of 185 h (see Figure 2). Due to the
limited sample amount, GI-XRD analysis was not applicable.
Compared to the results after 30 h TOS (Figure 1) discussed
above, more pronounced structural changes are visible for all
investigated oxide materials. Careful phase analysis reveals the
complex reaction-induced transformations, leading to the
evolution of iron carbide phases in coexistence with oxidic
domains.

In HEM, the prolonged TOS for H,/CO, treatment induces
the formation of two distinct phases, as revealed by top-view
SEM (Figure 2a-), i.e. a strongly sintered phase (Figure 2a-Il/Ill-
A) alongside a needle-type phase with darker electron contrast
(Figure 2a-1I/1lI-B). The latter can be found in rather low
amounts and features a worm-like structure (SI 3). Besides, TEM
images reveal a core-shell structure for the sintered phase
(Figure 2a-IV/V), which is likely to represent a carbide phase, as
the diffraction spots in the SAED can be well aligned with Fe;C,
(Figure 3a-VI). It has been shown in our previous work that
mesoporous iron carbide films exhibit a core shell structure
with a crystalline carbide core and a partially oxidized carbide
shell."?

Spent FH films reveal pronounced crystallite growth without
any observable domain formation or macroscopic segregation
(Figure 2b-I/1I/1l). TEM analysis indicates the presence of two
distinct phases with lattice fringes of 0.29 nm (Figure 2b-IV/
V—A), observable in MAGH/MAGN, alongside a core-shell phase
(Figure 2b-IV/V—B). Results from comprehensive SAED analysis
suggest a mixed MAGH/MAGN phase to prevail (Figure 2b-VI)

ChemCatChem 2022, €202200240 (4 of 11)

with minor contributions of a carbide phase, in good agreement
with the observed core-shell structures.

Spent MAGH films show a more complex topology with
some features already being found in the spent HEM and FH
films. For MAGH films, however, three distinct phases emerge
(Figure 2c-l) that can be distinguished by variations in electron
contrast in top-view SEM and, beyond that, by differences in
morphology. First, a comparably minor amount of a strongly
sintered phase, similar to that observed in spent HEM films
(Figure 2c-II/1lI-A), is found. Second, a morphology composed
of smaller crystallites appearing to be fused together (Figure 2c-
II/lI-B) can be observed. Third, a needle-like phase is found,
similar to the one present in spent HEM films (Figure 2c-II/11I-C).
SAED analysis was used as a next step to identify correlations of
the observed morphologies with distinct phases. The diffraction
pattern from core-shell structures evident from TEM images of
the strongly sintered phase (Figure 2c-IV/V—A) corresponds well
to Fe;C, (Figure 2c-VI-A). Concerning the sintered smaller
crystallites, lattice fringes of 0.48 nm (Figure 2c-IV/V-B) and the
SAED pattern (Figure 2c-VI-B) can be assigned to either MAGH,
MAGN or a mixture of them, i.e. MAGH/MAGN. Note that a clear
assignment to any of these phases is not possible from our data
due to the structural similarity of both phases. The third phase
appears to be a low-crystalline material (Figure 2¢-IV/V—C) with
few spots forming rings in the SAED pattern which correspond
to MAGH/MAGN (Figure 2¢-V—C). Results from Scanning Auger
Microscopy (SAM) clearly suggest that all phases contain iron,
oxygen and carbon. Due to the high surface-sensitivity of the
method, an iron oxide phase seems to be present at the catalyst
surface for all three phases. Hence, we assume that the needle-
type phase is a low-crystalline iron oxide phase. Moreover, the
described three phases were all observed in TEM and
comprehensive SAED analysis confirms their respective phase
(SI 4).

For spent MAGH/MAGN films, again, three different phases
are found (Figure 2d-1). Higher magnifications (Figure 2d-l1l-A)
show that the strongly sintered phase (Figure 2d-lll-A) is evenly
mixed with the less sintered one (Figure 2d-1lI-B), while a
needle-like morphology has been identified as a third phase
(Figure 2d-1I-C). TEM analysis reveals a core-shell structure for
the strongly sintered phase (Figure 2d-IV/V—-A). Lattice fringes of
0.22 nm correspond to the (202) lattice planes of Fe;C,, which is
further corroborated by the respective SAED-pattern (Figure 2d-
VI-A/B). Similar to spent FH as well as MAGH films, the sintered
smaller crystallites represent a MAGH/MAGH phase, as indicated
by the appearance of lattice fringes of 0.30 and 0.25 nm spacing
(Figure 2d-IV/V—B) and the SAED pattern (Figure 2d-VI-A/B).

In brief, our findings suggest an influence of the pretreat-
ment (i.e. phase) of the iron oxide starting material on the
degree of crystallite growth after 30 h TOS under CO,-FTS
conditions. Partially pre-reduced starting materials (MAGH/
MAGN) show a higher morphological stability, i.e. an improved
sintering resistance, compared to more oxidized iron oxides
(HEM).

A prolonged TOS, i.e. 185 h, leads to the development of
complex structural and morphological features. Importantly, the
formation of iron carbides proceeds from reduced iron oxides,

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 2. Iron oxide samples after CO,-FTS treatment at 300 °C, 20 bar for 185 h. (a) HEM, (b) FH, (c) MAGH and (d) MAGH/MAGN. All samples were
characterized by top-view SEM (I/1I/11l), TEM (IV/V) and SAED (VI). Up to three phases were resolved and annotated as xx-xx-A, -B or -C, respectively. Higher

magnification SEM images show representative areas of each sample.

i.e. MAGH/MAGN, that are the predominant phases after short
TOS (30 h) for all model systems. After 185 h, a sintered carbide
phase develops for all films except for FH. We thus conclude
that FH shows the lowest tendency for iron carbide formation
and, concomitantly, excessive crystallite growth. MAGH and
MAGH/MAGN oxides were converted into films with well-
distributed carbide and oxidic MAGH/MAGN phases that are
strongly sintered or less sintered, respectively. Compared to the

ChemCatChem 2022, €202200240 (5 of 11)

syngas treatment described in our previous work"” more
complex structures are observed in this study.

Domains with predominantly oxidic and carbidic phase
coexist, even after 185 h TOS. For MAGH films, small domains
can already be observed after short TOS, which are likely to
serve as nucleation spots for the carbide formation. Even if
MAGH/MAGN films show a rather homogeneous morphology
and porosity after short TOS, a highly complex structure with
three different morphologies results after prolonged TOS.

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 3. HEM film after CO,-FTS treatment at 300 °C, 20 bar for 185 h analyzed by STEM-EELS. a) TEM image where the core/shell structure has been
observed. b) STEM-EELS spectra to distinguish the elements. c) HAADF of the core/shell structure. d) STEM-EELS mapping divided into overlay (l), carbidic Fe
(I1), carbidic C (lll), O (IV), oxidic Fe (V) and amorphous C (VI). e) Overlay of combined EELS signals and HAADF.

Phase analysis via STEM-EELS

HEM films treated for 185 h were exemplarily analyzed via
STEM-EELS (Figure 3) to determine the phase composition of
the core-shell structure observed in TEM microscopy (Figure 2a-
IV—A). HAADF images (Figure SI 5) confirmed the low-crystalline
character of the thin shell. Figure 3 provides representative
results for spent HEM films after 185 h TOS. A shell thickness of
4-5nm (Figure 3a) is indicated from high-resolution TEM
imaging. EELS (Figure 3b) allows to distinguish signals from
carbidic or oxidic iron as well as from amorphous carbon by
evaluating the differences in fine structures (Figure Sl 6).” The
EELS elemental mappings (Figure 3d) and the derived overlay

ChemCatChem 2022, €202200240 (6 of 11)

image (Figure 3e) confirm the presence of an iron carbide phase
in the core with an oxidic, low-crystalline shell containing or
being surrounded by an amorphous carbon phase. Note that
carbon contamination, as a result of hydrocarbon cracking by
the electron beam at the surface, might somewhat hinder a
clear distinction of carbon species. Nevertheless, the high
resolution HAADF-STEM image in Figure 3c illustrates the
weakly crystalline character of the shell within the observed
core-shell structures.

STEM-EELS analysis was additionally carried out for HEM
films treated in syngas atmosphere as a reference based on a
procedure reported in our previous work!” (see Sl 7). The EELS
mapping provides further evidence for the claimed core-shell
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structure and, similar to the CO,-FTS conditions, amorphous
carbon can be detected in the shell. This indicates a similar
mechanism for the carbide formation in the previously inves-
tigated syngas and the current CO,-FTS treatment, yet with
significant differences in reaction kinetics.

Surface composition analysis via XPS

HEM-based films in fresh as well as CO2-FTS treated state after
30 h and after 185 h TOS were analyzed via XPS. Figure 4a
displays the respective Fe2p (a-l), O1s (b-I) and C1s (c-l) spectra.
Fresh HEM films exhibit a typical spectrum for a-Fe,O; with a
major contribution of the multiplet centered at 710.9 eV
stemming from Fe (II)**?* (Figure 4a-l). Spectra recorded for
HEM after 30 h and 185 h TOS present broad and asymmetric
doublet peaks centered at 710.6 eV with weak satellites at
716.1 eV that can be typically found in Fe 2p spectra of wustite
(FeO).™ This indicates the partial reduction of Fe(lll) species
present in the fresh samples during CO,-FTS conditions. As
evidenced by results from STEM-EELS analysis (Figure 3), no iron
carbide signals (typically located at 707.9 eV) were observed,
highlighting the iron oxide shell with low crystallinity formed
after exposure of the materials to air.

The changes can be also tracked in the O 1s XPS spectra for
the HEM samples (Figure 4b-l) with increasing TOS. Fresh HEM
films show a major contribution for Fe—O at 529.6 eV in the O
1s spectrum,”¥ while the two smaller peaks could be ascribed
to (=0 and C-O originating from adventitious carbon due to
adsorbed carbon species after air exposure.”” After 30 h treat-
ment, Fe—0O is still the dominant species in the O 1s spectrum.
Yet, after 185 h TOS, this contribution drops significantly in
intensity, while the C—O from the adsorbed hydrocarbons
becomes the predominant species. Additionally, the surface
element composition detected by XPS (Figure 4a-l/c-l) shows
that the atomic ratio of Fe:C on the surface dropped from 10:3
(fresh HEM) to 5:3 (HEM after 30 h TOS) and finally to 1:12
(after 185 h TOS), suggesting that the surface of the HEM
samples was gradually covered by a rather dense carbon layer.
This is in good consistency with the amorphous carbon shell
observed for the 185 h treated HEM sample. Carbon deposits
on the catalyst surface are possibly formed through the
Boudouard reaction and likely account for one possible
deactivation process of CO,-FTS catalysts.”*®

In order to compare the influence of the initially present
iron oxide phase respective CO,-FTS treated films after 30 h TOS
were analyzed via XPS. Figure 4b displays the respective Fe2p
(a-11), O1s (b-ll) and C1s (c-ll) spectra. A comparable trend can
be observed independent of the phase of the fresh iron oxide.
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Figure 4. XPS spectra for HEM films after different TOS (fresh, 30 h, 185 h): Fe 2p (a-1), O 1s (b-l), C 1s (c-I). In addition, films treated for 30 h in the CO,-FTS with
different initial phase composition (HEM, FH, MAGH, MAGH/MAGN) were analyzed and the Fe 2p (a-ll), O 1s (b-ll) as well as C 1s (c-Il) spectra are shown.
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MAGH, FH, MAGN films after 30 h TOS reveal similar Fe 2p
spectra as HEM (Figure 4a-ll). FeO can be claimed to be the
prevailing species. In case of the O 1s spectra for all materials,
the main contribution stems from Fe—O. However, a trend can
be observed for C=0 and C—O contributions from adsorbed
hydrocarbons. Depending on the initial phase composition with
lower “oxidation degree”, the signal around 532.3 eV increases
in intensity in the order HEM <FH<MAGH < MAGH/MAGN,
thus indicating a higher carbon coverage for reduced samples.
For all C 1s spectra, the main contributions result from C—C/
C—H species, while the smaller peak in all spectra can be
assigned to C—O/C=0 from adsorbed hydrocarbons as observed
in previous work."” Based on the XPS results, we suggest that
in all materials the formed iron carbide phase is densely
covered by a thick shell of oxide and/or amorphous carbon and,
thus, no contribution of surface carbide species becomes visible
in the spectra of the H,/CO,-treated materials.

Correlation of phase and morphology via SAM analysis

Scanning Auger Microscopy (SAM)#” is a powerful technique to
examine local changes at the surface of a material at the
nanoscale. The depth information of ~5nm and a lateral
resolution of about 5-10 nm render the method an excellent
nano-probe for phase analysis. As representative example, we
investigated spent MAGH films after 185 h TOS in CO,-FTS due
to the observed complex structural and morphological features.

Each point was measured five times for ten cycles (Figure 5I)
and for the line scan 256 points were measured in total
(Figure 5lll). Point measurements for all three phases showed
similar features in the recorded Auger spectra. Iron (~703) eV
and oxygen (~510eV) signals®® were detected for all three
phases, indicating iron oxides on the surface (Figure 5lI). Carbon
(~275 eV)® is also present in all structures. Position 2, which
can be assigned to the carbide phase, shows the highest carbon
content. Silicon (~88eV) signals originate from the silicon
substrate. A line scan throughout the treated MAGH sample
(Figure 5lIl) confirms the presence of iron and oxygen, under-
lining the dominating oxide phase at the surface. Moreover,

MAGH treated: 185 h @ 300 °C ccpp=

23 %, Cp =70%, c\o=7 %, p =20 bar
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Figure 5. Scanning Auger Microscopy (SAM) Spectroscopy for MAGH treated for 185 h at 20 bar, 300°C in the CO,-FTS. I) Representative top-view SEM image

for the different scanning AES positions. Il) AES spectra for all three positions.

Ill) Top-view SEM image showing the position for the performed scanning AES

line-scan (blue line) over all three phases observed in the treated MAGH sample. IV) Elemental AES line-scan over the range of 50 um shown in Ill).
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pronounced differences in the carbon content were nicely
resolved in the spectra (Figure 51V), suggesting the presence of
amorphous carbon in the shell for the carbide phase.

Discussion

The time-on-stream under CO,-FTS conditions plays a decisive
role in the evolution of the distinct structural features observed
in all four herein studied iron-based oxides. After short TOS
(30 h), a MAGH/MAGN phase seems to prevail. FH and MAGH
films begin to form a second phase to small extents. Thereby,
local domains with a second sintered phase, potentially
representing a wustite or elemental iron phase,*” emerge. A
prolonged TOS of 185 h under CO,-FTS conditions leads to the
formation of up to three phases. A carbide (core-shell) phase
can be observed independent of the phase of the initial oxide.
For MAGH and MAGH/MAGN films, a weakly sintered MAGH/
MAGN phase remained essentially preserved. Except for spent
FH, all films contained needle-type structures located inside the
carbide domains.

Under the reducing conditions of the CO,-FTS, iron species
in the oxide phases are partially reduced to Fe(ll) or even Fe(0).
After 30 h TOS, a MAGH/MAGN phase is predominant, inde-
pendent of the starting material phase. STEM-EELS and
scanning AES revealed a high carbon content in HEM treated
for 185 h and showed similar features to HEM treated in syngas
(S 7), indicating a similar formation mechanism for both
treatments. Moreover, low magnifications for H,/CO,-treated
MAGH films (SI 3) reveal domains of the carbide phase, which
resemble the domains observed for the FH-to-HEM trans-
formation described in our previous work,"® thus indicating a
similar growth mechanism.

Interestingly, the transformation of iron oxides into iron
carbides takes more time in CO, than in syngas atmosphere at
300°C, as an entire conversion into a bulk carbide phase is not
observed in the present study. In syngas atmospheres, however,
bulk carbide formation was found after only 20 h. Here, the
initial oxide phase and average metal oxidation state have a
great impact on the number and quantity of the formed phases.
In this context, complex structural features are observed. Hence,
we conclude that an insufficient CO partial pressure for an
entire bulk conversion into the corresponding carbide phase
was reached over the investigated period of time in the present
study. A high CO formation rate was previously reported to
promote carbide formation.®" Similarly, the use of ternary H,/
CO,/CO feeds is thus expected to increase the carbide fraction
in the materials.

In addition, water generated by the reverse water-gas shift
reaction (RWGS) is most likely responsible for the re-oxidation
of the emerging carbide phase. In CO,-FTS, the reaction
mechanism leads to an increased formation of by-product
water compared to classical CO-FTS,*? which was reported to
deactivate active Fe sites in the catalysts. In fact, CO, is also
known to be able to oxidize iron carbides.”® Such oxidation
processes are generally believed to result in lower activity and
selectivity toward heavier hydrocarbons due to a reduced
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amount of active Hiagg iron carbide phase.”? Riedel et al.®"
tracked phase changes of iron-based catalysts in the CO,-FTS
through operando Méssbauer spectroscopy. The authors
claimed the formation of an unknown iron oxide phase at about
50 h TOS in the reactor, which was active for the RWGS. Zhang
et al® investigated Fe,C, catalysts at 330°C at elevated
pressure and were able to resolve a Fe;O, phase using
operando Raman spectroscopy. The catalysts were effectively
regenerated by oxidation in CO, followed by a carburization
step in CO to obtain a pure Fe;C, catalyst. Concurrent changes
in morphology of the catalysts seem a viable explanation for
the herein observed needle-type structures, which are closely
related to large carbide domains. The latter were found for all
initial oxide phases, whereas in FH no large carbide domains
were developed and, hence, no pronounced needle structures
were observed even after 185 h TOS.

Conclusion

Mesoporous iron oxide films with different initial phase and
composition were employed to investigate time-dependent
phase transformations in the CO,-FTS at elevated pressure. After
30 h TOS, crystallite growth dominates and reduced iron oxide
phases (MAGH/MAGN) result, whereas after 185 h, up to three
distinct phases can be observed with varying morphologies
(sintered, needle-type, core-shell). The needle-type phase
observed in all films, except for FH, was found to represent a
low-crystalline iron oxide. Moreover, this phase appears to be
formed only after the formation of the sintered MAGH/MAGN
and the carbide phase. We assume that oxidation by either CO,
or H,O (via RWGS) might promote the formation of the needle-
type phase. Depending on the initial iron oxide phase, the C=0/
C—O contributions increase with a decrease in average
oxidation state, hence indicating a higher surface coverage with
hydrocarbon species. Based on our previous work, we assume
that the carbide phase is formed due to the presence of small
amounts of CO formed by the RWGS. A more complex
mechanism in CO,-FTS is evidenced and, beyond that, phase
transformation dynamics turn out to be slower compared to
those occurring in syngas atmospheres at similar temperature.
The initial iron oxide phase only shows a moderate impact on
the emerging phases, yet a strong influence on their relative
proportions and dimensions. Future studies need to employ
in situ techniques to ensure an exclusion of undesired changes
due to air exposure. It would also allow to gain time resolved
changes in the phase composition.

Experimental Section

For this work mesoporous iron oxide films with different initial
phase composition have been employed. A stabilized mesophase
obtained after dip-coating of silicon substrates has been exposed
to controlled atmospheres during thermal treatment form HEM, FH,
MAGH or MAGH/MAGN.

2-Methoxyethanol (99.3+%, ACS grade) was obtained from Alfa
Aesar (Alfa Aesar, Haverhill, USA, Massachusetts), iron nitrate
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nonahydrate from (994 %) purchased from Acros Organics (Acros
Organics, Fair Lawn, USA, New Jersey), ethanol (99.9+%, ACS
grade) was obtained from VWR (Radnor, USA, Pennsylvania).
Polymer Service GmbH Merseburg (Polymer Service GmbH, Ger-
many, Merseburg)®¥ synthesized and provided the soft template, a
copolymer (PEO,o,—b—PBy,—b-PEO,,).

Analogue to previous works the stabilized mesophase has been
prepared by an adapted approach developed by Brezesinski
etal.®? PEO,,,~b-PBy,~b-PEO,,, (109 mg) was dissolved in a
mixture of ethanol (4.36 mL) and 2-methoxyethanol (4.64 mL) for
20 min at 40°C yielding a colorless solution. Addition of Fe-
(NO5);-9H,0 (1173 mg) and stirring for 1 h at room temperature
yielded an orange-red solution which was dip-coated onto Si(100)-
wafers.

Mesophase deposition and thermal treatment to form the desired
phase composition were carried out analogue to previous
works."*'¥ Substrates were dip-coated with a withdrawal rate of
400 mm/min in an argon atmosphere to ensure a low humidity.
After drying in argon atmospheres for 10 min, the films were
transferred under inert conditions into an oven and calcined in air
at 250 h for 1 h. The formed mesophase can be further calcined at
400°C for 10 min to form FH or at 550°C for 10 min to form
HEM.I'*'® Treatment of the mesophase in N, for 5 h at 350°C yields
MAGH. MAGH samples obtained after a thermal treatment at 400 °C
for 2 h in N,, were partially reduced at 350°C for 1 h in H, (4%)/Ar
to form MAGH/MAGN films.

For the CO, treatment, 4 mm wide coated substrates with HEM, FH,
MAGH or MAGH/MAGN films were placed in individual stainless
steel reactors operating in parallel in an in-house developed set-up.
The reactors were heated up to 200°C in N, and setting the
pressure to 20 bar at flow rate of 4.2 mL/min. After a tightness
check all reactor have been heated to 300°C with 5 K/min.
Atmosphere was changed to H,/CO,/N,=3:1:0.3, 20 bar flowrate
3.8 mL/min and treatment has been carried out for 30 h or 185 h
respectively. Afterwards, atmosphere was changed to pure N, flow
at 300°C and 20 bar. During the following cooldown process (1 K/
min) the reactor was depressurized to 1 bar. At the reactor was
flushed for 2 h in N, to ensure a pressure of 1 bar.

Before TEM analysis, film material was scraped off and placed
between two copper grids coated with a carbon film. This allows to
protect the microscope from magnetic material escaping the
sample holder. The Tecnai G 2 20 S-TWIN (FEl, Hilsboro, USA,
Oregon) instrument was operated at 200 kV. SAED pattern were
recorded with an aperture with aperture for the investigation of
areas with a diameter of 180 nm.

SEM images were recorded using a JEOL 7401F (JEOL, Tokyo, Japan)
instrument operated at an acceleration voltage of 10kV. The
working distance was approximately 4.5 mm. Images were analyzed
by employing Image) (National Institutes of Health, USA,
Bethesda).®”!

Grazing incident XRD was performed with a Bruker D8 Advance
instrument (Cu Ka radiation, A=1.5409 A) at an angle of 1 ° for the
incident beam. PDFMaintEX library version 9.0.133 (Bruker, Billerica,
Massachusetts, USA) was used to assign the recorded reflections.
Crystallite sizes were determined for the strongest reflection using
the Debye Scherrer equation.

Thermo Fisher Scientific ESCALAB 250Xi (Thermo Fischer Scientific,
Waltham, USA, Massachusetts) was used to record XPS spectra with
spot sizes of 400 nm and analyzed with the Avantage software.
Shirley background with additional constraints was applied to
ensure that the intensity of the recorded data is higher than the
background for the whole spectrum. Samples were measured
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without any further preparation on the silicon substrate, however,
Si signals were below 2% in intensity.

Scanning transmission electron microscopy (STEM) measurements
were performed at 200 kV with a probe aberration-corrected JEM-
ARM200F (microscope: JEOL, Japan; corrector: CEOS, Germany)
using annular bright field (ABF), annular dark field (ADF) and high
angle annular dark field (HAADF) detectors. The microscope is
equipped with a DRY-60GV (JEOL) energy-dispersive x-ray-spec-
trometer (EDXS) and an Enfinium ER electron energy loss
spectrometer (EELS, Gatan, USA) for chemical analysis. The sample
was deposed on a holey carbon supported Cu-grid (mesh 300) by
scraping the catalyst layer off the wafer with a scalpel and without
any further pretreatment and transferred to the microscope.
Elemental maps of the different elements were calculated from a
spectrum image dataset. Differentiation of amorphous and carbidic
carbon and carbidic and oxidic iron was achieved by using the
electron energy loss fine structure of these elements at different
positions as models for a multiple linear least square fit imple-
mented in Gatan Digital Micrograph 3.4.
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