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ABSTRACT: A Na—S promoted Fe-based Fischer—Tropsch syn-
thesis (FTS) catalyst converts a H,/CO gas mixture into hydrocarbons

with enriched C,—C, olefin content. Above 300 °C, the carbon- Ly
o . . . Ser
depositing Boudouard reaction competes with the FTS reaction for
CO as reactant. By making use of a combined in situ X-ray powder
diffractometry (XRPD)/Raman spectroscopy setup, the simultaneous oS
<

evolution of the Fe,O,/a-Fe/Fe,C phases and various formed carbon y
species has been monitored at 340 °C and 10 bar. CO carburized,

Na—S promoted and unpromoted Fe(—Na—S)/a-Al, O catalysts were

investigated. The various Fe phases present were quantified with Fischer-Tropsch Synthesis
Rietveld quantitative phase analysis (R-QPA) from the in situ collected

XRPD patterns. The observed D- and G-bands in the in situ Raman

spectra were analyzed for their relative intensities, band widths, and positions and compared to reference carbon materials. It was
found that amorphous carbon with C sp* and C sp? in chain-like ordering evolved toward carbon nanofiber-like structures during
FTS. Na—S promotion and initial CO carburization at temperatures >340 °C led to an increased amount of cyclic sixfold C sp*
species. Preliminary carbon deposits present in the catalysts decreased the initial fast increase of the Raman band intensities, while
Na—S promotion increased Raman band intensity growth after the initial fast increase period. The carbon species evolution was
unaffected by the presence of specific Fe carbides or by carbide-to-carbide transitions. Na—S promotion aided in the reduction of
Fe;0, by (H,:)CO to carbon-depositing Fe carbides. The results obtained add to our further understanding on the role of Fe and
carbon species during a high-temperature FTS reaction.

KEYWORDS: heterogeneous catalysis, Fischer—Tropsch synthesis, iron carbides, Na—S promotion, X-ray powder diffractometry,
Rietveld quantitative phase analysis

B INTRODUCTION CO dissociating active phases necessary for both the competing

FTS and Boudouard reactions.'”?”*"** Deposition of inactive
With the Fischer—Tropsch synthesis (FTS) reaction, a H,/CO : p
gas mixture can be converted into valuable hydrocarbons.' ™! carbon has been proposed to be associated with the presence of
With the combination of a high reaction temperature (320—375 0-Fe;C (cementite)** > and/or to the transition of C-rich “e-
°C), an Fe-based catalyst, and Na—S chemical promotion, the carbides” (i.e., #-Fe,C in more precise nomenclature) to lesser
synthesized hydrocarbon product slate can be directed toward C-containing y-Fe;C, (the Hagg carbide) or 9-Fe3C.36_39
the formation of valuable, short-chained (C,—C,) olefins.'*™** Chemical elements from the alkali metal group, most often Na

However, for reaction temperatures 2300 °C,>*7% the or K, are commonly added as promoters to Fe-based FTS
Boudouard reaction (i.e., CO disproportionation of CO into catalyst materials. These alkali promoters intrinsically increase
C and CO,) also becomes active, depositing carbon material the carbon deposition rate.”*’ In contrast, S as promoter is

onto the catalytically active phase. The Boudouard reaction
therefore competes with the FTS directly for the reactant
CO.***” Regeneration and removal of the carbon deposits
would be possible via catalyst hydrogenation at temperatures
>350 °C.” However, because of the (possible) fragmentation of
the catalyst material due to carbon deposition, especially with
bulk Fe catalysts, the catalyst’s lost mechanical stability cannot
be remedied with simple hydrogenation treatments.””"~*°
Under FTS reaction conditions, Fe-based catalysts form
various (near-)zerovalent Fe carbides.'” The Fe carbides are the

commonly observed to decrease the overall carbon deposition
on Fe-based catalysts.*’"** However, the addition of S also
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results in an overall decreased CO conversion, therefore
necessarily decreasing the carbon deposition.*” Decreased CO
conversion can also lead to the removal of reactor bed hotspots,
which as well can lead to the observations of decreased carbon
deposition.”*™* In other words, the addition of S does not
necessarily alter the C selectivity between the FTS and
Boudouard reactions,* unlike alkali promoters. When Na and
S are added together as promoters, the combined Na—S§
promotion behaves “alkali-like”, and the carbon deposition is
effectively increased in high-tem7perature FTS in comparison to
unpromoted catalyst materials.'>%*”

The type of carbon formed, deactivating the FTS catalyst, is
often described with loosely defined terms, such as “graphitic-
like”****°%*! or as an amorphous carbonaceous overlayer.”' >
Furthermore, the formation of fibrous carbon species is possible
under FTS reaction conditions, in the presence of H, or other
hydrogen-containing chemical species.””**~*° The formation of
carbon species has been proposed to be related to the transition
of C-rich (“”) into C-poor (¥, ) Fe carbide phases. It has been
proposed that the C atoms, ejected from the Fe carbide lattice,
function as the nucleation centers for the deactivating carbon
formation.**™** The carbon species are thought to evolve from
initial polymeric carbon toward more ordered carbon
structures.” >’

X-ray powder diffractometry (XRPD) is a suitable tool for
characterizing the Fe carbide phases and is also widely applied in
the field of FTS catalysis.>***”**3*3%>7=! Raman spectroscopy
is a technique capable for differentiating between “graphitic-
like”, amorphous, and fibrous carbon species”*~*® but is much
less used to characterize FTS catalyst materials.”” " Both
characterization methods can in principle also be applied under
in situ or operando conditions, thereby allowing probing of the
changes in the Fe phases and carbon deposit formation during
the FTS reaction. Previously, such an in situ/operando Raman
spectroscopy approach has been applied, e.g., to follow the
formation of carbon deposits during the catalytic dehydrogen-
ation of light alkanes””" and the Co-based FTS reaction.®

In this work, we combine XRPD and Raman spectroscopy in
one experimental setup for studying the transformation of the
different Fe phases as well as the evolution of carbon species
under in situ conditions. This is done with a setup recently
developed in our research group.®' The catalysts under study are
characterized under FTS reaction conditions of 340 °C at 10 bar
in a H,/CO 2:1 gas mixture. The studied catalyst materials are
supported Fe(—Na—S)/a-ALO; catalysts, prepared with and
without Na—S§ promotion. The catalysts have been prepared to
contain preformed Fe carbides (i.e., &-Fe;C, -Fe,C, y-Fe,C,,
and/or 0-Fe,C) via a CO carburization step or to contain a-Fe/
Fe,O, phases via a H, reduction step.” Rietveld quantitative
phase analysis (R-QPA) is used to quantify the collected in situ
XRPD data. The R-QPA derived Fe phase content changes and
the Fe phases’ crystallite diameters are qualitatively compared to
changes observed in the simultaneously collected in situ Raman
spectra.

B EXPERIMENTAL SECTION

Catalyst Preparation. Details on the catalyst synthesis and
applied catalyst treatments of CO carburization and H,
reduction are described in detail in reference [39]. In short,
nominal 7 wt % of Fe on a-alumina (BASF, 7 mz/g, 212—425
um particle size) supported (Fe-(Na—S)/a-ALO;) catalysts,
with or without Na—S promotion, were synthesized with the use
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of incipient wetness impregnation. Nominal promoter loadings
of 0.29 wt % for Na and 0.04 wt % for S were used.

Ammonium Fe(III) citrate (Acros, 211840010) was used as
the Fe precursor, Fe(1I) sulfate heptahydrate (Sigma-Aldrich,
215422) was used as the S precursor, and Na tribasic citrate
dihydrate (Sigma-Aldrich, S4641) was used as the Na precursor.

The synthesized catalyst materials were calcined under dry air
flow at 500 °C for 6 h, reduced under H, /N, flow at 400 °C for 5
h, and cooled down to 200 °C under the H,/N, flow. The H,
reduced catalyst materials were subsequently carburized with
CO without removing the catalyst from the reactor. Under the
set H,/N, flow, the reduced catalyst was heated up (10 °C/min)
from 200 °C to a desired carburization temperature. Upon
reaching the desired carburization temperature, the H,/N, flow
was switched to pure CO flow. The carburization temperatures
and times used were 240 °C (2 h), 340 °C (16 h), and 440 °C
(16 h). After the desired carburization period, the CO flow was
switched to pure N,, and the reactor was cooled down to room
temperature and flushed with N, for several hours. The
impurities in the N, gas are sufficient to passivate the Fe
surfaces without a need for a dedicated O, passivation step.
Further details of this can be found from reference [39]. H,
reduced catalysts used for the experiments were prepared
identically to the carburized ones but without the CO
carburization step.

Linde Gas Benelux supplied all the gases used in catalyst
preparation, i.e., Hy, N, (both grade 5.0, i.e.,, 99.999% pure), CO
(grade 2.5, i.e, 99.5% pure), and dry, compressed air. Table 1
summarizes the shorthand notation applied within this work to
identify the different catalysts under study.

Table 1. Overview of the Used Shorthand Notation for
Catalyst Materials under Study

shorthand
notation catalyst material description
H, H, reduction at 400 °C for S h, after the calcining step

240,340,  CO carburization (at 1 atm) temperature in °C, after the
440 reduction step
up unpromoted Fe/a-Al,O; catalyst
Na-S§ Na—S promoted Fe—Na—S/a-Al,Oj; catalyst
Carb. catalyst material after H, reduction or CO carburization (“fresh
catalyst”)
Q-FTS catalyst material after 72 h, 340 °C, 10 bar in situ FTS run,

measured quasi-in-situ at 100 °C (0.5 bar, 1:1 Ar/He) (“spent
catalyst”)

Catalyst Characterization. Details of In Situ Reactor Cell.
The (ex situ) prepared catalyst materials were characterized
under FTS reaction conditions using a modified iKey in situ
XRPD plug flow capillary reactor cell from Cape Catalytix.**~**
The cell was combined with a high-temperature Raman
spectroscopy probe.”" The iKey reactor cell unit employs two
infrared (IR) heater blocks for heating the reactor capillary up to
the reaction temperature (Figure S1). The reaction temperature
is measured with a thermocouple inserted inside the reactor
capillary. The original reactor cell was modified by reversing the
inlet for reactant gas flow in order to avoid hydrocarbon
condensation on the thermocouple inserted inside the reactor
capillary. In addition, the IR heaters were covered with a custom-
made stainless steel “chimney” in order to decrease the thermal
radiance from the IR heater blocks that is seen by the Raman
probe. Furthermore, the IR heater blocks were resistance
matched in order to acquire a uniform isothermal heating zone.

https://dx.doi.org/10.1021/acscatal.0c01851
ACS Catal. 2020, 10, 9837-9855
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Reactor cell temperature calibration was performed under a
nominal input flow of 1 mL/min of Ar and 1 mL/min of He by
moving the thermocouple inside the reactor capillary while
keeping the power fed to the heater at set constant. The reactor
isothermal zone was measured to be 340 + 1.4 °C over a
distance of ~11.0 mm. Further details on the used reactor cell
type and the laboratory-based XRPD/Raman spectroscopy
setup can be found from the literature.®' ~%%7%

Catalytic Reaction. The catalyst materials were inserted to
1000 ym (10 pm wall thickness) borosilicate capillaries. An
undiluted catalyst bed of ~11 mm (6.4—7.2 mg of catalyst
material with a 212—425 um catalyst particle size), pinned in
between quartz wool plugs, was used for each separate in situ
FTS reaction run. Prior to each run, the experimental setup was
leak tested at 100 °C under 1:1 Ar/He (2 mL/min) flow with
the loaded sample capillary in place. After the leak test, the
capillary reactor pressure was set to 0.5 bar(g). The FTS
reactions were performed at 340 °C, at 10 bar of total pressure of
H,/CO/He (2.0:1.0:0.33 volume ratio). The nominal input gas
flows to the in situ reactor were 0.6 mL/min of H,, 0.3 mL/min
of CO, and 0.1 mL/min of He, giving a gas hourly space velocity
(GHSYV, as total input gas flow per total reactor bed volume) of
~7200 h™". After the initial leak testing at 100 °C, the reactor
capillary was heated to 120 °C (10 °C/min) and pressurized at
120 °C to 10 bar of total reaction pressure. The pressurizing was
done with 5X the FTS reaction gas flows, within 1 h. After
reaching the 10 bar reaction pressure, the reactor was heated to
the reaction temperature of 340 °C (2 °C/min). The 0 h time-
on-stream (ToS) was taken as the moment when 340 °C was
reached, and the FT'S reaction was then subsequently ran for 72
h. After the 72 h FTS reaction, the reactor was cooled down to
100 °C within 1 h under the set H,/CO/He flow, while the
reaction pressure was simultaneously decreased to 0.5 bar(g)
(0.5 bar/min). At 100 °C, the input gas flow was switched to 1:1
Ar/He (2 mL/min), and the reactor was flushed under the inert
gases. H,, Ar, and He gas purities were grade 5.0, and the CO gas
purity was grade 2.5, as supplied by Linde Gas Benelux. During
the FTS reactions, up- and downstream pressure gauges and a
mass flow meter upstream of the reactor capillary were used to
follow possible mass flow limitations in the reactor bed. No mass
flow limitations were observed in any of the performed FTS
reaction runs.

In Situ X-ray Powder Diffractometry. In situ X-ray powder
diffractometry (XRPD) patterns were collected during the FTS
reaction (340 °C, 10 bar, H,/CO/He) as well as in quasi-in-situ
(at 100 °C, 0.5 bar, Ar/He, ie, “spent catalyst”) after the
respective 72 h FTS reaction run (shorthand Q-FTS). The
initial “fresh catalyst” (shorthand Carb.) was measured also
under 100 °C (0.5 bar, Ar/He) after the initial leak testing step.
For collecting the in situ XRPD patterns, a Bruker D8 Discover
diffractometer instrument in Debye—Scherrer transmission
(capillary) geometry with a Mo (Kal 0.709 A) source was
used. At the beginning of each in situ reaction run, the capillary
was moved to the focus of the X-ray beam (beam ~ 600 X
15 000 pim, height X width) for maximum diffraction. The X-ray
diffraction patterns were collected over a 26 range of 5—39° with
a scan step size of 0.015°. For collecting the X-ray diffraction
patterns before and after the FTS reaction (quasi-in-situ), 6 h of
total measurement time was used. For the in situ measurements
during the FTS reaction at 340 °C and during the pressurizing
and temperature ramp steps, 0.5 h of total measurement time
was used.
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The R-QPA method was employed for quantifying the
crystalline Fe phases from the collected XRPD patterns. The
application of R-QPA fitting has been described in detail in
reference [39] and is applied here in a similar manner, with few
modifications in the applied fitting model. As the primary
modification, the lattice parameters for the support material a-
Al,O; were also refined simultaneously with the rest of the fitted
phases. This was done in order to accommodate the thermal
expansion of the material’s lattice during the in situ measure-
ments at elevated temperature. The effects of crystal lattice
thermal expansion,” reactor capillary deformation/displace-
ment, and sample material density changes in the capillary™ all
affect the phases’ diffraction peak positions and thus the lattice
parameters observed in the performed in situ XRPD measure-
ments. The changes to the lattice parameters for the fitted phases
could not be decoupled from the mentioned experimental
effects in the in situ XRPD runs, and the intrinsic phase lattice
parameters could not be solved for the fitted phases. All refined
lattice parameters were constrained to an arbitrary range with
constraints from —0.01 to +0.05 A from their literature values.*
The R-QPA fitting models and constraint values were adjusted
until the measured XRPD diffraction peak positions were
satisfactorily accounted for. The literature and database sources
for the crystal structures used in the R-QPA fitting models are
given in reference [39].

As further differences to the previously applied fitting model,
all measured XRPD pattern backgrounds were modeled with a
third order Chebyshev polynomial. Three independent
Lorentzian peaks were used for fitting the amorphous content
scattering and/or diffraction contribution within the range of
~8—12° 20. Predetermined R-QPA fitting models were applied
on the measured quasi- and in situ measured XRPD patterns
over the full XRPD measurement range using a batch mode with
the Bruker TOPAS v5.0 software. The phases with <0.4 wt %
phase content and/or relative wt % fitting errors >30% were
removed from the fitting models.

The measured, background subtracted XRPD patterns were
aligned and normalized to the a-ALO; peak (0 2 4) at its
nominal position of 23.515° 20 (at Mo Kal) at room
temperature, for presenting the diffraction pattern heatmaps
versus the FTS reaction ToS. The R-QPA derived values from
the in situ XRPD runs are reported as five-point median values of
the data points obtained every 0.5 h and expressed with the
median’s standard deviation (STD) as an error estimate. R-QPA
derived values for the “fresh catalysts” and quasi-in-situ
measured “spent catalysts” after the FTS reaction run are
reported for each single (6 h) measurement with their respective
R-QPA fitting errors as the error estimates.

In Situ Raman Spectroscopy. Simultaneously to the in situ
XRPD measurements, in situ Raman spectroscopy measure-
ments were performed in order to follow the formation and
further evolution of carbon species within the catalysts during
the FTS reactions. A thermoelectrically cooled AvaRaman
(Avantes) spectroscopy system with a SO mW 532 nm excitation
laser coupled with a high-temperature InPhotonics Raman
probe with an ~200 ym measurement spot size at focus was
used. The spectrometer’s spectral resolution was 6 cm™.

At the start of each FTS reaction run, the Raman probe was
focused on the catalyst bed using the a-Al,O; peak at ~4389
cm™! (see, e.g., RRUFF database #R040096 for reference). The
dark spectrum corrected in situ Raman spectra were collected
over a spectral range of ~174—5685 cm™'. A single Raman
spectrum was recorded every 10 min by averaging 600 scans

https://dx.doi.org/10.1021/acscatal.0c01851
ACS Catal. 2020, 10, 9837-9855
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Figure 1. In situ X-ray powder diffractometry (XRPD) results of the UP (Fe/a-ALO;) (top row) and Na—S H, (Fe—Na—S/a-ALO;) (bottom row)
catalysts during a 72 h Fischer—Tropsch synthesis (FTS). (a,e) Heatmaps of aligned and background corrected, in situ collected XRPD patterns, (b,f)
measured and Rietveld method calculated XRPD patterns at —3, S, and 70 h time-on-stream (ToS), (c,g) the crystalline Fe phase composition of the
catalyst, and (d,h) Fe phases’ average crystallite sizes during the 72 h FTS reaction. The measurements before (Carb.) and quasi-in-situ (Q-FTS) after
the FTS reaction run are included for comparison. FTS conditions: 340 °C, 10 bar, H,/CO/He = 2.0:1.0:0.33 v/v, ~7200 h™.

with a 1 s integration time. Carbon nanofibers (CNF, Pyrograf,
PR-24-XT-LHT), graphite (Aldrich, 282863), activated carbon
(AC, Alfa Aesar, Norit ROW 0.8 mm, L16334) and carbon
nanotubes (CNT, Baytubes, C150 HP) were measured as
reference materials. The reference materials were measured at
room temperature (600 scans witha 1 s integration time) using a
standalone LaserQuantum MPC 6000 532 nm laser operated at
200 mW of power. The same AvaRaman spectrometer and the
high-temperature InPhotonics Raman probe were used to
collect the carbon reference spectra as was used for the in situ
Raman Spectroscopy measurements.

The in situ collected Raman spectra were corrected for
(fluorescence or thermal radiation) background with the use of
the asymmetric least squares smoothing (ALSS) algorithm. The
so-called D (~1350 cm™) and G (~1600 cm™') Raman bands
were fitted with four peak shapes. An iterative peak fitting
(Levenberg—Marquardt) algorithm was used to find the best fit
to the measured spectra. The D-band was fitted with a
Lorentzian peak D; at ~1320 cm™ and Gaussian peaks Dj at
~1500 cm™! and D, at ~1220 cm™". The G-band was fitted with
a single Gaussian peak shape. The data points that had >40%
relative error in the fitted peak area or width were filtered out.
Peaks fitted for the D; and D, positions were constrained near
their nominal locations during the iterative peak fitting process.
This was done in order to avoid the tendency of the Dy and D,
peaks from shifting and nearly or fully overlapping with the D,-
and G-band positions. Thus, the D; peak was constrained to a
range of 1465—1525 cm™, and D, was constrained to a range of
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1100—1230 cm™" during the fitting process. The obtained fitted
peak positions were used to follow the D- and G-band peak
position shifts during the FTS reaction. The peak intensities
I(D) (D;-band) and I(G) (G-band) in the measured in situ
Raman spectra were obtained from the locations defined by the
fitted peak positions as three-point median values. The fitted
peak widths were used to estimate the measured D- and G-band
widths as peak full width at half maximums (fwhms). The
collected data points obtained every 10 min were averaged to 12-
point median values and are presented with their corresponding
STDs as the error estimates. For each in situ Raman
measurement run, the obtained Raman spectra were normalized
to the background corrected maximum peak intensity of the
Raman G-band within 0—72 h ToS. The measured carbon
reference materials were normalized to the background
corrected maxima of their respective Raman G-bands and fitted
with four individual peaks akin to the measured data.

B RESULTS AND DISCUSSION

In Situ X-ray Powder Diffractometry. Figures 1—4
summarize the results for the different in situ XRPD reaction
runs conducted for the Fe/a-AlL,O; (UP) and the Na—S$
promoted Fe—Na—S/a-Al,0; (Na—S) catalyst materials with
preformed Fe carbides (Table 1). The aligned and background
corrected in situ collected XRPD patterns during the FTS
reactions are given as heatmaps (Figures la—4a and le—4e) as
well as individual diffraction patterns at the start of the FTS
reaction at —3 h (120 °C, H,/CO), 5 h, and 70 h ToS (340 °C,

https://dx.doi.org/10.1021/acscatal.0c01851
ACS Catal. 2020, 10, 9837-9855
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Figure 2. In situ X-ray powder diffractometry (XRPD) results of the UP (Fe/a-Al,O5) (top row) and Na—S 240 (Fe—Na—S/a-Al,0;) (bottom row)
catalysts during a 72 h Fischer—Tropsch synthesis (FTS). (a,e) Heatmaps of aligned and background corrected, in situ collected XRPD patterns, (b,f)
measured and Rietveld method calculated XRPD patterns at —3, 5, and 70 h time-on-stream (ToS), (c,g) the crystalline Fe phase composition of the
catalyst, and (d,h) Fe phases’ average crystallite sizes during the 72 h FTS reaction. The measurements before (Carb.) and quasi-in-situ (Q-FTS) after
the FTS reaction run are included for comparison. FTS conditions: 340 °C, 10 bar, H,/CO/He = 2.0:1.0:0.33 v/v, ~7200 ht

H,/CO) (Figures 1b—4b and 1f—4f). Markers for the
characteristic Fe phase diffraction positions have been added
to the figures with X-ray diffraction patterns.*”

For each of the measured individual diffraction patterns, the
corresponding Rietveld method calculated patterns are also
included in the figures (Figures 1b—4b and 1f—4f). The most
intense and sharp diffraction peaks in the individual diffraction
patterns in the figures (e.g., at 19.58 and 27.13° 20) originate
from the support a-Al,O;, a phase of which diffraction markers
are excluded for convenience.

The Fe carbide phases observed in the FTS reaction related
research have been previously identified as e-Fe;C P6,22 (182),
11-Fe,C Panm (58), y-FesC, C2/c (15) (the Hagg carbide), 6-
Fe;C Pnma (62) (cementite), and 0-Fe,C; Pnma (62)
(Eckstrom—Adcock carbide).””” For all of the performed
Rietveld method fittings (i.e., R-QPA) on the quasi- and in situ
measured XRPD patterns, the previously identified Fe carbide
crystal structures give very good calculated fits (Figures 1b—4b
and 1f—4f). Despite the Fe oxide phase being fitted with a Fe;0,
crystal structure, similar overall R-QPA fits could have been
archived with ferrihydrite crystal structures.”’ The Rietveld
method calculated Fe phase patterns have been given and
discussed in detail in reference [39] and are for brevity omitted
here.

Quantitative Analysis of the Fe Phases. For both UP and
Na—S H, catalysts, upon reaching the 0 h ToS as well as the FT'S
reaction temperature of 340 °C, the majority of the initially
present a-Fe/Fe,O, phases transform into the temperature’s
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most stable Fe carbide phase of y-FesC, (Figure 1¢,g).”***"*~

Without the added Na—S promotion, the transition of a-Fe/
Fe,O, phases into y-Fe;C, takes longer in comparison to the
promoted catalysts. At 0 h ToS, for the Na—S H, catalyst, the y-
Fe;C, phase already accounts for ~81 + 7% of the Fe phases
(Figure 1g), while for the UP H, catalyst, only ~56 + 15% of the
x-Fe,C, phase is present (Figure lc).

This observation can be explained by the alkali effect, i.e.,
Na(—S) promotion helps the reduction of Fe oxides at 5300 °C
by CO.*01%%100 1 the Na—S H, catalysts, the Fe oxidation
shell is removed more efliciently by CO in the presence of
Na(—S) promotion during the temperature ramp (~—2—0 h
ToS) to 340 °C than with the unpromoted UP H, catalysts. The
Fe oxides, which are present as an Fe particle shell and/or core,
are reduced into a-Fe and subsequently converted into the y-
Fe;C, phase by CO. Regardless of the Na—S promotion, the
transition of a-Fe into Fe carbides in the presence of CO at
temperatures >200—250 °C is very fast’®”®'?>71%* and not the
limiting step in the Fe carbide formation.

When comparing the UP and Na—S 240 catalyst materials
with the initial presence of the &-Fe;C and 7-Fe,C phases in the
Carb. catalyst materials, the presence of Na—S promotion
stabilizes the 77-Fe,C phase during the FTS reaction run. For the
Na—S 240 Q-FTS measurement, 50 + 1% of the #-Fe,C phase is
quantified (Figure 2g) after the FT'S reaction run in comparison
to 13 + 1% of the phase in UP 240 Q-FTS catalyst material
(Figure 2¢).
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Figure 3. In situ X-ray powder diffractometry (XRPD) results of the UP (Fe/a-ALO;) (top row) and Na—S 340 (Fe—Na—S/a-Al,05) (bottom row)
catalysts during a 72 h Fischer—Tropsch synthesis (FTS). (a,e) Heatmaps of aligned and background corrected, in situ collected XRPD patterns, (b,f)
measured and Rietveld method calculated XRPD patterns at —3, S, and 70 h time-on-stream (ToS), (c,g) the crystalline Fe phase composition of the
catalyst, and (d,h) Fe phases’ average crystallite sizes during the 72 h FTS reaction. The measurements before (Carb.) and quasi-in-situ (Q-FTS) after
the FTS reaction run are included for comparison. FTS conditions: 340 °C, 10 bar, H,/CO/He = 2.0:1.0:0.33 v/v, ~7200 h™.

The relative amount of “e-carbides” (i.e., &-Fe;C/n-Fe,C
phases) is generally increased in Fe-based FTS catalysts after the
FTS reaction with added alkali elements as K or Na.>**'%>'?7
Furthermore, the #-Fe,C phase does not form 2300 °C, but it
can be stable up to ~340 °C if it has formed and is present prior
to the FTS reaction,” as is the case here. Thus, the results for the
H, and 240 catalyst materials show an observable Na(-S)
stabilization effect of the preformed #-Fe,C phase in the 340 °C
FTS reaction. Without Na(—S) promotion, a significantly lesser
amount of the initial e-Fe;C/#n-Fe,C phases are stabilized as the
n-Fe,C phase during the high-temperature FTS reaction.

The exact physical origin on the alkali-induced stability of the
n-Fe,C phase is unclear and not devisible from the current data.
It can be speculated that the stabilization effect could be due to
alkali preventing expulsion of the C atoms from the #-Fe,C
phase’s lattice, thus hindering its transition to less C atoms
containing y-FesC, phase.”” This would be analogous to
increased stability of the 0-Fe;C phase against decomposition
to a-Fe and C, if an oxidation layer covers the carbide preventing
C atom expulsion.”

Interestingly, the requirement for the a priori presence of the
&-Fe;C/n-Fe,C phases for the stability of the #-Fe,C phase in
the FTS reaction is comparable to the stability behavior of “e-
iron (carbo)nitrides”.'® These Fe (carbo-)nitrides have crystal
structures closely related to the e-Fe;C/n-Fe,C phases.'” "'
The precise, fundamental reasons for the increased stability
behavior with the added Na(—S) promotion in the FTS reaction
with crystal structures corresponding to the #-Fe,C and “e-iron
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(carbo)nitrides” phases would make an interesting topic for a
further study.

Besides the stabilization of the #-Fe,C phase by the Na—S§
promotion addition in the Na—S 240 catalyst materials, the
catalysts’ Fe;O, content is also reduced during the FT'S reaction.
A steady Fe;O, fraction of ~20% is quantified for the UP 240
catalyst (Figure 2c), while for the Na—S 240 catalyst material
(Figure 2g), only ~8% of Fe;0, is observed after the start of the
FTS reaction. This difference in the Fe oxide content is visible
(at ~27.5° 20) in the in situ collected XRPD patterns (Figure
2a,e). The added alkali has been observed to reduce the Fe oxide
content in Fe-based FT'S catalysts during the reaction also in the
literature,'°**%” in agreement with the results for the Na—S 240
catalyst material. In contrast to this, Na—S promotion increases
the Fe oxide content in the Na—S 240 Carb. catalysts after the
CO carburization (i.e., in the fresh catalysts), as is evident by
comparing the R-QPA quantifications in Figure 2¢,g. This effect
presumably originates from the Na—S promotion-induced
increase on Fe phase affinity toward O atoms from the CO
dissociation during the CO carburization step with a short
treatment time and temperature.39

Despite the Na—S 240 catalyst behaving as expected, i.e.,, Na—
S promotion decreasing the content of Fe;O, during FTS, it is
difficult to understand why both UP and Na—S 240 catalysts
show the presence of Fe;0, at all during the in situ XRPD runs.
Any of the UP H,, 340 or 440 (Figures ¢, 3c, and 4c), or Na—S$
H,, 340 or 440 (Figures 1g, 3¢, and 4g) catalysts do not show a
significant presence or stabilization of the Fe;O, phase. Perhaps,
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Figure 4. In situ X-ray powder diffractometry (XRPD) results of the UP (Fe/a-ALO;) (top row) and Na—S 440 (Fe—Na—S/a-Al,05) (bottom row)
catalysts during a 72 h Fischer—Tropsch synthesis (FTS). (a,e) Heatmaps of aligned and background corrected, in situ collected XRPD patterns, (b,f)
measured and Rietveld method calculated XRPD patterns at —3, 5, and 70 h time-on-stream (ToS), (c,g) the crystalline Fe phase composition of the
catalyst, and (d,h) Fe phases’ average crystallite sizes during the 72 h FTS reaction. The measurements before (Carb.) and quasi-in-situ (Q-FTS) after
the FTS reaction run are included for comparison. FTS conditions: 340 °C, 10 bar, H,/CO/He = 2.0:1.0:0.33 v/v, ~7200 ht.

the e-Fe;C/n-Fe,C phases might be more susceptible toward
reoxidation by CO, and H,0%*”"">~"" than the other Fe
carbide phases are.

With respect to the phase changes in the UP and Na—S 340
and 440 catalyst materials during their respective FTS reaction
runs, only minor changes take place in contrast to the initial
Carb. catalyst materials (Figures 3c,g and 4c,g). A small amount
of Fe;0, (~7%) is present in the Na—S 340 catalyst during the
first 10 h ToS of the FTS reaction. For the UP 340 catalyst
material, no presence of Fe oxide is quantified. In comparison to
UP 340, the promoted Na—S 340 catalyst is expected to have a
higher CO conversion resulting in higher H,O and CO,
concentrations in the reactor.”” Reoxidation by the H,O and/
or CO, might explain the minor Fe oxide content in the Na—S$
340 catalyst during the FTS run (Figure 3g).” Finally, for the
UP and Na—S 440 catalyst materials, the effect of Na—S
promotion is to aid the transformation of the -Fe;C phase into
-Fe,C,, which is the most stable Fe carbide at 340 °C,* during
the FTS reaction (Figure 4c,g). With the Na—S 440 catalyst
material, the 6-Fe,C phase content steadily decreases with
increasing y-FesC, contribution (Figure 4g).

Changes in the Crystallite Diameters of the Fe Phases. The
in situ XRPD observations for the R-QPA derived Fe phases’
crystallite (volume-weighted) mean diameters follow the Fe
phase quantities in the FTS reaction. The increasing phase
quantity in general translates to increasing Fe phase crystallite
diameters, as more of the phase is present, thus allowing the
formation of larger crystallites. The Fe crystallite diameter
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evolutions are plotted in Figures 1d—4d and 1h—4h for the
different catalysts under study.

Additionally, the presence of Na—S promotion favors the
formation of larger Fe carbide crystallites for the H,, 240, and
340 catalysts, while for the 440 catalyst, the situation is mixed.
The Na—S H,, 240, and 340 catalyst materials show Fe carbide
crystallite growth within the first ~10 h ToS in comparison to
their UP catalyst counterparts (Figures 1d—3d and 1h—3h).
This could be associated with Fe particle growth, which has been
observed to take place within the first hours of the FT'S reaction
when Na—S promotion is added to the catalyst.”” However, Fe
crystallite growth does not necessitate Fe particle growth, as the
measurables are different.''® Thus, definitive conclusions
whether Fe particle growth takes place cannot be made solely
on the basis of the in situ XRPD derived R-QPA crystallite
diameter results. Whatever the fundamental origins are, the Na—
S promotion causes increased Fe carbide crystallite mean
diameters, and the increase takes place within the first ~10 h
ToS of the FTS reaction.

The peculiar effect of Na—S promotion decreasing the 9-Fe;C
phase’s stability is also observed in the changes of the 6-Fe;C
phase’s crystallite diameters between the UP and Na—S 440
catalyst materials (Figure 4d,h). The added Na—S promotion
induces a slow decrease to the 8-Fe;C crystallite mean diameters
over the reaction ToS, while both the y-Fe;C, content (Figure
4g) and its crystallite mean diameter increase simultaneously
(Figure 4h).
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Furthermore, the large crystallite mean diameters with large Summarizing the above-described results, the Na—S§

STDs for the &-Fe,;C and #-Fe,C phases at ~0 h ToS are due to promotion has the following effects
correlations between the &-Fe;C, 5-Fe,C, and a-Al,O; lattice (i) to stabilize the #7-Fe,C phase if &-Fe;C and/or n-Fe,C
phases are present in the initial catalyst at the start of the

parameters. During the temperature ramp <0 h ToS, the &-Fe;C

and 7-Fe,C crystal structures tend to fit to the sharp a-Al,O, FTS reaction (Na—S H, versus Na—S 240);

diffraction peak (1 1 3) at ~19.58° 20, giving rise to very large (ii) to decrease the Fe;O, content (UP 240 versus Na—S$

crystallite mean diameters with large STDs. After the steady FT'S 240);

reaction temperature is reached and/or the &-Fe;C phase is (iii) to destabilize O-Fe;C phase during the FTS reaction (UP

consumed 23 h ToS, no correlation exists anymore with the - 440 versus Na—S 440); and

Fe,C and a-Al,O; phases, and #-Fe,C crystallite mean diameters (iv) the Fe carbide crystallite mean diameters grow larger

become consistent again (Figure 2d,h). within the first 10 h ToS (excluding the 6-Fe;C in Na—S$
https://dx.doi.org/10.1021/acscatal.0c01851
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S H, catalysts during the 72 h FTS reaction.

440 catalyst material) in comparison to the respective UP
catalysts.

In Situ Raman Spectroscopy. Raman Spectroscopy of
Carbon Deposits during Fischer—Tropsch Synthesis. Simulta-
neously to the in situ XRPD data collection, in situ Raman
spectroscopy measurements were performed over the duration
of the 72 h FTS reactions. With FTS reaction temperatures
above ~300 °C, the Boudouard reaction degosits carbon from
CO on the FTS reaction catalyst materials.”**~>° In the spectra,
bands with Raman shifts of ~1350 cm™' (D-band) and ~1600
ecm™ (G-band) can be found, which originate from carbon
species.”” %" These bands can be used to follow the carbon
deposition process over the course of the FTS reaction. The in
situ collected, background corrected, and normalized Raman
spectra of the studied catalyst materials are given as 3D plots and
heatmaps in Figures S and 6. The in situ Raman spectra are
shown over the Raman shift range of 800—2000 cm ™' showing
the evolution of the D- and G-bands during the 72 h ToS in the
FTS reaction.

The deviations in the in situ collected Raman spectra for the
Na—S H, catalyst material (Figure Sb,f), in comparison to other
Raman measurements (e.g., UP 240, Figure Sc,g), originate from
a very high fluorescence or thermal radiance background during
the FTS reaction run. This complicated the background
correction for the in situ Raman spectra collected for the Na—
S H, catalyst, creating artifacts to the spectra with a period of
~198 + 6 cm ™.

The in situ collected Raman spectroscopy data are not
quantitative without a proper use of an internal standard.
Inherently, the intensity of the Raman spectra is dependent on
the focus of the incident excitation laser on the catalyst as well as
on the color (i.e., the relative fraction of absorbed and scattered
light) of the catalyst material, thereby causing variations in the
absolute amount of scattered photons collected by the detector.
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Thus, the quantity of the deposited carbon is not directly
comparable based on the Raman measurements between the
different FT'S reaction runs in this study. In addition, any carbon
species present in the Carb. catalyst materials at the beginning of
the FT'S reaction runs decreased the collected Raman D- and G-
band intensities. During the catalyst preparation, the Na—S 340
Carb. as well as the UP and Na—S 440 Carb. catalysts deposit
carbon during the CO carburization step.’” This can be deduced
from the in overall decreased non-normalized Raman band
intensities (data not shown for brevity) and thus as decreased
signal-to-noise ratios in the normalized Raman spectra, as seen
in Figure 6b—d,f—h. On the counts per second (CPS) scale with
the background corrected data, the highest G-band intensity was
collected for the Na—S 240 (~0.055 CPS) and the lowest for the
Na—S 440 (~0.023 CPS) catalyst material.

Notwithstanding the above considerations, a qualitative
discussion on the collected in situ Raman spectra is possible
by normalizing the observed Raman intensities to the maximum
of, for example, the G-band within each respective FTS reaction
run. By following the relative band intensity ratio I(D)/I(G) and
the spectral positions for the D- and G-bands, information on
the type and ToS dependent evolution of the carbon species can
be followed over the course of the FTS reaction.®®

The observable Raman shifts with the visible wavelength (i.e.,
532 nm) laser excitation originate from differences in the
polarizability of the z-bonding in the carbon-containing
compounds. Long-range polarizable C sp” z-bonds give rise to
the Raman D- and G-bands, while C sp* 6-bonds polarize poorly,
being weakly or non-Raman active with a visible light
wavelength excitation laser.”” The G-band is assigned to cyclic
and/or chain structures with C sp?, while the D-band originates
from the presence of disorder/defects in the cyclic C sp*
arrangements.62’64_66 The differences in the C sp” and C sp*
bond polarization and thus in the observed Raman signal
intensity are also another reason why quantification of the
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deposited carbon species during the FTS reaction is hard to
determine with in situ Raman spectroscopy.

Nevertheless, both the D- and G-bands are present in all the
recorded in situ Raman spectra, as shown in Figures 5 and 6.
This points toward formation of C sp*-containing carbon species
with disordered structures,®® within the different FTS reaction
runs, and requires further analysis and discussion.

Changes in the D- and G-Band Intensities and Their
Positions. Figures 7—10 summarize the evolution of the
intensities of the D- and G-bands, as determined from the
collected in situ Raman spectra versus the FTS reaction ToS.
The corresponding, measured I(D)/I(G) band intensity ratios
are also included in these figures.

First, an interesting yet expected difference can be observed
between the UP and Na—S H, catalysts on how their D- and G-
band intensities develop as a function of the FTS reaction ToS.
With the UP H, catalyst, the initial D- and G-bands only appear
after an onset period of ~5—7 h ToS, while with the Na—S H,
catalyst, the G-band appears at ~0 h ToS (Figure 7c,d). This
behavior matches with the in situ XRPD results. As the carbon-
depositing Boudouard reaction requires CO dissociation (i.e.,
CO disproportionation to C and CO,),”*” the Fe;O, phase
needs to be converted first into (near-)zerovalent Fe carbides
capable of dissociating CO."”*"'*° Without Na—S$ promotion,
the conversion of the Fe;O, phase into the y-Fe,C, phase is
slower under H,/CO conditions (Figure 1c,g), resulting in the
onset period for the appearance of the D- and G-bands for the
UP H, catalyst (Figure 7c). This effect also explains literature
observations of the lower initial deposition of carbon with
unpromoted Fe-based catalysts with respect to Na—S promoted
catalysts.”” However, it is worth to keep in mind the earlier
mentioned background-induced spectral deviations in the
Raman spectra of the Na—S H, catalyst, which may skew the
results. This especially true for the early FTS reaction ToS.
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For the UP and Na—S 240, 340, and 440 catalysts, no
significant differences in the G- and D-band appearance onset
times are observed (Figures 8c—10c and 8d—10d). The majority
of these phases within the catalysts are Fe carbides at the start of
the FTS reactions, carbides that are capable of CO dissociation
(Figures 2c—4c and 2g—4g).

With respect to the different Fe crystalline phases: the C
atoms ejected during the transition of C-rich “¢-carbides” (i.e., -
Fe,C),” to the lesser C-containing Fe carbides (y, 8) have been
proposed to act as nucleation sites for carbon formation.**™** As
has been experimentally shown in reference [39] for the Fe
carbides observable in the FTS reaction, the #-Fe,C phase is C-
rich, while the e-Fe;C phase contains the least number of C
atoms in the carbides’ crystal lattices. Thus, the transition of the
n-Fe,C phase into y-Fe;C, or §-Fe;C phases should correlate to
changes in the Raman spectra. However, no direct correlation
exists between any of the Fe carbide phases or carbide-to-carbide
transitions observed in the in situ XRPD (Figures lc—4c and
1g—4g) and the simultaneous in situ Raman D- and G-band
intensity evolutions (Figures 7c—10c and 7d—10d).

The changes in the D- and G-band intensities derived from
the collected in situ Raman spectra have two regions of band
intensity growth for the UP and Na—S H, and 240 catalysts
(Figures 7c,d and 8c,d). These can be divided into two
categories: (i) within ~10—15 h ToS from the initial appearance
of the D- and G-bands, the intensity growth is fast, and (ii) after
>20 h ToS, the D- and G-band intensities settle to near steady
values or to a lower rate of intensity growth. With the Na—S H,
catalysts, the initial D- and G-band intensity growth is observed
to be lesser , which is, possibly, due to data analysis problems
instigated by the high background. However, with Na—S§
promotion, the D- and G-band intensities continue growing
after the initial fast growth period (515 h ToS), unlike with the
UP H, and 240 catalysts. The normalized, median G-band
intensity increases with a rate of ~4.7 + 0.3 X 107> h™' for the

https://dx.doi.org/10.1021/acscatal.0c01851
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Na—S H, and 240 and ~1.9 + 0.7 X 10~ h™! for the UP H, and
240 catalysts over the ~21—70 h ToS period (Figure 7c,d and
8c,d). In other words, the G-band intensities grow ~2.5 + 0.9
faster for the Na—S than for the respective UP H, and 240

catalysts.
This can be expected as the Na—S catalysts can have

significantly higher CO conversions than the UP catalysts under
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the FTS reaction conditions applied in this work.'** This most
probably leads to a higher rate of the Boudouard reaction.”® The
added alkali Na(—S) promotion also intrinsically increases the
carbon deposition rate for the Fe-based catalysts.”*
Nevertheless, the initial fast period (515 h ToS) of intensity
growths of the D- and G-bands take place for both the UP and
Na—S 240 catalysts regardless of the Na—S promotion. This

https://dx.doi.org/10.1021/acscatal.0c01851
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suggests that non-Na—S promotion related phenomena are
operative, perhaps such as the reactor bed heating by the
exothermic FTS reaction.'”" A 10 °C increase in the reactor bed
temperature in the FTS reaction can already increase the carbon
deposition by ~50%.”

Furthermore, similarly to the results in Figures 7¢,d and 8¢,8d,
two-phase carbon deposition periods have been observed by
Sancier, Isakson, and Wise."*> The initial fast rate growth
deposition period was proposed to be due to the initial Fe
carburization, which however is not supported by our results.
For example, the UP H, (as a—Fe/FexOy) and Na—S 240 (as
~89% Fe carbides at ~0 h ToS) catalysts (Figures 1c and 2g)
behave in a similar manner with respect to their D- and G-band
intensities (Figures 7c and 8d), regardless of their initial level of
Fe carburization. For the UP and Na—S 340 and 440 catalysts,
with initial carbon deposits present from the CO carburizations
applied in the catalyst preparation,” the initial fast step (15 h
ToS) of rapid D- and G-band intensity growth is absent (Figures
9¢,d and 10c,d). The UP 340 catalyst, with the least amount of
initially deposited carbon within the group of UP and Na—S 340
and 440 catalysts, shows a slight yet subdued initial fast increase
in Raman signal intensity. Thus, either the initial carbon deposits
(i) dilute the catalyst bed with FTS inert carbon, allowing a more
isothermal bed operation, (ii) cover and deactivate the
supported Fe particles, i.e., decrease the CO conversion, and/
or (iii) hide the Fe surface, where the Boudouard reaction takes
place, from the Raman probe decreasing the observed Raman
signal. That is, the Raman inactive carbon species formed during
CO carburization should be different from the Raman active
carbon species formed during the FTS reaction. The type of
carbon species formed during the in situ reaction runs will be
discussed more later on in the text.

All of the above listed phenomena would effectively decrease
the observable Raman signal from the carbon deposition during
the FTS reaction. However, which explanation is the most
correct cannot be deduced from our results.

For all of the FTS reaction runs, the I(D)/I(G) band intensity
ratios are within the range of ~1.0—0.7 (Figures 7e—10e). As
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exceptions, the Na—S 340 and 440 catalyst materials show
initially higher >1.0 I(D)/I(G) ratios (Figures 9e and 10e), due
to poor data quality (Figure 6fh). At a different measurement
spot, the quasi-in-situ measured Raman spectrum and the I(D)/
I(G) ratio of the Na—S 340 catalyst were comparable to the
other FTS reaction runs (Figure S4). Due to a hysteresis
phenomenon, when carbon species evolve from tetrahedral C
sp® toward C sp® carbon species with more order, the
interpretation of the I(D)/I(G) band intensity ratios is not
straightforward.”> Nevertheless, the measured Raman spectra
with an I(D)/I(G) < 1.0 can be assigned to carbon species with
little crystal order and/or disordered structures.”® These
structures/crystallites/clusters forming the individual carbon
species particles have diameters < 7 nm.°® The decrease in the
I(D) intensity (i.e., I(D)/I(G) < 1.0) and the increase in the D-
band width, as will be discussed below, are both signs of the
presence of cyclic C sp” carbon species that have cyclic carbon
different from cyclic sixfold carbon structures. Increasing the
I(D)/I(G) 2 1.0 ratio in turn signifies the increasing presence of
clustered sixfold cyclic C sp? (i.e., aromatic) carbon structures,”
in disordered carbon species.”>*®

Deconvolution of the Raman Spectra. In a next step of our
data analysis and following the approach by Sadezky et al,,""” the
Raman spectra can deconvoluted into a set of peaks, such as D,
centered at ~1320 cm™, D, at ~1620 cm™, D5 at ~1500 cm ™,
and D, at ~1220 cm ™. The G-band at ~1590 cm ™" is thought to
correspond to the ring vibration of the defect-free graphitic
lattice (Ezg symmetry). The D, position is believed to arise from
disordered graphite lattice with A,; symmetry (e.g, in graphene
layer edges). The D, position in turn is assignable, e.g., to
graphite disorder with E,, symmetry in the graphene surface
layers. The D; position is often associated with presence of
amorphous carbon. Finally, the D, position signals the presence
of a disordered graphitic lattice with A;; symmetry (e.g,
polyenes or ionic impurities).''” Some additional Raman
spectra assignments for carbon species features are given in
Supporting Information Table S1.
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Figure 13. Peak fitting of the in situ collected Raman spectra of the 340 catalysts during a 72 h Fischer—Tropsch synthesis (FTS). The measured
Raman spectra at —3, 5, and 70 h time-on-stream (ToS) with fitted G, D,, D3, and D, peaks for (a) UP 340 and (b) Na—S 340 (Fe(—Na—S)/a-AL0;)
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By fitting the separate D,_,- (and G-) band positions in the in
situ Raman spectra with individual peaks, additional information
should in principle be obtained. Our group has applied this
approach earlier in operando experiments to study the formation
of carbon species.””*' For each of the in situ Raman spectra,
multiple peaks were fitted: one peak for G-band at ~1590 cm™
and three peaks to correspond to the D; (~1320 cm™), D;
(~1500 cm™) and D, (~1220 cm™) positions. It was not
possible to fit a peak for the D, (~1620 cm™) position. Lack of
the sub-band peak for the D, position can be taken as indication
of the presence of a poorly ordered graphite structure.®

Moreover, the fitted peak relative area or width errors for the
D; and D, peaks were only occasionally below the set filtering
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condition of 40%. Therefore, no usable quantitative data could
be collected for the D; or D, peaks. Therefore, in the following,
the discussion is focused on the information collected from the
fitted D ;- and G-bands, akin to what has been done earlier by our
group.””*! In principle, the D;- and G-bands provide sufficient
information to identify the carbon species.'"”

The general trends for the shifts in the D,- and G-band peak
positions show similarities between the different FT'S reaction
runs, as illustrated in Figures 11—14. More specifically, it can be
observed that (i) G-band positions start (~0 h ToS) at >1600
cm™ and shift <1600 cm™, (ii) D;-band positions start at
21350 cm™' while shifting toward ~1330 cm™' by the time
when ~70 h ToS in the FTS reaction is reached. The Na—S§

https://dx.doi.org/10.1021/acscatal.0c01851
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promotion tends to (iii) increase the initial (~0 h ToS) G-band
positions toward 1600 cm™.

The initial, high (>1600 cm™") G-band Raman shifts are due
to olefinic, chain-like carbon species with C sp®> and
(tetrahedral) C sp® amorphous carbon structures.®”'** The
high (2 1350 cm™") initial position for the D,-band originates
from the presence of amorphous carbon.®* For both the D,- and
G-bands, the shifts toward lower wavenumbers during FTS (i.e.,
D,-band = ~1330 cm™" and G-band — ~1600 cm™") signify a
transition toward an increasing C sp> content in relation to C
sp>. Also, more cyclic, rather than chain-like, carbon species
form.%®

The general trends in the D;- and G-band peak widths
(fwhm) evolution also suggest increasing carbon species
ordering processes during FTS (Figures 11c—14c). Decreasing
D,- and G-band peak widths have been associated with
increasing graphitization and ordering of the carbon species.””*"

The G-band widths decrease from an initial >100 cm™ at
~0—10 h ToS toward 70—80 cm™" at ~70 h ToS for all of the
studied catalysts (Figures 1lc—14c). This G-band width
decrease can therefore be associated with a carbon species
ordering processes during FTS.

For the D;-band width evolution, the situation is mixed. For
the UP and Na—S H, and 240 catalysts, the D;-band widths
decrease (from 2200 cm™ to ~160—180 cm™") (Figures 11c
and 12c), while for the UP and Na—S 340 and 440 catalysts, the
D,-band width increases (from ~100 to ~140—160 cm™)
during FTS (Figures 13c and 14c). The decrease of the D;-band
width is associated with the carbon species ordering process.””*"
The UP and Na—S 340 and 440 catalysts have initial carbon
deposits from the CO carburization process. Also for these
catalysts, the initial I(D)/I(G) ratios are higher, which is a sign
of the increased initial presence of cyclic sixfold ordered carbon
rings with C sp” Thus, the D;-band width increase for the UP
and Na—S 340 and 440 catalysts can be explained by the
formation of cyclic C sp? non-sixfold cyclic carbon structures
during FTS.® This is in line with the previous discussion on the

1
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I(D)/I(G) ratios for the UP and Na—S 340 and 440 catalyst
materials.

Summarizing, it was found that the carbon species evolve from
tetrahedral C sp® with C sp® in chain-like structured amorphous
carbon species toward carbon materials with varying cyclic but
non-sixfold order with features <7 nm in diameter. The trend of
increasing ordering of the carbon species is in line with previous
studies for carbon deposits formation during FTS.”'

Comparison of the Raman Spectra to Those of Carbon
Reference Materials. Further identification of the carbon
species formed during FTS can be done by comparing the in
situ collected Raman spectra at ~70 h ToS to (ex situ) measured
carbon reference materials of graphite, carbon nanotubes
(CNT), carbon nanofibers (CNF) and activated carbon (AC).

Saturated and unsaturated long-chained hydrocarbons, i.e.,
waxes, can also give observable Raman spectra'>® and can be
produced in the FTS reaction. However, the collected Raman
spectra do not show any particular resemblance to Raman
spectra from wax samples (Figure S5)."** Furthermore, an Fe-
based FT'S reaction at ~340 °C produces only a low amount of
>C, hydrocarbons,'** while hydrocarbons with <C,, boil at
~340 °C."** Thus, it is unlikely that any condensed hydrocarbon
wax species contribute in any significant manner to the collected
Raman spectra.

As an example, in Figure 15, ex situ collected Raman spectra
for some carbon reference materials are compared to the in situ
collected Raman spectrum for the UP 340 catalyst at ~70 h ToS.
The other measured catalysts gave comparable Raman spectra to
the UP 340 catalyst at ~70 h ToS (Figures 1la—14a and
11b—14b). The in situ measured median values, at ~70 h ToS,
for the D;- and G-band peak positions, related peak widths as
fwhms, and I(D)/I(G) ratios are given in Table 2 with the
corresponding values for the carbon reference materials. By
comparing the in situ collected Raman spectrum for the UP 340
catalyst, the most comparable carbon reference spectrum is the
one of CNF (Figure 15). Both the D,-band position and I(D)/
I(G) ratio are very similar to the reference CNF material.
However, the G-band position is at a higher wavenumber
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Figure 15. Comparison of in situ collected Raman spectrum of UP 340
(Fe/a-AL,O;) catalyst material at ~70 h time-on-stream (ToS) of
Fischer—Tropsch synthesis (FTS) with ex situ measured carbon
reference materials. Comparison of the Raman spectrum obtained on
the catalyst material to (a) graphite, (b) a carbon nanotube (CNT), (c)
carbon nanofiber (CNF), and (d) activated carbon (AC) carbon
reference materials.

(~1598 versus ~1571 cm™), and the D;-band width is also
wider in the measured spectrum for the catalyst than for the
reference CNF material. The G-band position is more akin to
the G-band position with that of the AC reference carbon
material (Figure 15).

The higher width of the measured D,-band can be explained
by a wider variety of carbon ring sizes, while the G-band shift
toward a higher wavenumber would suggest the increased
presence of C sp® in chain-like carbon species or clustering,’’
than is present in the reference CNF material. For the catalyst
materials, Na—S 340 and Na—S 440 show in addition an increase
in their D-band intensities in comparison to the rest of the
catalysts at ~70 h ToS (Figures 13c and 14c). The D;-band
intensity increase, i.e., the increase in the I(D)/I(G) ratio, is due

to the increased presence of clustered cyclic sixfold C sp” carbon
species.65

In summary on the discussion on type of carbon species
formed and their evolution, it can be stated that the carbon
species formed during the FT'S reaction resemble most closely to
those of the CNF reference material. With added Na—S§
promotion in comparison to the respective UP catalysts: (i) for
H, and 240 catalysts, the carbon species evolution starts with
more C sp” in chain-like species; (ii) more of the clustered 6-fold
cyclic carbon species for the 340 and 440 catalysts are present;
and (iii) the Fe;0, phases are reduced more efficiently by CO,
removing the onset time for the appearance of the carbon
species between the Na—S H, and UP H, catalysts. It is
noteworthy to mention that CNF contains “graphite-like” planes
in their fiber structure.’”** Thus, assigning a Fe-based FTS
reaction catalyst’s deactivation to be due to “graphitic” carbon
overlayers over the active Fe carbides should be done with care
and with clear distinction to the possible presence of CNF
materials. CNF materials grow away from the catalyst sur-
face,>>'? which is a significantly different phenomena than a
carbon overlayer formation over the Fe surface.'*®

Finally, the carbon species formed under CO carburization
and under H,/CO during the FTS reaction are different. No
significant or only weak Raman D- and G-bands were observed
for the initial carbon-containing UP and Na—S 340 and 440
catalysts at the beginning of the FTS reactions.”” Rather, the D;-
and G-bands appear and grow during FTS (Figures 9¢,d and
10c,d). As based on the observations in literature, under pure
CO, encapsulating carbon species form, while in the presence of
H,/CO, growth of filamentous carbon takes
place.35’37’55’ 6126127 This is in agreement with the results, i.e.,
the initial carbon deposits due to the CO carburization are
formed mostly with C sp® structures, which are Raman inactive
with the used (532 nm) visible wavelength excitation laser.®®
The formation of CNF-like carbon species with Raman active C
sp” structures takes place under the applied FTS conditions in
the presence of H,/CO,” explaining the rise of the in situ
collected Raman spectra for the studied catalyst materials
(Figures S and 6).

B CONCLUSIONS

Different Fe carbides were prepared on supported Fe(—Na—S)/
a-Al,Oj; catalyst materials via CO carburization. These catalysts

Table 2. In Situ Raman Spectroscopy Derived Median D,- and G-Band Values at ~70 h Time-on-Stream (ToS) of the Fischer—
Tropsch Synthesis (FTS) Reaction Runs for the Studied UP and Na—S (Fe(—Na—S)/a-ALO;) Catalyst Materials

D,;-band G-band
catalyst position (cm™) fwhm (cm™) position (cm™) fwhm (cm™) I(D)/I(G) (-)
H, up 1332 + 1 162+ 5 1599 £ 0 69 +3 0.76 + 0.05
Na-S 1346 + 2 172+ 7 1600 + 0 67 +1 0.66 + 0.06
240 19)% 1334+ 0 183 +9 1597 + 0 71+2 0.73 + 0.0
Na-S 1334+ 0 176 £ 9 1598 + 0 71+2 0.72 + 0.04
340 up 1331 +0 157+ S 1598 + 0 68 +2 0.77 £ 0.0S
Na-S 1346 + 0 137+ 9 1597 + 0 79+ 6 0.89 + 0.11
440 up 1332 +0 1S5+ 8 1599 + 0 73+ S 0.82 + 0.07
Na—-S 1342+ 0 140 + 17 1599 + 0 71+ 4 0.85 + 0.10
reference materials graphite 1334 113 1565 39 0.37
CNF 1338 111 1571 89 0.86
AC 1328 143 1584 97 1.31
CNT 1333 86 1576 91 1.36

“fwhm = full width at half maximum (of fitted peak), CNF = carbon nanofiber, AC = activated carbon, CNT = carbon nanotubes.
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were studied under in situ conditions with a combined XRPD/
Raman spectroscopy setup.

Out of the prepared Fe carbides, namely, £-Fe,C P6,22 (182),
1-Fe,C Pnnm (S8), y-FesC, C2/c (15) (the Higg carbide), and
0-Fe,C Pnma (62) (cementite), the y-Fe;C, phase was the most
stable under the applied FTS reaction temperature of 340 °C.
Furthermore, the Na—S promotion altered the Fe oxides and
carbide phases’ properties in the following manner

(i) stabilizing the n-Fe,C phase, but only if either &-Fe;C and/

or 7-Fe,C phase was present in the initial catalyst;

(ii) destabilizing the 0-Fe,C phase and aiding in its transition
to y-Fe;Cy;

(iii) increasing the reducibility of Fe;O, phase by (H,:)CO;

(iv) inducing Fe crystallite growth for the Fe carbides within
the <15 h ToS, with the exception of the §-Fe3C phase,
for which the crystallite diameters decreased.

In situ Raman observed carbon deposition did not correlate
with the presence of any specific Fe carbide phase or carbide-to-
carbide transitions. However, with H, reduced catalysts, the
initial carbon deposition did not start before the Fe;O, phase, a
phase incapable of CO dissociation, and was reduced to Fe
carbides. For catalysts with insignificant amounts of initial
carbon deposits, i.e., H, reduced or <300 °C CO carburized
catalysts, the intensities of the Raman D- and G-bands grew
during the FTS reaction. Two growth periods can be discerned:
(i) an initial fast ($10—15 h ToS) and (ii) a steady or lesser
(215 h ToS) intensity growth. The initial fast growth period
occurs regardless of possible Na—S promotion. However, after
the steady growth period was reached, Na—S promotion
induced a higher rate of growth of the Raman D- and G-band
intensities (for the G-band = 2.5 + 0.9 faster) in comparison to
unpromoted catalysts. For catalysts with carbon deposits from
CO carburization >340 °C, the initial fast growth period was
absent. Possibly, an initial nonisothermal bed operation could
explain the initial fast D- and G-band intensity gain within $10—
15 h ToS.

Furthermore, the carbon species formed during CO
carburization were weakly/non-Raman active with the used
532 nm excitation laser and therefore mainly consisted of
structures with C sp3. During FTS, under H,/CO, more ordered
CNF-like phases with C sp® are formed, resulting in an increased
Raman signal intensity. Furthermore, over the course of the FTS
reaction, the carbon species evolved from amorphous carbon
species, with structures containing both tetrahedral C sp* and C
sp” in chain-like ordering, toward more ordered carbon materials
with their structures containing C sp® in varying non-sixfold
cyclic order. In comparison to the measured carbon reference
materials, the Raman spectra of the catalysts collected at ~70 h
ToS compared best to a CNF reference material.

Na—S promotion affected the type of carbon species formed
during FTS, namely by (i) increasing the initial C sp* content in
chain-like carbon structures and (ii) increasing 6-fold cyclic
carbon species in catalyst materials with the initial CO
carburization >340 °C.
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