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Formation, dynamics, and long-term stability of Mn- and
Fe-promoted Rh/SiO2 catalysts in CO hydrogenation

Long-term catalytic investigations revealed specific
promoter effects: Fe serves as an electronic modifier on
Rh/SiO2 through in situ RhFe nanoalloy formation, whereas
Mn is more likely a structural modifier preventing particle
agglomeration and does not substantially change Rh’s
intrinsic product spectrum.
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Introduction

Formation, dynamics, and long-term stability of
Mn- and Fe-promoted Rh/SiO, catalysts in CO
hydrogenationt

Phil Preikschas, @ *? Julia Bauer,? Kristian Knemeyer, ©2
Raoul Naumann d'Alnoncourt, @ *2 Ralph Kraehnert® and Frank Rosowski®°

The conversion of syngas (CO/H,) to ethanol (StE) is one promising example to generate a high-value fuel
and key intermediate for various base chemicals, preferably from non-fossil carbon resources. Rh-Based
catalysts demonstrated the highest selectivities towards C,, oxygenates and ethanol, in particular.
However, the accomplished yields still must be increased, and the catalyst's stability must be improved for
industrial application. One primary strategy to improve C,, oxygenate yields over Rh is the addition of one
or several promoters. Specifically, Mn and Fe are among the most frequently used metals to improve
rhodium’s catalytic performance in binary and ternary systems. To date, experimental studies primarily
focused on increasing the C,, oxygenate yields, but long-term catalytic investigations are only rarely
reported. Consequently, Mn and Fe's specific role as promoter and their influence on the long-term and
thermal stability of supported Rh catalysts are not clarified as yet. A holistic view of atomistic promoter
effects and their impact on the stability and dynamics of Rh-based catalysts under reaction conditions is
thereby highly desired. Herein, we report a comprehensive study about the stability and dynamics of Mn-
and Fe-promoted Rh/SiO, catalysts at industrially relevant high-pressure conditions (54 bar). For this
purpose, unpromoted Rh/SiO,, single-promoted RhMn/SiO, and RhFe/SiO,, and complex multi-promoted
RhMnFe/SiO, catalysts were systematically investigated in four different states: calcined, reduced, after a
long-term catalytic study (>22 days on stream), and after a high temperature stability investigation (T =
243-320 ©°C). The thorough analysis of each catalyst in the different states with integral and local
characterization methods led to specific structural models before and after long-term catalytic
investigations. These structural models provide a detailed view on compositions, electronic properties, and
morphologies of promoted Rh/SiO, catalysts and serve as a basis for improved catalyst design strategies
and more sophisticated computational modeling efforts.

is inefficient, energy-intensive, and directly competes with
food sources raising ethical issues.> For this reason, the direct

Depletion of fossil resources and the increasing demand of a
growing world population lead to new challenges to provide
industry and society with chemicals. In this manner, syngas
(CO/H,) as an alternative feedstock for the production of base
chemicals becomes increasingly interesting in view of growing
climate and carbon management concerns." The production
of synthetic ethanol is one promising example of this
transition. To date, ethanol is mainly produced by
fermentation of sugars from corn or sugarcane. This process
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conversion of syngas to ethanol (StE) is a promising
alternative route from non-fossil carbon resources.

Over the last decades, various catalyst systems have been
tested for the direct conversion of StE, and Rh-based catalysts
offer the most promising results."™ However, the accomplished
yields still must be increased, and the catalyst's stability must
be improved before industrial applications become viable.
Despite these heavy research efforts, the entire complexity of
this reaction at process-relevant conditions has not been
unraveled so far.> Until now, experimental studies primarily
focused on increasing the C,. oxygenate yields, but long-term
investigations (>100 h on stream) are still limited.>®
Subsequently, the stability of Rh-based catalysts and the
influence of promoters on Rh's deactivation behavior are only
rarely studied. Furthermore, specific promoter effects and
related structure—function relationships cover mainly the initial

This journal is © The Royal Society of Chemistry 2021
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reactivity of Rh-based catalysts.” However, studies on supported
metal catalysts have shown that a catalyst can undergo a
change in activity and selectivity over time on stream during an
initial formation phase.””

One primary strategy to improve C,. oxygenate yields over
Rh is the addition of one or several promoters. In this
manner, a wide range of metallic and oxidic promoters,
including transition metals and rare-earth elements, have
been tested. Mn and Fe are among the most frequently used
metals to improve Rh's catalytic performance in binary and
ternary systems.”

Even so the reaction network and active Rh sites are still
elusive, ethanol is likely formed on Rh through hydrogen-
assisted dissociation of adsorbed CO, formation of CH, (x = 1-
3) surface fragments, insertion of CHO/CO into Rh-CH, bonds,
and subsequent hydrogenation.>'*'" As Mn addition has
shown high potential to increase C,, oxygenate yields and
ethanol, in particular, its role in the StE reaction has been
described as promoting CO dissociation and CO insertion.”
However, the influence of Mn on Rh's morphological and
electronic properties is rarely discussed. Experimental evidence
of specific promoter effects has been contributed by Mao et al.
that tilted adsorbed CO species at Rh-MnO, interfacial sites
cause increased CO dissociation rates that lead to enhanced
activity and selectivity.'> Other studies contradict this
hypothesis and doubt the relevance of tilted adsorbed CO
species for reactivity.'®> Whereas others proposed that MnO,
stabilizes Rh" sites at their interface and ultimately promotes
CO insertion.’**® On the contrary, Yu and co-workers proposed
that Rh" sites are not stable under reaction conditions and
thereby not relevant for the StE reaction."’

Similarly, the role of Fe as promoter for Rh-based catalysts
is still under debate and controversially discussed. On the
one hand, increased ethanol selectivities and suppressed
methane formation were observed and ascribed to the
formation of RhFe nanoalloy structures under reaction
conditions.?*™* In contrast, the stabilization of Rh" sites has
been proposed through FeO, species in their vicinity.>*>°
Similar to RhMnO,, these sites enhance molecular CO
adsorption and finally CO insertion. Besides the promotional
effect of Fe in enhancing ethanol formation, Mo and co-
workers ascribed higher selectivities towards methane and
methanol to the addition of Fe. Subsequently, only a small
improvement in EtOH selectivity was observed.>’

Despite these conversely discussed promoter effects, it is
widely accepted that a close proximity of the promoter and
Rh is needed, the so-called strong metal-promoter
interactions.”®*?° However, a lack of long-term catalytic
investigations and thorough characterization of spent
samples after catalytic reaction have limited atomistic
insights into the Rh-promoter interface. Likewise, the
specific role of each promoter and their influence on Rh's
catalytic properties over longer periods of time are not
clarified yet. For these reasons, a holistic view of promoter
effects on an atomic level and their impact on Rh-based
catalysts under reaction conditions is highly desired.

This journal is © The Royal Society of Chemistry 2021
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Herein, we report a comprehensive study about the
stability and dynamics of Mn- and Fe-promoted Rh-based
catalysts under industrially relevant high-pressure conditions
(54 bar, 243-320 °C). Long-term catalytic investigations (>22
days on stream time) combined with an extended catalyst
characterization provided simplified structural models of
each catalyst before and after catalysis. We foresee that these
structural models will serve as a basis for improved catalyst
design strategies and more sophisticated computational
modeling efforts.

Experimental section
Catalyst synthesis

The four different catalysts were synthesized according to a
previously reported procedure.®>® Aqueous solutions of the
respective metal nitrates were impregnated on the silica
support (Davisil Grade 636, Sigma-Aldrich) by incipient
wetness impregnation method. Drying and calcination were
performed in four steps under a constant flow of synthetic
air (500 mL min~") with a ramp of 5 K min™" at 80, 100, 120,
and 350 °C for 30, 30, 180, and 180 min, respectively. After
calcination, the pre-catalysts were sieved to receive the target
particle size for catalytic testing of 250-315 pm. Metal
loadings from ICP-OES (wt%): 2.2 Rh (Rh/SiO,); 2.4 Rh, 1.6
Mn (RhMn/SiO,); 2.3 Rh, 0.5 Fe (RhFe/SiO,); 2.3 Rh, 1.5 Mn,
0.5 Fe (RhMnFe/SiO,). Atomic percent of metals (at%): 1.0 Rh
(Rh/SiO,); 1.0 Rh, 1.3 Mn (RhMn/SiO,); 1.0 Rh, 0.4 Fe (RhFe/
Si0,); 1.0 Rh, 1.2 Mn, 0.4 Fe (RhMnFe/SiO,).

Catalyst characterization

All samples have been transferred under ambient conditions
after calcination, reduction, long-term catalytic investigation,
and high temperature study for sample characterization.

Powder X-ray diffraction (XRD)
performed in Bragg-Brentano geometry on a D8 Advance II
theta/theta diffractometer (Bruker AXS), using Ni-filtered Cu
Ka,,, radiation and a position sensitive energy dispersive
LynxEye silicon strip detector. The sample powder was filled
into the recess of a cup-shaped sample holder, the surface of
the powder bed being flush with the sample holder edge
(front loading).

Scanning transmission electron microscopy (STEM),
energy-dispersive X-ray spectroscopy (EDX) were conducted
on a FEI Talos F200X microscope. The microscope was
operated at an acceleration voltage of 200 kV. STEM-EDX
elemental maps were recorded by a Super-X system including
four silicon drift detectors. Background-corrected and fitted
intensities were used for image visualization. All samples
were prepared on holey carbon-coated copper grids (Plano
GmbH, 400 mesh). Particle size distributions were
determined by measuring at least 250 particles by using
Image] software.**

X-ray photoelectron spectroscopy (XPS) was measured on
K-Alpha™ + X-ray Photoelectron Spectrometer System
(Thermo Scientific), with Hemispheric 180° dual-focus

measurements were
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analyzer with 128-channel detector. This system uses a
micro-focused, monochromatic Al Ko X-ray source powered
at 6 mA and 12 kV. Charge compensation was performed
using a dual-beam flood source of low-energy Ar" ions and
low energy electrons (less than 1 eV). For the measurement,
the as-prepared samples were directly loaded on the sample
holder. The data was collected with X-ray spot size of 200
pum, 20 scans for survey, and 50 scans for regions. The pass
energy was set at 200 eV for survey and 50 eV for high-
resolution spectra. All survey spectra (1400-0 eV, 1.0 eV step
size) and high-resolution spectra (0.1 eV step size) of Si 2p
(116-92 eV), C 1s (300-276 eV), Rh 3d (328-296 eV), O 1s
(544-524 eV), and Fe 2p (740-700 eV) regions are provided
in the ESILf Data analysis was carried out using Thermo
Scientific Avantage software. For composition analysis, a
method for carbon contamination correction proposed by
Smith has been applied.*

Elemental analysis (Rh, Mn, Fe, Mg) was performed via
inductively coupled plasma optical emission spectrometry
(ICP-OES) by the contract laboratory Mikroanalytisches Labor
Kolbe, Oberhausen (Germany).

Catalytic testing for synthesis gas conversion

The catalytic testing of the syngas-to-ethanol reaction was
performed in a 4-fold parallel testing unit. Catalyst amounts
of 0.1-0.5 g (approx. 0.2-1.0 mL) with a particle size of 100-
200 um were loaded into each stainless-steel reactor with an
effective inner diameter of 6.25 mm. The reaction
temperature was monitored by temperature sensors with
three thermocouples along the catalyst bed.

Four mass flow controllers were used to adjust the flow
rates of the inlet gases N, (99.999%), CO (99.997%), H,
(99.999%) and Ar (99.999%, all Air Liquide). The CO feed line
was equipped with a carbonyl trap to remove all metal
carbonyls that might be formed by high-pressure of CO in
contact with stainless steel. The carbonyl trap consisted of a
U-shaped 1/2" stainless steel tube filled with Al,O; and
heated to 170 °C by a heating sleeve.

Compounds in the effluent gas that condense at 180 °C
were removed by a coalescence filter in the downstream oven.
All remaining compounds in the effluent gas were analyzed
with an online gas chromatograph (Agilent 7890B) equipped
with one thermal conductivity detector (TCD) and one flame
ionization detector (FID) using He as the carrier gas. TCD
detects the inlet gases H,, Ar, N,, and CO. The FID is used to
detect a large variety of paraffins, olefins and oxygenates
(alcohols, acetaldehyde, acetic acid) using a Poraplot Q
column. Installation of a Polyarc® reactor allowed detection
of CO and CO, with the FID and precise quantification of all
compounds. The carbon balance was between 96-102% for
all measurements.

The catalysts were reduced in situ at 54 bar, 265 °C with
5% H, in N, for 1 h with a volume flow of 41.6 NmL min .
Subsequently, synthesis gas feedstock mixture containing
CO:H,:N,:Ar (20:60:10:10%, v:v) was admitted at a total

5804 | Catal Sci. Technol.,, 2021, 11, 5802-5815
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pressure of 54 bar. The volume flow was kept constant to
achieve a GHSV of 2500-12500 h™'. The amount of catalyst
was chosen to yield approx. 5% CO conversion at standard
conditions. The temperature was varied in a range of 243-320
°C. Each step was held constant for at least 15 h to allow the
catalysts to equilibrate.

The obtained concentrations of all compounds were
corrected for volume changes due to the reaction and the
subsequent N, dilution. Therefore, the mole fraction of Ar
was used as inert internal standard according to eqn (1).

Xi,corrected = Xi,GC* ZAr bypass (1)
XAr reactor
Xicorrected 1S the corrected mole fraction of compound i.
Xar,reactor ANd Xar bypass are the mole fractions of Ar originally
obtained by the gas chromatograph sampling the respective
reactor or the bypass line.

Carbon monoxide conversion Xgo was calculated based on
the sum of carbon numbers in all products (eqn (2)).

_ 2 G
Nnco,0

Xco (2)
Nco,o is the mole fraction of CO in the inlet gas and C; is the
carbon number of the product i. The selectivity S for each
product i was determined based on the number of C atoms
by eqn (3).

niGi

Results and discussion

Four different Rh-based samples were synthesized by co-
impregnation of metal nitrates, drying, and calcination at
350 °C in flowing air. Besides a pure Rh/SiO, catalyst with a
nominal loading of 2.4 wt%, three modified catalysts with
Mn and/or Fe as promoters were investigated with nominal
loadings of 1.5 and 0.5 wt%, respectively (for exact values
from ICP-OES analysis see catalyst synthesis in Experimental
section). These Mn and Fe loadings were selected based on
preliminary catalytic tests to identify the highest ethanol
space-time yields. Especially the Fe loading has a crucial
impact on methanol and ethanol formation rates.*>** In the
case of Mn, the chosen Mn:Rh ratio is in agreement with the
optimal molar ratio of 1 reported by Ojeda and co-workers.**

Throughout this work, the catalysts will be referred to
with the simplified expressions Rh/SiO,, RhMn/SiO,, RhFe/
Si0,, and RhMnFe/SiO, due to readability. This denotation
does not contain information about oxidation states or
different morphologies.

The four catalysts were tested in two independent catalytic
tests: (1) a comprehensive long-term catalytic study with over
22 days on stream at 243-260 °C and (2) a high temperature
study, which focused on the stability of the materials
investigated, with a maximum temperature of 320 °C applied.
For both studies, the as-prepared, calcined pre-catalysts were
reduced in situ prior to catalytic testing at 265 °C in 5% H,/

This journal is © The Royal Society of Chemistry 2021
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Drying and |:> Reduction in 5 %
calcination in

H,/N, at 265 °C
synthetic air at
maximum 350 °C
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after catalysis

Long-term
catalytic study
260 °C
22.1 days
Various?

Maximum temperature
Total time on stream
Reaction atmosphere

High temperature
stability investigation

Maximum temperature 320 °C
Total time on stream 15.8 days
Reaction atmosphere ~ Standard®

Scheme 1 Overview of the four different states in which each sample was investigated. “Reaction atmosphere was varied: CO:H,:Ar:N, =
2.5-20:30-60:10:balance in 18 steps at 54 bar total pressure. °Standard reaction atmosphere: CO:H,:Ar:N, = 20:60:10:10 at 54 bar

total pressure.

N, and measured under industrially high-pressure conditions
(54 bar). To investigate the stability and surface dynamics of
the Rh/Mn/Fe/SiO, catalysts under high-pressure conditions,
every catalyst system was thoroughly characterized in the four
different states: calcined (black), reduced (blue; after in situ
H, treatment), after long-term catalytic study (dark green),
and after high temperature stability investigation (light
green; Scheme 1).

The characterization results of different states provide
meaningful insights into catalyst composition, electronic
properties, and morphology. Their different nanostructures
before and after catalysis are represented as simplified
structural models, which provide the opportunity to clarify
the role of Mn and Fe in binary and ternary Rh catalysts on
an atomic level and industrially relevant reaction times.

Table 1 Surface compositions of all catalysts investigated by XPS and metal bulk ratios from ICP-OES analysis

Bulk and surface compositions of Rh/Mn/Fe/SiO, catalysts

The bulk compositions of all four catalysts remained the same
before and after catalytic testing, as proved by ICP-OES.
Therefore, any influence of changing bulk compositions on the
reactivity during catalysis can be excluded.

Moreover, stable bulk compositions are necessary to
investigate surface compositions of each catalyst via XPS. These
surface compositions were determined by comparing the
respective elemental peak areas from high-resolution scans
after carbon contamination correction (see Experimental
section for more details). The Si 2p signal (103.5 eV) was used
as charge reference. For all samples, the Si: O ratio is about 1:
2, as expected for SiO, as support. Si and O together make up
98-99 at% of the entire surface (Table 1).

a

Surface composition (at%) Mn/Fe/Rh
Mn/Fe/Rh bulk ratio
Entry Sample Treatment Si o Rh Mn Fe surface ratio from ICP
1 SiO, Calcination 33 66 — — — — —
2 Rh/SiO, Calcination 33 66 0.38 — — — —
3 Reduction 33 66 0.32 — — — —
4 High temperatures 33 66 0.34 — — — —
5 Long-term study 33 66 1.02 — — — —
6 RhMn/SiO, Calcination 33 66 0.42 0.46 — 1.1/—/1 1.2/—/1
7 Reduction 33 66 0.31 0.48 — 1.5/—/1
8 High temperatures 33 66 0.37 0.84 — 2.3/—/1
9 Long-term study 33 65 0.65 1.43 — 2.2/—/1
10 RhFe/SiO, Calcination 33 66 0.46 — 0.52 —/1.1/1 —/0.4/1
11 Reduction 33 66 0.54 — 0.78 —/1.4/1
12 High temperatures 33 66 0.27 — 0.60 —/2.2/1
13 Long-term study 33 66 0.52 — 0.85 —/1.6/1
14 RhMnFe/SiO, Calcination 33 66 0.40 0.45 0.41 1.1/1.1/1 1.2/0.4/1
15 Reduction 33 66 0.33 0.60 0.48 1.8/1.4/1
16 High temperatures 33 66 0.29 0.55 0.49 1.8/1.7/1
17 Long-term study 33 65 0.58 1.01 0.79 1.7/1.4/1

¢ Surface compositions have been determined from high-resolution scans. Si 2p, O 1s, Rh 3d, and Fe 2p high-resolution spectra are provided in
the ESI;} and Mn 2p spectra as Fig. 2.

This journal is © The Royal Society of Chemistry 2021
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An overall Rh surface content of around 0.38 at% was
found for the unpromoted Rh/SiO, sample, which was
slightly decreased after H, reduction. Interestingly, the Rh
surface content increased by a factor of 3.2 to 1.02 at% after
the long-term catalytic study (Table 1, entries 3 and 5). This
finding suggests that a significantly higher Rh dispersion on
the silica surface is present after catalysis.

For the calcined RhMn/SiO, sample, the Mn: Rh ratio was
about 1.1 as expected from bulk composition analysis
(Table 1, entry 6). Rh and Mn show thereby a comparable
distribution over the sample, and their ratio is slightly
increased after H, treatment. After catalysis, the Mn: Rh ratio
was significantly increased with values of 2.3 and 2.2,
respectively (Table 1, entries 8 and 9). This suggests an
increased mobility of MnO, under reaction conditions.

Moreover, this increased ratio and a lower increase in Rh
dispersion (factor of 2.1; Table 1, entries 7 and 9) might be
an indication for migration of MnO, species to Rh
nanoparticles and partial coverage of Rh surface sites. A
complementary observation was also reported for similar Mn-
promoted Rh/SiO, catalysts, suggesting the formation of
MnO, overlayers at the Rh-MnO, interface through strong
metal-promoter interactions.”®

In the case of RhFe/SiO,, a Fe:Rh ratio of 1.1 was
determined after calcination (Table 1, entry 10). This ratio
does not fit the bulk composition (0.33), which leads to the
assumption that Fe is finely distributed over the support
surface, and thereby an agglomeration of Fe can be excluded.
After catalysis, the Fe surface content was further increased,
but to a smaller extent compared to Mn (Table 1, entries 11
and 13). Therefore, Fe might also be mobile on the surface of
silica under reaction conditions, similar to the case of Mn. In
contrast to the unpromoted and Mn-promoted Rh catalyst,
the Rh dispersion remained the same after long-term
catalytic study and was significantly decreased after the high
temperature investigation.

The complex multi-promoted RhMnFe/SiO, catalyst shows
similar trends as described for the single-promoted systems
resulting in Mn/Fe/Rh ratio of 1.1/1.1/1 after calcination
(Table 1, entry 14). Reduction in H, leads to an increase in

calcined reduced

View Article Online
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Mn surface content. In contrast, the reduction of the pre-
catalyst has no significant influence on the surface content of
Fe. After catalysis, further enrichment of Mn and Fe contents
by factors of 1.7 and 1.6 were observed, respectively (Table 1,
entries 15 and 17).

To conclude, the Rh dispersion increased in the
monometallic and Mn-containing samples after the catalytic
conversion of syngas to ethanol. Mn and Fe seem to be
mobile under reaction conditions, and partial coverage of Rh
by a MnO, phase is rather likely. Overall, the XPS analysis
reveals a significant influence of the applied reaction
conditions on the specific surface composition.

Oxidation states and electronic properties of Rh/Mn/Fe/SiO,
catalysts

To investigate the oxidation states, electronic properties, and
phase compositions in the four states mentioned in
Scheme 1, XPS and XRD were applied. In the calcined state
of all pre-catalysts investigated, Rh is present as Rh,0; as
indicated by the most intense reflection of Rh,0; at 260 = 35°
in the respective X-ray diffractograms (Fig. 1a). This reflection
is clearly visible in direct comparison with the diffractogram
of the pure SiO, support (grey; Fig. 1). In the case of RhFe/
Si0,, this feature is broader, which might be caused by
formation of a complex mixture of Rh and Fe oxides as
reported for Rh(Mn,Fe)O,/SiO, catalysts.”®**° The XRD data is
further consistent with XPS analysis showing typical binding
energy peaks of Rh*" at 308.6-308.9 eV in corresponding Rh
3d spectra (Fig. S1a-df).

The H, treatment leads to a full reduction of Rh reflected
in binding energy shifts to the typical region for metallic Rh
from 307.4-306.9 eV (Fig. Sla-d and Table S17). Subsequent
exposure to ambient air after reduction does not cause
oxidation of supported Rh. The full reduction of Rh,0; to Rh
also becomes visible in XRD spectra of Rh/SiO, and RhFe/
Si0,, showing a broad peak at the position of the typical
main reflection of metallic Rh (26 = 41°; Fig. 1b). An exact
assignment is not possible regarding the Mn-promoted
catalysts due to a broadening of the signal and the common

after catalysis

[»]
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Fig. 1 X-ray diffractograms of Rh/SiO, (blue), RhMn/SiO, (green), RhFe/SiO; (red), and RhMnFe/SiO; (black) in direct comparison with pure SiO,
(grey) after (a) calcination (350 °C, synthetic air), (b) reduction (265 °C, 5% H,/N,), and (c) after catalysis (long-term catalytic study; 54 bar, max.
260 °C; 530 h on stream). Rh (blue; C5-685), Rh,O3 (green; C41-541), and MnO (orange; 065-0638) references were taken from ICDD database.
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Fig. 2 Mn 2p high-resolution XP spectra (660-630 eV, 0.1 eV step size) of (a) RhMn/SiO, and (b) RhMnFe/SiO, in four different states: calcined
(350 °C, synthetic air), reduced (265 °C, 5% H,/N,), after long-term catalytic study (54 bar, max. 260 °C; 530 h on stream), and after high
temperature stability investigation (54 bar, max. 320 °C; 350 h on stream). For corresponding Rh 3d and Fe 2p spectra see Fig. S1 and S2.}

detection limit of XRD below crystallite sizes of 3 nm.*®
Moreover, this broadening might be a result of an overlap
with a MnO reflection, which usually appears in the same
range (26 = 39.7°; Fig. 1b). Hence, it can be assumed that the
addition of Mn to Rh/SiO, catalysts leads to a higher Rh
dispersion after synthesis and in situ reduction.

Respective Mn 2p spectra of RhMn/SiO, and RhMnFe/SiO,
show binding energy peaks in the distinct region of oxidized
Mn at 641.6 and 641.5 eV, respectively (Fig. 2a and b). Not even
the reduction in H,, or the long-term catalytic study under
high-pressure syngas condition, led to a further reduction of
Mn. This is in accordance with one of our previously reported
studies about RhMnO,/SiO, catalysts. In this study, we
demonstrated that the oxidation of Mn to MnO, is inevitable
on silica supports. Impregnation of Na[Mn(CO)]s;, bearing Mn
in the low oxidation state of -1, did not lead to the formation
of a zero-valent Mn species.>® The presence of typical satellite
peaks in all Mn 2p spectra after reduction or catalysis indicates
that Mn is presumably in a formal oxidation state of +2
(Fig. 2a and b). It is consequently assumed that most likely
MnO is the prevailing phase.

After long-term catalysis, significant binding energy shifts
of 0.7 eV to higher binding energies (642.3 and 642.2 eV,
respectively) were observed in respective spectra of RhMn/
SiO, and RhMnFe/SiO, (Fig. 2a and b and Table S1}). These
shifts are probably caused by forming Mn acetates and/or
carbonates under the reductive syngas conditions. In a recent
study, we reported the formation of surface carbonates on
MnO,-supported Rh catalysts during the conversion of syngas
based on XRD analysis of respective spent catalysts.*® Due to
the low Mn loading, the formation of acetate or carbonate
species on RhMn/SiO, and RhMnFe/SiO, could not be
verified by XRD. Therefore, further investigations are
required for a clear statement.

On the contrary, no significant changes in the high-
resolution Fe 2p spectra have been observed for the Fe-
containing samples, RhFe/SiO, and RhMnFe/SiO,, after
catalytic reactions. Subsequently, the Fe 2p XPS data indicate
that Fe is mainly in an oxidized state, probably in the form of

This journal is © The Royal Society of Chemistry 2021

Fe,0; (Fig. S2a and bt). However, a shift to lower binding
energies indicating that Fe got more reduced under reaction
conditions or a contribution of metallic Fe states have been
expected as observed for similar RhFe/SiO, catalysts due to
RhFe nanoalloy formation.>® Concerning the low Fe content
and thereby low intensities of corresponding Fe 2p signals,
no reliable information regarding a metallic Fe phase was
available from XPS. Furthermore, the formation of a surface
passivation layer upon sample handling under ambient
conditions might explain the apparently high amounts of Fe
oxides present after catalytic reaction. However, additional
investigations might be required to clarify the Rh and Fe
speciation, e.g., in the form of in situ experimentation.

Influence of reaction conditions on particle sizes of Rh/Mn/
Fe/SiO, catalysts

For all catalysts in each specific state, particle size distributions
were determined by systematically measuring at least 250
different particles per sample (Fig. S3t). For this purpose,
bright-field scanning transmission electron microscopy (BF-
STEM) images of three different areas were examined. The
calcined samples have not been investigated due to their high
beam-sensitivity and consequent insignificance.”® All particle
diameters of metallic Rh particles and crystallite sizes of Rh,0;
are summarized in Table 2.

The four catalysts show relatively small mean Rh,0;
crystallite sizes after calcination ranging from 1.3-1.6 nm

Table 2 Particle diameters from STEM and crystallite sizes from XRD“
in nm

Treatment Rh RhMn RhFe RhMnFe
Calcination 1.3 (XRD) 1.4 (XRD) 1.5 (XRD) 1.6 (XRD)
Reduction 2.9+0.9 2.4 +0.7 2.9+0.8 2.2+ 0.5
High temperature 3.9 + 0.9 2.5+0.7 2.8+0.7 2.2+0.5
Long-term study 44+1.4 29+1.0 3.3+1.2 3.1+0.9

% Crystallite sizes were estimated with Langford and Wilson's
representation of the Scherrer equation.””
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from XRD (Table 2). I situ reduction in H, led to metallic Rh
particles with the smallest mean particle sizes of 2.4 and 2.2
nm for RhMn/SiO, and RhMnFe/SiO,, respectively. The mean
particle sizes of Rh/SiO, and RhFe/SiO, are significantly
larger with a value of 2.9 nm. It is assumed that Mn addition
leads to a higher Rh dispersion already after in situ
reduction. All catalysts show a similar, narrow particle size
distribution reflected in small standard deviations of 0.5-0.8
nm (Table 2 and Fig. S3+).

After long-term catalytic study, a slight particle growth
was observed for all catalysts, which is further consistent
with XRD results. The unpromoted Rh/SiO, catalyst shows
the largest increase in particle size with a factor of 1.5 and
a value of 4.4 nm. The particles on the promoted catalysts
are about 25-35% smaller in size than on Rh/SiO,.
Interestingly, the addition of Mn leads to the smallest
particles with mean sizes of 2.9 nm for RhMn/SiO, and 3.1
nm for RhMnFe/SiO, (Table 2).

However, these findings are in contrast to the
aforementioned surface compositions obtained from XPS
data, showing a higher Rh dispersion after catalysis for all
catalysts investigated. Suzuki et al. reported that metallic
Rh clusters on Al,O; could disintegrate into isolated Rh"
sites through CO chemisorption.®® A similar Rh particle
disintegration on silica under the influence of high CO
partial pressures could explain the increased Rh
dispersion besides a slight particle growth. It should be
noted that those Rh' sites are not detectable by STEM or
XRD due to common detection limits. However, further
investigations about the disintegration of Rh particles on
SiO, are part of further studies and will be required for a
clear proof.

Although the RhMnFe/SiO, catalyst shows the smallest
mean particle size after reduction, its particles are slightly
larger after catalysis in comparison to RhMn/SiO,, which is
further consistent with respective surface compositions from
XPS analysis (Table 1). Considering the indication of RhFe
nanoalloys formation from XPS in this context, the alloy
formation probably follows incorporation of Fe into Rh
nanoparticles. This incorporation would then lead to larger
particles and would explain the more pronounced particle
growth. This assumption is in accordance with our previous
study about the in situ formation of RhFe nanoalloy

reduced after catalysis

100 nm
—
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structures through reduction of FeO, at Rh-FeO, interfacial
sites via hydrogen spillover.*®

To summarize, Mn addition to silica-supported Rh
catalysts leads to a stabilization of the Rh particles and
prevents agglomeration by reducing the mobility of Rh on
the support. Consequently, Rh particles on MnO/SiO, almost
retained their size after high temperature investigation and
are slightly increased after long-term catalytic study.
Therefore, an expected particle growth has been reduced. The
addition of Fe does not suppress particle growth to the same
extent and leads to larger particles on RhMnFe/SiO,
compared to RhMn/SiO,. This increase in particle size
suggests RhFe nanoalloy formation through the
incorporation of Fe into Rh nanoparticles.

Influence of reaction conditions on the morphology of Rh/
Mn/Fe/SiO, catalysts

STEM in combination with EDX spectroscopy was
performed on the freshly reduced and spent samples after
long-term  catalytic study and high temperature
investigation. The morphology and general structural
features of the four different Rh-based catalysts were
evaluated from images taken with dark-field (DF), bright-
field (BF), and high-angle annular dark-field (HAADF)
detectors. STEM-EDX mappings were used to investigate the
elemental distribution over the silica support, and line
profile scans were performed to analyze the elemental
composition of the nanoparticles.

Representative overview STEM images of the unpromoted
Rh/SiO, catalyst show well-dispersed particles over the support
after in situ reduction (Fig. 3a). The corresponding EDX
mapping clearly demonstrates that only pure Rh nanoparticles
are present, indicated by the overlap of the HAADF and Rh
EDX signals (Fig. S4at). The respective EDX spectrum further
proved that no contaminations such as Fe are present (Fig.
S4bt). Those contaminations are often correlated with the
reactivity of Rh/SiO, catalysts in syngas conversion.*® After
long-term catalysis, the Rh nanoparticles are unevenly
distributed over the support and structured mostly in
agglomerates of a few particles (<10 particles; Fig. 3b).

While this is the case for most of the domains investigated,
some areas are also found containing large agglomerates with

Fig. 3 HAADF-STEM images of Rh/SiO, after (a) in situ reduction (265 °C, 5% H,/N,) and (b-d) catalysis (long-term catalytic study; 54 bar, max.
260 °C; 530 h on stream). (b) Representative domain with smaller agglomerates (<10 particles) and (c) minority domain with larger agglomerates.

(d) High-resolution STEM of one single agglomerate from image (c).
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sizes of 20-200 nm (Fig. 3c). High-resolution STEM could
resolve their individual nanoparticles (Fig. 3d).

In the case of RhMn/SiO,, the STEM-EDX mapping of the
freshly reduced sample visualizes that Rh nanoparticles are
surrounded by a MnO phase (Fig. 4a). Likewise, the
formation of RhMn nanoalloy structures can be excluded, as
no overlap between the Rh and Mn EDX signals were found
(Fig. 4a). In addition, Mn is probably in an amorphous,
oxidized phase as no crystalline particles were observed.

In contrast to the unpromoted Rh/SiO, catalyst, the Rh
nanoparticles on RhMn/SiO, stay well-dispersed also after
catalysis, and agglomeration of individual particles to the same
extent was not observed (Fig. 5a). In addition, corresponding
STEM-EDX mapping of RhMn/SiO, after catalysis reveals a
higher dispersion of Mn (Fig. 4b), which is in accordance with
previously mentioned XPS results and an X-ray absorption
spectroscopy (XAS) study demonstrating a higher Rh dispersion
on a Mn-promoted Rh catalyst after exposure to a CO/He
atmosphere at elevated temperatures.*’ It is consequently
assumed that the Rh nanoparticles are anchored through the
well-dispersed MnO phase, reducing their mobility over the
support. Thus, the amorphous MnO phase prevents mainly
sintering and agglomeration of Rh particles.

Complementary STEM overview imaging (Fig. 5b) and
STEM-EDX investigations on the reduced RhFe/SiO,
catalyst suggest the presence of well-dispersed Rh
nanoparticles and a finely distributed Fe phase before
catalytic studies (Fig. S7t). Furthermore, no domains with
local enrichments of Rh and Fe in the same areas are
found. RhFe nanoalloy formation does thereby not occur
during in situ reduction. However, after long-term catalytic
study, overlapping Rh and Fe signals in the superimposed
STEM-EDX mapping indicate the formation of RhFe
nanoalloy structures (Fig. 6a). Corresponding difference
maps of Rh L and Fe K of two independent domains
visualize the distribution of Fe which is not in the vicinity
to Rh (Fig. S9; for all maps and EDX spectra see Fig. S8
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Fig. 5 Representative overview STEM images of (a) RhMn/SiO,, (b)
RhFe/SiO,, and (c) RhMnFe/SiO, after reduction (265 °C, 5% Hy/Ny)
and after catalysis (long-term catalytic study; 54 bar, max. 260 °C; 530
h on stream). RhFe/SiO,: like Rh/SiO, (Fig. 3), agglomerates of
individual Rh particles can be seen beside relatively small nanoparticles
after catalysis.

and S10t). As no agglomeration of Fe has been observed,
it is consequently assumed that the “free” Fe is still finely
distributed over the silica support and most likely in an
oxidized state.

The in situ transformation of pure Rh nanoparticles to
RhFe nanoalloys during StE reaction is in accordance with
our recent study about similar RhFeO,/SiO, catalysts*® and
other reported RhFe nanoalloy structures.>®>*%°

@ after catalysis

a2

10 nm
e

Fig. 4 STEM-EDX mappings of RhMn/SiO, after (a) reduction and (b) catalysis (long-term catalytic study; 54 bar, max. 260 °C; 530 h on stream).
Rh L and Mn K EDX signals were used. For additional single-element maps and corresponding EDX spectra see Fig. S5 and S6.
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Fig. 6 STEM-EDX analyses of RhFe/SiO; after catalysis (long-term catalytic study; 54 bar, max. 260 °C; 530 h on stream): (a) HAADF micrograph
and STEM maps of Fe K and Rh L with domains investigated with line profile scans highlighted in yellow. Elemental line profile scans and
corresponding line profiles of Fe K and Rh L for a representative (b) RhFe alloy particle within area #1 and (c) metallic Rh particle within area #2.
For additional single-element maps and corresponding EDX spectrum, see Fig. S8.f

Representative elemental line profile scans further proved
the alloying of Rh with Fe (Fig. 6b and S11}). Owing to the
shape of the corresponding line profile intensities, RhFe bulk
alloy formation is rather likely than surface alloy structures.
Compositional based on EDX area-selective
investigations of several RhFe alloy particles indicate the
formation of nanoalloys with an average molar Fe:Rh ratio
of 0.34 (Fig. S12 and Table S2f). However, no exact
composition could be determined due to different degrees of
alloying. In this manner, Rh-rich alloy nanoparticles and

analyses

even pure Rh nanoparticles were found (Fig. 6c). The
elemental line profile scan on a representative Rh particle
clearly shows the absence of Fe (Fig. 6¢). In comparison to
the bulk composition obtained from ICP-OES (Fe: Rh = 0.40),
about 15% of the Fe is not found in RhFe alloy structures
and probably present as oxidic species. However, these
findings are in contrast with the previously mentioned Fe 2p
XPS results indicating Fe mainly in an oxidized state and no
indications from metallic Fe states (Fig. S2t). The formation
of a passivation layer during sample handling might explain
the apparently high amounts of Fe oxides detected by XPS

EI reduced

due to its surface sensitivity. Furthermore, the main
reflection in the corresponding X-ray diffractogram is slightly
shifted to 20 = 41.1° compared to the (111) reflection of
metallic Rh at 40.9° of the unpromoted Rh/SiO, (Fig. S13+).
This shift and the asymmetric tailing toward higher 26 values
might indicate an wunderlying contribution of Rh-rich
bimetallic RhFe phases which should appear between
metallic Rh and RhFe (42.7; C25-1408). However, no reliable
information about the exact composition of the bimetallic
RhFe phases could be obtained from XRD data due to the
relatively broad reflections from the small crystallites.
Combining both elements as modifiers in RhMnFe/SiO,
catalyst also results in a combination of both features
observed in the bimetallic catalysts. After the H, treatment,
the Rh nanoparticles are well-dispersed over the support
(Fig. 5¢), and no correlation of Rh, Mn, and Fe EDX signals
was observed in the corresponding STEM-EDX mappings
(Fig. 7a). Therefore, it is assumed that Rh is in an unalloyed
state surrounded by well-dispersed oxidic Mn and Fe species.
After catalysis, the nanoparticles remain relatively small,
as indicated by the overview STEM image (Fig. 5c). The

IE after catalysis

Fig. 7 STEM-EDX mappings of RhMnFe/SiO, after (a) reduction (265 °C, 5% H,/N,) and (b) catalysis (long-term catalytic study; 54 bar, max. 260
°C; 530 h on stream). Rh L, Mn K, and Fe K EDX signals were used. For additional single-element maps and corresponding EDX spectra see Fig. S14

and S15.F
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superimposed mapping of Rh and Mn visualizes that MnO is
in vicinity to nanoparticles that mainly appear as alloyed
RhFe nanostructures probably formed under high-pressure
syngas conditions (Fig. 7b). Furthermore, MnO leads to the
anchoring of the RhFe alloy nanoparticles and reduces their
mobility on the support, similar to the single-promoted
RhMn/SiO, catalyst.

Selectivity at iso-conversion and reactivity of Rh/Mn/Fe/SiO,,
catalysts

To investigate the influence of the described structural
models of Mn and/or Fe-promoted Rh/SiO, catalysts on their
reactivity in the conversion of syngas, all four catalysts are
compared at process-relevant reaction conditions (Fig. 8). As
the addition of Fe and Mn to Rh/SiO, leads to a significant
increase in CO conversion, a preliminary catalytic study was
conducted to identify the catalyst amounts necessary for iso-
conversions after equilibration (>120 h on stream). Based on
this study, the amounts of catalysts were varied to yield
approx. 5% CO conversion. Only 33% (RhMnFe), 30%
(RhMn), and 20% (RhFe) of promoted catalysts were required
to match the conversion level of pure Rh/SiO, catalyst. This
procedure was necessary as the product selectivities of Rh-
based catalysts are highly dependent on conversion during
StE reaction.

Rh/SiO, and RhMn/SiO, catalysts show a similar overall
product spectrum at iso-conversions (Fig. 8a). The main
differences are significantly increased C,, oxygenate and
suppressed methane selectivities. An improvement in the C,.
oxygenate selectivity by the addition of Mn is well-known for
Rh/SiO, catalysts, as reported in previous studies.?®3%*°
However, a clear explanation is still missing, and the role of
Mn as a modifier or promoter for Rh-based catalysts is still
elusive, to the best of our knowledge. By considering the
aforementioned structural model of RhMn/SiO,, we propose
that the MnO phase stabilizes the relatively small Rh
nanoparticles and mainly prevents agglomeration. As the
product spectrum does not change essentially, we assume

E‘ selectivities

View Article Online
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that MnO has mainly an effect on the structural properties.
This assumption is in accordance with an FTIR study
indicating that Mn does not change Rh's electronic
properties.*' Owing to the stability of Rh nanoparticles and
the almost retained Rh dispersion, the RhMn/SiO, catalyst
demonstrated the highest observed CO consumption rate
among the catalysts tested (Fig. 8b).

In contrast, the conversion of syngas on RhFe/SiO, yields
methanol as main product with a selectivity of 50% (Fig. 8a).
Therefore, it is apparent that the addition of Fe leads to a
tremendous loss of C-C coupling ability and thus to an
overall C,, oxygenate selectivity below 20%. We reasoned that
this strongly altered product spectrum is most likely caused
by the close interaction of Rh and Fe. Therefore, the
proposed alloying with Fe might have a vital impact on the
electronic properties of Rh/SiO, catalysts. Therefore, the
changed electronic structure leads to fast hydrogenation of
initially formed CH,O* (x = 1-3) surface fragments, which, in
turn, are the main reaction intermediates for the formation
of C,. oxygenates.

Once again, the combination of Mn and Fe as modifiers
on RhMnFe/SiO, catalysts also leads to combined effects on
their structural and electronic properties. This finding is also
reflected in the catalyst reactivity (Fig. 8a). Compared to the
monometallic Rh/SiO, catalyst, RhMnFe/SiO, shows an
increased C,. oxygenate selectivity in general and the highest
ethanol selectivity among the catalysts investigated.
Furthermore, the selectivity towards methanol is increased,
accompanied by a reduced selectivity towards C,. alkanes
and alkenes.

Long-term and thermal stability of Rh/Mn/Fe/SiO, catalysts

Two independent long-term catalytic studies were performed
to investigate the influence of Mn and Fe on the stability of
Rh/SiO, catalysts during the conversion of syngas. With over
22 days (530 h) for the long-term catalytic study and over 14
days (350 h) on stream for the high temperature
investigation, these catalytic experiments are the longest tests
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Fig. 8 Comparison of (a) product selectivities at iso-conversion and (b) product formation rates among the four catalysts investigated. Below each
column, CO conversion (a) and total CO consumption rate (b) are given. Reaction conditions: 54 bar, 260 °C, H,: CO:N,:Ar = 60:20:10:10, 41.7
mL min! total flow per reactor, GHSVs = 2500-12 500 h™%, 170-190 h on stream. Catalyst amounts were varied to yield approx. 5% CO conversion:
V(Rh) = 1.0 mL, V(RhMn) = 0.2 mL, V(RhFe) = 0.3 mL, V(RhMnFe) = 0.33 mL.
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500 h™™. Catalyst amounts were varied to yield approx. 5% CO conversion: V(Rh) = 1.0 mL, V(RhMn) = 0.2 mL, V(RhFe) = 0.3 mL, V(RhMnFe) = 0.33

mL. Reference conditions are highlighted in grey.

of Rh-based catalysts in the conversion of syngas to
oxygenates reported in literature, to the best of our
knowledge. These long periods of time on stream (TOS) are
necessary to investigate Rh catalysts regarding their stability
and performance in CO hydrogenation, as 120 h on stream
are required to obtain stable catalytic behavior (see formation
phase in Fig. 9).

During this initial formation phase, all catalysts lose
activity in terms of the overall CO consumption rate. This
deactivation follows a similar trend as observed for particle
growth after long-term catalytic investigation (Table 2). It is
consequently assumed that sintering contributes to the
deactivation of Rh-based catalysts under CO hydrogenation
conditions, which has also been proposed for similar Rh-
based catalysts.*® Besides migration of particles followed by
coalescence, the migration of atoms (Ostwald ripening) has
been described as the most important sinter mechanism.*?
In this manner, a CO-assisted mechanism of sintering
through Ostwald ripening has been proposed for supported
cobalt catalysts under similar reaction conditions. The in situ

formation of cobalt subcarbonyl species, Co(CO), (x = 1-3),
may increase the mobility of cobalt atoms over the
hydroxylated support surface.**> Moreover, a theoretical study
has been reported suggesting a similar sinter mechanism for
Rh-based catalysts.** As the formation of Rh(CO), dicarbonyl
species under CO-containing atmosphere has been
postulated,®® it is consequently proposed that sintering
through migration of Rh(CO), (x = 1, 2) carbonyl species is
also relevant for supported Rh catalysts under high-pressure
syngas conditions. However, further experimental and
theoretical investigations are required for a clear statement.
Besides the described loss in activity, selectivities also
gradually change during the initial formation phase. These
changes are mainly caused by the increased mobility of Mn
and Fe on the supports, yielding probably the formation of
Rh-MnO interfacial sites and/or RhFe nanoalloy structures.
In our high temperature investigation, we observed critical
temperatures above 280-290 °C, which cause an accelerated
loss in activity within each iso-thermal step (Fig. 9; TOS >
250 h). Interestingly, this deactivation is more pronounced

Table 3 Deactivation as the percentage change of CO consumption rate during high temperature investigation

CO consumption Percentage

Catalyst Step TOS (h) rate (umol s gea ') change (%) Deactivation factor
Rh/SiO, Formation phase 3 1.74 -66.6 2.99
121 0.58
Temperature variation 190-197 0.52 -18.8 1.23
351-372 0.42
RhMn/SiO, Formation phase 3 5.42 -34.7 1.53
122 3.54
Temperature variation 190-197 3.27 -34.1 1.52
352-373 2.16
RhFe/SiO, Formation phase 4 2.82 -26.7 1.36
123 2.07
Temperature variation 191-198 1.94 -25.5 1.34
353-374 1.44
RhMnFe/SiO, Formation phase 5 2.63 -31.5 1.46
124 1.80
Temperature variation 192-199 1.71 -33.1 1.50
353-374 1.14
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Scheme 2 Structural models of Rh/SiO,, RhMn/SiO,, RhFe/SiO,, and RhMnFe/SiO, after calcination, in situ H, treatment and long-term catalytic
study. Representation of the different morphologies based on combined analysis of XRD, STEM with EDX mapping, selective-area EDX analyses,

elemental line profile scans, and XPS.

for the Mn-containing catalysts and has a minor impact on
Rh/SiO, and RhFe/SiO, catalysts.

To illustrate these differences in deactivation, linear
regression analyses were performed for each individual
temperature step, and the resulting activity loss rates were
compared among the four catalysts investigated (Table S3;
Fig. S16t1). The Mn-containing catalysts show significant
activity loss already above temperatures of 280 °C, whereas
Rh/SiO, and RhFe/SiO, are still stable in terms of their CO
consumption rates at these temperatures. The fastest
deactivation represented in the lowest activity loss rate value
of =0.13 pmol s geo " hros - was determined for the RhMn/
SiO, catalyst. With this value, the Mn-promoted -catalyst
deactivates three times faster than the single-promoted RhFe/
SiO, catalyst. Similar trends can be seen for the multi-
promoted RhMnFe/SiO, with the second-lowest activity loss
rate of —0.08 pmol s geac " hros - (Table S31).

Although the deactivation of the Mn-containing catalysts
is more pronounced within each temperature step, the
percentage changes in CO consumption rate between
reference conditions (TOS: 190-199 h and >352 h) are
comparable among the promoted -catalysts with values
ranging from —25.5 to -34.1% (Table 3).

We consequently assume that the deactivation during
temperature variation does not only result from a growth in
particle size. This is also in agreement with our particle size
investigations mentioned above, showing that the mean
particle sizes of Rh nanoparticles on Mn-containing catalysts
are only slightly increased after the catalytic testing (Table 2).

This journal is © The Royal Society of Chemistry 2021

For this reason, the deactivation might be caused by a
temperature-induced surface restructuring, and it seems to
be that this restructuring is reversible when returning to
lower temperatures at the reference conditions. At these
conditions, all four catalysts show stable CO consumption
rates again. A further deactivation of the catalysts has not
been observed during additional 20 h on stream at 260 °C.
Therefore, it is assumed that temperatures above 280 °C
facilitate MnO overlayer formation like catalysts in a strong
or reactive metal-support interaction state.*”™*” With longer
reaction times, more active Rh sites might be blocked by
MnO, which, in turn, leads to the strong deactivation
behavior during the individual temperature steps above 290
°C (Fig. 9). This partial coverage of Rh active sites by MnO is
in agreement with an FTIR study reported by Ojeda et al**
and with a combined XAS and FTIR investigation by Schwartz
and co-workers.""

Conclusions

To gather a fundamental understanding of promoter effects
in the complex multi-promoted RhMnFe/SiO, catalyst, the
monometallic Rh/SiO,, and single-promoted catalysts, RhMn/
SiO, and RhFe/SiO,, were systematically investigated in four
different states: calcined, reduced, after a long-term catalytic
study, and after a high temperature investigation at
industrially relevant high-pressure conditions (243-320 °C, 54
bar). The thorough analysis of each catalyst in the different
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states with integral and local characterization methods led to
specific structural models before and after catalytic
investigations (Scheme 2). These structural models provide a
detailed view on compositions, electronic properties, and
morphologies of silica-supported Rh-based catalysts.

Comparing the specific nanostructures before and after
long-term catalytic studies (>22 days on stream) allowed us
to ascribe individual reactivities to intrinsic promoter effects
of Mn and Fe on silica-supported Rh catalysts. The distinct
interactions of Rh with Mn and/or Fe develops during a
relatively long time on stream of about 120 h under reaction
conditions. Fe serves as an electronic modifier on Rh/SiO,
probably through the in situ formation of RhFe nanoalloy
structures under the influence of high-pressure syngas
conditions at elevated temperatures. Although the detailed
STEM-EDX analysis suggested RhFe nanoalloy formation, no
indications could be determined from XPS. For this reason,
additional investigations might be required to clarify the Rh
and Fe speciation. Nevertheless, the presumable change in
Rh's electronic properties might reason the alteration of the
overall product spectrum resulted in less C-C coupling
abilities and fast hydrogenation of CHO* surface fragment to
methanol. On the contrary, MnO does not substantially
change the intrinsic product spectrum of Rh/SiO, and serves
more likely as a structural modifier. In both Mn-containing
catalysts, RhMn/SiO, and RhMnFe/SiO,, respective Rh and/or
RhFe nanoparticles are anchored to the silica-support by a
MnO phase in their vicinity. With this structural feature,
overall CO consumption rates and C, oxygenate selectivity are
significantly enhanced. MnO might be present as an
overlayer, which probably blocks active Rh adsorption sites
and gets more pronounced at temperatures above 260 °C. As
this effect is of reversible nature, it might result from strong
metal-promoter interaction similar to catalysts in reactive
metal-support interaction states.

To conclude, the individual nanostructures represented as
simplified structural models provide atomistic insights into
the role of Mn and Fe in single- and multi-promoted Rh/SiO,
catalysts. The influence of both promoters on the
deactivation and thermal stability could be clarified through
long-term catalytic studies at process-relevant reaction
conditions with more than 22 days on stream time. We
foresee that these structural models will serve as a basis for
improved catalyst design strategies and more sophisticated
computational modeling efforts.
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