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ABSTRACT  

As-prepared materials tested for a catalytic reaction are usually only pre-catalysts that become 

active and/or selective under specific conditions. During this initial formation phase, catalysts can 

undergo a change in their structure, morphology, chemical state, or even composition. This 

dynamic behavior has a vital impact on reactivity, and we identified that this initial formation 

phase is also critical for Rh in the catalytic conversion of synthesis gas to oxygenates and ethanol 

in particular. The syngas-to-ethanol reaction (StE) is a promising alternative route to ethanol from 

fossil and non-fossil carbon resources. Despite heavy research efforts, rates and selectivities still 

need to be improved for industrial operations. For this reason, structure-function relationships at 

industrially relevant reaction conditions must be clarified. Although some in situ and operando 

studies have been reported, a pressure gap still exists between experimental and process-relevant 

high-pressure conditions. To overcome this pressure gap and investigate the dynamic behavior of 

Rh-based catalysts under reaction conditions, we applied a generic method for formation phase 

studies at high partial pressures of synthesis gas where standard operando methods are 

inapplicable. Combining integral and local characterization methods before and after a long-term 

catalytic test of a RhFeOx/SiO2 catalyst (>140 h on stream) allowed us to ascribe a drastic decrease 

in ethanol formation to a structural change from an unalloyed RhFeOx to an alloyed RhFe/FeOx 

nanostructure. Our investigation provides an explanation for the great variation of reported 

catalytic results of RhFe catalysts and their nanostructures in synthesis gas conversion. The 

structure-function relationship we identified finally provides the opportunity for improved catalyst 

design strategies: stabilizing the Rh-FeOx interface by preventing RhFe nanoalloy formation. As 

one example, we report a RhFeOx catalyst on a high surface area Mn2O3 support which decreases 

the Fe mobility and reducibility through the formation of a (Fe,Mn)Ox mixed surface oxide. 
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Stabilizing the Rh-FeOx interface finally led to stable ethanol selectivity, and the formation of 

RhFe nanoalloy structures was not observed. 

KEYWORDS: CO hydrogenation, rhodium, iron, nanoalloy, ethanol, synthesis gas 
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INTRODUCTION 

Heterogeneous catalysts often change their properties during chemical transformations under 

common reaction conditions such as medium to high temperatures and elevated pressures. This 

change in catalyst structure, morphology, composition, and chemical state affects their reactivity 

and stability over time.1–3 Knowledge of catalytic behavior under process-relevant conditions is 

not only crucial for a fundamental understanding of promoter effects and reaction mechanisms, it 

is also important for estimating catalyst lifetime, which in turn is key to operating industrial-scale 

facilities in a resource- and cost-efficient manner.4 In this context, predicting and designing an 

efficient catalyst is not possible when considering peak performance marks only. Long-term 

catalytic tests need to identify changes encountered in the stability and reactivity of catalysts. 

Neglecting this crucial aspect might lead to converse or incomparable catalytic results for similar 

catalyst systems, e.g., significant variation in selectivity patterns of pure Rh/SiO2 catalysts in CO 

hydrogenation.5 

One way to overcome these issues are in situ and/or operando experiments, which often provide 

desired insights into the properties of working catalysts under relevant conditions, such as 

identification of titled carbonyl species on Rh/SiO2 samples that are probable precursors for 

hydrogen-assisted CO dissociation in the conversion of synthesis gas to oxygenates.6 However, 

those in situ or operando investigations can be challenging when a process under high pressures 

is studied, and a pressure gap still exists between experimental and industrially relevant 

conditions.7 Specifically, spectroscopic investigations are difficult at high CO partial pressures as 

gas-phase CO interferes with adsorbed carbonyl species. Common workarounds to minimize the 

void volume require cell designs that prohibit homogeneous heat and mass distribution within the 

cell.7–10 As a consequence, many reported in situ studies were performed under ambient pressure 
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conditions. Conclusions drawn from those studies should be regarded with caution when correlated 

with catalyst reactivity under high pressure reaction conditions. 

When in situ or operando investigations are inaccessible or inapplicable, the detailed 

characterization of a catalytic material prior to and after catalytic reaction can yield meaningful 

information as reported for the deactivation of Pd catalysts through the disintegration of particles 

into single atoms.11 In this case, it is apparent that the materials investigated need to be activated 

under the same conditions as in the catalytic process since the as-prepared materials are usually 

only pre-catalysts that become active under these specific conditions.4 Moreover, all catalysts have 

to be handled under a protective atmosphere or, in the case of as-prepared materials, should be 

activated in situ prior to characterization. 

For example, syngas (CO/H2) conversion reactions are often difficult to investigate with in situ 

and operando techniques because the applied reaction conditions usually involve high pressures 

and atmospheres with high CO content.7 However, syngas as alternative feedstock for the 

production of base chemicals is becoming increasingly interesting in light of growing climate and 

carbon management concerns. The production of ethanol is a good example of this transition. To 

date, ethanol is produced primarily by fermentation from corn or sugarcane. However, growing 

demand for synthetic ethanol as a fuel or fuel additive requires alternative, more scalable 

production routes. 

The direct synthesis of ethanol from synthesis gas has been studied extensively but ethanol yields 

still need to be improved for industrial application.12–14 As Rh-based catalysts have shown the most 

promising results, several promoter screenings were conducted in which Fe, Mn, and Li were 

shown to be the most-effective.12 Accordingly, supported Rh(Mn,Fe)Ox materials rank among the 

best catalysts in terms of ethanol yield in CO hydrogenation. Although a wide range of catalysts 
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has been tested, the intrinsic reaction mechanism is still elusive and the role of promoters is unclear 

due to the complexity of the multi-promoted catalyst systems and the above-mentioned 

inapplicability of standard operando methods.15–17 To combat this complexity and further improve 

these multi-promoted Rh-based catalysts, an in-depth understanding of the respective single-

promoted RhMnOx and RhFeOx systems is needed.  

In case of single-promoted RhMnOx systems, it is widely accepted that the superior reactivity is 

based on close proximity between Rh and MnOx through strong metal-promoter interactions.12,18–

20 Although the formation of a RhMn nanoalloy structure was initially proposed, the actual 

nanostructure of RhMnOx catalysts has been found to consist of metallic Rh particles decorated 

with an amorphous MnOx phase.20 Furthermore, we demonstrated in a previous publication that 

not even the use of Na2[Rh3Mn3(CO)18] as a molecular precursor with both metals in low oxidation 

states and predefined metal-metal bonds led to the formation of a RhMn nanoalloy.21 

In contrast, the nanostructure of RhFeOx catalysts is still under debate and the proposed 

structural models vary from unalloyed RhFeOx over core-shell to nanoalloyed RhFe structures.6,22–

30 Likewise, the formation of oxygenate products varies significantly on similar catalyst systems, 

resulting in reported methanol selectivities ranging from 0–13.5 % and ethanol selectivities from 

8–35 %. According to Haider and co-workers, the addition of Fe leads to an increased selectivity 

towards ethanol by stabilizing Rh+(CO)2 sites on unalloyed RhFeOx catalysts, which promotes CO 

insertion.22 In contrast, Hartman et al. stated that RhFe nanoalloyed structures reduce tilted 

carbonyl species at the surface, thus enhancing CO insertion and selectivity towards ethanol.6 

However, Mo and co-workers ascribe higher selectivities towards methane and methanol to the 

modification of Rh-based catalysts with Fe and only a small improvement in EtOH selectivity was 

observed.28 Although several structural models have been proposed, a systematic investigation of 
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the impact of time on stream under relevant reaction conditions has not been performed to the best 

of our knowledge. 

Herein, we report a generic method for formation phase studies at high partial pressure of 

synthesis gas. We identified this formation phase to be critical for the conversion of synthesis gas 

to ethanol and observed a significant change in oxygenate selectivity. Combining integral and local 

characterization methods before and after this long-term catalytic study (>140 h on stream) 

allowed us to ascribe this dynamic behavior to a structural change from an unalloyed Rh–FeOx to 

an alloyed RhFe/FeOx nanostructure (Scheme 1, top). In this study, we propose an explanation for 

the great variation of reported catalytic results of Fe-promoted Rh catalysts in CO hydrogenation. 

The structure-function relationship we identified finally provides the opportunity for improved 

catalyst design strategies. As one example, we report a RhFeOx catalyst on a novel high surface 

area Mn2O3 support31 which prevents RhFe alloying through formation of a (Fe,Mn)Ox mixed 

surface oxide (Scheme1, bottom). 
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Scheme 1. Synthesis of RhFeOx model catalysts over a single-source precursor approach: using 

NEt4[RhFe2(CO)10] as single-source precursor (SSP) leads to a well-defined, unalloyed 

RhFeOx/SiO2 model catalyst (top). During the critical formation phase in CO hydrogenation, the 

catalyst undergoes a structural transformation from an unalloyed RhFeOx to an alloyed RhFe/FeOx 

nanostructure accompanied by a significant change in oxygenate selectivity. The same SSP 

approach on a high surface area Mn2O3 support leads to a Rh/(Fe,Mn)Ox catalyst (bottom). The 

formation of (Fe,Mn)Ox mixed surface oxides prevents RhFe nanoalloy formation. 
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EXPERIMENTAL SECTION  

General considerations. All manipulations involving air and moisture sensitive organometallic 

compounds were carried out under an atmosphere of dry, oxygen-free argon by using standard 

Schlenk techniques or glove boxes (MBraun LABmaster Pro) under a purified nitrogen or argon 

atmosphere. The solvents were taken from a solvent purification system (MBraun SPS-800) or 

purified using conventional procedures, freshly distilled under argon atmosphere, and degassed 

prior to use. NMR spectra were recorded on a Bruker AvanceIII (1H: 700 MHz, 13C: 125 MHz) 

spectrometer and referenced to residual solvent signal as internal standards (tetrahydrofuran-d8: 

δH = 1.72 ppm, δC = 25.3 ppm). IR spectrum was recorded on a Nicolet iS5 spectrometer inside 

a glove box. Mass spectrum was recorded using HR-ESI-MS-method on a LTQ Orbitrap XL 

spectrometer. The mass fractions of C, H, N, and S were determined on a Thermo Finnigan 

FlashEA 1112 Organic Elemental Analyzer. The starting material NEt4[FeH(CO)4] was 

synthesized according to a known literature procedure.32 SiO2 (Davisil grade 635) was preheated 

at 100 °C under vacuum overnight before use. All other reagents were used as received. 

Synthesis of NEt4[RhFe2(CO)10]. NEt4[FeH(CO)4] (3.27 g, 10.9 mmol) was dissolved in 

30 mL tetrahydrofuran (THF) and a solution of [Rh(CO)2Cl]2 (1.23 g, 3.18 mmol) in THF (40 mL) 

was added dropwise. Stirring at r.t. overnight resulted in the precipitation of a colorless solid. The 

residue was washed with addition of 20 mL THF, and the combined filtrates were evaporated 

under vacuum overnight leading to a black powder. Yield: 2.98 g, 4.77 mmol, 43.7 % (based on 

NEt4[FeH(CO)4]). Elemental analysis (%): calcd. for C18H20NO10Fe2Rh: C, 34.6; H, 3.23; N, 2.24; 

found: C, 34.9; H, 3.55; N, 2.16. HR-ESI-MS (m/z): calcd. for [M-NEt4]
-: 494.72, found: 494.73. 

1H NMR (700 MHz, THF-d8, 298 K, ppm): δ = 1.35 (t, CH3), 3.35 (q, CH2). 
13C{1H} NMR (125 
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MHz, THF-d8, 298 K, ppm): δ = 6.58 (s, CH3), 52.1 (s, CH2), 216 (m, CO). IR (ATR, cm-1): ν 

= 2055 (m), 1994 (w), 1974 (m), 1908 (s), 1870 (s). 

Synthesis of carbonyl-derived RhFeOx/SiO2. A solution of NEt4[RhFe2(CO)10] (0.236 g, 

0.377 mmol) in THF (3.63 mL) was added to 1.35 g SiO2 under mixing with a spatula inside a 

glove box. The addition of the solution was conducted in three steps á 1.21 mL, which corresponds 

to the specific pore volume of the support (0.90 mL/g) according to the incipient wetness 

impregnation method. After each impregnation step, the silica-supported precursor was dried 

under high vacuum for 12 h at room temperature. The pre-catalyst was reduced by thermal 

treatment in flowing 10 % H2/Ar (total flow 500 mL/min) at 260 °C (T ramp 10 K/min) for 2 h. 

The final RhFeOx/SiO2 catalyst was kept under an inert gas atmosphere prior to use. Metal loadings 

by ICP-OES (wt%): 2.53 Rh, 2.01 Fe. Elemental analysis after catalysis (wt%): 1.57 C, 0.48 H, 

0.00 N. 

Synthesis of carbonyl-derived Rh/(Fe,Mn)Ox. The Rh/(Fe,Mn)Ox was synthesized by a 

similar procedure as described for RhFeOx/SiO2. High surface area Mn3O4 (2.48 g) was 

impregnated with a solution of NEt4[RhFe2(CO)10] (0.234 g, 0.374 mmol) in THF (3.63 mL). The 

pre-catalyst was reduced by thermal treatment in flowing 10 % H2/Ar (total flow 500 mL/min) at 

260 °C (T ramp 10 K/min) for 2 h. The final Rh/(Fe,Mn)Ox catalyst was kept under an inert gas 

atmosphere prior to use. Metal loadings by ICP-OES (wt%): 1.14 Rh, 1.04 Fe. Elemental analysis 

(wt%): before catalysis: 0.16 C, 0.18 H, 0.00 N; after catalysis: 1.53 C, 0.12 H, 0.00 N. 

Synthesis of carbonyl-derived Rh/SiO2 reference materials. A solution of Rh4(CO)12 

(70.6 mg, 94.4 µmol) in DCM (3.69 mL) was impregnated on SiO2 (1.36 g). The pre-catalyst was 

activated by thermal treatment in flowing 10 % H2/Ar (total flow 500 mL/min) at 260 °C (T ramp 
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10 K/min) for 2 h. The final Rh/SiO2 catalyst was kept under an inert gas atmosphere prior to use. 

Metal loadings by ICP-OES (wt%): 2.11 Rh. 

Synthesis of FeOx/SiO2 reference materials. An aqueous solution of iron(III) nitrate Fe(NO3)3 

was impregnated on silica (pretreated at 550 °C in air for 6 h). A subsequent calcination in 

synthetic air at 300 °C was conducted providing the FeOx/SiO2 pre-catalyst. The pre-catalyst was 

reduced in 5 % H2/N2 at 265 °C (1 h) in situ prior the catalyst testing. Metal loadings by ICP-OES 

(wt%): 2.7 Fe. 

Elemental analyses. Determination of mass fractions of carbon, hydrogen, nitrogen and sulfur 

were carried out on a Thermo Finnigan FlashEA 1112 Organic Elemental Analyzer. Air- or 

moisture sensitive samples were prepared in silver capsules inside a glove box. 

Powder X-ray diffraction (XRD). XRD measurements were performed in Bragg-Brentano 

geometry on a D8 Advance II theta/theta diffractometer (Bruker AXS), using Ni-filtered Cu Kα1,2 

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). 

High-resolution transmission electron microscopy (HRTEM), scanning transmission 

electron microscopy (STEM) in combination with electron energy loss spectroscopy (EELS) 

and energy-dispersive X-ray spectroscopy (EDX). The samples were investigated on a double 

aberration-corrected JEOL JEM-ARM200CF transmission electron microscope. The microscope 

is equipped with a large-angle silicon drift EDX detector with the solid angle of 0.7 steradians 

from a detection area of 100 mm2
 and Gatan GIF Quantum 965, that allow EDX and EELS 

measurements, respectively. For HRTEM imaging, a Gatan OneView 4K x 4K CMOS camera was 

used. 
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Overview STEM, STEM-EDX, and particle size distributions. Overview STEM was 

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 of at least 250 particles with three 

different domains by using ImageJ software33. 

X-ray photoelectron spectroscopy (XPS). XPS was measured on K-Alpha™ + X-ray 

Photoelectron Spectrometer (XPS) System (Thermo Scientific), with Hemispheric 180° dual-focus 

analyzer with 128-channel detector. X-ray monochromator is Micro focused Al-Kα radiation. For 

the measurement, the as-prepared samples were directly loaded onto the sample holder for 

measurement. The data was collected with an X-ray spot size of 200 μm, 20 scans for survey, and 

50 scans for regions.  

Moessbauer Spectroscopy. Zero-field Moessbauer spectra were recorded on a SEECO MS6 

spectrometer that comprises the following instruments: a JANIS CCS-850 cryostat, including a 

CTI-CRYOGENICS closed cycle 10 K refrigerator and a CTI-CRYOGENICS 8200 helium 

compressor. The cold head and sample mount are equipped with calibrated DT-670-Cu-1.4L 

silicon diode temperature probes and heaters. The temperature was controlled by a LAKESHORE 

335 temperature controller. Spectra were recorded using an LND-45431 Kr gas proportional 

counter with beryllium window connected to the SEECO W204 γ-ray spectrometer that includes 

a high voltage supply, a 10 bit and 5 μs ADC and two single channel analyzers. Motor control and 

recording of spectra was taken care of by the W304 resonant γ-ray spectrometer. For the reported 

spectra, a RIVERTEC MCO7.114 source (57Co in Rh matrix) with an activity of about 1 GBq was 
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used. All spectra were recorded as solids in a plastic sample-holder at 13 K and data were 

accumulated for about 72 hours. Isomeric shifts are referenced to α-iron at room temperature. 

In situ CO chemisorption diffuse reflectance infrared Fourier transform spectroscopy 

(CO-DRIFTS). CO-DRIFTS measurements were conducted using Agilent Cary 680 and Thermo 

Fisher Nicolet iS50 FTIR spectrometers with MCT detectors. About 50 mg of sample was packed 

into a Harrick Praying Mantis low temperature reaction chamber (RhFeOx/SiO2 and 

RhFe/FeOx/SiO2) or a Harrick Praying Mantis high temperature reaction chamber (Rh/SiO2) 

mounted in Harrick Praying Mantis diffuse reflectance attachments. RhFeOx/SiO2 and Rh/SiO2 

were reduced in situ at 260 °C in 10 % H2/Ar for 2 h. RhFe/FeOx/SiO2 spent sample was mounted 

inside a glove box and transferred to the spectrometer under Ar atmosphere. For CO chemisorption 

experiments, the reaction chambers were purged with Ar (20 mL/min) at room temperature for 

30 min to acquire baseline spectra. 20 mL/min of 10 % CO/Ar was then introduced for 15 min for 

complete CO chemisorption. The samples were again purged with pure Ar (20 mL/min), and final 

DRIFTS spectra were acquired at a spectral resolution of 2 cm-1 and an accumulation of 128 scans. 

Catalytic testing for synthesis gas conversion. The catalytic testing of the syngas-to-ethanol 

reaction was performed in a four-fold parallel testing unit. 0.5 g (~1 mL) of catalyst with a particle 

size of 100-200 µm 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 N2 (99.999%), 

CO (99.997%), H2 (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 
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in contact with stainless steel. The carbonyl trap consisted of a U-shaped ½” stainless steel tube 

filled with Al2O3 and heated to 170 °C by a heating sleeve.  

Compounds in the effluent gas that condense below 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 two thermal conductivity detectors (TCD) and 

one flame ionization detector (FID) using He as the carrier gas. TCDs detect the inlet gases H2, 

Ar, N2, and CO as well as methane, CO2, and H2O. The FID is used to detect a large variety of 

paraffins, olefins, and oxygenates (alcohols, acetaldehyde, acetic acid) with a combination of a 

Porabond Q and an RTX-Wax column. The carbon balance was 96–102% for all measurements. 

The catalysts were reduced in situ at 54 bar, 265 °C with 5 % H2 in N2 for 1 h with a volume 

flow of 58.3 mL min-1. Subsequently, the temperature was decreased to 243 °C and synthesis gas 

feedstock mixture containing CO:H2:N2:Ar (20:60:10:10%, v:v) was admitted. The volume flow 

was kept constant to achieve a GHSV of 3500 h-1. The temperature was increased to 260 °C in 

three steps and subsequently decreased in the same manner. 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 N2 dilution. Therefore, the mole fraction of Ar was used as inert 

internal standard according to Equation (1). 

 𝑥𝑖,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑥𝑖,𝐺𝐶  ∙  
𝑥𝐴𝑟,𝑏𝑦𝑝𝑎𝑠𝑠

𝑥𝐴𝑟,𝑟𝑒𝑎𝑐𝑡𝑜𝑟
 

(1) 

𝑥𝑖,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑  is the corrected mole fraction of compound 𝑖. 𝑥𝑖,𝑟𝑒𝑎𝑐𝑡𝑜𝑟 , and 𝑥𝑖,𝑏𝑦𝑝𝑎𝑠𝑠  are the mole 

fractions of compound 𝑖 originally obtained by the gas chromatograph sampling the respective 

reactor or the bypass line.  
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Carbon monoxide conversion 𝑋𝐶𝑂  was calculated based on the sum of carbon numbers in all 

products (Equation 3). 

 
𝑋𝐶𝑂 =

∑ 𝑛𝑗𝐶𝑗

𝑛𝐶𝑂,0
 

(3) 

𝑛𝐶𝑂,0 is the mole fraction of CO in the inlet gas, and Ci 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 Equation 

4. 

 
𝑆𝑖 =

𝑛𝑖𝐶𝑖

∑ 𝑛𝑖,𝑗𝐶𝑖,𝑗
 

(4) 
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RESULTS AND DISCUSSION 

In the following, we describe the synthesis and characterization of a well-defined, freshly 

reduced RhFeOx/SiO2 model catalyst. The sample was strictly handled under a protective 

atmosphere to avoid any changes to its structure or chemical state during characterization. The 

reduced RhFeOx/SiO2 material was then tested for the direct conversion of synthesis gas to ethanol. 

The long-term stability of the RhFeOx/SiO2 catalyst is discussed, including the critical formation 

phase. A thorough characterization of the spent catalyst finally leads to clarification of a structure-

function relationship, which is further proved through the synthesis of a more stable Rh/(Fe,Mn)Ox 

catalyst achieved by decreasing Fe mobility. 

Synthesis and characterization of RhFeOx/SiO2 model catalyst. A single-source precursor 

(SSP) approach was chosen for the synthesis of a uniform RhFeOx/SiO2 model catalyst 

(Scheme 1). This approach provides a well-defined metal-metal ratio and close proximity of both 

metals on an atomic level by using a SSP with pre-defined metal-metal bonds.21 In this study, a 

solution of the literature-known NEt4[RhFe2(CO)10] carbonyl cluster in tetrahydrofuran was 

impregnated via the incipient wetness method on Davisil (grade 635), a commercially available 

silica with a BET surface area of 480 m2/g.34 The silica-supported NEt4[RhFe2(CO)10] cluster was 

handled under a protective atmosphere and finally transferred into an active catalyst by thermal 

treatment in 10 % H2/Ar at 260 °C. The final catalyst has a molar Rh:Fe ratio of 1:2 with nominal 

mass loadings of 2.8 and 3.0 wt%, respectively. Other Rh:Fe ratios can easily be attained by 

choosing a different SSP, e.g. [Rh4Fe2(CO)16]
2- or [Rh4Fe(CO)15]

-,34 or by follow-up treatments in 

the form of surface-mediated synthesis.35,36 The as-prepared catalyst was characterized by a 

combination of integral characterization methods such as XRD, Moessbauer, and CO-DRIFTS as 

well as local methods like HRTEM, STEM combined with EDX and EELS. 
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Sample overview on high-angle annular dark-field (HAADF) STEM images show relatively 

small nanoparticles homogenously distributed over the silica support (Fig. 1b). Particle sizes of a 

large set of particles from three different sample areas were measured and used to determine 

particle size distribution (see Experimental Details). The mean particle size is about 1.7 nm with 

a narrow distribution reflected in a small standard deviation of 0.3 nm (Fig. 1d). 

 

Figure 1. Structural and chemical characterization of fresh RhFeOx/SiO2 catalyst after H2 

activation at 260 °C: (a) HRTEM micrograph of relevant Rh nanoparticle viewed along [01-1] 

zone-axis and corresponding Fast Fourier transformation (FFT) as an inset. The evaluated d-

spacings are matched to fcc structure of metallic Rh; (b) HAADF-STEM overview image with 

corresponding (c) superposition of STEM-EDX maps of Rh L and Fe K. Individual maps of all 

components and respective EDX spectrum are given in the Supporting Information; (d) particle 

size distribution of fresh catalyst; (e) Fe 2p XPS spectra after H2 activation; (f) X-ray diffractogram 
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(blue) compared to SiO2 support (grey). Rh (red, C5-685) reference was taken from ICDD 

database. 

XRD was performed for phase identification of the as-synthesized RhFeOx/SiO2 catalyst. No 

sharp reflections could be identified due to the XRD detection limit of supported crystallites below 

3 nm (Fig. 1f).37 By comparing the diffractograms of RhFeOx/SiO2 and Davisil, a small deviation 

in the region of 2θ = 41° is visible which might be attributable to the Rh(111) phase at 2θ = 40.8°.  

 For the reason of the insufficient phase identification based on XRD investigations, lattice fringe 

analyses were performed on high-resolution transmission electron microscopy (HRTEM) images 

of size-representative crystalline particles (Fig. 1a). For these investigations, the sample was 

handled under an inert atmosphere and transferred to the microscope by using a vacuum transfer 

holder. This procedure prevents oxidation of the sample and ensures that the sample investigated 

is in the same oxidation state as was before catalytic testing. 

The indicated lattice fringes with d-spacings of 2.2 and 1.9 Å are consistent with face centered 

cubic (fcc) {111} and {200} planes of metallic Rh (space group of Fm-3m). Metallic Fe or 

crystalline FeOx particles were not observed during HRTEM imaging. This leads to the conclusion 

that Fe is mostly present as an amorphous oxide phase. This is also supported by XRD data where 

crystalline FeOx or metallic Fe phases were not found. 

The Fe oxidation state was determined by XPS without contact to an oxidative atmosphere. The 

RhFeOx/SiO2 sample shows the typical spin-orbit splitting in the Fe 2p spectrum with a peak 

maximum for the Fe 2p3/2 binding energy of 711.1 eV (Fig. 1e). This binding energy shift is typical 

for oxidized Fe (709.3–711.6 eV). Mossbauer spectroscopy under an inert atmosphere was 

conducted for an extended investigation of the Fe oxidation state. A combination of two doublets 

is visible, which is consistent with Fe2+ and Fe3+ doublets in reported FeOx/SiO2 and RhFeOx/SiO2 

samples (Fig. S1a).38 
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HAADF-STEM imaging combined with EDX was used to investigate the distribution of Rh and 

FeOx as well as the chemical composition of the catalyst. Metallic Rh particles are in close 

proximity to an amorphous FeOx phase as shown in the representative superimposed EDX 

mapping of Rh and Fe (Fig. 1c; for single-element maps of all components see Fig. S2). Areas in 

which their colors mix indicate the Rh-FeOx interface as a result of their overlapping EDX signals. 

This finding is further supported by other investigated areas (Fig. S3a-d). Although the majority 

of particles remain small, some larger particles are found in HRTEM analysis. These particles 

occur as an alloyed structure after the H2 treatment at 260 °C for 2 h (Fig. S4). It is apparent that 

these crystalline nanoparticles reflect a minority as no corresponding reflections could be observed 

in XRD (Fig. 1f). Evidence of a few larger alloyed RhFe nanoparticles suggests that the alloy 

formation is induced by migration of Fe on a support. 

Reactivity of RhFeOx/SiO2 catalyst. The as-prepared RhFeOx/SiO2 material was tested as a 

catalyst for the direct conversion of StE in a fixed-bed parallel test setup at common reaction 

conditions for syngas chemistry (GHSV = 3500 h-1, p = 54.0 bar, and T = 243–260 °C). The 

catalyst was compared with monometallic Rh/SiO2 and FeOx/SiO2 materials at 250 and 260 °C 

(Table 1, entries 1–5). Modification of Rh/SiO2 with Fe leads to increased CO conversion and 

enhanced selectivity towards alcohols, mainly methanol (MeOH) and ethanol (EtOH). The product 

distribution reported in Table 1 reveals that the increased alcohol selectivity is accompanied by 

the suppression of methane and C2+ hydrocarbon (C2+ HC) selectivities. Likewise, RhFeOx/SiO2 

is less selective towards C2+ oxygenates, mainly acetaldehyde (AcH) and acetic acid (AcOH), as 

compared to the monometallic Rh/SiO2 reference. It is consequently assumed that Fe facilitates 

the fast hydrogenation of acetaldehyde towards ethanol and prevents a further reaction to acetic 

acid. This assumption is consistent with a previously reported study about RhFe catalysts.23 
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Table 1. CO Conversion and Product Selectivity from Syngas Conversion on Reference and Rh-

based Catalystsa 

# Sample Precursor 
𝑇  

(°C) 
H2/CO 

𝑇𝑂𝑆 
(h) 

𝑟𝐶𝑂 
(µmol/s/gRh) 

𝑋𝐶𝑂 
(%) 

Product Selectivities (%) 

CH4 MeOH EtOH AcH AcOH 
C2+ 

Oxy 

C2+ 

HCs 
CO2 

1 Rh/SiO2 Rh4(CO)12 250 3 72 22.8 2.7 49.9 2.7 6.9 8.2 14.0 4.4 11.9 2.0 

2 260 3 101 27.3 3.2 52.7 3.3 7.6 6.8 12.4 4.1 11.3 1.7 

3 FeOx/SiO2
d Fe(NO3)3 320 2 209 6.82 3.0 49.2 0.0 0.0 0.0 1.6 0.0 39.5 9.3 

4 RhFeOx/SiO2 [RhFe2(CO)11]- 243 3 7 72.8 14.2 31.2 30.4 31.6 1.9 0.0 0.4 1.7 2.7 

5 250 3 37 88.8 17.4 29.8 43.7 19.7 0.4 0.0 0.7 2.1 3.7 

6 260 3 71 119.4 23.4 30.8 48.2 15.0 0.2 0.0 0.6 1.8 3.4 

7 250 3 104 80.6 15.8 24.9 60.8 10.8 0.0 0.3 0.4 1.1 1.7 

8 243 3 122 63.3 12.4 22.3 65.6 9.5 0.0 0.8 0.4 0.9 0.4 

9 Rh/MnOx Rh(NO3)3
 243 3 44 11.1 3.3 28.5 5.7 18.1 5.1 4.2 6.8 15.5 16.2 

10 243 2 20 16.7 2.2 28.0 5.4 14.3 5.9 4.2 6.4 16.9 18.9 

11 250 3 105 17.5 5.1 25.2 5.1 20.2 4.2 4.0 7.0 16.1 18.3 

12 Rh/(Fe,Mn)Ox [RhFe2(CO)11]- 243 3 6 30.7 6.8 39.8 7.02 16.0 3.8 0.1 2.2 4.1 26.9 

13 250 3 39 43.9 9.7 28.7 11.6 20.9 2.8 2.1 0.4 2.4 31.2 

14 260 3 72 72.9 16.2 24.7 13.0 21.3 1.2 0.7 2.0 2.0 35.2 

15 250 3 106 31.9 7.1 21.6 16.5 22.2 1.3 0.0 0.3 2.8 35.4 

16 243 3 123 19.4 4.3 20.4 18.9 22.1 1.3 0.0 1.2 1.6 34.5 

aReaction conditions: 54.0 bar, p(H2) = 32.4 bar, p(CO) = 10.8 bar, GHSV = 3500 h.1. Product 

formation rates, selectivities at H2/CO ratio of 2 and selectivities on CO2-free basis are provided 

in the Support Information. bC2+ oxy includes alcohols, aldehydes, acetates, and acids. cC2+ HCs 

includes alkanes and alkenes. dMonometallic FeOx/SiO2 material was measured at different 

reaction conditions due to its low activity. 

The overall oxygenate selectivity of 62.0 % is significantly higher than for other reported Fe-

promoted Rh catalysts. According to a recent review, the RhFeOx/SiO2 catalyst is among the most 

selective Rh-based catalysts.12 The molecular single-source precursor approach is thus an effective 

synthesis route towards more uniform model catalysts. 

The FeOx/SiO2 reference shows negligible oxygenate selectivity. The main products are methane 

and higher hydrocarbons as expected for a typical Fischer-Tropsch catalyst with a Flory-Schulz 

distribution.39 Furthermore, FeOx/SiO2 demonstrates water-gas shift activity resulting in a CO2 

selectivity of 9.3 %. As known from previous reports, higher Fe oxides are reduced to lower Fe 

oxides or metallic Fe during catalytic conversion of CO/H2O to CO2/H2.
40 As a consequence, 

selectivity towards CO2 can be considered as an indication for the amount of “free” FeOx on the 
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catalyst support. The RhFeOx/SiO2 catalyst is likewise water-gas shift active with a selectivity 

towards CO2 of 2.7 %. For this reason, Fe might be in an oxidized state and accessible for CO 

conversion. This finding is in accordance with the characterization of the as-prepared RhFeOx/SiO2 

catalyst where it was shown that Fe is not alloyed with Rh. 

Formation phase and long-term catalytic studies of RhFeOx/SiO2 catalyst. The 

RhFeOx/SiO2 catalyst shows only a slight deactivation from 72.8 to 63.3 µmol/s/gRh during 140 h 

on stream (Table 1, entries 4 and 8; for detailed TOS behavior see Fig. S5). The loss of activity is 

probably attributable to a change in particle size. Statistical particle size analysis of a large set of 

particles in different domains reveals a broader size distribution with a standard deviation of 

0.6 nm (Fig. 3d). The mean particle size is significantly larger with a value of 2.4 nm. In addition 

to these nanoparticles, agglomerates of particles with sizes of up to 20 nm are also found (Fig. 3b). 

In the case of methane, methanol, and ethanol, a significant change in selectivity could be 

observed (Fig. 2). The MeOH:EtOH selectivity ratio changes from 1:1 at 7 h to 7:1 at 122 h on 

stream. This change in selectivity is induced by a structural transformation of the RhFeOx/SiO2 

catalysts during the catalytic conversion of syngas. 
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Figure 2. Product selectivities of the RhFeOx/SiO2 catalyst over 125 h on stream. Selectivities of 

methane (CH4, light grey), C2+ hydrocarbons (C2+ HCs, dark grey), methanol (MeOH, light blue), 

ethanol (EtOH, red), C2+ oxygenates (C2+ oxy, dark blue), and carbon dioxide (CO2, green) are 

shown. Measuring conditions: 243–260 °C, 54.0 bar, p(H2) = 32.4 bar, p(CO) = 10.8–16.2 bar, 

GHSV 3500 h-1. S(C2+ HCs) includes alkanes and alkenes. S(C2+ oxy) includes C3+ alcohols, 

aldehydes, acids, and acetates. 

Powder XRD measurement of the spent catalyst revealed the formation of RhFe alloy crystallites 

with a molar composition of 1:1. The three most intense reflections are clearly visible in the 

corresponding diffractogram and fit to a literature-reported Rh1Fe1 alloy phase (ICDD C25-1408; 

Fig. 3f). Likewise, the detected (110) reflection at 42.70° appears exactly at the position of the 

reported Rh1Fe1 phase at 42.72°. To confirm the elemental composition of RhFe nanoparticles, 

STEM-EDX point analyses have been performed on several particles from different domains 

(Fig. S6 and Table S4). An overall Rh:Fe ratio of approx. 0.97 was determined, which is in 

accordance with the result obtained from XRD investigation. The crystallite size could be 

evaluated as 3.7 nm from the respective X-ray reflections by Scherrer equation.  
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Figure 3. Structural and chemical characterization of spent RhFe/FeOx/SiO2 catalyst after catalytic 

testing: (a) HRTEM image of a representative crystalline nanoparticle and corresponding FFT as 

inset. The evaluated d-spacings are consistent with fcc planes of RhFe alloy; (b) HAADF-STEM 

overview image; (c) ADF-STEM image and corresponding STEM-EDX maps of Rh L, Fe K and 

superposition of Rh L and Fe K. Individual maps of all components and respective EDX spectrum 

are given in the Supporting Information; (d) particle size distribution; (e) Fe 2p XPS data; (f) X-

ray diffractogram (green) in comparison with fresh RhFeOx/SiO2 (blue). References for Rh (red, 

C5-685), Fe (grey, C6-696), and Rh1Fe1 (orange, C25-1408) were taken from ICDD database. 

Representative lattice fringe analysis on HRTEM images of smaller particles yields d-spacings 

of 2.1, 1.5, and 1.2 Å, which are consistent with {111}, {200}, and {211} lattice planes of fcc 

Rh1Fe1 alloy with the space group of Pm3m and a RhFe ratio of 1:1 (Fig. 3a). The RhFe alloy 

formation is also reflected in XPS and Moessbauer spectra. Fe is in a more reduced state after 
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catalytic testing, as indicated by a binding energy shift in the Fe 2p spectrum of -0.64 eV (Fig. 3e). 

This shift suggests a modification of the electronic structure, which is probably caused by the 

alloying of Fe and Rh. Although Fe carbide phases could lead to similar shifts in Fe 2p spectra, no 

indications for their formation have been found during STEM-EELS and HRTEM analyses. 

Furthermore, typical hyperfine splitting for a Fe carbide is absent in the respective Moessbauer 

spectrum (Fig. S1b). Moreover, a similar binding energy shift was observed in MnOx-promoted 

RhFe/SiO2 catalysts by Huang and co-workers.20 Additionally, the partial reduction of Fe is 

indicated by a decrease in Fe3+ and Fe2+ doublets in Moessbauer spectroscopy (Fig. S1b). The 

reduced character of Fe is further confirmed by EELS. In comparison to Fe oxides, L3 and L2 

edges of FeOx are shifted to lower energies. Thus, Fe oxidation state is between 0 and 2+ (Fig. S7). 

Lastly, STEM-EELS spot analysis and STEM-EDX mappings visualize the RhFe alloy formation 

through the local enrichment of Rh and Fe in the same areas (Fig. 3c; for single-element maps of 

all components see Fig. S8). 

As a result of the continually increasing selectivity towards methanol over time on stream, it is 

apparent that the RhFeOx/SiO2 catalyst lost C–C coupling ability, resulting in decreased ethanol 

formation. According to Schweicher and co-workers, the CO insertion step is crucial for chain 

lengthening in CO hydrogenation rather than a coupling of CHx surface fragments.41 Thus, a loss 

of molecular CO adsorption sites would affect CO insertion ability and formation of higher 

oxygenates. CO-DRIFTS was used to identify CO adsorption modes on the RhFeOx/SiO2 catalyst. 

For this purpose, the surface sites were probed by CO adsorption at room temperature. The 

DRIFTS spectrum of the fresh RhFeOx/SiO2 catalyst shows typical vibrational bands of linear 

(2065 cm-1) and bridged CO (1910 cm-1) adsorbed on metallic Rh sites as indicated by direct 

comparison with a Rh/SiO2 reference sample (Fig. S9a,b). A redshift due to RhFe surface alloy 
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formation, as reported for RhFe on TiO2 and CeO2,
42 has not been observed. Besides these typical 

vibrational bands on metallic sites, two distinct bands at 2092 and 2035 cm-1 were observed 

(Fig. S9a), which are commonly assigned to gem-dicarbonyl Rh+(CO)2 surface species.43 The 

typical CO band positions of CO adsorbed on metallic Rh sites and the evidence of gem-dicarbonyl 

species presupposes that Rh is unalloyed and accessible for CO adsorption in the fresh 

RhFeOx/SiO2 catalyst. Whereas the CO-DRIFTS spectrum of the spent RhFe/FeOx/SiO2 catalyst 

does not show an indication for a gem-dicarbonyl species and only a band at 2084 cm-1 which 

could not be assigned to a CO adsorption mode on Rh. The disappearance of the distinct gem-

dicarbonyl bands might be attributable to the RhFe nanoalloy formation and the decreased amount 

of FeOx in close proximity to Rh. This is in accordance with Rh 3d XP spectra of the fresh 

RhFeOx/SiO2 and spent RhFe/FeOx/SiO2 catalysts (Fig. S10). Direct comparison of these XP 

spectra with a calcined and reduced Rh/SiO2 reference sample suggests that a certain amount of 

oxidized Rh is present on the fresh RhFeOx/SiO2 sample. The oxidation state of this oxidized Rh 

species is probably between Rh3+ and Rh0 due to an increase intensity in the range of 308.7 and 

307.7 eV. This feature disappeared on the spent RhFe/FeOx/SiO2 sample after catalysis, which 

further supposes a decrease in Rh+ surface sites (Fig. S10). Previous studies also demonstrated the 

stabilizing effect of FeOx on gem-dicarbonyl Rh+(CO)2 sites on RhFe/TiO2 and RhFe/CeO2 

catalysts.22,44 This leads to the assumption that Rh+(CO)2 surface sites are relevant for CO insertion 

and that their site fraction is thereby directly connected to the C–C coupling ability over CO 

insertion on Rh-based catalysts.  

In summary, the structural transformation of unalloyed RhFeOx to alloyed RhFe/FeOx 

nanostructures during the catalytic conversion of synthesis gas leads to a continuous loss of C-C 

coupling ability. This nanoalloy formation is probably conditioned by high mobility of Fe on the 
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silica support and further affected by the reducibility of Fe at the Rh-FeOx interface. The reduction 

of FeOx occurs most likely in the vicinity of Rh through a hydrogen spillover from metallic Rh 

surface sites.45 This, in turn, leads probably to a decrease in Rh-FeOx interfacial sites, resulting in 

less Rh+ surface sites and thus less CO insertion capabilities. 

From structure-function relationships to a more stable Rh/(Fe,Mn)Ox catalyst. Preventing 

RhFe nanoalloy formation under StE reaction conditions is vital for stable ethanol selectivities on 

RhFeOx catalysts. Rh-based catalysts on silica supports suffer from high mobility of Fe, leading 

to increased reducibility at the Rh-FeOx interface. Anchoring FeOx to the support surface through 

strong support interactions might be one promising strategy to prevent RhFe nanoalloy formation. 

An extended electron microscopy study demonstrated the formation of (Fe,Mn)Ox mixed oxide 

phases in the multi-promoted RhMnFe/SiO2 catalysts, which was further proved by integral 

characterization methods.19,20,46 Therefore, the formation of (Fe,Mn)Ox mixed oxides might 

drastically reduce the Fe mobility. For this reason, a novel high surface area Mn2O3 material was 

used as a support for the synthesis of a Rh/(Fe,Mn)Ox catalyst (Scheme 1).  

The Mn2O3 support was synthesized through a modified, literature-known nanocasting 

procedure.47 For this purpose, the ordered mesoporous silica KIT-6 was used as a template.48 It 

was impregnated with a Mn acetate solution in ethanol and subsequently decomposed to a 

Mn2O3/KIT-6 composite via drying at 150 °C and calcination at 550 °C. The Mn2O3 material was 

characterized by BET, TEM, and ICP-OES.30 

Similar to the synthesis of the RhFeOx/SiO2 catalyst, the final Rh/(Fe,Mn)Ox catalyst was 

synthesized by using NEt4[RhFe2(CO)10] as a precursor in a SSP approach. During the last step in 

the SSP approach, the thermal treatment in 10 % H2/Ar at 260 °C, the porous Mn2O3 support was 

reduced to Mn3O4 as proved by XRD before and after thermal treatment (Fig. S11). Respective 
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BET analyses confirmed that the reduction was not accompanied by a change in surface area. The 

surface area of the freshly reduced Rh/(Fe,Mn)Ox catalyst is about 106 m²/g. Using this novel high 

surface area Mn3O4 material as a support ensures the close proximity of Rh and the metal oxide 

promoter. This close proximity is known to be the key requirement for enhanced performance of 

Rh-based catalysts in CO hydrogenation.18–21  

The reduced Rh/(Fe,Mn)Ox catalyst was characterized by XRD, STEM-EDX, EDX line profile 

scans, and ICP-OES. Overview STEM images revealed that the particles are homogenously 

distributed over the Mn3O4 support (Fig. 4a). Statistical particle size analysis on a large set of 

particles shows a mean particle size of 1.4 nm with a narrow size distribution (Fig. 4c). In 

comparison, the mean particle size is significantly smaller than that observed for the RhFeOx/SiO2 

catalysts. In contrast to the RhFeOx/SiO2 catalyst, the FeOx phase is well distributed over the 

Mn3O4 support and is most likely forming a mixed oxide surface structure as indicated by the 

STEM-EDX mapping (Fig. 4b; for single-element maps of all components see Fig. S12) and 

supported by XRD analysis (Fig. S11). As no indications for Fe agglomeration or particle 

formation are present in all investigated domains, it is assumed that Mn3O4 as support can 

drastically reduce the Fe mobility. 
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Figure 4. Morphology and chemical composition analyses of the fresh Rh/(Fe,Mn)Ox catalyst 

after H2 activation: (a) HAADF-STEM overview image, (b) HAADF image and corresponding 

EDX mapping of Rh L, Fe K, and Mn K as well as (c) particle size distribution. For the spent 

Rh/(Fe,Mn)Ox catalyst after 125 h on stream: (d) HAADF-STEM overview image, (e) HAADF-

STEM image and corresponding EDX mapping of Rh L, Fe K, and Mn K as well as (f) particle 

size distribution. Individual maps of all components and respective EDX spectra are given in the 

Supporting Information. 

The reduced Rh/(Fe,Mn)Ox catalyst was tested for CO hydrogenation at the same reaction 

conditions as described above (see Reactivity of RhFeOx/SiO2 catalyst) and compared to a 

Rh/MnOx reference material. The activity in terms of the overall CO consumption rate was more 

than doubled with a factor of 2.75 (Table 1, entries 9 and 12). With a slightly increased ethanol 
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selectivity of 22.1 % (33.7 % on CO2-free basis; see Table S3 for CO2-free product selectivities), 

the ethanol formation rate was substantially increased from 0.8 to 2.4 µmol/s/gRh at reference 

conditions (243 °C) and was determined with a value of 7.8 µmol/s/gRh at the best performance 

mark (260 °C; Table S1). Moreover, methane and C2+ hydrocarbons selectivities could be 

substantially decreased over the Rh/(Fe,Mn)Ox catalyst. However, CO2 selectivities of up to 

34.5 % have been measured, which are most likely caused by the water gas shift (WGS) 

reaction.14,23 The WGS reaction is a common side-reaction in syngas conversion.14 Thus, a 

competitive formation of CO2 could be probably suppressed through an optimization of the 

reaction conditions, e.g., co-feeding of CO2.
13,49 Considering CO2 as a side-product, the overall 

alcohol selectivity could be significantly increased from 30.9 to 59.8 % on a CO2-free basis 

(Table S3, entries 11 and 15). 

 
Figure 5. Product selectivities of the Rh/(Fe,Mn)Ox catalyst over 125 h on stream. Selectivities of 

methane (CH4, light grey), C2+ hydrocarbons (C2+ HCs, dark grey), methanol (MeOH, light blue), 

ethanol (EtOH, red), C2+ oxygenates (C2+ oxy, dark blue), and carbon dioxide (CO2, green) are 

shown. Measuring conditions: 243–260 °C, 54.0 bar, p(H2) = 32.4 bar, p(CO) = 10.8 bar for 
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H2:CO = 3:1 and 16.2 bar for H2:CO = 2:1, GHSV 3500 h-1. S(C2+ HCs) includes alkanes and 

alkenes. S(C2+ oxy) includes C3+ alcohols, aldehydes, acids, and acetates. For each condition two 

measurements are shown. Areas with same color indicate reference conditions. 

In this case as well, a loss in activity was observed during the long-term catalytic test. The CO 

consumption rate changes from 30.7 µmol/s/gRh at 6 h to 19.4 µmol/s/gRh at 123 h on stream, 

which corresponds to a percentage change of -37 % (Table 1, entries 12 and 16; for detailed TOS 

behavior see Fig. S13). This deactivation might not be induced by particle sintering alone as the 

mean particle size of 1.8±0.5 nm is only slightly larger than that of the fresh Rh/(Fe,Mn)Ox catalyst 

with a value of 1.4±0.3 nm (Fig. 4c,f). For this reason. the active metal surface areas (SAmetal) of 

the fresh and spent Rh/(Fe,Mn)Ox catalysts have been calculated from the particle size 

distributions obtained by STEM. For this purpose, a cuboctahedral metal cluster model has been 

used (more details are provided in the Supporting Information as Fig. S14). This model 

demonstrates that the increase in particle diameter of the Rh/(Mn,Fe)Ox catalyst of 0.4 nm leads 

to a decrease in SAmetal from 4.04 to 3.12 m²/gcat. This change in SAmetal of -23 % further suggests 

that beside particle sintering another mechanism contributes to the catalyst deactivation. Two 

possible pathways have been considered: blocking of active Rh sites via partial coverage by MnO 

or through coke formation.  

Yang and co-workers investigated Rh/SiO2 catalysts modified by atomic layer deposition 

through selective deposition of MnO as a support layer or an overlayer. A lower activity in CO 

hydrogenation has been observed for the MnO overlayer modified Rh/SiO2 catalyst, and it has 

been subsequently assumed that the MnO overlayer may adversely block active Rh sites.18 Such a 

MnO overlayer has also been observed by STEM-EDX mapping of a RhMnFe/SiO2 catalyst.20 

STEM-EDX area-selective analyses on the fresh and spent Rh/(Mn,Fe)Ox catalysts show that the 

Mn:Rh ratio has been significantly increased after catalysis (Fig. S15 and Table S4). This result 
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might indicate that active Rh surface sites are partially covered by MnO similar to catalysts in a 

reactive metal–support interaction state.50 However, a direct atomistic confirmation, as reported 

for the Cu/ZnO/Al2O3 methanol synthesis catalyst, is required for a clear proof.51 

Another possible explanation for the deactivation might be coke formation as proofed by 

elemental analysis before and after catalysis. The carbon content increased from 0.16 on the fresh 

to 1.53 wt% on the spent Rh/(Fe,Mn)Ox sample. As MnCO3 has been formed during catalysis and 

contributes to the increase in carbon content, phase composition analysis has been performed 

through Rietveld refinement of the corresponding X-ray diffractogram (Fig. S16). The relative 

amount of carbon, which could not be attributed to MnCO3 formation, is about 0.49 wt%. This 

amount seems to be relatively low compared to coke formation on reforming and dehydrogenation 

catalyst, which usually ranges from 6–9 wt%.52–54 Notwithstanding, the increased amount of 

carbon on the Rh/(Fe,Mn)Ox suggests that coke formation might also contribute to its deactivation. 

After a relatively short formation phase of 35 h on stream, the ethanol selectivity was stable and 

did not change during the remaining 90 h on stream (Fig. 5). We reason that this stability in ethanol 

selectivity is a consequence of stable, metallic Rh nanostructures which are not alloyed with Fe. 

This assumption is in accordance with a recent in situ XRD study of MnRh/Fe2O3 catalysts, 

correlating increased ethanol selectivities with MnO, FeOx, and mixed (Fe,Mn)Ox phases in 

vicinity to Rh.44 As previously mentioned, Fe might be less mobile on the MnOx support due to 

the strong support interaction resulting from the formation of a mixed (Fe,Mn)Ox surface oxide. 

This might decrease the Fe mobility as well as preventing further reduction of FeOx at the Rh-

FeOx interface. We also proved the formation of such a mixed (Fe,Mn)Ox surface oxide in the 

spent catalysts after the formation phase and long-term catalytic studies. STEM-EDX mapping 

and line scanning profile analyses were performed (Fig. 6b,c; for corresponding STEM image and 
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single-elements maps see Fig. 4e) for this purpose. While the EDX map already indicates a 

homogenous distribution of Fe over the MnOx support (Fig. 4e), the representative elemental line 

profile analysis provides further confirmation for the well-defined (Fe,Mn)Ox surface oxide 

structure (Fig. 6b). Similar to the fresh Rh/(Fe,Mn)Ox catalyst (Fig. 4a–c), Fe agglomeration or 

particle formation were not observed (Fig. 4d,e). Consequently, not even high pressures of 

synthesis gas could cause increased Fe mobility. The formation of a (Fe,Mn)Ox mixed oxide 

further affected the expected MnO reflections in the corresponding X-ray diffractogram of the 

spent Rh/(Fe,Mn)Ox sample (Fig. 6a). The observed MnO reflections are slightly shifted to higher 

angles as expected for (Mn,Fe)Ox mixed oxide phases indicating the incorporation of FeO at the 

surface. Reflections from RhFe crystallites have not been observed, which is in accordance with 

STEM-EDX results. 
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Figure 6. Phase identification and extended electron microscopy analysis of spent Rh/(Fe,Mn)Ox 

catalyst: (a) X-ray diffractogram (blue) with a detailed view of the mixed oxide induced reflection 

shifts as inset. References for MnO (orange, C7-230), MnCO3 (grey, C44-1472), and (Fe,Mn)Ox 

(red, C77-2362) were taken from ICDD database. Chemical formula of (Fe,Mn)Ox mixed oxide 

reference is (FeO)0.099(MnO)0.901. Additional diffractogram with reference patterns of RhFe and 

Rh is provided in the Supporting Information; (b) superposition of STEM-EDX maps of Rh L, Fe 

K, and Mn K with line scan path highlighted in yellow (ROI #1) and corresponding line scan 

profiles of Fe K (green), Mn K (blue) and HAADF (grey) intensities; (c) high-resolution STEM 

image and corresponding EDX mapping of Rh L, Fe K, and Mn K; (d) superposition of STEM-

EDX maps of Rh L, Fe K, and Mn K with line scan path over a representative Rh particle (red) 

highlighted in yellow (ROI #2) and corresponding line scan profiles of Rh L (red) and Fe K (green). 

Individual maps of all components and respective EDX spectrum are given in the Supporting 

Information. 



 34 

Additional STEM-EDX elemental line scans at high magnifications confirmed the unalloyed 

state of the observed Rh nanoparticles in the spent Rh/(Fe,Mn)Ox catalyst (Fig. 6d; corresponding 

STEM image and single-element maps see Fig. S17). The representative line profiles of Rh and 

Fe clearly demonstrate that there is no local enrichment of Fe in areas of increased Rh intensity 

(Fig. 6d). These local enrichments are essential to form RhFe alloyed nanostructures as present in 

RhFe/FeOx/SiO2 after catalysis (for line-profile scans see Fig. S18). 

In brief, the use of high surface area MnOx as support for RhFe catalysts decreases Fe mobility 

through the formation of mixed (Fe,Mn)Ox surface oxides. As a reason of the decreased Fe 

mobility and reducibility, the formation of RhFe nanoalloyed structures is unfavored on MnOx as 

support and thereby Rh remains in a stable metallic state. 
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CONCLUSION 

The formation phase of a RhFeOx/SiO2 catalyst was identified to be critical in CO hydrogenation 

to ethanol. Herein, we reported a generic method for investigating this critical phase at high partial 

pressure of synthesis gas. During a long-term catalytic test, a significant change in oxygenate 

selectivity was observed. Combining integral and local characterization methods (XPS, XRD, 

HRTEM, HAADF, STEM-EELS, and STEM-EDX), we could ascribe this dynamic behavior to a 

structural transformation of an unalloyed RhFeOx to an alloyed RhFe/FeOx nanostructure. This 

transformation was probably induced by high mobility of Fe and led to the continuous loss of C–

C coupling and thus also to a decrease in ethanol formation abilities. Finally, these selectivity 

dependencies on the nanostructure of RhFe catalysts provide an explanation for the great variations 

in reported results of catalytic reactivity and different proposed structure models of the active 

phase, which range from unalloyed over core-shell to alloyed RhFe nanostructures. 

The structure-function relationship we identified finally provides the opportunity for new 

catalyst design strategies: decreasing Fe mobility and reducibility is vital to improve Fe-promoted 

Rh catalysts and should lead to more stable catalysts in terms of ethanol selectivity. As one 

example, we reported the usage of a novel high surface area Mn2O3 material as a support. It was 

shown that the formation of a (Fe,Mn)Ox mixed surface oxide drastically reduces the Fe mobility. 

Anchoring FeOx on the Mn2O3 surface through strong support interactions prevents the formation 

of RhFe nanoalloy structures and led to stable ethanol selectivities during a long-term catalytic 

study. 

In summary, the reported generic method of investigating the critical formation phase provides 

meaningful insights into the structural behavior of catalysts under reaction conditions and 

addresses explanations for controversially discussed catalytic results. We foresee that this method 
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will not remain limited to Rh-based catalysts in CO hydrogenation and will be applicable to many 

other catalyst systems, such as CuCo/SiO2 or PtCo/SiO2, and other hydrogenation reactions. 
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