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Abstract: The direct conversion of syngas to ethanol is a promising route for the sustainable
production of value-added chemicals and fuels. While Fe-promoted Rh-based catalysts have
long been studied because of their notable activity and selectivity towards ethanol, the nature
of Rh-Fe interaction and the catalyst structure under reaction conditions remain poorly
understood due to the intrinsic complexity of heterogeneous catalysts prepared by conventional
approaches. In this work, we construct well-defined RhFe@SiO2 model catalysts via surface
organometallic chemistry (SOMC), composed of small and narrowly distributed nanoparticles
supported on silica. Such RhFe@SiO; catalyst converts syngas into ethanol, reaching an overall
selectivity of 38% ethanol among all products at 8.4% CO conversion, while the non-promoted
Rh@Si0> catalyst mostly yields methane (selectivity > 90%) and no ethanol. Detailed in situ
XAS and DRIFTS studies reveal that the RhFe@Si0; catalyst corresponds to an Rh-Fe alloy
with ca. 3:1 Rh/Fe ratio alongside residual Fe" single site. The alloy is stable under working

conditions, promoting high activity and ethanol selectivity.
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Introduction

Syngas (CO/H) serves as a crucial platform for transforming the non-petroleum carbon
resources, such as coal, natural gas, shale gas and biomass, into liquid fuels and basic chemicals.
[1-3 In that context, major efforts have focused on the direct conversion of syngas into ethanol,
an ideal fuel additive, promising hydrogen carrier, and versatile building-block in chemical
synthesis.[*®!  Among potential candidates, Rh-based catalysts show promising ethanol
selectivity in syngas conversion in the presence of specific additives, so-called promoters.”!?
Among them, Fe has been shown to be particularly efficient to trigger ethanol production of
Rh-based catalysts.>> 13171 However, the promotional effect of Fe under syngas conversion
conditions remains poorly understood, partly because of the ill-defined catalyst structures
resulting from conventional synthetic approaches. For example, there are ongoing debates
regarding whether the RhFe alloy or Rh-FeOy interfaces are crucial for promoting ethanol
synthesis.!3: 14 16.17]

In that context, Surface organometallic chemistry (SOMC) has emerged as a powerful
synthetic methodology to generate tailored catalysts and to interrogate the role of composition
and interfaces.!'®2%! Specifically, SOMC exploits the surface termination of oxide supports,
especially surface OH groups, Ms-OH, to anchor well-defined metal precursors, L,MX,
through protonolysis, generating atomically dispersed surface species, Ms-O-ML,X,.; (ca. 1
site/nm?) while releasing HX. Subsequent thermal treatment under vacuum or reactive
atmospheres like H> can yield isolated metal sites or nanoparticles with tailored compositions
or interfaces. Overall, SOMC generates well-defined models of heterogeneous catalysts, where
each component can be selectively introduced and their state probed through detailed
characterization. Taken together with catalytic studies and detailed in situ or operando
spectroscopic investigations, molecular-level structure-activity relationships and guideline
principles can be elaborated, thus providing opportunities for rational catalyst development.
Our group has successfully implemented this approach to explore and understand various
heterogeneous catalysts used for propane dehydrogenation,!?!??! selective oxidation of methane
(23] and CO; hydrogenation.!20242]

Considering the unique ability of Fe to promote the formation of ethanol with Rh-based
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catalysts, here we have thus decided to interrogate the promotional role of Fe in syngas
conversion, employing SOMC to prepare well-defined RhFe@SiO> model catalysts. We find
that the introduction of Fe dramatically enhances the activity in syngas conversion and shifts
the product selectivity from almost pure methane to ethanol, along with some amount of
methanol. Detailed in situ XAS and DRIFTS studies demonstrate the formation of RhFe
alloyed nanoparticles dispersed on a silica decorated with Fe(Il) single sites, avoiding the
presence of bulk FeOx or Fe carbides. Both in situ XAS and DRIFTS studies show that the
RhFe alloy remains stable under reaction, which is crucial in improving both catalyst activity

and ethanol selectivity.

Results and discussion

First, Rh is dispersed via grafting on the residual surface silanols of a silica decorated with
isolated Fe'!, prepared from the reaction of Fe>(OSi(OtBu)s)s on partially dehydroxylated at
700 °C (SiO2.700) followed by a thermal treatment under vacuum.!*! This tailored support,
denoted Fe'@SiO; and containing ca. 0.9 Fe"" nm™ (Figure S1), displays an IR spectrum free
of organic ligands, with isolated —OH groups (Figure S2). Upon reaction of Rh(COD)(DIA), a
recently developed molecular precursor amenable for grafting,!*”) the -OH stretch at 3747 cm’
! disappears (Figure 1a), and the resulting material, coined Rh-Fe!'@SiO», displays peaks at
ca. 3250 cm™ (N-H streching), 3100-2700 cm™ (C-H stretching), 1700-1600 cm™ (C=N and
C=C stretching) and 1500-1300 cm™ (C-H bending) in the IR spectrum (Figure 1b). These
results confirm that the Rh(COD)(DIA) grafts via protonolysis with surface silanols.
Subsequent reduction under Hz at 400 °C yields a black solid, RhFe@SiOz, containing the
regenerated Si-OH group but no organic residue. A monometallic Rh@SiO: is prepared by the
same approach using SiO».700 as previously reported.?”)

Transmission electron microscopy (TEM) shows that RhFe@SiO> contains highly-
dispersed and small nanoparticles with a narrow particle size distribution (1.6 + 0.5 nm, Figure
Ic). The particle sizes of RhFe@Si0, are notably smaller than for the corresponding Rh@Si0»
(3.3 nm), prepared via the same approach, already indicating a strong interaction between Rh
and Fe (Table S1). The absence of diffraction peaks in RhFe@SiO> is consistent with the

observation of reduced particle size in TEM, while metallic Rh is detected in Rh@SiO:> (Figure
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S3). FTIR spectra of adsorbed CO shows that two peaks at around 2070 cm™ and 1890 cm™!
are both observed over RhFe@SiO> and Rh@SiO;, (Figure 1d); they are assigned to linearly
bound CO and bridging CO adsorbed on metallic Rh, respectively. Note that the peak at around
2070 cm! is significantly broader for RhFe@SiO, than for Rh@SiO,, potentially indicating

alloying upon H> treatment (vide infra).
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Figure 1. (a) Schematic procedure for grafting of Rh(COD)(DIA) on Fe''(@SiO- followed by reduction under
H; at 400 °C. (b) IR spectra throughout the synthesis of RhFe@SiO: starting from the second grafting. (c)
Particle size distribution and TEM images of RhFe@SiO; (d) FTIR spectra of CO adsorbed on Rh@SiO-

(black line) and RhFe@SiO- (red line) under 2.5 mbar CO pressure at room temperature.

The as-prepared RhFe@SiO2 and Rh@SiO: catalysts are next evaluated for syngas
conversion at 25 bar (Ho/CO/N> =2:1:1.5). Following exposure to air, the catalysts are reduced
at 400 °C under Hy prior to evaluating their performances in syngas conversion. By altering the
gas flow rate while fixing the temperature at 250 °C, the RhFe@SiO> catalyst provides a high
selectivity to CH3CH2OH (> 33%) over a wide range of CO conversion (Figure 2a), along with
some amount of CH30H (around 25%). Notably, the CHs and CH30OH selectivities decrease
with increasing CO conversion, while the opposite trend is observed for ethanol, indicating that
C-C coupling is more favorable at longer contact time and ethanol is likely a secondary product.

Moreover, study on the effect of temperature indicates that the ethanol selectivity can be
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slightly increased with increasing in CO conversion, while sacrificing some CH3OH selectivity.
Overall, an ethanol selectivity of up to 38% at 8.4% CO conversion can be obtained at 270 °C
(Figure 2b). In contrast, under various conditions, Rh@SiO> invariably shows inferior CO
conversion (< 1%) and high selectivity (> 90%) along with small amounts of C>-C4
hydrocarbons and no oxygenate organic products (Figure S4 and S5), consistent with previous
reports related to non-promoted Rh catalyst for syngas conversion. [!% 2% 2°1 Note that the
catalytic activity of the support — Fe'@SiO» — for syngas conversion is below detection limit
under identical conditions. These findings suggest that the synergy between Rh and Fe is

crucial for promoting ethanol formation in syngas conversion.
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Figure 2. (a) Product selectivity vs CO conversion over RhFe@SiO, catalyst for syngas conversion.
Reaction conditions: Wea =50 mg, CO/Ha/Ny = 1:2:1.5, F = 2-8 mL/min, 7 = 250 °C, P = 25 bar. (b) The
effect of temperature on RhFe@SiO> catalysts. Reaction conditions: Wea =50 mg, CO/H2/N, = 1:2:1.5, F =

4 mL/min, 7= 230-270 °C, P = 25 bar.
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In order to understand the origin of the promotional effect of Fe, we next carried out in
situ X-ray Absorption Spectroscopy (XAS) experiments to study the structure evolution of
RhFe@SiO> under different conditions at both the Rh and Fe K-edges (Figure S6). The
evolution of structure is first analyzed from Rh K-edge (Figure 3a and 3b), and the fitted values
are shown in Figure S7-S10 and summarized in Table S2. The Rh K-edge X-ray absorption
near-edge structure (XANES) spectrum of air-exposed RhFe@SiO; bears some resemblance
to Rh2Oj5 reference (Figure 3a). Simultaneously, two peaks at ~ 1.5 A and ~ 2.4 A are observed
in the Fourier transform of EXAFS spectra, which are attributed to Rh-O and Rh-Rh scattering
path based on the references (Figure 3b). The fitting results reveal that the coordination number
(CN) of Rh-Rh and Rh-O are 4.8 and 2.7, respectively (Figure S8 and Table S2). These results
suggest that the RhFe@SiO; catalyst contains both oxidized and metallic Rh species after
exposure to air, which is quite different from what is observed for the monometallic Rh@SiO>
exposed to air, since it contains exclusively metallic Rh (Table S2). [27]

Next in situ X-ray adsorption near-edge structure (XANES) at Rh K-edge are collected to
monitor the evolution of air-exposed RhFe@SiO> during the H> temperature programmed
reduction (H2-TPR) process. The spectra are analyzed using linear combination fitting (LCF)
to identify the different Rh species present in the sample. Note that the Rh@Si0: is used as the
standard Rh metal spectra to minimize the effect of particle size on the XANES spectra (Figure
S11). As shown in Figures 3¢ and 3d, LCF analysis indicates that the air-exposed RhFe@SiO»
sample can be described as a mixture of ca. 40% Rh2O3 and 60% Rh metal. The XANES spectra
evolve towards metallic Rh during H»-TPR, suggesting that the oxidized Rh species in the air-
exposed RhFe@SiO; can be reversibly reduced. Overall, after H> reduction at 400 °C, while
the peak at ~ 1.5 A observed in the Fourier transformed EXAFS spectra vanishes (Figure 3b),
consistent with the XANES results. The fitting result of EXAFS spectrum show an average CN
of 6.8 and 1.7 for Rh-Rh and Rh-Fe respectively (Figure S9 and Table S2), implying the
formation of Rh-Fe alloy after H reduction.'® 3% Wavelet transform (WT) analyses shows a
maximum intensity near 9 A"! and 2.4 A and a weaker intensity near 5 A”! and 1.5 A for air-
exposed catalysts, while a maximum intensity near 9 A™! and 2.4 A and a weaker intensity near
7 A'and 1.9 A are observed for post Hz reduction, further indicative of alloy formation (Figure

3e).
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Notably, no change is observed for the XANES during the course of syngas conversion.
The fitting of post-syngas EXAFS spectrum indicates similar CN compared to the reduced
catalyst (Figure 3a, 3b, Figure S9, S10 and Table S2). Moreover, the wavelet transform (WT)
analyses of post-syngas and reduced catalysts are rather similar (Figure 3e). These findings
reveal that alloying persists throughout CO hydrogenation. For the monometallic Rh@SiO», it
exclusively remains metallic throughout CO hydrogenation (Figure S13 and Table S2), which
is well-known for methanation catalysts in syngas conversion. I’

In situ Fe K-edge XAS spectra under the same conditions are also collected and analyzed
to gain more insights into the interplay between Rh and Fe. As shown in Figure S14a, compared
to Fe''@SiO,, the edge position of air-exposed RhFe@SiO: shifts to higher position. The
intensity of the pre-edge peak at ca. 7113 eV, corresponding to the transition from Is to 3d-like
levels, increases to some extent due to a greater amount of 4p mixing with 3d orbitals when

11

Fe' is oxidized to Fe™. B!l Moreover, the first derivative spectra of air-exposed catalyst

significantly shift to higher energy compared to the Fe'"@SiO; reference (Figure S14b). These

results clearly demonstrate that the pristine Fe!' was oxidized to Fe'

under air-exposed
condition. Furthermore, fitting of EXAFS spectrum only shows an average CN of 4.8 for Fe-
O scattering contribution in the air-exposed catalyst (Figure S14c, Figure S15, and Table S3).

During H>-TPR, the intensity of pre-edge gradually decreases and the edge position
gradually shifts to a lower energy (Figure S18). These indicate that the oxidized Fe species was
reversibly reduced. After H> reduction at 400 °C, LCF analysis of the Fe K edge XANES
spectrum using Fe''@SiO» and Fe foil as references demonstrates that ca. 77% Fe is in the state
of Fel'@Si0,, while the remaining 23% Fe is reduced to Fe® and is incorporated into the Rh
nanoparticle to form the Rh-Fe alloy as discussed above with a Rh/Fe® ratio of 3.3:1 (Figure
S19, Table S4). Moreover, a new peak at 2.3 A in R space emerges, which is 0.2 A higher than
that of Fe-Fe scattering path, indicating the absence of Fe aggregation (Figure S14c). The
EXAFS fitting results show that this peak belongs to the Fe-Rh scattering path with an average
CN of 0.5, which is in accordance with the results from Rh K-edge (Figure S16 and Table S3).
Similar to what is observed from Rh K-edge, no changes are observed at the Fe K-edge during

syngas conversion (Figure S14, Figure S17, S20, and Table S3). Therefore, considering the

syngas conversion results, it is proposed that the unique structure of RhFe alloy supported over
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Fe''@Si0,, that persists under catalytic condition, is crucial for shifting the products from CHa

to CH3CH;OH.
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Figure 3. In situ XAS of RhFe@SiO, at Rh K-edge under different conditions: (a) XANES spectra; (b) the
k*-weighted Fourier transforms of EXAFS spectra; (¢) In situ XANES collected during H> temperature
programmed reduction. (d) Results of linear combination fitting (LCF) of Rh K-edge XANES. (e) Wavelet

transform analysis of Rh K-edge EXAFS data.
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In situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)
measurements are next undertaken to gain insights about possible reaction intermediates
formed under CO hydrogenation. When exposed to a gas mixture of CO/Hz/Ar (2:1:1) at 250
°C, Rh@SiOz shows IR bands at 2063 and 1918 cm’, attributed to linearly- and bridge-
bounded CO*, respectively (Figure 4a). [*> 331 In addition, adsorbed CHx* species (bands at
2985 and 2935 cm™!) and gaseous CHg4 (band at 3015 cm'!) are also observed. Similar species
can also be observed with RhFe@SiO2: CO* bands at 2059 and 1909 cm™!, CHy* bands at 2983,
2937 and 2856 cm™! along with gaseous CHa4 (bands centered at 3015 cm™), albeit with lower
intensities for linearly- and bridge-bonded CO*. These findings imply that Fe decreases CO
chemisorption, likely explaining the enhanced activity in CO hydrogenation considering that
CO is as a poison.[**! The significant decrease of the bridge-bonded CO* intensity also indicates

that the RhFe alloys persist under CO hydrogenation conditions, further supporting XAS

analysis.
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Figure 4. (a) In situ DRIFTS spectra on Rh@SiO; (a) and RhFe@SiO: collected under CO/Ho/Ar (1:2:1) at

250 °C.
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In addition, the intensity of the bands associated with CHx* species is significantly higher
with RhFe@Si0,, while the intensity of bands associated with gaseous CHy is lower (Figure
S21), suggesting that the presence of Fe enables the accumulation of CHx species and
suppresses the hydrogenation of CHx species into CHs. The accumulation of CHy species over
surface of RhFe@SiO, catalyst parallels the observed rise in C-C coupling products, as
revealed by the increase ethanol selectivity and productivity. > 3 33 Furthermore, additional
IR bands, assigned to formate species and likely associated with methanol formation, are also
observed at 2884 and 1566 cm™! over RhFe@Si02.% 7 Overall, the alloying of Fe with Rh
enables to decrease the amount of adsorbed CO*, while promoting the formation of specific
reaction intermediates, e.g. adsorbed CHx and formates, improving the selectivity and
productivity in oxygenates products, in particular ethanol, while suppressing methanation.

In summary, well-defined RhFe@SiO: catalysts prepared via SOMC shows that Fe
promotes the dramatic increase in activity in syngas conversion and shifts the selectivity of Rh
from methane to ethanol. /n situ XAS experiments demonstrate that ca. 20% fraction of the
overall Fe is incorporated into Rh nanoparticles after H> reduction, to form Rh-Fe alloy
nanoparticles with an Rh/Fe ratio of 3.3:1, along with residual Fe'! isolated sites dispersed on
Si0,. This structure is maintained during syngas conversion, and all data show that the
formation of stable RhFe alloyed nanoparticles is probably key to increasing the activity and
shifting the selectivity of Rh from methane to high ethanol productivity. The formation of
stable alloys is key to this observed reactivity switch and provide insights to design more
efficient catalysts for the conversion of syngas to ethanol. Overall, this study illustrates that the
combination of SOMC and advanced in situ spectroscopy is a powerful tool to develop

structure-performance relationship at molecular level.
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