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ABSTRACT: Significant efforts have been dedicated to the direct syngas
conversion into ethanol, however, achieving a high ethanol yield remains a
formidable task. In this study, we present the direct syngas-to-ethanol conversion
over Li-promoted RhO,/MgO catalyst (RhO,/Li,O/MgO). The ethanol space-
time yield (EtOH STY) and selectivity reached 12.2 mmol g~ h™" and 20%,
respectively, at a 35% CO conversion over the RhO,/Li,O/MgO catalyst. The
RhO,/Li,0/MgO catalyst demonstrated superior performance in terms of both
ethanol selectivity and STY compared to Rh/Li,O catalysts on other support
materials and Rh/MgO catalysts promoted with other alkali metals. In situ/
operando spectroscopic techniques, combined with other characterisations and
theoretical calculations, have elucidated the interactions between Li,O and Rh on
the MgO surface. These interactions promote the formation of new active sites and
weaken CO adsorption on the Rh surface, thereby enhancing ethanol production.
This work provides a promising strategy for improving ethanol yield in syngas conversion processes.

KEYWORDS: syngas conversion, Rh-based catalysts, ethanol synthesis, Li promotion, support effect

1. INTRODUCTION found to be effective in improving both the CO conversion and
the ethanol formation over Rh catalysts.” >’ Alkali metals
stabilize partially oxidized Rh clusters and modulate the
dispersion and electronic structure of Rh nanoparticles,
thereby serving as structural and electronic promoters to
fine-tune the catalytic activity.*>*” Alkali metals can prevent
the hydrogenation of CH,* and alkylation reactions, thereby
reducing CH;OH and CH, formation, and increasing the
formation of C,, oxygenates.””” The ability of Rh catalysts to

oxy) synthesis from syngas has a significant impact on catalyze CO dissociation, CO insertion, and hydrogenation is
) 5¥ . e %8 pact, influenced by both the addition of the alkali promoter and the
converting biomass, methane, organic waste, and coal into

. ) . . choice of support material.** The variation in the support
high-value chemicals and clean liquid transportation fuels.'’™"* PP ! variaton 1 PP

. . ) materials indicates that the products selectivities in CO
Supported catalysts play an important role in this field, hvd . be sionificantly altered 2>** with p
particularly in higher alcohol (HA) synthesis.”>™>' The ydrogenation can be significantly altered, with surface

. . . hydroxyl groups also playing a crucial role in the C,,
pronounced interaction between nanomaterials and support . 41,42 :
: . . ) . oxygenates synthesis on Rh-based catalysts. Many studies
materials has been extensively investigated to elucidate the . . . .
. . o , focusing on SiO, and TiO, supports have concluded that their
structure—activity relationship in oxide-supported metal hich surface area. pronounced porositv. and stabilit
catalysts.”>'***7** Notably, noble metals exhibit a remarkable & ' P P t 7

. . . collectively contribute to enhanced selectivity toward C,,
synergy with metal oxide supports, modulating CO and H, 35,43—45 " .
. o - oxygenates. Additionally, y-Al,O; has been recognized
adsorption and activation at elevated reaction temperatures.
The supported Rh catalysts exhibit notable activity and
selectivity for ethanol production than alternative syngas Received: August 23, 2024
conversion catalysts.”> > Revised:  January 1, 2025
The choice of catalyst support and the introduction of Accepted: January 9, 2025
various promoters to Rh catalysts are critically important for
achieving high ethanol and hydrocarbon (HC) yields. Among
the various promoter elements explored, alkali metals were

The ever-increasing demand for crude oil has caused a notable
reduction in oil reserves worldwide. Recently, to reduce the
dependency on oil, considerable attention has been directed
toward the efficient use of shale gas, coal, natural gas, and
biomass. Syngas (CO + H,), produced from various sources
including natural gas, carbon dioxide, coal, biomass, and
carbon-rich waste materials, is a viable precursor for high-value
products.'~” Consequently, the direct higher oxygenates (C,,
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as an effective support for transition metal catalysts for both
CO and CO, hydrogenation to C,, oxygenates, due to its high
specific surface area and porosity, which promote optimal
dispersion of metal particles.”**® Furthermore, supports such
as ZrO,"* and CeO," have been reported for their catalytic
properties in similar applications.

This study focused on using MgO as an unconventional
support for Rh nanoparticles in the hydrogenation of CO to
EtOH. We demonstrate that the introduction of the Li
promoter has an impact on the surface structure and enhances
the activity and ethanol production over MgO-supported Rh
catalysts. Through comparative analyses with established
catalysts, this study aims to explain the mechanistic disparities
underlying the superior performance of the Rh/Li,O/MgO
catalysts. Notably, Rh/LiO,/MgO catalysts exhibit an ethanol
space-time yield (EtOH STY) of 12.2 mmol g~ h™". The
comprehensive experimental investigations, including in situ/
operando spectroscopic techniques complemented by density
functional theory (DFT) calculations, provided insights into
the active sites and reaction mechanisms of the Rh/LiOx/MgO
catalyst.

2. MATERIALS AND METHODS

2.1. Catalysts Preparation. MgO was supplied by Ube
Materials Industries, Ltd. TiO, (P25) was obtained from
Evonik (Denmark). SiO, was purchased from Fuji Silysia
Chemical Company Ltd. y-Al,O; (Puralox) was obtained from
Sasol. Rh and Li were introduced through a sequential
impregnation method. An aqueous solution (30 mL) of LiNO;
(Wako Pure Chemical Industries, >99.5%) and 0.97 g of
support were introduced to a 100 mL glass vessel. The slurry
was stirred and dried at 50 °C. After drying overnight at 90 °C,
the samples were calcined for 3 h at 500 °C to obtain alkali
metal/support (Li,O/MgO, Li,O/TiO,, Li,0/Al,0;, Li,O/
Si0,). A 0.98 g sample of Li,O/support and 0.4 mL of an
aqueous Rh(NO;); solution (50 g/L, Furuya Metal Co., Ltd.)
were combined in a 100 mL glass vessel containing 30 mL of
deionized water. The mixture was stirred, then evaporated to
dryness at 50 °C. After evaporation, the sample was further
dried at 110 °C for 12 h to obtain the supported Rh/Li
catalysts, labeled as Rh,0;/Li,0/MgO, Rh,0;/Li,O/TiO,,
Rh,0,/Li,0/Al,0;, Rh,0;/Li,0/Si0,, respectively. The
catalyst was synthesized using the impregnation method at a
calcination temperature of 500 °C. Therefore, the introduced
Li and Rh species would be supported as introduced. The Rh
loading in our catalysts is 2 wt %, while the loading of Li and
other alkali metals is 3 wt %.

2.2. Catalysts Characterization. The structural character-
ization was carried out for both reduced and spent catalysts.
For the reduced catalyst, characterization was conducted after
30 min of H, pretreatment, while for the spent catalyst,
characterization was carried out after a standard reaction time
of 24 h, which included 12 h of aging at 360 °C and 12 h of
reaction testing with a temperature range of 240 to 360 °C.

X-ray diffraction (XRD) analysis was measured on a Rigaku
Miniflex diffractometer from 20 to 70° (scan speed of 5°/min)
with Cu Ko monochromatic radiation (4 = 0.154 nm). High-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) coupled with energy-dispersive
X-ray spectroscopy (EDX) were measured using a FEI Titan
G2 microscope.

Rhodium K-edge X-ray absorption spectroscopy (XAS)
experiments were conducted via transmission mode at the
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BLO1B1 beamline of SPring-8 housed within the Japan
Synchrotron Radiation Research Institute (JASRI) under
Proposal no. 2023B2096/2023A1931. The experiments were
conducted using a Si(311) double-crystal monochromator. In
addition, the reference compound spectra were recorded under
ambient conditions at room temperature. The acquired XAS
results were analyzed with Athena and Artemis software,
version 0.9.26, both integrated within the Demeter package.”’

For Rh K-edge in situ X-ray absorption near-edge structure
(XANES) investigations, the prepared catalyst pellet (7 mm
diameter) was placed in a cell fitted with Kapton film windows
and a microgas chromatograph (GC) was equipped at the
outlet for exhaust gas analysis. The transmission mode was
used to conduct these measurements. The Rh foil spectra were
collected simultaneously for energy calibration. In a typical
experiment, initial X-ray absorption fine structure (XAFS)
scans were performed using the catalyst at room temperature
under He flow. Following H, reduction (100 mL/min) at 360
°C for 30 min, XANES results were acquired. And then, the
gas feed was then transitioned to He (300 mL/min), CO (100
mL/min), and CO (33.3 mL/min) + H, (66.7 mL/min), in
succession, while maintaining a temperature of 360 °C.

Operando diffuse reflectance infrared Fourier transform
(DRIFT) spectra were obtained using a JASCO FT/IR-4600
instrument, which was equipped with a mercury cadmium
telluride (MCT) detector. Spectra were collected at a
resolution of 8 cm™" under S bar pressure and 320 °C. Each
spectrum was corrected by subtracting a reference spectrum
recorded under He flow at the measurement temperature.
Methanol and ethanol analyses were performed using a high-
sampling-rate TCD GC (490 Micro GC; Agilent Technologies
Inc.) installed at the reaction cell outlet.

Temperature-programmed reduction with H, (H,-TPR) was
conducted using a BELCAT II instrument equipped with a
TCD. About 100 mg of the catalyst was placed in a quartz tube
and purged with Ar at 200 °C for 2 h to eliminate physically
adsorbed surface carbonates and water. After cooling the
sample to 50 °C, it was gradually heated to 800 °C under a
flow of 10 vol % H, balanced with Ar.

H, chemisorption was measured using a BELCAT II
instrument with a TCD to determine the number of exposed
Rh surface atoms. 0.1 g portion of the catalyst samples was
initially reduced first at 360 °C under the hydrogen for 30 min,
then evacuated at 400 °C for an additional 30 min. The sample
was then cooled under vacuum to 40 °C and further cooled to
—60 °C before recording the H, adsorption isotherm. The
metal dispersion and turnover frequency (TOF) were
calculated assuming H/Rh, = 1.7

The CO, temperature-programmed desorption (CO,-TPD)
reaction was conducted using a BELCAT II instrument
connected to a TCD to evaluate the basicity of the prepared
catalysts. For this test, a 100 mg catalyst powder was reduced
at 360 °C under H, flow. The catalyst was preheated to 400 °C
for 10 min prior to testing to eliminate any potential
impurities. The sample was then cooled to 40 °C and
subjected to a 30 mL/min CO, flow for 30 min to fully
saturate the surface. Following this, a 30 mL/min He flow was
applied for 30 min to remove any physically adsorbed CO,.
After these pretreatments, the catalyst was heated at a
temperature rate of 10 °C/min from 50 to 700 °C to collect
CO, desorption data.

The Fourier-transform infrared spectroscopy (FTIR) spectra
of adsorbed CO were recorded in transmission mode using a

https://doi.org/10.1021/acscatal.4c05085
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JASCO FTIR-4600 equipped with an MCT detector. A 70 mg
portion of the catalyst was formed into a pellet and placed into
a quartz cell with CaF, windows, surrounded by a Dewar
vessel. After purging with He for several minutes, the feed gas
was changed to H, (20 mL/min) for reduction at 360 °C for
30 min. Following this, the gas flow was changed back to He,
and the catalyst was cooled to —20 °C using a liquid nitrogen
and ethanol mixture. After recording the background spectrum,
the catalysts were exposed to a 10% CO/He (15 mL/min) at 1
bar, followed by He (50 mL/min) to purge CO in the gas
phase, which was physisorbed onto the catalyst.

2.3. Catalytic Reactions. Syngas conversion experiments
were carried out in a fixed-bed reactor maintained at a pressure
of 3 MPa. A gas mixture of H,/CO/Ar with a ratio of 66.1/
33.1/0.8 was introduced into the reactor, using Ar as an
internal standard. Initially, 70 mg of the catalyst was placed in a
fixed-bed reactor with an inner diameter of 1/4 in. The catalyst
was subjected to pretreatment at ambient pressure with a 99%
H,/Ar flow at a rate of 15 mL/min, maintaining a temperature
of 360 °C for 30 min. Following pretreatment, a gas mixture of
H,/CO/Ar (66.1/33.1/0.8) with a total flow rate of 30 mL/
min was introduced into the catalyst bed at a pressure of 30 bar
to attain a space velocity (SV) of 25,700 mL g~ h™". An aging
treatment was applied for 12 h at 360 °C under reaction
conditions as an accelerated aging test before recording the
catalytic reaction results (Figure S1). Product analysis was
performed using an online gas chromatograph (Shimadzu GC-
2014) equipped with thermal conductivity (TCD) and flame
ionization (FID) detectors, within a reaction temperature
range of 240—360 °C.

The CO conversion (X¢g)

n nout
—0 €0 x 100%
hco

Xeo =

Selectivity (S;) for each product
¢ X n

5T T axn

C; represents the molar fraction of product i (CO, HC, or
oxygenates), and n; represents the carbon number of products
i

X 100%

2.4. DFT Calculations. Vienna Ab Initio Simulation
Package (VASP, version 5.4.4) was used for the periodic
DFT calculations.””> The Perdew—Burke—Ernzerh of func-
tional revised for solids (PBEsol) was utilized along with the
projector-augmented wave method.””>* A plane-wave basis set
with a cutoff energy of 400 eV was applied, and a Gaussian
smearing of 0.2 eV was used to distribute the electronic states.
Only the gamma point (1 X 1 X 1) was considered in the k-
point grid. van der Waals interactions were described using a
dispersion-corrected DFT-D3 (BJ) function.® The force
convergence criterion for each atom was set to 0.03 eV A~

Supercell slab models were used to simulate the MgO (100)
surface (Figure S2a).°® where the slabs were repeated along the
surface-normal direction and separated by a vacuum region of
at least 15° (lattice parameters for the surface: a = 16.78 A, b =
16.78 A). The two bottom layers were fixed at their original
bulk positions. One layer of Li,O(111) was attached to the
MgO(100) surface to model the Li,O(111)/MgO(100)
surface (Figure S2b). Given that the Brunauer—Emmett—
Teller (BET) specific surface area of the MgO support used in
this study was 50 m?/g and the Li loading was 3 wt %, if Li,O
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uniformly covered the surface of the MgO support, it formed a
monolayer. Based on this, we modeled the Li,O(111)/
MgO(100) surface. To simulate Rh nanoparticles on the
supports, a Rh;; cluster was employed. This Rh;; cluster was
placed on a pristine MgO(100) surface (Rh;;/MgO(100)) as
well as on Li,0(111)/MgO(100) (Rh;;/Li,O(111)/MgO-
(100)), as shown in Figure 1.

Rhi3/MgO(100)
NN N
NN NN
¢+\¥L +i
RN
¢ +
RN &L
PRSI
RN

Rhy4/Li,O(111)/MgO(100)

NN
L

Figure 1. Slab models are used for DFT calculations of the Rh,;/
MgO(100) and Rh,3/Li,O(111)/MgO(100) surfaces. Rh, Li, Mg,
and O atoms are presented as dark green, purple, light green, and red.

The adsorption energy (E,q4,) of 2 CO molecule on a surface
is defined as

E4o = Eys — By — Eg

where E, /s, E,, and Eg represent the electronic energies of the
adsorption complex, free-state adsorbate, and the bare metal
oxide surface, respectively.

3. RESULTS AND DISCUSSION

3.1. Catalytic CO Hydrogenation to EtOH. The catalytic
performance of various Rh-based catalysts was evaluated in a
fixed-bed reactor under conditions of 320 °C, a weight hourly
space velocity of 25,700 mL g~' h™' and 3 MPa. As evident
from the accompanying Figure 2a and Table S1, the
unpromoted RhO,/MgO showed methanol selectivity of
17.7% at 320 °C, whereas selectivities for other products
such as methane, ethanol, and higher alcohols were 28.9%,
5.3%, and 8.2%, respectively. Methanol formation involves a
nondissociative mechanism at sites capable of hydrogenating
the adsorbed CO.*>” Therefore, the increased total selectivity
of the C1 species (methanol) for RhO,/MgO suggests both a
low CO insertion activity and adequate hydrogenation activity
for conversion into C1 products. The addition of alkali metals
(K, Li, Cs, and Na) increased the ethanol selectivity (Figure
2a) from 5.3% for RhO,/MgO to 9.2%, 10.4%, 10.9%, and 20%
for RhO,/Na,0/MgO, RhO,/K,0/MgO, RhO,/Cs,0/MgO,
and RhO,/Li,0/MgO, respectively. For RhO,/Na,0/MgO
catalyst, we observe that CO, selectivity is higher than that in
the other catalysts. This can be due to increased CO,
production through enhanced WGS reaction facilitated by
Na addition as reported.”” Notably, the catalyst promoted by
Li exhibited the highest ethanol yield, increasing from 4.8
mmol g, h™' for RhO,/MgO to 12.2 mmol g~ h™" for
RhO,/Li,0/MgO, with a corresponding increase in CO
conversion from 20.5% to 36.4%. The production of C,,OH

https://doi.org/10.1021/acscatal.4c05085
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Figure 2. Catalytic performance. (a) Product selectivity and EtOH STY on different alkali metals-RhO,/MgO; product selectivity and EtOH STY
on different (b) Li loading (c) and Rh loading. (d) Product selectivity and EtOH STY on RhO,/Li,O/supports (Others, including formate and
acetaldehyde). (e) Stability of RhO,/Li,0/MgO at 320 °C, 25,700 mL g.,.~' h™", 3.0 MPa, conditions: 70 mg catalyst, H,/CO as 2 by volume, and

Ar as internal standard (0.8 vol %).

products was observed at the expense of the C; products
(CO,, methane, and methanol), which was attributed to the
influence of Li on the CO dissociation ability of RhO,/MgO.*
Analysis of the effect of the Li loading on the performance, as
shown in Figure 2b, revealed that 3 wt % Li yielded optimal
rates and selectivity, reaching 12.2 mmol g.,,~' h™ and 20%,
respectively. Figure 2c shows the effect of Rh loading on the
performance. An increase in the Rh loading from 2 wt % to 5
wt % increases the formation rate and selectivity to 13.8 mmol
g ' h7! and 25%, respectively. However, we chose to use 2

2036

wt % due to the high cost of Rh. We further examined the
reaction conditions influences, containing temperature, pres-
sure, and WHSV, on the EtOH synthesis (Figure S3ab).
Varying the reaction temperature from 240 to 360 °C revealed
that both the EtOH STY and C,, alcohol distribution followed
a typical volcano-shaped curve with a maximum at
approximately 320 °C. The reaction pressure was varied
between 3 and S MPa, with the highest EtOH STY (12.2
mmol g, ' h™') achieved at 3 MPa. Additionally, we
investigated the influence of WHSV by varying it between

https://doi.org/10.1021/acscatal.4c05085
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Figure 3. HAADF-STEM images (a,e,i), corresponding EDX mapping images (b,c,f,g;j,k), and particle size distribution (d,h,1) of the RhO,/MgO,
RhO,/Li,0/MgO (reduced samples) and RhO,/Li,O/MgO (spent sample).

25,700 and 51,000 mL g, ' h7!, finding that the higher
WHSV led to a higher ethanol yield.

The catalytic activity of the Rh catalysts for CO dissociation,
insertion, and hydrogenation was influenced by the presence of
alkali promoter and support material.’*>” MgO is a promising
electronic or structural promoter for facilitating the high-yield
synthesis of methanol via direct CO hydrogenation, achieved
through combined reverse water—gas shift (RWGS) and
Fischer—Tropsch synthesis (FTS) processes.”’”®® Despite
this potential, investigations on MgO-promoted Rh catalysts
remain limited. In addition, comprehensive studies exploring
the relationship between the distinct catalyst support structures
and their activities are lacking. Figure 2d shows the effect of
support, such as MgO, TiO,, Al,O; and SiO, on syngas to
ethanol conversion. The RhOx/Li,0/MgO catalyst exhibited
the best performance, highlighting the effectiveness of MgO in
ethanol production. The catalytic stability of RhO,/Li,O/
MgO was evaluated over a 90 h reaction period under the
optimized conditions (Figure 2e), revealing no significant
changes in CO conversion, product selectivity, and EtOH STY,
suggesting that the RhO,/Li,O/MgO catalyst maintains stable
performance. For comparison, we also summarized the
literature data on syngas conversion to ethanol over various
catalysts in Table S2. Notably, the selectivity and formation
rate of C,,OH and EtOH achieved in this study rank among
the highest compared to those of representative catalysts
reported in the existing literature.
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3.2. Structural Characterization. HAADF-STEM was
used to characterize the supported Rh nanoparticles. Figure 3
displays the HAADF-STEM images of RhO,/MgO and RhO,/
Li,0/MgO (reduced samples) coupled with X-ray EDS for
elemental analysis. The Rh species exhibited a uniform
distribution on both catalysts (Figures 3a,e and S4 and SS),
with the introduction of a promoter resulting in a subtle
increment in particle size with an average of 1.8 to 2.8 nm.
Elemental mapping demonstrated the homogeneous distribu-
tion of Rh across the catalyst surface, confirming the
colocalization of Rh and Mg (Figure 3b—d,f—h). We also
characterized the spent RhO,/Li,O/MgO, and the results are
presented in Figures 3i and S6. HAADF-STEM resolved larger
particles ranging from 2.8 to 13 nm with an average of 4.5 nm
and were discernible in the spent catalyst, which was absent in
the reduced catalyst (before the reaction), suggesting their
formation through sintering during the catalytic reaction. The
STEM-EDS elemental mappings (Figure 3j—1) reveal a
consistent distribution of Rh throughout the MgO support.
Table S3 summarizes the results from H, chemisorption.
Although agglomeration of Rh nanoparticles was observed
before and after the reaction, H, chemisorption data showed
that the number of active sites determined based on the H,
chemisorption experiment remained almost unchanged,
resulting in almost the same TOF values (0.015 s~ for the
fresh catalyst and 0.016 s™* for the spent catalyst).

The HAADF-STEM characterization was performed on
RhO,/Li,0/Si0,, RhO,/Li,0/TiO, and RhO,/Li,0/AL O,
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oscillations for the Rh,05/Li,0/MgO (unreduced sample), RhO,/Li,0/MgO and RhO,/MgO (reduced samples).

after H, reduction. As shown in Figure S7, the particle sizes of
all supported Rh catalysts exhibit slight differences, with
average sizes of 1.85, 1.99, and 1.57 nm for RhO,/Li,0/SiO,,
RhO,/Li,O/TiO,, and RhO,/Li,O/ALO; catalysts, respec-
tively. STEM-EDS elemental mapping indicated that the Rh
atoms were homogeneously distributed across the catalyst
surfaces.

The presence of crystalline phases within the catalyst was
examined after calcination, H, reduction, and the reaction
using XRD, as shown in Figure 4a. The XRD pattern contains
peaks associated with MgO.** Analysis of the peaks formed
after Li loading showed that the Li species in the catalyst
existed as Li,O. In addition, The Rh,0;/MgO and Rh,0;/
Li,0/MgO (unreduced sample) catalysts are indicative of the
absence of crystalline structures corresponding to Rh,0O3 or
metallic Rh. This is due to the high dispersion of Rh, rendering
the crystalline domains below the detection limit of the
instrument. After H, reduction, changes in the crystal structure
were observed, with patterns indicating the presence of the Rh
crystal phase but not oxidized Rh,0; as shown in the XAS
analysis (this will be discussed in a later section). Similar
observations were made for the spent catalyst, where Rh metal
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diffraction peaks were present, albeit larger particles were
observed in the STEM analysis. The XRD pattern of the
alternative support exhibits similar results, indicating the
absence of crystalline structures corresponding to Rh (Figure
S8). This is attributed to the high dispersion of the Rh species
within the material.

The CO, TPD experiments were employed to study the
basicity of the catalysts, and the results are given in Figure S9.
The addition of Li to the MgO support enhanced its basicity,
as indicated by an increased intensity of the CO, desorption
peak and the appearance of a new peak at higher temperature
that indicates the formation of the strong basic sites.

H,-TPR was employed to study the reducibility of the
catalysts, and the results are summarized in Figure 4b. The
MgO support plays a critical role in influencing the reduction
behavior of Rh-based catalysts.”> ™" It is known that supported
metals become more difficult to reduce on basic supports such
as MgO.®”°® When Li is introduced into the MgO support, as
in the Rh,0;/Li,0/MgO catalyst, the reducibility of Rh is
further hindered, with the reduction temperature shifting to an
even higher value (370 °C). This indicates that Li introduction
enhances the basicity of the MgO support (figure S9). In
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Figure 6. Operando DRIFT spectra of CO hydrogenation over the RhO,/Li,0/MgO (a) and RhO,/MgO (c) catalysts. Dynamic IR peak
intensities of CH;CH,O* and CH;0* and formation rate resulted from Micro GC over the RhO,/Li,0/MgO (b) and RhO,/MgO (d) catalysts.
Reaction conditions: 0.5 MPa, CO/H, = 1/2, 30 mL min~?, and 320 °C.

contrast, supports with lower basicity, such as SiO,, TiO,, and
Al,O;, allow for easier reduction, as evidenced by the lower
reduction temperatures (270 °C for Rh,0;/Li,0/SiO, and
around 100 °C for Rh,0;/Li,O/TiO, and Rh,0;/Li,0/
AL, O,). Therefore, the reduction capability follows the order:
Rh,0;/Li,0/MgO < Rh,0;/Li,0/Si0, < Rh,0;/Li,0/TiO,
~ Rh,0,/Li,0/Al,0,.

XAS was further employed to indicate the role of the Li
promoter on the reducibility, environment, and oxidation state
of Rh. Ex situ XANES spectra of the Rh K-edge of the Rh
catalysts are shown in Figure Sa. Rh,0;/LiO,/MgO
(unreduced sample) clearly indicated the presence of cationic
Rh (Rh,0;). EXAFS spectra revealed Rh—O scattering paths,
with Rh—O contributions at 2.05 A (Table $4).*** The
formation of metallic Rh is observed after the treatment with
H, at 360 °C for 30 min as evidenced by the shift of the
absorption edge to lower energies for both RhO,/Li,O/MgO
and RhO,/MgO catalysts (reduced samples). The XANES and
EXAFS spectra of these materials are different from those of
the Rh foil, which we attribute to the presence of some
remaining unreduced cationic Rh or to charge transfer between
the metal and the support.”>*”*® Figure Sb and Table S4
summarize the curve-fitting results for the EXAFS data for all
the measured catalysts. The coordination number (CN) values
obtained for the Rh—Rh shells of both the unpromoted and
promoted Li-promoted RhO,/MgO catalysts after H,
reduction were lower than the bulk value, suggesting the
formation of small Rh particles. The high dispersion of Rh is
also in line with the observed decrease in the coordination
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distance relative to the bulk value (R = 2.69 A). The presence
of the promoter resulted in a slight increase in the particle size,
as evidenced by the larger CN values in the EXAFS fits and
STEM results. The Rh particle size can be estimated using Rh
cluster models with different numbers of atoms to calculate the
average CN.”””% The estimated Rh particle size is approx-
imately 0.9 nm (CN: 5.3) for RhO,/MgO and around 1.3 nm
(CN: 6.5) for RhO,/Li,0/MgO. However, it is important to
note that the presence of minor Rh* species and the geometric
shape of the particles influence the particle size calculation,
potentially accounting for the discrepancy with the STEM
particle size distribution. Nevertheless, both characterization
methods indicate the same trend: Rh particle size increased
after Li loading,

3.3. Mechanistic Studies. The operando DRIFTS
connected with mass spectrometry outlet was used to
investigate the mechanism governing the CO hydrogenation
to EtOH under working conditions at 320 °C, 0.5 MPa, and a
H,/CO ratio of 2 on RhO,/Li,O/MgO and RhO,/MgO
catalysts and other reference catalysts. The results (Figure 6a)
for the Li promoted catalyst (RhO,/Li,O/MgO) reveals the
band at 3016 cm™' corresponding to the C—H stretching
vibration in CH,,”””" and the gradual buildup of the bands due
to C—H bond asymmetric stretching (v,, C—H) and
asymmetric bending (§,, C—H) vibration in CH,* at
approximately 2850 and 1450 cm™'. The band v(C=O0),
corresponding to the vibrations of carbonyl groups in
aldehydes, was observed at 1704 cm™, along with the bands
at 2790 and 1435 cm™! were recorded, which are consensually
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Figure 7. (a) Operando DRIFT spectra of CO hydrogenation over the RhO,/Li,0/MgO, RhO,/Li,0/TiO,, RhO,/Li,0/SiO, and RhO,/Li,0/
Al,Oj catalysts. Reaction conditions: 0.5 MPa, CO/H, = 1/2, 30 mL min~", and 320 °C. (b) Formation rate resulted from Micro GC over different

catalytic systems.

assigned to the C—H bond in adsorbed acetaldehyde species
(CH,CHO*).”> After S5 min, bands characteristic of
CH;CH,0* (2924, 2963 and 1161 cm™)*”* emerged and
intensified. The formation of CH;CHO* occurs earlier
compared to the hydrogenated CH;CH,O* species, consistent
with the role of Li in suppressing intermediate hydrogenation.
The CH;CHO* species can subsequently undergo further
hydrogenation to form an ethoxy species (CH;CH,0%), and
subsequently ethanol.”””> Furthermore, bands corresponding
to CH;COO* (1515 and 1541 cm™") existed throughout the
reaction, commonly observed on the surfaces of Rh-based
catalysts with superior ethanol selectivity.”* Additional bands
at 2770, 2723, 1606, and 1342 cm™' corresponded to
HCOO*.” DRIFT spectra also revealed a minor peak at
2798 cm™" assigned to CH,0%,° along with a reduction in the
intensity of the peak at 2723 cm™ attributable to formate,”’
which are important intermediates of methanol production.
Online gas chromatography was used to track and quantify the
formation of EtOH and MeOH in the gas phase (Figure 6b).
After 10 min, the EtOH formation rate increased compared to
that of MeOH, indicating facile CO hydrogenation to
CH;CH,OH under the specified conditions.

As depicted in Figure 6¢, the DRIFTS analysis of the RhO,/
MgO catalysts shows a notable increase in the relative band
intensity of unsaturated CH,* at 2850 cm™, in comparison to
RhO,/Li,0/MgO. The observed peaks at 2723 and 1384 cm™
correspond to the characteristic features of adsorbed formate
(HCOO*),*”® whereas the band centered at 1600 cm™ is
associated with the O—C—O vibration (referred to as)”® of
formate species. Furthermore, intense IR bands, at 2798 and
1102 cm™', representing methoxy groups (CH;0%),” were
detected. The results also revealed that the relative band
intensity of CH;0* to HCOO* increased in the unpromoted
RhO,/MgO catalyst, indicating that these intermediates were
directly hydrogenated to CH3;OH rather than forming C,,
oxygenate intermediates. The results showed a higher absolute
amount of adsorbed species on the RhO,/MgO catalyst.
However, these species did not effectively contribute to the
formation of the C,, oxygenates. We speculate that the
presence of the Li promoter effectively mitigated the formation
of methoxy intermediates. A comparison of the data in Figure
6b,d reveals a higher formation rate of ethanol over Rh/Li/
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MgO than over the Rh/MgO catalysts. The latter showed a
significant increase in MeOH production after 15 min
compared to EtOH. The enhanced coverage of C,, oxygenate
intermediates and reduced concentration of CH;O* over the
RhO,/Li,0/MgO catalyst contributed to the improved EtOH
selectivity.

The investigation delved into the impact of varying the
support material for RhO,/Li,O catalysts, transitioning from
MgO to TiO,, SiO,, and Al,O;, all within identical reaction
conditions set at 320 °C and 0.5 MPa. The spectral data,
depicted in Figures S10 and 7a, were acquired after the syngas
conversion process was conducted on the diverse support
matrices. This study aimed to discern the alterations in the
catalytic performance and reaction pathways induced by
different support materials employed in conjunction with
RhO,/Li,O catalyst systems. In the depicted Figure 7a, it is
evident that the relative band intensity ratio of CH, at 3016
cm™! to the unsaturated CH,* species at 2924 cm™,*® exhibits
a notable augmentation in the RhO,/Li,O/TiO, catalyst
compared to other support materials. This observation
underscores the efficacy of TiO, as a support in markedly
improving the hydrogenation of CH,* to CH,, thereby
reducing the coverage of CH,* species. Conversely, the
relative band intensities corresponding to HCOO* (2723,
1650, 1606, and 1342 cm_l),7S along with the CH;0%* group
(2894, 2830, and 1059 cm_l),76 exhibit a pronounced
elevation in the RhO,/Li,O/ALO; catalysts, indicative of
significant intermediates crucial for methanol production.
Furthermore, analysis reveals that the RhO,/Li,0/MgO
catalyst displayed the highest intensity of CH;CH,O* after
60 min of the reaction, accompanied by the detection of
CH;CHO species, signifying the importance of intermediates
for ethanol formation. Among the evaluated catalyst systems,
the formation rate (EtOH STY) identified RhO,/Li,0/MgO
as the catalyst with the highest efficacy for facilitating ethanol
synthesis (Figure 7b).

In situ XAS experiments were performed to investigate the
structural and chemical characteristics of the RhO,/Li,O/
MgO catalyst under the reaction conditions at the Rh K-edges,
given its significantly enhanced activity and selectivity of
ethanol compared to unpromoted RhO,/MgO (Figure S11a).
The structural evolution of the catalyst after H, reduction
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under the reaction conditions was probed via EXAFS analysis,
whereas alterations in the chemical state were investigated by
analyzing the XANES region. The in situ XANES and FT-
EXAFS spectra under He flow immediately after the H,
reduction at 360 °C are shown in Figure S11b and Table SS.
No significant changes were observed upon exposure to CO
and CO + H, gases at ambient pressure, indicating that the
chemical state of the Rh species was similar to that of the
reduced catalyst.

To further elucidate the role of Li, FTIR spectra were
obtained in transmission mode for CO adsorption on the two
MgO-based catalysts at low temperature (Figure 8). When CO

3.0

1856
2.5 :

2.0

RhO,/Mg0

Absorbance

1.5- 1888
1999 ‘
10 RhO/L,0/vgo 2058 7
0'5 T T T T
2200 2100 2000 1900 1800 1700

Wavenumber (cm?)

Figure 8. FTIR spectra of CO adsorption for the RhO,/Li,O/MgO,
RhO,/MgO. Prior to CO adsorption, the catalyst was treated with H,,
and CO was introduced at —20 °C.

was introduced into RhO,/MgO, three strong adsorption
peaks were observed in the region of 1800—2100 cm™" region.
The peaks centered in 1856, 1987, and 2055 cm™' can be
assigned to CO adsorbed on the hollow site (CO bound to
three Rh atoms),”” bridge site (CO bound to two Rh
atoms),””*> and on-top site (CO bound to one Rh
atom),””” respectively. The addition of Li species to RhO,/
MgO (RhO,/Li,0/MgO) reduced the absorption capacity for
all CO species, indicating a weakening of CO adsorption.
Additionally, all peaks shifted toward higher wavenumbers,
suggesting changes in the electronic environment of the Rh
sites, likely due to electronic effects induced by Li that weaken
the metal—CO interaction. It is well-known that back-donation
from the metal surface to the adsorbed CO significantly
influences to the adsorption strength and the vibrations of the
C—O bond.”®”® The z back-donation contribution is
weakened when Rh is positively charged, resulting in weaker
adsorption of CO and a shift in the C—O bond vibrational
frequency for RhO,,/Li,O/MgO. The adsorption energy of CO
was also examined using DFT calculations (Figure S12). E, 4, of
a CO molecule on the Rh;3/MgO(100) and Rh,;/Li,0(111)/
MgO(100) surfaces were calculated to be —2.34 and —2.02 €V,
respectively. It should also be noted that only the on-top sites
were considered as adsorption sites in this investigation, and
the most stable structures for each model were utilized. This
result also suggests that the Li species addition leads to weaker
adsorption of CO. When the supported metal nanogarticles
become electron-rich, the formation of CH, is favored.”® In the
present study, because CH, is an undesired byproduct, it is
thought that suppressing CH, production by making the
supported Rh nanoparticles electron-deficient through Li
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addition would be advantageous for ethanol synthesis. Thus,
over RhO,/Li,O/MgO catalysts, hydrogenation to CH, may
be suppressed, and CO species can be more readily inserted
into the CH,—Rh bond, producing C, oxygenates more
efficiently than on RhO,/MgO catalysts.

4. CONCLUSION

In this study, we achieved high ethanol production by utilizing
MgO as an effective support for Rh catalysts in a syngas-to-
ethanol conversion reaction. Among the alkali metals tested, Li
was the most favorable promoter for ethanol formation.
Through optimization of the reaction conditions, we attained
the highest ethanol space-time yield (EtOH STY) of 12.2
mmol g.,.~" h™" with a selectivity of 20%. The Li addition as an
effective promoter, which likely interacts closely with Rh to
form new active sites, enhanced ethanol yield and selectivity.
The introduction of Li promoted Rh electron deficiency,
suppressed the undesired CH, formation and promoted the
ethanol formation. In addition, we examined the roles of
various catalyst supports (SiO,, Al,Oj, and TiO,) in ethanol
synthesis to elucidate their effects. Our findings highlight the
significance and implications of MgO as a support for Rh
catalysts, offering insights into the design of next-generation
catalysts that can upgrade small molecules to chemicals and
synthetic fuels.
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