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Chapter 1

General Introduction



1.1 The importance of ethanol to human societies

As the global population continues to grow and economies expand, the demand for
natural resources, especially fossil fuels, has surged to unprecedented levels.'* What
followed is the scarcity of natural resources, the high consumption of fossil fuel energy, and
the rise in total greenhouse gas emissions are pressing concerns that demand urgent
action.>’ As a result, to solve the energy and resources issues and climate changes, the
development of clean and renewable energy, which is inexhaustible and environmentally

friendly, has become critically urgent in the 21st century.?87

Among all the renewable chemicals, ethanol, also known as ethyl alcohol, is an important
chemical compound with a wide range of applications in various industries.®® It is also used
for different purposes in our daily lives (Figure 1. 1). For example, ethanol is used in medical
wipes and the most common antibacterial hand sanitizing gels and is effective against most
bacteria and fungi and many viruses;>'° And, ethanol is the alcohol found in alcoholic drinks
such as beer or whiskey; beside that, ethanol can be considered as an additive to the
gasoline,>'% 10-20% ethanol enable provide enhanced power and performance of gasoline,
due to higher-octane number than gasoline. Furthermore, ethanol is the ideal solvent for
many various products in our daily life and industrial items, because it is safer." It is reported
that (Figure 1. 2),"?in 2023, the Global Ethanol Market Size was valued at USD 91.76 Billion,
and the Global Ethanol Market Size is expected to reach USD 158.13 Billion by 2033, with a
growing rate of 5.59%.

Fuel for vehicles Medical wipes
antibacterial gels

Ethanol
Alcoholic drinks Solvents

Figure 1.1. the application of ethanol in different fields.
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Figure 1. 2. Global ethanol market size forecasts (to 2023)."2

1.2 The production of ethanol

Currently, bioethanol is the primary source of renewable biofuel, primarily derived from
agricultural products such as potato, lignocellulosic biomass, corn starch and sugarcane.’®-
6 Among them,” the United States and Brazil lead the world in production, generating about
15 billion and 7.5 billion gallons, respectively, in 2021. These two countries account for around
82% of global ethanol production.'”

Due to rising alcohol demand, alternative technologies for higher alcohol synthesis
(HAS) have been investigated, with some achieving industrial application.'® For example, the
Institute of Coal Chemistry at the Chinese Academy of Sciences has developed innovative
CuFe-based catalysts for C2+ alcohols from syngas, reaching a space-time yield of alcohol
exceeding 0.23 kg kgeat' h™'.'® Additionally, the Dalian Institute of Chemical Physics has
constructed the first ethanol production facility using an indirect coal-based process, involving
coal-to-syngas conversion, syngas-to-methanol/DME, methanol/DME carbonylation, and
subsequent hydrogenation.?°

Despite considerable industrial and academic advancements in recent years, developing
new reaction methodologies (direct routes, such as CO2 hydrogenation and syngas

conversion) with more efficient catalysts remains a promising area for further exploration.?'.22



1.3 CO2 hydrogenation to ethanol

Massive CO2 emission has resulted in a series of ecological problems such as global
warming, ocean acidification, and a marked decline in biodiversity.?>-25 According to recent
climate reports, the global average temperature is forecast to increase by more than 4 °C by
2100, and the concentration of CO2 in the atmosphere is increasing at a rate of 2
ppm/year.?62” Catalytic hydrogenation of CO: to ethanol, a process that not only contributes
to CO2 reduction but also yields a valuable chemical feedstock and renewable fuel.
Compared to the methanol synthesis process from CO2 hydrogenation, ethanol production
offers a higher equilibrium conversion and operates over a wider temperature range, allowing
for more complete utilization and consumption of COz2 (Figure 1. 3). Moreover, the efficient
use of hydrogen (Hz) aligns with Japan's vision of a "Hydrogen Society," as promoted by the

Japanese government.?829
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Figure 1. 3. In comparison of equilibrium CO; conversion to ethanol and methanol

The heterogeneous catalytic hydrogenation of CO2 to ethanol represents a promising yet
challenging route, hindered not only by the thermodynamic stability of CO2 but also by the
complexity of various reaction pathways and the difficulty in controlling C—C coupling.'®30-33
It necessitates highly efficient catalysts to achieve high conversion rates and product
selectivity. Although recent advancements in catalyst design have demonstrated
considerable potential in enhancing the efficiency of this process, the development of novel
catalyst systems with high selectivity and stability is still crucial for making CO2 hydrogenation

to ethanol practical.?"?2 At present, in heterogeneous catalysis, the main catalysts facilitating



CO:2 hydrogenation to ethanol are noble metal-based and transition metal catalysts, as below

in details.

Noble metal-based catalysts have been extensively investigated for CO2 hydrogenation
to ethanol, owing to their exceptional activity and selectivity.'®34-38 Among them, Rh-based
catalysts are known to be suitable catalysts for the selective hydrogenation of CO into ethanol,
prompting researchers to explore the use of Rh catalysts for CO2 hydrogenation to produce
higher alcohols.3435 A recent study by Ji et al. investigated Fe and Na co-modified Rh/CeO2
catalysts, revealing that Fe and Na were the most effective promoters for enhancing CO2
hydrogenation to ethanol.’® The modified Rh/CeO2 catalyst achieved a high ethanol
selectivity of 29.8% with a COz2 conversion rate of 13.0%, outperformed the previously Rh-
based catalysts under comparable conditions. In addition, Huang et al. performed the
hydrogenation of CO, into ethanol using ordered Pd—Cu nanoparticles in a batch reactor.3®
The studied Pd,Cu NPs/P25 catalyst exhibited the excellent selectivity and yield of ethanol
of up to 92.0%, along with good durability. Other noble metals, including Au,*° Pd,36-38 |r*! and
Pt,*? have been investigated for CO2 hydrogenation to ethanol. However, the reported noble
metal catalysts measured in fixed-bed reactors were all facing the similar problem of poor

ethanol selectivity, even when different reaction conditions were employed.

Transition metal-based catalysts play a pivotal role in the hydrogenation of CO2 to
ethanol, owing to their capacity to facilitate various reaction pathways, including CO2
activation, intermediate formation, and C—C coupling. Cu-based catalysts are effective for
non-dissociative CO adsorption and are known for their low affinity to form *CHx intermediates
from CO.434* However, the addition of other sites or promoters to Cu catalysts can promote
the formation of CHx species and improve their C-C coupling activity.4344 Cobalt is well known
as good catalyst for Fischer—Tropsch synthesis (FTS) to form hydrocarbons.*®* However, it is
reported that some oxygenates are also formed when Co is highly dispersed.3'46 Various
promoters and supports are commonly used to modify Co-based catalysts for improving their
activity toward C2+ oxygenate synthesis.*® For Fe based catalyst, the FeCx species enable
promote dissociative adsorption of CO and carbon-chain growth.4’-5" Thus, once Fe has been
utilized to combine with other metals, such as Rh, Cu and Zn,*85253 the performance for the
catalysts will be improved effectively. For example, CuNaFe catalyst exhibited the
pronounced performance with the space-time yields (STY) for ethanol and olefins reaching
153 and 680 mg g~' h™', respectively, under optimized conditions (310 °C, 3.0 MPa, and
28800 mL g~ h™1).54



1.4 CO hydrogenation to ethanol

In addition to CO2 hydrogenation to ethanol, syngas conversion is another promising
approach to produce ethanol, because ethanol is initially produced as a byproduct in the
direct route in Fischer—Tropsch Synthesis (FTS).55-% However, with the growing demand for
ethanol and the continued study of syngas conversion, the transformation of syngas into
higher alcohols (HAs) has become a subject of intensive research in recent decades.5%-67
Similar to FTS, the direct conversion of syngas to ethanol involves complex C-C coupling
process, thus the reaction mechanism remains unclear.>%686° Nevertheless, it is widely
reported that a CO(H) insertion mechanism is involved, requiring bifunctional catalytic
sites.”%-72 One site facilitates the formation of a CHx intermediate,” while another site enables
the coupling of CO or CHO with CHx to form C2+ oxygenates.”®’! These C2+ oxygenates can
then undergo further hydrogenation to produce ethanol or other higher alcohols. Catalysts
that can enhance CHx production and improve the insertion of CO or CHO into CHx, rather
than directly forming hydrocarbons via the coupling of CHx itself, are considered

advantageous for increasing ethanol yield.%°

Significant efforts have been devoted to developing various heterogeneous catalysts for
the direct conversion of syngas into higher alcohols (HAs).62-6570.74 Among these, Rh-based
catalysts were first reported in the 1980s,3367.75.76 supported on SiOz, for the direct conversion
of syngas to C2+ oxygenates. Subsequent research has shown that Rh-based catalysts, when
used with promoters and appropriate supports, can exhibit enhanced performance.”’-8! For
example, Wang et al. developed a RhMn@$S-1 catalyst using Silicalite-1 as the matrix.”” This
catalyst achieved a Cz2-oxygenate selectivity of 88.3% among the total oxygenates, with a
42.4% CO conversion. Additionally, Mo-based’*#? and modified Fischer-Tropsch synthesis
(FTS) catalysts, including Fe-838 and Co-based®*8586 systems, have been optimized to
balance chain growth and hydrogenation for efficient higher alcohols synthesis. Alkali
promoters and metal oxides have been used to suppress over-hydrogenation,’®”® while in
some cases, metal functions are incorporated into the support material to further promote the
formation of higher alcohols.8”:88 Despite many efforts have been made to discover the
efficient catalysts for ethanol synthesis via CO2 hydrogenation or syngas conversion, it is still

lack of excellent catalysts that fulfill the requirements of researchers.®22:60



1.5 Thesis outline
In this thesis, the attention will be focused on the development of high-performance
catalysts for various ethanol synthesis reactions (CO2 hydrogenation and syngas conversion).

This thesis will be divided into the following chapters:

Chapter 2: Ethanol Synthesis via Catalytic CO2 Hydrogenation over Multi-Elemental
KFeCuZn/ZrO2 Catalysts

We developed an efficient catalyst, K-Fe-Cu-Zn/ZrO2 (KFeCuZn/ZrOz), which
enhances the EtOH space time yield (STYEtoH) to 5.4 mmol geat™' h~', under optimized
conditions (360 °C, 4 MPa, and 12 L gcat™' h™'). Furthermore, we investigated the roles of
each constituent element using in situ/operando spectroscopy, and these results demonstrate

that all components are necessary for efficient ethanol synthesis.

Chapter 3: Machine learning-assisted development of high-performance ethanol

synthesis catalysts via CO2 hydrogenation

An extrapolated machine learning (ML) method was employed to develop highly
efficient catalysts for ethanol synthesis via CO2 hydrogenation. Starting with an initial dataset
of 58 catalysts (274 data points), we conducted 24 iterations of a closed loop discovery
system (ML predictions + experimental validation), testing a total of 555 catalysts (2477 data
points). The multi-element Pd(0.8)-Au(0.3)/K(2.5)-Sr(1)-Fe(20)-Zn(4)-Cd(2)-Yb(1)-
Re(1)/Ce02(25%)-ZrO2 catalyst, where the numbers in parentheses represent the content
amount (Wt%), was identified as the most effective catalyst (STYEetor: 8.2 mmol geat* h") for
EtOH synthesis. Additionally, more than 70 catalysts with superior activity were discovered
through this data-driven approach. Operando spectroscopic studies on redox mechanism for
CO2 hydrogenation to CO on In203 catalysts

Chapter 4: Direct Syngas-to-Ethanol Conversion over Lithium-Promoted Rh/MgO
Catalysts.

Direct conversion of syngas to ethanol using Li-promoted RhOx/MgO catalysts
(RhOx/Li2O/MgQ), displaying the superior performance (ethanol selectivity and space time
yield (STYEeton) reached 20% and 12.2 mmol geat™' h~', respectively) than those of the Rh/MgO
catalysts promoted with other alkali metals and Rh/Li2O catalysts on other support materials.

In situ/operando spectroscopic techniques, combined with other characterisations and

10



theoretical calculations, have elucidated the interactions between Li2O and Rh on the MgO

surface.

1
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Chapter 2

Ethanol Synthesis via Catalytic CO, Hydrogenation
over Multi-Elemental KFeCuZn/ZrO, Catalyst
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2.1 Introduction

CO2 hydrogenation into chemicals and fuels is recognized as a pivotal process for
achieving a sustainable carbon cycle.' The CO:2 hydrogenation into C2+ alcohols has great
industrial significance but is scientifically challenging, primarily because of the intricate
reaction mechanisms involved and necessity of forming carbon-carbon (C-C) bonds,
resulting in the low selectivity of C2+ alcohols.>8 Among the various C2+ alcohol products,®”’
ethanol (EtOH) has received widespread attention in recent years as an alternative fuel,®"
promising hydrogen carrier,®'? and versatile building block chemical for producing high-value
products.®3-15 EtOH generation not only involves competition from several parallel reactions,
including the formation of C2+ hydrocarbons and methanol, but also requires precise control
of the dissociative and non-dissociative activation of C—O bonds to obtain surface alkyl and
CO (H) species, respectively.®812.1¢ Therefore, achieving high selectivity and yield toward

EtOH is challenging but urgently desired for future CO2 utilization.5%13.14

Various catalytic systems have been reported for the hydrogenation of COz2 into EtOH.
Among these catalytic materials, noble-metal-based catalysts (Pd'"-2° and Rh?'-2%) are
usually applied to promote C-O activation and the subsequent C-C coupling for EtOH
synthesis.”'® The high price of noble metal catalysts limits their further application; thus,
researchers have shifted their attention to 3d transition metal catalysts, such as Cu-,'%26-2°
Fe-,30-34 and Co*3%38-based catalysts, coupled with promoter elements such as alkali metal
oxides. Among the 3d transition metal catalysts, Fe—Cu catalysts stand out as a cost-effective
option with exceptional catalytic activity to produce C2+ alcohols from C0O2.30-323° However,
they also generate a substantial amount of hydrocarbons as byproducts.32:3%40 Although
some recent work has suggested that the introduction of Zn into Cs-promoted Fe—Cu based
catalysts would be more efficient in producing EtOH,%° the catalytic performance does not
meet industrial requirements. In addition, little is known about the role of each element.
Further improvements in the catalyst systems are essential for developing industrially

valuable reaction processes.

Herein, we present a highly efficient catalytic system, namely K-promoted FeCuZn/ZrO2
(KFeCuZn/ZrOz2), which significantly enhances the rate of EtOH production through CO2
hydrogenation. Under optimized conditions (360 °C, 4 MPa, and 12 L gcat™" h™"), our catalyst
(KFeCuZn/ZrO2) exhibits high activity (STYeton: 5.4 mmol geat™' h~') in the EtOH synthesis,
compared to different supports. We thoroughly investigated the role of each constituent

element using in situ/operando spectroscopic techniques and various characterizations.
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2.2 Experimental details

2.2.1 Chemicals and catalyst preparation

Chemicals and materials were purchased from commercial suppliers and used
without further purification. ZrO2 (RC-100), equivalent to JRC-ZRO-3, was supplied by
Daiichi Kigenso Kagaku Kogyo. TiO2 (P25) was obtained from Evonik. y-Al2Os3
(Puralox) was obtained from Sasol. SiO2 (CariACT Q-10) was purchased from Fuji

Silysia Chemical Company, Ltd.

KFeCuZn/support catalysts were prepared using a simple impregnation method.
In this process, the support material was impregnated with an aqueous solution of
KNOs3 (>98%; Wako Pure Chemical Industries), Fe (NO3)3'9H20 (>98%; Wako Pure
Chemical Industries), Zn (NO3)2:6H20 (>98%; Kanto Chemical), and Cu (NO3)2 -3H20
(>99%; Aldrich). For example, KFeCuZn/ZrO:2 (3, 15, 10, and 5 %wt of K, Fe, Zn, and
Cu, respectively) was prepared by adding a certain amount of K, Fe, Cu, and Zn
precursors and ZrO2 to a glass vessel (100 mL) containing 20 mL of deionized water.
The mixture was stirred at 200 rpm for 60 min at room temperature. Subsequently,
water was removed from the mixture by evaporation in vacuum, followed by drying at
120 °C under ambient pressure, for ~12 h. The resulting material was calcined for 3 h
at 500 °C in air.

2.2.2 Characterization

X-ray diffraction (XRD) analysis was conducted on a Miniflex (Rigaku) diffractometer
using Cu Ka radiation. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDS) were
performed using an FEI Titan G2 microscope. The samples were prepared by dropping an
ethanolic solution containing a catalyst onto carbon-supported Mo grids. N2 adsorption
measurements were conducted using an AUTOSORB 6AG (Yuasa lonics) instrument at 77
K. Before the measurements, the calcined pieces of samples were grinded and outgassed
under vacuum at 200 °C for 3 h. The specific surface areas and pore size distribution of our

samples were acquired by the Brunauer- Emmett- Teller (BET) method.

H2 temperature-programmed reduction (H2-TPR) was performed on a BELCat I
instrument with a TCD detector. Briefly, ~100 mg of the catalyst was placed into a quartz tube

and purged with Ar at 200 °C (2 h) to remove physically adsorbed water and surface
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carbonates. Then, the sample was cooled to 50 °C, followed by subsequent heating to 800

°C in 10 vol% Hz balanced with Ar, at a ramping rate of 10 °C/min.

CO:2 temperature programmed surface reaction (CO2-TPSR) was conducted on a
BELCat Il instrument with a mass spectrometer (BELMass; MicrotracBEL Corp.). ~100 mg of
catalyst was placed in a quartz tube and reduced by 10% Hz/Ar at 400 °C for 0.5 hour. The
carrier gas was then changed to He and the sample cooled to 50 °C. Subsequently, 10%
CO2/He was introduced to allow CO2 adsorption on the catalyst surface for 1 hour. The
sample was then heated to 700 °C in a mixture of 10% H2/Ar at a ramp rate of 10 °C/min. lon
fragmentation was monitored by BELMass at m/z=40 for Ar, m/z=15 for CH4, m/z=28 for CO
and m/z=44 for COs2.

Pulse hydrogenation measurements were performed in a fixed-bed reactor. In detail, 100
mg of the used KFeCuZn/ZrO2 catalyst was reactivated under the reaction gas (40 mL/min)
at 320 °C for 1 h. After that, a pulse of CHsCHO (500 pL for every injection) was introduced
every 10 min for four cycles under a carrier gas (H2/CO2/Ar in a ratio of 74.4/24.8/0.8 and the
total flow rate is 40 mL/min). The signals of CHzCHO and CH3CH20H were monitored using

an online mass spectrometer.

Operando diffuse reflectance infrared Fourier transform (DRIFT) spectra were recorded
on a JASCO FT/IR-4600 instrument equipped with a mercury-cadmium-telluride (MCT)
detector. The sample was pressed into a DRIFT cell (DR-650 Ci) using a CaF2 window. The
spectra were measured by accumulating 20 scans at a resolution of 8 cm~', 0.5 MPa and
temperature range of 200-320 °C. The reference spectrum in He flow (20 scans), taken at
the measurement temperature, was subtracted from each spectrum. A high-sampling-rate
GC-TCD (490 Micro GC; Agilent Technologies Inc.) was installed at the outlet for the analysis

of methanol and ethanol.

Fe K-edge, Cu K-edge, and Zn K-edge X-ray absorption spectroscopy (XAS) were
performed in transmission mode at BLO1B1 of SPring-8 at the Japan Synchrotron Radiation
Research Institute (JASRI) (Proposal no: 2023A1931). A Si (111) double crystal
monochromator was used. Boron nitride (BN) was used to make a pellet sample when the
required amount was less than 20 mg. The spectra of reference compounds were recorded
at room temperature, in air. The obtained XAS spectra were analyzed using the Athena and

Artemis software ver. 0.9.26, included in the Demeter package.*'
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For in situ XAS measurements, samples in pellet forms (¢: 7 mm) were introduced into
a cell equipped with Kapton film windows and gas lines connected to the micro-gas
chromatograph. Pretreatment of the samples involved heating under a flow of H2 (300
mL/min) at 300 °C for 30 min. Subsequently, 25% COz/He (400 mL/min), 75% H2/He (400
mL/min), and CO2 (100 mL/min) + Hz2 (300 mL/min) were introduced into the cell with He

purge intervals between gas introductions.

2.2.3 Catalytic reaction

CO2 hydrogenation reactions were conducted in a fixed-bed continuous-flow reactor
operating at a total pressure of 4 MPa (40 bar). We used 1% Ar/99% H:z (purity; Ho:
99.99999%, Ar: 99.9999%) and COz2 (purity; 99.995%) gas cylinders to supply the reaction
gases. The reactor was supplied with a gas mixture of H2/CO2/Ar in a ratio of 74.4/24.8/0.8,
with Ar serving as an internal standard gas. Prior to the catalytic measurements, 200 mg of
the catalyst was placed between quartz wool inside a 1/4 inch fixed-bed reactor (inside
diameter: 3.79 mm). The catalyst was pretreated under ambient pressure at a H2/Ar (99%)
flow rate of 20 mL/min and temperature of 400 °C for 0.5 h. Following the pretreatment, a
H2/CO2/Ar (74.4/24.8/0.8) flow at a total flow rate of 40 mL/min was passed through the
catalyst bed at 4 MPa. The weight hourly space velocity (WHSV) was 12 L gcat™' h™'. We
conducted an aging treatment for 10 h at 400 °C under the reaction gas atmosphere as an
accelerated aging test before recording the results of the catalytic reaction (Figure 2. 1). The
products were analyzed using an online gas chromatograph (Shimadzu GC-2014) equipped
with TCD (Shincarbon-ST column) and FID (Porapak Q column) detectors, within a reaction

temperature range of 240—400 °C.

The CO2 conversion (Xcoz2) was calculated as follows.

in out
Cco2 _ Ccoz
in out
Car Ar
in
Cco2
mn
CAr

XCOZ == X 100%

The selectivity (S;) for individual products was calculated by the following equation:

G X X 100%

RS CET)
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Here, c; is the molar fraction of product i/ (COz2, CO, hydrocarbons, or oxygenates), and

n; is the carbon number of product i in the reaction.

H, reduction Aging under reaction Under the reaction atmosphere (CO,H, = 1:3) at 400 °C, 4 MPa, 10 h,
e e s cooling down—360 'C—320 "C—280 'C —240°C
400 °C
360°C
320°C
280°C
240°C

Data collected from
400°Cto240°C |

30°C

Figure 2. 1. Typical experimental procedure for catalytic tests. After conducting Hz reduction pre-treatment
at 400 °C, accelerated aging treatment was performed at 400 °C in the reaction gas atmosphere. The
catalytic performance at temperatures ranging from 400 °C to 240 °C was then recorded.

The EtOH decomposition experiments were conducted in a batch reactor using the spent
catalyst. The spent catalyst (50 mg) was placed in a quartz tube and reduced using Hz at 300
°C for 30 min. Subsequently, ethanol (0.3 mL) and octane (0.7 mL) were introduced into the
quartz tube and fixed in a batch reactor. The above mixture was magnetically stirred at 260
°C under N2 (0.5 MPa) for 3 h. Gas-phase products were collected and analyzed using a GC-
FID (Shimadzu GC-2014; Porapak Q column) with a methanizer (Shimadzu MTN-1), whereas
the liquid-phase products were analyzed using a gas chromatograph with a GC-FID
(Shimadzu GC-14B; Ultra ALLOY capillary column UA+-1; Frontier Laboratories, Ltd.).

CO hydrogenation and additional CO2 hydrogenation over the KFeCuZn/ZrO:2 catalyst
reactions were conducted in the same fixed-bed continuous-flow reactor with the same
WHSYV (18.45 L geat™’ h™') and operated at the same pressure of 3 MPa for comparison. The
reactor was supplied with a gas mixture of H2/CO (COz2)/Ar in a ratio of 74.4/24.8/0.8 (CO or
CO2: H2 = 1:3), with Ar serving as an internal standard gas. We conducted an aging treatment
for 10 h at 400 °C under the reaction gas atmosphere as an accelerated aging test before
recording the results of the catalytic reaction (as described in Fig. S1). The products were
analyzed using an online gas chromatograph (Shimadzu GC-2014) equipped with TCD
(Shincarbon-ST column) and FID (Porapak Q column) detectors, within a reaction

temperature range of 240—400 °C.
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2.3 Results and discussion
3.3.1 Catalytic CO2 hydrogenation to EtOH

CO2 hydrogenation reactions were conducted under specific operating conditions of P =
4 MPa, T = 280400 °C, and WHSV = 12 L geat™' h™'. As shown in Figure 2. 2a, the
KFeCuZn/ZrOz catalyst exhibits the highest selectivity towards Cz+ alcohol products, with ~40
and 16.5% selectivity towards C2+ alcohols and EtOH, respectively, while achieving a CO2
conversion of 52.4%. In particular, the KFeCuZn/ZrO2 catalyst also displays an excellent
space time yield (STY) of EtOH, with a STYEton of 5.4 mmol geat™! h™'. In comparison, the
CO2 conversion fell within a comparable range of 49.6-56.7% for the other studied catalysts
(KFe/ZrO2, KFeCu/ZrO2 and KFeZn/ZrOz). Additionally, for the Cu-added catalyst
(KFeCu/ZrO2), the EtOH selectivity was approximately 14%, accompanied by a high ethanol
space-time yield (STYEetoH) reaching up to 4.0 mmol geat™! h™', which surpasses those of
catalysts without Cu (KFe/ZrO2 and KFeZn/ZrO2). This suggests that Cu plays a significant
role in facilitating the activation and coupling of CO2 molecules for ethanol production.*
Although the addition of Zn (KFeZn/ZrO2) did not directly result in an obvious enhancement
in EtOH production, the catalyst incorporating both Cu and Zn (KFeCuZn/ZrO2) demonstrated
the highest selectivity and STYEton. Literature data on EtOH synthesis from CO2/H2 (Table 2.
1) are compared with our best catalytic system. Our catalyst displayed the best STYEton for

EtOH synthesis even after the accelerated aging test at 400 °C for 10 h.

To emphasize the pivotal roles of potassium and iron, we intentionally omitted these
elements from the compared catalysts, as illustrated in Figure 2. 2a. Notably, the
FeCuZn/ZrOz2 catalyst, while maintaining a CO2 conversion of 47% comparable to that of the
KFeZnCu/ZrO2 catalyst, exhibited a significant increase in CHa4 selectivity, reaching 37%.
Simultaneously, the selectivity for total alcohols and EtOH decreased sharply to 9 and 3.4%,
respectively. Furthermore, the STYEton for the FeCuZn/ZrO2 catalyst was measured at 0.6
mmol geat™' h™'. This significantly reduced alcohol activity in the absence of K underscores
the essential role of K in C2+ alcohol synthesis and the inhibition of over-hydrogenation.34.39:40
The EtOH production significantly decreased over the KCuZn/ZrO:2 catalyst under the same
conditions because of the absence of Fe, which resulted in the loss of the ability of the catalyst
for C—C coupling.#?43 Furthermore, Figure 2. 3a displayed a volcano-shaped curve for
STYewon with increasing Fe loading, and the most suitable loading is 15%uwt. Figure 2. 2b
illustrates CO2 hydrogenation experiments using different supports, such as Al20s, TiO2, and

SiO2. All three catalysts showed an obvious decrease in the EtOH selectivity to less than 2%.
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In terms of STYEewoH, the KFeZnCu/ZrO2 catalyst significantly outperformed the others,

indicating that ZrO2 is an excellent carrier for EtOH synthesis.

In addition, the effects of the reaction conditions, including reaction temperature,
pressure, and WHSYV, on EtOH synthesis were investigated in detail. On varying the reaction
temperature within the range of 280—400 °C (Figure 2. 3b), the STY of EtOH and C2+ alcohol
distribution exhibited a characteristic volcano-shaped curve. The appropriate temperature for
acquiring EtOH is 360 °C. Additionally, the reaction pressure was varied from 3 to 5 MPa
(Figure 2. 3c), and the highest STYEton (5.4 mmol geat™! h™') were achieved at 4 MPa, making
it a more favorable pressure regime for C2+ alcohol synthesis. Furthermore, we explored the
influence of the WHSV (Figure 2. 3d) by varying it between 9—15 L geat™" h™" and observed
the most suitable WHSV was 12 L geat™! h™'. Moreover, the stability test was performed for
the KFe-based catalysts (Figure 2. 1c and Figure 2. 4). Among them, KFeCu/ZrOz,
KFeZn/ZrO2 and KFeCuZn/ZrO2 showed robust stability, maintaining their performance for at
least 60 h at 360 °C. Only KFe/ZrO2 displayed slight decrease in STYEeton after 35 h.
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Figure 2. 2. Catalytic performance. (a) CO2 conversion and product selectivity at 360 °C and STYEton over
KFe/ZrO2 based catalysts; (b) CO2 conversion, product selectivity, and STYEeton over different supporting;
and (c) stability test for KFeCuZn/ZrO:2 at 360 °C. Pretreatment condition: 400 °C, 0.1 MPa, H2 (99%), and
0.5 h. Reaction condition: 12 L gcat™ h™!, 4.0 MPa, and H2/CO2/Ar (74.4/24.8/0.8%). Ar was used as an
internal standard gas. The data was collected after 3 h, when the temperature and rection were stable.
Accelerated aging treatment was performed before reaction at 400°C for 10 h under the reaction
environment. Others include acetaldehyde and ethyl formate. In Figure 2a and b, the gray dot is COz2
conversion; red dot is STYEtoH.
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Figure 2. 3. (a) Alcohols STY distribution over the catalysts with different Fe loading at 360 °C; (b) Alcohols
STY distribution at 280—400°C. Conditions: 0.2 g catalyst, H2: CO2= 3:1, and internal standard gas: Ar (0.8
vol%i), 4 MPa, and 12 L geat™' h™". Influence of pressure (c) and weight hourly space velocity (WHSV, d)
on alcohols STY at 280-400 °C. Conditions: 0.2 g catalyst, H2: CO2 = 1:3, and internal standard gas: Ar (1
Y%vol), 3-5 MPa, and 9-15 L gcat_1 h-1.

a —®— CO, conversion—&— E1OH STY [l COI CH, " C3-C5IIl C-Ci ! C.. I MeOHI EXOHIIN C,.OHI others

_!m
g |
- | H
& e be 2
b g
5 E
g ] ' B
g
c
§ ik
5t
o
o 0
'] 10 20 30 50 60
Time-on-Stream (h)
b —M— CO, conversion—¢ — EtOH STY [l COMM CH, " C5-C3I C5-Cy C. I MeOHII EXOHIN C, OH otners
100
g
2 80 =
g m z
& m- 3’
@ g
&
€ 40-\-/.!.\ e \'. -"‘ EE
; :
»
o
ol "
'] 10 20 30 40 50 60
Time-on-Stream (h)
(o 0O, conversion € EIOH ST I COBM CH,1* C5-C 2088 G5 C, S MeOHIN EOHIIN C,.OHI atvers
. ;
g
g W .
3 sa- 3
e -]
5 l E
S o —l- o Sp—E-E-E_ —-— g ‘l\. s £
§ ;
B ] 5
o

Tlmaon Stream (h)

Figure 2. 4. Stability test for KFeCu/ZrO2 KFeZn/ZrO2 and KFe/ZrO2 at 360 °C. Pretreatment condition:
400 °C, 0.1 MPa, H2/Ar (99/1%), and 0.5 h. Reaction condition: 12 L gecat™' h~", 4.0 MPa, and H2/CO2/Ar
(74.4/24.8/0.8%). Ar was used as an internal standard gas. Accelerated aging treatment was performed
before reaction at 400°C for 10 h under the reaction environment. Others include acetaldehyde and ethyl
formate. In Figure 4, the gray dots are CO2 conversion; red dot is STYEtoH.
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Table 2. 1. Catalytic performances for CO2 hydrogenation to form ethanol in this work and literature.

Catalyst T P WHSV  COz2 CoO EtOH STYEtoH References
(°C) (MPa) (Lgeat' Conversion selectivity selectivity (mmol geat™
h™) (%) (%) (%) h™)
KFeCuZn/ZrO2* 320 4 12 39.1 17.8 14.6 3.5 This work
KFeCuZn/ZrO2* 360 4 12 52.5 9.6 16.5 54 This work
Na-Co/SiO2 250 5 6 21 27 6 0.5 44
Cs-Cuo.s Fe1oZn1o 330 5 4.5 35 20 12 1.1 30
Na-ZnFe@C 320 5 9 38.4 7.6 20.3 34 3
K/Cu-Zn-Fe 300 7 5 44.2 5.9 19.5 2.3 45
K-In/Ce-ZrO> 300 10 45 19 57 5 (C2+) 0.4 (C2+) 34
2K20Fe5Rh/SiO2 250 7.5 7 18 5 16 0.4 23
4 .6K/CuMnZnFe 320 5 6 30.4 30.6 ~7 1.7 39
RhFeLi/TiO2 250 3 6000 h- 157 12.5 35.8 ~1.3 46
L (mmol - Leat
1. h-1)
Co/LasGa209 280 3 3 9.6 10.8 23.3 0.2 36
Pd/Fe304 300 041 60 0.3 0 97.5 0.4 18
Pd/CeO2 240 3 3 9.2 99.2 1.2 17
Na-Rh@S-1 250 5 6 10 32 16 0.6 2
2%Na- 320 5 45 39.2 9.4 35 3.6 47
Fe@C/5%KCuZnAl
Li-Rh/SiO2 240 5 6 7 15.7 18.4 0.4 48
Mo1Co1Ko.6 320 5 3 235 77.2 8.9 0.1 49
K-CuMgZnFe/CZA 320 5 6 42.3 13.8 ~17.4 ~2.4 (Ca2+) 50
(C2+)
FeNaS-0.6 320 3 8 32.0 20.7 15.9 1.7 (C2+) 51
(C2+)
Cu/CeO2 190 0.1 9 ~0.1 ~3 84 0.02 29
Pd2Ce@Si 240 3 3 6 ~2 94 0.8 52
Co2C-CuZnAl 250 5 12 21 12.5 ~18.9 ~2.2 53
PdFe-6.9(37nm) 320 5 6 35.6 20.7 18.2 ~1.9(Cos)
(Cz+)
CuZnFeo5Ko.15 300 6 5000 h- 42.3 49.2 36.7 3.4 (Ca+) 28
! (C2+)
Cu/Co0304-2h 250 3 36 13.9 6.5 15.2 1.9 54
Rh-VOx /MCM-4 250 3 6000 h- 12.1 20.1 241 1.1 55
1
Cu@Na-Beta 300 13 12 7.9 305 69.5 3.4 27
90Fe10Co (1.0)K 240 1.2 1.5 14.5 45.5 10.8 0.07 56
CuzsFe22Co3Ks- 350 6 5000 h 324 45.3 <12 <0.6 57
CuZn1.0Ko.15 L (mmol - Leat
1. py
CoMoS 340 10.4 0.43 32 57.5 12.9 0.07 58
Na-CuCo-9 330 4 5 20.1 26.5 18.0 ~2.3 4
K-CuZnAl/Zr(.03) 320 4 24 28.8 ~13.4 19.7 3.8 (C2+) 59
CuFe (Ca+)
Rh-Fe/TiO2 270 2 8 9.2 28.4 6.4 0.6 60
Rh-Fe/SiO2 260 5 6 16.7 19.7 16 1.4 25
IrMo-SiO2 200 49 2000h 7 41.7 4.3 0.04 61
1
Rh/Ce02-SiO2 240 5 3 8.3 33.5 6.1 (C2+) 0.2 (C2+) 62
RhLi/Y 250 3 6 13.1 86.6 2.7(C2+)  0.8(Ca) 63
a-CoMoO4/K 250 3 1.2 7.2 27.8 4.8(Cas) 0.2 (Coe) 64
B-MoC, 200 2 9 6 39 3 (C2) 0.1 (C2+) 65
Pt/C0304 200 2 3 27 0 42 (C+) 0.3 (Cax) 66
In203-Fe203- 300 2 4 36 ~40 42 (C+)  3.02(Cz)
K-Al203
3KCuFeZn/CuZnAlZr 300 5 3 27 28 24.6 0.9 (C2+) 68
(Ca2+)
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3.3.2 Structural characterization

Multiple characterization methods were used to reveal the physical characterizations and
structural evolution. The BET specific surface areas and pore volumes (Table 2. 2), obtained
from the N2 adsorption measurements at 77 K, decreased upon increase in loading amount
of the supported species. Pore size distributions were not significantly different among
samples measured (Figure 2. 5). XRD patterns (Figure 2. 6) show that the ZrO2 support is
composed of monoclinic and minor tetragonal phases based on the diffraction angles and
intensities. Phase transformations of the loading elements were also observed at different
reaction stages. For example, for the KFeCuZn/ZrO:2 catalyst, metallic Fe was obtained after
H2 reduction pretreatment (Figure 2. 6); subsequently, metallic Fe was oxidized to Fe3O4 and
carburized to FesCz after the reaction.*?5% Iron carbide (FesC2) is an essential phase for C—
C coupling in the Fischer—Tropsch (F-T) process over Fe-based catalysts.*> Cu-derived
peaks were not observed by XRD after calcination and reduction, probably due to the highly
dispersed nature of Cu. Metallic copper was observed after the reaction owing to the sintering
of Cu under a reductive atmosphere for a longer time. For the Zn species, only ZnO diffraction
peaks were observed, indicating that no phase changes occurred during the entire reaction
process. In comparison with the other control catalysts (Figure 2. 6), the same evolution
processes (reduction and carburization of Fe, reduction and aggregation of Cu, and stability

of ZnO on Zn) were observed for the catalysts containing the relative elements.

Table 2. 2. the specific surface area and pore volume of studied KFe-based catalysts.

Samples BET specific surface area (m?/g) Pore volume (cm?®/g)
KFe/ZrO2 60.4 0.059
KFeCu/ZrOz 54.8 0.051
KFeZn/ZrO2 41.4 0.039
KFeCuZn/ZrOz 40.6 0.036
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Figure 2. 5. Pore size distribution curve of the studied samples calculated from desorption branch of the
isotherm by the BJH method.
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Figure 2. 6. XRD patterns for (a) KFeCu/ZrOz2; (b) KFeZn/ZrOz; (c) KFe/ZrOz; and (d) KFeCuZn/ZrOzbefore
and after Hz reduction, as well as after reaction. “Spent catalyst" refers to a sample that has undergone a
20-hour accelerated aging treatment at 400 °C under the reaction condition.

To further clarify the phase transformations of Fe, Cu, and Zn species, X-ray adsorption
spectroscopy (XAS) was performed on KFeCuZn/ZrO2. The ex situ X-ray absorption near
edge structure (XANES) spectra of the Fe K-edge (Figure 2. 7a) show that after H2 reduction
as the pretreatment, the absorption edge shifted to almost the same energy as that of the Fe
foil, suggesting that the Fe species in KFeZnCu/ZrO2 were completely reduced. Similarly,
after the reaction, the absorption edge moved to a higher energy compared to that of the Fe
foil, suggesting the partial oxidation of Fe, in line with the XRD results. Extended X-ray
absorption fine structure (EXAFS) results further helped to understand the local
environmental changes (Figure 2. 7b and Table 2. 3). After the Hz reduction pretreatment,
the Fe—Fe bonds at 2.45 and 2.83 A appeared, whereas the Fe-O bond at 1.99 A
disappeared.*’-’0 After the reaction, Fe—C and Fe—O appeared, and the Fe—Fe bond
weakened, indicating the generation of FeOx and FeCx, consistent with the XRD results. In
the case of Cu (Figure 2. 7c), as exhibited in ex situ XANES spectra, CuO was reduced to
metallic Cu after reduction, which was maintained until the end of the reaction, as supported
by the curve fitting of the EXAFS spectra (Figure 2. 7d and Table 2. 4). Additionally, as
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indicated by the Zn K-edge XANES (Figure 2. 7e), after reduction, a weak shift to a lower
energy was observed, implying the presence of a minor amount of metallic Zn, as confirmed
by the EXAFS curve fitting results (Figure 2. 7f and Table 2. 5). In contrast, after the reaction,
the energy increased to that of the closed ZnO reference and only one component of ZnO

was captured (Table 2. 5), indicating that the zinc species prefers oxygen over hydrogen.”"

H2-TPR experiments were carried out to clarify the reduction ability of different additive
elements and H: activation capacity over different catalysts. As depicted in Figure 2. 8,
considering mono-component supported catalysts such as Fe/ZrO2, Cu/ZrOz, and Zn/ZrOz,
Cu displayed the lowest reduction temperature and was the most readily reduced element,
followed by Fe. In agreement with the XRD and XAS results, no reduction was observed in
the ZnO content. In contrast, the introduction of K could promoted the generation of reduction
peak at 600 °C, unlike with pure ZrO2.4° Contrastingly, after loading the promoter, the
reduction temperatures of Fe and Cu increased for KFe/ZrO2 and KCu/ZrOz, inhibiting the
reduction of the active elements.3*4% Furthermore, in comparison with KFe/ZrO2 and
KFeCu/ZrOz2, the temperature for the reduction of Fe203 to FezO4 on the KFeCu/ZrO2 catalyst
decreased to 390 °C.”? In contrast, the reduction temperature of FeOx remained virtually
unchanged over the KFeZn/ZrO: catalyst, suggesting that the introduction of Zn was
ineffective in promoting the reduction of the Fe species. However, after loading Zn into
KFeCu/ZrOz, the reduction temperature increased slightly, indicating that the introduction of

Zn led to a decrease in the reduction ability.”"-"3
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Figure 2. 7. Ex situ XAS spectra over KFeCuZn/ZrO2 before and after Hz reduction at 400 °C as a
pretreatment and after reaction (spent). (a) Normalized Fe K-edge XANES spectra; (b) FT-EXAFS spectra
for Fe; (c) normalized Cu K-edge XANES spectra; (d) FT-EXAFS spectra for Cu; (e) normalized Zn K-edge
XANES spectra; and (f) FT-EXAFS spectra for Zn. “Spent catalyst" refers to a sample that has undergone
a 20-hour accelerated aging treatment at 400 °C under the reaction condition.
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Table 2. 3. Curve-fitting results of the ex situ Fe K-edge FT-EXAFS spectra of the KFeCuZn/ZrO: catalyst.

Sample shell CN R (A) 02 (A?) AE R factor
KFeCuZn/ZrOz-before Hz reduction  Fe—O 4.4+0.7 1.99+0.01 0.007 2.43 0.014
Fe-O-Fe 4.6+0.9 2.98+0.01 0.008
KFeCuZn/ZrOz-after Hz reduction Fe—Fe 5.8+2.1 2.45+0.02 0.005 0.85 0.008
Fe—Fe 4.8+2.2  2.83+0.01 0.005
KFeCuZn/ZrO2z-spent Fe-O(C) 3 1.99+0.02 0.003 8 0.017
Fe—-C(O) 2.7+1.1 1.87+0.01 0.003
Fe-C-Fe 3.94¢0.3 2.5810.01 0.01
Fe-C-Fe 1.120.6 2.40+0.02 0.008
Fe-O-Fe 5.6£1.2  3.42+0.01 0.01

CN: coordination numbers; R: bond distance; o2: Debye-Waller factors; R factor: goodness of fit. So? was set

to 0.8, according to the EXAFS fit of Fe foil.

Table 2. 4. Curve-fitting results of the ex situ Cu K-edge FT-EXAFS spectra of the KFeCuZn/ZrO: catalyst.

Sample shell CN R (A) 0?2 (A% AE R factor

KFeCuZn/ZrO:- before Hzreduction  Cu-O 3.9+0.5 1.9320.005 0.005 5.2 0.019
Cu—-O-Cu 2.0#04 2.91+0.013 0.008

KFeCuZn/ZrO»- after Hz reduction Cu—Cu 8.9+1.2  2.54+0.004 0.009 4.42 0.014

KFeCuZn/ZrO2-spent Cu—Cu 10.4+1.1 2.54+0.007 0.009 4.57 0.014

CN: coordination numbers; R: bond distance; a2: Debye-Waller factors; R factor: goodness of fit. S¢? was set

to 0.87, according to the EXAFS fit of Cu foil.

Table 2. 5. Curve-fitting results of the ex situ Zn K-edge FT-EXAFS spectra of the KFeCuZn/ZrO; catalyst.

Sample shell CN R (A) 0?2 (A% AE R factor

KFeCuZn/ZrO2- before Hz reduction  Zn—-0O 3.2+¢0.01  1.95+#0.005 0.005 1.6 0.018
Zn—0—Zn 8.3+t0.01  3.22+0.013 0.010

KFeCuZn/ZrO»- after Hz reduction Zn-0 2.8+0.8 3.22+0.02 0.004 1.2 0.04
Zn—Zn 1.210.8 2.58+0.05 0.01

KFeCuZn/ZrO2-spent Zn—0-Zn 1115 3.22+0.02 0.01
Zn-0O 3.11£0.6 3.22+0.01 0.004 1.6 0.03
Zn—0—Zn 10.8+1.1  3.22+0.01 0.01

CN: coordination numbers; R: bond distance; a2: Debye-Waller factors; R factor: goodness of fit. S¢? was set

to 0.96, according to the EXAFS fit of Zn foil.
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Figure 2. 8. H2-TPR results over different control catalysts. Condition: Ar pretreatment at 200 °C for 1hr,
heating in 10% Haz/Ar from 50 to 800 °C.

HAADF-STEM and EDS were performed for fresh and spent KFeCuZn/ZrOz2, as shown
in Figures 2. 9-12. Because of the weak Z-contrast, identifying the crystal phase and
interplanar spacing of the Fe, Cu, and Zn species was challenging. Therefore, we only
observed the elemental distributions. The HAADF-STEM and EDS elemental mapping
images revealed that K, Fe, Cu, and Zn over the KFeCuZn/ZrO: catalyst were
homogeneously distributed on ZrO: for fresh KFeCuZn/ZrO2 (Figure 2. 9). After the reaction,
K, Fe, and Zn remained highly dispersed in ZrO2 (Figures 2. 10-12). The particle size of Cu
increased a little, indicating the aggregation of Cu over KFeCuZn/ZrOz2. In comparison, larger
Cu nanoparticles were observed over the spent KFeCu/ZrOz2, elucidating that the introduction
of Zn limited Cu sintering (Figures 2. 13 and 14). Inhibition of sintering of Cu nanoparticles

was also reported for Cs-CuZnFe*® and CuzZnO-Al203"4 systems.
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Figure 2. 9. HAADF-STEM image and corresponding EDS mapping images of the fresh KFeCuZn/ZrO2
that has undergone calcination at 500 °C under air.

Figure 2. 10. HAADF-STEM image and EDS mapping images of the fresh KFeCuZn/ZrO:z that has
undergone H2 pretreatment at 400 °C.

Figure 2. 11. HAADF-STEM image and corresponding EDS mapping images of the spent KFeCuZn/ZrO2
that has undergone a 20-hour accelerated aging treatment at 400 °C under the reaction condition.
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Figure 2. 12. HAADF-STEM image and EDS mapping images of the spent KFeCuZn/ZrO: that has
undergone a 20-hour accelerated aging treatment at 400 °C under the reaction condition.

Figure 2. 13. HAADF-STEM image and corresponding EDS mapping images of the spent KFeCu/ZrO:2
that has undergone a 20-hour accelerated aging treatment at 400 °C under the reaction condition.

Figure 2. 14. HAADF-STEM image and EDS mapping images of the spent KFeCu/ZrO2 that has
undergone a 20-hour accelerated aging treatment at 400 °C under the reaction condition.
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3.3.3 Mechanistic studies

In situ XAS was employed to clarify the chemical states under He, CO2, and CO2 + H2
atmospheres at 400 °C and ambient pressure after Hz pretreatment. The Fe K-edge XANES
spectra (Figure 2. 15a) of KFeCuZn/ZrO:2 clearly showed that the absorption edge shifted to
higher energies after the introduction of CO2 (Figure 2. 15b), indicating that the Fe species
were oxidized by COz2. These results clearly proved that COz2 functioned as an oxidizing agent,

facilitating the oxidation of Fe species.”®

For the Cu K-edge and Zn K-edge, although there were minor shifts upon the introduction
of COz2, the edge positions remained almost unchanged upon the introduction of CO2+Ha.
These results suggested that the redox reactions of Cu and Zn were not involved in the CO2

hydrogenation reaction.
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Figure 2. 15. In situ XAFS spectra over KFeCuZn/ZrOz. (a) Normalized Fe K-edge XANES spectra; (b) X-
ray energy at normalized absorption (u = 0.4) under different atmospheres; (c) Cu K-edge XANES spectra;
and (d) Zn K-edge XANES spectra. Conditions: 400 °C and 1 bar.

The operando DRIFTS was performed to elucidate the mechanism underlying the
hydrogenation of CO2 to EtOH and role of each element. These operando DRIFTS
experiments were conducted under specific conditions, including a pressure of 0.5 MPa,
temperature of 320 °C (with an exception for KFeCuZn/ZrO2, where the temperature range

was 200-320 °C), and Hz2: COz2 ratio of 3:1. The critical assignments of the surface species
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and adsorbed methanol and ethanol species are provided in Table 2. 6 and Figure 2. 16.
Observations at 200 °C for KFeCuZn/ZrO:2 indicate the presence of adsorbed CO2 at 1269
and 1514 cm~,30.76 which can be attributed to the carbonate species (bicarbonate species at
1620 cm~")’” and surface formate located at 2775/1593/1393 cm~'1.224078 No CH3O* or
CHsCH20* were detected (Figure 2. 18a). After the reaction temperature increased to 240°C,
a weak peak, which can be attributed to an important intermediate of CHsCHO* in EtOH
synthesis, was observed at 1410 cm~".4° When the temperature reached 280°C (Figure 2.
17a), with an increase in the exposure time, the intensity of the CH3CHO* assignment
gradually increased at 1410 cm~'. After ~25 min, it was consumed, and subsequently, peaks
assignable to ethoxy (2852/2922/2956 cm~") were observed.?”:393° |n addition, EtOH in gas
phase was tracked and quantified using online gas chromatography (Figure 17b). ACH3sCHO
pulse experiment was also performed in a CO2+H2 environment using the spent
KFeZnCu/ZrO2 catalyst (Figure 2. 19). The introduction of CH3CHO into the reaction
environment resulted in a rapid increase in the intensity of the CHsCH20H signal. This clearly
indicates that the hydrogenation of CH3CHO to CH3CH20H is highly facile under the given
conditions. Furthermore, the DRIFTS spectra also showed a minor peak at 2820 cm™', which
can be assigned to CH30*,3%78 along with a decrease in the intensity of the peak at 2770 cm-
1 assignable to formate. Upon reaching a temperature of 320 °C, the intensity of CH3CH20*
became more pronounced (Figure 2. 18b). In addition, another assignment appeared, with
CH3CH20* characterized by d(CHz2) vibrations at 1462 cm~".4° The methane appeared at
3011 cm™,3%40 which was not seen at lower temperatures. Notably, some papers reported
that the peaks for CH3CH20* and CH3O* overlapped in the 2940-2980 cm~" region.?”30
According to the quantification of the micro-GC results the formation rate of EtOH was much
higher than that of methanol (Figure 2. 18c). Thus, we assigned the peaks at 2852, 2922,
and 2956 cm~' to CH3CH20*, which is regarded as an important intermediate for EtOH

formation.27-30

Table 2. 6. DRIFTS peak assignments of the surface species for CO2 hydrogenation.

Surface species Wavenumber (cm~") References
I *COs I 1227-1281 P I
*HCOs 1620-1640 77
*CHsO 2826, 1070, 2940, 2841-2866 78
*HCOO 2676-2774, 1593—-1610, 1337-1397 3079
*CH3CH20 2856, 2928, 2963, 1458,1095 2740
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30,40
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Figure 2. 16. /n situ DRIFTS spectra of methanol and ethanol adsorption on spent KFeCuZn/ZrOs.
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Figure 2. 17. Operando DRIFTS spectra. (a) The time resolution spectra of the CO2 + H2 reaction over the
KFeCuZn/ZrOz at 280 °C; (b) Dynamic IR peak intensities of CH3CHO* (1411 cm™') and CH3CH20* (2922 cm™)
and some of products (ethanol and methanol) amount from micro-GC at 280 °C.
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Figure 2. 18. Operando DRIFTS spectra. (a) DRIFTS spectra of the CO2 + Hz reaction over KFeCuZn/ZrO2
after 60 min at 0.5 MPa and different temperatures; (b) time resolution spectra of the CO2 + H2 reaction
over KFeCuZzZn/ZrOz at 0.5 MPa and 320 °C; (c) dynamic IR peak intensities of CH3CH20* (2922 cm™")
and STY of ethanol and methanol, quantified by micro-GC at 320 °C.
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Figure 2. 19. Pulse experiment over the spent KFeCuZn/ZrO: catalyst taken under 0.1 MPa COz2/H2 flow
at 320 °C.

DRIFTS experiments were also conducted on various catalysts to identify the roles of
the different elements. KFeCuZn/ZrO2 catalyst displayed the highest CH3CH20* intensity
after 60 min (Figure 2. 20a). In comparison, the FeCuZn/ZrO:2 catalyst exhibited strong CH4
peaks at 1302 and 3011 cm~"! during DRIFTS analysis (Figure 2. 20a),2° which indicated K
enabled suppression of CH4 formation.*%8! Simultaneously, there was a significant decrease
in produced EtOH, the amount of adsorbed carbonate3®7® at 1268 and 1510 cm~" and formate
species?>40.78 gt 1388 and 1594 cm~'. These results indicate that the addition of potassium
has a positive impact on enhancing CO:2 adsorption/activation and facilitates alcohol
synthesis. In contrast, KFe/ZrO2, KFeZn/ZrO2, and KFeCu/ZrO2 showed similar surface
species but with variations in intensity compared to the KFeCuZn/ZrO2 catalyst, indicating
the same mechanism with different efficiencies. The evolution of CH3CH20* is shown in
Figure 2. 20b. The peak intensities of CHsCH20* over KFeCuZn/ZrO2 and KFeCu/ZrO2 are
similar and higher than those of the catalysts without Cu. This indicates that the addition of



Cu is helpful for the evolution of CH3CH20*, leading to EtOH formation. Concretely,
introduction of Cu significantly promotes the formation of CO (CO2-TPSR, Figure 2. 21). It
was reported30:39.4047 that increased CO provides a great chance of coupling with CHx on iron
carbide surface to form CHsCHO, which in turn is hydrogenated to CH3CH20* and
subsequently CH3sCH20H, over Fe-Cu based catalysts. Because of the similar catalyst
components, it is thought that EtOH was produced via the same pathway over our catalyst.
Simultaneously, as previously reported, Cu helps non-dissociative activation of CO and its
coupling with alkyl (CHx) species to form ethanol.30:3%4047 Therefore, for KFe/ZrO2 and
KFeZn/ZrOz catalysts, the lack of Cu would result in the slight increase of CO and CHa4
selectivity. Although the Zn-assisted KFeCu/ZrO2 catalyst showed a higher selectivity for
EtOH and STYEton, the difference between KFeCuZn/ZrO2 and KFeCu/ZrO2 remains unclear,
according to DRIFT results.
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Figure 2. 20. /n situ DRIFTS spectra. (a) Different catalysts under the CO2 + H2 reaction after 60 min at
320 °C and 0.5 MPa; (b) dynamic IR peak intensities of CH3CH20* (2922 cm~") at 320 °C for different
catalysts.

CO,-TPSR

KFeCu/ZrO, I

)
KFeCuZn/zro, ooc!

KFeZn/ZrO,

MS intensity of CO (a.u.)

KFe/ZrO, anzec!

L " L L L
100 200 300 400 500 600 700
T(O

Figure 2. 21. MS signals of m/z=28 in CO2-TPSR after CO2 pre-adsorbed catalysts under 5%Hz2/Ar flow,
over KFeZnCu/ZrO2, KFeZn/ZrO2, KFeCu/ZrO2, and KFe/ZrOs>.

COz2 adsorption and EtOH decomposition experiments were conducted to elucidate the
role and impact of Zn in EtOH synthesis. The DRIFTS results for CO2 adsorption (Figure 2.
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22) revealed that the addition of Zn to the KFeZn/ZrO2 and KFeCuZn/ZrO2 catalysts
enhanced CO2 adsorption, leading to more formate and carbonates. The results of the
ethanol decomposition experiments over KFeCu/ZrO2 and KFeCuZn/ZrO2 using a batch
reactor are shown in Figure 2. 23. The carbonaceous products by the ethanol decomposition
are COx, CH4 and acetaldehyde over KFeCuZn/ZrO2 and KFeCu/ZrO2 catalysts, with the
CH3CH20H decomposition rate of 0.13 and 0.28 mg geat™' h™', respectively. This result
indicates that the presence of Zn restricts EtOH decomposition (backward reaction), leading

to higher selectivity toward EtOH.
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Figure 2. 22. In situ DRIFTS spectra of the CO2 adsorption over the different catalysts, taken under 0.5
MPa at 320 °C.
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Figure 2. 23. EtOH decomposition over the KFeCuZn/ZrO2 and KFeCu/ZrO2 catalysts (conditions: batch
reactor, spent catalysts: 50 mg, N2: 0.5 MPa, at 260°C, 3 h, ethanol (0.3 mL) + octane (0.7 mL)).

3.3.4 CO hydrogenation over KFeCuZn/ZrO2

Although the one-step conversion of CO2 to value-added chemicals such as EtOH is
attractive, the kinetically unreactive and thermodynamically stable nature of CO2 pose
significant challenges.?2867.82 CO hydrogenation to EtOH is another promising method for
producing EtOH;#-8" thus, we briefly explored the application of our catalysts in CO

hydrogenation.89% CO2 and CO hydrogenation experiments were conducted on the
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KFeCuZn/ZrO2 catalyst under the same experimental conditions of 280 °C, 3 MPa, and CO
or CO2: Hz2 = 1:3. The performance results revealed a higher STY of EtOH (1.8 mmol gcat™’
h=") in CO hydrogenation (Figure 2. 25a). Furthermore, in a comparison of the CO2 + H>
DRIFTS experiments, a higher amount of CH3CH20* (2852, 2922, 2956 cm~")?":30 was
observed in the COz2 (20% CO) + H2 DRIFTS experiments on KFeCuZn/ZrO2 (Figure 2. 24).
These two experiments imply that CO hydrogenation to EtOH is more facile than CO:
hydrogenation. In addition, CO+H: in situ DRIFTS was performed to clarify the potential roles
of each element. According to the acquired IR spectra (Figure 2. 25b), the intermediates
were similar to those observed in the CO2+H2 DRIFTS results. The intensity of the peak at
1712 cm™, attributed to CH3CHO* over KFeCuZn/ZrO2, was found to be higher compared to
the other catalysts.3%.%¢ Additionally, KFeCuZn/ZrO: displayed stronger peaks at 2852, 2922,
and 2956 cm~', corresponding to CH3CH20* (Figure 2. 25b and c), in comparison to the
other catalysts.?7:30.3940 The CH3CH20* intensities of KFe/ZrO2 and KFeZn/ZrO2 were similar

and much weaker than those of KFeCuZn/ZrO2 (Figure 2. 25c).
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Figure 24. /n situ DRIFTS spectra of the CO2 + Hz and CO co-feeding (20%CO in COx) reactions over the
KFeCuZn/ZrO2 catalyst taken under 0.5 MPa at 240 and 280 °C.
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Figure 25. CO hydrogenation to EtOH. (a) Catalytic performance over the KFeCuZn/ZrO2 catalyst under
a CO/Hz or CO2/H2 flow at 280 °C and 3 MPa; (b) in situ DRIFTS spectra of the CO + Hz reaction over the
different catalysts under a CO/H2 flow at 280°C and 0.5 MPa; and (c) dynamic IR peak intensities of
CH3CH20* (2922 cm~") at 280°C.
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2.4 Conclusion

In summary, we reported an efficient catalyst for ethanol synthesis, namely
KFeCuZn/ZrOz2, which achieves the STYewon of 5.4 mmol geat™’ h~' under the optimized
conditions (360 °C, 4 MPa, and 12 L gecat' h™') and elucidated the essential roles of K, Fe,
Cu, and Zn in EtOH synthesis. In situ/operando spectroscopic techniques and various
characterizations revealed the essential roles of K and Fe in EtOH synthesis. The introduction
of Cu accelerated the generation of CH3sCH20*, which is an important intermediate in EtOH
production. The addition of Zn inhibited EtOH decomposition, thereby improving the efficiency
of EtOH synthesis. The importance of all the components was proven and emphasized in
CO:2 hydrogenation to EtOH. Finally, this catalyst demonstrated high performance in EtOH
synthesis from syngas (CO + H2).
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Chapter 3

Machine learning-assisted development of high-performance

ethanol synthesis catalysts via CO2 hydrogenation
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3.1 Introduction

Ethanol synthesis via CO2 hydrogenation is a promising approach to reducing
dependence on fossil fuels for the production of valuable chemicals and fuel additives, while
promoting a circular economy and addressing climate change concerns.’®> Despite many
years of study development, these efforts have not yet resulted in an industry process."?5
Effective ethanol synthesis requires catalytic surfaces with multiple functionalities in
proximity, typically involving multifunctional or tandem catalysts, to facilitate C—O dissociation,
C—C coupling, and COx(H) insertion steps at specific active sites.?6® Due to the mechanistic
complexity and the presence of other side reactions, such as C1 product (CO and
methane),%° hydrocarbon,’® and other oxygenates® enhancing the efficiency of ethanol
production from CO2 hydrogenation presents a significant challenge.3%1"-13 Efforts involving
tailored synthesis,? advanced characterization tools like electronic microscopy' and
operando spectroscopy,’® and theoretical modulation'®'” have been pursued to identify
performance descriptors and in turn improve activity. However, these efforts failed to deliver
the expected benefits, highlighting a need for alternative approaches with high efficiency in

screening the high-performance catalysts.>'81°

In recent years, artificial intelligence (Al) and machine learning (ML) has opened up new
opportunities to achieve groundbreaking advancements in chemistry/materials fields and
significantly accelerate the design and discovery of novel catalysts materials.?%-23
Traditionally, catalyst development has been a time-consuming and labor-intensive process,
often reliant on empirical trial-and-error methods.'® However, ML has emerged as a driving
force in catalysis research, offering unprecedented opportunities to streamline rapidly the
development of next-generation catalysts.'®2° The application of ML approaches to catalysis
has attracted considerable attention from researchers worldwide.?%2123-25 Proof-of-concept
examples have demonstrated the potential of ML to reduce both the time and cost associated
with catalyst development.?® However, despite these early successes,?’?® the journey
towards shedding light into the truly novel compounds and materials remains a formidable
challenge. In ML, the challenge of discovering novel element that achieve high efficiency

beyond those currently studied remains a significant obstacle.?”-2%:30

To address this challenge, our research group has developed a new ML approach that
each catalyst is represented as a set of elemental descriptors,3'-32 such as electronegativities,
melting points... which are scaled by the element content. These elemental features are then

aggregated into a single feature vector using a permutation-invariant readout operation,
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known as sorted weighted elemental descriptor (SWED).?"31:32 Recently, by combing this ML
approach with real-world experimental catalysis data, we have developed the high-
performance catalyst (Pt/Addi/TiO2, where the number of maximum additives (i) is 5) for
reverse water-gas shift (RWGS).?” However, a grant challenge remains for ML models
capable to explore diverse chemical spaces and discovering the totally novel (from loading
elements to support), highly effective catalysts.333* Additionally, for ethanol synthesis, which
involves complex reaction pathways, it is still unclear whether ML methods can partially
unlock the underlying connections, accelerating the discovery of high-performance ethanol

synthesis catalysts.

In this study, we have applied an exploratory ML approach to develop the new multi-
elemental catalysts for CO2 hydrogenation to ethanol. 555 catalysts were experimentally
tested in total (ML prediction + experimental validation) with 58 catalysts as initial data points.
More than 70 catalysts with superior activity compared to the originally identified best catalyst
were identified and Pd(0.8)-Au(0.3)/K(2.5)-Sr(1)-Fe(20)-Zn(4)-Cd(2)-Yb(1)-Re(1)/CeO2
(25%)-ZrO2 (PdAuKSrFeZnCdYbRe/Ce02(25%)-ZrO2) catalyst, where the numbers in
parentheses represent the content amount (wt%), was found as the best catalyst (STYEton:
8.2 mmol geat! h') for EtOH synthesis. The effect of each element was further investigated

through various spectroscopic methods combining with kinetic study.

3.2 Experimental details

3.2.1 Chemicals and catalyst preparation

PGM1(Xp1)-PGM2(Xpr2)/PR1(Xpr1)—PR2(Xpr2)/Add1(Xa1)—Add2(Xaz2)—Adds(Xaz)—
Adds (Xas)—Adds(Xas)/Support (PGM = Pt, Pd, Ir, Ru, Rh and Au, PR (Promoter) = K,
Li, Cs, Sr, Na, Mg, Ba, Ca and Rb, Addx = Additive element; Xpx is the loading amount
of PGMx, Xprx is the loading amount of PRx, Xax is the loading amount of Addx) was
prepared by using the sequential impregnation method. Note that the Add element
having the atomic number (AN) from 13 (Al) to 83 (Bi) except for ClI, Ar, Se, As, Br, K,
Xe, Tc, Pm, Hg, TI, noble gasses, and platinum group metals (PGMs) were used as
catalyst components in this work. For the specific process, a related amount of support
and corresponding precursors of the additives and promoters were added in a 100 mL
glass vessel containing appropriate amount of deionized water and stirred for 60 min

with 200 rpm agitation at room temperature. The mixture was evaporated to dryness
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at 50 °C, dried at 110 °C overnight and calcined in air for 3 h to obtain PR1(Xpr1)—
PR2(Xpr2)/Add1(Xa1)—Add2(Xa2)-Adds(Xaz)—Adda(Xas)—-Adds(Xas)/Support. The formed
PR1(Xpr1)—PR2(Xpr2)/Add1(Xa1)—Add2(Xa2)—Adds(Xa3)—Add4(Xas)—Adds(Xas)/Support
was then impregnated in an aqueous solution containing the PGM elements under
magnetic stirring. The mixture was evaporated to dryness at 50 °C, dried in air at 110
°C overnight to obtain PGM1(Xp1)-PGM2(Xpr2)/PR1(Xprr1)—PR2(Xpr2)/Add1(Xa1)—
Add2(Xa2)—Adds(Xa3)—Adds(Xas)—Adds(Xas)/Support.

3.2.2 Characterization

X-ray diffraction (XRD) analysis was conducted on a Miniflex (Rigaku) diffractometer
using Cu Ka radiation. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDS) were
performed using an FEI Titan G2 microscope. The samples were prepared by dropping an

ethanolic solution containing a catalyst onto carbon-supported Cu grids.

Operando diffuse reflectance infrared Fourier transform (DRIFT) spectra were conducted
on a JASCO FT/IR-4600 instrument equipped with a mercury-cadmium-telluride (MCT)
detector. The sample was pressed into a DRIFT cell (DR-650 Ci) using a CaF2 window. The
spectra were recorded by accumulating 20 scans at a resolution of 8 cm~!, under CO2 (5
mL/min) +H2 (15 mL/min) atmosphere, at a pressure of 0.5 MPa, within a temperature range
of 280-320 °C. The reference spectrum was acquired in He environment (flow rate: 20
mL/min; 20 scans), at the measurement temperature, which was subtracted from each
spectrum. A high-sampling-rate GC-TCD (490 Micro GC; Agilent Technologies Inc.) was

installed at the outlet for the analysis of methanol and ethanol.

Ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) measurements was
performed at beamline 13B of the Photon Factory (PF) of the High Energy Accelerator
Research Organization (KEK). The powder catalysts were coated onto a Si substrate using
a drop-and-dry method with deionized water as the dispersant. The incident X-ray energy
was set to 1250 eV. The sample temperature was measured using a thermocouple attached
directly to the sample holder in the analysis chamber. Before the measurement, the catalyst
was reduced at 400 °C for 30 min with H2. During the in situ measurement, the catalyst was
exposed to H2 at 0.1 Torr and subsequently to CO2 at 0.1 Torr at 320 °C.

X-ray absorption spectroscopy (XAS) was conducted in transmission/fluorescence mode
at BLO1B1 of SPring-8 at the Japan Synchrotron Radiation Research Institute (JASRI)
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(Proposal no: 2023B2096). The Si (111) and (311) double crystal monochromator was used
for X-ray energies below and above 16 KeV (Sr K-edge), respectively. Boron nitride (BN) was
used to make a pellet sample when the calculated catalyst amount by XAFS sample software
was less than 20 mg. The spectra of reference compounds were recorded at room
temperature, in air. The obtained XAS spectra were analyzed using the Athena and Artemis

software ver. 0.9.26, included in the Demeter package.3®

For in situ XAS measurements, samples in pellet forms (¢: 7/13 mm, based on the
computed catalyst amount) were introduced into a cell equipped with Kapton film windows
and gas lines connected to the micro-gas chromatograph (Agilent Technologies Inc.).
Pretreatment of the samples involved heating under a flow of H2 (300 mL/min) at 400 °C for
30 min. Subsequently, He (300 mL/min), COz2 (300 mL/min), Hz (300 mL/min), and CO2 (100

mL/min) + H2 (300 mL/min) were in turn introduced into the cell.

3.2.3 Catalytic reaction

CO:2 hydrogenation reactions were conducted in a fixed-bed continuous-flow reactor
operating at a total pressure of 4 MPa (40 bar). We used 1% Ar/99% H2 (purity; Hz:
99.99999%, Ar: 99.9999%) and COz2 (purity; 99.995%) gas cylinders to supply the reaction
gases. The reactor was supplied with a gas mixture of H2/CO2/Ar in a ratio of 74.4/24.8/0.8,
with Ar serving as an internal standard gas. Prior to the catalytic measurements, 200 mg of
the catalyst was placed between quartz wool inside a 1/4 inch fixed-bed reactor (inside
diameter: 3.79 mm). The catalyst was pretreated under ambient pressure at a H2/Ar (99%)
flow rate of 20 mL/min and temperature of 400 °C for 0.5 h. Following the pretreatment, a
H2/CO2/Ar (74.4/24.8/0.8) flow at a total flow rate of 40 mL/min was passed through the
catalyst bed at 4 MPa. The weight hourly space velocity (WHSV) was 12 L gcat™' h~'. We
conducted an aging treatment for 10 h at 400 °C under the reaction gas atmosphere as an
accelerated aging test before recording the results of the catalytic reaction (Figure 3. 1). The
products were analyzed using an online gas chromatograph (Shimadzu GC-2014) equipped
with TCD (Shincarbon-ST column) and FID (Porapak Q column) detectors, within a reaction

temperature range of 240—400 °C.

The COz2 conversion (Xco2) was calculated as follows.
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The selectivity (S;) for individual products was calculated by the following equation:

X xny)

Here, ciis the molar fraction of product /i (COz2, CO, hydrocarbons, or oxygenates), and

n; is the carbon number of product i in the reaction.

H, reduction Aging under reaction Under the reaction atmosphere (CO,:H, = 1:3) at 400 °C, 4 MPa, 10 h,
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Figure 3. 1. Typical experimental procedure for catalytic tests. After conducting Hz reduction pre-treatment
at 400 °C, accelerated aging treatment was performed at 400 °C in the reaction gas atmosphere. The
catalytic performance at temperatures ranging from 400 °C to 240 °C was then recorded.

3.2.4 ML methods

In this study, a machine learning (ML) method assisted for the discovery of high-
performance (ML target: STYEton; unit: mmol geat™ h™') ethanol synthesis catalysts. The

specific ML approach as follows:

The elemental descriptors were selected to characterize both the catalysts and the
chemical reactions of interest. These descriptors include the following parameters: As
elemental descriptors for PGMs: atomic radius (AR), surface energy (SE), and adsorption
energy (Ead) of COz2 on the metallic surface; for promoters: the group and the period of the
periodic table, density, 'lon rad', electronegativity (EN) according to Pauling, melting point
(m.p.), Thermal conductivity (TC), SE; for additives: the group of the periodic table, density,
EN according to Pauling, melting point (m.p.), delta fusion enthalpy (d_fus_H), density,
thermal expansion (TE), SE, formation energy of metal (E_form_M). As support descriptors,

we selected nine parameters: EN_bulk, density, band gap (BG), ionization potential. Those
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selected descriptors have relatively low correlation with each other and showed the highest

prediction accuracy in the 10-fold cross-validation method.

For ML model, the Extra Trees Regressor (ETR)%* was selected, because, in cases with
small and underspecified samples, the ETR regression enable yield more informative
predictions through trying to isolate the noise from the data, and ETR enable to reduce the
risk of data over-fitting?” Widely used implementations of scikit-learn (version 0.23.2)%7 were

employed for all ML models (ETR and other compared ML models).

For hyperparameter tunings, we tested a reasonable range of candidate values in an
exhaustive way (grid search) shown in Table 3. 1, chose the best hyperparameter by 5-fold
cross validation on the training set, and used it for calculating the predicted values for the test
set (the hyperparameters not explicitly indicated in the table were set to the scikit-learn).
Namely, to avoid the data leakage, we strictly followed a standard practice of "nested" cross
validation, also known as double cross validation, to estimate the prediction accuracies;383°
we used 5-fold CV for the internal CV, and used Monte Carlo CV (also known as repeated
random subsampling CV) with 100-times of random leave-20%-out trials for the external CV
to increase the statistical reliability for validating the test prediction accuracies with fixing the
number of training data.

Table 3. 1. Ranges used in the hyperparameter searches for the ML methods (if not specified, the default
values of scikit-learn were used).

Type Method Hyperparameters [Tested range]
. Lasso alpha € [102,107,1.0,10",10?]
Linear .
Ridge alpha € [102,10,1.0,10",10?]
kernel=Matern 5/2, alpha = 0.01,
GPR n_restarts_optimizer = 10,
Kernel . "~
methods normaﬂ’ze_’y - True 2 5 -1 102 -9 41(0-10
Nonlinear SVR kernel="rbf’, C € [1.0,10,10%,..., 10°], gamma € [1.0,101,10,..., 10,1079,

epsilon € [102,101,1.0,10",10%]
Tree RFR n_estimators € [100, 250, 500, 1000, 1500], max_depth € [3, 4, 5,..., 9]

|
‘fnn;ﬁg’dbse ETR  n_estimators € [100, 250, 500, 1000, 1500], max_depth € [3, 4, 5,..., 9]

We have used three types of the input representations of catalysts; (i) a naive
representation, which uses only elemental compositions or support name; (ii) an exploitative
representation, which uses both elemental compositions/support name and elements/support
properties; and (iii) an explorative representation, which uses only elemental/support

properties. For the input representations of elemental compositions, each catalyst was
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represented as a vector of compositional fractions of each element and support for 62
elements (PGM: 6; PR: 9; Add: 47) and 22 supports under consideration. For the input
representation of elemental properties, each catalyst is represented as the sum of vectors of
each elemental descriptor scaled by its compositional fraction, i.e., for a catalyst PGM1(Xp1)—
PGM2(Xp2)/PR1(Xpr1)-PRz(Xpr2)/Add1(Xa1)—Add2(Xa2)—Adds(Xas)—Adds(Xas)—
Adds(Xas)/Support,

Xp1 vec(PGM,) + Xp, vec(PGM;) + Xp3 vec(PR;) + Xp3 vec(PR,) + X4, vec(Add,) +
X4, vec(Add,) + X5 vec(Adds) + X, vec(Add,) + X5 vec(Adds) + vec(support)

where vec(PGM,), vec(PR,), vec(Add,) vec(support) are the elemental descriptor
vector for PGM, promoters, additive elements and support, respectively, which is also referred
to as the composition-based feature vector (CBFV) in other work.*%4!" The naive
representation generates 84-dimensional features according to the numbers of loading
elements and supports. Therefore, this representation tends to be very sparse and
statistically uninformative when the training dataset is not large but contains many elements
and supports. Moreover, it is incapable of handling elements that are absent or statistically
infrequent in the training data. On the other hand, explorative representation has the same
dimension as the user-specified elemental descriptor that often produces statistically much
more stable results for small-data problems and is not explicitly constrained by the elements
covered in the training dataset. Moreover, technically speaking, in the latter representation,
each catalyst is represented as a set of elemental descriptors and scaled by its composition
fraction and aggregated into a single feature vector for the given fraction of the catalyst (PGM,

Promoter, Add, and Support) by sum pooling, a permutation-invariant operation.

Notably, the exploratory model that characterizes catalysts solely based on their physic-
chemical properties using specific descriptors, without explicitly delineating the individual
contributions of distinct elements, enables a more extrapolative and ambitious exploration
beyond the training data, potentially identifying previously unseen elements. In this study, we
adopted a 'grid search' approach to propose new catalyst candidates by manually specifying
the loading amount of each metal (M) element to achieve global optimization. This method
eliminates the need for a recovery procedure and instead computes the Expected

Improvement (El) score using the following equation for the given compositions.4?43

EI(x) = E{max(u(x) - y°, 0)} = (u(x) = y*) - @ <M(X) : y*) Fo(x) ¢ (M—(x) - y*>

o(x) o(x)
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where u(x) and a(x) are the predicted value and the standard deviation of an ML
surrogate for an input x, while the expectation [E assumes a Gaussian distribution with a PDF
of ¢ and CDF of &. El scores can be intuitively considered as a quantity that indicates how
much improvement over the current best y* can be expected for an input x. The El is

schematically shown in Figure 3. 2.

STY ethanol

!

Expected Improvement (El)

Figure 3. 2. Description of the expected improvement (El). The El score E{max(u(x) — y*, 0)} corresponds
to the average of the improvement in y (STY ethanol) weighted by the probability of the red-colored region,
thus considering not only the predicted values but also their predicted variances. Because the ML
prediction (pink curve) usually cannot exceed the best (maximum) value of the training data, it is
inadequate to directly use the predicted values to attempt to find data points with higher STY ethanol
values.

- El = / y - p(y)dy
Jy*

Clustering was typically performed to group very similar candidates into K clusters. In
cases where clustering was not used, we simply selected the catalysts based on the top
proposed catalyst compositions. We normally used K = 100 because the elbow and silhouette
analyses suggested that 100 was the optimal number of clusters. The elbow method was
employed to find the point of inflection (elbow) in the plot of the explained variation as a
function of the number of clusters, serving as a criterion for determining the optimal number
of clusters. The silhouette analysis was applied to quantify the similarity among the
observations within a cluster, thus providing additional support for identifying the optimal

number of clusters. A representative analysis result using the 300 data points with explorative
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ML methods based on ETR revealed that K = 50-100 is optimal. In addition, no clusters had

silhouette scores below the average when K = 100 (with N = 10 perturbations).

3.2.5 Procedure of ML-assisted CO2-to-EtOH catalysts discovery

The initial dataset of 58 catalysts (274 data points), created from previous reported work
and some similar components, is labeled as iteration 0. Using an exploitative ML model based
on ETR, we suggested new catalyst candidates, synthesized some based on their El ranking,
conducted the CO2 to EtOH reaction, and updated the performance to finish the predicting
and testing loop (Figure 3. 3a). We repeated this cycle, updating the dataset each time, for
24 iterations, testing a total of 555 catalysts (2477 data points). At each iteration, due to the
above clustering with K = 100, thus the ML approach provided a list of 100 top-ranking

catalysts, from which we manually selected diverse catalysts (~20) for testing.
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3.3 Results and discussion

3.3.1 ML-Driven Discovery of CO2 Hydrogenation to Ethanol Catalysts

For a catalyst (PGM1(Xp1)-PGMz2(Xpr2)/PR1(Xpr1)—PRz(Xpr2)/Add1(Xa1)—Add2(Xa2)—
Adds(Xa3)-Adds(Xa4)-Adds(Xas)/Support) prediction, starting with an initial dataset of 58
catalysts (comprising 274 data points), we trained an exploratory machine learning model
using Extra-Trees Regression (ETR).>® We then calculated the expected improvement
(E1)*243 for all test points in the catalyst composition grid, next, based on the El scores and
variety of catalyst, we manually selected several promising catalyst candidates (see more
details in experimental section). These candidates were synthesized and executed in the
performance testing, and we conducted 24 cycles of a closed-loop discovery system (ML
prediction + experimental validation; Figure 3. 3a). We experimentally tested a total of 555
catalysts, each at multiple (four or five) different temperatures (Figure 3. 3b), identifying more
than 70 catalysts with superior activity compared to the previously reported high-performance
catalyst KFeCuZn/ZrO2.4* As shown in Figure 3. 3b, the initial iterations (fewer than 5)
presented challenges in improving catalytic activity and identifying effective catalysts. This
was primarily due to the limited dataset and the exploration of previously untested elements,
which resulted in low prediction accuracy. However, as the dataset expanded and prediction
accuracy improved, by the 12th iteration, we had successfully pinpointed the best
performance catalyst. Although no superior catalysts were discovered in the later iterations
(greater than 12), it is necessary to highlight that more efficient catalysts were identified
during this phase, demonstrating the success of the ML prediction + performance testing
process. This process exemplifies the exploration—exploitation trade-off in ML, where
balancing between "exploration" to gather more data on uncertain areas and "exploitation" to
utilize existing data is crucial. When the elemental pool is almost filled, the ML model prefers
to optimize the corresponding components and the metal loading to acquire the high-

performance catalysts.

As discussed above, the increasing volume of catalyst activity data and the number of
cycles accelerated the discovery of high-performance catalysts, which also agreed the
model's prediction accuracy significantly improved. Furthermore, the R? value*>#¢ and the
test errors (RMSE, MSE, MAE)*>4 of the predicted ethanol formation rate, validated using a
standard cross-validation (CV) procedure,3® were evaluated and presented separately in the
Figure 3. 3e. The sorted weighted elemental descriptor (SWED),%"3? considering both

elemental content and features, displayed higher accuracy and lower test errors than either
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elements/supporting component only or elemental/ supporting properties only. After 24
cycles, the prediction accuracy of the SWED model reached an R? value of 0.81, surpassing
the other two prediction models that only consider the compositional or elemental features.®
And we have to point out that the prediction accuracy obtained (R? = 0.81) is higher than
those reported in most ML studies involving experimental data on heterogeneous catalysis
and related material science topics.??3! This result not only demonstrates the reliability of the
SWED model but also highlights the capability of the machine learning model to statistically

guide promising directions for future research.

We further compared prediction performance of the different ML regressions on SWED
model, as shown in Figure 3. 4, and all the relative hyperparameters were listed in Table 3.
1. Among them, the tree ensemble regression displayed the highest prediction accuracy. The
tree ensemble regression functions as a form of pseudo-piecewise-linear interpolation.?” In
addition, for the tree ensemble regression, when data points are limited, interpolating the
noisy training data can yield more informative predictions compared to trying to distinguish
noise from data in these underspecified situations with small sample sizes. In contrast to
Random Forests Regression (RFR), ETR is less sensitive to hyperparameters than RFR and
requires less tuning in training data, thus, it displayed higher accuracy than RFR in training
data (Figure 3. 4). Based on the aforementioned reasons, we primarily used the ETR as our
ML algorithm. And our approach is based on highly safe/conservative predictions, because
the tree ensemble models make conservative predictions in the out-of-training regions (it is
a histogram approximation, and any predicted values are the local averages of the training
samples, even in the out-of-training regions).#’*® Nevertheless, it successfully found some
catalysts containing elements not in the training data, which is worth emphasizing. The core
function of ML prediction is based on the interpolation of provided data points; therefore, no
ML model architecture can solely perform extrapolative predictions without incorporating

additional information or data-independent assumptions.'9:20.27

To further validate the ML prediction accuracy, we also conducted control reaction to
address all components that are necessary to achieve the highest ethanol formation rate. As
shown in Figure 3. 3c and Table 3. 2, the composition of the best catalyst discovered through
this data-driven approach was PdAuKSrFeZnCdYbRe/Ce02(25%)-ZrOz2, which exhibited the
highest ethanol formation rate of 8.2 mmol geat™ h~' and a selectivity of 23 % than other
compared catalysts, simultaneously, the highest reported in the literature to date (Table 3. 3).

Among these control catalysts, the catalyst without Fe resulted in a significant decrease in
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ethanol production, indicating a loss in the catalyst's ability for C—C coupling.#%:5° Similarly,
after dropping K, a notable reduction in alcohol activity highlighted the crucial role of K in C2+
alcohol synthesis and its function in inhibiting over-hydrogenation.5'*2 Overall, this machine
learning model not only develops catalysts with known high-performance components but
also explores new elements (i.e., Yb, Cd) that have not yet been utilized in this field.'8:20.23.31
The catalytic stability of PAAuKSrFeZnCdYbRe/Ce02(25%)-ZrO2 was evaluated over a 600-
hour reaction period, revealing no significant changes in CO2 conversion, product selectivity,
and ethanol formation rate, which indicates grant potential for industrial application (Figure
3. 3d). Additionally, the influences of the reaction conditions, including reaction temperature,
WHSYV, calculation temperature and pressure on CO2 hydrogenation to EtOH, were studied,
and the conditions of 12 L gcat™ h™', 360 °C and 4 MPa displayed more pronounced activity
(Figure 3. 5).
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Figure 3. 3. ML-assisted discovery of high-performance CO2 hydrogenation to ethanol catalysts. (a): the
procedure of ML-assisted ethanol synthesis catalysts discovery; (b): the performance results of ethanol
formation rate at different iterations (total: 24) under the concrete conditions (CO2:H2=1:3, 12 L geat™" h™?,
240-400 °C and 4 MPa). The solid gray line shows the best ethanol formation rate at each iteration, and
for comparison, the dashed red line shows the ethanol formation rate for KFeCuZn/ZrOz2, the best one at
the first iteration. (c): The R? values were calculated by the cross validation (CV) method in the three
different ML methods mentioned in experimental section at each iteration prior to experimental validation;
(d): CO2 conversion and product selectivity at 360 °C and STYewon over the best catalyst
(PdAUKSrFeZnCdYbRe/Ce02(25%)-ZrO2) and the relative control catalysts; (e) stability test for best
catalyst (PdAuKSrFeZnCdYbRe/Ce02(25%)-ZrO2) at 360 °C. Pretreatment condition: 400 °C, 0.1 MPa, Hz
(99%), and 0.5 h. Reaction condition: 12 L-gcat™* h™', 4.0 MPa, and H2/CO2/Ar (74.4/24.8/0.8%). Ar was
used as an internal standard gas. The data was collected after 3 h, when the temperature and rection were
stable. Accelerated aging treatment was performed before reaction at 400 °C for 10 h under the reaction
environment. Others include acetaldehyde and ethyl formate. The black dot is CO2 conversion; red dot is
EtOH STY.
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Figure 3. 4. Comparison of the prediction accuracy for the ethanol formation rate of the 555 catalysts using
different ML regressions. The prediction accuracy was quantified based on four criteria (R?, MAE, RMSE,
and MSE) by 10-fold cross validation. Among the six tested ML algorithms, ETR gave the highest predictive
accuracy for all the criteria.

Table 3. 2. The ethanol synthesis performances of studied catalysts in this work.

CO» selectivity (%) STYeoH
Catalysts®  conversion (mmol

(%) MeOH EtOH C3:OH CHs C?**-C*C?-C* Cs+ CO others geat' h)
Best catalyst 57.6 0.3 232 107 13.0 151 112 171 7.0 24 8.2
Without Pd  52.6 0.2 203 203 109 189 6.8 10.5 11.1 1.0 6.4
Without Au  48.2 08 194 227 89 174 55 12.3 12.0 0.9 5.6
Without K 39.5 214 05 06 30.1 0.1 315 110 47 0 0.1
Without Sr  59.8 09 173 88 13.8 176 124 156 13.3 0.3 6.2
Without Fe  19.3 90 14 0 6.7 0.9 1.5 0 80.4 0 0.2
Without Zn  48.5 04 202 144 146 198 79 9.0 123 14 5.9
Without Cd  46.0 0.7 233 164 10.0 182 59 11.3 13.3 0.9 6.4
Without Yb  61.6 0.1 204 144 16.7 191 53 9.0 144 0.9 7.5
Without Re  59.5 0.3 230 198 103 204 6.8 92 95 1.0 8.0

aFor the efficient evaluation of catalyst durability, accelerated aging treatment at 400 °C for 10 h was

performed before the reaction.
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Table 3. 3. Catalytic performances for CO2 hydrogenation to form ethanol in this work and literature.

Catalyst T P WHSV  COz2 CoO EtOH STYEtoH References
(°C) (MPa) (Lgeat’ Conversion selectivity selectivity (mmol geat™
h™) (%) (%) (%) h™")
Best catalyst? 360 4 12 58.9 4.5 23.2 8.2 This work
KFeCuZn/ZrO2? 360 4 12 52.5 9.6 16.5 54 44
Na-Co/SiO2 250 5 6 21 27 6 0.5 53
Cs-Cuo.s Fe1.0Zn1o 330 5 4.5 35 20 12 1.1 54
Na-ZnFe@C 320 5 9 38.4 7.6 20.3 3.4 55
K/Cu-Zn-Fe 300 7 5 442 59 19.5 2.3 56
K-In/Ce-ZrO2 300 10 4.5 19 57 5 (Ca+) 0.4 (C2+) 52
2K20Fe5Rh/SiOz 250 7.5 7 18 5 16 04 57
4.6K/CuMnZnFe 320 5 6 30.4 30.6 ~7 1.7 51
RhFeLi/TiO2 250 3 6000 h- 15.7 12.5 35.8 ~1.3 58
L (mmol - Leat
1. h-1)
Co/LasGaz09 280 3 3 9.6 10.8 233 0.2 59
Pd/Fes04 300 041 60 0.3 0 97.5 0.4 60
Pd/CeO2 240 3 3 9.2 99.2 1.2 61
Na-Rh@S-1 250 5 6 10 32 16 0.6 62
2%Na- 320 5 4.5 39.2 94 35 3.6 63
Fe@C/5%KCuznAl
Li-Rh/SiO2 240 5 6 7 15.7 18.4 0.4 64
Mo1Co1Ko.6 320 5 3 23.5 77.2 8.9 0.1 65
K-CuMgZnFe/CZA 320 5 6 42.3 13.8 ~17.4 ~2.4 (Ca2+) T
(Ca24)
FeNaS-0.6 320 3 8 32.0 20.7 15.9 1.7 (C2+) 66
(C2+)
Cu/CeO2 190 0.1 9 ~0.1 ~3 84 0.02 67
Pd2Ce@Si 240 3 3 6 ~2 94 0.8 68
Co2C-CuZnAl 250 5 12 21 12.5 ~18.9 ~2.2 69
PdFe-6.9(37nm) 320 5 6 35.6 20.7 18.2 ~1.9(Cos) 7O
(Ca+)
CuZnFeo5Ko.15 300 6 5000 h- 423 49.2 36.7 3.4 (Ca) 7
! (C24)
Cu/Co304-2h 250 3 36 13.9 6.5 15.2 1.9 72
Rh-VOx /MCM-4 250 3 6000 h- 121 201 24 1 1.1 73
1
Cu@Na-Beta 300 1.3 12 7.9 30.5 69.5 3.4 74
90Fe10Co (1.0)K 240 1.2 1.5 14.5 455 10.8 0.07 &
CuzsFe22CosKs- 350 6 5000 h- 324 453 <12 <0.6 76
CuZn1.0Ko.15 ! (mmol - Leat
1. py
CoMoS 340 104 0.43 32 57.5 12.9 0.07 77
Na—CuCo-9 330 4 5 20.1 26.5 18.0 ~2.3 7
K-CuZnAl/Zr.03)- 320 4 24 28.8 ~13.4 19.7 3.8 (C2+) 78
CuFe (Ca+)
Rh-Fe/TiO2 270 2 8 9.2 28.4 6.4 0.6 &
Rh-Fe/SiO2 260 5 6 16.7 19.7 16 1.4 80
IrMo-SiO2 200 4.9 2000 h- 7 417 4.3 0.04 81
1
Rh/Ce0,-SiO2 240 5 3 8.3 33.5 6.1(C2+) 0.2 (Cz) 82
RhLi/Y 250 3 6 13.1 86.6 2.7(C2+) 0.8 (C2) 83
a-CoMoO4/K 250 3 1.2 7.2 27.8 48(Cx) 0.2(Czs) 84
B-MoC, 200 2 9 6 39 3 (C2) 0.1 (C2+) 85
Pt/C0304 200 2 3 27 0 42 (Ca+) 0.3 (Cz) 86
In203—Fe203~ 300 2 4 36 ~40 42 (C2+)  3.02(Cs) &
K-Al203
3KCuFeZn/CuZnAlZr 300 5 3 27 28 246 0.9 (Co24+) 88
(C24)

aFor the efficient evaluation of catalyst durability, accelerated aging treatment at 400 °C for 10 h was

performed before the reaction.

66



g@ co IlcH, Bc, ¢, C, € C.. MeOH EtOH C,.OH [l Others

— 100 T— T T— T T— T T— 12 —~
2 : : : -

S : : :

— . . . 10 =

80 : : : =

3 . : : : .-
[0 < . < . > . v o —

g 60 - : : : g
s : . B L0 6 £

9 40- : : : N
bl : : : L 4

5 - | | | &
= . . .

c 20 ' : : Lo T
3 > o
o v : : : LU

8 280 320 360 400 & 12 15 ' 3 4 5 T 400 550 700

Reaction temperature (°C) WHSV (Lg"' h") Pressure (MPa) Calcination temperature (°C)

Figure 3. 5. Influence of experimental conditions (including: reaction temperature, gas hourly space
velocity (WHSV), reaction pressure and the calcination temperature) for performance over the best catalyst
(PdAUKSrFeZnCdYbRe/Ce02(25%)-ZrO2) at 280-400 °C. Conditions: 0.2 g catalyst, H2: CO2 = 1:3, and
internal standard gas: Ar (0.8 vol%), 3-5 MPa, and 9-15 L gcat™ ' h~".

3.3.2 Visualization of database and ML-based statistical analysis

To clearly identify and understand the database, Figure 3. 6 shows histograms of the
component elements for our dataset which is composed of 2477 experimental data with
unique catalyst compositions and elements. Elements K, Fe, Cu, Zn, Cd and Co appeared
most frequently. The influence of the loading metal (PGM, PR and Add) on the frequently
appearing elements is displayed in Figures 3. 7-9. In the cases of PGM and PR, the catalysts
with low loading presented the high STY of ethanol. Most of the additive elements, i.e. Er, Al,
Nb, Ta, Yb, Re, Y, tended to show the high ethanol STY at low loading, except for Fe which
preferred high loading to give good performance. Additionally, the Periodic tables show the
number of each element that appeared in the original dataset and current dataset to clearly
indicate which elements appeared during the ML-aided catalyst exploration. Obviously, many
kinds of elements which were not included in the original dataset were evaluated by ML, for
example, most of the compositions in the best catalyst, such as Pd, Au, Sr, Cd, Yb, and Re,
were not present in the original dataset. Cd and Yb, in particular, had never been reported in
this field, making the identified catalyst composition highly unpredictable even for human
experts.

While machine learning (ML) is often applied as a black box,*?>%° lacking direct insights
into its learned representations, supervised ML models can effectively pinpoint crucial

chemical components influencing predictions, even in the absence of explicit understanding
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of its underlying mechanisms. Extrapolative ML can reveal not only the effective catalyst
compositions but also the required elemental features and electronic properties for the
precise designing of ideal catalysts.3'32 Feature importance scores and SHapley Additive
exPlanations (SHAP) analyses were employed to assess the significance of descriptors in
ML predictions,?%-°" which directly considers the elemental composition/features, enhancing
the understanding of each element's contribution to the data. In this work, as depicted in
Figure 3. 10, the reaction temperature displayed a higher importance score than other
factors. Fe, K and Yb were considered as important descriptors for the catalyst composition,
whereas Ce02(25%)-ZrO2, ZrO2_JRCS5 NND and ZrO2_JRC3-100 were identified as
important descriptors for the support. According to the optimized descriptors, Esurf and
Density for additives, EN_bulk for support and Atom rad for PGM were important features of
elements and support. Furthermore, SHAP enables visualization of how the model output
(EtOH formation rate) depends on each descriptor's value (Figure 3. 6e). For instance, lower
values highlighted in red for reaction temperature correlate with higher EtOH formation rates
(SHAP value). Descriptors such as Fe and K in catalyst composition, and support descriptors

like CeO2(25%)-ZrO2, were identified as pivotal factors.
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Figure 3. 6. Visualization of ethanol synthesis catalyst datasets and SHAP (SHapley Additive
exPlanations) analysis. Frequency for each additive oxide component (a), electronic promoter (b), PGM
group elements (c) and support (d); the elements in the original (left) and final (right) datasets are shown
in the periodic tables. (e) SHAP values of the descriptors (summary plot) used to predict ethanol formation
rate of all the catalysts in our dataset (red and blue for SHAP analysis correspond to high and low features,
respectively). Here, features appear in descending order according to the sum of their absolute SHAP
values. Dots are displaced vertically to visualize the density of data points at a given SHAP value.
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Figure 3. 10. Feature importance.

3.3.3 Catalyst characterization

Following the ML-statistical analysis, we aimed to investigate the geometric and
electronic properties of our top-performing catalyst, as well as the reaction mechanism for
ethanol synthesis. The X-ray diffraction (XRD) patterns (Figure 3. 11) confirmed that the
Ce02(25%)-ZrO2 support predominantly exhibits a tetragonal phase of ZrO2 doped with Ce.®?
Following the H2 reduction, Fe20s is fully converted to metallic Fe, which subsequently
transforms into FesC2 and FesO4 after reaction,**57-% reflecting the dynamic behavior of Fe
species under catalytic conditions, consistent with previous studies.*4%4639 The XRD
analysis also reveals that the Zn species remains exclusively in the ZnO phase, signifying
the absence of phase transitions during the entire reaction sequence. Moreover, the metallic
Cd is detectable following Hz reduction and the subsequent catalytic reaction. The other
elements (Pd, Au, K, Sr, Yb, Re) were not detected by XRD, primarily due to their low loading
and high dispersion on the catalyst. The HAADF-STEM and EDS elemental mapping images
further revealed the sintering of Pd, Cd, and Au and the formation of a trimetallic alloy
structure, after H2 reduction and reaction (Figures 3. 12-13). The size distribution analysis
(Figure 3. 12 inset and Figure 3. 13 inset) indicates a marked increase in the trimetallic

alloy size, expanding from 2.6 nm after H, reduction to 4.6 nm after catalytic reaction. In
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contrast, other components exhibited a consistent homogeneous distribution demonstrating

stability in their spatial arrangement after the H2 reduction and reaction (spent).

The trimetallic structure was further confirmed by X-ray absorption spectroscopy (XAS).
As depicted in Figure 3. 14a, b and c, the ex situ X-ray absorption near edge structure
(XANES) spectra for the Pd K-edge, Cd K-edge, and Au L2-edge demonstrate the presence
of metallic states following Hz reduction and after catalytic reaction. The EXAFS spectra of
Pd provide additional evidence of formation of alloy, as the Pd—Pd (Au, Cd) coordinating path
exhibits a shift to a higher distance of 2.79 A (Figure 3. 14d and Table 3. 4) aligning with the
results obtained from STEM results. Moreover, the extended X-ray absorption fine structure
(EXAFS) analysis of Cd demonstrates a significant shift in the Cd metallic path to a lower
value compared to the standard value of 2.96 A. Curve fitting result further elucidate the
formation of Cd—Pd (Au, Cd) bonds, with distances of 2.76 A for the Hz2 reduced catalyst and
2.77 A for the spent catalyst (Figure 3. 14e and Table 3. 5). Furthermore, extended EXAFS
analysis at Au L2-edge (Figure 3. 14f and Table 3. 6) reveals that the first coordination shell
exhibits is located at 2.84 A for the H2 reduced catalyst and 2.85 A for the spent catalyst, both
of which are elongated relative to the Au foil (2.79 A). This bond expansion is likely due to
lattice compression induced by the incorporation of Cd or Pd atoms. These results provide
compelling evidence for the formation of a trimetallic Pd, Au and Cd structure, corroborated
by STEM results.

Beyond the Pd, Au, and Cd alloys, further investigations into the other supported metals
were conducted. XANES analysis at the Fe K-edge demonstrated that Fe2O3 was reduced to
metallic Fe under H2 reduction conditions, followed by partial oxidation of the Fe species
under CO2 + H2 atmosphere, as indicated by the energy shift (Figure 3. 15a). Local structure
analysis via EXAFS (Figure 3. 15b and Table 3. 7) revealed that, following H2 pretreatment,
Fe—Fe bonds at 2.43 and 2.82 A replaced the Fe—O bond at 1.99 A .83 However, post reaction,
the emergence of Fe—C and Fe—O bonds, coupled with the disappearance of the Fe—Fe bond,
suggests the formation of FeOx and FeCx. Additionally, XANES analysis at the Ce L3-edge
(Figure 3. 16a) showed a distinct shift to lower energy indicating the reduction of Ce** to Ce3*
in both H2 reduced and spent catalysts.®* This shift is due to cerium's reducibility and its ability
to exhibit multiple oxidation states. By contrast, the remaining elements, including Zn (Figure
3. 16b), Zr (Figure 3. 17a, ¢ and Table 3. 8) and Sr (Figure 3. 17b, d and Table 3. 9), did
not change their chemical states and remained in the oxidative states of ZnO, ZrO2 and SrO,

respectively, after Hz pretreatment and reaction.
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Figure 3. 11. XRD patterns of best catalyst (PdAuUKSrFeZnCdYbRe/Ce02(25%)-ZrO2) before and after Hz
reduction at 400 °C as a pretreatment and after reaction. “Spent catalyst" refers to a sample that has
undergone a 20-hour accelerated aging treatment at 400 °C under the reaction conditions.
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Figure 3. 12. HAADF-STEM image and corresponding EDS mapping images of the best catalyst (particle
size distribution insertion) that has undergone Hz reduction pretreatment at 400 °C
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Figure 3. 13. HAADF-STEM image and corresponding EDS mapping images of the spent best catalyst
(PdAUKSr FeZnCdYbRe/Ce02(25%)-ZrO2) that has undergone a 20-hour accelerated aging treatment at
400 °C under the reaction condition.

a Pdkedge]| b Cdkedgd C AuLzedge
o Best catalyst-after H, reduction Best cataly st-before H, reduction Best catalyst-after H, reduction
o " i c .
e Best catalyst-spent e Best cataly st-after H, reduction & | —— Best catalyst-spent N
g —Pd o] Best cataly st-spent 3B |—Aufoi w
5 PdO ‘g —cd T 5 HAUC,
w
7] @ =
O "-K O
© = = g
o o 3
I 8 N
© T @
£ £ £
[s] S
z z A
24340 24360 24380 24400 26700 26720 26740 13720 13740 13760 13780 13800
Energy (eV) Energy (eV) Energy (eV)
(21 Best catalyst-after H, reduction e Best catalyst-before H, reduction f Best catalyst-after H, reduction
Best catalyst-spent 5 Best catalyst-after H, reduction 54 Best catalyst-spent
——Pd (*0.5) Best catalyst-spent Au (*0.5)
PdO 1 CdO
= =z |—cd
= =~
3 =,
L—_ —
L

Figure 3. 14. Ex situ XAS spectra over best catalyst (PdAuKSrFeZnCdYbRe/Ce02(25%)-ZrO2) before and
after Hz reduction at 400 °C as a pretreatment and after reaction (spent). (a) Normalized Pd K-edge XANES
spectra; (b) FT-EXAFS spectra for Pd; (c) normalized Cd K-edge XANES spectra; (d) FT-EXAFS spectra
for Cd; (e) normalized Au L2-edge XANES spectra; and (f) FT-EXAFS spectra for Au. “Spent catalyst"
refers to a sample that has undergone a 20-hour accelerated aging treatment at 400 °C under the reaction
condition.
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Table 3. 4. Curve-fitting results of the ex situ Pd K-edge FT-EXAFS spectra of the ML_best catalyst.

Sample Shell CN R (A) 02(A?) AE Rfactor
Pd foil Pd-Pd 12 2.74+0.02  0.005 6.5 0.01
Best catalyst-after H2 reduction  Pd—Pd (Au, Cd) 7.910.6 2.79+0.03 0.008 1.5 0.03
Best catalyst-spent Pd-Pd (Au, Cd) 7.1+0.7 2.7940.01 0.007 0.7 0.03

CN: coordination numbers; R: bond distance; o2: Debye-Waller factors; R factor: goodness of fit. So? was

set to 0.81, according to the EXAFS fit of Pd foil.

Table 3. 5. Curve-fitting results of the ex situ Cd K-edge FT-EXAFS spectra of the ML best catalyst.

Sample shell CN R (A) 02(A2 AE Rfactor
Cd foil Cd-Cd 6 2.95+0.07  0.01 261 0.02
Best catalyst-after H2 reduction Cd-Pd (Au, Cd) 3.5+0.8 2.76+0.06 0.01 0.28 0.02
Best catalyst-spent Cd-Pd (Au, Cd) 3.1£0.3 2.77+0.06 0.009 1.9 0.03

CN: coordination numbers; R: bond distance; o2: Debye-Waller factors; R factor: goodness of fit. So? was

set to 0.95, according to the EXAFS fit of Cd.

Table 3. 6. Curve-fitting results of the ex situ Au L2-edge FT-EXAFS spectra of the ML_best catalyst.

Sample shell CN R (A) 0?2 (A? AE  Rfactor
Au foil Au-Au 12 2.86+0.08 0.008 34 0.01
Best catalyst-after H2 reduction ~ Au-Cd (Au, Pd) 4.1+0.4 2.8410.01 0.01 2.1 0.03
Best catalyst-spent Au-Cd (Au, Pd) 4.9+0.8 2.85£0.05 0.009 28 0.02

CN: coordination numbers; R: bond distance; o2: Debye-Waller factors; R factor: goodness of fit. So? was

set to 0.98, according to the EXAFS fit of Au foil.
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Figure 3. 15. Ex situ XAS spectra of ML_best catalyst (PdAuKSrFeZnCdYbRe/CeO2(25%)-ZrO2) before
and after Hz reduction at 400 °C as a pretreatment and after reaction (spent). (a) Normalized Fe K-edge
XANES spectra; (b) FT-EXAFS spectra for Fe. “Spent catalyst" refers to a sample that has undergone a
20-hour accelerated aging treatment at 400 °C under the reaction condition.
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Table 3. 7. Curve-fitting results of the ex situ Fe K-edge FT-EXAFS spectra of the ML_best catalyst.

Sample shell CN R (A) 02(A2) AE R factor
Fe20s3 Fe-O 3 1.97
Fe-O 3 2.2
Fe Fe—Fe 8 2.47
Fe-Fe 6 2.85
FesC2 Fe-C 2 1.95
Fe-C 4 2.03
Fe-C-Fe 2 2.47
Fe-C-Fe 3 2.59
ML_best catalyst-before H2 Fe-O 4.3+0.4 2.00+£0.03 0.006 0.29 0.02
reduction
Fe-O-Fe 4.9+0.6 2.98+0.01 0.007
ML_best catalyst- after H2 Fe—Fe 42+1.1 2.43+0.04 0.004 10 0.01
reduction
Fe—-Fe 5.5+1.3 2.82+0.04 0.005
ML_best catalyst-spent Fe-O(C) 2 1.9840.02 0.006 4.2 0.03
Fe-C-Fe 1.840.3 2.51+0.04 0.003
Fe-C-Fe 1.7+0.3 2065+0.05 0.003

CN: coordination numbers; R: bond distance; o2: Debye-Waller factors; R factor: goodness of fit. So? was
set to 0.8, according to the EXAFS fit of Fe foil.
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Figure 3. 16. Ex situ XAS spectra of ML_best catalyst (PdAuKSrFeZnCdYbRe/Ce0O2(25%)-ZrO2) before
and after Hz reduction at 400 °C as a pretreatment and after reaction (spent). (a) Normalized Ce L3-edge
XANES spectra; (b) Normalized Zn K-edge XANES spectra. “Spent catalyst" refers to a sample that has
undergone a 20-hour accelerated aging treatment at 400 °C under the reaction condition.
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Figure 3. 17. Ex situ XAS spectra of ML_best catalyst (PdAuKSrFeZnCdYbRe/Ce02(25%)-ZrO2) before
and after Hz reduction at 400 °C as a pretreatment and after reaction (spent). Normalized Fe K-edge (a)
and Sr K-edge (b) XANES spectra; (b) FT-EXAFS spectra for Zr (c) and Sr (d). “Spent catalyst" refers to
a sample that has undergone a 20-hour accelerated aging treatment at 400 °C under the reaction condition.

Table 3. 8. Curve-fitting results of the ex situ Zr K-edge FT-EXAFS spectra of the ML best catalyst.

Sample shell CN R (A) 02 (A?2) AE R factor
ZrO2 Zr-0 2 2.01

Zr-0 3 2.16

Zr-0 2 2.26
Best catalyst-before H2reduction  Zr-O 59+1.1 2.11£0.05 0.007 6.9 0.02
Best catalyst-after H2 reduction Zr-0 6.5£0.7 2.12+0.04 0.008 57 0.03
Best catalyst-spent Zr-0 6.8£0.7 2.11£0.05 0.008 8 0.03

CN: coordination numbers; R: bond distance; o2: Debye-Waller factors; R factor: goodness of fit. So? was
set to 0.8, according to the EXAFS fit of Zr foil.

Table 3. 9. Curve-fitting results of the ex situ Sr K-edge FT-EXAFS spectra of the ML best catalyst.

Sample shell CN R (A) o2 (A2) AE R factor
SrO Sr-0 6 2.58

Best catalyst-before Hz reduction Sr-O 5.240.5 2.59+0.01 0.007 1.7 0.03
Best catalyst-after H2 reduction Sr-0O 4.9+0.5 2.54+0.03 0.006 57 0.02
Best catalyst-spent Sr-0O 5.840.5 2.59+0.01 0.006 6.2 0.03

CN: coordination numbers; R: bond distance; o2: Debye-Waller factors; R factor: goodness of fit. So? was
set to 0.89, according to the EXAFS fit of Sr foil.
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3.3.4 Mechanistic studies

In situ XAS was conducted to elucidate the chemical states under Hz, CO2, and CO2 +
H2 atmospheres at 400 °C and ambient pressure, as the procedures shown in Figure 3. 18a.
The Fe K-edge and Ce L3-edge XANES spectra (Figure 3. 18b and c¢) of
PdAuKSrFeZnCdReYb clearly showed that the absorption edge shifted to higher energies
after the introduction of CO2 and subsequently moved to lower energy after the introduction
of the H2 atmosphere, indicating that the Fe and Ce species exhibited notable redox
behaviors. Additionally, the Zn K-edge (Figure 3. 18d), Zr K-edge (Figure 3. 19b), Cd K-edge
(Figure 3. 19¢c) and Sr K-edge (Figure 3. 19d) presented a minor energy shift following the
introduction of CO2, which differed slightly from the ex situ results. We suggested that this
difference is due to the race of active Zn, Zr, Cd and Sr species on the surface being reduced
and oxidized, these species are easily oxidized upon exposed to air. However, the K-edge
XANES spectra of Pd did not change under different atmosphere (Figure 3. 19e).

AP-XPS experiments were performed on the best catalyst under the various conditions
(See details in experimental section) and the changes of chemical valence of elements on
the catalyst surface were clearly revealed. To clearly track the evolution of chemical states
due to the pressure gap, we first conducted the reduction pretreatment over the studied
catalyst at 400 °C for 30 minutes. The following AP-XPS measurement processes were
shown in Figure 3. 18e. Under the H2 atmosphere, for Fe 2ps2 spectrum (Figure 3. 18f), the
peaks located at 707, and 709.2 eV°* are attributed to Fe® and Fe?*. The two higher binding
energy at 710.9 eV and 713.4 eV are assigned to Fe3®' octahedral species and Fe3*
tetrahedral species® suggesting the presence of magnetite. Following CO2 introduction, the
peak of Fe® disappeared because the metallic Fe was oxidized by CO2. And the binding
energy of Fe?* and Fe®* became more pronounced, elucidating that the chemical states of
Fe are strongly dependent on the working environments (Table 3. 10).52 For the Re 4f XPS
results (Figure 3. 17g), after H2 reduction, multi-oxidation states of Re, including: Re® at 40.5
eV,%97 Re®*1* at 41.08 eV,%” Re?* at 41.5 eV,%” Re?* at 41.5 eV, Re** at 43.0 eV,% were
seen from the Re 4f7 result. Furthermore, the quantity of surface cationic Re species, as
summarized in Table 3. 11, enhanced with an introduction of COz2, simultaneously, the variety
of oxidized Re species also increased with the emergence of Re®* at 45.2% and Re’* at 46.5
eV.%6.97 The aforementioned changes of Re species uncovered Re was significantly sensitive
to the reaction atmosphere, changeable chemical valences and high oxophilicity.%¢-°8 In the

case of Zn (Figure 3. 18h), the Zn° species located at 1020.6 eV®® was oxidized by CO2
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following the switch from H2 to CO2 (Table 3. 12). For the Zr 3d XPS results (Figure 3. 20),
the peak area at 182.8 eV corresponding to Zr** increased, while the intensity of the Zr3*
species at 182 eV slightly decreased when the measurement environment changed from Hz
to CO2.1% In addition, the binding energy intensity at 183.7 eV,'0".102 gssigned to Yb?* in the
Yb 4d XPS spectrum, decreased after CO2 treatment, while the peak area associated with
Yb3* species at 184.7 eV'1°":102 enhanced (Figure 3. 20 and Table 3. 13).
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Figure 3. 18. In situ spectroscopy characterization of the best catalyst (PdAuKSrFeZnCdYbRe-
/Ce02(25%)-ZrOz2). (a) Typical experimental procedure for in situ XAS characterization, at 400 °C and
under ambient pressure; (b) Normalized Fe K-edge XANES spectra; (c) Ce L3-edge XANES spectra; (d)
Zn K-edge XANES spectra; (e): Typical experimental procedure for AP-XPS, at 320 °C and under 0.1 Torr
and different atmosphere (Hz to COz); AP-XPS of Fe 2p (f), Re4f (g) and Zn2p (h) of the best catalyst.
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Table 3. 10. Peak Concentrations in the Fe 2p spectra of best catalyst at above measurement conditions.

Peak concentration (%)

Gas condition

Fed* Fe2* Fel
(i) 0.1 Torr Ha 55.54 29.74 14.72
(i) 0.1 Torr CO; 85.56 14.44

Table 3. 11. Peak Concentrations in the Re 4f spectra of best catalyst at above measurement conditions.
Peak concentration (%)

Gas condition

ReO Reé+-1+ ReZ+ Re4+ Ree+ Re7+
(i) 0.1 TorrH2, 48.15 16.51 13.35 21.99
(ii) 0.1 Torr CO218.23 8.02 9.66 13.45 50.63

Table 3. 12. Peak Concentrations in the Zn 2p spectra of best catalyst at above measurement conditions.
Peak concentration (%)

Gas condition
Zn% Zn°

(i) 0.1 Torr Hz 98.05 1.95
(ii) 0.1 Torr CO> 100 0
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Figure 3. 20. NAP-XPS of Zr 3d spectra of the best catalyst under different atmosphere (Hz at 0.1 Torr and

subsequently to CO2 at 0.1 Torr) at 320 °C.

Table 3. 13. Peak Concentrations in Zr 3d and Yb 4d spectra of best catalyst at above measurement conditions.
Peak concentration (%)

Gas condition

Zr+ Zr3t Yb3* Yb%
(i) 0.1 Torr Hy 77.24 10.58 8.34 3.84
(i) 0.1 Torr CO; 81.58 6.82 9.71 1.89
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The operando DRIFTS was carried out to investigate the mechanism of CO:2
hydrogenation to EtOH and to understand the role of loaded element. All operando DRIFTS
experiments were employed under 5 bar, at 320 °C (with an exception for our best catalyst,
where the temperature range was 280-320 °C), with a H2: COz2 ratio of 3:1. The critical
assignments of the surface intermediate species are displayed in Table 3. 14. Initially, as
shown in Figure 3. 21a, observations at 280 °C for the best catalyst indicate the presence of
adsorbed COz2 at 1283 and 1325 cm™,54193 which can be attributed to the carbonate species
(bicarbonate species'®* at 1625 cm™') and surface formate located at 1593/1385 cm~.44.105
Further reaction to 20 min, the adsorbed CO2 was consumed, with the intensities of formates
and carbonates species became weaker, simultaneously, the CO gas peaks emerged,
agreeing the occurrence of reverse water gas shift (RWGS) reaction?” With a continuous
increase in the exposure time, peaks assignable to CH3CH20* (1462/2852/2922/2956 cm~
144515474 gppeared and the ethanol was also confirmed via micro-GC (Figure 3. 21b). In
addition to the C2 oxygenates, the minor CH30*(2810/2893 cm~1)44.54105 and CH3OH were
seen by DRIFT spectra and micro-GC, also indicating our catalyst preferred C2+ oxygenates
rather than C1 oxygenate. When the temperature reached 320 °C (Figure 3. 22a and Figure
3. 21c), obviously, all observed peaks of CH3CH20* at 280 °C became more pronounced.
Simultaneously, the intensity of the peak at 1460 cm™ attributable to &(CH:) vibrations of
CH3CH20* emerged and increased.®® The gas methane, which was not observed at lower
temperature, rose at 3011 cm.9 Furthermore, the formation rate of methanol reached to
0.18 mmol geat™* h™, which was significantly higher than that of methanol based on the
quantification of the micro-GC results, shedding light on the advantages of ethanol synthesis

on the studied catalyst (Figure 3. 21d).

To shed light on the roles of the relative elements in EtOH synthesis, we further carried
on the DRIFTS experiments on distinct catalysts, within specific reaction conditions at 320
°C and 0.5 MPa (Figure 3. 22b, and Figure 3. 23). By contrast, the catalysts without Fe and
K displayed the minor intensity of CHsCH20* than others, suggesting the essential roles of
these two elements. In the case of role of Fe, it is widely accepted that FeOx could be reduced
and carburized to form the FeCx species for C—C coupling®1%.1%7 and our XRD and XAS
curve fitting already confirmed the presence of highly active species of FesC2.%° Then, once
the K was dropped, there was a significant decrease in the amount of adsorbed carbonate
and formate species (Figure 3. 22b), indicating that addition of K enhanced CO:

adsorption,%* 75 providing more activated CO:2 for subsequent reaction processes. Besides
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that, it was reported that, in CO2 hydrogenation process on Fe-based catalysts, introduction
of K enable not only acceleration of Fe carburization,®%:197.198 put also enhancement of ethanol
selectivity,>" which also confirmed by performance results. Next in cases of Yb and Re, we
observed more pronounced CHx at 2912 cm™ and CH3O* at 2893 cm-",5493 although the
intensity of CHsCH20* was comparable with the best catalyst (Figure 3. 22b and c), after
dropping one of those two elements. Based on the experimental observations, we claimed
that Yb and Re slightly limited the production of methanol and other hydrocarbon products,
improving the selectivity of ethanol. However, we observed changes only in the intensities of
intermediate species and ethanol formation rate quantified by micro-GC, after removing Sr,
Pd, Au, Cd, or Zn, without any alteration in their variety of intermediates, comparing to the
best catalyst (Figure 3. 22b and c¢). The operando DRIFT experiments clearly unravel the
superiority of the PdAuKSrFeZnCdYbRe/CeO2(25%)-ZrO2 catalyst in ethanol synthesis
compared to all other evaluated catalysts. This highlights the critical contribution of each
component and reaffirms the potential of data science in accelerating the development of

high-performance catalysts.

Table 3. 14. DRIFTS peak assignments of the surface species for CO2 hydrogenation.

Surface species Wavenumber (cm™) References
' *COs " 12271281 54 '

*HCOs 1620-1640 104

*CHsO 2826, 1070, 2940, 2841-2866 105

*HCOO 2676-2774, 1593-1610, 1337-1397 54,109
*CHsCH20 2856, 2928, 2963, 1458,1095 74,93
*CHsCHO 1415, 1340, 1720 54,93

CH4 3016 54

CO (gas) 2110, 2179 9
Linear—CO 2060-2098 %
Bridging—CO 1900-1940 9
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Figure 3. 21. Operando DRIFTS spectra. (a) time resolution spectra of the CO2 + Hz reaction over best catalyst
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Figure 3. 22. Operando DRIFTS spectra. (a) the time resolution DRIFTS spectra of the CO2 + H2 reaction

over the best catalyst (PdAuKSrFeZnCdYbRe/Ce02(25%)-ZrOz2) at

0.5 MPa and 320 °C; (b) comparison

of different catalysts under the CO2 + Hz reaction after 60 min at 320 °C and 0.5 MPa; (c) dynamic IR peak

intensities of CH3CH20* (2922 cm~") at 320 °C for different catalysts;

catalysts quantified by micro-GC at 320 °C.
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Figure 3. 23. Operando DRIFTS spectra. (a) DRIFTS spectra of the CO2 + Hz reaction over KFeCuZn/ZrO2
after 60 min at 0.5 MPa and different temperatures; (b) time resolution spectra of the CO2 + H2 reaction
over KFeCuZn/ZrO2 at 0.5 MPa and 320 °C; (c) dynamic IR peak intensities of CH3CH20* (2922 cm~")
and STY of ethanol and methanol, quantified by micro-GC at 320 °C. Operando DRIFTS spectra. (a) time
resolution spectra of the CO2 + H2 reaction on different control catalysts (a: without Au; b: without Pd; c:
without K; d: without Zn; e; without Fe; f: without Sr; g: without Cd; h: without Re; i: without Yb) at 0.5 MPa
and 320 °C.
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3.4 Conclusion

In this study, we advance research on multi-elemental catalysts for ethanol synthesis, by
using the extrapolative machine learning approach identified over 70 catalysts that exhibited
superior STYEetoH activity compared to the previously established best catalyst. This strategy
identified PdAuKSrFeZnCdYbRe/Ce02(25%)-ZrO2 as the optimal catalyst composition,
achieving a remarkable STYeton of 8.2 mmol geat™! h™" under specified conditions (12 L geat™
h-', 360 °C and 4 MPa). This data-driven method unveiled unprecedented catalyst
compositions with exceptional performance, highlighting the model's ability to discover new
elements like Yb and Cd that were previously overlooked, highlighting the transformative
potential of extrapolative ML in catalyst design. The extensive characterization and in
situ/operando spectroscopic techniques were employed to examine catalyst structure and
the role of each element. Notably, Fe and K emerged as critical components; Fe is essential
for C—C coupling, while K plays a vital role in ethanol synthesis and inhibits over-
hydrogenation. The synergistic effects of all elements in the composition are crucial for
achieving high catalytic performance, highlighting the importance of their collaborative
interactions. In general, our study presents a new approach for discovering novel catalysts
and materials that show extraordinary performance through machine learning methods. We
anticipate that our findings will not only advance the development of innovative catalysts but
also provide insights for interdisciplinary research in the future, emphasizing the importance

of a comprehensive approach in catalyst design and optimization.
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Chapter 4

Direct Syngas-to-Ethanol Conversion

over Lithium-Promoted Rh/MgO Catalysts
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4.1 Introduction

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 towards the efficient use of coal, natural gas, shale gas, and biomass. Syngas
(CO+Hz2), derived from diverse sources such as natural gas, carbon dioxide, biomass, coal,
and carbon-rich waste materials, is a viable precursor for high-value products.'-"
Consequently, the direct synthesis of higher oxygenates (C2+ oxy) from syngas has significant
potential for converting methane, biomass, organic waste, and coal into clean, high-value
chemicals and liquid transportation fuels.®~° Supported catalysts play an important role in this
field, particularly in higher alcohol (HA) synthesis.'>2" The pronounced interaction between
nanomaterials and support materials has been extensively investigated to elucidate the
structure—activity relationship in oxide-supported metal catalysts.>6.1922-25 Notably, noble
metals exhibit a remarkable synergy with metal oxide supports, modulating CO and H:2
adsorption and activation at elevated reaction temperatures. The supported Rh catalysts
exhibit notable activity and selectivity for ethanol and HA production than alternative syngas

conversion catalysts.?6-36

The choice of catalyst support and the introduction of 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 found to be effective in enhancing
both the conversion of CO and the ethanol selectivity of Rh catalysts.?6-28 Alkali metals
stabilise partially oxidised Rh clusters and modulate the dispersion and electronic structure
of Rh nanoparticles, thereby serving as electronic and structural promoters to fine-tune the
catalytic performance.3”*® Alkali metals can prevent the hydrogenation of CHx* and alkylation
reactions, thereby reducing CH4 and CHsOH formation, and increasing the formation of Cz+
oxygenates.®®4% The ability of Rh catalysts to catalyse CO dissociation, insertion, and
hydrogenation is affected not only by the presence of an alkali promoter but also by the
support materials.*! The variation in the support materials indicates that the selectivity of the
products in CO hydrogenation can be significantly altered,??*' with surface hydroxyl groups
also playing a crucial role in the synthesis of C2+ oxygenates over Rh-based catalysts.*243
Many studies have focused on SiO2 and TiO2 supports and concluded that their high surface
area, pronounced porosity, and excellent stability collectively contribute to enhanced
selectivity towards C2+ oxygenates.36:44-46 Additionally, y-Al203 has been recognized as an

effective support for transition metal catalysts for the conversion of both CO and CO2 to Caz+
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oxygenates, owing to its high porosity and specific surface area that facilitate optimal
dispersion of metal particles.?>*” Furthermore, supports such as ZrO2*34% and Ce02*° have

been reported for their catalytic properties in similar applications.

This study focused on the use of 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 catalytic 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/Li2O/MgO catalysts. Notably, Rh/LiOx/MgO catalysts exhibit
exceptional space time yield (STY) for ethanol in direct syngas conversion (STYEton: 12.2
mmol geat™! 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 our catalyst.

4.2 Experimental details

4.2.1 Chemicals and catalyst preparation

All chemicals and materials were obtained from commercial suppliers and used
as received without additional purification. MgO was supplied by Ube Materials
Industries, Ltd. TiO2 (P25) was obtained from Evonik (Denmark). SiO2 (CARIACT Q-
10) was purchased from Fuji Silysia Chemical Company Ltd. y-Al2O3 (Puralox) was
obtained from Sasol. Rh and Li were loaded using a sequential impregnation method.
An aqueous solution (30 mL) of LiNO3 (>99.5%, Wako Pure Chemical Industries) and
0.97 g of support were added to a 100 mL glass vessel. The slurry was then stirred
before evaporating to dryness at 50 °C. After drying at 90 °C for 12 h, the material was
calcined at 500 °C for 3 h to obtain Li/support (Li2O/MgO, Li2O/TiOz2, Li2O/AL20s3,
Li2O/SiO2). A 0.98 g portion of Li2O/support and 0.4 mL of aqueous solution of
Rh(NO3)s (50 g/L, Furuya Metal Co., Ltd.) was added to a glass vessel (100 mL)
containing 30 mL of deionized water, and the slurry was then stirred before being
evaporated to dryness at 50 °C. Afterward, it was dried at 110 °C for 12 h to obtain the
supported Rh/Li catalysts denoted as Rh203/Li2O/MgO, Rh203/Li20/TiOz2,
Rh203/Li20/Al203, Rh203/Li20/SiOz2, respectively. The Rh loading was 2 wt%.
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4.2.2 Characterization

X-ray diffraction (XRD) analysis was conducted on a Miniflex (Rigaku) diffractometer
using Cu Ka radiation. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDX) were
performed using a FEI Titan G2 microscope. The samples were prepared by dropping an

ethanol solution containing the catalyst onto carbon-supported Cu grids.

Temperature-programmed reduction with Hz (H2-TPR) was performed using a BELCAT
Il instrument equipped with a Thermal Conductivity detector (TCD). Briefly, ~100 mg of the
catalyst was placed into a quartz tube and purged with Ar at 200 °C (2 h) to remove physically
adsorbed water and surface carbonates. Then, the sample was cooled to 50 °C,
subsequently heated to 800 °C under 10 vol% Hz balanced with Ar (10 °C/min).

Rhodium K-edge X-ray Absorption Spectroscopy (XAS) experiments were conducted in
transmission mode at the BLO1B1 beamline of SPring-8 housed within the Japan Synchrotron
Radiation Research Institute (JASRI) under Proposal No. 2023A1931/2023B2096. A Si (311)
double-crystal monochromator was used for the experiments. The spectra of reference
compounds were acquired at room temperature under atmospheric conditions. The obtained
XAS spectra were analysed using 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
catalyst samples in pellet form (diameter: 7 mm) were inserted into a cell equipped with
Kapton film windows and gas lines connected to a micro-gas chromatograph (GC). These
measurements were performed in transmission mode. The Rh foil spectra were collected
simultaneously for energy calibration. In a typical experiment, initial X-ray absorption fine
structure (XAFS) scans were conducted using the catalyst at room temperature under He
flow. Following H2 reduction (100 mL/min) at 360 °C for a duration of 30 minutes, XANES
spectra were acquired. The gas feed was then transitioned to He (300 mL/min), CO (100
mL/min), and CO (33.3 mL/min) + H2 (66.7 mL/min), in succession, while maintaining a

temperature of 360 °C.

Operando diffuse reflectance infrared Fourier transform (DRIFT) spectra were recorded
on a JASCO FT/IR-4600 instrument equipped with a mercury cadmium telluride (MCT)
detector. The sample was pressed into a DRIFT cell (DR-650 Ci) using a CaF2 window.
Spectra were measured by accumulating 20 scans at a resolution of 8 cm™', 5 bar and
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temperature range of 200-320 °C. The reference spectrum in He flow (20 scans) taken at the
measurement temperature was subtracted from each spectrum. A high-sampling-rate TCD
GC (490 Micro GC; Agilent Technologies Inc.) was installed at the outlet for the analysis of

methanol and ethanol.

The Fourier-transform infrared spectroscopy (FTIR) spectra of the adsorbed CO were
obtained using a JASCO FTIR-4600 spectrometer with an MCT detector in transmission
mode (resolution 4 cm™'). The catalyst (70 mg) was pressed into a pellet (¢: 20 mm) setin a
quartz cell equipped with CaF2 windows and a Dewar vessel. The catalyst was purged with
He for a few minutes, and then the feed gas was switched to H2 (20 mL/min) for reduction at
360 °C for 30 min. Next, the gas was switched back to He, and the sample was cooled to —20
°C via the mixture of liquid nitrogen and ethanol. The background spectrum was taken at —20
°C. The samples were exposed to 10% CO/He (15 mL/min) at 1 bar. Thereafter, He (50
mL/min) was introduced to purge CO in the gas phase, which was physisorbed onto the

catalyst.

4.2.3 Catalytic reaction

CO hydrogenation reactions were performed in a fixed-bed continuous-flow reactor
operating at a total pressure of 3 MPa. The reactor received a gas mixture comprising
H2/CO/Ar at a ratio of 66.1/33.1/0.8, with argon (Ar) serving as an internal standard gas. Prior
to initiating the catalytic measurements, 70 mg of the catalyst was positioned between quartz
wool within a 1/4 inch fixed-bed reactor (inner diameter: 2.79 mm). The catalyst underwent
pretreatment under ambient pressure conditions with a flow of 99% H2/Ar at a rate of 20
mL/min and a temperature of 360 °C for 0.5 h. After pretreatment, a gas flow (total flow rate:
30 mL/min) comprising H2/CO/Ar (66.1/33.1/0.8) was passed through the catalyst bed at a
pressure of 30 bar and a space velocity (SV) of 25 L/gcat/h. It is noteworthy that an aging
treatment was conducted for 12 h at 360 °C under the reaction atmosphere, serving as an
accelerated aging test, preceding the recording of catalytic reaction results (as illustrated in
Figure 4. 1). Product analysis was performed utilising an online gas chromatograph
(Shimadzu GC-2014) equipped with Thermal Conductivity (TCD) and Flame lonisation (FID)

detectors, within a reaction temperature range of 240-360 °C.

The CO conversion (Xco) was calculated as equation:
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The selectivity (S;) for individual products was calculated by the following equation:

X xny)

Here, c; is the molar fraction of product i (COz2, hydrocarbons, or oxygenates), and n; is

the carbon number of product i in the reaction.

H, reduction Aging under reaction

Under the reaction atmosphere cooling down from 360 °C to 240 °C
+ 360°C **—  atmosphereat360°C  —¥ P &

360 °C
320°C
280°C
240°C

Data collected from
30°C 360 °C to 240 °C

Figure 4. 1. Typical experimental procedure for catalytic tests. After conducting Hz reduction pre-treatment
at 360 °C for 30 min, the accelerated aging treatment was performed at 360 °C in the reaction gas
atmosphere after introducing CO (CO:H2 = 1:2, 3 MPa, 12 h). The catalytic performance at temperatures
ranging from 360 °C to 240 °C was then recorded (CO:Hz2 = 1:2 at 3 MPa).

4.2.4 DFT Calculations

The Vienna Ab Initio Simulation Package (VASP, version 5.4.4) was used to perform the
periodic DFT calculations.52% The Perdew—Burke—Ernzerhof functional revised for solids
(PBEsol) was employed in combination with the projector-augmented wave method.%*>° A
kinetic energy cutoff of 400 eV was used for plane-wave basis sets. Gaussian smearing
(width: 0.2 eV was applied to occupy the electronic level. The k-point mesh included only the
gamma point of the Brillouin zone (1 x 1 x 1). The van der Waals interactions are described
using a dispersion-corrected DFT-D3 (BJ) function.®® The convergence of the force on each

atom was set to 0.03 eV A-".

The MgO (100) surface was simulated using supercell slab models (Figure 4. 2a).>" The
repeated slabs along the surface-normal direction were separated by a minimum vacuum
region thickness of 15 ° (lattice parameters for the surface: a = 16.78 A, b = 16.78 A). The

two bottom layers are fixed at their original bulk positions. One layer of Li2O(111) was
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attached to the MgO(100) surface to model the Li2O(111)/MgO(100) surface (Figure 4. 2b).
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 Li2O uniformly covered the surface
of the MgO support, it formed a monolayer. Based on this, we modelled the Li2O(111)/MgO
(100) surface. To simulate Rh nanoparticles on the supports, a Rh1s cluster was employed.
This Rh1s cluster was placed on a pristine MgO (100) surface (Rh13/MgO(100)) as well as on
Li2O(111)/MgO(100) (Rh1s/ Li2O(111)/MgO(100)), as shown in Figure 4. 3.

The adsorption energy (Eads) of a CO molecule on a surface is defined as
Eads = Ens — EA—Es

where Eass, Ea, and Es are the electronic energies of the adsorption complex, free-state

adsorbate, and the bare metal oxide surface, respectively.

(a) MgO(100)

L 1 1 1

J3\

Figure 4. 2. Slab models are used for DFT calculations of the MgO (100) (a) and Li2O (111)/MgO (100)
(b) surfaces. Li, Mg, and O atoms are shown as dark green, purple, light green, and red, respectively.
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Figure 4. 3. Slab models are used for DFT calculations of the Rh13/MgO(100) and Rh1s/

Li20(111)/MgO(100) surfaces. Rh, Li, Mg, and O atoms are shown as dark green, purple, light green, and
red.
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4.3 Results and discussion
4.3.1 Catalytic CO hydrogenation to EtOH

The catalytic activities of different Rh-based catalysts were assessed within a fixed-bed
reactor under conditions of 320 °C, 3 MPa, and a space velocity of 25700 mL g~' h™'. As
evident from the accompanying Figure 4. 4 and Table 4. 1, the unpromoted RhOx/MgO
showed methanol selectivity of 17.7% at 320 °C, whereas selectivity 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.#':%8 Therefore, the increased total selectivity of the C1 species (methanol) for
RhOx/MgO suggests both a low CO insertion activity and sufficient hydrogenation activity for
conversion to C1 products. The addition of alkali metals (K, Li, Cs, and Na) increased the
ethanol selectivity (Figure 4. 4a) from 5.3% for RhOx/MgO to 9.2%, 10.4%, 10.9%, and 20%
for RhOx/Na20/MgO, RhOx/K20/MgO, RhOx/Cs20/MgO, and RhOx/Li20/MgO, respectively.
Notably, the catalyst promoted by Li exhibited the highest ethanol yield, increasing from the
4.8 mmol geat! h™! for RNOx/MgO to 12.2 mmol geat™* h™', with a corresponding increase in CO
conversion from 20.5% to 36.4%. The production of C2+OH species was observed at the
expense of the C1 products (CO2, methanol, and methane), which was attributed to the
moderating effect of Li on the CO dissociation ability of RnOx/MgO.38 Analysis of the effect of
the Li loading on the performance, as shown in Figure 4. 4b, revealed that 3 wt.% Li yielded
optimal rates and selectivity, reaching 12.2 mmol gecat’ h™' and 20%, respectively. Figure 4.
4c 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 geat! h™' and 25%,

respectively. However, we chose to use 2 wt.% due to the high cost of Rh.

We further investigated the effects of the reaction conditions, including the reaction
temperature, pressure, and WHSV, on the EtOH synthesis (Figure 4. 5a and b). On varying
the reaction temperature within the range of 240-360 °C, the STYewon and Cz+ alcohol
distribution exhibited a characteristic volcano-shaped curve with a maximum at approximately
320 °C. The reaction pressure was varied from 3 to 5 MPa, and the highest STYEton (12.2
mmol geat ' h™") was achieved at 3 MPa. Furthermore, we explored the influence of the WHSV,
by varying it between 25700 and 51000 mL geat ' h™" and observed that the higher the WHSYV,
the higher the ethanol yield.
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The activity of the Rh catalysts for CO dissociation, insertion, and hydrogenation was
affected by the presence of an alkali promoter and support. 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.’®%2 Despite this potential, investigations on MgO-
promoted Rh catalysts remain relatively limited. In addition, comprehensive studies exploring
the relationship between the distinct catalyst support structures and their activities are
lacking. Figure 4. 4d shows the support effects of syngas on ethanol, such as MgO, TiOz,
Al203, and SiO2. The RhOx/Li2O/MgO catalyst exhibited the best performance, highlighting

the effectiveness of MgO in ethanol production.

The catalytic stability of RhOx/Li2O/MgO was evaluated over a 90-hour reaction period
under the optimised conditions (Figure 4. 4e), revealing no significant changes in CO
and STYEtoH,

RhOx/Li20/MgO catalyst. For comparison, we also summarised the literature data on syngas

conversion, product selectivity, indicating excellent stability over the
conversion to ethanol over various catalysts in Table 4. 2. Notably, the selectivity and
formation rate of C2+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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Figure 4. 4. Catalytic performance. (a) product selectivity and STYewon on different alkali metals-
RhOx/MgO; product selectivity and STYewon on different (b) Li loading (c) and Rh loading. (d) product
selectivity and STYeton on RhOx/Li2O/supports. (e) stability of RhOx/Li20/MgO at 320 °C, 25700 mL gcat™’

h~', 3.0 MPa, Conditions: 70 mg catalyst, H2/CO as 2 by volume, and Ar as internal standard (0.8 vol %).
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Table 4. 1. Catalytic performance of syngas conversion on the RhOx/MgO catalysts at 320 °C and 3.0
MPa.

Catalysts® con\?e?sion Selecvly &) STYEtO_:' (TmOI
(%) MeOH EtOH CnOH CH: CaHCCO, 9= M)

RhOx/MgO 20.5 17.7 53 82 289 19.0 261 4.8
RhOx/Cs20/MgO 33.9 7.0 10.9 16.3 15.5 43.3 16.8 6.9
RhO«/K20/MgO 234 9.8 10.4 17.3 204 291 225 5.0
RhOx/Na20/MgO 28.8 6.1 9.2 14.6 9.8 29.5 391 5.7
RhOx/Li20/MgO 36.4 6.0 19.9 322 155 26.7 17.6 12.4
RhOx/Li20/TiO2 35 9.7 16.9 19.3 40.8 10.1 20.2 6.2
RhOx/Li20/SiO2 224 3.6 111 11.8 301 285 26 2.8
RhOx/Li2O/Al203 15.3 25.9 15.3 18.2 191 13 23.5 4.3

@ Accelerated aging treatment at 360 °C for 12 hours was performed before the reaction in order to ensure the

catalyst stability.
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Figure 4. 5. Catalytic performance. (a) Reaction temperature effect on product selectivity and EtOH STY
on alkali metals-RhOx/MgO; (b) Pressure and WHSV effect on product selectivity and EtOH STY,
conditions: 70 mg catalyst, H2/CO as 2 by volume, and Ar as internal standard (0.8 vol %).
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Table 4. 2. Catalytic performance over different catalysts for CO hydrogenation in this work and literature.

CcoO EtOH STY
Catalyst T (°C) P WHSV conversion C2-0H selectivity ~ (mmol gcat™ h- Ref.
(MPa) (mL geat' h) selectivity (%)
(%) (%) ")

RhO«/Li20/Mg0O? 320 3 25700 36.4 322 19.9 12.2 This work
RhOx/Li20/Mg0O? 280 3 25700 19.7 12 8.9 4.9 This work
Co1Mn2 240 3 30456 30 28 ~13 6.9 63
CuCoMn 270 25 20000 29.7 32.6 19 7 64
CoMn/CuZnAlZr 230 6 2000 17.8 ~18 ~10.0 0.3 65
CuCoMg 270 25 12000 30.7 28.2 ~18 - 66
CuCoAl 220 25 7500 36.2 229 ~12 5 67
Co/MnOx MOF-74 230 3 4500 214 35.9 ~9 1.3 68
Cu1Co4@ZrO2 270 5 24000 8.7 31.8 ~9.1 1.2 69
Co1 /CeO2 260 5 9000 1 14.2 ~5 - 70
CoMnZn/r- TiO2 260 4 2000 447 19 ~5 0.23 4
Fe1Co1 250 6 3000 >80% 30 4.2 0.55 2
K/CuFe/CNF 270 5 32000 11 18 - - I8
2%Rh-1%Fe/TiO2 270 2 8000 7.47 - 13.4 1.5 74
Cu1Cozla 250 3 36000 0.86 17.6 10.8 0.23 75
CoFe-350 260 3 10800 24.0 50 25 2.1 76
CS/Cu/ZnO/Al203 290 54 1875 41.6 28 6.1 0.29 L4
RM@UiO-67 300 2 50 000 21.9 54.0 (C2+ Oxy) 35.1 452 8
Rh—Mn/SiO2 260 3 5833 94 27.2 21 1.83 &
Rh—Mn/WxC 300 5 8000 8.1 15.4 7.2 1.41 80
Rh—Mn/TiO2 280 3 10,000 6.8 39.0 20.0 0.73 46
Rh—Mn/ZrO2 300 3 10,000 16.8 43.2 (C2+ Oxy) 25.2 25 81
K/Co/B-Mo2C 300 8 2000 23.41 33.8 21 0.72 82
K-Rh-MoS2/Al203 350 10 4800 11 48 19 - 83
K-Fe-B-Mo2C 320 7 4000 50.3 13.4 6.5 - 84
YRhosFe0.503/ZrO2 290 4 3000 341 35 25.5 1.09 85
Rh-Mn/SiO2 270 3 15000 1.6 38.2(C2+ Oxy) 19.9 5.45 86
Fe-Rh-Mn-Li/SiO2 300 3 10000 18.9 54.3 (C2+ Oxy) 271 3.63 87
Sm-V-Rh/ SiO2 280 3 13000 54 50.5(C2+ Oxy) 28.9 4.72 88
Cr-Fe-Rh/SiO2 280 5 5000 10.2 27.9 26 1.82 89
Rh/Ceo.8Zr0.202 275 24 10000 273 39.2 35.2 3.63 90
K-Co-MoS2/ AC 330 5 4800 14.3 26.7 17.3 1.74 91
Rh-Mn-Li-Fe/SiO2 320 5 12000 17 42 22 4.36 92
Rh/TiO2 250 2 10000 55.7 - 349 14.04 93

a Accelerated aging treatment at 360 °C for 12 hours was performed before the reaction in order to ensure
the catalyst stability.
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4.3.2 Structural characterization

HAADF-STEM was used to characterise the supported Rh nanoparticles. Figure 4. 6
displays the HAADF-STEM images of RhOx¥MgO and RhOx/Li2O/MgO (reduced samples)
coupled with X-ray energy-dispersive spectroscopy (EDS) for elemental analysis. The Rh
species exhibited a uniform distribution on both catalysts (Figure 4. 6a and e), with the
introduction of a promoter resulting in a subtle increment in particle size from 1.8 to 2.8 nm.
Elemental mapping demonstrated the homogeneous distribution of Rh across the catalyst
surface, confirming the co-localisation of Rh and Mg (Figures 4. 6b-d). We also characterised
the spent RhOx/Li2O/MgO, and the results are presented in Figure 4. 6i. HAADF-STEM
resolved larger particles ranging from 6 to 12 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 (Figures
4. 6j-1) reveal a consistent distribution of Rh throughout the MgO support.

Similarly, HAADF-STEM characterisation was performed on RhOx/Li2O/SiO2,
RhOx«/Li20/TiO2 and RhOx/Li2O/Al203 after H2 reduction. As can be seen in Figure 4. 7, the
particle sizes of all supported Rh catalysts exhibit slight differences, with average sizes of
1.85 nm, 1.99 nm, and 1.57 nm for RhOx/Li20/SiO2, RhOx/Li2O/TiO2, and RhOx/Li2O/Al203
catalysts, respectively. STEM-EDS elemental mapping indicated that the Rh atoms were

homogeneously distributed across the catalyst surfaces.

Average = 1.8 nm
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Figure 4. 6. HAADF-STEM images (a, €, i), corresponding EDX mapping images (b, ¢, f, g, j and k), and
particle size distribution (d, h, I) of the RhOx/MgO, RhOx/Li20/MgO (reduced samples) and RhOx/Li2O/MgO
(spent sample).
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Figure 4. 7. HAADF-STEM image and corresponding EDX mapping images of the RhOx/Li20/SiOz2 (a-d),
RhOx/Li20/TiO2 (e-h) and RhO«/Li20/Al203 (i-I) (reduced samples).

The presence of crystalline phases within the catalyst was examined after calcination,
H2 reduction, and the reaction using XRD, as shown in Figure 4. 8a. The XRD pattern
contains peaks associated with MgO.%* Analysis of the peaks formed after loading the Li
species showed that the Li species introduced in the Rh catalyst existed as Li2O. In addition,
The Rh203/MgO and Rh203/Li20O/MgO (unreduced sample) catalysts are indicative of the
absence of crystalline structures corresponding to Rh203 or metallic Rh. This is due to the
high dispersion of the Rh species, rendering the crystalline domains below the detection limit
of the instrument. After Hz2 reduction, changes in the crystal structure were observed, with
patterns indicating the presence of the Rh crystal phase but not oxidised Rh203 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 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

4. 9). This is attributed to the high dispersion of the Rh species within the material.

Temperature-programmed reduction with H2 (H2-TPR) was employed to study the

reducibility of the catalysts, and the results are summarised in (Figure 4. 8b). The
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Rh20s3/Li20/MgO catalyst exhibited the highest reduction temperature, centred at 370 °C,
which is higher than that of the Rh203/MgO catalyst. This suggests that the reducibility of Rh
on the MgO support was further hindered by the introduction of Li (Figure 4. 8b).
Rh20s3/Li20/SiO2 shows medium reducibility, resulting in the reduction peak shifting to
approximately 270 °C. For Rh20s/Li2O/TiO2 and Rh203/Li2O/Al203, the first reduction
temperature is much lower at approximately 100 °C. Therefore, the reduction capability
follows the order: RhOx/Li2O/MgO < RhOx/Li20/SiO2 < RhOx/Li20/TiO2 = RhOx/Li20/Al20:s.

XAS was further employed to investigate the effects 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 4. 10a. Rh203/LiO2/MgO (unreduced sample) clearly indicated
the presence of cationic Rh (Rh203). Extended X-ray absorption fine structure (EXAFS)
spectra revealed Rh—O scattering paths, with Rh—O contributions at 2.05 A (Table 4. 3).4749
The formation of metallic Rh is observed after the treatment with H2 at 360 °C for 30 minutes
as evidenced by the shift of the absorption edge to lower energies for both RhOx/Li2O/MgO
and RhOx/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.?6:3847 Figure 4. 10b and Table 4. 3 summarise the curve-fitting results for the EXAFS
data for all the measured catalysts. The CN values obtained for the Rh—Rh shells of the
unpromoted and promoted RhOx/MgO catalysts after reduction were smaller than the bulk
value, indicating the presence of small Rh particles. The high dispersion of Rh is also in line
with the observed decrease in the coordination 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.
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Figure 4. 8. (a) XRD patterns of various MgO based catalysts; (b) H2-TPR results over different control
catalysts. Condition: Ar pretreatment at 200 °C for 1hr, heating in 10%H2/Ar from 50 to 700 °C.
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Figure 4. 10. XAS results. (a) Rh K-edge XANES measurements; (b) comparison of the Fourier transform
(FT)-EXAFS of Rh K-edge for the Rh203/Li20/MgO (unreduced sample), RhOx/Li20/MgO and RhOx/MgO
(reduced samples).

Table 4. 3. Curve-fitting results of the ex situ Rh K-edge FT-EXAFS spectra of the studied samples.

Sample shell CN R (A) o2 (A?) AE R factor
Rh203 Rh-O 6.3£ 0.5 2.05+£0.03 0.003 3.7 0.02

Rh Rh—-Rh 12.0 (fixed) 2.68+0.01 0.003 59 0.01
Rh20s3/Li20/MgO-before Hzreduction Rh-O 6.2+0.5 2.05+0.01 0.003 1.6 0.02
RhOx/Li>0/MgO

After H reduction Rh-O 20+£11 2.05+0.02 0.003 4.7 0.01

Rh-Rh  6.5+04 2.68+0.01 0.003

RhO/MgO

After H» reduction Rh-O 23+0.7 2.05+0.02 0.004 3.1 0.02

Rh-Rh 5307 2.68+0.01 0.004

CN: coordination numbers; R: bond distance; : Debye-Waller factors; R factor: goodness of fit. So? was set
to 0.82, according to the EXAFS fit of Rh foil.

4.3.3 Mechanistic studies

The operando Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)
coupled with Mass Spectrometry was employed to elucidate the mechanism governing the
hydrogenation of CO to EtOH under reaction conditions at 320 °C, 0.5 MPa, and a H2/CO
ratio of 2 on RhOx/Li2O/MgO and RhOx/MgO catalysts and other reference catalysts. The
results (Figure 4. 11a) for the Li promoted catalyst (RhOx/Li2O/MgO) reveals, the band at
3016 cm™' corresponding to the C—H stretching vibration in CH4,409:% and the gradual

buildup of the bands due to C—H bond asymmetric stretching (vas C—H) and asymmetric
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bending (das C—H) vibration in CHx* at approximately 2850 cm™' and 1450 cm™'. After 5
minutes, bands characteristic of CH3CHO* (1435 cm™ and 2790 cm™') and the C-H
asymmetric (vas C—H) and symmetric (vs C—H) stretching bands in CH3CH20* (2924 cm™,
2963 cm™, and 1161 cm™") 40.9597.98 emerged and intensified. The generated CH3CHO*
species can be further hydrogenated to an ethoxy species (CH3CH20%). Furthermore, bands
corresponding to CH3COO* (1515and 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 CH30*,'%" alongside a decrease 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 4. 11b). After 10 min, the
EtOH formation rate increased compared to that of MeOH, indicating facile CO hydrogenation
to CH3sCH20H under the specified conditions.

As depicted in Figure 4. 11c, the DRIFTS analysis of the RhOx/MgO catalysts shows a
notable increase in the relative band intensity of unsaturated CHx* at 2850 cm™, in
comparison to RhOx/Li20/MgO. The observed peaks at 2723 and 1384 cm™' correspond to
the characteristic features of adsorbed formate (HCOO*), 409 whereas the band centred at
1600 cm™" is associated with the O—C—O vibration (referred to as C=0) '® of formate species.
Furthermore, intense IR bands, at 2798 cm™" and 1102 cm™’, representing methoxy groups
(CH30*),'% were detected. The results also revealed that the relative band intensity of CH3O*
to HCOO* increased in the unpromoted RhOx/MgO catalyst, indicating that these
intermediates were directly hydrogenated to CH3OH rather than forming C2+ oxygenate
intermediates. The results showed a higher absolute number of adsorbed species on the
RhOx/MgO catalyst. However, these species did not effectively contribute to the formation of
the C2 products. We speculate that the presence of the Li promoter effectively mitigated the
formation of methoxy intermediates. A comparison of the data in Figure 4. 11b and d reveals
a higher formation rate of ethanol over Rh/Li/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 C2+ oxygenate intermediates and reduced concentration of CH3O*
over the RhOx/Li20/MgO catalyst contributed to the improved EtOH selectivity.

The investigation delved into the impact of varying the support material for RhOx/Li2O
catalysts, transitioning from MgO to TiO2, SiO2, and Al20s, all within identical reaction
conditions set at 320 °C and 0.5 MPa. The spectral data, depicted in Figure 4. 12 and 13a,
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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 RhOx/Li2O
catalyst systems. In the depicted Figure 4. 13a, it is evident that the relative band intensity
ratio of CH4 at 3016 cm™ to the unsaturated CHx* species at 2927 cm™",%5 exhibits a notable
augmentation in the RhOx/Li2O/TiO2 catalyst compared to other support materials. This
observation underscores the efficacy of TiO2 as a support in markedly improving the
hydrogenation of CHx* to CHa, thereby reducing the coverage of CHx* species. Conversely,
the relative band intensities corresponding to HCOO* (2723, 1650, 1606, and 1342 cm™1),100
along with the CH3O* group (2894 cm™', 2830 cm™', 1059 cm™"),"°" exhibit a pronounced
elevation in the RhOx/Li2O/Al203 catalysts, indicative of significant intermediates crucial for
methanol production. Furthermore, analysis reveals that the RhO«/Li2O/MgO catalyst
displayed the highest intensity of CH3sCH20* after 60 min of the reaction, accompanied by
the detection of CHsCHO species, signifying the importance of intermediates for ethanol
formation. Among the evaluated catalyst systems, the formation rate of ethanol identified
RhOx/Li20/MgO as the catalyst with the highest efficacy for facilitating ethanol synthesis
(Figure 4. 13b).
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Figure 4. 11. Operando DRIFT spectra of CO hydrogenation over the RhOx/Li20/MgO (a) and RhOx/MgO
(c) catalysts. Dynamic IR peak intensities of CH3CH20* and CH3O* and formation rate resulted from Micro
GC over the RhOx/Li20/MgO (b) and RhOx/MgO (d) catalysts. Reaction conditions: 0.5 MPa, CO/Hz2 = 1/2,
30 mL min~, and 320 °C.
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Figure 4. 13. (a) Operando DRIFT spectra of CO hydrogenation over the RhOx/Li20/MgO, RhOx/Li2O/TiO2,
RhOx/Li20/SiO2 and RhOx/Li2O/Al203 catalysts. Reaction conditions: 0.5 MPa, CO/H2 = 1/2, 30 mL min~',
and 320 °C. (b) formation rate resulted from Micro GC over different catalytic systems.

In situ X-ray absorption (XAS) experiments were conducted to investigate the structural
and chemical characteristics of the RhOx/Li2O/MgO catalyst under the reaction conditions at

the Rh K-edges, given its significantly enhanced activity and ethanol selectivity compared to
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unpromoted RhOx/MgO. The structural evolution of the catalyst after H2 reduction under the
reaction conditions was probed via EXAFS analysis, whereas alterations in the chemical state
were investigated by analysing the XANES region. The in situ XANES and FT-EXAFS spectra
under He flow immediately after the Hz reduction at 360 °C are shown in Figure 4. 14. No
significant changes were observed upon exposure to CO and CO+Hz gasses at ambient
pressure, the curve fitting results also confirmed this (Table 4. 4), indicating that the chemical

state of the Rh species was similar to that of the reduced catalyst.

To further elucidate the role of Li, Fourier-transform infrared spectroscopy (FTIR) spectra
were obtained in transmission mode for CO adsorption on the two MgO-based catalysts at
low temperature (Figure 4. 15). When CO was introduced into RhOx/MgO, three strong
adsorption peaks were observed in the region of 1800-2100 cm~' region. The peaks centred
at 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 RhOx/MgO (RhOx/Li2O/MgO)
significantly reduced the absorption intensities of all CO species. In addition, all the peaks
shifted toward higher wavenumbers. It is well known that back-donation from the metal
surface to the adsorbed CO strongly contributes to the adsorption strength and C-O bond
vibrations.'%31%4 The & back-donation contribution is weakened when Rh is positively
charged, thus leading to a weaker adsorption of CO and a shift in the C—O bond vibrational
frequency for RhOx/Li2O/MgO. The adsorption energy of CO was also examined using DFT
calculations (Figure 4. 16). Eads of a CO molecule on the Rh13/MgO (100) and Rh13/Li2O
(111)/MgO (100) surfaces were calculated to be -2.34 and -2.02 eV, respectively. It should
also be noted that only the on-top sites were considered as adsorption sites, and the most
stable structures were employed in this investigation for each model. This result also
suggests that the addition of Li species leads to weaker adsorption of CO. When the
supported metal nanoparticles become electron-rich, the formation of CH4 is favored.'® In
the present study, because CHa4 is an undesired by-product, it is thought that suppressing
CH4 production by making the supported Rh nanoparticles electron-deficient through Li
addition would be advantageous for ethanol synthesis. Thus, over RhOx/Li20O/MgO catalysts,
hydrogenation to CH4 may be suppressed, and CO species can be more readily inserted into

the CHx-Rh bond, producing C2 oxygenates more efficiently than on RhOx/MgO catalysts.
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Table 4. 4. Curve-fitting results of the in situ Rh K-edge FT-EXAFS spectra of the RhOx/Li2O/MgQO catalyst.

Sample shell R (A) 0?2 (A% AE R factor

RhOx/Li20/MgO After H2 reduction Rh-O 1.5+1.3 2.04+0.03  0.007 5.7 0.01
Rh-Rh 7.8+0.6 2.68+£0.01 0.008

Under syngas conditions (CO+H>) Rh-O 14104 2.01+£0.01 0.008 6.32 0.02
Rh-Rh 7.6+0.5 2.68+0.01 0.008

CN: coordination numbers; R: bond distance; a2: Debye-Waller factors; R factor: goodness of fit. S¢? was set

to 0.82, according to the EXAFS fit of Rh foil.
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44 Conclusion

In this study, we achieved high ethanol production by utilising MgO as an effective
support for Rh catalysts in a syngas-to-ethanol conversion reaction. Among the alkali metals
tested, Li was the most favourable promoter for ethanol formation. Through optimisation of
the reaction conditions, we attained the highest ethanol space-time yield (STYEton) of 12.2
mmol geat™ h~" with a selectivity of 20 %. The addition of Li 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 formation of
undesired CH4 and promoted the formation of ethanol. In addition, we examined the roles of
various catalyst supports (SiOz, Al203, and TiO2) 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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Chapter 5

General conclusion
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In this work, | focused on developing supported catalysts for ethanol synthesis via
CO2 hydrogenation and syngas conversion. By combing the comprehensive
characterizations and advanced data science, we not only discovered the high-performance
catalysts for CO2 hydrogenation to ethanol, but also highlighted the role of each element in
contributing to superior activity. Considering the CO is one of the important intermediates for
CO:2 hydrogenation to ethanol, we further developed an unexpected support (MgO) that
showed high efficiency in ethanol synthesis via syngas conversion. In situ/operando
spectroscopic techniques and theoretical calculations identified that interactions between
Li2O and Rh species on the MgO surface are playing a crucial role in promoting the ethanol

synthesis process. The main conclusions are summarized as follows:

Chapter 2 introduces a highly efficient catalyst, K-Fe—Cu—Zn/ZrO2 (KFeCuZn/ZrO2),
which significantly boosts the ethanol space time yield (STYEton) to 5.4 mmol geat™" h~" under
optimized conditions (360 °C, 4 MPa, and 12 L gecat' h™"). Through in situ/operando
spectroscopic techniques, the crucial roles of K and Fe in higher alcohols synthesis and C—
C coupling were uncovered, respectively. The incorporation of Cu promoted the formation of
the key intermediate (CH3CH20%), while Zn addition suppressed ethanol decomposition, thus

enhancing the overall efficiency of the ethanol synthesis process.

Chapter 3 displays an alternative approach, a machine learning (ML) approach, which
goes beyond the traditional element pool to include previously studied elements in the
development of efficient catalysts for ethanol synthesis via CO2 hydrogenation. We took the
above catalyst and some similar catalysts from previous work (58 catalysts and 274 data
points in total) as an initial dataset and performed 24 iterations (ML prediction + experimental
validation), testing a total of 555 catalysts (2477 data points). More than 70 catalysts with
superior performance were discovered by a data science approach, among these, The multi-
element Pd(0.8)-Au(0.3)/K(2.5)-Sr(1)-Fe(20)-Zn(4)-Cd(2)-Yb(1)-Re(1)/Ce02(25%)-ZrO2
catalyst was clarified as the most effective catalyst in ethanol synthesis (STYEton: 8.2 mmol
geat”! h~1). Comprehensive characterizations and control reactions were employed to validate

the reliability of ML model and critical roles of each element in ethanol synthesis.

Chapter 4 describes the direct conversion of syngas to ethanol using Li-promoted
RhOx/MgO catalysts (RhOx/Li2O/MgO). The ethanol selectivity and space time yield (STYEton)
reached 20% and 12.2 mmol geat™ h~', respectively, at a CO conversion of 35% over the
RhOx/Li20/MgO catalyst. In situ/operando spectroscopic techniques, along with other

characterizations and theoretical calculations, underscored the importance of interactions

126



between Li20 and Rh on the MgO surface in moderating CO adsorption on the Rh surface,

thereby enhancing ethanol production.
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