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ABSTRACT

This study investigates ethanol (EtOH)-assisted CO> hydrogenation for low-
temperature methanol (MeOH) synthesis using a series of CuZnCeOx catalysts
synthesized via the co-precipitation method. Ethyl formate (EtFm) is identified as a key
intermediate, formed through the reaction between formate species (derived from CO>
and H») and EtOH, which serves as a catalytic solvent. Subsequent hydrogenolysis of
EtFm enables MeOH production at temperatures lower than those required for
conventional CO» hydrogenation. While previous studies have focused primarily on
CuZnO system, this work introduces cerium (Ce) as a promoter aimed at improving
MeOH yield and selectivity.

Catalytic testing demonstrated that partial substitution of Zn with Ce markedly
increases EtFm formation and concurrently boosts MeOH yield compared to CuZnO.
Systematic variation of the Ce/(Ce+Zn) ratio revealed bifunctional behavior: Ce promotes
EtFm generation but excessive Ce content shows inhibitory effect in EtFm conversion,
whereas Zn effectively converts EtFm into MeOH via hydrogenolysis. An optimal Ce/Zn
ratio was identified, achieving a balance between intermediate formation and conversion,
resulting in the optimal MeOH yield and selectivity.

Based on the results of in-situ DRIFT spectroscopy, this study proposes that the
adsorption configuration of ethyl formate (EtFm) on the catalyst surface is a key factor
governing the distinct catalytic behaviors. Spectral observations revealed that the EtFm
signal on CuZnO was relatively weak and short-lived, suggesting weak adsorption and
facile conversion. In contrast, CuCeO: exhibited a stronger and more persistent EtFm
signal, indicating stronger surface binding. These differences imply that EtFm is

preferentially stabilized in an n'-O adsorption geometry on Ce-rich catalysts, which

v
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inhibits hydrogenolysis to methanol (MeOH). Conversely, Zn-rich catalysts promote an
n-(C,0) adsorption mode that facilitates C=0 activation and enables effective conversion
to MeOH via surface hydrogen species. These findings underscore the crucial role of
adsorption geometry in determining reaction pathways and product selectivity. This work
offers valuable design principles for optimizing Cu-based catalysts in alcohol-assisted

CO: hydrogenation, paving the way for efficient, low-temperature MeOH synthesis.

Keywords: carbon dioxide, methanol, copper catalysts, cerium, infrared spectroscopy
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CHAPTER 1 INTRODUCTION

1.1 Research Background
1.1.1 CO, Utilization

Although alternative and unconventional energy sources have advanced, fossil fuels
continue to dominate the global energy landscape, with no foreseeable large-scale
replacement. The continued reliance on fossil fuels along with growing industrial
activities, has led to a sustained increase in CO; emissions, a primary driver of climate
change.['l As illustrated in Figure 1.1, global annual CO; emissions per capita have
increased significantly since the 1850s, reaching 4.7 tonnes in 2023.1! Furthermore, total
CO» emissions are projected to rise from 40.6 billion tonnes in 2023 to 41.6 tonnes in
2024. According to the Global Carbon Budget, fossil fuel combustion accounts for 37.4
billion tonnes of these emissions, with the remainder primarily attributed to

deforestation.[!

s{Global CO,
Emissions

~
1

w
L

Year 2023
4.7 tonnes

Annual CO, Emissions
(tonnes per capita)

L] L] L] L] L]
1750 1800 1850 1900 1950 2000
Year

Figure 1.1 Global CO; emissions from fossil fuels and industry.

1
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To mitigate the escalating CO2 emissions and their environmental impact, the
integration of CO; capture with subsequent conversion processes has become an urgent
priority. CO> valorization strategies are generally categorized into direct utilization and
chemical conversion into fuels or high-value chemicals. Small-scale applications of CO;
include its use in carbonated beverages, dry ice production, fire extinguishers, and
refrigerants. On a larger scale, CO; can be utilized to enhance industrial processes, such
as enhanced oil recovery (EOR), enhanced gas recovery (EGR), and enhanced geothermal
systems (EGS). It is important to note that direct utilization do not alter the molecular
structure of CO,.[

As an alternative approach, the chemical conversion of CO: into fuels and
chemicals presents a promising solution for reducing atmospheric CO: levels. This
transformation can be categorized into reductive and non-reductive processes, as

illustrated in Figure 1.2.

Reductive Conversion
(Reduced to a lower oxidation state)

Electrochemical Reduction
Photochemical Reduction Hydrocarbons

* Hydrogenation using H,
/ CH,

~_-CH;0H

__~»CO

™ HCOOH

N\
\ CH,OCH;

Non-reductive Conversion Higher alcohols

(No change in oxidation state)

+ Carboxylation

+ Carbonation

* Urea synthesis

* Organic carbonate formation

Figure 1.2 Chemical (reductive and non-reductive) conversion of COx.
2
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As its name implies, non-reductive conversion preserves the oxidation state of the
carbon atom (+4) throughout the reaction. This process offers several advantages,
primarily its lower energy requirement compared to reductive conversion, as it does not
involve altering the carbon atom’s oxidation state. Moreover, the utilization of CO2 in
this approach can eliminate the need for certain toxic reagents traditionally used in
industrial processes, such as phosgene and carbon monoxide required for urea synthesis,
thereby enhancing both environmental and operational sustainability.*’

Despite these benefits, reductive conversion stands out as a particularly attractive
approach for CO; utilization. This method enables the transformation of CO2 into energy-
dense compounds that can function as fuels or chemical feedstocks. By reducing CO; into
valuable C1 or C2+ species, reductive conversion transforms “waste” carbon into “useful”
carbon, offering a sustainable route for carbon recycling and energy generation.®
Hydrogen, a high-energy material, is a promising reductant for CO; reduction due to the
thermodynamic stability of CO..l”! The products resulting from CO hydrogenation are
shown in Figure 1.2. Among these products, methanol (MeOH) and dimethyl ether
(DME) are highly efficient fuels for combustion engines, while MeOH and formic acid

are widely used as key building blocks in the chemical industry.

1.1.2 CO, Hydrogenation for Methanol Synthesis

MeOH is a fundamental bulk chemical in the chemical industry.®! Due to its high
octane rating, it is often used as an additive in gasoline for internal combustion engines,
modifies diesel engines, or direct MeOH fuel cells, where it can be converted into
electrical power by harnessing its chemical energy.®! Furthermore, MeOH serves as a key

feedstock for a range of chemicals, including formaldehyde, acetic acid, and methyl ztert-
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butyl ether. It can also be converted into ethylene and propylene, the foundational
building blocks of polymers, through the methanol-to-olefins (MTO) process. In 2023,
global MeOH demand reached 91 million metric tons, with projections indicating an
additional increase of 17 million metric tons over the following five years.'Yy MeOH is
typically synthesized from syngas, a mixture of CO, CO2, and Hz, which can be obtained
from various carbon feedstocks through gasification. CO» is incorporated to balance the

C/H ratio, as CO> consumes more hydrogen than CO, as shown in Equations 1.1 and

1.2.0M1

C02 + 3H2 Ad CH3OH + HzO AH298K= -49.16 kJ/mol Equation 1.1
CO + 2H, <> CH;OH AH,gx= -90.77 kJ/mol Equation 1.2
CO,+H, < CO+H,0 AH,ogx=+41.21 kJ/mol Equation 1.3

Due to its low cost and abundance, CO; conversion into MeOH presents a viable
industrial opportunity. The transforming CO> into value-added chemicals, particularly
MeOH - a high-demand chemical — offers both a viable strategy for mitigating climate
change and a sustainable approach to chemical production. MeOH synthesis from CO:
can proceed via two primary pathways: (1) direct hydrogenation of CO; (Equation 1.1)
or (2) an indirect route involving the reverse water-gas shift (RWGS) reaction to convert
COz into CO (Equation 1.3), followed by subsequent CO hydrogenation (Equation 1.2).
Both pathways must be considered when CO; serves as the primary feedstock.!!!!

The industrial production of MeOH dates back to 1923 when BASF developed the
first MeOH plant using syngas as the feedstock.!!) In contrast, the first pilot plant for CO»-
to-methanol conversion was established much later, in 1994.['1 Since then, Cu/Zn-based
catalysts have been extensively studied for this reaction; however, the nature of the active

sites responsible for CO, hydrogenation to MeOH remains a subject of debate. While

4
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some suggest that Zn primarily acts as a structural spacer, improving Cu dispersion during
catalyst preparation, others argue that the reaction occurs on metallic Cu surfaces, the Cu-
ZnOx interface, or CuZn alloys.[!!

Recent studies have further explored the role of different oxidation states of Cu in
this reaction. For instance, Wei Huang and his co-workers demonstrated that metallic Cu
(Cu®) and Cu" serve as the main active sites for CO> and CO hydrogenation, respectively,
during MeOH synthesis.!'? Similarly, Robert Schlgl and his team investigated the active
sites of MeOH synthesis over Cu/ZnO/Al>O3 catalysts and identified two key factors
contributing to high activity: the stabilization of stepped Cu sites by bulk defect, which
enhances intermediate binding, and a dynamic strong metal-support interaction (SMSI)
effect that promotes ZnOx coverage.!'¥] Beyond active site composition, other factors such
as Cu loading!"* and Cu particle size!'> have also been studied to optimize catalytic
performance. Additionally, catalyst supports have been widely investigated for their role
in enhancing Cu dispersion'® and modifying the electron state of Cul'”l, further
improving the activity, selectivity and stability of catalysts.

Despite these advancements, several challenges remain in MeOH synthesis from
CO> hydrogenation. One major limitation is the thermodynamic constraints of the
reaction. As shown in Equations 1.3, the total number of moles decreases from reactants
to products during the hydrogenation of CO, to MeOH. Additionally, while the
hydrogenation of CO; and CO to MeOH is exothermic, the reverse water-gas shift
reaction is endothermic.!'8! According to Le Chatelier’s principle, higher pressures and
lower temperatures favor MeOH formation by shifting the equilibrium, thereby
enhancing selectivity. However, a higher reaction temperature is always necessary in

converting CO> into MeOH due to the stable intermediates during the reaction.
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1.2 Alcohol-Assisted CO, Hydrogenation for Methanol Synthesis

Developing a low-temperature approach for MeOH synthesis from CO; is crucial
for reducing production costs and leveraging thermodynamic advantages that
significantly enhance MeOH selectivity. As previously mentioned, two primary reaction
pathways have been proposed for CO;-to-methanol conversion: (1) the formate
(Equation 1.1) and (2) the RWGS followed by CO hydrogenation pathway (Equations
1.2 and 1.3)."] The formate pathway, illustrated in Figure 1.3, has been identified as the
lower-energy route, where the hydrogenation of the methoxy intermediate to MeOH

serves as the rate-limiting step, particularly when a high CO; feed ratio is used.*”]

Rate-determining step

+ =— HCOO* — HCOOH* — CH;0;* — CH,0* —» CH;0* — CH;OH
H, formate formic acid hydroxymethoxy formaldehydeg methoxy
M eremsmmssssssmmssssssmssnssssnn ;

Figure 1.3 Mechanism of conventional CO> hydrogenation for methanol (MeOH)

synthesis.

Conventional CO: hydrogenation typically requires high temperatures and
pressures to convert methoxy species into MeOH. To overcome these thermodynamic
limitations, Tsubaki and his team proposed a novel low-temperature MeOH synthesis
method using alcohol as a catalytic solvent, which alters the reaction intermediates.!*!!
Compared to the conventional route, which operates at 300 — 350 °C and 50 — 100 bar ],
the alcohol-assisted method enables MeOH synthesis under significantly milder
conditions, typically 150 — 170 °C and 30 — 50 bar, when ethanol (EtOH) is used as the

catalytic solvent.?!]
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Figure 1.4 shows the proposed alcohol-assisted CO> hydrogenation pathway for
low-temperature MeOH synthesis with syngas (CO/CO2/Hz) as the feedstock. In the
presence of water, CO undergoes a water-gas shift reaction to generate CO> and H» (step
1). The resulting CO> then reacts with H> to form formate (HCOO) species (step 2),
following a mechanism similar to the conventional pathway shown in Figure 1.3. In step
3, alcohol (ROH) reacts with HCOO to form alkyl formate (HCOOR), which
subsequently undergoes hydrogenolysis to regenerate ROH and yield MeOH as the
desired product (step 4). The rapid conversion of alkyl formate into MeOH lowers the
required reaction temperature and pressure, enabling milder conditions for MeOH
synthesis via CO2 hydrogenation.

Using in-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS),
Tsubaki and his co-workers revealed that the key intermediate, ethyl formate (EtFm), is
formed by the reaction of adsorbed formate (HCOO*) with gas-phase EtOH (catalytic
solvent). Both gas-phase and physisorbed EtFm are reduced by hydrogen atoms, leading

to the formation of gas-phase MeOH.*?!

CO, + H,
(1)
CO @)

H;0 HCOO(a) + H(a)

3)
HCOOR ROH

(4)

2H, CH;0H

Figure 1.4 Mechanism of alcohol-assisted CO2 hydrogenation for methanol (MeOH)

synthesis.!?!]
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As illustrated in Figure 1.5, Tsubaki’s team has published a total of 50 studies on
low-temperature MeOH synthesis using alcohol as a catalytic solvent. Figure 1.6
summarizes the catalysts employed in these studies, with Cu/ZnO being the most

commonly used, followed by Cu/Mg0O, Cu/ZnO/Al,03, and Cu/ZnO/Si0Os.

s Source: Web of Science; Date: 27 June 2025
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Figure 1.5 Publications of Tsubaki and his team regarding alcohol-assisted CO;
hydrogenation from 2001 to 2025. Source: Scopus; Keywords: low-temperature methanol

synthesis.

Jung and his team have investigated the influence of Cu/ZnO catalyst preparation
on EtOH-assisted CO; hydrogenation for MeOH production. Their studies found that
Cu/ZnO synthesized at a pH of 8 ?*] and subjected to an aging time of 5 hours >4
exhibited optimal catalytic performance and structural stability. Additionally, they
demonstrated that a Cu/ZnO catalyst with a Cu/(Cu+Zn) molar ratio of 0.5 achieved high

copper dispersion and sufficient acid sites, resulting in the highest MeOH yield.*!

Similarly, Kim-Lohsoontorn and her co-workers reported that a precipitation temperature

8

doi:10.6342/NTU202502278



of 60 °C and a pH value of 8 led to the smallest crystalline size and highest catalyst
dispersion, thereby maximizing MeOH yield.”®! Furthermore, the same group
investigated the effect of molecular sieves (3A, 5A and a combination of 3A+5A) by
physically mixing them with Cu/ZnO catalysts. Their findings revealed that MeOH yield

improved due to the enhanced water adsorption provided by the 3A molecular sieve.”!

Beyond Cu/ZnO catalysts, other copper-based systems such as Cu/CroCuO4, Cu/Mo,C 28]
have also been explored for alcohol-assisted CO2 hydrogenation. Additionally, Pd-
supported catalysts, including Pd/ZnO, Pd/AL,O3, Pd/SiO: ?°! and Pd/MgO Y have also

been investigated for their potential to enhance catalytic performance under similar

reaction conditions.

Cu/ZnO

Cu/ZnO/AlLO;,

Cu/Zn0O/SiO,

Type of catalysts

Cu/ZnO/ZSM-5

] conio
i
]

Pd-based catalysts

1 1
10 20 30 40 50
Number of research works

B [

Figure 1.6 Catalysts studied in the previously reported works by the group of Tsubaki,
N., Jung, J. C.[232531 Kim-Lohsoontorn, P.?632] Thompson, L. T.**), Nieminen, H.4],

D. J. Heldebrant!**2%], and Lin, H. F.[3!
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1.3 Alcohol Dehydrogenation as Side Reactions

In this low-temperature MeOH synthesis method, alcohol serves as a catalytic
solvent and is theoretically not consumed during the reaction. However, its interaction
with the catalyst is unavoidable, often leading to the formation of undesired side products.
Kim-Lohsoontorn and her team investigated the influence of alcohol type on catalytic
performance and found that n-alcohols exhibited superior performance compared to
branched alcohols, with MeOH yield decreasing as the size of the alcohol molecule
increased.’?! The lower reactivity of branched alcohols was attributed to their higher
steric hindrance, which hindered nucleophilic attack on formate species, thereby reducing
MeOH yield.?! Their study also revealed that different alcohols produced distinct by-

products through dehydrogenation, as summarized in Table 1.1.

Table 1.1 By-products of different alcohols.

n-Alcohols By-products Branched alcohols  By-products
Ethanol Ethyl acetate 2-propanol Acetone

1-propanol Propyl propanoate 2-butanol Methyl ethyl ketone
1-butanol Butyl butanoate Iso-butanol Isobutyl isobutyrate
1-pentanol Pentyl pentanoate

Ethyl acetate (EtAc), acetone, and methyl ethyl ketone — the dehydrogenation and
coupling products of EtOH, 2-propanol, and 2-butanol, respectively — form azeotropic
mixtures with MeOH, creating separation challenges after the reaction.[*?! For instance,
the boiling point of MeOH is 64.7 °C, whereas the boiling point of EtAc (EtOH coupling
product) is 77.1 °C. It has been reported that, compared to 1-propanol, EtOH resulted in

a higher MeOH yield; however, it simultaneously resulted in a higher selectivity of by-

10
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products (i.e. EtAc), complicating the post-reaction product purification.!*?! Therefore, it
is essential to investigate the factors that promote or inhibit the side reaction. The
mechanism of EtOH dehydrogenation over Cu-based catalysts has been reported by
Hanukovich et al. %) while the pathway for EtAc formation from EtOH has been
elucidated by Colley et al. ®7 and Wu et al3¥ A comprehensive mechanism that
integrates both reactions was then proposed by Phung %), and is summarized as follows

from step 1 to step 4.

C:HsOH - C,Hs0* + H* (Step 1)
C:Hs0* —» CH;CHO + H* (Step 2)
CH3CHO* - CH3CO* + H* (Step 3)
CH3;CO* + C;H50* — CH3COOC;Hs (Step 4)

In the proposed mechanism, EtOH (C>HsOH) adsorbs to the acid site of support and
dissociates by O-H bond cleavage, whereby ethoxy species (CoHsO*) are formed on acid
sites while the H radical (H*) is adsorbed on the basic support (step 1). The ethoxy species
is converted into MeCHO (CH3CHO) via Ca-H bond cleavage (step 2), after which it can
either desorb or adsorb to further convert into acetyl species (CH3CO*) by another C-H
bond cleavage (step 3). Then, the adsorbed ethoxy and acetyl species react to form EtAc
(CH3COOC:Hs5) species (step 4). The mechanism is summarized in Figure 1.7, in which

both ethoxy and acetyl species are necessary for the formation of EtAc.

11
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Figure 1.7 Formation of acetaldehyde (MeCHO) and ethyl acetate (EtAc) via (i)

dissociation, (ii) dehydrogenation and (iii) coupling of ethanol (EtOH).
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1.4  Research Objectives

CuZnO-based catalysts represent the benchmark for EtOH-assisted CO»
hydrogenation to MeOH. However, further advancements in activity and selectivity
remain essential to meet the demanding efficiency and sustainability requirements for
industrial deployment. Previous studies had identified that key structural properties,
namely smaller particle size, higher copper dispersion, and increased specific surface area,
play decisive roles in enhancing the performance of these catalysts under EtOH-assisted
conditions.[?3-26]

In conventional CO; hydrogenation, the methanol synthesis rate is well known to
correlate with the accessible metallic Cu surface area.*”) Finely dispersed Cu
nanoparticles provide a higher density of active sites, thereby enabling more efficient CO»
conversion. Therefore, strategies that enhance copper dispersion are vital to advancing
catalyst efficacy.*!l Among various promoters, ceria (CeOz) has emerged as a highly
attractive candidate due to its multifunctional contributions to catalyst design and
performance. When incorporated into Cu-based catalysts, CeO> establishes strong metal-
support interaction (SMSI) with Cu species, which not only promotes the formation of
smaller Cu nanoparticles but also enhances interfacial contact between Cu and the
support.[*?l Consequently, CuCeO; systems often exhibits a greater exposed Cu surface
area than their CeO»-free counterparts, directly translating into higher catalytic activity
for CO2 hydrogenation.

Beyond improving copper dispersion, CeO> also contributed critically to CO»
activation. Its exceptional oxygen storage capacity, driven by the facile Ce*"/Ce*" redox
cycle and the dynamic formation of oxygen vacancies, enables effective CO> adsorption
and polarization, [*¥ facilitating their conversion into reactive intermediates such as

13
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formate species.!*#! The stabilization of formate species is critical, as they serves as key
precursors in MeOH formation pathways. Importantly, this promotional effect extends to
EtOH-assisted CO> hydrogenation, where the formation of ethyl formate (EtFm) serves
as a central mechanistic step.

In summary, this research is motivated by the hypothesis that ceria-promoted
CuZnO catalysts can surpass the performance limitations of conventional systems by
leveraging the multifunctionality of CeO,. Through enhancing copper dispersion,
accelerated CO; activation, and improved intermediate stabilization, CeO; address the
fundamental challenges currently constraining catalytic efficiency. The rational
integration of CeO; into the Cu/ZnO matrix is thus anticipated to unlock new levels of
activity and selectivity, propelling EtOH-assisted CO2 hydrogenation toward more viable

and practicable MeOH production route.
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CHAPTER 2 METHODOLOGY

2.1 Chemicals and Reagents

Table 2.1 Chemicals and reagents used in this study.

Chemical Name Chemical Formula Brand Purity
Copper(Il) nitrate trihydrate Cu(NO3)2:3H20 Thermo 99%
Zinc nitrate hexahydrate Zn(NOs3)2:6H20 Acros 98%
Cerium(III) nitrate hexahydrate =~ Ce(NO3)3-6H20 Acros 99.5%
Sodium Carbonate Na,CO; Showa 99.5%
Ethanol C>HsOH Echo Chemical  99.5%
Methanol CH;0H Acros 99.8%
Acetaldehyde CH;CHO Thermo 98.5%
Ethyl formate HCOOC:H; Thermo 97%
Ethyl acetate CH;COOC:Hs Fisher 99.8%
n-decane CioH22 Alfa 99%
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2.2 Catalyst Preparation

The catalysts in this study were synthesized using the co-precipitation method.
Table 2.2 summarizes the targeted molar ratios of Cu, Zn and Ce used for systematic
comparison. The co-promoted catalysts are denoted as CuZnCeOx(Y), where Y indicates

the molar ratio of Ce/(Ce+Zn).

Table 2.2 Molar ratios of Cu, Zn, and Ce for each catalyst sample.

Catalyst Cu:Zn:Ce (molar ratio)
CuZnO 1:1:0
CuZnCeOx(0.2) 5:4:1
CuZnCeOx(0.4) 5:3:2
CuZnCeOx(0.75) 4:1:3
CuCeO2 1:0:1

Each metal nitrate was precisely weighed and dissolved in 40 mL of deionized
water to prepare 1M precursor solutions. These solutions were then mixed in designated
ratios to form an 80 mL mixture. Separately, a 1.5 M sodium carbonate (Na>COs3) solution
was prepared as the precipitating agent. The metal precursor mixture and the Na;CO;
solution were transferred into separate burettes. A beaker containing 300 mL of deionized
water and a magnetic stirrer was placed on a hot plate and maintained at 65 °C and 350
rpm. The metal precursor mixture was added dropwise to the beaker, while the Na,CO3
solution was simultaneously added dropwise to maintain a constant pH of 8. The setup
for co-precipitation is shown in Figure 2.1. Once all the metal precursor solution was
added, the mixture was stirred at 65 °C for 1 hour and then left undisturbed overnight for

sedimentation.
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The precipitate was separated by centrifugation and washed with deionized water
until the rinse water reached a neutral pH. The solid was then dried overnight in a vacuum
oven and ground into a fine powder using a mortar and pestle. The resulting powder was
calcined at 350 °C for CuCeO> and 500 °C for catalysts containing ZnO, using a heating
rate of 10 °C/min for 5 hours. Before the catalytic activity test, the catalyst was reduced
in a 50% H2/N> atmosphere at 300 °C with a heating rate of 10 °C/min for 3 hours to

ensure complete reduction of copper to its metallic state.

- Mixed metal
1.5 M Sodium - R e PrECUrSOr

carbonate solution
solution

Thermocouple

pH meter

Hot plate

Figure 2.1 Experimental setup for catalyst preparation via the co-precipitation method.
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2.3 Catalytic Activity Test and Product Characterization

2.3.1 Reaction System

The high-pressure batch reactor used in this study was a 100 mL Parr 4760 reactor.
50 mg catalyst, 20 mL of ethanol (EtOH), and a magnetic stirrer were placed in the reactor,
which was then sealed with a cap equipped with a pressure gauge and gas valves. The
reactor was purged with nitrogen (Nz) five times to remove any residual air. Subsequently,
CO> was introduced at 7.5 bar, followed by hydrogen (H2) at 22.5 bar. Notably, each
feeding of gas was held for 2 minutes to ensure gas equilibrium in the reactor. The reactor
was then positioned on a hot place and stirred at 600 rpm. As shown in Figure 2.2, the
bottom section of the reactor was surrounded by a heating ring connected to a temperature
controller, while a thermocouple installed at the top of the reaction monitored real-time
temperature changes and transmitted signals to the controller. The reaction time was
recorded only after the reaction temperature (150 °C) was reached.

Upon completion of the reaction, the reactor was placed in an ice bath to cool to
room temperature. Before detaching the cap, part of the gas was transferred to a gas bag
for gas-phase product characterization, whereas the residual gas was carefully released in
a fume hood. Subsequently, 100 uL of internal standard (n-decane) was added to the
reactor prior to collecting the liquid product for characterization. A syringe filter was used
to separate the catalyst, and the resulting filtrate was stored in vial bottles for further

analysis.
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Thermocouple .
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Figure 2.2 Experimental setup of catalytic activity tests.
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2.3.2 Gas Chromatography with Flame Ionization Detector (GC-FID)

In this study, the quantitative analysis of reaction products was conducted using gas
chromatography equipped with flame ionization detector (GC-FID). When the sample is
injected through the injection port, it is instantly vaporized and carried by the mobile
phase into the analytical column. Within the column, differences in interactions between
the analytes and the stationary phase facilitate the separation of compounds, leading to
variations in retention times. The analytes are then combusted in a hydrogen-air mixture
and subsequently ionized in the detector. Under a high-voltage electric field, the resulting
ions generate an ion flow, which is amplified and recorded as a detectable signal.

The model of GC-FID used is Agilent 6890N, while the model of column used is
DB-WAX with 5N nitrogen (99.999% N>) as mobile phase. The mixture of pure hydrogen
and air was used for combustion in FID. The temperature of injection port was specified

at 290 °C, whereas the temperature profile of the oven was shown in Figure 2.3.

280
GC-FID

Oven setting

240 -
S

$

N

o

o
']
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Temperature (°C)
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Time (min)

Figure 2.3 Temperature profile of oven in GC-FID.
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Figure 2.4 and Table 2.3 summarize the retention times of all the target

compounds in this study. Figure 2.5 demonstrates the calibration curves of each

compound, wherein the gradient of the curve is used in determining the concentration of

the compound in the solution after reaction (Equation 2.1).

Intensity (a.u.)

GC-FID Ethanol
1.47 ILS;
Acetaldehyde A 222
Ethyl formate A2'87 N
Ethyl acetate 3.02 T
Methanolh A A.,\ ~
Mixture 4.29
. v

1 - - 1 - 1 - 1 - 1 - 1
1.0 15 20 25 30 35 40 45
Retention time (min)

Figure 2.4 Retention times of the target compounds in GC-FID. L.S. refers to internal

standard, n-decane.

Table 2.3 Retention times and FID sensitivity of the target compounds in this study.

Compounds Retention Time in GC-FID (min) FID Sensitivity
Ethanol 3.76 0.1958
Methanol 3.02 0.0827
Ethyl formate 2.22 0.1612
Acetaldehyde 1.47 0.0616
Ethyl acetate 2.87 0.3329
n-decane 4.25 .
21
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Figure 2.5 Calibration curves of (a) methanol (MeOH), (b) ethyl formate (EtFm), (¢)

acetaldehyde (MeCHO), (d) ethyl acetate (EtAc), and (e) ethanol (EtOH).

A
Conc; =
Ars

where
Congc;
Concyg
A;

AIS

FID sensitivity;

Concys

FID sensitivity;

Concentration of product (mmol)

Concentration of internal standard (mmol)

Detected area of product in GC-FID (a.u.)

Equation 2.1

Detected area of internal standard in GC-FID (a.u.)
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2.3.3 Gas Chromatography with Thermal Conductivity Detector (GC-
TCD)

The quantitative analysis of gas-phase reaction products was performed using gas
chromatography equipped with a thermal conductivity detector (GC-TCD). In GC, the
sample is first vaporized at high temperature and then introduced into the analytical
column via a reference gas. The separation of components is achieved based on
differences in retention time, which result from varying interactions between analytes and
the stationary phase within the column. The TCD employed in this study operates on the
principle of a Wheatstone bridge circuit. The reference gas, free of analytes, flows
through one resistor, while the gas containing the sample passes through another. As
electric current flows through the resistors, they heat up; however, due to the differing
thermal conductivities of the two gas streams, the resistors reach different temperatures,
leading to variations in resistance. This creates a potential difference across the

Wheatstone bridge, generating an electrical signal proportional to the gas concentration.
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Figure 2.6 Temperature profile of oven in GC-TCD.

The GC-TCD system used in this study was a Shimadzu GC-2014, equipped with

a Carboxen-1000 analytical column. High purity argon (99.999% Ar) was used as the
23

doi:10.6342/NTU202502278



reference gas at a flow rate of 50 mL/min. Both the injection port and detector
temperatures were maintained at 200 °C. The oven temperature program is presented in
Figure 2.6. This setup enabled the detection of carbon dioxide (CO>), hydrogen (H>),
nitrogen (N2), oxygen (O2) and carbon monoxide (CO), as illustrated in Figure 2.7. Since
02 is introduced in trace amounts during gas transfer from the reactor to the gas bag,
calibration curves were specifically prepared for Hz, N>, CO, and CO;, as shown in
Figure 2.8. The concentration of the product gas was calculated using Equation 2.2 by
assuming the Ideal Gas Law, negligible pressure drop, and ethanol consumption after the

reaction.

{ M V il
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System peak
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Figure 2.7 GC-TCD chromatogram of gas phase reactants and products.
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Figure 2.8 Calibration curves of (a) CO», (b) CO, (c¢) H2 and (d) Na.

Conc; = B — (ﬂ) Equation 2.2
TCD Sensitivity; 100 % RT/ reactor
where
Conc; Concentration of product (mmol)
A; Detected area of product in GC-TCD (a.u.)
TCD Sensitivity; Sensitivity of product in TCD, as shown in Figure 2.8.
(ﬂ ) Total number of moles of gas in the reactor after reaction and
RT reactor

cooled down to room temperature (mmol)
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2.4 Catalyst Characterization

2.4.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a technique used to determine the crystalline structure
of catalysts by detecting X-rays of a specific wavelength, which are generated when high-
speed electrons collide with a metal target. Diffraction occurs when the angle between
the incident X-ray and a specific crystal plane of the sample satisfies Bragg’s law. The
resulting diffraction angles and corresponding intensities are recorded. By comparing the
observed 20 diffraction angles with standard crystallographic reference patterns, the
crystal structure and lattice parameters can be identified.

In this study, XRD was utilized to confirm the structure of catalysts synthesized via
co-precipitation and to compare their crystalline structures before and after reduction. The
X-ray diffraction analysis was performed using a Rigaku Ultima IV diffractometer with
a copper (Cu) target as the X-ray source (Cu Ko = 1.546 A). The instrument operated at
a voltage of 40 kV and a current of 40 mA. Measurements were conducted in the 20 range

of 20° to 90°, with a scanning speed of 10°/min and a step size of 0.01°.

26

doi:10.6342/NTU202502278



2.4.2 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-

OES)

Inductive coupled plasma optical emission spectroscopy (ICP-OES) is used to
quantify metal loading by measuring the concentration of each metal species present in a
catalyst. The principle of ICP-OES involves introducing the sample solution into the
system via a peristaltic pump, where it is nebulized into an aerosol before entering the
inductively coupled plasma. Within the high-energy plasma, the aerosolized sample
undergoes vaporization and ionization. The excited ions, in an unstable state, return to
their ground state, emitting characteristic wavelengths of light. The intensity of this
emission correlates with the ion concentration, allowing for precise quantification
through electronic multipliers or solid-state semiconductor detectors. In this study, ICP-
OES was employed to measure the loading of Cu and Zn metal in catalyst samples using

a Thermo Fisher Scientific iCAP PRO instrument.

120000
Cu
y = 10234.68 x
1000004 R? = 0.9999
“» 80000 A
Q.
o
2 60000 -
w
[
Q
© 40000 -
20000 - Zn
y = 3851.637 x
R? = 0.9999
O L] L] L] L] L]
0 4 8 12 16 20 24
Conc. (ppm)

Figure 2.9 Calibration curves of Cu and Zn concentration in ICP-OES.
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e Preparation of Calibration Curves

The purchased copper (Fisher Scientific, 10000 ppm Cu in 1 M HNO3) and zinc
(Fisher Scientific 10000 ppm in 1 M HNO3) standard solutions were diluted with 3 wt.%
nitric acid solution to prepare calibration solutions of varying concentration, each with a
total volume of 20 mL. These calibration solutions, which can contain both metal ions
simultaneously, were used to establish the calibration curves correlating the concentration

of Cu and Zn with their respective absorbance values, as shown in Figure 2.9.

e Preparation of Sample Solution

10 mg of the catalyst sample was weighed using a microbalance and placed in a 20
mL polypropylene (PP) bottle. Then, 10 mL of aqua regia (HNO3:HCI = 1:3 v/v) was
added, and the mixture was left to stand overnight to dissolve the catalysts. 200 pL of the
resulting solution was taken and diluted to a final volume of 20 mL with 3 wt.% nitric

acid solution to ensure that the metal concentration fell within the calibration curve range.
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2.4.3 Accelerated Surface Area and Porosimetry (ASAP)

In this study, the specific surface area of the catalysts was determined using an
Accelerated Surface Area and Porosimetry System (ASAP) through the isothermal
adsorption-desorption method. At a constant temperature, gases such as N2, Ar or Kr were
used to evaluate the effect of partial pressure (P/Po) on gas adsorption, generating an
adsorption-desorption curve. By applying different calculation models, for instance,
Brunauer-Emmett-Teller (BET), Langmuir, and Barrett-Joyner-Halenda (BJH), the
specific surface area and pore size distribution of the samples were determined.

The specific surface area analysis was conducted using a Micromeritics ASAP 2010
instrument. To ensure measurement accuracy, the total surface area of the sample was
required to be at least 4 m?. Accordingly, approximately 0.2 g of the catalyst was placed
into the sample tube, followed by the insertion of a filling rod. The sample tube was then
leaded onto the degas port for overnight pretreatment at 100 °C and 4 pmHg to remove
moisture and impurities.

After pretreatment, the sample tube was covered with an isothermal jacker and
transferred to the analysis port. During measurement, the sample tube was immersed in a
Dewar flask containing liquid nitrogen to maintain the analysis at the boiling point of
liquid nitrogen (77 K). Using the BET model, as represented in Equation 2.3, the specific

surface area of the catalyst sample was determined.

P 1 (cDp .
B vl + vocng Equation 2.3
P : Equilibrium pressure at 77 K Py Saturation pressure at 77 K
V : Volume of adsorbed gas Vi Volume of monolayer adsorbed gas

C : BET constant
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2.4.4 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a powerful analytical technique that
utilizes a high-energy electron beam to probe the internal structure of materials. In TEM,
the focused electron beam interacts with the sample, generating transmitted and scattered
electrons due to variations in sample thickness and composition. The transmitted electron
signal produces contrast in the resulting image, and diffraction patterns enable the
analysis of crystal structures. Additionally, TEM can be equipped with energy-dispersive
X-ray spectroscopy (EDS) to investigate elemental composition and distribution. EDS
operates by detecting characteristic X-rays emitted when high-energy electrons excite
inner-shell electrons, leading to electron transitions that release energy as X-ray emission,
which is element-specific.

In this study, a field-emission TEM (FE-TEM, JEOL JEM-2100F) operated at 200
kV was employed to examine the crystalline morphology and exposed crystal facets of
the catalyst. Elemental analysis was conducted using an Oxford X-MaxN TSR EDS

detector.

Sample preparation:
1. 1 mg of catalyst sample was dispersed in 20 mL of EtOH, followed by ultrasonication

for 1 hour to ensure a uniform suspension.

2. 20 pL of the suspension was then drop-cast onto a 200-mesh carbon-coated nickel

grid and dried in a vacuum oven at 100 °C overnight to ensure complete removal of

the remaining solvent.
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2.4.5 Hydrogen Temperature Programmed Reduction (H,-TPR)

During the ramping program, a continuous flow of 10% H/Ar was introduced into
the tube containing the catalyst sample. The variations in gas concentration within the
designated temperature range were detected by a thermal conductivity detector (TCD) to
assess the reducibility of the metal oxide in the catalyst. Equation 2.4 represents the
reduction reaction of copper oxide (CuO) to metallic copper (Cu) using hydrogen (H>) as

the reducing agent.

CuO + H; & Cu’ + H,0 Equation 2.4

Detailed procedures:

1. Pretrement:

¢ 50 mg of the calcined catalyst was heated in a rate of 10 °C/min to 300 °C for 10
minutes under an Ar flow of 50 mL/min to remove the moisture and impurities.

2. Cooling:

e The sample was cooled down to 50 °C while maintaining the Ar flow.

3. Stabilization of TCD signal:

e A 50 mL/min of 10% Hx/Ar was introduced, and the TCD signal was allowed to
stabilize for 30 minutes.

4. H>-TPR:

e The sample was heated to 300 °C at a rate of 5 °C/min under a 50 mL/min flow of

10% Ho/Ar.
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24.6 Carbon Dioxide and Ammonia Temperature Programmed

Desorption (CO,-TPD & NH;3-TPD)

Temperature-programmed desorption (TPD) is a technique used to characterize the
interaction between a probe gas and the surface of a catalyst. Additionally, depending on
the acidic and basic nature of the probe gas, TPD results can be used to evaluate the
acidity and basicity of the catalyst sample.

In the experiment, the probe gas was continuously flowed through the tube
containing the catalyst sample at a constant temperature for a specific duration to allow
complete adsorption. Subsequently, an inert gas was introduced to remove any
physisorbed gas. The catalyst was then heated at a constant ramping rate, as specified by
the program, under an inert gas flow. As the temperature increased, the adsorbed gas
desorbed accordingly. The desorption temperature and the amount of desorbed gas were

recorded to analyze the surface properties of the catalyst sample.

Detailed procedures:

1. Pretrement:

e 50 mg of the calcined catalyst was heated at a rate of 10 °C/min to 300 °C for 10
minutes under an Ar flow of 50 mL/min to remove the moisture and impurities.

e The sample was then cooled down to 300 °C, and a 50 mL/min flow of 10% Hz/Ar
was introduced for 30 minutes to ensure that the copper in the catalyst was in its
metallic state during measurement.

e The sample was subsequently cooled down to 50 °C under a 50 mL/min Ar flow.
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. Probe gas feeding:

A 50 mL/min flow of CO2 (or 1% NH3/Ar) was introduced for 30 minutes to achieve
full adsorption.

This was followed by an Ar purge for 30 minutes to remove any remaining and
physisorbed gas.

. Stabilization of TCD signal:

The TCD signal was allowed to stabilize for 30 minutes under an Ar flow of 50
mL/min.

. Temperature programmed desorption (TPD):

The sample was heated at a rate of 5 °C/min to 600 °C under a 50 mL/min Ar flow.

a b
@) peree CcO, (b) 2001054 NH3
6
2.5x10 1.6x10° -
S 2.0x10° - =)
o 8 1.2x10° -
@ 1.5x10% 4 4]
g T 2 8.0x10%
< 1.0x106 <
] y = 357796 x y =22619x
5 0x10° R2 = 0.9996 4.0x10% 1 RZ =(0.9994
00 L L L L 00 L] L L L
8 0 2 8

2 4 8 4 6
Conc. (%) Conc. (%)
Figure 2.10 Calibration curves of (a) CO2 and (b) NH3 for TPD experiments.
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2.4.7 N,O Titration

To accurately quantify the oxygen vacancies in ceria-containing catalysts, the
combined N-O titration method developed by E. J. M. Hensen et al. was employed.[*’!
Characterizing CeO-containing catalysts using only N2O as the probe molecule presents
challenges, as N2O interacts with both copper and the oxygen vacancies of CeOz. In the
N0 titration method, CO; serves as a blocking agent, selectively occupying oxygen
vacancies in CeO»-supported catalysts, thereby improving measurement accuracy. Figure
2.11. shows the sequence of this method to quantify the oxygen vacancies of the sample.

By assuming that N>O interacts with oxygen vacancies in a ratio of 1:1 (N20:Oy),
N2O oxidizes exposed surface Cu into CuxO (Equation 2.5), the surface oxygen
vacancies can be estimated using Equation 2.6. Additionally, Cu dispersion can be

estimated using Equation 2.7 with the assumption where ratio of N2O to Cu is 1:2.

2Cu + N20O 2 Cu20+ Nz Equation 2.5

N = NN20,1-NN20 2
Oov—
Meat

Equation 2.6

L 2XNN20,2XMcy

Dcy: W X 100% Equation 2.7
where

Noy : Number of oxygen vacancies (mol/g-cat)

My . Mass of catalyst (g)

Nn2og @ Amount of consumed N2O in the 1% pulsing (mol)

Nn2o2 : Amount of consumed NO in the 2™ pulsing (mol)

Mcy, : Molar mass of Cu (63.546 g/mol)

Weu : Cu loading in the catalysts measured by ICP-OES (g-Cu)
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Surface oxygen vacancies
are blocked

Reductionin @
> loepre = [ O] —*

Pretreatmentin @
10% Hj,/He —

@ 300 OC for 1 h - o @ 300 OC for 1 h
15t N,O Pulse @ 50 °C CO, Pulse 2" N,O Pulse @ 50 °C
(Nn2o 1) @ 50 °C (Nn2o.2)
N,O consumed for Cu oxidation and surface O,. N,O consumed for Cu oxidation only.
Surface exposed Cu + surface oxygen vacancies Surface exposed Cu only

Figure 2.11 N;O titration method for measurement of surface oxygen vacancies and Cu dispersion.
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Detailed procedure
1. First Pretreatment
e 50 mg of the calcined catalyst was heated at a rate of 10 °C/min to 300 °C for 10
minutes under an Ar flow of 50 mL/min to remove the moisture and impurities.
e The sample was then reduced in 10% Hz/He flow (50 mL/min) for 1 hour.
e After reduction, the sample was cooled to 50 °C under a 50 mL/min Ar flow.
2. First N>O pulsing
e 2% N2O/He was periodically injected using a sample loop (pulse injection) for 20
pulses to ensure complete saturation.
e The N>O consumptions was recorded as Nx2o,1.
3. Second Pretreatment
e The sample was reheated to 300 °C at a rate of 10 °C/min and treated again under
a 10% Hz/He flow (50 mL/min) for 1 hour.
e The sample was then cooled to 50 °C under a 50 mL/min Ar flow.
4. CO; feeding
e 20 pulses of pure CO2 were injected at 50 °C to selectively block the oxygen
vacancies of the sample.
5. 2" N,O pulsing
e 2% N2O/He was periodically injected using a sample loop (pulse injection) for 20
pulses to ensure complete saturation.

e The N2O consumption in this step was denoted as Nn2o.
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2.4.8 Infrared Spectroscopy (IR)

Fourier transform infrared spectroscopy (FTIR) is a widely used analytical
technique for characterizing molecular structures based on infrared (IR) absorption.
When molecules absorb IR radiation, specific chemical bonds undergo vibrational and
rotational transitions, leading to characteristic absorption bands that provide insights into
functional groups and molecular composition. FTIR operates using a Michelson
interferometer, which splits the IR light source into two beams — one reflected by a fixed
mirror and the other by a moving mirror. The movement of the mirror creates an optical
path difference, resulting in constructive and destructive interference patterns. These
interference signals are processed through Fourier transformation to generate an infrared
absorption spectrum.

In this study, FTIR was employed to investigate the in-sifu surface reactions of
EtOH and other solvents. A Nicolet iS50 FTIR spectrometer, as shown in Figure 2.12,
equipped with a Mercury-Cadmium-Telluride (MCT) detector was used, and data
acquisition was performed in diffuse reflectance mode (DRIFTS). Spectra were collected

with 64 scans at a resolution of 4 cm™!, using a ZnSe window as the background reference.

Gas system

Saturator

Temp.
Controller

Cooling water
bath

Thermostatic
bath

DRIFT cell

Figure 2.12 Setup of diffuse reflectance infrared Fourier transform spectroscopy

(DRIFTS).
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Detailed procedure

(A) To observed adsorbed species, without in-situ reaction

Temp. (°C)

A
50% H,/Ar Flow rate: 30 mL/min
300°C

Ar Feed Ar

1 80 OC (002 or COg+H2)

30 min 20 min 20 min

(B) In-situ reaction of adsorbed species with external solvent

Temp. (°C)

50% H,/Ar Flow rate: 30 mL/min
300 °C

Ar CO,+H, Ar EtOH

180 °C (carried by Ar)

30 min 20 min 20min 10 min

(C) Transformation of adsorbed species with increasing temperature

Temp. (°C)
A
50% H,/Ar Flow rate: 30 mL/min
300°C
Ar /& Ar
c}& Ar Target o

o solvent 50

N (carried by Ar)  Ar
50 °C

30 min 10min 20 min 50 min -
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CHAPTER 3 RESULTS AND DISCUSSION

3.1 Catalyst Characterization
3.1.1 H,-Temperature Programmed Reduction (H,-TPR)

In this study, the reduction behavior of the catalysts was investigated by H>-TPR to
establish the appropriate reduction condition. Figure 3.1 shows that complete reduction

of Cu species occurred below 300 °C for all samples.

H,-TPR

CuCeO,

ilf

CuZnCeQ,(0.75)

TCD Signal (a.u.)

CuZnCeO,(0.4)

CuZnCeO,(0.2)

v 1 v 1 v 1 v 1 v
50 100 150 200 250 300
Temperature (°C)
Figure 3.1 H>-TPR profile of catalysts.

The CuZnO catalyst displays a broad, asymmetric reduction peak centered around
230 °C, characteristic of CuOyx species moderately interacting with the ZnO matrix. Upon

incorporation of CeQ3, as in CuZnCeOx(0.2), the reduction peak shifts slightly to higher
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temperatures, indicative of enhanced Cu dispersion and stronger metal-support
interactions with CeO». This behavior is attributed to the formation of highly dispersed
Cu species with stronger Cu-Ce interactions, which require elevated temperatures for
reduction. Interestingly, with further increases in CeOx content, as in CuZnCeOx(0.4) and
CuZnCeOx(0.75), the reduction peaks become progressively narrower and shift toward
lower temperatures. This trend reflects the dual function of ceria: it strengthens Cu
dispersion and metal-support interactions, while its intrinsic redox properties, particularly
the Ce*"/Ce** cycle, facilitate the reduction of CuOx species. The narrowing of the peaks
suggests a more readily reduction, which is completed within a smaller thermal window.

In contrast, the reduction profile of the CuCeO- differs significantly from that of
the Ce-modified CuZnCeOx series, showing distinct peak shapes and a shift of the main
reduction peak toward higher temperatures. This change in reduction behavior is likely
attributed to the formation of Cu-O,-Ce solid solutions “>*¢! or the embedding of CuOx
within the ceria matrix, both of which typically require higher activation temperatures

due to stronger confinement within the ceria lattice.

Table 3.1 H> consumption of catalysts in H>-TPR.

Catalyst Cu (mmol/50 mg)  H: consumed (mmol) H2/Cu ratio
CuZnO 0.3383 0.3386 1.00
CuZnCeOx«(0.2) 0.2990 0.2992 1.00
CuZnCeOx«(0.4) 0.2675 0.2690 1.01
CuZnCe0x(0.75) 0.2360 0.2801 1.19
CuCeO» 0.1967 0.2634 1.34
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Table 3.1 showed the ratio of H> consumed during TPR to the theoretical H>
consumption based on Cu content in the catalysts sample (H2/Cu). When Ce was absent
or at low levels, the Ho/Cu ratio approached unity, indicating that hydrogen consumption
was primarily due to CuOx reduction. With increased Ce content, the H>/Cu ration
exceeded unity, consistent with additional hydrogen uptake from partial CeO> reduction
via hydrogen spillover from metallic Cu.[*’*8) Notably, pure CeO, exhibited no reduction
below 300 °C in the absence of Cu (Appendix 1), highlighting the critical role of Cu in

enabling low-temperature CeO; reduction.
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3.1.2 X-ray Diffraction (XRD)

As outlined in Section 2.2, the catalysts in this study were synthesized via the co-
precipitation method. Following calcination, catalysts containing CuO species were
obtained, as shown in Figure 3.2 (a). Subsequent reduction at 300 °C resulted in the
complete transformation of CuO into metallic Cu, as illustrated in Figure 3.2 (b),
confirming that the reduction temperature determined by H>-TPR was suitable for
achieving full reduction of the copper species.

In comparison to the sharp diffraction peaks observed for CuZnO, CuCeO; catalyst
exhibited no discernible CeO; diffraction peaks, indicating that it predominantly existed
in an amorphous state. Moreover, the overall intensity of crystalline phases decreased
with increasing Ce content across the catalyst series. This trend suggests that the
incorporation of Ce promotes structural amorphization, in agreement with findings

reported in the literature.[*”]

(a)| Calcined Catalysts (b) jeduced Catalysts
. U P

A M CuCeO, -v‘\ o \ CuCeO,

S—

. CuznCeO,(0.75)| __ CuZnCeO,(0.75)
=1 S

s LA A » CuZnCeO,(0.4 ; CuZnCeQ,(0.4
\EE’ bt N YoV T ‘NW,»(\"«W\«W Wity \'ww*Snch)«ﬁ -.EE, WW A A A )
= CuznCeO,(02)| & CuZnCe0,(0.2)
i & (0.2)
o o
E l || 1 i L Li L E | I 1

| | #89-2530 CuO | | #85-1326 Cu
1 1

| #34-0394 CeO, | #34-0394 CeO,
I ] 1 | 1 L I ] 1 | | 1

#36 1451 ZnO #36-1451Zn0
1 " 1 " 1 " 1 I v I " I " I " I "
30 40 50 60 70 80 30 40 50 60 70 80
2 theta (°) 2 theta (°)

Figure 3.2 XRD patterns of (a) calcined catalysts and (b) reduced catalysts.
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3.1.3 Physicochemical Properties

The molar ratio of Cu to the total support metals (Zn and Ce) was maintained at 0.5
during synthesis. However, due to the higher atomic mass of Ce relative to Zn, the overall
Cu loading decreased with increasing Ce content. Since Ce cannot be dissolved in aqua
regia, after the composition of Cu and Zn was confirmed in ICP-OES, the Ce content was
then determined using SEM-EDAX. Table 3.2 shows the theoretical and actual

composition of catalysts as-prepared.

Table 3.2 Theoretical and actual composition of catalysts.

Cu loading (wt.%)* | Zn loading (wt.%)? Cu:Zn: Ce®
Catalysts
Theoretical Actual | Theoretical Actual | Theoretical Actual

CuZnO 43.8 43 45.1 46 1:1:0 1:1.1:0
CuZnCe0x(0.2) 38.9 38 32.1 34 5:4:1 5:38:1.1
CuZnCeOx(0.4) 35.1 34 21.6 22 5:3:2 5:29:22
CuZnCeOx(0.75) 29.8 30 7.7 7 4:1:3 4:1.1:29
CuCeO, 26.9 25 0 0 1:1:0 1:0:1.1

# Measured by ICP-OES
® Measured by SEM-EDAX

Table 3.3 summarizes the physicochemical properties of catalysts, including the
specific surface area determined by N isothermal adsorption. The morphologies of the
reduced catalysts were observed by SEM (Figure 3.3) and TEM (Figure 3.4). CuZnO
catalyst exhibits large, aggregated nanoparticles with irregular surfaces, and an average
particle size of approximately 37.4 nm, which is significantly larger than that of the Ce-
containing counterparts. Upon Ce incorporation, a substantial reduction in particle size is

observed, which is consistent with previous reports indicating that CeO- inhibits particle
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growth during synthesis and calcination.[*?) CuZnCeOx(0.2) shows the smallest average
particle size (ca. 7.52 nm), along with increased surface roughness, features that are
expected to contribute to higher species surface area. With further increase in Ce content,
as in CuZnCeOx(0.4) and CuZnCeOx(0.75), the particles appear increasingly fragmented
and less defined, consistent with partial structural collapse and the formation of disorders,
amorphous-like domains inferred from XRD results. In CuCeO,, the fragmented particles
tend to agglomerate into dense clusters, resulting in an increase in average particle size to
approximately 21.7 nm.

Further insights into copper dispersion were obtained from TEM elemental
mapping (Figure 3.5). The results revealed that all metals were generally well-dispersed
across the catalyst matrices. While some localized agglomeration of copper was observed
in CuZnO, CuZnCeOx(0.4) and CuZnCeOx(0.75), a more uniform and finely dispersed

Cu distribution was evident in CuZnCeOx(0.2) and CuCeOs.
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Table 3.3 Physicochemical properties of as-prepared catalysts

Total basicity Total acidity
Catalysts Cu loading (wt.%)* Sa (m?%/g)®  Average particle size (nm)°
(mmol CO»/g-cat.)? (mmol NHs/g-cat.)®

CuZnO 43 12.4 37.4 0.54 0.20
CuZnCe0x(0.2) 38 25.2 7.52 1.05 0.31
CuZnCe0x(0.4) 34 23.8 7.62 1.08 0.30
CuZnCe0Ox(0.75) 30 23.6 7.99 1.87 0.32
CuCeO» 25 19.5 21.7 2.28 0.35

* Measured by ICP-OES

® Measured by N, isothermal adsorption with BET method

¢ Measured by TEM

4 Measured by CO»-TPD

¢ Measured by NH3-TPD
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Figure 3.3 SEM images and the particle size distribution of (a) CuZnO, (b)

CuZnCe0x(0.2), (c) CuZnCeOx(0.4), (d) CuZnCeOx(0.75) and (e) CuCeOs.
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Figure 3.4 TEM images and the particle size distribution of (a) CuZnO, (b)

CuZnCeOx(0.2), (¢c) CuZnCeOx(0.4), (d) CuZnCeOx(0.75) and (e) CuCeOs.
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Figure 3.5 TEM images with elemental mapping of (a) CuZnO, (b) CuZnCeOx(0.2), (¢)

CuZnCeOx(0.4), (d) CuZnCeOx(0.75) and (e) CuCeOa.
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In addition to the structural and compositional characteristics, the surface properties
of the catalysts, particularly their CO; adsorption behavior, play a critical role in catalytic
performance. The interaction at the metal-support interface governs not only the
adsorption of gas-phase reactants but also the reactivity of surface elementary steps.
Metal oxides, commonly employed as supports or promoters, rely on their intrinsic
basicity and reducibility to facilitate CO> adsorption and activation during catalytic
reactions.*”!

Figure 3.6 illustrates the potential CO» adsorption sites on CuZnO and CuCeO.
For CuZnO, CO interacts primarily with surface hydroxyl groups and lattice O* species,

9 and various carbonate species, including monodentate and

forming bicarbonate [
bidentate forms.’!) In contrast, CuCeO> features not only surface hydroxyl groups and
O” sites but also a high concentration of surface oxygen vacancies, which further enhance
CO> adsorption and activation, promoting the formation of carbonate species.>?! The
nature of the adsorbed CO» will be further discussed in detail using infrared spectroscopy
in a later section.

The strong CO; adsorption capability of CeO» was clearly reflected in the CO,-TPD

results (Figure 3.7 (a)). As summarized in Table 3.3, an increase in Ce content resulted

in a substantial enhancement of CO> adsorption capacity across the catalyst series.

CuZnO CuCeO,

Surface Surface Surface oxygen

H hydroxyl group O% site H hydroxyl group 0% site vacancy

: ™~ A "\ /

o} o} o} o} o o} O O o} o [ ©

N /N /7 N/\/ N//\N/\N/N\N/N/\N/
Zn%* Zn?* Zn2* Zn?* Ce?* Ce* Ce* Ce* Ce3* Ce*

/ N/ N/ N/ N\ /N N/ N/ N/ N/ N\

@] @] @] @] @] @] @] @] @] 9] @] @]

Figure 3.6 Adsorption sites of CO2 on CuZnO and CuCeO:.
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Figure 3.7 (a) CO;- and (b) NH3-TPD profiles of catalysts.

The surface acidity of the catalysts also plays an essential role in CO> hydrogenation.
Lewis acid sites are known to stabilize key intermediates, such as formate species, thereby
facilitating MeOH formation.!>¥ In alcohol-assisted CO, hydrogenation systems, a
positive correlation between catalyst acidity and MeOH yield has been reported.!*!

Figure 3.7 (b) presents the NH3-TPD profiles of the catalysts, and the quantified
acidity values were summarized in Table 3.3. A notable increase in acidity was observed
upon the initial incorporation of Ce. However, further increase in Ce content did not
significantly alter the overall acidity. The slight shift of the NH3 desorption peak to higher
temperatures with increasing Ce loading suggests a change in acid site strength rather
than quantity. This behavior can be attributed to the replacement of Zn** (a weaker Lewis
acid) by Ce*" (a stronger Lewis acid). Although the introduction of Ce created stronger
acid sites, the simultaneous reduction in Zn-associated acid sites partially offset this gain,

resulting in an overall unchanged NH3 uptake.
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3.1.4 Surface Oxygen Vacancies and Cu Dispersion

In additional to acidity and basicity, the presence of surface oxygen vacancies has
been reported as one of the critical factors influencing CO» activation. To quantitatively
assess the surface oxygen vacancies (Ov) in Ce-containing catalysts, N>O titration was
performed following the method established by Hensen and co-workers.[*>**] Given that
CO:s selectively adsorbs onto surface oxygen vacancies in ceria-based catalysts,[>>] CO,
was used as a probe molecule to pre-occupy these sites prior to NoO exposure. By
comparing the N>O uptake between two sequential pulse experiments, with and without
prior CO; treatment, the amount of accessible Ov and Cu dispersion were quantitatively

determined (Table 3.4).

Table 3.4 Surface oxygen vacancies and Cu dispersion of catalysts determined using

N2O titration method.
Surface oxygen vacancies . PN

Catalysts (mol N2O/g-cat.)f Cu Dispersion (%)
CuZnO 13 9.5
CuZnCe0x(0.2) 106 20.9
CuZnCeOx«(0.4) 276 324
CuZnCeOx(0.75) 475 7.3
CuCeO2 1300 59

fMeasured by N,O titration method.

The experimental results are shown in Figure 3.8, where the remaining N>O
concentration in each pulse is plotted. The plateau region, where the pulse height
stabilizes, signifies the point at which N>O is no longer consumed by the catalyst. For the
CuZnO sample, no significant difference in N>O uptake was observed between the two
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pulses, indicating the absence of Ov that could be blocked by CO.. In contrast, Ce-

containing catalysts exhibited a clear decrease in N2O uptake after CO> pre-treatment,

suggesting that surface oxygen vacancies were effectively blocked by CO». As a results,

the subsequent N2O consumption was primarily attributed to the oxidation of metallic Cu

species.

The trend in Cu dispersion is highly correlated with the specific surface area and

particle size of the catalysts. When the particle size decreased upon incorporation of Ce,

as in CuZnCeOx(0.2), the Cu dispersion enhanced significantly. While the co-promoted

catalysts exhibited similar Cu dispersion, the drop in Cu dispersion in CuCeO: is

attributed to the collapse of structure as observed in SEM image (Figure 3.3 (e)).
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Figure 3.8 N-O titration profiles of (a) CuZnO, (b) CuZnCeOx(0.2), (c) CuZnCeOx(0.4),

(d) CuZnCeOx(0.75) and (e) CuCeOa.
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3.2 Catalytic Activity Test
3.2.1 Comparison between CuZnO and CuCeO,

As discussed in the preceding sections, during ethanol (EtOH)-assisted CO-
hydrogenation for methanol (MeOH) synthesis, EtOH serves as a catalytic solvent,
promoting the transformation of surface-bound formate intermediates into ethyl formate
(EtFm). EtFm subsequently undergoes hydrogenolysis to produce MeOH, with
concurrent regeneration of EtOH (Equation 3.1). In parallel, EtOH can also undergo
dehydrogenation to form acetaldehyde (MeCHO) or participate in coupling reactions to
generate ethyl acetate (EtAc). Moreover, the reverse water-gas shift (RWGS) reaction
proceeds competitively under these conditions, leading to the formation of CO as a second

product. Figure 3.9 illustrates the possible reactions involved in this study.

HCOOC;Hs + 2H, — CH3OH + C;HsOH Equation 3.1

U4 Main reaction
(i) Ethanol-Assisted CO, Hydrogenation

é 7\ QO Ethanol-independent side reaction
CO, + Hy (i) Reverse water-gas shift (RWGS)
| [COZ+H2—>CO+H20
HCOO + H
H,O + HCOOEt EtOH O Ethanol-dependent side reaction
(iii) Dehydrogenation of ethanol
2H, [ EtOH — CH,CHO + H, ]
(iv) Coupling of ethanol
X CH;0H J| EtOH + CH,CHO — CH,COOEt +H, |

Figure 3.9 Possible reactions in this study.
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In this context, MeOH and EtFm are considered desired products, while MeCHO,
EtAc and CO are classified as undesired byproducts. To evaluate the catalytic activity
and selectivity of CuZnO and CuCeO: in EtOH-assisted CO> hydrogenation, catalytic
tests were conducted over reaction times of 6 and 12 hours. The corresponding results are
shown in Figure 3.10. Notably, when ZnO and CeO; were used to carry out the reaction
under similar reaction conditions, negligible EtFm and MeOH were observed,
underscoring the critical roles of Cu in this reaction (Table 3.5). Therefore, the product
yield in this study was normalized with the amount of Cu (g-Cu) for the analysis of

catalytic performance.

16 h 112 h
| I meoH '
S 84 [_]EtFm S8
O Q
S | ©
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CuZnO CuCeO, CuznO CuCeO,

Figure 3.10  Catalytic performance of CuZnO and CuCeO, for 6 h and 12 h EtOH-
assisted CO» hydrogenation. Reaction condition: 180 °C, 30 bar at room temperature

(H2/CO2 =3), 12 h, 0.4 g catalysts in 100 mL reactor.

After 6 hours of reaction, the product distribution over CuZnO and CuCeO-
catalysts was generally comparable, with the notable exception of EtFm. While the
MeOH yields remained nearly identical for both catalysts, the EtFm yield over CuCeO;
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was approximately five times higher than that over CuZnO.

Table 3.5 Catalytic performance of ZnO and CeO> in EtOH-assisted CO; hydrogenation.

Product yield (mmol)
Catalyst Desired Undesired
MeOH EtFm MeCHO EtAc CcO
ZnO 0.00 0.22 0.03 0.01 0.00
CeOs 0.00 0.18 0.05 0.04 0.00
CuZnO 1.14 0.64 0.00 1.00 0.61
CuCeO» 0.37 0.93 0.03 0.20 0.33

Reaction condition: 180 °C, 30 bar at room temperature (H2/CO2 = 3), 12 h, 0.4 g catalysts
in 100 mL reactor.

Table 3.6 CO; hydrogenation without ethanol added under similar reaction conditions.

Product Yield (mmol/g-Cu)
Solvent Catalyst Desired Undesired
MeOH | EtFm | MeCHO | FEtAc Co
Without CuZnO 1.40 ; _ ; 20.5
Solvent CuCeO, 0.09 ; _ ; 1.64
With 20 mL | CuZnO 6.57 3.69 0.02 5.82 3.55
of Ethanol | -0, 3.73 9.32 0.26 1.99 331

Reaction condition: 180 °C, 30 bar at room temperature (H2/CO2 = 3), 12 h, 0.4 g catalysts
in 100 mL reactor.

When the reaction time was extended to 12 hours, a distinct shift in product
selectivity was observed. The MeOH yield over CuZnO increased significantly, reaching
nearly twice that of CuCeQO,, while the EtFm yield over CuCeO; remained approximately
two-fold higher than that of CuZnO. Given that direct CO> hydrogenation to MeOH is

negligible at such low reaction temperatures (Table 3.6), the observed MeOH production
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can be attributed primarily to the hydrogenolysis of EtFm. Considering the combined
yields of MeOH and EtFm, CuZnO achieved a total of 10.26 mmol/g-Cu with an EtFm
conversion of 64.0 %, whereas CuCeO; exhibited a higher total yield of 13.05 mmol/g-
Cu but a substantial lower EtFm conversion of 28.6 %. These results suggest that ceria
promotes the formation of EtFm but hinders its subsequent hydrogenolysis to MeOH,
while Zn-based catalysts exhibit superior activity in EtFm hydrogenolysis.

To further investigate the balance between EtFm formation and its conversion to
MeOH, catalysts with varying Ce/(Ce+Zn) molar ratios were prepared and evaluated to
identify an optimal composition that maximized MeOH yield while minimizing undesired

byproducts.

56

doi:10.6342/NTU202502278



3.2.2 Catalytic Performance with Different Ce Loading

Building on the preceding insights, where CuCeO; exhibited superior EtFm
productivity and CuZnO demonstrated enhanced efficiency in EtFm hydrogenolysis to
MeOH, a series of bifunctional catalysts were designed by integrating Ce and Zn
components to synergistically tune product selectivity. Specifically, three compositions
with varying Ce/(Ce+Zn) molar ratios of 0.20, 0.40, and 0.75 were synthesized, denoted
as CuZnCe0Ox(0.2), CuZnCeOx(0.4), and CuZnCeO«(0.75), respectively. This
compositionally tuned catalyst series was aimed at balancing the high EtFm formation
capability of ceria with the superior hydrogenolysis activity of Zn-containing systems.
The product yields obtained after 12 hours of reaction are summarized in Table 3.7 and

presented in Figure 3.11.

Table 3.7 Product yield of catalysts with different Ce loading.

Yield (mmol/g-Cu)
Catalyst Desired Undesired

MeOH EtFm MeCHO EtAc CO
CuZnO 6.57 3.69 0.02 5.82 3.55
CuZnCeOx(0.2) 15.47 3.15 0.05 5.01 3.16
CuZnCeOx«(0.4) 14.55 5.56 0.13 4.83 2.51
CuZnCeOx«(0.75) 9.70 6.26 0.17 4.08 1.79
CuCeO» 3.73 9.32 0.26 1.99 3.31

Reaction condition: 180 °C, 30 bar at room temperature (H2/CO> = 3), 12 h, 0.4 g catalysts,
20 mL EtOH in 100 mL reactor.

Catalytic performance tests revealed that Ce modest incorporation into CuZnO
significantly enhanced MeOH production. Compared to CuZnO, CuZnCeOx(0.2) catalyst
delivered a markedly higher total EtFm productivity of 18.62 mmol/g-Cu and an EtFm

conversion of 83.1 %. This substantial improvement in both EtFm and MeOH yields is
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attributed to the reduced particle size (as evidenced in Figure 3.4), which increases the
specific surface area (Table 3.3) and promotes higher Cu dispersion. The enhanced
dispersion facilitates both the esterification of formate with EtOH and the subsequent

hydrogenolysis of EtFm.

(a) I MeOH [] EtFm [IMecHO [ EtAc [l CO
16 =

-
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L
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Ce/(Ce+Zn)

(b)%7 [ co

B EtAc
[_]MeCHO

EtFm
MeOH

Selectivity (%)

0 0.2 04 075 1
Ce/(Ce+Zn)

Figure 3.11 (a) Yields and (b) selectivity of products in catalytic activity tests of the

catalyst with different Ce/(Ce+Zn).

Further increasing the Ce content to CuZnCeOx(0.4) led to a total EtFm yield rose

to 20.11 mmol/g-Cu; however, the EtFm conversion declined to 72.4%, suggesting that
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although EtFm formation was further promoted with high catalyst specific surface area,
its subsequent hydrogenolysis to MeOH became inhibited. This behavior is likely due to
excessive ceria coverage or reduced Zn-associated active sites essential for EtFm
hydrogenolysis. The inhibitory effect became more pronounced at higher Ce loading:
when CuZnCeOx(0.75) catalyst was employed, both the total MeOH yield and EtFm

conversion decreased to 15.95 mmol/g-Cu and 60.8%, respectively.
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Figure 3.12 Correlation of total yields of EtFm with (a) specific surface area and (b)

Cu dispersion of CuZnCeOx catalysts.

By comparing to other catalytic properties (Appendix 10), the catalyst specific
surface area and Cu dispersion exhibited strong correlation with the total EtFm yield, as
illustrated in Figure 3.12. As discussed in the catalyst characterization, the particle size
reduced significantly upon Ce incorporation into CuZnO, leading to an increase in
specific surface area. This improvement accounted for the enhancement in Cu dispersion,
where more Cu surface was exposed. As the main active sites (Table 3.5), the higher

accessibility to the Cu sites resulted in the higher EtFm yield.
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Figure 3.13 (a) EtFm conversion and (b) MeOH yield during hydrogenolysis of EtFm.
Reaction condition: 180 °C, 30 bar at room temperature (H2/N> = 3), 0.4 g catalysts, 20

mL EtOH and 5 mmol (400 uL) EtFm in 100 mL reactor.

To validate this hypothesis, a series of hydrogenolysis reactions were conducted
using EtFm as the feedstock over the same set of catalysts. The results revealed that the
hydrogenolysis of EtFm is not a spontaneous process and requires catalysts to proceed
efficiently, thereby confirming that the differences in EtFm conversion and MeOH yield
originate from the intrinsic properties of the catalysts. Consistent with the trends observed
during EtOH-assisted CO> hydrogenation, EtFm conversion systematically decreased
with increasing Ce content (Figure 3.13). These findings further corroborate that while
ceria promotes EtFm formation (Figure 3.10), excessive Ce loading impedes its
subsequent hydrogenolysis to MeOH, likely by modifying the surface properties and
reducing the number of active hydrogenolysis sites. In contrast, Zn-containing sites were
found to facilitate EtFm hydrogenolysis effectively, emphasizing the critical importance
of achieving an optimal balance between Ce and Zn components to maximize overall

catalytic performance in terms of MeOH yield and selectivity, as shown in Figure 3.11.
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33 IR Spectroscopy — Impact of Ce Incorporation on Product Selectivity

3.3.1 Carbonate and Formate Species on Catalyst Surface

Infrared (IR) spectroscopy was employed to investigate surface-adsorbed species
and gain molecular-level insights into the interaction between reactants and the catalyst
surface, which can critically influence catalytic performance. In this study, diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) was utilized to observe the
molecular transformation under in-situ conditions.

As previously discussed, CO2> can adsorb onto catalysts surfaces in various
configurations, forming carbonate species that differ depending on the nature of the
adsorption site and the strength of surface interactions. For example, CO2 may react with
surface hydroxyl groups to form bicarbonate species, However, in the present study, the
characteristic bands of 3(OH) and v(OH) near 1200 and 3600 cm™, respectively, were
absent upon the CO» adsorption. As a result, bicarbonate species were excluded from
further discussion. Instead, the analysis focused on monodentate, bidentate, and bridged
carbonate species, with their corresponding vibrational assignments summarized in Table
3.8.

Following the introduction of the CO; and H> gas mixture to the catalyst surface,
the formation of surface-bound formate species was anticipated, provided that suitable
active sites were available. Similar to carbonate species, formate can adsorb in various
geometries, monodentate, bidentate, or bridged, depending on the nature of its interaction
with catalyst surface. These adsorption configurations result in distinct vibrational

features, and the corresponding IR band assignments are summarized in Table 3.9.
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Table 3.8 General assignment of IR bands of CO; adsorbed on CuZnO and CuCeOx. M

denotes a metal center (Cu, Zn and/or Ce), where the adsorbate may bind to a single metal

atom or bridge two distinct metal atoms.[>*¢!]

This study Literature
Carbonate Configuration Vibration | IR bands (cm™) IR bands (cm™)
CuZnO  CuCeO; | CuZnO CuCeO2
Monodentate 0. .0 v(CO) - - - 1020
%o
CI> v(CO,) | 1370 - 1370 1358
I
M v, (CO,) | 1480 - 1480 1464
Bidentate (I? v(CO) - 1020 - 1020
O/C\o v(CO,) | 1330 1290  |1323 1292
N/
M v (CO,) | I515 1590 1515 1589
Bridged (ﬁ d(COs3) - 1020 1020 1020
N v(CO,) |- 1290 | 1220 1290
(I) (I) s 3
M M v (CO) |- 1620 1600 1620

Table 3.9 General assignment of IR bands of formate adsorbed on ZnO and CeO,. M

denotes a metal center (Cu, Zn and/or Ce), where the adsorbate may bind to a single metal

atom or bridge two distinct metal atoms.[36-57:62:63]

This study Literature
Formate Configuration Vibration | IR bands (cm™) IR bands (cm™)
CuZnO  CuCeO; | CuZnO CuCeO2
Monodentate H \C P ) v (0CO) |- - 1320 1320
| S(CH) |- - 1371 1369
(0]
| v_(0CO) |- - 1605 1600
Bidentate T v(0CO) |- - 1371 1360
o"C’"‘o 8(CH) - - 1381 1372
N v_(0CO) |- - 1572 1545
Bridged : v(0CO) | 1370 1360 | 1363 1370
o"‘%o S(CH) | 1380 ; 1383 -
oo vl (0C0O) | 1580 1590 1581 1585
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After catalyst pretreatment, either CO> or a H2/CO: gas mixture (3:1) was
introduced to ZnO or CuZnO for 20 minutes to allow for saturated adsorption of surface
species. Subsequently, pure Ar was flowed over the catalysts for an additional 20 minutes
to purge gaseous-phase molecules and physisorbed species. DRIFTS spectra were then

captured under Ar flow at 180 °C, as presented in Figure 3.14.
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Figure 3.14 Adsorbed species on (a) ZnO and (b) CuZnO after exposure to (i) CO2 or

(i1) CO2 + H; for 20 minutes, followed by Ar purging for 20 minutes at 180 °C.

Distinct differences were observed in the DRIFTS spectra of ZnO and CuZnO
following CO» exposure, as illustrated in Figure 3.14. For ZnO, IR bands appeared at
1330, 1515 and 1600 cm™. The bands at 1330 and 1515 cm are assigned to the
symmetric (vs(CO3)) and asymmetric (vas(CO3)) stretching vibration of bidentate
carbonate, respectively. The band at 1600 cm™, observed exclusively on ZnO is attributed

to the vas(CO3) of bridged carbonate species. In contrast, CuZnO exhibited two additional
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bands at 1370 and 1480 cm!, which are characteristic v{(CO3) and vas(CO3) stretching
vibration of monodentate carbonate species. The emergence of these bands upon Cu
incorporation suggests a modified surface adsorption environment, likely arising from
electronic alterations in ZnO induced by the presence of Cu.l®¥ These changes influence
the coordination geometry and binding mode of CO»-derived species on the catalysts
surface.

Upon exposure to a CO2 and H> gas mixture, ZnO exhibited IR spectra nearly
identical to those observed under CO; alone, with bands at 1330, 1515, and 1600 cm’!
corresponding to bidentate and bridged carbonate species, respectively. The absence of
formate-related bands indicates that ZnO alone lacks the capacity to activate H» and
convert the carbonate species into surface formate intermediates, and is thus inactive for
MeOH synthesis. In contrast, CuZnO displayed distinct spectral changes under CO»/H»
conditions, most notably the appearance of a band at 1580 cm™!, which is attributed to the
asymmetric (vs(OCO)) stretching vibration of bridged formate species. Although

overlapping features around 1363 and 1380 cm’!

obscured clear assignments for the
symmetric (vs(OCO)) and (8(CH)), the presence of the 1580 cm™ band provides strong
evidence for the formation of surface-bound formate species on Cu-containing catalysts
under reaction conditions. Additionally, a weak band at 1050 cm™ was observed,
corresponding to surface methoxy species, indicating partial hydrogenation of formate
intermediates on CuZnO.

Similar to ZnO, CeO- exhibited bidentate and bridged carbonate species upon CO>
exposure (Figure 3.15). The IR bands of 1020, 1290 and 1580 cm™ are assigned to the
v(CO), symmetric vs(CO3) and asymmetric vas(CO3) stretching vibrations of bidentate

carbonate, respectively. In contrast, bridged carbonate species were observed on CuCeO»,

with bands at 1290 and 1620 cm™, which correspond to vs(CO3) and vas(CO3) stretching
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vibrations. Additionally, the formation of carboxylate-like species was confirmed by a

distinct band at 1690 cm’!, also observed in prior studies.[®”]
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Figure 3.15 Adsorbed species on (i) CeO; and (ii) CuCeO; after exposure to (a) CO>

or (b) CO; + H» for 20 minutes, followed by Ar purging for 20 minutes at 180 °C.

When exposed to a CO2/H> gas mixture, CeO; exhibited no significant changes in
its IR spectra compared to CO» alone. The persistent bands at 1290 and 1590 cm’!
(bidentate carbonate) suggests that CeO, alone is incapable of converting adsorbed
carbonate species into formate intermediates in the absence of Cu. In contrast, CuCeO-
exhibited weak bands at 1370 and 1585 cm’!, which are attributed to the symmetric
vs(OCO) and asymmetric vas(OCO) stretching vibrations of the bridged formate species.
Additionally, a weak band at 1050 cm™! was also detected on CuCeO> formed, suggesting
partial hydrogenation of formate intermediates. Furthermore, the disappearance of the

1690 cm™! carboxylate band upon CO2/H, exposure is likely due to its consumption via
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the reverse water-gas shift (RWGS) reaction, leading to CO formation.!')

The DRIFTS spectra discussed above highlight that the promoter oxides alone (i.e.
ZnO and CeO») lack the intrinsic ability to activate H, and generate formate species under
these conditions. In contrast, Cu incorporation into ZnO and CeO; significantly alters
surface reactivity, enabling the formation of bidentate formate species on CuZnO and
CuCeOas. The next section will examine the reactivity of these surface-bound formate
species upon EtOH introduction, offering further mechanistic insight into EtOH-assisted

CO> hydrogenation.
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3.3.2 In-situ Reaction of Formate with Ethanol

In EtOH-assisted CO> hydrogenation, a critical step involves the esterification of
surface-bound formate species with EtOH to generate EtFm, which subsequently
undergoes hydrogenolysis to produce MeOH. In this study, formate species were first
generated by exposing the catalyst to a CO2/H> gas mixture, followed by Ar purging to
remove vapor-phase molecules and weakly adsorbed species. EtOH, carried by an Ar
flow, was then introduced over the formate-precovered surface, and the evolution of
surface species was monitored in-situ. The spectral changes during the initial 0.7 minutes

of EtOH exposure are presented in Figure 3.16.
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Figure 3.16 In-situ reaction of formate species upon introduction of ethanol at 180 °C.

On CuZnO, the bridged formate species, characterized by bands at 1380 (8(CH))

and 1580 cm™! (vas(OCO)), rapidly decreased and eventually disappeared following EtOH
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! also

introduction. Concurrently, the bidentate carbonate signal at 1330 and 1515 cm-
declined, which is attributed to reactions between CO; and EtOH leading to the formation
of organic carbonates, though this lies beyond the scope of the present study. The
characteristic C=0 stretching (v(C=0) of EtFm, typically near 1750 cm™ (Figure 3.17),
was not distinctly observed and is further discussed through comparison with CuCeOs.
The disappearance of formate bands is ascribed to their reaction with EtOH rather than
desorption, since weakly bound formate would have been effectively removed during Ar
purging. Following formate consumption, new bands emerged at 1095, 1430 and 1540
cm’!. The 1095 cm! band corresponds to the C-O stretching vibration of surface-bound
ethoxy species/®®!, while the 1430 and 1540 cm™! bands are assigned to acetate species!®’,
likely arising from transformation of MeCHO, the primary dehydrogenation product of

EtOH. The similar IR bands were detected as EtOH adsorbed on CuZnO at 180 °C, as

illustrated in Figure 3.18.
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Figure 3.17 DRIFTS spectrum of ethyl formate (EtFm).
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A similar trend was observed on CuCeQ,, where the signals corresponding to
bridged formate (1370 and 1585 cm™) and bridged carbonate species (1290 and 1620 cm™
1) diminished following EtOH introduction. Simultaneously, bands at 1200 and 1750 cm’
!intensified, accompanied by the appearance of a weak band at 1430 cm™'. The 1200 and
1750 cm™! bands are assigned to the asymmetric C-O-C stretching (vas(O-C-O)) and the
C=0 stretching (v(C=0)) of EtFm, respectively,[®® while the weak 1430 cm™ band
indicates a relatively low concentration of acetate species compared to CuZnO (Figure
3.17 (a)). A key distinction from CuZnO is the sharp increase in the 1620 cm™ band,
attributed to the vas(CO3) of bridged carbonate species. Additionally, the more intense
1750 cm! signal observed on CuCeOa, relative to CuZnO, is consistent with catalytic
results, suggesting the role of Ce in promoting EtFm formation while simultaneously

inhibiting its further hydrogenolysis.
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Figure 3.18 DRIFTS spectra of adsorbed EtOH on (a) CuZnO and (b) CuCeO; at 180
°C.
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A previous study employing isotope labeling demonstrated that the co-adsorption
of the carbonyl (C=0O) group in methyl formate is essential for its complete
hydrogenolysis into two MeOH molecules.!® The reported mechanism was illustrated in
Figure 3.19. By analogy, it is proposed that a similar adsorption configuration is required
for the conversion of EtFm into MeOH and EtOH. Based on the distinct surface species
observed on CuZnO and CuCeO>, this study suggests that EtFm adopts different
adsorption geometries and interactions depending on the catalyst surface. These
variations in surface binding modes are believed to underlie the divergent catalytic

behaviors observed during EtOH-assisted CO2 hydrogenation.

@ Cabon @ Oxygen © Hydrogen o
O d 0
o“i Ethanol
og 0 @ <
o o @ © od o
o 9 o“-q
» o , » o
i SN o oo ’ o o
) S
1n'-(0) configuration n?-(C,0) configuration o (®) ethano

Figure 3.19 Mechanism of ethyl formate (EtFm) hydrogenolysis analogous to the

reported mechanism of methyl formate hydrogenolysis.[*”]

Figure 3.20 illustrates the proposed adsorption configurations of EtFm on CuZnO
and CuCeO: surfaces, which are key to understanding their distinct catalytic behaviors.
On CuZnO, the relatively shorter interatomic distances between surface atoms allow both
the carbon and oxygen atoms of the carbonyl group (C=0) to simultaneously interact with
the surface, stabilizing an n? adsorption geometry. In this configuration, hydrogen
activated by Cu sites can readily attack the carbonyl carbon, promoting C=0O bond

activation and subsequent conversion via hydrogenolysis. This reaction pathway leads to
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the readily C-O ester bond breaking to form ethoxy and methoxy intermediates, which
are further hydrogenated to yield EtOH and MeOH, respectively.

In contrast, the suppression of hydrogenolysis of EtFm on CuCeO:; is attributed to
the less favorable n! adsorption geometry. Due to the larger interatomic spacing between
Ce atoms compared to Zn, the surface cannot effectively stabilize n>-bound EtFm. Instead,
EtFm interacts weakly with the surface via single-point (n'!) coordination. This limited
interaction hinders the activation of the carbonyl group, thereby preventing ester bond
cleavage. As a result, EtFm is prominently observed in Figure 3.17 (b) when EtOH was
introduced to formate-precovered CuCeO,. EtFm remains largely unreactive on CuCeO»,

leading to its accumulation and the inhibition of subsequent hydrogenolysis.
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Figure 3.20 Proposed adsorption and interaction of ethyl formate (EtFm) over CuZnO and CuCeO», which leads to different catalytic

performance.
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34  RWAGS and Alcohol-Dependent Side Reactions

RWGS reaction is an unavoidable reaction during CO> hydrogenation, even though
the selectivity is relatively low at the reaction conditions in this study. As shown in Figure

3.21, the yield of CO remains below 4 mmol/g-Cu across all catalysts.

MeOH EtFm ] MeCHO [l EtAc [l CO

16 -

-
N
[ ]

Yield (mmol/g-Cu)
o

i
1

0 0.2 0.75 1

0.4
Cel/(Ce+Zn)
Figure 3.21 Yield of acetaldehyde (MeCHO), ethyl acetate (EtAc), and carbon

monoxide (CO) in catalytic activity test using catalysts with different Ce/(Ce+Zn).

Two factors rationalize this trend. First, the slight increase in Lewis acidity
imparted by Ce*' stabilizes surface formate, thereby disfavoring its decomposition to
CO." The CuZnCeOx catalyst, which possesses large species surface areas, further
channels formate into esterification with EtOH, suppressing RWGS-derived CO. Second,
at the highest Ce loading (i.e., CuCeQ.), the abundance of Ce** stabilizes carboxylate
intermediates,”!! providing an alternative pathway for CO formation that is independent

[19]

of formate decomposition. Consequently, the optimal catalyst CuZnCeOx(0.2)
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combines minimal CO evolution with low by-product formation while maximizing
MeOH productivity, underscoring the balanced role of Ce in steering both desired and
undesired reaction channels.

Meanwhile. EtOH inevitably interacts with catalysts, undergoing dehydrogenation
and coupling reactions, which lead to the formation of MeCHO and EtAc, respectively.
A trend emerged whereby increasing Ce content resulted in higher MeCHO yield and
lower EtAc yields (Figure 3.21). According to the established mechanism for EtAc
(CH3COOCH2CH3) formation from EtOH (Figure 1.7 in section 1.3), MeCHO must first
form acetyl (CH3CO) species, which subsequently react with EtOH-derived ethoxy
(CH3CHO0) species to complete the coupling process. It is hypothesized that MeCHO
interacts weakly with the CeO» surface, thereby suppressing the formation of surface-
bound acetyl intermediates. As a result, EtAc formation is hindered, leading to the

accumulation of MeCHO as Ce content increases.
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Figure 3.22 [n-situ DRIFTS spectra of adsorption and interaction of acetaldehyde

(MeCHO) on (a) CuZnO and (b) CuCeO..
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To elucidate the mechanistic basis of this relationship, in-situ DRIFT spectroscopy
was employed to investigate the adsorption behavior and surface interactions of MeCHO
on CuZnO and CuCeO,, as presented in Figure 3.22. The DRIFTS spectra collected at
50 °C revealed distinct differences in the adsorption modes of MeCHO between the two
catalysts. On both CuZnO and CuCeO», IR bands at 1120 and 1621 cm™! were observed
and are assigned to the v(C-C) and v(C=0) vibrations of n'-MeCHO species,
respectively.l’”?l However, additional IR bands at 960, 1153 and 1268 cm™ were
exclusively detected on CuZnO. These bands are attributed to p(CH3), v(C-C), and v(C-
0) vibrations of n2-MeCHO species,!”*) indicating a more diverse and stronger adsorption
configuration on CuZnO.

Upon heating, the thermal behavior of the adsorbed MeCHO species diverges
significantly between the catalysts. On CuCeO,, the n!-MeCHO bands gradually
diminished with increasing temperature without the appearance of new IR features,
suggesting weak adsorption and subsequent desorption without further reaction. In
contrast, on CuZnO, the nl-MeCHO bands at 1621 cm™! remained relatively stable, while
the n2.-MeCHO bands (960, 1153, and 1268 cm™) decreased in intensity. Concurrently,
new bands emerged at 1430 and 1556 cm™!, corresponding to the symmetric (vs(COO))
and asymmetric (vas(COO) stretching vibrations of acetate species, respectively. These
results suggest that MeCHO, when adsorbed as n2--MeCHO on CuZnO, undergoes further
surface transformations with n>-MeCHO serving as a reactive intermediate to acetate
formation.

These spectroscopic insights align with the catalytic trends discussed earlier, where
increasing Ce content in the catalyst composition led to decreased EtAc production and a

corresponding increase in MeCHO accumulation. The in-sifu DRIFTS data support this
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observation by showing that CuCeO; favors the formation of n!-MeCHO, which interacts
only weakly with the surface and does not undergo further transformation. Literature
reports have shown that the surface oxygen species can oxygenate acetyl intermediates to
form acetate.’¥ However, since !-MeCHO lacks the necessary reactivity to form acetyl

species, its prevalence suppresses the pathway to EtAc formation, as illustrated in Figure

1.7.

Q :
OO

Acetaldehyde (CH;CHO)

i Another intermediate
e to form ethyl acetate
[

n2-acetaldehyde

3

T
Acetyl
4 ... Rapid conversion into acetate

species, therefore it is not

Acetate being noticed in IR spectra.

Figure 3.23 Proposed interaction of n>-MeCHO over CuZnO to form acetate species.

Conversely, n1>-MeCHO is capable of further C-H bond activation, generating the
acetyl intermediate (CH3CO). This intermediate may follow one of two pathways: it can
couple with surface ethoxy species to produce EtAc, or it may be oxidized by lattice
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oxygen to yield acetate (CH3COQ"). This mechanistic framework, shown in Figure 3.23,
provides a coherent explanation for the higher EtAc yields and lower MeCHO
accumulation observed on Zn-rich catalysts. Although the characteristic IR band of the
acetyl intermediate, typically reported around 1650 cm™ (v(C=0)), was not observed in
this study, its absence is likely due to its transient nature and rapid surface reactivity. In
the presence of ethoxy species, the acetyl intermediate is expected to rapidly couple to
form EtAc. Alternatively, in the absence of ethoxy species, swift oxidation of the acetyl
intermediate to acetate may occur, as seen in Figure 3.22 (a). These rapid transformations
likely prevent the accumulation of detectable acetyl species under the experimental

conditions.
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CHAPTER 4 CONCLUSION

In this study, a series of CuZnCeOx catalysts were prepared via co-precipitation
method and evaluated for ethanol (EtOH)-assisted CO; hydrogenation at low
temperatures, with a focus on methanol (MeOH) production. A comprehensive suite of
characterization techniques, coupled with in-situ DRIFTS, was employed to elucidate the
key physicochemical factors affecting catalytic activity and product selectivity.

Catalytic testing revealed that the incorporation of cerium (Ce) significantly
influenced performance, enhancing both MeOH yield and selectivity. Systematic
variation of the Ce/(Ce+Zn) ratio uncovered a bifunctional promotional effect: Ce
facilitated the formation of ethyl formate (EtFm), a crucial reaction intermediate, while
Zn promoted its subsequent hydrogenolysis to MeOH. Among the catalysts tested, those
with moderate Ce content delivered the optimal MeOH yield, effectively balancing
intermediate formation with downstream conversion.

Mechanistic insights derived from in-situ DRIFTS studies provided further
clarification of the origin of the observed catalytic behaviors. Upon introducing ethanol
to formate-preadsorbed catalysts, distinct surface transformations were detected. On
CuZnO, the EtFm-related bands were relatively weak and transient, indicating weak
adsorption and rapid conversion. In contrast, CuCeO: exhibited stronger and more
persistent EtFm signals, suggesting stronger surface binding and slower transformation.
These differences are attributed to the distinct adsorption geometries stabilized on each
catalyst. The relatively short interatomic distances on CuZnO favored an n?-(C,0)
adsorption configuration, which enabled efficient activation of the carbonyl group and
subsequent hydrogenolysis to methanol. Conversely, the larger interatomic spacing on

CuCeO: stabilized EtFm in an n'-O binding mode, which limited interaction with surface
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hydrogen species and suppressed its conversion to methanol.

These findings underscore the critical role of adsorption geometry in determining
reaction pathways and catalytic outcomes. Most importantly, the results demonstrate that
fine-tuning promoter composition, specifically Ce/(Ce+Zn) ratio, can strategically
modulate the balance between intermediate generation and product formation. This work
offers valuable design principles for the development of next-generation Cu-based

catalysts for efficient alcohol-assisted CO> hydrogenation under mild conditions.
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CHAPTER S FUTURE WORK

1. Catalyst Design Optimization

Future studies should systematically reduce Cu loading to suppress agglomeration and
increase the fraction of exposed active sites. Catalysts can be synthesized by dispersion-
oriented routes, such as deposition-precipitation and wetness impregnation, and
benchmarked against the current co-precipitated baseline. The activity and selectivity

should be correlated with particle sizes, interfacial density, Cu’/Cu” speciation and so on.

2. Practicality for Industrial Translation

(a) Continuous-flow operation

Transitioning from batch to continuous mode will involve a fixed-bed to trickle-bed
reactor equipped with on-line ethanol recycle and precise gas-liquid dosing. Experiments
at industrially relevant space velocities will verify steady-state selectivity, and establish
the catalyst’s throughout before noticeable performance loss.

(b) Long-run stability and catalyst reusability

Extended time-on-stream tests combined with multiple reduction-reaction cycles will
quantify intrinsic deactivation kinetics and regeneration requirements. More post-run
characterization should be employed to diagnose sintering, phase segregation of catalysts.
(c) Process simulation and sustainability metrics

Data and results from the experiments should be populated to Aspen Plus flowsheet that
integrates ethanol recovery, hydrogen management and product separation. Coupled life-
cycle and techno-economic analyses will deliver energy balances, environmental
footprints and the minimum methanol selling price, enabling a head-to-head comparison

with conventional syngas routes.
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Appendix 1 H>-TPR profile of Cu-supported catalyst compared to CeO».
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Appendix 2 Hx-TPR + N2O flow for Cu dispersion measurement

The dispersion of surface Cu species is commonly evaluated by selectively oxidation
of metallic Cu in a flow of N>O, followed by a second H>-TPR, by assuming that N,O
only oxidizes Cu into Cu2O due to its relatively weaker oxidation capability compared to
O; at low temperatures.[”! In the 1% Ho-TPR, the consumption of H; is attributed to the
reduction of bulk CuO to metallic Cu. The consumption of H in the 2™ H,-TPR is
corresponded to the reduction of surface oxidized Cu,O due to the oxidation of N>O.

However, this study demonstrates that this approach is not applicable to catalysts

containing reducible supports or promoters such as CeOx.

CuO + Hz © Cu’ + H20 (Cu:Hz = 1:1)
2Cu° + N2O =2 Cu0 + Na (Cu:N20 =2:1)

Cu0 + H2 = 2Cu + H20 (Cu:Hz = 2:1)

Detailed procedures:
1. Pretrement:
e 50 mg of the calcined catalyst was heated in a rate of 10 °C/min to 300 °C for 10
minutes under an Ar flow of 50 mL/min to remove the moisture and impurities.
e The sample was cooled down to 50 °C while maintaining the Ar flow.
e A 50 mL/min of 10% H2/Ar was introduced, and the TCD signal was allowed to
stabilize for 30 minutes.
2. I®' Ho-TPR:

e The sample was heated to 300 °C at a rate of 5 °C/min under a 50 mL/min flow of

10% Ha/Ar.
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3. N2O oxidation:
e The sample was cooled down to 50 °C while maintaining the Ar flow.
e 50 mL/min of N2O was introduced to the sample for 30 minutes.
e 50 mL/min of Ar was then used to purge the N>O for 30 minutes.
4. 2" Hp-TPR:
e A 50 mL/min of 10% H2/Ar was introduced, and the TCD signal was allowed to
stabilize for 30 minutes.

e The sample was heated to 300 °C at a rate of 5 °C/min under a 50 mL/min flow of

10% Ho/Ar.

For the CuZnO, CuZnCeOx(0.2), and CuZnCeOx(0.4) catalysts, the second H>-TPR
exhibited a notable decrease in both reduction peak area and temperature compared to the

(44751 where N2O selectively

initial TPR. This observation aligns with previous reports
oxidizes only the surface-exposed Cu® species, leaving subsurface or embedded copper
largely unoxidized. Consequently, only a portion of the total copper content participates
in re-reduction, leading to a diminished H» uptake during the second TPR. Furthermore,
the re-oxidized surface Cu species, being more finely dispersed and weakly coordinated,

are more easily reduced, resulting in a shift of the reduction peak to lower temperatures.

This behavior is consistent with the selective formation of Cu,0O upon N>O treatment.
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In contrast, the CuZnCeOx(0.75) and CuCeO; samples exhibited a markedly
different behavior. The reduction peak area and temperature in the second Hz-TPR were
similar to those observed in the first cycle, suggesting a non-selective oxidation process.
Notable, the H> consumption during the second TPR was nearly twice the theoretical
value expected if Cu were oxidized only to Cu’ (i.e. Cu20). However, when assuming
full oxidation to Cu?" (i.e. CuO), the calculated Ho/Cu ratio was only slightly above unity,
that is more consistent with expected stoichiometry and thus considered a more reliable
scenario. This indicates that in the presence of CeO», N>O oxidizes Cu beyond Cu" to
Cu*".

To further validate this hypothesis, a control experiment was performed using O2 in
place of N2O for the oxidation step using CuCeO: as the catalyst sample. The resulting
H> consumption in the 2" H,-TPR was similar using either N>O or O as the oxidant,
supporting the hypothesis that Cu in the Ce-containing catalyst was fully oxidized to Cu?"
under both conditions. Overall, the findings highlight that sequential H>-TPR and N>O
oxidation cannot reliably quantify Cu dispersion in the presence of reducible oxides like
CeO», as the strong metal-support interactions promote complete oxidation of Cu to

Cu?" rather than selective surface oxidation.

Amount of H> consumed and H»/Cu Ratio in the sequential Ho-TPR and oxidation
experiments of CuCeOo.

H> consumption (mmol) H»/Cu ratio
1t TPR 2" TPR 1t TPR 2" TPR
Hz-N>O-H» 0.2634 0.2322 1.34 1.18
H>-0,-H» 0.2715 0.2170 1.57 1.10
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Comparison of 2 H,-TPR profile of CuCeO; after NoO and O, oxidation.
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Catalvytic Activity Test — CuZnQOyx vs CuCeOx (Figure 3.10)

Reaction Condition: 180 °C, 30 bar at room temperature (H2/CO» = 3), 0.4 g catalysts, 20 mL EtOH in 100 mL reactor.

Appendix 3 Carbon balance of catalytic activity test of CuZnO vs CuCeOs.

Carbon in (mmol) Carbon out (mmol)
Catalyst Balance (%)°
CO; EtOH CO; EtOH MeOH EtFm*  MeCHO®  EtAc®  CO¢
CuZnO (6 h) 25.5 685 26.0 532 0.16 0.79 0.01 1.02 0.24 78.8
CuZnO (12 h) 25.5 685 21.7 529 1.13 1.91 0.01 4.00 0.61 78.6
CuCeO2 (6 h) 25.5 685 26.7 534 0.16 2.53 0.01 0.52 0.22 79.4
CuCeO2 (12 h) 25.5 685 27.0 547 0.37 2.80 0.05 0.79 0.33 81.4

4 CO; hydrogenation (main reaction): CO; + 3H» — CH30H + H,O
CO2 + %2 H2 + Cu — HCOOCu
HCOOCu + CoHsOH — HCOOC;Hs (EtFm) + CuOH

HCOO2Hs + 2H, — C;HsOH + CH30H
CuOH + 2 H, —» H2O + Cu
® Ethanol dehydrogenation (side reaction):
¢ Ethanol coupling (side reaction): C;HsOH + CH3CHO — CH3COOC:Hs (EtAc) + Ha
dReverse water gas shift reaction (side reaction): CO2+ H, — CO + H,O

¢ Carbon balance (%) = (Carbon Out)/(Carbon in) X 100%
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Appendix 4 Ethanol balance of catalytic activity test of CuZnO vs CuCeOs.

Input (mmol) Output (mmol)
Catalyst Balance (%)?
EtOH EtOH EtFm MeCHO EtAc

CuZnO (6 h) 342.5 265.8 0.264 0.005 0.255 77.7

CuZnO (12 h) 342.5 264.7 0.635 0.003 1.001 77.8

CuCeO2 (6 h) 342.5 267.0 0.844 0.005 0.130 78.2

CuCeO2 (12 h) 342.5 273.6 0.932 0.026 0.199 80.2

 Ethanol balance (%) = (Output)/(Input) X 100%
Appendix 5 Hydrogen balance of catalytic activity of CuZnO vs CuCeOQOs,.
Catalyst Input (mmol) Output (mmol) Balance (%)°
H; feed MeCHO EtAc H; remained  MeOH EtFm CO

CuZnO (6 h) 67.7 0.005 0.255 66.3 0.47 0.264 0.245 99.0
CuZnO (12 h) 67.7 0.003 1.001 55.8 3.39 0.635 0.611 93.8
CuCeO2 (6 h) 67.7 0.005 0.130 63.3 0.47 0.844 0.222 95.6
CuCeO2 (12 h) 67.7 0.026 0.199 60.4 1.12 0.932 0.331 92.4

? Hydrogen balance (%) = (Output)/(Input) X 100%
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Catalytic Activity Test (Table 3.7 & Figure 3.11)

Reaction Condition: 180 °C, 30 bar at room temperature (H2/N> = 3), 0.4 g catalysts, 20 mL EtOH and 5 mmol (400 uL) EtFm in 100 mL reactor.

Appendix 6 Carbon balance of catalytic activity tests of catalysts with different Ce/(Ce+Zn).

Carbon in (mmol) Carbon Out (mmol) Balshee
Catalyst 04
CO» EtOH CO, EtOH MeOH  EtFm* MeCHO®  EtAc® cod (%)
CuZnO 25.5 685 21.7 529 1.13 1.90 0.01 4.00 0.61 78.6
CuZnCeO_ (0.2) 25.5 685 23.8 521 2.66 1.63 0.02 3.45 0.54 77.9
CuZnCeO_ (0.4) 25.5 685 24.4 542 1.98 2.27 0.03 2.63 0.34 80.7
CuZnCeO_ (0.75) 25.5 685 21.5 539 1.16 225 0.04 1.96 0.21 79.7
CuCeO, 25.5 685 27.0 547 0.37 2.80 0.05 0.79 0.33 81.4

4 CO; hydrogenation (main reaction): CO; + 3H>» — CH30H + H,O
CO2 + %2 H2 + Cu — HCOOCu
HCOOCu + CoHsOH — HCOOC;Hs (EtFm) + CuOH
HCOO2Hs + 2H, — C;Hs0H + CH30H
CuOH + %2 H, —» H2O + Cu
®Ethanol dehydrogenation (side reaction): C>HsOH — CH3;CHO (MeCHO) + H,
¢ Ethanol coupling (side reaction): C;HsOH + CH3CHO — CH3;COOC:Hs (EtAc) + Ha
dReverse water gas shift reaction (side reaction): CO2+ H, — CO + H,O
¢ Carbon balance (%) = (Carbon Out)/(Carbon in) X 100%
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Appendix 7 Ethanol balance of catalytic activity tests of catalysts with different Ce/(Ce+Zn).

Input (mmol)

Output (mmol)

Balance

Catalyst AL

EtOH EtOH  EtFm  MeCHO  EtAc (%)
CuZnO 342.5 264.7 0.635 0.00 1.001 77.8
CuZnCeO, (0.2) 342.5 260.7 0.542 0.01 0.862 76.5
CuZnCeO, (0.4) 3425 270.9 0.756 0.02 0.657 79.5
CuZnCeO, (0.75) 3425 269.6 0.751 0.02 0.489 79.1
CuCeO, 342.5 273.6 0.932 0.03 0.199 80.2

 Ethanol balance (%) = (Output)/(Input) X 100%

Appendix 8 Hydrogen balance of catalytic activity tests of catalysts with different Ce/(Ce+Zn).

Catalyst Input (mmol) Output (mmol) Balance
H, feed  MeCHO EtAc H> remained MeOH  EtFm Cco (%0)*
CuZnO 67.7 0.003 1.001 58.8 3.39 0.635  0.611 93.8
CuZnCeO, (0.2) 67.7 0.009 0.862 59.1 7.98 0.542 0.401 97.7
CuZnCeO, (0.4) 67.7 0.017 0.657 61.3 5.94 0.756 0.544 98.8
CuZnCeO _(0.75) | 67.7 0.020 0.489 63.7 3.49 0.751  0.341 100.1
CuCeO, 67.7 0.026 0.199 60.4 1.12 0.932  0.331 96.8

# Hydrogen balance (%) = (Output)/(Input) x 100%
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Appendix 9 Catalytic activity test results and balance for hydrogenolysis of ethyl formate.

Catalyst Mel’(;;duct (mmlgtllzm EtFr(lg A)()::) . Me(i()}/i)ﬁbf icld Balance (%)°
No catalyst 0.00 4.21 15.8 - 84.3
CuZnO 3.60 0.33 93.5 72.0 78.6
CuZnCeO, (0.2) 2.69 1.51 69.8 53.8 84.1
CuZnCeO, (0.4) 1.88 2.24 55.2 44.8 82.3
CuZnCeO, (0.75) 1.17 2.86 42.8 23.4 80.7
CuCeO, 0.78 3.15 37.0 15.6 78.6

Reaction condition: 180 °C, 30 bar at room temperature (H2/N2 = 3), 12 h, 0.4 g catalysts, 20 mL EtOH and 5 mmol (400 pL) EtFm in 100 mL

reactor.

Hydrogenolysis of EtFm: HCOOC,;Hs + 2H, — CH3OH + CoHsOH
* EtFm conversion (%) = (5 — EtFm in product)/5 x 100%

®MeOH vyield (%) = (MeOH in product)/5 X 100%

“Balance (%) = (EtFm in product + MeOH in product)/5 X 100%
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Appendix 10 Correlation of total EtFm yields with catalytic properties of CuZnCeOx catalysts.
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