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Abstract

CO2 hydrogenation to methanol is a promising process for converting
renewable energy into valuable fuels and chemicals, which can combat
the emissions of greenhouse gases associated with the use of fossil
resources. Developing novel reactors to overcome the severe
thermodynamic restrictions and designing high-performance catalysts
are of vital importance for the industrial implementation of the CO,-to-
methanol process. In this work, a thorough investigation of the
thermodynamics and the role of metal oxide on the activity of Co- and
Cu-based catalysts for CO.-to-methanol is carried out.

First, the most promising catalyst systems for the industrial
implementation of the CO2-to-methanol process are reviewed. For the
conventional Cu-based catalysts, the interaction between the active metal
and the metal oxide promoters is a determining factor for the methanol
synthesis activity of the catalyst. Alloying and metal-oxide interaction
also play a determining role in the performance of the catalysts. The
interaction between the main active component and the promoter(s) is
also a determining factor for the performance of other methanol synthesis
catalysts based on In2O3 or other transition metals.

Thereafter, a comprehensive thermodynamic analysis of CO:
hydrogenation to methanol/CO and methanol/dimethyl ether/CO is
performed. It is demonstrated that product condensation occurs at
relevant reaction conditions for the CO»-to-methanol process, which
could be utilized to bypass the thermodynamic restrictions on the
methanol yield. The condensation of products allows almost complete
conversion of CO; into methanol and increases the methanol selectivity.
Another option to increase the CO2 conversion is to produce methanol
and dimethyl ether in a single-step process. Product condensation also
improves the yield of methanol and dimethyl ether.



The new catalyst system comprising of Co-Mn oxides is investigated.
Mesoporous Co, Mn, and Co-Mn spinel oxide catalysts is prepared by a
modified sol-gel inverse micelle method. The activity tests reveal that
the Co-Mn oxide catalysts contain highly active sites for methanol
synthesis that are not present on the monometallic Co and Mn oxide
catalysts. Furthermore, the Co-Mn oxide catalyst exhibits very high
methanol formation rates at low pressure compared to conventional Cu-
based catalysts. Thus, the Co-Mn oxide system is a promising candidate
for the low-pressure methanol synthesis process. However, further effort
is needed to limit the formation of hydrocarbons to reduce the high
methane selectivity.

For Cu based catalysts, the role of the Cu-ZnO interaction is studied by
comparing the performance of Cu/ZnO/Al;Os obtained from a
hydrotalcite-like (HT) precursor to that of a malachite-derived Cu/ZnO
catalysts. The HT-derived catalysts contain Cu particles partially
embedded within a Zn-Al oxide matrix. The results show that the
stronger Cu-ZnO interaction of the HT-derived catalyst increases the
intrinsic activity and methanol selectivity. Sintering of the Zn-Al oxide
phase during long-term tests is observed to decrease the methanol
formation rate and selectivity. The influence of In promotion is also
investigated. The addition of In can stabilize the Zn-Al oxide phase but
the presence of In on the Cu surface seems to inhibit the active sites. The
results demonstrate that optimizing and stabilizing the Cu-ZnO
interaction is crucial to enhance the performance of Cu/ZnO-based
catalysts.

The Cu-oxide interaction is further investigated to elucidate the role of
Zn, Zr, and In oxide as promoters for CO2 hydrogenation to methanol.
The activity of Cu/ZnO and Cu/ZrO: is strongly linked to the Cu-oxide
interaction. A facile approach to increase the activity of Cu/ZnO is
presented in which impregnating a small amount of ZrO, onto the
catalyst can increase the activity and methanol selectivity, which is
attributed to the formation of Cu-ZrO: interfacial sites. It is found that In



inhibits the active sites but increases the methanol selectivity of Cu/ZnO.
However, new active sites for methanol synthesis are present for the In-
doped Cu/ZrO, catalyst. This is attributed to the formation of In-Zr oxide
sites that enhance the methanol formation rate, methanol selectivity, and
stability of the catalyst above 250 °C. This study highlights that tuning
both the Cu-oxide and oxide-oxide interaction is key to develop more
active and stable Cu-based catalysts.

Vi
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Introduction

1 Introduction

Capturing and recycling CO2 has emerged as a promising strategy for
mitigating the impact of CO. on the environment. Currently, fossil
resources dominate the world economy and are used for producing
various fuels and chemicals. Thus, CO2 hydrogenation to synthetic fuels
and chemicals is an effective approach for sustainable production of
these compounds. Among the CO»-derived candidates, methanol is at the
forefront due to its versatility. Methanol is a viable alternative fuel as
well as an important feedstock for producing synthetic fuels and
chemicals such as dimethyl ether (DME), formaldehyde, acetic acid,
methy| tert-butyl ether (MTBE), olefins, and propylene [1].

1.1 Methanol synthesis

1.1.1 History

Up until the 20" century, the volumes of methanol that could be
produced by the distillation of wood was very modest. There was a
growing need for methanol in the chemical industry at the end of the 19"
century, which increased the interest in developing processes for
methanol production. As a result, several leading scientists at the time
worked on the methanol synthesis technology.

In 1905, Paul Sabatier proposed that a synthetic pathway for producing
methanol could be achieved by reacting CO and H: [2]. Copper (Cu) was
quickly identified as a promising candidate for methanol synthesis. The
problem with the Cu-based catalysts was that they were easily poisoned
by sulphur impurities in the syngas. Consequently, Paul Alwin Mittasch
developed a poisoning resistant zinc-chromite (Zn/Cr20s) catalyst for
methanol synthesis. A Zn/Cr,0Oz-based catalyst was used in the first high-
pressure methanol synthesis process (300 bar, 300-400 °C) developed
by BASF. The BASF process produced methanol from syngas supplied
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from coal gasification and was the first industrial-scale process
implemented in 1923 in Leuna, Germany.

The breakthrough that would allow Cu-based catalysts to be utilized in
methanol synthesis was the emergence of steam reforming of natural gas.
Due to sulphur poisoning of the reforming catalyst, extensive research
led to the development of a desulfurization catalyst that made it possible
to produce high-purity syngas [3]. In 1966, ICI developed a low-pressure
process (50-100 bar, 200-300 °C) utilizing the significantly more active
Cu-zinc-alumina (Cu/ZnO/Al,O3) catalyst [4]. The low-pressure process
offered reduced compression costs, longer catalyst life, larger capacity,
and enhanced productivity compared to the high-pressure process.
Currently, methanol is primarily produced from a syngas mixture
(CO/CO2/H2) obtained by reforming natural gas. Most plants use the
more active Cu-based catalyst and are based on the low-pressure process.

1.1.2 Methanol market

The methanol market is expected to grow significantly over the next
decades due to an increase in methanol-based fuel consumption and
production of methanol-derived fuels and chemicals. The increase in the
methanol demand is largely driven by oil displacement, particularly from
the methanol to olefins (MTQO) and methanol to propylene (MTP)
processes [5].

Methanol is used as a component of fuel in the transportation sector
either directly in fuel blends or in the form of ether (MTBE) in gasoline
and fatty acid ester (FAME) in diesel. Recently, projects on mid- and
high-level methanol fuel blends have been implemented in many
countries, such as China, Denmark, Israel, and Australia [6]. The
consumption of mid- to high-level methanol fuel blends is also expected
to continue to grow, predominantly in the Asia-Pacific region.
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The use of methanol-based fuels has several advantages over
conventional fuels to meet market and regulatory demands of cleaner
fuels. It can help alleviate air pollution due to lower emissions of
particulate matter, NOx, SOx, and hydrocarbons [7]. As a marine fuel,
methanol could be compliant with the most stringent legislation currently
being considered to limit marine pollution at a reasonable cost [8]. The
energy density of methanol is about two times lower than conventional
fuels but competitive with alternatives such as ethanol and liquefied
natural gas (LNG) (Figure 1.1). Furthermore, methanol can be produced
from renewable feedstock, which makes it an ideal transition fuel for a
renewable-powered transportation sector.
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Figure 1.1 Specific energy and energy density of different fuels.
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Methanol is also a viable candidate for use within transportation sector
since it is readily available worldwide. The infrastructure costs are
modest as methanol is a liquid at ambient conditions. There is also a long
history of handling and using methanol in various applications with well-
developed safety procedures. Furthermore, the environmental impact of
methanol spill is much lower compared to oil because it is biodegradable.

The main driver for renewable methanol is government regulations on
emissions due to environmental concerns. The need for renewable
energy storage might also increase the implementation of the CO.-to-
methanol process. Renewable methanol fuel can drastically reduce the
emissions of CO2 by up to 95% and NOx by up to 80%, and eliminate
SOx and particulate matter emissions [9]. There are numerous feedstock
sources around the world that can be used to produce renewable
methanol, such as converting sustainable biomass or reacting CO> with
H> produced from renewable electricity. Provided a sustainable source
of hydrogen becomes available at reasonable costs, recycling CO> could
become economically viable with sufficient political incentives.

1.1.3 Current status of commercial production of
renewable methanol

There are numerous projects currently underway for CO,-to-methanol,
bio-methanol, and low-carbon methanol production [9]. The MefCO>
project in Germany utilizes surplus renewable electricity to perform
CO2-to-methanol for renewable energy storage [10]. In 2012, the first
large-scale plant for CO2 hydrogenation to methanol was opened in
Svartsengi, Iceland. The plant is operated by Carbon Recycling
International (CRI) with an annual production of 4,000 metric tons. CRI
has partnered with Gelly Holdings and Zixin Industrial Co., Ltd. to
promote and establish renewable methanol production facilities in China
[9]. An agreement has also been signed between Henan Shuncheng
Group and CRI to design a CO2-to-methanol plant in Anyang city, China
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[11]. The plant is expected to be in operation in 2021, with a production
capacity of 110,000 tons of methanol per year.

Renewable methanol is also produced at a large-scale from solid waste
and biomass [9]. Enerkem has developed a process for producing
renewable methanol by extracting and reusing the carbon in non-
recyclable waste. In 2017, Enerkem produced nearly 60,000 tons of
renewable methanol. Netherlands-based company BioMCN produces
renewable methanol from biogas at a facility in Delfzijl with a capacity
of 900,000 tons [12]. Sddra has developed a process for producing bio-
methanol from wood, which was implemented in March 2020 at the
Sodra Cell Monsteras pulp mill in southeastern Sweden [13].

1.2 CO: hydrogenation to methanol

1.2.1 Reaction chemistry and equilibrium
thermodynamics
The main reactions in CO2 hydrogenation to methanol are methanol

synthesis from CO: (Eg. 1.1), CO hydrogenation to methanol (Eg. 1.2),
and the reverse water-gas shift reaction (Eq. 1.3.).

COz + 3H, = CHsOH + H20,  AHY,, =-49.5 ki/mol (1.1)
CO + 2H; = CH30H AHS,5, =-90.5 ki/mol (1.2)
CO; + Hz = CO + H,0 AHS,.5, = 41.2 kJimol (1.3)

The preferred thermodynamic conditions for methanol synthesis are low
temperatures and higher pressures. This allows high methanol selectivity
as the RWGS reaction is endothermic and therefore, suppressed at low
temperatures (Figure 1.2). The methanol yield is significantly limited by
the thermodynamics for CO. hydrogenation compared to methanol
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synthesis from syngas. The thermodynamic restrictions on the methanol
yield can be circumvented by condensation of methanol and water at
high pressure and low temperatures [14]. Product condensation occurs at
lower pressure for CO2/H> feeds compared to syngas and can increase
the methanol yield up to 100%.
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Figure 1.2 Thermodynamic limit on methanol yield at different pressures as a function of
temperature (H2/CO2 = 3/1) [14].

1.2.2 Catalysts

The most studied CO> hydrogenation to methanol catalysts are based on
Cu supported on different metal oxides. The main issue with the
traditional Cu/ZnO/Al203 catalyst is the moderate methanol selectivity
and rapid water-induced sintering. Cu/ZrO and Cu/ZnO/ZrO, catalysts
have been reported to have higher activities, selectivities, and stabilities
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relative to Cu/ZnO for CO2-to-methanol. It has also been demonstrated
that other metal oxides (i.e., Ce203 [15, 16], La20s3 [17], Ga.0s [18],
Y203 [19]) can promote methanol synthesis over Cu-based catalysts.
Furthermore, halogens have been used to enhance the methanol
selectivity of Cu-based catalysts, such as by the addition of F [20] and
generating surface CuBr; halide [21].

Pd-based catalysts have also been extensively studied, but their large-
scale industrial application might be limited due to the relatively higher
cost of Pd. The Pd-oxide interface and alloying (e.g., PdZn, PdGa) are
important factors of high-performance methanol synthesis catalysts
based on Pd [22]. Methanol synthesis has also been studied over Ni- and
Co-based catalysts, which can produce methanol only when combined
with suitable promoters.

Recently, In.Os-based catalysts have gained significant research interest
due to their high methanol selectivity even at higher temperatures (200-
320 °C). The oxygen vacancies of In,Oz play a crucial role in the
activation and conversion of CO> to methanol. It has been demonstrated
that the activity of In.O3 can be improved by the addition of metal oxides
(ZrO2, Y203), Pd, Ni, and Cu by promoting the formation of oxygen
vacancies and enhancing H activation [23].

1.3 Scope of this work

1.3.1 Scientific objectives

The thermodynamics of CO> hydrogenation to methanol is of practical
importance for the industrial implementation of the process. The more
severe thermodynamic restrictions of CO-to-methanol compared to the
conventional syngas route pose an additional challenge on the process
design of CO> hydrogenation to methanol. Paper Il presents an in-depth
analysis of the thermodynamics of CO2 hydrogenation to methanol.
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The second part of the thesis focuses on the catalytic aspect of CO;
hydrogenation to methanol. Among the most important open questions
is the nature of the metal-oxide and oxide-oxide synergy within the
different catalytic systems for CO2 hydrogenation to methanol. Although
the effect of various metal oxides on methanol synthesis has been
thoroughly studied, their influence on the catalytic properties is still
debated. The purpose of the experimental works is to gain further insight
into the role of the metal-oxide and oxide-oxide interaction in methanol
synthesis, which can be used to develop high-performance CO3-to-
methanol catalysts. | started by investigating the promising new Co/Mn
oxide-based system, and then worked on improving the conventional
Cu/ZnO-based catalysts.

Paper Il investigates the role of Mn oxide promotion of Co for the low-
pressure methanol synthesis process. High Co-Mn oxide interaction is
achieved via a mixed Co-Mn spinel oxide structure. The Co:Mn ratio and
the effect of reaction conditions on the methanol synthesis activity is
studied.

In Paper 1V, the influence of the Cu-ZnO interaction on the activity and
selectivity is elucidated. Different Cu-ZnO interaction is achieved by
utilizing hydrotalcite and malachite precursors. The promotional effect
of In on the catalytic performance is also explored. Furthermore, the
spent catalysts are characterized to identify the deactivation mechanism.

The effect of the Cu-oxide and oxide-oxide (Zn, Zr, In oxides)
interaction in binary Cu/oxide and ternary Cu/oxides is studied in Paper
V. Based on the evaluation of the different catalysts, a simplified model
is presented that describes the key features of the interaction between the
different components.
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1.3.2 Outline

The outline of this thesis is as follows: Chapter 2 presents the literature
review of the relevant studies for this work, which is based on Paper 1.

Chapter 3 gives all the necessary information to reproduce the
computational and experimental work.

The main results are discussed in Chapter 4. Chapter 4.1 presents the
thermodynamic analysis (Paper I1). CO2 hydrogenation to methanol over
Co/Mn oxide system is covered in Chapter 4.2 (Paper I11). The work on
Cu-based catalysts is presented in Chapter 4.3 (Paper 1V) and Chapter
4.4 (Paper V).

Chapter 5 concludes the thesis and addresses key research questions and
gives suggestions for further study.

All the papers are attached at the end of the thesis.
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2 Literature review

CO- hydrogenation catalysts can be divided into four groups based on
the active metal component: conventional Cu catalysts, Pd catalysts,
In.O3 catalysts, and other transition metal catalysts. Metal oxides and the
formation of alloys play a crucial role in the performance of CO-to-
methanol catalysts. The synergy between the catalyst’s components is
currently not fully understood. This is largely due to the dynamic nature
and complexity of these systems, which pose a significant challenge in
identifying the role of the different phases. This section covers the
relevant studies for the experimental part of this work, which includes
Cu-, In203-, and transition metal-based catalysts.

21 CO:2 hydrogenation to methanol over Cu-
based catalysts

Single-crystal studies over different Cu facets indicate that the turnover
frequencies (TOF) for methanol synthesis from CO depends on the
exposed Cu facet, and is in the order of Cu(110) > Cu(100) > Cu(111).
For instance, Rasmussen et al. [24, 25] found that the methanol synthesis
rate over Cu(100) was ~30 times faster than that on Cu(110). However,
the TOF for the RWGS reaction is reported to be higher than methanol
synthesis from H2/CO2 mixtures over Cu. Yoshira and Campbell [26]
found that the TOF for methanol synthesis was ~8 x 103 s™* on Cu(110),
whereas the TOF for CO production was ~5 s (H2/COz = 11/1, 5.1 bar,
530 K).

A large Cu surface area is typically indicative of high catalytic activity.
However, the different behavior of metal oxide-promoted Cu catalysts,
in terms of activity and stability under different feeds (CO2/CO/Hy),
highlights that the metal oxide promoter plays a determining role in the
performance of methanol synthesis catalysts. [27-31]. Consequently, a
highly active catalyst for syngas conversion to methanol can show poor

11



Literature review

performance and even be quite inactive when switching to a CO2/H>
feed. This was demonstrated in a recent study, which showed that a
relatively inactive Cu/MgO catalyst (highly active for CO hydrogenation
to methanol) can be converted into an efficient CO2-to-methanol catalyst
by impregnating ZnO onto Cu/MgO [28]. Therefore, the Cu-oxide
interaction is a determining factor for the catalytic performance of
methanol synthesis catalysts.

2.1.1 Active sites of Cu/ZnO

The nature of the active phase in Cu/ZnO catalysts has been debated for
decades and is still under vigorous research. The proposed promotional
effect of ZnO on Cu include (1) increasing the exposure of highly active
Cu metal surfaces, (2) decoration of the Cu surface by Zn or ZnOx
species, (3) Cu-ZnO interfacial sites, and (4) reverse spillover of
hydrogen from ZnO in which ZnO serves as a reservoir for hydrogen
[32]. Regarding proposal (1), the presence of Cu lattice strain and defects
has been identified as indicative of high activity, which can be influenced
by the ZnO phase [33-35]. Furthermore, it has been reported that the
activity of Cu(100) is comparable to the activity of unoptimized Cu/ZnO
[24, 25].

There is compelling evidence that Zn or ZnOx decorated Cu surfaces is
considerably more active than pure Cu surfaces for methanol synthesis
from CO; (proposal 2). Nakamura and co-workers demonstrated that the
TOF increases by several orders of magnitude when Zn is deposited on
Cu(111) [36] and polycrystalline Cu [37]. Kuld et al. [38] observed that
the TOF for methanol increases with increasing Zn coverage of Cu over
an industrial-type Cu/ZnO/Al,O3 catalyst. Senanayake et al. [16] showed
that the ZnO decorated Cu surface was about 2 times more active than
the inverse Cu NPs deposited on the ZnO surface. Kettel et al. [39] found
that the Zn species were easily oxidized to ZnOx during reaction, which
enhanced the activity. Recently, a combination of ZnO and Zn formate
was identified by in situ characterization under industrially relevant
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reaction conditions during CO2 hydrogenation to methanol [40]. The
promoting effect of these Zn or ZnOx species has been attributed to
stabilizing the formate intermediate and facilitating the hydrogenation of
formate to methanol [35, 40, 41]. Thus, the coverage of Cu by ZnOx or
Zn formate species seems to be key to generate a high number of active
sites for Cu/ZnO-based catalysts, and the intimate contact between the
Cu and Zn promotes the formation of these species on the Cu surface
[40].

The presence of oxygen vacancies at the Cu-ZnO interface has also been
proposed to facilitate the activation and hydrogenation of CO. to
methanol (proposal 3) [42, 43]. Liao et al. [43] showed that the
morphology of ZnO influence the methanol production from CO:
hydrogenation, where the methanol formation rate is higher for Cu in
intimate contact with plate-like ZnO compared to rod-shaped ZnO. A
higher intrinsic activity has also been reported for Cu partially embedded
within a Zn-Al oxide matrix [44, 45]. These studies indicate that
optimizing the Cu-ZnO interface and the interfacial area are important
parameters for maximizing the methanol synthesis activity of Cu/ZnO-
based catalysts.

2.1.2 Active sites of Cu/ZrO>

The Cu-oxide interaction has also been extensively studied for the
Cu/ZrO. system. The interfacial sites appear to be the dominant factor
for the activity of Cu/ZrO, catalysts. The Cu/ZrO> catalysts are typically
reported to operate as a bifunctional catalyst in which H: is dissociatively
adsorbed on Cu, whereas CO; activation and hydrogenation of the
intermediates occurs at the interfacial sites. In a recent study, Polierer et
al. [46] found that the intermediates are too strongly adsorbed on the
Cu/ZrO; interface and ZrO; phase for further conversion to methanol.
Instead, the promotional effect of ZrO> was attributed to electronic
promotion of Cu surface sites near the ZrO» phase.

13



Literature review

The activity of Cu/ZrO- is critically linked to the properties of the ZrO>
phase, which is illustrated by the activity of Cu promoted by different
polymeric phases of ZrO> (e.g., monoclinic (m-), tetragonal (t-), and
amorphous (a-) ZrO). Bell and co-workers reported that the activity of
Cu/m-ZrQOz is superior compared to Cu/t-ZrO» [47, 48]. In contrast, the
results of Baiker et al. [49], Koppel et al. [50], Maet al. [51], and Samson
et al. [52] suggest that t-ZrO is more suitable to promote methanol
synthesis over Cu/ZrO- catalysts. Samson et al. [52] found that the
activity of Cu/ZrO: is correlated to the number of Brensted and Lewis
acidic sites rather than the Cu surface area. Thus, the higher activity of
t-ZrO, compared to m-ZrO was attributed to a higher number of active
interfacial sites for Cu/t-ZrOa.

Tada et al. [53] observed that the methanol production rate and
selectivity are higher for Cu/a-ZrO, compared to Cu/t-ZrO,. The higher
selectivity of Cu/a-ZrO, was attributed to weaker adsorption of
methanol, which reduces the CO production by limiting methanol
decomposition into CO. On the other hand, Witoon et al. [54] found that
the intrinsic activity and methanol selectivity of Cu/t-ZrO, was higher
than that of Cu/a-ZrO,. From the above discussion, it seems that the
nature of the Cu-ZrO; interfacial sites is not fully understood. However,
these studies indicate that the number of interfacial sites and the
properties of the ZrO> phase (e.g., surface acidity, basicity, and oxygen
vacancies) are crucial factors for optimizing the activity of Cu/ZrO>
catalysts.

2.1.3 Influence of metal oxide promoters on Cu-based
catalysts

The Cu/ZnO/Al;Os3 catalyst is typically prepared using an aqueous
solution of Cu, Zn, and Al by co-precipitation near neutral pH [55]. The
essence is to achieve high Cu-Zn intermixing, which is typically obtained
from a Cu, Zn, hydroxy-carbonate (zincian malachite) precursor [56].
The Zn content of the zincian malachite phase is typically limited to
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about 30%. At higher Cu:Zn, the formation of Zn rich by-phases occurs,
such as aurichalcite and hydrozincite. The formation of these Zn-rich
phases is not desirable because the activity of the final catalyst is reduced
due to lower Cu dispersion and Cu-ZnO interaction [57]. Recently,
georgeite, the trancient amorpous phase in the preparation of malachite,
has shown superior performance compared to zincian malachite, which
to some extent can be attributed to improved Cu-ZnO interaction [58,
59]. Layered double hydroxides (LDHS), also referred to as hydrotalcite
(HT), can form in ternary Cu, Zn, Al systems when the pH is above
neutral. Typically, the HT-derived catalysts exhibit higher intrinsic
activity due to the strong interaction with the metal oxide phase, but
lower Cu surface area [44].

The most active catalysts reported in literature for CO2 hydrogenation to
methanol typically consist of multiple metal oxide promoters. ZrO: is
widely employed in ternary Cu/ZnO/ZrO; (CZZ) catalysts to enhance
the activity and stability of the catalyst. The hydrophilic character of
ZrO; enhances the desorption of produced water, which benefits both the
methanol production rate and selectivity [60]. The influence of ZrO- in
the CZZ system has also been related to (1) metal properties such as Cu
dispersion and particle size, (2) state of the Zr and Zn oxides (e.g.,
crystallinity and particles size), (3) surface properties (concentration of
acidic, basic, and oxygen vacant sites), and (4) metal-oxide interaction
generating new sites for binding and converting active intermediates.

The CZZ catalysts prepared by co-precipitation usually exhibit methanol
selectivities between 40-70% (at CO2 conversion of ~10-25%, 30-50
bar, 220-250 °C) [61-63]. Recently, Wang et al. [61] developed a CZZ
catalyst with a large number of Cu-ZnO and Cu-ZrO; interfacial sites.
The catalyst consisted of a three-dimensional ordered macroporous
framework of Cu with ZnO and ZrO: well-dispersed on the wall of the
macropores. This unique structure resulted in a high number of
interfacial sites and very high activity (18.2% CO> conversion and 80.2%
methanol selectivity at 220 °C and 30 bar).
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The atomic-level interaction between Cu, ZnO, and ZrO is relatively
complex and has not been extensively studied in situ. It has been
proposed that the ZnO-ZrO: interface can transform the carbonate
intermediate into more reactive species (e.g. formate) [60, 61]. Abbas et
al. [32] ascribed the superior performance of Cu/ZnO/ZrO, compared to
the bimetallic catalysts (Cu/ZnO and Cu/ZrO3) to reverse spillover of
hydrogen from ZnO that enhanced the methanol synthesis rate at
Cu/ZrO; interfacial sites.

Other metal oxides have also been utilized to enhance the activity of Cu-
based catalysts. Li et al. [64] found that the addition of Ga enhanced the
Cu dispersion and promoted the formation of CuZn surface species. The
CO- conversion and methanol selectivity of Cu/ZnO calcined at different
temperature and the Ga-promoted Cu/ZnO catalysts was correlated to the
number of CuZn alloy species. Natesakhawat et al. [65] observed that
the dispersion and intrinsic activity increases with the incorporation of
multiple metal oxides in the order of CuzZnZrGaY > CuZnZrY > CuZnZr
> CuZn > CuZr. The higher dispersion significantly improved the
methanol formation rate. However, the higher intrinsic activity indicates
that Cu-oxide interaction also contributed to the enhanced activity.
Zhang et al. [66] reported that the catalytic performance of Cu/ZrO;
could be enhanced by incorporating In into the ZrO, phase. The superior
performance of the In-promoted catalysts was attributed to an increase
in the surface basicity, which was proposed to enhance the number of
Cu-ZrO; interfacial sites for CO, conversion to methanol.

2.1.4 Reaction mechanism over Cu-based catalysts

Despite the considerable research on the reaction mechanism of
methanol synthesis on Cu-based catalysts, there are still unanswered
questions regarding the mechanism of methanol formation and the
chemical nature of the active sites. The proposed reaction mechanisms
of CO2 hydrogenation to methanol can be divided into two primary
groups: the formate mechanism and the RWGS reaction to produce CO,
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followed by CO hydrogenation to methanol (RWGS + CO
hydrogenation pathway). Besides the mechanism for CO> hydrogenation
to methanol, further mechanistic insight into the undesired RWGS
reaction could also help develop more selective Cu-based catalysts.
These issues can be addressed in the context of the following questions:
(1) what are the key intermediates and elementary steps in CO:
hydrogenation to methanol; (2) what is the rate-determining step, (3)
what mechanistic roles do metal and metal oxides play; (4) can CO
formed from the RWGS reaction be further hydrogenated to methanol;
and (5) which sites are responsible for CO formation.

The mechanistic investigation of methanol synthesis from CO. over
Cu/Zn0O and Cu/ZrO; catalysts mostly favor methanol formation directly
from CO. via the formate intermediate. This is supported by
experimental data from isotopic labeling experiments [67-71] and in situ
transient kinetic experiments [55, 71, 72]. The comprehensive
investigations by Larmier et al. [71] offer compelling evidence that
methanol synthesis from CO2/H, over Cu/ZrO, occurs via the formate
intermediate at relevant reaction conditions. However, studies conducted
at lower pressures have concluded that methanol is produced from the
RWGS + CO hydro route over Cu/ZrO; [73-76]. The RWGS + CO
hydrogenation pathway has also been proposed over CeOx/Cu(111) [15]
and Cu/TiOz [73]. The reaction conditions might influence the preferred
reaction channel [77], which highlights the need to study the catalytic
systems under realistic working conditions.

Bartholomew et al. [78] concluded that methanol synthesis from syngas
most likely occurs through COz* — HCOO* — H2COO* — H3CO* —
H3COH* where the hydrogenation of H,COO was the rate-determining
step (H2COO* + H* = H3CO* + O*). This was largely based on the
model of Askgard et al. [79] for Cu surfaces and later amended to
incorporate support effects by Ovesen et al. [80]. The model predicts
TOF for methanol formation over a wide range of reaction conditions, in
good agreement with measured TOF values for Cu/ZnO-based catalysts.
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Most experimental and computational studies on the reaction mechanism
over Cu/ZnO and Cu/ZrO: also support that methanol is produced
through a similar reaction pathway. However, CO- is typically reported
to form HCOO through an Eley-Rideal (ER) mechanism and H2CO has
been identified as an intermediate by density functional theory (DFT) in
the formate route. Thus, in response to Question 1, research points to the
following reaction pathway on Cu/ZnO and Cu/ZrO: CO2(g) + H* —
HCOO* — H.COO* — HoCOOH* — Ho,CO* — H3CO* — H3COH*,
Most studies also find that the rate-determining step is either the
hydrogenation of HCOO or H.COO (Question 2).

The proposals for the role of different metal oxides (Question 3) include
(i) enhancing CO. activation [81-86], (ii) stabilizing reaction
intermediates [35, 36, 41, 87-91], (iii) lowering the energy barrier of
reaction steps [39, 81, 92-94], (iv) electron transfer from the metal oxide
to the Cu surface [46, 95, 96], (V) creating new, more favorable reaction
pathway [83], Cu-oxide interfacial sites [71, 86] and offering sites for
part of or the entire reaction mechanism [61]. Several studies have
pointed to a combination of pathways being responsible for converting
CO- to methanol [82, 92-94, 97]. Therefore, several of the phenomena
(i-v) are probably responsible for the Cu-oxide synergism and could be
chemically related.

A comprehensive analysis of the RWGS reaction is often lacking. Many
of the factors that enhance methanol synthesis has also been reported to
improve the water-gas shift (WGS) or RWGS reaction activity, such as
step sites in Cu [98] and the Cu-oxide interaction [99, 100]. Therefore, it
might be challenging to eliminate CO formation for the conventional
catalytic systems composed of Cu and metal oxides. Recently, Chen et
al. [21] reported very high methanol selectivity of 99.6-79.1% at a CO
conversion of ~7-15%, 210-330 °C, and 5 MPa over CuZnZr by
generating surface CuBr. halide through impregnation. Based on the
activity measurements and in situ DRIFTS results, they proposed that
CuBr2 composite passivates the RWGS activity on the Cu surface and
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that methanol is formed through the formate pathway. Therefore, further
investigation into CuBr halides or other composites that inhibit the
RWGS reaction could result in the development of highly selective Cu-
based methanol synthesis catalysts.

2.2 CO: hydrogenation to methanol over In20s3-
based catalysts

Recently, In.O3 has emerged as a highly selective catalytic system for
methanol synthesis over a wide temperature range (200-320 °C).
However, higher temperatures are required to achieve similar or greater
methanol synthesis rates compared to Cu-based catalysts. The
experimental and computational studies indicate that the oxygen
vacancies in In2Os are crucially involved in the active sites for methanol
synthesis [101]. It is also important to avoid reducing In203 to metallic
In, which is inactive for CO. hydrogenation to methanol [102]. Thus,
promoters that can generate and stabilize oxygen vacancies have been
demonstrated to enhance the activity of In,Oz-based catalysts. Martin et
al. [102] observed that ZrO, could promote the formation and
stabilization of oxygen vacancies in In.Oz, which significantly increased
the activity compared to bulk In20s. On the other hand, In,O3 supported
on other metal oxides (TiO2, Zn0O, SiO., Al203, SnO>, and MgO) resulted
in the formation of inactive metallic In, which reduced the activity. Chou
et al. [103] found that Y03 and La,O3 could also enhance the
performance of In,O3 by increasing the number of oxygen defects.

The performance In2Os can be improved by the addition of noble or
transition metals. So far, the use of Pd to promote In2O3 has been more
widely studied compared to the others. In this case, it is critical to
maintain the In,O3 phase after reduction as Pd-In alloy mostly produces
CO [104]. Furthermore, the formation of Pd clusters on the surface of
In2O3 also promotes the RWGS reaction, which leads to lower methanol
selectivity [23]. Frei et al. [23] observed that Pd atoms highly dispersed
in the bulk of In2O3 increased the number of oxygen vacancies, which
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enhanced the methanol synthesis activity. The agglomeration of Pd
species on the surface was avoided when the catalyst was prepared by
co-precipitation with a Pd loading of less than 1 wt%. Snider et al. [105]
suggested that a synergetic effect between the Pd-In alloy particles and
the In2Os phase results in highly active catalysts. The active site
configuration was proposed to consist of Pd-In alloy particles covered
by In203 species. The formation of the In,Os/Pd-In configuration was
more favourable at a Pd:In ratio of 1:2, which showed significantly
higher activity and methanol selectivity compared to pure In20Oz and Pd.
Furthermore, increasing the Pd content reduced the methanol formation
rate and methanol selectivity.

2.3 Transition metal-based catalysts for CO>
hydrogenation to methanol

CO2 hydrogenation to methanol over various transition metals has been
explored to a lesser extent. This is because the other transition metals
besides Cu are not particularly selective towards methanol without
alloying or careful promotion. For instance, obtaining a high-purity
NisGaz alloy phase is critical for achieving high methanol selectivity for
Ni-Ga catalysts because Ni-rich regions are very active for CO>
methanation [106, 107]. Hegne et al. [108] observed that the methane
selectivity was 99% for Ni/ZrO2, whereas methanol could be produced
over Ni-Sn alloy supported on ZrO,. The methanol selectivity was
further improved from 54% to 99% by In addition for Ni-Sn alloy
supported on In-Zr oxide.

Similar to Ni, CO2 methanation is the main reaction over Co [109].
Methanol synthesis over Co-based catalysts is challenging as it seems to
require careful tuning of the oxidation state of Co. Furthermore,
promoters are essential to generate active sites for methanol synthesis.
Li et al. [110] investigated CO> hydrogenation over Mn oxide NPs
dispersed on mesoporous Co30s. They found that the methanol
selectivity was significantly higher for MnOyx deposited on Co0304
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compared to MnOx, Co304, and Co304 supported on Mn3O4. The active
site configuration was proposed to consist of a CuO surface covered by
MnOx particles in which the interfacial sites facilitated the conversion of
CO. to methanol. However, the hydrocarbon selectivity was higher than
50%. Thus, tuning the Co-Mn oxide interaction or addition of other
promoters that limit hydrocarbon formation is highly desirable for the
Co-Mn system.

2.4 Perspectives

There are many open questions for the catalytic systems under
investigation for CO2 hydrogenation to methanol. Some of these aspects
are relevant to all the catalytic systems addressed in this chapter, which
can be summarized as follows:

e What is the role of alloying and metal oxides in methanol
synthesis?

e How can the active sites responsible for by-product formation be
inhibited?

e How can the active site configuration(s) be stabilized?

Regarding Cu-based catalysts, the following questions are under
rigorous debate and require further study:

e What is the main factor responsible for the promotional effect of
ZnO on Cu?

e What is the role of the Cu-oxide synergy and oxide-oxide
interaction on methanol synthesis?

e How can the interfacial sites be tuned and stabilized to enhance
the catalytic performance?
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3 Experimental

3.1 Thermodynamic analysis

In paper Il, the thermodynamics of CO> hydrogenation to methanol,
methanol and dimethyl ether (DME), and methanol and higher alcohols
were studied using the Gibbs free energy minimization method. CO was
also included in all the simulations as it is the primary by-product in CO>
hydrogenation over typical catalysts used for the synthesis of
oxygenates. Methane and higher hydrocarbons are not included in the
thermodynamic analysis since the production of hydrocarbons is limited
over typically employed catalysts for the synthesis of oxygenates.

At thermodynamic equilibrium, the total Gibbs free energy (Gr) of the
mixture is at the minimum and its differential is zero. The d(G;) of a
two-phase system composed of different compounds at a constant
temperature and pressure can be expressed as (Eq. 3.1) [111]:

dGr = XY w¥dn? + X} pidn; = 0 (3.1)

where N is the number of species in the reaction system, n; is the moles
of species i, y; is the chemical potential of component i, v and [ denotes
the vapor and liquid phase, respectively. Introducing Lagrange
multipliers for species i subject to mass balance constraints yields Eq.
3.2.

W+ X da; =0 (3.2)

where 2; is the Lagrange multiplier for species i, a;; is the number of

atoms of element j in species i. The chemical potential is given by Eq.
3.3.

n; = AGP, + RTIn Lt (3.3)
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where AG}’i is the standard Gibbs energy of formation of species i, R is

the universal gas constant, T is the absolute temperature, f; is the fugacity
of species i, and P? is the standard-state pressure. Combining Eq. 3.2
and 3.3 gives (Eq. 3.4):

AGY +RTInZL+ % hiay =0  i=1,2...,N (3.4)

The basic relationship for every component i in the vapor and liquid
phases of a system at equilibrium can be defined as (Eg. 3.5):

f¥=@Vy,P = plx;P = f7 (3.5)

where ¢; is the fugacity coefficient of component i obtained from
equation of state, P is the pressure, and y; and x; are the mole fraction of
component i in the vapor and liquid phase, respectively. The equilibrium
state is determined by minimizing the Gibbs free energy for a given set
of species without any specification of the possible reactions within the
system. This yields a set of N equilibrium equations (Eq. 3.4) along with
mass balance constraints and phase equilibrium equations that are solved
following an iterative procedure.

The Gibbs free energy minimization method was employed for the
thermodynamic analysis using the RGibbs module in Aspen plus. The
thermodynamic properties of the components were obtained using the
Soave-Redlich-Kwong equation of state. The binary interaction
parameters of CO2, CO, Hz, H20, and methanol were taken from van
Bennekom et al. [112], whereas these parameters for DME and ethanol
were estimated by the UNIFAC method in Aspen plus.

3.2 Materials and chemicals

Table 3.1 summarizes the chemicals and materials used in this thesis. All
the materials and chemicals were used as received without further
purification.
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Table 3.1 Summary of materials and chemicals used in this thesis.

Chemical Chemical formula Purity Supplier
Cobalt (I1) nitrate hexahydrate Co(NOs)2:6H20 >99% Sigma-Aldrich
Manganese (I1) nitrate hydrate Mn(NOz)2-H20 >99.8% Sigma-Aldrich
1-butanol C4HsOH >99.8% Sigma-Aldrich
PEO20—PPO70-PEQO20 Pluronic P123 - Sigma-Aldrich
Nitric acid (66%) HNO3 - Sigma-Aldrich
Ethanol C2HsOH 99% Sigma-Aldrich
Copper (I1) nitrate trihydrate Cu(NOs3)2-3H20 >99.5% Acros Organics
Zinc (I1) nitrate hexahydrate Zn(NOg)2:6H20 >99.9% Alfa Aesar
Aluminum (111) nitrate nonahydrate ~ AI(NOs)3-9H20 >98.5% Emsure
Zirconium (IV) oxynirate hydrate ZrO(NOsg)2'H20 >99.9% Alfa Aesar
Indium (I11) nitrate hydrate In(NOs)3-H20 >99.99%  Alfa Aesar
Sodium hydroxide NaOH >99.2% Emsure
Sodium carbonate Na2COs >99.9% Emsure
Silicon carbide (40 mesh, powder) SiC - Alfa Aesar
Alpha alumina a-Al203 - Sigma-Aldrich

3.3 Catalyst preparation

3.3.1 Synthesis of mesoporous Co-Mn oxides

The mesoporous Co, Co-Mn, and Mn catalysts in paper |11 were prepared
by a modified sol-gel inverse micelle method. The metal nitrates were
dissolved in a beaker containing a 200 mL solution of 1-butanol, HNO3,
and P123 under magnetic stirring. The obtained clear gel was placed in
an oven at 100 °C for 6 h to evaporate the solvent. The resulting powder
was crushed and washed several times with ethanol to remove the
surfactants. The powder was separated from the ethanol-surfactant
solution using a centrifuge and then dried in an oven at 100 °C overnight.
The dried powders were calcined under flowing air at 150 °C for 12 h,
250 °C for 4 h, and 350 °C for 2 h with a heating rate of 2 °C/min.
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3.3.2 Synthesis of CuZnAl and In-doped CuZnAl HT-
derived catalysts

The CuznAl and In-doped CuzZnAl HT-derived catalysts in Paper IV
were prepared by co-precipitation at low supersaturation and room
temperature. Appropriate amounts of metal nitrates were dissolved in
400 mL of deionized water to form a cation solution with a total ion
concentration of 0.5M. The anion solution of 400 mL was obtained by
dissolving 16 g of NaOH and 5.3 g of NaCOs. The cation solution was
added dropwise into the anion solution over 2 h. The pH of the precursor
solution was adjusted to 9.0 £ 0.2 if needed. The precipitate solution was
aged in the mother liquor for 15 h under vigorous stirring at 60 °C using
a three-neck round bottom flask under N. atmosphere. After that, the
precipitate was filtered and washed with deionized water until the pH of
the filtering liquid was 7. The obtained filter cake was dried overnight at
90 °C and then calcined at 500 °C for 4 h with a heating rate of 2 °C/min.

3.3.3 Synthesis of CuM (M = Zn,Zr, In) and CuZrin
catalysts

The CuM (Zn, Zr, In) catalyst in Paper IV and V was prepared by co-
precipitation. An aqueous nitrate solution containing an appropriate
molar ratio of metal nitrates was co-precipitated at a constant pH of 6.5
+ 0.2 using Na>COs as precipitating agent. The precipitate solution was
aged in a three-neck round-bottom flask for 14 h at 65 °C under vigorous
stirring and N2 atmosphere. The precipitate was filtered and washed
several times with deionized water. The precursors were dried at 90 °C
and then calcined at 350 or 500 °C for 3 h. The CuZrin catalyst was
prepared using the same procedure.
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3.3.4 Synthesis of impregnated M-CuZn (M = Zr, In)
and M-CuZr (M = Zn, In) catalysts

The CuZn sample calcined at 350 °C was impregnated with In nitrate or
Zr nitrate solution to yield a In/Zr content of 1 mol%. The metal nitrate
was dissolved in deionized water before the catalyst sample was added
to the solution. The mixture was then ultrasonicated for 0.5 h and stirred
overnight. Finally, the impregnated samples were dried in an oven at 90
°C and then calcined again at 350 °C for 3 h. Similarly, the CuZr sample
calcined at 350 °C was impregnated with In or Zn nitrate to obtain the
Zn/CuZr and In/CuZr catalysts.

3.4 Catalyst characterization

The crystallographic information of the precursors and catalysts was
obtained using Powder X-ray diffraction (XRD). The diffraction patterns
were recorded on a Bruker-AXS Microdiffractometer (D8 ADVANCE)
instrument using a Cu Ka radiation source (A = 1.5406, 40 kV, and 40
mA). The XRD patterns of the reduced-passivated catalysts in Paper 1V
were obtained from a Rigaku D/Max 2550 VB/PC instrument. The
patterns were recorded at 26 between 10-90° with a step interval of 2
°/min. The peaks were indexed according to the Joint Committee on
Powder Diffraction Standards (JCPDS) database. The crystallite sizes
were calculated using the Scherrer equation.

The microstructure and morphology of the catalysts were characterized
by transmission electron microscopy (TEM, JOEL JEM-2100F, 200 kV)
in Paper Il and V, whereas high-angle annular dark-field scanning
transmission microscopy (HAADF-STEM, Tecnai G2F20 S-Twin, 200
kV) was used in Paper IVV. The samples were prepared by dispersing the
catalysts in ethanol by ultrasonication and then depositing one droplet of
the solution onto a holey carbon-coated support grid.
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N2 adsorption-desorption measurements were conducted at 77 K using a
Micromeritics TriStar Il instrument. The samples were degassed under
vacuum using a sample degas system (Micromeritics VVacPrep 061) prior
to analysis. The specific surface area (SSA) and pore size distribution of
the catalysts were calculated using the Brunauer—Emmet-Teller (BET)
and Barret-Joyner—Halenda (BJH) method, respectively. The total pore
volume (PV) was calculated from the quantity of gas adsorbed at P/P of
0.99.

The elemental composition of the catalysts was analyzed by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) using a Perkin
Elmer OPTIMA 4300 DV or Agilent 725-ES apparatus. The sample was
dissolved in boiling HNO3z:HCI mixture with a ratio of 1:3. The sample
was further diluted and filtered before elemental analysis.

Simultaneous thermal gravimetric analysis (TGA) and differential
scanning calorimetry (DSC) was performed on a Netzsch STA449
Jupiter F3 instrument. About 10 mg of sample was heated from room
temperature to 700 °C at a heating rate of 10 °C/min in synthetic air at a
flow rate of 20 mL/min.

The X-ray photoelectron spectroscopy and Auger (XAES) spectra were
recorded on an ESCALAB250Xi (ThermoFisher) instrument utilizing a
monochromatic Al Ka source (1486.6 ¢V). The High-resolution spectra
were obtained at a pass energy of 30.0 eV, step size of 0.05 eV, and dwell
time of 500 ms per step. All spectra were referenced to the C 1s peak
(284.8 eV). In paper Il1, a step size of 0.1 eV was used.

The reducibility of the catalysts was studied by temperature-
programmed reduction (H2-TPR). The H>-TPR measurements were
performed on a Micromeritics Autochem 11 ASAP 2920 instrument. The
samples were pretreated at 200 °C in He flow for 0.5 h prior to the
measurements. The TPR profiles were recorded while passing a 7 vol%
Ho/Ar mixture at 50 mL/min over the sample and increasing the
temperature from ambient to 700 °C at 10 °C/min.
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The temperature-programmed desorption (CO2-TPD) experiments were
carried out using a Micromeritics Autochem Il ASAP 2920 instrument.
The samples were first pretreated with He at 200 °C for 0.5 h, reduced in
7 vol% Ha/Ar (Paper 111: 250 °C, 0.5 h; Paper V: 350 °C, 2 h), and then
purged under He flow for 1 h. Then, CO; adsorption was performed with
a 6 vol% CO2/Ar mixture at 50 °C for 1 h, followed by purging in He.
The CO2-TPD profiles were obtained under constant He flow (40
mL/min) from ambient to 800 °C at a ramp rate of 10 °C/min.

The exposed Cu surface area was determined by dissociative N.O
adsorption using a Micromeritics Autochem Il ASAP 2920 instrument.
Prior to N20O adsorption, the sample was heated to 200 °C under He flow
for 0.5 h, reduced in 7 vol%H>/Ar at 350 °C for 2 h, and then purged
with He until the temperature reached 50 °C. The N2O adsorptive
decomposition was carried out in a 1% N2>O/He mixture at 50 °C for 1 h
following a procedure described by VVan Der Grift et al. [113-115]. After
that, the sample tube was purged with He for 1 h to remove the
physisorbed N2O. The N2O consumption was determined by a Ho-TPR
experiment from 50 to 400 °C at a rate of 10 °C/min in a 7 vol% Ha/Ar
mixture. The Cu surface area (SAcu) was estimated from the H:
consumption using Eq. 3.6.

- Y XSFXN
SAcy (M*geat™) = = =4 (3.6)
where Y is the moles of H> consumed in the TPR following N2O
chemisorption, SF is the stoichiometric factor (2), Na is Avogadro’s
number (6.022 x 10? mol™?), Cy is the number of surface Cu atoms per
unit surface area (1.47 x 10%° atoms-m™), and Wcat is the amount of

catalyst (g).

3.5 Catalyst evaluation

The schematic diagram of the CO2 hydrogenation setup is presented in
Figure 3.1. A fixed-bed continuous flow reactor was used to evaluate the
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catalyst, which was made from a stainless steel tube with an internal
diameter of 0.5 cm and a length of 50 cm. The gas flows (H2, CO2, N2)
were controlled by digital mass flow controllers (F-201CV, Bronkhorst),
which were calibrated using a manual bubble flow meter. The pressure
IS measured prior to the reactor, and a back-pressure regulator (Tescom)
is installed at the outlet of the reactor. All post-reactor lines and valves
were heated to 140 °C to avoid condensation of liquid products. The
temperature was measured by a thermocouple located close to the center
of the reactor.

é @ Pressure gauge
-MQ_‘ R ] Ball valve
1-200 ml i
H2 Vent IDI%IT Pressure reduction valve
.—% Pressure relief valve
£ Mass flow controller
—— R N SE Back pressure regulator
e HOOH ]
coz 1.200 ml ] Needle valve
c @ Coalescing filter
3 Gas Ty Thermocouple
TC chromatograph AT In-line filter
S g g N
N2 1-200 ml

et

Heated line (140 °C)

Figure 3.1 Schematic diagram of the CO2 hydrogenation setup.

The catalysts used for activity tests were crushed and sieved to obtained
granules between 40-60 mesh and mixed with SiC (a-Al203 was used in
Paper Ill). The weight ratio of the catalysts and the inert was
approximately 1:5 for all the activity tests. A quartz wool plug was used
to keep the catalyst bed in place. Prior to the activity tests, the catalysts
were typically reduced in 10 vol% H2/N2 (50 ml/min) at 350 °C for 2h
with a heating rate of 2 °C/min. After reduction, the reactor was cooled
to ambient temperature under N2 flow. After cooling the reactor, the
system was pressurized with the reaction mixture, and then the
temperature was increased to the desired temperature. The reaction
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mixture typically consisted of 50-100 ml/min of H2:CO2:N; at a ratio of
3:1:1.

The products were analyzed via on-line gas chromatography (GC) using
an Agilent 7890 B system containing two channels equipped with TCD
detectors. A HayeS Q (length 0.25 m, diameter 1 mm, thickness 80/100
um) and a Mols 5A (length 1.5 m, diameter 1 mm, thickness 80/100 pm)
column is used for the separation of Hz, N2, and CO. The CO,, C:-C3
hydrocarbons, and C1-Cz oxygenates in the product is separated by a GS-
carbonplot column (length 60 m, diameter 0.32, thickness 1.5 um). The
calibration of gaseous components (Hz, CO2, CO, Nz, Ci-C3
hydrocarbons) was performed using a gas mixture with a predetermined
composition purchased from Praxair. The calibration of methanol and
dimethyl ether was done by injecting known concentrations of N2-vapour
mixtures into the heated sampling loop with different methanol/DME
concentrations.

The CO. conversion (Xco2) was calculated utilizing N2 as internal
standard based on Eqg. 3.7.

moles COz oyt moles N i

x 100 (3.7)

Xco,(%) = [1 -

moles COy i moles N3 out

The selectivity of product i (S;) and space-time yield of methanol

(STY methanot) Were calculated using Eq. 3.8 and Eq. 3.9, respectively.

moles product; oyt

(0, —
Si(%) ¥ moles product; out x 100 (3.8)
mmol Fco,,in X Xc0,/100 X Smethanol/100
STYmethanol ( ) ) = : (3.9)
Gcat'h Weat

where Fcoz,in (Mmol/h) is the molar flow rate of CO: at the inlet of the
reactor and Wcat (g) is the amount of catalyst.
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The TOF of methanol for the Cu-based catalysts was calculated
according to the number of Cu surface atoms determined by N.O
chemisorption using Eqg. 3.10.

TOF. (m(’leculesmethanol) — Rmethanol X Na (3 10)
methanol second-Cugite SAcu X Cy '

where R,0tnanor 1S the methanol production rate (mol-g2-s™2),

32



Results and discussion

4 Results and discussion

4.1 Paper Il: Thermodynamic analysis of CO2>
hydrogenation to methanol and oxygenates

The products considered in the thermodynamic analysis of CO:
hydrogenation is methanol, CO, H20, DME, and C>—C4 alcohols. Both
single-phase and two-phase models were applied to investigate the
influence of product condensation on the thermodynamic equilibrium.
Although methane formation is thermodynamically favourable at the
investigated reaction conditions, the methane production over typically
employed catalysts is low. Therefore, methane is not considered in the
thermodynamic analysis.

4.1.1 Equilibrium in CO2 hydrogenation to methanol

4.1.1.1 Effect of temperature and pressure

Figure 4.1 shows the CO> conversion (a) and methanol selectivity (b) at
different reaction temperatures and pressures for the stoichiometric
H2/CO> ratio of 3/1. It can be seen that high CO. conversion and
methanol selectivity is achieved at low temperatures and high pressures.
This is because the methanol synthesis reaction is exothermic and a
volume reducing reaction. The CO2 conversion curves merge as the
temperature increases due to the endothermic RWGS reaction, which is
not affected by the reaction pressure. Product condensation occurs at low
temperatures, which drives the methanol synthesis reaction nearly to
completion. The positive effect of condensation on the methanol yield
has been confirmed experimentally, and the formation of a liquid phase
has been visually observed using a view-cell reactor [116]. Thus, reactor
designs that utilize product condensation could increase the methanol
yield per pass.
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Figure 4.1 Effect of temperature and pressure on (a) CO2 conversion and (b) methanol selectivity
at vapor-liquid and chemical equilibrium. The dashed lines in (a) represent the single-phase
equilibrium.

Figure 4.2a—c shows the influence of the phase transition from vapor to
liquid on the CO> conversion and methanol selectivity at 100 bar. It can
be seen that the phase transition occurs over a narrow temperature range
between 197-207 °C (Figure 4.2c). The condensation of methanol and
H20 is accompanied by a significant increase in CO2 conversion. The
effect of condensation on the methanol selectivity is relatively small
because the RWGS reaction is limited at low temperatures.
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Figure 4.2 (a) CO2 conversion, (b) methanol selectivity, and (c) vapor fraction over the two-
phase region at 100 bar and H2/CO2 = 3/1. The dashed lines in (a) and (b) represent the single-
phase equilibrium.
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4.1.1.2 Effect of H2/CO> ratio

Excess hydrogen is typically employed to limit the molar fraction of H.O
in the reactor, which enhances the reaction rate and also limits the
adverse effects of H.O on the catalyst (e.g., blocking active sites and
accelerates deactivation) [117, 118]. The effect of the H./CO> ratio on
the CO2 conversion and methanol selectivity at 100 bar is shown in
Figure 4.3a and b, respectively. The CO2 conversion increases with
increasing H2/CO; ratio throughout the investigated temperature range.
The methanol selectivity also increases with increasing H2/CO; ratio
because the methanol synthesis reaction is more sensitive to the partial
pressure of Hz. A significant deviation from the stoichiometric H2/CO;
ratio limits product condensation due to lower yield of condensable
methanol and water. Thus, operating close to the stoichiometric ratio is
ideal to utilize the positive effect of product condensation on the
methanol yield.
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Figure 4.3 Effect of H2/COz ratio on the (a) CO2 conversion, (b) methanol selectivity at different
temperatures and 100 bar. The dashed lines in (a) represent the single-phase equilibrium.

4.1.1.3 Effect of co-feeding H20

The influence of co-feeding H20 on the thermodynamics is illustrated in
Figure 4.4. As expected, the CO2 conversion decreases above the bubble
point because H2O is a product in both the methanol synthesis and
RWGS reaction. However, the addition of H,O to the feed allows
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condensation of products to occur at higher temperatures. Interestingly,
the CO. conversion and methanol selectivity are higher between 202—
213 °C when 20 mol% water is present in the feed compared to the H>O-
free feed mixture. Consequently, condensation can be enhanced by the
presence of H>O within the reactor. This could be utilized in the reactor
design to facilitate the removal of H>O and methanol from the reacting
gas-phase mixture.
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Figure 4.4 Effect of co-feeding H20 on the (a) COz conversion, (b) methanol selectivity, and (c)
vapor fraction over the two-phase region at 100 bar. The dashed lines in (a) and (b) represent the
single-phase equilibrium.

4.1.1.4 Recycle ratio in CO2-to-methanol process

Figure 4.5 shows the contour plots of the recycle ratio needed for
reaching a CO- conversion of >99% at a H,/CO ratio of 3/1 (a) and 5/1
(b). The data points were obtained using gas-phase thermodynamics. It
can be seen that the recycle volume is larger than the volumetric feed
rate even at relevant reaction conditions (200-300 °C, 50-100 bar). This
poses a significant challenge to the industrial implementation of the CO»-
to-methanol process due to the high cost of the recycling units. Thus,
higher pressure is needed to avoid large recycle volumes. Another option
is to remove the products from the reacting gas-phase, such as via
condensation or using permselective membranes.
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Figure 4.5 Contour plot of required recycle ratio (blue numbers) based on gas-phase
thermodynamics to achieve a CO2 conversion of >99% at a H2/COz ratio (a) 3/1 and (b) 5/1.

4.1.2 Equilibrium in CO2 hydrogenation to methanol
and DME

Solid acid catalysts are currently used to produce DME from methanol,
and Zeolites has been most extensively studied. However, one-pot
synthesis of DME has also been explored, which is typically performed
by combining a methanol synthesis catalyst with zeolite [119]. The
conversion of methanol to DME occurs via the exothermic methanol
dehydration reaction (Eq 4.1). Kinetic studies indicate that the methanol
dehydration step is very fast and that the reaction rate is controlled by
the methanol synthesis reaction over hybrid catalysts [120, 121], which
is encouraging for the industrial implementation of the one-pot synthesis
of methanol and DME.

2CH3OH = CH3OCH3 + H20, AHS,., =-23.4kJ/mol  (4.1)

The thermodynamics of CO> hydrogenation to methanol and DME was
studied by single- and two-phase models at different temperatures and
pressures. The COz conversion is shown in Figure 4.6a, while Figure
4.6b presents the selectivity of methanol and DME. The simultaneous
production of methanol and DME is also favored at low temperature and
high pressure. The thermodynamic limitation on the CO2 conversion is
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significantly lower for the one-pot synthesis of methanol and DME
compared to methanol synthesis. Product condensation occurs at low
temperatures, which increases the CO. conversion to almost 100%.
Furthermore, the RWGS reaction is less favorable when DME is
included in the analysis. The selectivity towards DME is significantly
higher than that of methanol at lower temperatures, and the DME
selectivity decreases with increasing temperature. On the other hand, the
methanol selectivity shows a volcano-type trend in which the maximum
shifts towards higher temperature with increasing pressure.
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Figure 4.6 (a) CO2 conversion and (b) methanol and DME selectivity at equilibrium in CO2
hydrogenation to a mixture of methanol, DME, and CO. The dashed lines in (a) represent the
single-phase equilibrium.

The influence of product condensation was examined over the two-phase
region, and the CO> conversion, methanol selectivity, and vapor fraction
at 100 bar are shown in Figure 4.7a—c. The onset of product condensation
occurs at a higher temperature for the product mixture of DME,
methanol, and H>O compared to methanol synthesis. Near complete
conversion of CO; can be achieved at about 206 °C. The methanol and
DME selectivity are mildly affected by product condensation, which
slightly increases the DME selectivity.
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Figure 4.7 CO2 conversion and (b) methanol and DME selectivity, and (c) vapor fraction over
the two-phase region at 100 bar and H2/COz ratio of 3/1. The dashed lines in (a) and (b) represent
the single-phase equilibrium.
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4.2 Paper lll: Mesoporous Co-Mn oxide catalysts
for CO2 hydrogenation

4.2.1 Catalyst characterization

4.2.1.1 N2 adsorption-desorption

The SSA, PV, and pore diameter of the Co304, XMnOx-C0304, and
MnOy catalysts are summarized in Table 4.1. The N2 adsorption-
desorption isotherms of all catalysts were of type IV, indicating
mesoporous structure. The SSA of Co3z04 (56 m2/g) and MnOx (60 m2/q)
is similar, whereas the PV is higher for CosO4 (0.27 cm®/g) compared to
MnOy (0.20 cm3/g). The SSA increases significantly for the catalysts
with a Mn content of 20 and 50 mol% to 106 and 197 m?/g, respectively.
The PV of the XMnOx-Co0304 catalysts is in the range of 0.21 to 0.31
cm/g.

Table 4.1 Summary of Nz adsorption-desorption results, metal oxide spinel crystallite size, and
Mn content determined by ICP-AES.

Catalyst SSA PV Pore diameter  dw,0, m=mn,co) Mn content
(m?g)  (cm*g)  (nm) (nm)? (mol %)

Co0304 56 0.27 13.7 14 -

10MnOx-Co304 54 0.21 9.5 13 13.6

20MnOx-C0304 106 0.31 7.9 10 21.0

50MnOx-Co304 197 0.24 4.4 8 55.4

MnOx 60 0.20 10.3 14 -

2 Calculated from the (311) diffraction peak located at 20 of ~37°.

42.1.2 XRD

XRD was conducted to obtain information on crystal phase and
crystallinity of the calcined Co304, XMnOx-C0304, and MnOx catalysts
and the XRD patterns are shown in Figure 4.10. The pattern of the MnOx
sample matches fairly well with that of crystalline MnzO4 (PDF #80-
0382), while the peaks of Coz04 correspond to cubic CozO4 (PDF #74-
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1657). A shift in the peaks is observed for the 10MnOx-C0304 and
20MnOx-Co304 catalysts, which is attributed to the incorporation of Mn
into a mixed Co-Mn oxide spinel-like structure. The XRD pattern of
50MnOx-Co30s4 is ascribed to structured (Co, Mn)(Mn,Co)204 spinel
(#PDF 18-0410), which typically exhibit a broad reflection around 26 of
36.5° [122, 123].
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Figure 4.8 XRD patterns of the calcined Co3Os, XMnOx-Co304, and MnOx catalysts.

The crystallite size of the Co304, XMnOx-C0304, and MnOx catalysts are
listed in Table 4.1. The crystallite size of C03z04, 10MnOx-C0304, and
MnOy is similar in the range of 13-14 nm. At higher Mn content, the
crystallite size decreases to 10 nm and 8 nm for the 20MnOy-Co0304 and
50MnOx-Co304 catalysts, respectively.

4213 TEM

The morphology and particle size of the catalysts was studied by TEM,
and the TEM images are shown in Figure 4.11. The catalysts consist of
well-defined NPs with a narrow particle size distribution. The average
particle size calculated statistically from the TEM images is close to the
crystallite size obtained from XRD.
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Sonm__|

Figure 4.9 TEM images of calcined (a) Co3O4, (b) 10MnOx-C0304, (c), 20MnOx-Co304 (d)
50MnOx-C0304, and (e) MnOx.

42.1.4 XPS

High-resolution XPS of the XMnOx-Co304 catalysts was conducted to
investigate the composition and elemental states of the surface species.
The Co 2p and Mn 2p regions are presented in Figure 4.12 (a) and (b),
respectively. For the Co 2p spectra, two spin-orbit doublets
corresponding to Co 2p3» and Co 2p12 and two satellite peaks are
present. The Co 2p spectra were deconvoluted according to the fitting
parameters reported by Biesinger et al. [124]. To qualitatively assess the
Co%*/Co®" fraction of the catalysts, the ratio of the Cu?* (~786 eV) peak
area relative to the Cu* (~789 eV) peak area of the 2pa, satellite feature
was calculated [125-128]. The Co?'/Co®*" ratio of the catalysts is
summarized in Table 4.2. The Co?*/Co®" ratio of 10MnOx-C0304 (1.16)
and 20MnOx-C0304 (0.93) is close to the reference value of CosO4 [124].
On the other hand, the higher Co?*/Co®" ratio of the 50MnOx-C0304
catalyst (2.25) indicates a larger fraction of Co?* species compared to the
other catalysts.
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Figure 4.10 High-resolution XPS spectra of the (a) Co 2p and (b) Mn 2p regions of the XMnOx-
Co304 catalysts.

Table 4.2 Surface atomic composition, binding energy of Co 2p and Mn 2p peaks, and Co?*/Co%*
ratio of the XMnOx-Co30Ox4 catalysts.

Catalyst Surf. comp.  Binding energy (eV) Co?*/Co®*
(mol %)
Co Mn  Co2ps2 Co2piw2 Mn2pz2  Mn2puw2
10MnOx-Co304 84.7 15.3 780.0 795.1 641.6 653.3 1.16
20MnOx-Co304 782 21.8 780.1 795.3 641.7 653.5 0.93
50MnOx-Co304 445 555 780.3 795.6 641.7 653.4 2.25

The Mn 2p spectrum contains two spin-orbit doublets at 641.7 eV and
653.4 eV corresponding to Mn 2p12 and Mn 2psp, respectively. For the
XMnOx-Co304 catalysts, the position and shape of the Mn 2p1> and Mn
2p32 peaks are close to the values reported for MnCo204 [123, 129] and
CoMn;04 [130]. Furthermore, the Co 2p3/2 and Co 2p1/2 peak position
shift slightly towards higher binding energy with increasing Mn content,
which is consistent with previous studies on Co-Mn mixed oxide spinel
materials [123, 129, 130]. Thus, the XPS analysis indicates that Co and
Mn are incorporated into a Co-Mn oxide spinel phase, which
consistent with the XRD analysis.
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4.2.1.5 H2-TPR

The reducibility of the catalysts was studied by H>-TPR, and the profiles
are shown in Figure 4.13. The reduction peaks at 264 and 347 °C of the
Co304 catalyst can be ascribed to the sequential reduction of Co304 to
metallic Co via the CuO intermediate [131]. The TPR profile of MnOx
exhibits a low-temperature peak around 279 °C and a wide signal
centered at 426 °C. The low-temperature peak is attributed to the
reduction of Mn®* ions located in tetrahedral sites, whereas the complete
reduction of Mn304 into MnO occurs at higher temperature [132]. The
high-temperature reduction peak shifts towards higher temperatures for
10MnOx-C0304 (412 °C) and 20MnOx-Co0304 (377 °C) compared to
Co030s. The TPR profile of the 50MnOx-Co304 catalyst is similar to that
of the MnOx sample but the maximum of the second reduction peak is
located at a higher temperature (474 °C). The results indicate that the
mixed metal oxide phase is more stable when both Co and Mn is present,
which requires a higher temperature to be reduced.
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Figure 4.11 H2-TPR profiles of the Cos04, XMnOx-C0304, and MnOx catalysts.

TCD signal (a.u.)

The Hz-consumption of the catalysts was estimated from the peak areas
and is summarized in Table 4.3. The Hz-consumption is higher for the
Co0304 (182 mmol/gcat) catalyst compared to MnOx (56 mmol/gca)
because MnO is the final reduction product. Consequently, the Ho-
consumption also decreases with increasing Mn content for the XMnOx-
Co304 catalysts.
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Table 4.3 Hz-consumption estimated by H2-TPR and surface basicity determined from CO2-

TPD.
Catalyst Hz-consump.  Number of basic  Basic site composition (umol/gcat)
(mmol/gcat) sites (umol/gear)  and peak temperature (°C)
WB, (T) MB, (T) SB, (T)
C0304 182 1.2 0.5(179) 0.2(297) 0.4(383)
10MnOx-CosOs 168 3.8 0.8(152) 0.1(219) 2.9 (354)
20MnOx-C0304 159 7.0 1.1(154) 1.8(223) 4.1(386)
50MnOx-C0304 104 7.5 2.5(163) 0.8(206) 4.2(327)
MnOx 56 2.9 0.2(122) 0.2(184) 2.5(389)

42.1.6 CO2-TPD

The surface basicity of the catalysts was studied by CO>-TPD after
reduction at 250 °C, and the profiles are shown in Figure 4.14. The
profiles were deconvoluted into three Gaussian peaks (dotted curves),
corresponding to weak (WB), medium-strength (MB), and strong basic
(SB) sites. It can be seen that the surface basicity of the Coz04 catalyst
is much lower than the other catalysts and consists of a mixture of WB,
MB, and SB sites (Table 4.3). For the XMnOx-Co304 catalysts, the
number of WB, MB, and SB sites increases significantly with increasing
Mn content. On the other hand, the MnOx sample mainly exhibits a large
number of SB sites.
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Figure 4.12 CO2-TPD profiles of the Co304, XMnOx-C030s, and MnOx catalysts.
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4.2.2 Methanol synthesis activity test

4.2.2.1 Catalyst activity and selectivity

The CO2 hydrogenation activity of the catalysts was compared at 250 °C
and 10 bar. Figure 4.15 shows the steady-state CO> conversion and
selectivity of the Co304, XMnOx-C0304, and MnOx catalysts. The Co304
catalyst exhibits the highest CO conversion of 56.5%, whereas a CO>
conversion of 2.9% is obtained over MnOx. When Mn is incorporated
into Co304, the activity of the catalyst decreases. The higher CO>
conversion of 20MnOx-C0304 (45.1%) compared to 10MnOx-C0304
(36.9%) is attributed to the significantly larger SSA of the 20MnOx-
Co304 catalyst. The methane selectivity is higher than 65% for the Co304
and XMnOx-Co304 catalysts, whereas the CO selectivity of MnOy is
70.2%. The methanol selectivity shows a volcano-type trend with respect
to Mn content, and the highest methanol selectivity of 22.1% is achieved
at 20 mol% Mn. The CO selectivity increases with Mn content from
1.0% (C0304) t0 9.1% (50MnOx-C0304). A small fraction of C2Ha is also
produced over the catalysts. The C2H4 selectivity increases from 1.8%
(Co304) to 3.4% and 3.2% for 10MnOx-C0304 and 20MnOx-C0304,
respectively. Only traces of Cz+ and DME could be detected for the
C0304, 10MnOx-C0304, and 20MnOx-C0304 catalysts.
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Figure 4.13 CO2 conversion and product selectivity over different catalysts after reduction at
250 °C. Reaction conditions: 250 °C, 10 bar, H2/CO2/N2 ratio of 3/1/1, and 88 800 h-.

The space-time yield (STY, mmol-h™::-m2ssa) of methane, methanol,
CO, and C2H4 are summarized in Table 4.4. It can be seen that the STY
of methane decreases drastically with increasing Mn content, whereas
the STY of methanol is significantly higher for the catalysts with 10 and
20 mol% Mn. For instance, the STY of methane is three times higher
over Co3z04 compared to 20MnOx-C030a, whereas the STY of methanol
is four times higher over the 20MnOx-Co304 catalyst. The activity of the
50MnOx-Co304 and MnOx catalysts is much lower than the other
catalysts. Thus, the Co:Mn composition significantly affects the activity
and selectivity of the catalyst.

Table 4.4 Production rate per SSA of methane, methanol, CO, and C2H4 over the Co304, XMnOx-
Co304, and MnOx catalysts. Reaction conditions: 250 °C, 10 bar, H2/CO2/N: ratio of 3/1/1, and
88 800 hL.

Catalyst STY of CHs  STY of methanol STY of CO STY of C2Ha
(mmol/m?) (mmol/m?) (mmol/m?) (mmol/m?)

Co0304 6.95 0.17 0.07 0.13

10MnOx-Co304 4.03 0.60 0.17 0.17

20MnOx-C0304 2.20 0.68 0.10 0.11

50MnOx-C0o304 0.56 0.09 0.07 0.01

MnOx 0.10 <0.01 0.25 <0.01
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4.2.2.2 Influence of reaction parameters on 10MnOx-C0304
and 20MnOx-C0304

The effect of reaction temperature on the CO> conversion and selectivity
over the 10MnOx-C0304 and 20MnOx-Co304 catalysts is shown in
Figure 4.16 (a) and (b), respectively. The catalysts exhibit similar trends
in terms of CO: conversion and selectivity as the temperature is
increased. The CO2 conversion increases significantly up to 250 °C for
both catalysts. Reaction intermediates or products might be inhibiting the
active sites and thereby, influence the CO. conversion at higher
temperatures since CO2 methanation is not particularly limited by
thermodynamics at these reaction conditions [133]. The methane
selectivity first decreases until 250 °C and then increases with
temperature. On the other hand, the methanol selectivity shows a
volcano-type trend in which the highest methanol selectivity is achieved
at 250 °C. This is probably due to the severe thermodynamic limitations
on methanol above 250 °C. A slight increase in C2Hs and CO selectivity
occurs as the temperature is increased.
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Figure 4.14 Effect of reaction temperature on CO2 conversion and selectivity over (a) 10MnOx-
Co304 and (b) 20MnOx-Co304. Reaction conditions: 10 bar, H2/CO2/N2 ratio of 3/1/1, and 88
800 h'L.

Figure 4.17a and b show the influence of reaction pressure on the CO>
conversion and selectivity over 10MnOx-C0304 and 20MnOx-C0304,
respectively. It can be seen that the CO. conversion and methanol
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selectivity increases with pressure, whereas the selectivity of methane,
CO, and CzH4 decreases. At a pressure of 20 bar, the methanol selectivity
IS 28.2% over 20MnOx-C0304, while a methanol selectivity of 19.1% is
achieved over the 10MnOx-Co0304 catalyst. The trends in selectivity
indicate that methanol synthesis is more sensitive to the reaction pressure
compared with CO2 methanation. This agrees well with the literature on
methanol synthesis and CO> methanation. The activity and selectivity
increase significantly with pressure over typical methanol synthesis
catalysts [134], whereas CO> methanation is not particularly dependent
on elevated pressures [135].
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Figure 4.15 Effect of reaction pressure on CO2 conversion and selectivity over (a) 10MnOx-
Co0304 and (b) 20MnOx-Co304. Reaction conditions: 250 °C, H2/CO2/N: ratio of 3/1/1, and 88
800 h'L.

The influence of GHSV on the CO> conversion and selectivity over the
10MnOyx-Co0304 and 20MnOx-Co304 catalysts is presented in Figure
4.18a and b, respectively. Evaluating the catalytic performance is
challenging at these reaction conditions because it is difficult to assess
the influence of the adsorbed surface species on the formation rate of the
different products. Similar trends in CO2 conversion and selectivity can
be observed. The higher methanol selectivity at lower GHSV is probably
due to the slower kinetics of methanol synthesis compared to CO>
methanation. The CO selectivity increases while the selectivity to CoH4
decreases with increasing GHSV. The ability of Co to generate higher
hydrocarbons is significantly higher from syngas compared to CO2/H>
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mixtures [109, 136]. Therefore, the trends in the selectivity of CO and
C2Ha indicate that CO is involved in the formation of CoHas. Furthermore,
the higher methanol selectivity at lower GHSV suggests that CO might
also play a role in methanol synthesis.
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Figure 4.16 Effect of GHSV on the CO2 conversion and selectivity over (a) 10MnOx-Co0304 and
(b) 20MnOx-Co0304. Reaction conditions: 250 °C, 10 bar, and H2/CO2/N: ratio of 3/1/1.

4.2.2.3 The effect of catalyst reduction temperature

The catalytic performance after reduction at 200, 250, and 300 °C is
summarized in Table 4.5. The COz conversion is very low (<5%) after
reduction at 200 °C, which indicates that the activity of largely
unreduced Co30s is relatively low. It can also be seen that the CO
selectivity is significantly higher when the catalysts are reduced at 200
°C. Furthermore, only traces of methanol can be detected for all the
catalysts. The CO2 conversion is substantially higher after reduction at
250 °C and increases slightly when the catalysts are reduced at 300 °C.
The highest methanol selectivity is obtained after reduction at 250 °C for
all the catalysts. This indicates that the oxidation state of the cobalt phase
significantly influences the selectivity of the Co-Mn oxide catalysts,
which is in agreement with literature on CO2 hydrogenation over Co-
based catalysts [109, 110, 137].
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Table 4.5 COz conversion and selectivity after reduction at different temperatures (Tr). Reaction
conditions: 250 °C, 10 bar, H2/CO2/N2 ratio of 3/1/1, and 88 800 hL.

Catalyst TrR(°C) X(CO2) (%) S(CH4) (%) S(methanol) (%) S(CO) (%)
10MnOx-Co30s 200 3.9 72.7 Traces 24.9
250 36.9 81.1 12.0 34
300 40.8 87.1 7.5 2.1
20MnOx-Co304 200 5.0 72.3 Traces 24.8
250 45.1 71.1 22.1 3.2
300 47.4 82.1 14.8 2.3
50MnOx-Co304 200 34 36.7 Traces 63.1
250 19.8 76.7 12.7 9.1
300 30.3 87.3 4.7 7.3

4.2.2.4 Intrinsic activity

The turnover frequency (TOF) was calculated to compare the intrinsic
activity of the catalysts. The TOF was estimated from the SSAs and
known surface packing densities of cubic (space group Fm-3 m) CuO
[110] since the TPR analysis indicate that Coz04 is not fully reduced at
250 °C. It can be seen from Figure 4.19 that the TOF for CO2 conversion
decreases with increasing Mn surface content. This is mostly because of
the inhibiting effect of Mn on methane formation (Table 4.4). Thus, the
active sites for methanol synthesis are not able to compensate for the loss
in the active sites for methane formation.
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Figure 4.17 TOF of CO2 conversion as a function of Mn surface content. Reaction conditions:
250 °C, 10 bar, H2/CO2/Nz2 ratio of 3/1/1, and 88 800 h-.
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An important parameter to compare the XMnOx-Co3034 catalysts to the
conventional Cu-based catalyst is the TOF for methanol formation
(TOFmethanol). The TOFmethanol related to the CuO surface area as a
function of Mn surface content is shown in Figure 4.20. It can be
observed that the TOFmethanol increases significantly when 10 and 20
mol% Mn is incorporated into the catalyst. The TOFmethanol Of the
20MnOx-Co304 catalyst (0.016 s is in the medium to high range of
typical values reported in literature for Cu-based catalysts despite the
lower pressure: ~0.003-0.026 at 220-250 °C and 30-80 bar [44, 65,
138]. Thus, the Co-Mn oxide system is promising alternative to the
conventional catalysts, particularly for low-pressure applications.
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Figure 4.18 TOF for methanol formation as a function of Mn surface content. Reaction
conditions: 250 °C, 10 bar, H2/CO2/N2 ratio of 3/1/1, and 88 800 hL.
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4.3 Paper IV: Influence of Cu-metal oxide
interaction and effect of indium promotion on
Cu-Zn0O-Al203 catalysts

4.3.1 Catalyst characterization

4.3.1.1 Textural and structural properties

The nominal and actual metal content of the catalysts is given in Table
4.6. For the HT-derived catalysts (2CZA-InY), the Cu:Zn ratio is fixed at
2, while the Al content is replaced by In depending on the desired In
loading. It can be seen that the actual metal content is in good agreement
with the nominal composition for the prepared catalysts.

Table 4.6 Nominal and actual composition determined by ICP-AES of the 2CZA-InY, Cu-ZnO,
and In/Cu-ZnO catalysts.

Catalysts Nominal composition (mol%) Composition determined by ICP-AES
(mol%)
Cu Zn Al In Cu Zn Al In

2CZA-In0 50 25 25
2CZA-In2 50 25 23
2CZA-In3 50 25 22
2CZA-In5 50 25 20
Cu-ZnO 83 17 -
In/Cu-ZnO 82 17 -

51.3 24.3 244 -
50.9 241 229 21
515 24.6 20.8 3.1
51.7 239 19.3 51
83.2 16.8 - -
82.2 16.5 - 13

= | o1l w NN o

The N2-physisorption results of the calcined 2CZA-InY, Cu-ZnO, and
In/Cu-ZnO catalysts are summarized in Table 4.7. The incorporation of
In into the HT-derived catalysts slightly increases the specific surface
area, which is in the range of 36-41 m?/g. The specific surface area of
the Cu-ZnO catalyst is 72 m?/g, which decreases to 46 m?/g after
impregnation with In.
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Table 4.7 Summary of Nz-physisorption results, crystallite size and particle size of the 2CZA-
InY, Cu-ZnO, and In/Cu-ZnO catalysts.

Catalyst SSA deu (nm)? deu (nm)P H2/CuO SAcu
(m?lg) (%)° (m?/geat)®
2CZA-In0 36 13.1 9.5 99 13
2CZA-In2 39 11.8 94 101 16
2CZA-In3 41 12.1 9.4 101 15
2CZA-In5 37 12.3 8.7 103 11
Cu-ZnO 72 23.7 - 98 18
In/Cu-ZnO 46 20.1 - 101 14

2 Calculated from the (111) peak by the Scherrer equation
b Determined by counting particles in HAADF-STEM images
¢ Calculated from Hz-consumption during Hz-TPR

d Estimated by N2O chemisorption

The XRD patterns of the 2CZA-InY catalyst precursors are shown in
Figure 4.21a. The precursors crystallize in a HT-like structure and match
the pattern reported for Cu2ZnsAl2(OH)16CO3-H2O (PDF #38-0484)
[44]. The peaks at 26 of 35.5° and 38.7° indicate the formation of
crystalline CuO. These CuO species can form during ageing or drying of
the precursors [139]. For the 2CZA-In5 catalyst, additional reflections
are present at 22.3° and 31.7°, corresponding to In(OH)s (PDF #76-
1463). The full width at half maximum (FWHM) of the 003 reflection
(26 of 11.8°) shows a volcano-type trend with a maximum at 3 mol% In
(Figure 4.21b). The increase in the FWHM indicates either an increase
in lattice strain or a decrease of the crystal domain size in the stacking
direction, which is attributed to the presence of In within the HT-like
structure [140-142]. The XRD pattern of the Cu-ZnO precursor is typical
of Cu, Zn malachite (Figure 4.21c). The shift in the (201) and (211)
peaks in the 26-range of 31-33° is indicative of Zn incorporation into the
malachite structure [143].
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Figure 4.19 (a) XRD patterns of the 2CZA-InY precursors, (b) FWHM of the 003 peak as a
function of In content, and (c) XRD pattern of the Cu-ZnO precursor.

The XRD patterns of the reduced 2CZA-InY catalysts are shown in
Figure 22a. The reflections at 26 of 43.3°, 50.4°, and 74.1° correspond
to metallic Cu (PDF #04-0836). The crystallite size was estimated from
the Cu(111) peak and is relatively similar for the 2CZA-InY catalysts
between 11.8-13.1 nm (Table 4.7). The weak reflections between 31—
36° are attributed to ZnO (PDF #36-1415), which indicates that the Zn
and Al oxide species are largely amorphous after reduction. For the In-
containing HT-derived catalysts, the Cu peaks shift towards lower
diffraction angles with increasing In content. Furthermore, weak
reflections are present between 42-43° for the 2CZA-In5 catalyst. This
is indicative of CuxIny alloys as the most intense peaks of different Cuxlny
alloys are located in this region.
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The XRD patterns of the reduced Cu-ZnO and In/Cu-ZnO indicate that
both crystalline Cu and ZnO NPs are present (Figure 4.22b). The
crystallite size of Cu is higher for Cu-ZnO (23.7nm) and In/Cu-ZnO
(20.1 nm) compared to the 2CZA-InY catalysts. The shift in the Cu peaks
for the In/Cu-ZnO catalyst might be due to the presence of In within the
bulk of the Cu NPs.
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Figure 4.20 XRD patterns of the reduced (a) 2CZA-InY and (b) Cu-ZnO and In/Cu-ZnO
catalysts.

The microstructure of the catalysts was investigated by HAADF-STEM
for the 2CZA-InY catalysts and TEM for the Cu-ZnO and In/ZnO
catalysts. For the 2CZA-In0 catalyst (Figure 4.23a), an amorphous
mixed oxide phase is present after calcination, which is typical of HT-
derived catalysts [144]. After reduction, the 2CZA-InY catalysts consist
of larger Cu particles embedded within a Zn-Al oxide matrix (Figure
23b-d). The average Cu particle size is similar for the 2CZA-InY
catalysts at around 9 nm (Table 4.7). Thus, HT-derived catalysts
resemble more closely to a traditional supported system, and the Zn-Al
oxide phase is reported to have a spinel-like ZnAl>O4 structure [44, 139].
In contrast, the Cu-ZnO catalyst exhibits a typical porous aggregated
structure of Cu and ZnO NPs (Figure 4.24a) [34]. As shown in Figure
4.24Db, the structure of the impregnated In/Cu-ZnO catalysts is similar to
that of the Cu-ZnO catalyst.
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Figure 4.21 HADF STEM images of (a) 2CZA-In0 after calcination and reduced (b) 2CZA-In0,
(c) 2CZA-In2, (d) 2CZA-In3, and (e) 2CZA-In4.
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Figure 4.22 TEM images of the reduced (a) Cu-ZnO and (b) In/Cu-ZnO catalysts.

43.1.2 H2-TPR

The reducibility of the catalysts was investigated by H>-TPR. The TPR
profiles of the 2CZA-InY catalysts are shown in Figure 4.25a. The
profiles were deconvoluted into four peaks (o, B, y1, and y2). The o and
B peaks are ascribed to the reduction of surface and bulk CuO particles,
respectively [19, 145]. The y1, and y2 peaks are ascribed to the reduction
of Cu?* species present in the mixed metal oxide matrix. The strong
interaction with the Zn-Al oxide phase has been reported to stabilize the
Cuz0 intermediate, leading to a stepwise reduction of these Cu?* species
(CuO — Cu20 and Cu20 — Cu) [33, 44]. It can be seen that the reduction
of Cu-ZnO and In/Cu-ZnO occurs at lower temperatures compared to the
HT-derived catalysts (Figure 4.25b). This indicates a stronger Cu-oxide
interaction for the HT-derived catalysts. The H2> consumption relative to
the Cu content of the catalysts is summarized in Table 4.7. The H2/CuO
ratio is close to 100%, indicating that the CuO species are completely
reduced. The slightly higher H2/CuO ratio of the In-containing catalysts
suggests that In oxide species are also reduced to some extent.
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Figure 4.23 (a) Deconvoluted H2-TPR profiles of the 2CZA-InY catalysts and (b) H2-TPR
profiles of the Cu-ZnO and In/Cu-ZnO catalysts.

4.3.1.3 N20 chemisorption

The Cu surface area of the catalysts was estimated by N2O dissociative
adsorption. The addition of 2 mol% In to the HT-derived catalyst
increases the Cu surface area from 13 to 16 m?/g, whereas the Cu surface
area decreases at higher In content (Table 4.7). Although the Cu particles
are much smaller for the HT-derived catalysts, the Cu surface area is
lower than that of the Cu-ZnO catalyst (18 m?/g). This is probably due
to the higher interfacial contact between the Cu particles and the oxide
phase for the HT-derived catalysts. The Cu surface area decreases to 14
m?/g when In is impregnated onto the Cu-ZnO catalysts.

4.3.1.4 XPS study of the 2CZA-InY catalysts

The surface composition of the calcined and reduced 2CZA-InY catalysts
is summarized in Table 4.8. It can be seen that the surface concentration
of metal oxides is higher than the nominal composition. The Cu:Zn ratio
obtained from XPS is close to 1.2 after calcination and between 0.6-0.9
for the reduced samples, whereas the nominal Cu:Zn ratio is around 2.
The lower Cu surface content after reduction is probably due to the
agglomeration of Cu species into larger Cu particles during reduction.
Furthermore, the Cu surface concentration of the reduced samples
decreases with increasing In content.
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Table 4.8 Surface composition of calcined and reduced 2CZA-InY catalysts determined by XPS.

Catalyst Surface composition after Surface composition after ~ Cu%(Cu*+Cu®)
calcination (atom%) reduction (atom%)
Cu Zn Al In Cu Zn Al In
2CZA-In0 37 31 32 0 33 36 30 0 0.15
2CZA-In2 38 31 28 3 32 37 28 3 0.17
2CZA-In3 38 32 25 5 30 40 25 5 0.22
2CZA-In5 39 33 22 6 27 42 24 7 0.21

The Cu 2pasy2 spectra of the calcined and reduced 2CZA-InY catalysts are
shown in Figure 4.26a. The calcined catalysts exhibit a peak at 934 eV
and a satellite feature between 940-944 eV, which is characteristic of
CuO [146]. For the reduced samples, the main peak shifts towards lower
binding energy and the satellite feature disappears, indicating that CuO
species are not present after reduction. The Cu L3VV Auger line was
recorded to elucidate the chemical state of Cu after reduction (Figure
4.26b). The Auger peak was deconvoluted into Cu® (~918.5 eV) eV) and
Cu* (~916.4 eV), which is widely used to estimate the relative amount
of Cu® and Cu™ species [145, 147-150]. The catalysts contain a relatively
higher number of Cu* species than Cu® (Table 4.8), which might be due
to the strong interaction with the Zn-Al oxide phase [145, 147]. It is
found that the Cu® fraction increases with increasing In content.
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Figure 4.24 (a) Cu 2ps;2 XPS spectra of the calcined and reduced 2CZA-InY catalysts and (b) Cu
LsVV Auger spectra of the reduced 2CZA-InY catalysts.
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The Zn LsMa4sMa s Auger spectra of the calcined and reduced 2CZA-InY
catalysts are relatively similar (Figure 4.27a), which indicates that the
chemical state of ZnO is largely unchanged after reduction. On the other
hand, a shift in the In 3ds;2 and In 3ds/2 spin-orbit doublets towards lower
binding energy can be observed after reduction (Figure 4.27b). This is
attributed to the reduction of In oxide species, which are probably present
as CuxIny alloy species [151-153].
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Figure 4.25 (a) Zn LsM4sMas Auger spectra of the calcined and reduced 2CZA-InY catalysts
and (b) In 3d XPS spectra of calcined and reduced 2CZA-InY catalysts.

4.3.1.5 Characterization of HT-derived CZA-InY catalysts with
Cu:Znratio of 1 and 4

We also prepared series of 1CZA-InY (Cu:Zn=1)and 4CZA-InY (Cu-
Zn=4) catalysts for comparison, according to the same procedure as the
2CZA-InY catalysts. The Al content of the 1CZA-InY and 4CZA-InY is
similar to that of 2CZA-InY. A summary of the characterization results
of the 1CZA-InY and 4CZA-InY catalysts are presented in Table 4.9,
XRD confirmed that the metal oxide phase is also largely amorphous
after reduction for the 1CZA-InY and 4CZA-InY catalysts. Thus, we
expect that the HT-derived catalysts contain a similar microstructure.
The Cu crystallite size is smaller for the 1CZA-InY compared to the
2CZA-InY catalysts, whereas larger Cu particles are obtained when the
Cu:Zn ratio is 4. Furthermore, the Cu surface area of the In-free catalysts
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increases with increasing Cu content and the highest Cu surface area is
obtained for the 4CZA-In0 catalysts. It can be seen that the Cu surface
area also decreases at high In content for the 1CZA-InY and 4CZA-InY
catalysts.

Table 4.9 The SSA, Cu crystallite size, and Cu surface area of the 1CZA-InY and 4CZA-InY
catalysts.

Catalyst SSA (m?/g) dcu (NmM)? Cu surface area (m?/g)°
1CZA-In0 38 104 10

1CZA-In2 112 11.0 11

1CZA-In4 116 114 9

1CZA-In6 96 104 6

4CZA-In0 29 18.1 14

4CZA-In2 52 15.3 17

4CZA-In5 51 16.0 13

4CZA-In7 43 174 11

2 Calculated from the (111) peak by the Scherrer equation;
® Cu SA determined by N20 chemisorption

4.3.2 Catalytic activity tests

4.3.2.1 Influence of Cu-oxide interface and In promotion on
activity

To assess the influence of the Cu surface area on the catalytic activity,
the CZA-InY, Cu-ZnO, and In/Cu-ZnO were assessed at 250 °C, 30 bar,
and WHSV of 30 000 cm® gear® Wt The space-time yield (STY) of
methanol as a function of the Cu surface area is presented in Figure 4.28.
It can be seen that the STY of methanol is correlated to the Cu surface
area for the In-free catalysts obtained from the HT-like precursor. The
highest STY of methanol (12.4 mmol ge* h™Y) is achieved over the
4CZA-In0 catalyst despite the lower Cu surface area compared to the
Cu-ZnO catalyst. This indicates that not only the Cu surface area but also
the Cu-oxide interaction influences the activity of the catalyst. The
addition of In significantly reduces the activity of the catalyst regardless
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of the preparation method. However, the STY of methanol is also related
to the Cu surface area for the In-containing CZA-InY catalysts.
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Figure 4.26 (a) STY of methanol as a function of Cu surface area. Reaction conditions: 250 °C,
30 bar, H2/CO2/N2 = 3/1/1, WHSV = 30 000 cm®gear *h 2.

Figure 4.29 shows the TOF for methanol formation. The TOF of the
CZA-In0 catalysts is similar around 0.018 s™%, while the TOF of the Cu-
ZnO catalyst is 0.014 s*. This is attributed to the stronger Cu-oxide
interaction of the HT-derived catalysts. The higher activity of the CZA-
InO catalysts might be due to the promotion of the Cu surface sites
through inducing defects, facilitating the decoration of Cu and formation
of CuZn/CuZnOx alloy sites, or a higher number of active interfacial sites
[33-35, 43]. Interestingly, the TOF of the CZA-In0 catalysts seems to be
unaffected by the Cu particle size. Since smaller Cu particles typically
contain a higher number of defects, it is likely that the higher activity is
related to the formation of CuzZn/CuZnOy species or interfacial sites. The
significantly lower intrinsic activity of the In-containing catalysts
indicates that the CuxIny surface or bulk alloy species inhibit the active
sites.
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Figure 4.27 TOF of methanol formation of the CZA-InY, Cu-ZnO, and In/Cu-ZnO catalysts.
Reaction conditions: 250 °C, 30 bar, H2/CO2/N2 = 3/1/1, CO2 conversion = 5%.

4.3.2.2 Influence of Cu-oxide interaction and In promotion on
methanol selectivity

It is important to compare the methanol selectivity at similar CO;
conversion because the methanol selectivity decreases with increasing
CO2 conversion for Cu-based catalysts. Figure 4.30 shows the methanol
selectivity as a function of CO2 conversion for the 2CZA-InY, Cu-ZnO,
and In/Cu-ZnO catalysts. The methanol selectivity is higher for the
2CZA-InQ catalyst compared to Cu-ZnO, indicating that the stronger Cu-
oxide interaction also increases the selectivity. Furthermore, the
methanol selectivity is improved when In is incorporated into the catalyst
regardless of the preparation method. The highest methanol selectivity is
obtained over the 2CZA-In3 catalyst. The inhibition of CO formation has
also been observed in methanol steam reforming, which was attributed
to the presence of In on the Cu surface [154].

64



Results and discussion

——2CZA-In0
—8—2CZA-In2
—&— 2GZA-In3
—¥— 2CZA-In5
#- Cu-ZnO
In/Cu-Zn0

9]
3]
L

= o
o =]
L L

Methanol selectivity / %
£
(=]

CO, conversion / %

Figure 4.28 Methanol selectivity as a function of CO2 conversion. The COz conversion was
varied by changing the contact time between 10 000 to 100 000 cm®/(gcat h). Reaction conditions:
250 °C, 30 bar, H2/CO2 = 3.

4.3.3 Stability of HT-derived catalysts

To assess the stability of the HT-derived catalysts, long-term activity
tests were performed over the 2CZA-In0 and 2CZA-In3 catalysts. Figure
4.31 shows the CO> conversion and methanol over 72 h time on stream
(TOS). For the 2CZA-In3 catalyst, the CO> conversion and methanol
selectivity remains relatively stable. On the other hand, the CO:
conversion increases slightly for 2CZA-In0 catalysts, whereas the
methanol selectivity decreases from 35 to 28%. This results in a decrease
in the STY of methanol of 8% for the 2CZA-In0 catalyst. Thus, the
incorporation of In stabilizes the activity of the catalysts.
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Figure 4.29 COz conversion and methanol selectivity over the 2CZA-In0 and 2CZA-In3
catalysts over 72 h TOS. Reaction conditions: 250 °C, 30 bar, H2/CO2 = 3.

The spent catalysts were characterized by N2-physisorption, XRD, and
N20 chemisorption. The Cu crystallite size, SSA, and Cu surface area of
the spent 2CZA-In0 and 2CZA-In3 catalysts are summarized in Table
4.10. The Cu surface area is relatively similar after reaction for the
2CZA-In3 catalyst. However, the Cu surface area increases from 13 to
21 m?/g for the 2CZA-In0 catalyst. It can be seen in Figure 4.32 that
significant sintering of the Cu particles and the Zn-Al oxide phase occurs
for the 2CZA-In0 catalyst. These structural changes seems to increase
the SSA and the number of Cu atoms exposed on the surface. Thus, the
increase in CO2 conversion is attributed to the larger Cu surface. On the
other hand, the continuous decrease in methanol selectivity is probably
due to the gradual loss of Cu-oxide interfacial contact. The intrinsic
activity of the 2CZA-In0 is substantially reduced after 72 h TOS, which
decreases by 43%. This highlights the important role of the Cu-oxide
interaction on the intrinsic activity. Consequently, the higher stability of
2CZA-In3 is attributed to the stabilization of the Cu-oxide interaction.
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Table 4.10 Cu crystallite size, SSA, and Cu surface area of the spent 2CZA-In0 and 2CZA-In3
catalysts.

Catalyst deu (nm)? SAgetT (M?/g) SAcu (m?/g)
2CZA-In0 20.3 74 (56)° 21
2CZA-In3 145 58 (54)b 16
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Figure 4.30 XRD patterns of the spent 2CZA-In0 and 2CZA-In3 catalysts.
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4.4 Paper V: The role of interfacial sites between
copper and metal oxides (Zn, Zr, In) for CO>
hydrogenation to methanol

4.4.1 Catalyst characterization

44.1.1 ICP-AES

The nominal and actual composition determined by ICP-AES of the
prepared catalysts are summarized in Table 4.11. The catalysts prepared
by co-precipitation are denoted as CuZn-X, CuZr-X, and CuZrin-X,
where X refers to the calcination temperature. The impregnated catalysts
are denoted as M/CuZn (M = In or Zr) and M/CuZr (In or Zn). The Zr
content of the CuZr-350 and CuZrIn-350 catalysts prepared by co-
precipitation is lower than the nominal content. The actual metal content
is close to the nominal content for the other co-precipitation and
impregnated catalysts.

Table 4.11 Nominal and actual metal content determined by ICP-AES of the prepared catalysts.

Catalyst Nominal metal content (mol%) Metal content determined by ICP-AES
(mol%)

Cu Zn Zr In Cu Zn Zr In
CuZn-350 833 16.7 - - 832 168 - -
In/Cuzn-350 825  16.5 - 1.0 822 165 - 1.3
Zr/CuZn-350 825 165 1.0 - 822 167 11 -
CuZzr-350 833 - 167 - 89.1 - 109 -
CuZrIn-350 829 - 166 05 887 - 11.0 03
In/CuZr-350 825 - 165 1.0 880 - 109 11
Zn/CuZr-350 825 1.0 165 - 878 1.0 112 -

4412 XRD

Figure 4.33 shows the XRD patterns of the Cuzn, CuZr, and CuZrin
precursors. It can be seen that the diffraction patterns of the CuZr and
CuZrin catalysts are in excellent agreement with the reference pattern of
crystalline malachite (PDF #41-1390). This indicates that the In and Zr
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species are not incorporated into the malachite phase, which is probably
due to their larger size compared to Zn. The samples exhibit comparable
SSA and pore volume after calcination at 350 °C, which decreases to
some extent after impregnation (Table 4.12).

Intensity / a.u.

Diffraction angle 26/ °

Figure 4.31 XRD patterns of the Cuzn, CuZr, and CuZrln precursors.

Table 4.12 Summary of Nz-physisorption results and crystallite size of CuO and Cu of CuZn-
based and CuZr-based catalysts.

Catalyst SAser PV Pore diameter  dcuwoqiyy  deuqiy (nm)°
(m?g)  (cm®g)  (nm) (nm)?
CuZn-350 72 0.17 1.7 5.9 23.7
CuZn-500 42 0.10 6.7 11.9 26.4
In/Cuzn-350 46 0.11 7.6 7.6 20.1
Zr/CuZn-350 48 0.11 7.4 7.4 21.8
CuZr-350 73 0.18 7.9 7.9 21.3
CuZr-500 55 0.14 7.2 9.1 23.1
CulnZr-350 77 0.18 8.8 8.8 21.7
In/CuZr-350 63 0.15 9.2 9.2 22.2
Zn/CuZr-350 61 0.15 7.8 7.8 21.9

8 CuO crystallite size after calcination

b Cu crystallite size of the reduced catalysts

The XRD patterns of the reduced CuzZn-based and CuZr-based catalysts
are shown in Figure 4.34a and b, respectively. The peaks at 26 of 43.3°,
50.4°, 74.1°, and 89.9° correspond to metallic Cu (PDF #04-0836). The
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Cu crystallite size is similar for the CuZn-based and CuZr-based
catalysts between 20-24 nm (Table 4.12). Crystalline ZrO> is not
detected for the CuZr-based catalysts, indicating that the ZrO> species
are amorphous or highly dispersed. No additional peaks are present for
the impregnated samples.
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Figure 4.32 XRD patterns of (a) the reduced CuZn-350, In/CuzZn-350, and Zr/CuzZn-350
catalysts; (b) XRD patterns of the reduced CuZr-350, CuZrIn-350, In/CuZr-350, and Zn/CuZr-
350 catalysts; and (c) d-spacing of the Cu(311) peak of the reduced catalysts.

The d-spacing of the Cu(311) peak is shown in Figure 4.34c. The higher
d-spacing of the CuZn-based catalysts might be related to a distortion of
the Cu lattice by Zn [33]. It seems that both a higher calcination
temperature and a second calcination treatment results in a greater
segregation of the Cu and Zn species, as evidenced by the lower d-
spacing of the CuZn-500 and Zr/CuZn-350 catalysts. The increase in d-
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spacing for the In/CuzZn-350 and CuZrIn-350 catalysts is attributed to the
presence of In within the bulk of Cu.

4413 TEM

The TEM images of the reduced CuzZn-350 and In/CuZn-350 catalysts
are shown in Figure 4.36a and b, respectively. The microstructure of the
catalysts is typical for CuzZn-based catalysts, which can be characterized
by larger Cu particles spaced by smaller ZnO particles [155]. In contrast,
the Cu phase seems to agglomerate to a larger extent for the CuZr-based
catalysts (Figure 4.37a—c). This is probably because of the significantly
smaller size of ZrOz, which has a particle size of 5 nm (Figure 4.37d).
The ZrO; coverage of Cu seems to range from fully covered Cu species
to practically uncovered ones. Although optimal mixing of the Cu and
ZrO> species is not obtained for the CuZr-based catalysts, a significant
number of Cu-ZrO; interfacial sites can be observed in the TEM images.

Figure 4.33 TEM images of the reduced (a) CuzZn-350 and (b) In/Cuzn-350 catalysts.
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(b)

Figure 4.34 TEM images of the reduced (a) CuZr-350, (b) CuZrIn-350, (c) In/CuZr-350, and (d)
Cuzr-350 (higher magnification) catalysts.

44.1.4 H2-TPR

The TPR profiles of the CuZn-based and CuZr-based catalysts are shown
in Figure 4.38a and b, respectively. The profiles were deconvoluted into
three peaks (a, B, and y). The CuZn-350 catalyst exhibits 3 and y peaks,
corresponding to the reduction of surface and bulk CuO particles [19,
145]. For the CuZr-based catalysts, an additional a peak is observed at
lower temperature, which is attributed to the enhanced reducibility of
CuO in contact with ZrOx. It can also be seen that a small o peak is also
present when In or Zr is impregnated onto the CuZn catalysts.
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Figure 4.35 Deconvoluted Hz-TPR profiles of the (a) CuZn-based and (b) CuZr-based catalysts.

4.4.1.5 N20 chemisorption

The Cu surface area estimated by N.O chemisorption is summarized in
Table 4.13. Impregnating In onto the CuZn-350 catalyst reduces the Cu
surface area from 18 m?/g to 14 m?/g. On the other hand, the Cu surface
area is relatively unchanged for the Zr/CuzZn-350 catalyst (17 m?/g). The
Cu surface area of the CuZr-based catalysts is significantly larger than
that of the CuZn-based catalysts in the range of 26-36 m?/g. A decrease
in Cu surface area occurs when In is impregnated onto the CuZr catalyst,
whereas the Cu surface area is not greatly affected by Zn impregnation.
The lower Cu surface area of the catalyst impregnated with In might be
related to the presence of In species on the Cu surface.

Table 4.13 Cu surface area, relative number of MB sites, and ratio of high-temperature MB sites
to total number of MB sites of the catalysts.

Catalyst SAcu (m?/g)? Relative number of MB sites® AnT-MB/AmE°
CuZn-350 18 0.22 0

CuZn-500 19 0.14 0
In/CuzZn-350 14 0.18 0
Zr/CuzZn-350 17 0.35 0

CuZr-350 34 1.00 0.24
CuZr-500 31 0.71 0.25
CuZrIn-350 36 0.86 0.42
In/CuZzr-350 26 0.55 0.35
Zn/CuZr-350 32 0.88 0.26
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2 Estimated by N20O chemisorption
b Relative number of MB sites compared to CuZr-350

¢ Ratio of high-temperature MB sites to the total number of basic sites

44.1.6 CO2-TPD

The surface basicity of the catalysts was studied by CO,-TPD. The CO>
TPD profiles of the CuzZn-based and CuZr-based catalysts are shown in
Figure 4.39a and b, respectively. The weak basic (WB) sites located
between 50-200 °C are related to the Cu surface or OH™ groups [156],
while the medium-strength basic (MB) sites between 200-500 °C are
ascribed to metal-oxygen pairs (e.g. Zr—O, In-0, oxygen defects in ZnO,
or CuZn/CuZnOx species) [66, 157]. The strong basic (SB) sites might
be related to higher energy defects [158]. Based on previous studies [20,
159-161], we expect that the number of MB sites is indicative of the
methanol synthesis activity.

The surface basicity of the Cu-ZnO catalyst decreases when the catalyst
is calcined at higher temperature (Table 4.13), which indicates weaker
Cu-ZnO interaction. Impregnating In onto CuZn-350 decreases the
basicity of the catalyst. On the other hand, new types of MB sites are
formed when Zr is impregnated onto the CuzZn-350 catalysts, which
results in a higher number of MB sites. The surface basicity is
significantly higher for the CuZr-based catalysts compared to the CuZn-
based catalysts. The CuZr-350 catalyst exhibits the highest number of
MB sites. In-promotion of the CuZr-based catalysts reduces the quantity
of MB sites but leads to a relatively higher number of high-temperature
MB sites regardless of the preparation method (Axt-me/Awns, Table 4.13).
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Figure 4.36 CO2 TPD profiles of the (a) CuZn-based and (b) CuZr-based catalysts. The y-scale
is 2x higher in b compared to a.

4.4.2 Catalytic activity tests

4.4.2.1 Influence of Zn and Zr oxide on activity

Figure 4.40a shows the steady-state production rate of methanol and Cu
for the Cuzn-350, CuZn-500, and Zr/CuZn-350 catalysts. The methanol
formation rate of the CuzZn-350 catalyst is 14.7 mmol-gea*-n™?, which
decreases to 12.4 mmol-ge1-ht after calcination at 500 °C. Li et al. [64]
observed that the metallic Zn content significantly decreases with
increasing calcination temperature for a bimetallic Cu-ZnO catalyst. Our
CO.-TPD and XRD results also indicate weaker Cu-ZnO interaction for
the CuzZn-500 catalysts, whereas the Cu crystallite size and Cu surface
area are similar. Therefore, the lower activity after calcination at 500 °C
is attributed to the reduced Cu-ZnO interaction. The methanol formation
rate increases to 15.6 mmol-gear -t for the Zr/Cuzn-350 catalyst. This
is ascribed to the formation of Cu-ZrO: interfacial sites for CO:
conversion to methanol. The initial activity is almost two times higher
for the Zr/CuzZn-350 catalysts but decreases significantly within the first
10 h, which is probably due to the loss of Cu-ZrO. interfacial sites
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(Figure 4.40b). The steady-state methanol selectivity is also higher for
the Zr/Cuzn-350 catalysts (Figure 4.40c).
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Figure 4.37 (a) Methanol and CO production rate over the CuZn-based and CuZr-based catalysts
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Zr/CuZn-350 catalysts (WHSV =38 000 cm3-gear*-h%); and (c) methanol selectivity as a function
of CO2 conversion. Reaction conditions: 230 °C, 30 bar, H2/CO2 = 3.

The steady-state formation rate of methanol and CO for the CuZr-350,
CuZr-500, and Zn/CuZr-350 are presented in Figure 4.41a. The
methanol formation rate of the CuZr-350 catalysts is 13.1 mmol-gear -
L. The relatively low activity despite the high Cu surface area indicates
that methanol formation mainly occurs on Cu-ZrO; interfacial sites, in
agreement with literature [52, 61, 162-164]. It can also be seen that the
methanol formation rate is significantly lower after calcination at 500 °C,
which might be related to structural changes in the ZrO» phase.
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Interestingly, impregnating ZnO onto the CuZr-350 catalyst reduces the
activity of the catalyst, which suggests that the ZnO-ZrO> interaction is
not the reason for the increase in activity of the Zr/CuzZn-350 catalyst. It
can be seen in Figure 4.41b that the methanol selectivity is also reduced
after calcination at 500 °C and when Zn is impregnated onto the CuZr-
350 catalyst.

a 4
@ 18 Il Vethanol () 65
% Cco

= 154 e 60
-3 =
] 2 55
5 T 55
E -
£ 8 50 . CuZr-350
® F .
[ B 45 g Zn/CuZr-350
5 ] h N —A
— = ~
B B 404 ~_ CuZr-500
'g = N
E 354

30 —————T——T—T——T—

4 5 6 7 8 9 10 11 12 13

CuZr-3! CuZr-500 ZnICuZr-350

CO, conversion / %

Figure 4.38 (a) Methanol and CO production rate over the CuZn-based and CuZr-based catalysts
(WHSV = 38 000 cm®gcar?-ht) and (b) methanol selectivity as a function of CO2 conversion.
Reaction conditions: 230 °C, 30 bar, H2/CO2 = 3.

4.4.2.2 Influence of In on CuZn-based and CuZr-based
catalysts

The influence of In on the steady-state methanol formation rates at 230
°C and 270 °C is shown Figure 4.42a. The methanol formation rate is
higher for CuZr-350 compared to CuzZn-350 at 270 °C, which is in
agreement with literature [54]. This is probably due to the superior
activity of Cu/ZnO catalysts for the RWGS and methanol decomposition
reaction compared to Cu/ZrO,. Impregnating In onto the CuZn-350 and
CuZr-350 catalyst significantly reduces the methanol formation rate. In
contrast, the highest methanol formation rate at 270 °C is obtained over
the CuZrin-350 catalyst. We expect that this is related to In-Zr oxide sites
that become more active at higher temperatures, similarly to In.Os-based
catalysts [102]. The methanol selectivity is higher for the In-containing
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catalysts (* refers to a second calcination cycle at 350 °C), indicating that
In also inhibits the formation of CO (Figure 4.42b and c). For the
CuZrIn-350 catalyst, the methanol selectivity is only higher than that of
the CuZr-350* catalyst at 270 °C. Furthermore, the STY of methanol
remains stable over CuZrin-350 at 270 °C, which might be due to a
stabilizing effect of In on the Cu-oxide interfacial sites (Figure 4.42d).
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Figure 4.39 (a) Steady-state methanol formation rate of the CuzZn-350, In/CuzZn-350, CuZr-350,
CuZrin-350, and In/CuZr-350 catalysts at 230 °C and 270 °C (WHSV = 80 000 cm?®/(gcat h));
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of methanol over 18 h TOS of the CuZr-350 and CuZrIn-350 catalysts at 270 °C and 80 000
cm?/(geac h). Reaction conditions: 30 bar, H2/CO» = 3.
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4.4.2.3 Influence of surface properties on catalytic performance

Figure 4.43a shows the STY of methanol as a function of the Cu surface
area. No correlation between the methanol formation rate and the Cu
surface area can be deduced for the CuzZn-based or CuZr-based catalysts.
On the other hand, the STY of CO is strongly related to the Cu surface
for both the CuzZn-based and CuZr-based catalysts. The trendline for the
CuZn-based catalysts is very steep, which suggests that the interaction
of Cu with metal oxides or In also influences the CO formation rate. The
number of MB sites seems to be indicative of the methanol formation
rate of the catalysts with the exception of the In/Cuzn-350 catalyst
(Figure 4.43c). This indicates that the Cu-oxide interaction is a
determining factor for the methanol synthesis activity of the catalysts.
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function of Cu surface area; and (c) STY of methanol as a function of the relative number of MB
sites. Reaction conditions: 230 °C, 30 bar, H2/CO2 = 3, WHSV = 38 000 cm3-gear-hL.
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4.4.3 Discussion

The CuZn(Ox) alloy or Cu-ZnO interfacial sites are considered as the
active sites for methanol synthesis from CO> for the Cu-ZnO system
[40], while the Cu-ZrO: interfacial sites facilitate the activation and
hydrogenation of CO> to methanol for Cu-ZrO> catalysts [60]. It has been
reported that the apparent activation energy is lower for the Cu-ZrO;
system compared to Cu-ZnO and Cu-ZnO-ZrO; catalysts [63]. Thus, the
superior activity of CuzZn-350 compared to CuZr-350 at 230 °C indicates
a higher number of active sites for the CuzZn-350 catalyst.

In literature, the key difference between ZnO and ZrO; seems to be the
formation of small Zn clusters on the Cu surface [60]. For our catalysts,
this can to some extent be expected due to the differences in the precursor
materials of the CuzZn and CuZr catalysts, where only Zn can be
incorporated into the Cu malachite phase. Thus, the catalyst surface of
the CuZn catalyst can be characterized by relatively large crystalline Cu
and ZnO particles with small clusters of Zn species on the Cu surface,
which is illustrated in Figure 4.44a. On the other hand, the CuZr catalyst
seems to primarily contain interfacial sites between Cu and ZrO;
particles (Figure 4.44e). This model explains the higher activity of the
Cuzn-350 catalysts despite having a Cu surface area that is about 50%
lower than the CuZr-350 -catalyst. Furthermore, increasing the
calcination temperature to 500 °C probably decreases the Zn coverage of
the Cu surface due to the greater segregation of CuO and ZnO prior to
reduction.

It follows that the higher activity of the Zr/CuzZn-350 catalyst is due to
the generation of additional Cu-ZrO- interfacial sites (Figure 4.44b). The
lower activity of the Zn/CuZr-350 catalyst indicates that the Zn species
are stabilized on the ZrO- phase rather than present as Zn clusters on the
Cu surface (Figure 4.44d). Consequently, these results highlight that the
interplay between Cu and the metal oxides is crucial in promoting the
conversion of CO2 to methanol.
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Figure 4.41 Simplified sketch of the catalyst surface of (a) Cuzn, (b) Zr/CuZn, (c) In/CuZn, (d)
Zn/CuZr, (f) CuZr, and (g) In/CuZr.

The impregnation of In onto the CuzZn-350 and CuZr-350 results in In
coverage of the Cu surface, as indicated by the significant drop in Cu
surface area. The stronger inhibiting effect of In on the activity of the
Cuzn-350 catalyst is probably due to the blockage of the active sites on
the Cu surface. In contrast, it seems that In reduces the methanol
formation rate of CuZr-350 by modifying the interfacial sites. The
superior performance of the CuZrIn catalyst prepared by co-precipitation
demonstrates that properties of the Zr-In oxide can be tuned by
optimizing the composition and preparation method. This could be used
to enhance the reactivity of the interfacial sites.

The correlation between the Cu surface area and CO formation rate
suggests that CO production is related to the metallic Cu sites. This is
also consistent with the lower CO formation rate when In is present on
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the Cu surface for both CuzZn-350 and CuZr-350. The higher CO
formation rate of CuZn-based catalysts indicates that the RWGS reaction
or methanol decomposition into CO is also promoted when ZnO is
present.

The results show that enhancing the interaction between Cu and metal
oxides increases both the activity and methanol selectivity. This study
indicates that optimizing the Cu-ZnO interaction while generating a high
number of Cu-ZrO interfacial sites is key to maximize the performance
of Cu-ZnO-ZrO; catalysts. This could result in a high number of active
Cu-ZnO and Cu-ZrO; sites for methanol synthesis. The interaction
between ZnO-ZrO> is found to have a negative effect on the activity of
the catalyst. However, the ZnO-ZrO- interaction might be structure
sensitive and could therefore, play a role in methanol synthesis over Cu-
Zn0O-ZrO; catalysts.
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5 Concluding remarks

5.1 Conclusions

The thermodynamic aspects of CO2 hydrogenation to methanol pose a
significant challenge for the industrialization of the CO»-to-methanol
process. The thermodynamics significantly limits the equilibrium
conversion of CO> to methanol at typical methanol synthesis conditions.
Thus, high recycle ratios are required for the complete conversion of CO>
into methanol. Paper 11 shows that the methanol yield can be significantly
increased by utilizing product condensation. The condensation of water
and methanol can occur at relevant reaction conditions (200 °C, 100 bar)
and could, therefore, be utilized to increase the methanol yield per pass
in the CO2-to-methanol process. Eliminating the CO formation of
methanol synthesis catalysts or employing hybrid catalysts for the
simultaneous production of methanol and other oxygenates (e.g.,
dimethyl ether or higher alcohols) could also circumvent the
thermodynamic restrictions on the CO conversion to the target
product(s).

The main scientific objective of experimental work was to investigate
the role of metal oxides in CO, hydrogenation to methanol. The
complexity of these systems makes it challenging to identify and tailor
the configuration of the active sites. For the Co and Cu-based catalysts
investigated in this work, the interaction with the oxide promoter has a
pronounced effect on the activity of the catalysts. Thus, optimizing the
metal-oxide interaction has the potential to further enhance the catalytic
performance of the catalysts in CO2 hydrogenation to methanol.

In Paper Ill, it was demonstrated that intimate contact of Co and Mn
oxides generates highly active sites for methanol synthesis, which are not
present on the surface of pure Co oxide. The Co-Mn oxide system is an
interesting alternative to the conventional Cu-based catalysts for low-
pressure applications. This is because the CO production rate is very low
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over the Co-Mn oxide catalyst, which seems to be a highly inhibiting
factor on the methanol yield from a thermodynamic perspective.
However, further effort is needed to minimize the formation of
hydrocarbons on the Co sites.

Paper IV showed that the catalytic performance of Cu/ZnO-based
catalysts can be enhanced by modifying the Cu-oxide interfacial contact.
The partial embedment of Cu particles in a Zn-Al oxide matrix
significantly increases the intrinsic activity and methanol selectivity.
This indicates that a compromise between high Cu surface area and Cu-
oxide interfacial area is needed to maximize the activity of Cu/ZnO-
based catalysts. The loss of the Cu-oxide interface is identified as the
main reason for catalyst deactivation. The addition of In could stabilize
the microstructure but the presence of In on the Cu surface seems to
inhibit the active sites for methanol synthesis.

The influence of Cu-oxide and oxide-oxide (Zn, Zr, and In oxides)
interaction on the catalytic performance was investigated in Paper V. The
Cu-ZrO2 and Cu-ZnO systems are similar in that the activity is linked to
the Cu-oxide interaction. The incorporation of Zn into the Cu precursor
phase leads to significantly higher intrinsic activity compared to Cu-
ZrO», which is attributed to superior Cu-oxide interfacial contact. The
results also indicate that the formation of new Cu-ZrO; interfacial sites
is responsible for the higher activity and selectivity of the ZrO;
impregnated Cu-ZnO catalyst. On the other hand, the ZrO,-ZnO
interaction seems to decrease the catalytic performance when ZnO is
impregnated onto Cu-ZrO,. The presence of In on the Cu surface limits
the CO. hydrogenation ability of the active sites on the Cu surface.
However, In oxide is more stable on the ZrO, phase and can generate
active Zr-In oxide interfacial sites. This study demonstrates that
optimizing the different active configurations in Cu-based catalysts can
significantly affect the catalytic performance.
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5.2 Future work

The development of novel reactors that can facilitate the removal of
methanol and water could have practical significance for the large-scale
implementation of the CO,-to-methanol process. This includes reactor
designs that utilize product condensation or permselective membranes to
remove the products from the reacting gas-phase mixture.

The low-pressure methanol synthesis process could be viable in certain
applications. The Co-Mn oxide system exhibits superior methanol
synthesis activity compared to the Cu-based catalysts at low-pressure.
Future work should focus on improving the selectivity of the Cu-Mn
oxide catalysts by identifying suitable promoters to limit the formation
of hydrocarbons and appropriate supports to lower the cost of the
catalyst.

For Cu-based catalysts, there is still great potential for improving the
activity and selectivity by optimizing the Cu-oxide and oxide-oxide
interaction. Efforts to elucidate the nature of the active sites and
interaction between the active components, promoters, and support is
needed to tune the different active phases. In addition, stabilizing the
different components is also a significant challenge to limit the
deactivation of the catalyst. Developing novel synthesis methods that can
target the Cu-oxide and oxide-oxide interaction separately warrants
further study.
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Abstract CO, hydrogenation to methanol is a promising
environmental-friendly route for combatting CO, emis-
sions. Methanol can be used to produce a variety of
chemicals and is also an alternative fuel. The CO.-to-
methanol process is mostly studied over multi-component
catalysts in which both metal and oxide phases are present.
The difficulty in elucidating the influence of the different
phases on the catalytic performance has led to intense
debate about the nature of the active site. Consequently, the
main stumbling blocks in developing rational design
strategies are the complexity of the multi-component cat-
alytic systems and challenges in elucidating the active
sites. In this paper, we reviewed the most promising cata-
lyst systems for the industrial CO-to-methanol processes.
Firstly, the copper-based catalysts are discussed. The focus
is on the debate regarding the promotional effect of zinc, as
well as other metal oxides typically employed to enhance
the performance of copper-based catalysts. Other catalytic
systems are then covered, which are mainly based on
palladium and indium. Alloying and metal-metal oxide
interaction also play a significant role in the hydrogenation
of CO; to methanol over these catalysts. The purpose of
this work is to give insight into these complex catalytic
systems that can be utilized for advanced catalyst synthesis
for the industrial CO,-to-methanol process.

Keywords CO, hydrogenation - Methanol - Catalyst -
Structure—activity

B4 Zhixin Yu
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1 Introduction

Environmental concerns on greenhouse gas emissions have
led to a large interest in CO, conversion and utilization
from both academia and industry in the past decade. CO,
utilization offers an alternative carbon-neutral pathway for
the synthesis of valuable fuels and chemicals. CO,
hydrogenation to methanol is an attractive process because
methanol is one of the largest industrial chemicals and an
essential building block for various chemical compounds
(formaldehyde, olefins, acetic acid, etc.) (Behrens et al.
2012). Furthermore, methanol is widely used in fuel blends
and can also be directly applied in methanol fuel cells.
Besides reducing CO: emissions, using methanol as an
alternative fuel can significantly lower the emissions of air
pollutants in the transportation sector, such as hydrocar-
bons and NO, (Verhelst et al. 2019). The global methanol
market is also expected to grow significantly over the next
decade (Triton Market Research 2019). Furthermore, CO,
hydrogenation to methanol has been suggested as a
promising method for intermittent renewable energy stor-
age (Kiss et al. 2016).

Today, methanol is almost exclusively synthesized from
fossil sources over Cu/ZnO/Al; 05 catalysts by an industrial
process that converts synthesis gas (H,/CO/CO,) into
methanol at elevated pressures (50-100 bar) and tempera-
tures (200-300 °C) (Behrens et al. 2012). The interest in
converting captured CO, to methanol by hydrogenation
(Eq. 1) has increased significantly in recent years. How-
ever, the industrial implementation of CO; hydrogenation
to methanol has so far been limited. This is mainly due to
the higher costs associated with capturing CO, and pro-
ducing H, from renewable energy compared to synthesis
gas. There are also more significant thermodynamic
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restrictions on the conversion due to the competing reverse
water—gas shift (RWGS) reaction (Eq. 2) (A]varcz et al.
2017; Stangeland et al. 2018). Furthermore, the different
gaseous environment containing a larger amount of water
during CO, hydrogenation to methanol can have negative
effects on the activity and stability of the catalyst (Liang
et al. 2019).

CO; +3H; = CH30 + H;0  AHaxsx = —49.5 kJ/mol
(1)
CO; + H; = CO+H,0 AHa5x = 41.2 kJ/mol (2)

The most efficient catalysts for CO, hydrogenation to
methanol are multi-component catalytic systems. For
example, the industrial Cu/ZnO/Al,O5 catalyst is often
used as a reference for catalytic performance. It typically
consists of intermixed Cu and ZnQ nanoparticles after
activation, where Al,O; is primarily considered as a
structural promoter (Behrens et al. 2012). A large Cu sur-
face area is important to obtain high activity, but there are
differences in intrinsic activity between Cu/ZnO-based
catalysts with different preparation history, This difference
in the active site “quality” implies that the reaction is
structure-sensitive over Cu/ZnO-based systems. Similar
observations have also been reported for the interplay of
Cu with other metal oxides (Chen et al. 2019). Thus, the
interaction between the catalyst’s components plays an
important role in maximizing the catalytic performance of
Cu-based systems. The exact nature of the interaction
between Cu and metal oxides has been strongly debated
and is currently not fully understood.

The key role of the metal-support interaction for CO,
hydrogenation to methanol has also been demonstrated for
other transition metal-based catalysts (i.e., Pd, Ni, Co).
Without adequate promotion, these metals typically pro-
duce mainly CH; or CO during CO, hydrogenation.
Therefore, alloying or strong metal-metal oxide interaction
is needed to increase the methanol selectivity (Ojelade and
Zaman 2019). More recently, In-based catalysts have
gained much research interest due to its high methanol
selectivity over a wide range of temperatures. Promoters
can further enhance the methanol synthesis rate of In-based
catalysts, which is significantly affected by the atomic-
scale architecture (Frei et al. 2019).

The aim of this paper is to give insight into the interplay
between species in the different multi-component catalytic
systems that have been widely studied for CO, hydro-
genation to methanol. Elucidating the nature of the active
site is important for the development of more effective
catalysts, which can aid in commercializing the process
and enhance its economic viability.

2 Catalyst systems for CO; hydrogenation
to methanol

2.1 Cu-based catalysts
2.1.1 Cu/ZnO-based catalysts

The industrial Cu/ZnO/Al,05 catalyst is often referred to as
the benchmark catalyst for CO, hydrogenation to metha-
nol. The reported studies of Cu-based catalysts covered in
this work are summarized in Table 1, where the different
effects of oxides have been underlined. Initial studies led to
the conclusion that Cu was the active component in
methanol synthesis, while ZnO and Al,O; functioned as
spacers for the Cu particles and structural promoters. Sin-
gle-crystal studies over different Cu facets indicate that the
turnover frequencies (TOF) for methanol synthesis are
lower than for the RWGS reaction for H»/CO, mixtures.
For instance, a TOF of ~ 8 x 107 s~ was reported for
methanol synthesis on Cu(110), while the TOF for CO
production was ~ 5 s~ ' (Ho/CO, = 11/1, 5.1 bar, 530 K)
(Yoshihara and Campbell 1996). Rasmussen et al.
(1994a, b) found that the methanol synthesis rate over
Cu(100) was ~ 30 times faster than that on Cu(110). On
this basis, the role of ZnO has been proposed to increase
the exposure of more active Cu sites. Furthermore, several
researchers have observed a linear correlation between
activity and Cu surface area with catalysts supported on
different metal oxides (Natesakhawat et al. 2012). Conse-
quently, many studies report that ZnO does not have a
direct influence on methanol synthesis. However, the Cu
surface area is typically determined solely from N>O
chemisorption. Recent reports suggest that reducible metal
oxides may distort the measurements and that N,O probes
both Cu and the partially reducible oxide (Chatterjee et al.
2019; Fichtl et al. 2014; Kuld et al. 2014).

Evidence for an increase in the intrinsic activity of Cu
by metal oxide promoters can be observed from the
reported TOF of different model structures and real cata-
lysts in the literature. For instance, a TOF several magni-
tudes higher than single-crystal Cu has been reported for
Cw/ZnO(0007) (Yang et al. 2010) and CeO./Cu(l11)
(Graciani et al. 2014) model surfaces. Kuld et al. (2016)
found that the TOF for methanol increased with increasing
Zn coverage of Cu over an industrial-type Cu/ZnO/Al,O;.
This has also been observed in model structures by depo-
sition of Zn on polycrystalline Cu (Nakamura et al. 1996),
ZnO on Cu(lll) (Senanayake et al. 2016), and ZnO
nanoparticles on Cu(111)/ZnO(0007) (Kattel et al. 2017).
Senanayake et al. (2016) observed that the intrinsic activity
of Cu(111) showed a volcano-type behavior relative to the
ZnO and CeO, coverage, as shown in Fig. 1a. Furthermore,
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Table 1 continued
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they found that the TOF of the inverse oxide/Cu configu-
ration [CeO./Cu(111) and ZnO,/Cu(l11)] was about 2
times higher than the corresponding Cu/oxide structure
(Cu/ZnO and Cu/Ce0,). These structure effects are
schematically illustrated in Fig. Ib. The reactivity of Cu
particles deposited on ZnO single-crystal surfaces has also
been reported to depend on the surface plane of ZnO [i.e.,
(0001), (0001), and (1010)] (Didziulis et al. 1989; Lud-
viksson et al. 1993). Moreover, the morphology of ZnO
could also influence the Cu-ZnO interaction. Liao et al.
(2011) detected a strong electronic interaction between Cu
and platelike ZnQ, which was proposed to facilitate CO,
activation and hydrogenation at the interface.

The increased activity due to the presence of ZnO in Cu/
ZnO-based catalysts is often referred to as the Cu—ZnO
synergy or strong metal-support interaction (SMSI). There
has been intense debate regarding the nature of the active
site and the role of Zn in promoting methanol synthesis
(Behrens et al. 2012; Kattel et al. 2017; Kuld et al. 2016;
Lunkenbein et al. 2015). Kasatkin et al. (2007) found that
lattice strain and defect in Cu particles enhanced the cat-
alytic activity of Cu/ZnO/Al,0;. Theoretical studies have
also indicated that defects can improve the energetics of
the reaction pathway for methanol synthesis (Kopac et al.
2019; Wu and Yang 2017).

Recently, based on a combination of experimental
measurements and theoretical calculations, the synergy
between Cu and ZnO arising from SMSI was attributed to
the formation of surface CuZn alloy (Kuld et al. 2016).
Furthermore, the Zn" atoms at the step edges of Cu
nanoparticles (NPs) were proposed to be the active sites,
and the Zn coverage was quantitatively correlated with
the methanol synthesis activity. Studt et al. (2015) pro-
posed that metallic Zn on the surface of Cu increased the
binding energy of O-bound intermediates (i.e., formate),
which facilitates the hydrogenation pathway from CO,.
The lower activity in the absence of ZnO was suggested
to result from formate poisoning of the Cu surface. These
findings were supported by activity tests in methanol
synthesis from various mixtures of H,/CO,/CO and DFT
calculations. Martinez-Sudres et al. (2015) found that the
formation of metallic Zn was thermodynamically favor-
able at low O, partial pressures based on molecular
dynamics modeling of a Cu eight-atom cluster on a ZnO
substrate.

Several authors have concluded that metallic Zn gen-
erated during reduction is not stable under reaction con-
ditions. TEM studies revealed encapsulation of Cu particles
by a ZnO overlayer (Lunkenbein et al. 2015). It has also
been observed that Zn” in the ZnCu(111) catalyst under-
went oxidation to ZnQO during CO; hydrogenation to
methanol (Kattel et al. 2017). Le Valant et al. (2015) found
that the Cu and CuZn particles were inactive, while
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Fig. 1 a Rates for CO,
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particles composed of a CuZn core with a ZnO, shell
(CuZn@Zn0,) showed low activity with 100% methanol
selectivity. In contrast, the Cu@ZnO, core—shell particles
exhibited similar selectivity but an eightfold increase in
activity compared to that of CuZn@ZnO,. They concluded
that the ZnO, overlayer was directly involved in the active
site for methanol production. Moreover, in situ neutron
diffraction characterization of an industrial Cu/Zn/Al
methanol synthesis catalyst operated at industrially rele-
vant conditions indicated that the CuZn alloy is not present
during syngas conversion to methanol (Kandemir et al.
2013). From the discussion so far, there are conflicting
reports on whether Zn” or ZnO is the component respon-
sible for promoting the reaction. Furthermore, the promo-
tion mechanism of Zn is also debated. It has been
suggested to directly participate in the reaction through the
Cu/ZnO, interface or CuZn alloy, enhance the rate through
electronic promotion, and increase the exposure of certain
geometrical or structural active sites in Cu.

It has been demonstrated that the interaction between Cu
and Zn can be tuned through the composition of the cata-
lysts, preparation method, and addition of promoters. A
higher Zn/(Cu + Zn) surface ratio can be obtained at
higher Zn content, which can benefit the methanol selec-
tivity (Martin et al. 2015). Brown et al. (2015) reported a
one-pot synthesis approach, where colloidal particles con-
sisting of zinc oxide and Cu(0) were produced from diethyl
zinc and bis(carboxylato/phosphinato)copper(Il) precur-
sors. The optimum system comprised a 55:45 loading of
ZnO/Cu and showed equivalent activity to a commercial
Cu/Zn0/Al,04/MgO catalyst. There have also been reports
of more effective catalysts with higher Cu dispersion and
Cu-ZnO interaction for catalysts derived from Cu/Zn/Al
georgeite precursors (Kondrat et al. 2016; Smith et al.
2017), as well as higher intrinsic activity of Cu/Zn/Al
produced from hydrotalcite (Kiihl et al. 2014). Gao et al.
(2015) explored the effect of ¥ loading (¥ = 0, 1.5, 3.0, 5.8,
and 14.5 mol%) of Cu/ZnO/AlO3/Y,0;5 derived from
hydrotalcite precursors. A volcano-shaped trend was

@ Springer

observed for the methanol selectivity with a maximum at
3 mol% Y. This was attributed to improved Cu dispersion
at moderate Y loading, resulting in enhanced Cu—ZnO
interaction. Li et al. (2016) investigated the effect of Ga
loading in Ga modified Cu/ZnO catalysts. Apart from the
structural promotion provided by Ga, their results indicated
that it also facilitated the deep reduction of ZnO to Zn®,
which formed CuZn alloy after reduction. The improve-
ment in catalytic activity and methanol selectivity could be
correlated with the increased Zn” concentration. Gao et al.
(2013) investigated the influence of different modifiers
(Mn, La, Ce, Zr, and Y) on Cu/Zn/Al catalyst obtained via
a hydrotalcite-like precursor. They found that the methanol
selectivity increased in the series Cu/Zn/Al < Cu/Zn/Al/
Mn < Cw/Zn/Al/La < Cu/Zn/Al/Ce < Cuw/Zn/Al/Y < Cuw/
Zn/Al/Zr. This trend was related to the fraction of strong
basic sites of the catalysts that facilitated the activation and
hydrogenation of COs,, indicating that the basic sites of the
metal oxides influenced the selectivity.

Recent investigations of the deactivation mechanisms of
Cu/ZnO/AlyO5 catalysts during CO, hydrogenation further
illustrate the importance of metal-support interaction.
Liang et al. (2019) studied a Cu/ZnO/Al,O5 catalyst and
found that the main causes of deactivation were aggrega-
tion of ZnO and partial oxidation of the Cu phase. Pras-
nikar et al. (2019) found that separate Cu regions formed
during CO- hydrogenation and that the segregation of Cu/
ZnO was promoted when water was added to the feed.
Interestingly, Cu/ZnQ segregation was not observed when
the catalyst was applied for syngas conversion to methanol.
Instead, migration of ZnO and partial coverage of Cu were
evident during syngas experiments. Thus, the behavior of
the catalyst is significantly affected by the gaseous envi-
ronment, and different strategies might be needed to
enhance Cu/ZnO-based catalysts for CO, hydrogenation
compared to syngas conversion.

There are works that indicate that the reaction pathway
on non-promoted and promoted Cu surfaces is different
(Studt et al. 2015). In complex real catalyst systems, there
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is a combination of different active sites, such as the
coexistence of fully covered Cu nanoparticles with par-
tially covered and practically uncovered ones in typical Cu/
ZnO/ALO5 catalysts. Consequently, methanol is likely
produced from a combination of different reaction path-
ways (Martinez-Suarez et al. 2015). Therefore, under-
standing and tuning the interaction between Cu and the
promoter(s) is a crucial component of optimizing the
activity of Cu-based catalysts. A second observation is that
enhancing the stability of the “optimum” catalytic struc-
ture(s) is another key challenge in Cu-based catalyst
design.

2.1.2 Effect of other metal oxide componenis on Cu-based
catalysts

The interaction of Cu with other metal oxides has also been
reported, which indicate that the nonstructural promoting
role of the metal oxide significantly affects the catalytic
behavior. Studt et al. (2015) observed that high methanol
formation rates could be obtained over Cu/MgO in CO
hydrogenation, whereas the catalyst was significantly less
active when COs-rich syngas or H,/CO, feedstock was
used. This was attributed to poisoning of the Cu surface by
CO; through the generation of spectator formate species.
Chen et al. (2019) found that the addition of La to Cu/SBA-
15 increased the methanol selectivity from 26 to 81%. The
increase in methanol selectivity was attributed to Cu-LaQ,
interface that enhanced the adsorption capacity of CO, and
facilitated the conversion of CO, to methanol. Further-
more, the TOF for methanol synthesis over Cu-La0,/SiO»
was 19 x 107 57! while only 1.3 x 107 s™" aver Cu/
Si0,.

Graciani et al. (2014) investigated CO, hydrogenation to
methanol over a model CeQO,/Cu(111) surface. The acti-
vation energy of methanol synthesis over the CeO,/
Cu(111) surface was 50 kJ/mol, which is much lower than
that obtained over a Cu/ZnO(0001) surface (67 kl/mol).
The reaction mechanism was investigated by in situ
infrared reflection adsorption spectroscopy and DFT cal-
culations. The results indicated that methanol and CO were
produced through the carboxyl intermediate (HOCO),
whereas hydrogenation of formate (HCOO) was inhibited
by high barriers. Li et al. (2019) prepared Cu supported on
mesostructured Al,Oz and AlCeQ with different Ce con-
tent. They found that Ce enhanced the surface basicity of
the catalyst, which could be correlated with the increase in
methanol selectivity. Cu/AlCeO showed higher methanol
yields than a Cu/ZnO/Al,O; catalyst prepared by co-pre-
cipitation despite having a significantly lower Cu surface
area.

Zr is by far the most investigated promoter for Cu-based
catalysts besides Zn, and it is often combined with Zn in

tricomponent catalysts. Rungtaweevoranit et al. (2016)
studied Cu confined in Zr-based metal-organic framework
(MOF). The XPS analysis indicated a strong interaction
between Cu and ZrO,. They proposed that the presence of
multiple Cu oxidation states and the high interfacial contact
area between Cu and ZrO, lead to superior performance
relative to a Cu/ZnO/Al,O; catalyst. An et al. (2017)
anchored ultra-small Cu/ZnO, NPs (o a pre-assembled 2,2'-
bipyridine-5,5"-dicarboxylate  and  Zrg(p3-0)4(ps-OH)y
sites in a UiO-bpy MOF. The MOF-cavity-confinement
prevented the agglomeration of Cu NPs and phase sepa-
ration between Cu and ZnQO,, resulting in a highly
stable catalyst for 100 h. The catalyst showed a high space-
time yield of methanol and a methanol selectivity of 100%,
which was attributed to SMSI due to the presence of both
Zn and Zr in close proximity to Cu. Ro et al. (2016) pre-
pared Cu/ZrQ, via controlled surface reactions and atomic
layer deposition (ALD) to study the Cu/Zr interface. The
oxidation state of Cu and Zr species was primarily Cu® and
Zr** However, Cu® and Zr®* (8 < 4) were present at the
interfacial sites, suggesting partial Cu diffusion into the
Zr0, lattice to form Cu-ZrO,. It was found that the for-
mation of Cu-ZrQ, interfacial sites increased the intrinsic
activity of Cu by an order of magnitude. The exact nature
of the active site was not addressed, meaning that either the
interfacial sites or the pure metal surface modified by the
adjacent oxides could be responsible for methanol
production.

Samson et al. (2014) showed that Cu supported on -
ZrO, crystallite phase had a higher activity than Cu sup-
ported on m-ZrO,, The presence of oxygen vacancies sta-
bilized both the thermodynamically unstable -ZrQO, phase
and Cu™ cations, which were present in the vicinity of
oxygen vacancies. The catalytic activity toward methanol
increased with increasing r-ZrQ, content. Hence, the
complexes built from Cu cations and oxygen vacancies
preferentially on t-ZrO, were proposed as the active site for
the methanol synthesis reaction. Tada et al. (2019)
demonstrated the importance of the interfacial area and
surface basicity on the catalytic activity for Cu/ZrO, cat-
alysts. Utilizing a Cu nitrate precursor resulted in residual
nitrogen that bound to basic sites of the ZrO, support,
which reduced the activity of the catalysts. In addition,
high calcination temperature transformed the amorphous
Zr0Q, phase to t-ZrQ,, thereby significantly reducing the
number of basic sites and, consequently, the activity of the
catalyst. Interestingly, an inverse relationship between the
Cu surface area determined by N,O chemisorption and the
activity was observed. Calcination at 500 °C resulted in a
tenfold increase in Cu surface area compared to the catalyst
calcined at 350 °C, but the catalytic activity and the
methanol selectivity were significantly lower.
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Both direct and indirect promotion of Cu by ZrO, has
been suggested based on theoretical and experimental
investigations. Polierer et al. (2019) studied the Cu/ZrO,
interface by density functional theory (DFT) calculations.
Their results indicate that the intermediates bind too
strongly on the ZrO, surface as well as on the Cu/ZrO,
interface for further hydrogenation to methanol. However,
electronic promotion of Cu atoms in the vicinity of the Cu/
ZrO, interface was identified. This increased the binding
energy of the key intermediates on the Cu surface and
promoted the formation of methanol.

A duel-site reaction path has also been proposed in
which Cu activates hydrogen, whereas CO, is adsorbed and
hydrogenated at the metal/metal oxide interface or neigh-
boring defective sites in the metal oxide. Arena et al.
(2008) observed that the specific activity relative to the
number of interfacial sites remained constant for Cu—ZnO-
Zr0O, catalysts with different Cu dispersion. The number of
interfacial sites was quantified by two independent meth-
ods, namely CO and N,O chemisorption, as well as the
oxide-to-metal surface area ratio. Furthermore, they found
that the activation energy was lower for Cu/ZrO,
(57 kl/mol) compared to Cu-ZnO-ZrQ, catalysts
(69 kl/mol). This was attributed to a higher reactivity of
CO, adsorbed on the zirconia surface, where the formate
intermediate was further hydrogenated to methanol. Wang
et al. (2019) examined the interaction between Cu, ZnO,
and ZrO, by dispersing ZnO and ZrO- on a Cu framework.
The Cu-ZnO-ZrO, ternary system was more efficient for
CO, adsorption and subsequent hydrogenation than Cu-
Zn0 and Cu-ZrO,. The Cu—ZnO-ZrO, catalyst showed
excellent activity of 18% conversion and 80% methanol
selectivity at relatively mild conditions (220 °C, 30 bar).
Based on in situ FTIR combined with DFT calculations, the
ZnO-Zr0, interface was proposed as the active site for
CO, adsorption and conversion, while metallic Cu was
necessary for generating hydrogen.

The ability of ZnO-ZrO, to produce methanol from CO,
has also been confirmed experimentally. Wang et al. (2017)
prepared a ZnO-ZrO, solid solution catalyst, which
showed methanol selectivity of 86-91% at CO, conversion
of more than 10% (reaction conditions: 50 bar, 24,000
mLg., ' h™', Hy/CO,=3:1 to 4:1, 320 to 315°C,
respectively). Based on the observed surface species and
DFT calculations, the high methanol selectivity was
attributed to a synergetic effect in H, activation between
the Zn and Zr sites,

2.1.3 Effect of metal alloying on Cu-based catalysts
There are also studies that investigate the effect of metal-

doped Cu and Cu alloys. Martin et al. (2015) showed that
the addition of small amounts of Au to Cu/ZnO/Al,O4
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significantly enhanced the methanol formation rate. This
was attributed to an increase in Cu” surface species, and it
was suggested that Au had a stabilizing effect on Cu”. Choi
et al. (2017) found that suitable amounts of Pd added to Cu/
CeO, generated more reduced Cu sites and also created
oxygen vacancies in CeO,, which enhanced the activity of
the catalyst. Jiang et al. (2015) linked the production of
methanol to PdCu alloy particles for PdCu supported on
different SiO, supports. Interestingly, the best performance
was obtained with well-mixed PdCu and PdCu; alloy
phases, but further in-depth study is needed to elucidate the
synergy between these phases. Whereas a higher amount of
Cu” enhanced the performance of the catalyst when ZnO or
CeO, was present, the formation of separate Cu” particles
lowered the methanol selectivity for Pd-Cu/SiO,.

Yang et al. (2011) calculated that the methanol yield
followed the order of Au/Cu(lll) < Cu(lll) < Pd/
Cu(111) < Rh/Cu(111) < Pt/Cu(l11) < Ni/Cu(l11) based
on DFT computations and kinetic Monte Carlo (kMC)
simulations. Zhao et al. (2017) demonstrated that Ni—-Cu/
Al,O5 prepared by ALD was significantly more active and
selective in CO, hydrogenation to methanol than the cat-
alyst prepared by impregnation. This was attributed to
improved dispersion and stronger interaction between Ni
and Cu. Tan et al. (2018) found that both the CuNi alloy
and CeQ- support enhanced the conversion to methanol.
The role of oxygen vacancies in CeO, was to enhance the
adsorption of CO,, while Ni promoted the adsorption and
hydrogenation of CO to methanol.

2.2 Pd-based catalysts

Pd-based catalysts have also been extensively studied for
CO, hydrogenation to methanol, and the performance of
different catalysts is summarized in Table 2. They typically
exhibit comparable activity and methanol selectivity to Cu-
based catalysts during methanol synthesis from CO,.

The interaction between Pd and the promoter is also
crucial for Pd-based catalysts to obtain high methanol
selectivity. Bahruji et al. (2016) investigated the structure—
activity relationship over Pd/ZnO catalysts prepared by
different methods. They found that the preparation method
considerably affected the selectivity of the catalyst. Pd/
ZnO prepared by impregnation produced almost exclu-
sively CO, whereas the catalyst prepared by sol immobi-
lization had an initial methanol selectivity of 70%. This
was attributed to the presence of a mixture of metallic Pd
and PdZn alloy clusters, where the former was the active
site for CO formation and the latter produced methanol.
The methanol selectivity was found to decrease with
increasing PdZn alloy particle size. In a later work, Bahruji
et al, (2017) found that PdZn supported on TiO, was much
more active than PdZn supported on Al,Os3, which was
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Table 2 Summary of the reported studies of Pd-based catalysts for CO, hydrogenation to methanol

Catalyst P, T, H,/CO» Xcoz SMeOH  GHSV STYMeOH TOFMeOH References
(bar, °C) (%) (%) (ML ge "h7) (Mg g ' HTH (7' = 107

Pd/ZnO 20, 250, 3 11 60 3600 78 - Bahruji et al. (2016)

PdZn/TiO, 20, 250, 3 10 40 3600 59 - Bahruji et al. (2017)

Pd/Zn0O- 20, 250, 3 - 70 18,000 - 19 Liao et al. (2017)
CdSe

Pd/ZnO/ 30, 220, 3 8 50 3600 43 1.37 Xu et al. (2016)
Al,O3

Ca-PdZn/ 30, 250, 3 11 92 2400 80 - Malik et al. (2018)
CeOs

GaPdy/8i0, 1,210, 3 - 39 88 - 0.37° Fiordaliso et al.

(2015)

Pd,Ga 50, 210, 3 - 46 67,000 276 0.06" Garcia-Trenco et al.
(CSTRY 2017)

Pd/Ga,04 50, 210, 3 17 52 6000 69 - Qu et al. (2014)

“Continuous stirred tank reactor (CSTR)

"TOF given in mmol m=2 5!

attributed to higher PdZn dispersion on the TiO, support.
A Pd/Zn ratio of 1:5 yielded the highest methanol forma-
tion rate, while a ratio of 1:10 maximized the methanol
selectivity., Liao et al. (2017) prepared PdZn core—shell
catalysts with varying degree of Zn decoration of Pd. It was
found that the methanol selectivity increased with an
increase in neighboring Zn around Pd atoms. Furthermore,
the activation energy for the RWGS reaction was increased
to 98 kJ/mol. Compared to a conventional Pd/ZnO
(71 kJ/mol) and a commercial Cu catalyst (69 kJ/mol), the
heavy decoration of Pd with Zn strongly inhibited the
RWGS reaction. Xu et al. (2016) also observed that
increasing the PdZn alloy content was beneficial to the
methanol selectivity. However, Pd species modified by
ZnQ, islands were also detected over Pd/Zn0O/Al,O; cata-
lysts at low Pd loadings. The methanol selectivity of high
alloy content PdZn and ZnO, containing samples was
similar under comparable CO, conversion. Therefore, it
was proposed that ZnO, islands could also play a role in
methanol synthesis from CO,. Malik et al. (2018) investi-
gated the effect of Ca-doping on PdZn/CeQ; catalysts. It
was found that the methanol synthesis activity was
increased by Ca-doping, which was attributed to an
increase in basicity that enhanced CO; activation.
Fiordaliso et al. (2015) reported that the GaPd,/Si0,
catalyst exhibited higher intrinsic activity than that of the
conventional Cu/Zn0O/Al,05 at atmospheric pressure. The
high intrinsic activity was attributed to the GaPd, inter-
metallic phase generated during activation. Furthermore,
the GaPd, phase remained stable during CO, hydrogena-
tion. Garcia-Trenco et al. (2017) utilized a pyrolysis—re-
duction method to prepare colloidal Pd/Ga catalysts, which

led to the formation of GaPd, alloy NPs with an average
size of 5-6 nm. The colloidal catalyst was tested in liquid-
phase methanol synthesis and showed a fourfold increase in
activity compared to Cu/ZnO/Al,O5 and Pd/ZnO, compa-
rable methanol selectivity, and high stability at 210 °C and
50 bar. Qu et al. (2014) prepared Pd supported on plate and
rod Ga,03 nanocrystals. It was observed that Pd supported
on plate nanocrystals resulted in higher Pd dispersion and
stronger metal-support interaction compared to that of rod
nanocrystals supported Pd. This was attributed to the
highly unstable surface of the low indexed (002) polar
Ga, 05 surface present on plate nanocrystals. It contained
more oxygen defects and mobile electrons in the conduc-
tion band, which was favorable for the formation of Pd/Ga,
active sites for methanol production.

2.3 Indium-based catalysts

Over the last decade, indium-based catalysts have gained
significant interest for CO, hydrogenation to methanol. The
indium-based catalysts typically show low activity for the
reverse water—gas shift reaction, which results in high
methanol selectivity over a wide temperature range
(Table 3). Ye et al. (2013) predicted that methanol for-
mation is favorable on the defective In,O5(110) surface
containing oxygen vacancies by DFT calculations. Martin
et al. (2016) found that In,O5 prepared by precipitation had
100% selectivity toward methanol up to 300 °C (50 bar,
H,/CO, = 4:1). They also examined In,O3 impregnated on
various supports and found that ZrQ, supported In,Oz was
significantly more active than the others. This was ascribed
to the formation of inactive metallic In in samples with
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Table 3 Summary of the reported studies of In-based catalysts for CO, hydrogenation to methanol

Catalyst P, T, Ho/CO; (bar, Xcoz SMeOH GHSV STYMeOH Ea, MeOH References
°C) (%) (%) (mLgee ' b7 (mg g h7H (kJ/mol)
In,05 50, 300, 4 - 100 16,000 190 - Martin et al. (2016)
In, 05/ 50, 300, 4 - 100 16,000 320 - Martin et al. (2016)
710,
In,04/ 40, 300, 4 11 53 52,000 465 66 Chou et al. (2019)
Zr0,
YIn, 04/ 40, 300, 4 8 09 52,000 420 92 Chou et al. (2019)
Zr0,
Pd/In, 04 50, 300, 4 21 72 21,000 885 - Rui et al. (2017)
PdIn 50, 270, 3 - 61 - - 35 Garcia-Trenco et al.
(CSTR)* (2018)
Pd-1n/Si0, 40, 300, 4 - 6l 7500 104 - Snider et al. (2019)
Pd-In,05 50, 280, 4 9 78 48,000 960 84 Frei et al. (2019)
In,04 50, 280, 4 3 89 24,000 180 103 Frei et al. (2019)

“Continuous stirred tank reactor (CSTR)
"GHSV given in the unit h~'

other carriers than ZrO,. Only a moderate decrease in the
reaction rate was observed over the In,0;/ZrQO, catalyst
with H>O co-feeding (H,O/CO,/H» = 0.3:1:4) at 300 °C.
Furthermore, it remained stable over 1000 h on stream,
which makes it a very promising catalyst for CO, hydro-
genation to methanol. Zhang et al. (2018) studied ZrO,-
doped In,O; surfaces through DFT calculations. They
found that ZrQ, can prohibit the excessive formation of
oxygen vacancies on the In,O5 surface by enhancing the
In-O bond near Zr atoms, which is consistent with the
effect of different supports on In,O5 reported by Martin
et al. (2016). In addition, the ZrO, species was able to
stabilize and activate the intermediates involved in
methanol synthesis. Chou and Lobo (2019) found that Y
and La promotion of In,03/ZrO, can further improve the
methanol selectivity by increasing the amount of oxygen
defects and CO; adsorption sites.

Noble metals have been studied to improve the activity
of indium-based catalysts, DFT and microkinetic studies
have found that the pathway for methanol formation on
Pd-In intermetallic surfaces is comparable to that over Cu
surfaces (Wu and Yang 2019). Furthermore, it has been
shown that methanol is a more favorable product than CO.
Rui et al. (2017) prepared a Pd/In,O4 catalyst by mixing
In,O5 powder with a Pd/peptide composite. The catalyst
showed a CO, conversion above 20% and methanol
selectivity higher than 70% at 300 °C and 50 bar. Both
interfacial sites and oxygen vacancies played important
roles, while Pd-In bimetallic species was found to reduce
the methanol yield. This is consistent with the observation
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that Pd-In bimetallic NPs supported on SiO, are efficient
RWGS catalysts at atmospheric pressure (Ye et al. 2015).
On the other hand, Garcia-Trenco et al. (2018) found that
Pd-In intermetallic compound was highly active and
selective for liquid-phase methanol synthesis from CO».
They observed that the surface was enriched in indium with
a significant fraction present as In,O;. It was concluded
that a synergistic effect between the alloy and In,O3 might
play an important role in the methanol synthesis reaction
pathway over Pd-In catalysts.

Both experimental and theoretical work by Snider et al.
(2019) indicated a synergy between Pdln alloy and In,O3
for Pd-In/SiO; catalysts. The highest methanol selectivity
(61%) was obtained at an In/Pd ratio of 2:1, whereas In,Os/
SiO; only had a methanol selectivity of 24%. Frei et al.
(2019) showed that the size and location of Pd species
influence the performance of Pd-promoted In;Os, and their
findings are illustrated in Fig. 2. Pd-promoted In,O; pre-
pared by dry impregnation leads to agglomeration of Pd
atoms, which lowered the activation energy of the RWGS
reaction. On the other hand, a higher methanol selectivity
was observed when the catalyst was prepared by co-pre-
cipitation, where the Pd species were more strongly
embedded into the indium oxide phase. This configuration
resulted in a lower activation energy for methanol synthesis
(84 kJ/mol), while the activation energy for the RWGS
reaction remained unchanged. The lack of agglomeration
of Pd species resulted in excellent stability over 500 h time
on stream with a CO, conversion of 9% and methanol
selectivity of 78%. This illustrates the delicate interaction
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Fig. 2 Activation energies for the main reactions during CO, hydrogenation and schematic illustration of the role of Pd in Pd-promoted In,Os
and Pd supported on TiO,. Reproduced from Ref. (Frei et al. 2019) with permission from Springer Nature, copyright 2019

Table 4 Summary of the reported studies of transition metal-based catalysts for CO, hydrogenation to methanol

Catalyst P. T, H,/CO; (bar, Xco2 SMeOH GHSV STYMeOH Ea, MeOH References
°C) @) (%) (ML goo ™' 07" (mg geu ™ h7Y) (kJ/mol)
Au/ZrO, 45,180, 3 - 73 - - 51 Wu et al. (2017)
(BR)"
Au/Ce0, 1,225, 3 - - - 1 - Vourros et al.
(2017)
NisGay 1,200, 3 - - - 80 - Studt et al. (2014)
Ni-In-Al/SiO, 1. 260, 3 4 2 4000° 18 - Richard et al.
(2017)
NiSn/InZrO, 25, 250, 3 - 99 30,000" 120 - Hengne et al
(2018)
MnO,/Co;04 4, 250, 3 50-60 45 150,000 - - Li et al. (2015)
Mn,Co, 0, 10, 250, 3 45 22 88,800" 3106 - Stangeland et al.
(2019)
Ce0,-MoP/K- 31, 230, 3 <9 76 10.8" - - Duyar et al. (2018)
SiO,

“Batch reactor (BR)
"GHSV given in the unit h~'

that is required between the catalyst components to selec-
tively enhance the methanol synthesis rate. Other transition
metals have also been found to increase the methanol
synthesis activity of In,Os, such as Ni (Snider et al. 2019)
and Rh (Tsang et al. 2018).

2.4 Other transition metal-based catalysts

CO, hydrogenation to methanol over various transition
metals has also been explored (Table 4). Wu et al. (2017)
investigated the effect of Au particle size on various sup-
ports (CeO,, TiO,, ZnO, and ZrO,). They demonstrated
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that the activity and selectivity of Au particles with an
average size smaller than 2 nm were much higher than the
catalysts containing particles with an average size larger
than 2 nm. In addition, the support significantly influenced
the product selectivity as well as the activity. The methanol
selectivity followed the order of Au/ZrO, > Au/ZnO >
AuTiO; > Au/CeO,, and the Au/ZrO, catalyst achieved a
substantially higher intrinsic activity than the others. There
have been different reports regarding the effect of different
supports on the activity and selectivity of Au-based cata-
lysts. Hartadi et al. (2015) found that only Au/ZnO was
selective toward methanol in CO, hydrogenation, while
AW/TiO; and Au/ZrO, mainly produced CO. Vourros et al.
(2017) found that Au/TiO, and Au/Fe,Os exhibited high
CO; conversion with low methanol selectivity, whereas Au
NPs supported on ZnO and CeO, were highly selective
toward methanol, but without adequate CO, conversion.
The discrepancies reported by these groups could be
ascribed to the preparation method, the Au particle size of
the supported catalysts, and the reaction conditions.

Studt et al. (2014) discovered a Ni-Ga catalyst pre-
senting superior performance than Cu/ZnO/AlLO; for CO,
hydrogenation to methanol at ambient pressure. They
prepared different Ni-Ga intermetallic compounds (Ni;Ga,
NisGaz, and NiGa). The NisGay phase displayed the
highest methanol selectivity as it was able to inhibit
methane generation and suppress the RWGS reaction.
Sharafutdinov et al. (2014) reported a detailed study of the
relationship between active components and product dis-
tribution in intermetallic NiGa catalysts. Methane produc-
tion was attributed to Ni-rich Ni;Ga phase, which is present
on adjacent Ni-Ni sites on the surface of NisGas. Richard
and Fan (2017) synthesized Ni-In-Al/SiO; catalysts via
phyllosilicate precursor and observed that methanol was
hardly produced at atmospheric pressure when Ni or In was
absent. However, the selectivity toward methanol was
below 4% for Ni-In-Al/SiO,. Hengne et al. (2018) dis-
covered that NiSn alloy was selective toward methanol. It
was observed that Sn introduction to Ni/ZrQ increased the
methanol selectivity to 54%. The selectivity was further
increased for NiSn supported on In-modified ZrO,, which
showed 99% methanol selectivity and a significant increase
in intrinsic activity for CO, hydrogenation. This was
attributed to improved reducibility of Ni species and
enhanced basic strength of the catalyst.

Although Co typically acts as a methanation catalyst
during CO; hydrogenation, the selectivity can partially be
tuned toward methanol by utilizing promoters. Li et al.
(2015) investigated MnQO, NPs supported on mesoporous
Co050, and found that MnO, significantly increased the
methanol selectivity of Co304. The active phase of the
catalyst after reduction was proposed to be MnO NPs
dispersed over grains of Co comprised of a CoO surface
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with metallic Co cores. The MnO/CoO interface facilitated
an activity enhancement toward methanol synthesis com-
pared with the separate Co/Mn NPs and supports. A
methanol selectivity of 45% was achieved at relatively
mild conditions (4 bar and 250 °C), but the hydrocarbon
selectivity was approximately 50%. Mn-doped mesoporous
Co30, spinel has also been shown to be selective toward
methanol and significantly increase the methanol formation
rate compared to Co;0y4 (Stangeland et al. 2019). Khan
et al. (2016) prepared Pt;Co and Pt nanocrystals. The Pt;Co
octapods showed the best catalytic activity, which was
attributed to both the presence of multiple sharp tips and
charge transfer between Pt and Co. This charge transfer
enabled the accumulation of negative charges on the Pt
atoms in the vertices of the Pt;Co octapods, which pro-
moted the activation of CO,.

Duyar et al. (2018) reported a highly active molybde-
num phosphide (MoP) catalysts for methanol synthesis.
Interestingly, the catalysts showed a stable performance
irrespective of the composition of CO and CO; in the feed.
The most promising catalyst was comprised of CeO; pro-
moted MoP supported on K promoted SiO, (K-Si05). The
addition of CeQ; to the MoP/K-SiO; catalyst enhanced the
methanol selectivity, while both methane and CO produc-
tion was inhibited. The effect of the CeO, promoter was to
block Mo-rich sites that were responsible for the metha-
nation activity.

3 Conclusions and perspectives

CO, hydrogenation to methanol is a promising environ-
ment-friendly route to produce fuels and chemicals. One of
the main obstacles for industrial implementation is devel-
oping effective catalysts. Multi-component catalyst sys-
tems are required for this process. The interaction between
components is essential for high activity and selectivity of
CO,-to-methanol catalysts. This has been demonstrated by
numerous catalyst systems comprised of various metals
(i.e., Cu, Pd, Ni) and metal oxides (i.e., Zn0O, ZrO;, In,05).
These complex systems can contain a mixture of metallic,
alloy. and metal oxide phases, which presents challenges in
identifying the structure-activity relationship. Therefore,
understanding and tailoring the interaction between the
different phases is key to develop more active and
stable catalysts. The most promising catalyst systems for
large-scale industrial processes are currently Cu-based and
In-based catalysts due to their superior catalytic
performance.

The synergy between Cu and various metal oxides has
been well documented, but different and conflicting
mechanistic models have been proposed to explain this
effect. These include direct effects such as participating in
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the reaction through the Cu-metal oxide interface or partial
formation of Cu alloy sites. In addition, electronic pro-
motion or increasing the exposure of certain geometrical or
structural active Cu sites has been suggested as indirect
promotional mechanisms. Identifying effective active site
configurations as well as stabilizing the structure is key to
enhance the performance of Cu-based catalysts.

For In-based catalysts, the activity can be increased by
promotion with suitable metals and metal oxides. Both
noble metals and transition metals have been shown to
increase the activity of In-based catalysts. It is important to
avoid the formation of metal promoter clusters (i.e., Pd),
which leads to higher rates of undesired side reactions.
Metal oxides can enhance the activity by providing addi-
tional sites for CO, activation. Further exploration of In-
based catalysts could lead to the development of promising
industrial CO,-to-methanol catalysts.
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The conversion of COz to methanol is seen as a potential environmental benign alternative source of fuel and
chemicals, Manganese-cobalt catalyst shows promise for CO, hydrogenation to methanol, but its selectivity
towards hydrocarbons and other oxygenates needs to be suppressed. In this work, we report the activity of
mesoporous manganese-cobalt spinel oxides with different Co/Mn ratios for CO, hydrogenation to methanol.
The catalysts were thoroughly characterized by N adsorption-desorption, XRD, XPS, TEM, ICP-OES, H,-TPR,
and CO,-TPD. A significant improvement in methanol selectivity was observed over the manganese doped

catalysts compared to the monometallic catalysts. The highest methanol selectivity of 29.8% (reaction condi-
tions: 250 °C, 10 bar, 44, 400 h~*) was obtained with 20 wt.% ‘manganese with a CO2 conversion of 49.1%,
resulting in a methanol formation rate of 2280 mg/(g.x h). The enhanced methanol selectivity was attributed to
a synergistic effect between cobalt and manganese as well as an increase in surface basicity.

1. Introduction

The conversion of CO; into valuable fuels and chemicals has re-
ceived great attention in recent years to counteract rising atmospheric
CO; levels and meet the increasing demand for sustainable energy
[1-4]. Methanol synthesis from CO, is attractive as it has a wide range
of applications in the chemical industry (e.g., methanol-to-olefins pro-
cess) as well as great potential as fuel within the transportation sector
[5]. The research on CO, hydrogenation to methanol has focused
mostly on the classical Cu-based catalysts by using various supports and
promoters [6-13]. However, limiting the activity of the reverse water-
gas shift reaction and improving the stability of these Cu-based catalysts
remain a challenge.

Recently, scientists have discovered several novel catalytic systems
that show promise for CO, hydrogenation to methanol. A high me-
thanol selectivity was reported for In;Og, and the methanol yield fur-
ther increased for ZrO, supported In;O5 [14]. The methanol selectivity
of these catalysts was maintained even at temperatures up to 300 °C.
Similarly, a binary metal oxide ZnQ-ZrQ, catalyst showed a high me-
thanol selectivity at temperatures of 200-320°C [15]. However, the
high methanol selectivity of these bimetallic metal oxide catalysts was
compromised by low CO, conversions (< 10%). Encouraging results
have also been reported for nickel-based catalysts for CO, hydrogena-
tion to methanol [16-19]. Superior performance at atmospheric

* Corresponding author.
E-mail address: Zhixin.yu@uis.no (Z. Yu).

https://doi.org/10.1016/j.jcou.2019.04.018

pressure has been reported for NisGa; [16,17] and Ni-In-Al/SiO, [18]
catalysts compared to a benchmark Cu/ZnQ/Al;O5 catalyst. Hengne
et al. [19] found that Ni-Sn alloy significantly improved the methanol
formation rate of InZrO, with a methanol selectivity of 99%. Enhanced
production of methanol from CO. hydrogenation has also been
achieved with cobalt-based catalysts. Khan et al. [20] found that bi-
metallic PtyCo octapods substantially improved the methanol produc-
tion compared to monometallic Pt nanocubes and octapods. Li et al.
[21] showed that MnO, supported on mesoporous spinel cobalt oxide
were efficient for methanol production at mild pressure, but a range of
byproducts were also produced.

One of the interesting aspects of cobalt-based catalysts is its ability
to catalyze various CO, hydrogenation reactions, including CO, me-
thanation [22-26], higher alcohol synthesis [27,28] and methanol
synthesis [20,21]. These studies indicate that the selectivity of Co-based
catalysts can be strongly influenced by utilizing suitable promoters or
supports. Furthermore, the selectivity of the catalyst was also linked to
the oxidation state of the surface cobalt species [21,26,28]. The CHy4
selectivity was found to be higher for the reduced Co/SiQ, catalyst
compared to the oxidized catalyst, while the opposite behavior was
observed for Co/TiO, [26]. Wang et al. [28] found that the alcohol
selectivity of a Co-Al hydrotalcite derived catalyst was sensitive to the
reduction temperature. This behavior was attributed to changes in
surface species, which played a key role in promoting the production of
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intermediates in the ethanol reaction pathway. Similarly, Li et al. [21]
observed that the turn over frequency (TOF) of MnO, particles dis-
persed on mesoporous spinel cobalt oxide reduced as the reduction
temperature was increased from 250 to 450 °C. The drop in TOF was
ascribed to an increase in metallic cobalt at the surface, which is in
agreement with that of Pt/Co304 [27]. Furthermore, close to a 10-fold
increase in methanol yield was achieved over MnO,/Co;04 compared
to a Cu/ZnO-based catalysts at similar reaction conditions [21].
Therefore, identifying active structures and tuning the selectivity of Co-
based catalysts for CO, hydrogenation to methanol is an interesting
field of study.

Functionalization of spinel metal oxide nanomaterials has gained
increasing interest in multidisciplinary areas including catalysis, pho-
tocatalysis, magneto-optical, bio-medical application, and energy sto-
rage [29-34]. The properties of spinel metal oxide nanomaterials de-
pend on the cations and their distribution over tetrahedral and
octahedral lattice sites. Furthermore, the catalytic properties are also
influenced by other factors such as crystallite size, structure, defects,
and synthesis method. The structural stability and tunable properties of
functionalized spinel metal oxides provides an ideal candidate for in-
vestigating cobalt catalysts for the conversion of CO, to methanol.

Herein, we report the activity of mesoporous manganese-cobalt
oxide spinel catalysts in CO, hydrogenation. A series of mesoporous
Co304, MnO,, and xMnQ,-Co304 (Mn loading x = 10, 20, and 50%)
catalysts were prepared by a modified sol-gel inverse micelle method.
The Cos04 and MnO, catalysts produced primarily CH4 and CO, re-
spectively. The combination of manganese and cobalt significantly in-
creased the methanol selectivity. XRD and XPS indicated that manga-
nese was incorporated into the lattice of Coz0,4 spinel. The highest
methanol selectivity (29.8%) was obtained over the 20MnQO,-Co304
catalyst at 250 °C and 20 bar. The superior performance of the 20MnO,-
Co30, catalysts was further demonstrated at different reaction condi-
tions.

2. Experimental
2.1. Materials

The chemicals used for catalyst preparation were cobalt(Il) nitrate
hexahydrate (Co(NO3)y6H,0), > 99%, Sigma-Aldrich), manganese(II)
nitrate hydrate (Mn(NO3)>H,0, > 99.8%, Sigma-Aldrich), 1-butanel
(anhydrous, 99.8%, Sigma-Aldrich), HNO; (66%, Sigma-Aldrich),
ethanol (CH3CH,0H, 99%, Sigma-Aldrich), and Poly (ethylene glycol)-
block-Poly(propylene glycol)-block-Poly(ethylene glycol)
PEO20-PPO70-PEO20 (Pluronic P123).

2.2. Catalyst preparation

The mesoporous catalysts consisting of different manganese/cobalt
loadings were prepared by a modified sol-gel inverse micelle method
[35]. Briefly, cobalt(II) nitrate hexahydrate and manganese(II) nitrate
hydrate were dissolved in a solution containing 1-butanol, HNOg, and
P123 in a 200ml beaker at room temperature (RT) under magnetic
stirring. The obtained clear gel was placed in an oven at 100 °C for 6 h.
The resulting powder was crushed, washed several times with ethanol
and centrifuged. Finally, the powder was dried in an oven at 100°C
overnight. The dried powders were calcined under flowing synthetic air
at 150 °C for 12 h, 250 °C for 4 h, and 350 "C for 2 h with a heating rate
of 2°C/min to the designated temperature. Supplementary Table S1
shows the detailed amount of chemicals used for the synthesis of each
catalyst.

2.3. Catalyst characterization

Crystallographic information of the catalysts was obtained by X-ray
diffraction (XRD). XRD patterns were recorded on a Bruker-AXS

Jdournal of CO, Utilization 32 (2019) 146-154

Microdiffractometer (D8 ADVANCE) using a Cu Ka radiation source
(h = 1.5406 A, 40kV, and 40 mA). The XRD patterns were obtained at
20 of 10-90" with a step interval of 2°/min. The peaks were indexed
according to the Joint Committee on Powder Diffraction Standards
(JCPDS) database.

Nitrogen adsorption-desorption measurements were conducted at
77 K on a Micromeritics TriStar II surface area and porosity analyzer,
after degassing under vacuum at 120 °C for 8 h using a sample degas
system (Micromeritics VacPrep 061). Specific surface area and pore size
distribution were calculated by Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH) methods, respectively.

The microstructures and morphology of the catalysts were char-
acterized by transmission electron microscopy (TEM) with a JEOL JEM-
2100 F instrument operating at 200 kV.

The el 1 ition of the les was d by in-
ductively coupled plasma optical emission spectrometry (ICP-OES,
PerkinElmer OPTIMA 4300 DV). For ICP analysis, approximately 50 mg
of the sample was dissolved in aqua regia. Then 10 mL of the diluted
solution was mixed with 240 mL of de-ionized water and analyzed.

X-ray photoelectron spectroscopy (XPS) analysis was performed on
the ESCALAB 250 Xi (Thermo Scientific) XPS system utilizing a
monochromatic Al Ka source (1486.6 eV). High-resolution spectra were
obtained at a pass energy of 30.0 eV, step size of 0.1 eV, and dwell time
of 500ms per step. All spectra were referenced to the C 1s peak
(284.8 eV).

Temperature programmed reduction (H,-TPR) study of the calcined
catalysts was performed on a Micromeritics Autochem II ASAP 2920.
The sample was first pretreated at 200°C in He flow for 30 min A 7%
Hyp/Ar mixture at 50 mL/min was used while the temperature was
ramped from ambient to 700 °C at 10 °C/min. The same instrument was
used to perform temperature programmed desorption of CO, (CO»-
TPD). First, the sample was heated to 200 °C in He flow for 30 min,
reduced at 250 °C for 30 min, and purged with He as the temperature
was reduced to 80 °C. Thereafter, a 6% CO,/He mixture passed over the
catalyst for 15min, and followed by purging in He for 30 min. Finally,
CO,-TPD was performed from 50 to 700 °C at a ramp rate of 10 °C/min.

2.4. Catalytic activity study

CO; hydrogenation to methanol was carried out in a custom built
fixed-bed continuous-flow reactor. The catalyst powder (50 mg) mixed
with alpha alumina (500 mg) was placed in a stainless tube reactor with
an internal diameter of 0.5 c¢m and a length of 50 ¢cm. Prior to testing,
the catalysts were reduced in-situ in a flow of 10% H./N, at 100 ml/
min with a heating rate of 2 °C/min. The system was then pressurized to
the desired operating pressure with the reactant gas (CO,/Ha/N2 = 1/
3/1). All post-reactor lines and valves were heated to 140 °C to avoid
product condensation. Products were analyzed via on-line gas chro-
matography using an Agilent 7890 B system fitted with two TCD de-
tectors. Nitrogen was used as an internal standard for calculating the
CO; conversion and product selectivity.

3. Results
3.1. Gatalyst characterization

3.1.1. XRD study

Fig. 1 shows the XRD patterns of the catalysts after calcination. The
pure manganese oxide showed a complex diffraction pattern, where the
most intense peaks correspond to crystalline MnsO4 (JCPDS 80-0382).
The additional peaks indicate that other phases such as MnO, and
Mn;0; were present. For the pure cobalt oxide sample, only diffraction
peaks attributed to cubic Co304 phase (JCPDS 74-1657) could be
identified. No obvious change in diffraction pattern was detected for
10MnO,-Co;0, and 20MnO,-Co;04 compared to Cos304. However,
there was a small shift in the peak positions, indicating manganese
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3.1.3. TEM characterization

The morphology of the catalysts was characterized by TEM. The
TEM images are presented in Fig. 2 (a)-(e) and all images are recorded
at the same magnification. As can be seen, the catalysts consisted of
nanoparticle aggregates with a narrow particle size distribution. The
average particle sizes calculated statistically from the TEM images were
found to be close to the crystallite sizes obtained from XRD.

3.1.4. ICP-OES and XPS studies
The ICP-OES analysis was conducted to analyze the elemental
ition of the bimetallic oxide catalysts. The nominal composition

S Mo,
3 s m Qs « = 50MnO,-Co0,
2
= A 20Mn0,-C0,0,
c
B I
E—_J-.__Js../ 10MnO,-Co,0,
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Fig. 1. XRD patterns of Coz0,4, MnO,, and MnO,-Co;0, catalysts after calci-
nation.

incorporation into the face-centered cubic structure of spinel type. The
peaks of the 50MnO,-Co;04 catalyst were broadened and their intensity
significantly decreased compared to the other catalysts. Additionally, a
notable shift can be seen in peak positions towards lower diffraction
angles. The signal can be ascribed to structured (Co, Mn)(Mn, Co)204
spinel (JCPDS 018-0410), which has been reported to exhibit a broad
diffraction peak around 36.5° [36,37]. No additional diffraction peaks
were detected for the bimetallic catalysts, indicating high phase purity.
Spinel (Co, Mn)(Mn, C0),04 is a mixed valence ternary oxide, where the
cobalt and manganese ions in its erystal structure are dispersed over
tetrahedral and octahedral stacking interstices as demonstrated in
Figure S1.

The crystallite size of the catalysts was calculated according to the
Scherrer equation, and the results are summarized in Table 1. It can be
seen that the crystallite size decreased with an increase in manganese
loading. The crystallite sizes of 50Mn0O,-Co304 and 20MnO,-Cos04
were 8 and 10nm, respectively, while the other catalysts exhibited
comparable crystallite sizes in the range of 13-14 nm.

3.1.2. N; adsorption-desorption study

The porous structure of the catalysts was examined by N, adsorp-
tion-desorption experiments. The N, adsorption-desorption isotherms
and the pore size distribution of the calcined catalysts are shown in
Figure S2 (a) and (b). The resulting data are summarized in Table 1. The
isotherm of all catalysts were of type IV, indicating mesoporous struc-
ture. The surface area of the catalysts was found to correlate with the
crystallite size, where a smaller crystallite size resulted in a higher
surface area. The Co304, 10MnO,-Coz04 and MnO, samples exhibited
comparable surface area in the range of 54-60 m®/g. The surface area
increased to 106 m?/, g and 197 m?/; g for the 20MnO4-Cos0, and
50MnO,-Coz0, catalysts, respectively. A similar trend was also ob-
served for the average pore size, which reduced with a decrease in
crystallite size. The catalysts also possessed a high pore volume in the
range of 0.20-0.31 cm®/g.

Table 1

Crystallite size from XRD and N, adsorption-desorption results of the catalysts
Catalyst dyrp BET surface area  Poresize  Pore volume

(nm) (m*/g) (nm) (cm®/g)

Co304 14 56 13.7 0.27
10MnO,-Coz0, 13 54 9.5 0.21
20Mn0,-Ces0, 10 106 7.9 0.31
50MnO,Co,0, 8 197 4.4 0.24
MnO, 14 60 10.3 0.20

of bimetallic oxides and the measured compositions are summarized in
Table S2. It can be seen that the measured values are close to the
nominal values.

XPS was employed to analyze the surface composition of the bi-
metallic catalysts. The Co 2p and Mn 2p regions are presented in Fig. 3
(a) and (b), respectively. For the Co 2p spectra (Fig. 3a), two spin-orbit
doublets, corresponding to Co 2p;,» and Co 2ps,», and two shakeup
satellite peaks were obtained. The Co 2py,, and Co 2p,;,, main peaks
were consistently fitted with three peaks, according to Biesinger et al.
[38]. These three fitted peaks do not correspond to different valence
states of Co. The shape and position of the satellite peaks however,
particularly the Co 2ps,, satellite peak, are widely used to identify the
valence state of Co [39-42]. The Co 2ps/, satellite peaks consists of
Co** and Co®*, located at binding energies of “786 eV and “789 eV,
respectively, To qualitatively assess the Co®*/Co®* fraction of the
catalysts, the ratio of Co®* 2pa,» satellite peak area to the area of the
Co®* 2p;,, satellite peak was calculated. This is denoted as (Co®*/
Co®*),, and summarized in Table 2. It should be noted that there is no
evidence for a linear correlation between the satellite peak areas of
Co®*/Co** and the absolute Co** /Co®* ratio. However, it has been
shown that a higher intensity of the Co®* satellite arises from a higher
Co”" content, and similarly for the Co®* satellite [42]. It was found
that the (Co®*/Co®*), ratio of 10MnO,-Co304 and 20MnO,-Co304
were relatively close to the reference ratio of Co304 at 1.16 and 0.93,
respectively [38]. The calculated (Co®*/Co®*), value for 50MnO,-
Co50,, was 2.25, indicating that a larger fraction of Co®* was present.

The Mn 2p spectrum was resolved into two spin-orbit doublets, i.e.,
Mn 2p, , and Mn 2p;,,, with binding energies centered at 641.7 eV and
653.4 eV (Fig. 3b). Determining the contribution of different Mn species
is difficult due to multiplet splitting of the Mn**, Mn** and Mn**
valance states [38,43]. Therefore, no attempt at fitting the Mn 2p
spectra was performed. The position and shape of Mn 2p,,; and Mn
2ps,» are close to those of MnCo.0,4 [37,44] and CoMn;0, [45] re-
ported in literature, It can also be seen from Table 2 that the Co 2p;,»
and Co 2ps,» peaks shifted towards slightly higher binding energy with
increased manganese loading, which is consistent with the reported
data for mixed Co-Mn oxide spinel [37,44,45].

The O1 s region of the bimetallic catalysts is shown in Figure S3. The
spectra were deconvoluted into three peaks corresponding to O*
(529.9-530eV), OH  (531.0-531.6), and H,O (532.6-533.6) (38,
HYPERLINK \l "Ref43" “o " [43] M. Oku, J. of Solid State Chem. 23
(1978) 177-185. https://doi.org/10.1016/0022-4596(78)90063-4" \h
38/43]. The full width at half maximum (FWHM) of the fitted O*~ peaks
are slightly higher than that reported for monometallic cobalt and
manganese oxides. This is probably because both Co-O and Mn-O spe-
cies are present and these species have slightly different binding en-
ergies. Nevertheless, the position of the fitted peaks are within the
range of the reported values of cobalt and manganese oxides. The high-
energy tail may originate from different configurations of H20, such as
physisorbed, chemisorbed and structural HyO [43].

Cations in spinel are located in two different sites: tetrahedral sites
[A] sites and octahedral [B] sites (Figure §1). In the normal distribution
of spinel, divalent ions are located on the tetrahedral sites, while tri-
valent ones on the octahedral sites. The situation is the opposite in the
inverse distribution, and most spinels have partially inversed structures,
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Fig. 2. TEM images for mesoporous (a) Co304, (b) 10MnO,-C0304, (¢) 20MnO,-C030,, (d) 50MnO,-Co;04, and (e) MnO, after calcination.
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Fig. 3. High-resolution XPS spectra of the (a) Co 2p and (b) Mn 2p regions for the bimetallic catalysts.

The distribution of cations between the sites is influenced by their
structural and redox properties, but can also be affected by the pre-
paration conditions [44,46]. XPS is not suitable to identify the fraction
of manganese and cobalt positioned in the octahedral and tetrahedral
sites. However, we propose from the XPS analyses that the Co and Mn
are incorporated into a mixed oxide spinel phase. This is based on the
following observations: (1) the significant change in (Co** /Co**), for
50MnOx-Co30,4 without notable change in the fitting parameters of the
main Co 2p peaks; (2) the slight shift of the Co 2p peak positions to
higher binding energy with increasing Mn loading; (3) the shape and
peak positions of the Mn 2p peaks comparable to that reported for
MnCo,0, and CoMn,O.; and (4) consistency with the crystalline phase
detected by XRD.

Table 2

3.1.5. H,-TPR study

The H,-TPR study was carried out to investigate the effect of man-
ganese on the reducibility of the catalysts. The H,-TPR profiles of the
catalysts are shown in Fig. 4. For Co304, the reduction proceeded via
two steps. The first step at 264 °C is the reduction of Co304 to CoO,
followed by the second step at 347 °C where CoO is reduced to metallic
cobalt. The intensity of the first peak was lower than the second peak,
which is in accordance with the stepwise reduction behavior of fine
Co304 particles [34]. The TPR profile of MnO, displayed two main
peaks located at 279 °C and 426 °C. The low-temperature peak can be
attributed to the reduction of Mn®* ion located in tetrahedral sites, and
the wide signal at high temperature corresponds to the reduction of
Mnz04 to MnO [47]. The bimetallic MnO,-Co30,4 catalysts showed

Surface atomic composition, binding energies, and area raio of Co?*/Co®* 0,/Oy for the MnO,-Co30, catalysts.

Binding energy (eV)

(Co** /Co™ )

Catalyst Surface atomic composition (%)

Co Mn Co 2ps/2
10Mn0,-Co304 84.7 15.3 780.0
20MnO,-Co304 78.2 21.8 780.1
50Mn0,-Co504 44.5 55.5 780.3

Co 2p12 Mn 2ps/, Mn 2p; 2

795.1 641.6 653.3 1.16
795.3 641.7 653.5 0.93
795.6 641.7 653.4 2.25
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Fig. 4. Ho-TPR profiles of the mesoporous Cos04, MnO,, and MnO,-Cos04
catalysts.

similar reduction patterns as the monometallic oxides. For the 10MnO,-
Co;0, sample, both main reduction peaks shifted towards higher tem-
peratures compared to Co304 (286 °C and 412 °C). The reducibility of
20MnO,-Co,0, was better than 10MnO,-Co304 with reduction peaks at
254°C and 377 °C. The profile of 50MnO,-Co;04 was similar to the
pattern of MnO,, displaying a low-temperature band at 279°C and a
broad peak at 474 °C. The high temperature of the second reduction
band suggests higher stability of the metal oxide species.

To further assess the reducibility of the catalysts, the total Ho-con-
sumption of the catalysts during TPR study was calculated and the
values are summarized in Table 3. As can be seen, the Co;0, sample
had the highest H, consumption during TPR measurements. Increasing
the manganese loading resulted in a decrease in overall reducibility.
The MnO, sample contained the least amount of reducible species.
Recent reports on Mn-Co catalysts differ in their findings regarding the
synergistic effect between manganese and cobalt on the reducibility.
Tang et al. [36] found that manganese promoted the reduction of cobalt
for porous Mn-Co mixed oxide nanorods (Mn:Co = 1:1). On the other
hand, Liu et al. [34] found no correlation between manganese loading
and Co30, reducibility for mesoporous manganese doped Co3Q4. In this
work, the introduction of manganese into the spinel structure of Co304
resulted in a decrease in reducibility and a higher reduction tempera-
ture was required to fully reduce the cobalt species.

3.1.6. Temperature programed CO desorption analysis

Fig. 5 shows the CO, desorption profiles of the catalysts. The pro-
files were deconvoluted into three Gaussian peaks (dotted curves),
cor ding to weak- (denoted as a), - (denoted as () and
strong basic sites (denoted as y). The Co;04 sample consisted of a
combination of a-, B- and y-basic sites, while the MnO, sample mainly
exhibited y-basic sites. The incorporation of manganese into the spinel
structure of Coz04 significantly enhanced the surface basicity of the
catalyst. Furthermore, an increase in total basicity can be inferred with
increasing manganese loading. This can be partially attributed to the

Table 3
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Fig. 5. CO,-TPD profiles of the mesoporous Cos04, MnOy, and MnO,-Co5054
catalysts.

manganese concentration at the surface, but also to the increase in
surface area. It can be observed that the deconvoluted peaks are located
at different temperatures, which indicates that the catalysts possess
different basic site strength.

The basicity of the catalysts was also evaluated by calculating the
integral of each deconvoluted peak. The total basicity and the con-
tribution of different basic sites and their peak temperatures are sum-
marized in Table 3. It can be seen that the total basicity was relatively
low for the monometallic catalysts, but strongly increased with the
addition of 10% manganese. Increasing the manganese loading from
10% to 20% also resulted in a substantial increase in basicity, while
only a mild increase occurred upon further addition of manganese to
50%.

3.2. Catalytic activity

3.2.1. The effect of manganese loading

The catalytic activity of the catalysts was compared at 250°C,
10 bar, CO./Hz = 3/1, and gas hourly space velocity (GHSV) of 88 800
h~!. The CO, conversion and product selectivity are summarized in
Table 4. Figure S4 shows the CO; conversion and product selectivity
over 24 h time on stream (TOS). As the catalysts remained relatively
stable, the average values were used for comparison. The highest CO,
conversion of 56.5% was obtained over the Co,0, sample, whereas the
MnOj, catalyst had a CO; conversion of 2.9%. The CO;, conversion was
lower over the bimetallic catalysts compared to Co;0, and followed the
order 20MnQ,-Co304 (45.1%) > 10MnO,-Co30, (36.9%) > 50MnO,-
Co304 (19.8%). The catalytic activity of spinel depends mainly on the
cations occupying the octahedral sites as these are exposed at the sur-
face [44]. As the MnO, showed very low CO, conversion, the decrease
in CO; conversion for manganese containing catalysts is likely due to
substitution of octahedrally coordinated cobalt by manganese. The
difference in CO» conversion between the 20Mn0O,-Co;304 and 10MnO,-
Co304 can be explained by the significant difference in surface area.

The Hy-consumption during Hy-TPR study, and the distribution of basic sites determined from CO,-TPD over Co304, MnO;, and MnOx-Co30, catalysts.

Catalyst H-consumption (mmol/gesr) Total number of basic sites Number of basic sites (umol /g) and their peak desorption temperature (")
(umol/gear)
Site o Site B Site y
Cos04 182 1.2 05 (179) 0.2 (297) 0.4 (383)
10MnO,-Co50, 168 3.8 0.8 (152) 0.1 (219) 2.9 (354)
20Mn0,-Co30, 159 7.0 1.1 (154) 1.8 (223) 4.1 (386)
50MnO,-Co04 104 7.5 25 (163) 0.8 (206) 4.2 (327)
MnO, 56 2.9 0.2 (122) 0.2 (184) 25 (389)
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Table 4
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CO, conversion and product selectivity over different catalysts after reduction at 250 °C (reaction conditions: T = 250 °C, P = 10 bar, gas flow (CO2/N2/Hs) = 20/

20/60 mL/min, GHSV = 88 800 h™").

Catalyst X(COy) S(CH,) S(CH30H) §(CO) S(CzH,) (%) $(C3+ HC) and
(%) (%) (%) (%) S(Cy+ oxygenates)

Co304 56.5 94.8 23 1.0 18 Traces

10Mn0,-Co,04 36.9 81.1 12.0 34 35 Traces

20Mn0,-Co304 45.1 711 221 32 3.6 Traces

50MnO,-Co30, 19.8 76.7 12.7 a1 15 0

MnO, 29 27.2 24 70.2 0.2 o

The main products detected during catalytic testing were CH,,
CH;0H, CO, and C,H,, while only traces of C3. hydrocarbons and C;
oxygenates were observed. The monometallic catalysts showed very
low methanol selectivity. The Coz0,4 produced almost exelusively CH,
(94.9%) and minor amounts of CH30H, CO, and C,H,4. The CO and CH,
selectivity over the MnO, catalyst was 70.4% and 27.2%, respectively.
A significant enhancement in methanol selectivity was observed for the
bimetallic catalysts. This suggests that a synergistic effect between co-
balt and manganese is responsible for the methanol production. The
increase in methanol selectivity could also be related to the improve-
ment in surface basicity for the bimetallic catalysts, as shown in the
CO,-TPD study. An improvement in methanol selectivity with in-
creasing basicity has also been demonstrated for Cu based catalysts
[1,3]. The 20MnO,-Co;0, catalyst showed the highest selectivity to
methanol at 22.1%, while the methanol selectivity over 10MnO,-Co30,
and 50MnO,-Co304 was 12.0% and 12.7%, respectively. An increase in
CO selectivity was also observed for the bimetallic catalysts, and the
50Mn0,-Co30, exhibited the highest CO selectivity (9.1%). The CH,
selectivity was slightly higher for 10MnO,-C030; and 20MnO,-Co304
compared to that obtained over the Co30; and 50MnQ,-Co30,4 cata-
lysts.

The turnover frequency (TOF) was caleulated to compare the ac-
tivity of the catalysts. The TOF was calculated from BET surface areas
and known surface packing densities of cubic (space group Fm-3 m)
CoO [21]. The presence of manganese at the surface was neglected as
the MnOy showed very low CO; conversion. Fig. 6 (a) shows the TOF for
CO, conversion as a function of manganese surface content. The max-
imum TOF was obtained for the Co30, catalyst. A linear decline in TOF
can be observed with increasing manganese surface concentration.
Correlation of the TOF with the particle size estimated from XRD is
depicted in Fig. 6 (b). It can be seen that the TOF increased with particle
sizes. This is consistent with the particle size effect reported for sup-
ported cobalt catalyst for CO, hydrogenation and Fischer-Tropsch (FT)
synthesis [24,48].

The effect of manganese loading (0, 10, 20, 50, and 100%) on the
formation rate of methanol is shown in Figure S5. Compared to CozO4
(403 mg/(g.. h)), a significant increase in methanol formation rate to
3106 mg/(g..: h) was obtained over the 20MnO,-Co30, catalyst. The

10Mn0O,-Co304 and 50MnO,-Co50, catalysts achieved a methanol for-
mation rate of 1374 and 705 mg/(gca h), respectively.

3.2.2. The effect of reaction temperature

The effect of temperature on CO; conversion and product selectivity
was investigated over the 10MnO,-Co304 and 20MnO,-Co30, catalysts,
and the results are presented in Fig. 7 (a) and (b). As the catalysts re-
mained relatively stable over 24h (Figure $4), the temperature was
increased stepwise from 200 to 280 °C. The temperature in each step
was maintained for 2h, and the average values were used to calculate
the CO, conversion and product selectivity. As can be seen, both cat-
alysts exhibit similar trends in CO. conversion and product selectivity.
A gradual increase in CO, conversion was observed as the temperature
was elevated. The methanol selectivity showed a volcano-shaped trend,
where the maximum was located at about 250 °C. The opposite trend
occurred for the CH, selectivity, which first declined to the minimum at
250°C and then gradually increased. In addition, the C;H, and CO se-
lectivity slightly increased with temperature. The change in product
selectivity with temperature can be explained by the thermodynamics
of the reactions involved and the competing effect. The CO, methana-
tion reaction is only mildly affected at these temperatures while the
r'WGS reaction becomes more favorable as the temperature is increased.
On the other hand, methanol synthesis from CO, generally suffers at
temperatures above 250 °C.

3.2.3. The effect of reaction pressure

The influence of reaction pressure on the CO, conversion and the
product selectivity was investigated over the 10MnO,-Co30; and
20MnO,-Coz0, catalysts at 10-20 bar, and the results are shown in
Fig. 8 (a) and (b), respectively. High reaction pressure is beneficial for
the selective hydrogenation of CO; to methanol, which is controlled by
the kinetics and thermodynamics of CO, hydrogenation [3]. The CO,
conversion and the methanol selectivity increases with pressure over
both catalysts. The highest methanol selectivity of 28.2% was achieved
over 20MnO,-Co304 at 20 bar, while it was 19.1% over the 10MnO,-
Co30, catalyst. The selectivity for the undesired byproducts, namely
CH, and CO, was found to decrease with pressure over the catalysts,
Therefore, the methanol synthesis reaction is more sensitive to pressure

0.14 0.14
l@) (b)
0.12‘4 s 0.12+ -
T S 0.1
Lol . = Ll
»0.08- 0008
4 - L -7
& 0.06 & 0.06-
1 g =
0.04 = 004d -
0.02- | oo2d "
L e S S B B B B S B [ s s T T
0 5 10 15 20 25 30 35 40 45 8 9 10 11 12 13 14

Mn loading (%)

Particle size (nm)

Fig. 6. (a) TOF for CO, conversion as a function of manganese surface concentration and (b) spinel oxides particle size.
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GHSV = 88 800 h™").

than the CO, methanation reaction. A decrease in CO selectivity with
pressure is expected as the rWGS reaction is independent of the reaction
pressure. The methanol formation rate (Figure S6) increased more
strongly with pressure over the 20MnO,-Coz04 catalyst, which in-
dicates a larger quantity of methanol synthesis active sites.

3.2.4. The effect of gas hourly space velocity

The effect of GHSV was investigated over the MnO,-Co;04 catalysts.
A fixed amount of catalyst (50 mg) was used while the flow rate was
varied to achieve different GHSV in the range of 44 400 to 177 800 h .
The CO; conversion and product selectivity over the 10MnO,-Co04
and 20MnO,-Co304 catalysts are presented in Fig. 9 (a) and (b). The
GHSV had a similar effect on CO, conversion and product selectivity
over both catalysts. The CO, conversion decreased approximately lin-
early with increasing GHSV, as expected. Increasing the GHSV resulted
in a higher CO selectivity and lower C,H, selectivity. In addition, the
methanol selectivity decreased and a slight increase in CH, selectivity
occurred when the GHSV was increased. The methanol selectivity was
more strongly affected by the GHSV for the 20MnO,-Co304 (Fig. 9 b),
and the highest methanol selectivity of 29.8% was achieved at a GHSV
of 44 400 h ", The results obtained over the 50MnO,-Co50, catalyst is
shown in Figure S7 and exhibited similar behavior.

3.2.5. The effect of reduction temperature

Previous reports on cobalt-based catalysts for CO, hydrogenation
have indicated that the activity and selectivity were greatly affected by
the oxidation state of the cobalt phases [21,26,28]. The influence of the
surface oxidation degree was investigated by pretreating the MnO,-
Co30, catalysts at different reduction temperatures. Table 5 shows the
CO, conversion and product selectivity obtained after reduction at
temperatures of 200-300 °C. All catalysts exhibited less than 5% CO.
conversion after reduction at 200 °C, which was attributed to the low
reduction degree of the catalysts [49]. The CO selectivity was also

significantly higher, particularly for the 50MnO,-Co40,. Interestingly,
only traces of methanol could be detected over all catalysts. This in-
dicates that the active sites for methanol synthesis are generated during
reduction at higher temperatures than 200 °C.

Increasing the reduction temperature enhanced the CO; conversion
of all catalysts. The reduction conditions had a similar effect on the
product selectivity of the catalysts. The CH, selectivity increased with
an increase in reduction temperature, which is likely due to a higher
concentration of metallic cobalt or partially reduced cobalt species
[21,27]. The opposite trend was observed for the CO selectivity, which
was dramatically reduced after reduction at 250 “C compared to 200 °C.
On the other hand, the methanol selectivity first increased and then
declined with the increase in reduction temperature, whereas the CyHy
selectivity remained approximately constant. These results illustrate
that the product selectivity of the MnOy-Co;04 catalysts is closely re-
lated to the oxidation state of the surface species.

4. Discussion

The change in activity and product selectivity for manganese doped
Co;0, indicates that the catalytic properties of cobalt have been altered
with the introduction of manganese into the spinel structure. This has
been shown to influence the oxidation states and textural properties
relative to their monometallic spinel counterparts. Furthermore, it can
lead to partial disorder of the spinel structure, affecting the catalytic
properties [44]. It has also been reported that the lower activity of
smaller Co particles is caused by a greater susceptibility to oxidation
[24]. This might explain the observed drop in TOF for smaller particles
(Fig. 6b). However, the drop in TOF might also be due to increased
oxidation degree of cobalt species when manganese is present. An al-
tercation of cobalt oxidation state could also be partially responsible for
the differences in product selectivity [21,26,28].

The active phase of mesoporous CozO, supported MnO, after
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Table 5

CO; conversion and product selectivity at different reduction temperatures
(reaction conditions: T = 250°C, P = 10 bar, gas flow (CO,/No/Hy) = 20,20/
60 mL/min, GHSV = 88 800 h "),

Catalyst Reduction temperature  X(C02)  S(CH,)  S(CH;0H)  S(CO)
[§9] (%) (%) (%) (%)
10Mn0O,-Co;0, 200 3.9 72.7 Traces 24.9
250 36.9 81.1 12.0 3.4
300 40.8 87.1 7.5 21
20Mn0O,-Co304 200 5.0 723 Traces 24.8
250 45.1 711 221 32
300 47.4 821 14.8 2.3
50Mn0,-CosOy 200 3.4 367  Traces 63.1
250 19.8 76.7 12.7 9.1
300 30.3 87.3 4.7 7.3

reduction was proposed to be MnO nanoparticles (NPs) dispersed over
grains of cobalt comprised of a CoO surface with metallic cobalt cores.
The MnO/CoO interface facilitated an activity enhancement towards
methanol synthesis compared with the separate Co/Mn NPs and sup-
ports [21]. Li et al. [21] suggested that the MnO, NPs helped reduce
CO;, to CO species, which could further react with surface layer CoO to
form methanol. We speculate that the reaction mechanism over our
catalysts follows a similar pathway. Due to the high CO selectivity of
MnOy, manganese species located at octahedral sites are probably re-
sponsible for CO formation. Subsequently, these CO species can be
converted to methanol on octahedral cobalt cations or interfacial Co-
Mn sites. This would also explain the high CO selectivity of the
50MnO,-Cos0, catalyst, which has less cobalt active sites for methanol
synthesis due to the high manganese surface content. The increase in
CO selectivity at high GHSV further suggests that CO might be an in-
termediate in the methanol reaction pathway.

Cobalt catalysts are widely used in FT synthesis from syngas but
performs as a methanation catalyst upon switching to COx/H, gas
mixtures [26,50]. Therefore, the high methane selectivity of the MnO,-
Co30, catalysts in this study can be attributed to the Co phase. With
regards to other byproducts, the Co;0, had a combined C, ., selectivity
of less than 2%, which mainly consisted of C;H, (1.8%). A mild increase
was observed for manganese doped samples. The combined selectivity
towards Cp, hydrocarbons and other oxygenates was about 4% for
10MnO,-Co30; and 20MnO,-Co30,. The higher C,H; selectivity of
manganese doped Co30, was likely a result of the CO species generated
at octahedrally coordinated sites, which to some extent also
promote chain growth. Compared to Co304 supported MnO, NPs [21],
a lower selectivity towards C,, hydrocarbons and other oxygenates
was observed for the catalysts investigated in this work. This indicates
that the interaction between surface carbon species is more limited for
manganese doped Co;04 spinel, which limits the formation of Cy
products.

5. Conclusion

Manganese doping of mesoporous Coz0,4 lowered the activity of Co
species and significantly increased the methanol selectivity in CO, hy-
drogenation. XRD and XPS indicated that manganese was incorporated
into a mixed spinel structure. The highest methanol selectivity of 29.8%
was obtained over the 20MnO,-Co;0, catalyst (250 °C, 10bar, 44
400h "), whereas the 10MnO,-Co50,4 and 50MnO,-Co50, were unable
to reach a methanol selectivity above 19% regardless of the reaction
conditions. The results suggest a synergistic effect between manganese
and cobalt surface species that promote methanol production, as
monometallic spinel exhibited very low methanol selectivity. The CO5-
TPD study showed that the surface basicity was higher for the bime-
tallic catalysts compared to the monometallic catalysts, which could be
partially responsible for the increased methanol selectivity. Methanol
formation rates of 1374 mg/(g.,, h) and 3106 mg/(gc,, h) was achieved
over 10MnO,-Co304 and 20MnO,-Co30,, respectively. The superior
performance of 20MnO,-Co304 compared to 10MnO,-Co;04 was at-
tributed to a higher surface concentration of manganese, increased total
basicity, and a higher surface area. However, methane was by far the
majority product over the manganese-cobalt spinel catalysts. Therefore,
further effort is necessary to minimize the methane production
pathway, through either optimizing the surface composition or addition
of promoters.
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Figure S1. lllustration of the spinel-type crystal structure of AB204 (A,
B = Co and Mn). Metal A cations occupy tetrahedral sites and metal B

cations occupy octahedral sites.
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Figure S2. (a) N. adsorption-desorption isotherms and (b) pore size
distribution of mesoporous Co30s, 10MnOx-C0304, 20MNnOx-C0304,
50MnOx-C0304, and MnOx.
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Figure S3. High-resolution XPS spectra of the Ols regions for 10MnOy-C030a,
20MnOx-Co304, and 50MnOy-Co304 catalysts.
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Figure S4. CO conversion and product selectivity over 24 h time on
stream for (a) 10MnOx-Co030s4 and (b) 20MnOx-Co0304 (reaction
conditions: T = 250 °C, P = 10 bar, gas flow (CO2/N2/H2) = 20/20/60
mL/min, GHSV = 88 800 h™).
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Figure S5. Effect of Mn loading on the formation rate of methanol
(reaction conditions: T = 250 °C, P = 10 bar, gas flow (CO2/N2/Hz) =
20/20/60 mL/min, GHSV = 88 800 h'%).
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Figure S6. Effect of reaction pressure on the methanol formation rate
over 10MnOx-Co0304 and 20MnOx-C0304 (reaction conditions: T = 250
°C, gas flow (CO2/N2/Hy) = 20/20/60 mL/min, GHSV = 88 800 h™).
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Table S1. Detailed amounts of metal precursors and chemicals used for
the synthesis of the catalysts.

Catalyst Cobalt(ll) nitrate  Manganese(ll) 1-butanol HNOs  P123
hexahydrate nitrate hydrate  (mol) (mol) (mol)
(mol) (mol)

Co0304 0.0200 - 0.230 0.038  4.08*10*

10MnOx-Cos0s  0.0200 0.0024 0.253 0.042  4.49*10*

20MnOx-Co304  0.0200 0.0054 0.281 0.047  4.99*%10*

50MnOx-Co304  0.0100 0.0110 0.218 0.037  3.91*10*

MnOx - 0.0200 0.188 0.032  3.40*10*
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Table S2. Nominal metal content and measured metal content by ICP-
OES.

Catlayst Nominal values (mol %)  Measured values from ICP-OES (mol %)
Mn Co Mn Co

C0304 0 100 - -

10MnOx-C0304 11 89 13.6 86.4

20MnOx-C0304 21 79 21.0 79.0

50MnOx-C0304 52 48 55.4 44.6

MnOx 100 0 - -
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Abstract:

Developing effective catalysts for CO2 hydrogenation to methanol is key
to improve the efficiency of a promising process for the green synthesis
of fuels and chemicals. A crucial aspect of developing enhanced CO»-to-
methanol catalysts is optimizing the Cu-ZnQO interaction. Herein, a series
of hydrotalcite-derived Cu/ZnO/Al2Os catalysts were prepared, which
consists of partially embedded Cu particles within a Zn-Al oxide matrix.
This microstructure exhibits higher intrinsic activity and methanol
selectivity. However, sintering of the Cu particles and the Zn-Al oxide
phase results in catalyst deactivation. The addition of In can stabilize the
Cu-metal oxide interface and improve the methanol selectivity, but
significantly decreases the activity. The lower activity of the In-
containing catalysts is linked to the inhibition of Cu active sites by CuxIny
species. Thus, stabilizing the In species within the oxide phase is key to

avoid the negative influence of In on the activity.



1. Introduction

The increasing atmospheric CO, concentration has led to extensive
efforts to develop environmental-friendly solutions for high-emission
sectors. CO2 hydrogenation to methanol is one of the most promising
methods for producing fuels and chemicals from renewable sources [1].
This is because methanol synthesis from syngas (CO, CO3, H>) is already
a well-established process. Furthermore, methanol is an important
feedstock for several processes in the chemical industry, such as
chloromethane, acetic acid, methyl tert-butyl ether (MTBE), alkyl
halides, and formaldehyde [2-4]. As such, the infrastructure is already in
place to handle methanol or methanol-derived fuels as primary energy
carriers. One of the main issues is the current high price of hydrogen
produced from renewable sources [5]. However, the price of renewable
hydrogen is expected to decrease in the future, which can improve the

economic viability of the CO2-to-methanol process.

Methanol synthesis from CO. (Eqg. 1) is exothermic and a volume-
reducing reaction. The main side reaction is the reverse water-gas shift
(RWGS) reaction (Eg. 2), which converts CO; into CO and becomes
more favorable at higher temperatures. Hence, low temperature (200—
300 °C) and moderate pressure (50-100 bar) are typically employed in
CO2 hydrogenation to methanol [6, 7].

CO2 +3H2 2 CHsOH + H,0  AH =-49.5 kJ/mol (Eq. 1)

CO2+H22CO +H20 AH =41.2 kJ/mol (Eq. 2)



The Cu/ZnO/Al>0O3 system has been studied for decades. The industrial
Cu/ZnO/Al,03 catalyst consists of an intimate mixture of Cu and metal
oxide nanoparticles, typically obtained from co-precipitation of metal
nitrates and forming a Cu, Zn carbonate precursor [8]. This synthesis
route usually results in a high Cu surface area and highly active catalysts.
Besides the Cu dispersion, the activity of Cu/ZnO-based catalysts has
also been linked to synergetic effects between Cu and ZnO, which is
often referred to as the strong metal-support interaction (SMSI). Several
models of the Cu-ZnO synergy in Cu-based catalysts have been
proposed. Experimental and computational studies have identified Cu
lattice strain or defects as indicative of high performance, which might
also be influenced by the properties of the metal oxide phase [4, 9, 10].
There is also compelling evidence that the SMSI between Cu and ZnO
is crucially involved in the active sites of methanol synthesis [4, 11-14].
Studt et al. [12] showed that a relatively inactive Cu/MgO catalyst can
be converted into an efficient CO.-to-methanol catalyst by impregnating
ZnO onto Cu/MgO. The SMSI has been ascribed to the formation of
CuZn [4, 15] or CuZnOx [16] surface alloy species. This is supported by
a correlation between the Zn coverage of Cu and the methanol synthesis
activity, which has been demonstrated for conventional catalysts [17]
and model structures [15, 18]. Furthermore, oxygen vacancies in the ZnO
at the Cu-ZnO interface might assist in CO- activation and conversion to
methanol [19]. The optimization of Cu dispersion can be regarded as
highly advanced for this system. However, higher intrinsic activity, i.e.,

normalized to the Cu surface area, has been reported for partially



embedded Cu nanoparticles into a mixed Zn-Al oxide matrix [20, 21].
Therefore, tuning the microstructural properties and the Cu-metal oxide
interface are key areas for enhancing the activity of Cu/ZnO-based

catalysts.

Recently, In2Os3-based catalysts, typically promoted by metal oxides
(e.g., Zr [22], Y [23], La [23]) or Pd [24-26] have received significant
interest due to their high methanol selectivity and stability over a wide
range of reaction temperatures (200-320 °C). Only a limited number of
studies have investigated In incorporation into Cu-based catalysts [27-
34]. Matsumura et al. [27] found that the addition of In2Os reduces the
activity but enhances the stability and suppresses the formation of CO in
high-temperature methanol steam reforming over Cu/ZnO-based
catalysts. Similar effects of InoOz have also been reported in CO-
hydrogenation to methanol [30, 34]. On the other hand, Shi et al. [32]
obtained active and selective Cu-In,Oz catalysts prepared by co-
precipitation for CO2 hydrogenation to methanol. The most active
catalyst consisted of Cuglni; alloy in intimate contact with an In2Os
phase. They proposed that a synergistic effect is present for Cuiilne-
In,O3 catalyst in which Hz is dissociatively adsorbed on the Cuiilng
surface and CO: is activated at InoO3 oxygen vacancies. These species
subsequently migrate to the interfacial sites where CO: is hydrogenated
to methanol. Gao et al. [31] found that the activity and selectivity of Cu-
In203-ZrO> catalyst containing Cuzln alloy are higher than In.Os and
In203-ZrO, catalysts. These contradictory findings highlight that
different Cu-In speciation and their effects on CO2 hydrogenation to

5



methanol are not fully understood. Furthermore, the cause of the highly
inhibiting effect of small amounts of In2O3 on the activity of Cu/ZnO

catalysts has not been identified.

Herein, we report a facile strategy for the synthesis of active Cu/ZnO-
based catalysts for CO hydrogenation to methanol. Partially embedding
Cu within a Zn-Al oxide matrix is obtained via a hydrotalcite-like
precursor and compared to a coprecipitated Cu/ZnO catalyst. We show
that enhancing the Cu-metal oxide interfacial contact can be utilized to
develop more active Cu/ZnO-based catalysts. Furthermore, the influence
of In on Cu/ZnO-based catalysts is also elucidated, where the
incorporation of In can stabilize the Cu-metal oxide interface but reduces
the catalyst activity. Anchoring In within the Zn-Al oxide phase seems
to be the key to avoid the negative effects of In on the activity. The
present findings provide a promising approach for optimizing the Cu-
metal oxide interaction, which can further enhance the catalytic

performance of Cu-based catalysts for CO2 hydrogenation to methanol.

2. Experimental
2.1. Catalyst preparation

The HT-like catalyst precursors containing Cu, Zn, Al, and In were
prepared by co-precipitation at room temperature. For a typical
synthesis, an aqueous solution of metal salts (Cu(NOs3)2-3H:0,
Zn(NO3)2-6H20, AI(NO3)3:9H20, and In(NO3)3-H2.0) was added



dropwise into a mixed solution of NaOH and Na>COs precipitant under
vigorous stirring. The pH of the precipitate solution after mixing was
adjusted to 9.0 £ 0.2 if needed. The precursor solution was aged at 60 °C
for 15 h before the precipitate was filtered and washed with deionized
water. Finally, the product was dried overnight at 80 °C and then calcined
in flowing synthetic air at 500 °C for 4 h. The HT-derived catalysts with
a Cu:Zn ratio of 2 are denoted as 2CZA-InY, where Y refers to the mol%
of In (Y = 0-7 mol%). Table 1 lists the nominal and the actual metal
content determined from ICP-AES of the 2CZA-InY catalysts.

Table 1. Nominal and actual catalyst compositions determined from ICP-
AES of the 2CZA-InY catalysts.

Catalysts Nominal metal content Metal content determined by ICP-AES
(mol%) (mol%)
Cu Zn Al In Cu Zn Al In

2CZA-In0 50 25 25 0 51.3 243 244 -
2CZA-In2 50 25 23 2 50.9 241 22.9 2.1
2CZA-In3 50 25 22 3 515 24.6 20.8 3.1
2CZA-In5 50 25 20 5 51.7 239 19.3 51
Cu-ZnO 83 17 - - 83.2 16.8 - -
In/Cu-ZnO 82 17 - 1 82.2 16.5 - 1.3

We also prepared a binary Cu-ZnO by co-precipitation following a
procedure described by Behrens and Shldgle [8]. In brief, aqueous nitrate
solutions with appropriate amounts of the metal precursors were co-
precipitated at a constant pH of 6.5 using sodium carbonate as
precipitating agent. The co-precipitate was aged in the mother liquor at
60 °C for 15 h. The precipitate was washed several times with deionized
water, dried, and then the precursors were calcined in flowing air at 350

°C for 4 h. The ternary In/Cu-ZnO catalyst was obtained by impregnating
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Cu/ZnO with In nitrate. The impregnated catalyst was calcined again at
350 °C for 4 h. The composition of the Cu-ZnO and In/Cu-ZnQO catalysts

is given in Table 1.

2.2 Catalyst characterization

The specific surface area and pore size distribution of the catalysts were
determined from N2 adsorption-desorption at 77 K by the Brunauer-
Emmet-Teller (BET) and Barret-Joyner-Halenda (BJH) methods,
respectively. The measurements were conducted using a Micromeritics
TriStar Il instrument. Degassing of the samples prior to analysis was

done at 120 °C for 14 h with a Micromeritics VacPrep 061 degas system.

Elemental analysis of the catalysts was performed by ICP-AES on an
Agilent 725-ES apparatus. Typically, 200 mg of sample was dissolved
in @ HNO3:HCI mixture with a ratio of 1:3 at elevated temperature until
complete dissolution of the catalyst. The sample was further diluted and

filtered prior to elemental analysis.

The high-angle annular dark-field scanning transmission microscopy
(HAADF-STEM) images were collected on a Tecnai G2F20 S-Twin
instrument operated at 200 kV. The reduced and passivated catalysts
were dispersed in ethanol by ultrasonication, then one drop of the

solution was deposited on a holey carbon-coated support grid.



X-ray diffraction (XRD) patterns were recorded on either a Rigaku
D/Max 2550 VB/PC or Bruker-AXS Microdiffractometer (D8
ADVANCE) instrument using a Cu Ka radiation source (A = 1.5406, 40
kV, and 40 mA). The patterns were typically obtained at 26 between 10—
90° with a step interval of 2 °/min. The peaks were indexed according to
the Joint Committee on Powder Diffraction Standards (JCPDS) database.

X-ray photoelectron spectroscopy (XPS) and Auger (XAES) spectra
were recorded on a ThermoFisher ESCALAB250Xi equipped with a
monochromatic Al K, source (1486.6 eV) operated at 15 kV. High-
resolution spectra were obtained at a pass energy of 30.0 eV, step size of
0.05 eV, and dwell time of 500 ms per step. All spectra were referenced
to the C 1s peak (284.8 eV).

Temperature programmed reduction (H2-TPR) profiles were recorded
using a Micromeritics Autochem Il ASAP 2920 instrument. Prior to the
measurements, the samples were pretreated at 200 °C in He flow for 30
min. The profiles were recorded by passing a 7% H2/Ar mixture at 50
mL/min over the sample while the temperature was ramped from
ambient to 500 °C at 10 °C/min.

The Cu surface area (SAcuy) was determined by dissociative N2O
adsorption [35] using a Micromeritics Autochem 2920 instrument. The
sample was first pretreated in He at 120 °C for 1 h followed by reduction
in 7% Ha/Ar mixture (50 mL/min) for 2 h at 350 °C. Then, the catalyst
bed was purged with He until the temperature reached 50 °C. The
oxidation of surface Cu atoms to Cu.O by N»O adsorptive decomposition



was carried out in a flow of 1% N2O/He at 50 °C for 1 h. After that, the
sample tube was purged with He for 1 h to remove the unreacted N2O.
Finally, the H, consumption of surface Cu.O was measured by a second
TPR experiment from 50 to 400 °C at a rate of 10 °C/min in a 7% Ha/Ar

mixture.

2.3 Catalytic activity tests

The catalysts were tested for CO. hydrogenation to methanol in a
custom-built fixed-bed continuous-flow reactor. Typically, 0.2 g of
catalyst was mixed with SiC (2 g) and placed in a stainless tube reactor
with an internal diameter of 0.5 cm and a length of 50 cm. The catalysts
were reduced at 350 °C with a heating rate of 2 °C/min by 10% H2/N>
(50 ml/min). Finally, the reactor was cooled to ambient temperature,
pressurized with the reactant gases (H2/CO2/N. = 3/1/1), and then heated
to the desired reaction temperature. The post-reactor lines and valves
were heated to 140 °C to avoid product condensation. An Agilent 7890
B gas chromatogram (GC) system fitted with two TCD detectors was
used for on-line analysis of the products. The CO2 conversion, methanol
selectivity, and space-time yield (STY) of methanol were calculated by
utilizing N2 as internal standard. The TOF was calculated as the number
of methanol molecules produced per surface Cu atom of the reduced
catalyst per second. A COz conversion of approximately 5% CO2 was
used for the TOF measurements to exclude the effect of water inhibition.
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3. Results and discussion
3.1 Catalyst characterization
3.1.1 Textural and structural properties of the XCZA-InY catalysts

The N2 adsorption-desorption isotherms of the calcined catalysts are
shown in Figure S1. The BET surface area (SAget), pore volume, and
average pore diameter of the calcined catalysts are summarized in Table
2. It can be seen that the incorporation of In slightly increases the BET
surface area of the 2CZA-InY catalysts, which is in the range of 36-41
m?/g. Furthermore, the pore volume is also higher for the In-containing
catalysts (0.08-0.09 cm®/g) compared to the 2CZA-In0 catalyst (0.06
cm?/g).

Table 2. Summary of N-physisorption, crystallite size, and average
particle size of the 2CZA-InY catalysts.

Catalyst SABeT Pore volume Average pore dcu (nm)?  dcy (NnM)°
(m?/g) (cm?3/g) diameter (nm)

2CZA-In0 36 0.06 6.2 13.1 9.5
2CZA-In2 39 0.09 6.7 11.8 9.4
2CZA-In3 41 0.09 6.7 121 9.4
2CZA-In5 37 0.08 6.6 12.3 8.7
Cu-ZnO 72 0.17 7.7 23.7 -
In/Cu-ZnO 46 0.11 7.6 20.1 -

& Calculated from the (111) peak by the Scherrer equation
b Determined by counting particles in HAADF-STEM images

The XRD patterns of the HT precursors are shown in Figure l1a. The
patterns are typical for HT-like structures such as

Cu2ZnsAl2(OH)16COs-H20 (PDF 38-0484) [21]. The peaks at 26 of 35.5°
11



and 38.7° are attributed to CuO (PDF #48-1548). Crystalline CuO can
be formed by the oxolation reaction, which transforms Cu(OH)2 into
CuO. The oxolation reaction can occur at relatively low temperatures for
Cu(OH): at high pH and can also take place during the drying process
[36]. At high In content, additional reflections corresponding to In(OH)3
(PDF #76-1463) are present at ~22.3° and ~31.7° for the 2CZA-In5
catalyst. The full width at half maximum (FWHM) of the 003 reflection
at 26 of ~11.8° is related to lattice strain or crystal domain size in the
stacking direction. As shown in Figure 1b, a volcano-type trend with
respect to In content can be observed. The volcano-trend in the FWHM
of the 003 reflection indicates that a small fraction of In is incorporated
into the HT-like structure [37-39]. The XRD pattern of the Cu-ZnO
precursor is shown in the Supporting Information (Figure S2a) and is
typical of Cu, Zn malachite [40].
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Figure 1. (a) XRD patterns of the 2CZA-InY precursors and (b) FWHM

of the 003 peak as a function of In content.

The calcined 2CZA-InY samples show weak reflections corresponding
to CuO, whereas Zn or Al species cannot be identified (Figure S3). The
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XRD patterns of the reduced-passivated 2CZA-InY catalysts are shown
in Figure 2a. The reflections at 26 of 43.3°, 50.4, and 74.1° correspond
to metallic Cu (PDF #04-0836). The crystallite size of Cu was estimated
from the Cu(111) peak, and the crystallite size is relatively similar for
the 2CZA-InY catalysts between 11.8-13.1 nm (Table 2). The weak
reflection at 20 of 36.3° is attributed to ZnO (PDF #36-1415) and
indicates that the Zn-Al species are highly dispersed, which is typical for
HT-derived CZA catalysts [21, 41]. The regions of the Cu peaks are
magnified in Figure 2b. A shift in the Cu peaks towards lower diffraction
angles is observed with increasing In content. Furthermore, weak
reflections are present between 42—43° for the 2CZA-In5 catalyst. This
is attributed to the formation of CuxIny alloy because the most intense
peaks of different Cuxlny alloys are located in this region. Moreover, it
has been demonstrated that CuxIny alloys can form at the reduction
conditions used in this work [32, 42, 43]. Crystalline Cu and ZnO phases
can be identified for the Cu-ZnO and In/Cu-ZnO catalysts (Figure S2b).
The crystallite size of Cu-ZnO (23.7 nm) is slightly larger than that of
the In/Cu-ZnO catalyst (Table 2).
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Figure 2. (a) XRD patterns of the reduced 2CZA-InY catalysts and (b)

the region containing the Cu diffraction peaks.

HAADF-STEM was used to investigate the microstructure of the 2CZA-
InY catalysts. The calcined catalysts consist of a largely amorphous
mixed oxide phase, as depicted in Figure 3a for the 2CZA-In0 catalyst.
This is typical for HT precursors, which is composed of a homogeneous
mixture of the metal oxides after calcination [44]. As illustrated in Figure
3b, larger Cu particles are formed for the 2CZA-InY catalyst after
reduction, which are embedded within a metal oxide matrix. In literature,
the metal oxide matrix is reported to contain a spinel-like ZnAl>.O4
structure [21, 36]. The structure of the other reduced In-containing
2CZA-InY catalysts is similar (Figure S4a-c). The structure of the
2CZA-InY catalysts is obviously different from the conventionally
prepared Cu/ZnO catalysts, which is characterized by crystalline CuO
particles dispersed by discrete ZnO particles (Figure 3c). The continuous
embedding metal oxide matrix for the 2CZA-InY catalysts probably
leads to a larger Cu-metal oxide interface compared to the Cu/ZnO
catalyst. The average Cu particle size of the 2CZA-InY catalysts was
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determined by measuring at least 400 particles and are summarized in
Table 2. The particle size distribution is shown in Figure S5a—d. The
average Cu particle size is comparable for the 2CZA-InY catalysts (8.7—
9.5 nm), which is smaller than the crystallite size estimated by XRD.

This is probably because XRD is a volume-averaged technique and is

more sensitive to larger than smaller crystallites [14].

' tn © M .
Figure 3. HAADF-STEM images of the (a) calcined and (b) reduced
2CZA-In0 catalyst; (c) TEM image of the reduced Cu-ZnO catalyst.
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3.1.4 XPS study of the 2CZA-InY catalysts

The surface composition of the 2CZA-InY catalysts before and after
reduction is summarized in Table 3. It can be seen that the surface
composition of the 2CZA-InY catalysts deviates from the nominal
composition. The Cu:Zn ratio on the surface is close to 1.2 for the
calcined samples, whereas the Cu:Zn ratio determined from ICP-AES is
around 2. This is probably because the CuO species are embedded in the
mixed metal oxide matrix after calcination, leading to a higher surface
concentration of Zn and Al. In agreement with previous studies [4, 30,
45], the Cu/Zn surface ratio further decreases to ~0.9-0.6 after
reduction, where the surface Zn concentration increases with increasing

In content.

Table 3. Surface composition of calcined and reduced 2CZA-InY

catalysts determined by XPS.

Catalyst Surface composition Surface composition after ~ Cu®/(Cu* + CuP)
after calcination (atom%) reduction (atom%)
Cu Zn Al In Cu zZn Al In

2CZA-In0 37 31 32 0 33 36 30 0 0.15

2CZA-In2 38 31 28 3 32 37 28 3 0.17

2CZA-In3 38 32 25 5 30 40 25 5 0.22

2CZA-In5 39 33 22 6 27 42 24 7 0.21

Figure 4a shows the Cu 2ps/2 spectra of the calcined and reduced 2CZA-
InY catalysts. The calcined samples exhibit a principal peak at ~934 eV
and a characteristic satellite feature around 940-944 eV [46]. The
satellite feature disappears after reduction, indicating that CuO species

are not present after reduction. Furthermore, the main peak shifts towards
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lower binding energy, which is in the region of Cu° (932.6 eV) and Cu20
(932.4 eV). The Cu L3VV Auger line was investigated to obtain further
information about the chemical state of Cu in the catalysts after
reduction. For the calcined samples, a peak at 917.7 eV is detected
(Figure S6), which is close to the expected peak position of CuO [47].
The CuLsVV Auger spectra of the reduced and passivated catalysts are
shown in Figure 4b. Since CuO species are not present after reduction in
the Cu2p spectra, the profiles are deconvoluted into Cu® (~918.5 eV)
eV) and Cu* (~916.4 eV). This estimation is widely used to determine
the relative amount of Cu® and Cu* species in the sample [48-52]. It is
clear that the majority of the Cu species exist as Cu™ for all the catalysts,
indicating high interaction between Cu and the metal oxide phase [48,
49]. The Cu® fraction of the 2CZA-InY catalysts increases with

increasing In content (Table 3).
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Figure 4. (a) Cu 2ps XPS spectra of the calcined and reduced 2CZA-
InY catalysts. (b) Cu L3VV Auger spectra of the reduced 2CZA-InY

catalysts.
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To address the chemical state of Zn, the Zn LsM4sMas Auger line was
recorded. The Zn L3MassMss spectra of calcined and reduced 2CZA-InY
are shown in Figure 5a. It can be seen that the spectra of the calcined and
reduced sample overlap, indicating that the chemical state of ZnO is
largely unchanged after reduction. The chemical state of In was also
examined, and the In 3d spectra contain two peaks at 444.8 eV and 452.3
eV corresponding to the In 3ds2 and In 3ds/2 spin-orbit doublets (Figure
5b) [53]. The peaks shift slightly towards lower binding energy after
reduction. It is likely that the shift in the In3d spectra is related to the
formation of Cuxlny alloys, in agreement with the XRD observations.
The slight shift in the In 3d spectra indicate that a mix of In.Os and

Cuxlny species are present after reduction [32, 43, 54].
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Figure 5. (a) Zn L3M4,5M4,5 Auger spectra of calcined and reduced
2CZA-InY catalysts. (b) In 3d XPS spectra of calcined and reduced
2CZA-InY catalyst.
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3.1.3 Reducibility of the catalysts

H>-TPR was carried out to investigate the reducibility of the catalysts.
The TPR profiles of the 2CZAlIn-Y catalysts are shown in Figure 6a. The
reduction of the 2CZA-InY catalysts occurs over a wide temperature
range, and the profiles are deconvoluted into four peaks, namely a, B3, 1,
and y2. The low-temperature peaks are assigned to CuO particles
dispersed on the catalyst’s surface (o) and CuO particles in the bulk of
the Zn-Al oxide (B) [48, 55]. Additional high-temperature peaks are only
observed for the HT-derived catalysts. The y1 and y» peaks located
between 250-300°C are attributed to the reduction of Cu?* species highly
dispersed within the metal oxide matrix [21]. These Cu®* species are
strongly bound to the Zn-Al oxides, which results in a stabilization of the
Cu20 intermediate and a step-wise reduction of CuO (CuO — Cu20 and
Cu20 — Cu) [9, 56-58]. At moderate In content, the a and  peaks shift
towards higher reduction temperature for 2CZA-InY. On the other hand,
the y peaks shift towards lower temperature with increasing In content.
These observations indicate that moderate amounts of In enhance the
interaction of CuO with the metal-oxide phase, whereas the Cu?* species
present in the metal oxide matrix are more easily reduced when the In
content increases. In contrast, the complete reduction of the CuO
particles of the Cu/ZnO and In/Cu-ZnO catalysts occurs at lower
temperatures due to the weaker interaction with the metal oxide phase
(Figure 6Db).
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Figure 6. (a) Deconvoluted H>-TPR profiles of the 2CZA-InY catalysts
and (b) Ho-TPR profiles of the Cu-ZnO and In/Cu-ZnO catalysts.

The H/CuO ratio was calculated to assess the H> consumption relative
to the Cu content (Table 4). The H2/CuO ratio is close to 100% for all
the catalysts, indicating the complete reduction of CuO. A slight increase
in the H2/CuO ratio is observed with increasing In content for the 2CZA-
InY catalysts, which is ascribed to the formation of Cuxiny alloys.
Similarly, the H2/CuO ratio is higher when In is impregnated onto the
Cu-ZnO catalyst.

Table 4. Summary of the H.-TPR data and the Cu surface area of the
2CZA-InY catalysts.

Catalyst H2/CuO (%) TPR peak contribution (%) SAcu (M?/gcat)
o B Y1 Y2
2CZA-In0 99 29 40 8 23 13
2CZA-In2 101 34 32 8 26 16
2CZA-In3 101 36 29 8 27 15
2CZA-In5 103 48 20 9 23 11
Cu-ZnO 98 - - - - 18
In/Cu-ZnO 101 - - - - 14

20



3.1.4 N0 titration measurements

The Cu surface area was estimated by N>O dissociative adsorption. The
Cu surface area of 2CZA-InY first increases from 13 to 16 m?/g with the
addition of 2 mol% In and then decreases with increasing In content
(Table 4). The Cu surface concentration obtained by XPS indicates that
the number of Cu atoms on the surface decreases with increasing In
content, which can explain the lower Cu surface area of the 2CZA-In3
and 2CZA-In5 catalysts. In addition, the formation of Cu-In surface
alloys might also influence the Cu surface area. The Cu surface area also
drops from 18 m?/g to 14 m?/g when In is impregnated onto the Cu-ZnO

catalyst.
3.2 Catalytic activity tests
3.2.1 Influence of Cu-metal oxide interface and In on activity

To assess the influence of the Cu surface area on the catalytic activity of
HT-derived catalysts, we also prepared 1CZA-InY and 4CZA-InY
catalysts with an In content of 0—7 mol%, where 1 and 4 refer to the
Cu/Zn ratio. Table S1 summarizes the characterization results of the
1CZA-InY and 4CZA-InY catalysts. Figure 7 shows the steady-state STY
of methanol after 12 h testing plotted against the Cu surface area. It is
evident that the methanol synthesis activity of the HT-derived catalysts
is strongly correlated to the Cu surface area. This is often the case for
Cu-based catalysts with a similar preparation history [59]. The highest
STY of methanol (12.4 mmol gear t h™t) is obtained over the 4CZA-In0
catalyst, which also has the highest Cu surface area (14 m?/g) of the HT-
21



derived catalysts. The activity of the 4CZA-In0 catalyst is higher than
that of Cu/ZnO (11.9 mmol ger? hl), even though the 4CZA-In0
catalyst has a lower Cu surface area. This is attributed to the larger
number of interfacial sites due to the partial embedment of Cu in the Zn-
Al matrix. The higher intrinsic activity of the HT-derived catalysts
indicates that a compromise between high Cu surface area and Cu-metal
oxide interfacial area is needed to maximize the activity of Cu/ZnO-
based catalysts. The Zn-Al matrix obtained from HT-like precursor is a

promising candidate for obtaining large Cu-metal oxide contact.
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The activity of the In-containing HT-derived catalysts is also correlated
to the Cu surface area, but is significantly lower compared to the In-free
catalysts. Although the addition of less than 3 mol% In to HT-derived
CZA catalysts increases the Cu surface area, the STY of methanol is

significantly reduced. The STY of methanol also decreases substantially
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when In is impregnated onto the Cu-ZnO catalyst. This suggests that In
species covers or inhibits the active sites on the Cu surface. The lower
activity of the In-doped catalysts is consistent with earlier studies [27,
30, 34].

To further assess the influence of the catalyst’s composition, the turnover
frequency (TOF) for methanol formation of the CZA-InY, Cu-ZnO, and
In/Cu-ZnO catalysts is compared in Figure 8. The TOF of the CZA-In0
catalysts is comparable at approximately 0.018 s, which is higher than
that obtained over the Cu/ZnO catalysts (0.014 s™1). These TOFs are in
the medium to high range compared with reported values in literature
[21, 59]. The vigorous debate regarding the Cu-ZnO synergy highlights
the difficulty in identifying the dominant promotional mechanism in
Cu/ZnO-based systems. Thus, the enhanced Cu-metal oxide interaction
of the HT-derived catalysts might promote methanol synthesis by
modifying the active Cu surface (e.g., inducing defects or promoting
surface CuzZn/CuzZnOy formation [4, 9, 10]), providing a higher number
of Cu-metal oxide interfacial sites [19], or a combination of these
phenomena. It is interesting that the intrinsic activity of the CZA-In0
catalysts is similar despite the differences in Cu particle size and
composition. This further indicates that the enhanced Cu-metal oxide
interaction is the main reason for the higher intrinsic activity of the HT-
derived catalysts. When In is incorporated into the catalyst, the TOF
decreases significantly. Furthermore, the TOF decreases with increasing
In content for the HT-derived catalysts. Thus, In seems to have a
dramatic effect on the ability of Cu to produce methanol. This is probably
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due to the presence of In species on the Cu surface or the formation of
CuxlIny alloy species, which seems to inhibit the activity of the Cu surface
sites.
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Figure 8. TOF of methanol formation of the CZA-InY, Cu-ZnO, and
In/Cu-ZnO catalysts. Reaction conditions: 250 °C, 30 bar, Ho/CO2/N> =
3/1/1, CO> conversion = 5%.

3.2.1 Influence of Cu-metal oxide interface and In on methanol

selectivity

The methanol selectivity as a function of CO- conversion for the 2CZA-
InY, Cu-ZnO, and In/Cu-ZnO catalysts is plotted in Figure 9. The 2CZA-
InY catalysts exhibit higher methanol selectivity compared to the
conventional Cu/ZnO catalyst. The methanol selectivity is also higher
for the In-containing catalysts compared to the In-free catalysts. The
maximum methanol selectivity is obtained at 3 mol% In. The higher
selectivity of the In-containing 2CZA-InY catalysts is ascribed to the
inhibition of CO formation. This is in agreement with Matsumura et al.

[27], who observed that CO formation was suppressed by the presence

24



of In on the Cu surface during methanol steam reforming over a Cu/ZnO-

based catalyst.
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Figure 9. Methanol selectivity at different CO2 conversions for 2CZA-
InY, Cu-ZnO and In/Cu-ZnO. The CO. conversion was varied by
changing the contact time between 10 000 to 100 000 c¢m®/(geat h).
Reaction conditions: 250 °C, 30 bar, H2/CO> = 3.

3.2.3 Stability of HT-derived catalysts

The stability of the 2CZA-In0 and 2CZA-In3 catalysts was investigated
over 72 h time on stream (TOS), and the CO2 conversion and methanol
selectivity are shown in Figure 10. The CO> conversion and methanol
selectivity remains relatively stable for the 2CZA-In3 catalyst. A slight
increase in CO2 conversion is observed for the 2CZA-In0 catalyst,
whereas the methanol selectivity decreases from 35 to 28%.
Consequently, the STY of methanol is reduced by 8% for the 2CZA-In0
catalyst. Therefore, In could help to limit the deactivation of Cu-based
catalysts during CO2 hydrogenation to methanol if In can be stabilized in

the Zn-Al oxide phase.
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Figure 10. CO2 conversion and methanol selectivity over the 2CZA-In0
and 2CZA-In3 catalysts over 72 h TOS. Reaction conditions: 250 °C, 30
bar, H,/CO, = 3.

To gain further insight into the deactivation mechanism of the HT-
derived catalysts, the spent catalysts were analyzed by N2-physisorption,
XRD, and N2O chemisorption. Interestingly, the Cu surface area
increases from 13 to 21 m?/g for the 2CZA-In0 catalyst after 72 h,
whereas the Cu surface area is relatively unchanged for 2CZA-In3 (Table
6). According to these results, the intrinsic activity of 2CZA-In3
decreases by 8%, whereas the intrinsic activity is substantially reduced
for the 2CZA-In0 catalyst by 43%. The XRD patterns of the spent
catalysts indicate that the increase in Cu surface area for 2CZA-In0 is
related to sintering of the Cu particles and Zn-Al oxide matrix (Figure
11). The Zn-Al matrix appears to be more stable for the In-containing
catalyst as crystalline ZnAl;Og is only observed for the spent 2CZA-In0
catalyst. This further demonstrates the importance of the Cu-metal oxide
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interface on the methanol synthesis activity of the HT-derived catalysts.
The structural changes of the 2CZA-In0O catalyst are probably also
responsible for the increase in the BET surface area. Thus, it seems that
In prevents deactivation of the 2CZA-In3 catalyst by stabilizing the Cu

particles and the Zn-Al mixed oxide phase.

Table 6. Physicochemical properties of the spent 2CZA-In0 and 2CZA-

In3 catalyst.
Catalyst deu (nm)? SAseT (M?/g) SAcu (M?g)
2CZA-In0 203 74 (56)P 21
2CZA-In3 145 58 (54)° 16

& Determined by XRD of the Cu(111) peak
b BET surface area of the reduced catalysts

ZnO #36-1451
ZnAl,O, #05-0669
Cu #04-0836

Intensnity / a.u.

2CZA-In0 spent

‘ 2CZA-In3 spent
Ll |

T
10 20 30 40 5 60 70 80 90
Diffraction Angle 268/ °

Figure 11. XRD patterns of the spent 2CZA-In0 and 2CZA-In3 catalysts.

5. Conclusion

In summary, partially embedded Cu particles into a Zn-Al oxide matrix
were prepared via HT-like precursors. It was demonstrated that the

intrinsic activity of the HT-derived catalysts is significantly higher than
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a Cu/ZnO catalyst. Thus, a higher space-time yield is achieved for the
HT-derived catalyst despite having a smaller Cu surface area.
Furthermore, the methanol selectivity is also higher for the HT-derived
catalysts. The superior performance is attributed to the enhanced
interaction between Cu and the Zn-Al oxide phase. The influence of In
on the catalytic performance was also studied. Although the methanol
selectivity is higher for the In-containing catalysts, the addition of In to
Cu/ZnO-based catalysts significantly reduces the activity. The lower
activity of the In-containing catalysts is attributed to the inhibition of

active sites on the Cu surface.

The importance of the Cu-metal oxide interaction is supported by the
long-term stability tests. The intrinsic activity decreases substantially for
the In-free catalyst. This is attributed to the reduced Cu-metal oxide
interaction due to the sintering of the Cu particles and Zn-Al oxide
matrix. On the other hand, the incorporation of In stabilizes the Cu
particles and Zn-Al mixed oxide phase, which significantly limit the
deactivation of the catalyst. The present study demonstrates the
importance of the microstructure and Cu-metal oxide interface for CO>

hydrogenation to methanol.
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Figure S1. N2 adsorption-desorption isotherms of the calcined (a)
2CZA-InY and (b) Cu-ZnO and In/Cu-ZnQO catalysts.
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Figure S2. XRD patterns of the (a) Cu-ZnO precursor and (b) reduced-
passivated Cu-ZnO and In/Cu-ZnO catalysts.
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Figure S4. HAADF-STEM images of the reduced (a) 2CZA-In2, (b)
2CZA-In3, and (c) 2CZA-In5 catalysts.
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Figure S5. Cu particle size distribution of the (a) 2CZA-In0, (b) 2CZA-
In2, (c) 2CZA-In3, and (d) 2CZA-In5 with particle sizes ranging from 4-
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Table S1. BET surface area, Cu crystallite size, and Cu surface area of
the 4CZA-InY and 1CZA-InY catalysts.

Catalyst SAger (M?/g)  dcu (nm)?  Cu surface area (m?/g)°
1CZA-In0 38 10.4 10

1CZA-In2 112 11.0 11

1CZA-In4 116 114 9

1CZA-In6 96 10.4 6

4CZA-In0 29 18.1 14

4CZA-In2 52 15.3 17

4CZA-In5 51 16.0 13

4CZA-In7 43 17.4 11

& Calculated from the (111) peak by the Scherrer equation;

b Cu SA determined by N2O adsorption of reduced catalysts at 350 °C in
7% Ha for 2 h.
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Abstract:

The influence of different metal oxides (ZnO, ZrO2, In203) in CO:
hydrogenation to methanol over Cu-based catalysts was studied. The
catalysts were characterized using XRD, TGA, TEM, BET, N2O
chemisorption, Ho-TPR, and CO»-TPD. It was found that impregnation
of ZrO, onto Cu/ZnO enhanced the activity of the catalyst, whereas the
activity was decreased when ZnO was impregnated onto Cu/ZrO,. The
methanol synthesis activity was strongly linked to the basicity of the
catalysts. The results also indicate that In-doping of Cu/zZnO and
Cu/ZrOz2 results in the formation of Cuxlny alloys, which reduces the
activity at high In content. However, the Cuxiny alloys limit the CO
production rate to a larger extent than methanol synthesis. It is also
demonstrated that new active sites for methanol synthesis are generated
for In-doped Cu/ZrO2 but not for Cu/ZnO. This is attributed to the
formation of In-Zr mixed oxide species that enhance the methanol

formation rate.



1. Introduction

Recently, the need to combat the effects of greenhouse gas emissions has generated
significant interest in developing various technologies for capturing and transforming
CO: into useful products. CO, hydrogenation to methanol is among the most promising
approaches for sustainable production of fuels and chemicals from renewable sources
(Aresta et al., 2016). Methanol is currently widely employed within the petrochemical
industry to produce various compounds, such as olefins, aromatics, and gasoline.
Furthermore, methanol is also increasingly used in fuel blends or as an alternative fuel
in the transportation sector. Methanol synthesis from synthesis gas (CO, CO2, Hy) is
already a well-established industry, which could assist in the development and large-
scale implementation of the CO,-to-methanol process. Provided a sustainable source of
hydrogen becomes available at reasonable costs, recycling CO;, could become

economically viable with sufficient political incentives.

The Cu/ZnO/Al,Os-based catalysts have been utilized for decades in the industrial
methanol synthesis process from syngas (CO, CO3, Hz), which is operated at 200-300
°C and 50-100 bar. The different behavior of metal oxide-promoted Cu-based catalysts,
in terms of activity and stability under different feeds, highlights that optimizing the
surface-interface structures is a viable strategy for obtaining efficient CO2-to-methanol
catalysts. (Denise and Sneeden, 1986; Jansen et al., 2002; Studt et al., 2015; Topsge et
al., 1997; Topsge and Topsge, 1999). There is compelling evidence that the strong
metal-support interaction (SMSI) due to the partial reducibility of metal oxides plays a
key role in the CO; hydrogenation to methanol over Cu-based catalysts. For Cu/ZnO-
based systems, the SMSI is typically attributed to the presence of Zn or ZnOy species
on the Cu surface (Behrens et al., 2012; Fujitani et al., 1997a; Fujitani et al., 1997b;
Kattel et al., 2017; Martinez-Suarez et al., 2015; Nakamura et al., 1996a), which
stabilizes the oxygen-bound intermediates and enhances the methanol synthesis
activity. Furthermore, computational modeling using density functional theory (DFT)
and Kinetic simulations also indicate that these Zn species play an essential role by

activating the formate intermediate and reducing the barrier of the rate-determining step



(Behrens et al., 2012; Kattel et al., 2017; Reichenbach et al., 2018; Zheng et al., 2020).
The Cu-ZrO; interfacial sites are widely reported to enhance the activation and
transformation of CO; into methanol over Cu/ZrO»-based catalysts (Arena et al., 2008;
Fujiwara et al., 2019; Gao et al., 2012; Larmier et al., 2017; Tada et al., 2018a; Tada et
al., 2018b; Wang et al., 2019b). Cu/ZrO, catalysts containing different polymeric
phases of ZrO; have been reported for methanol synthesis, such as monoclinic (m-),
tetragonal (t-), and amorphous (a-) ZrO,. Jung and Bell (Jung and Bell, 2002) and
Rhodes and Bell (Rhodes and Bell, 2005) reported that the activity of Cu/m-ZrO; is
superior compared to Cu/t-ZrO,. In contrast, the results of Baiker et al. (Baiker et al.,
1993), Koppel et al. (Kdppel et al., 1998), Ma et al. (Ma et al., 2005), and Samson et al.
(Samson et al., 2014) suggest that t-ZrO, is more suitable to promote methanol synthesis
over Cu/ZrO; catalysts. Highly active and selective catalysts have also been reported
over Cu/a-ZrO; (Tada et al., 2018a; Witoon et al., 2016). The evidence for SMSI being
crucially involved in CO; hydrogenation to methanol over Cu-based catalysts also
extends to other partially reducible metal oxides, such as CeOx deposited on Cu
(Graciani et al., 2014; Senanayake et al., 2016) and Cu/La;O3 (Chen et al., 2019).

Although highly active In,Os-based catalysts have been demonstrated (Chou and Lobo,
2019; Frei et al., 2019), the reported activity of In-doped Cu-based catalysts are
ambiguous. Stoczynski et al. (Stoczynski et al., 2006) and Sadeghinia et al. (Sadeghinia
et al., 2020) found that incorporating a small amount of In into Cu/ZnO-based catalysts
significantly reduced the catalytic activity. On the other hand, Shi etal. (Shi et al., 2019)
reported synergistic effects between Cuxlny and In;Os, resulting in highly selective
methanol synthesis catalysts. Gao et al. (Gao et al., 2020) proposed that hydrogen is
activated on CuxlIny sites, while the In.Os-ZrO, phase facilitates CO. adsorption and
conversion to methanol. Recently, Zhang et al. (Zhang et al., 2020) observed that low
amounts of In enhanced the methanol formation rate and selectivity of Cu/ZrO,. The
greater reducibility of In,O3 compared to ZnO, ZrO,, and CeO, means that In,Os species
migrate readily during reduction and that the formation of surface and bulk Cuxlny
alloys is facile. However, these studies indicate that ZrO, might have a stabilizing effect

on In;0O3 and generate additional In-Zr mixed oxide sites for methanol synthesis.
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Elucidating the relationship between the catalytic structure and interfacial sites of Cu-
based catalysts can offer valuable insight for developing high-performance CO»-to-
methanol catalysts. Herein, we provide insight into the highly structure-sensitive nature
of Cu-based catalysts and the interplay between different metal oxide promoters. It is
demonstrated that impregnating Cu/ZnO with ZrO, enhances the methanol synthesis
activity, which is attributed to the formation of Cu-ZrO; interfacial sites for CO;
activation and conversion to methanol. In contrast, ZnO-doping of Cu/ZrO; reduces the
number of active interfacial sites and thereby the methanol formation rate. It is also
shown that In-doping of Cu/ZrO; can enhance the catalyst’s performance, whereas the
activity is significantly reduced when In is impregnated onto Cu/ZnQ. This is linked to
a stabilizing effect of ZrO, on In;03, resulting in In-Zr mixed oxide sites for CO;
conversion to methanol. On the other hand, the In2Os species on Cu/ZnO are easily
reduced, leading to In migration to the Cu surface and blockage of active sites. It is also
demonstrated that the methanol formation rate is correlated to the surface basicity rather

than the Cu surface area of these catalysts.

2. Materials and methods
2.1. Catalyst preparation

The co-precipitated catalysts were prepared following a procedure
explained in detail elsewhere (Behrens and Schlogl, 2013). Briefly, an
aqueous nitrate solution containing an appropriate ratio of metal nitrates
was co-precipitated at a constant pH of 6.5 using sodium carbonate as
precipitating agent. The precipitate was aged in the mother liquor for 14
h under vigorous stirring at 65 °C in a sealed cell under a constant flow
of N2. The precipitate was filtered and washed several times with

deionized water. The precursors were dried overnight at 90 °C prior to



calcination at 350 or 500 °C for 3 h. The co-precipitated catalysts are
denoted as CuM-X, where M is ZnO, ZrO, or In,O3 and X refers to the
calcination temperature. The calcined CuZn-350 was impregnated with
an In nitrate or Zr nitrate solution to yield a metal content of 1 mol%.
Similarly, the calcined CuZr-350 catalyst was impregnated with In
nitrate or Zn nitrate. The impregnated samples were dried and calcined
again at 350 °C for 3 h. The impregnated samples are denoted as
M/CuzZn-350 or M/CuZr-350, where M is ZnO, ZrO, or In20s. The
nominal and real metal content determined from ICP-AES of the

prepared catalysts are summarized in Table 1.

Table 1. Nominal and actual metal content of the Cu-based catalysts
determined by ICP-AES.

Catalyst Nominal metal content (mol%) Metal content determined by ICP-AES
(mol%)

Cu Zn Zr In Cu Zn Zr In
CuZn-350 833 167 - - 832 168 - -
In/CuzZn-350 825 165 - 1.0 822 165 - 1.3
Zr/Cuzn-350 825 165 1.0 - 822 167 11 -
CuZr-350 833 - 16.7 - 89.1 - 10.9 -
CuZrIn-350 829 - 16.6 0.5 88.7 - 11.0 0.3
In/CuZr-350 825 - 16.5 1.0 880 - 10.9 11
Zn/Cuzr-350 825 1.0 16.5 - 878 1.0 11.2 -
Culn-350 833 - - 167 841 - - 15.9

2.2 Characterization of catalysts

N> adsorption-desorption measurements were obtained at 77 K using a

Micromeritics TriStar Il instrument. The samples were degassed prior to



analysis at 120 °C for 14 h with a Micromeritics VacPrep 061 degas
system. The specific surface areas and pore size distribution were
determined by the Brunauer-Emmet-Teller (BET) and Barret-Joyner-

Halenda (BJH) methods, respectively.

The elemental composition of the catalysts was analyzed by ICP-AES on
an Agilent 725-ES apparatus. Typically, 200 mg of sample was dissolved
in a boiling HNO3z:HCI mixture with a ratio of 1:3 until complete
dissolution of the catalyst. The sample was further diluted and filtered

prior to elemental analysis.

The X-ray diffraction (XRD) patterns were recorded on a Bruker-AXS
Microdiffractometer (D8 ADVANCE) instrument using a Cu Ka
radiation source (A = 1.5406, 40 kV, and 40 mA). The reduced samples
were passivated in 1% O/N. before being transferred to the sample
holder. The patterns were collected at 26 of 10-90° with a step interval
of 2 °/min. The peaks were identified using the Joint Committee on
Powder Diffraction Standards (JCPDS) database.

The simultaneous thermal gravimetric (TG) and differential scanning
calorimetry (DSC) curves were recorded on Netzsch STA449 Jupiter F3
instrument. In a typical experiment, a small amount of sample (10 mg)
was heated from room temperature to 700 °C at a heating rate of 10

°C/min in synthetic air at a flow rate of 20 mL/min.

The morphology of the reduced -catalysts was investigated by

transmission electron microscopy (TEM) with a JEOL JEM-2100F

instrument operated at 200 kV. The reduced-passivated powders were
7



dispersed in ethanol by ultrasonication and deposited on a holey carbon-

coated copper grid.

Temperature programmed reduction (H>-TPR) measurements were
conducted using a Micromeritics Autochem Il ASAP 2920 instrument.
First, the sample was heated to 200 °C in He flow for 30 min. Then, the
profiles were recorded by passing a 7% Ho/Ar mixture at 50 mL/min over
the sample while the temperature was ramped from ambient to 550 °C at
10 °C/min.

Temperature programmed desorption (CO.-TPD) was carried out using
the same instrument as for H.-TPR. About 100 mg of sample was
pretreated at 200 °C for 30 min under He, reduced at 350 °C for 2 h, and
then purged with He for 1 h. CO> adsorption was performed with a 6
vol% CO2/Ar mixture at 50 °C for 1 h. Physically adsorbed CO> was
removed by purging the sample in He flow for 1 h. CO,-TPD was carried
out under constant He flow (40 mL/min) from ambient to 800 °C at a

heating rate of 10 °C/min.

The exposed Cu surface area (SAcu) was determined by a dissociative
N2O adsorption method using a Micromeritics Autochem 2920
instrument. Before N2O adsorption, the sample was heated to 200 °C in
He flow for 30 min and reduced at 350 °C in 7% H2/Ar mixture (50
mL/min) for 2 h. Then, He was passed over the sample until the
temperature reached 50 °C. The N2O adsorptive decomposition was
carried out in a 1% N2O/He mixture at 50 °C for 1 h following a
procedure described by Van Der Grift et al (Gervasini and Bennici, 2005;



Liang et al., 2019; Van Der Grift et al., 1991). After that, the sample tube
was purged with He for 1 h to remove the unreacted N2O. Finally, the H>
consumption was determined by a second H2-TPR experiment from 50
to 400 °C at a rate of 10 °C/min in a 7% Ha/Ar mixture. The Cu surface

area (SAcuy) was calculated using Eq. 1.

SACU (mz.gcat‘l) = YXSF—XNA (Eq 1)

Cym X Weat

Where Y is the moles of H> consumed in the TPR following N20O
chemisorption, SF is the stoichiometric factor (2), Na is Avogadro’s
number (6.022 x 10?2 mol?), Cw is the number of surface Cu atoms per
unit surface area (1.47 x 10'° atoms'm™), and Weat is the amount of

catalyst (g).

2.3 Catalytic activity tests

The CO> hydrogenation experiments were carried out in a custom-built
fixed-bed continuous-flow reactor. Typically, 0.1 g of the sieved catalyst
was mixed with SiC (1 g) and placed in a stainless tube reactor with an
internal diameter of 0.5 cm and a length of 50 cm. The catalysts were
reduced for 2 h at 350 °C with a heating rate of 2 °C/min by 10% H2/N>
(50 ml/min). The reactor was cooled to ambient temperature, pressurized
with the reactant gases (H2/CO2/N2 = 3/1/1), and then heated to the
desired reaction temperature before the activity tests. Product
condensation was avoided by heating the post-reactor lines and valves to

140 °C. On-line analysis of the exit stream was performed with an
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Agilent 7890 B system fitted with two TCD detectors. The CO:
conversion was calculated utilizing N2 as internal standard based on Eq.
2. The methanol selectivity (Smethanot) and space-time yield of methanol

(STYmethanot) Were calculated using Eq. 3 and Eq. 4, respectively.

moles COz oyt moles Ny i

Xco, (%) = [1 _ x 100 (Eq. 2)

moles CO; i moles N out

moles methanolgyt

Smethanol (%) = x 100 (Eq. 3)

moles methanolgyyt + moles COqyt

-1 -1\ —
STYmethanol (mmOImethanol "Yeat * h ) =

FCOZ,in X XC02/10o X Smethamol/100

W (Eq. 4)

Where Fcoz,in (mmol/h) is the molar flow rate of CO> at the inlet of the

reactor and Wcat (g) is the amount of catalyst.

3. Results and discussion
3.1 Catalyst characterization
3.1.1 N2 physisorption

The N2 physisorption results of the CuzZn and CuZr catalysts are
summarized in Table 2. The BET surface area of the CuzZn-350, CuZr-
350, and CuZrIn-350 catalysts prepared by co-precipitation are similar
in the range of 72—77 m?/g. Furthermore, the pore volume is also
comparable for these catalysts (0.17-0.19 cm?®/g). The impregnated

catalysts exhibit lower BET surface area and pore volume, which is
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expected due to the second heat treatment of these samples. The decrease
in BET surface area is more significant for In/Cuzn-350 (46 m?/g) and
Zr/CuzZn-350 (48 m?g) compared to In/CuZr-350 (63 m?g) and
Zn/CuZr-350 (61 m?/g).

Table 2. Structural properties of the CuzZn and CuZr catalysts.

Catalyst SAser  Porevolume Porediameter dcuogiyy dcuiyy  dznogion)

(m?g)  (cm*g) (nm) (nm) (hm)  (nm)
Cuzn-350 72 0.17 1.7 5.9 23.7 104
In/Cuzn-350 46 0.11 7.6 7.8 20.1 9.1
Zr/Cuzn-350 48 0.11 74 8.1 21.8 9.8
Cuzr-350 73 0.18 7.9 7.8 21.3 -
CulnZr-350 7 0.18 8.8 8.2 21.7 -
In/CuZr-350 63 0.15 9.2 8.8 22.2 -
Zn/CuZr-350 61 0.15 7.8 8.7 21.9 -

3.1.2 XRD

Figure 1 shows the XRD patterns of the CuZn, CuZr, and CuZrIn catalyst
precursors. It can be seen that the diffraction patterns are in excellent
agreement with the reference pattern of crystalline malachite (PDF #41-
1390). For the CuZn sample, the shift of the 201 (~31.5°26) and the 211
(~32.5°20) peaks towards higher angels is due to Zn?* incorporation into
the malachite structure (Behrens et al., 2009). No shift in the position of
the peaks is observed for the other precipitated samples. The presence of

In (~0.3 mol%) in the CuZrin sample results in less intense and broader
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reflections compared to CuZr. This suggests that In is highly dispersed

and prevents the crystallite growth of malachite.
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Figure 1. XRD patterns of the Cuzn, CuZr, and CuZrin precursors

prepared by co-precipitation.

The XRD patterns of the calcined Cuzn-350, In/CuzZn-350, and
Zr/CuZn-350 catalysts are shown in Figure 2a, while Figure 2b shows
the patterns of the CuZzr-350, CuZrIn-350, In/CuZr-350, and Zn/CuZr-
350 catalysts. It can be seen that all of the calcined samples contain well-
crystalline CuO (PDF #48-1548) with reflections at 26 of 32.5°, 35.5°,
38.7°, and 48.7°. The CuO crystallite sizes estimated by the Scherrer
equation are summarized in Table 2. The CuO crystallite size increased
from 5.9 nm (Cuzn-350) to 7.8 and 8.1 nm for the In/CuzZn-350 and
Zr/CuZr-350 catalysts, respectively. Furthermore, peaks corresponding
to ZnO are present for the In/CuzZn-350 and Zr/CuZn-350 samples with
reflections at 31.8° and 56.6° (#36-1451). A slight increase in crystallite
size from 7.8 to 8.8 nm is also observed for the impregnated CuZr-350
catalysts. The crystallite size of the CuZrin-350 catalyst (8.2 nm) is
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similar to that of CuZr-350, indicating that In did not improve the
dispersion of CuO after calcination. No reflections corresponding to
In2O3 or ZrO, are present in the XRD patterns, indicating that these

species are amorphous or highly dispersed.
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Figure 2. XRD patterns of calcined (a) CuzZn-350, In/CuZn-350, and
Zr/Cuzn-350; and (b) CuZr-350, CuZrin-350, In/CuZr-350, and
Zn/CuZr-350.

Figure 3a shows the XRD pattern of the CuzZn-350, In/CuZn-350, and
Zr/Cuzn-350 catalysts after reduction at 350 °C. The diffractograms of
the reduced CuZr-350, CuZrIn-350, In/CuZr-350, and Zn/CuZr-350
catalysts are shown in Figure 3b. The patterns of all the reduced catalysts
show reflections at 43.3°, 50.4°, 74.1°, and 89.9°, which correspond to
metallic Cu (PDF #04-0836). The crystallite size of Cu is relatively
similar for the CuzZn and CuZr catalysts between 20.1 to 23.7 nm (Table
2). For the CuZn catalysts, the peaks corresponding to ZnO can be
observed at 31.8°, 34.4°, and 36.3° (PDF #36-1451). On the other hand,

amorphous ZrOz (a-ZrOy) is present for the CuZr samples, in agreement
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with literature (Tada et al., 2018b). The XRD pattern of the reduced
Culn-350 sample is shown in Figure S1c. It was found that the peaks of
Cu are shifted towards lower diffraction angles for the Culn-350 sample,
indicating the incorporation of In into the bulk of the Cu crystallites.
Furthermore, peaks matching fairly well with that of CusIns (PDF #65-
2249) was observed, whereas crystalline 1n2O3 was not detected. To
assess the migration of In into the bulk of Cu for the In-containing CuZn
and CuZr catalysts, the d-spacing was calculated from the Cu(311) peak
(Figure 3c). The d-spacing increases when In is impregnated onto the
CuZn-350 catalyst. Interestingly, In does not appear to migrate into the
bulk of Cu crystallites when In is impregnated onto the CuZr-350
catalyst, but the d-spacing increases for CuZrin-350 prepared by co-
precipitation. The d-spacing is slightly higher for CuzZn and Zr/Cuzn
compared to the CuZr-350 and CuZrIn-350 catalysts, which might be
related to distortion of the Cu lattice by Zn (Gunter et al., 2001).
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Figure 3. XRD patterns of reduced-passivated (a) CuzZn-350, In/CuZn-
350, and Zr/Cuzn-350; and (b) CuZr-350, CuZrin-350, In/CuZr-350,
and Zn/CuZr-350; The d-spacing of the Cu(311) peak of the reduced
CuZn and CuZr catalysts (c).

3.1.3TGA

The TGA coupled with DSC study results of the Cuzn, CuZr, and
CuZrIn precursors are shown in Figure 4a—c. The first segment below
ca. 110 °C and the mass loss between ca. 200-280 °C on the TG curves
correspond to the desorption of adsorbed water on the surface and loss
of lattice hydroxyl groups, respectively. The significant mass loss
between ca. 300-350 °C is attributed to the decomposition of the
malachite phase. An additional mass loss step centered at ca. 420 °C can
be observed for the Cuzn precursor, which is reported to be due to
carbonate decomposition and is often referred to as “high-temperature
carbonate” (Kondrat et al., 2018; Kondrat et al., 2016; Tarasov et al.,

2014). The higher decomposition temperature of this carbonate species
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for the Cuzn sample is due to the incorporation of Zn into the malachite
phase, as indicated by XRD. For the Zr-containing precursors, an
exothermic peak can be observed at 627 °C, which is ascribed to the
transformation of t-ZrO to m-ZrO; (Tada et al., 2018b). The TGA and
DSC curves of the Culn precursor is shown in Figure S2 and are similar
to that of the Cuzn, CuZr, and CuZrIn samples.
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Figure 4. TG and DSC curves for the (a) Cuzn, (b) CuZr, and (c) CuZrin
precursors. Blue and red lines are the TG and DSC curves, respectively.

Heating rate: 10 °C/min.
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3.1.3TEM

Figure 5 shows representative TEM images of the reduced (a) CuZn-350
and (b) In/Cuzn.350 catalysts. It can be seen that the morphology of
CuzZn-350 and In/CuZn-350 is similar. This is consistent with the
comparable Cu and ZnO crystallite size of these catalysts, as indicated
by XRD. A range of different particle sizes can be observed for all the
samples. Several large particles and agglomerates are present, and these
particles are primarily composed of Cu. The smaller particles are
probably ZnO, which is supported by the smaller crystallite size of ZnO
compared to Cu (Table 2). This is also consistent with literature (Van
Den Berg et al., 2016), and one of the roles of ZnO is to act as a spacer
to help disperse the Cu phase. No new features can be detected in the
TEM images due to the presence of In for the In/CuZn-350 catalyst.

Figure 5. TEM images of the reduced-passivated (a) CuzZn-350 and (b)
In/CuZn-350 catalysts.

Figure 6 shows the TEM images of the reduced (a) CuZr-350, (b)
CuZrin-350, and (c) In/CuZr-350 catalysts. It can be seen that dense and
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less dense areas are present in all of the samples. This demonstrates that
ZnO is a more suitable structural promoter compared to ZrO». Additional
TEM images comparing the morphology of CuzZn-350 and CuZr-350 is
shown in Figure S3a and Figure S3b, respectively. The denser regions
are probably arise because of the significantly smaller size of ZrO;
compared to ZnO. This results in the Cu particles being in closer
proximity to each other and can agglomerate more easily. The ZrO>
species in the CuZr catalysts are composed of particles around 5 nm
(Figure 6d), and their size is not affected by the preparation history of
the catalysts. For all the CuZr catalysts, ZrO,-rich and ZrO»-deficient
areas can be identified. Thus, the ZrO, coverage of Cu ranges from fully
covered Cu species to practically uncovered ones. No information about
the In species can be deduced from the TEM images of the In/CuZr-350
and CuZrIn-350 catalysts.

18



(b)

s

(d)

200
r— — = -

Figure 6. TEM images of the reduced-passivated (a) CuZr-350, (b)
CuZrIn-350, (c) In/CuZr-350, and (d) CuZr-350 (higher magnification)

catalysts.

3.1.3 Reducibility of the catalysts

The deconvoluted TPR patters of CuzZn-350, In/CuzZn-350, and
Zr/CuZzn-350 catalysts are shown in Figure 7. Three deconvoluted peaks
are identified, namely a, B, and vy, related to different CuO species. For
the CuzZn-350 catalysts, the reduction peaks corresponding to 3- and y-
species can be observed. The B-peak is due to the reduction of surface
CuO species, while the y-peak is ascribed to the reduction of bulk CuO
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(Gao et al., 2012; Gao et al., 2013). The impregnation of In,O3 or ZrO>
onto the CuZn-350 catalyst results in the formation of an a-peak located
at a lower temperature. In situ X-ray adsorption near edge structure
(XANES) has identified that the reduction of CuO proceeds through two
steps (CuO — Cu20 — Cu) when CuO is in intimate contact with ZnO
(Kuhl et al., 2014), ZnAl,O4 (Kihl et al., 2014), and ZrO; (Ro et al.,
2016). In contrast to ZnO, the ZnAl204 and ZrO; can stabilize the Cu20
intermediate, which results in a pronounced shoulder in the TPR pattern.
The a-peak can also be observed in the TPR profile of the Culn-350
catalyst (Figure S4). Therefore, the a-species are related to stabilized
Cu20 species formed at lower reduction temperature due to the enhanced
reducibility of CuO in contact with In.O3z and ZrO,. The Ho/CuO ratios
were estimated from the TPR peak areas and are summarized in Table 3.
The Hy/Cu ratio is close to 1 for CuZn catalysts, indicating complete
reduction of CuO. For the Culn-350 catalysts, the Ho/Cu ratio is 1.12
below 240 °C, indicating that highly dispersed In2Os species also are

reduced at relatively low temperature.
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Figure 7. Deconvoluted H,-TPR patterns of the CuzZn-350, In/CuZn-350,
and Zr/Cuzn-350 catalysts.
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Table 3. Summary of H.-TPR results, Cu surface areas, and relative

number of MB sites of the CuzZn and CuZr catalysts.

Catalyst Hz/CuO « B Y SAcu Relative number ~ Ant-
ratio (%) (%)* (%)* (mg)® of MB sites me/AwvB
Cuzn-350 0.98? 0 855 155 18 0.22¢ 0
In/Cuzn-350 1.018 133 591 276 14 0.18°¢ 0
Zr/CuzZn-350  1.00° 329 458 213 17 0.35¢ 0
Cuzr-350 0.922 381 489 130 34 1.00¢ 0.24¢
CuZrIn-350 0.992 377 370 253 36 0.86° 0.42¢
In/CuZr-350  0.93% 26.1 402 337 26 0.55¢ 0.35¢
Zn/CuZr-350  0.98° 201 495 214 32 0.88¢ 0.26¢

3 Determined from H.-TPR; ° Estimated from N2O chemisorption; ¢
Obtained from CO,-TPD; ¢ Ratio of high-temperature MB sites to total

number of MB sites.

The deconvoluted TPR patterns of the CuZr-350, CuZrin-350, In/CuZr-
350, and Zn/CuZr-350 catalysts are shown in Figure 8. It can be seen that
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the a-peak areas are higher for the CuZr catalysts compared to the
Zr/CuZn-350 and In/CuzZn-350 samples because of the higher ZrO-
content. The incorporation of In by co-precipitation shift the reduction
profile towards lower temperature, which might be due to the presence
of In in the bulk of CuO. Interestingly, In/CuZr-350 contains the lowest
number of a-species of the CuZr catalysts, whereas the formation a-
species occurs when In is impregnated onto CuzZn-350 (Table 3). The
number of a-species is also reduced when Zn is impregnated onto the
CuZr-350 catalysts. The lower amount of a-species suggests that In and
Zn adsorption is more favorable on the ZrO» phase during impregnation,
which reduces the interaction between Cu and ZrO,. The Hz/Cu ratio is
0.92 and 0.93 for the CuZr-350 and In/CuZr-350, respectively, which
could be due to the formation of stable Cu™ species. On the other hand,
the H2/Cu ratio is close to 1 for the CuZrin-350 and Zn/CuZr-350

catalysts.
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Figure 8. Deconvoluted H>-TPR patterns of the CuZr-350, CuZrin-350,
In/CuZr-350, and Zn/CuZr-350 catalysts.
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3.1.4 N2O adsorption measurements

The Cu surface areas were estimated by N>O adsorption and are
summarized in Table 3. The Cu surface area of the CuzZn-350 is 18 m?/g,
which decreases to 14 m?/g when In is impregnated onto the CuZn-350
catalyst. On the other hand, the Cu surface area of the Zr/CuzZn-350
catalyst (17 m?/g) is comparable to that of CuzZn-350. The smaller
number of Cu atoms on the surface of In/CuzZn-350 is attributed to In-
migration onto the Cu surface during reduction. This is supported by the
significant drop in Cu surface area when the reduction temperature is
increased for the Culn-350 catalyst (Figure S5). The CuZr-350, CuZrin-
350, and Zn/CuZr-350 catalysts exhibit similar Cu surface areas in the
range of 31-36 m?/g. It can be seen that the Cu surface area is also
significantly reduced when In is impregnated onto the CuZr-350 catalyst
(26 m?/g). It has been reported that the oxygen vacancies of metal oxides
can contribute to the N2O consumption (Chatterjee et al., 2019; Fichtl et
al., 2014; Kuld et al., 2014). Nevertheless, the decrease in Cu surface
area is relatively high when In is impregnated onto CuzZn-350 and CuZr-
350, which suggests that the Cu surface is partially covered by In after

reduction for both catalysts.

3.1.5 CO.-TPD
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The surface basicity of the catalysts was studied by CO,-TPD. Figure 9a
shows the CO,-TPD profiles of CuzZn-350, In/CuzZn-350, and Zr/CuZn-
350, while the profiles of CuZr-350, CuZrIn-350, In/CuZr-350, and
Zn/CuZr-350 are shown in Figure 9b. The profiles were deconvoluted
into three regions: weak basic (WB) sites related to the Cu surface
(Bonicke et al., 1994) or OH™ groups (50-200 °C), medium-strength
basic (MB) sites associated with metal-oxygen pairs (e.g., Zr-O, In-O)
(200480 °C), and strong basic sites due to low-coordination O% species
(480-800 °C) (zZhang et al., 2020). The MB sites of the CuZn catalyst
might be due to oxygen defects in ZnO or ZnOx species present on the
Cu surface after reduction (Zhao et al., 2018). It can be seen the number
of moderate basic sites increases when ZrO; is impregnated onto the
Cuzn-350 catalyst. Furthermore, the Zr/Cuzn-350 catalyst also contains
a significant amount of strong basic sites. On the other hand, the addition
of In reduces the surface basicity of the CuzZn-350 catalyst. Different
types of MB and SB sites are also present in the CO, TPD profiles of the
CuZr catalysts. The CuZr-350 has the highest quantity of MB sites
(Table 3). Incorporation of In by co-precipitation results in a higher
fraction of high-temperature MB sites for the CuZrIn-350 catalyst. When
Zn or In is impregnated onto the CuZr-350 catalyst, the amount of MB
sites decreases accompanied by a significant increase in SB sites. Since
the amount of SB sites is also very high for the Zr/Cuzn-350 sample, the
increase in SB sites for the impregnated catalysts is probably related to
the interaction between ZnO or In203 species with ZrO,. The CO.-TPD
profiles of Culn-350, CuZn-500, and CuZr-500 are shown in Figure S6.
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Notably, the surface basicity of the Culn-350 catalyst is much lower than

that of the other samples.
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Figure 9. CO2-TPD profiles of the (a) CuzZn-350, In/CuzZn-350, and
Zr/CuZzn-350 catalysts; and the (b) CuZr-350, CuZriIn-350, In/CuZr-350,
and Zn/CuZr-350 catalysts.

3.2 Catalytic activity tests
3.2.1 Comparison of the CuZr and CuZn catalysts

Figure 10 shows the steady-state production rates of methanol and CO
for the Cuzn and CuZr catalysts. A summary of the characterization
results of the Cuzn-500 and CuZr-500 catalysts can be found in the Table
S1. A methanol formation rate of 14.7 mmol-gear-h"1 is obtained over
the CuzZn-350 catalyst. Although the CuzZn-500 catalyst shows similar
overall activity, a decrease in the methanol formation rate accompanied
by an increase in the CO production rate can be observed. There is strong
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evidence that the metal-support interaction is an important factor for the
methanol synthesis activity of Cu/ZnO-based catalysts. Therefore, the
lower methanol production rate (12.4 mmol-gea-h™) of the CuzZn-500
catalyst is attributed to the decrease in metal-support interaction, as
indicated by XRD and CO»-TPD. The highest methanol formation rate
is obtained over the Zr/Cuzn-350 catalyst (15.6 mmol-geah™t), which
IS ascribed to the formation of Cu-ZrO. interfacial sites. It can also be
seen the CO production rate is significantly lower at these reaction
conditions for the Zr/Cuzn-350 catalyst compared to CuZn-350 and
CuZn-500.

B Vethanol
25 % co

Production rate / mmol g}, h*!

2
@
a
N
3
5]

CuZn-350
CuZn-500
Zr/CuZn-350
CuZr-500
ZniCuZr-350

Figure 10. Methanol and CO production rates for the CuzZn and CuZr
catalysts. Reaction conditions: 230 °C, 30 bar, 38 000 cm®/(gca h),
H./CO, = 3.

The methanol formation rate of the CuZr-350 catalyst (13.1 mmol-gcat’
Lh') is lower than that of CuZn-350 despite the higher N2O
consumption. We expect that the main reason for this is that the number
of Cu-Zr interfacial sites is not reflected by the Cu surface area obtained
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from N20O chemisorption for our CuZr catalysts. The activity of Cu/ZrO»-
based catalysts is critically linked to the interfacial sites, which facilitate
CO activation and hydrogenation to methanol (Ro et al., 2016;
Rungtaweevoranit et al., 2016; Samson et al., 2014; Tada et al., 2018b;
Wang et al., 2019b). Zr-rich and Zr-deficient regions are present in the
TEM images of the CuZr catalysts, indicating that the preparation
method used in this work is not optimal for obtaining well-mixed
Cu/ZrO; catalysts. Thus, the lower Cu surface-normalized activity of the
CuZr catalysts is probably due to a limited number of interfacial sites.
Furthermore, oxidation of unpromoted Cu sites might also contribute to
the lower activity per Cu surface area of the CuZr catalysts (Liang et al.,
2019). The drop in activity of the CuZr-500 catalysts is attributed to the
decrease in basicity after calcination at 500 °C, as evidenced by CO-
TPD. It can be seen that the addition of ZnO to Cu/ZrO> has the opposite
effect of impregnating ZrO; onto Cu/ZnO. This is attributed to the
decrease in MB basic sites of Zn/CuZr-350 catalyst compared to CuZr-
350. Furthermore, the lower activity of Zn/CuZr-350 also indicates that
the SB sites formed when ZnO is located at the surface of ZrO do not

contribute to methanol synthesis.

To compare the methanol selectivity of the CuzZn and CuZr catalysts, the
effect of contact time was investigated by varying the GHSV between 20
000 and 100 000 cm®gear h7L. The methanol selectivity is plotted against
the CO. conversion after reaching stable production rates for the CuzZn
and CuZr catalyst in Figure 11a and b, respectively. As expected, the

methanol selectivity increases with decreasing CO. conversion, i.e.,
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increasing GHSV, for all the catalysts (Tada et al., 2018b). Extrapolation
of the methanol selectivity to zero conversion (zero contact time) of the
CuZn and CuZr catalysts yields a positive initial formation rate for both
methanol and CO. This indicates that methanol and CO are primary
products over the CuzZn and CuZr catalysts (Larmier et al., 2017). The
shape and location of the trend lines are related to the active sites present
on the catalysts’ surface. The active sites of CuZn-350 and CuzZn-500
can generally be divided into (i) surface metallic Cu and (ii) Cu-ZnO
interfacial sites. The methanol selectivity of CuZn-350 and CuZn-500
indicates that CO formation primarily occurs on the Cu surface and a
higher quantity of Cu-ZnO interfacial sites is favorable for methanol
synthesis. This is supported by the comparable Cu surface area of these
catalysts, whereas XRD and CO.-TPD indicate superior Cu-ZnO
interaction for CuZn-350. The increase in methanol selectivity and
activity when Zr is impregnated onto CuZn-350 indicate that a third kind
of active site is present for the Zr/CuZr-350 catalyst, namely (iii) Cu-
ZrO- interfacial sites. Interestingly, the initial methanol selectivity of the
Zr/CuZn-350 catalyst is above 60 % at ~12% conversion. However, the
methanol selectivity and CO2 conversion rapidly decrease and stabilize
at 46.4% and 9.5%, respectively (Figure S7). In contrast, the activity of
the CuzZn-350 catalyst is relatively stable (Figure S7). Nevertheless, the
incorporation of ZrO- increases the number of active sites for methanol
synthesis at steady-state, resulting in a higher methanol selectivity

compared to CuzZn-350.
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Figure 11. Methanol selectivity as a function of CO2 conversion for (a)
CuZzn-350, CuzZn-500, and Zr/Cuzn-350; and (b) CuZr-350, CuZr-500,
and Zr/CuZn-350 catalysts. Reaction conditions: 230 °C, 30 bar, H,/CO>
=3.

It can be seen in Figure 11b that the methanol selectivity is significantly
higher for the CuZr-350 catalysts compared to CuZr-500. Generally,
three types of active sites are probably present for these catalysts, namely
(i) surface metallic Cu, (ii) Cu/a-ZrO., and (iii) Cu/t-ZrOz. It has been
reported that the methanol synthesis activity of Cu supported on a-ZrO>
is higher than that of t-ZrO; (Tada et al., 2018b). Therefore, the lower
methanol selectivity of CuZr-500 is attributed to the transformation of a-
ZrO- into t-ZrO,, as indicated by XRD (Figure S1d). Based on the CO»-
TPD results, one of the reasons for the higher activity of Cu/a-ZrO; is
probably due to the presence of a significantly higher fraction of
moderate basic sites. The methanol selectivity decreases when Zn is
impregnated onto the CuZr-350 catalyst. A drop in moderate basic sites
is also evident for Zn/CuZr-350, indicating a smaller number of

interfacial Cu/a-ZrO, sites for CO2 activation and conversion to
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methanol. We calcined the CuZr-350 catalyst again at 350 °C for 3 h
(CuZr-350%) to investigate the effect of the additional heat treatment on
the impregnated catalysts. The methanol selectivity of CuZr-350* is
slightly higher than that of Zn/CuZr-350, indicating that the addition of
Zn decreases the number of active interfacial sites and thereby the

methanol selectivity of the catalyst.

3.2.2 Influence of In on Cuzn and CuZr catalysts

The steady-state methanol formation rates of the CuzZn-350%*, In/CuZn-
350, CuZr-350, CuZr-350*, CuZrIn-350, and In/CuZr-350 catalysts at
230 °C and 270 °C are shown in Figure 12. A significant decrease in the
methanol formation rate is observed when In is impregnated onto the
Cuzn-350 and CuZr-350 catalysts. This can be explained by the lower
Cu surface area and a decrease in the number of MB sites. Interestingly,
the methanol formation rate of the CuZrIn-350 catalyst is clearly higher
than that of CuZr-350 at 270 °C. The activity of the In/CuZr-350 catalyst
also increases more strongly than CuZr-350 when the temperature is
increased. The ratio of high-temperature MB sites to the total amount of
MB sites (Ant-me/Amg, Table 3) is higher for CuZrIn-350 and In/CuZr-
350 compared to the CuZr-350, Zn/CuZr-350, and CuZr-500 (Table S1)
catalysts. This shift in the basic site composition might be related to the
presence of In-Zr mixed oxide sites. Typically, In2Oz and ZrO2-promoted
In2O3 catalysts are reported to require higher temperatures than Cu/ZnO
and Cu/ZrO; to achieve significant methanol synthesis activity (Chou
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and Lobo, 2019; Dang et al., 2020; Frei et al., 2019; Martin et al., 2016).
Therefore, the superior activity of CuZrIn-350 at 270 °C might be related
to the contribution of In-Zr mixed oxide sites that are not particularly

active at 230 °C.
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Figure 12. Methanol formation rates for the CuzZn-350%*, In/CuZn-350,
CuZr-350, CuZzr-350*, CuZrIn-350, and In/CuZr-350 catalysts. Reaction
conditions: 30 bar, 80 000 cm®/(gcath), H2/CO, = 3.

The methanol selectivity as a function of CO, conversion is plotted for
the Cuzn-350%, In/CuzZn-350, CuZr-350*, CuZrIn-350, and In/CuZr-
350 catalysts at 230 °C and 270 °C in Figure 13a and b, respectively. It
can be seen that the trend curves appear at higher methanol selectivity
when In is impregnated onto the CuzZn-350 and CuZr-350 catalysts at
both temperatures. For the CuZrIn-350 catalyst, the methanol selectivity
is higher than the CuZr-350* catalyst only at 270 °C. Furthermore, the
methanol selectivity is more significantly improved for In/CuZr-350 and
CuZrIn-350 compared to In/CuZn-350 when the reaction temperature is
increased. The activity of the Culn-350 catalyst was negligible at 270 °C
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(see Table S1 for summary of characterization results of Culn-350).
Therefore, In addition to the catalysts might improve the methanol
selectivity in two different ways: (i) by decreasing the number of metallic
Cu sites for the RWGS reaction by forming CuxIny surface species; and
(i) generating In-Zr mixed oxide sites for methanol synthesis. For the
In/CuZn-350 catalyst, the methanol selectivity is probably improved due
to a decrease in metallic Cu sites, whereas a combination of (i) and (ii)
explains the performance of the In/CuZr-350 catalyst. On the other hand,
the results of the CuZrin-350 catalyst indicate that CuxIny surface species
are not present for this catalyst. This is probably due to the lower In
content and a consequence of the preparation method, which leads to In
being mostly incorporated into the bulk of Cu and the ZrO; phase. It is
also likely that this helps stabilize the interfacial sites, which limits the
deactivation of CuZrIn-350 compared to CuZr-350 at 270 °C (Figure
S8).
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Figure 13. Methanol selectivity as a function of CO> conversion for the
Cuzn-350%*, In/CuZn-350, CuZr-350*, CuZrin-350, and In/CuZr-350
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catalysts at (a) 230 °C and (b) 270 °C. Reaction conditions: 30 bar,
H2/CO, = 3.

3.2.3 Influence of surface properties on catalytic performance

Figure 14 shows the STY of methanol as a function of the Cu surface
area. It can be seen that a higher Cu surface area generally enhances the
methanol formation rate. However, the Cu surface area of the CuZn-500
catalyst is comparable to that of CuzZn-350 and Zr/CuzZn-350, but the
STY of methanol is significantly lower. Microstrain in Cu crystallites
has been suggested to influence the activity of Cu-based catalysts for
methanol synthesis, steam reforming of methanol, and low-temperature
water-gas shift reaction (Behrens et al., 2012; Chen et al., 1999; Choi et
al., 2001; Fujitani and Nakamura, 1998, 2000; Kurtz et al., 2004;
Nakamura et al., 1996b). This phenomenon has been proposed to arise
due to the presence of (i) Zn in the bulk, (ii) incomplete reduction of
CuO, and (iii) epitaxial bonding of the ZnO lattice to Cu (Gunter et al.,
2001). The higher calcination temperature might have reduced the
number of defects in the Cu particles and thereby contributed to the lower
methanol formation rate of the CuzZn-500 catalyst. It can also be
observed that the CuZrin-350 catalyst is less active at 230 °C than CuZr-
350 despite having a higher Cu surface area. Thus, the results indicate
that the Cu surface area is not the only factor that influences the activity
of the catalysts.
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Figure 14. STY of methanol at 230 °C as a function of Cu surface area

for the Cuzn and CuZr catalysts.

The STY of methanol as a function of the relative number of MB sites is
shown in Figure 15. A correlation between the methanol formation rate
and the number of MB sites can be observed with the exception of the
In/CuzZn-350 catalyst. There is strong evidence that the methanol
synthesis activity of Cu-based catalysts is critically linked to the
interfacial sites for various Cu-metal oxide systems, such as ZnO
(Behrens et al., 2012; Fujitani et al., 1997a; Fujitani et al., 1997b; Kattel
et al., 2017; Martinez-Suarez et al., 2015; Nakamura et al., 19964a;
Reichenbach et al., 2018; Zheng et al., 2020), ZrO, (Arena et al., 2008;
Fujiwara et al., 2019; Gao et al., 2012; Larmier et al., 2017; Samson et
al., 2014; Tada et al., 2018a; Tada et al., 2018b; Wang et al., 2019b;
Witoon et al., 2016), CeO. (Graciani et al., 2014; Senanayake et al.,
2016), and LaO> (Chen et al., 2019). A correlation between the methanol
synthesis activity and the basicity of Cu-based catalysts has been
reported in literature (Gao et al., 2013; Gao et al., 2016; Guo et al., 2011;
Wang et al., 2019a). Thus, the results indicate that the number of
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interfacial sites is reflected by the MB sites and is an important descriptor

of the methanol synthesis activity over these catalysts.

X]
L
[ )

= 3
1
CuZn-350
(]
Zr/CuZn-350
B CuZr-350

M In/CuZr-350

>
CuZn-500

In/CuZn-350 @
CuZrin-350
Zn/CuZr-350

STYmethanol / mmol g, h*!
Cuzr-500

0.0 02 04 086 08 10
Number of MB sites / a.u.

Figure 15. STY of methanol at 230 °C as a function of the relative
number of MB sites for the Cuzn and CuZr catalysts.

5. Conclusion

The model catalysts investigated in this work provides insights into the
generation and inhibition of active sites of Cu-based catalysts for CO>
hydrogenation. The impregnation of a small amount of ZrO, onto
Cu/ZnO significantly improves the methanol selectivity of the catalyst.
Furthermore, the initial methanol formation rate is approximately two
times higher for the ZrO,-containing Cu/ZnO catalyst. The introduction
of ZrO generates medium-strength basic sites for CO. activation and
conversion to methanol. However, the catalyst deactivates rapidly, but
the steady-state methanol selectivity and methanol formation rate (15.6
mmol/gcat) are still higher than the unpromoted Cu/ZnO catalyst (14.7

mmol/gcat). In contrast, when ZnO is impregnated onto Cu/ZrO,, both
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the methanol selectivity and methanol formation rate are reduced. This
Is attributed to a decrease in surface basicity, resulting in a lower amount
of Cu-ZrO: interfacial sites that can facilitate CO. conversion into

methanol.

We also demonstrate that In can inhibit the RWGS reaction on the
Cu/Zn0O and Cu/ZrO> catalysts. The results suggest that inactive Cuxlny
surface species are formed that block CO production on the Cu surface.
Furthermore, the methanol formation rate increases from 52.7 to 60.5
mmol/gcat at 270 °C when 0.3 mol% In is incorporated into the Cu/ZrO;
catalyst by co-precipitation. The higher activity of In-doped Cu/ZrO is
attributed to In-Zr mixed oxide sites that are more active for methanol
synthesis at higher temperatures. It is also demonstrated that In improves
the stability of the catalyst, which is attributed to the presence of In in
the bulk of Cu and in the ZrO; phase that stabilizes the interfacial sites.
The present findings provide insight into tuning the active sites and
enhancing the stability of Cu-based catalyst promoted by metal oxides
for CO- hydrogenation to methanol.
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Figure S1. XRD patterns of (a) Culn precursor; (b) calcined Culn-350,
CuZr-500, and CuZzZn-500; (c) reduced-passivated Culn-350; and (d)
reduced-passivated CuzZn-500 and CuZr-500. It is observed that In does
not appear to affect the crystallization process of malachite for the Culn
sample (Figure S1a), as was observed for the CuZrln precursor. Instead,
a second phase is detected for the Culn precursor with a prominent
reflection at 26 of ~22.3°, corresponding to In(OH)z (PDF #76-1463). It
can be seen in Figure S1c that the peaks of Cu are shifted towards lower
diffraction angles after reduction of Culn-350. This indicates that In is
incorporated into the bulk of Cu crystallites. Furthermore, peaks

corresponding to CuxIny alloys are present, which matches fairly well

PageS2|S12



Supporting Information

with that of CurIns (PDF #65-2249). Crystalline In2O3 species are not
detected after reduction. A weak reflection can be observed at ~31° for
the CuZr-500 sample (Figure 1d). This is attributed to tetragonal ZrO-
(t-ZrO.) since its most intense reflection is located in this region. It has
also been reported that crystalline t-ZrO> can form during calcination at
500 °C (1).
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Figure S2. TGA and DSC curves of the Culn precursor. The additional
mass loss and endothermic peak at ca. 240 °C is attributed to the
decomposition of In(OH)z (2). The exothermic peak at 598 °C might be
related to structural changes in In203 or the formation of CuxIn@-xOy
species.
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Fibure S3. TEM images of the reducéud:passivated (@) Cuzn-350 and (b)
CuZr-350 catalyst.
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Figure S4. TPR patterns of Culn-350, CuZr-500, and CuZn-500. The y"-
peak present for Culn-350 might be related to bulk CuO species strongly
bound to In203. The wide peak at 350-480 °C is ascribed to the reduction

of the In,O3 phase.
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Figure S5. Cu surface area of the Culn-350 catalyst after reduction at
different temperatures.
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Figure S6. CO.-TPD of the Culn-350, CuZr-500, and CuZn-500
catalysts. The number of MB sites is reduced when the CuZn precursor
is calcined at 500 °C compared to 350 °C (Table S2). The smaller number
of MB sites of CuZr-500 compared to CuZr-350 might be due to the
crystallization of a-ZrOz into t-ZrO, as indicated by XRD (Figure S1d).
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Figure S7. STY of methanol over 18 h TOS at 230 °C for the CuZn-350

and Zr/Cuzn-350 catalysts.
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Figure S8. STY of methanol over 18 h TOS at 270 °C for the CuZrin-
350 and CuZr-350 catalysts.
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Table S1. Properties of the CuzZn-500, CuZr-500, and Culn-350

catalysts.
Cuzn-500 CuZr-500 Culn-350

Specific SA?/ m? gear* 42 55 74
Pore volume? / cm3/g 0.10 0.14 0.19
Cu SAP / m? gear™ 19 31 <1
CuO crystallite size®/ nm 11.9 9.1 7.9
Cu crystallite size®/ nm 26.4 (12.8) 23.1 326
Metal oxide crystallite sized / nm 12.8 n.d. n.d.
H2/CuO ratio® 0.99 0.97 1.39
Relative number of moderate basic sites® 0.14 0.71 -
AnT-mB/Ams of 0.25f of

8 BET surface area of the reduced catalysts;

b Cu SA determined by N2O adsorption of reduced catalysts at 350 °C in

7% H> for 2 h;

¢ Estimated from XRD by the Scherrer equation;

d Calculated from the H2-TPR peak area;

¢ Relative number of moderate basic sites compared to CuZr-350

estimated by CO-TPD;

" Ratio of high-temperature MB sites to total number of MB sites.
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