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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 CO2-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 CO2-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 CO2 

hydrogenation to methanol/CO and methanol/dimethyl ether/CO is 

performed. It is demonstrated that product condensation occurs at 

relevant reaction conditions for the CO2-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 CO2 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.  
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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/Al2O3 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/ZrO2 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 ZrO2 onto the 

catalyst can increase the activity and methanol selectivity, which is 

attributed to the formation of Cu-ZrO2 interfacial sites. It is found that In 
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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/ZrO2 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.  
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1 Introduction 

Capturing and recycling CO2 has emerged as a promising strategy for 

mitigating the impact of CO2 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 CO2-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, 

methyl tert-butyl ether (MTBE), olefins, and propylene [1]. 

 Methanol synthesis 

1.1.1 History 

Up until the 20th 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 19th 

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 H2 [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/Cr2O3) catalyst for 

methanol synthesis. A Zn/Cr2O3-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/Al2O3) 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 (MTO) 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. 

 

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 CO2-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 CO2 with 

H2 produced from renewable electricity. Provided a sustainable source 

of hydrogen becomes available at reasonable costs, recycling CO2 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 CO2-to-methanol, 

bio-methanol, and low-carbon methanol production [9]. The MefCO2 

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]. Södra has developed a process for producing bio-

methanol from wood, which was implemented in March 2020 at the 

Södra Cell Mönsterås pulp mill in southeastern Sweden [13]. 

 CO2 hydrogenation to methanol 

1.2.1 Reaction chemistry and equilibrium 

thermodynamics 

The main reactions in CO2 hydrogenation to methanol are methanol 

synthesis from CO2 (Eq. 1.1), CO hydrogenation to methanol (Eq. 1.2), 

and the reverse water-gas shift reaction (Eq. 1.3.). 

CO2 + 3H2 ⇌ CH3OH + H2O, Δ𝐻273𝑘
0  = –49.5 kJ/mol (1.1) 

CO + 2H2 ⇌ CH3OH Δ𝐻273𝑘
0  = –90.5 kJ/mol (1.2) 

CO2 + H2 ⇌ CO + H2O Δ𝐻273𝑘
0  = 41.2 kJ/mol (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 CO2 hydrogenation compared to methanol 



Introduction 

6 

 

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/H2 feeds compared to syngas and can increase 

the methanol yield up to 100%.  

 

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 CO2 hydrogenation to methanol catalysts are based on 

Cu supported on different metal oxides. The main issue with the 

traditional Cu/ZnO/Al2O3 catalyst is the moderate methanol selectivity 

and rapid water-induced sintering. Cu/ZrO2 and Cu/ZnO/ZrO2 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., Ce2O3 [15, 16], La2O3 [17], Ga2O3 [18], 

Y2O3 [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 CuBr2 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, In2O3-based catalysts have gained significant research interest 

due to their high methanol selectivity even at higher temperatures (200-

320 °C). The oxygen vacancies of In2O3 play a crucial role in the 

activation and conversion of CO2 to methanol. It has been demonstrated 

that the activity of In2O3 can be improved by the addition of metal oxides 

(ZrO2, Y2O3), Pd, Ni, and Cu by promoting the formation of oxygen 

vacancies and enhancing H2 activation [23].  

 Scope of this work  

1.3.1 Scientific objectives 

The thermodynamics of CO2 hydrogenation to methanol is of practical 

importance for the industrial implementation of the process. The more 

severe thermodynamic restrictions of CO2-to-methanol compared to the 

conventional syngas route pose an additional challenge on the process 

design of CO2 hydrogenation to methanol. Paper II 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 CO2 

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 CO2-to-

methanol catalysts. I started by investigating the promising new Co/Mn 

oxide-based system, and then worked on improving the conventional 

Cu/ZnO-based catalysts.  

Paper III 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 IV, 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 I.  

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 II). CO2 hydrogenation to methanol over 

Co/Mn oxide system is covered in Chapter 4.2 (Paper III). The work on 

Cu-based catalysts is presented in Chapter 4.3 (Paper IV) 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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 Literature review 

CO2 hydrogenation catalysts can be divided into four groups based on 

the active metal component: conventional Cu catalysts, Pd catalysts, 

In2O3 catalysts, and other transition metal catalysts. Metal oxides and the 

formation of alloys play a crucial role in the performance of CO2-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-, In2O3-, and transition metal-based catalysts. 

 CO2 hydrogenation to methanol over Cu-

based catalysts 

Single-crystal studies over different Cu facets indicate that the turnover 

frequencies (TOF) for methanol synthesis from CO2 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 × 10-3 s-1 on Cu(110), 

whereas the TOF for CO production was ∼5 s-1 (H2/CO2 = 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/H2), 

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 
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performance and even be quite inactive when switching to a CO2/H2 

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 CO2 (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/Al2O3 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 CO2 to 

methanol (proposal 3) [42, 43]. Liao et al. [43] showed that the 

morphology of ZnO influence the methanol production from CO2 

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/ZrO2 

The Cu-oxide interaction has also been extensively studied for the 

Cu/ZrO2 system. The interfacial sites appear to be the dominant factor 

for the activity of Cu/ZrO2 catalysts. The Cu/ZrO2 catalysts are typically 

reported to operate as a bifunctional catalyst in which H2 is dissociatively 

adsorbed on Cu, whereas CO2 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/ZrO2 interface and ZrO2 phase for further conversion to methanol. 

Instead, the promotional effect of ZrO2 was attributed to electronic 

promotion of Cu surface sites near the ZrO2 phase. 
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The activity of Cu/ZrO2 is critically linked to the properties of the ZrO2 

phase, which is illustrated by the activity of Cu promoted by different 

polymeric phases of ZrO2 (e.g., monoclinic (m-), tetragonal (t-), and 

amorphous (a-) ZrO2). Bell and co-workers reported that the activity of 

Cu/m-ZrO2 is superior compared to Cu/t-ZrO2 [47, 48]. In contrast, the 

results of Baiker et al. [49], Koppel et al. [50], Ma et al. [51], and Samson 

et al. [52] suggest that t-ZrO2 is more suitable to promote methanol 

synthesis over Cu/ZrO2 catalysts. Samson et al. [52] found that the 

activity of Cu/ZrO2 is correlated to the number of Brønsted and Lewis 

acidic sites rather than the Cu surface area. Thus, the higher activity of 

t-ZrO2 compared to m-ZrO2 was attributed to a higher number of active 

interfacial sites for Cu/t-ZrO2.  

Tada et al. [53] observed that the methanol production rate and 

selectivity are higher for Cu/a-ZrO2 compared to Cu/t-ZrO2. The higher 

selectivity of Cu/a-ZrO2 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-ZrO2 was higher 

than that of Cu/a-ZrO2. From the above discussion, it seems that the 

nature of the Cu-ZrO2 interfacial sites is not fully understood. However, 

these studies indicate that the number of interfacial sites and the 

properties of the ZrO2 phase (e.g., surface acidity, basicity, and oxygen 

vacancies) are crucial factors for optimizing the activity of Cu/ZrO2 

catalysts. 

2.1.3 Influence of metal oxide promoters on Cu-based 

catalysts 

The Cu/ZnO/Al2O3 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. ZrO2 is 

widely employed in ternary Cu/ZnO/ZrO2 (CZZ) catalysts to enhance 

the activity and stability of the catalyst. The hydrophilic character of 

ZrO2 enhances the desorption of produced water, which benefits both the 

methanol production rate and selectivity [60]. The influence of ZrO2 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-ZrO2 interfacial sites. 

The catalyst consisted of a three-dimensional ordered macroporous 

framework of Cu with ZnO and ZrO2 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% CO2 conversion and 80.2% 

methanol selectivity at 220 °C and 30 bar).  
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The atomic-level interaction between Cu, ZnO, and ZrO2 is relatively 

complex and has not been extensively studied in situ. It has been 

proposed that the ZnO-ZrO2 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/ZrO2 compared to 

the bimetallic catalysts (Cu/ZnO and Cu/ZrO2) to reverse spillover of 

hydrogen from ZnO that enhanced the methanol synthesis rate at 

Cu/ZrO2 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 

CO2 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 CuZnZrGaY > 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/ZrO2 

could be enhanced by incorporating In into the ZrO2 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-ZrO2 interfacial sites for CO2 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 CO2 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 CO2 

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 CO2 over 

Cu/ZnO and Cu/ZrO2 catalysts mostly favor methanol formation directly 

from CO2 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/H2 over Cu/ZrO2 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/ZrO2 [73-76]. The RWGS + CO 

hydrogenation pathway has also been proposed over CeOx/Cu(111) [15] 

and Cu/TiO2 [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 CO2* → HCOO* → H2COO* → H3CO* → 

H3COH* where the hydrogenation of H2COO 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/ZrO2 also support that methanol is produced 

through a similar reaction pathway. However, CO2 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/ZrO2: CO2(g) + H* → 

HCOO* → H2COO* → H2COOH* → H2CO* → H3CO* → H3COH*. 

Most studies also find that the rate-determining step is either the 

hydrogenation of HCOO or H2COO (Question 2).  

The proposals for the role of different metal oxides (Question 3) include 

(i) enhancing CO2 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 

CO2 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 CO2 

conversion of ∼7–15%, 210–330 °C, and 5 MPa over CuZnZr by 

generating surface CuBr2 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.  

 CO2 hydrogenation to methanol over In2O3-

based catalysts 

Recently, In2O3 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 In2O3 are crucially involved in the active sites for methanol 

synthesis [101]. It is also important to avoid reducing In2O3 to metallic 

In, which is inactive for CO2 hydrogenation to methanol [102]. Thus, 

promoters that can generate and stabilize oxygen vacancies have been 

demonstrated to enhance the activity of In2O3-based catalysts. Martin et 

al. [102] observed that ZrO2 could promote the formation and 

stabilization of oxygen vacancies in In2O3, which significantly increased 

the activity compared to bulk In2O3. On the other hand, In2O3 supported 

on other metal oxides (TiO2, ZnO, SiO2, Al2O3, SnO2, and MgO) resulted 

in the formation of inactive metallic In, which reduced the activity. Chou 

et al. [103] found that Y2O3 and La2O3 could also enhance the 

performance of In2O3 by increasing the number of oxygen defects. 

The performance In2O3 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 In2O3 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 In2O3 phase results in highly active catalysts. The active site 

configuration was proposed to consist of Pd-In alloy particles covered 

by In2O3 species. The formation of the In2O3/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 In2O3 and Pd. 

Furthermore, increasing the Pd content reduced the methanol formation 

rate and methanol selectivity.  

 Transition metal-based catalysts for CO2 

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 

Ni5Ga3 alloy phase is critical for achieving high methanol selectivity for 

Ni-Ga catalysts because Ni-rich regions are very active for CO2 

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 ZrO2. 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 CO2 hydrogenation over Mn oxide NPs 

dispersed on mesoporous Co3O4. They found that the methanol 

selectivity was significantly higher for MnOx deposited on Co3O4 
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compared to MnOx, Co3O4, and Co3O4 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 

CO2 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. 

 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: 

• What is the role of alloying and metal oxides in methanol 

synthesis? 

• How can the active sites responsible for by-product formation be 

inhibited? 

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

Regarding Cu-based catalysts, the following questions are under 

rigorous debate and require further study: 

• What is the main factor responsible for the promotional effect of 

ZnO on Cu? 

• What is the role of the Cu-oxide synergy and oxide-oxide 

interaction on methanol synthesis?  

• How can the interfacial sites be tuned and stabilized to enhance 

the catalytic performance? 
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 Experimental 

 Thermodynamic analysis 

In paper II, the thermodynamics of CO2 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 CO2 

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 (𝐺𝑇) of the 

mixture is at the minimum and its differential is zero. The 𝑑(𝐺𝑇) of a 

two-phase system composed of different compounds at a constant 

temperature and pressure can be expressed as (Eq. 3.1) [111]: 

𝑑𝐺𝑇 = ∑ μ𝑖
𝑣𝑑𝑛𝑖

𝑣 + ∑ μ𝑖
𝑙𝑑𝑛𝑖

𝑙 = 0𝑁
𝑖

𝑁
𝑖     (3.1) 

where 𝑁 is the number of species in the reaction system, 𝑛𝑖 is the moles 

of species 𝑖, μ𝑖 is the chemical potential of component 𝑖, 𝑣 and 𝑙 denotes 

the vapor and liquid phase, respectively. Introducing Lagrange 

multipliers for species 𝑖 subject to mass balance constraints yields Eq. 

3.2. 

μ𝑖 + ∑ 𝜆𝑖𝑎𝑗𝑖
 
𝑗 = 0      (3.2) 

where 𝜆𝑖 is the Lagrange multiplier for species 𝑖, 𝑎𝑗𝑖 is the number of 

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

3.3. 

μ𝑖 = 𝛥𝐺𝑓𝑖

0 + 𝑅𝑇𝑙𝑛
𝑓̂𝑖

𝑃0      (3.3) 
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where 𝛥𝐺𝑓𝑖

0  is the standard Gibbs energy of formation of species 𝑖, 𝑅 is 

the universal gas constant, 𝑇 is the absolute temperature, 𝑓𝑖 is the fugacity 

of species 𝑖, and 𝑃0 is the standard-state pressure. Combining Eq. 3.2 

and 3.3 gives (Eq. 3.4): 

𝛥𝐺𝑓𝑖

0 + 𝑅𝑇𝑙𝑛
𝑓̂𝑖

𝑃0 + ∑ 𝜆𝑖𝑎𝑗𝑖
 
𝑗 = 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 (Eq. 3.5): 

𝑓𝑖
𝑣 = 𝜑̂𝑖

𝑣𝑦𝑖𝑃 = 𝜑̂𝑖
𝑙𝑥𝑖𝑃 = 𝑓𝑖

𝑣     (3.5) 

where 𝜑𝑖
  is the fugacity coefficient of component 𝑖 obtained from 

equation of state, 𝑃 is the pressure, and 𝑦𝑖 and 𝑥𝑖 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, H2, H2O, 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.  

 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. 



Experimental 

25 

 

Table 3.1 Summary of materials and chemicals used in this thesis. 

Chemical Chemical formula Purity Supplier 

Cobalt (II) nitrate hexahydrate Co(NO3)2∙6H2O >99% Sigma-Aldrich 

Manganese (II) nitrate hydrate Mn(NO3)2∙H2O >99.8% Sigma-Aldrich 

1-butanol C4H9OH >99.8% Sigma-Aldrich 

PEO20–PPO70–PEO20 Pluronic P123 –  Sigma-Aldrich 

Nitric acid (66%) HNO3 – Sigma-Aldrich 

Ethanol C2H5OH 99% Sigma-Aldrich 

Copper (II) nitrate trihydrate  Cu(NO3)2∙3H2O >99.5%  Acros Organics 

Zinc (II) nitrate hexahydrate Zn(NO3)2∙6H2O >99.9%  Alfa Aesar 

Aluminum (III) nitrate nonahydrate Al(NO3)3∙9H2O >98.5%  Emsure 

Zirconium (IV) oxynirate hydrate ZrO(NO3)2∙H2O >99.9%  Alfa Aesar 

Indium (III) nitrate hydrate In(NO3)3∙H2O >99.99%  Alfa Aesar 

Sodium hydroxide NaOH >99.2% Emsure 

Sodium carbonate Na2CO3 >99.9% Emsure 

Silicon carbide (40 mesh, powder) SiC – Alfa Aesar 

Alpha alumina α-Al2O3 – Sigma-Aldrich 

 Catalyst preparation 

3.3.1 Synthesis of mesoporous Co-Mn oxides 

The mesoporous Co, Co-Mn, and Mn catalysts in paper III 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 CuZnAl 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 NaCO3. 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 N2 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 Na2CO3 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. 



Experimental 

27 

 

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. 

 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 Kα radiation source (λ = 1.5406, 40 kV, and 40 

mA). The XRD patterns of the reduced-passivated catalysts in Paper IV 

were obtained from a Rigaku D/Max 2550 VB/PC instrument. The 

patterns were recorded at 2θ 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 III and V, whereas high-angle annular dark-field scanning 

transmission microscopy (HAADF-STEM, Tecnai G2F20 S-Twin, 200 

kV) was used in Paper IV. 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 II instrument. The samples were degassed under 

vacuum using a sample degas system (Micromeritics VacPrep 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/P0 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 HNO3:HCl 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 oC 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 Kα source (1486.6 eV). 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 III, a step size of 0.1 eV was used.  

The reducibility of the catalysts was studied by temperature-

programmed reduction (H2-TPR). The H2-TPR measurements were 

performed on a Micromeritics Autochem II 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% 

H2/Ar mixture at 50 mL/min over the sample and increasing the 

temperature from ambient to 700 °C at 10 °C/min.  



Experimental 

29 

 

The temperature-programmed desorption (CO2-TPD) experiments were 

carried out using a Micromeritics Autochem II ASAP 2920 instrument. 

The samples were first pretreated with He at 200 °C for 0.5 h, reduced in 

7 vol% H2/Ar (Paper III: 250 °C, 0.5 h; Paper V: 350 °C, 2 h), and then 

purged under He flow for 1 h. Then, CO2 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 N2O 

adsorption using a Micromeritics Autochem II ASAP 2920 instrument. 

Prior to N2O adsorption, the sample was heated to 200 °C under He flow 

for 0.5 h, reduced in 7 vol%H2/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% N2O/He mixture at 50 °C for 1 h 

following a procedure described by Van 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 H2-TPR 

experiment from 50 to 400 °C at a rate of 10 °C/min in a 7 vol% H2/Ar 

mixture. The Cu surface area (SACu) was estimated from the H2 

consumption using Eq. 3.6. 

SACu (m
2∙gcat

-1) = 
𝑌 × SF × 𝑁𝐴

𝐶𝑀 × 𝑊𝑐𝑎𝑡
     (3.6) 

where Y is the moles of H2 consumed in the TPR following N2O 

chemisorption, SF is the stoichiometric factor (2), NA is Avogadro’s 

number (6.022 × 1023 mol–1), CM is the number of surface Cu atoms per 

unit surface area (1.47 × 1019 atoms∙m–2), and Wcat is the amount of 

catalyst (g).  

 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.  

 

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 (α-Al2O3 was used in 

Paper III). 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:N2 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 

μm) and a Mols 5A (length 1.5 m, diameter 1 mm, thickness 80/100 μm) 

column is used for the separation of H2, N2, and CO. The CO2, C1-C3 

hydrocarbons, and C1-C3 oxygenates in the product is separated by a GS-

carbonplot column (length 60 m, diameter 0.32, thickness 1.5 μm). The 

calibration of gaseous components (H2, CO2, CO, N2, C1-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 CO2 conversion (XCO2) was calculated utilizing N2 as internal 

standard based on Eq. 3.7.  

XCO2
(%) =  [1 −

moles CO2,out

moles CO2,in
×

moles N2,in

moles N2,out
] × 100  (3.7) 

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

(STYmethanol) were calculated using Eq. 3.8 and Eq. 3.9, respectively. 

S𝑖(%) =  
𝑚𝑜𝑙𝑒𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖,out

∑ 𝑚𝑜𝑙𝑒𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖,out
× 100    (3.8) 

STYmethanol  (
𝑚𝑚𝑜𝑙

𝑔𝑐𝑎𝑡∙ℎ
) =

𝐹CO2,in × XCO2/100 × Smethanol/100 

𝑊𝑐𝑎𝑡 
 (3.9) 

where FCO2,in (mmol/h) is the molar flow rate of CO2 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 N2O 

chemisorption using Eq. 3.10. 

𝑇𝑂𝐹𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 (
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙

𝑠𝑒𝑐𝑜𝑛𝑑∙𝐶𝑢𝑠𝑖𝑡𝑒
) =

𝑅𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 × 𝑁𝐴

𝑆𝐴𝐶𝑢 × 𝐶𝑀
  (3.10) 

where 𝑅𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 is the methanol production rate (mol∙g–1∙s–1),  
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 Results and discussion 

 Paper II: Thermodynamic analysis of CO2 

hydrogenation to methanol and oxygenates 

The products considered in the thermodynamic analysis of CO2 

hydrogenation is methanol, CO, H2O, DME, and C2–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 CO2 conversion (a) and methanol selectivity (b) at 

different reaction temperatures and pressures for the stoichiometric 

H2/CO2 ratio of 3/1. It can be seen that high CO2 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 CO2 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 

H2O 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.  

 

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/CO2 ratio 

Excess hydrogen is typically employed to limit the molar fraction of H2O 

in the reactor, which enhances the reaction rate and also limits the 

adverse effects of H2O on the catalyst (e.g., blocking active sites and 

accelerates deactivation) [117, 118]. The effect of the H2/CO2 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/CO2 ratio throughout the investigated temperature range. 

The methanol selectivity also increases with increasing H2/CO2 ratio 

because the methanol synthesis reaction is more sensitive to the partial 

pressure of H2. A significant deviation from the stoichiometric H2/CO2 

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.  

 

Figure 4.3 Effect of H2/CO2 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 H2O 

The influence of co-feeding H2O 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 H2O to the feed allows 
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condensation of products to occur at higher temperatures. Interestingly, 

the CO2 conversion and methanol selectivity are higher between 202–

213 °C when 20 mol% water is present in the feed compared to the H2O-

free feed mixture. Consequently, condensation can be enhanced by the 

presence of H2O within the reactor. This could be utilized in the reactor 

design to facilitate the removal of H2O and methanol from the reacting 

gas-phase mixture. 

 

Figure 4.4 Effect of co-feeding H2O on the (a) CO2 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 CO2 conversion of >99% at a H2/CO2 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 CO2-

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.  



Results and discussion 

37 

 

 

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/CO2 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 + H2O, Δ𝐻273𝑘
0  = –23.4 kJ/mol (4.1) 

The thermodynamics of CO2 hydrogenation to methanol and DME was 

studied by single- and two-phase models at different temperatures and 

pressures. The CO2 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 CO2 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.  

 

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 CO2 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 H2O compared to methanol synthesis. Near complete 

conversion of CO2 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/CO2 ratio of 3/1. The dashed lines in (a) and (b) represent 

the single-phase equilibrium. 
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 Paper III: 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 Co3O4, XMnOx-Co3O4, and 

MnOx 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 Co3O4 (56 m2/g) and MnOx (60 m2/g) 

is similar, whereas the PV is higher for Co3O4 (0.27 cm3/g) compared to 

MnOx (0.20 cm3/g). The SSA increases significantly for the catalysts 

with a Mn content of 20 and 50 mol% to 106 and 197 m2/g, respectively. 

The PV of the XMnOx-Co3O4 catalysts is in the range of 0.21 to 0.31 

cm3/g.  

Table 4.1 Summary of N2 adsorption-desorption results, metal oxide spinel crystallite size, and 

Mn content determined by ICP-AES. 

Catalyst SSA 

(m2/g) 

PV 

(cm3/g) 

Pore diameter 

(nm) 
dM3O4 (M = Mn, Co) 

(nm)a 

Mn content 

(mol %) 

Co3O4 56 0.27 13.7 14 – 

10MnOx-Co3O4 54 0.21 9.5 13 13.6 

20MnOx-Co3O4 106 0.31 7.9 10 21.0 

50MnOx-Co3O4 197 0.24 4.4 8 55.4 

MnOx 60 0.20 10.3 14 – 

a Calculated from the (311) diffraction peak located at 2θ of ∼37°. 

4.2.1.2 XRD 

XRD was conducted to obtain information on crystal phase and 

crystallinity of the calcined Co3O4, XMnOx-Co3O4, 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 Mn3O4 (PDF #80-

0382), while the peaks of Co3O4 correspond to cubic Co3O4 (PDF #74-
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1657). A shift in the peaks is observed for the 10MnOx-Co3O4 and 

20MnOx-Co3O4 catalysts, which is attributed to the incorporation of Mn 

into a mixed Co-Mn oxide spinel-like structure. The XRD pattern of 

50MnOx-Co3O4 is ascribed to structured (Co, Mn)(Mn,Co)2O4 spinel 

(#PDF 18-0410), which typically exhibit a broad reflection around 2θ of 

36.5° [122, 123].  

 

Figure 4.8 XRD patterns of the calcined Co3O4, XMnOx-Co3O4, and MnOx catalysts. 

The crystallite size of the Co3O4, XMnOx-Co3O4, and MnOx catalysts are 

listed in Table 4.1. The crystallite size of Co3O4, 10MnOx-Co3O4, and 

MnOx 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 20MnOx-Co3O4 and 

50MnOx-Co3O4 catalysts, respectively. 

4.2.1.3 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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Figure 4.9 TEM images of calcined (a) Co3O4, (b) 10MnOx-Co3O4, (c), 20MnOx-Co3O4 (d) 

50MnOx-Co3O4, and (e) MnOx.  

4.2.1.4 XPS 

High-resolution XPS of the XMnOx-Co3O4 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 2p3/2 and Co 2p1/2 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 

Co2+/Co3+ fraction of the catalysts, the ratio of the Cu2+ (∼786 eV) peak 

area relative to the Cu3+ (∼789 eV) peak area of the 2p3/2 satellite feature 

was calculated [125-128]. The Co2+/Co3+ ratio of the catalysts is 

summarized in Table 4.2. The Co2+/Co3+ ratio of 10MnOx-Co3O4 (1.16) 

and 20MnOx-Co3O4 (0.93) is close to the reference value of Co3O4 [124]. 

On the other hand, the higher Co2+/Co3+ ratio of the 50MnOx-Co3O4 

catalyst (2.25) indicates a larger fraction of Co2+ 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-

Co3O4 catalysts. 

Table 4.2 Surface atomic composition, binding energy of Co 2p and Mn 2p peaks, and Co2+/Co3+ 

ratio of the XMnOx-Co3O4 catalysts. 

Catalyst Surf. comp. 

(mol %) 

Binding energy (eV) Co2+/Co3+ 

 Co Mn Co 2p3/2 Co 2p1/2 Mn 2p3/2 Mn 2p1/2  

10MnOx-Co3O4 84.7 15.3 780.0 795.1 641.6 653.3 1.16 

20MnOx-Co3O4 78.2 21.8 780.1 795.3 641.7 653.5 0.93 

50MnOx-Co3O4 44.5 55.5 780.3 795.6 641.7 653.4 2.25 

The Mn 2p spectrum contains two spin-orbit doublets at 641.7 eV and 

653.4 eV corresponding to Mn 2p1/2 and Mn 2p3/2, respectively. For the 

XMnOx-Co3O4 catalysts, the position and shape of the Mn 2p1/2 and Mn 

2p3/2 peaks are close to the values reported for MnCo2O4 [123, 129] and 

CoMn2O4 [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 is 

consistent with the XRD analysis. 
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4.2.1.5 H2-TPR 

The reducibility of the catalysts was studied by H2-TPR, and the profiles 

are shown in Figure 4.13. The reduction peaks at 264 and 347 °C of the 

Co3O4 catalyst can be ascribed to the sequential reduction of Co3O4 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 Mn3+ ions located in tetrahedral sites, whereas the complete 

reduction of Mn3O4 into MnO occurs at higher temperature [132]. The 

high-temperature reduction peak shifts towards higher temperatures for 

10MnOx-Co3O4 (412 °C) and 20MnOx-Co3O4 (377 °C) compared to 

Co3O4. The TPR profile of the 50MnOx-Co3O4 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.  

 
Figure 4.11 H2-TPR profiles of the Co3O4, XMnOx-Co3O4, and MnOx catalysts. 

The H2-consumption of the catalysts was estimated from the peak areas 

and is summarized in Table 4.3. The H2-consumption is higher for the 

Co3O4 (182 mmol/gcat) catalyst compared to MnOx (56 mmol/gcat) 

because MnO is the final reduction product. Consequently, the H2-

consumption also decreases with increasing Mn content for the XMnOx-

Co3O4 catalysts. 
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Table 4.3 H2-consumption estimated by H2-TPR and surface basicity determined from CO2-

TPD. 

Catalyst H2-consump. 

(mmol/gcat) 

Number of basic 

sites (μmol/gcat) 

Basic site composition (μmol/gcat) 

and peak temperature (°C) 

   WB, (T) MB, (T) SB, (T) 

Co3O4 182 1.2 0.5 (179) 0.2 (297) 0.4 (383) 

10MnOx-Co3O4 168 3.8 0.8 (152) 0.1 (219) 2.9 (354) 

20MnOx-Co3O4 159 7.0 1.1 (154) 1.8 (223) 4.1 (386) 

50MnOx-Co3O4 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) 

4.2.1.6 CO2-TPD 

The surface basicity of the catalysts was studied by CO2-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 Co3O4 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-Co3O4 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.  

 

Figure 4.12 CO2-TPD profiles of the Co3O4, XMnOx-Co3O4, 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 CO2 conversion and 

selectivity of the Co3O4, XMnOx-Co3O4, and MnOx catalysts. The Co3O4 

catalyst exhibits the highest CO2 conversion of 56.5%, whereas a CO2 

conversion of 2.9% is obtained over MnOx. When Mn is incorporated 

into Co3O4, the activity of the catalyst decreases. The higher CO2 

conversion of 20MnOx-Co3O4 (45.1%) compared to 10MnOx-Co3O4 

(36.9%) is attributed to the significantly larger SSA of the 20MnOx-

Co3O4 catalyst. The methane selectivity is higher than 65% for the Co3O4 

and XMnOx-Co3O4 catalysts, whereas the CO selectivity of MnOx 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% (Co3O4) to 9.1% (50MnOx-Co3O4). A small fraction of C2H4 is also 

produced over the catalysts. The C2H4 selectivity increases from 1.8% 

(Co3O4) to 3.4% and 3.2% for 10MnOx-Co3O4 and 20MnOx-Co3O4, 

respectively. Only traces of C3+ and DME could be detected for the 

Co3O4, 10MnOx-Co3O4, and 20MnOx-Co3O4 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-1. 

The space-time yield (STY, mmol∙h–1∙m–2
SSA) 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 Co3O4 compared to 20MnOx-Co3O4, whereas the STY of methanol 

is four times higher over the 20MnOx-Co3O4 catalyst. The activity of the 

50MnOx-Co3O4 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 Co3O4, XMnOx-

Co3O4, and MnOx catalysts. Reaction conditions: 250 °C, 10 bar, H2/CO2/N2 ratio of 3/1/1, and 

88 800 h-1. 

Catalyst STY of CH4 

(mmol/m2) 

STY of methanol 

(mmol/m2) 

STY of CO 

(mmol/m2) 

STY of C2H4 

(mmol/m2) 

Co3O4 6.95 0.17 0.07 0.13 

10MnOx-Co3O4 4.03 0.60 0.17 0.17 

20MnOx-Co3O4 2.20 0.68 0.10 0.11 

50MnOx-Co3O4 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-Co3O4 

and 20MnOx-Co3O4 

The effect of reaction temperature on the CO2 conversion and selectivity 

over the 10MnOx-Co3O4 and 20MnOx-Co3O4 catalysts is shown in 

Figure 4.16 (a) and (b), respectively. The catalysts exhibit similar trends 

in terms of CO2 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 CO2 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 C2H4 and CO selectivity 

occurs as the temperature is increased.  

 

Figure 4.14 Effect of reaction temperature on CO2 conversion and selectivity over (a) 10MnOx-

Co3O4 and (b) 20MnOx-Co3O4. Reaction conditions: 10 bar, H2/CO2/N2 ratio of 3/1/1, and 88 

800 h-1. 

Figure 4.17a and b show the influence of reaction pressure on the CO2 

conversion and selectivity over 10MnOx-Co3O4 and 20MnOx-Co3O4, 

respectively. It can be seen that the CO2 conversion and methanol 
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selectivity increases with pressure, whereas the selectivity of methane, 

CO, and C2H4 decreases. At a pressure of 20 bar, the methanol selectivity 

is 28.2% over 20MnOx-Co3O4, while a methanol selectivity of 19.1% is 

achieved over the 10MnOx-Co3O4 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 CO2 methanation. The activity and selectivity 

increase significantly with pressure over typical methanol synthesis 

catalysts [134], whereas CO2 methanation is not particularly dependent 

on elevated pressures [135].  

 

Figure 4.15 Effect of reaction pressure on CO2 conversion and selectivity over (a) 10MnOx-

Co3O4 and (b) 20MnOx-Co3O4. Reaction conditions: 250 °C, H2/CO2/N2 ratio of 3/1/1, and 88 

800 h-1. 

The influence of GHSV on the CO2 conversion and selectivity over the 

10MnOx-Co3O4 and 20MnOx-Co3O4 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 CO2 

methanation. The CO selectivity increases while the selectivity to C2H4 

decreases with increasing GHSV. The ability of Co to generate higher 

hydrocarbons is significantly higher from syngas compared to CO2/H2 
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mixtures [109, 136]. Therefore, the trends in the selectivity of CO and 

C2H4 indicate that CO is involved in the formation of C2H4. Furthermore, 

the higher methanol selectivity at lower GHSV suggests that CO might 

also play a role in methanol synthesis.  

 

Figure 4.16 Effect of GHSV on the CO2 conversion and selectivity over (a) 10MnOx-Co3O4 and 

(b) 20MnOx-Co3O4. Reaction conditions: 250 °C, 10 bar, and H2/CO2/N2 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 CO2 conversion is very low (<5%) after 

reduction at 200 °C, which indicates that the activity of largely 

unreduced Co3O4 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 CO2 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 h-1. 

Catalyst TR (°C) X(CO2) (%)  S(CH4) (%) S(methanol) (%) S(CO) (%) 

10MnOx-Co3O4 200 3.9 72.7 Traces 24.9 

 250 36.9 81.1 12.0 3.4 

 300 40.8 87.1 7.5 2.1 

20MnOx-Co3O4 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-Co3O4 200 3.4 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 Co3O4 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. 

 

Figure 4.17 TOF of CO2 conversion as a function of Mn surface content. Reaction conditions: 

250 °C, 10 bar, H2/CO2/N2 ratio of 3/1/1, and 88 800 h-1. 



Results and discussion 

52 

 

An important parameter to compare the XMnOx-Co3O4 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-Co3O4 catalyst (0.016 s–1) 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.  

 
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 h-1. 
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 Paper IV: Influence of Cu-metal oxide 

interaction and effect of indium promotion on 

Cu-ZnO-Al2O3 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 0 51.3 24.3 24.4 – 

2CZA-In2 50 25 23 2 50.9 24.1 22.9 2.1 

2CZA-In3 50 25 22 3 51.5 24.6 20.8 3.1 

2CZA-In5 50 25 20 5 51.7 23.9 19.3 5.1 

Cu-ZnO 83 17 – – 83.2 16.8 – – 

In/Cu-ZnO 82 17 – 1 82.2 16.5 – 1.3 

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 m2/g. The specific surface area of 

the Cu-ZnO catalyst is 72 m2/g, which decreases to 46 m2/g after 

impregnation with In. 
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Table 4.7 Summary of N2-physisorption results, crystallite size and particle size of the 2CZA-

InY, Cu-ZnO, and In/Cu-ZnO catalysts.  

Catalyst SSA 

(m2/g) 

dCu (nm)a  dCu (nm)b H2/CuO 

(%)c  

SACu 

(m2/gcat)b 

2CZA-In0 36 13.1 9.5 99 13 

2CZA-In2 39 11.8 9.4 101 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 

a Calculated from the (111) peak by the Scherrer equation 

b Determined by counting particles in HAADF-STEM images 

c Calculated from H2-consumption during H2-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 Cu2Zn4Al2(OH)16CO3∙H2O (PDF #38-0484) 

[44]. The peaks at 2θ 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)3 (PDF #76-

1463). The full width at half maximum (FWHM) of the 003 reflection 

(2θ 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 (201̅) and (211̅) 

peaks in the 2θ-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 2θ 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 CuxIny 

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. 

  

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 ZnAl2O4 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 

4.24b, 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.  

4.3.1.2 H2-TPR 

The reducibility of the catalysts was investigated by H2-TPR. The TPR 

profiles of the 2CZA-InY catalysts are shown in Figure 4.25a. The 

profiles were deconvoluted into four peaks (α, β, γ1, and γ2). The α and 

β peaks are ascribed to the reduction of surface and bulk CuO particles, 

respectively [19, 145]. The γ1, and γ2 peaks are ascribed to the reduction 

of Cu2+ species present in the mixed metal oxide matrix. The strong 

interaction with the Zn-Al oxide phase has been reported to stabilize the 

Cu2O intermediate, leading to a stepwise reduction of these Cu2+ species 

(CuO → Cu2O and Cu2O → 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 N2O 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 m2/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 m2/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 

m2/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 

calcination (atom%) 

Surface composition after 

reduction (atom%) 

Cu0/(Cu++Cu0)  

 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 2p3/2 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 Cu0 (∼918.5 eV) eV) and 

Cu+ (∼916.4 eV), which is widely used to estimate the relative amount 

of Cu0 and Cu+ species [145, 147-150]. The catalysts contain a relatively 

higher number of Cu+ species than Cu0 (Table 4.8), which might be due 

to the strong interaction with the Zn-Al oxide phase [145, 147]. It is 

found that the Cu0 fraction increases with increasing In content.  

 

Figure 4.24 (a) Cu 2p3/2 XPS spectra of the calcined and reduced 2CZA-InY catalysts and (b) Cu 

L3VV Auger spectra of the reduced 2CZA-InY catalysts.  
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The Zn L3M4,5M4,5 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 3d5/2 and In 3d3/2 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].  

 

Figure 4.25 (a) Zn L3M4,5M4,5 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:Zn ratio 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 (m2/g) dCu (nm)a Cu surface area (m2/g)b 

1CZA-In0 38 10.4 10 

1CZA-In2 112 11.0 11 

1CZA-In4 116 11.4 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 

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

b Cu SA determined by N2O 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 cm3 gcat
–1 h–1. 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 gcat
–1 h–1) 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.  

 

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 cm3 gcat
–1 h–1. 

Figure 4.29 shows the TOF for methanol formation. The TOF of the 

CZA-In0 catalysts is similar around 0.018 s–1, while the TOF of the Cu-

ZnO catalyst is 0.014 s–1. This is attributed to the stronger Cu-oxide 

interaction of the HT-derived catalysts. The higher activity of the CZA-

In0 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 CuZn/CuZnOx 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 CO2 

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-In0 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]. 
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Figure 4.28 Methanol selectivity as a function of CO2 conversion. The CO2 conversion was 

varied by changing the contact time between 10 000 to 100 000 cm3/(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 CO2 conversion and methanol over 72 h time on stream 

(TOS). For the 2CZA-In3 catalyst, the CO2 conversion and methanol 

selectivity remains relatively stable. On the other hand, the CO2 

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 CO2 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 

N2O 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 m2/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 dCu (nm)a SABET (m2/g) SACu (m2/g) 

2CZA-In0 20.3 74 (56)b 21 

2CZA-In3 14.5 58 (54)b 16 

 

Figure 4.30 XRD patterns of the spent 2CZA-In0 and 2CZA-In3 catalysts.  
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 Paper V: The role of interfacial sites between 

copper and metal oxides (Zn, Zr, In) for CO2 

hydrogenation to methanol 

4.4.1 Catalyst characterization 

4.4.1.1 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 83.3 16.7 – – 83.2 16.8 – – 

In/CuZn-350 82.5 16.5 – 1.0 82.2 16.5 – 1.3 

Zr/CuZn-350 82.5 16.5 1.0 – 82.2 16.7 1.1 – 

CuZr-350 83.3 – 16.7 – 89.1 – 10.9 – 

CuZrIn-350 82.9 – 16.6 0.5 88.7 – 11.0 0.3 

In/CuZr-350 82.5 – 16.5 1.0 88.0 – 10.9 1.1 

Zn/CuZr-350 82.5 1.0 16.5 – 87.8 1.0 11.2 – 

4.4.1.2 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).  

 

Figure 4.31 XRD patterns of the CuZn, CuZr, and CuZrIn precursors. 

Table 4.12 Summary of N2-physisorption results and crystallite size of CuO and Cu of CuZn-

based and CuZr-based catalysts. 

Catalyst SABET 

(m2/g) 

PV 

(cm3/g) 

Pore diameter 

(nm) 

dCuO(111) 

(nm)a 

dCu(111) (nm)b 

CuZn-350 72 0.17 7.7 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 

CuInZr-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 

a CuO crystallite size after calcination 

b Cu crystallite size of the reduced catalysts 

The XRD patterns of the reduced CuZn-based and CuZr-based catalysts 

are shown in Figure 4.34a and b, respectively. The peaks at 2θ 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 ZrO2 is not 

detected for the CuZr-based catalysts, indicating that the ZrO2 species 

are amorphous or highly dispersed. No additional peaks are present for 

the impregnated samples.  

 

 

Figure 4.32 XRD patterns of (a) the reduced CuZn-350, In/CuZn-350, and Zr/CuZn-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/CuZn-350 and CuZrIn-350 catalysts is attributed to the 

presence of In within the bulk of Cu.  

4.4.1.3 TEM 

The TEM images of the reduced CuZn-350 and In/CuZn-350 catalysts 

are shown in Figure 4.36a and b, respectively. The microstructure of the 

catalysts is typical for CuZn-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 ZrO2, which has a particle size of 5 nm (Figure 4.37d). 

The ZrO2 coverage of Cu seems to range from fully covered Cu species 

to practically uncovered ones. Although optimal mixing of the Cu and 

ZrO2 species is not obtained for the CuZr-based catalysts, a significant 

number of Cu-ZrO2 interfacial sites can be observed in the TEM images. 

 

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

4.4.1.4 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 (α, β, and γ). The CuZn-350 catalyst exhibits β and γ peaks, 

corresponding to the reduction of surface and bulk CuO particles [19, 

145]. For the CuZr-based catalysts, an additional α peak is observed at 

lower temperature, which is attributed to the enhanced reducibility of 

CuO in contact with ZrO2. It can also be seen that a small α peak is also 

present when In or Zr is impregnated onto the CuZn catalysts.  
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Figure 4.35 Deconvoluted H2-TPR profiles of the (a) CuZn-based and (b) CuZr-based catalysts.  

4.4.1.5 N2O chemisorption 

The Cu surface area estimated by N2O chemisorption is summarized in 

Table 4.13. Impregnating In onto the CuZn-350 catalyst reduces the Cu 

surface area from 18 m2/g to 14 m2/g. On the other hand, the Cu surface 

area is relatively unchanged for the Zr/CuZn-350 catalyst (17 m2/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 m2/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 (m2/g)a Relative number of MB sitesb AHT-MB/AMB
c 

CuZn-350 18 0.22 0 

CuZn-500 19 0.14 0 

In/CuZn-350 14 0.18 0 

Zr/CuZn-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/CuZr-350 26 0.55 0.35 

Zn/CuZr-350 32 0.88 0.26 
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a Estimated by N2O chemisorption 

b Relative number of MB sites compared to CuZr-350 

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

4.4.1.6 CO2-TPD 

The surface basicity of the catalysts was studied by CO2-TPD. The CO2 

TPD profiles of the CuZn-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–O, 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 CuZn-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 (AHT-MB/AMB, 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 CuZn-350 catalyst is 14.7 mmol∙gcat
-1∙h-1, which 

decreases to 12.4 mmol∙gcat
-1∙h-1 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 

CO2-TPD and XRD results also indicate weaker Cu-ZnO interaction for 

the CuZn-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∙gcat
-1∙h-1 for the Zr/CuZn-350 catalyst. This 

is ascribed to the formation of Cu-ZrO2 interfacial sites for CO2 

conversion to methanol. The initial activity is almost two times higher 

for the Zr/CuZn-350 catalysts but decreases significantly within the first 

10 h, which is probably due to the loss of Cu-ZrO2 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). 

 

 

Figure 4.37 (a) Methanol and CO production rate over the CuZn-based and CuZr-based catalysts 

(WHSV = 38 000 cm3∙gcat
-1∙h-1); (b) STY of methanol over 18 h TOS of the CuZn-350 and 

Zr/CuZn-350 catalysts (WHSV = 38 000 cm3∙gcat
-1∙h-1); 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∙gcat
-1∙h-

1. The relatively low activity despite the high Cu surface area indicates 

that methanol formation mainly occurs on Cu-ZrO2 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 ZrO2 phase. 
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Interestingly, impregnating ZnO onto the CuZr-350 catalyst reduces the 

activity of the catalyst, which suggests that the ZnO-ZrO2 interaction is 

not the reason for the increase in activity of the Zr/CuZn-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.  

 

Figure 4.38 (a) Methanol and CO production rate over the CuZn-based and CuZr-based catalysts 

(WHSV = 38 000 cm3∙gcat
-1∙h-1) 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 CuZn-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/ZrO2. 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 In2O3-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).  

 

  

Figure 4.39 (a) Steady-state methanol formation rate of the CuZn-350, In/CuZn-350, CuZr-350, 

CuZrIn-350, and In/CuZr-350 catalysts at 230 °C and 270 °C (WHSV = 80 000 cm3/(gcat h)); 

methanol selectivity as a function of CO2 conversion at (b) 230 °C and (c) 270 °C; and (d) STY 

of methanol over 18 h TOS of the CuZr-350 and CuZrIn-350 catalysts at 270 °C and 80 000 

cm3/(gcat h). Reaction conditions: 30 bar, H2/CO2 = 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 CuZn-based or CuZr-based catalysts. 

On the other hand, the STY of CO is strongly related to the Cu surface 

for both the CuZn-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.  

 

 

Figure 4.40 (a) STY of methanol as a function of the Cu surface area; (b) STY of CO as a 

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∙gcat
-1∙h-1.  
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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 CO2 for the Cu-ZnO system 

[40], while the Cu-ZrO2 interfacial sites facilitate the activation and 

hydrogenation of CO2 to methanol for Cu-ZrO2 catalysts [60]. It has been 

reported that the apparent activation energy is lower for the Cu-ZrO2 

system compared to Cu-ZnO and Cu-ZnO-ZrO2 catalysts [63]. Thus, the 

superior activity of CuZn-350 compared to CuZr-350 at 230 °C indicates 

a higher number of active sites for the CuZn-350 catalyst.  

In literature, the key difference between ZnO and ZrO2 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 CuZn 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 ZrO2 

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/CuZn-350 catalyst is due to 

the generation of additional Cu-ZrO2 interfacial sites (Figure 4.44b). The 

lower activity of the Zn/CuZr-350 catalyst indicates that the Zn species 

are stabilized on the ZrO2 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 CuZn-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 CuZn-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-ZrO2 interfacial sites is key to maximize the performance 

of Cu-ZnO-ZrO2 catalysts. This could result in a high number of active 

Cu-ZnO and Cu-ZrO2 sites for methanol synthesis. The interaction 

between ZnO-ZrO2 is found to have a negative effect on the activity of 

the catalyst. However, the ZnO-ZrO2 interaction might be structure 

sensitive and could therefore, play a role in methanol synthesis over Cu-

ZnO-ZrO2 catalysts. 
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 Concluding remarks 

 Conclusions 

The thermodynamic aspects of CO2 hydrogenation to methanol pose a 

significant challenge for the industrialization of the CO2-to-methanol 

process. The thermodynamics significantly limits the equilibrium 

conversion of CO2 to methanol at typical methanol synthesis conditions. 

Thus, high recycle ratios are required for the complete conversion of CO2 

into methanol. Paper II 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 CO2 conversion to the target 

product(s).  

The main scientific objective of experimental work was to investigate 

the role of metal oxides in CO2 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 III, 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-

ZrO2, which is attributed to superior Cu-oxide interfacial contact. The 

results also indicate that the formation of new Cu-ZrO2 interfacial sites 

is responsible for the higher activity and selectivity of the ZrO2 

impregnated Cu-ZnO catalyst. On the other hand, the ZrO2-ZnO 

interaction seems to decrease the catalytic performance when ZnO is 

impregnated onto Cu-ZrO2. The presence of In on the Cu surface limits 

the CO2 hydrogenation ability of the active sites on the Cu surface. 

However, In oxide is more stable on the ZrO2 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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 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 CO2-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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Figure S1. Illustration of the spinel-type crystal structure of AB2O4 (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) N2 adsorption-desorption isotherms and (b) pore size 

distribution of mesoporous Co3O4, 10MnOx-Co3O4, 20MnOx-Co3O4, 

50MnOx-Co3O4, and MnOx. 
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Figure S3. High-resolution XPS spectra of the O1s regions for 10MnOx-Co3O4, 

20MnOx-Co3O4, and 50MnOx-Co3O4 catalysts. 
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Figure S4. CO2 conversion and product selectivity over 24 h time on 

stream for (a) 10MnOx-Co3O4 and (b) 20MnOx-Co3O4 (reaction 

conditions: T = 250 °C, P = 10 bar, gas flow (CO2/N2/H2) = 20/20/60 

mL/min, GHSV = 88 800 h-1).  
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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/H2) = 

20/20/60 mL/min, GHSV = 88 800 h-1). 
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Figure S6. Effect of reaction pressure on the methanol formation rate 

over 10MnOx-Co3O4 and 20MnOx-Co3O4 (reaction conditions: T = 250 

°C, gas flow (CO2/N2/H2) = 20/20/60 mL/min, GHSV = 88 800 h-1). 
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Figure S7. Effect of GHSV over 50MnOx-Co3O4 (reaction conditions: T 

= 250 °C, P = 10 bar, CO2/H2 = 1:3). 
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Table S1. Detailed amounts of metal precursors and chemicals used for 

the synthesis of the catalysts. 

Catalyst Cobalt(II) nitrate 

hexahydrate 

(mol) 

Manganese(II) 

nitrate hydrate 

(mol) 

1-butanol 

(mol) 

HNO3 

(mol) 

P123 

(mol) 

Co3O4 0.0200 – 0.230 0.038 4.08*10-4 

10MnOx-Co3O4 0.0200 0.0024 0.253 0.042 4.49*10-4 

20MnOx-Co3O4 0.0200 0.0054 0.281 0.047 4.99*10-4 

50MnOx-Co3O4 0.0100 0.0110 0.218 0.037 3.91*10-4 

MnOx – 0.0200 0.188 0.032 3.40*10-4 

 

  



   S u p p o r t i n g      I n f o r m a t i o n 

P a g e S10 | S10 

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 

Co3O4 0 100 – – 

10MnOx-Co3O4 11 89 13.6 86.4 

20MnOx-Co3O4 21 79 21.0 79.0 

50MnOx-Co3O4 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 CO2-to-

methanol catalysts is optimizing the Cu-ZnO interaction. Herein, a series 

of hydrotalcite-derived Cu/ZnO/Al2O3 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.  
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1. Introduction 

The increasing atmospheric CO2 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, CO2, H2) 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 CO2 (Eq. 1) is exothermic and a volume-

reducing reaction. The main side reaction is the reverse water-gas shift 

(RWGS) reaction (Eq. 2), which converts CO2 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 ⇄ CH3OH + H2O      ΔH = –49.5 kJ/mol  (Eq. 1) 

CO2 + H2 ⇄ CO + H2O      ΔH = 41.2 kJ/mol  (Eq. 2) 
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The Cu/ZnO/Al2O3 system has been studied for decades. The industrial 

Cu/ZnO/Al2O3 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 CO2-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 CO2 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 
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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, In2O3-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 In2O3  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 In2O3 have also been reported in CO2 

hydrogenation to methanol [30, 34]. On the other hand, Shi et al. [32] 

obtained active and selective Cu-In2O3 catalysts prepared by co-

precipitation for CO2 hydrogenation to methanol. The most active 

catalyst consisted of Cu9In11 alloy in intimate contact with an In2O3 

phase. They proposed that a synergistic effect is present for Cu11In9-

In2O3 catalyst in which H2 is dissociatively adsorbed on the Cu11In9 

surface and CO2 is activated at In2O3 oxygen vacancies. These species 

subsequently migrate to the interfacial sites where CO2 is hydrogenated 

to methanol. Gao et al. [31] found that the activity and selectivity of Cu-

In2O3-ZrO2 catalyst containing Cu2In alloy are higher than In2O3 and 

In2O3-ZrO2 catalysts. These contradictory findings highlight that 

different Cu-In speciation and their effects on CO2 hydrogenation to 
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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 CO2 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(NO3)2∙3H2O, 

Zn(NO3)2∙6H2O, Al(NO3)3∙9H2O, and In(NO3)3∙H2O) was added 



 

7 

 

dropwise into a mixed solution of NaOH and Na2CO3 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 

(mol%) 

Metal content determined by ICP-AES 

(mol%) 

 Cu Zn Al In Cu Zn Al In 

2CZA-In0 50 25 25 0 51.3 24.3 24.4 – 

2CZA-In2 50 25 23 2 50.9 24.1 22.9 2.1 

2CZA-In3 50 25 22 3 51.5 24.6 20.8 3.1 

2CZA-In5 50 25 20 5 51.7 23.9 19.3 5.1 

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 Shlögle [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-ZnO 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 II 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 a HNO3:HCl 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.  
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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 Kα radiation source (λ = 1.5406, 40 

kV, and 40 mA). The patterns were typically obtained at 2θ 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 Kα 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 II 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 (SACu) 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% H2/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 Cu2O by N2O adsorptive decomposition 
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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 H2 consumption of surface Cu2O was measured by a second 

TPR experiment from 50 to 400 °C at a rate of 10 °C/min in a 7% H2/Ar 

mixture. 

 

2.3 Catalytic activity tests 

The catalysts were tested for CO2 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/N2 

(50 ml/min). Finally, 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. 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 CO2 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 (SABET), 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 

m2/g. Furthermore, the pore volume is also higher for the In-containing 

catalysts (0.08–0.09 cm3/g) compared to the 2CZA-In0 catalyst (0.06 

cm3/g). 

Table 2. Summary of N2-physisorption, crystallite size, and average 

particle size of the 2CZA-InY catalysts. 

Catalyst SABET 

(m2/g) 

Pore volume 

(cm3/g) 

Average pore 

diameter (nm) 

dCu (nm)a  dCu (nm)b 

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 12.1 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 – 

a 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 1a. The 

patterns are typical for HT-like structures such as 

Cu2Zn4Al2(OH)16CO3∙H2O (PDF 38-0484) [21]. The peaks at 2θ of 35.5° 
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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)2 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 2θ 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]. 

  

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 2θ 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 2θ 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 CuxIny 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 ZnAl2O4 

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].  

    

 

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 

after calcination (atom%) 

Surface composition after 

reduction (atom%) 

Cu0 / (Cu+ + Cu0)  

 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 

Figure 4a shows the Cu 2p3/2 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 Cu0 (932.6 eV) and Cu2O 

(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 CuL3VV 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 Cu0 (∼918.5 eV) 

eV) and Cu+ (∼916.4 eV). This estimation is widely used to determine 

the relative amount of Cu0 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 Cu0 fraction of the 2CZA-InY catalysts increases with 

increasing In content (Table 3).  

   

Figure 4. (a) Cu 2p3/2 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 L3M4,5M4,5 Auger line was 

recorded. The Zn L3M4,5M4,5 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 3d5/2 and In 3d3/2 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 CuxIny alloys, in agreement with the XRD observations. 

The slight shift in the In 3d spectra indicate that a mix of In2O3 and 

CuxIny species are present after reduction [32, 43, 54].  

   

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 

H2-TPR was carried out to investigate the reducibility of the catalysts. 

The TPR profiles of the 2CZAIn-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 α, β, γ1, 

and γ2. The low-temperature peaks are assigned to CuO particles 

dispersed on the catalyst’s surface (α) and CuO particles in the bulk of 

the Zn-Al oxide (β) [48, 55]. Additional high-temperature peaks are only 

observed for the HT-derived catalysts. The γ1 and γ2 peaks located 

between 250–300°C are attributed to the reduction of Cu2+ species highly 

dispersed within the metal oxide matrix [21]. These Cu2+ species are 

strongly bound to the Zn-Al oxides, which results in a stabilization of the 

Cu2O intermediate and a step-wise reduction of CuO (CuO → Cu2O and 

Cu2O → Cu) [9, 56-58]. At moderate In content, the α and β peaks shift 

towards higher reduction temperature for 2CZA-InY. On the other hand, 

the γ 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 Cu2+ 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 6b). 
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Figure 6. (a) Deconvoluted H2-TPR profiles of the 2CZA-InY catalysts 

and (b) H2-TPR profiles of the Cu-ZnO and In/Cu-ZnO catalysts. 

The H2/CuO ratio was calculated to assess the H2 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 H2-TPR data and the Cu surface area of the 

2CZA-InY catalysts. 

Catalyst H2/CuO (%) TPR peak contribution (%) SACu (m2/gcat) 

α β γ1 γ2 

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 
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3.1.4 N2O titration measurements 

The Cu surface area was estimated by N2O dissociative adsorption.  The 

Cu surface area of 2CZA-InY first increases from 13 to 16 m2/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 m2/g to 14 m2/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 gcat
–1 h–1) is obtained over the 4CZA-In0 

catalyst, which also has the highest Cu surface area (14 m2/g) of the HT-
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derived catalysts. The activity of the 4CZA-In0 catalyst is higher than 

that of Cu/ZnO (11.9 mmol gcat
–1 h–1), 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. 

 

Figure 7. (a) STY of methanol as a function of Cu surface area of the 

CZA-InY catalysts. Reaction conditions: 250 °C, 30 bar, H2/CO2/N2 = 

3/1/1, WHSV = 30 000 cm3 gcat
–1 h–1. 

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–1, 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 CuZn/CuZnOx 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 

CuxIny alloy species, which seems to inhibit the activity of the Cu surface 

sites. 

 

Figure 8. 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%. 

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

selectivity 

The methanol selectivity as a function of CO2 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 
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of In on the Cu surface during methanol steam reforming over a Cu/ZnO-

based catalyst. 

 

Figure 9. Methanol selectivity at different CO2 conversions for 2CZA-

InY, Cu-ZnO and In/Cu-ZnO. The CO2 conversion was varied by 

changing the contact time between 10 000 to 100 000 cm3/(gcat h). 

Reaction conditions: 250 °C, 30 bar, H2/CO2 = 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 CO2 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, H2/CO2 = 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 m2/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 ZnAl2O4 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-In0 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 dCu (nm)a SABET (m2/g) SACu (m2/g) 

2CZA-In0 20.3 74 (56)b 21 

2CZA-In3 14.5 58 (54)b 16 

a Determined by XRD of the Cu(111) peak 

b BET surface area of the reduced catalysts 

 

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 CO2 

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-ZnO 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 S3. XRD of the calcined 2CZA-InY 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-

20 nm.  
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Figure S6. Cu L3VV Auger spectra of the calcined 2CZA-InY catalysts. 
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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 SABET (m2/g) dCu (nm)a Cu surface area (m2/g)b 

1CZA-In0 38 10.4 10 

1CZA-In2 112 11.0 11 

1CZA-In4 116 11.4 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 

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

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

7% H2 for 2 h. 
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Abstract: 

The influence of different metal oxides (ZnO, ZrO2, In2O3) in CO2 

hydrogenation to methanol over Cu-based catalysts was studied. The 

catalysts were characterized using XRD, TGA, TEM, BET, N2O 

chemisorption, H2-TPR, and CO2-TPD. It was found that impregnation 

of ZrO2 onto Cu/ZnO enhanced the activity of the catalyst, whereas the 

activity was decreased when ZnO was impregnated onto Cu/ZrO2. The 

methanol synthesis activity was strongly linked to the basicity of the 

catalysts. The results also indicate that In-doping of Cu/ZnO and 

Cu/ZrO2 results in the formation of CuxIny 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. 
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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 

CO2 into useful products. CO2 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, H2) is 

already a well-established industry, which could assist in the development and large-

scale implementation of the CO2-to-methanol process. Provided a sustainable source of 

hydrogen becomes available at reasonable costs, recycling CO2 could become 

economically viable with sufficient political incentives. 

The Cu/ZnO/Al2O3-based catalysts have been utilized for decades in the industrial 

methanol synthesis process from syngas (CO, CO2, H2), 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; Topsøe et 

al., 1997; Topsøe and Topsøe, 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 CO2 hydrogenation to methanol over Cu-based catalysts. For Cu/ZnO-

based systems, the SMSI is typically attributed to the presence of Zn or ZnOx 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 
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(Behrens et al., 2012; Kattel et al., 2017; Reichenbach et al., 2018; Zheng et al., 2020). 

The Cu-ZrO2 interfacial sites are widely reported to enhance the activation and 

transformation of CO2 into methanol over Cu/ZrO2-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/ZrO2 catalysts containing different polymeric 

phases of ZrO2 have been reported for methanol synthesis, such as monoclinic (m-), 

tetragonal (t-), and amorphous (a-) ZrO2. Jung and Bell (Jung and Bell, 2002) and 

Rhodes and Bell (Rhodes and Bell, 2005) reported that the activity of Cu/m-ZrO2 is 

superior compared to Cu/t-ZrO2. In contrast, the results of Baiker et al. (Baiker et al., 

1993), Koppel et al. (Köppel et al., 1998), Ma et al. (Ma et al., 2005), and Samson et al. 

(Samson et al., 2014) suggest that t-ZrO2 is more suitable to promote methanol synthesis 

over Cu/ZrO2 catalysts. Highly active and selective catalysts have also been reported 

over Cu/a-ZrO2 (Tada et al., 2018a; Witoon et al., 2016). The evidence for SMSI being 

crucially involved in CO2 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/La2O3 (Chen et al., 2019).  

Although highly active In2O3-based catalysts have been demonstrated (Chou and Lobo, 

2019; Frei et al., 2019), the reported activity of In-doped Cu-based catalysts are 

ambiguous. Słoczyński et al. (Słoczyński 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 et al. (Shi et al., 2019) 

reported synergistic effects between CuxIny and In2O3, resulting in highly selective 

methanol synthesis catalysts. Gao et al. (Gao et al., 2020) proposed that hydrogen is 

activated on CuxIny sites, while the In2O3-ZrO2 phase facilitates CO2 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/ZrO2. The 

greater reducibility of In2O3 compared to ZnO, ZrO2, and CeO2 means that In2O3 species 

migrate readily during reduction and that the formation of surface and bulk CuxIny 

alloys is facile. However, these studies indicate that ZrO2 might have a stabilizing effect 

on In2O3 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 CO2-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 ZrO2 enhances the methanol synthesis 

activity, which is attributed to the formation of Cu-ZrO2 interfacial sites for CO2 

activation and conversion to methanol. In contrast, ZnO-doping of Cu/ZrO2 reduces the 

number of active interfacial sites and thereby the methanol formation rate. It is also 

shown that In-doping of Cu/ZrO2 can enhance the catalyst’s performance, whereas the 

activity is significantly reduced when In is impregnated onto Cu/ZnO. This is linked to 

a stabilizing effect of ZrO2 on In2O3, resulting in In-Zr mixed oxide sites for CO2 

conversion to methanol. On the other hand, the In2O3 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 Schlögl, 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 
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calcination at 350 or 500 °C for 3 h. The co-precipitated catalysts are 

denoted as CuM-X, where M is ZnO, ZrO2, or In2O3 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/CuZn-350 or M/CuZr-350, where M is ZnO, ZrO2, or In2O3. 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 83.3 16.7 – – 83.2 16.8 – – 

In/CuZn-350 82.5 16.5 – 1.0 82.2 16.5 – 1.3 

Zr/CuZn-350 82.5 16.5 1.0 – 82.2 16.7 1.1 – 

CuZr-350 83.3 – 16.7 – 89.1 – 10.9 – 

CuZrIn-350 82.9 – 16.6 0.5 88.7 – 11.0 0.3 

In/CuZr-350 82.5 – 16.5 1.0 88.0 – 10.9 1.1 

Zn/CuZr-350 82.5 1.0 16.5 – 87.8 1.0 11.2 – 

CuIn-350 83.3 – – 16.7 84.1 – – 15.9 

 

2.2 Characterization of catalysts 

N2 adsorption-desorption measurements were obtained at 77 K using a 

Micromeritics TriStar II instrument. The samples were degassed prior to 
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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 HNO3:HCl 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 Kα 

radiation source (λ = 1.5406, 40 kV, and 40 mA). The reduced samples 

were passivated in 1% O2/N2 before being transferred to the sample 

holder. The patterns were collected at 2θ 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 oC 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 
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dispersed in ethanol by ultrasonication and deposited on a holey carbon-

coated copper grid. 

Temperature programmed reduction (H2-TPR) measurements were 

conducted using a Micromeritics Autochem II 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% H2/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 (CO2-TPD) was carried out using 

the same instrument as for H2-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. CO2 adsorption was performed with a 6 

vol% CO2/Ar mixture at 50 °C for 1 h. Physically adsorbed CO2 was 

removed by purging the sample in He flow for 1 h. CO2-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; 
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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 H2 

consumption was determined by a second H2-TPR experiment from 50 

to 400 °C at a rate of 10 °C/min in a 7% H2/Ar mixture. The Cu surface 

area (SACu) was calculated using Eq. 1. 

SACu (m
2∙gcat

-1) = 
𝑌 × SF × 𝑁𝐴

𝐶𝑀 × 𝑊𝑐𝑎𝑡
(Eq. 1) 

Where Y is the moles of H2 consumed in the TPR following N2O 

chemisorption, SF is the stoichiometric factor (2), NA is Avogadro’s 

number (6.022 × 1023 mol–1), CM is the number of surface Cu atoms per 

unit surface area (1.47 × 1019 atoms∙m–2), and Wcat is the amount of 

catalyst (g).  

2.3 Catalytic activity tests 

The CO2 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/N2 

(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 CO2 

conversion was calculated utilizing N2 as internal standard based on Eq. 

2. The methanol selectivity (Smethanol) and space-time yield of methanol 

(STYmethanol) were calculated using Eq. 3 and Eq. 4, respectively.  

XCO2
(%) =  [1 −

moles CO2,out

moles CO2,in
×

moles N2,in

moles N2,out
] × 100  (Eq. 2) 

Smethanol(%) =  
moles methanolout

moles methanolout + moles COout
× 100 (Eq. 3) 

STYmethanol (𝑚𝑚𝑜𝑙𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 ∙ 𝑔𝑐𝑎𝑡
−1 ∙ ℎ−1) =

𝐹CO2,in × XCO2/100 × Smethanol/100 

𝑊𝑐𝑎𝑡 
    (Eq. 4) 

Where FCO2,in (mmol/h) is the molar flow rate of CO2 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 CuZn and CuZr catalysts are 

summarized in Table 2. The BET surface area of the CuZn-350, CuZr-

350, and CuZrIn-350 catalysts prepared by co-precipitation are similar 

in the range of 72–77 m2/g. Furthermore, the pore volume is also 

comparable for these catalysts (0.17-0.19 cm3/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 m2/g) and 

Zr/CuZn-350 (48 m2/g) compared to In/CuZr-350 (63 m2/g) and 

Zn/CuZr-350 (61 m2/g).  

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

Catalyst SABET 

(m2/g) 

Pore volume 

(cm3/g) 

Pore diameter 

(nm) 

dCuO(111) 

(nm) 

dCu(111) 

(nm) 

dZnO(101) 

(nm) 

CuZn-350 72 0.17 7.7 5.9 23.7 10.4 

In/CuZn-350 46 0.11 7.6 7.8 20.1 9.1 

Zr/CuZn-350 48 0.11 7.4 8.1 21.8 9.8 

CuZr-350 73 0.18 7.9 7.8 21.3 – 

CuInZr-350 77 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 201̅ (∼31.5°2θ) and the 211̅ 

(∼32.5°2θ) peaks towards higher angels is due to Zn2+ 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.  

 

Figure 1. XRD patterns of the CuZn, CuZr, and CuZrIn precursors 

prepared by co-precipitation. 

The XRD patterns of the calcined CuZn-350, In/CuZn-350, and 

Zr/CuZn-350 catalysts are shown in Figure 2a, while Figure 2b shows 

the patterns of the CuZr-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 2θ 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/CuZn-350 and 

Zr/CuZr-350 catalysts, respectively. Furthermore, peaks corresponding 

to ZnO are present for the In/CuZn-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 ZrO2 are present in the XRD patterns, indicating that these 

species are amorphous or highly dispersed.  

   

Figure 2. XRD patterns of calcined (a) CuZn-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 CuZn-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 CuZn 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 ZrO2 (a-ZrO2) is present for the CuZr samples, in agreement 
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with literature (Tada et al., 2018b). The XRD pattern of the reduced 

CuIn-350 sample is shown in Figure S1c. It was found that the peaks of 

Cu are shifted towards lower diffraction angles for the CuIn-350 sample, 

indicating the incorporation of In into the bulk of the Cu crystallites. 

Furthermore, peaks matching fairly well with that of Cu7In3 (PDF #65-

2249) was observed, whereas crystalline In2O3 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 CuZn and Zr/CuZn 

compared to the CuZr-350 and CuZrIn-350 catalysts, which might be 

related to distortion of the Cu lattice by Zn (Günter et al., 2001).  
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Figure 3. XRD patterns of reduced-passivated (a) CuZn-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). 

 

3.1.3 TGA 

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-ZrO2 to m-ZrO2 (Tada et al., 2018b). The TGA and 

DSC curves of the CuIn precursor is shown in Figure S2 and are similar 

to that of the CuZn, CuZr, and CuZrIn samples.  

 

 

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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3.1.3 TEM 

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 

CuZn-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) CuZn-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 ZrO2. Additional 

TEM images comparing the morphology of CuZn-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 ZrO2 

compared to ZnO. This results in the Cu particles being in closer 

proximity to each other and can agglomerate more easily. The ZrO2 

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, ZrO2-rich and ZrO2-deficient 

areas can be identified. Thus, the ZrO2 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.  
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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 CuZn-350, In/CuZn-350, and 

Zr/CuZn-350 catalysts are shown in Figure 7. Three deconvoluted peaks 

are identified, namely α, β, and γ, related to different CuO species. For 

the CuZn-350 catalysts, the reduction peaks corresponding to β- and γ-

species can be observed. The β-peak is due to the reduction of surface 

CuO species, while the γ-peak is ascribed to the reduction of bulk CuO 
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(Gao et al., 2012; Gao et al., 2013). The impregnation of In2O3 or ZrO2 

onto the CuZn-350 catalyst results in the formation of an α-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 → Cu2O → Cu) when CuO is in intimate contact with ZnO 

(Kühl et al., 2014), ZnAl2O4 (Kühl et al., 2014), and ZrO2 (Ro et al., 

2016). In contrast to ZnO, the ZnAl2O4 and ZrO2 can stabilize the Cu2O 

intermediate, which results in a pronounced shoulder in the TPR pattern. 

The α-peak can also be observed in the TPR profile of the CuIn-350 

catalyst (Figure S4). Therefore, the α-species are related to stabilized 

Cu2O species formed at lower reduction temperature due to the enhanced 

reducibility of CuO in contact with In2O3 and ZrO2. The H2/CuO ratios 

were estimated from the TPR peak areas and are summarized in Table 3. 

The H2/Cu ratio is close to 1 for CuZn catalysts, indicating complete 

reduction of CuO. For the CuIn-350 catalysts, the H2/Cu ratio is 1.12 

below 240 °C, indicating that highly dispersed In2O3 species also are 

reduced at relatively low temperature. 
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Figure 7. Deconvoluted H2-TPR patterns of the CuZn-350, In/CuZn-350, 

and Zr/CuZn-350 catalysts. 

Table 3. Summary of H2-TPR results, Cu surface areas, and relative 

number of MB sites of the CuZn and CuZr catalysts. 

Catalyst H2/CuO 

ratio 

α 

(%)a 

β 

(%)a 

γ 

(%)a 

SACu 

(m2/g)b 

Relative number 

of MB sites 

AHT-

MB/AMB 

CuZn-350 0.98a 0 85.5 15.5 18 0.22c 0 

In/CuZn-350 1.01a 13.3 59.1 27.6 14 0.18c 0 

Zr/CuZn-350 1.00a 32.9 45.8 21.3 17 0.35c 0 

CuZr-350 0.92a 38.1 48.9 13.0 34 1.00c 0.24d 

CuZrIn-350 0.99a 37.7 37.0 25.3 36 0.86c 0.42d 

In/CuZr-350 0.93a 26.1 40.2 33.7 26 0.55c 0.35d 

Zn/CuZr-350 0.98a 29.1 49.5 21.4 32 0.88c 0.26d 

a Determined from H2-TPR; b Estimated from N2O chemisorption; c 

Obtained from CO2-TPD; d 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 α-peak areas are higher for the CuZr catalysts compared to the 

Zr/CuZn-350 and In/CuZn-350 samples because of the higher ZrO2 

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 α-species of the CuZr catalysts, whereas the formation α-

species occurs when In is impregnated onto CuZn-350 (Table 3). The 

number of α-species is also reduced when Zn is impregnated onto the 

CuZr-350 catalysts. The lower amount of α-species suggests that In and 

Zn adsorption is more favorable on the ZrO2 phase during impregnation, 

which reduces the interaction between Cu and ZrO2. The H2/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. 

 

Figure 8. Deconvoluted H2-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 N2O adsorption and are 

summarized in Table 3. The Cu surface area of the CuZn-350 is 18 m2/g, 

which decreases to 14 m2/g when In is impregnated onto the CuZn-350 

catalyst. On the other hand, the Cu surface area of the Zr/CuZn-350 

catalyst (17 m2/g) is comparable to that of CuZn-350. The smaller 

number of Cu atoms on the surface of In/CuZn-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 CuIn-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 m2/g. It can be seen that the Cu surface area is also 

significantly reduced when In is impregnated onto the CuZr-350 catalyst 

(26 m2/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 CuZn-350 and CuZr-

350, which suggests that the Cu surface is partially covered by In after 

reduction for both catalysts. 

 

3.1.5 CO2-TPD 
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The surface basicity of the catalysts was studied by CO2-TPD. Figure 9a 

shows the CO2-TPD profiles of CuZn-350, In/CuZn-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 

(Bönicke 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) 

(200–480 °C), and strong basic sites due to low-coordination O2– species 

(480-800 °C) (Zhang 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 ZrO2 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 CuZn-350 catalyst. Different 

types of MB and SB sites are also present in the CO2 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 In2O3 species with ZrO2. The CO2-TPD 

profiles of CuIn-350, CuZn-500, and CuZr-500 are shown in Figure S6. 
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Notably, the surface basicity of the CuIn-350 catalyst is much lower than 

that of the other samples.  

   

Figure 9. CO2-TPD profiles of the (a) CuZn-350, In/CuZn-350, and 

Zr/CuZn-350 catalysts; and the (b) CuZr-350, CuZrIn-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∙gcat
-1∙h-1 is obtained over 

the CuZn-350 catalyst. Although the CuZn-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∙gcat
-1∙h-1) of the CuZn-500 

catalyst is attributed to the decrease in metal-support interaction, as 

indicated by XRD and CO2-TPD. The highest methanol formation rate 

is obtained over the Zr/CuZn-350 catalyst (15.6 mmol∙gcat
-1∙h-1), which 

is ascribed to the formation of Cu-ZrO2 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.  

 

Figure 10. Methanol and CO production rates for the CuZn and CuZr 

catalysts. Reaction conditions: 230 °C, 30 bar, 38 000 cm3/(gcat h), 

H2/CO2 = 3.  

The methanol formation rate of the CuZr-350 catalyst (13.1 mmol∙gcat
-

1∙h-1) 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 N2O chemisorption for our CuZr catalysts. The activity of Cu/ZrO2-

based catalysts is critically linked to the interfacial sites, which facilitate 

CO2 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/ZrO2 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 CO2-

TPD. It can be seen that the addition of ZnO to Cu/ZrO2 has the opposite 

effect of impregnating ZrO2 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 ZrO2 do not 

contribute to methanol synthesis.  

To compare the methanol selectivity of the CuZn and CuZr catalysts, the 

effect of contact time was investigated by varying the GHSV between 20 

000 and 100 000 cm3∙gcat
-1∙h-1. The methanol selectivity is plotted against 

the CO2 conversion after reaching stable production rates for the CuZn 

and CuZr catalyst in Figure 11a and b, respectively. As expected, the 

methanol selectivity increases with decreasing CO2 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 CuZn 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 CuZn-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 CO2-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-

ZrO2 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 CuZn-350 catalyst is relatively stable (Figure S7). Nevertheless, the 

incorporation of ZrO2 increases the number of active sites for methanol 

synthesis at steady-state, resulting in a higher methanol selectivity 

compared to CuZn-350.  
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Figure 11. Methanol selectivity as a function of CO2 conversion for (a) 

CuZn-350, CuZn-500, and Zr/CuZn-350; and (b) CuZr-350, CuZr-500, 

and Zr/CuZn-350 catalysts. Reaction conditions: 230 °C, 30 bar, H2/CO2 

= 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-ZrO2, and (iii) Cu/t-ZrO2. It has been 

reported that the methanol synthesis activity of Cu supported on a-ZrO2 

is higher than that of t-ZrO2 (Tada et al., 2018b). Therefore, the lower 

methanol selectivity of CuZr-500 is attributed to the transformation of a-

ZrO2 into t-ZrO2, as indicated by XRD (Figure S1d). Based on the CO2-

TPD results, one of the reasons for the higher activity of Cu/a-ZrO2 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-ZrO2 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 CuZn-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 (AHT-MB/AMB, 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, In2O3 and ZrO2-promoted 

In2O3 catalysts are reported to require higher temperatures than Cu/ZnO 

and Cu/ZrO2 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.  

 

Figure 12. Methanol formation rates for the CuZn-350*, In/CuZn-350, 

CuZr-350, CuZr-350*, CuZrIn-350, and In/CuZr-350 catalysts. Reaction 

conditions: 30 bar, 80 000 cm3/(gcat h), H2/CO2 = 3. 

The methanol selectivity as a function of CO2 conversion is plotted for 

the CuZn-350*, In/CuZn-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 CuZn-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 CuIn-350 catalyst was negligible at 270 °C 
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(see Table S1 for summary of characterization results of CuIn-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 

(ii) 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 ZrO2 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).  

   

Figure 13. Methanol selectivity as a function of CO2 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/CO2 = 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 CuZn-350 and Zr/CuZn-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 (Günter 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 CuZn-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/CuZn-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., 1996a; 

Reichenbach et al., 2018; Zheng et al., 2020), ZrO2 (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), CeO2 (Graciani et al., 2014; Senanayake et al., 

2016), and LaO2 (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.  

 

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 CO2 

hydrogenation. The impregnation of a small amount of ZrO2 onto 

Cu/ZnO significantly improves the methanol selectivity of the catalyst. 

Furthermore, the initial methanol formation rate is approximately two 

times higher for the ZrO2-containing Cu/ZnO catalyst. The introduction 

of ZrO2 generates medium-strength basic sites for CO2 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/ZrO2, 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-ZrO2 interfacial sites that can facilitate CO2 conversion into 

methanol.  

We also demonstrate that In can inhibit the RWGS reaction on the 

Cu/ZnO and Cu/ZrO2 catalysts. The results suggest that inactive CuxIny 

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/ZrO2 

catalyst by co-precipitation. The higher activity of In-doped Cu/ZrO2 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 ZrO2 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 CO2 hydrogenation to methanol. 
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Figure S1. XRD patterns of (a) CuIn precursor; (b) calcined CuIn-350, 

CuZr-500, and CuZn-500; (c) reduced-passivated CuIn-350; and (d) 

reduced-passivated CuZn-500 and CuZr-500. It is observed that In does 

not appear to affect the crystallization process of malachite for the CuIn 

sample (Figure S1a), as was observed for the CuZrIn precursor. Instead, 

a second phase is detected for the CuIn precursor with a prominent 

reflection at 2θ of ∼22.3°, corresponding to In(OH)3 (PDF #76-1463). It 

can be seen in Figure S1c that the peaks of Cu are shifted towards lower 

diffraction angles after reduction of CuIn-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 
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with that of Cu7In3 (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 ZrO2 

(t-ZrO2) since its most intense reflection is located in this region. It has 

also been reported that crystalline t-ZrO2 can form during calcination at 

500 °C (1). 
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Figure S2. TGA and DSC curves of the CuIn precursor. The additional 

mass loss and endothermic peak at ca. 240 °C is attributed to the 

decomposition of In(OH)3 (2). The exothermic peak at 598 °C might be 

related to structural changes in In2O3 or the formation of CuxIn(1-x)Oy 

species. 
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Figure S3. TEM images of the reduced-passivated (a) CuZn-350 and (b) 

CuZr-350 catalyst.  
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Figure S4. TPR patterns of CuIn-350, CuZr-500, and CuZn-500. The γ*-

peak present for CuIn-350 might be related to bulk CuO species strongly 

bound to In2O3. The wide peak at 350-480 °C is ascribed to the reduction 

of the In2O3 phase. 
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Figure S5. Cu surface area of the CuIn-350 catalyst after reduction at 

different temperatures. 
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Figure S6. CO2-TPD of the CuIn-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-ZrO2 into t-ZrO2, 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 CuZn-500, CuZr-500, and CuIn-350 

catalysts.  

 CuZn-500 CuZr-500 CuIn-350 

Specific SAa / m2 gcat
-1 42 55 74 

Pore volumea / cm3/g 0.10 0.14 0.19 

Cu SAb / m2 gcat
-1 19 31 <1 

CuO crystallite sizec / nm 11.9 9.1 7.9 

Cu crystallite sizec / nm 26.4 (12.8) 23.1 32.6 

Metal oxide crystallite sized / nm 12.8 n.d. n.d. 

H2/CuO ratiod 0.99 0.97 1.39 

Relative number of moderate basic sitese 0.14 0.71 – 

AHT-MB/AMB 0f 0.25f 0f 

a BET surface area of the reduced catalysts; 

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

7% H2 for 2 h; 

c Estimated from XRD by the Scherrer equation; 

d Calculated from the H2-TPR peak area; 

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

estimated by CO2-TPD; 

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