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ABSTRACT 

The search for sustainable and economical chemical processes is a key priority for 

the chemical industry. Cascade catalysis presents a promising technology to meet this need 

by combining multiple catalysts to drive a sequence of catalytic steps in one reactor. These 

catalysts work cooperatively to achieve desired products with higher selectivity/atom 

efficiency than from using any single catalyst alone. Consequently, this cascade approach 

enables efficient use of feedstock and reduces the operational work-up between catalytic 

sub-steps, leading to both time and cost benefits. Research described in this dissertation 

investigates the use of heterogeneous-based cascade catalytic systems to advance carbon 

dioxide hydrogenation for producing value-added products. Carbon dioxide is an abundant 

and nontoxic carbon source; its conversion provides sustainable routes for chemical 

synthesis and opportunities to balance green-house gas emissions that are linked to climate 

change. 

In this dissertation, copper- and molybdenum carbide-based heterogeneous 

catalysts were evaluated for the hydrogenation of carbon dioxide and subsequent 

intermediates, i.e. formic acid and formate esters, to produce methanol. Catalysts identified 

from these sub-reactions were combined to devise several cascade systems for carbon 

dioxide hydrogenation. A series of mixed homo-/hetero-geneous cascade systems were 

first targeted via pathways at both Lewis acidic and basic conditions. Surface interactions 

between homogeneous and heterogeneous catalysts seemed to play an important role in



xxiii 

 

catalytic performance, ultimately leading to catalyst deactivation and ineffective cascade 

systems. Several heterogeneous-based cascade systems were developed to eliminate these 

interactions; these systems worked cooperatively to produce methanol and/or dimethyl 

ether. For example, a system containing an iridium- and a copper-based catalyst enhanced 

the methanol production by threefold (via the formic acid intermediate) compared to 

employing each catalyst alone. The study was further extended to evaluate several 

molybdenum carbide supported metal catalysts to produce alcohols and hydrocarbons. The 

role of temperature and metal type on reaction performances and pathways was also 

elucidated. In addition to developing novel heterogeneous cascade systems for carbon 

dioxide hydrogenation, research described in this dissertation also provides useful insights 

for designing similar types of catalytic systems for other challenging and multi-step 

chemical transformations of interest. 
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CHAPTER 1 

INTRODUCTION 

1.1 Cascade Catalysis: An Emerging Strategy for Chemical Synthesis 

By 2040, the world’s population is expected to reach 9 billion, requiring at least a 

25% increase in the energy supply or the equivalent of ~150 quadrillion BTU, to maintain 

current lifestyles [1] (Figure 1.1). The development of more sustainable and efficient 

processes for chemical production is greatly desired to meet the increasing demand for 

energy and materials as a result of the rapid population growth.  

 

Figure 1.1 Current and projected data from year 2000-2040 for (a) global population and 

(b) global energy demand. Adapted from 2014 Energy Outlook [1]. Key growth includes 

Turkey and Mexico. OCED: Organization for Economic Cooperation and Development.
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Cascade (or tandem) catalysis represents a promising technology for sustainable 

and economical chemical synthesis. By definition, cascade catalysis is the involvement of 

multiple catalytic sites to drive a series of reactions sequentially within one-synthetic 

operation [4]. Figure 1.2 schematically shows the working principles associated with a 

typical cascade system. The product generated by one catalyst is passed onto the next 

catalyst as an intermediate until the final product is obtained through a sequence of closely 

coupled catalytic reactions. Consequently, cooperation between these catalysts enables 

more efficient use of the starting materials, delivering the final desirable products in a more 

selective and atom efficient manner compared to processes using a single catalyst [2, 5, 6]. 

High selectivity towards final products is highly desirable in developing cost effective 

processes, as it reduces the down-stream separation requirements, which account for the 

majority of the costs in many chemical processes [7]. In some cases, this cascade approach 

also shifts the chemical equilibrium by converting an unstable intermediate in situ to a 

lower energy species, leading to increased product yields [4]. Furthermore, cascade 

catalysis offers more degrees of freedom with respect to designing the catalytic system, as 

catalysts for each single reaction step can be identified and tuned independently for optimal 

performance [5].  

 

  

 

Figure 1.2 Schematic diagram for cascade catalysis. Adapted from [2]. 
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Broader descriptions of cascade catalysis also include a single site catalyst that 

triggers a sequence of reactions (also known as auto-tandem or domino system [8]) or a 

single catalyst that possesses multiple catalytic sites working in concert to drive the 

reaction steps sequentially within a transformation [6]. This dissertation principally covers 

the examples of cascade systems based on multiple catalysts. 

1.2 Cascade Catalysis Examples 

Cascade catalytic systems can be categorized based on roles of the substrates, 

additional reagents, and active sites for each reaction. The four most common patterns are 

illustrated in Figure 1.3. Pattern (i) is the most straightforward case where A is converted 

to B by catalyst I, and B is then converted by catalyst II to produce the desired product (P). 

Pattern (ii) is very similar to pattern (i) except that A participates in both catalytic cycles. 

This type of chemistry is common for polymerization reactions. For Pattern (iii), C has to 

be added as an additional reagent to enable one of the catalytic cycles. As for Pattern (iv), 

it first involves the parallel transformation of A to B using catalyst I and C to D using 

catalyst II. Intermediates B and D will then participate in a reaction using catalyst III to 

deliver P. This pattern is extremely useful for generating complex molecules for fine 

chemical or pharmaceutical applications [4].  
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Figure 1.3 Four typical patterns of cascade catalysis. A = substrate, B or D = intermediate, 

C = additional reagent, P = products. Taken from [4]. 

Applying the concept of cascade catalysis to artificial processes opens a broad 

spectrum for chemical syntheses, both for homogeneous and heterogeneous-based catalytic 

systems. The next few paragraphs will introduce the advantages and limitations for both 

homogeneous and heterogeneous cascade systems. We also provide several examples in 

each case to demonstrate how a cascade system achieves a desired transformation that 

would be ineffective or unachievable via a single catalytic material. [5] 

1.2.1 Homogeneous Cascade Catalysis 

Nature provides a number of examples of cascade catalysis through multi-

enzymatic systems to achieve products with high molecular complexity starting with 

easily-accessible substrates, such as plant photosynthesis [9] and polyketide biosynthesis 

[10]. These multi-enzymatic systems serve as models for the development of homogeneous 

cascade systems. The use of cascade catalysis in homogeneous processes significantly 

reduces the need for isolation, purification, and work-up between catalyst steps. This 

(iii) (iv) 

(i) (ii) 
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advantage not only leads to cost and time benefits but also provides more environmental-

friendly synthesis protocols, because the use of toxic reagents (usually required for 

purification) are significantly reduced. [5] A major limitation when applying homogeneous 

cascade catalysis in a one-pot reactor is the potential irreversible interactions between 

substrates and catalysts. These interactions can cause side reactions that ultimately lead to 

ineffective catalytic systems [11]. Nevertheless, significant progress has been made on 

developing homogenous cascade systems for organic synthesis, as illustrated by the 

following examples. 

Homogeneous cascade catalysis has been demonstrated to be an effective technique 

for catalyzing carbonylation reactions [12]. Figure 1.4 shows the scheme for a recent study 

[13] on the formation of valuable α-methyl-branched aldehydes from terminal alkenes via 

hydroformylation, a common type of carbonylation reaction. Terminal alkenes are 

abundant and cheap biosubstrates; however, their direct hydroformylation normally leads 

to linear aldehydes. These linear aldehydes are not as valuable or useful when compared to 

their branched aldehyde isomers (with a carboxylic group), which is an important building 

block for the production of fine chemicals and pharmaceuticals [14]. In the cascade system 

described in Figure 1.4, the Pd-PPh3 catalyst was first used to isomerize the terminal alkene 

to an internal alkene, a scarce and expensive intermediate. This step was followed by 

hydroformylation of the internal alkene using a Rh/L1 catalyst (with the addition of 

syngas), to produce α-methyl- branched aldehyde. A total TOF (for terminal alkene 

conversion) of 0.001 s-1 was attained at 25 °C,  with up to 85% selectivity achieved for the 

desired branched aldehyde, a significant improvement (by ~ 60%) compared to the 

performance using a single Rh/L1 catalyst alone [13]. This cascade system opens new 
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opportunities for transforming terminal alkenes, the inexpensive bioavailable substrates, to 

valuable and complex pharmaceutical products or building blocks, such as the branched 

aldehyde described in this example.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Homogeneous cascade system of terminal olefins to α-methyl-branched 

aldehydes. Adapted from [13]. 

Homogeneous cascade catalysis also plays an important role in polymer synthesis, 

generating polymer structures with desired features that are challenging to obtain using a 

single catalyst. Figure 1.5 shows the copolymerization of ethylene to produce linear low-

density polyethylene (LLDPE) [15]. The traditional synthesis of LLDPE requires an alpha 

olefin (e.g. 1-butene) comonomer added with the ethylene. [16] In this cascade system, the 

alpha olefin was first generated from ethylene using an oligomerization catalyst (I in Figure 

1.5) such as a Ti(OC4H9-n)4-AlR3( R = CH3, C2H6,i -C4H9) catalyst reported by Pillai and 

coworkers [17]. A copolymerization catalyst (II in Figure 1.5), such as a Ziegler-Natta 

catalyst, was then used to convert the ethylene and alpha olefin to the desired LLDPE. This 
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cascade system fully utilized the easily-accessible ethylene substrate, removing the need 

for adding a comonomer. 

 

 

 

 

Figure 1.5 Homogeneous cascade system of ethylene copolymerization to produce linear 

low-density polyethylene (LLDPE). Adapted from [4]. 

Alkane metathesis has recently received considerable attention as a useful reaction 

to convert the low-value middle-chain length hydrocarbons (e.g. n-hexane) to valuable long 

chain hydrocarbons (>C9) that are suitable for transportation fuels [18]. To this end, the 

literature examples on the direct metathesis of alkane are limited and suffer from low yields 

to the desired higher molecular weight hydrocarbons (> C9), due to the difficulty of 

activating and rearranging C-H bond in alkanes [19, 20] Alternatively, alkane metathesis 

can be accomplished indirectly through a cascade pathway by first dehydrogenating the 

alkane to an alkene and performing the corresponding alkene metathesis, followed by the 

hydrogenation of the resulting alkenes to alkanes. The example shown in Figure 1.6 utilized 

a homogeneous cascade system that combines an Ir-pincer type complex (Cat. I and II) for 

the transfer dehydrogenation cycle (initial and final step in Figure 1.5) and a Schrock-type 

(Cat. III) catalyst for alkene metathesis (middle step in Figure 1.5). [18] This system 

successfully accomplished alkane metathesis by converting n-hexane to a series of 

hydrocarbons ranging from C2-C15. A total TOF of 0.0015 s-1 and a molar yield of 3.8% to 

the C9+ alkanes was achieved at 125 °C for 24 h; control experiments with each single 
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catalyst alone showed inactivity for alkane metathesis. This example demonstrated the 

feasibility of performing alkane metathesis using homogeneous cascade catalysis. 

However, the overall yield to the desired C9+ hydrocarbons still remained relatively low, 

due to the decomposition of Cat. III. A more robust catalyst for olefin metathesis is desired 

to enhance the reaction performance. 

 

 

 

 

 

 

Figure 1.6 Homogeneous cascade system of linear alkane metathesis. M is the active metal 

center in the transfer dehydrogenation cycle. Catalysts I or II is for dehydrogeantion and 

catalyst III (Schrock-type) is for olefin metathesis. Adapted from [18]. 

1.2.2. Heterogeneous Cascade Catalysis 

The classic heterogeneous catalyst design has focused on identifying a single 

catalyst that works most effectively for the rate-limiting step of a targeted transformation. 

[21] One drawback to using this strategy for a multi-step reaction is the difficulty of 

tailoring a single catalyst to efficiently perform all the steps within the process. Therefore, 

the overall reaction rate is always limited by certain step(s). The first generation of 

heterogeneous cascade systems are bifunctional catalysts, where multiple active sites exist 

on the same support to facilitate different catalytic cycles sequentially [22-24]. Only in the 

last two decades have heterogeneous cascade systems containing multiple catalysts been 
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demonstrated, where different components or interfaces of heterogeneous catalysts have 

been combined to advance complex multi-step transformations [5, 6, 25]. Heterogeneous 

systems hold promise for providing enhanced compatibility between catalysts components, 

better thermal stability, more cost-effective materials, and easier separation from the 

reaction mixtures compared to most of their homogeneous counterparts. 

Figure 1.7 illustrates a bilayer cascade system that converts CH3OH and ethylene 

selectively to propanal [25]. The system effectively utilized two metal/metal oxide 

interfaces in the CeO2-Pt-SiO2 nanocrystalline material, where the Pt-CeO2 interface 

catalyzed the CH3OH decomposition to provide syngas (a mixture of CO and H2) and the 

syngas and ethylene were then converted at the Pt-SiO2 interface to produce propanal. This 

bilayer cascade system afforded a total turnover frequency (TOF) for propanol of 2.6×10-

2 s-1 at 190 °C and 1 bar with a reaction mixture of CH3OH/C2H4/N2 = 5%/1%/95%; the 

TOF for propanol achieved on each single interface was only on the order of 10-4~10-3s-1. 

As this system directly used the syngas from CH3OH decomposition, it removed the need 

of externally feeding syngas to the reactor system. Furthermore, the two interfaces shared 

the same layer of Pt to catalyze the two sub-steps in this process, which optimized the use 

of precious metal. In addition, the interfaces in this nanocrystalline material could be 

modified independently for desired chemical transformations. 
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Figure 1.7 Heterogeneous bilayer cascade system of ethylene hydroformylation with 

methanol. Adpated from [25]. 

The use of a heterogeneous cascade system is also advantageous for acid-base- 

catalyzed processes, where the acid/base sites can be added onto the same solid supports 

or be introduced as a mixture of two solid catalysts. This combination is typically not 

feasible in homogeneous processes due to the fast neutralization between the acid and base 

species.[6] The example in Figure 1.8 shows a heterogeneous acid-base cascade system for 

the integrated production of biodiesel and solketal [26], a compound with various 

applications as a fuel additive, surfactant and flavoring agent. [27, 28] The first step in the 

cascade system involved a basic catalyst for the transesterification of triglyceride and 

CH3OH to glycerol and fatty acid methyl ester (FAME), i.e. the biodiesel. The second step 

used glycerol and acetone as the starting materials over an acid catalyst to generate solketal. 

The catalytic system contained a physical mixture of 1,5,7-triazabicyclo[4.4.0]-dec-5-ene 

bound to polystyrene (TBD-PS) as the basic catalyst and Nafion NR-50 as the acid catalyst. 

In addition to the catalyst mixture, a zeolite membrane was also introduced to the cascade 

system to eliminate H2O from the reaction media. The removal of H2O shifted the chemical 

javascript:popupOBO('CHEBI:62803','C2GC16619D','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=62803')
javascript:popupOBO('CHEBI:35195','C2GC16619D','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=35195')
javascript:popupOBO('CHEBI:35617','C2GC16619D','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=35617')
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equilibrium of second step in this cascade transformation which led to significantly 

improved product yields.  

 

 

 

 

  

 

 

Figure 1.8 Heterogeneous acid-base cascade system for integrated production of biodiesel 

and solketal. Adapted from [26]. 

Recently, heterogeneous catalysis has also been demonstrated to be effective to 

sequentially drive a series of typical reactions involved in biomass conversion, such as 

dehydration, condensation, isomerization, and hydrogenation [29-31]. Figure 1.9 illustrates 

a cascade system for converting D-glucose to 5-hydroxymethyl furfural (HMF) [29], an 

important precursor for synthesizing value-added polymers, such as polyurethanes and 

polyamides, as well as for biofuels [32, 33]. Glucose is the most abundant monosaccharide 

and the cheapest hexose, making it a promising feedstock for producing HMF. [34] In this 

cascade transformation, two types of acid sites on beta-zeolite were utilized, where the 

Lewis acid site catalyzed the isomerization from D-glucose to D-fructose and the Bronsted 

acid site dehydrated D-fructose to produce HMF. The amount of each acid site can be tuned 

by modifying the synthesis protocols, such as the calcination temperatures and time [35, 

36]. Materials with different densities of acid sites led to different HMF selectivities. This 
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simple one-pot synthesis of HMF using a heterogeneous multifunctional zeolite also 

effectively eliminated the need for using enzymes or environmentally-unfriendly catalysts 

and solvents as reported previously for the same transformation. [37-39] 

 

 

Figure 1.9 Cascade system for the synthesis of 5-hydroxymethyl furfural (HMF) from D-

glucose using bifunctional beta zeolite catalyst. Adapted from [6]. 

1.2.3 Considerations and Challenges for Cascade Catalysis 

When combining multiple catalysts for a cascade transformation, a number of 

factors must be considered. The primary factor that enables the cascade system is 

compatibility, where all the catalyst materials, reactants, products, and solvents have to 

work together without any undesirable interaction/deactivation phenomena under the 

operating conditions. In addition, the activity for each active site should be matched such 

that the overall process is not starved or overwhelmed by a specific step; this also ensures 

the efficient use of the substrate and intermediate for the overall cascade transformation. 

Finally, a common set of operating conditions has to work for all the specific sub-steps 

within the overall transformation. Defining the operating conditions creates a significant 

challenge, as the favored thermodynamic conditions for each catalytic cycle can be 

significantly different. The level of difficulty will also gradually increase with the number 

of catalytic cycles in the overall process.  
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The concept of “cascade catalysis”, where all the operations are performed in a one-

pot reactor, should be distinguished from the idea of “cascading reactors” [40], where each 

reaction is conducted independently in a series of reactors (Figure 1.10). The major 

difference is whether the intermediate generated from the previous step is immediately 

consumed in the same reactor or is delivered to the next reactor. The difference in 

intermediate lifetime can result in different reactivities. Cascade catalysis is capable of 

consuming the unstable intermediates in-situly, which potentially enhances the overall 

conversion by shifting the chemical equilibrium for the intermediate formation. It also 

allows easy setup and maintenance and is viable for both batch and flow operations. The 

cascading reactor systems in series are typically applied in flow systems [41] and are more 

effective for separating incompatible catalysts/active sites. A cascading reactor system 

should be considered when material compatibility becomes the major concern or the sub-

reaction cannot be operated at similar conditions for a targeted cascade transformation. 

 

 

 

 

 

 

 

Figure 1.10 Schematic diagrams of (a) one-pot reactor using cascade catalysis and (b) 

cascading reactors operated in series. 
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1.3 CO2 Hydrogenation: Motivation and State-of-the-Art 

Natural gas and petroleum are the principal resources used to produce most 

chemicals. In addition, the production of chemicals is among the most energy-intensive 

segments of the industrial sector, accounting for the consumption of ~5 quadrillion BTU 

per year [42] in the United States, most of which comes from fossil fuels. The energy 

demand for chemicals production is projected to increase by 35% in 2040 [1] as shown in 

Figure 1.11. Growing concerns about climate change and diminishing fossil resources are 

driving the development of renewable and non-fossil-based feedstocks for the production 

of chemicals.  

 

 

 

Figure 1.11 Relative industrial energy demand in 2010 and projection in 2040 (a) by fuel 

and (b) by sector. Adapted from [1]. 

Carbon dioxide has attracted considerable attention as a C1 building block for the 

production of fuels and chemicals [43-47]. With the advances in capture technologies, CO2 

could become available at low cost and its conversion to value-added chemicals could be 
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cost-competitive [44]. Furthermore, large-scale CO2 conversion provides opportunities to 

balance green-house gas emissions that are linked to climate change. [3, 48] 

Presently the conversion of CO2 is limited to a few products including urea (146 

Mton/year [49]), CH3OH via the reverse water-gas shift (RWGS) then CO hydrogenation 

(5 Mton/year [50]), and salicylic acid (170 kTon/year [47]). The most promising strategy 

for the large-scale conversion of CO2 is through hydrogenation processes, producing 

alcohols and hydrocarbons. [44, 51] However, CO2 hydrogenation is quite challenging due 

to its stability, the lack of sufficiently active and selective catalytic materials, and the lack 

of cost-effective, non-fossil fuel sources of hydrogen (e.g. via H2O splitting) [45]. 

Additional work is still needed for the commercial scale implementation of CO2 

hydrogenation processes. Centi et al. projected a timeline for the commercial use of CO2 

for sustainable chemical production as shown in Figure 1.12. They proposed that an 

artificial leaf system coupling the photochemical H2O splitting and CO2 hydrogenation 

could be commercially employed to produce several important chemicals/intermediates 

such as CH3OH, dimethyl ether, and olefins. [3]  
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Figure 1.12 Projected timeline for the use of CO2 and renewable energy to increase 

resource and energy efficiency in the chemical production chain. Adapted from [3]. 

As CO2 is thermodynamically stable, its conversion to a number of valuable 

chemicals are energy demanding (Figure 1.13). Furthermore, most of the CO2 conversion 

reactions involve multi-electron transfer, and the use of a single catalyst may not be 

sufficient to drive the reaction [52]. To this end, most of examples of CO2 hydrogenation 

catalysis in the literature focus on developing a single catalyst with the addition of various 

promoters to achieve the desired products [43, 53, 54]. To carry out a multi-step reaction 

over a single catalyst, a rate-determining step always exists, limiting the overall reaction 

rate. As an alternative to a single catalytic system, cascade systems have been devised to 

perform CO2 hydrogenation to achieve higher atom efficiency/selectivity to desired 

products. Meanwhile, these systems provide higher degrees of freedom to tune the catalytic 

performance by independently modifying the catalysts for each individual sub-step.  
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Figure 1.13 Standard Gibbs free energy of formation for CO2 and a series of carbon-

containing chemicals. [55] 

1.4 Cascade Catalysis for CO2 Hydrogenation  

The first cascade catalytic system for CO2 hydrogenation was demonstrated by Huff 

and Sanford [56]. They used three homogeneous catalysts consisting of (PMe3)4Ru-

(Cl)(OAc), Sc(OTf)3, and (PNN)Ru(CO)(H) to hydrogenate CO2 to CH3OH through 

formic acid and alkyl formate intermediates (Figure 1.14). While each catalyst individually 

achieved at least 100 turnovers (TON) for its targeted sub-step [57, 58], the measured TON 

for CH3OH production was only 2.5 at 135 °C, 10 bar CO2, 30 bar H2, and 16h when 

combining the three catalysts in one-pot. This underperformance was caused by the 

incompatibility of (PNN)Ru(CO)(H) with Sc(OTf)3 as well as with CO2 reactant. Physical 

separation of Sc(OTf)3 from (PNN)Ru(CO)(H) by performing the reactions in two separate 

vessels significantly improved the CH3OH TON to 21. While the mechanisms that 

contributed to the observed incompatibility were identified [59, 60], suitable catalysts still 

need to be sought for ester hydrogenation that can be employed in this cascade system.  
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Figure 1.14 Homogeneous cascade system for CO2 hydrogenation to CH3OH through 

formic acid and alkyl formate intermediates using (PMe3)4Ru(Cl)(OAc), Sc(OTf)3, and 

(PNN)Ru(CO)(H) catalysts. Adapted from [56]. 

A recent study by Wesselbaum [61] et al. also reported a homogeneous cascade 

system using the same pathway, via formic acid and alkyl formate intermediates, involving 

a (Triphos)Ru-phosphine and a HNTf2.acid catalyst. As shown in Figure 1.15, the 

(Triphos)Ru-phosphine catalyst catalyzed both the conversion of CO2 to formic acid (step 

i) and ester hydrogenation (step iii); HNTf2 (triflimide) acted as the catalyst for 

esterification (step ii). The highest TON of 221 was achieved for CH3OH at 20 bar CO2, 

60 bar H2, and 140 °C at 24 h. This example was by far the first demonstration of a single 

homogeneous catalyst that can catalyze both step (i) and (iii) for this transformation, which 

eliminated the issue of catalyst incompatibility. 
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Figure 1.15 Homogeneous cascade system for CO2 hydrogenation to CH3OH through 

formic acid and alkyl formate intermediates using (Triphos)Ru-phosphine and HNTf2 

catalysts. Adapted from [61].  

Fan et al. reported the use of Cu/ZnO and Cu/Cr2O3 catalysts for the liquid phase 

CO2 hydrogenation to CH3OH in ethanol, through formic acid and ethyl formate 

intermediates [62]. Table 1.1 shows the conversions and selectivities for CO2 

hydrogenation over three studied catalysts from this work. The presence of both ethyl 

formate and CH3OH in the products suggested that the reactions proceeded through the 

formic acid/ethyl formate intermediates. The production of CO indicated that these Cu-

based catalysts also catalyzed RWGS reaction. The best performance was achieved over a 

Cu/ZnO (Cu-Zn) catalyst, with a 7.5% CO2 conversion and a 73% selectivity to CH3OH. 

They also reported that the CH3OH production was significantly enhanced when 

introducing ethyl formate into the reaction, indicating that the overall rate was limited by 

the formation of ethyl formate in the system. This finding suggested that alone the Cu-

based catalysts did not provide equally matched active sites for each sub-step of the system. 

The combination of multiple heterogeneous catalysts for each sub-step could provide 

opportunities to match active sites and optimize the overall catalytic performance of the 

system.  
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Table 1.1 Conversion and selectivity for liquid phase CO2 hydrogenation.a 

Catalyst 

CO2 

Conversion 

(%) 

Selectivity (%)  

Ethyl 

formate 
CH3OH CO CH4 

Cu-Cr-O 5.2 17 60 21 1.2 

Pd-Cu-Cr-O 4.1 29 51 17 0 

Cu-Zn-O 7.5 6.2 73 20 0 

aReactions were performed at 200 °C, 7.5 bar CO2, 22.5 bar H2 using 200 mg catalyst  

in 10 mL ethanol. Taken from [57]. 

1.5 Research Goal and Thesis Layout 

The overall goal for the research described in this dissertation was to explore the 

feasibility of using heterogeneous catalysts to create cascade catalytic systems for CO2 

hydrogenation. The following objectives were established to achieve this goal: 

1) Identify heterogeneous catalysts to substitute for the incompatible catalyst 

described earlier for the homogeneous cascade system for CO2 hydrogenation to 

CH3OH through formic acid and ester intermediates. In particular, the catalysts for 

the ester hydrogenation step. 

2) Design and evaluate cascade systems coupling homogeneous and heterogeneous 

catalysts for CO2 hydrogenation to CH3OH. 

3) Design and evaluate all-heterogeneous-based cascade systems for CO2 

hydrogenation to CH3OH, dimethyl ether, and hydrocarbons. 

4) Investigate key reaction parameters and their effects on reaction activities, 

selectivities, and pathways for liquid phase low temperature CO2 hydrogenation. 
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With the research goals and objectives identified, this dissertation is divided 

into seven chapters. A brief description of each remaining chapter is provided in the 

following. 

Chapter 2: Identifying Heterogeneous Catalysts for Ester Hydrogenation 

This chapter discusses the physical and catalytic properties of a series of 

heterogeneous catalysts for the ester hydrogenation reaction using ethyl formate as the 

model reactant. Reaction rates, selectivities, and possible mechanisms are described for 

catalysts that were evaluated. The selectivity of this reaction is closely linked to the 

acidity/basicity of the catalytic support. Extended studies are performed using Cu and/or 

Pd promoted Mo2C catalysts to identify the effect of metal deposition and temperature on 

reaction performance.  

Chapter 3: Coupling Homogeneous and Heterogeneous Catalysts for Cascading CO2 

Hydrogenation to CH3OH  

This chapter explores the possibility of combining several homogeneous and 

heterogeneous catalysts to promote low temperature (≤ 135 °C) CO2 hydrogenation to 

CH3OH. The study targets a series of cascade systems involving various intermediates, 

including 1) formic acid/ester, 2) amide, and 3) sodium formate intermediates to drive the 

hydrogenation of CO2 to CH3OH. Interactions between the homogeneous and 

heterogeneous catalysts play an important role with regard to the performance of these 

cascade systems. 

Chapter 4: Designing All-Heterogeneous Cascade Systems for CO2 Hydrogenation 

This chapter discusses the feasibility of creating all-heterogeneous-based cascade 

systems for CO2 hydrogenation to CH3OH and dimethyl ether. The study first targets 
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reaction pathways through formic acid or formate ester intermediates using Cu-, Ir- or 

Mo2C- based heterogeneous catalysts. The production of dimethyl ether from CO2 is also 

demonstrated by combining a Cu-based methanol synthesis catalyst and a zeolite catalysts.  

Chapter 5: Liquid Phase CO2 Hydrogenation over Metal/Mo2C Catalysts 

This chapter discusses the use of a series of Mo2C-supported metal catalysts for 

CO2 hydrogenation. The study investigates the influence of reaction temperature and the 

type of metal deposited onto Mo2C on the reaction rates, selectivities, and reaction 

pathways. The catalyst stability in liquid reaction environment is also assessed by 

comparing the catalytic and surface/bulk properties of the pre- and post-reaction catalysts. 

A series of techniques are utilized including N2 physisorption, X-ray diffraction (XRD), 

temperature programmed reaction (TPR), and scanning electron microscopy (SEM), to 

characterize the catalysts.  

Chapter 6: Chemoselective Hydrogenation of Crotonaldehyde in a Solid-Polymer-

Electrolyte Reactor 

This chapter focuses on the chemoselective hydrogenation of crotonaldehyde in a 

solid-polymer electrolyte (SPE) reactor. This study first investigates the influence of the 

applied potential (0-1.0V) on the reaction rates, selectivities, and current efficiencies. The 

reaction pathways are also explored by probing the system with possible reaction 

intermediates, such as crotyl alcohol and butyraldehyde. The overall reactivity data are 

fitted to a series of rate equations to determine the reaction order and rate constant for each 

elementary step.  
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Chapter 7: Conclusions and Future Work 

The final chapter revisits the key findings and accomplishments from this research. 

Based on these results, future directions for extending and improving the current work of 

cascade systems for CO2 hydrogenation are provided.  
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CHAPTER 2 

HETEROGENEOUS CATALYSTS FOR ESTER HYDROGENATION1 

2.1 Introduction 

The hydrogenolysis of esters is a key step in the production of fatty alcohols (from 

natural fatty esters) and other lower alkyl alcohols, such as CH3OH and ethanol [1-4]. 

Copper-based catalysts are commonly used because they possess high selectivities for 

activation of the C-O bonds rather than the C-C bonds [4]. For example, Cu chromite catalysts 

are well-established for the commercial production of fatty alcohols, although increasing 

environmental concerns with regard to Cr have resulted in the search for new formulations 

[5]. Other catalysts containing less toxic materials, such as Cu/SiO2 [6] and Cu/ZnO [7], have 

been reported to possess ester hydrogenolysis activities and selectivities that are similar to 

those for Cu chromite catalysts. Nevertheless, new catalyst formulations are being sought to 

enhance the performance and sustainability of this process. 

Of particular interest here is the low temperature (< 200 °C), liquid phase 

hydrogenolysis of esters, a key intermediate step during the low temperature hydrogenation 

of CO or CO2 to CH3OH [8-10]. Christiansen [11] first described a two-step process for 

converting syngas (CO and H2) into CH3OH at 180 °C via i) carbonylation of an alcohol to

                                                           
This chapter has been published in Catal. Today, 2016, 259, pp 285–291.  

DOI:10.1016/j.cattod.2015.08.021 
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the corresponding ester over a sodium methoxide catalyst and ii) hydrogenolysis (i.e. 

hydrogenation) of the ester to CH3OH and the parent alcohol over a reduced Cu oxide catalyst 

(see Figure 2.1a). Liu et al. explored the use of potassium methoxide and Cu chromite 

catalysts for syn gas conversion to CH3OH via methyl formate intermediate at 140-180 °C 

[12]. They suggested the formate hydrogenolysis was rate-limiting due in part to deactivation 

of the Cu chromite catalyst by CO. Fan et al. [10] reported the liquid phase hydrogenation of 

CO2 to CH3OH over Cu-Zn or Cu-Cr based catalysts at 200 °C and proposed that the reaction 

occurred via a multi-step pathway. The proposed reaction pathway involved i) hydrogenation 

of CO2 to formic acid, ii) esterification of formic acid to alkyl formate, and iii) hydrogenolysis 

of the formate to CH3OH and the corresponding alcohol (Figure 2.1b). They also suggested 

that formate hydrogenolysis was the rate-limiting step in the overall reaction system, 

encouraging the development of more active catalysts for this step. In Chapter 1, we described 

a homogeneous cascade system developed by Sanford et al. [13]; this system include 

(PMe3)4Ru(Cl)(OAc), Sc(OTf)3, and (PNN)Ru(CO)(H) catalysts, for the hydrogenation of 

CO2 through formic acid and formate ester intermediates. A key limitation for this 

homogeneous cascade system was incompatibility of the ester hydrogenolysis catalyst with 

other components and reactant species [13, 14]. Using heterogeneous catalysts for ester 

hydrogenation may provide a solution to improve the material compatibility due to their 

presence in a difference phase. 
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Figure 2.1 Reaction pathways to achieve one-pot CH3OH synthesis in the presence of alcohol 

through alkyl formate intermediate, (a) from CO hydrogenation [11], and (b) from CO2 

hydrogenation. Adapted from [10]. 

A variety of Cu-based catalysts, including Raney Cu [15], Cu/SiO2 [16], Cu chromite 

[9, 17, 18], and Cu/ZnO [19], have been reported to be active for the liquid phase 

hydrogenolysis of alkyl formates at temperatures in the range of 110-200 °C. Copper 

chromite catalysts are among the most active; however, their poor tolerance to CO reduces 

the feasibility of using this type of catalyst in processes where CO or CO2 is present [15, 20]. 

A variety of oxide supported Pt and Pd catalysts (including ZnO, Ga2O3, In2O3, and SiO2) 

have also been reported to be active for gas phase methyl formate hydrogenolysis at 150 °C. 

The ZnO and In2O3 supported catalysts provided the highest selectivities to CH3OH possibly 

due to the formation of alloys (e.g. Pt-Zn and Pd-In), although a substantial Pd or Pt loading 

(10wt%) was required to achieve the best performance [21]. Braca et al. [22] reported that 

several Re-based heterogeneous catalysts were highly active and selective for the 

hydrogenolysis of formate at 200 °C, albeit at high H2 pressures (~100 bar). The 

acidity/basicity of the support (SiO2, TiO2, Nb2O5, and MgO) appeared to have a significant 

effect on catalytic performance. Homogeneous Re2O7 and Re(CO)10 catalysts also exhibited 

high activities initially but suffered from a rapid deactivation due to CO poisoning. Rhenium, 

however, is relatively expensive, which makes it less attractive for large-scale applications. 
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In this chapter, results for the low temperature, liquid phase hydrogenolysis of ethyl 

formate over molybdenum carbide and nitride supported Cu catalysts are described. 

Molybdenum carbides and nitrides possess catalytic properties that are similar to those for 

platinum-group-metals [23-26], and catalyze a variety of reactions including Fischer-Tropsch 

Synthesis (FTS) [27, 28], CO2 hydrogenation [29, 30], water-gas shift (WGS) [31], alcohol 

steam reforming [32, 33], and hydrodenitrogenation [34]. Like other early transition metal 

carbides and nitrides [23, 24], these materials can be synthesized with surface areas exceeding 

100 m2/g [35-37]. The carbides in particular have also been reported to be effective supports, 

facilitating the production of highly dispersed Pt, Pd, Co and Cu domains, and in some cases, 

modifying the electronic properties of these metals. [32, 38] This modification can result in 

superior catalytic performance for carbide supported metals. For example, Schweitzer et al. 

reported a Pt/Mo2C catalyst that significantly outperformed oxide supported Pt catalysts for 

WGS [39]. Lausche et al. described a Pd/W2C catalyst which demonstrated higher rates and 

selectivities than those for bulk Pd catalysts during the selective, electrocatalytic 

hydrogenation of triglycerides [40]. Furthermore, Mo carbides and nitrides, known CO [27, 

28] and CO2 hydrogenation catalysts [30, 41], are naturally tolerant to CO and CO2. In 

addition to the supported Cu catalysts, we also synthesized and evaluated a series of Pd/Mo2C 

and Cu-Pd/Mo2C catalysts, as oxide supported Pd catalysts have been reported to be active 

and selective for ester hydrogenolysis [21]. Catalytic performance for the Mo carbide and 

nitride supported catalysts were compared to those for conventional oxide supported Cu 

catalysts including Al2O3, SiO2, ZnO, and ZrO2. 
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2.2 Experimental 

2.2.1 Catalyst Preparation and Characterization 

The Mo2C and Mo2N materials were synthesized from an ammonium molybdate 

(AM) precursor (Alfa Aesar) using a temperature programmed reaction (TPR) technique. The 

Mo2C was prepared by reducing AM in H2 at 350 °C for 12 h, followed by treatment in 15% 

CH4/H2 at 590 °C for 2h, and the resulting material was then quenched to room temperature. 

The Mo2N was synthesized by reacting AM with anhydrous NH3 as the temperature was 

linearly heated from room temperature to 350 °C (33 min), then to 450 °C (2.5 h) and finally 

to 700 °C (2.5 h) followed by a soak at this temperature for 1 h before quenching to room 

temperature. Other details regarding the synthesis procedures have been described in 

previous reports [34, 38]. Metals were deposited onto the Mo2C or Mo2N supports using a 

wet impregnation technique. Typically, carbides and nitrides are passivated prior to exposure 

to air to avoid bulk oxidation of the material [37]. To avoid passivation and deposit metals 

directly onto the native Mo2C or Mo2N surfaces (as opposed to a passivated surface), the 

freshly-synthesized materials were transferred under an inert gas (CH4/H2 or He) into an 

aqueous solution containing a target concentration of Cu(NO3)2 or Pd(NO3)2·4NH3 and then 

allowed to interact for at least 20 h. Argon was continuously purging through the solutions 

(during the wet impregnation process) to deaerate and agitate the solution. The synthesized 

metal/Mo2C catalysts showed pyrophoric property, indicating the absence of surface 

passivation on the final materials. Such observation also suggests that neither H2O nor NO3
- 

during the wet impregnation process has passivated/oxidized the catalyst surface. Schweitzer 

et al. reported that passivation/oxidation with deaerated H2O did not occur and was not 

thermodynamically favorable [39]. Our finding on the absence of surface passivation of 
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Mo2C catalysts, therefore, is consistent with the literature conclusion. The resulting catalyst 

slurry was dried at 110 °C for 2 h and reduced in flowing H2 (400 mL/min) at 300 °C for 4 h 

to decompose the nitrate and produce the Cu or Pd domains. Preparation of the Cu-Pd/Mo2C 

catalysts was achieved sequentially by first depositing Cu onto Mo2C, followed by 

transferring the dried Cu/Mo2C under an inert atmosphere to a deaerated aqueous solution 

containing the target concentration of Pd(NO3)2·4NH3. The catalyst was allowed to interact 

for 5 h and was dried and reduced in a quartz tube reactor using the protocols described 

earlier. 

Properties for the Mo2C- and Mo2N-based catalysts were compared to those for bulk 

and oxide supported Cu catalysts. Nano-Cu (QuantumSphere), Cu/ZnO/Al2O3 (Süd-

Chemie/Clariant), and Cu/Cr2CuO4 (Cu Chromite, Strem Chemicals Inc.) catalysts were 

acquired from commercial vendors and used after pretreatment (described later). The 

Cu/ZnO/Al2O3 and Cu/Cr2CuO4 catalysts are referred to as “Cu-Zn-Al” and “Cu-Cr”, 

respectively. The Cu/γ-Al2O3, Cu/SiO2, and Cu/C catalysts were synthesized via incipient 

wetness impregnation of γ-Al2O3 (Alfa Aesar, 0.4 cm3/g pore volume), fumed SiO2 

(AEROSIL®, 0.8 cm3/g pore volume), and carbon black (Fuel Cell Store, Vulcan XC-72R, 

0.8 cm3/g pore volume) with aqueous solutions of Cu(NO3)2 (5 wt% nominal loading). The 

supports were pelletized, then ground and sieved to 125-250 µm prior to impregnation with 

the Cu solution. After impregnation, the catalysts were dried in vacuum at 110 °C for 16 h 

and then annealed under N2 flow (100 mL/min) at 300 °C for 5 h to decompose the nitrate 

from Cu(NO3)2. A Cu/ZrO2 (referred to as Cu-Zr) catalyst was synthesized via a co-

precipitation technique with a 1:1 molar ratio of Cu(NO3)2 and Zr(NO3)2 precursors, based 

on a protocol described elsewhere [42]. 

http://www.sud-chemie.com/
http://www.sud-chemie.com/
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Surface areas of the materials were determined from N2 physisorption isotherms 

collected using a Micromeritics ASAP 2010 analyzer. The isotherms were analyzed using the 

Brunauer–Emmett–Teller (BET) method. Prior to the measurements, the catalysts were 

degassed (< 5 mm Hg) for at least 4 h at elevated temperatures (350 °C for the Mo2C or Mo2N 

based catalysts, 200 °C for the other Cu-based catalysts). The bulk crystalline structures of 

the catalysts were characterized using X-ray diffraction performed using a Rigaku Miniflex 

diffractometer with Cu Kα radiation (λ = 1.5418 Å). The diffraction patterns were obtained 

by scanning 2θ from 10 to 90° at a scan rate of 5 °/min. Inductively coupled plasma (ICP-

OES, Varian 710-ES analyzer) was used to determine the metal compositions for the Mo2C 

and Mo2N based catalysts. As appropriate, the metal content is included in the catalyst name; 

for example, 5 wt% Mo2C supported Cu is referred to as “5 Cu/Mo2C”. 

2.2.2 Activity and Selectivity Measurements 

Ethyl formate was selected as the reactant so that CH3OH produced from other 

pathways could be distinguished from the parent alcohol of the formate. All of the 

experiments were performed in a 50 mL autoclave Parr reactor, equipped with a variable-

speed impeller. A schematic diagram of this high-pressure, continuously-stirred, semi-batch 

reactor system is shown in Figure 2.2. A gas chromatograph (Varian 450, equipped with 

flame ionization and thermal conductivity detectors) was connected directly to the reactor 

gas outlet for online gas product analysis. A filter was also added to separate the liquid 

products from the catalyst particles when withdrawing liquid samples; the liquids were 

analyzed offline using a gas chromatograph (Varian 450) with a flame ionization detector. 

https://www.google.com/search?q=icp+inductively+coupled+plasma&biw=804&bih=489&tbm=isch&tbo=u&source=univ&sa=X&ei=kDFrUvn_CeHbyQHO_YGYCA&sqi=2&ved=0CEQQsAQ
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Figure 2.2 Schematic of high pressure, continuously stirred, semi-batch reactor system for 

liquid phase CO2 hydrogenation. 

All of the Cu-based catalysts were pretreated in 4% H2/N2 (100 mL/min) at 200 °C 

for 4 h in the reactor prior to measurement of the rates and selectivities. The Mo2C or Mo2N-

based catalysts were used as synthesized without passivation. To avoid contact of the 

materials with air, they were transferred under an inert atmosphere and stored in an Ar filled 

glovebox. The reactant solution was prepared by adding 0.6 mmol ethyl formate (Acro 

Organics, 99%) to 37.5 mL 1,4-dioxane (Acro Organics, 99+%, 100 ppm H2O); decane (10 

uL) was introduced as an internal standard for GC analysis. The reactant solution and 200 

mg catalyst were loaded into the reactor. The Mo2C and Mo2N materials were loaded into the 

reactor in the glovebox due to their pyrophoricity. After loading the catalysts and the reactant 

mixture, 30 bar of H2 was charged into the reactor through a dip tube (immersed in the solvent) 

to allow sufficient gas dissolution. The solubility of H2 in 1,4-dioxane is 0.14 M at 135 °C 

and 30 bar H2 [43]. The reactor was then heated at a rate of 5 °C/min from room temperature 

to 135 °C, and agitated at a constant rate of 300 rpm. The start of the reaction was designated 

as the time at which the reactor temperature reached 135 °C. The reactor was maintained at 

135 °C throughout the reaction. Each experiment was repeated at least twice and the errors 

M
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Vent

Liquid 
sampling
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were calculated considering both the standard deviations from replicates and GC analyses. 

Carbon balances closed to within ± 8 % for all the experiments. The conversion was defined 

as the percentage of the initial ethyl formate consumed during the reaction, while the 

selectivity was defined as the molar ratio of a specific product over the total products. The 

reaction rates were evaluated from temporal variations in the amounts of ethyl formate 

consumed or CH3OH formed. 

2.3 Results and Discussion 

2.3.1 Physical Properties 

The surface areas, Cu contents, and Cu crystallite sizes for the supported Cu, Mo2C 

and Mo2N catalysts are listed in Table 2.1. As expected, the Cu/C, Cu/SiO2 and all of the 

Mo2C- and Mo2N-based catalysts possessed high surface areas (> 100 m2/g). The reduced 

surface areas for the Cu/Mo2C and Cu/Mo2N catalysts compared to their corresponding 

support materials is likely a consequence of pore blockage by the Cu nanoparticles. The Cu/γ-

Al2O3, Cu-Zn-Al, Cu-Cr, and Cu-Zr catalysts exhibited moderate surface areas (45-80 m2/g), 

while the Nano-Cu material had a relatively low surface area.  
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Table 2.1 Physical properties of Cu, Mo2C, and Mo2N based catalysts. 

a Values adapted from [39].  
b Cu crystallite size was not quantified for this catalyst, as the peak at ~ 41° 2θ could not be isolated 

from that for the γ-Mo2N support (Figure 2.3). 

 

X-ray diffraction patterns for the catalysts are displayed in Figure 2. The bulk and 

supported Mo2C-based catalysts contained a mixture of α-MoC1-x (face centered cubic) and 

β-Mo2C (hexagonal close packed); each phase was determined by matching the XRD patterns 

to the standard spectra reported in the literature [44, 45]. The two phases showed 

approximately a 1:1 ratio as calculated using the whole pattern fitting Rietveld refinement 

technique (JADE 7.0). Similar Mo:C ratios (~ 2:1) were measured for α-MoC1-x and β-Mo2C 

by the elemental analysis, therefore catalysts containing these materials will be referred to as 

Mo2C for simplicity. This composition was also reported by several works in the literature 

on the same type of Mo2C material [33, 46]. The Mo2N-based catalysts contained only γ-

Mo2N phase. Only a weak peak associated with Cu (41° 2θ) was detected for the Cu/Mo2C 

catalyst and Cu peaks could not be clearly defined for the Mo2N supported material. These 

findings indicated that the Cu dispersion was relatively higher on Mo2C or Mo2N compared 

to that on other supports, although it was possible that the Cu and γ-Mo2N peaks overlapped 

Catalysts 
Surface Area 

(m2/g) 

Cu  

Content 

(wt%) 

Cu Crystallite Size 

(nm) 

Nano-Cua 5.5 100 254 

Mo2Ca 151 N/A N/A 

Mo2N 153 N/A N/A 

5 Cu/Mo2Ca 135 5.3 34 

3 Cu/Mo2N 141 3.2 N/Ab 

Cu-Zn-Ala 60 33 89 

Cu-Cra 46 36 163 

Cu-Zr 80 34 98 

Cu/γ-Al2O3 54 5.0 47 

Cu/SiO2 172 5.0 101 

Cu/C 169 5.0 58 
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at ~ 41° 2θ. Sharp Cu peaks are observed for the Nano Cu material, indicating that it is phase 

pure with large crystallites. Copper peaks, as well as peaks for the support oxides, were 

observed for most of the oxide supported catalysts. Peaks attributable to the oxides were weak 

or non-existent for the Cu-Cr, Cu-Zr and Cu/SiO2 catalysts, suggesting that the oxide particles 

were very small (< 5 nm) or amorphous. In addition, a weak peak was detected for the Cu-

Cr catalyst at 54° 2θ. This peak is consistent with the presence of CuO [41]. The Cu crystallite 

sizes were smallest for the Cu/Mo2C catalyst; the Cu crystallite size was not quantified for 

the Cu/Mo2N catalyst, as the peak at ~ 41° 2θ could not be isolated from that for the γ-Mo2N 

support. 
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Figure 2.3 X-ray diffraction patterns for the Cu, Mo2C, and Mo2N catalysts. The open circle 

indicates the Cu peaks. The standard patterns on the bottom include Cu (JCPDF 01-085-

1326), α-MoC1−x (JCPDF 00-015-0457), β-Mo2C (JCPDF 00035-0787), γ-Mo2N (JCPDF 00-

025-1366), ZnO (JCPDF 01-080-3004), and Al2O3 (JCPDF 00-004-0877). 

2.3.2 Catalytic Activities and Selectivities 

The ethyl formate hydrogenolysis reaction rates and selectivities over the supported 

Cu, Mo2C and Mo2N catalysts are shown in Table 2.2. Ethyl formate hydrogenolysis 

generates CH3OH and C2H5OH in an equimolar ratio (Eq. 1), i.e. a 50% selectivity should be 

expected for each alcohol product. However, we observed that the selectivities to CH3OH 

were less than 50% over all of the catalysts, while the selectivities to ethanol were 
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consistently around 50%. This finding indicated that either CH3OH was consumed during a 

secondary reaction or additional ethanol was produced via side reactions. To examine the 

possibility of CH3OH consumption, control experiments were conducted with 0.6 mmol 

CH3OH as the starting material at 135 °C and 30 bar H2 using 200 mg of each catalyst; these 

conditions are similar to those used during formate hydrogenolysis. No CH3OH was 

consumed during the control trials, indicating that CH3OH was stable once produced in the 

reaction system. Interestingly, CO2 was also observed during the ester hydrogenolysis 

experiments and its selectivity was comparable to the difference between the CH3OH and 

C2H5OH selectivities. It is plausible that the excess ethanol was produced via hydrolysis of 

the formate (Eq. 2.2). H2O was a contaminant in the 1,4-dioxane solvent according to the 

product specification (100 ppm H2O), which resulted in ~ 0.04 mmol of H2O in the reactor 

system; while the CO2 was produced in the amounts of 0.04-0.46 mmol during the ethyl 

formate hydrogenolysis experiments (Table 2.2). This result suggested that additional H2O 

may have come from moisture in the air to balance the amount of CO2 production. This was 

not surprising given the hygroscopic nature of 1,4-dioxane. Based on our previous 

investigations, any formic acid produced during formate hydrolysis would be rapidly 

converted to CO2 (Eq. 2.3) under the conditions used in the present work [41]. Meanwhile, 

the amount of CO2 is always equivalent to the ethanol produced from the hydrolysis (Eq. 2.2). 

Therefore, formic acid is most likely the source of CO2; similar pathway was also suggested 

by Braca et al [22]. For one reactant (ethyl formate) with two pathways (hydrogenolysis and 

hydrolysis) to a common product (ethanol), the selectivity for that product should be 50% as 

was observed for most of the catalysts. Small amounts of CH4 and methyl formate were also 
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produced over the Mo2C-based catalysts, possibly due to formic acid hydrogenation (Eq. 2.4) 

and/or transesterification (Eq. 2.5), respectively. 

On a gravimetric basis, catalysts containing Mo2C were the most active, 

outperforming the oxide supported catalysts, including the Cu-Cr catalyst, by a significant 

margin. In fact, the bulk Mo2C catalyst exhibited the highest rate although its selectivity to 

CH3OH (27 %) was moderate. The deposition of Cu onto this catalyst improved its selectivity 

to 41% (the maximum selectivity is 50% based on the reaction stoichiometry). The Cu-Cr, 

Cu-Zn-Al, Cu-Zr, and Mo2N catalysts possessed moderate activities, while the other catalysts, 

including the Nano-Cu catalyst, exhibited low activities. Interesting, the Cu/C catalyst was 

inactive, possibly due to limited formate adsorption on the carbon support, as was suggested 

by Braca et al. for a Re/C catalyst [22]. Where possible, the rates were also normalized by 

the surface areas and Cu loadings in order to define more intrinsic activities. When 

normalized by their surface areas, rates for the Nano-Cu as well as the Cu-Cr and Cu-Zn-Al 

catalysts were the highest. The results make sense as the measured total surface areas should 

be close to the active Cu surface areas for these catalysts, given their relatively high Cu 

composition. Whereas for the other catalysts with lower Cu loading (~ 5 wt%), the active 

species surface area may only count for a small portion of the total surface area, therefore, 

the surface area normalized rates turned out to be smaller. When normalized by the Cu 

content, all of the supported catalysts yielded rates that are significantly higher than that for 

HCOOC2H5 + 2H2  CH3OH + C2H5OH ΔG° = -38 kJ/mol ΔH° = -122 kJ/mol Eq. 2.1 

HCOOC2H5 + H2O  HCOOH + C2H5OH ΔG° = 20 kJ/mol ΔH° = -6.8 kJ/mol Eq. 2.2 

HCOOH  CO2 + H2 ΔG° = -48 kJ/mol ΔH° = 16 kJ/mol Eq. 2.3 

HCOOC2H5 + CH3OH  HCOOCH3 + C2H5OH ΔG° = -7.1 kJ/mol ΔH° = -26 kJ/mol Eq. 2.4 

HCOOH + 3H2  CH4 + 2H2O ΔG° = -179 kJ/mol ΔH° = -237 kJ/mol Eq. 2.5 
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the Nano-Cu catalyst, indicating that Cu is a key active species and its dispersion is critical. 

The highest rates, when normalized by Cu contents, were achieved for the Mo2C- and Mo2N-

based catalysts. This result was not unexpected given that Mo2C and Mo2N were active 

without Cu. 
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Table 2.2 Reaction rates and selectivities for ethyl formate conversion over Cu, Mo2C, and Mo2N based catalysts.a 

 

 

 

 

 

 

 

 

 

 

 

 

a 135 °C, 30 bar H2, 0.6 mmol ethyl formate and 37.5 mL 1,4-dioxane, rates calculated at 2 h  

and selectivities calculated at 8 h. 
b Rate data are adapted from [39].  
c  MF = methyl formate.

Catalysts 

Formate Conversion Rate  Selectivity (%) 
kobs×104

 

(gcatal
-1•s-1) 

(μmol/ 

gcatal/h) 

(μmol/ 

m2/h) 

(mmol/ 

gCu/h) 
CH3OH C2H5OH CO2 CH4 +MFc 

Nano-Cub 79 ± 4 14.4 ± 0.8 0.08 ±0.04 40 ± 3 51 ± 4 8.9 ± 0.7 0 1.1 ± 0.2 

Mo2Cb 889 ± 73 5.9 ± 0.6 N/A 27 ± 3 49 ± 5 22 ± 2 1.5  2.8 ± 0.2 

Mo2N 350 ± 42 2.3 ± 0.2 N/A 0 51 ± 4 49 ± 3 0 0 

5 Cu/Mo2Cb 837 ± 55 6.2 ± 0.5 15.8 ± 2 41 ± 4 49 ± 5 7.5 ± 0.6 2.7 3.6 ± 0.4 

3 Cu/Mo2N 413 ± 37 2.9 ± 0.3 12.9 ± 1 7.2 ± 0.6 51 ± 3 42 ± 2 0 0.04 ± 0.0 

Cu-Zn-Alb 598 ± 47 10.0 ± 0.6 1.8 ± 0.3 28 ± 2 51 ± 4 21 ± 2 0 1.2 ± 0.1 

Cu-Crb 554 ± 32 12.0 ± 0.7 1.5 ± 0.2  27 ± 4 50 ± 6 23 ± 2 0 1.7 ± 0.3 

Cu-Zr 567 ± 45  7.1 ± 0.9 1.7 ± 0.2  6.8 ± 0.5 50 ± 5 43 ± 5 0 0.3 ± 0.06 

Cu/γ-Al2O3 190 ± 14 3.5 ± 0.5 3.8 ± 0.3  5.7 ± 0.5 50 ± 4 44 ± 3 0 0.4 ± 0.1 

Cu/SiO2 78 ± 5 0.5 ± 0.1 1.6 ± 0.1  31 ± 2 50 ± 3 19 ± 1 0 0.6 ± 0.1 

Cu/C 0 0 0  0 0 0 0 0 
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When considering the Cu catalysts, the support appeared to have a significant effect 

on selectivity, as illustrated by results listed in Table 2.2. The Cu/Mo2C and Nano-Cu 

catalysts demonstrated high CH3OH selectivities (> 40%); selectivities for the Cu-Zn-Al, Cu-

Cr, and Cu/SiO2 catalysts were moderate (~30%) and the Cu/Mo2N, Cu/ZrO2, and Cu/γ-

Al2O3 catalysts yielded relatively low selectivities (< 10 %). Differences in selectivities for 

these catalysts could be a consequence of the activity or lack of activity for the support. Monti 

et al. reported, based on results from deuterium labeling studies at ~145 °C, that methyl 

formate hydrogenolysis over a Cu/SiO2 catalyst involved the adsorption of methyl formate 

on SiO2 via the carbonyl group and the dissociation of H2 on the Cu particles [47]. Hydrogen 

can then be added to the adsorbed formate sequentially to produce CH3OH as shown in Figure 

2.4a. Braca et al. also reported that the SiO2 supported Re catalyst was more selective to 

CH3OH than catalysts produced from more acidic or basic supports [22]. In addition to 

facilitating the hydrogenolysis reaction, the support could, depending on its acidicity or 

basicity, catalyze hydrolysis of the formate (see Figure 2.4b) [48, 49]. SiO2, and Cr2O3 tend 

to be amphoteric and hence their hydrolysis rates should be low. γ-Al2O3 is relatively acidic 

and is known to catalyze hydrolysis reaction [50]. ZrO2 and ZnO are relatively basic and 

would facilitate the hydrolysis reaction [51]. The Mo nitrides and carbides have been reported 

to possess moderate acidity and/or basicity depending on the synthesis and treatment 

conditions [52, 53] and would also catalyze the hydrolysis of ethyl formate.  
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Figure 2.4 Proposed mechanisms for (a) ethyl formate hydrogenolysis over Cu-supported 

catalysts [43], and (b) ethyl formate hydrolysis. 

Temporal variations in the reaction rates were consistent with first order kinetics with 

respect to ethyl formate (R2 ≥ 92%). The first order dependence on formate is consistent with 

reports by Monti et al. regarding the kinetics for liquid phase methyl formate hydrogenolysis 

at 135-200 °C [9]. We used the following equation to determine the pseudo first order rate 

constants, kobs:    

                             rh = kobs • Cformate                                                Eq. 2.6 

where  rh = rate of hydrogenolysis [mol/L/gcatal/s] based on the formation of CH3OH, kobs = 

pseudo first order rate constant [gcatal
-1·s-1] and Cformate = the average concentration of formate 

[mol/L]. Because the concentration of H2 was in significant excess of stoichiometric (~ 5.3 

mmol based on its solubility in 1,4-dioxane at 135 °C, 30 bar [43]), the H2 concentration term 

was embedded in the rate constant. Based on kobs, hydrogenolysis activities for the catalysts 
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decreased as follows: 5 Cu/Mo2C > Mo2C > Cu-Cr > Cu-Zn-Al ≈ Nano-Cu > Cu/SiO2 ≈ Cu/γ-

Al2O3 ≈ Cu-Zr > 3 Cu/Mo2N ≈ Mo2N ≈ Cu/C = 0 (Table 2.2). 

As the Cu/Mo2C catalyst exhibited the highest reaction rates and selectivities, 

additional experiments were carried out with this material. Figure 2.5 shows the reactant and 

product distributions as a function of reaction time and Figure 2.6 shows the Arrhenius plot. 

The apparent activation energy (EA) for ethyl formate hydrogenolysis to CH3OH was 44 ± 3 

kJ/mol. Evan et al. reported a value of 48 kJ/mol for a commercial Cu-Cr catalyst in a 

comparable temperature range (130-170 °C) [17].  

 

 

 

 

 

 

 

Figure 2.5 Reactant and products plot for ethyl formate hydrogenation over Cu/Mo2C 

catalyst (■ Ethyl formate, ▲ Ethanol, ♦ CH3OH, ● CO2, × methyl formate). The experiments 

were performed at 135 °C, 30 bar H2, and 37.5 mL 1,4-dioxane. 
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Figure 2.6 Arrhenius plot for ethyl formate hydrogenolysis rate over Cu/Mo2C. Experiments 

were performed at 105-150 °C, 30 bar H2 and 37.5 mL 1,4-dioxane. 

Given results for the Cu/Mo2C catalysts, we synthesized Mo2C supported Pd and Pd-

Cu catalysts. Palladium has been reported to be active for ester hydrogenolysis [21]. Table 

2.3 lists the reaction rates and selectivities for the Mo2C supported Pd and/or Cu catalysts. 

Interestingly, the surface area normalized rates for the Mo2C catalyst and for these 

metal/Mo2C catalysts were very similar, ranging from 5.4 and 6.2 µmol/m2/h at 135 °C. 

Given the significant variations in the metal loading, this observation suggested that Pd, Cu 

and Mo2C possessed similar intrinsic activities for formate conversion. While the rates were 

similar, products formed during formate conversion changed significantly when Pd and/or 

Cu were deposited onto the Mo2C support. Figure 2.7 compares selectivities for the catalysts 

after 8 h on stream. The CH3OH selectivity was lowest for the Mo2C catalyst and increased 

with increases in the Pd and/or Cu loading. These results are consistent with Pd and Cu 

facilitating hydrogenolysis over the Mo2C catalyst perhaps via a pathway similar to that 

proposed by Monti et al. for Cu/SiO2 catalysts (Figure 2.3a) [47]. Mo2C still differs from 

other oxide supports in that it is an active species for ester hydrogenolysis itself. As all the 
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Mo2C-based materials were synthesized without surface passivation and used in an oxygen-

free environment, minimal amount of molybdenum oxide species should be involved in the 

reaction. In comparing the 5Cu/Mo2C and 5Pd/Mo2C catalysts, one could conclude that Pd 

is a slightly more effective promoter than Cu. This could be a consequence of differences in 

the inherent properties of the metals or differences in their dispersions.   

Figure 2.7 Product distributions for ethyl formate hydrogenolysis over the Mo2C-based 

catalysts. The experiments were performed at 135 °C, 30 bar H2, 8 h, and 37.5 mL 1,4-

dioxane. 
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Table 2.3 Reaction activities and selectivities for ethyl formate conversion over Mo2C supported Cu  

and/or Pd catalysts.a 

 

 

 

 

 

 

 

 

 

 

a 135 °C, 30 bar H2, 0.6 mmol ethyl formate and 37.5 mL 1,4-dioxane. Rates calculated at 2 h and selectivities  

calculated at 8 h.

Catalysts 

Properties 
 Formate  

Conversion Rate 

 
Selectivity (%) 

kobs×104
 

(gcatal
-1•s-1) 

Surface 

Area 

(m2/g) 

Cu or Pd 

Content 

(wt%) 

(μmol/ 

gcatal/h) 

(µmol/ 

m2/h) 
CH3OH C2H5OH CO2 CH4 +MFb 

1Pd/Mo2C 143 Pd (1.4) 775 ± 61 5.4 ± 0.3  31 ± 4 50 ± 5 17 1.8  3.2 ± 0.1 

5Pd/Mo2C 138 Pd (5.2) 783 ± 58 5.7 ± 0.4 43 ± 3 50 ± 5 5.8 1.4  3.5 ± 0.3 

4Cu-1Pd 

/Mo2C 
132 

Cu (3.8) 

Pd (1.4) 
795 ± 76 6.0 ± 0.7 45 ± 2 50 ± 4 3.4 1.5  4.2 ± 0.4 

5Cu-1Pd 

/Mo2C 
127 

Cu (5.2) 

Pd (1.6) 
784 ± 64 6.2 ± 0.6 49 ± 4 49 ± 4 1.8 0.6  4.6 ± 0.4 
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2.4 Conclusions 

Research described in this chapter demonstrated that Mo2C-based catalysts are 

catalytically active for the low temperature (< 150 °C) hydrogenolysis of ethyl formate to 

CH3OH. This reaction is a key step in the production of alcohols and in the cascade 

hydrogenation of CO and CO2 to CH3OH. Other products, including CO2 and minor 

amounts of CH4 and methyl formate, are also formed, implicating several side reactions 

(e.g., ethyl formate hydrolysis, formic acid decomposition, and transesterification). The 

reaction rates were adequately fit to a first order model with respect to ethyl formate; over 

the best-performing catalyst (1Pd-5Cu/Mo2C), the rate constant was 4.6 × 10-4 gcatal
-1s-1. 

The selectivity to CH3OH appears to be a strong function of the acidity/basicity of the 

support. The catalysts with amphoteric or weakly acidic/basic supports generally yielded 

higher CH3OH selectivities than those for catalysts with strong acidic/basic supports. 

Materials with strong acid/base sites likely catalyzed the hydrolysis reaction, producing 

substantial amounts of CO2. The deposition of nanoscale Cu and/or Pd particles onto the 

Mo2C significantly enhanced the catalytic performance, yielding high conversion rates and 

CH3OH selectivities approaching 50% (as opposed to 27% for the Mo2C catalyst). The 

enhancement in CH3OH selectivity is likely a consequence of synergy between the metal 

and support. These catalysts are excellent candidates for use in cascade catalytic systems 

for the one-pot synthesis of CH3OH via CO or CO2 hydrogenation as well as other types 

of ester hydrogenolysis reactions. 
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CHAPTER 3 

COUPLING HOMOGENEOUS AND HETEROGENEOUS 

CATALYSTS FOR CASCADING CO2 HYDROGENATION TO CH3OH  

3.1 Introduction  

Inspired by photosynthesis, nature’s multi-step process for reducing CO2, a 

homogeneous cascade system was devised by Huff and Sanford to the convert CO2 to 

CH3OH (see Figure 3.1). The major challenge for this cascade system was the material 

compatibility; mechanistic studies suggested that the Ru-pincer catalyst was irreversibly 

inhibited by the Sc(OTf)3, the Lewis acid catalyst needed for esterification, and that the 

Ru-pincer catalyst was incompatible with CO2. [1, 2] The incompatibility can be partially 

addressed by physically separating the Ru-pincer catalyst from the Sc(OTf)3 catalyst; 

however, performing reactions in separate vessels requires extra purification step to 

isolate the intermediates, resulting in more effort and cost [3]. Solutions are still being 

sought to improve the compatibility between the catalyst components in this system. 
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Figure 3.1 Homogeneous cascade system of CO2 hydrogenation to CH3OH via formic 

acid and alkyl formate intermediates. Reaction conditions: 135 °C, 10 bar CO2, and 30 

bar H2 for 19 h in 2 ml CH3OD. Adapted from [4]. 

Klankermayer and Leitner et al. [5, 6] developed a single Ru-Triphos catalyst to 

hydrogenate CO2 to CH3OH in the presence of HNTf2 (triflimide, a Bronsted acid catalyst) 

as shown in Figure 3.2. Both Nuclear magnetic resonance (NMR) analysis and density 

functional theory (DFT) calculation provided evidence that CO2 hydrogenation occurred 

through an Ru-Triphos-coordinated formate intermediate (complex 2 in Figure 3.2), 

activated by HNTf2 and CO2/H2 from the Ru-Triphos precursor. This is the first 

demonstration of a single homogeneous catalyst for the conversion of CO2 to CH3OH, 

where incompatibility issues are not important. The experimental and theoretical studies 

also provided insightful mechanistic understanding regarding how a Ru-Triphos-

coordinated formate was formed as an intermediate and consumed to produce CH3OH. 

However, in this work, the operating and catalyst synthesis/activation conditions have to 

be kept in a narrow window for the best performance of the Ru-Triphos catalyst, making 

it challenging to develop other viable, cost-effective, and industrially applicable catalytic 

systems.  

Sc(OTf)
3
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Figure 3.2 Homogeneous CO2 hydrogenation to CH3OH using a single Ru-triphos 

catalyst and the formation of an active formate intermediate (complex 2). 140 °C, CO2 20 

bar, H2 60 bar, THF solvent, and 24 h. 

Our strategy aims at coupling homo- and hetero-geneous catalysts for the targeted 

sub-reactions of the cascade sequence from CO2 to CH3OH (Figure 3.3). The purpose is 

to improve the compatibility of cascade systems by introducing heterogeneous active sites 

that can function at similar conditions to those of the ineffective homogeneous catalysts 

for specific sub-step(s).  

 

 

 

Figure 3.3 A schematic diagram of homogeneous and heterogeneous cascade catalytic 

system for CO2 hydrogenation to CH3OH. 

In Chapter 2, results for a series of heterogeneous formate ester hydrogenation 

catalysts were described. In this chapter, some of the best performing heterogeneous ester 

hydrogenation catalysts are combined with the homogeneous catalysts to perform the 
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cascade CO2 hydrogenation to CH3OH. In addition to the ester-based pathway, we also 

investigated other pathways involving formic acid, amide, or alkali formate intermediates 

under Lewis acidic or basic conditions. The work described in this chapter was performed 

as part of a collaboration with Danielle Samblanet and Chelsea Huff in the Sanford Group 

in Chemistry Department at the University of Michigan. Some previous work of this 

collaboration on the homo-/heterogeneous cascade systems can be found in Dr. Huff’s 

dissertation. [7] This chapter summarizes our techniques and additional key findings on 

these homo- and hetero-geneous cascade systems. 

3.2 Experimental 

3.2.1 Catalyst Preparation  

Homogeneous catalysts used for this study were either synthesized using the 

procedures available in the literature (Figure 3.4, A-1 [8], A-2 [6], A-4 [9]) or purchased 

and used as received (A-3, Strem Chemicals). Catalyst A-1 is a Ru-phosphine catalyst 

developed by Jessop et al. [1], which catalyzes CO2 hydrogenation to formate in the 

presence of an alcohol reagent. Catalyst A-2 is a Ru-triphos complex established by 

Leitner et al. [6], active for both CO2 hydrogenation to formate (in the presence of alcohol 

reagent and acid catalyst) and the subsequent formate hydrogenation to methanol. 

Catalyst A-3 is a Ru-Macho catalyst, a commercially established catalyst for ester 

hydrogenation. Catalyst A-4 is a [Cp*Ir(bpy) catalyst 

(Cp*=pentamethylcyclopentadienyl, bpy=2,2′-bipyridine) developed by Goldberg et al. 

[11], which effectively activates the carbonyl group in carboxylic acids or esters to 

produce the corresponding alcohols. These homogeneous catalysts were selected for this 
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study due to their capability of activating CO2 and/or C=O group and performing 

hydrogenation reactions. 

The Mo2C-based catalysts (B-1~B-3) were prepared using protocols described 

elsewhere in this dissertation (see Section 2.2.1). As Ru/Mo2C could not be deposited on 

Mo2C through wet impregnation due to a poor electronic adsorption based on a previous 

study [10], an incipient wetness technique was used to achieve the target loading of ~ 

5wt%. Briefly, ~ 0.75g of freshly synthesized Mo2C catalyst and a 97.5 μL aqueous 

solution containing target concentrations of RuCl2 precursor were transferred under 

Argon to a water-tolerant oxygen free glovebox filled with N2. A 10 μL of RuCl2 solution 

was added to Mo2C dropwise each time, followed by a thorough stirring of the catalyst 

after each drop to allow an even deposition of the precursor. The procedure was repeated 

until all the RuCl2 solution was added. The resulting catalyst slurry was dried on a heating 

plate for 2 h at 110 °C and then transferred to a quartz reactor under N2. The catalyst was 

then treated under flowing H2 at a flow rate of 400 ml/min at 450 °C for 4 h. All the 

freshly-synthesized Mo2C-based catalysts were transferred to and stored in an H2O and 

O2 free glovebox filled with Ar (MBraun, H2O <0.1 ppm, O2 < 5ppm) prior to use to 

avoid any exposure to O2. 
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Figure 3.4 List of homogeneous (A-1~A-4) and heterogeneous (B-1~B-5) catalysts used 

for this study. 

The Cu/Zn/Al (Clariant) and nano Co (QuantumSphere) were acquired 

commercially and used after pretreatment based on the following protocols. The 

Cu/Zn/Al was pretreated in 4% H2/N2 (200 ml/min) by first heating the material from 

25 °C to 200 °C at a rate of 4 °C/min and then holding at 200 °C for 4 h [11]. The Nano 

Co was pretreated in 99.99 % H2 (100 ml/min) by ramping the temperature from 25 °C to 

450 °C at a rate of 4 °C/min and maintaining at 450 °C for 4 h. Both materials were 

quenched to room temperature after the pretreatment and transferred under Ar to the 

MBraun glovebox mentioned above. All the Mo2C-based catalysts were prepared and 

characterized (using the protocols described in Section 2.2.1 in this dissertation) in the 

Thompson Lab at the UM Chemical Engineering Department. The catalysts were placed 

in sample vials and then packed in a secondary container under Ar in order to be 

transferred (in an oxygen-free environment) to Sanford Lab at UM Chemistry Department 

for activity measurement. The site densities for Mo2C-based catalysts and Cu/Zn/Al were 

A-1 A-2 A-3 A-4 

B-1 B-2 B-3 B-4 B-5 

Cu/Mo2C Ru/Mo2C Mo2C Cu/ZnO/Al2O3 Nano Co 

Homogeneous Catalysts  

Heterogeneous Catalysts  
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measured by CO and N2O chemisorption respectively, with experimental details 

described in section 4.2.2 of this dissertation. 

3.2.2 Reaction Set-up  

All the reactions were performed in a series of 50 ml autoclave batch reactors 

(Parr Instrument). Figure 3.5 shows an example of reactor and sample collection setup. 

A glass liner (customized to fit the reactor dimension) is used for each experiment to 

allow easy maintenance and avoid contaminations between experiments. The, glass liners, 

and the heterogeneous catalysts (packed under Ar) were all transferred to a glovebox 

filled with N2, where the reactants and catalysts loading (into the reactor) was performed. 

 

 

 

 

 

 

 

Figure 3.5 Reactor vessel and the Schlenk line setup to collect volatile products. Adapted 

from [4], supporting information. 

Heterogeneous catalyst containing ~ 0.01 mmol active sites (based on the site 

density measurement) was first added to the glass liner. Target amounts of homogeneous 

complexes (~ 0.01 mmol unless otherwise mentioned) and solvent into the reactor vessel. 

To properly seal the reactor against high pressure operation, 6 vessel bolts were applied 

and securely tightened. The following conditions were used for the CO2 hydrogenation 
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experiments unless otherwise mentioned: 135°C, 10 bar CO2, 30 bar H2, and 19 h in 3 mL 

solvent, ethanol or tetrahydrofuran (THF). 

The reactor vessel loaded with catalysts and solvents was then taken out of the 

glovebox and pressurized with gas reactants, i.e. CO2 and H2, using the following 

protocols. Each vessel was placed into a Parr reactor holder and a customized manifold 

was used to connect the reactors to the gas cylinders. The manifold was first purged (with 

both the inlet and outlet open) with CO2 for approximately 2 minutes at pressures of 11 

bar. The inlet of the manifold was then closed with the outlet remaining open to release 

CO2 until the pressure dropped to 2 bar. The outlet was then closed and the inlet was open 

again to pressurize the manifold to 11 bar followed by releasing the pressure to 2 bar. The 

purging procedure was repeated at least 8 cycles to ensure the manifold was completely 

filled with CO2. The reactor vessel inlet was then quickly opened and closed, and the 

pressure was allowed to equilibrate until the desired pressure level was achieved. Finally, 

the H2 gas was introduced to the reactor vessel using the same protocols of introducing 

the CO2 gas. The delivering pressure of H2 to fill the manifold was set to 41 bar in order 

to achieve the total 40 bar of reactant gases in the reactor. The inlet and outlet valves of 

the reactor were then closed and the reactor was heated to the desired internal temperature 

(135 °C) unless otherwise mentioned. The temperature was monitored using the 

SpecView (Parr Instrument) software. The reaction start time was recorded once the 

temperature set point was reached and stabilized.  

3.2.3 Reaction Work-up and Product Analysis 

Upon finishing the reactions, the vessels were unloaded from the Parr reactor 

adaptors and transferred to a fume hood. Metering valves were attached to the vessels to 
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regulate the flow rate of the volatile products as they eluted the reactor. The Schlenk line 

trap as well at the vessel’s small cold trap were cooled using liquid nitrogen before the 

start of work-up (Figure 3.4). The outlet valve of the reactor vessel was first open 

followed by opening the metering valve to carefully release excess pressure in the vessel. 

Once the pressure coming through the trap dropped to approximately 1 atm, the metering 

valve was closed and the Schlenk line tube was attached to central tube of the trap. 

Vacuum was then applied to the trap and then closed, before the metering valve was 

opened all the way and closed. Meanwhile, the trap was allowed to chill for 2 minutes, 

before opening the Schlenk line again to start the vacuum. This cycle was repeated ~6 

times until the reactor vessel reached a complete vacuum, where the pressure did not 

change significantly when opened to the Schlenk line. The vessels were then transferred 

to H2O baths set to 50 °C. The same procedure of applying vacuum was repeated for 6 

times until a complete vacuum was attained. 

Immediately after collecting the volatile samples in the cold traps, the tubing to 

the Schlenk line and metering valve were carefully removed. The cold trap was placed 

into a beaker to thaw. Dimethylformamide (DMF) of 80 μL was immediately added to 

the center tube, followed by 0.2 mL of dimethyl sulfoxide-d6 (DMSO-d6) to rinse any 

residual DMF into the reaction solution. The thawed solution was then added into a 4 mL 

vial sealed with a Teflon cap. After the solution reached room temperature, an NMR 

sample was prepared by adding 3-4 drops of the solution to a NMR tube pre-charged with 

0.5mL of d-DMSO. The NMR tube was capped and thoroughly shaken to ensure mixing.  

The product solution was analyzed by NMR spectroscopy (Varian Inova 500 

model) and the spectra were acquired using the following standard settings: relaxation 
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delay 1.0 s, pulse angle 90°, acquisition time 5.462 s, 16 repetitions, and Fourier 

transform size 65536. The integration was performed based on the standard chemical shift 

(ppm) for each species shown as follows: DMF (7.90-7.96), ethyl formate (8.15-8.18), 

and CH3OH (3.12-3.18). The DMF integration was then set to 1.04 mmol (the amount of 

80 μL DMF standard added) and the other peaks were normalized to this value to 

determine the actual amount of each species. The TON was obtained by dividing the 

mmol of the species by the mmol of catalyst active sites. The turnover frequency (TOF) 

was calculated by normalizing the TON with reaction time. 

3.3 Results and Discussion 

Carbon dioxide hydrogenation to CH3OH was investigated using cascade systems 

containing homogeneous and heterogeneous catalysts; the systems were tested under both 

Lewis acidic and basic conditions. The following sections will discuss the findings for 

this study. 

3.3.1 Cascade Systems under Lewis Acidic Conditions 

A series of Ru- or Ir- based homogeneous complexes (A-1 to A-4) were used for 

CO2 to formic acid step; Sc(OTf)3 catalyst was used for the esterification step; and 

Cu/Mo2C catalyst was used for formic acid or ester hydrogenation. Cu/Mo2C was selected 

because it exhibited the highest activity and selectivity for ethyl formate hydrogenation 

to methanol as described in Chapter 2. Previously, Cu/Zn/Al and Cu-Cr were also 

combined with complex A-1 for the cascade CO2 hydrogenation; however, their activities 

appeared to be completely inhibited upon adding the homogeneous complexes. More 

details regarding these experiments can be found in Huff’s dissertation [7]. In this chapter, 

we will focus on the Mo2C-based materials as the heterogeneous catalysts for the cascade 
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CO2 hydrogenation. Ethyl formate and CH3OH were the only products detected from the 

experiments and the TON for each species is shown in Figure 3.6. The Cu/Mo2C catalyst 

alone generated 126 TON of CH3OH and only 8 TON of ethyl formate, indicating that 

Cu/Mo2C catalyst itself catalyzed CO2 hydrogenation to methanol. A control experiment 

conducted in tetrahydrofuran (THF) without adding ethanol produced a TON of 60 for 

CH3OH, suggesting that the addition of ethanol facilitated CO2 conversion to produce 

CH3OH most likely through the ester intermediate. This enhancement may have been 

achieved by shifting the equilibrium for formic acid production by the subsequent 

esterification to ethyl formate. Upon adding the homogeneous catalysts, the 

heterogeneous catalysts suffered different degrees of deactivation, likely a consequence 

of both site blocking of the heterogeneous catalysts and the surface complexation between 

the homogeneous and heterogeneous species in the reaction system. The deactivation 

appeared to be more severe when adding the A-2 or A-4 complexes, suggesting the 

deactivation pathway was highly dependent on the complex composition and structure. 

The deactivation upon adding Sc(OTf)3 may be a consequence of Sc(OTF)3 reacting with 

the basic sites over Mo2C surface [12] that poisoned the catalyst. 
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Figure 3.6 Product TONs for CO2 hydrogenation when combining a series of 

homogeneous catalysts and Cu/Mo2C. Experiments were performed at 135 °C, 10 bar 

CO2, 30 bar H2 in 3 ml ethanol for 19 h, with 0.01 mmol (active sites) of each catalyst 

added. 

To further investigate the deactivation of the Mo2C-based catalysts when adding 

the homogeneous catalysts, a series of Mo2C-based catalysts were studied for CO2 

hydrogenation. The Ru(PMe3)4OAcCl complex was used as the representative 

homogeneous catalyst to convert CO2 to formic acid; this complex was combined with 

bulk Mo2C, Cu/Mo2C, and Ru/Mo2C catalysts individually. Their activities for CO2 
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hydrogenation are compared in Figure 3.7. When using the Mo2C and Mo2C-supported 

catalysts alone, the activities for CH3OH production decreased in the following order: 

Cu/Mo2C > Mo2C > Ru/Mo2C. This trend indicated that the addition of Cu facilitated 

CH3OH production, while Ru deposition inhibited CH3OH formation as well as CO2 

conversion. This significant reactivity difference between the Cu/Mo2C and Ru/Mo2C 

catalysts can be attributed to the different types of interaction between the metal and 

Mo2C support. Recall that Cu(NO3)2 and RuCl2 were used as the metal precursors 

respectively when depositing the metal to Mo2C support. It was plausible that anion in 

the precursor can alter the interactions between the metal and Mo2C support as 

demonstrated by Schaidle et al. in a previous study [10].  

When adding the Ru(PMe3)4OAcCl catalyst, all the Mo2C-based catalysts showed 

lower activity similar to our previous observation. The rates for Cu/Mo2C and Mo2C were 

comparable after adding the Ru(PMe3)4OAcCl complex, which suggested that the 

promoting effect from Cu for the CH3OH formation was inhibited and the Mo2C support 

was also deactivated by the Ru complex. Interestingly, the Ru/Mo2C catalyst experienced 

negligible deactivation upon coupling with Ru(PMe3)4OAcCl, likely indicating that Ru 

deposition and contact of Ru(PMe3)4OAcCl with Mo2C followed the same pathway to 

deactivate Mo2C catalyst. Ruthenium may have selectively poisoned the sites for CH3OH 

production on the Mo2C surface.  

It should be mentioned that over the Mo2C-based catalysts, CO was also produced 

in small quantities (4-16% selectivity). To investigate the possibility of CO as an 

intermediate to produce methanol, CO hydrogenation was performed at 135 °C, 10 bar 

CO, and 30 bar H2, conditions that were similar to CO2 hydrogenation. The results 
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showed that methanol produced from CO hydrogenation only accounted for 5-8% of the 

methanol from CO2 hydrogenation, suggesting that CO2 instead of CO was the primary 

source for methanol. Although Mo2C-based catalysts exhibit high tolerance for CO, this 

reactive molecule can irreversibly bind to a number of homogeneous complexes by 

forming a metal carbonyl bond which deactivates the catalyst. [13] 

 

 

 

 

 

 

 

 

 

Figure 3.7 Product TONs for CO2 hydrogenation combining Ru(PMe3)4OAcCl catalyst 

and a series of Mo2C-based catalysts. Experiments were performed at 135 °C, 10 bar CO2, 

30 bar H2 in 3 ml ethanol for 19 h, with 0.01 mmol (active sites) of each catalyst added. 

Elemental analysis was also performed on the post-reaction catalyst mixture of 

Ru(PMe3)4OAcCl and Mo2C to determine the cause of the deactivation. This spent 

catalyst mixture was recovered and dried under N2 and washed thoroughly using THF 

three times to extract/dissolve any Ru-complex that was physically deposited on Mo2C 

surface. The amounts of Ru and P (from the phosphine ligand) that remained on the Mo2C 



64 

 

surface (measured by ICP) are shown in Table 3.1. The results showed a 0.3 wt % Ru and 

0.7 wt% P loading on the Mo2C support, which were equivalent to 11% and 20% of the 

maximum loadings (assuming the homogeneous complex added to the reactor system was 

completely deposited). The presence of both Ru and P on the Mo2C surface suggested the 

occurrence of chemical deposition/adsorption of Ru species and phosphine ligands onto 

the Mo2C surface. Based on the measured site density of 1.6×1018 sites/m2 for Mo2C, it 

requires at least 2.7 μmol of active metals and/or ligands (per m2 of Mo2C) to completely 

deactivate Mo2C (assuming the metal and ligand bind to the Mo2C active sites at a 1:1 

ratio). In this case, the total amount of Ru and phosphine ligand remained on the Mo2C 

surface was 2.4 μmol/m2 Mo2C, suggesting partial deactivation of Mo2C. This calculation 

was consistent with the observation in Figure 3.6. Interestingly, the measured P/Ru ratio 

was ~7.1, which deviated significantly from the stoichiometric P/Ru ratio of 4 in the 

Ru(PMe3)4OAcCl complex. This deviation suggested phosphine ligand shedding during 

the reaction.  

Table 3.1 Elemental analysis results of post-reaction catalyst mixture of a 

Ru(PMe3)4OAcCl and a Mo2C catalyst. 

Values 
Elements on Mo2C surface 

Ru P 

wt % (based on Mo2C) 0.3 0.7 

Mol. %  

(of maximum loading) 
11 20 

Measured P/Ru molar ratio 7.1 ± 0.4 

Theoretical P/Ru molar ratio 4.0 
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3.3.2 Cascade Systems under Lewis Basic Conditions 

The cascade system for CO2 hydrogenation to CH3OH under basic conditions was 

recently demonstrated by Rezayee et al. [14] This cascade system involves a series of 

amide intermediates, with the proposed pathway illustrated in Figure 3.8. This pathway 

involves a dimethyl amine (HNMe2) cocatalyst and up to three amide intermediates, 

including dimethyl ammonium dimethylcarbamate (DMC), dimethylformamide (DMF), 

and dimethyl amine formic acid adduct (DMFA), where DMF is the key intermediate 

shared by each pathway to produce CH3OH.  

 

 

 

 

 

 

 

Figure 3.8 Cascade reactions of CO2 hydrogenation to CH3OH under basic conditions 

through amide intermediates. DMC = Dimethylammonium dimethylcabamate, DMF = 

Dimethyl formamide, and DMFA = Dimethyl amine formic acid adduct. Adapted from 

[14]. 

After screening a series of Ru-based complexes for this cascade system, a Ru-

Macho catalyst (complex A-3 in Figure 3.3) appeared to be the most active for catalyzing 

both the formation of amide intermediates and the hydrogenation of DMF to produce 

CH3OH. However, a major challenge was that these sub-steps did not share a comparable 

operating window: The formation of amide intermediates typically required a mild 
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temperature (< 100 °C), while the conversion of DMF to CH3OH needed a higher 

temperature (> 150 °C). Therefore, a temperature programmed-process as shown in 

Figure 3.9 could optimize the yield. The reaction was first performed at 95 °C for 18 h 

and then increased to 155 °C for 36 h. The best-performing system afforded a TON of 

550 for CH3OH and a TON of 1870 for the mixture of DMF and DMFA. Given the 

significant DMF accumulation, it is desirable to consider alternative catalysts to perform 

the DMF hydrogenation. This need can be potentially fulfilled by introducing 

heterogeneous catalysts. 

 

Figure 3.9 A temperature-programmed process for complex A-3/NHMe2-catalyzed 

hydrogenation of CO2 to CH3OH via amide intermediates. 

The hydrogenation of DMF was performed over selected heterogeneous catalysts 

at 135 °C and 40 bar H2, with 0.8 mmol of DMF added as a reactant. The results for 

CH3OH production rates and yields are shown in Table 3.2. All the catalysts exhibited 

activities for DMF hydrogenation to CH3OH, with the CH3OH yield ranging from 17-

69%. The catalytic activities decreased in the following order: Cu/Zn/Al > Nano Co > 

Cu/Mo2C > Ru/Mo2C (Trial 1-4). This result suggested that Cu and Co were more 

effective in performing the C-N bond cleavage and hydrogenating the C=O group to 

produce CH3OH. However, to be operated under the basic conditions, the heterogeneous 

catalysts that were active for DMF hydrogenation must also be compatible with the 
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HNMe2, the cocatalyst required for this pathway. Therefore, one equivalent of HNMe2 

(0.8 mmol) was introduced to the DMF hydrogenation to assess its compatibility with the 

heterogeneous catalysts. The addition of HNMe2 caused severe deactivation of all of the 

heterogeneous catalysts (Table 3.2, trial 5-8), creating difficulty in introducing these 

heterogeneous DMF hydrogenation catalysts into amide-based cascade systems unless 

physical separation is involved. The deactivation pathways and techniques to minimize 

the deactivation are being explored. 

Table 3.2 Dimethyl formamide hydrogenation over a series of heterogeneous catalysts. 

 

 

 

      a Trace: TON<0.1 

Finally, an alternative pathway under basic condition through an alkali formate 

intermediate was attempted; the pathway is illustrated in Figure 3.10. The strategy is to 

use a homogeneous catalyst for the hydrogenation of CO2 to alkali formate, e.g. HCOO-

K+, and a heterogeneous catalyst to hydrogenate HCOO-K+ to CH3OH with one 

equivalent of KOH. Previous work done by Huff et al. [15] has demonstrated that a 

Trial Catalysts Substrate/Additives CH3OH TON 
CH3OH 

Yield (%) 

1 Cu/Mo2C DMF only 35 49 

2 Ru/Mo2C DMF only 12 17 

3 Nano Co DMF only 49 69 

4 Cu/Zn/Al DMF only 49 69 

5 Cu/Mo2C DMF + HNMe2 Tracea 0 

6 Ru/Mo2C DMF + HNMe2 Tracea 0 

7 Nano Co DMF + HNMe2 Tracea 0 

8 Cu/Zn/Al DMF + HNMe2 9 13 
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Ru(PNN)(CO)(H) catalyst exhibited superior catalytic activity for CO2 hydrogenation to 

potassium formate (in the presence of potassium carbonate). The best performing system 

afforded a total TON of 23,000 at 200 °C with 10 bar CO2 and 30 bar H2. However, very 

few studies evaluated the direct hydrogenation of alkali formate to CH3OH. Dougherty 

[16] reported the hydrogenation of aqueous sodium formate to CH3OH with up to a 90% 

CH3OH yield using a Co/SiO2 heterogeneous catalyst at 225 °C and 350 bar. This finding 

encourages the evaluation of other heterogeneous catalysts for the direct hydrogenation 

of alkali formate.  

Figure 3.10 Cascade reaction scheme of CO2 hydrogenation to CH3OH under basic 

conditions through an alkali formate intermediate. 

A series of heterogeneous catalysts including Cu/Zn/Al, Cu/Mo2C, and nano Co 

were tested for the hydrogenation of KOOCH in aqueous solution at 135-200 °C with 40 

bar H2, conditions that are comparable with those used for the homogeneous catalysts. 

However, none of the catalysts exhibited activities for the target reaction. It’s possible 

that the ionic formate possesses a stable C=O group that is difficult to activate at low 

temperature and H2 pressure. New catalyst formulations and harsher experimental 

conditions need to be devised and employed to drive this reaction.  

 

 

 

Homogeneous catalyst Heterogeneous catalyst 
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3.4 Factors for Designing Homo-/Heterogeneous Cascade System  

The coupled homo-/heterogeneous cascade system has significantly expanded the 

matrix for catalyst design by utilizing the active sites from both classes of materials; 

however, the development of this mixed-phase cascade system still requires additional 

work. One important factor to consider is the compatibility between the homogeneous 

and heterogeneous materials. For example, we have demonstrated that Ru(PMe3)4OAcCl 

catalyst deactivated Mo2C, plausibly via chemical deposition, making the cascade system 

ineffective. However, this deactivation was not identified until the experiments were 

performed and the results were compared. Protocols for quick screening test could be 

devised to help identify potential interactions between homogeneous and heterogeneous 

catalysts. For example, elemental analysis can be performed on the homogeneous and 

heterogeneous catalyst mixture (washed thoroughly with solvent) to evaluate the 

significance of interaction between the active species, ligand and the heterogeneous 

catalyst before performing the more time-consuming activity measurements. 

Alternatively, this interaction can potentially be removed or minimized by protecting the 

heterogeneous catalysts via pore size control or anchoring the homogeneous catalysts on 

a heterogeneous support to physically separate the active species. Anchoring the 

homogeneous catalysts also improves the recyclability of the catalytic system. Another 

important factor is to identify a common operating window for each sub-step in the 

system. In the case of where the optimal thermodynamic conditions for each sub-step are 

not comparable, reaction conditions (e.g., temperature and pressure) would need to be 

varied, for example, the temperature-programmed process similar to the one illustrated in 

Figure 3.8 can be utilized.  
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3.5 Conclusions 

 In summary, the study described in this chapter focused on designing homo-

/heterogeneous cascade systems for low temperature (≤ 135 °C) CO2 hydrogenation to 

CH3OH. We first targeted a pathway through formic acid and formate ester intermediates 

under the Lewis acidic condition. The best-performing homogeneous complex, 

Ru(PMe3)4OAcCl (for CO2 hydrogenation to formic acid), and heterogeneous catalyst 

Cu/Mo2C (for formic acid or formate ester hydrogenation to CH3OH) were combined to 

form a cascade system. However, the surface interaction between the two materials 

seemed to cause a severe deactivation on Cu/Mo2C. We also developed cascade systems 

under Lewis basic conditions through amide intermediates, including DMC, DMF, and 

DMFA. Among these intermediates, DMF appeared to be the key one and its 

hydrogenation would result in enhanced CH3OH production. We identified several 

heterogeneous catalysts for the direct hydrogenation of DMF at 135 °C and 30 bar H2, 

with their activities decreased in the following order: Cu/Zn/Al ≈ Nano Co > Cu/Mo2C > 

Ru/Mo2C. However, these catalysts were not compatible with HNMe2, a cocatalyst 

required for this pathway and therefore cannot be introduced in designing amide-based 

cascade systems. Finally, a pathway through the alkali formate intermediate was 

attempted. However, none of the heterogeneous catalysts studied were viable the for the 

direct alkali formate hydrogenation to CH3OH. Future work on identifying new catalysts 

for alkali formate hydrogenation or modifying reaction conditions are required to enable 

this reaction.    
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CHAPTER 4 

DESIGNING ALL-HETEROGENEOUS CASCADE SYSTEMS FOR 

CO2 HYDROGENATION2 

4.1 Introduction 

In Chapter 1, we introduced cascade catalysis as a strategy to advance CO2 

hydrogenation to valuable chemicals. Using CO2 hydrogenation to CH3OH as the test 

reaction, we described several homogeneous and heterogeneous cascade systems; 

however, the incompatibility among catalysts and reaction species seemed to significantly 

inhibited the performance. The primary objective of research described in this chapter 

was to explore the feasibility of low temperature cascade systems for CO2 hydrogenation 

to CH3OH and dimethyl ether (DME) based on heterogeneous catalysts. These all-

heterogeneous-based cascade systems hold the promise of providing great compatibility 

between the catalytic components and easy separation from reactant mixtures. 

Conventional processes for CO2 hydrogenation to CH3OH are typically carried 

out in the gas phase over oxide (such as ZnO, ZrO2, or Al2O3) supported Cu catalysts. [1-

4] However, these processes are normally carried out at high operating temperatures (230-

270 °C), where CH3OH production is unfavorable due to the exothermicity of the reaction 

                                                           
Part of this chapter has been published in ACS Catal., 2015, 5 (3), pp 1717–1725. DOI: 10.1021/cs501656x 
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(ΔH298K = -49.5 kJ/mol) [2].Lower temperature thermochemical and electro-

/photoelectro-chemical methods have also been investigated for the conversion of CO2 to 

CH3OH. Fan et al. employed Cu-based catalysts to hydrogenate CO2 to CH3OH through 

formic acid and ethyl formate intermediates in liquid ethanol at 150-220 °C.[5] The Cu-

Zn oxide catalyst was most active and yielded the maximum CH3OH selectivity at 

temperatures near 200 °C. Yu et al. recently reported the use of a Cu-Zn-Al catalyst for 

the production of methyl formate from CO2 in liquid CH3OH at 150-190 °C.[6] They 

proposed that the pathway involved the reaction of a surface formate with CH3OH to 

produce methyl formate; however, the conversion of methyl formate to CH3OH was not 

reported as the CH3OH being produced could not be distinguished from the CH3OH 

reaction media. A number of electro-/photoelectro-chemical materials, including Cu and 

carbon nanotube based catalysts, have been developed for CO2 hydrogenation. [7-11] The 

electrode nanoarchitecture, cell fabrication and confinement, and material synthesis 

routes could greatly influence the charge transport and the electrolyte/electrode 

interactions, which governed the electrochemical catalytic performance. Achieving high 

selectivities to CH3OH and high Faradaic efficiencies, however, has proven to be a 

challenge as reduction potentials for CH3OH, formic acid, formaldehyde, and H2 are 

similar.[12] Semiconductor materials, such as p-type gallium arsenide and p-type indium 

phosphide have shown promising selectivities to CH3OH, however, at the expense of high 

overpotentials. [13, 14] 

In this chapter, we targeted several heterogeneous cascade systems to hydrogenate 

CO2 through formic acid and/or formate ester intermediates. To design these systems, we 

evaluated rates and selectivities for the hydrogenation of CO2, formic acid, and ethyl 
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formate over several Cu-, Ir-, and Mo2C-based heterogeneous catalysts. Copper based 

catalysts have been reported to be active for CO2 hydrogenation to CH3OH [2, 15] and 

are widely used for CH3OH synthesis from syngas, a mixture of CO and H2 that often 

contains small amounts of CO2 [16]. Dubois et al. [17] and Xu. et al. [18] reported that 

molybdenum carbides are active for the gas phase hydrogenation of CO2 at 200-300 °C, 

producing mostly CH4 and CO (~70%), and smaller amounts of CH3OH (~20%) and other 

hydrocarbons (up to C3). More recently, a series of Ir-complexes tethered on high surface 

area silica support have been reported to be highly active and selective for CO2 

hydrogenation to formic acid [25], making them excellent candidates for the CO2 to 

formic acid sub-step catalysts to be included in the cascade system. The results also 

enabled a prediction of the reaction pathways and key intermediates during CO2 

hydrogenation over the Cu and Mo2C-based heterogeneous catalysts. 

4.2 Experimental 

4.2.1 Catalyst Preparation  

Several commercially available Cu-based catalysts were acquired and used after 

pretreatment that is described later. These catalysts included Cu/ZnO/Al2O3 (Süd-

Chemie/Clariant), Cu/Cr2CuO4 (Cu Chromite, Strem Chemicals Inc.) and Nano-Cu 

(QuantumSphere). The Cu/ZnO/Al2O3 and Cu/Cr2CuO4 catalysts will be referred to as 

the Cu-Zn-Al and Cu-Cr catalysts throughout this chapter. The Nano-Cu catalyst was 

included to explore the importance of a support material. The high surface area Mo2C 

was synthesized using a temperature programmed reaction (TPR) technique. Prior to the 

synthesis, ~1.3g of ammonium molybdate (AM) precursor, (NH4)6MO7O24•4H2O (Alfa 

Aesar) was sieved to 125-250 µm and then loaded into a quartz tube reactor. The AM 

http://www.sud-chemie.com/
http://www.sud-chemie.com/
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was first reduced in H2 flowing at 400 mL/min, as the temperature was increased from 25 

to 350 °C in 70 min. Subsequently the material was held at 350 °C for 12 h. The reaction 

gas was then switched to 15% CH4/H2 flowing at 400 mL/min; the temperature was 

increased to 590 °C in 1.5 h and maintained at 590 °C for 2 h before quenching to room 

temperature. The Cu/Mo2C catalyst was prepared using a wet-impregnation method; the 

protocol for synthesizing this and other carbide supported metals has been described in 

detail elsewhere.[26] Briefly, the freshly-synthesized Mo2C was transferred under 15% 

CH4/H2 gas into a beaker containing 70 mL deaerated H2O (to avoid the oxidation of 

Mo2C) with 4.4 mg/L of Cu(NO3)2 and allowed to interact for 20 h. This method enabled 

the metal precursor to directly interact with the native Mo2C surface (as opposed to a 

passivated material). The resulting catalyst slurry was dried and reduced in-situ in the 

reactor to decompose the nitrate and produce dispersed Cu domains. 

4.2.2 Catalyst Characterization 

Surface areas of the materials were measured using a Micromeritics ASAP 2010 

analyzer based on N2 physisorption. All of the catalysts were degassed (< 5 mm Hg) at 

elevated temperatures (Cu-based catalysts at 200 °C and Mo2C-based catalysts at 350 °C) 

for 4 h prior to the surface area measurements. The bulk crystalline structures were 

characterized using X-ray diffraction (Rigaku Miniflex 600) with 2θ ranging from 10° to 

90° and a scan rate of 5 °/min. Crystallite sizes were estimated via line broadening 

analysis using the Scherrer equation.[27] Metal compositions for the Cu/Mo2C catalyst 

were determined by inductively coupled plasma optical emission spectrometry (ICP-OES) 

using a Varian 710-ES analyzer. Solutions for the ICP measurements were prepared by 

dissolving 15 mg of catalyst in 1.5 mL of aqua regia, consisting of 1.125 mL of HCl 

https://www.google.com/search?q=icp+inductively+coupled+plasma&biw=804&bih=489&tbm=isch&tbo=u&source=univ&sa=X&ei=kDFrUvn_CeHbyQHO_YGYCA&sqi=2&ved=0CEQQsAQ
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(Fisher Scientific) and 0.375 mL of HNO3 (70%, Fisher Scientific). The solution was 

sonicated for 10 mins and left for 10 h to allow complete dissolution. The resulting 

solution was diluted by a factor of 14 using ultra pure H2O (18MΩ•cm, Millipore Hilli-

Q Advantage A10) to achieve concentrations appropriate for the ICP analysis. 

The surface site densities for Mo2C-based catalysts were determined via CO 

chemisorption. Prior to the measurements, the Mo2C and Cu/Mo2C catalysts were 

pretreated in 15% CH4/H2 for 4 h at 590 °C, then degassed in He at 600 °C for 1 h. The 

catalysts were cooled to 25 °C and repeatedly dosed with 5% CO/He (5 mL loop) until 

reaching saturation. To quantify the surface site densities for the other Cu-containing 

catalysts, N2O decomposition technique was used. The Cu-Zn-Al and Cu-Cr catalysts 

were reduced in 10% H2/Ar at 200 °C for 4 h, then degassed in He at 210 °C for 1 h. The 

catalysts were then cooled to 60 °C and exposed to a flowing mixture of 10% N2O/He for 

2 h. Followed by the N2O treatment, the sample was purged with He and cooled to 25 °C. 

A H2 temperature-programmed reduction (TPR) was then performed by increasing the 

temperature from 25 to 400 °C in 10% H2/Ar at 5 °C/min. The surface site density was 

determined by quantifying the H2 consumed during TPR. [28] It should be mentioned that 

these chemisorbates (N2O and CO) cannot be used to independently determine the sites 

for Cu and Mo2C over the Cu/Mo2C surface, because N2O and CO adsorb to both Cu and 

Mo2C. However, the use of CO chemisorption will underestimate the active sites of Cu 

as demonstrated by Evans et al. [29], and slightly overestimate the turnover frequencies 

over Cu/Mo2C. Nevertheless, as Cu only accounts for 5.8 wt% (based on ICP analysis) 

for this catalyst, CO chemisorption still provide the reasonable estimate of the site density. 
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4.2.3 Reaction Rate and Selectivity Measurements 

All of the reactions were performed in a 50 mL Parr Instruments reactor (Micro 

5500). The reactor system was equipped with a programmable temperature controller and 

a magnetic drive for the impeller. The gas phase reactor effluent was analyzed using gas 

chromatography (Varian 450 with flame ionization and thermal conductivity detectors). 

Liquid samples (0.4 mL) were periodically withdrawn during the reaction using a dip 

tube, which was equipped with a 20 μm filter to separate the liquid from the solid catalyst 

particles. These liquid samples were analyzed offline using gas chromatography (Varian 

450 with flame ionization detector). As gas chromatography (GC) showed low responses 

for formic acid, we utilized an indirect measurement by derivatizing formic acid to ethyl 

formate, so that it can be easily quantified by GC-FID. The derivatization was performed 

by combining 0.4 mL product sample and 2 mL solution of 1% p-toluenesulfonic (Sigma 

Aldrich) acid in 2 mL ethanol in a 20 mL sample vial. The mixture was heated and stirred 

at 60 °C in a silicon oil bath for 6 h to allow the reaction to go to equilibrium. In this case, 

the p-toluenesulfonic acid could catalyze the esterification to convert formic acid to ethyl 

formate with ethanol in excess amount. Measurement performed after the derivatization 

indicated a recovery of 92 ± 7 % of formic acid to ethyl formate.  

Prior to the reactions, the commercial Cu-based catalysts were reduced in the 

reactor vessel at 200 °C for 4 h under a flowing mixture of 4% H2/N2 (50 mL/min). Due 

to the pyrophoricity of Mo2C catalysts, the materials were first treated with deaerated 

H2O to form a slurry to avoid bulk oxidation of the materials. The slurry was then quickly 

transferred to the reactor vessel, where it was dried in H2 (50 mL/min) at 110 °C for 2 h.  

The dried catalyst was then heated to 300 °C at a rate of 4.2 °C/min and reduced at 300 
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°C under H2 flowing at 100 mL/min for 4 h. The amount of catalyst loaded into the reactor 

was 200 mg unless otherwise noted. 

Solvents for the reactions contained 37.5 mL 1,4-dioxane (anhydrous, Acro 

Organics) and 10 µL n-decane (Acro Organics) as an internal standard. In this study, 1,4-

dioxane was selected as the solvent given its solubility for CH3OH, relatively high boiling 

point (101 °C) and stability/inertness during the reaction. Due to the thermal expansion 

of the 1,4-doxane solvent [30], the actual solvent volumes during the reaction were 

estimated to be 39 and 42 ml respectively at 135 and 200 °C, corresponding to 4% and 

12% volume expansion compared to the 37.5 mL solvent loaded at room temperature. 

The extent of thermal expansion caused by dissolved CO2 was negligible and did not 

cause any increase to the total solvent volume [31]. Other solvents including toluene and 

tetrahydrofuran (THF) were considered but were not utilized due to their low solubility 

for CH3OH (0.1 g CH3OH/100g Toluene) and poor separation for GC analysis. While 

ethanol was used as the solvent by Fan et al. [5], a major limitation was that ethanol 

altered the reaction pathway, making it difficult to distinguish the CH3OH produced from 

CO2 or via formate intermediate. Note that we carried out a series of experiments to 

identify the facilitating effect of ethanol on reaction pathways by adding a small amount 

of ethanol to the 1,4-dioxane solvent as described later.   

For the CO2 hydrogenation experiments, the reactor was charged with 10 bar CO2 

and 30 bar H2 through a dip tube after purging the solvents with H2 for 15 min to remove 

dissolved oxygen. As we are also interested in combining heterogeneous and 

homogeneous catalysts to generate a cascade system for CO2 hydrogenation, the reactions 

were carried out at 135 °C, a temperature where the homogeneous catalysts reported by 
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Huff et al. were active [32]. Under these conditions, solubilities for CO2 and H2 are 

approximately 1.5 and 0.14 mol/L, respectively. [33, 34] For selected reactions, 2 mL 

ethanol was added to 35.5 mL 1,4-dioxane. For the formic acid and ethyl formate 

hydrogenation experiments, 3 mmol formic acid (98%, Alfa Aesar) or 0.6 mmol ethyl 

formate (99.9%, Acro Organics) was added to the solvent. The reactant mixture was 

purged with 99.9% H2 (for 15 mins) to remove any oxygen and was then charged with 30 

bar H2. The reactor was heated at a rate of 5 °C/min from room temperature to 135 °C, 

and then agitated at a constant rate of 300 rpm, which indicated the start of the reaction. 

The reactor was maintained at 135 °C through the reaction. Reaction rates for CO2, formic 

acid, and ethyl formate hydrogenation were calculated based on formation rates for the 

products (on a C1 basis) or consumption rates for the reactants. Carbon balances closed 

to within ± 8% for all the experiments. The turnover frequencies (TOF) were determined 

by normalizing the rates by the surface site densities. The selectivity is defined as the 

molar ratio of a specific product over the total products. 

4.3 Results 

4.3.1 Surface and Physical Properties 

The surface area, surface site density, Cu content, and Cu crystallite size for the 

catalysts are listed in Table 4.1. The Mo2C and Cu/Mo2C catalysts had surface areas in 

excess of 100 m2/g; the commercial Cu-Zn-Al and Cu-Cr catalysts possessed moderate 

surface areas; and the Nano-Cu material had a relatively low surface area, as expected. 

The decreased surface area for the Cu/Mo2C catalyst (135 m2/g) compared to the Mo2C 

catalyst (150 m2/g) was likely due to partial blocking of pores in the Mo2C by Cu 

nanoparticles. Nevertheless, the surface area for the Cu/Mo2C catalyst was comparable 
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to those reported for other Mo2C supported metals synthesized using similar conditions 

(e.g., Pt/Mo2C with 133 m2/g [23]). The surface site densities for all of the materials were 

in the range of 1.3-2.4×1018 sites/m2 or 13-24% surface coverage assuming 1019 total 

sites/m2.  

Table 4.1 Surface and physical properties for the Cu and Mo2C-based catalysts. 

Catalysts 
Surface Area 

(m2/g) 

Surface Site 

Density 
(μmol/g) 

Cu Content 

(wt %)a 

Average Cu 

Crystallite Size 

(nm) 

Nano-Cu 5.5 -- 100 254 

Cu-Zu-Al 60 192b 33 89 

Cu-Cr 46 184 36 163 

Mo2C 151 406 0 NA 

Cu/Mo2C 135 298 5.8 34 
a Cu contents for the Cu-Zn-Al, Cu-Cr and Nano-Cu catalysts were obtained from vendor  

     specifications. 
b From Ref [29]. 

Diffraction patterns for the catalysts are illustrated in Figure 4.2. The pattern for 

the Cu-Zn-Al catalyst clearly indicated the presence of Cu and ZnO crystallites, while the 

Al2O3 phase was amorphous by X-ray diffraction. The XRD pattern for the Cu-Cr catalyst 

contained peaks for Cu; there was also a peak at 54° 2θ that was consistent with the 

presence of CuO within the Cu-Cr (Cu/Cr2CuO4) catalyst. The pattern for the Nano-Cu 

material showed intense Cu peaks and confirmed its phase purity. As expected, the Cu 

crystallite sizes for the Nano-Cu material were the largest among the other Cu containing 

catalysts due to the lack of Cu dispersion. The bulk Mo2C and Cu/Mo2C materials 

exhibited peaks for β-Mo2C and α-MoC1-x,[28] with similar proportions of each phase 

based on the relative peak areas. Since the overall Mo to C ratio approaches two, these 

materials will be referred to as “Mo2C”. No peaks were observed for molybdenum oxides 
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(MoO2 or MoO3) in patterns for the carbides, indicating complete carburization during 

the synthesis. For the Cu/Mo2C material, there was a broad peak at 41° 2θ corresponding 

to Cu (111). This result was consistent with a high degree of dispersion for the Cu 

crystallites on the Mo2C surface. Table 4.1 lists crystallite sizes for all of the catalysts. 

 

Figure 4.1 X-ray diffraction patterns for the Cu and Mo2C-based catalysts. β-Mo2C 

(JCPDF 00035-0787), α-MoC1-x (JCPDF 00-015-0457), Cu (JCPDF 01-085-1326), ZnO 

(JCPDF 01-080-3004). 

4.3.2 Reaction Rates and Selectivities 

4.3.2.1 CO2 Hydrogenation 

 With the exception of the Nano-Cu catalyst, all of the materials were active for the 

conversion of CO2. The rates and selectivities after 2 h of reaction are listed in Table 4.2. 

The Cu-Zn-Al and Cu/Mo2C catalysts possessed the highest rates, CH3OH selectivities, 

and CH3OH production TOFs. Given the system detection limits (5 ppm), products from 
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the Nano-Cu catalyst would have easily been detected if rates per surface area for this 

material were of the same order as those for the other catalysts. The lack of activity could 

be a consequence of support effects. [15, 35, 36] There is significant literature suggesting 

the need for an oxide to function synergistically with Cu. [1, 3, 37] The importance of the 

support is also reflected in the different TOFs for the Cu-Zn-Al, Cu-Cr, and Cu/Mo2C 

catalysts. The Mo2C catalyst was slightly more active than the Cu-Cr catalyst but was 

much less active and selective than the Cu-Zn-Al and Cu/Mo2C catalysts, producing 

significant amounts of CO and some CH4. In comparing the Mo2C and Cu/Mo2C 

catalysts, we observed that the addition of Cu to Mo2C resulted in a significant increase 

in activity and a reduction in the CO and CH4 selectivities. 

Table 4.2 CO2 hydrogenation over Cu and Mo2C-based catalysts.a 

Catalysts 

CO2 Conv. Rate 
 

Selectivity % 
 

CH3OH 

Production Rate 

(μmol/m2/h) 

CH3OH 

Production 

TOF              

(s-1•104) 
(μmol/

gcat/h) 

(μmol

/m2/h) 
CH3OH CH4 CO 

 

Nano-Cu -- --  -- -- --  -- -- 

Cu-Zn-Al 168 2.8 100 0 0  2.8 2.4 

Cu-Cr 29 0.6 88 0 12  0.54 0.38 

Mo2C 83 0.5 79 5.3 16  0.43 0.44 

Cu/Mo2C 225 1.7 93 2.6 4.1  1.6 2.0 
a 135 °C, 10 bar CO2, 30 bar H2, 37.5 mL 1,4-dioxane, rates calculated at 2 h. 

To investigate the potential of formic acid and formate ester intermediates, a series 

of experiments were carried out where ethanol (to facilitate esterification of formic acid 

to ethyl formate), formic acid, or ethyl formate were added to the CO2/H2 reactant. Ethyl 

formate was used instead of methyl formate to allow easy distinction of CH3OH produced 

during CO2 hydrogenation from that produced during formate hydrogenation. The 
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introduction of 50 mmol of ethanol (2 mL) to the CO2 and H2 reactants resulted in the 

formation of ethyl formate and CH3OH for all of the catalysts as shown in Table 4.3. The 

overall CO2 conversion rates were significantly enhanced after adding ethanol. The 

increase in the CO2 conversion rate was greatest for the Cu-Cr catalyst, which exhibited 

high selectivity and formation rate to ethyl formate. This finding suggested that formate 

hydrogenation to CH3OH was rate limiting for this catalyst. For the other catalysts, the 

introduction of ethanol caused a significant increase in the CH3OH formation rate. The 

increased CH3OH formation rates on the addition of ethanol are consistent with formic 

acid formation being the rate limiting step. Indeed, as shown in Figure 4.2, the addition 

of formic acid (3 mmol) caused a significant increase in the CH3OH production rate for 

the Cu/Mo2C catalyst. Finally, we note that the addition of ethyl formate (2.5 mmol) also 

caused an increase in the CH3OH production rate, although the increase was not as 

substantial as when formic acid was added to the CO2/H2 reactant; ethanol was also 

observed confirming ethyl formate hydrogenation. 
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Table 4.3 CO2 hydrogenation in the presence of ethanol over Cu and Mo2C-based catalysts.a 

 

 

 

 

 

 

a 135 °C, 10 bar CO2, 30 bar H2, 2mL ethanol, 35.5 mL 1,4-dioxane, rates calculated at 2h. 
b HCO2Et = ethyl formate.

Catalysts 

CO2 Conv. Rate 

 

Selectivity % 

 

HCO2Etb 

Production 

 

 

 

CH3OH 

Production 

(μmol/

gcat/h) 

(μmol

/m2/h) 
HCO2Etb CH3OH 

CH4 

+CO 

Rate 

(μmol

/m2/h) 

TOF 

(s-1•104) 
 

Rate 

(μmol

/m2/h) 

TOF 

(s-1•104) 

Cu-Zn-Al 325 5.4 

 

36 61 3.5 

 

1.9 1.7 

 

3.3 2.9 

Cu-Cr 269 5.8 97 3.0 0 5.7 3.9 0.18 0.12 

Cu/Mo2C 458 3.4 29 66 4.8 1.0 1.2 2.2 2.8 
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Figure 4.2 Methanol formation during CO2 hydrogenation over the Cu/Mo2C catalyst 

with (a) CO2 and H2, (b) CO2 and H2 with 50 mmol ethanol, (c) CO2 and H2 with 2.5 

mmol ethyl formate, and (d) CO2 and H2 with 3 mmol formic acid. The experiments were 

carried out at 135 °C with 10 bar CO2, 30 bar H2, and 35.5-37.5 mL 1,4-dioxane.  

Since the introduction of formic acid during the CO2 hydrogenation resulted in a 

substantial increase in CH3OH formation over the Cu/Mo2C catalyst, it is desirable to 

identify a catalyst that selectively converts CO2 to formic acid that can be combined with 

Cu/Mo2C to further enhance the CH3OH production. In identifying such catalyst, we 

collaborated with Hicks Group at University of Notre Dame, Chemical Engineering. The 

Hicks Group examined a series of Ir complexes tethered on high surface area silica 

support, e.g. SBA-15 for the CO2 hydrogenation to formic acid at low temperatures as 

shown in Figure 4.3. The best performance was attained using a bidentate Ir-PN/SBA-15 

(complex D-2 in Figure 4.3), reaching a TOF of 3.3 s-1 for formic acid formation at 20 

bar H2, 20 bar CO2, 20 mL H2O and 2 mL NEt3 (triethyl amine), with a 10 μmol Ir loading 

[25]. This is by far the most active system reported in the literature for CO2 hydrogenation 
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to formic acid over heterogeneous catalysts.  This high activity appears to be attributed 

to both the phosphine ligand, which activates CO2, and the amine group, which stabilizes 

CO2, in the bidentate structure of this catalyst. 

 

 

 

 

 

Figure 4.3 Structures of Ir-complexes tethered on SBA-15 support studied for CO2 

hydrogenation to formic acid. Taken from [25]. 

We obtained the high-performing Ir-PN/SBA-15 catalyst from Hicks Group and 

evaluated its activity at 10 bar CO2, 30 bar H2, 115 °C and 37.5 mL 1,4-dioxane, the 

comparable conditions used for the CO2 hydrogenation in our reaction system. The Ir-

PN/SBA-15 catalyst exhibited a total TOF of 5.2×104 s-1 and a selectivity of 100% to 

formic acid. The formic acid production as a function of reaction time can be found in 

Figure 4.4a. Note that the TOF achieved at the current condition is about 3 orders of 

magnitude lower compared to the TOF obtained in the aqueous environment with the 

addition of NEt3 at 20 bar CO2 and 20 bar H2 as reported by Xu et. al [25]. We believe 

the presence of NEt3 played a significant role in driving the equilibrium of CO2 

conversion to formic acid by forming a HCOOH• NEt3 adduct [38], which enhanced the 

overall the formic acid formation rate. The differences in CO2 or H2 solubilities in each 

solvent (H2O vs. 1,4-dioxane) can also contribute to the difference in the catalytic 

performance.  

D-1 D-2 D-3 D-4 
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4.3.2.2 Formic Acid Hydrogenation 

All of the catalysts were active for the conversion of formic acid, although CO2 

was the principal product. Rates and selectivities after 2 h of reaction are listed in Table 

4.4. The highest surface area specific rate was observed for the Nano-Cu catalyst but the 

formic acid was almost exclusively converted to CO2. The conversion of formic acid to 

CO2 (G135°C  = -72 kJ/mol) is thermodynamically more favorable than the production of 

CH3OH (G135°C  = -46.3 kJ/mol) under the reaction conditions that were employed.[39] 

Activities for the Cu/Mo2C and Cu-Zn-Al catalysts were similar; the CH3OH selectivity 

for the Cu/Mo2C catalyst was slightly higher than that for the Cu-Zn-Al catalyst. As 

anticipated, the Mo2C catalyst was less active and less selective towards CH3OH 

production compared to the Cu/Mo2C catalyst. Both of these catalysts produced methyl 

formate, CH4, and CO. The enhanced CH3OH selectivity for the Cu/Mo2C catalyst 

compared to the Mo2C and Nano-Cu catalysts individually suggested a synergy between 

the Mo2C and Cu. The Cu-Cr catalyst was the least active and selective for CH3OH 

production from formic acid.  
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Table 4.4 Formic acid hydrogenation over Cu and Mo2C-based catalysts.a 

 

 

 

 

 

 

 

 

 

 

 

 

a 135 °C, 30 bar H2, 3 mmol formic acid, 37.5 mL 1,4-dioxane, rates calculated at 2h. 
b HCO2Me = methyl formate. 

Catalysts 

Formic Acid 

Conv. Rate 
 

Selectivity % CH3OH 

Production 

Rate 

(μmol/m2/h) 

CH3OH 

Production 

TOF 

(s-1•104) 
(mmol/

gcat/h) 

(μmol/m
2/h) 

CH3OH HCO2Meb CH4 CO CO2 

Nano-Cu 1.7 300  4.6 0.0 0.0 0.0 95 14 -- 

Cu-Zn-Al 2.1 36 
 

27 0.0 0.0 0.0 73 9.7 8.4 

Cu-Cr 3.8 84 1.8 0.0 0.0 0.3 98 1.5 1.0 

Mo2C 3.4 22  15 5.2 0.8 2.7 77 3.3 3.4 

Cu/Mo2C 3.7 28  30 8.2 0.5 1.9 59 8.3 11 
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4.3.2.3 Ethyl Formate Hydrogenation 

 With the exception of the Nano-Cu catalyst, all of the other catalysts were similarly 

active. The reaction rates and selectivities after 2 h of reaction are shown in Table 4.5. 

Again we used ethyl formate instead of methyl formate to allow easy distinction of the 

products. It is interesting to note that the Cu-Cr catalyst was nearly as active as the other 

supported Cu catalysts. Recall that the Cu-Cr catalyst was highly active for ethyl formate 

formation from CO2 in the presence of ethanol but was relatively inactive for CH3OH 

formation from CO2 (with and without ethanol) or formic acid hydrogenation. These results 

suggested that CO2 inhibited the conversion of ethyl formate to CH3OH over the Cu-Cr 

catalyst. This finding will be considered in the selection of catalysts for the cascade system.  

Table 4.5 Ethyl formate hydrogenation over Cu and Mo2C-based catalysts.a 

Catalysts 

Ethyl Formate 

Conv. Rate 
 

Selectivity % CH3OH 

Production 

Rate 

(μmol/m2/h) 

CH3OH 

Production 

TOF  

(s-1•104) 
(μmol/

gcat/h) 

(μmol/

m2/h) 
CH3OH C2H5OH CH4 CO2 

Nano-Cu 79 14  37 54 0 9.2 10 -- 

Cu-Zn-Al 598 10  25 55 0 20 4.4 3.8 

Cu-Cr 554 12  27 52 0 21 6.0 4.1 

Mo2C 889 5.9  21 53 1.9 24 2.3 2.3 

Cu/Mo2C 837 6.2  33 51 0.6 16 3.7 4.6 
 a135 °C, 30 bar H2, 0.6 mmol ethyl formate, 37.5 mL 1,4-dioxane, rates calculated at 2h. 

Stoichiometrically, the hydrogenation of ethyl formate should produce equal 

amounts of CH3OH and ethanol. CH3OH to ethanol ratios for the catalysts ranged from 

0.4-0.7, lower than the stoichiometric value of unity. These results indicated that side 

reactions occurred. A plausible source for the excess ethanol is the hydrolysis of ethyl 

formate. This reaction would produce ethanol and formic acid, a likely source of the CO2 
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produced by most of the catalysts. In fact, the excess ethanol was comparable to the amount 

of CO2 produced. In addition to CH3OH, ethanol and CO2, small amounts of CH4 were 

produced over the Mo2C containing catalysts. CH4 formation was also observed for these 

catalysts during CO2 and formic acid hydrogenation. A more thorough analysis and the 

performance of other catalysts for ethyl formate hydrogenation are detailed in Chapter 2 of 

this dissertation. 

4.3.2.4 Cascade CO2 Hydrogenation  

Our primary objective is to design cascade systems for the hydrogenation of CO2 

based on heterogeneous catalysts. To this end, we identified catalysts that would facilitate 

the production of formic acid and ethyl formate from CO2 as well as the catalysts that 

would perform the subsequent formic acid or ethyl formate hydrogenation to CH3OH. The 

following paragraphs will discuss the results of combining the promising catalysts 

identified from each sub-step for the cascade CO2 hydrogenation.  

(i) CO2 hydrogenation to CH3OH through formic acid intermediate 

We aim to first demonstrate the feasibility of an all-heterogeneous cascade system 

through a two-step pathway via formic acid intermediate for the CO2 to CH3OH. Based on 

the catalyst screening results in section 4.3.2, we selected an Ir-PN/SBA-15 catalyst for the 

conversion of CO2 to formic acid and a Cu/Mo2C catalyst for the hydrogenation of formic 

acid to CH3OH. Catalyst loadings of 50 mg Ir-PN/SBA-15 and 85 mg of Cu/Mo2C catalysts 

were used to match the rate of formic acid formation and consumption from each step. The 

experiments were performed at 115 °C, as the Ir-PN/SBA catalyst was found to decompose 

(with black Ir particle formation) at temperatures > 120 °C. The product TOF of the 

reactants and products over each individual catalytic system and the cascade system are 
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shown in Table 4.6. The Ir-PN/SBA-15 alone only produced formic acid, suggesting it is a 

single site catalyst. The Cu/Mo2C catalyst produced mainly CH3OH and a small quantify 

of CH4, consistent with product distribution shown in Section 4.3.2.1 (Table 4.2). The 

catalyst mixture of Ir-PN/SBA-15 and Cu/Mo2C produced formic acid (42%) and CH3OH 

(58%) and minor amount of CH4. The main purpose of creating this cascade system is to 

produce CH3OH more efficiently. From Table 4.6, the CH3OH production rate from the 

cascade system is ~ 4.1 times of that from the mathematical additive of each individual 

catalytic system, indicating the two catalysts work cooperatively through the formic acid 

intermediate to produce CH3OH from CO2. Interestingly, the overall CO2 conversion TOF 

has also improved slightly by ~10% over the cascade system compared to each single 

catalytic system. This finding indicated that the immediate consumption of formic acid by 

Cu/Mo2C to produce CH3OH helped drive the equilibrium of formic acid formation from 

CO2, therefore enhancing the overall CO2 conversion rate.  

Table 4.6 Product TOFs for CO2 hydrogenation over Ir-PN/SBA-15 and Cu/Mo2C 

catalysts.a 

 a 115 °C, 10 bar of CO2, 30 bar of H2, 37.5 mL of 1,4-dioxane, TOF calculated at 2 h. 

 

The product profiles as a function of time over each individual and cascade catalytic 

systems are shown in Figure 4.4. Over the cascade system, the products clearly exhibited 

the profiles of formic acid being consumed as an intermediate and additional CH3OH being 

produced with enhanced rate. This observation further confirmed that Ir-PN/SBA-15 and 

Catalysts 
TOF (10-4•s-1)  Selectivity (%) 

CO2 HCOOH CH3OH CH4 HCOOH CH3OH CH4 

Ir-PN/SBA-15 5.2 5.2 0.00 0.00 100 0 0 

Cu/Mo2C 0.9 0.00 0.9 0.01 0.0 98.7 1.3 

Ir-PN/SBA-15 + 

Cu/Mo2C 
6.8 3.0 3.7 0.04 44.5 54.9 0.6 
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Cu/Mo2C work in concert through formic acid intermediate to promote the cascade CO2 

hydrogenation to CH3OH. Running this cascade system at longer time (> 8h) or increasing 

the Cu/Mo2C loading should result in a complete consumption of formic acid, increasing 

the overall methanol yield.  

 

Figure 4.4 Products formation (▲formic acid, ■ CH3OH, ● methane) during CO2 

hydrogenation over (a) Ir-PN/SBA-15, (b) Cu/Mo2C, and (c) a mixture of the Ir-PN/SBA-

15 and Cu/Mo2C catalysts. The experiments were carried out at 115 °C with 10 bar CO2, 

30 bar H2, 30 bar H2, and 37.5 mL 1,4-dioxane with catalysts loadings of 50 mg Ir-

PN/SBA-15 and 85 mg Cu/Mo2C. 

(ii) CO2 hydrogenation to CH3OH through ethyl formate intermediate 

Based on the activity measurement in Section 4.3.2.1, the addition of ethanol 

reagent seemed to alter the reaction pathway by forming an ethyl formate intermediate via 

the esterification step. These results encouraged us to design another heterogeneous-based 

cascade system via the ethyl formate intermediate for producing CH3OH from CO2. In the 

presence of ethanol, the Cu-Cr catalyst was highly active and selective for CO2 

hydrogenation to ethyl formate. This catalyst was not, however, active for ethyl formate 

hydrogenation in the presence of ethanol. Several of the catalysts were active for the 

hydrogenation of ethyl formate in the presence of ethanol, and we selected the Cu/Mo2C 

catalyst due to its high rate and selectivity to CH3OH. Equal masses of the Cu-Cr and 

0

0.6

1.2

1.8

2.4

3

0 2 4 6 8

P
ro

d
u

c
t 

F
o

rm
a

ti
o

n
 T

O
N

Reaction Time (h)

 CH3OH
 CH4

(b) Cu/Mo2C

0

3

6

9

12

15

18

0 2 4 6 8P
ro

d
u

c
t 

F
o

rm
a
ti

o
n

 T
O

N
 

Reaction Time (h)

 CH3OH
 HCOOH
 CH4

(c) Ir-PN/SBA-15
+ Cu/Mo2C

0

3

6

9

12

15

18

0 2 4 6 8

P
ro

d
u

c
t 

F
o

rm
a
ti

o
n

 T
O

N
 

Reaction Time (h)

 HCOOH

(a) Ir-PN/SBA-15



93 

 

Cu/Mo2C catalysts were used for the cascade system given their similar rates for the 

hydrogenation of CO2 to ethyl formate and ethyl formate to CH3OH, respectively. 

The CH3OH and ethyl formate produced as a function of time for the individual 

Cu-Cr and Cu/Mo2C catalysts and the mixture of the two in the presence of ethanol are 

illustrated in Figure 4.5. Over the Cu/Mo2C catalyst (Figure 4.5a), CH3OH was the major 

product (~74% selectivity), accompanied by a smaller amount of ethyl formate (~20%). 

The improved CH3OH formation rate (after introducing ethanol) indicated that ethyl 

formate was an intermediate. In contrast, for the Cu-Cr catalyst (Figure 4.5b), ethyl formate 

was the principal product (~ 97% selectivity), and its subsequent hydrogenation to CH3OH 

was inhibited. For a mixture of the Cu/Mo2C and Cu-Cr catalysts (Figure 4.5c), CH3OH 

production has enhanced by ~60%, while the formation of ethyl formate decreased by a 

similar amount, compared to the combined amounts for the individual catalysts. These 

results suggested that the Cu/Mo2C and Cu-Cr catalysts worked cooperatively to 

hydrogenate CO2 to CH3OH via the ethyl formate intermediate. The cascade system 

achieved a CO2 conversion rate of 416 μmol/gcat/h, and CH3OH and ethyl formate 

selectivities of 77% and 20% respectively after 24 h of reaction. The corresponding 

CH3OH TOF (calculated at 2 h) for the system is 4.7×10-4 s-1. 
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Figure 4.5 Products formation (■ CH3OH, ● Ethyl formate) during CO2 hydrogenation in 

the presence of ethanol (2 mL) over the (a) Cu-Cr, (b) Cu/Mo2C, and (c) a mixture of the 

Cu-Cr and Cu/Mo2C catalysts. The experiments were carried out at 135 °C with 10 bar 

CO2, 30 bar H2, and 35.5 mL 1,4-dioxane. 

The demonstration of low temperature (135 °C) Cu-Cr: Cu/Mo2C heterogeneous 

cascade system for CO2 hydrogenation inspired the investigation of a similar system at 

higher temperature. Therefore, we performed CO2 hydrogenation at 200 °C in the presence 

of ethanol over Cu-Cr and Cu/Mo2C catalysts (200 mg each) both individually and over 

the catalyst mixture to examine how temperature influences the reactivity and the 

cooperation between the catalysts. The product distribution as a function of time is 

displayed in Figure 4.6. Clearly, over the Cu/Mo2C catalyst, CH3OH was the predominant 

product; while ethyl formate was an insignificant intermediate and was almost completely 

consumed after 24 h. Meanwhile, the addition of ethanol reagent only resulted in a slight 

increase in CH3OH formation compared to the CH3OH formation in a control run where 

no ethanol was introduced (shown as red dash line in Figure 4.6a). These results suggested 

that for Cu/Mo2C catalyst, the dominant reaction pathway was likely through the formic 

acid or a surface formate intermediate, where the ester intermediate did not contribute 

much to the CH3OH formation. In contrast, over the Cu-Cr catalyst, CH3OH and ethyl 
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formate were first produced in comparable amounts; the CH3OH formation kept increasing 

while the ethyl formate was gradually consumed as the reaction time increased. We also 

observed that by adding ethanol, the amount of CH3OH formation rate increased by ~100%; 

this result suggested that CO2 hydrogenation to CH3OH proceeded both with and without 

ethyl formate intermediate, and each pathway contributed almost equally to produce 

CH3OH. Recall that ethyl formate hydrogenation was inhibited in the presence of CO2 over 

the Cu-Cr catalyst at 135 °C; this finding likely suggested that this inhibition became less 

significant at 200 °C. The cascade system containing both Cu/Mo2C and Cu-Cr exhibited 

a CH3OH production rate that was 30% higher than the additive from each individual 

catalytic system, indicating the two catalysts still worked cooperatively through the ethyl 

formate intermediate. However, as ethyl formate could be consumed over each catalyst 

individually, the enhancement by utilizing cascade system at 200 °C (30%) was not as 

significant as that at 135 °C (60%).  

 

 

 

 

 

 

 

 

Figure 4.6 Products formation (■ CH3OH in the presence of ethanol, □ CH3OH in the 

absence of ethanol ● Ethyl formate) during CO2 hydrogenation over (a) Cu-Cr, (b) 

Cu/Mo2C, and (c) a mixture of the Cu-Cr and Cu/Mo2C catalysts. The experiments were 

carried out at 200 °C with 10 bar CO2, 30 bar H2, and 35.5 mL 1,4-dioxane with 200 mg 

of each catalyst. 

 

■ CH3OH 
□ CH3OH (Control) 
● HCO2Et 

■ CH3OH 
□ CH3OH (Control) 
● HCO2Et 

■ CH3OH 
□ CH3OH (Control) 
● HCO2Et 
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The CO2 conversion TOF and the product selectivity are summarized in Table 4.7 

for the Cu-Cr and/or Cu/Mo2C individually and as a mixture. By increasing the temperature 

from 135 °C to 200 °C, the overall CO2 TOF has increased by ~ 12 times, which 

corresponded to an activation energy (EA, app) of 63.7 kJ/mol. This value was comparable 

with the EA reported in the literature for a gas phase CO2 hydrogenation at 220 – 280 °C 

[1]. In addition to CH3OH and ethyl formate, we also observed the formation of C2-C4 

hydrocarbons whenever Cu/Mo2C was present at 200 °C. Recall that only small amount of 

CH4 was produced at 135 °C. 

Table 4.7 CO2 hydrogenation over Cu-Cr and/or Cu/Mo2C catalysts in the presence of 

ethanol. 

 

 

 

 

 

 

 

 

 

a 10 bar CO2, 30 bar H2, 35.5 mL 1,4-dioxane, rates calculated at 2h. 
b EF = Ethyl formate, MeOH = CH3OH, C2 = C2H4 + C2H6, C3 = C3H6 + C3H8, C4 = C4H8 + C4H10 

 

The distribution of only CO and hydrocarbons over the Cu-Cr and/or Cu/Mo2C 

catalysts individually and as a mixture are compared in Figure 4.7a. The Cu-Cr catalyst 

produced primarily CO with negligible amounts of hydrocarbons. By contrast, the 

Cu/Mo2C catalyst produced less CO compared to Cu-Cr and a series of hydrocarbons 

ranging from C1-C4 in comparable amounts. Interestingly, the hydrocarbon formation over 

the catalyst mixture was more significant than that from a single Cu/Mo2C catalyst. We 

hypothesize that this enhancement in hydrocarbon formation was a consequence of CO 

Catalysts 
Temp 

(°C) 

CO2 TOF 

(10-4•s-1) 

Selectivity (%)b 

EF MeOH CO CH4 C2 C3 C4 

Cu-Cr 200 36.4 36.4 38.1 25.4 0.1 0.0 0.0 0.0 

Cu/Mo2C 200 65.2 15.0 70.9 5.6 5.3 2.1 0.8 0.3 

Cu-Cr + 

Cu/Mo2C 
200 106.7 8.4 75.9 4.4 7.2 2.8 0.9 0.3 

Cu-Cr + 

Cu/Mo2C 
135 8.1 36.6 61.1 1.3 1.0 0.0 0.0 0.0 
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acting as an intermediate to C1-C4 hydrocarbons, where the substantial amount of CO 

produced over Cu-Cr could be converted by Cu/Mo2C to give rise to higher hydrocarbon 

formation. The product profile in Figure 4.7b also clearly showed the trend of CO being 

consumed as an intermediate while the production of C1-C4 kept increasing over the 

reaction time. The possibility of CO acting as the intermediate to C1-C4 hydrocarbons were 

evaluated experimentally in Chapter 5.   

 

 

 

 

 

 

 

 

Figure 4.7 CO and hydrocarbon formation (■ CO, ■ CH4, ■ C2H4 + C2H6, ■ C3H6 + C3H8, 

■ C4H8 + C4H10) during CO2 hydrogenation in the presence of ethanol (2 mL). (a) 

Comparison of product distributions over Cu-Cr, Cu/Mo2C, and the mixture, (b) product 

profiles as a function of reaction time over Cu-Cr and Cu/Mo2C mixture. The experiments 

were carried out at 200 °C with 10 bar CO2, 30 bar H2, and 35.5 mL 1,4-dioxane. 

(iii) CO2 hydrogenation to dimethyl ether through CH3OH 

Given the CH3OH formation rates for some of the catalysts, we also considered a 

cascade system to convert CO2 to dimethyl ether via CH3OH intermediate. The Cu-Zn-Al 

and Cu/Mo2C catalysts were most active for the hydrogenation of CO2 to CH3OH. Zeolitic 

catalysts such as HZSM-5 are known to dehydrate CH3OH to dimethyl ether and at high 

temperatures to hydrocarbons via the CH3OH to olefins (MTO) process or CH3OH to 

gasoline (MTG) [40, 41]. Figure 4.8 illustrates the CH3OH and dimethyl ether formed as a 
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function of time for the individual Cu/Mo2C and HZSM-5 catalysts as well as the mixture. 

The results suggested that the Cu/Mo2C and HZSM-5 catalysts worked in concert to 

produce dimethyl ether from CO2 via CH3OH intermediate. 

 

Figure 4.8 CH3OH and dimethyl ether (DME) production from CO2 hydrogenation over 

(a) Cu/Mo2C catalyst (600 mg) and (b) a mixture of Cu/Mo2C and HZSM-5 catalysts (600 

mg each).The experiments were carried out at 135 °C with 10 bar CO2, 30 bar H2, 37.5 mL 

1,4-dioxane, 54 h. The HZSM-5 catalyst alone was not active under these conditions. 

4.4 Discussion  

Results for the Cu-Zn-Al and Cu-Cr catalysts are somewhat different from those 

reported by Fan et al. [5] They did not observe CH3OH production at temperatures below 

~150 °C; the only products were ethyl formate and CO. The CH3OH selectivity was 

maximum (~60%) at 200 °C. We observed relatively high selectivities (> 75%) for all of 

the catalysts at 135 °C (Table 2). There were several plausible explanations for differences 

between our results and those reported by Fan et al.[5] Their experiments were carried out 

with ethanol as the solvent; we used 1,4-dioxane. While H2 solubilities for these solvents 

are similar (0.16 and 0.13 mol/L for ethanol[42] and 1,4-dioxane[33], respectively), the 

CO2 solubilities are very different (0.14 and 1.5 mol/L, respectively [34, 43]). In addition, 
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their use of ethanol would facilitate the esterification reaction and could accelerate CH3OH 

production. Finally, it is possible that the catalysts were in different states of reduction. Our 

protocol included a step to pretreat the catalysts prior to measurement of their rates and 

selectivities. The protocol described by Fan et al.[5] did not include a pretreatment step. It 

has been reported that Cu0 is the active species for CH3OH synthesis [2, 15]; therefore, one 

would expect lower activities for the untreated oxide catalysts. 

Turnover frequency is a measure of the intrinsic activity of a catalyst. There are no 

reported TOFs that can be compared directly with our results, however, at 220-240 °C and 

10-80 bar, TOFs for CH3OH production have been reported in the range of 0.002-0.021 s-

1 for Cu-based catalysts [44-46]. To better compare our results with the literature examples 

for CO2 hydrogenation to methanol, we extrapolated the methanol TOFs reported in the 

literature to 200 °C and 40 bar, the similar conditions for this study. This extrapolation was 

achieved using an activation energy of 70 kJ/mol [47] and a rate law correlating the partial 

pressures of CO2 and H2 (Eq. 4.1-4.2) [48]. A summary of methanol TOF comparing the 

literature study and our work is shown in Table 4.8. Our work showed a methanol TOF 

ranging from 0.001 – 0.008 s-1 over a series of Cu-based catalysts (Entries 8-11, Table 4.8). 

These TOF values were comparable with the results reported by Fan et al. (0.004 – 0.007 

s-1) for liquid phase CO2 hydrogenation in ethanol (Entries 6-7, Table 4.8), while at the 

lower end of the TOF values of 0.003 – 0.021 s-1 for the gas phase CO2 hydrogenation. The 

concentrations for CO2 and H2 are 1.0, 0.18 M in 1,4-dioxane (based on the solubilities) 

and 0.3, 0.9 M in gas phase (based on ideal gas law). This difference of gas concentrations 

made the overall gas phase pressure (i.e. pCO2pH2 in Eq. 4.2) slightly higher than that in 
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1,4-dioxane (by 30%), which partially explained the relatively higher methanol TOFs for 

the gas phase CO2 hydrogenation. 

𝑟𝐶𝐻3𝑂𝐻 =
𝐾𝑝𝐶𝑂2𝑝𝐻2[1−(

1

𝐾′)(
𝑝𝐻2𝑂𝑝𝐶𝐻3𝑂𝐻

𝑝𝐻2
3 𝑝𝐶𝑂2

)]

[1+(
𝐾𝐻2𝑂

𝐾2
)(

𝑝𝐻2𝑂
𝑝𝐻2

)+√𝐾𝐻2𝑝𝐻2+𝐾𝐻2𝑂𝑝𝐻2𝑂]
   Eq. 4.1 

 𝑟𝐶𝐻3𝑂𝐻  ∝  𝑝𝐶𝑂2𝑝𝐻2            Eq. 4.2 

Where K, KH2O, K’, KH2O, K2, and KH2 denote the rate constants for the elementary steps in the 

overall reaction; pCO2, pH2, pH2O, and pCH3OH represent the partial pressure of the corresponding 

species. The rate law in Eq. 4.1 can be simplified as Eq. 4.2 by setting pH2O = 0. This simplification 

was valid as the amount of H2O present in the system was two orders of magnitude smaller 

compared to that of CO2 and H2. 

 

Table 4.8 Comparing methanol TOF on Cu-based catalysts between the literature and this 

study.a 

a The liquid contained 10 ml ethanol (solvent and alcohol reagent). 
b The liquid contained 35.5 ml 1,4-dioxane (solvent) and 2 ml ethanol (alcohol reagent). 

The estimated TOF for the Cu-Cr:Cu/Mo2C cascade system was 4.7×10-4 s-1. Huff 

et al. reported a CH3OH production turnover number of 2.5 at 135 °C after 16 h for a 

homogeneous cascade system incorporating (PMe3)4Ru-(Cl)(OAc), Sc(OTf)3, and 

(PNN)Ru(CO)(H) complexes; the corresponding TOF would be 4.3×10-5 s-1.[32] 

Catalysts 
T/P 

(°C/bar) 

Methanol 

TOF(10-4•s-1) 
Phase 

Methanol TOF at 

200 °C/40 bar 

(Extrapolated) 

Refs 

Cu-Zn-Zr 220/80 212 Gas 26 [44] 

Cu-Zr 240/20 210 Gas 210 [2] 

Cu-Zn-Zr 240/20 170 Gas 170 [2] 

Cu-Zn-Zr-Ga-Y 240/20 120 Gas 120 [2] 

Cu-Zn 220/20 26 Gas 51 [46] 

Cu-Zn 200/30 40 Liquida 71 [5] 

Cu-Cr 200/30 23 Liquida 41 [5] 

Cu-Zn-Al 200/40 58 Liquidb  N/A This work 

Cu/Mo2C 200/40 46 Liquidb  N/A This work 

Cu-Cr 200/40 0.01 Liquidb N/A This work 

Cu/Mo2C + Cu-Cr 200/40 0.08 Liquidb N/A This work 

file:///C:/Users/Yuaner/OneDrive/Dissertation/Data%20for%20Chapter%20IV/Data%20for%20Chapter%204.xlsx%23RANGE!_ENREF_44
file:///C:/Users/Yuaner/OneDrive/Dissertation/Data%20for%20Chapter%20IV/Data%20for%20Chapter%204.xlsx%23RANGE!_ENREF_2
file:///C:/Users/Yuaner/OneDrive/Dissertation/Data%20for%20Chapter%20IV/Data%20for%20Chapter%204.xlsx%23RANGE!_ENREF_2
file:///C:/Users/Yuaner/OneDrive/Dissertation/Data%20for%20Chapter%20IV/Data%20for%20Chapter%204.xlsx%23RANGE!_ENREF_2
file:///C:/Users/Yuaner/OneDrive/Dissertation/Data%20for%20Chapter%20IV/Data%20for%20Chapter%204.xlsx%23RANGE!_ENREF_46
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Interestingly, they reported a CH3OH turnover number that would be equivalent to a TOF 

of 3.6×10-4 s-1 for a cascade system where CO2 hydrogenation to formic acid and formic 

acid esterification were carried out at 75 °C then the formate was hydrogenated at 135 °C 

in a separate reactor (without the first two catalysts). This TOF was similar in magnitude 

to that achieved for the heterogeneous catalysts described in this chapter. 

By comparing the CH3OH production rates from the hydrogenation of CO2 and 

suspected intermediates (formic acid and ethyl formate), we were able to further interrogate 

the reaction pathways reported by Fan et al.[5] and propose rate-limiting steps. Figure 4.9 

illustrates reaction pathways that are most consistent with our results. In the absence of 

ethanol, formic acid is likely the principal intermediate. In the presence of ethanol, the 

pathway from CO2 to CH3OH seemed to include formic acid and formate intermediates. 

Our results are consistent with the hydrogenation of CO2 to formic acid being the rate-

limiting step for most of the Cu and Mo2C-based catalysts.  

 

 

 

 

Figure 4.9 Summary of reaction pathways for CO2 hydrogenation over the Cu and Mo2C 

based catalysts (a) in the absence of ethanol and (b) in the presence of ethanol. 

The primary goal through these cascade systems is to maximize the production of 

CH3OH while minimizing the accumulation of the intermediates such as formic acid and 

ethyl formate by converting them through subsequent reactions. However, the selective 

formation of ethyl formate on Cu-Cr catalyst at 135 °C may provide opportunities to 
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develop processes with the formate ester as the target product. These processes are 

especially attractive given that ester is a more value-added product compared to CH3OH; 

the unit price for ethyl formate and CH3OH are ~ 12 [49] and 0.4 K$/Mton [50] based on 

the current market. It should also be noted that the market demand for ester is at least three 

orders of magnitude smaller than that for CH3OH. The scale of the production has to be 

considered when comparing the economic viability for producing CH3OH and formate 

from CO2. Yu et al. first reported the production of methyl formate from CO2 

hydrogenation over a Cu-Zn-Al catalyst using CH3OH solvent, which afforded a total 

conversion rate of 0.05 μmolCO2•m
-2•s-1, with selectivities of 79% and 21% to methyl 

formate and CO respectively at 150 °C, 20 bar H2, and 140 bar CO2. In contrast, our study 

using Cu-Cr yielded a lower rate (0.002 μmolCO2•m
-2•s-1) but a higher selectivity to formate 

(ethyl formate: 97% and CO: 3%) at 135 °C, 30 bar H2, and 10 bar CO2. These differences 

in activities/selectivites were expected given the different operating conditions. 

Nevertheless, these results are promising and provide useful knowledge for the 

optimization and scale-up for the process of formate ester production from CO2. 

Results for the Mo2C and Cu/Mo2C catalysts suggested a synergy between Cu and 

Mo2C. We expect that the Cu was zero-valent based on prior investigations.[26] Vidal et 

al. reported evidence of synergy between Cu or Au and TiC (support) during gas phase 

CO2 hydrogenation to CH3OH. [51] These metals are effective sites for hydrogen 

dissociation. Synergistic effects between the metal and carbide have also been reported for 

Pt/Mo2C catalysts during water-gas-shift [23] and Pd/WC catalysts during the selective 

hydrogenation of triglycerides[52]. It is plausible that Cu particles on the Cu/Mo2C catalyst 

enhanced the hydrogen surface coverage, thereby facilitating the hydrogenation of CO2. 



103 

 

We also note that the synergy has been reported between Cu and oxides, such as ZnO, in 

the associated catalysts [1, 3, 37].  

By combining a CH3OH synthesis catalyst (Cu/Mo2C) and a MTO/MTG catalyst 

(HZSM-5), we were able to establish a cascade system that converted CO2 to DME. It 

should be mentioned that DME has also been proposed to be a key intermediate to produce 

hydrocarbons during the MTO/MTG processes [40]. The general mechanisms for “CH3OH 

to hydrocarbon” can be briefly described by three key steps: 1) ether formation, 2) initial 

C-C bond formation, and 3) chain propagation and aromatization [53] as shown in Figure 

4.10a. Specifically, the hydrocarbon formation was considered to occur through a “rake” 

mechanism [54], where condensation of ethers occurred on the catalyst surface, followed 

by dehydration and H+ transfer (Figure 4.10b). The chain propagation was achieved by the 

sequential insertion of a carbene (:CH2), produced from CH3OH dehydration, to DME to 

produce longer chain ethers, such as methyl ethyl and methyl propyl ethers, which served 

as the intermediates to produce ethylene and propylene respectively.  

In the Cu/Mo2C:HZSM-5 cascade system at 135 °C (Section 4.3.2.4), no other 

CH3OH derived product was measured except for DME, suggesting that the subsequent 

conversion of DME to hydrocarbons did not occur. According to a surface reactivity study 

by Salvador et al. [55] over an H-Y type zeolite, the CH3OH to DME conversion typically 

started to occur at 120 °C and reached maximum at 210 °C; however, the formation of 

hydrocarbons did not occur until 250 °C. These findings are consistent with our observation 

on the absence of hydrocarbons at 135 °C. Most of the CH3OH to hydrocarbon processes 

are performed in gas phase at temperatures greater than 300 °C and atmospheric pressure, 

the conditions where hydrocarbon formation are favored [56].  
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Figure 4.10 Scheme of reaction mechanisms for CH3OH to hydrocarbon process: (a) 

General mechanisms over a HZSM-5 catalyst, taken from [53] and (b) proposed pathways 

for ethylene and propylene production from DME. 

 

Although the mechanistic study of CH3OH to hydrocarbon conversion is beyond 

the scope of this dissertation, it is important to notice that the one-pot conversion of CO2 

to hydrocarbon through CH3OH intermediate is challenging. This challenge was due to two 

major sub-steps in this cascade sequence are not favored at the same operating window. In 

particular, CH3OH synthesis from CO2 hydrogenation is favored at low temperature and 

high pressure [2], while the subsequent CH3OH to hydrocarbon conversion is favored at 

high temperature and low pressure [56]. Performing the reactions in two separate vessels 

or introducing new catalyst to promote DME to hydrocarbon conversion at comparable 

conditions with CH3OH synthesis process are two possible solutions.  

We also evaluated the product yield from each cascade system described in this 

chapter and the results are shown in Table 4.9. All the product yields achieved at 115-135 

°C were at least an order of magnitude lower than the theoretical yield, suggesting they 

still possess great potentials to be optimized. For the Cu-Cr:Cu/Mo2C cascade system, 

increasing the temperature from 135 to 200 °C has significantly improved the product yield 
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from 4.3 to 34% respectively, making it closer to the equilibrium yield. A systematic study 

on reaction parameters are required to rationally optimize these cascade systems, which 

will also be helpful in evaluating the feasibility of scaling up these systems for commercial 

applications. 

Table 4.9 Product yields (%) for all the heterogeneous cascade systems for CO2 

hydrogenation.a 

       a Experiments performed at 10 bar CO2, 30 bar H2 in 37.5 ml 1,4-dioxane. 
       bYield = total amount of products on C1 basis (mmol)/CO2 feed (mmol). 
       c Calculated using the thermodynamic parameters and model from [57]. 
       d Performed in the presence of ethanol. 

The heterogeneous-based cascade systems described in this chapter (see Figure 

4.11) are the first demonstrations for liquid phase CO2 hydrogenation at relatively mild 

reaction conditions. The commercial CH3OH production rate (from syngas) typically 

ranged from 0.4-1.0 kg/(l•h) at 250-300 °C and 50-100 bar. In this study, our best 

performing Cu-Cr:Cu/Mo2C cascade system exhibited a CH3OH production rate of 0.01 

kg/(l•h), about two orders of magnitude lower than the commercial rates, albeit at milder 

reaction conditions at 200 °C and 40 bar. Future work should investigate key reaction 

parameters, e.g. temperatures, pressures, solvents, and ratio of catalyst components to 

further optimize the reaction performance for these cascade systems. 

Cascade Systems T(°C) Time (h) 
Yield 

(%)b 

Equilibrium 

Yield(%)c 

Ir-PN/SBA-15 + 

Cu/Mo2C 
115 8 0.4 53 

Cu-Cr + Cu/Mo2C
d 135 24 4.3 48 

Cu-Cr + Cu/Mo2C
d 200 24 34 58 

Cu/Mo2C + HZSM-5 135 54 5.9 67 
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Figure 4.11 Schematic of proposed reaction pathways for (a) Ir-PN/SBA-15: Cu/Mo2C 

cascade system, (b) Cu-Cr:Cu/Mo2C cascade system, and (c) Cu/Mo2C:HZSM-5 cascade 

system. 

4.5 Conclusions 

In this chapter we described two novel heterogeneous cascade systems for the 

hydrogenation of CO2 to CH3OH through formic acid or formate intermediates. One system 

coupled Ir-PN/SBA-15 and Cu/Mo2C catalysts, affording a total TOF of 3.7×10-4 s-1 for 

CH3OH production at 115 °C, 10 bar CO2, and 30 bar H2. The other system combined Cu-

Cr and Cu/Mo2C catalysts and yielded a TOF of 4.7×10-4 s-1 for CH3OH production at 135 

°C, 10 bar CO2, and 30 bar H2. The results encouraged the development of other cascade 

systems of this type. We also observed that a Cu/Mo2C catalyst was active for CO2 

hydrogenation to CH3OH. The deposition of Cu onto the Mo2C surface enhanced the 
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CH3OH formation rates. These Mo2C-based materials were also active for formic acid and 

formate ester hydrogenation. The introduction of ethanol during CO2 hydrogenation 

resulted in improved CH3OH production rates over the Cu/Mo2C and Cu-Zn-Al catalysts. 

We attributed this to the accelerated formation of ethyl formate and its subsequent 

hydrogenation to CH3OH. In contrast, the Cu-Cr catalyst was selective for the production 

of ethyl formate; its subsequent conversion to CH3OH was inhibited by CO2. The 

production of dimethyl ether from CO2 was also demonstrated over a Cu/Mo2C:HZSM-5 

cascade system, where CO2 was hydrogenated to CH3OH over Cu/Mo2C and CH3OH was 

further converted to dimethyl ether by HZSM-5. 
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CHAPTER 5 

CO2 HYDROGENATION OVER METAL/MO2C CATALYSTS 

5.1 Introduction 

In previous chapters, we investigated the use of Mo2C-based catalysts for the 

hydrogenation of CO2 and the subsequent intermediates, including formic acid and ester 

formate, for methanol synthesis using cascade systems. In addition of being an active 

catalyst for CO2 hydrogenation, Mo2C was also proved to be an effective support [1], 

capable of modifying the electronic properties of the deposited metals that sometimes 

resulted in superior performance compared to the bulk Mo2C material [2]. Dubio et al. 

reported that the addition of Cu to the Mo2C and Fe3C catalysts resulted in comparable 

activities for CO2 conversion but substantial enhancements in the CH3OH selectivities by 

more than 50%. Similar enhancements were described by Vidal et al. [3], using Cu or Au 

promoted TiC (001) to produce CH3OH from CO2 hydrogenation at 250 – 320 °C. The 

Cu/TiC (001) material exhibited a CH3OH production rate that was an order of magnitude 

higher than that for the pure TiC (001) material. They suggested the improved rate for 

methanol synthesis was a consequence of a charge polarization on the TiC surface upon 

the deposition of Cu or Au nanoparticles, making the TiC surface more effective for 

activating CO2. More recently, Porosoff et al. [4] reported that a bulk Mo2C catalyst 

outperformed CeO2 supported Pt or Pd catalysts for CO2 hydrogenation, producing 
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primarily CO (~93% selectivity) at 300 °C and 1 atm via the reverse water-gas shift 

(RWGS) reaction. They also showed that the addition of Co onto Mo2C resulted in a 

moderate increase in the CO selectivity, likely attributing to the capability of Co/Mo2C to 

dissociate CH4 to C and H2 that decreased the selectivity to CH4 side product. 

In this chapter, we further evaluate nanostructured Mo2C supported metal catalysts, 

including Cu, Pd, Co, and Fe, for CO2 hydrogenation in liquid solvents and at temperatures 

higher than 135 °C. We also investigated the reaction pathways by probing the systems 

with possible intermediates, including CO and CH3OH. The use of liquid solvents as 

opposed to reactions in gas phase, can impact catalyst stability [5], i.e. the capability of 

maintaining same activities over the total reaction time on stream. For example, Verhoef 

et al. [6] reported that MCM-41 supported heteropoly acid catalysts were susceptible to 

severe deactivation during liquid phase esterifications compared to carrying out these 

reactions in the gas phase. This deactivation was primarily due to the presence of H2O 

which enhanced the mobility of the heteropoly acid species and caused catalyst sintering 

[6]. Therefore, we also investigated stabilities of the M/Mo2C catalysts by comparing the 

surface and bulk, physical and chemical properties before and after reaction. The findings 

will enhance our understanding of Mo2C-supported metal catalysts for low temperature 

CO2 hydrogenation and provide a scientific basis for their rational design for other related 

applications. 

 5.2 Materials and Methods 

5.2.1 Catalyst Preparation  

The bulk Mo2C catalyst was prepared using a temperature programmed reaction 

(TPR) technique starting from an ammonium molybdate (AM) precursor, 
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(NH4)6MO7O24•4H2O (Alfa Aesar). Approximately 1.3g of AM was sieved to 125-250 µm 

and then loaded into a quartz tube reactor. The AM was treated in H2 flowing at 400 

mL/min for 70 min, as the temperature was increased from 25 to 350 °C and held at 350 

°C for 12 h. The reaction gas was then switched to 15% CH4/H2 (400 mL/min) while the 

temperature was increased to 590 °C in 1.5 h and maintained at 590 °C for 2 h; the reactor 

was then immediately quenched to room temperature. The Cu/Mo2C and Pd/Mo2C 

catalysts were prepared using a wet impregnation method described elsewhere [12]. 

Briefly, the freshly-synthesized Mo2C was transferred under 15% CH4/H2 gas into a beaker 

containing 70 mL deaerated H2O (to avoid the oxidation of Mo2C) with target amounts of 

Cu(NO3)2 and Pd(NO3)2·4NH3 and allowed to interact for 20 h to achieve the 5 wt% 

nominal metal loading. Argon was continuously purged through the solutions during the 

wet impregnation process to deaerate and agitate the solution. This method enabled the 

metal precursor to directly interact with the native Mo2C surface (as opposed to a 

passivated material). A recently study by Wyvratt et al. reported that deposition of active 

metal onto the native Mo2C produced nanoscale metal domains that were better-dispersed 

than those deposited onto a passivated Mo2C surface, resulting in superior catalytic 

performance for the WGS reaction [13]. It has also been suggested by Schaidle et al. that 

Cu and Pd are deposited onto the Mo2C via electrostatic adsorption and both metals are 

reduced in-situ by the Mo2C support during the wet impregnation process [12]. The 

resulting catalyst slurry was dried at 110 °C for 2 h and reduced in flowing H2 (400 

mL/min) at 300 °C for 4 h to decompose the nitrate and produce the Cu or Pd domains. 

The Co/Mo2C and Fe/Mo2C catalysts were synthesized using the incipient wetness 

impregnation. The impregnation was performed using an aqueous solution containing 
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target amount of Co(NO3)2 or Fe(NO3)3, on the Mo2C support with a pore volume of 0.13 

cm3/g (measured by N2 physisorption). The incipient wetness was applied because only 

small amounts of Co and Fe (< 2 wt%) could be deposited via electrostatic adsorption [12]. 

The freshly synthesized Mo2C was transferred under Argon to a H2O-tolerant, oxygen free 

glovebox filled with N2 to avoid any bulk or surface oxidation of Mo2C. The resulting 

catalysts were dried in the glovebox on a heating plate at 110 °C for 2 h and then transferred 

under Argon into a quartz reactor where they were reduced in flowing H2 (400 ml/min) for 

4 h at 450 °C to produce the Fe and Co domains. 

5.2.2 Catalyst Characterization 

Surface areas of the materials were measured using a Micromeritics ASAP 2010 

analyzer based on N2 physisorption. All of the Mo2C-based catalysts were degassed (< 5 

mm Hg) at 350 °C for 4 h prior to the surface area measurements. The bulk crystalline 

structures were characterized using X-ray diffraction (Rigaku Miniflex 600) with 2θ 

ranging from 10° to 90° and a scan rate of 5 °/min. Crystallite sizes were estimated via line 

broadening analysis using the Scherrer equation [14]. Scanning electron microscopy (SEM) 

for select catalysts were performed using FEI Nova Nanolab Dualbeam (FIB/SEM). To 

enhance the conductivity, the materials were gold sputter coated prior to imaging. 

Elemental analyses were carried out using Energy Dispersive X-ray Spectroscopy (EDX). 

All the materials were passivated in 1% O2/He for 5 h before performing SEM in order to 

be loaded into the sample chamber without bulk oxidation. Metal compositions for the 

M/Mo2C catalysts were determined by inductively coupled plasma (ICP-OES) using a 

Varian 710-ES analyzer.  

https://www.google.com/search?q=icp+inductively+coupled+plasma&biw=804&bih=489&tbm=isch&tbo=u&source=univ&sa=X&ei=kDFrUvn_CeHbyQHO_YGYCA&sqi=2&ved=0CEQQsAQ
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The surface site densities for Mo2C-based catalysts were determined via CO 

chemisorption using a Micromeritics AutoChem II 2920 system with a thermal 

conductivity detector. The Mo2C-based catalysts were passivated in order to be loaded into 

the reactor chamber equipped with the AutoChem II 2920 system. Prior to the 

measurements, the catalysts were recarburized in 15% CH4/H2 for 4 h at 590 °C, then 

degassed in He at 600 °C for 1 h. The catalysts were then cooled to 25 °C and repeatedly 

dosed with 5% CO/He (5 mL sample loop) until reaching saturation. Deconvolution of 

contributions from the metal and Mo2C is desired, however, it is difficult because CO can 

adsorb to both the metal and Mo2C. Nevertheless, as Mo2C accounts for 95 wt% of the 

catalyst, the CO chemisorption uptakes should provide reasonable estimates of site 

densities. The catalyst surface coverage were estimated by assuming a 1019 active sites/m2 

for the Mo2C support [4]. The H2 temperature-programmed reduction (H2-TPR) was also 

carried out using the Micromeritics AutoChem II 2920 system. The passivated M/Mo2C 

catalysts were first purged with He with a flow rate of 70 ml/min at 200 °C for 2 h and then 

were cooled to room temperature. The H2-TPR was then conducted in 10% H2/Ar by 

increasing the temperature from room temperature to 800 °C at a heating rate of 4 °C/min, 

where the H2 consumption was recorded as a function of temperature. 

5.2.3 Reaction Rates and Selectivities 

The activity measurements were performed in a 50 mL Parr Instruments reactor 

(Micro 5500). The reactor system was equipped with a programmable temperature 

controller and a magnetic drive for the impeller. The gas phase reactor effluent was 

analyzed using gas chromatography (Varian 450 with flame ionization and thermal 

conductivity detectors). Liquid samples (0.4 mL) were periodically withdrawn during the 
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reaction using a dip tube, which was equipped with a 20 μm filter to separate the liquid 

from the solid catalyst particles. The liquid samples were analyzed offline using gas 

chromatography (Varian 450 with flame ionization detector).  

The Mo2C-based catalysts were used as synthesized without passivation. To avoid 

contact of the materials with air, they were transferred under an inert atmosphere and stored 

in an Ar filled glovebox (Mbraun UNIlab, H2O < 0.1 ppm, O2 < 5ppm). Solvents for the 

reactions contained 37.5 mL 1,4-dioxane (anhydrous, Acros Organics) and 10 µL n-decane 

(Acros Organics) as an internal standard. For the CO2 hydrogenation experiments, the 

reactors were charged with 10 bar CO2 and 30 bar H2 through a dip tube after purging the 

solvents with H2 for 15 min to remove dissolved oxygen at temperatures of 135-200 °C. 

Under these conditions, the solubilities for CO2 and H2 are approximately 0.15 and 0.14 

mol/L at 135 °C and 0.10 and 0.18 mol/L [15, 16] at 200 °C, respectively, in 1,4-dioxane. 

The CO2 reaction rates were calculated based on formation rates for the products (on a C1 

basis) after 2 h. Carbon balances closed to within ± 8% for the experiments. The turnover 

frequency (TOF) was determined by normalizing the rate by the CO uptakes. The 

selectivity is defined as the molar ratio of a specific product over the total products on a C1 

basis. 

For select catalysts, CO hydrogenation and CH3OH hydrogenation were performed 

at 200 °C to investigate the reaction pathways. For CO hydrogenation the reactant was 10 

bar CO and 30 bar H2 in 37.5 ml 1,4-dioxane. The CH3OH hydrogenation experiments 

were performed using 7 mmol (~0.3 ml) CH3OH, 10 bar N2 (used as an inert gas to balance 

the pressure) and 30 bar H2 in 37.2 ml 1,4-dioxane. A catalyst loading of 200 mg was used 

for each experiment unless stated otherwise. The reactor was heated at a rate of 5 °C/min 
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from room temperature to the target reaction temperature, and then agitated at a constant 

rate of 300 rpm, which indicated the start of the reaction.  

Several of the spent catalysts were recovered for characterization. To avoid contact 

with air, the materials were removed from the reactor (as catalyst slurry) in the Ar-filled 

glovebox and dried in vacuum for 2 h at room temperature in the glovebox antechamber. 

The dried catalysts were collected and stored in the glovebox before they were 

characterized. Similar weights were measured for the recovered catalysts, suggesting 

minimal catalyst loss during the reaction.   

5.3 Results 

5.3.1 Pre-Reaction Catalyst Properties 

The metal contents, surface areas, site densities, and corresponding theoretical 

surface coverages for all of the catalysts are listed in Table 5.1. Metal contents for each of 

the M/Mo2C catalysts were ~5 wt%, the target loading. The deposition of metals onto Mo2C 

caused a slight decrease in the surface areas, possibly due to pore blocking by the metal 

particles. Site densities for the M/Mo2C materials were lower than that for the bulk Mo2C 

(~1.6 moleculesCO/nm2) with the Pd/Mo2C catalyst possessing the highest site density and 

lowest nominal surface coverage owing perhaps to the high atomic mass of Pd. For 

comparison, site densities for Cu [19] , Pd [17, 18], Co [20, 21], and Fe [22, 23] have been 

reported to be 4.9, 6.6, 7.4 and 12.1 moleculesCO/nm2, respectively. The lower site densities 

for the M/Mo2C catalysts suggest that metal-Mo2C interactions suppressed CO adsorption 

on the metals. Similar reductions in CO adsorption capacities have been reported a 

Pt/Mo2C catalyst prepared using methods similar to those described in our chapter [12].  
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Table 5.1 Physical properties of the M/Mo2C catalysts.a 

Catalysts 
Metal Content 

(wt%) 

Surface 

Area (m2/g) 

Site Density 

(μmol/g) 

Surface Coverage 

(ML%)a 

Mo2C N/A 151 406 N/A 

Cu/Mo2C 5.3 135 298 35.1 

Pd/Mo2C 5.2 138 346 20.6 

Co/Mo2C 5.5 124 305 39.4 

Fe/Mo2C 5.1 118 306 38.4 

a Calculated assuming 1019 sites/m2 of Mo2C support. 

X-ray diffraction patterns for the catalysts are shown in Figure 5.1. The Mo2C 

support contained a mixture of α-MoC1-x (x ~0.5) and β-Mo2C in approximately equal 

amounts (quantified by Whole Pattern Fitting Rietveld Refinement) and there was no 

evidence of Mo oxides. This finding indicated a complete carburization of Mo oxide 

precursor during the synthesis process. Given the Mo:C ratio for the material, we will refer 

to the Mo carbide as Mo2C. Diffraction patterns for the M/Mo2C catalysts resembled that 

for the bulk Mo2C with no discernable peaks for the supported metals. This observation 

was likely a consequence of the small dimensions of the metal crystallites, although in 

some cases, the most significant peaks associated with the metals overlapped with the 

Mo2C peaks (Figure. A1). For example, the Cu (111) peak at ~43° and Pd (111) peak at 

~40 ° are located near the most intense peaks for α-MoC1-x and β-Mo2C, respectively. The 

XRD detection limit is approximately 5 nm.  
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Figure 5.1 X-ray diffraction patterns for Mo2C, M/Mo2C, and standards. 

5.3.2 CO2 Hydrogenation 

The CO2 hydrogenation reaction rates and selectivities for the Mo2C and M/Mo2C 

catalysts are summarized in Table 5.2. At 135 °C, CH3OH was the major product with 

selectivities in excess of 79%, while CO and CH4 were produced in small quantities. The 

deposited metals moderately enhanced the CO2 conversion rates and CH3OH selectivities. 

Very small but measurable amounts of C2H6 and C3H8 were observed for the Co/Mo2C and 

Fe/Mo2C catalysts. When the temperature was increased to 200 °C, the CO2 conversion 

rate increased by more than an order of magnitude. We also observed a significant shift in 

product distributions with C1-C4 hydrocarbons produced over all of the catalysts. There 

was also a concomitant decrease in the selectivity to CH3OH on increasing the temperature 
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to 200 °C (50-70%) compared to that at 135 °C (80-95%). This reduction in selectivity was 

anticipated as CH3OH synthesis is a highly exothermic reaction (ΔH25°C = -49.5 kJ/mol). 

Table 5.2 CO2 hydrogenation rates and selectivities over Mo2C and M/Mo2C catalysts.a 

Catalysts 
Trxn 

(°C) 

CO2 Conv. 

Rate/TOFb 
Selectivity (%)c,d 

umol/m2

/s•104 
s-1•104 MeOH EtOH CO CH4 C2H4 C2H6 C3+ 

Mo2C 
135e 1.7 0.6 79 0 16 5.3 0 0 0 

200 55 20 53 16 4.9 17 0.8 5.0 3.0 

Cu/Mo2C 
135e 4.6 2.1 93 0 4.1 2.6 0 0 0 

200 90 41 63 14 8.6 9.8 0.3 3.7 1.9 

Pd/Mo2C 
135 5.9 2.3 95 0 3.6 1.6 0 0 0 

200 97 39 68 11 9.6 7.6 0.3 2.5 1.3 

Co/Mo2C 
135 4.8 1.9 84 0 5.7 9.4 0 1.1 0.1 

200 86 35 46 25 9.5 9.5 0.6 5.6 1.4 

Fe/Mo2C 
135 3.9 1.5 87 0 4.1 7.2 0 1.2 0.6 

200 99 38 58 16 6.8 8.1 0.4 6.3 3.8 
a10 bar CO2, 30 bar H2, 37.5 ml 1,4-dioxane and 200 mg catalyst. 
bCalculated at 2 h. 
cCalculated at ~ 1.0 % CO2 conversion at 135 °C and ~ 10% CO2 conversion at 200 °C.  

 The selectivities are calculated on a C1 basis. 
dC3 contains C3H6 and C3H8, C4 contains C4H8 and C4H10. 
eRate data taken from [33]. 

Figure 5.2 compares TOFs for alcohol formation over the M/Mo2C catalysts at 135 

and 200 °C. The CH3OH TOFs at 135 °C decreased in the following order: Pd/Mo2C > 

Cu/Mo2C ≈ Co/Mo2C > Fe/Mo2C ≈ Mo2C (Figure 5.2a). At 200 °C, the order was slightly 

different: Cu/Mo2C ≈ Pd/Mo2C > Fe/Mo2C > Co/Mo2C > Mo2C. These differences 

indicated the importance of the deposited metals. In addition to CH3OH, C2H5OH was 

produced at 200 °C. Interestingly, when taken together, the CH3OH and C2H5OH TOFs for 

all of the M/Mo2C catalysts were similar (26-30 × 10-4 s-1). A potential pathway to C2H5OH 

and roles of the metals will be discussed in later sections. 
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Figure 5.2 Turnover frequencies of CH3OH and ethanol formation at (a) 135 °C and (b) 

200 °C on M/Mo2C catalysts. Experiments were performed at 10 bar CO2, 30 bar H2 and 

37.5 ml 1,4-dioxane. 

Figure 5.3 compares TOFs for CO and hydrocarbon formation at 135 and 200 °C. 

At 135 °C, the addition of Cu or Pd to Mo2C had very small effects on the CO and 

hydrocarbon formation rates, while the addition of Fe and Co resulted in a decrease in CO 

formation and increase in hydrocarbon formation; mostly CH4 and small amounts of C2H6 

and C3H8. Similarly, at 200 °C, Cu and Pd had very small effects on the production of CO 

and hydrocarbon compared to that for bulk Mo2C catalyst, suggesting these metals were 

not active for the production of hydrocarbons. In contrast, the deposition of Fe and Co onto 

Mo2C significantly enhanced the production of C2-C4 hydrocarbons, while decreasing the 
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selectivity to CO. The hydrocarbons were primarily paraffins, with an olefin/paraffin ratio 

of 0.08 – 0.35 (see Figure. A2). Such low olefin/paraffin ratios have also been reported for 

other Mo2C-based materials [6, 24]; this observation is also consistent with the high 

hydrogenation activities associated with Mo2C. Addition of the metal did not significantly 

affect the olefin/paraffin ratios.  

 

Figure 5.3 Turnover frequencies of CO and hydrocarbon formation at (a) 135 °C and (b) 

200 °C on M/Mo2C catalysts. Experiments were performed at 10 bar CO2, 30 bar H2 and 

37.5 ml 1,4-dioxane. 

5.3.3 Reaction Pathway Investigation 

There are multiple pathways to the products described in the last section. The CO2 

hydrogenation products could be the result of CO produced via the RWGS reaction. Mo2C 
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catalysts have been reported to be highly active for RWGS [25]. Alcohols and 

hydrocarbons could be produced from CO. Alternately the alcohols and hydrocarbons may 

have been produced directly from CO2. Apparent activation energies for individual 

products often provide useful insights regarding the reaction pathways. We also used CO 

and CH3OH as the reactants to interrogate the reaction pathways. Based on the activities 

and selectivities presented in Section 5.3.2, we selected the Cu/Mo2C (selective for 

CH3OH) and Fe/Mo2C (selective for C2-C4 hydrocarbon) catalysts for the reaction pathway 

investigations. 

Arrhenius plots for the formation of CH3OH and hydrocarbons for the Cu/Mo2C 

and Fe/Mo2C catalysts are illustrated in Figure 5.4. The corresponding apparent activation 

energies, Ea,App, are listed in Table 5.3. Activation energies for hydrocarbon formation were 

very different and much higher than those for CH3OH formation. This suggested that the 

rate determining steps involved different intermediates and perhaps different active sites. 

In comparing Ea, App values for Mo2C with those for the supported metal catalysts, we note 

a slight reduction consistent with the metal facilitating conversion. These trends are 

consistent with our previous findings that Cu facilitates CH3OH production while Fe 

enhances hydrocarbon formation over Mo2C surface.  
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Figure 5.4 Arrhenius plots for the formation of (a) CH3OH and (b) hydrocarbons from CO2 

hydrogenation at temperatures of 135-200 °C on Mo2C, Cu/Mo2C, and Fe/Mo2C. The 

experiments were performed at temperatures of 135, 155, 175, 200 °C, 10 bar CO2 and 30 

bar H2 in 1,4-dioxane. 

Table 5.3 Apparent activation energies for the Mo2C and M/Mo2C catalysts. 

 

Catalysts 

Ea,App (kJ/mol)a  

CH3OH 

Formation 

Hydrocarbon 

Formation 

Mo2C 76 ± 7 110 ± 8 

Cu/Mo2C 60 ± 5 105 ± 8 

Fe/Mo2C 65 ± 4 96 ± 7 
                                a Ea, App was calculated based on the reaction rates at 135-200 °C 

5.3.3.1 CO Hydrogenation 

The hydrogenation of CO was performed at 200 °C using 10 bar CO, 30 bar H2 

over Cu/Mo2C and Fe/Mo2C catalysts. The product formation TOFs are shown in Figure 

5.5. For both the Cu/Mo2C and Fe/Mo2C catalysts, CH3OH and C2H5OH were observed. 

The CH3OH produced during CO hydrogenation was only 7.7 and 3.2% of that produced 

during CO2 hydrogenation over these catalysts, respectively. This result suggested that 

most of the CH3OH produced during CO2 hydrogenation was directly from CO2. The 
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hydrocarbon formation TOFs from CO were 3-4 times higher than those from CO2 

hydrogenation, perhaps due to a higher CO concentration (by about a factor of 4) compared 

to the CO2 concentration. Interestingly, when normalized by the CO concentrations, the 

hydrocarbon formation rates were comparable (within ±12%) for CO and CO2 

hydrogenation, again suggesting that the hydrocarbons were primarily produced via CO 

hydrogenation. In addition, the dominant product was CO2 for both catalysts, suggesting 

the significance of WGS at these conditions. We will compare the chain propagation 

properties in the discussion section. 

Figure 5.5 Product TOFs for CO hydrogenation over Cu/Mo2C and Fe/Mo2C catalysts. (a) 

CO2 and alcohol TOF (b) hydrocarbon TOF. Experiments were performed at 200 °C, 10 

bar CO, 30 bar H2 and 37.5 ml 1,4-dioxane. 

5.3.3.2 CH3OH Hydrogenation 

The CH3OH hydrogenation experiments were performed at 200 °C with 7 mmol of 

CH3OH, 30 bar H2, and 10 bar N2 over the Cu/Mo2C and Fe/Mo2C catalysts. The only 

detectable product was CH4 (See Figure. A3 in the Appendix A), a consequence of CH3OH 

hydrodeoxygenation (HDO) as shown in Eq. (1).   
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                    𝐶𝐻3𝑂𝐻 + 𝐻2  → 𝐶𝐻4 +  𝐻2𝑂,    ∆𝐺200°𝐶 =  −106 𝑘𝐽/𝑚𝑜𝑙         Eq. 5.1 

Early transition metal carbides including Mo2C are known to be highly active HDO 

catalysts [26]. Although CH3OH HDO is thermodynamically favorable, it is an undesirable 

side reaction, as CH4 and H2O are less valuable than CH3OH and H2. The normalized 

CH3OH consumption rate only accounted for 3~5% of CH3OH produced during CO2 

hydrogenation, suggesting that only a small portion of the CH3OH was lost via HDO. The 

Cu/Mo2C was twice as active as the Fe/Mo2C catalyst (Figure. A3) for CH3OH HDO with 

Cu being more effective in producing CH4. The results also indicated that CH3OH was not 

an intermediate for the production of C2-C4 hydrocarbons. The amount of CH4 produced 

from CH3OH HDO was negligible (0.7-1%) compared to the total CH4 formation during 

the CO2 hydrogenation. Neither CO nor CO2 were observed, indicating that CH3OH steam 

reforming was insignificant under the conditions employed. The absence of CH3OH steam 

reforming was likely a consequence of the high hydrogen content and the lack of H2O, 

although anhydrous 1,4-dioxane, the solvent used in our experiments, can contain up to 

~100 ppm H2O. 

5.3.4 Post-Reaction Catalyst Properties 

To evaluate the stabilities of M/Mo2C catalysts, several physical and surface 

properties were characterized before (pre-reaction) and after (post-reaction) use for CO2 

hydrogenation. Again, the Cu/Mo2C and Fe/Mo2C catalysts were characterized. There 

were negligible differences in the surface areas and metal contents before and after reaction 

(Table 5.4). Diffraction patterns for the pre- and post-reaction Cu/Mo2C and Fe/Mo2C 

catalysts (Figure. A6) were similar although the post-reaction Cu/Mo2C catalyst exhibited 
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a slightly sharper peak at 43°, corresponding to Cu (111). This result suggested a small 

degree of sintering for the Cu/Mo2C catalyst.  Nevertheless, the results indicated the 

robustness of the Cu/Mo2C and Fe/Mo2C catalysts. 

Table 5.4 Surface areas and metal contents for pre- and post-reaction Cu/Mo2C and 

Fe/Mo2C catalysts. 

Catalysts 
Surface Area (m2/g)  Metal Contents (%) 

pre-reaction post-reaction pre-reaction post-reaction 

Cu/Mo2C 135 ± 4 129 ± 3 5.3 ± 0.4 5.5 ± 0.7 

Fe/Mo2C 118 ± 3 116 ± 2 5.1 ± 0.5 5.2 ± 0.4 

 

Micrographs of the passivated, pre- and post-reaction Cu/Mo2C and Fe/Mo2C 

catalysts are illustrated in Figure 5.6. For the pre-reaction Cu/Mo2C catalyst (Figure 5.6a), 

Cu was dispersed unevenly over the Mo2C surface with particle sizes ranging from 30-500 

nm. For the post-reaction Cu/Mo2C catalyst, slightly larger Cu particles were observed 

ranging from 50-750 nm. This result is consistent with the diffraction results and confirmed 

some degree of sintering for the Cu particles during CO2 hydrogenation at 200 °C. In 

contrast, the Fe/Mo2C catalyst contained relatively large patches of Fe (3-10 μm). These 

patches are likely the cause for the decrease in the surface area by ~20% (Table 5.1). There 

was no significant change in the surface morphology when comparing the pre- and post-

reaction Fe/Mo2C catalysts. Interestingly, despite the substantial Fe particles observed in 

the micrographs, no discernable Fe peaks were observed in the diffraction patterns. A 

plausible explanation is that Fe is part of either -Fe or Fe2O3, where their most significant 

peaks overlap with the major peaks of Mo2C at ~41° and 37° respectively, making phase 

deconvolution difficult (Figure. A1). It has been reported that during the FTS, the active 

phase for the Fe-based catalyst is an iron carbide [27-29]. No obvious iron carbides were 
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observed from the XRD, although one of the major Fe2C peaks also overlaps with the Mo2C 

peak at 43° (Figure. A1). From the EDX data (see Figure. A4), the carbon and iron were 

not co-located suggesting that Fe2C was not present. Interestingly, oxygen and iron were 

co-located, which implicated the presence of Fe2O3 at least at the surface for the passivated 

materials.  

 

Figure 5.6 Scanning electron micrographs for (a) pre-reaction Cu/Mo2C, (b) post-reaction 

Cu/Mo2C, (c) pre-reaction Fe/Mo2C, and (d) post-reaction Fe/Mo2C catalysts. 

The H2-TPR profiles for passivated pre- and post-reaction Cu/Mo2C and Fe/Mo2C 

catalysts are shown in Figure 5.7. The bulk Mo2C catalyst produced two major peaks: one 

at low temperature ~ 210 °C that we attributed to reduction of the passivation layer [30], 

and a high temperature peak at ~ 700 °C which corresponds to decomposition of the Mo2C, 

as observed previously [3]. The addition of Cu and Fe caused a shift in the lower 

temperature peak from 210 °C to 170 and 140 °C, respectively. A similar shift has been 
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reported for Pt/Mo2C catalysts prepared using methods similar to those described in this 

chapter [31]. This was likely due to H2 activation over the supported metal; subsequently 

this hydrogen could be used to reduce the passivated Mo2C [32, 33]. The presence of the 

supported metals did not appear to affect decomposition of the Mo2C (~700 °C). Similar 

H2-TPR profiles were observed for the pre- and post-reaction catalysts, indicating that 

exposure to the reactants and solvent during the reaction did not alter surface chemistries 

of the M/Mo2C catalysts. 

 

Figure 5.7 H2 consumption during the H2-TPR experiment for the M/Mo2C pre- and post-

reaction catalysts. Conditions: 10% H2/Ar, 4°C/min heating rate. 

We also characterized the post-reaction catalysts by rerunning the CO2 

hydrogenation experiments. These experiments also provided an assessment of the 

recyclabilites of the catalysts. The results for the Cu/Mo2C and Fe/Mo2C catalysts are 

shown in Figure 5.8. The slight decrease in CH3OH production over the Cu/Mo2C catalyst 

is consistent with the Cu sintering observed by XRD and SEM. The Fe/Mo2C activity 

remained fairly constant on re-use.  
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Figure 5.8 Product TOFs for (a) Cu/Mo2C and (b) Fe/Mo2C over the fresh and reused 

catalysts. 

5.4 Discussion 

Results presented in this chapter allow us to understand the effects of the metal type 

and temperature on the performance of Mo2C supported metal catalysts for CO2 

hydrogenation, and the potential reaction pathways for these catalysts. 

 There are limited reports regarding CO2 hydrogenation over Mo2C-based catalysts, 

and other than our prior work [34], the experiments were carried out with gas phase 

reactants. Table 5.5 compares results from our work with those in the literature that are at 

similar temperatures. The CO2 conversion TOFs are of the same order of magnitude. This 

is particular interesting given the lower CO2 and H2 concentrations in the liquid phase (0.10 

and 0.18 mol/L for CO2 [16] and H2 [15], respectively, in 1,4-dioxane at 200 °C, 10 bar 

CO2, and 30 bar H2) compared to those for experiments carried out in the gas phase (0.3, 

0.77 mol/L for CO2 [35] and H2 at 200 °C, 10 bar CO2,  and 30 bar H2). We also note that 

CO and CH4 were the predominant products for CO2 hydrogenation in the gas phase, while 

alcohols including C2H5OH and C2+ hydrocarbons were the predominant products for our 

work in the liquid phase. This difference in selectivity was likely due to the different 
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reactant densities in the liquid and gas phase media. Different synthesis and pretreatment 

protocols could also contribute to the differences. Recall that we directly employed freshly-

synthesized Mo2C catalyst without surface passivation. Xu et al. [8] and Dubois [6] et al. 

described a pretreatment of the passivated Mo2C via recarburization or H2 reduction prior 

to the reaction. This could introduce different types or distributions of the active sites over 

the Mo2C surface and ultimately alter the product selectivities.  

Table 5.5 Comparing CO2 hydrogenation activities and selectivities on Mo2C-based 

catalysts between the literature and this study. 

Catalyst 
T (°C)/ 

P(bar) 

CO2/H2 

ratio 
Phase 

TOF  

(s-1•104) 

Selectivity (%) 
Reference 

CO CH3OH C2H5OH CH4 C2+ 

Mo2C 200/40 0.33 Liquid 20 5 53 16 17 9 This work 

Cu/Mo2C 200/40 0.33 Liquid 41 9 62 14 10 6 This work 

Fe/Mo2C 200/40 0.33 Liquid 38 7 58 16 8 11 This work 

α-MoC1-x 200/20 0.2 Gas 14 52 28 1 11 5 [28] 

β-Mo2C 200/20 0.2 Gas 106 39 21 1 29 8 [28] 

Cu/Mo2C 220/60 3 Gas 219 49 32 0.4 14 4 [26] 

 

Results presented in this chapter are consistent with different active sites for the 

formation of alcohols and hydrocarbons. Recall that activation energies obtained for 

CH3OH (60-76 kJ/mol) and hydrocarbons (96-110 kJ/mol) were different (Table 5.3) 

implying different rate determining steps and perhaps different pathways. Xu et al. [8] 

indicated that selectivities during CO2 hydrogenation were highly dependent on the Mo/C 

ratio and crystalline phases present. They reported that β-Mo2C catalyst was more active 

than α-MoC1-x but produced primarily CO and CH4, while α-MoC1-x catalyst was more 

selective to CH3OH. Porosoff et al. [9] also reported that a β-Mo2C catalyst exhibited high 

selectivities to CO albeit at atmospheric pressure. Recall that the Mo2C used in the current 
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study was a mixture of α-MoC1-x and β-Mo2C, therefore, it is plausible that α-MoC1-x 

produced primarily CH3OH, and β-Mo2C produced primarily CO (via RWGS) and perhaps 

C1-C4 hydrocarbons via FTS. The supported metals likely influenced the properties of sites 

already on the Mo2C surface; it is also possible that the metals introduced new sites. 

Previously we reported experimental and computational results suggesting that, for 

Pt/Mo2C catalysts, highly active sites for WGS were located at the interface between the 

Pt and Mo2C [4]. These sites were much more active than those associated solely with 

Mo2C or Pt. Results presented in this current chapter do not allow us to determine if there 

were active sites for CO2 hydrogenation at the interface between the metal and Mo2C, 

however, the presence of the supported metal clearly contributed to the catalytic properties. 

The addition of Cu and Pd resulted in a significant increase in the CO2 conversion 

rates and selectivities to CH3OH at 135 and 200 °C (Table 5.2). Copper [36-38] and Pd 

[39-41] are known to be selective for CO2 hydrogenation to CH3OH, and their addition to 

Mo2C would be expected to improve the CH3OH selectivity. Copper and Pd have also been 

reported to function synergistically with metal oxides (e.g. ZrO2 and ZnO) by facilitating 

H2 dissociation, which makes atomic H available to the support (likely via H2 spillover) 

for CO2 hydrogenation [42, 43]. The possibility of synergy between Cu and Mo2C is 

currently being explored. While Cu and Pd affected CH3OH selectivities, the Co/Mo2C and 

Fe/Mo2C catalysts yielded significant amounts of C2+ hydrocarbons and ethanol. 

Weatherby [44] reported that oxide supported Co and Fe facilitate the formation of C2+ 

products during CO2 hydrogenation and suggested that the hydrocarbons were produced 

via CO hydrogenation. Our results are consistent with this finding, in particular that CO is 

likely a primary intermediate for hydrocarbons over the Mo2C catalyst. We postulate that 
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Mo2C produces CO via the RWGS and CO hydrogenation occurs on both the Fe or Co 

particles [45-47] and the Mo2C surface. Ethanol may have been produced via a CO-

insertion or oxygenate-based mechanism [24]. 

Figure 5.9 summarizes what we understand about the reaction pathways for CO2 

hydrogenation over Mo2C supported metal catalysts under the experimental conditions 

employed for our research. Similarities between the hydrocarbon formation rates and 

distributions for CO hydrogenation and CO2 hydrogenation are consistent with CO being 

a common intermediate.  

 

Figure 5.9 Proposed reaction pathways to produce alcohols and hydrocarbons from CO2 

and H2. The solid arrows denote major pathways and the dashed arrows denote minor 

pathways. The pathways are applicable to the following experimental conditions: 200 °C, 

10 bar CO2, and 30 bar H2 in 1,4-dioxane. 

A useful way to compare the hydrocarbon distributions is via Anderson-Schulz-

Flory chain propagation probabilities (α). These α values were determined using the 

Anderson-Schulz-Flory equation (Equation (1)): 

Wn/n = (1 − α)2•αn−1     Eq. 5.2 

where Wn is the weight fraction of hydrocarbons containing n carbon atoms and α is the 

chain propagation probability, i.e. the probability that a molecule continues reacting to 
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form a longer chain. The α value is obtained by taking the linear slope of log (Wn/n) and 

n (the ASF plots can be found in Figure. A4). The α values for CO and CO2 hydrogenation 

are identical (see Table 5.6). Also note that α values for the Fe/Mo2C and Co/Mo2C 

catalysts were higher than those for other catalysts for both CO2 and CO hydrogenation. 

These results are consistent with literature indicating that Fe and Co are effective for chain 

propagation during FTS [45, 48], while Cu or Pd produce surface intermediates that lead 

to C1 products, i.e. CH4 and CH3OH [40, 49, 50]. While CH3OH was an additional source 

of CH4, the contribution was insignificant such that the α values were not affected. 

Table 5.6 Chain propagation probabilities for the M/Mo2C catalysts. 

 

 

 

 

 

Three mechanisms have been suggested for the formation of C2+ products during 

CO hydrogenation [51, 52]: the carbide, oxygenate, and CO insertion mechanisms. 

Recently, a mechanistic study performed by Schaidle et al. [53] implicated that the chain 

growth over Mo2C-based catalysts was primarily via the oxygenate mechanism. This 

mechanism involves the molecular adsorption of CO and subsequent hydrogenation to 

produce surface methoxy species (–CHO); C-C coupling then occurs via condensation of 

the –CHO species and hydrogenation steps. This pathway produces alcohols as the side 

products during the chain growth to form hydrocarbons, which is consistent with ethanol 

Catalysts 
 Chain propagation probability (α) 

CO2 Hydrogenation CO Hydrogenation 

Mo2C 0.21 ± 0.02 -- 

Cu/Mo2C 0.22 ± 0.01 0.22 ± 0.02 

Pd/Mo2C 0.21 ± 0.02 -- 

Co/Mo2C 0.27 ± 0.01 -- 

Fe/Mo2C 0.31 ± 0.02 0.31 ± 0.02 
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formation at 200 °C for our study. Iron-based catalysts have also been reported to perform 

chain propagation via the oxygenate mechanism [29]. In fact, Mo2C-based catalysts are 

known to dissociatively and associatively adsorb CO, with the latter being responsible for 

chain propagation [53]. Given our results, we believe the addition of Fe introduced 

additional associative adsorption sites over Mo2C, which modifies Mo2C and results in an 

enhancement in C2+ hydrocarbon formation. 

Two pathways have been suggested for CH3OH production; one involving surface 

formate and formaldehyde species and the other involving CO as the major intermediate 

[54-56]. In comparing the CH3OH production rates during CO and CO2 hydrogenation, we 

found that CO contributed insignificantly (3-7%) to the total CH3OH production 

implicating surface formates and aldehydes as principal intermediates. Interestingly, 

neither formic acid nor aldehyde were detected during the reaction. We believe that these 

species were rapidly converted, given the thermodynamic favorability (Appendix A, Table 

A1). 

5.5 Conclusions 

In summary, a series of Mo2C-supported metal catalysts were evaluated for CO2 

hydrogenation at 135-200 °C in 1,4-dioxane solvent. At 135 °C, the catalyst favors CH3OH 

with selectivities up to 95%, while at 200 °C, the selectivity shifts to C2H5OH (~15%) and 

C2-C4 (5-10%) hydrocarbons with a reduced selectivity to CH3OH formation (50-70%). A 

comparison of the product distributions over the M/Mo2C catalysts revealed that the 

addition of Cu and Pd enhanced CH3OH synthesis, while the deposition of Co and Fe 

enhanced C-C coupling to produce C2-C4 hydrocarbons and ethanol. Our analysis of the 

reaction pathway suggests that CO was the intermediate for hydrocarbon production via 
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FTS, while CO2 was the primary source for CH3OH likely via surface formate/aldehyde 

intermediates. The M/Mo2C catalysts were robust and experienced minimal changes in 

catalytic activity and physical/surface properties as a consequence of use for CO2 

hydrogenation. The results also suggested that Mo2C possessed distinct sites for the 

production of alcohols and hydrocarbons. The activities of these sites can be altered by, for 

example, depositing metals or changing the synthesis/treatment protocols. The findings 

from this study advance our understanding of the low temperature CO2 hydrogenation 

activities of carbide supported metal catalysts and provide insights for the design of these 

types of materials for other reactions. 
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CHAPTER 6 

CHEMOSELECTIVE HYDROGENATION OF CROTONALDEHYDE IN A  

SOLID-POLYMER-ELECTROLYTE REACTOR 

6.1 Introduction 

The work described in Chapters 2-5 of this dissertation illustrated the use of cascade systems 

for the low temperature selective hydrogenation of CO2 and other C=O containing species, 

including formic acid, formate ester, and DMF to produce CH3OH using thermochemical routes. 

In this chapter, we investigated the electrochemical route for the low temperature chemoselective 

hydrogenation of multifunctional organics. In particular, we targeted the selective hydrogenation 

of α,β-unsaturated aldehydes (containing both C=O and C=C functional groups), with the 

corresponding unsaturated alcohols being the desired products. 

The chemoselective hydrogenation of multifunctional organic compounds serves as a key 

process to produce higher value chemicals from low-value starting materials and is of great 

importance to the chemical industry. These reactions account for almost 20% of the reaction steps 

in a typical chemical process [1], with applications in pharmaceutical, cosmetics, and 

manufacturing industries [2]. 

Commercial selective hydrogenation reactions are typically performed in thermo-catalytic 

reactors; however, there are two major limitations associated with these conventional systems. First, 

the reactions are usually carried out at high temperatures (> 250 °C) and pressures (> 50 bar) and 

therefore require significant capital and operating costs. Second, the mass transport of gaseous H2



139 

 

through the liquid phase to the solid catalyst surface and the poor H2 solubility in the solvents 

restricts the reaction rates.  

Recently, solid-polymer-electrolyte (SPE) reactors have been reported as an alternative to 

thermochemical reactors for chemical syntheses [3-7]. The reactor has a similar structure to a fuel 

cell, in that it is composed of an anode, a cathode and an ion- exchange-membrane. However, unlike 

fuel cells which produce electricity, this reactor uses electricity as the driving force to carry out the 

reactions. This process is potentially sustainable if electricity is derived from a common renewable 

source, such as solar, wind, and hydroelectric [8]. Several multifunctional organic hydrogenation 

reactions have been successfully performed in an SPE reactor, including triglyceride hydrogenation 

[3, 9, 10] and nitrobenzene reduction [6, 7].   

Compared to a traditional thermo-catalytic reactor, an SPE reactor can perform the reactions 

at low temperatures and ambient pressures, decreasing the equipment and operation costs. Mild 

reaction temperatures are also beneficial if the desirable products are generated from exothermic 

processes. Furthermore, using an SPE reactor reduces the mass transport limitations by providing 

the hydrogen in the form of protons at the catalyst surface under the applied potential. This latter 

attribute eliminates the problem of low hydrogen solubility in the solvent [10].  

Research described in this chapter investigated the use of an SPE reactor for the selective 

hydrogenation of multifunctional organic compounds containing C=C and C=O groups. 

Crotonaldehyde (CH3-CH=CH-CHO) was selected as the model molecule for its simple chemical 

structure while still containing both C=C and C=O groups [10]. The key findings of this research 

provide a scientific basis to perform the hydrogenation of other organic compounds with similar 

functional groups in the SPE reactor and create a more energy-efficient means of chemical synthesis. 
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6.2 Background 

The following subsections will introduce the structure of a typical SPE reactor and review 

several hydrogenation reactions that have been successfully performed in this type of reactor. 

Additionally, the previous work regarding hydrogenating crotonaldehyde using both 

electrochemical and thermocatalytic reactors will be discussed.  

6.2.1 SPE Reactor 

 A typical SPE reactor consists of bipolar plates, fluid channels and a membrane electrode 

assembly (MEA), as shown in Figure 6.1 [8]. The two stainless steel bipolar plates are directly 

connected to the electrical power supply for conducting electricity. The graphite plates with 

patterned fluid channels are used to distribute the substrate to the membrane surface. 

 

 

 

 

 

 

 

Figure 6.1 Scheme diagram of an SPE reactor. Taken from [10]. 

The core component of the reactor is the MEA. A typical MEA has an ion-exchange 

membrane, e.g. Nafion®, in the middle with gas-diffusion layers (GDLs), usually carbon paper or 

carbon cloth, loaded with catalysts hot-pressed onto each side of the membrane. A GDL with 
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catalysts on its surface serves as an electrode. The MEA is tightly inserted between two flow 

channels by the Teflon® gasket for efficient proton transport. In a hydrogenation reaction, H2 is fed 

to the anode and oxidized to protons. The protons migrate through the membrane to reach the 

cathode surface, where they are reduced to atomic hydrogen on the surface for further hydrogenation 

or to molecular H2, i.e. the hydrogen evolution reaction (HER). This is an undesirable reaction, as 

it reduces the efficiency of the selective hydrogenation reactions. 

6.2.2 Hydrogenation Reaction in a SPE Reactor 

Several studies on hydrogenation reactions of multifunctional organic compounds have been 

carried out in SPE reactors. In 1998, An et al. examined the hydrogenation of triglycerides in an 

SPE reactor at 50-80 °C and 1 atm H2 [9]. The reactions were operated with a constant current 

density of 0.1A/cm2 and used RuO2 as the anode catalyst and Pd black or Pt black as the cathode 

catalyst. During the reaction, hydrogen reacted with the triglycerides to generate various products. 

The products included the cis and the undesirable trans isomers; however, the trans isomer yield 

(4%) was significantly lower when compared to the conventional thermocatalytic process (36.5%) 

[4]. Their findings suggested that at optimal electrochemical conditions, the SPE reactor could result 

in superior selectivities to the desired product than the conventional thermo-catalytic reactor.  

In 2000, Yuan et al. reported work on nitrobenzene hydrogenation in an SPE reactor. In the 

study, they achieved cogeneration of cyclohexylamine and electrical power [7]. The reaction was 

conducted at 70 °C and 2 atm H2 using 20% Pt/C as the catalysts for both the cathode and the anode. 

Potential hydrogenation products for this reaction include aniline (AN) and cyclohexylamine (CHA), 

where the latter was the desired product for its value in the metal-coating and pharmaceutical 

industry. They studied the effects of H2 flow rate on the selectivity of the products and achieved a 

CHA selectivity of 57.3% using a flow rate of 20 mL/min H2. A maximum power density of 1.5 



142 

 

mW/cm2 was also achieved as the cogenerated electrical power. This study demonstrated the 

feasibility of using an SPE reactor for selective chemical synthesis with concurrent power generation. 

6.2.3 Crotonaldehyde Hydrogenation Reaction 

 A reaction scheme for crotonaldehyde (CAL) hydrogenation and the thermodynamic 

properties associated with each step [11, 12] is shown in Figure 6.2. Selective hydrogenation can 

occur on the C=O bond to generate crotyl alcohol (COL), or on the C=C bond to form butyraldehyde 

(BAL). Further hydrogenation of COL or BAL produces n-butanol (BOH). The desired (high-value) 

product is COL, which is used in the flavor, fragrance, and pharmaceutical industries [10]. Obtaining 

each hydrogenation product is thermodynamically down-hill but producing COL is more 

challenging than the other two products, indicated by a higher ΔG° (Figure 6.2). Therefore, the 

major research focus is to understand which factors influence the reaction activity and selectivity.  

 

 

 

 

 

Figure 6.2 Crotonaldehyde hydrogenation reaction scheme and thermodynamic properties. 

6.2.4 Crotonaldehyde Hydrogenation in Electrochemical Reactors 

In 1982, G. Horanyi et al. [13] performed CAL reduction on a platinum electrode in a liquid 

electrolyte-based three-electrode cell. The reaction was conducted under a constant voltage of 60 

mV using 1M H2SO4 as the electrolyte. No H2 was fed into the system; instead, protons from 

H2SO4 provided the hydrogen for reduction. Some gaseous hydrocarbons were formed as products, 

including propane, butane, and butene. The authors proposed a scheme for the reaction shown in 
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Figure 6.3; the final products were mainly hydrocarbons. This observation indicated that at these 

electrochemical conditions, the reactions did not stop at the primary or secondary hydrogenation 

products, e.g. COL, BAL, or BOL, but proceeded with the hydrogenation or deoxygenation to 

produce hydrocarbons.  

 

 

 

 

 

 

Figure 6.3 Proposed crotonaldehyde hydrogenation scheme. 

Barnes et al. also examined the electrochemical reduction of CAL at a dropping mercury 

electrode [13]. They reported that the product distribution was greatly dependent on the pH value 

of the electrochemical environment. The results showed that in acidic media, an unsaturated diol (a 

dimer of CAL) was the major product; however, in a basic environment the trans-COL was 

primarily produced. This study demonstrated the feasibility of producing COL via electrochemical 

CAL reduction. 

6.2.5 Crotonaldehyde Hydrogenation in Thermocatalytic Reactors 

The majority of published research regarding CAL hydrogenation were performed in 

thermocatalytic reactors. Several representative studies are summarized in Table 6.1. In these 

studies, CAL hydrogenation was carried out at relatively high pressures (>10 bar) and moderate 

temperatures, i.e. higher than room temperature but less than 150 °C. The catalysts utilized in this 
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study were mostly noble metals, such as Pt, Ru, or Ag, supported on metal oxides. The selectivity 

to COL was reported to be highly dependent on both the catalysts and the operating conditions. 

Table 6.1 Thermocatalytic crotonaldehyde hydrogenation: conditions and results. 

 

 

 

 

6.3 Experimental 

6.3.1 Description of SPE Reactor System 

 Figure 6.4 illustrates the experimental apparatus designed for CAL hydrogenation in an 

SPE reactor. A stream of H2, monitored by a mass flow meter, was hydrated in a humidifier and 

then was flowed into the anode side. The hydrated H2 kept the membrane moisturized during the 

reaction to ensure that the cation-exchange-membrane functioned properly. On the other side of 

the membrane, a stream of 5 vol% CAL in isopropanol was pumped into the cathode block. The 

stream was placed in a circulation loop to allow sufficient contact time between CAL and the 

catalyst surface. The cathode effluent was sampled after 3, 6, 9, and 24 h and sent to a GC for 

further analyses.  

 

 

 

 

 

Authors Year T(˚C) P (atm) Catalysts 
Selectivity % to 

COL 

X. Yang et al. [15] 2009 140 30 
Ag/SiO2,Au/SiO2, 

Pt/SiO2 
50% 

B. Campo et al. [16] 2009 80 10 Au/CeO2 29% 

Šebkoá et al. [17] 2003 80 80 Pt/SnO2, Ru/SnO2 60% 
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Figure 6.4 Schematic diagram of experimental apparatus for crotonaldehyde hydrogenation. 

6.3.2 MEA Fabrication 

Membrane electrode assemblies (MEAs) were fabricated based on a FuMA-Tech FKB® 

membrane. The details for selecting this membrane will be described in Section 6.4.1 of this 

chapter. The fabrication was accomplished via three steps. First, the catalyst suspension was 

prepared as a mixture of 20% Pt/C (Alfa Aesar, 190 m2/g) and a binder, i.e. the FKB solution with 

a mass ratio of 3:20. The FKB solution was 5 wt% of FKB ionomer (Fumasep®) in 

dimethylacetamide (Sigma-Aldrich, 99%). The suspension was stirred for 24 h on a magnetic stir 

plate to ensure thorough mixing. The carbon GDLs (Toray TGP-H-090) were cut to the size of 

6.45 cm2 before loading the catalysts. Second, the catalyst slurry was painted onto the surface of 

the GDLs and these painted GDLs were then dried in a vacuum oven at 150 ºC. The painting step 

was repeated until the desired metal loading of 0.1 mg Pt/cm2 was achieved by monitoring the 

weight increase on the GDLs. Fumasep® FKB membrane was pretreated using 0.5 mol/L sulfuric 

acid (Fischer Scientific) and ultra pure H2O (18MΩ*cm, Millipore Hilli-Q Advantage A10) to 

5 vol% CAL in 

isopropanol 
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remove the organic impurities. Finally, the MEA was placed between two copper plates and hot 

pressed at 210 ºC and 20 MPa for 5 minutes. 

6.3.3 Gas Chromatography Analysis 

The products were analyzed using a Varian 450 GC with FID and Varian MS-220 (Mass 

Spectroscopy) for product identification. The column used for separation was CP-WAX 57CB (25 

m × 0.25 mm × 0.1µm). The products were identified by their retention time and confirmed by 

comparison to standard MS spectra. Mass spectroscopy was also used to determine any unknown 

species from the GC spectrum. Standard solutions of CAL, BAL, COL, and BOL were calibrated 

in the GC to determine the retention time and response factor of each species.  

6.3.4 Conversion and Selectivity Calculations 

In this study, CAL conversion and selectivity were defined by Eq. 6.1 and Eq. 6.2 

respectively in the following: 

 

                                                                                                              Eq. 6.1 

          Eq. 6.2 

 

Where 

              X  =  conversion of CAL [%] 

              c0   =   initial concentration of CAL [mol/L] 

              c  =  concentration of CAL in the products stream [mol/L] 

              Si  =  selectivity of species i [%] 

              cp,i   =  concentration of species i in the products [mol/L] 

                 =  the sum of concentrations of all the species in the products 
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6.4 Results and Discussion 

6.4.1 Proton-Exchange-Membrane Selection 

Several initial trials were performed at 60 ºC using Nafion 117 ® as the proton-exchange 

membrane in the MEA; however, a significant amount of CAL crossed over the membrane which 

caused a decrease in reactant concentration. Also, there was evidence of CAL absorbed on the 

membrane. This significant loss of the reactant via crossover or absorption with Nafion 117 made 

it difficult to analyze the carbon balance of the reaction system. 

To replace the Nafion membrane and improve the carbon balance analysis, we performed 

a diffusion test on Nafion 117 ® and three other FuMA-Tech® membranes, FKB, FKE and FZP. 

The chemical composition and physical properties of each membrane are summarized in Table 6.2.  

Table 6.2 Composition and physical properties of Nafion, FKB, FKE, and FZP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

a The conductivity is measured in H+ form at T=25 °C in H2O [18, 19]. 
b The H2O uptake is the saturated amount of H2O that membrane absorbed at 25 °C [18, 19]. 

Membrane 

type 
Composition 

Conductivitya 

(mS•cm-1) 

H2O uptakeb  

(wt%) 

Nafion117 

(Dupont.) 
Polymer of sulfonated tetrafluoroethylene 100 37 

FKB 

(Fumatech.) 

Polymer of sulfonated polyetherketone; 

Thickness (120 μm) 
15 25 

FKE 

(Fumatech.) 

Polymer of sulfonated polyetherketone 

Thickness (50 μm) 
16 27 

FZP 

(Fumatech.) 

Polymer of sulfonated tetrafluoroethylene 

with inorganic additive, e.g. zirconium 

phosphate 

80 27 

http://en.wikipedia.org/wiki/Tetrafluoroethylene
http://en.wikipedia.org/wiki/Tetrafluoroethylene
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The purpose of the membrane diffusion test is to determine the CAL loss caused by 

crossover through the membrane and other factors, such as adsorption on the membrane and side 

reactions with the membrane. The test was performed in an H-cell, which was composed of two 

cylindrical glass chambers separated by the tested membrane, as shown in Figure 6.5. Initially, the 

L-side of the cell contained 15 ml of decane used as the solvent; the R-side of the cell held 15 ml 

of 5 vol% CAL in decane. The H-cell was left undisturbed for 24 h and a 1ml sample was taken 

from each chamber at 0, 3, 9 and 24 h. The samples were then analyzed by a GC to determine the 

concentration of CAL. The amount of crossover was determined by measuring the increase of 

CAL on the L-side. The degree of membrane absorption was obtained by taking the difference 

between the CAL on the R-side and the L-side. The results for each membrane are shown in Figure 

6.6. 

 

 

 

 

 

Figure 6.5 Scheme diagram of H-cell for diffusion test. 
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Figure 6.6 Crotonaldehyde loss through (a) crossover and (b) other factor as a function of time on 

the four tested membranes. 

Figure 6.6a shows that both the Nafion and FZP membranes allowed relatively high 

crossover of CAL, while FKE and FKB had much lower crossover. Since FKB had the least 

crossover and the least loss of CAL through adsorption or side reactions, it was selected as the 

proton-exchange membrane for the experiments discussed later. 

6.4.2 Crotonaldehyde Hydrogenation: Influence of Applied Potential 

Crotonaldehyde hydrogenation was performed at room temperature (25 °C) at potentials 

ranging from 0.0-1.0V (with 0.25 V increments), where 0.0 V represents a control experiment with 

no applied potential. The half-cell reactions that can occur at the anode and cathode are indicated 

by the following equations: 
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Anode:   

H2  2H+ + 2e-        Eq. 6.3 

Cathode:   

2H+  2Helectro        Eq. 6.4a 

2Helectro + CH3CH=CHCHO  CH3CH=CHCH2OH;   ΔE° = 0.40 V Eq. 6.4b 

2Helectro + CH3CH=CHCHO  CH3CH2CH2CHO;       ΔE° = 0.72 V Eq. 6.4c 

2Helectro + CH3CH=CHCH2OH  C4H10OH;               ΔE° = 0.50 V Eq. 6.4d 

2Helectro + CH3CH2CH2CHO  C4H10OH;       ΔE° = 0.18 V Eq. 6.4e 

4Helectro + CH3CH=CHCHO  C4H10OH;       ΔE° = 0.45 V Eq. 6.4f 

where, Helectro represents the hydrogenation generated electrochemically via the applied potential. 

Table 6.3 shows the steady state currenct density, CAL conversion rate and reaction 

selectivity at potentials from 0.0V to 1.0V. The current density varied linearly with the applied 

potential (R2 = 0.998 using a linear fitting), indicating the overall cell potential remained constant 

during the reaction. The CAL conversion rate also increased with increasing potential. This finding 

suggested that CAL was hydrogenated through an electrochemical process, where the rate limiting 

steps were likely governed by the amount of Helectro or directly related to the applied potential.  
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Table 6.3 Reaction rate, selectivity, and steady state current density at different applied potentials 

for crotonaldehyde hydrogenation. 
 

 

 

 

 

 

 

 

 

 

a Experiments were carried out at 25 °C and 1 atm H2, 0.066 mmol of CAL, in 100 mL isopropanol. 20% 

Pt/C was used as the catalyst for both anode and cathode with a loading of 0.1 mgPt/m2.  
 

Figure 6.7a shows the influence of applied potential on reaction rate, as measured by the 

rates of formation of the hydrogenation products. Each data point represents the average from at 

least 3 reproducible trials. The control experiment at 0.0 V did not form any hydrogenation 

products, indicating that the hydrogen participating in this reaction was generated 

electrochemically, as indicated in Eq 6.4a. We observed that both COL and BOL started to form 

at 0.2 V. This finding suggested that the production of COL and BOL over the Pt/C required the 

overpotentials of 0.6 V and 0.65 V, respectively. The formation rates of COL and BOL also 

increased with the increase of applied potential from 0.2 V to 1.0V, although different kinetics 

were observed. The formation rate of COL seemed to increase linearly with the applied potential, 

while the rate for BOL increased substantially from 0.2 V to 0.5 V and gradually from 0.5 V to 

1.0V. These observations indicated that the rate-determining steps to produce these products were 

electrochemical reactions, governed by the applied potential. The nonlinearity of BOL formation 

rate versus the applied potential likely suggested a change in the rate-determining step. 

Figure 6.7b illustrates the selectivity to hydrogenation products at different applied 

potentials. The selectivity to COL moderately increased with the applied potential, suggesting the 

product distribution can be tuned by modifying the applied potential in the current reaction system. 

Applied 

Potential (V) 

Steady State Current 

Density (mA/cm2) 

CAL Conversion 

Rate 

(μmol/s/m2
Pt) 

Selectivity (%) 

COL BOL 

0 0 0 N/A N/A 

0.25 2.9 ± 0.1 11 ± 0.7 25 ± 0.4 75 ± 0.4 

0.50 6.4 ± 0.3 92 ± 7 34 ± 0.9 66 ± 0.9 

0.75 9.2 ± 0.7 125 ± 9 40 ± 0.8 60 ± 0.8 

1.00 11.9 ± 0.9 150 ± 13 47 ± 0.8 53 ± 0.8 
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Two possible reasons may explain the increase trend in COL selectivity. First, it’s possible that at 

higher applied potential, more COL was formed without being further hydrogenated to BOL. This 

explanation was plausible as increasing potential generated more Helectro, likely resulting in an 

increased surface coverage of Helectro at the cathode surface. This increased H surface coverage 

may diminish the number of sites available to accommodate the organic reactants or intermediates 

involved in this reaction. Possibly, COL has desorbed from the cathode surface at a faster rate at 

higher potential instead of remaining on the surface to be further converted. Second, it is possible 

the rate to produce BOL from other sources, e.g. directly from CAL or from BAL, may not increase 

as significantly with the increased potential as that for COL, leading to relatively higher COL 

composition, i.e. selectivity, in the product species. 

Figure 6.7c shows the Faradaic efficiency (FE) as a function of the applied potential, which 

indicates the electrochemical selectivity of the reaction system. The FE of all the hydrogenation 

products must add up to 100%. In this case the discrepancy was balanced by H2 generated at the 

cathode through the HER. The HER was an undesired reaction as it consumed the Helectro to 

produce hydrogen instead of being used for CAL hydrogenation. The FE reached a maximum of 

~ 50% at 0.5 to 0.6 V, after which it dropped to around 30% as the potential increased to 1.0V. 

This observation indicated that after 0.6V, the HER on the cathode surface became more prevalent 

compared to the hydrogenation reactions, thus deteriorating the overall FE. The results support the 

rationale that at the higher potential, as more Helectro was available and the overpotential for HER 

was estimated to be less than the overpotentials to produce COL and BOL. A similar trends in FE 

in an electrochemical hydrogenation reaction in a SPE reactor were also observed by Lausche et 

al. [19] in a previous study on selective hydrogenation of triglyceride.  
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Figure 6.7 Crotonaldehyde hydrogenation performance: (a) Production formation rate, (b) 

selectivity, and (c) faraday efficiency as a function of applied potential. Experiments were carried 

out at 25 °C and 1 atm using 20% Pt/C as the anode and cathode catalysts. 

Isopropyl crotonate, the ester of crotonic acid and isopropanol was also detected in addition 

to the hydrogenation products. The ester was formed in the control experiments (at 0.0V) and was 

also produced in similar amounts in all other experiments conducted at varied applied potentials. 

This finding indicated that crotonate ester came from a thermochemical rather than an 

electrochemical process. As this work focused on the electrochemical performance for CAL 

hydrogenation and ester was not produced electrochemically from hydrogenation reaction, it was 

not included as a product in the previous discussion. The proposed pathway for producing the 
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crotonate ester and the ester formation profile at different applied potentials can be found in 

Appendix B.  

6.4.3 Reaction Pathway Investigation 

The classical pathway for CAL hydrogenation should generate COH and BAL as the 

primary hydrogenation products and BOH as the secondary hydrogenation product [11]. The 

formation of BAL is more thermodynamically favorable than COH, however, BAL was not 

detected in any of the experiments. Two pathways could potentially explain this observation: (i) 

BAL was not formed in CAL hydrogenation because it was not kinetically favored compared to 

other products; (ii) BAL was a reaction intermediate, where it was first generated but consumed 

instantaneously and therefore was not observed in the product. To investigate these suggested 

pathways, a series of experiments were performed using COH and BAL as the reactants. Table 6.4 

summarizes the results of these experiments performed at both 0.0V (the control experiments with 

no applied potential) and 0.5V. We selected 0.5 V as the applied potential because experiments 

performed at this potential achieved relatively high conversions and current efficiencies for CAL 

hydrogenation (Table 6.3).   
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Table 6.4 Reaction activity, selectivity, current density, and faraday efficiency the for the BAL 

and COL hydrogenations.a 

a Experiments were carried out at 25 °C and 1 atm H2, 0.02 mmol of BAL or COL, in 100 mL isopropanol. 

20% Pt/C was used as the catalyst for both anode and cathode reaction with a loading of 0.5 mg/m2.  
b Butyric acid was also produced in Trial 1 and 2 in comparable amounts, therefore, it was considered as 

the side product from the control experiment (baseline reaction) and was not included in the hydrogenation 

products.  

When there was no applied potential (Trial 1 and 3), no hydrogenation reactions occurred, 

indicating H2 did not diffuse through the membrane to react with either BAL or COL. When 0.5 

V was applied (Trial 2 and 4), both BAL and COL were hydrogenated to BOL with 100% 

selectivity. The rate of COL hydrogenation was slightly more active by ~ 36% than that of BAL 

hydrogenation. This trend was expected as the conversion of COL to BOL is more 

thermodynamically favorable than the conversion of BAL to BOL.  

To quantitatively describe the reaction rates for all the possible steps for the CAL 

hydrogenation system, we fitted the reaction rate data into a rate model containing 5 elementary 

steps as shown in Figure 6.8.  

 

 

Trial 

Applied 

Potential 

(V) 

Substrate 

Steady State 

Current Density 

(mA/cm2) 

Conversion Rate 

(μmol/s/m2
Pt) 

Faraday 

Efficiency 

(%) 

Selectivity  

to BOH 

(%) 

1 0.0 BALb 0 0 N/A 0 

2 0.5 BALb 149 ± 2.4 92 ± 7 10.4 ± 0.9 100 

3 0.0 COL 0 0 N/A 0 

4 0.5 COL 155 ± 3.7 125 ± 9 15.6 ± 1.2 100 
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Figure 6.8 Crotonaldehyde hydrogenation reaction scheme, with rate constant associated with 

each individual hydrogenation step. 

Based on the previous activity measurement, the reaction rates seemed to follow first order 

kinetics with respect to the disappearance of CAL, COL, and BAL. Assuming each step within the 

reaction system is a first order elementary reaction, the reaction rate laws can then be expressed 

with the following equations (Eqs. 6.5 – 6.9): 

𝑑[𝐶𝐴𝐿]

𝑑𝑡
= −𝑘1[𝐶𝐴𝐿] − 𝑘2[𝐶𝐴𝐿] − 𝑘5[𝐶𝐴𝐿]   Eq. 6.5 

 
𝑑[𝐶𝑂𝐿]

𝑑𝑡
= 𝑘1[𝐶𝐴𝐿] − 𝑘3[𝐶𝑂𝐿]    Eq. 6.6 

𝑑[𝐵𝐴𝐿]

𝑑𝑡
= 𝑘2[𝐶𝐴𝐿] − 𝑘4[𝐵𝐴𝐿]     Eq. 6.7 

 
𝑑[𝐵𝐴𝐿]

𝑑𝑡
= 0       Eq. 6.8 

𝑑[𝐵𝑂𝐿]

𝑑𝑡
= 𝑘5[𝐶𝐴𝐿] + 𝑘3[𝐶𝑂𝐿] + 𝑘4[𝐵𝐴𝐿]   Eq. 6.9 

The rate constants k1-k5 were solved using Polymath 4.1 and the calculated values are 

shown in Table 6.5. The results indicated that CAL was consumed to produce COL and BOL in 

parallel. However, the conversion of CAL to BAL was negligible, with a k2 value at least three 

orders of magnitude smaller than the other rate constants, which explained the absence of BAL 

during the reaction. The calculated rate constants also suggested that BOL was produced through 

two sources: directly from CAL and via the crotyl alchol intermediate.  
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Table 6.5 Reaction rate constant for each individual step for crotonaldehyde hydrogenation to 

crotyl alcohol, butyraldehyde, and butanol. 

 

 

 

 

To validate the accuracy of this reaction model, we compared the simulated (by Polymath 

4.1) and the measured concentrations of reaction species as shown in Figure 6.9. The 

experimentally measured and simulated values matched well within statistical errors for both the 

products (COL and BOL) and the substrate, suggesting the model was effective in predicting the 

reaction performance. 

 

 

 

 

 

 

 

 

 

Figure 6.9 Comparison of simulated and experimental concentrations of (a) products (BOL and 

COL) and (b) substrate (CAL). Experiments were carried out at 25 °C and 1 atm H2, 0.066 mmol 

of CAL, in 100 mL isopropanol. 20% Pt/C was used as the catalyst for both anode and cathode. 

 

Reaction step Rate constants (h-1•103) 

k1 0.66 

k2 ≈0 (< 10-3) 

k3 1.98 

k4 1.28 

k5 1.06 
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The Pt/C catalyst used for this study consists of mostly Pt (111) crystallites (~ 60 wt%) as 

suggested by XRD analysis (Appendix B). The DFT calculations performed for the CAL 

hydrogenation over Pt (111) surface by Cao et al. [21] seemed to provide theoretical support to 

our experimental data. They performed the free energy calculations over all the possible 

intermediates (Figure 6.10) for the hydrogenation of CAL and estimated the TOF for each pathway 

to produce the hydrogenation products, including COL, BAL, and BOL as shown in Table 6.6.  

 

 

 

Figure 6.10 All the possible intermediates in the process of CAL hydrogenation on Pt(111). The 

four available attack sites are numbered from 1 to 4, corresponding to O1, C2, C3, and C4, 

respectively. From the left to right, transcrotonaldehyde, mono-hydrogenation intermediates, di-

hydrogenation intermediates, tri-hydrogenation intermediates, and full hydrogenation product n-

butylalcohol (BOL), respectively. Taken from [21]. 

 

These calculations indicated that COL was mainly produced by first hydrogenating the O1 

atom in CAL through MS1 intermediate, while BOL was primarily produced by hydrogenating a 

series of open-shell intermediates, via MS 1, MS 13, and MS 134 (Figure 6.10). Crotyl alcohol 

appeared to be the second most significant intermediate to produce BOL, as suggested by a total 
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7.8×10-5 s-1 TOF for BOL formation combining +1234 and + 1243 pathways. This calculation was 

consistent with the observation from our experiments, where CAL and COL both served as the 

sources for BOL. In our study, the contribution from CAL to produce BOL was slightly more 

significant than that from COL but was still in the same order of magnitude suggested by similar 

rate constants reported in Table 6.5. The TOFs and selectivity values calculated from our system 

were comparable to the theoretical values for both COL and BOL production (Table 6.6), 

suggesting that COL and BOL were likely produced via the same pathways as proposed by this 

theoretical study.  

Table 6.6 Turnover frequency (TOF) of each hydrogenation pathway and the selectivity of 

products over Pt(111) predicted from DFT calculation [21] and the experimental values from this 

work. 

 

a Numbers in bold denote the most predominant pathway to produce each species.  

Taken from [21]. 
b  TOF = (mmol of product)/(mmol of Pt(111))/(mol% of CAL)/(% of Pt dispersion). 10% of Pt 

dispersion was assumed. TOF and selectivity were calculated based on experiments carried out at 25 °C 

and 1 atm H2, 0.066 mmol of CAL, in 100 mL isopropanol at 1.0 V applied potential. 20% Pt/C was 

used as the catalysts for both anode and cathode with 0.5 mg/m2 loading. 

 

Product 
TOF (s-1) 

selectivity 
Results from this workb 

pathwaya  final  TOF (s-1) selectivity 

COL +12 6.78×10-3 6.78×10-3  46.3% 4.6×10-3 47% 

 +21 2.36×10-7      

BAL +14 1.12×10-3 1.12×10-3  7.7% 0 0 

 +41 1.13×10-7      

 +34 2.87×10-12      

 +43 3.95×10-10      

BOL +1234 5.15×10-5 6.73×10-3  46.0% 5.3×10-3 53% 

 +1243 2.68×10-5      

 +1423 4.59×10-11      

 +1432 2.47×10-10      

 +1324 1.77×10-5      

 +1342 6.63×10-3      
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 6.5 Conclusions 

The study described in this chapter investigated the feasibility of using an SPE reactor for 

the chemoselective hydrogenation of crotonaldehyde at ambient conditions. Both crotyl alchol, the 

high-value product, and butanol were formed as hydrogenation products at potentials higher than 

0.25 V. The reaction rates, selectivities, and current efficiencies proven to be functions of applied 

potential. The highest crotonaldehyde conversion rate of ~ 150 μmol/s/m2
Pt and highest selectivity 

to COL of 47% were achieved at the applied potential of 1.0V. The highest Faraday efficiency of 

49% is achieved at the applied potential of ~ 0.5 V. The reaction pathway study suggested that 

butanol was produced directly from complete hydrogenation of crotonaldehyde and also from a 

sequential hydrogenation through a crotyl alcohol intermediate, while butyraldehyde was not 

produced in the reactor system. The rates and selectivities from this study were in good agreement 

with the theoretical values reported in the literature. Future work should focus on identifying 

electrocatalysts that can selectively inhibit the pathway to produce butanol to enhance the 

selectivity to the desired product, crotyl alcohol. The experimental techniques and results from this 

study will help advance the use of SPE reactors to carry out the selective hydrogenation of other 

multifunctional organic compounds.  
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

7.1 Summary  

The overall goal of this dissertation was to investigate the use of heterogeneous-based 

catalysts for designing the cascade catalytic systems for the hydrogenation of CO2 or C=O 

containing species, including formic acid and formate esters to produce CH3OH (Chapters 2-

5). We also extended this work to evaluate the selective hydrogenation of crotonaldehyde, also 

containing the C=O group, to produce the crotyl alcohol (desired product) using an 

electrochemical SPE cell (Chapter 6). 

Our work on cascading CO2 hydrogenation is inspired by a few literature examples 

where the reaction was performed using homogeneous cascade catalysis, but also identified 

major challenges with catalyst compatibility and recyclability [1-3]. Copper-based 

heterogeneous catalysts were also demonstrated to drive the cascade pathway to convert CO2 

to CH3OH through formic acid and ester intermediates [4]. However, a rate-limiting step 

always existed because a single catalyst did not provide equal active sites for each sub-step 

within the overall reaction system. Therefore, we aim to combine multiple heterogeneous 

catalysts to sequentially facilitate sub-reactions in these cascade processes, with better 

cocatalyst compatibility, greater thermal stability, and easier separation of catalyst from the 

reaction mixture. 
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Using CO2 hydrogenation to CH3OH as the primary test reaction, we first identified the 

pathways and desired intermediates to achieve this transformation. Then the most effective 

heterogeneous catalyst was selected for each sub-reaction within the overall transformation. 

Finally, the most promising catalyst from each sub-reaction were combined to create the 

cascade system.  

We first evaluated a series of mixed-phase homo-/heterogeneous cascade systems, for 

example, the system containing a Ru(PMe3)4OAcCl and a Cu/Mo2C catalyst for CO2 

hydrogenation to CH3OH through formic acid/ester intermediates (Figure 7.1a). However, the 

surface interaction between these two catalytic components resulted in both the deactivation 

of Cu/Mo2C and the decomposition/ligand shedding of the Ru-phosphine complex. In other 

words, the homogeneous complex acted as a reactant to the heterogeneous catalyst. 

Nevertheless, the coupling of homo- and hetero-geneous catalysts for cascade CO2 

hydrogenation greatly expands the design matrix for cascade systems by providing a broader 

selection of catalysts and reaction pathways. Minimizing the surface interactions between the 

homo- and hetero-geneous species would potentially lead to a feasible application of these 

mix-phased cascade systems. Section 7.2 will mention several strategies to reduce surface 

interactions to improve the material compatibility.  

 

 

 



164 

 

 

Figure 7.1 Representative cascade systems for CO2 hydrogenation developed via research 

described in this dissertation. 

We also evaluated all-heterogeneous based cascade systems for the hydrogenation to 

CO2 to CH3OH, DME, and hydrocarbons (Figure 7.1b-d). The results demonstrated that these 

heterogeneous catalysts worked cooperatively to achieve enhanced performance compared to 

each individual catalyst at mild reaction temperatures, 135-200 °C. In fact, there was no 

reported activities to CH3OH or DME from CO2 at 135 °C prior to our work. These systems 

effectively eliminated the incompatibility issue that occurred in the homogeneous-based 

cascade systems. All-heterogeneous cascade systems have great potential to be further applied 

to other challenging processes; one example is the biomass conversion, a complex reaction 

system that typically contains various types of transformations [5, 6]. These heterogeneous-

based cascade systems are also promising to facilitate electrochemical reactions to achieve 

Heterogeneous Cu-Cr: Cu/Mo2C Homo-/Heterogeneous RuP(Me3)4:Cu/Mo2C

Heterogeneous Cu/Mo2C: HZSM-5Heterogeneous Ir/Silica: Cu/Mo2C 

Mo2C

Cu

(a) (b)

(c) (d)
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higher selectivities and Faradaic efficiencies, especially for the multi-electron transfer 

processes [7, 8].  

During the screening of heterogeneous catalysts for CO2 hydrogenation, Mo2C-based 

catalysts were identified to be catalytically active and relatively selective (~70%) for CH3OH 

production from CO2 at low temperature (135 °C). The deposition of active metals, e.g. Cu 

and/or Pd, onto the Mo2C surface significantly enhanced the CH3OH production. We further 

investigated the influence of metal type and reaction temperature on the catalytic performance 

for CO2 hydrogenation over the Mo2C-based catalysts. Increasing the reaction temperature 

from 135 °C to 200 °C enabled C-C coupling that resulted in the formation of C2-C4 

hydrocarbons. Experiments with CO as reactant indicated that these hydrocarbons were 

produced as a consequence of CO hydrogenation. Furthermore, we demonstrated that the 

catalytic properties of Mo2C were tunable by introducing different metals onto the surface: the 

addition of Cu or Pd mainly enhanced CH3OH production and the addition of Co or Fe 

enhanced the C2-C4 hydrocarbon and ethanol formation through Fischer Tropsch Synthesis 

(FTS). A summary of the reaction pathway and the role of different metals onto Mo2C on 

activities and selectivities for CO2 hydrogenation are illustrated in Figure 7.2. 
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Figure 7.2 Proposed reaction pathways and the role of different metals on Mo2C for CO2 

hydrogenation at 200 °C. 

7.2 Recommendations and Future Works 

The research described in this dissertation can be further expanded in several directions to 

advance the design of heterogeneous-based cascade systems for CO2 hydrogenation.  

(i) Transitioning from a batch system to a flow-through system 

During the catalyst screening phase this work, we only utilized a batch reactor system 

due to its ease of operation and to allow direct comparisons with homogeneous systems. A 

flow-through reactor system is desirable for measuring the intrinsic reaction rates and 

evaluating catalyst stability. Figure 7.3 shows an example of a flow-through system for liquid 

phase cascading CO2 hydrogenation. Both liquid and gas phase samples can be analyzed online 

to fully quantify the products. The catalyst stability can be easily assessed by collecting the 

activity data versus reaction time on stream. When needed, the system can also be modified to 

recycle the reactant species to increase overall conversion. In these flow systems, we can also 

compare a one-pot reactor and multiple reactors operating in series to investigate the influence 

of intermediate lifetime and other operating factors on the catalytic performance of a cascade 

system. 
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Figure 7.3 A schematic diagram of a flow-through system for liquid phase CO2 hydrogenation. 

The design is based on a flow system reported in [9]. 

 

(ii) Creating cascade systems for C2+ products 

The ultimate goal of this project is to use the cascade catalysis strategy to selectively 

produce industrially relevant chemicals, preferably high carbon-containing products, starting 

from CO2. From the research in this dissertation, two major pathways were mapped out to 

produce C2+ products from CO2 as shown in Figure 7.4.  

One pathway directly utilizes CH3OH as an intermediate and couples with the 

methanol-to-olefin/gasoline (MTO/MTG) processes to produce C2+ products. We already 

achieved the production of dimethyl either (DME) from CO2 using a Cu/Mo2C:HZSM5 

cascade system. Our system afforded a total CO2 conversion of 24%, with selectivities to 

CH3OH:DME:CO:CH4 = 17%:78%:1%:4%, at 135 °C and 40 bar at 54 h time on stream. We 

compared our results to a representative study in the literature using a mixture of Cu-Zn-Al 

and HZSM-5 catalysts for the gas phase CO2 hydrogenation to DME [10]; this study achieved 
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an overall CO2 conversion of 30% and selectivities of  CH3OH:DME:CO = 7%:53%:40% at 

260 °C and 50 bar. Our results exhibited higher selectivities to the desired CH3OH and DME 

(by~ 40%). This result was not surprising given the processes of producing both CH3OH and 

DME are exothermic and favored at lower operating temperatures. To accomplish the 

conversion of CO2 to C2+ products, a promising strategy would be to introduce an additional 

catalyst that converts DME to other higher carbon-containing products. The BEA zeolite 

supported Cu catalyst reported by Schaidle et al. is a great candidate for the direct conversion 

of DME to 2,2,3-trimethylbutane through homologation [11].  

Another pathway uses CO as the intermediate to produce higher hydrocarbons through 

FTS, which requires the combination of an effective RWGS catalyst and a FTS catalyst that 

work cooperatively in one-pot. Once the most promising cascade systems have been identified, 

process simulation tools (such as ASPEN) can also be utilized to identify appropriate reaction 

parameters, including temperatures, pressures, and catalyst loading and ratios to optimize the 

performance.   

 

 

 

 

 

Figure 7.4 Two possible pathways in parallel for cascade CO2 hydrogenation to C2+ products. 
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(iii) Refining homo-/heterogeneous cascade systems 

Cooperative homo- and hetero-geneous cascade systems can be envisioned by 

improving the compatibility between these two classes of materials. We have demonstrated a 

cooperative cascade system by combining an Ir-complex tethered on SBA-15 (high surface 

area silica) and a Cu/Mo2C catalyst to produce CH3OH from CO2 via a formic acid 

intermediate. A similar tethering strategy can be applied to other active homogeneous 

complexes to maintain physical separation from the heterogeneous active sites. Heterogeneous 

supports including high surface area silica, alumina, zeolite, and metal-organics frameworks 

(MOFs) are attractive candidates to tether the homogeneous materials. Ultimately, for the most 

promising systems, we might be able to place both the homogeneous and heterogeneous active 

sites on the same support (Figure 7.5). This arrangement can provide better accessibility to the 

active sites for the intermediates and more effective cooperation between the active sites. 

Quickly accessing the adjacent active sites is also beneficial for converting the short-lived 

intermediates to the product instead of undergoing the reverse reaction to form the reactant. 

The feasibility of synthesizing such catalytic systems needs to be assessed. 

 

 

Figure 7.5 A schematic diagram of both homogeneous and heterogeneous active sites present on 

the same support. 

7.3 Sustainability and Economics Considerations for Cascading CO2 Hydrogenation  

A series of factors have to be considered when developing sustainable and economically 

viable processes for CO2 hydrogenation. This section will briefly discuss several key factors, 

Support

Heterogeneous (dispersed)

Homogeneous (tethered)
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including the source of CO2, the source of H2, solvent use, and their potential influences on the 

process sustainability and economics.  

(i) Source of CO2 

Major sources for CO2 include flue gases from chemical plants, such as those used for 

ammonia synthesis and refineries, and the atmosphere. [12] The former are typically CO2 enriched 

(30-65% concentrations), while the latter contains dilute CO2 (0.4-0.5 vol% in the atmosphere), 

requiring more energy and effort in separation. Currently, flue gases are projected to provide CO2 

at a low price ($60-$450/ton) and a capacity of 1.5 Gton/year. [13] This capacity provides 

sufficient amount of carbon for the initial phase of developing CO2 recycling technology [12]. 

Furthermore, CO2 conversion can be performed onsite close to the flue gas to reduce the costs for 

CO2 storage and transportation. In the long term, advances in CO2 capture technologies are 

expected to provide lower-cost CO2 from the atmosphere at a capacity of 3.6 Gton/year. [14]  

(ii) Source of H2 

While methane steam reforming (MSR) is the commercial route for the production of most 

H2, the overall process generates ~ 0.55 mole of CO2 for every mole of H2 produced according to 

a life cycle assessment analysis (LCA) by Utgikar and Thiesen. [15] This high CO2:H2 ratio could 

result in greater CO2 emissions than consumption (typically fewer than 0.5 mole of CO2 is 

consumed per mole of H2 used [16]) considering the overall CO2 hydrogenation reaction; the 

resulting process would therefore become unsustainable. To ensure the sustainability of this 

process, alternative H2 production methods need to be considered. A promising technique is to 

couple electricity production via renewable sources (e.g. wind, solar, and nuclear) and water 

electrolysis to produce H2 (e.g. renewable H2). [12] Biomass conversion through ethanol steam 

reforming or gasification can also provide hydrogen with lower CO2 emissions compared to the 
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conventional methane SR. [15] However, the relatively high cost for renewable H2 remains a 

significant challenge to achieving economic viability for CO2 hydrogenation. According to the 

DOE (Department of Energy) target, the unit price of H2 should stay below $2/kg to be considered 

competitive [17]. Currently, renewable H2 from solar or wind costs $8-10/kg and its cost is 

projected to decrease to $5-6/kg by 2020, still 2-3 times higher than the target cost [18]. The price 

for the renewable H2 can be further reduced if an excess amount of cheap electricity is available, 

by enhancing the efficiency of renewable electricity generation or using electricity derived from 

nuclear energy.  

(iii) Solvent use 

Solvents can greatly influence the catalytic performance of the liquid phase cascading CO2 

hydrogenation. The solvent not only determines the reactant gas solubilities but can also alter or 

participate the reaction pathways; for example, the use of an alcohol solvent would result in the 

formation of ester [4]. 1,4-Dioxane was selected as the solvent for most of the studies in this 

dissertation due to its relative inertness, high boiling point compared to the reactant and product 

species and relatively high CO2 and H2 solubilities compared to other organic solvents tested, 

including tetrahydrofuran, toluene, and ethanol. However, the solubilities for CO2 and H2 in these 

organic solvents are still relatively low compared to the gas phase densities, resulting in lower 

reaction rates, as reported in Chapters 4 and 5 in this dissertation. Alternatively, ionic liquids (e.g., 

imidzolium-based) can be considered as the solvent for CO2 and H2. [19] These ionic liquids 

provide solubilities (up to ~ 20 M), at least one order of magnitude higher than that in organic 

solvents. [19, 20] The enhancement in gas solubilities should lead to improved catalytic activities 

for CO2 hydrogenation. Meanwhile, the non-volatility of ionic liquids also eliminates vapor loss 

and allows easy down-stream separation, reducing the cost for the overall process. 
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7.4 Future Prospects for Cascade Catalysis 

The concept of cascade catalysis represents a promising platform for the rational design of 

catalytic systems that accomplish complex chemical transformations involving multiple 

elementary steps. This strategy offers a number of advantages for developing a sustainable process 

for chemical synthesis, including the efficient use of feedstock, reduced separation efforts between 

reaction steps, and the ease of rational reactivity tuning.  

We anticipate cascade catalysis will play a significant role in designing both homogeneous 

and heterogeneous catalytic processes to produce valuable chemicals of industrial importance, 

preferably from abundant and sustainable feedstocks, such as methane, CO2, and biomass. 

Heterogeneous-based cascade systems are especially attractive as they offer the benefits of greater 

compatibility and recyclability of catalytic components compared to their homogeneous 

counterparts. Although significant progress has been made recently in this field with a number of 

promising demonstrations, heterogeneous cascade catalysis is still underexploited. Tremendous 

research effort is still needed to advance our understanding of these heterogeneous-based cascade 

systems. Future investigations should not only focus on developing thorough knowledge of the 

catalytic materials through systematic characterization, but also a deep understanding of the 

physical and chemical features of the reaction mechanisms to design more efficient cascade 

sequences. [21]  
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Appendix A  

Supporting Information for Chapter 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1 X-ray diffraction patterns for M/Mo2C catalysts and standard peaks. 

 

All the XRD patterns were collected after passivating the metal/Mo2C catalysts in 1% 

H2/O2 for 5 h. The relevant standard spectra are included below the metal/Mo2C patterns. 

The peaks that are overlapped with the Mo2C peaks from the metal-containing species are 

highlighted in red in the standard spectra.  
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Figure A.2 CO and hydrocarbons (paraffins and olefins) distribution from CO2 

hydrogenation at 200 °C. 
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CH3OH Hydrodeoxygenation (HDO): 

              𝐶𝐻3𝑂𝐻 + 𝐻2  → 𝐶𝐻4 +  𝐻2𝑂,    ∆𝐺200°𝐶 =  −106 𝑘𝐽/𝑚𝑜𝑙  Eq. S1 

 

 

 

 

 

 

 

 

 

 

Figure A.3 Product yield (%) as a function of reaction time for CH3OH HDO over 

Cu/Mo2C and Fe/Mo2C catalysts. Experiments are performed at 200 °C, 10 bar N2, 30 bar 

H2, 7 mmol CH3OH, 37.5 ml 1,4-dioxane, and 200 mg M/Mo2C catalyst. 
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Figure A.4 Anderson-Schultz-Flory plot for C1-C4 hydrocarbon distributions at 200 °C 

over M/Mo2C catalysts. 

The ASF plot was generated based on the following equation:  

Wn/n = (1 − α)2•αn−1    Eq. S2 

 

Where Wn is the weight fraction of hydrocarbons containing n carbon atoms and α is the 

chain propagation probability, i.e. the probability that a molecule continues reacting to 

form a longer chain. The α value is the linear slope of log (Wn/n) and n. 
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Figure A.5 Scanning electron micrographs and the corresponding EDX spectra for (a) pre-

reaction Cu/Mo2C, (b) post-reaction Cu/Mo2C, (c) pre-reaction Fe/Mo2C, and (d) post-

reaction Fe/Mo2C catalysts. 
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Figure A.6 XRD diffraction patterns for pre- and post-reaction Cu/Mo2C and Fe/Mo2C 

catalysts. 
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Table A.1 Thermodynamic properties of CH3OH and hydrocarbon formation from CO2 or 

CO hydrogenation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a The calculations are performed based on thermodynamic properties of reactants and 

products in their standard states at 25 °C and 1 atm. The thermodynamic values are 

obtained from the NIST Chemistry WebBook. 
b Calculated based on ΔG(T) = ΔH° - T*ΔS°, assuming ΔH° and ΔS° remain constant at 

different reaction temperatures. 

 

 

 

 

 

Chemical Equations 
ΔH25°C 

(kJ/mol)a 

ΔG25°C 

(kJ/mol)a 

ΔG135°C  

(kJ/mol)b 

ΔG200°C  

(kJ/mol)b 

𝐶𝑂2 + 3𝐻2 → 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂  -49.5 4.2 24.0 35.8 

𝐶𝑂2 + 𝐻2 → 𝐶𝑂 + 𝐻2𝑂  41.2 28.6 24.0 21.3 

𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4  + 2𝐻2𝑂  -164.7 -113.3 -94.3 -83.1 

𝐶𝑂2 +
7

2
𝐻2 →

1

2
𝐶2𝐻6  + 2𝐻2𝑂  -132.0 -78.8 -59.1 -47.4 

𝐶𝑂2 +
10

3
𝐻2 →

1

3
𝐶3𝐻8  + 2𝐻2𝑂  -125.0 -70.9 -50.9 -39.1 

𝐶𝑂2 +
13

4
𝐻2 →

1

4
𝐶4𝐻10 + 2𝐻2𝑂  -121.6 -67.0 -46.8 -34.9 

𝐶𝑂 + 2𝐻2 → 𝐶𝐻3𝑂𝐻 -24.4 -0.22 0.03 14.5 

𝐶𝑂 + 3𝐻2 → 𝐶𝐻4  + 𝐻2𝑂  -205.8 -141.9 -118.3 -104.4 

𝐶𝑂 +
5

2
𝐻2 →

1

2
𝐶2𝐻6  + 𝐻2𝑂  -173.2 -107.4 -83.1 -68.7 

𝐶𝑂 +
7

3
𝐻2 →

1

3
𝐶3𝐻8  + 𝐻2𝑂  -166.2 -99.6 -74.9 -60.4 

𝐶𝑂 +
9

4
𝐻2 →

1

4
𝐶4𝐻10  + 𝐻2𝑂  -162.7 -95.6 -70.8 -56.2 

𝐻𝐶𝑂𝑂𝐻 + 2𝐻2  → 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 -80.4 -54.5 -44.9 -39.2 

𝐻𝐶𝑂𝐻 + 𝐻2  → 𝐶𝐻3𝑂𝐻 -92.6 -59.0 -46.6 -39.2 
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Appendix B  

Supporting Information for Chapter 6 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1 Isopropyl crotonate concentration profile as a function of reaction time at 

different applied potentials from 0.0V to 1.0V. 
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Figure B.2 Proposed pathways for isopropyl crotonate formation. 

 

 

The formation of ester was likely to occur through two steps as shown in Figure 

B.2. The first step was the formation of hemiacetal, as a consequence of mixing 

crotonaldehyde and isopropanol (the solvent). The presence of hemiacetal was also 

confirmed by GC-FID as shown in Figure B.3. This reaction was reported to occur at room 

temperature in the presence of acid or base with an equilibrium constant of Ke = 0.5. The 

second step was the oxidation of the hemiacetal, which generated the ester, i.e. the 

isopropyl crotonate, while releasing an equivalent mole of H2O. The formation of an 

oxidation product was a little surprising given the experiment was conducted in a reducing 

environment. However, as hemiacetal is typically an unstable intermediate, the formation 

of ester should be thermodynamically downhill. Meanwhile, the Nafion membrane used in 

the SPE cell is a strong acid that can catalyze this oxidation reaction (Eq. B.2).  
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Figure B.3 GC-FID spectra from blank experiments, samples from 0 h and 24 h. 0.0 V, 

room temperature, 1 atm, 20% Pt/C as the catalysts. H-AL=Hemiacetal, ester = isopropyl 

crotonate, and CAL = crotonaldehyde. 
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Figure B.4 XRD pattern for 20% Pt/C used for crotonaldehyde hydrogenation in the SPE 

reactor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


