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In order to achieve sustainability in producing future materials, chemicals and fuels, twelve 

principles of green chemistry are put forward (Figure 1.1).1 One of these principles is the use of 

catalysis, with the main goal of reducing the amount of waste often generated when using 

stoichiometric reagents and of increasing the energy efficiency of the reaction. In this respect it 

is crucial to find effective, selective, stable catalysts, preferably based on abundant elements. 

Catalysts will also play an important role in the shift from a fossil-based chemical industry to a 

more sustainable, bio-based industry by using renewable biomass as raw material, which is 

another noble goal of green chemistry. This thesis focuses on the production of new catalysts 

based on abundant materials (principle 9) for the conversion of bio-based feedstocks (principle 

7). The catalysts proposed here are based on (mixed) molybdenum/tungsten (Mo/W) carbides 

as alternatives for noble-metal-based catalysts (Figure 1.2).  

 

Figure 1.1 The 12 Principles of Green Chemistry provide a framework for chemists and chemical engineers 
contributing to the broad scope of global sustainability.1,3 
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Figure 1.2 Transition metal carbides as alternative catalysts for biomass upgrading. 

 

Noble metals are effective heterogeneous catalysts for biomass conversions, e.g., deoxygenations 

and hydrogenations.4 Nevertheless, the limited availability of noble metals on earth has 

motivated the search for alternative catalysts that are less expensive and more abundant. Since 

the 1970s it has been clear that transition-metal carbides, such as Mo and W carbides, are 

catalysts for reactions that involve hydrogen activation and, as such, are promising and less costly 

replacements for precious noble metals (Figure 1.2).5 Mo carbides and W carbides are studied 

with respect to isomerization, hydrodesulfurization and hydrodenitrogenation reactions, 

electrocatalysis in fuel cells and syngas conversion.6-10 Moreover, Mo carbide and W carbide 

catalysts have been used in biomass conversion reactions as well. They have been shown to be 

excellent catalysts for (hydro-) deoxygenation and dehydration (Scheme 1.1A), removing the 

oxygen of biomass for the further production of chemicals and biofuels.7,11-13 In addition, the 

carbides are active for hydrogenations.14-19 The latter offers the possibility to study the 

hydrogenation of cinnamaldehyde, which is an interesting model reaction for studying the 

chemoselectivity of hydrogenation catalysts. (Scheme 1.1B). 
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Scheme 1.1 Reactions studied in this thesis: (A) Possible (hydro-) deoxygenation and dehydration pathways with 
ΔG300°C 20 and (B) cinnamaldehyde hydrogenation reaction routes. 21 

 

Noble metals versus non-noble metals 

Figure 1.3 shows the abundance and the CO2 production during mining and processing of 

different metal precursors. It is evident that noble metals such as Pt and Pd are scarce. This 

results in higher prices and usually also higher CO2 production footprints. From an abundance 

perspective, metals such as Co, Ni and Cu are the preferred choice, as these are more abundant 

than Mo and W. However, not all catalytic conversions can be performed with these elements.  

Apart from considering an element’s abundance on earth, it is also important to consider the 

amount of effort associated with the element’s accessibility, recovery, purification and 

processing. Molybdenum, for instance, is on the European Union’s list of critical raw materials.22 

This is not because of its limited abundance on earth but due to its (currently) limited 

accessibility. This accessibility can be limited by, for example, geopolitical circumstances. 

Free fatty acidTriglycerides

Decarboxylation

-83.5 kJ mol-1

Cinnamyl alcoholCinnamaldehyde

Hydrocinnamyl alcoholHydrocinnamaldehyde

615 kJ mol-1

715 kJ mol-1

H2

H2

H2

H2

B Cinnamaldehyde hydrogenation reaction route

A Possible (hydro-) deoxygenation and dehydration pathways
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Nevertheless, in terms of abundance and CO2 footprint the transition metals molybdenum and 

tungsten lie between noble metals and non-noble metals, while their price is comparable to that 

of non-noble metals. Therefore, they should be further explored as alternatives to noble metals.  

Although Mo and W metal carbides often show “Pt like behaviour,” especially in terms of activity, 

their selectivity behaviour can differ significantly from that of noble-metal-based catalysts. 

Carbide catalysts are known to selectively cleave carbon-oxygen bonds without carbon-carbon 

scission.23 For example, in the hydrodeoxygenation of stearic acid, Pd and Pt catalysts primarily 

yield heptadecane (C17) via the decarboxylation pathway (carbon-carbon scission).24 In contrast, 

the conversion of stearic acid over supported Mo and W carbides occurs via the 

hydrodeoxygenation pathway, resulting in hydrocarbons with the same chain length as the 

starting material. Interestingly, when comparing the two carbide catalysts, the W carbide 

catalysts are selective (>50%) towards highly valued alkenes (C18) at the intermediate 

conversion level, while supported Mo carbides are selective towards C-18 oxygenate formation 

(octadecanol and octadecanal).25 The cleavage of the C-O bond is attributed to potentially present 

of acidic sites on the carbide catalyst through the formation of (surface) acid sites. The advantage 

of these acidic sites has been described more often for carbide based materials in different types 

of reactions, such as dehydration and isomerization.11,26 

In addition to their higher abundance and good performance, Mo carbides and W carbides have 

another advantage over noble metals: their tolerance to N and S impurities.2 These impurities are 

often present when processing crude oil or renewable feedstocks.27,28 In the presence of S and N 

 

Figure 1.3 Relative abundance, CO2 production and cost ($/kg) of mining and purification of different 
metals (adopted from M. Führer et al. ) 
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impurities, carbide catalysts have the ability to change the nature of their active site from carbide 

to sulphide or nitride, respectively. Interestingly, they can remain catalytically active, since the 

sulphide and nitride phases also possess activity for the same type of reactions.13,29,30 This 

distinguishes them from noble-metal catalysts, which are quickly deactivated in the presence of 

compounds containing sulphur or nitrogen.  

As can be seen, transition-metal carbides such as those of Mo and W have many advantages over 

noble metal catalysts, such as high abundance, good catalytic performance (selective/active), and 

tolerance to N and S impurities. Nevertheless, transition-metal carbides make up only a small 

group of catalysts. This is mainly due to the limited stability of carbides in liquid-phase reactions, 

the cumbersome preparation, and the lack of understanding of the relationship between the 

catalysts’ properties and their performance. Therefore, these carbides are the topic of study in 

this thesis. 

Carbide catalysts: preparation and characterization 

In this thesis the focus is on carbon supported Mo and W carbide catalysts, which are prepared 

by incipient wetness impregnation of a carbon support with a solution of the desired metal salt 

precursors and dried afterwards. The subsequent carburization process produces the 

catalytically active metal carbide. In this thesis two major synthesis routes have been used to 

prepare supported metal carbides: temperature-programmed reduction (TPR)31 and 

carbothermal reduction (CR).32-35 In CR synthesis an oxidic precursor is loaded onto a carbon 

support and then heated up to a high temperature, here 900 °C. The resulting reaction between a 

fraction of the carbon and the oxide forms the carbide. During TPR synthesis the oxidic precursor 

is carburized at lower temperatures, between 300 °C and 650 °C, in the presence of an external 

carbon source such as CO,36 methane,37-39 or other hydrocarbons.40-42 The TPR can be used for 

bulk as well as for supported catalysts. Information on the effect these carburization methods 

have on the physicochemical properties of the resulting carbide materials in relation to their 

catalytic behaviour is lacking.  

Though impregnation and carburization is often used to prepare metal carbides, other methods 

are available if needed. These methods include the so-called “solution methods,”43,44 the ultra-

high vacuum (UHV) synthesis7 and the sol-gel synthesis.45-47 In the “solution methods,” the bulk 

carbide is formed by the decomposition of a salt precursor and a carbon source. Common carbon 

sources are urea48 or sugars.43,49 One challenge of these methods is to find the right ratio between 

the metal and the carbon. An excess of carbon will lead to surface contamination with carbon.50 

The UHV synthesis occurs via ethylene carburization of clean Mo51,52 and W53-55 foils. This method 

leads to phase-pure carbide foils, as demonstrated by Chen et al.,54 which allows fundamental 
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surface studies, such as XPS, AES, high-resolution electron energy loss spectroscopy (HREELS) 

and UHV temperature-programmed desorption, of the carbide. Other developed but less used 

carbide synthesis methods are the pyrolysis of a metal complex,56,57 gas-phase reaction of volatile 

metal compounds58 and solid-state metathesis.59 

For the impregnated catalysts investigated in this thesis, the carburization (activation) of the 

catalysts is a crucial step that can influence the metal-to-carbon ratio,41 the nanoparticle 

dispersion,36 the nanoparticle size60 and the crystal structure.61 These in turn are important 

characteristics that affect the catalytic performance. For example, Macedo et al. showed that CR 

synthesis in an inert atmosphere results in hexagonal β-Mo2C, while TPR synthesis in a carbon 

containing atmosphere yields cubic α-MoC1-x.38 This affects the intrinsic activity of the catalysts. 

TPR-synthesized cubic α-MoC1-x exhibits a better catalytic activity than β-Mo2C, which is 

attributed to the lower site density of the cubic structure. Thus, it is essential to understand and 

characterize the structure, morphology and other fundamental physiochemical properties of 

carbides in order to improve their catalytic performance.  

 

Figure 1.4 Common crystal structures of transition-metal carbides: in blue are the metal atoms and in brown the 
carbon atoms (adopted from Zhong et al. 62). 

Various analytical and spectroscopic techniques do exist to determine structure-performance 

relationships and to ultimately design an active, selective and robust catalyst.63 X-ray diffraction 

(XRD) is a key technique used to obtain information on crystalline structures. This technique 

allows phase identification, quantification of the crystalline fraction, and monitoring structural 

changes in the catalysts.64,65 The most prominent carbide phases are hexagonal β-Mo2C, cubic 

α-MoC1-x and hexagonal MoC for molybdenum based carbides and hexagonal α-WC, hexagonal 

β-W2C and cubic y-WC1-x for tungsten carbide, see Figure 1.4. For carbide characterization, XRD 

is the main technique to determine or confirm the crystalline phase after the carburization. 

During the carburization process (e.g., TPR or CR synthesis) many intermediate phases are 

formed, including MeO3 (Me=metal) and the suboxide MeO2, finally resulting in the carbide phase, 
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which can be different depending on the synthesis method, as discussed above. However, also 

metallic Mo or W and/or oxycarbides have been identified during the synthesis process, or even 

mixtures of different phases can co-exist.38,66 For this reason it is crucial to study the 

carburization process and the resulting material. Other techniques to follow the carburization 

are thermogravimetric analysis (TGA), temperature-programmed desorption mass spectrometry 

(TPD-MS), X-ray photoelectron spectroscopy (XPS) and X-ray absorption near edge structure 

(XANES or NEXAFS).41,67-76  

In addition to XRD, XANES has been utilized to correlate the chemical reactivity of the catalysts 

with their electronic and structural properties. Surprisingly, while some XANES measurements 

have been carried out on molybdenum carbide,77-87 only five XANES studies on tungsten carbide 

have been reported so far.88-92 One of those five is the study of Lee et al.,91 who measured XANES 

of Mo (on K-edge and LIII-edge) and W (on LIII-edge) carbides and their parent metals to 

understand the differences in their electronic and structural properties. The authors observed a 

positive shift in edge position and an increase in the white line areas (on the LIII-edges) after the 

formation of the carbide. Although these results have yielded a wealth of information on 

electronic and chemical on carbides, it was stated that the theoretical basis for the interpretation 

of these features needs to be greatly refined before this information helps us to understand the 

carbide materials. Even rarer than XANES studies on carbide samples is the use of extended X-

ray absorption fine structure (EXAFS) for these materials. The work of Ingham et al.90 is one 

example investigating W carbides. In that study, passivated WC samples were compared with 

WO2, WC and W metal standards. The passivation treatment significantly increased the oxide 

proportion in comparison with the original material. It was assumed that a W oxide was formed 

around the WC core. Although not many XANES and EXAFS studies have been done, these findings 

highlight that important information can be obtained that is needed to understand these carbide 

materials.  

Bimetallic carbides 

Recently, bimetallic carbide catalysts, for example, CoMo carbide,93-95 MoNi carbide96-99 and NiW 

carbide,98,100 have also attracted attention. It has been observed that the addition of a second 

metal, such as nickel, cobalt or iron, can enhance the activity, improve the stability, or modify the 

selectivity of monometallic carbides, such as those of Mo and W.96-103 Smirnov et al.99 developed 

a nickel molybdenum carbide alloy with enhanced hydrogenation abilities for the anisole 

conversion compared with molybdenum carbide. The addition of Co to a Mo carbide increases 

the stability of the furfural hydrodeoxygenation.94 In addition, mixtures of Mo and W carbides 

have recently been shown to exhibit a similar or better catalytic performance in comparison with 
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the respective monometallic carbides.104-106 Tran et al. reported a synergistic effect between Mo 

and W carbides in the guaiacol hydrodeoxygenation to hydrocarbons. The mixed MoW carbide 

catalysts exhibit superior catalytic activity, which was ascribed to the presence of H2 activating 

sites and oxophilic sites in the same catalyst. The H2 activating sites arise from the interaction 

between Mo and W atoms, while the presence of (metallic) W introduces oxophilicity. 

However, for bimetallic carbides the influence of catalyst preparation method on the final 

catalysts (e.g., their crystal structures and compositions) and the catalytic performance is not yet 

fully understood, as also Mehdad et al. stated in 2019.70 Some studies have offered preliminary 

suggestions for the property-performance relationships of supported mixed carbides. For 

instance, Fu et al.104 synthesized a series of mixed MoW carbide catalysts, supported on carbon 

nanotubes, via carbothermal reduction, which were used for hydrogen evolution reactions. Based 

on XRD and TEM-EDX analyses, the authors concluded that an orthorhombic MoW phase had 

formed in which Mo and W were atomically mixed. Leclercq et al. 64,107 attempted to determine 

the surface composition of bulk MoW materials with XPS analysis. It was found that a 

molybdenum enrichment occurred on the surface. However, the exact composition and structure 

of the mixed MoW carbide were not disclosed.64,107 Ideas based on STEM-EDX,104 XRD105 or TGA70 

have been proposed for the optimal preparation of homogeneously mixed MoW carbides. 

However, the unambiguous determination of the structure of supported, mixed MoW carbide 

catalysts requires the use of a combination of characterization techniques.  

Choice of hydrogenation reactor and the investigation of carbide stability  

The choice of reactor is very important for any reaction since it influences activity, selectivity and 

stability of a catalyst.108 The purpose of a hydrogenation (or hydrodeoxygenation) reactor is to 

bring three phases into contact: the hydrogen, the catalyst and the reactant, all in the absence of 

air. In order to provide contact between the reactant and the catalyst and to control the rate of 

diffusion, some sort of mixing is needed.109 There exist several reactor types for the 

hydrogenation, such as batch, slurry reactor and packed-bed bubble reactor. In the laboratory 

the heterogenous hydrogenation is mostly executed in batch reactors,108 but also plug-flow, fixed-

bed reactors, in general operating under continuous flow, are often used. In the following the 

advantages and disadvantages to use these reactor types with carbide catalysts in hydrogenation 

and hydrodeoxygenation reactions of bio-based molecules are discussed briefly.  

As mentioned above, batch reactors are often used on a lab-scale level for almost any feasible 

hydrogenation reaction. However, the batch reactor has a number of disadvantages, in particular 

when operating on a large scale. The use of hydrogen gas requires a dedicated high-pressure-

resistant reactor, autoclave conditions and special safety precautions, which leads to operational 
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hazard.110,111 Hydrogenations are usually very exothermic and performed at high temperature, 

which necessitates effective heat removal. In addition, batch reactors are restricted with respect 

to the quantities that can be produced, and the process scale-up is challenging due to the changes 

in heat and mass transfer.  

The continuous plug-flow reactor has the advantage that, in contrast to a batch reactor, it only 

requires one startup and one shutdown during the production of one product. Since reactant and 

product are continuously introduced into and removed from the reactor, the reaction space of a 

continuous reactor is smaller. This makes it easier to control process variables such as 

temperature and hydrogen flow.111 In summary, operating a continuous reactor is more efficient 

and safer. However, one challenge of using a plug-flow reactor for hydrogenation reactions of bio-

based molecules is to bring the three phases (hydrogen, catalysts and reactant) into contact well 

enough. The fixed-bed, three-phase, trickle-flow reactor has been designed for this kind of 

reactions. Bio-derived molecules are mostly large molecules and are not liquid at room 

temperature; therefore, model compounds that have a shorter carbon chain and are liquid at 

room temperature are often used for the hydrogenation or hydrodeoxygenation.112  

The main benefit of the plug-flow reactor over the batch reactor is that it offers the possibility to 

investigate the catalyst's stability. Due to the nature of the batch reactor, catalyst deactivation 

cannot be observed separately from one run of experiment. Hence, to investigate catalytic 

stability the catalyst needs to be recycled, and multiple subsequent experiments need to be run. 

After each batch the vessel needs to be emptied and cleaned, which implies that the catalyst falls 

dry. If the carbide catalyst is no longer protected by the solvent, it is prone to oxidation under 

atmospheric conditions. Moreover, reactant and products remaining in the pores are known to 

deteriorate via unwanted side reactions and can also deactivate the catalyst. An additional 

regeneration step after each run would thus be required; however, this would affect the catalytic 

active site and make it very challenging to reproduce the reaction. As a result, a batch reactor 

cannot provide sufficient information on the stability of catalysts. Hence, to study the deactivation 

of (carbide) catalysts, a continuous plug-flow reactor is preferred.113,114  

Investigation and understanding of the deactivation of carbide catalysts during reaction are of 

great importance in order to improve the catalytic performance. Carbide catalysts are known to 

suffer from deactivation, especially in liquid-phase reactions.112,115-118 The mini review by 

Macedo and co-workers summarizes the main deactivation mechanisms of carbide catalysts, 

which are leaching, coke formation, oxidation and particle growth.119 The nature of the catalyst 

support can affect the catalyst deactivation by coke formation118 and leaching.120 In this thesis a 

carbon support is considered to be stable with respect to coke formation for biomass-based 
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conversions.119 However, a strong interaction between the carbon support and the metal 

carbides is not guaranteed, which can lead to metal leaching.120 Deactivation by oxidation is a 

frequently found mechanism for carbide materials used in biomass conversions.112,120 For 

instance, Mortensen et al. evaluated the hydrodeoxygenation of 1-octanol over ZrO2 supported 

Mo2C catalysts, with an emphasis on stability. After 76 h of operation in a fixed-bed, three-phase, 

trickle-flow reactor, 1-octanol conversion had decreased from 70% to 37%. The deactivation of 

the catalyst was attributed to the oxidation of the carbide by water, which was produced during 

the reaction. 

Research scope and outline 

Despite the great potential of transition metal carbides, they are still not widely used in 

commercial applications. More knowledge needs to be gained about the nature of the active site, 

the evolution of the morphology, the surface structure and composition, and the stability during 

long-term reactions. To achieve this, the effects of the carburization on (mixed) metal carbides 

are investigated and their chemical and electronic properties are characterized in this thesis, 

using a combination of techniques (e.g., TGA, chemisorption, XANES). In addition, the catalysts 

are tested for decarboxylation/decarboxylation and hydrodeoxygenation of stearic acid to 

produce aldehydes, alcohols, alkenes and alkanes.121,122 Furthermore, a fixed-bed, three-phase 

flow reactor is built for investigating the stability of Mo carbide during long-term hydrogenation 

reactions of cinnamaldehyde as an α,β-unsaturated compound.  

The thesis is divided into three parts. The first part consists of Chapters 2–3 and focuses on the 

synthesis, structural properties and performance of bimetallic metal carbides. The second part 

(Chapters 4-5) describes the hydrogenation of cinnamaldehyde over Mo carbide catalysts and 

their stability in batch and plug-flow reactors. The last part, Chapter 6, deals with the overlooked 

properties of transition metal carbides. In the following the chapters are discussed in more detail: 

In Chapter 2, the synthesis and characterization of carbon nanofiber supported mixed MoW 

carbides is described. The challenge here is to synthesise a single phase mixed metal carbide and 

to define the exact composition and structure of these materials. We chose to prepare mixed MoW 

carbides via co-impregnation by dissolving the Mo and W salts in water and carburising them via 

the TPR and CR synthesis route. We used a combination of characterization techniques (TPD-MS, 

TPR-MS, TGA, XRD, XANES, EXAFS and STEM-EDX) to evaluate the physicochemical characterizes 

of these materials. The catalysts were tested for their performance in the hydrodeoxygenation of 

fatty acid (batch reactor, 350 °C, 30 bar of H2). 



Chapter 1 

12 
 

Monometallic Mo and W carbide catalysts are active for the conversion of stearic (and oleic acid) 

into alkenes, oxygenates and alkanes following the hydrodeoxygenation pathway. Interestingly, 

when comparing carbon supported Mo-carbides to W-carbides catalysts, the former ones were 

more selective towards oxygenates, while the W-carbides were more selective towards alkenes. 

In Chapter 3, we establish to which extent we can combine the properties of both W-carbide and 

Mo-carbide by using carbon nanofiber supported mixed MoW-carbides. We examined how the 

catalytic performance of mixed MoW carbides depends on the Mo:W ratio. The supported 

bimetallic carbide catalysts were prepared by the CR method and the hydrodeoxygenation of 

stearic acid was performed in a batch reactor (350 °C, 30 bar of H2). 

Though the Mo and W carbides have been shown to be catalytic active for hydrogenation, their 

potential for chemoselective hydrogenations has not been studied. These selective 

hydrogenations are often exemplified by cinnamaldehyde towards either unsaturated alcohols 

or saturated aldehydes. In Chapter 4 we show the potential of Mo and W carbide nanoparticles 

supported on carbon nanofibers to replace Pt for the HYN of cinnamaldehyde (batch, 200 °C, 

20 bar of H2).  

Catalytic hydrogenation of cinnmalaldeyhde has often been conducted in batch reactors. 

However, to investigate the stability a plug flow reactors is more beneficial, as explained above. 

In Chapter 5 the stability of Mo carbide catalysts is investigated in a plug flow reactor (90-170 °C, 

20 bar of H2). For this two Mo carbide catalysts with different particle size are prepared (4-5 nm 

and 5-6 nm) and tested.  

In Chapter 6 we discuss the potential of Mo and W carbides as an alternative for noble metal 

catalysts for use in the conversion of traditional fossil feedstocks, heavier fossil feedstocks and 

renewable biomass feedstocks. We point out the tolerance of transition metal carbides with 

respect to N and S impurities and the ability to (partially) convert the carbides to their respective 

nitrides or sulphides. The availability and catalytic activity of these carbide catalysts have both 

been mentioned before, but their relative stability in the presence of such impurities barely has. 

Chapter 7 aims to place the obtained results in a broader context, and provides 

recommendations for further research. 

Figure 1.5 presents a schematic overview of this thesis with the main subjects studied in each 

chapter.  
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Figure 1.5 Schematic overview of this thesis. 
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Abstract 
Mixed MoW carbide catalysts are of interest because of their reported synergetic effects in 

hydrogenation reactions. However, the characterization of these materials needs further 

attention; the exact structure and composition of these mixed carbides have not been 

unambiguously established. We synthesized a series of these catalysts with different Mo and W 

ratios via two different synthesis methods e.g., temperature-programmed reduction and 

carbothermal reduction, and found that both synthesis methods resulted in mixed bimetallic 

(MoW) carbide phases. Irrespective of the synthesis method, all bimetallic catalysts (Mo:W bulk 

ratios of 1:3, 1:1 and 3:1) show compositions on the nanoscale level that are close to those of the 

bulk ratios. Furthermore, the crystal structures of the produced phases and the nanoparticle size 

differ depending on the synthesis method. A cubic carbide (MeC1-x) phase with 3-4 nm 

nanoparticles was obtained when using TPR method while a hexagonal phase (Me2C) with 4-5 nm 

nanoparticles was found when using the CR method. The TPR-synthesized carbides showed 

higher activity for the hydrodeoxygenation of fatty acids. This higher activity of the TPR samples 

was tentatively related to the cubic crystal structure, particle size or a combination of those two 

effects. These results highlight that the crystal structure and/or the particle size have more 

impact on the catalytic performance than the composition of the mixed metal carbides.  
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Introduction 
Combining two metals in one catalyst can result in a synergetic catalytic performance with 

respect to activity, selectivity and stability compared with monometallic catalysts.1-3 Prime 

examples are the addition of non-noble metals to noble metals such as Pt, Au and Pd for use in 

hydrogenation3, hydrodeoxygenation4, Fischer-Tropsch synthesis5 and aqueous-phase 

reforming.6,7 For instance for the conversion of biobased feedstocks, the addition of Ni, Co or Fe 

to Pt decreases the adsorption energy of CO and H on the Pt surface which results in a threefold 

increase of the activity for aqueous-phase reforming of ethylene glycol.6,7 Although the 

performance of noble-metal catalysts and their bimetallic forms is excellent, the limited 

availability and often high costs of these metals spurred a quest for alternatives.8,9 

Transition metal carbides like Mo and W carbides are catalysts for reactions that involve 

hydrogen activation and are as such interesting alternatives for noble metals.10,11 Recently, also 

(bulk) bimetallic MoW carbide catalysts have attracted attention.12-23 For example, Tran et al. 

observed a synergistic effect between Mo and W carbides in the hydrodeoxygenation of guaiacol 

to hydrocarbons18. These mixed-carbide catalysts exhibited superior catalytic activity due to the 

presence of H2-activating sites and oxophilic sites in the same catalyst; the H2-activating sites 

were created by the interaction between Mo and W atoms while the presence of (metallic) W 

introduced oxophilicity. Mehdad and co-workers synthesized and characterized single-phase 

mixed MoW carbides with different Mo-to-W ratios for toluene hydrogenation.21 In their work, 

they observed that increasing W content led to decreasing activity relative to monometallic Mo 

carbides, but the selectivity towards the more desired products such as benzene and xylene 

increased. Wang et al. used a bimetallic carbide catalyst consisting of Mo2C and WC for the 

electrochemical hydrogen evolution reaction.23 They found that electrochemical activation can 

partially remove surface carbon which in turn changes the surface hydrophilicity. The 

contribution of the residual carbon was claimed to protect the carbide from oxidation and helps 

maintain the high performance and stability of the catalyst.23  

Though these examples highlight the relevance of Mo/W mixed carbides, the relationship 

between synthesis history, catalyst characteristics and catalytic performance of supported 

metal-carbides has only been scarcely investigated.14,17,22,24 For supported metal-carbides, two 

major synthesis routes have been developed, i.e. temperature-programmed reduction (TPR)11 

and carbothermal reduction (CR)25. Information about the effect of these carburization methods 

on the physicochemical properties of these bimetallic materials in relation to their catalytic 

behavior is lacking, as also stated by Mehdad et al. in 2019.19  
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Both the CR and the TPR method are widely used for preparing catalysts.26-28 In CR synthesis, an 

oxidic precursor is loaded onto a carbon support, followed by heating up to high temperature e.g., 

900 °C, resulting in the reaction of a fraction of the carbon with the oxide to form the carbide. 

During TPR synthesis, the loaded oxidic precursor is carburized at lower temperatures i.e., 

between 300 °C and 650 °C in the presence of an external carbon source such as CO29, 

methane8,30,31 or other hydrocarbons32-34. However, certainly for bimetallic carbides, the 

influence of parameters such as temperature ramp, nature of the precursor and the carburizing 

atmosphere is not fully understood yet. Depending on the synthesis method and conditions, the 

morphology, e.g. crystal structure35 or particle size36 of the (mixed) carbide can be different and 

this, in turn, can influence the activity and selectivity of catalyst. For instance, Macedo et al. 

showed that carbothermal reduction synthesis in an inert atmosphere results in hexagonal 

β-Mo2C, while TPR synthesis in a carbon-containing atmosphere yields cubic α-MoC1-x; these 

materials do not only show differences in crystallinity, but also in their intrinsic activity.8 

TPR-synthesized cubic α-MoC1-x exhibits a better catalytic performance than β-Mo2C. This was 

attributed to the lower site density of the cubic structure, which makes the Mo atoms more 

accessible for the reactant.  

Some studies have offered suggestions for the composition and structure of supported mixed 

carbides. Fu et al.17 synthesized a series of mixed MoW carbide catalysts supported on carbon 

nanotubes via carbothermal reduction, which were used for hydrogen evolution reactions. Based 

on XRD and TEM-EDS analysis, these researchers concluded that an orthorhombic MoW phase 

formed in which Mo and W were atomically mixed. Leclercq and co-workers37,38 used XPS 

analysis to explore the surface composition of bulk MoW materials and found Mo enrichment on 

the surface; however, they did not establish the exact composition and structure of the mixed 

MoW carbides. Techniques to study the preparation of homogeneously mixed MoW carbides 

involve either STEM-EDX17, XRD18 or TGA19, but the unambiguous determination of the structure 

of supported mixed MoW carbide catalysts requires the use of a combination of characterization 

techniques. 

In this paper, we report on carbon nanofiber-supported mixed MoW carbides, which we 

synthesized via both the TPR and the CR method. We used TPD-MS, TPR-MS, TGA, XRD, XANES, 

EXAFS and STEM-EDX to investigate the influence of the synthesis method on the 

physicochemical characteristics of these catalysts. Finally, we attempted to relate their activity 

for the hydrodeoxygenation of stearic acid to the characteristics of the catalysts especially to their 

particle size and crystal phase. 
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The CR synthesis pathway of monometallic Mo carbides with the use of a carbon-supported 

ammonium heptamolybdate (AHM) precursor has been studied previously8,25,39-42, but we were 

able to find only a few studies39,43 on the synthesis of W carbides from ammonium metatungstate, 

while no reports at all were available for the supported synthesis of mixed MoW carbides. The 

TPR synthesis of both W carbides and Mo carbides has been previously studied, but with different 

materials such as MoCl5/WCl616 and ammonium tungsten oxide hydrate14. 

Material and Methods 

Carbide Catalyst Synthesis  

Carbon nanofibers (CNF) were grown from a mixture of hydrogen (102 ml/min), nitrogen 

(450 ml/min) and carbon monoxide (260 ml/min) at 550 °C and 3 barg for 24 h over a reduced 

5 wt.% Ni/SiO2 catalyst (3 g), as reported previously.1 To remove SiO2 after growth, the mixture 

(CNF+Ni+SiO2) was refluxed three times in 1 M KOH for 1 h with intermediate decanting and 

washing with 1 M KOH. Next, the CNF was treated by refluxing in 65% concentrated nitric acid 

for 1.5 h to remove the remaining Ni and introduce oxygen groups on the CNF surface. Finally, 

the CNF was washed with demineralized water to neutral pH and ground to a 90-120 µm fraction. 

The CNF-supported catalysts were synthesized by incipient wetness impregnation (pore volume 

support 0.7 ml/g). We used aqueous solutions of ammonium heptamolybdate (AHM; Sigma-

Aldrich, 99.98% trace metals basis, pH 5), ammonium metatungstate (AMT; Sigma-Aldrich, 

99.98% trace metals basis, pH 3) or a mixture of both salts (molar ratio of Mo:W = 1:3, 1:1 and 

3:1). All catalysts contained the same total metal loading of 0.9 mmol/gcatalyst. After impregnation, 

the catalysts were dried overnight at 110 °C in static air and stored for further use.  

The impregnated catalyst precursors (impregnated CNF) were carburized either via the 

temperature-programmed reduction method or the carbothermal reduction method in a tubular 

plug reactor. In the TPR method, the precursor (250 mg) was exposed to 20% CH4/H2 (total flow 

of 100 min−1) for 2 h at 650 °C (β = 5 °C/min). For the carbothermal reduction, the samples were 

carburized in N2 flow (50 ml/min) and heated from room temperature (RT) to 900 °C (β = 

5 °C/min). To avoid contact with air, the carburized catalysts were directly transferred from the 

carburization reactor to a (N2 atmosphere) glove box without exposure to air.  

Characterization  

We followed the development of the sample during both synthesis methods by 

thermogravimetric analysis (TGA), Temperature Programmed Desorption coupled with Mass 

Spectrometry in inert (TPD-MS, see below) and Temperature Programmed Reaction coupled 
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with Mass Spectrometry in CH4/H2 (TPR-MS, see below). The catalysts were further 

characterized by STEM-EDX and XRD. A physical mixture of the monometallic carbides and bare 

CNF were included for comparison. 

For the CR method, CO evolution, e.g. measured by TPD-MS, is a good proxy for following the 

carburization process.8,39,44-46 In general, up to 600 ˚C, the precursor decomposes/reduces while 

the actual carburization occurs above 600 ˚C with the concomitant release of CO resulting from 

the simultaneous reduction and carburization of the metal oxide to the carbide.45,46 Since the 

support is the carbon source for the CR method, clear weight changes are expected. Therefore, 

TGA is a suitable technique to investigate at which temperature the carburization takes place. 

Temperature-programmed desorption (TPD-MS) and temperature-programmed reduction 

(TPR-MS) mass spectrometry analyses were performed with a Micromeritics AutoChem II 2920 

coupled to a Pfeiffer Vacuum ThermoStar™ mass spectrometer. To study the carburization 

process during CR, the precursors (100 mg) were heated to 900 °C at 10 °C/min under helium 

(total flow of 20 min−1) for the TPD-MS method. For the TPR method, the samples (100 mg) were 

exposed to 20% CH4/H2 (total flow of 100 min−1) while heated to 750 °C at 5 °C /min. The gas 

phase was then evaluated via MS.  

Thermogravimetric analysis (TGA) was performed in 150 𝜇𝜇𝜇𝜇l alumina crucibles (Mettler-Toledo) 

using a Mettler-Toledo TGA/DSC 1 apparatus. During the CR method, the precursors (40 mg) 

were heated to 1000 °C at 10 °C/min under nitrogen (100 ml/min). To study the TPR method 

with TGA, the precursors (40 mg) were exposed to 20% CH4/H2 (total flow of 100 ml/min) while 

heating to 750 °C at 5 °C /min.  

HAADF-STEM images and EDX analyses were acquired using an FEI TalosTM F200X transmission 

electron microscope operating in scanning transmission mode at 200 kV and equipped with a 

high-brightness field emission gun (X-FEG) and a Super-X G2 EDX detector, with the aid of the 

VeloxTM software. For these analyses, the samples were ground and drop-casted from an 

ethanolic dispersion onto a lacey carbon-coated 300 mesh copper grid.  

The XRD patterns were recorded on a Bruker D8 Advance with an Lynxeye-XE-T PSD detector 

equipped with a Cu-K𝛼𝛼𝛼𝛼1,2 tube generating X-rays with 𝜆𝜆𝜆𝜆 = 1.542 Å. The measurements were taken 

in the 2θ range of 20° to 80° with a step size of 0.05° at 1 sec−1. 

N2 physisorption isotherms were recorded with a Micromeritics, Tristar II Plus at liquid nitrogen 

temperature (-195.8 °C). 100 mg of sample was degassed at 200 °C for 2h using a Micromeritics 
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VacPrep 061. The pore volume and surface area of the samples were determined using the BET 

theory.  

Extended X-ray adsorption fine structure (EXAFS) and X-ray absorption near edge spectroscopy 

(XANES) at Mo K-edge (20000 eV) and W L3-edge (10207 eV) were recorded at the B18 beamline 

of the Diamond Light Source, UK, using Si (1 1 1) double crystal monochromator. The 

measurements were performed in fluorescence mode. Mo foil and W foil spectra were 

simultaneously collected to samples and standards to enable the energy calibration.  

The powders were capped in a cutout sample holder with Kapton tape on each side and 

afterwards shrink wrapped in foil to avoid any contact with air. The reference materials Mo, 

MoO2, Mo2C, W, WO2 WC and WC2 pressed into pellets. For the data analysis of the XAFS spectra 

and the EXAFS spectra, the program Athena and Artemis were used, respectively. The averaging, 

background subtraction and normalization procedures were performed using standard routines. 

The data were fitted in R-space with k1, k2, and k3 weightings simultaneously. 

Hydrodeoxygenation 

The hydrodeoxygenation (HDO) reaction was performed in a 100 mL stainless-steel Parr 4598 

Micro Batch stirred reactor system. Typically, the reactor was filled with 250 mg catalyst, 2 g 

stearic acid (Sigma-Aldrich, ≥95%, FCC, FG), 1 g tetradecane as internal standard (Sigma-Aldrich, 

≥99%), and 50 mL dodecane (Sigma-Aldrich, ReagentPlus ®, ≥99%). Next, the loaded reactor was 

twice purged with 30 bar Ar and afterwards flushed with H2. Subsequently, the reactor was 

pressurized to 30 bar H2, heated to 350 °C while stirring at 800 rpm. The reaction was performed 

for 4 h. Liquid samples from the reactor were taken at regular time intervals to investigate the 

product distribution. From the taken reaction solutions, sample two separate samples were 

diluted with CH2Cl2:MeOH (2:1 v/v%) and analyzed by gas chromatogram (with a FID detector). 

The two values were averaged and reported, the deviation from the average will be indicated by 

error bars.  

The catalyst stability was tested by subsequent experiments with one batch of carbide catalysts. 

Between the runs, the remaining reaction medium was decanted, and then the catalysts were 

washed/decanted with 100 ml dodecane before adding the fresh reaction medium. 
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Results and Discussion  

CR synthesis  

The synthesis pathway of the carbides with the use of a carbon-supported precursor takes place 

via several steps including precursor decomposition, oxide formation/reduction, and 

carburization.8,39,44-46 The Supplementary Information provides a detailed analysis of the CR 

synthesis; Figures S2.1 and S2.2 show the evolution of all gases in our experiments. The weight 

changes and phase transitions can be found in Figure S2.3 and Figure S2.4, respectively. Scheme 

S2.1 and Table S2.1 show the results for the carbide samples, including a discussion of the 

synthesis pathways. Based on those results, we concluded that the CO evolution and weight rate 

changes are indicative for the carburization process and are suitable for determining the 

carburization temperature of the CR synthesis. To prove that the CO evolution does not result 

from the degradation of the CNF, TPD-MS and TGA results for the pristine CNF support without 

any precursors were conducted under the CR treatment conditions (Figure S2.1). The results 

show that the CO release and the weight loss are significantly less than for the samples with metal 

precursors.  

 

Figure 2.1 A: CO evolution during CR synthesis of monometallic and mixed-metal carbides. B: Comparison of 
weight change rates during CR synthesis. 
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Figure 2.1 A (TPD-MS) displays the CO evolution as a function of temperature for the 

monometallic carbides, the mixed carbides and a 1:1 physical mixture during the CR synthesis. 

For the monometallic samples, Figure 2.1 A clearly displays one CO evolution peak at 680 °C for 

Mo on CNF and one CO evolution peak at 770 °C for W on CNF, indicating that for monometallic 

samples the carburization occurs in one step. The physical mixture (indicated as the 1+1 sample 

in Figure 2.1A) shows two CO evolution peaks at the temperature representative for Mo and W 

which indicates that the two carburization processes are independent of each other in a physical 

mixture.  

Mixed Mo:W carbide samples show CO evolution temperatures i.e., carburization temperatures 

in between those of Mo and W carbides; the maximum shifts toward higher temperatures with 

increasing W content. These carburizations cause only one CO peak, which indicates that the 

carburization of the Mo and W occurs simultaneously in a single step. This indicates that a single 

mixed MoW phase is formed. However, the peaks, especially for samples with higher W contents, 

are broad and asymmetric. This suggests some heterogeneity with respect to size and/or 

composition of the nanoparticles.  

Figure 2.1 B displays the weight loss rates (DTG) based on TGA for the same samples, during the 

CR carburization step for the different monometallic, bimetallic and physical mixed samples. A 

similar trend of higher carburization temperature for samples containing more W as in the TPD-

MS measurements (Figure 2.1 A) is visible. In addition, the physical mixture again shows the two 

separate peaks for Mo and W carburization.  

 

Figure 2.2 Comparison of TGA and TPD carburization temperatures as a function of Mo content in 
monometallic and bimetallic Mo/W-carbides. 
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In Figure 2.2, the carburization temperatures obtained from TPD-MS (Figure 2.1 A) and TGA 

(Figure 2.1 B) are plotted as a function of the metal composition of the samples (represented by 

the Mo fraction). Clearly, the TPD and TGA analyses show the same trends for the carburization 

temperature although the absolute temperatures are lower in the TPD analysis. We attribute this 

to experimental differences. The TPD-MS is performed in a plug-flow reactor while for TGA the 

gases are flown over the sample in a cup resulting in less intense contact between gas and catalyst 

particles. Thus in turn might result in a less effective heat transfer and as a consequence 

differences in carburization temperature were found. 

Overall, we conclude that in CR, the carburization of bimetallic samples occurs in between the 

carburization temperatures of each of the two individual monometallic carbides, possibly in a 

single step, indicating the formation of a mixed MoW carbide phase.  

TPR synthesis 

TPR synthesis of the carbides was followed by using both TPR-MS and TGA and was found to 

occur in several steps. We discuss this further in the Supplementary Information. Figures S2.5 

and S2.6 show the results for the CO, CO2 and CH4 gas evolution, Figure S2.7 shows the weight 

 

Figure 2.3 A: CH4 consumption during TPR synthesis of monometallic and mixed metal carbides. B: 
Comparison of weight change rates during TPR synthesis. 
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changes and the phase transformations are shown in Figure S2.8. In Figure S2.9 the thermal 

effects during the carburization are discussed. 

To summarize these results, similar as for the CR, we observed that the TPR synthesis for the Mo 

occurs via the oxide phase. In contrast, we observed that the reduction of the W oxide takes only 

place via first the formation of metallic W. During the formation of the metallic W CO is released. 

Next the carburization of the metallic W phase occurs, where CH4 is consumed but no CO is 

released. Hence, the TPR carburization can best be followed by studying the consumption of CH4. 

Figure 2.3 A displays the CH4 consumption during TPR synthesis. For monometallic W, there are 

two CH4 consumption peaks; the first one results from the reduction of WO2 to W at 640 °C and 

the second one, near 700 °C, corresponds to the carburization of the metal. For Mo, only one broad 

peak in the range of 620 to 700 °C is visible, with a maximum at 700 °C, indicating the 

carburization of the MoO2 species to the Mo carbide. Thus, for both monometallic samples, the 

carbide formation is complete around 700 °C. The carburization of the physical mixture and the 

bimetallic carbides also occurs at this temperature, indicated by the grey area in Figure 2.3 A.  

In contrast to the CR method, the carburization step of the TPR synthesis cannot be observed with 

TGA. This is because the overall conversion of the metal oxides to the metal carbides does not 

induce a significant weight change, as can be seen Figure 2.3 B. The carbon replacing the oxygen, 

in the case of the TPR methods, originates from an external source (as opposed to CR where 

weight change originates due to the consumption of the carbon support while forming gaseous 

products) and does not lead to a weight change of the sample. Nevertheless, based on the 

observed CH4 consumption shown in TPR-MS data and XRD (Figure S2.8), it is clear that a carbide 

phase formed during synthesis via the TPR method.  

The techniques described above indicate (indirectly) the formation of mixed MoW carbides for 

the CR prepared samples, not however for the TPR samples. Additionally, no inside have gained 

on the potential interaction between W and Mo after the formation of the mixed metal carbides. 

To obtain those insight of the (CR and TPR) prepared samples, we performed HAADF-STEM, EDX, 

XRD, XANES and EXAFS analyses. 

 HAADF-STEM EDX 

Figure 2.4 and 2.5 show representative HAADF-STEM images and EDX images of CNF-supported 

MoW carbide samples prepared by CR and TPR (with Mo:W 1:1), respectively. The images and 

analysis for samples with the other two Mo:W ratios (1:3 and 3:1) can be found in the 

Supplementary Information (Figures S2.10 and S2.11).  
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For the CR-prepared sample (BET surface area = 114 m2/g, total pore volume = 0.3 *10-6 ml/g), 

the HAADF-STEM image clearly shows the metal-containing particles as bright spots on the CNF 

support (BET surface area = 194 m2/g, total pore volume = 0.4 *10-6 ml/g). These particles have 

sizes of 4 to 5 nm. The elemental analysis indicates that W and Mo are well distributed over the 

support and analysis of this whole image yields an average Mo:W ratio of 55:45, which 

corresponds well to the bulk ratio of the prepared catalyst (i.e. 50:50 Mo:W). At the single-particle 

level, Mo:W ratios vary, showing that an inhomogeneous mixed phase had formed (e.g. Mo:W 

with 1:1 ratio shows ratios of 40:60, 57:43, 90:10 and 69:31). No monometallic particles were 

observed for any of the CR-synthesized samples.  

Similar observations can be made in Figure 2.5 for a TPR-prepared sample (BET = 151 m2/g, total 
pore volume = 0.3 *10-6 ml/g). The particle size seems to be marginally smaller (3-4 nm) in 
comparison with samples prepared by the CR method. Again, the Mo:W bulk ratio (50:50) is 

 

Figure 2.4 HAADF-STEM image with EDX map overlays of the CR-prepared CNF-supported MoW carbide 
sample with a Mo:W ratio of 1:1 showing tungsten in green, molybdenum in red and carbon in blue. The 
depicted ratios indicate the Mo:W ratio in the individual particles. Scale bar: 20 nm. 
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similar to the ratios in the whole image. The single-nanoparticle analysis yielded variable Mo:W 
ratios, which are distributed around the bulk ratio (52:48, 64:36, 77:23 and 66:34), similar as for 
the sample prepared by the CR method, indicating the formation of a mixed metal carbide phase. 

From these HAADF-STEM and EDX analyses, we can conclude that a mixed phase formed on a 

single particle level, irrespective of the synthesis method. For samples prepared by the CR 

method, this is in agreement with the TGA and TPD-MS results. Also, the variation in the Mo:W 

ratios of the individual nanoparticles found with EDX explains the broad peak observed during 

the TGA and TPD-MS analyses and the absence of two isolated carburization peaks representative 

of Mo and W. In addition, we observed that the TPR synthesized particles are ~1nm smaller than 

the CR carburized samples (see particle size distribution in Figure S2.12).  

  

Figure 2.5 HAADF-STEM image with EDX map overlays of the TPR-prepared CNF-supported MoW carbide 
sample with a Mo:W ratio of 1:1 showing tungsten in green, molybdenum in red and carbon in blue. The 
depicted ratios indicate the Mo:W ratio in the individual particles. Scale bar: 20 nm. 
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XRD 

After having established that synthesis via CR and TPR both resulted in mixed-metal particles 

(though with varying Mo:W ratios on single nanoparticles and slightly different particle sizes), 

we used XRD to establish which crystal phases have formed in these materials. Figure 2.6 shows 

the XRD patterns of all carbide samples. The signals at 2θ=28° and 2θ=43° represent the (002) 

and (101) reflections of the CNF.47 All XRD patterns of CR-prepared carbides show a similar 

pattern with diffractions at 2θ values of 34.4°, 37.7°, 39.4°, 61.5°, 69.2° and 74.7°, indicated by 

the yellow squares. These reflections correspond to the hexagonal phase of β-Mo2C or 

β-W2C.11,48,14,17. It has previously been suggested that Vegard’s law17 can be used to prove the 

formation of a MoW mixed-metal carbides phase. We, however, did not observe a systematic shift 

in peak position with increasing Mo content. The difference between β-Mo2C and β-W2C is 

intrinsically small (0.1 2θ) and hence the difference do not show up in the very broad diffraction 

peaks for these mixed-metal nanoparticles (see Figure S2.13 (CR) and Figure S2.14 (TPR) in the 

Supplementary Information for more details).  

 

Figure 2.6 XRD pattern of monometallic carbide catalyst samples and bimetallic carbide catalyst samples, 
synthesized via TPR under 20% CH4/H2 (left) and via CR in N2 (right). 
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For the carbide catalysts prepared via TPR, different crystal structures were found for the Mo and 

W carbides (Figure 2.6, right). The Mo sample prepared via TPR shows a broad reflection at a 2θ 

of 39°. This reflection represents the cubic α-MoC1-x phase (less stable than the hexagonal form49), 

here indicated by the blue crosses.8,27,50,51 The W carbide prepared via TPR displays reflections at 

2θ values of 34.4°, 37.7°, 39.4° similar as seen for the CR prepared carbides. However, the peak 

at 37.7° is much sharper and higher in intensity which makes it difficult to conclude that this 

carbide phase consists exclusively of a hexagonal W2C phase. The bimetallic carbides show a 

broad peak at a 2θ value of 39°, which can be attributed to the cubic carbide phase. However, 

since peaks are broad it cannot be excluded that the hexagonal structure is also present.  

To conclude, the formed crystal structure is depending on the synthesis method. CR carburization 

leads to the formation of thermodynamic more stable hexagonal carbides49,52,53 probably due to 

the higher carburization temperature, whereas TPR-carburized carbides display a pure cubic 

crystalline structure for Mo carbide and a mixture of crystal structures for the mixed-metal 

carbides.  

XANES  

 

Figure 2.7 Mo K-edge of the monometallic samples prepared via CR and TPR in comparison to the references 
Mo, MoO2 and Mo2C 

Preliminary X-ray absorption spectroscopy experiments on the Mo K-edge have been performed 

to investigate the viability of that technique for the mixed carbides and to get further insights on 

the characteristics of the catalysts.54  
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The X-ray absorption near edge structure (XANES) at the Mo K-edge for Mo, MoO2, Mo2C, and the 

mono metallic carbides prepared by TPR and CR are shown in Figure 2.7. The spectra of standards 

are in line with those described literature.55 The edge position of our CR and TPR samples 

coincide with that or Mo2C indicating that both samples were in the carbide phase (which is in 

line with XRD, TPD-MS and TGA as discussed above). However, some difference in the edge 

features just above the edge at 20007.0 eV and 20023.4 eV are different for the Mo2C and the 

supported samples. This indicates that the (electronic) properties of the supported carbides are 

not the same as those of bulk Mo2C. The reason for this is currently under investigation.  

 

Figure 2. 8 Mo K-edge XANES spectra at room temperature Mo2C and bimetallic MoW carbide (3:1, 1:1 and 1:3) 
samples.  

The XANES spectra at the Mo K-edge of the monometallic Mo carbide and the bimetallic MoW 

carbides prepared by CR and TPR are shown in Figure 2.8. Since all samples display the same 

edge position which is representative for Mo2C (Figure 2.7) we conclude that all bimetallic 

samples are fully carburized (within experimental error). Interestingly, the spectra of the 

bimetallic have a different intensity just above the main edge in comparison to the monometallic 

carbide for both synthesis methods. The most clearly visible difference was observed for the 1:3 

(Mo:W) sample irrespective of the synthesis method. Thus, the addition of W into a Mo-carbide 

cluster affects the structural (and electronic) parameters of the material. Nevertheless a full 

understanding needs further (theoretical) investigation. 
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EXAFS 

 

Figure 2. 9 Fourier transform (no phase shift correction) of k3- weighted Mo EXAFS: Mo-ref, MoCNF, and mixed 
MoW with the ratio of 1:3, 1:1 and 3:1 (Mo:W) 

We further studied the Mo carbide catalysts prepared via CR by EXAFS. The Fourier 

Transformations (FT) of the CR carburized samples and Mo2C standards are plotted in Figure 2.9. 

Clearly three regions can be observed a small peak around 2.1 Å, a larger second peak around 2.9 

Å and one around 4.2 Å. Compared the Mo2C reference the intensity of the Mo-Mo contribution 

decreased indicating a decrease in Mo-Mo coordination number (for bulk Mo2C 3 Mo-C at 2.1 Å, 

12 Mo-Mo at 2.9 Å and 4.2 Å Mo-Mo at 2)56 are expected for the supported nanoparticles. In 

addition the Mo-Mo contribution varies between the mixed samples indicating that Mo and W are 

indeed mixed in these sample. The virtual absence of a Mo-Mo contribution in the 1:3 and 3:1 

sample indicate that destructive interference of the separate contributions to the overall EXAFS 

must have occurred (which will significantly complicate data fitting). The get a feeling of the fit 

quality Figure 2.10 show the fitting in k and R space for the 1:1 sample (the fit of the monometallic 

Mo carbide is given in Figure S2.15). The overall fitting results are shown in Table 2.1. The 

simulation may be considered satisfactory, since the parameters indicative of the quality of the 

fits, namely, Rfactor, E0, and σ2 are in an acceptable range.56 
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Figure 2.10 EXAFS oscillations (top) and k3-weighted Fourier-transformed spectra (bottom) for the carburized 
MoW catalysts with 1:1 and 3:1 ratio 

The coordination number of the monometallic Mo carbide nanoparticles is 3.8 for the first Mo-Mo 

shell and thus much smaller than that of the bulk Mo carbide reference (12.0 for the Mo-Mo shell) 

as expected. When adding W to the Mo carbide, the coordination number does decrease even 

more which is to be expected when part of the Mo is replaced by W. Nevertheless the coordination 

numbers cannot be fully explained yet. The coordination number of Mo-W for the mixed sample 

with a 3:1 and 1:1 is both around 1 which does not match the bulk value. Therefore some 

inhomogeneity is the samples can be expected though more simulations are needed to fully 

explain these coordination numbers. For the 1:3 sample no sensible fits could be obtained since 

(due to anti phase behavior) the Mo-Mo region does not contain any signals while the XANES does 

indicate that Mo and W are present. Nevertheless, these results indicate (again) that a mixed MoW 

phase on nanoscale level are formed and that EXAFS/XANES can be used to study these samples 

in detail. 
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Table 2.1 Preliminary fitting parameters of the CR carburized samples 

Samples Scatterer CN 
Δ E0 
(eV) R (Å) Δσ2 (Å2) 

k-
range 

R-
range 

R-
factor 

CR 

Mo 

C 2.4 ± 0.5 

-2 ± 1 

2.11 ±0.00 0.003 ± 0.002  
3.0 - 
16.0 

1.20 - 
4.50 7% Mo 3.8 ± 0.8 2.95 ±0.03 0.007 ±0.001 

Mo 1.4 ± 1.1 4.21 ±0.04 0.004 ± 0.004 

MoW 
3:1 

C 2.3 ±0.4 

-5 ± 1 

2.10 ±0.01 0.004 ±0.002 

3.0 - 
16.0 

1.25 - 
4.50 6% 

Mo 1.0 ±0.3 2.96 ±0.01 0.002 ±0.001 

W 0.9 ±0.3 2.94 ±0.02 0.003 ±0.004 

Mo 1.0 ±0.8 4.19 ±0.02 0.004 ±0.003 

MoW 
1:1 

C 2.1 ±0.6 

-4 ± 1 

2.09 ±0.01 0.003 ±0.003 

3.0 - 
16.0 

1.35 - 
4.50 4% 

Mo 2.2 ±0.4 2.94 ±0.01 0.003 ±0.001 

W 1.0 ±0.3 2.93 ±0.01 0.004 ±0.002 

Mo 1.6 ±0.9 4.17 ±0.02 0.004 ±0.003 

k1-k2-k3-weigthed fit, S02=1.0 (Fixed). 
 

Catalytic performance 

The catalytic performance of the prepared catalysts was evaluated for stearic acid conversion in 

a batch reactor (350 °C and 30 bar H2), after 1 h. Please note that we found that above the used 

stirring rate of 800 rpm the reaction rate become independent of the stirring rate thus H2 mass 

transfer did not play a significant role (see Figure S2.16). In addition mass transfer limitations 

due to differences in textual properties of the carbide catalysts (after the synthesis) were excused 

as we did not observe significant differences in textual properties, shown in Table S2.3.  

Figure 2.11 displays the activities of the CR and TPR samples as function of composition. For the 

monometallic catalysts the Mo carbide catalysts (75 mol% (CR) or 85 mol% (TPR) conversion) 

exhibited superior activity compared to the W carbide catalysts (35 mol% (CR) 45 mol% 

(TPR) conversion) irrespective of the synthesis method. This is in line with activities reported by 

Gosselink et al. and Stellwagen et al.39,57  

The bimetallic carbides are also active for fatty acid conversion. For the CR samples, their activity 

resembles that of W carbide. While for the TPR-synthesized mixed carbides the activity is more 

between that of the monometallic catalysts. Unlike what was previously reported,17,18 we 

observed no enhanced catalytic activity for the bimetallic carbide catalysts. To exclude 

experimental issues these results were reproducible over repeated synthesis of these catalysts 

(see Supporting Information Figure S2.17). 
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Figure 2.11 Stearic acid conversion over TPR-carburized (right) and CR-carburized (left) Mo, W and three mixed 
MoW carbide catalysts supported on CNF after 1 h (250 mg catalyst with metal loading of 0.9 mmol/gcatalyst, 2 g 
stearic acid, 350 °C, 50 ml solvent, 30 bar H2). 

In general, the TPR-synthesized carbide catalysts with the mainly cubic crystal structure and with 

smaller nanoparticles (3-4 nm) provided faster hydrodeoxygenation (on a weight basis) than the 

CR-synthesized carbide catalysts with the hexagonal structure and larger nanoparticle size (4-5 

nm). The CR-prepared samples converted ~20-40 mol% of the stearic acid, while the TPR-

prepared catalysts converted 50-85 mol%. It has previously been claimed for monometallic 

carbides that the cubic carbide phase is more active than the hexagonal phase.8,50,58,59 This is in 

line with our results for the bimetallic catalysts and could explain the difference in activity 

between samples synthesized via TPR and CR as well.  

Since the particle sizes of the TPR samples are slightly smaller (3-5 nm) compared to those of the 

CR prepared samples (4-6 nm) part of the increase in activity of the TPR samples can also be 

explained by the higher carbide surface area in the TPR samples. However, the activity increase 

is more than the surface area increases therefore we conclude that the difference in crystal 

structure also plays a role. Please note that these particle are too large for intrinsic particle size 

effects.39,60 

The catalysts stability was tested respectively on the 1:1 Mo:W metal carbide catalysts. 

Subsequent experiments with one batch of carbide catalysts were conducted. After the reaction 

the catalyst was retrieved by rinsing the reaction solution and directly reused (run 2). The results 

displayed in Figure S2.18 show that the CR prepared catalysts are more stable than the TPR 

prepared catalysts.  
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Scheme 2.1 Possible pathways for the deoxygenation of fatty acids 

 

Depending on the reaction conditions and the catalysts, the deoxygenation of fatty acid can occur 

by different pathways (Scheme 2.1). The fatty acid can be decarbonylated and/or decarboxylated 

(DCO pathway (1) and (2)) yielding hydrocarbon chains with one carbon atom less as compared 

to the reactant. Another possibility is the hydrodeoxygenation (HDO) of the fatty acid, resulting 

in a hydrocarbon with the same chain lengths as the reactant. The conversion of stearic acid over 

Pd, Pt61 and Mo and W oxide43 catalysts goes primarily via de decarboxylation pathway and yields 

heptadecane. In contrast, the Mo and W carbide, have previously been reported, to convert stearic 

acid via the HDO route.39,43,62,63 Figure 2.12 shows that the monometallic carbides and the mixed 

carbides mainly produce octadecane (C-18) suggesting that the majority of deoxygenation 

proceeds via the hydrodeoxygenation for all catalysts. Some C-17 products were also observed 

produced via a direct decarboxylation or decarbonylation (DCO) of the stearic acid indicating that 

some oxygen containing species were present as catalyst.39 A direct comparison in selectivity 

between CR and TPR is not viable since the conversion levels for those catalysts were different. 

Nevertheless the selectivity of the mixed carbides is similar to that of the monometallic carbides 

which indicated that similar active sites were formed in the bimetallic catalysts as in the 

monometallic carbides.  

Decarboxylation

(1)

(3)

(2)
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Figure 2.12 HDO and DCO selectivity of TPR-carburized (right) and CR-carburized (left) Mo, W and three mixed 
MoW carbide catalysts supported on CNF after 1 h (250 mg catalyst with metal loading of 0.9 mmol/gcatalyst, 2 g 
stearic acid, 350 °C, 50 ml solvent, 30 bar H2). 

Conclusions 
In this study, we demonstrated that a CNF-supported mixed-MoW carbide phase can be 

synthesized via the CR method and via the TPR method. TGA and TPD-MS were successfully used 

to show the formation of a mixed MoW phase in CR-prepared samples. For the TPR-prepared 

samples that comparison could not be made due to the too complex carburization processes. 

STEM-EDX analysis, however, showed the formation of mixed MoW nanoparticles for catalysts 

prepared via either method. XANES and EXAFS data confirm these.  

The carbides were found to be well distributed over the support with an overall composition 

close to the intended ones. However, the Mo:W ratio of the nanoparticles varied, which indicates 

that the synthesized mixed-metal carbides were not completely homogenous with respect to 

composition at the particle level.  

Irrespective of the sample composition and synthesis method the carbides prefer the 

hydrodeoxygenation pathway with a minor contribution (10%) of the 

decarbonylation/decarboxylation pathway. The catalytic activity of the mixed-metal carbides 

falls between that of the two monometallic catalysts while the TPR-prepared samples were more 

active for the hydrodeoxygenation of fatty acids relative to CR-prepared samples. The higher 

activity of the TPR-prepared samples was related to the presence of the cubic carbide phase and 

partially to the smaller nanoparticles sizes (higher surface area).  
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Supporting Information 

Carbide catalyst synthesis  

In this study, the main two methods to prepare carbon nanofiber-supported Mo carbides, W 

carbides and mixed MoW carbides were investigated, namely carbothermal reduction (CR) and 

temperature programmed reaction (TPR).  

In the CR synthesis, the carbon support containing the metal precursor is heated in an inert 

atmosphere and the carbon from the support is utilized as reduction and carburization agent. The 

synthesis pathway of Mo carbides with the use of a carbon-supported ammonium 

heptamolybdate (AHM) precursor has been studied before and takes place via several steps 

including precursor decomposition, oxide formation/reduction, and carburization.S1-5 By 

contrast, the synthesis of W carbides from ammonium metatungstate (AMT) has been studied 

lessS1,6, while no reports are available for the supported synthesis of mixed MoW carbides. 

During the TPR synthesis, the precursor (AHM or AMT) supported on CNF is heated in an 

atmosphere with a carbon-containing gas (in our case, methane) and hydrogen. The TPR 

synthesis of both W carbides and Mo carbides has been previously studied. S2,7-21 Also in TPR, the 

formation of the carbides from the precursors takes place via several steps including precursor 

decomposition, oxide formation/reduction, and carburization.S2,9,12,13,15,16 However, these earlier 

studies were done on bulk samples (not on the nanoscale) or with different support materials.  

In order to identify and compare the carburization temperature of the monometallic and 

bimetallic samples, we analyzed the synthesis pathway of the carbides in situ with both TPD-MS 

and TGA and ex situ with XRD. During precursor decomposition, oxide formation/reduction and 

carbide formation, different gases evolve and changes in mass and crystal structure occur. 

TPD-MS gives information on the evolved gases and especially the temperature at which CO 

evolves gives information on the carburization temperature.S4,5 TGA is a technique used to 

investigate the mass losses during the different synthesis steps (and analyze whether these losses 

correspond to the theoretical weight losses in the assumed reactions). With XRD, we can follow 

the change in crystal structure during the formation of the oxides and carbides.  

Carbothermal reduction synthesis (CR) 
As we stated in the main paper, we used TPD-MS, TGA and XRD to follow the CR synthesis of 

monometallic and bimetallic Mo and W carbides. For comparison, we also prepared and analyzed 
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a physical mixture of the monometallic carbides and obtained TGA and TPD-MS data for the bare 

CNF.  

Figure S2.1 shows the TPD-MS and TGA results for the CNF support without any precursors 

during the CR treatment. The quantity of all measured gases (H2O, CO2 and CO) was lower than 

for the samples with metal precursors (vide infra); see Figure S2.2 and S2.3. The main CO2 peak 

is located at 290 ˚C and the amount of evolved CO2 decreases with increasing temperature. The 

main CO peak occurs at 730 ˚C. This release of CO2 and CO is due to the loss of different types of 

surface oxygen groups from the CNF. S22 A similar trend is visible in the TGA results. The CNF lost 

6 wt% in total, which is significantly less than the weight loss for the samples with metal 

precursors (~12 wt%, vide infra). The main weight loss occurred at 740 ˚C and is due to the 

decomposition of surface oxygen groups of the CNF. S23  

TPD-MS analysis was conducted by heating the impregnated samples under inert gas (N2). Figure 

S2.2 shows the evolution of CO (m/z=28), H2O (m/z=18), NH3 (m/z=16) and CO2 (m/z=44, x4) as 

a function of temperature. All samples show a H2O peak at 100 ˚C and coinciding H2O and NH3 

peaks at 250 ˚C. For monometallic Mo, a clear CO2 peak is visible at 450 ˚C and again at 680 ˚C. 

These same peaks can also be identified in the image for the physical mixture, but not for the 

monometallic W sample. The graphs for the bimetallic catalysts show an increasing release of CO2 

with increasing temperature, but without the discrete peak as seen for the Mo sample. At 

temperatures above 650 ˚C, a large amount of CO is evolved for all catalysts. For monometallic 

Mo, this CO evolvement occurred at 680 ˚C; it took place at 770 ˚C for monometallic W. The CO 

peak of the Mo sample is sharper than that of the W sample, indicating a faster transformation. 

The CO evolution of the bimetallic catalyst occurs at a temperature that lies between the 

temperatures for each of the monometallic carbides (namely at 690 ˚C, 700 ˚C and 750 ˚C for a 

 

Figure S2.1 TPD-MS (left) and TGA (right) on CNF heated to 900 ˚C under inert gas.  
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Mo:W ratio of 3:1, 1:1 and 1:3, respectively). This contrasts with what can be seen for the physical 

mixture (Figure S2.2, upper right), namely two distinctly separate CO peaks at 680 ˚C and 760 ˚C, 

corresponding to the single peaks observed for the monometallic Mo and W samples, 

respectively. In addition to the CO, the simultaneous evolution of some CO2 is observed for all 

samples except for the monometallic W sample. 

In addition, TGA was used to study the CR process. Figure S2.3 shows the weight loss and the 

weight loss rate (DTG) that occurred during heating to 1000 ˚C under N2. All of the catalysts show 

a similar weight loss profile; an initial weight loss of 0.7 wt% at 100 ˚C, which is followed by a 

weight loss of ~2 wt% at 250 ˚C. At 400 to 550 ˚C, a weight loss of 1.4 wt% and 1.0 wt% is 

observed for the monometallic Mo sample and the physical mixture, respectively. The other 

catalysts show a slow decrease in weight over this temperature range (~0.7 wt%). The weight 

loss occuring at 710 ˚C for the Mo carbide and 810 ˚C for the W carbide was ~5.5 wt%. The DTG 

peaks for the bimetallic carbides lie between those of the two monometallic carbides, except for 

the physical mixture which shows two peaks, at 730 ˚C and 810 ˚C. The reaction was assumed to 

be completed at 1000 ˚C, with an overall weight loss of ~10 wt%. 

 

 

Figure S2.2 TPD-MS spectra of the carbothermal reduction of AHM (Mo), AMT (W) and a mixture of 
AHM/AMT (MoW) supported on carbon nanofibers exposed to 900 ˚C, 5 ˚C/min under N2. 
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Figure S2.3 Thermogravimetric analysis of the carbothermal reduction of the oxide precursors of Mo2C, W2C and 
the MoW carbide under inert gas, heated up to 1000 °C. 

Figure S2.4 displays the X-ray diffraction patterns of the two monometallic (Mo and W) carbides 

and the bimetallic carbide (ratio of 1:1). These CNF-supported catalysts were treated under N2 

up to 660 ˚C, 740 ˚C, 820 ˚C, 860 ˚C and 900 ˚C and examined ex situ. The signals at a 2θ of 28˚ and 

43˚ represent the (002) and (101) reflections of the graphitic CNFS24 and are present in all 

patterns. At 660 ˚C, the Mo carbide sample shows diffraction lines at 2θ values of 36.8˚, 49.4˚, 

53.3˚, 60.2˚, 66.2˚ and 78.6˚, characteristic for the tetragonal MoO2 phase, while the W carbide 

shows reflections at a 2θ of 23.6˚ and 33.3˚, corresponding to the cubic WO3 phase. The pattern 
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Figure S2.4 XRD results for Mo2C/CNF (left), MoWC/CNF (center) and W2C/CNF (right) during synthesis via CR 
in N2.  
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of the bimetallic sample treated at 660 °C shows reflections that fit that of the monometallic 

dioxide and the trioxide phase (2𝜃𝜃𝜃𝜃 of 23.6˚, 33.2˚, 36.9˚ and 53.32𝜃𝜃𝜃𝜃). Note that both the dioxide 

and trioxide patterns of monometallic Mo and W have near identical diffraction patterns. At 

740 ˚C, the reflections of the cubic trioxide disappear and only the reflections of tetragonal 

dioxide are observed. (See also “Evaluation of the XRD carbide reflections”.) At higher 

temperatures, diffractions at 34˚, 37.5˚, 39˚, 61.5˚, and 74.5˚ (2𝜃𝜃𝜃𝜃), characteristic for the hexagonal 

MeC2 phase, appear for all the catalysts. The transformation of the MoO2 to the Mo2C occurs at 

660 to 740 ˚C, while for the W and mixed samples, this transformation occurs between 740 and 

820 ˚C. In addition to these reflections, we also saw reflections at a 2𝜃𝜃𝜃𝜃 of 40.1˚, which can be 

assigned to cubic W carbide; these reflections were no longer observed after heating the sample 

to 860 ˚C.  

Scheme S2.1 summarizes the synthesis pathway for CR of the monometallic systems.  

 

Scheme S2.1 General steps for carbothermal reduction (CR) of impregnated ammonium heptamolybdate (AHM) 
and ammonium metatungstate (ATM).S1-5 TEM image on the left show pure CNF. 

The first step during the CR is the release of absorbed water at 100 ˚C, which is observed with 

TGA (weight change of 0.7 wt%) and TPD-MS (H2O evolution). Next, the breakdown of the 

ammonium heptamolybdate (AHM) or/and the ammonium metatungstate (AMT) complex at 250 

˚C is correlated to the evolution of NH3 and H2O and the measured weight loss of ~2 wt%. Here, 

the salt is transformed into its trioxide form (MeO3). These two steps were observed for the 

monometallic materials as well for the bimetallic systems at similar temperatures. 

Table S2.1 compares the measured weight losses with the theoretical (calculated) weight losses 

during each step (e.g. water evaporation, precursor decomposition, oxide, and carbide 
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reduction). For the Mo sample, we calculated that there would be a weight loss of 2.7 wt% during 

the transformation (Mo Precursor → MoO3), which is lower than the measured value of 1.97 wt%. 

For the W sample, a weight loss of 1.6 wt% was measured and 1.13 wt% was calculated for the 

transformation. The slightly higher measured mass changes in comparison with the calculated 

values is due to mass loss related to the decomposition of oxygen groups on the support’s surface 

(see Figure S2.1). This decomposition does not necessarily occur in proportion to the changes in 

the precursor, since these groups function as anchoring sites for the metal oxides/carbides. 

Table S2.1 Expected and measured weight losses during the CR carburization of the monometallic Mo and W 
materials.  

 Calculated 
(wt%) 

Measured 
(wt%) 

Temp. 
range 

(˚C) 

Precursor decomposition:  

(NH4)6Mo7O24 *4H2O→ 7MoO3 + 7H2O (+ 6NH3) 2.67 1.97 150-320 

(NH4)6H2W12O40 *4H2O→ 12WO3 + 8H2O (+ 6NH3) 1.58 1.60 140-320 

Oxide reduction: 

2MoO3+CCNF → 2MoO2 + CO2 2.29 2.13 350-600 

Carburization:  

2MoO2+ 5C → Mo2C + 4CO 4.10 5.50 650-800 

2WO3+7C → W2C + 6CO (OR: WO3 → W → WC2) 5.08 5.62 750-900 

 

From previous studies, it is known that after the formation of the MoO3, the oxide is further 

reduced to its MoO2 form before carburization.S1,3-5,25-27 We observed a CO2 peak and a significant 

weight change (of 1.4 wt%) for the Mo carbide (and for the physical mixture) at ~450 ˚C, which 

we attribute to the reduction of MoO3 to MoO2. These weight changes are in reasonable 

agreement with the calculated values of 1.87 wt% for Mo. In contrast with what we found for Mo, 

we detected neither a significant CO2 peak nor a weight change for the W sample in this 

temperature range. These observations are also in line with the XRD data, which confirmed the 

presence of MoO2 (at 660 °C) but contained no reflections attributable to WO2. Thus, it appears 

that MoO3 is reduced to MoO2 whereas the WO3 is not reduced to WO2. The bimetallic carbide 

samples behave like the Mo carbide sample. Although no notable peak in the weight change rate 

was observed by TGA in the expected temperature range, the TPD-MS and XRD results suggest 

that the bimetallic system consisted of a mixed MeO2 phase. In comparison with the W sample, 

the CO2 evolution at 450 ˚C (indicating the reduction to MeO2) is much greater for the bimetallic 

carbides. The XRD pattern confirms this. At 660 ˚C, both MoO3 and MoO2 reflections were 
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detected for the bimetallic system (1:1); at 740 ˚C, the transformation to the MeO2 phases has 

been completed. Since the formation of WO2 did not occur in the monometallic carbide sample, 

the formation of a mixed oxide (MoWO2) seems likely. This formation of a MeO2 phase appears to 

be too slow to observe with TGA. 

The final step of the carbide synthesis is the reduction of the MoO2 or WO3 to Mo2C and W2C, 

respectively. The carbide formation (carburization) occurs in a temperature range of 650 to 800 

˚C and results in the release of CO (and to a lesser degree, CO2) detected by TPD-MS and by the 

significant mass loss measured with TGA, originating from the reaction of carbon from the 

support with the metal oxide (see Table S2.1). Since the CO release and the weight loss from the 

bare CNF are significantly lower (see Figure S2.1, right) than the CO release and weight loss seen 

for the metallic materials (Figure S2.3), we can attribute the bulk of the measured changes in 

weight and the observed CO release to the carburization process. The small quantity of CO 

released at 730 ˚C and the weight loss at 749 ˚C detected during the treatment of the bare CNF is 

attributed to the decomposition of the surface oxygen groups. 

The carburization of monometallic Mo occurs at 680 ˚C (TPD-MS) with a measured weight loss of 

5.50 wt%; the carburization of W takes place at 770 ˚C (TPD-MS) with a weight loss of 5.62 wt%. 

The carburization temperatures as deduced from the TPD-MS and TGA data are in accordance 

with our XRD data. The transformation of MoO2 to Mo2C occurs between 660 and 740 ˚C, while 

the transformation of WO3 to W2C occurs at 740 to 820 ˚C. The WO3 phase is transformed to both 

metallic W and W2C at 740 to 820 ˚C. Full carburization of the W carbide takes place between 860 

and 900 ˚C. It has been suggested that the reduction of the WO3 proceeds in two simultaneous 

steps (see Scheme 1), one in which the WO3 is directly transformed into the W2C and another one 

in which the carbide is formed via the metallic carbide. S1,6 This could also explain why the CO 

peak for the carburization of W is broader than for Mo.  

The carburization of the physical mixture clearly shows two separate steps for the CO evolution 

and mass loss due to the formation of the Mo carbide and the W carbide. The co-impregnated 

bimetallic samples on the other hand carburize in a single step, indicating that in this case a mixed 

carbide is formed. The bimetallic systems carburize between the temperatures for the individual 

monometallic carbides. Furthermore, the carburization temperature increases with increasing W 

content. In the XRD results, we can identify the formation of a hexagonal carbide at 820 ˚C which 

may correspond to a mixed MoxWyCz phase.  
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Temperature programmed reduction synthesis (TPR) 

In addition to monometallic and bimetallic carbides, the TPR of which we followed by TPD-MS, 

TGA, and XRD, we also prepared and analyzed a physical mixture of both carbides for the sake of 

comparison.  

 

Figure S2.5 TPR-MS on CNF heated to 700 °C under 20% CH4/H2. 

Figure S2.5 shows the TPD-MS of the CNF support without any precursor during the TPR method. 

This data was obtained to serve as a comparison with the precursor impregnated materials being 

carburized shown in Figure S2.6. Gas evolution of CO (m/z=28), H2O (m/z=18), CH4 (m/z=16), 

and CO2 (m/z=44) was followed. The main CO2 peak is located at 290 ˚C and second is located at 

500 ˚C, simultaneously with a water release. The main CO peak occurred at t 450 ˚C; there was 

further CO release at 690 ˚C.  

 

Figure S2.6 TPR of AHM/AMT of the monometallic and bimetallic samples supported on carbon nanofibers. The 
samples were exposed to 700 °C (AHM) or 650 °C (AMT), 5 °C/min under 20% CH4/H2. 
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The samples were heated up to a temperature ramp of 700 °C at 5 °C /min and an isotherm of 2 h 

under 20% CH4/H2 (total flow of 50 ml/min). The gas evolution of CO (m/z=28), H2O (m/z=18), 

CH4 (m/z=16), and CO2 (m/z=44) was detected with MS and is displayed in Figure S2.6. At 100 ˚C 

and at 250 ˚C a H2O peak is visible. CO2 evolution occurred at 250 ˚C and 370 ˚C for Mo and at 210 

˚C, 400 ˚C and 510 ˚C for W. The monometallic W and bimetallic systems with a higher content 

show three distinct CO2 peaks, while the systems with the higher Mo content show two CO2 peaks. 

Simultaneously with the second CO2 peak (at 350 ˚C) for Mo and the second and third CO2 peak 

(at 400 ˚C and 510 ˚C) for W, CO and H2O were released and H2 was consumed. At around 650 ˚C, 

all samples showed a major release of CO. For Mo, CH4 is consumed and H2 is released at almost 

the same temperature as this CO release; the data for W show two separate CH4 consumption 

peaks. The first CH4 consumption occurred simultaneously with the release of CO; the second one 

occurred at a slightly higher temperature. During the remainder of the isothermal dwell period 

at 650 ˚C, no more gases were released or consumed.  

It should be mentioned that the concentration after carbide formation decreases, which suggest 

that carbon deposition may occurs, which would poison the surface. However, since the catalysts 

are active for HDO this can be excluded.  

 

Figure S2.7 Thermogravimetric analysis of the TPR of the oxide precursors of Mo2C, W2C and the bimetallic MoW 
carbide under 20% CH4/H2 gas to 700 °C. 

The TGA was conducted during the TPR synthesis (20% CH4/H2, 700 °C). Figure S2.7 shows the 

weight loss and the weight loss rate (DTG) for all catalysts. The first significant weight change 

(0.9 wt%) was observed at ~100 ̊ C. At 150 to 300 ̊ C, a broad peak in the weight loss rate of about 
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1.8 wt% is found. The third significant weight loss was found at 380 ˚C for the Mo sample and at 

560 of about 1.8 wt %C for the W sample. Both metals lost around 3.3 wt% in this step. For the 

physical mixture, these two weight rate changes were observed at the same temperatures as were 

found for the monometallic carbides (380 ˚C and 560 ˚C). Corresponding peaks were also 

observed for the bimetallic systems at slightly shifted position, namely at 390 ˚C and 500 ˚C for 

the 1:3 Mo:W ratio, at 390 ˚C and 510 ˚C for the 1:1 ratio and at 410 ˚C and 550 ˚C for the 1:3. For 

Mo, an additional weight loss peak can be detected at 620 ˚C, whereas the graph for W displays 

some mass gain at 690 ˚C. For the physical mixture and the bimetallic systems, no clear peak in 

the weight loss rate was observed in that temperature range.  

 

Figure S2.8 XRD of Mo2C/CNF (right), MoWC/CNF (center) and W2C/CNF during TPR synthesis. 

Figure S2.8 displays the XRD patterns of the carbon-supported carbide catalyst during its 

transformation during the TPR method. The samples were carburized at 600 ˚C, 650 ˚C, 700 ˚C 

and 750 ˚C and measured ex situ directly afterwards with XRD. The signals at a 2θ of 28˚ and 43˚ 

represent the (002) and (101) reflections of the graphitic CNF S24 and are present in all patterns. 

At 600 to 750 ˚C, the carbon-supported Mo shows reflections at 37˚ and 67.5˚ 2θ, which can be 

attributed to the cubic α-M˚C1-x phase. As in the CR carburization process, reflections belonging 

to the metallic cubic tungsten (40.1˚) were also observed during the TPR method. At 700 ˚C, 

metallic W was transformed to the hexagonal W2C phase with its reflections at 34˚, 37.5˚, 39˚, 

61.5˚, and 74.5˚ (2𝜃𝜃𝜃𝜃). For the bimetallic system with the 1:1 Mo:W ratio, reflections representing 

a cubic α-MeC1-x phase were observed. 
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Scheme S2.2 Temperature programmed reduction (TPR) of CNF-support impregnated ammonium 
heptamolybdate (AHM) and ammonium metatungstate (ATM). TEM image on the left show pure CNF. 

We attribute the initial weight loss at 100 ˚C to the evaporation of water absorbed on the CNF. 

This is supported by the evolution of H2O as seen in the TPD-MS data. The CO2 and CO at 210 to 

250 ˚C and 400 ˚C result from the support (see Figure S2.5). At 200 to 250 ˚C, the breakdown of 

the AHM and AMT complex is correlated to the evolution of both H2O and ammonia (not shown) 

with a weight loss of 2.58 wt% and 1.85 wt%, respectively. This is when the salt is transformed 

into its oxide form (MeO3), with a theoretical weight loss of AHM (2.64 wt%) and AMT 

(2.00 wt%), respectively. We observed these two steps in the TPR synthesis for all catalysts.  

The second CO2 peak evolves simultaneously with CO and H2O and the consumption of H2. For 

the Mo sample, this peak was detected at 370 ˚C, coinciding with a change in weight of 3.35 wt% 

(see Table S2.2) (380 ˚C for the corresponding weight change seen in TGA). We attribute this to 

the reduction of the MoO3 to MoO2. This reduction can use either H2 or carbons from the CNF and 

H2; both reactions occur, as evidenced by the mass loss, together with the measured formation of 

CO/CO2 and the minor consumption of H2 with the formation of H2O. These reduction reactions 

have a theoretical weight loss of 3.24 wt% and 1.30 wt% (see Table S2.2). Since the contribution 

of each reaction is unknown, the exact theoretical mass loss cannot be calculated for this step. 

However, based on the magnitude of the weight loss, we conclude that the reduction takes place 

mainly with the carbon from the support.  

For the W sample, we observed a CO2 peak simultaneously with CO and H2O release at 530 °C. 

This suggests that reduction steps occur in which WO3 is reduced to WO2 (see Table S2.2). Also 

for this reduction, carbon originating from the support as well as H2 are utilized. The weight loss 

rate indeed shows a shoulder peak (1.94 wt% measured) at 480 ˚C which could be due to the 
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reduction of WO3 to WO2 or to a suboxide. The measured weight loss of 1.94% suggests that the 

reduction via the carbon from the support contributes less than the reduction using H2. This is in 

agreement with the more pronounced H2 consumption peak observed in TPD-MS.  

For all samples, a CO evolution peak is visible in the range of 600 to 700 ˚C in the TPR-MS results. 

For Mo, this CO evolution corresponds to the actual carburization process. There is a weight loss 

peak (2.27 wt%) for monometallic Mo in the same temperature range (620 ˚C), which can be 

attributed to the carburization with methane and the simultaneous evolution of CO (causing a 

calculated weight loss of 2.11 wt%).  

By contrast, for the monometallic W sample, the weight loss is greater (3.28 wt%) than expected 

(1.97 wt%) for the reduction of the WO2 to its carbide. This leads to the suggestion that first the 

reduction of the WO2 to the metallic form occurred. The theoretical weight loss of this reduction, 

using H2, is around 2.42 wt% and the weight loss of reduction that uses the CNF is 3.78 wt%. This 

indicates that both reduction pathways are utilized to form metallic W. The larger CO peak at 610 

˚C thus corresponds to the reduction of WO2 to metallic W (and not to the formation of the 

carbide). This is also supported by XRD which (only) detected a metallic phase at 600 ˚C. The 

actual carburization of the metallic W to the carbide can be followed by the CH4 consumption. 

The W spectra contain two CH4 peaks; the first one is at 610 ˚C and thus corresponds to the 

reduction of WO2 to metallic W (with the aforementioned simultaneous release of CO) and the 

second methane consumption peak at 690 ˚C indicates the carburization. At the same 

temperature, a small mass gain (-0.45 wt%, calculated) was found in the TGA (how much, 

measured?). This is expected since the formation of W2C from metallic W with the use of CH4 

leads to an increase in weight.  

The physical mixture shows the same CO/CO2 evolution and weight changes, at the same 

temperatures, as found for the individual monometallic carbides. By contrast, the bimetallic 

carbides show features that lie between the observations for the individual monometallic 

carbides. Two weight change and H2 consumption peaks close to the temperatures of the 

presumed oxide reduction steps of the monometallic Mo and W are visible. Their shifted positions 

(towards the other metal) could indicate that mixed oxide particles are present. In that case, for 

instance for the bimetallic system 1:1, the two peaks at 390 °C and 510 °C can be attributed to the 

oxide reduction steps. Thus, mixed MeO3 would first be reduced to mixed MeO2 (or a suboxide) 

at 390 ˚C and subsequently, at 510 ˚C, be further reduced to its metallic species (MoxWy). The 

coinciding CO2 and H2O peaks overlap with the large weight loss at 510 °C observed in the TGA, 

suggesting that also a metallic phase is formed during the synthesis of the bimetallic carbides. 

Since the DTG peak is not as sharp and high as for the formation of the metallic W, we assume 
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only a partial reduction towards the mixed metal phase. XRD was not able to detect the metallic 

phase at 600 ˚C, in contrast with what we saw for monometallic W; only the cubic α-MoxWyC1-z 

phase was visible. Whether the CO release and the changes in weight are due to the carburization 

of the oxide or of the metallic phase cannot be deduced based on this data. 

To summarize, the CO evolution during the TPR method cannot be used as an indicator for the 

carburization, since the released CO during the synthesis of the W carbide correlates to the 

reduction of WO2 to the metallic W prior to the carburization. Therefore, the actual carburization 

temperature of the bimetallic systems can best be observed by following the CH4 methane 

consumption.  

Table S2.2 Measured and calculated weight loss during the TPR carburization of the monometallic Mo and W 
materials 

 
Calculated 

(wt%) 
Measured 

(wt%) 
Temp. range 

(˚C) 

Pre decomposition:  

(NH4)6Mo7O24 *4H2O→ 7MoO3 + 7H2O + 6NH3 2.64 2.58 130-350 

(NH4)6H2W12O40 *4H2O→ 12WO3 + 8H2O + 6NH3 2.00 1.85 170-370 

Oxide reduction: 

2MoO3 + 2CCNF + 2H2 → 2MoO2 + CO2 + CH4 1.30   

3MoO3 + CCNF + H2 → 3MoO2 + CO2 + H20 3.24   

Overall  3.35 350-480 

2WO3 + CCNF → 2WO2(/WOx) + CO2  3.03   

3WO3 + 3H2 → 3WO2 + 3H2O 1.31   

Overall  1.94 370-500 

WO2+ 2CH4 → W + 2CO + 4H2 2.42   

WO2 + CCNF → 2W + CO2  3.78   

Overall  3.28 500-620 

Carburization: 

2MoO2+ 5CH4 → Mo2C + 4CO + 10H2 2.11 2.27 600-700 

2W+ CH4 → W2C + 2H2 -0.45 n.a. 620-700 
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Thermogravimetric analysis (TGA) 

 

Figure S2.9 TGA-plots of Mo-carbide weight percent and heat flow of both carburization methods CR (left) and 
TPR (right). 

To explore whether thermal effects could yield additional information on the carburization 

temperature, we also performed differential thermal analysis (DTA) simultaneously with TGA. 

Figure S2.9 shows the weight loss of the heat flow versus the temperature of the Mo carbide 

sample during the carburization process. On the left, the CR method is displayed and on the right, 

TPR. The positive heat flow indicates that the process was exothermic. As shown, the reduction 

of MoO3 to MoO2 occurred at 480 ˚C for CR and at 385 ˚C for TPR. At that point, there is also a 

large positive spike in the heat flow, showing that the oxide reduction is an exothermic process.S28 

Thus, similar information on the carburization temperature can be obtained from DTA as well as 

from TGA. For the CR synthesis profile, the heat flow and the weight loss changed at 710 ˚C, 

indicating the formation of the carbide. The negative spike in the heat flow is indicative of an 

endothermic process. S15 The graph for TPR shows no clear changes in the heat flow at the 

carburization temperature.  

Element mapping (STEM-EDX)  
Figure S2.10 (CR) and Figure S2.11 (TPR) show HAADF-STEM and EDX images of the bimetallic 

carbide system with a Mo:W ratio of 1:3 and 3:1. (The main text includes images of the 1:1 

system.) For the monometallic carbides, we obtained TEM images but did not apply any element 

mapping.  
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Figure S2.10 STEM characterizations of the CR-prepared MoWC/CNF samples with a Mo:W ratio of 1:3 (A-C) 
and 3:1 (D-F) 

The 1:3 MoW carbide sample synthesized via the CR method (BET surface area = 133 m2/g, total 

pore volume = 0.3 *10-6 ml/g) showed only nanoparticles that contained both Mo and W. Some 

particles contained a large proportion of W, e.g. area 5 in Figure S2.10 C, but we observed no 

particles that contained only Mo or W. The atomic Mo:W ratio (yellow box) of the whole imaged 

sample was 28:72, which is close to the expected bulk ratio of 1:3. We found similar results for 

the 3:1 sample synthesized via the CR method (BET surface area = 144 m2/g, total pore volume = 

0.3 *10-6 ml/g). We detected no particles that contained only Mo or W; all particles were mixed 

with an atomic Mo:W ratio of approximately 80:20.  
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Figure S2.11 STEM characterizations of the TPR-prepared MoWC/CNF sample with a Mo:W ratio of 1:3 (A-C) 
and 3:1(D-F). 

We made similar observations for samples prepared with the TPR method. For the MoW carbide 

with a Mo:W ratio of 1:3 (BET surface area = 149 m2/g, total pore volume = 0.3 *10-6 m3/g), almost 

all nanoparticles were bimetallic. However, we found a few small particles that only contained W. 

The Mo:W ratio over the whole image was 17:83, which again is in agreement with the expected 

bulk ratio. Also, the 3:1 bimetallic carbide (BET surface area = 141 m2/g, total pore 

volume = 0.3 *10-6 ml/g) showed only nanoparticles containing both metals; the bulk ratio of the 

whole image was 60:31.  

In summary, the bimetallic nanoparticles synthesized via both the CR and the TPR method 

consisted of a mixed metallic phase. These nanoparticles did not have a homogenous distribution, 

but most had an atomic ratio close to the expected bulk ratio.  
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Figure S2. 12 Particle size distribution of CR (left) and TPR (right) carburized bimetallic carbide samples. 

Figure S2.12 presents the histograms of the particle size distribution of the bimetallic carbide 

samples carburized via the CR and the TPR prepared. We found that the average particle size for 

the TPR synthesized particles is between 3-4 nm, while the CR prepared samples have average 

particle size in tween 4 and 5 nm.  

Pore volume 
Table S2.3 Comparison micropore and mesopore area  

  
Micropore area (m2/g) Mesopore area (m2/g) 

CR 

MoWC/CNF (1:1) 12 0.26 

MoWC/CNF (1:3) 18 0.30 

MoWC/CNF (3:1) 24 0.31 

TPR 

MoWC/CNF (1:1) 20 0.31 

MoWC/CNF (1:3) 31 0.33 

MoWC/CNF (3:1) 29 0.32 
 

The different synthesis temperatures (900 °C for CR and 700 °C for TPR) can have a significant 

effect on the textural properties of the CNF support, which in turn could results in different mass 

transfer of the reactant to the catalysts. Both synthesis methods lead to a comparable micropore 

and mesopore areas, as can be seen from Table S2.3. Thus, no significant difference in textural 

properties were observed and therefore we can exclude mass transfer limitations during the 

reaction due to pore size differences.  
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Evaluation of the XRD carbide reflections 

Figure S2.13 and Figure S2.14 show the XRD patterns of the carbide catalysts. The peak position 

of the carbide are given in the Table S2.4 and Table S2.5. The peaks were corrected for sample 

height displacement by aligning all the (002) CNF peaks to 25.99°. The experimentally obtained 

XRD data was compared with reference patterns to determine the (main) carbide phase. The 

references which had the best match in terms of position and intensity are listed below:  

 CR-carburized Mo2C pattern (PDF 79-0744) 34.359˚, 37.975˚ and 39.413˚ 

 CR-carburized W2C pattern (PDF 89-2371) 34.459˚, 38.034˚ and 39.519˚ 

 TPR-carburized MoCx-1 pattern (PDF 65-0280) 36.388˚ 

 TPR-carburized W2C pattern (PDF 79-0743) 34.536˚, 38.067˚ and 39.592˚  

 

Figure S2.13 XRD patterns of CR-carburized carbides in the 2θ range of 22 to 47°. 

Table S2.4 XRD peak position of CR-carburized carbides in the 2θ range of 22 to 47°. 

 CNF position Carbide Carbide Carbide 

Mo2C/CNF 25.991 34.434 37.747 39.219 

(Mo,W)xC/CNF (3:1) 25.990 34.624 37.791 39.381 

(Mo,W)xC/CNF (1:1) 25.992 34.550 37.590 39.322 

(Mo,W)xC/CNF (1:3) 25.995 34.653 37.747 39.276 

W2C/CNF 25.992 34.585 37.808 39.179 
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Figure S2.14 XRD patterns of TPR-carburized carbides in the 2θ range of 22 to 47°. 

Table S2.5 XRD peak position of TPR-carburized carbides in the 2θ range of 22 to 47°. 

 CNF position Carbide Carbide Carbide 

MoC1-x/CNF 25.999 37.018 

(Mo,W)xCy/CNF (3:1) 25.995 37.136 

(Mo,W)xCy/CNF (1:1) 25.995 37.491 

(Mo,W)xC/CNF (1:3) 25.994 37.647 

W2C/CNF 25.996 35.024 37.888 39.281 
 

It has been suggested that Vegard’s law can be used to prove the formation of a mixed-metal 

carbide phase.S29 Figure S2.13 reveals that the positions of the carbide peaks are indeed between 

those of the monometallic carbides. However, the expected systematic shift in peak position with 

increasing Mo is absent and there is no clear relationship between the peak position and the 

Mo:W ratio. This could be because the difference between β-Mo2C and β-W2C is intrinsically small 

(0.1 2θ) and since the mixed-metal nanoparticles yield very broad diffraction peaks, this probably 

results in a relatively large uncertainty for the exact peak position.  

Also for the TPR method, we are hesitant to claim proof of a mixed carbide phase based on the 

XRD data; see Figure S2.14. The W carbide forms a hexagonal crystal structure and the Mo carbide 

a cubic structure. The bimetallic carbides show reflections best corresponding to the cubic 

structure. With increasing W content, a shift towards a greater diffraction angle is observed for 

these samples, which could be due to the formation of a mixed phase. However, we cannot 

exclude that the sample contains an increasing fraction of the hexagonal structure the reflection 

of which could be part of the broad reflection peak at 37˚. If so, it would also cause this broad 

reflection to appear to shift to a greater angle.  
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EXAFS fits of monometallic Mo carbides 

The Fourier Transforms of the data and fit is plotted in Figure S2.15. All data are of high quality 

and multiple shells can be fitted with high accuracy.  

 

Figure S2.15 k2 weighted Fourier Transform of the Mo K Edge EXAFS data of the Mo2C reference (left) and the 
monometallic Mo2C (left). 

Hydrogen mass transfer limitations 

Since the reactions were conducted in a batch stirred reactor, possible mass transfer limitations 

should be considered. Figure S2.16 shows the HDO reaction of Mo carbide catalysts at 300 ̊ C (left) 

and 350 ̊ C (right) at different stirring rates. As can be seen from the 300 ̊ C experiment, the stearic 

acid conversion is lower for lower stirring rates (400 rpm), indicating that mass transfer rate of 

hydrogen is rate limiting. Upon increasing the stirring rate to 800 and 1200 rpm the stearic acid 

conversion does increase. However, when the stirring is further increased to 1600 rpm, the 

conversion seems to decrease. A similar trend was observed for the HDO at 350 ˚C. Thus it was 

concluded that 800 rpm suffices for the reaction. 

 

Figure S2.16 Effect of stirring rate on the stearic acid conversion at 300 ˚C and 350 ˚C. (250 mg catalyst with 
metal loading of 0.9 mol/gcatalyst, 2 g stearic acid, 50 ml solvent, 30 bar H2). 
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Reproducibility 

Two separate reaction runs were performed using newly synthesized monometallic and the MoW 

(1:1) carbide catalyst batches in order to test the experimental reproducibility. In Figure S2.17 

the average stearic acid conversion with the standard deviation of the two runs is shown. Based 

on these results we conclude that the synthesis and experiments were reproducible.  

 

Figure S2.17 Average activity of two separate HDO runs (250 mg catalyst with metal loading of 0.9 mmol/gcatalyst, 
2 g stearic acid, 350 °C, 50 ml solvent, 30 bar H2). 

Evaluation of catalyst stability 

To investigate the deactivation of the catalyst, subsequent experiments with one batch of MoW 

(1:1) carbide catalyst were conducted. Between the runs, the remaining reaction medium was 

decanted, then the catalysts were washed/decanted one time with 100 ml dodecane before 

adding the fresh reaction medium. The conversion results are shown in Figure S2.18. 

Interestingly, the CR prepared catalysts are stable for 3 runs. In contrast the activity of the TPR 

prepared catalyst slowly drops after the second and third run. Thus the CR prepared catalysts are 

more stable than the TPR prepared catalysts.  

 

Figure S2.18 Multiple runs of stearic acid conversion (250 mg catalyst with metal loading of 0.9 mol/gcatalyst, 2 g 
stearic acid, 350 °C, 50 ml solvent, 30 bar H2). 
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Abstract 
Supported bimetallic molybdenum and tungsten carbides are viable replacements for noble 

metal catalysts and are suitable for the decarboxylation/decarbonylation and 

(hydro-)deoxygenation of renewable triglyceride-based feedstocks. Here, we show that the 

Mo:W ratio in bimetallic carbide can steer the product yield towards either aldehydes, alcohols, 

alkenes or alkanes. The mixed carbides with a higher Mo/W ratio (3:1) reached higher yields of 

aldehydes and alcohols, while the carbides with a lower Mo/W (1:3) ratio yielded high 

concentrations of alkenes. Interestingly, a physical mixture of two monometallic (1+1) carbides 

had a similar catalytic performance to the 1:1 mixed carbides. The intrinsic activity (turnover 

frequency (TOF)) of the catalysts was assessed based on both H2 and CO chemisorption. The 

TOFH2 related linearly with the Mo/W ratio, while the TOFCO did not show a relevant 

relationship. Therefore H2 chemisorption is suggested as the preferred way to assess the 

intrinsic activities of these catalysts. 
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Introduction 
Transition metal carbides like tungsten and molybdenum carbide display similar or better 

catalytic activities than noble metals while being less expensive and potentially having a higher 

tolerance against poisons.1-4 Since the seminal article of Levy and Boudart in 19735, it became 

clear that Mo and W carbides are efficient catalysts for reactions that involve hydrogen 

activation such as hydrogenation6, hydrodeoxygenation7 or hydrogenolysis8. Lately, also 

bimetallic carbide catalysts e.g. CoMo-carbide9, MoNi-carbide10-13 and CoW-carbide14 have 

attracted attention. 

For instance, Smirnov et al.15 used SiO2 supported NiMo-carbide catalysts with different ratios 

of Mo2C and Ni for the hydrodeoxygenation of anisole and the decarboxylation of ethyl caprate. 

A positive relation was found between the content of a Ni-Mo alloy and activity for the 

hydrogenation of anisole. A similar relation was found for the decarboxylation activity of ethyl 

caprate. Shao et al.16 and Iyer et al.17,18 found that unsupported Co6W6C catalysts form an active 

Co-WC phase for the dry reforming of methane to produce syngas. It was stated that these 

bimetallic carbides had improved activity and stability in comparison to other catalysts that are 

used for dry reforming (e.g. Ni and Mo2C).  

Also bimetallic Mo and W carbides have recently been used to study a potential synergetic effect 

between Mo and W carbides. Tran et al.19 already showed that in a bulk MoW-carbide system a 

metallic W phase is present which increases the oxophilicity of the catalysts and increases the 

number of hydrogen activating sites. The number of sites in the mixed system is higher as 

expected from mixing the two monocarbides. This in turn lead to enhanced 

hydrodeoxygenation (HDO) activity and resulted in a shift in selectivity. The monometallic 

Mo2C is active for both direct deoxygenation (producing benzene) and hydrogenation–

dehydration (producing phenol), while the bimetallic MoW carbide strongly favours the 

deoxygenation pathway (producing benzene). Fu et al.20 observed a synergistic effect when 

combining Mo2C and W2C supported on carbon nanotubes for the hydrogen evolution reaction 

(HER). The mixed carbide with a ratio of 3:1 Mo:W achieved the best electrocatalytic 

performance in the HER (lowest current density at 0.1V and Tafel slope of 34 mV/dec) in 

comparison to the monometallic and the bimetallic mixture of 1:1 and 1:3 Mo:W (Tafel slope of 

45-112 mV/dec). This was attributed to a weaker Mo-HAbs bond after the addition of W into the 

Mo-carbide system.  

Motivated by these studies, we investigated bimetallic MoW-carbide catalysts for the 

hydrodeoxygenation of stearic acid. Monometallic Mo and W carbide catalysts are active for the 
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conversion of stearic (and oleic acid) into alkenes, oxygenates and alkanes following the HDO 

pathway (Scheme 1).21-23. This is in contrast to the noble metals like Pt, which follow under the 

same reaction conditions the decarboxylation (DCO, dashed blue box in Scheme 3.1) 

pathway.22,24 The HDO pathway involves first the hydrogenation of stearic acid into aldehydes 

and alcohols i.e., oxygenates and subsequently, the oxygenates can further react via 

hydrogenation/dehydration yielding alkenes, which in turn can be hydrogenated to the alkanes 

(blue box in Scheme 3.1). Interestingly, when comparing carbon-supported Mo-carbides to W-

carbides catalysts, the former ones were more selective towards oxygenates at low conversion 

levels, while the W-carbides were more selective towards alkenes even at high conversions.21 

The differences in intermediate product selectivity between the two carbides can be explained 

by the more oxophilic nature of W-carbide surface compared to Mo-carbide.19,21  

In this paper, we want to establish to which extent we can combine the properties of both W-

carbide and Mo-carbide by using carbon nanofiber supported mixed MoW-carbides. We will 

examine how the catalytic performance of mixed MoW carbides depends on the Mo:W ratio. The 

supported bimetallic carbide catalysts will be prepared by the carbothermal reduction and the 

hydrodeoxygenation of stearic acid (350 °C, 30 bar of H2) will be used as test reaction.  

 

 

Scheme 3.1 Reaction pathway of the decarbonylation and decarboxylation (DCO) and hydrodeoxygenation 
(HDO) of stearic acid. 
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Materials & Methods 

Catalyst synthesis  

Carbon nanofibers (CNF) were grown from a mixture of hydrogen (102 ml/min), nitrogen 

(450 ml/min) and carbon monoxide (260 ml/min) at 550 °C and 3 barg for 24 h over a reduced 

5 wt.% Ni/SiO2 catalyst (3 g), as reported previously.1 After synthesis the carbon fibers were 

treated three times (with intermediate washing with water) with a boiling 1 M KOH solution for 

1 h to dissolve the SiO2. Subsequently, the CNF were treated by refluxing 65% concentrated 

nitric acid for 1.5 h, to remove the nickel and introduce oxygen-containing functional groups on 

the CNF surface. Finally, the CNF were washed with demineralized water to neutral pH and 

ground to a 90-120 µm fraction. 

CNF supported catalyst precursors were synthesized by incipient wetness impregnation. 

Ammonium heptamolybdate (AHM; Sigma-Aldrich, 99.98% trace metals basis), ammonium 

metatungstate (AMT; Sigma-Aldrich, 99.98% trace metals basis) or a mixture of both salts 

(molar ratio of Mo:W = 1:3, 1:1 and 3:1) was dissolved in demineralized water. Molar loadings 

of all catalysts were kept constant at 0.9 mmol metal g-1catalyst. After impregnation, the catalysts 

were dried overnight at 110 °C.  

Catalysts were carburized via the carbothermal reduction, where a heat treatment was applied 

for 2h at 900 °C (β = 5 °C/min) under an N2 flow (50 ml/min). Thus, the carburization was 

achieved by carbon originating from the support. To avoid contact with air, the carburized 

catalysts were directly transferred to the glove box workstation, which operated under constant 

N2 flow.  

In comparison to the bimetallic carbides, a physical mixture of the monometallic carbides was 

used. The catalyst precursors of monometallic Mo and W were mixed before the carburization.  

Characterization  

TEM images were acquired using a JEOL JEM-1400 Plus microscope operated at 100 kV. For the 

sample preparation, ~10 mg of the sample powder was diluted in 1 ml ethanol and deposited 

on a commercial carbon-coated copper grid. Particle size distributions were obtained by 

counting 300-400 particles using ImageJ software. 

Nitrogen physisorption was used to assess the textural properties of the samples. Nitrogen 

adsorption/desorption isotherms were recorded at liquid nitrogen temperature using a 

Micromeritics, Tristar II Plus. Before measurement 100 mg of the sample was degassed at 
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200 °C for 2 h using a Micromeritics VacPrep 061. For assessing pore volumes, pore sizes and 

surface area the Brunauer-Emmet-Teller (BET)25 approach was used. 

CO and H2 chemisorptions were performed on an AutoChem II (Micromeritics). Before the 

measurement, 200 mg of the catalyst precursor was first flushed for 30 min under He 

(20 ml/min), then in situ carburized at 900 °C (β = 5 °C /min) under He (50 ml/min) and cooled 

to room temperature under He (50 ml/min). For the CO chemisorption, the samples were 

maintained at 35 °C under He (50 ml/min). Pulses of 0.5 ml 10 % CO/He were injected into the 

He flow. The CO uptake was assessed by TCD and mass spectrometry. The procedure was 

similar for the H2 chemisorption, except that 10 % H2/Argon was injected into Argon which was 

used as carrier gas. After the chemisorption measurements the samples were analyzed by XRD 

to assess whether the same crystalline carbide phase was formed during the in situ 

carburization as during the ex-situ carburization used for the catalytic experiments. During the 

transfer from the chemisorption to the XRD workstation the carbide catalysts have been in 

contact with air. 

XRD patterns were recorded on a Bruker D8 Advance using an Lynxeye-XE-T PSD detector and 

using Cu-K𝛼𝛼𝛼𝛼1,2 radiation (𝜆𝜆𝜆𝜆 = 1.542 Å). The measurements were taken from 2θ = 20° to 2θ = 50° 

with a collection time of 1 sec. 

Temperature Programmed Desorption of ammonia (NH3-TPD) was performed on a 

Micromeritics AutoChem 2920 apparatus. About 100 mg of the catalyst precursor was first 

flushed for 15 min under He (50 ml/min) and then in situ carburized at 900 °C (β = 5 °C /min) 

under He (50 ml/min). Subsequently, the sample was cooled to 100 °C and then 20 pules of NH3 

with 10 % NH3/He were applied while flowing He (25 ml/min). Afterwards, the sample was 

heated to 600 °C with a ramp of 5 °C/min and held for 30 min to desorb the NH3 in a pure He 

flow. 

Catalytic testing 

The catalytic reactions were performed in a 100 mL stainless steel Parr autoclave, 4598 Micro 

batch reactor system. During a standard procedure, the reactor was filled with 250 mg catalyst 

and 50 ml (Sigma-Aldrich, ReagentPlus ®, ≥99%) (transferred under N2 as described above), 

2 g stearic acid (octadecanoic acid, Sigma-Aldrich, ≥95%, FCC, FG), 1 g of tetradecane as internal 

standard (Sigma-Aldrich, ≥99%). The mixture was twice purged with 30 bar Ar and afterwards 

flushed with H2. Subsequently, the reactor was pressurized to 30 bar of H2, heat up to 350 °C 

(14 °C/min) and stirred at 800 rpm. The first sample (t=0 min) was taken when the reactor 

reached a temperature of 70 °C (the melting point of stearic acid). The catalytic reaction was 
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run for 4 h. A Parr 4878 Automated Liquid Sampler allows collection of filtered liquid samples 

from the reactor taken at regular time intervals to investigate the product distribution. After 

taking a sample the pressure was readjusted (when needed) to the setpoint it was found before 

taking the sample. Prior to GC-FID analysis, 100 μL of the sample was diluted with 900 μL of 

CH2Cl2:MeOH (2:1 v/v%) to dissolve the stearic acid and oxygenate products. Product 

(normalized) yields were calculated according to (1). The molar carbon balance of the liquid 

samples of all catalysts is between 80-95%. 

𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌�������� = [��������]
∑[�������]�[������� ����]

∗ 100  (3.1) 

With [Productx] concentration of a specific product x, [Product] concentration of all products, 

[stearic acid] concentration of stearic acid at a given time.  

The total metal based reaction rate ( TMR) is calculated based on the converted moles of stearic 

acid per mol of metal (W + Mo). The turnover frequency (TOF) values were based on CO or H2 

chemisorption site density and the stearic acid conversion after 1 hour. The following equation 

was used: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = ��� ������� ���� ���������
�������� ���� (�)∗��� �� ������ ���

   (3.2) 

Results & Discussion 

Characterization of bimetallic carbides 

In a separate paper, we focused on the synthesis and characterization of CNF supported mixed 

carbides.26 Here a brief summary (Figure 3.1) of these results is given to understand the most 

important characteristics of the samples. In addition to that new characterization results 

relevant for the use of these materials as catalysts for stearic acid deoxygenation will be 

presented (N2 physisorption, TEM, H2/CO/NH3 chemisorption and XRD).  

In the carbothermal reduction synthesis, the carbon support containing the metal precursor is 

heated in an inert atmosphere and the carbon from the support is utilized as reduction and 

carburization agent. During the reduction of the (Mo/W) oxide to the carbide CO is released 

measured by TPD-MS and a mass loss was detected by TGA.26 For the synthesis of mixed metal 

carbides, the in-situ TPD-MS and TGA analyses of the carburization process were used to assess 

whether the carburization of the mixed carbides proceeds in one step or several. In fact, it does 

proceed in one step as shown in Figure 3.1 A with a carburization temperature (CO release) 

inbetween those of the monometallic carbides. A physical mixture of the carbide precursors 
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shows again two carburization peaks at the positions of the respective monometallic carbides. 

This indicates that the mixed carbides consist of a single mixed phase. A similar trend can be 

observed in Figure 3.1 B where the thermogravimetric analysis is plotted as DTG (derivate of 

the mass loss) versus temperature i.e. a single peak representing carburization for the mixed 

materials. Further investigation of the synthesized carbides with STEM-EDX (Figure 3.1 C) 

revealed that they indeed have mixed Mo:W nanoparticles with average compositions matching 

the W and Mo content of the samples.  

 

Figure 3.1 A: TCD signal representing CO evolution during CR synthesis of monometallic and mixed-metal 
carbides. B: Comparison of weight change rates during CR synthesis of monometallic and mixed-metal 
carbides. C: HAADF-STEM image with EDX map overlays of the CR-prepared monometallic and mixed-metal 
carbides. 

The textual properties of the support and synthesized catalyst were studied with nitrogen 

physisorption. The surface area (BET), total pore volume and micropore volume are listed in 

Table 3.1. The surface area of parent CNF support is 199 m2/g, which is in agreement with 

earlier studies for CNF made via the same synthesis protocol.27-29 Among the carbide catalysts 
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no large differences in the textural properties were observed, showing that the Mo or W content 

does not affect the textual properties of the catalyst. However, the BET surface areas of the 

catalysts were reduced by ca. 40% when compared to the CNF support. This is partly due to the 

loading of the support with metal carbides (assuming the carbides are non porous). In addition, 

in the parent CNF some amorphous carbon can be present (causing the higher micropore 

volume observed in Table 3.1) which can be lost during the carburization process. Moreover, 

pore blocking by the metal-carbide can occur which all can explain the decrease in BET surface 

area.30-32  

Table 3.1 Textural properties of CNF, Mo2C/CNF, W2C/CNF and mixed MoW-carbides, as determined by 
N2-physisorption. 

 
BET surface area (m2/g) Pore volume (cm3/g) Micropore 

volume (cm3/g) 
CNF 199 0.4 2.0*10-2 

Mo2C/CNF 131 0.3 1.8*10-3 

W2C/CNF 102 0.3 3.4*10-3 

MoxWyC/CNF (1:1) 114 0.3 5.3*10-3 

MoxWyC/CNF (1:3) 133 0.3 9.7*10-3 

MoxWyC/CNF (3:1) 144 0.3 1.1*10-3 
 

The structure and particle size of CNF supported carbide catalysts are further examined by 

transmission electron microscope (TEM) as depicted in Figure 3.2. The carbide particles appear 

as spherical shaped particles supported on the fibers. The carbide nanoparticles size of the 

synthesized carbides is typically 4-6 nm with averages between 4.3 and 5.7 nm as indicated in 

Figure 3.2. All mixed carbides thus have similar particle sizes in line with those reported 

earlier.21,27  
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Figure 3.2 TEM images and particle size distribution of monometallic Mo and W and bimetallic MoW-carbide 
catalysts 

In order to get more insight into the number and nature of the (re)active sites 

CO/H2-chemisorption (for metallic sites) and NH3-TPD experiments (for acids sites) were 

performed. H2-chemisorption33,34 and especially CO chemisorption33-38 are commonly used to 

probe the carbidic sites. Please note that it is essential to perform chemisorption without 

exposure of the samples to air since that might (surface) oxidize the carbide. Therefore we 

carburized our samples in situ. Table 3.2 shows the measured CO and H site densities. The CO 

uptake for all carbide catalysts is in the range of 44-52 µmol/g. The pure Mo-carbide has the 

lowest (44.4 µmol/g) and the pure W-carbide has the highest CO uptake (51.7 µmol/g). The 

mixed carbide catalysis show values intermediate to those of the pure carbides. For the 

H2-chemisorption the W-carbide (30.2 µmol/g) had the highest uptake followed by the Mo 

carbide (22.8 µmol/g) but here the mixed carbides showed the lowest site densities 

(15-21 µmol/g). In addition to H2-chemisorption, the measured site densities were lower 

compared to the CO site density. Clearly, both probe gases do not measure the same sites. In 

addition also the ratio between these sites is varying among samples since the ratio of the CO to 

H site densities varied between 1.7 and 3.1 (Table 3.2).  
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Table 3.2 CO and H site densities (µmol/g) of Mo2C/CNF, W2C/CNF and three mixed MoW-carbides with 
different Mo:W ratios.  

 Mo2C MoxWyC 
(3:1) 

MoxWyC 
(1:1) 

MoxWyC 
(1:3) 

W2C 

CO site density 
(µmol/g) 44.4 2.7 47.8 4.8 46.7 5.2 48.6 3.9 51.7 5.2 

H site density 
(µmol/g) 22.8 10.4 15.2 3.0 19.2 6.6 21.2 1.3 30.2 1.0 

Ratio CO/H 1.9 3.1 2.4 2.3 1.7 
*Uncertainties based on the duplicate measurements of the chemisorption.  

In addition, we also probed the acidic sites of the fresh monometallic Mo and W carbide 

catalysts by NH3-TPD. No desorption could be detected showing that the amount of acid sites on 

these materials is insignificant (Figure S3.1).  

In order to assess the nature of the carbide 

phases formed during the in-situ 

carburization in the chemisorption 

equipment, the catalysts were investigated 

with XRD directly after the (CO and H2) 

chemisorption measurements (Figure 3.3). 

The signals at 2θ=28° and 2θ=43° represent 

the (002) and (101) reflections of the CNF.29 

Further, the XRD pattern displays the 

characteristic peaks of the hexagonal semi 

carbide phases (W2C, Mo2C) indicating that all 

catalysts are carburized and have the same 

crystal structure regardless of their 

composition. For the Mo2C these peaks are at 

2θ= 34.4°, 37.8° and 39.4° (PDF 79-0744) and 

for W2C at 2θ= 34.5°, 38.0° and 39.5° (PDF 89-

2371). It is expected that Icarbide/ICNF increases 

with increasing W-loading since the molar 

loading is constant, and tungsten is a much 

heavier scatterer than molybdenum. The 

(3:1) and (1:1) sample fall within the expected 

trend, however the (1: 3) sample does not 

(Figure 3) which we can not explain at this 
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Figure 3.3 XRD pattern of monometallic carbide 
catalyst samples and bimetallic carbide catalyst 
samples post chemisorption analysis. 
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moment. 

 Nevertheless, these XRD results are identical to the post synthesis XRD measurements showing 

that small differences in carburization (smaller scale) set-up do not affect the carburization 

process.  

Catalytic performance  
The catalytic performance (selectivity and activity) of the prepared catalysts was evaluated for 

the stearic acid hydrodeoxygenation in a batch reactor (350 °C and 30 bar H2).  

 

Figure 3.4 Stearic acid conversion and product distribution over time of Mo2C/CNF, W2C/CNF, bimetallic Mo:W 
carbides with ratio of 1:1. (250 mg catalysts, 2 g stearic acid, 350 °C, 50 ml solvent, 30 bar H2) 

Figure 3.4 presents product yields over time for the monometallic carbides, the three bimetallic 

carbides with different ratios and a physical mixture of the two monometallic carbides (W-

carbide and Mo-carbide). The two main possible pathways (Scheme 3.1) of stearic acid towards 

hydrocarbons are (1) the direct decarboxylation (DCO) involving C-C cleavage yielding C17 

alkanes and (2) the hydrodeoxygenation (HDO) yielding C18 products. The formation of DCO 

products (C17) is observed for all carbide catalysts but with low selectivity (~10%). All the 

carbide catalysts do show high selectivity towards products of the HDO pathway (oxygenates, 

saturated and unsaturated C18). However, there are substantial differences in the product 

distribution profiles. The Mo carbide reaches high yields towards oxygenates (max 38 mol% 

after 1h), while the W-carbide more selectively produces alkenes (max 26 mol% in 2h) as the 

main intermediate product. The bimetallic systems with a 1:1 metal ratio simultaneously 

produce significant amounts of both, alkenes and oxygenates as intermediate products. 

Formation of higher C36-esters via condensation of oxygenates was observed to be a minor 

reaction pathway over all of the tested carbide catalysts. 
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Figure 3.5 Oxygenates, alkene and alkane yield vs conversion of monometallic and bimetallic carbide systems 
during stearic acid hydrodeoxygenation (250 mg catalysts, 2 g stearic acid, 350 °C, 50 ml solvent, 30 bar H2) 

To make a clearer comparison of the catalytic behaviour between the different carbide catalysts, 

the yield as a function of the conversion for oxygenates, alkenes and alkanes over the mono and 

bimetallic carbides was plotted in Figure 3.5. The monometallic Mo carbide catalyst yielded 

maximum oxygenates of 40% (C18-oxy) at conversion levels of 80 mol% and the monometallic 

W carbide yielded maximum alkene of 28% (C18-alkene) production at 70 mol% conversions. 

The bimetallic carbides reach oxygenates and alkene yields in between that of the monometallic 

carbide, where the bimetallic system with higher Mo wt.% also reaches higher oxygenates 

yields while the system with higher W wt. % higher yields of alkenes. Interestingly, the 

bimetallic catalysts retain highly selective towards the alkene at higher stearic acid conversions 

(20-40 mol% alkenes at > 80 % conversion), while the monometallic W-carbide showed lower 

alkene yield at higher conversions (10 mol% alkenes at 90% conversion). Another interesting 

observation was made for the physical mixture which behaves in terms of selectivity similar to 

the 1:1 bimetallic carbide system.  

Table 3.3 Activity of the carbide catalysts based on weight (TMR), CO chemisorption (TOFCO) and H2 
chemisorption (TOFH2)  

Catalyst Mo2C MoxWyC (3:1) MoxWyC (1:1) MoxWyC (1:3) W2C 

TMR *102 (min-1)a 9.6 4.6 4.7 3.2 4.9 

TOFCO (min-1)b 9.7 4.3 4.5 2.9 4.3 

TOFH2 (min-1)c 18.9 13.5 10.9 6.7 7.4 
a. Converted moles of stearic acid per mol W and/or Mo after 1h 
b. Turnover frequency based on CO chemisorption after 1h 
c. Turnover frequency based on H2 chemisorption after 1h 
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Figure 3.6 CO and H2 density sites based TOF versus Mo wt% 

The initial activity (in the 1st hour) for all catalysts is reported in Table 3.3. The activity is 

expressed as both total metal based rate (TMR, converted moles of stearic acid per mol W 

and/or Mo) and turn-over-frequency (TOF, converted moles of stearic acid per mol surface 

sites) using the site density from CO (TOFCO) and H2-chemisorption (TOFH2), see Table 3.2. The 

TMR shows that the monometallic Mo-carbide is the most active, being almost two times more 

active than the monometallic W-carbide. The bimetallic carbides are comparable in activity to 

the W-carbide. When only comparing the TOF value of the two monometallic carbides either the 

TOFCO or TOFH2 could be used since the ratio active site form H2 and CO are similar. For the 

bimetallic carbides, this ratio changes and thus a different picture of the activity is obtained for 

the TOFCO or TOFH2. This trend is highlighted by plotting both TOF versus the Mo content of the 

catalysts in Figure 3.6. For the bimetallic mixtures, the TOFCO does not so show a clear relation 

with the Mo content and appears similar to that of the monometallic W. In contrast, the TOFH2 

increases linearly with the increasing Mo wt%.  

Overall Discussion 

Characterization  

Depending on the carburization conditions different textual and structural properties e.g. 

complex crystal structures and different phase compositions (carbide versus oxycarbides) may 

emerge.39 For that reason it is important to establish these properties among a set of different 

carbide catalysts and to enable the comparison of the different catalysts, since e.g. crystal 

structures,27,40 phase compositions23 and particle sizes39 can affect the catalytic activity and 

selectivity. First of all the BET surface area and pore volume measured by N2 physisorption did 

not show significant differences among the carbide catalysts. The XRD measurements revealed 

that the synthesis via the carbothermal reduction for both the monometallic carbides and 
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bimetallic carbide samples results in a metal carbide phase with a hexagonal crystal structure. 

Since no other oxides or oxycarbide phase was detected we conclude that a fully carburized 

phase (Me2C, Me=Mo or W) with the same structure was obtained for all catalysts. TEM images 

of the bimetallic and monometallic carbide catalysts were taken to examine the particle size. 

The average nanoparticle size for all catalysts (Figure 3.2) was found to be in a similar range of 

4-6 nm which is in agreement with similarly prepared carbide catalysts.21,23,27 For the bimetallic 

catalyst the interaction between Mo and W had been demonstrated by the changes in 

carburization temperature.26 The formation of mixed metal carbides was proven by HAADF-

STEM analysis which revealed that the carburization process results in individual nanoparticles 

containing both Mo and W in a composition that is on average close to those of their respective 

bulk ratio.26 Thus we conclude that the bimetallic catalysts consist of nanoparticles containing 

both Mo and W but without discernible difference in terms of surface area, crystal phase and 

nanoparticle size compared to the monometallic samples. However, by performing H2 and CO 

chemisorption (Table 3.2) to probe the carbidic sites of the prepared carbide catalysts33,41, 

differences between the mono and bimetallic carbide could be established. The CO site density 

of supported Mo2C was slightly lower (44 µmol/g) in comparison to the W2C (52 µmol/g). The 

bimetallic carbides have CO site densities in-between that of the pure metal carbides (47-48 

µmol/g). In contrast, the results of the H2-chemisorption show that the bimetallic carbides have 

lower site densities (15-22 µmol/g) than the monometallic carbides (23 and 30 µmol/g for the 

Mo-carbide and W-carbide respectively). As a result, the CO/H2 ratios are similar for the 

monometallic carbide catalysts (1.7-1.9) but increase for the bimetallic carbides (2.3-3.1). The 

fact that this ratio increases for the bimetallic carbides, while the CO site density for bimetallic 

catalyst is as would be expected based on the results of Mo-carbide and W-carbide, shows that 

the decrease in H2 site density for the bimetallic catalysts is not simply due to a difference in 

particle size, which is also in agreement with the TEM analysis. The decrease in H2 sites for the 

bimetallic catalyst thus appears to be a direct consequence of the formation of the mixed metal 

carbides. We therefore suggest that the molecular adsorption of CO on the metal centers of the 

carbide surface42,43 is not significantly affected by the alloying while the ensembles of sites 

required for the dissociative adsorption of H244 are diminished due to the alloying.  

Catalytic performance 
The catalytic selectivity and activity of the different carbide catalysts were evaluated for the 

hydrodeoxygenation of stearic acid in a batch reactor (350°C and 30 bar H2). As mentioned 

earlier, the deoxygenation of stearic acid can occur either via the decarboxylation (and 

decarbonylation) pathway (DCO) yielding hydrocarbon chains with one carbon atom less than 

the reactant or via the hydrodeoxygenation (HDO) resulting in hydrocarbons with same chain 
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lengths. Direct decarboxylation and/or decarbonylation of stearic acid into C17 hydrocarbons 

has previously been reported to occur over WOx and MoOx species.22,23 We observed only small 

amounts (~10 %) of DCO products in the reaction mixture, suggesting that no or low amounts 

of oxide species were present in the catalyst. This is in agreement with β-Mo2C as the dominant 

crystal phase and the absence of metal oxide species (MoO3 and WO3/WO2 crystalline phases) 

revealed by the XRD analysis. Additionally, the absence of acid sites revealed by NH3-TPD 

further demonstrates the absence of significant amount of oxy-carbide surface sites on the in-

situ prepared catalyst.  

For the HDO reaction pathway over Mo and W carbide catalysts, it has been reported that 

bi-functional properties are present in the form of a metallic hydrogenation and acidic 

dehydration functionality.45 These acid sites are the result of some form of oxygen introduction 

to the carbide surface which can either be introduced after the carburization by exposure to air 

(passivation)46 or originates from in-situ generation of O*-Me2C species45 when the catalyst is 

exposed to oxygen from the reactant or to the formed water.47,48 Since on our Mo and W carbide 

catalysts no NH3 desorption and thus no acid sites could be detected, our results agree with the 

latter explanation. For the bimetallic MoW carbide catalysts these bi-functional properties also 

remain, since all the catalysts preferred HDO route yielding C18 products. However, a marked 

difference in product composition over time was observed between the W-carbide, bimetallic-

carbides and Mo-carbide catalysts. A clear difference in the main intermediate was observed 

with high yields of oxygenates (aldehyde and alcohol, ~40 mol%) observed up to high 

conversion with Mo-carbide while high yields of unsaturated C18 (~25 mol%) were found for 

W-carbide at high conversion level. This can be explained by a difference in the relative rates of 

acid hydrogenation and alcohol dehydration between Mo-carbide and W-carbide. For the Mo-

carbide the hydrogenation of the acid proceeds relatively fast compared to the dehydration rate 

to the alkene, this results in increased levels of oxygenates as the main intermediate. In 

comparison, for the W-carbide the hydrogenation of the acid to oxygenates occurs slower than 

the dehydration toward the alkene, which results in elevated levels of alkenes as the main 

intermediate. The higher dehydration activity of W-carbide is then likely related to higher 

acidity. The difference between the Mo and the W carbide has earlier been explained by their 

differences in oxyphilic properties (and hydrogenation power).21,33,35,49,50 The more oxophilic 

W-carbide is more likely to generate acids sites upon exposure to oxygen or in reactions with 

oxygenated compounds. The observation that with the W-carbide no alkenes are present at the 

initial stage of the reaction (Figure 3.4 and 5) suggests that it takes some time until sufficient 

amounts of acidic sites are formed.  
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The mixed Mo:W carbides reached oxygenate and alkene yields in between that of the 

monometallic caribes. The bimetallic systems with a higher Mo wt% have higher selectivity 

towards oxygenates, while the bimetallic systems with higher W content are more selective for 

alkenes. Interestingly, we observed that the bimetallic catalysts with a ratio of 1:3 Mo to W 

retain high selectivity towards the alkene at higher stearic acid conversions (35 mol% alkenes 

at > 80 % conversion), while the monometallic W-carbide showed lower alkene yield at higher 

conversions (10 mol% alkenes at 90 % conversion). Hence, the addition of molybdenum to W 

carbide catalysts delays full hydrogenation of the alkenes. This may appear counterintuitive 

since we have established that Mo is the better hydrogenation catalyst. However, Figure 3.5 also 

shows that higher alkane yields are obtained over monometallic W-carbide at each measured 

conversion level. This is the result of the much higher intermediate alkene concentration with 

the monometallic W-carbide. Reducing the dehydration activity by the addition of Mo can thus 

result in a shift of maximum alkene production to higher conversion levels. 

Interestingly, the physical mixture (1+1) and the bimetallic system (1:1) do behave similarly 

(see Figure 3.5). The oxygenates, alkenes and alkane yields of the physical mixture and the 

bimetallic system are nearly identical at each conversion level. Thus irrespective whether the 

carbide catalysts do contain mixed (MoxWyCz) nanoparticles or monometallic carbides (Mo2C + 

W2C), the catalytic selectivity of both catalysts is similar. These results suggest that mixed Mo-W 

carbide active centers either have catalytic properties in between those of Mo and W or that the 

nanoparticles consist of ensembles still mainly Mo-carbide or W-carbide in nature. 

Besides the differences in product distribution also the catalytic activity of the monometallic 

and bimetallic catalysts were compared. It should be mentioned that comparing the activities is 

not straightforward considering the bifunctional nature of the catalyst and the mentioned 

possibility of the in-situ formation of new active sites. Hence, we limit ourselves to a comparison 

of the initial activity in which mainly the activity of the catalyst with respect to the acid 

hydrogenation is evaluated (Table 3.3). On a total metal basis the Mo-carbide was found to be 

the most active catalyst (9.6 min-1) followed by the W-carbide catalyst (4.9 min-1) and the mixed 

metal carbides are found to be the least active (3.2-4.7 min-1). To get more insight into the 

reason for the decreased activity of the bimetallic catalysts we also compared the site based 

activities (Table 3.3 and Figure 3.6) using the site density from both CO and H2 chemisorption 

(Table 3.2). For the monometallic catalyst, the TOF based on either CO or H2 shows that the Mo-

carbide has a higher site based initial activity than W-carbide. These trends are consistent with 

previous reports.21,23 Since the ratio between CO and H2 uptake is nearly the same for the 

monometallic carbides (1.7-1.9), either can be used for a comparative evaluation of the site 
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based activity. We demonstrate that this is not the case for bimetallic catalysts for which the 

CO/H2 ratio differs from the monometallic carbides (2.3-3.1). We already concluded that 

changes in CO/H2 ratio is due to a decrease in H2 site density when forming the mixed metal 

carbide phase. Thus the decreased activity on a total metal basis correlates to a decrease in the 

H2 site density. Figure 3.6 reveals that for the TOFH2 a linear relation is obtained with the Mo 

content of the catalyst. In other words, the sites probed by H2 in the bimetallic catalyst act as a 

linear combination of those present in pure Mo-carbide and W-carbide sites. On the other hand, 

using the TOFCO values would lead to the conclusion that the surface of bimetallic particles 

behaves more like the monometallic W-carbide, which we know is not the case since we have 

established that the bimetallic catalysts have a behavior which is in-between the pure metal 

carbides with respect to their product formation. Given these results and the fact that the initial 

reaction step is in fact a hydrogenation reaction, i.e. requiring hydrogen activation, we suggest 

that H2 based activity is the best descriptor for the TOF.  

Conclusion 
The catalytic performance of MoW mixed metal carbide catalysts in the stearic acid 

deoxygenation has been studied. Both monometallic carbides (W-carbide and Mo-carbide) and 

the bimetallic carbides (MoW-carbide with different ratios) preferred the HDO pathway over 

the DCO pathway, which is consistent with the presents of a pure metal carbide phase without 

strong acid sites according to XRD and ammonia TPD. The Mo:W ratio was found to influence 

the product yield towards either oxygenates or alkenes in the HDO pathway. The more Mo-rich 

samples have a higher yield towards oxygenates, while the more W-rich samples have higher 

yields towards the alkene intermediate. The behaviour of the 1:1 MoW-carbide was found to be 

similar to a physical mixture of monometallic Mo and W-carbides. Based on the characterization 

with TEM and both CO and H2 chemisorption it was shown that the formation of a bimetallic 

phase results in a decrease in H2 site density. The linear relation of the H2 site based activity 

together with the evolution of the product distribution as function of the Mo content of the 

catalyst, suggests that the H2 site density is a better descriptor for site base activity than the CO 

site density. Therefore, we conclude that although the formation of a bimetallic carbide results 

in loss of hydrogenation sites, the properties of the monometallic catalyst (having higher 

hydrogenation activity for Mo-carbide and higher dehydration activity for the W-carbide) are 

proportionally transferable to the bimetallic systems.  
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Supporting Information 

NH3 TPD 

Figure S3.1 shows the NH3-TPD results of the adsorption and desorption. The NH3-TPD gives an 

indication of the amount of acidic sites on the catalysts. No NH3 pulses were adsorbed. Only low 

amounts of NH3 were adsorbed during the pulse chemisorption for both catalysts. This is also in 

agreement with the desorption profile; the TCD signal of the monometallic carbide Mo and W 

does not show NH3 desorption with increasing temperature. No significant difference was 

observed between the monometallic carbide catalyst. The NH3 TPR indicate that both 

monometallic catalysts do not contain acid sites directly after the carburization. 

 

Figure S3.1 NH3-TPD of fresh (red) tungsten and (blue) molybdenum carbide.  
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Abstract 
The potential of carbon supported Mo and W carbides to replace Pt is shown for the 

hydrogenation of cinnamaldehyde. Although the carbide catalysts are 4-6 times less active, both 

the carbides and Pt are selective towards C=C hydrogenation. Unlike Pt, the carbides additionally 

form β-methylstyrene. 
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Introduction 
Since the 70-ies of the last century, it is clear that tungsten and molybdenum carbide based 

catalysts are potential alternatives to the scarce and expensive noble metal based catalysts (like 

Pt) for reactions that involve hydrogen activation.1 Since then these metal carbides were 

investigated for use in many reactions like isomerisation, hydrodenitrogenation, syngas 

conversion and as electrocatalysts in fuel cells.2,3 Later, the potential of molybdenum and 

tungsten carbide for biomass related conversions such as (hydro-)deoxygenation and 

dehydration to remove the oxygen of the biomass for the production of chemicals and biofuels 

(see 4,5 for some reviews) has been shown. Recently, transition metal carbides have been applied 

for catalytic hydrogen transfer reactions.6,7 In addition, some studies8,9 show that tungsten 

carbide exhibits regioselectivity in hydrogenolysis. For instance, Fang et al.9 showed high 

selectivity towards phenol when starting with guaiacol.  

Though the above mentioned examples show the potential of molybdenum and tungsten carbides 

for hydrogenation as replacement for scarce noble metals like Pt, their potential for 

chemoselective hydrogenations has not been studied. These selective hydrogenations are often 

exemplified by cinnamaldehyde or crotonaldehyde hydrogenation towards either unsaturated 

alcohols or saturated aldehydes.10-12  

 

Scheme 4.1 Reaction scheme of the cinnamaldehyde hydrogenation.13,14 

The hydrogenation of ,β-unsaturated aldehydes like cinnamaldehyde is an important step 

toward valuable chemicals for the pharmaceutical, perfumery and flavour industries.15,16 In 

addition, the hydrogenation of cinnamaldehyde has been widely used for a fundamental 

understanding in the investigation of chemo-selectivity in heterogeneous catalysis. 

Cinnamaldehyde can undergo C=C hydrogenation to yield hydrocinnamaldehyde (HCAL) and/or 

(COL)
Cinnamyl alcohol

(HCAL)
Hydrocinnamaldehyde

(HCOL)
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C=O hydrogenation to yield cinnamyl alcohol (COL) as illustrated in Scheme 4.1. 

Thermodynamically the hydrogenation of C=C is more favourable due to the lower bond energy 

of C=C.10,17 Both HCAL and COL can be further hydrogenated to the saturated hydrocinnamyl 

alcohol (HCOL). Another possible pathway is the hydrogenolysis of COL into β-methylstyrene 

which can be further hydrogenated into propylbenzene. Propylbenzene can also be produced by 

the direct hydrogenolysis of HCOL.13 

Noble metals with large d-bandwidth such as Pt or Ru have been widely used for the selective 

hydrogenation of CAL. They are highly active and their selectivity can be steered towards the C=O 

hydrogenation, as has been reviewed by Wang et al.10. Different strategies for steering the 

selective have been reported like modifying the support18-20, adjusting the particle 

size/dispersion21-24, the addition of a second metal25 or changing the reaction conditions (e.g. 

reaction medium26,27). Here we investigated the potential of carbon nanofiber (CNF) supported 

Mo and W carbide as an alternative catalysts for the hydrogenation of cinnamaldehyde.  

Materials & Methods 

Catalyst preparation 

Carbon nanofibers (CNF) were grown from a mixture of hydrogen (102 ml/min), nitrogen 

(450 ml/min) and carbon monoxide (260 ml/min) at 550 °C and 3 barg for 24 hrs over a reduced 

5 wt.% Ni/SiO2 catalyst (3 g), as reported previously.28 To remove SiO2 after growth, the mixture 

(CNF+Ni+SiO2) was three times refluxed in 1 M KOH for 1 h with intermediate decanting and 

washing with 1 M KOH. Next, the CNF was treated by refluxing in 65% concentrated nitric acid 

for 1.5 h, to remove the remaining nickel and to introduce surface oxygen groups on the CNF. 

Finally, the CNF were washed with demi water to neutral pH and ground to a 90-120 µm fraction. 

All CNF supported catalysts were synthesized by Incipient Wetness Impregnation. Aqueous 

solutions of ammonium heptamolybdate (AHM; Sigma-Aldrich, 99.98% trace metals basis), 

ammonium metatungstate (AMT; Sigma-Aldrich, 99.98% trace metals basis) or 

Tetraammineplatinum(II) nitrate (Sigmar-Aldrich, 99.995% trace metals basis) were used as 

precursor. After impregnation, the catalysts were dried overnight at 110 °C and stored for further 

use. The metal loadings of Pt, Mo and W were 5 wt%, 8.5 wt% and 15 wt%, respectively.  

The carburization was performed at 650 °C (ramp of 5 °C/min) for the Mo-carbide and at 750 °C 

(ramp of 5 °C/min) for the W-carbide, for 2 h in flowing 20% CH4/H2 with 10 mL/min vertical 

furnace. This method is known as temperature-programmed reduction (TPR) method.  
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The reduction of 200 mg Pt/CNF was conducted in the same vertical furnace as mentioned above. 

The reduction temperature was ramped at 5 °C /min to 300 °C and held for 2 h in a flow of 30 

ml/min H2 and 60 ml/min N2. 

Catalyst characterization 
XRD patterns were recorded on a Bruker D8 Advance equipped with a Lynxeye-XE-T PSD 

detector and a Cu-K𝛼𝛼𝛼𝛼1,2 tube generating X-rays with 𝜆𝜆𝜆𝜆 = 1.542 Å. The measurements were taken 

from 2θ = 20° to 2θ = 80° with a step size of 0.05°. 

TEM images were taken with a JEOL JEM-1400 Plus microscope operated at 100 kV. For the 

sample preparation, 10 mg of the catalyst sample was added to 1 mL absolute ethanol and 

homogenized in an ultrasonic bath for 10 sec. Then 2 μL was dropped on a carbon-supported Cu 

grid (400 mesh) and dried at room temperature. The data were analysed with ImageJ and MS 

Excel to obtain the mean particle size and distribution of around 300 particles. 

CO pulse chemisorption was performed on a Mircromeritics AutoChem II 2920. Prior to the 

measurement, 200 mg of reduced Pt catalysts were activated at 300°C for 2 h before being 

evacuated for 2h at 300°C under Argon to remove any adsorbed H2. Subsequently, the system 

was cooled down to 35°C and outgassed for 0.5h before the measurements. For the carbide 

samples, a similar CO method was developed, however instead of the reduction, the dried carbide 

precursors were carburised at 600 °C for 1 h under a mixture of 20 % CH4 in H2.  

The catalysts were analysed by X-Ray Photoelectron Spectroscopy (XPS) using a JPS-9200 

photoelectron spectrometer (JEOL). Spectra were obtained using monochromatic Al Kα X-Ray 

radiation at 12 kV and 20 mA, with an analyser energy pass of 10 eV for narrow scans and 50 eV 

for wide scans. The obtained spectra were processed using CASAXPS 2.3.22PR 1.0 peak fit 

program.  

Metal leaching was assessed by Inductively Coupled Plasma (ICP-OES, Perkin Elmer AVIO 500) of 

the reaction mixture after filtering. 0.1 ml of the filtrate was added to 1 ml of 30% aqueous 

hydrogen peroxide and 9 ml of 65% nitric acid. The mixture was then digested with microwaves 

at 210 °C and 190 W for 40 mins. 

Catalyst testing 

The hydrogenation reaction was performed in a 100 mL stainless steel Parr autoclave, 4598 

Micro batch reactor system. Typically, the reactor was filled with 250 mg or 100 mg catalyst, 

50 ml toluene containing 1.36 g/l xylene and 13.6 g/l of cinnamaldehyde. Next, the loaded reactor 
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was twice purged with 30 bar Ar and afterwards flushed with H2. Subsequently, the reactor was 

pressurized to 20, 10 and 40 bar of H2, heated up to either 140, 170 or 200 °C while stirring at 

800 rpm. The reaction was performed for 3-7 h (depending on the catalyst). Liquid samples from 

the reactor were taken at regular time intervals to investigate the product distribution. The 

samples were analysed using a GC-FID.  

The following formulas were used to evaluate catalyst performance: 

Conversion: 

𝑥𝑥𝑥𝑥��� = ���
[���]�,�

∗ [𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶]�    (4.1) 

Normalized selectivity:  

𝑠𝑠𝑠𝑠�,������� � = [������� �]�
𝚺𝚺𝚺𝚺 [��������]�

∗ 100%     (4.2) 

With [CAL]t,0 the concentration of cinnamaldehyde at start of reaction, [CAL]t concentration of 

cinnamaldehyde at time t, [Product X]t concentration of product X at time t and [Product]t 

concentration of all products at time t. 

The blank run (with no catalysts) for CAL hydrogenation was performed in the batch reactor at 

200 °C and 20 bar, and only HCAL was produced as product. The conversion of CAL was less than 

20 % after 5h and reached 50% after 24h under the reaction conditions used in this investigation; 

this value is much smaller in comparison to the reactivity of the catalysts. 

Results & Discussion 

Figure 4.1A displays representative TEM images and particle size distributions of the carbide and 

Pt catalysts. The average particle size for the carbide samples is between 3-4 nm and for the Pt 

samples around 2-3 nm. These images suggest that the carbide particles, as well as the metallic 

Pt, are well dispersed on the carbon support.  

Figure 4.1B shows the XRD patterns of the two carbide catalysts and the Pt catalyst. The signals 

at 2θ=28 and 2θ=43° represent the (002) and (101) reflections of the CNF.29 The reflections 

marked with the green diamond indicate the presence of the hexagonal β-W2C phase (PDF 79-

0743).30 The Mo carbide sample shows reflections representing the cubic α-MoC1-x phase (PDF 

65-0280), marked with yellow dots.31 The blue triangles indicated the characteristic metallic Pt 
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crystal structure (PDF 88-2343).32,33 TEM and XRD prove the successful synthesis of Pt and 

carbide nanoparticles with a particle sizes in a similar range.  

CO chemisorption was used to establish the number of active sites as it is commonly used for Pt 

and carbide catalysts.34,35 The carbide catalysts were carburized in situ, directly before the CO 

chemisorption to avoid any exposure to air. The Pt catalyst is activated in hydrogen prior to the 

CO chemisorption. Table 4.1 lists the CO chemisorption capacities of the freshly activated 

catalysts. It can be seen that the CO uptake for the Mo-carbide was around 67.5 μmol/g and that 

for the W-carbide was 20.4 μmol/g. For the Pt, a CO uptake of 58.1 μmol/g was measured. Thus, 

the CO uptakes for Pt and Mo-carbide are in a comparable range, while the W-carbide has a 

significantly lower CO uptake which indicates a higher concentration of potential active sites for 

Mo-carbide and Pt catalysts compared to the W-carbide catalyst.  

 

Figure 4.1 A) TEM images and B) XRD pattern of the CNF supported Pt, Mo-carbide and W-carbide catalysts. 
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Table 4.1 Hydrogenation of cinnamaldehyde (50 ml toluene, 13.6 g/l CAL, T= 200 °C, 20 bar H2, 800 rpm), CO 
uptake and catalytic activity (TOF) 

 
Catalyst amount 

(mg) 
Metal loading 

(wt%) 
CO uptake 
(μmol/g)*1 

TOF 
(min-1)*2 

Pt/CNF 100 5.0 58.1 ± 0.6 86 

Mo/CNF 250 8.5 67.5 ± 1.3 14 

W/CNF 250 15.0 20.4 ± 3.9 22 

*1 Average of duplicate measurements. *2 TOF calculated at ~40 % conversion 

The CAL hydrogen performance of the three catalysts was investigated in a gas-liquid batch 

reactor at 200 °C and 20 bar H2. The reaction progress was assessed by periodically taking 

samples which were analysed by GC-FID. A detailed description of the experimental procedure 

can be found in the ESIs (Catalytic hydrogenation). Figure 4.2A shows the conversion of CAL over 

the three different catalysts as function of time. Clearly, the Pt catalyst shows the highest 

weight-based activity for the CAL hydrogenation among the different catalysts (full conversion 

within 1 h). For the Mo-carbide, full conversion was obtained within 5 hours while the W2C 

catalyst only reached a maximum conversion of 95% after 7 h. In order to better compare the 

activity of the different catalysts also the turnover frequencies (TOF), based on the site density 

obtained from CO chemisorption, are given in Table 4.1. The Pt catalyst also has the highest TOF 

(86 min-1) revealing about 4-6 times higher activity than the carbides, which show a very similar 

activity.  

In order to understand the reaction pathway over the different catalysts, the normalized product 

distribution at selected conversion levels of X=40% and X=90% are given in Figure 4.2B. The 

Figure 4.2 A) CAL conversion and B) normalized product distribution at 40% and 90% conversion of CNF 
supported MoC1-x, W2C and Pt catalysts (50 ml toluene, 13.6 g/l CAL, T= 200 °C, 20 bar H2, 800 rpm). 
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selectivity at 40% conversion shows that both Pt and the carbides favour the hydrogenation via 

the C=C bond, initially producing HCAL as main product. Subsequently, for all catalysts at higher 

conversion (X=90%) the selectivity towards HCAL is decreased as it is further hydrogenated via 

C=O reduction resulting in increasing levels of HCOL. A closer inspection of HCAL selectivity at 

90 % conversion shows that Mo and W carbide catalysts still provide significantly higher 

selectivity of semi-hydrogenation product, HCAL (S=40.9% and S=43.0% respectively), than the 

Pt catalysts (S=28.2%). Instead higher yields for the twice hydrogenated product, HCOL (S=61.8 

%), were observed for the Pt catalysts. Thus, the further hydrogenation of the HCAL to HCOL is 

relatively slower for the carbide catalysts than for the Pt catalysts. Besides C=C hydrogenation 

also C=O hydrogenation occurs over Pt as is evidenced by the presence of a minor amount of COL 

(S=7.9%). Another striking difference is the observation that the carbide catalyst also produces 

β-methylstyrene, which is nearly absent with the Pt catalyst. The production of β-methylstyrene 

gives evidence that the carbide catalysts also follow the hydrogenation pathway via the COL. 

However, only trace amounts of COL were observed with the carbide catalysts, which leads to the 

suggestion that the C-O hydrogenolysis occurs fast (relative to C=O reduction) over the carbides. 

Unlike Pt, which shows only minor amounts of β-methylstyrene, the carbide catalysts thus also 

favour C-OH hydrogenolysis over C=C reduction. Finally, all catalysts also show some formation 

of the fully hydrogenated product propyl benzene, which in the case of Pt likely proceeds via 

hydrogenolysis of HCOL and in the case of the carbides could also proceed via β-methylstyrene. 

The remarkable change in chemoselectivity between Pt based catalysts and carbide catalysts can 

be explained by the formation of acid sites on the carbide surface.3,36 The brief exposure to 

ambient air during the transfer from the carburisation reactor to the hydrogenation vessel causes 

surface oxidation on the carbide surface, which was also observed by the XPS analysis (Figure 

S4.1).  

A range of unidentified products could be detected during the hydrogenation with GC-FID 

especially for the W carbide catalyst (at long retention times, see chromatograms in Figure S4.2 

of ESI). Further analysis with GC-MS revealed the formation of C18 coupling products. 

Additionally for W-carbide a substantial decrease in the carbon balance was noted (70% 

remaining) after 5 hrs of reaction, which reveals that for the W carbide some of the reactants are 

converted via side reactions, resulting in additional products that were not visible with GC-FID. 

For Pt and Mo-carbide the carbon balance remained in an acceptable range (90-95%, see Table 

S4.1). These differences might be attributed to the acidic properties of the tungsten carbide 

surfaces, as is shown has previously been shown.36  
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The results above show that the carbide catalysts are 4-6 times less active than the Pt catalysts. 

However, considering the fact that transition metals are more abundant37 and therefore less 

expensive than noble metals, the Mo-carbide are a viable non-noble alternative to Pt. Therefore, 

in the next step, we further investigated the effect of pressure and temperature on the activity 

and selectivity of the Mo-carbide catalyst.  

The effect of pressure on the carbide catalyst activity was determined between 10-40 bar and is 

shown in Figure S4.3. Going from 10 to 20 bar H2 the reaction rate increases while going from 20 

to 40 bar the H2 pressure did not have an influence on the reaction rate. No clear effect of the 

pressure on the selectivity was observed. 

Figure 4.3 shows the influence of the temperature on the catalytic performance (selectivity and 

conversion) of Mo-carbide/CNF between 140-200 °C. By increasing the temperature from 140 °C 

to 170 °C the conversion increased from 19 to 30% after 5 hrs of reaction. Further increasing the 

temperature to 200 °C results in full conversion within 5 hrs. Figure 4.3 also shows how the 

selectivity is affected by the temperature. It can be observed that at all temperatures HCAL is the 

dominant product at low conversion. This shows that the C=C hydrogenation is the main pathway 

at all temperatures. However, at lower reaction temperatures an increase in the selectivity 

towards COL can be observed. This can be attributed to a relatively larger decrease in the rate of 

C=C hydrogenation compared to the C=O hydrogenation as is evident from the increase in 

COL/HCAL ratio at low conversion with decreasing temperature (Figure S4.4). This indicates that 

the hydrogenation selectivity of Mo-carbide can be steered by changing the reaction temperature. 

Finally, the stability of the Mo-carbide catalyst was assessed. Upon the first reuse, the catalyst 

activity decreased by about a factor 2 while this activity remained at this level for the third reused 

(see Figure S4.5). Metal leaching was determined by ICP analysis of the recovered reaction 

 

Figure 4.3 CAL Conversion and product yield of the Mo-carbide catalyst at 140, 170 and 200 °C (50 ml toluene, 
13.6 g/l CAL, 20 bar H2, 800 rpm). 
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solution and found to be ~0.1% Mo (of the 8.5 wt%) after the first reaction. XRD characterisation 

(Figure S4.6) of the spent catalyst give no evidence for bulk oxidation, nor particle growth and 

therefore these are less likely deactivation mechanisms.  

Conclusion 
In conclusion, these findings demonstrate the potential of especially Mo-carbide catalysts for the 

hydrogenation of ,β-unsaturated aldehydes as alternative catalysts. The carbide catalysts and 

Pt, both favour the hydrogenation of the C=C bond to produce HCAL, although the carbides were 

less active. The main difference between Pt and the carbide was the high selectivity towards 

β-methylstyrene with the carbide catalysts. Investigation of the effect of temperature for the Mo-

carbide revealed a shift in selectivity towards the C=O hydrogenation product (COL) with 

decreasing temperature. These results highlight that the selectivity of the carbide catalysts can 

be steered by lowering the temperature. Investigation into how the properties of the catalysts 

(variation in support, particle size and crystal structure) influence the selectivity, as has already 

been shown for noble metal catalysts, is still needed for the carbide catalysts.  
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Supporting Information 

Acidic properties of the catalyst 

XPS measurements were done to further investigate the extent of oxidation of the carbide surface. 

The narrow scan of the Mo carbide and the W carbides samples was taken and shown in  Figure 

S4.1. The W-4f region shows signals at 31.4 eV and 33.6 eV corresponding to tungsten carbide 

which is in agreement with literature data.S1,2  The signals observed at 35.0 eV and 37.1 eV are 

related to tungsten oxide (W6+).  

The Mo-3d region shows two signals (231.5 eV and the 228.3 eV) originating from the carbide. 

The signal at 234.7 eV has been assigned to Mo(VI) oxide species.S1,3 

Since oxygen is visible on these samples it can be concluded that the carbidic surface gets partly 

oxidized during the brief exposure to air when transferring the catalyst from the carburization 

oven into the XPS analyser (or the reaction vessel). The oxidation was less pronounced for the 

Mo-carbide than for the W-carbide, which is in accordance with the literature. S1 Since the oxides 

are expected to have acidic properties S4, it can be concluded that some acidity will be introduced 

during the exposure of the sample to air. This, in turn, might change the selectivity of the catalysts 

since it has been shown beforeS5 that oxides are active for decarboxylation/decarbonylation 

while carbides are active for hydrodeoxygenation. 

 

Figure S4.1 XPS spectra of W-carbide/CNF, W-4f (right) and Mo-carbide/CNF, Mo-3d (left). 

Carbon Balance over W-carbide 

As can be seen from Table S4.1, the carbon balance of W2C during the hydrogenation of CAL 

decreases significantly. Figure S4.2 shows the GC-FID spectra of the three catalysts at a high 

240 235 230 225 220
20

30

40

50

In
te

ns
ity

 /a
.u

.

Binding energy /eV

Mo-C
3d5/2

45 40 35 30 25 20
20

30

40

50

60

70

80

90

In
te

ns
ity

 /a
.u

.

Binding energy /eV

Mo-C
3d3/2

Mo-O
3d3/2

W-C
4f5/2

W-C
4f7/2

W-O
4f7/2

W-O
4f5/2



                             SI - Cinnamaldehyde Hydrogenation over Mo & W Carbides 

107 
 

conversion level (90-100 %). Next to the known products (propylbenzene, methylsterene, HCAL 

and HCOL), we observed peaks at the retention time of 29-35 min. From GC-MS analysis these 

peaks were identified to represent C18 compounds (such as 1,5-Diphenyl-3-pentanone, 2,5-

Diphenyl-1,5-hexadiene, 1,5-Diphenyl-1,5-hexadiene and Benzene, 1,1'-(1,6-hexanediyl)bis-). 

Remarkable is that W-carbide has more of these C18 compounds (33 % at 5h) in comparison to 

Mo-carbide (12 % at 5h) and the Pt (4 % at 1h).  

Table S4.1 Carbon balance of W2C over time  

Catalyst Reaction time 

(h) 

Carbon Balance 

(%) 

Unidentified 

products (%) 

Final Carbon 

Balance (%) 

W 5 36 33 69 
Mo 5 85 12 97 
Pt 1 95 4 99 

 

 

Figure S4.2 GC-FID chromatograms of CAL hydrogenation over Pt, Mo carbide and W carbide catalysts 
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Catalysts’ selectivity at different pressures  

The hydrogenation was conducted at 200 °C with varying H2 pressures (10, 20 and 40 bar). The 

conversion and the selectivity of Mo-carbide catalyst at these different pressures are shown in 

Figure S4.3. When comparing the activities measured for 20 and 40 bar, it can be concluded that 

the CAL conversion is almost independent of the H2 pressure. With both pressures, the CAL 

conversion reaches full conversion after 5 h. However, at 10 bar the conversion significantly 

decreases to 40 % after 5 h. The selectivity of the Mo-carbide was not significantly influenced by 

the pressure and predominantly HCAL and β-methylstyrene were formed. 

 

Figure S4.3 CAL conversion and product yield of the Mo-carbide catalyst at 10 and 40 bar (50 ml toluene, 13.6 
g/l CAL, T = 200 °C, 800 rpm) 

COL/HCAL ratio as function of temperature 

Figure S4.4 shows the ratio between COL to HCAL at low conversion (5-40 %). For the 

hydrogenation at 140 °C, the COL/HCAL ratio stays ~0.7 whereas at 170 °C and 200 °C the ratio 

decreases with increasing conversion rates from 0.3 to 0.2 and 0.1 to 0.0, respectively. This data 

shows that at lower temperatures the selectivity towards COL hydrogenation increases.  

 

Figure S4.4 COL to HCAL ratio at CAL conversions from 5 to 40 % 
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Evaluation of catalyst stability 

To investigate the deactivation of the catalyst, subsequent experiments with one batch of 

Mo-carbide catalyst were conducted. Between the runs, the remaining reaction medium was 

decanted, then the catalysts were washed/decanted repeatedly with toluene before adding the 

fresh reaction medium. As can be seen from Figure S4.5, the catalyst loses activity after the first 

run but is rather stable after the 2nd run.  

 

Figure S4.5 Multiple runs of CAL conversion (50 ml toluene, 13.6 g/l CAL, T = 200 °C, 20 bar H2, 800 rpm) upon 
recycling Mo-carbide catalyst 

In order to elucidate the cause of the catalyst deactivation, the spent Mo-carbide catalyst was 

characterised by XRD shown in  Figure S4.6. The signals at 2θ=28 and 2θ=43° represent the (002) 

and (101) reflections of the CNF.S6 The reflections marked with the green diamond indicate the 

presence of the hexagonal β-W2C phase (PDF 79-0743). S7 The Mo carbide sample shows 

reflections representing the cubic α-MoC1-x phase (PDF 65-0280), marked with yellow dots.S8 The 

characteristic carbide reflections are observed for both fresh and spent catalysts. This result 

shows that no bulk oxidation of the carbide catalyst occurs during the reaction. When comparing 

the peak intensity of fresh with the spent catalysts a decrease in intensity can be observed. This 

indicates metal leaching during the reaction might have occurred. This argument is further 

supported by the amounts metal found in the liquid phase. ICP analysis shows that ~0.1 % Mo of 

the 8.5 wt.% was found in the reactant medium after the first run (with a duration of 4 h). It need 

to be mentioned that the obtained metal concentration was measured close to the detection limit 

of the analyser. No other metals were found.  
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Figure S4.6 XRD of the spent and fresh Mo and W carbide 
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Abstract 
Carbon supported Mo (and W) carbides were shown earlier to be viable replacements for 

supported Pt for the hydrogenation of cinnamaldehyde with respect to activity and selectivity. 

However, the stability of these materials was not studied in great detail. Here we will 

demonstrate that the carbide nanoparticle size is a critical factor for the stability in the 

cinnamaldehyde hydrogenation performed in a fixed bed continuous flow reactor. The Mo 

carbide with larger nanoparticles (4-5 nm) showed enhanced stability since it lost only 0.4% of 

activity within 40 hrs. The Mo catalyst with smaller nanoparticles (3-4 nm) lost 63.2% of activity 

within 40 hrs. The deactivation of the catalysts was ascribed to particle growth and site blocking 

by carbonaceous species. The latter could be partially recovered by re-carburisation.  
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Introduction 

The hydrogenation of cinnamaldehyde (CAL) is an important reaction in the preparation of 

various fine chemicals for the pharmaceutical, fragrance and flavour industries and is also widely 

used as a model reaction for a fundamental understanding of the chemo-selectivity in 

(heterogenous) catalysis.1 Cinnamaldehyde can undergo C=C hydrogenation to yield 

hydrocinnamaldehyde (HCAL) and/or C=O hydrogenation to yield cinnamyl alcohol (COL) as 

illustrated in Scheme 5.1.  

Recently we have shown that carbon supported Mo and W carbides are promising catalysts for 

the hydrogenation of CAL.2 As such they are suitable replacements for scarce and expensive noble 

metals such as Pt.3 We showed that the Mo and W carbide catalysts are active for the CAL 

hydrogenation and favour C=C hydrogenation, like Pt. The stability of these carbides is however 

still an issue especially in liquid-phase reactions.4 We found that the Mo carbide catalysts lost 

50% of its activity after the first run in a batch reactor.2 Although we could exclude bulk oxidation 

and metal leaching as possible deactivation mechanisms, the exact deactivation mechanism was 

not determined. 

 

Scheme 5.1 Cinnamaldehyde hydrogenation reaction.5  

Next to oxidation and leaching also blocking of the active site (e.g. coke deposition) and crystallite 

growth are often described deactivation mechanisms for (carbide-based) catalysts.4 Blocking of 

active sites can occur due to strong chemisorption of species on the catalytic sites themselves or 

due to the physical blocking of the access, via pore blocking, to the active site.6 These species can 
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be adsorbed reactants/products or polymeric species formed by condensation of the 

reactants/products. Often these adsorbed can be largely removed, i.e. the adsorption is 

reversible, by adequately cleaning the catalyst surface with a heat treatment and/or by 

streaming/flushing.7 In cases where the species cannot be removed the adsorption is called 

irreversible. 

During particle growth, the active surface area of the catalyst is lost due to an increase in the 

crystallite size or particle size.4 Please note that particles consist of crystallites. Particles are in 

general visualized by electron microscopy (TEM) while crystallites are visualized by X-Ray 

diffraction. Though particles and crystallites are not the same often their distinction is not always 

clearly indicated. There exist two major routes of crystallite growth; coalescence and Ostwald 

ripening.8 During coalescence two smaller crystallites merge into a bigger one. This process is 

often also called sintering. Ostwald ripening means that smaller species, atomic species or 

aggregates, dissolve into the solution or evaporate to the gas phase and precipitate onto a larger 

crystallite.4 General strategies to overcome crystallite/particle growth are careful control over 

catalyst properties such as metal–support interaction9 and crystallite/particle size10. 

For CAL hydrogenation often reported deactivation mechanisms for noble metals are leaching 
5,11,12 and particle growth5,13. For instance, Cattaneo et al.5 found that the conversion over TiO2 

supported AuPd decreased from 73% to 50% after the first run in a batch reactor, which was 

attributed to metal leaching and particle growth. To enhance the stability of the catalysts, the 

authors improved the metal-support interactions by using higher calcination/reduction 

temperatures (200-400 °C). Although the activity of the AuPd catalysts did decrease for CAL 

hydrogenation, the stability was increased for 4 consecutive reactions. The final reaction solution 

revealed the absence of leached metals, confirming that higher temperatures increased the metal-

support integration. This study shows that the catalysts preparation and thus the careful control 

over the catalyst properties affects the stability.  

Catalytic hydrogenation reactions are traditionally conducted in batch reactors. However, to 

investigate the stability of a catalyst a fixed bed continuous flow reactor is preferable.14 Due to 

the nature of the batch reactor, catalyst deactivation cannot be observed directly within one run. 

Hence, experimentally, to investigate catalytic stability the catalyst needs to be recycled, and 

multiple subsequent experiments need to be run. For the experimental approach after each 

reaction, the reactor needs to be emptied and the catalyst needs to be separated from the reaction 

mixture. For the carbide based catalyst, this is cumbersome since the catalyst needs to be 

protected e.g. by the solvent to prevent its oxidation. Moreover, reactant and products remaining 

in the pores are known to deteriorate via unwanted side reactions and can also deactivate the 
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catalyst. An additional regeneration step after each run would thus be required. Hence, to study 

the deactivation of (carbide) catalysts, a continuous flow fixed bed reactor is preferred.15,16 

However, studies of hydrogenation of CAL in a continuous flow fixed bed reactor are lacking1 and 

only a few studies do exist (exclusively using noble metal catalysts).17-22 One of these few studies 

that used a continuous rector for the liquid phase selective hydrogenation of cinnamaldehyde is 

published by Durndell et al.21. In that study, it was shown that the hydrogenation of Pt/SiO2 was 

significantly enhanced in activity and selectivity towards C=O activation when using a continuous 

flow fixed bed reactor in comparison to a batch reactor. In addition, negligible catalyst 

deactivation occurs under extended flow operation due to the continuous removal of poisons 

from the reaction zone. 

Our earlier study revealed that particle growth or/and site blocking might be the major 

deactivation mechanisms of the carbide catalysts during the CAL hydrogenation reaction. Here 

we want to investigate the role of carbide particle size on the stability of the catalyst when used 

in a continuous flow fixed bed reactor. Stellwagen et al.23 indicated that larger particles were 

more stable for the deoxygenation of fatty acid performed in batch reactors. The author and also 

we here in this study varied the carbide particle size by using carbon nanofibers (CNFs) with 

different amount of oxygen groups, which are expected to be anchoring/nucleation sites, on their 

surface, which were subsequently impregnated with a solution of ammonium heptamolybdate. 

Surface oxygen groups were introduced to the CNFs by treatment with nitric acid as opposed to 

CNF which experienced a hydrochloride treatment and did not bear oxygen groups. The 

impregnation of the CNFs with more surface oxygen groups is expected to result in higher metal 

dispersion, e.g. smaller particles. The carbides are then synthesized via the temperature 

programmed reduction method and the textural and chemical properties were examined by 

N2-physisorption, XRD, TEM and CO chemisorption. In contrast to our earlier work, the catalytic 

testing was performed in a continuous flow fixed bed reactor. 

Materials & Methods 

Catalyst synthesis  

Carbon nanofibers (CNFs) were grown from a mixture of hydrogen (102 ml/min), nitrogen 

(450 ml/min) and carbon monoxide (260 ml/min) at 550 °C and 3 barg for 24 h over a reduced 

5 wt% Ni/SiO2 catalyst (3 g), as reported previously.24 To remove the SiO2 from the product, the 

product was treated three times with a boiling 1 M KOH solution. Finally the product was 

decanted followed by washing with water.  
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Next, the CNF sample was refluxed with hot concentrated acid to remove the nickel. One part of 

the CNF was refluxed in concentrated HCl and remained fully hydrophobic (i.e. negligible amount 

of surface oxygen groups, denoted as CNF-HCl). The other part of the CNF was refluxed in 

concentrated nitric acid to introduce surface oxygen groups on the CNF surface (denoted as CNF-

ox). Finally, both CNFs were ground and sieved to obtain 90-120 𝜇𝜇𝜇𝜇m particles. 

The supports (CNF-HCl and CNF-ox) were then impregnated using dissolved ammonium 

heptamolybdate (AHM; Sigma-Aldrich, 99.98% trace metals basis) to obtain 8.5 wt% MoC. After 

impregnation, the catalyst was dried overnight at 110 °C.  

For the carburization, the temperature-programmed reduction (TPR) method was used. This 

reaction was performed in a vertical fixed bed flow reactor placed in a furnace (Carbolite Gero 

30-3000 °C), using 20% CH4/H2 (total flow of 10 min−1). The temperature was increased to 650 °C 

(β = 5 °C/min) for 2 h, as previously reported.25 The catalyst supported on CNF-HCl was denoted 

as a-MoC/CNF and the one supported on CNFox as b-MoC/CNF. 

Characterization  

XRD patterns were recorded on a Bruker D8 Advance with a Lynxeye-XE-T PSD detector 

equipped with a Cu-K𝛼𝛼𝛼𝛼1,2 tube generating X-rays with 𝜆𝜆𝜆𝜆 = 1.542 Å. The measurements were 

taken from 2θ = 20° to 2θ = 80° with a step size of 0.05° at 1 sec−1. 

TEM images were taken with a JEOL JEM-1400 Plus microscope operated at 100 kV. For the 

sample preparation, 10 mg of the catalyst sample was added to 1 mL absolute ethanol and 

homogenized in an ultrasonic bath for 10 sec. Then 2 μL was dropped on a carbon covered Cu 

grid (400 mesh) and dried at room temperature. The data were analysed with ImageJ and MS 

Excel to obtain the mean particle size (ds) and distribution of around 200 particles. The average 

number was calculated by the following equation, in which di the diameter of a Mo particle is:  

𝑑𝑑𝑑𝑑� = ∑d��/∑d��    (5.1) 

CO pulse chemisorption was performed on a Mircromeritics AutoChem II 2920. Prior to the 

measurement, the samples were in situ carburized at 600 °C for 1 h in a mixture of 20 % CH4 in 

H2 (total flow of 50 min−1). Subsequently, the system was cooled to 35°C and flushed with He for 

30 mins to remove the adsorbed gas. After the removal of adsorbed gas, pulses of 10% CO/He 

were injected over the catalyst. Mass spectroscopy was used to assess the CO uptake. 

Temperature-programmed desorption combined with mass spectrometry (TPD-MS) analyses 

were performed with a Micromeritics AutoChem II 2920 coupled to a Pfeiffer Vacuum 



 Stability of Mo carbide catalysts in the hydrogenation of cinnamaldehyde  

119 
 

ThermoStar™ mass spectrometer. To determine the amount and type of surface oxygen group, 

100 mg of the CNF-HCl and CNF-ox were heated to 900 °C at 10 °C/min under helium (total flow 

of 20 min−1). Prior to the heat treatment, the samples were in situ treated according to TPR 

conditions (600 °C for 1 h under a mixture of 20 % CH4 in 50 min−1 of H2). The desorbed gas was 

assessed by the MS. Similar experiments were also performed using a TCD detector (TPD-TCD), 

in that case, no information on the nature of the evolved gases could be obtained. 

Thermogravimetry analysis (TGA) was performed in Mettler-Toledo MultiSTAR TGA/DSC. To 

analyse the amount of surface oxygen groups 40 mg of the sample was placed in alumina crucibles 

and heated to 900 °C (with a 5 °C /min ramp) in a 100 mL/min N2 flow. The determine the metal 

content after the hydrogenation reaction, the metal weight of the catalysts was measured by TGA 

after treatment to 1000 °C (with 5 °C /min ramp) under 100 mL/min air flow.  

N2 physisorption was conducted on a Micromeritics Tristar II Plus at -196 °C. 100 mg of sample 

was degassed at 300 °C for 2 h in Micromeritics VacPrep 061. 

Hydrogenation 

Catalyst testing was conducted using a continuous flow fixed bed reactor with a downstream back 

pressure regulator. The stainless steel reactor (ID=0.5 cm, 5 cm length) was placed in a vertical 

furnace (Carbolite Gero 30-3000 °C) having a 3 cm isothermal zone. The catalyst (250 mg) was 

kept inside the reactor between two quartz wool plugs. The reactant mixture consisting of 

13.6 g/l cinnamaldehyde and 1.36 g/l xylene (as internal standard) was added via an HPLC pump 

(0.1 mL/min), H2 was added by combining the liquid stream (1 mL/min) and the gas stream in a 

T-joint. Prior to the hydrogenation, a carburization was performed as described in the section on 

catalyst preparation. The hydrogenation was performed at 110, 140 and 170 °C at 20 bar(g) H2. 

The exit stream passed through a back pressure regulator, and the samples were collected 

periodically (every 1 h) by an autosampler. The composition of the liquid phase was determined 

by gas chromatography with an FID detector. The samples were filtered (0.2 μm filter) before 

injection. 

A scheme of the set-up can be found in the Supplementary (Figure S5.1). 

The following equations were used to calculate the conversion, product selectivity and the Turn-

over frequency (TOF). With [Product X] concentration of a specific product x, Σ [Product] 

concentration of all products, [CAL]t concentration of CAL at a given time. 
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Conversion:  

𝑥𝑥𝑥𝑥��� = [���]�
[���]�,�

∗ 100%      (5.2) 

Normalized selectivity:   

𝑠𝑠𝑠𝑠�,������� � = [������� �]�

𝚺𝚺𝚺𝚺 [��������]�
∗ 100%    (5.3) 

          

The turnover frequency (TOF) values were based on the number of sites determined by CO 

chemisorption. The following equation was used:  

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = ����������������∗�����

���� �� �� �����
    (5.4) 

Metal leaching was assessed by Inductively Coupled Plasma analysis (ICP-OES, Perkin Elmer 

AVIO 500) of the reaction mixture after filtering. 0.1 ml of the filtrate was added to 1 ml of 30% 

aqueous hydrogen peroxide and 9 ml of 65% nitric acid. The mixture was then digested with 

microwaves at 210 °C and 190 W for 40 mins. 

Regeneration  

In order to regenerate the catalysts after the first run of hydrogenation (with a duration of 24 h), 

the following procedure was applied. First, the reactant and the remaining products are removed 

by flushing with toluene (1 ml/min) and Argon (10 ml/min) at 140 °C and 20 bar(g) for 1h. 

Afterwards, the catalyst was dried by only flushing with argon (10 ml/min) at 140 °C and 0 bar(g) 

for 15 min. During the cooling of the catalysts to room temperature, the catalyst was kept under 

the same argon flow. To regenerate the catalysts, it was re-carburized under the same conditions 

as described in the section on catalyst preparation.  
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Results and Discussion 

Support and Catalysts characterization 

Support oxygen groups 

 

Figure 5.1 TPD-TCD of different CNF supports; ‘Carb’ represents to samples treated by TPR treatment in 20% 
CH4/H2 at 650 °C 

The nature of the oxygen containing surface groups on the CNFs (CNF-ox and CNF-HCl) and their 

counterparts which were exposed to carburization conditions (TPR conditions: 650 °C in 20% 

H2/CH4 resulting in Carb-CNF-ox and Carb-CNF-HCl) was accessed by TPD-TCD. The TCD profiles 

of the four CNFs as function of temperature are displayed in Figure 5.1. From the TCD profile of 

the CNF-ox four different peaks at 100 °C, 220 °C, 400 °C and 700 °C can be identified. From the 

MS data shown in the Supporting Information (SI) Figure S5.2, these peaks can be attributed to 

the release of water at ~100 °C, CO2 at 220 °C, a mixture of CO2/CO at 400 °C and CO at 700 °C. 

The release of CO and CO2 indicates the decomposition of surface oxygen groups, such as 

carboxylic acids, anhydrides, lactones and phenols, which are initially introduced during the 

nitric acid treatment.26-29  

When comparing the TPD profiles of CNF-ox and CNF-HCl, it becomes clear that substantial 

amounts of oxygen surface groups are released from the CNF-ox, while only low amounts of 

oxygen groups were released from the CNF-HCl during the thermal treatment. A similar trend 

was observed for the TGA data, in which the weight loss up to 1000 °C corresponds to the total 

amount of surface oxygen groups present on the CNF. The weight loss of fresh CNF-HCl is 

relatively small, about 1.4 wt.%, as can be seen in Figure S5.3, while the weight loss of fresh 

CNF-ox was 5.8 wt.%. The TPD-TCD and the TGA data confirm, that the nitric acid oxidation 
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treatment increased the number of oxygen groups while the hydrochloride treatment leads to an 

oxygen free surface.23,30 

From the TPD-TCD profiles of both carburized (Carb-) CNFs no peaks (H2O, CO or CO2) were 

observed indicating that the oxygen surface groups were removed during the carburization 

process. Hence, the oxygen surface groups are still present during the impregnation and can affect 

the properties of the catalyst e.g. by forming anchoring sites for the Mo metal salt. However, after 

the carburization, the oxygen surface groups are removed and therefore cannot affect the 

catalytic performance.  

In summary, the TPD and TGA characterization showed that there are significant amounts of 

surface oxygen group (5.8 wt.%) present after the nitric acid treatment on CNF-ox whereas 

CNF-HCl had a negligible amount of surface oxygen group functionalities. After TPR synthesis the 

surface oxygen group on CNF-HCl and CNF-ox were decomposed at the carburization 

temperatures (650 °C). Hence, the oxygen surface groups are removed during the carburisation 

process and most likely do not play a role in the hydrogenation reaction. 

Influence of the surface oxygen groups on the characteristics of the catalyst 

Table 5.1. Overview of textural properties of the CNF-HCl, CNFox, a-MoC/CNF and b-MoC/CNF. (Average of a 
duplicate measurement) 

 
BET (m2/g) Total pore volume 

(cm3/g) 

Micropore Area (m2/g) 

CNFHCl 189 ± 2 0.41 ± 0.00 42 ± 1 

CNFox 197 ± 4 0.38 ± 0.01  41 ± 1 

a-MoC/CNF(HCl) 108 ± 2 0.31 ± 0.00 12 ± 1 

b-MoC/CNF(ox) 101 ± 4 0.29± 0.01 10 ± 1 

 

Nitrogen physisorption experiments were performed to obtain information on the effect of the 

pre-treatment (nitric acid/ hydrochloride) and the carburization on the structure of the CNF and 

Mo carbide catalysts. The adsorption isotherms of the CNF and catalysts are given in Figure S5.4. 

The derived values of BET area, total pore volumes and micropore volumes of all samples are 

summarized in Table 5.1. These textural properties of the supports show that the specific surface 

area (189 m2/g versus 197 m2/g), the total pore volume (0.41 cm3/g versus 0.38 cm3/g) and the 

micropore volume (42 m2/g versus 41 m2/g) of the both CNFs are similar. For the catalysts in 

compassion, these textual properties were 40-50% lower. This decrease in surface area of the 

carbide containing samples compared to the parent CNF can be ascribed to a combined effect of 
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to the loss of amorphous carbon during the carburization process to the presence of the 

metal-carbide (assuming it is non porous) and pore blocking by the metal.31-33 

 
Figure 5.2 XRD patterns of the a-MoC/CNF and b-MoC/CNF. 

The nature of the carbide phases formed during the carburization was accessed by XRD and is 

displayed in Figure 5.2. The signals at 2θ=28°, 45°, 53° and 79° represent the (002) and (101) 

reflections of the CNF.34 Both Mo carbide catalysts show additional peaks with a similar pattern 

with signals at 32°, 60° and 75°. Based on database PDF-2-2004, these signals represent the 

𝛼𝛼𝛼𝛼-cubic phase of MoC1-x, which has been reported before for MoC1-x synthesized with the TPR 

method.2,25,35 

 

Figure 5.3 Representative TEM images, HAAFD images and particle size distribution of CNF-supported Mo-
carbide catalysts (A) a-MoC/CNF and (B) b-MoC/CNF. 
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Table 5.2 Particle size and CO uptake of a-MoC/CNF and b-MoC/CNF. 
 

Average particle sizea 
(nm) 

Surface average 
size a 
(nm) 

CO uptake b 
(μmol/g) 

a-MoC/CNF(HCl) 4.9 ± 1.9 6.5 55.5 ± 0.9 

b-MoC/CNF(ox) 3.2 ± 1.5 4.9 67.2 ± 0.9 
a. Around 200 particles counted 
b. Average of a duplicate measurement 

Transmission electron microscopy (TEM) images were taken to examine the structure and 

particle size of the CNF supported Mo carbides. A representative bright field image, high-angle 

annular dark field image and the particle size distribution of a-MoC/CNF and b-MoC/CNF are 

shown in Figure 5.3 A and B, respectively. The carbide particles appear as spherical shaped 

particles on the carbon nanofibers (examples of carbide particles are indicated by the arrows). 

The mean particle size as estimated from the images is for a-MoC/CNF 4.9  1.9 nm and for 

b-MoC/CNF 3.3  1.6 nm (see Table 5.2). The standard deviation is rather large indicating that 

the particle size distribution is broad particle size distribution. For this reason, the surface 

average was calculated which is 6.5 nm for the a-MoC/CNF and 4.9 nm for the b-MoC/CNF.  

The smaller particle sizes for a-Mo/CNF which has the higher number of surface oxygen groups 

(prior to the carburisation, Figure 5.1) show that the oxygen surface groups are beneficial for 

obtaining small particles as expected. This has also been observed by Stellwagen et al.23 who 

showed that CNF-ox supported Mo and W particles were significantly smaller (1-2 nm) in 

comparison to CNF-HCl supported particles (~10 nm) albeit the authors prepared the samples 

by CR. This might explain the difference in particle size in comparison to what we found (the here 

prepared samples are TPR synthesized).  

To get more insight into the number and nature of the (re)active sites CO chemisorption was 

performed. Table 5.2 shows the measured CO site densities. The CO uptake for the a-MoC/CNF 

catalyst is in the range of 55.5 µmol/g and for the b-MoC/CNF catalyst is in the range of 

67.2 µmol/g. The chemisorption data is qualitatively in line with the TEM images; the a-MoC/CNF 

has a lower CO uptake and thus smaller particles than the b-MoC/CNF.  

Cinnamaldehyde (CAL) hydrogenation  

The catalytic performance of a-MoC/CNF and b-MoC/CNF were tested for the hydrogenation of 

CAL in a continuous flow fixed bed reactor. The reactions were performed at 20 bar, gas/liquid 

ratio = 10, 0.1 mL/min liquid flow rate at varying temperatures (90-140 °C for a-MoC/CNF and 

110-170 °C for b-MoC/CNF ). Among these temperatures, we chose to compare the catalysts at 
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140 °C (as both show an appreciable activity at this temperature). The conversion and selectivity 

plots of different temperatures are shown and discussed in the SI, Figure S5.5. 

Activity and stability 

 

Figure 5.4 TOF of CAL over a-MoC1-x/CNF and b-MoC1-x/CNF. Reaction condition: 250 mg, 0.1 mL/min liquid flow, 
1 mL/min H2 flow, 0.1 M CAL concentration, 140 °C and 20 bar. 

Figure 5.4 shows the. It should be noticed that the activity of the a-MoC/CNF catalysts is shown 

here for t = 310 hrs, while TOF based on the CO density sites over the two different catalysts as 

function of time the b-MoC/CNF is plotted for only t = 40 hrs. The Figure reveals striking 

differences in catalysts stability. The TOF of a-MoC/CNF remained ~170 min-1 for the first 100 hrs 

and after 300 h the activity decreased to 115 min-1. In contrast, the TOF of b-MoC/CNF decreased 

from 125 min-1 to 38 min-1 within the first 40 hrs. Expressing this in deactivation rates (Table 

5.3), the a-MoC/CNF decreases only by 0.4% in the first 40 hrs, while b-MoC/CNF decreases 

63.2% within the first 40 hrs. This shows that the a-MoC/CNF catalyst is more stable over time 

in compassion to the b-MoC/CNF. We found that these results were reproducible over newly 

synthesised catalysts (see SI, Figure S5.6 and Figure S5.7). 

Selectivity 

In order to understand the reaction pathway over the two catalysts, the product yields over time 

are given in Figure 5.5. The a-MoC/CNF catalyst initially forms HCOL as main product, indicating 

the full hydrogenation of CAL. With a longer reaction time, the selectivity to HCOL decreased 

whereas the selectivity to the C=O hydrogenation product, HCAL increased and became the 

dominant product after 70 hrs. After this, the product distribution remains stable. This leads to 

the suggestion that the hydrogenation of HCAL to HCOL is inhibited with time but the first 

0

40

80

120

160

0 20 40
TO

F 
/m

in
-1

Time/h

a-MoC/CNF b-MoC/CNF

0

40

80

120

160

200

0 100 200 300

TO
F 

/m
in

-1

Time/h



Chapter 5 

126 
 

hydrogenation to HCAL remains possible. A possible explanation could be that the carbide 

catalysts have two different active sites; one that hydrogenates (C=C) CAL to HCAL and is not 

inhibited and the other that hydrogenates (C=O) HCAL to HCOL.  

The product yields of b-Mo/CNF also change within the running period of 43 hrs. Initially, similar 

yields of HCAL and HCOL were found. Both product yields are decreasing drastically within the 

first 20 hrs. Although the b-MoC/CNF favour the C=C hydrogenation resulting in higher yields of 

HCAL over the whole running period, the formation of COL gives evidence for the C=O 

hydrogenation, although in low yields. These results show that the product selectivity is 

depending on the conversion level. At high conversion levels, hydrogenation over C=O bond is 

preferred, while at lower conversion levels the hydrogenation over the C=C bond increases.  

Moreover, the selectivity towards propylbenzene and β-methylsterene remained low (>5% 

selectivity) for both catalysts. In our earlier work2, we observed that the carbide catalyst also 

produces β-methylstyrene and we attributed that at that time to the formation of oxides (acid 

sites) during the transfer of the catalysts from the carburisation reactor to the hydrogenation 

reactor. In this study, the carbide catalysts were in situ carburised and thus not exposed to air. 

Therefore the low amount of propylbenzene and β-methylsterene were expected, as only low 

amounts of acid sites can be present in the carbides catalysts since they were not exposed to air. 

In addition, the activity, selectivity and the deactivation rate of the two catalysts are compared at 

different temperatures and reported in Table 5.3. The a-MoC/CNF catalyst shows the highest 

 

Figure 5.5 Product selectivity and conversion of CAL over a-MoC/CNF (5-6nm) and b-MoC/CNF (4-5 nm). 
Reaction condition: 250 mg, 0.1 mL/min liquid flow, 1 mL/min H2 flow, 0.1 M CAL concentration, 140 °C and 
20 bar. 

0.0

1.0

2.0

3.0

0 100 200 300

Pr
od

uc
tiv

ity
 (m

ol
Pr

od
.*

g ca
t-1

*L
-1

)

Time (h)

COL HCOL HCAL Propylbenzene β-methylstyrene

A B

0.0

0.2

0.4

0.6

0.8

1.0

0 10 20 30 40

Pr
od

uc
tiv

ity
 (m

ol
Pr

od
.*

g ca
t-1

*L
-1

)

Time (h)



 Stability of Mo carbide catalysts in the hydrogenation of cinnamaldehyde  

127 
 

weight-based conversion rates. This becomes more clear when comparing the conversion at 

lower reaction temperatures (110 °C). The conversion at 2h of the a-MoC/CNF is here 73.5% 

whereas the b-MoC/CNF has a conversion of 29.7% at 2h. A similar trend was found for the TOF. 

The TOF of a-MoC/CNF at 110 and 140 °C was found to be 166.5 and 122.7 min-1, respectively. 

Whereas the TOF of the b-MoC/CNF significantly decreases to 125.4 min-1 (110 °C) and 41.0 min-1 

(140 °C).  

Table 5.3 Conversion, TOF and (COL, HCAL, & HCOL) selectivity of a-MoC/CNF and b-MoC/CNF at 2 and 40 h of 
the reaction. 

 
T. 

(°C) 
Conversion 

(%) 
TOF 

(min-1)a 
COL (%) HCAL (%) HCOL (%) Deac. 

(%) 
2 h 40 h 2 h 40 h 2 h 40 h 2 h 40 h 2 h 40 h 

a-MoC/ 
CNF 

140 99.4 99.0 166.5 165.3 0.1 0.0 0.7 12.7 80.4 82.3 0.4 

110 73.5 29.5 122.7 49.3 24.4 33.2 38.0 46.1 22.1 12.7 44.0 

b-MoC/ 
CNF 

140 90.7 27.7 125.4 38.7 3.2 27.2 40.2 62.0 35.5 10.7 63.2 

110 29.7 0.9 41.0 1.2 45.6 48.1 47.1 51.9 7.4 0.0 28.8 
aTOF based on CO uptake 

The carbon balance was found to be ~90 for the a-MoC/CNF (see Table S5.1). However, the 

carbon balance of the b-MoC/CNF was initially lower (~62%) and stabilise ~80-90% after 15 hrs 

of reaction (see Table S5.2). A range of unidentified products (especially at longer retention 

times) could be detected during the hydrogenation. As also earlier shown,2 the formation of C18 

coupling products is possible over this type of catalyst.  

To sum up, the catalyst with (an initial) larger Mo carbide nanoparticle (a-MoC/CNF) is more 

active and stable in comparison to the catalysts with smaller nanoparticles (b-MoC/CNF). Both 

catalysts favour the C=C hydrogenation as evidenced by higher product selectivity towards the 

HCAL.  

Evaluating the catalyst deactivation mechanism 

Clearly, the b-MoC/CNF with smaller particles size do deactivate rapidly. Often, four pathways 

are defined for carbide catalyst deactivation e.g. (a) blocking of the active site (e.g. coke 

deposition), (b) crystallite growth, (c) leaching and (d) oxidation.4 In order to elucidate which 

mechanism causes the deactivation, the recovered catalysts were analysed by TEM and XRD. In 

addition, ICP experiments of the reaction mixture were analysed to investigate metal leaching.  
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Figure 5.6 Main characteristics measured by TEM and XRD of recovered a-MoC/CNF (A) and b-MoC/CNF (B). 

In Figure 5.6 (right), the TEM analysis of the recovered a-MoC/CNF and b-MoC/CNF are given, 

respectively. The particle diameter of catalysts with an initial larger particle size (a-MoC/CNF) 

increases slightly (+3%), as can be seen in Table 5.4. The surface average particle size of the a-

MoC/CNF decreases slightly about -6%. In contrast, the particle diameter and surface average of 

the catalysts with smaller initial particles (b-MoC/CNF) significantly increase by about +35% and 

+14%, respectively. These results are in accordance with the XRD data (Figure 5.6, left) in which 

sharper peaks for recovered catalysts were observed, indicating larger particles. Thus, these data 

indicate that smaller nanoparticles are prone to grow during the hydrogenation reaction and are 

thus less stable.  

Table 5.4 Particle size of recovered a-MoC/CNF and b-MoC/CNF in comparison to the fresh catalysts. Values for 
fresh catalysts between brackets. 

 
Number average particle size 

(nm) 
Surface average particle 

size 
(nm) 

a-MoC/CNF  5.1 ± 1.7 (4.9 ± 1.9) 6.2 (6.4) 

b-MoC/CNF  4.4 ± 1.7 (3.2 ± 1.5) 5.7 (4.9) 
 

Deactivation due to particle growth is irreversible and detrimental in the long term. Two major 

routes lead to particle growth: (a) coalescence (or particle diffusion) and (b) Ostwald ripening.8,36 

To determine the type of growth mechanism (Ostwald ripening or coalescence) is of interest since 

this knowledge can aid in the development of strategies to avoid particle growth. Based on the 

result presented here a definitive conclusion with respect to the growth mechanism cannot be 

drawn. However, ~0.2% of dissolved Mo (from the 8.5 wt.% of Mo2C) was detected in the liquid 

phase after 10 hrs of reaction by ICP, which can indicate that Ostwald ripping is certainly 

contributing to the particle growth. In addition, these low metal concentration found in the 

reaction mixture indicates that the extent of Mo leaching from the catalysts is low and thus 
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leaching does not significantly contribute to the deactivation of b-MoC/CNF. It should be 

mentioned that the obtained metal concentration was measured close to the detection limit of 

the analyser. No other metals were found.  

Oxidation as potential deactivation mechanism is unlikely since our catalysts were not exposed 

to air after the in situ carburization. This is also confirmed by XRD which indicated (Figure 5.6) 

that no bulk oxidation of the carbide catalysts occurs during the reaction. However, water is 

formed during the reaction which can result in surface oxidation.37-39 These oxidized surface sites 

can explain the formation of β-methylsterene from COL or propylbenzene from HCOL. For the 

formation of these products, we have found that acid sites are required which can be generated 

by oxygen adsorption forming O*-Me2C species.2 However, the GC analysis shows only trace 

amounts of these products (>5%). Knowing this, surface oxidation of the carbide surface is 

unlikely and catalysts deactivation by oxidation is therefore excluded as a potential deactivation 

mechanism.  

Another potential source of deactivation is the blocking of the active sites by adsorption of a 

carbonaceous species. This species that blocked the site can either be adsorbed reactant and/or 

reaction products or side products that form via polymerisation and condensation of the 

reactant/products (C18 compounds).11,40 We observed higher deactivation rates for both 

catalysts at lower temperatures, which is indicating that adsorbed reaction products and 

reactants block the active sites.41 We also know that hydrocarbon transformation into complex 

structures via polymerisation and condensation (C18 coupling products) does occur during the 

reaction. These C18 coupling products were earlier identified by GC-MS.2 Considering these, site 

blocking by either the adsorbed reaction reactant/products (C18-products) and C18 couplings 

products as possible deactivation mechanism is highly likely and has been found earlier for noble 

metal catalysts.21 
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Figure 5.7 Conversion of fresh and upon regenerated b-MoC/CNF catalyst. Reaction condition: 250 mg, 0.1 
mL/min liquid flow, 1 mL/min H2 flow, 0.1 M CAL concentration, 140 °C and 20 bar. 

To test whether the observed site blocking is reversible, the catalyst was regenerated to remove 

these adsorbed species by heat treatment (recarburization). Firstly, the used catalyst was washed 

using toluene and argon at 140 °C and then dried under argon at 140 °C. After cooling the 

catalysts under argon flow, the catalyst was re-carburized by the TPR methods. As can be seen 

from Figure 5.7 (and also from the run shown in Figure 5.5), the fresh catalyst deactivates from 

100% to ~45% within the first 20 hrs. After regeneration, the Mo carbide catalyst achieved an 

initial conversion of ~65% conversion, demonstrating that ~20% of the conversion activity can 

be recovered. Moreover, the selectivity towards both C=C and C=O hydrogenation remained upon 

regeneration (Figure S5.8). These results indicate that the regeneration method partially 

removed the deposited species and partly recovered the deactivated CNF supported Mo carbide. 

In addition, it can be stated this 20% of observed deactivation was caused by active site blocking.  

To identify the adsorbed species we tried to extract the desorbed species by solvent extraction. 

Trace amount of CAL and proplybenzene were observed (see Table S5.3). However, it was not 
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Figure 5.8 Possible deactivation mechanisms on a-MoC/CNF (A) and b-MoC/CNF (B). Black text indicates likely 
to occur, grey text indicates less likely to occur. 
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possible to identify the amount of the deposit species on catalysts and to estimate the difference 

in adsorbed species between the two recovered catalysts (a-MoC/CNF and b-MoC/CNF).  

Considering the results above (see Table 5.5 for a summary), the rapid deactivation observed for 

the catalyst with smaller particles (b-MoC/CNF) can be attributed to particle growth and site 

blocking due to desorbed species (Figure 5.8). In total 63.2% of the activity was lost during 40 hrs 

of hydrogenation reaction. We observed a particle growth of 35% for the b-MoC/CNF catalysts 

suggesting that ~40% of the deactivation can be addressed to particle growth. The precise 

growth mechanism (e.g. Ostwald ripening or coalescence) of the Mo carbide remains to be 

elucidated. As particle growth is irreversible, the regenerated activity of 20% activity after re-

carburisation was attributed to the removal of desorbed species. The adsorption of these species 

appears to be stronger for smaller particles and the larger particles effectively repel the product 

from the active site.  

Table 5.5 Overview of the results. 

 a-MoC/CNF b-MoC/CNF 

CNF CNF- HCl CNF-ox 

Particle size Fresh (nm) 4.9 ± 1.9 3.2 ± 1.5 

Particle size Spent (nm) 5.1 ± 1.7 4.4 ± 1.7 

Conversion, 140°C (%) 99 88 

Conversion, 110°C (%) 74 30 

TOF, 140C (h-1) 2.8 2.0 

Deactivation rate within 40 h (%) -0.4 -63.2 
Selectivity, 
high conversion rates C=C Hydrogenation  C=C Hydrogenation 

 

Conclusion 
Carbon nanofiber supported molybdenum carbides with different particle sizes 3.2 vs 4.9 nm 

have been prepared. It has been shown that the carbide particle size is an important factor in the 

stability of the catalysts in the cinnamaldehyde hydrogenation. When the particle size increases, 

the stability of the Mo carbides improved since it the 4.9 nm particles only lost 0.4% of activity 

within 40 hrs. Whereas as the catalysts with a smaller particle size (3.2 nm) lost 63.2% of its 

activity within 40 hrs. The increased stability for larger particles is related to an improved 

resistance against site blocking by carbonaceous species and particle growth. The catalytic 

activity could be partially regained by re-carburisation, during which the carbonaceous species 
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are removed. The selectivity of Mo carbides supported on CNF has not been affected by the 

particle size, both catalysts prefer the C=C hydrogenation yielding hydrocinnamaldehyde.  
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Supporting Information 

Reactor set up 

 

Figure S5.1 Continuous flow system including in-situ carburization and catalytic CAL hydrogenation reaction 

In Figure S5.1 a schematic overview of the flow set-up is presented.  
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Surface oxygen groups 

 

Figure S5.2 H2O, CO2 and CO spectra of (A) CNF-HCl and (B) CNF-ox. 

TPD-MS has been performed to investigate the nature of the oxygen-containing groups 

introduced into CNF. The MS signals for CO and CO2 as function of temperature give information 

on the amount and nature of the oxygen groups. Figure S5.2 show the MS profile of CNF-ox and 

CNF-HCl. According to Figueiredo et al.,1-3 carboxylic acids decompose to CO2 at 100-450 °C, 

anhydrides decompose into CO + CO2 at 350-600 °C, lactones release CO2 at higher temperatures 

like 550–800 °C, phenols release CO at 500-750 °C and carbonyl and quinones decompose by 

releasing CO at 650-900 °C. Thus, CO2 is released at low temperatures, while the decomposition 

of CO peaks can be found in a higher temperature range. 

 

Figure S5.3 TGA profile of fresh CNF-HCl and CNF-ox. 
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The TGA profile of fresh CNF-ox and CNF-HCl are shown in Figure S5.3. The weight loss of CNF-ox 

was 5.8% and for CNF-HCl was 1.4%, showing that there were more oxygen groups on CNF-ox.  

N2-Physisorption Data 

 

Figure S5.4 Adsorption–desorption isotherm of N2 of the CNF-ox, CNF-HCl and the two Mo/CNF catalysts 

The adsorption isotherms shown in Figure S5.4 are characteristic of multilayer 

adsorption/desorption accompanied by capillary condensation in relatively large mesopores, 

causing a hysteresis loop. The shape of the hysteresis loops indicates a distribution of cylindrical 

pores open on both sides.4 

Hydrogenation of cinnamaldehyde at different temperatures 

 
Figure S5.5 Hydrogenation over a-MoCNF (A-C) and b-MoCNF (D-F) at different temperatures. Reaction 
condition: 250 mg, 0.1 mL/min liquid flow, 1 mL/min H2 flow, 0.1 M CAL concentration, 90-170 °C and 20 bar. 
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Figure S5.5 presents the conversion (in black) and the product selectivity over time for the two 

catalysts at different temperatures. The catalytic performance of the a-MoCNF was accessed at 

90, 110 and 140 °C (Figure S5.4 A-C), whereas that of the b-MoCNF was evaluated at 110, 140 

and 170 °C. The conversion of both catalysts increases with increasing temperature. The (initial) 

conversion of the a-MoCNF is higher than that of the b-MoCNF at the same temperature (e.g. 

110 °C and 140°C). The product selectivity changes depending on the conversion. At lower 

conversion both catalysts hydrogenate C=O bond, producing more COL. The selectivity at higher 

conversion shows that both carbides favour the hydrogenation via the C=C bond, initially 

producing HCAL as main product. Subsequently, for all catalysts at higher conversion, the 

selectivity towards COL and HCAL is decreased as it is further hydrogenated resulting in 

increasing levels of HCOL. 

Hydrogenation reproducibility 

 

Figure S5.6 Selectivity and activity of two separate hydrogenation reactions over a-Mo/CNF catalysts. (A) first 
run with 90h of running time. (B) second run with a running time of 308h. Reaction condition: 250 mg, 
0.1 mL/min liquid flow, 1 mL/min H2 flow, 0.1 M CAL concentration, 140 °C and 20 bar. 

Two separate hydrogenation reactions were performed using newly synthesized catalyst in order 

to test the experimental reproducibility. Figure S5.6 A shows the hydrogenation over CAL with a 

reaction run of 90 hrs. Within this 90 hrs, the conversion decreases to 92%. A similar deactivation 

rate was found for the Duplo experiment shown in Figure S5.6 B. The second reaction ran for 

307 hrs and the conversion decreased to 70%. 

Also for the b-MoCNF catalysts the reproducibility was proven. Figure S5.7 shows two separate 

hydrogenation reactions using newly synthesized b-MoCNF catalyst. The TOF and the selectivity 
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show a similar trend over the first 24 hrs of the reaction. The TOF decreases from ~8000 h-1 to 

~4000 h-1. The standard deviation of the activity was calculated to be ± 5-10%, which is in an 

acceptable range considering that it is a freshly carburised catalyst and the fast deactivation rate.  

 

Figure S5.7 Selectivity and activity of two separate hydrogenation reactions over b-Mo/CNF catalysts. (A) first 
run with 90h of running time. (B) second run with a running time of 308h. Reaction condition: 250 mg, 
0.1 mL/min liquid flow, 1 mL/min H2 flow, 0.1 M CAL concentration, 140 °C and 20 bar. 

Regeneration of Mo carbide catalysts 

 

Figure S5.8 Product distribution and conversion of the CAL hydrogenation over fresh (A) and regenerated (B) 
b-MoCNF. Reaction condition: 250 mg, 0.1 mL/min liquid flow, 1 mL/min H2 flow, 0.1 M CAL concentration, 
140 °C and 20 bar.  
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Figure S5.8 shows the product selectivity and conversion of A the fresh catalysts and B the 

regenerated b-MoC/CNF catalysts. The fresh catalysts show similar behaviour as described in the 

main text (see Figures 5.4 and 5.5). For the regeneration, the used catalyst was washed using 

toluene and argon at 140 °C and then dried under argon at 140 °C. After cooling the catalysts 

under argon flow, the catalyst was re-carburized by the TPR method After the regeneration, the 

Mo carbide catalyst achieved an initial conversion of ~65% conversion, demonstrating that 

~20% of the conversion activity can be recovered. Moreover, the selectivity towards both C=C 

and C=O hydrogenation remained upon regeneration (Figure S5.8). 

Carbon balance  

The carbon balance of a-MoCNF and b-MoCNF are shown in Tables S5.1 and S5.2. For the carbon 

balance of a-MoCNF tend to be stable over the time with a carbon balance of 90%. In contrast to 

the for b-MoCNF the initial carbon balance is much lower at 60-70%. The carbon balance 

increases over time to 86% occurred. The difference in the carbon balances between the a-

MoCNF and b-MoCNF can be related to the unknown products detected in GC. The quantity of the 

unknown products was found to be more in b-MoCNF (10%) than a-MoCNF (~5%) based on the 

area. This product does slowly decrease with longer reaction times. It is suggested that this 

compound (with a retention time of 8.5 min) is similar to propylbenzene (3.4 min) or β -

methylstyrene (6.4 min), as these retention times are close. Unfortunately, the GC-MS 

measurements give no evidence for this product.  

In addition, we observed peaks at later retention times than all the known products, which have 

been detected also in our previous study.5 From GC-MS analysis these peaks were identified to 

represent C18 compounds (such as 1,5-Diphenyl-3-pentanone, 2,5-Diphenyl-1,5-hexadiene, 1,5-

Diphenyl-1,5-hexadiene and Benzene, 1,1'-(1,6-hexanediyl)bis-).  

Table S5.1 Carbon balance of CAL hydrogenation over a-MoCNF  

 

Table S5.2 Carbon balance of CAL hydrogenation over b-MoCNF  

Time (h) 3 6 9 12 15 18 21 25 

Carbon balance (%) 62 71 74 74 81 83 83 86 

 

Time (h) 3 4 5 6 15 17 25 30 

Carbon balance (%) 89 90 90 89 83 91 90 90 
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Extraction experiment  

In order to further confirm and identify the deposit species, an experiment to extract these 

carbonaceous species was performed. The results of both recovered catalysts are shown in Table 

S5.3. For a-MoCNF used for 90 hrs, trace amounts of CAL and propylbenzene were extracted. 

Similar results were also observed for the extraction performed on b-MoCNF used for 40 hrs. It 

shows that for both catalysts, the same reactants and products were adsorbed on the surface in 

trace amounts. Overall, based on this extraction experiment, it can be concluded that there were 

some carbonaceous species deposited on the recovered catalysts. However, no conclusive 

difference in the adsorbed species between the two catalysts was observed.  

Table S5.3 Type and amount of carbonaceous deposits extracted from the recovered a-MoCNF (Hydrogenation 
at 140 °C and used for 90 hrs) and b-MoCNF (Hydrogenation at 140 °C and used for 40 hrs). 

 
Toluene Methanol DCM 

a-MoCNF(HCl) Trace amounts of CAL & 
propylbenzene 

Trace amounts of 
CAL 

Trace amounts of 
CAL 

b-MoCNF(ox) Trace amounts of CAL & 
propylbenzene - - 
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Abstract 
In this perspective, we argue that carbides of transition metals such as molybdenum and tungsten 

hold great potential for the catalytic conversions of future feedstocks due to their ability to 

remain active in the presence of impurities in the feedstock. The presence of N and S impurities, 

found in increasing amounts in fossil-based feedstocks and also in new renewable feedstocks 

(such as biomass) may cause the carbides to convert to their respective nitrides or sulphides. 

These phases are catalytically active for similar reactions as the carbides and so these impurities 

would not lead to complete catalyst deactivation as they do for noble metal catalysts. Establishing 

the full potential of transition metal carbides as catalysts requires studies that use real feedstocks 

to look into the role of heteroatoms during the processing of fossil and novel feedstocks. 
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Introduction 
Catalyzing chemical conversions to produce chemicals and fuels is becoming more demanding 

since the used feedstocks are changing. Fossil-based feedstocks are becoming heavier and now 

contain more impurities with N, S and P compounds1,2 and new renewable feedstocks such as 

biomass are emerging. An important class of catalysts used to convert the current feedstocks is 

based on metals (e.g. Pt, Ni, Co, Fe). Particularly noble metal catalysts are highly active and have 

been widely studied, but their limited availability is leading to an increasing demand for 

alternative catalysts and it also makes them expensive. In addition, noble metal catalysts have 

difficulty dealing with the impurities present in the newer feedstocks; these impurities interact 

strongly with the metal and cause catalyst deactivation.  

Transition metal carbides, such as those of molybdenum and tungsten, are considered viable 

alternatives to noble metal catalysts.3,4 This is based on the ground breaking work by Levy and 

Boudart in 1973 who showed that W carbide and Pt have similarities in electronic structure and 

catalytic behaviour in the formation of water from H2 and O2 at room temperature.5 Subsequently, 

these carbides have been shown applicable for a wide variety of catalytic reactions, such as 

hydrogenation (HYD), hydrodeoxygenation (HDO), hydrodesulphurisation (HDS), 

hydrodenitrogenation (HDN) and isomerisation.1,6,7  

In this perspective, we discuss the potential of tungsten and molybdenum carbides as an 

alternative for noble metal catalysts for use in the conversion of traditional fossil feedstocks, 

heavier fossil feedstocks and renewable biomass feedstocks. We point out the tolerance of 

transition metal carbides with respect to N and S impurities and the ability to (partially) convert 

the carbides to their respective nitrides or sulphides. The availability and catalytic activity of 

these carbide catalysts have both been mentioned before, but their relative stability in the 

presence of such impurities barely has. Although carbides can (partially) convert to nitrides and 

sulphides under the relevant reaction conditions, that does not necessarily lead to a complete 

loss of catalyst performance, as is the case for noble metals.4 Thus, taking the compositions of 

some fossil as well as most new feedstocks into account, Mo and W carbides may become the 

preferred choice over noble metals. 

Need for non-noble metal catalysts 
Noble metals (Group 8 in the periodic table) are often used as catalytically active metals because 

of their good performance (activity/selectivity) and excellent stability.8 These metals are less 
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prone to oxidation and therefore also less prone to leaching (dissolution) than non-noble metals, 

which is especially relevant for liquid-phase reactions. However, a major drawback of noble 

metals is their limited availability. Even though spent catalysts can and should be recycled, the 

expected growth of applications such as in electrolysers and fuel cells will require a vast amount 

of catalyst material and thus of noble metals.9-11 

Figure 6.1 shows the abundance in the earth’s crust of some relevant metals used in catalysis.12,13 

As expected, each metal’s abundance is inversely proportional to its price and its CO2 footprint, 

which makes non-noble metals an obvious choice as replacements for noble metals.14,15 Well 

known is the use of nickel for reactions for which Pt used to be the preferred catalyst.16-18 For 

example, Ni-based catalysts have been applied in the production of renewable hydrogen via 

aqueous-phase reforming.18-20 However, the stability of Ni for its use in the aqueous phase is still 

an issue.18 Cobalt and copper have also been considered as a replacement for noble metal 

catalysts. For example, cobalt and copper are highly active in the (steam) reforming of methane, 

methanol and ethanol.21  

Based on the abundance of the non-noble metals, iron (not shown in Figure 6.1) is always the 

preferred choice as it is the most abundant of all metals (5% by weight). However, not all catalytic 

conversions can be performed with that single element. Therefore, a plethora of catalysts based 

on different metals is both needed and currently available. Next to an element’s abundance on 

earth, the efforts associated with recovery, processing as well as accessibility are points of 

 

Figure 6.1 Abundance, CO2 footprint and price of some metals relevant for catalysis. 
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attention. For example, the European Union has published a list of critical raw materials.22 Their 

supply is not necessarily limited in terms of (future) abundance, but can also be restricted by 

their (currently) limited accessibility due to, for example, geopolitical circumstances. Therefore, 

adopting a general strategy of diversification, i.e. having alternatives for a given metal, is highly 

recommended. We argue that Mo and W, each having an elemental abundance that lies between 

that of the non-noble and the noble metals and a price comparable to that of non-noble metals, 

should be further explored as alternatives for noble metals. 

State of the art of tungsten and molybdenum carbides 

Mo and W carbides versus noble metal catalysts 

Since the 1970s, tungsten and molybdenum carbides have emerged as alternatives for noble 

metal catalysts.23,24 From a characterisation point of view25-27 and from a performance5,28 point 

of view, these carbides resemble noble metals (especially Pt). For instance, in 1992, Oyama made 

a comparison between transition metal carbides and nitrides and noble metals.3 The 

crystallographic structure of these nitrides and carbides is determined by geometric and 

electronic factors. The geometric factor as identified by Hägg29 determines that simple structures 

(i.e. fcc, hcp and hex) are formed if the ratio between the atomic radii of the non-metal and the 

metal is less than 0.59; this is the case for carbides and nitrides of transition metals. The 

electronic factor finds its basis in the Engel-Brewer theory30, which states that nitrogen and 

carbon atoms combine their valence s-p electrons with those of the interstitial sites of the host 

metal (s-d-p bands of Mo and W). This explains why the catalytic activity of carbides and nitrides 

resembles that of noble metals.3,4,31 Mo and W nitrides and carbides have excellent catalytic 

activities in reactions such as HYN, HDO, isomerisation and methanation. Particularly in HDO 

reactions, transition metal carbides reach yields close to those of noble metal catalysts. However, 

the selectivity of these newer catalysts differs from those of the noble metal catalysts.3 Some 

carbide catalysts enable unique reaction pathways that result in valuable products (e.g. enhanced 

HDO and isomerisation selectivity); this leads to the suggestion that carbides and nitrides 

catalysts can even be more desirable than noble metals.4 For instance, for the n-hexane reaction 

(614-630 K, excess H2), WC was twice as active as W2C and 0.5 wt% Pt/Al2O3 and showed 

enhanced selectivity for isomerisation products.3 Further, Stellwagen and Bitter32 studied the 

activity and selectivity of W and Mo carbide supported on carbon nanofibers in stearic acid HYD 

(batch reactor, 350 °C, 30 bar of H2 pressure). Interestingly, supported W carbides catalysts were 

selective (>50%) towards highly valued alkenes at the intermediate conversion level, while 

supported Mo carbides were selective for oxygenates (octadecanol and octadecanal). Both 
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intermediate products (the alkenes and the oxygenates) are platform chemicals for synthesising 

a wide range of value-added products32 and are not normally observed with noble metal catalysts. 

For example, the conversion of stearic acid over Pd and Pt catalysts yields primarily heptadecane 

via the decarboxylation pathway.33 

Challenges and opportunities for Mo and W carbides 

Mo and W carbides are versatile and diverse catalysts, yet even after fifty years of research, 

captured in many reviews on the use of metal carbides in catalysis4,6,7,34-42, it is still often unclear 

what the exact nature of the active site in these catalysts is. For example, Sullivan et al.7 reviewed 

the role of different synthesis techniques (temperature-programmed reduction and ultra-high 

vacuum) in the performance and characteristics of metal carbide catalysts, especially supported 

and unsupported W and Mo carbides. They emphasised that metal carbides undergo changes in 

their morphology and surface composition during synthesis and/or when used for a reaction 

under oxidative conditions. The authors stressed the need for in-situ studies7 to enable 

preventing the influence of O2 on the material.  

Recently, a number of review papers have described the use of metal carbide-based catalysts to 

upgrade biobased feedstocks.6,7,41-43 For example, Chan-Thaw and Villa6 reviewed both the 

influence of the synthesis techniques (temperature-programmes reduction, ball milling and 

carbothermal hydrogen reduction) for unsupported and supported metal carbides and their use 

in the transformation of biomass to biofuels and fine chemicals. Examples of HYD and HDO of 

first-generation (vegetable oils) and second-generation (cellulose, hemicellulose and lignin) 

biomass with molybdenum and tungsten carbide catalysts were given. The carbides exhibit 

similar catalytic performances as Pt-group metals for HDO, HYD and isomerisation of biomass 

feedstocks. Although carbides are more resistant towards sulphur and nitride poisoning (see 

Section 3), the carbide catalysts become deactivated due to coke deposition, leaching and over-

reduction. The use of a support, e.g. a porous support (carbon nanotubes or mesoporous carbon), 

increases the stability of the carbides and leads to better control of the particle size.6,36 

Pang et al.40 also reviewed the use of metal carbides (supported and unsupported W & Mo) for 

biomass conversion and indicated their great potential in HDO of cellulose, lignin and other 

platform chemical conversions. They emphasised that the use of carbides in biomass conversions 

needs to be explored more thoroughly and suggested to explore traditional carbides (Re, Ti, V or 

Zr carbides) further to gain a fundamental understanding regarding structure-performance 

relationships of Mo and W carbides for biomass conversions.40 In addition, Pang at al. looked at 
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issues encountered during carbide synthesis.40 Obtaining highly dispersed and phase-pure (WC 

vs W2C) metal carbides is still challenging. Carbon decomposition during the reaction and the 

existence of mixed carbide phases (WC or W2C) hamper the comprehension of the structure-

performance correlation of these materials, which again stresses the need for in-situ 

investigations.40,44 

To gain more insight into the property-performance relationships of carbides, also quantum 

mechanical calculations have been applied. For example, Alaba et al.38 reviewed different Density 

Functional Theory (DFT) studies on Mo carbide nanoparticles (as a catalyst for hydrogenation 

and hydrogen production) to identify and categorise the different existing Mo carbide phases. 

Depending on the preparation method and the carburisation agent, five different crystal 

structures were characterised: α-MoC1−x, α-Mo2C, β-Mo2C, γ-MoC and η-MoC. These structure 

differences do not only affect the stability of the catalyst but also influence the electrochemical 

activity. Among the different Mo carbide phases, α-MoC1–x and β-Mo2C are the most stable and 

they display remarkable catalytic behaviours in electrochemical catalysis due to their large ionic 

contribution.38  

The aforementioned studies and reviews have demonstrated the applicability of transition metal 

carbides in a wide range of reactions and their potential as a replacement for noble metal 

catalysts for fossil and biomass feedstocks. However, almost all of these studies also highlighted 

the need for further (in-situ) investigations to obtain information on structure-performance 

relationships.  

Carbides, nitrides and sulphides in reactions involving H2 activation/transfer 

Carbides are efficient catalysts for reactions involving H2 activation/transfer, i.e., carbides are 

able to split hydrogen and transfer the hydrogen atoms to different reactant molecules in a 

reversible manner. That makes them suitable catalysts for reactions that involve hydrogen 

activation, such as ammonia synthesis and decomposition, hydrogenation, hydrogenolysis, 

hydro-isomerisation, methanation and hydroprocessing.45 The Supplementary Information 

contains a summary of those thermocatalytic reactions. 

It is noteworthy that aside from the transition metal carbides, also nitrides and sulphides have 

emerged as catalysts with activity for H2 activation and transfer reactions.31,46 For example, 

Monnier et al. tested γ-Al2O3-supported molybdenum, tungsten and vanadium nitrides for the 

HDO of oleic acid and canola oil.47 The molybdenum nitride showed a superior oleic acid HDO 
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performance in comparison with the other nitrides; after 20 h of steady state conditions, the Mo 

nitride yielded a three times higher selectivity for n-alkane than was obtained by V and W nitride. 

Furthermore, the Mo nitride was operated for 450 h in the continuous operation of canola oil 

hydrotreatment with only minimal deactivation. Grilc et al.48 studied the hydrodeoxygenation of 

liquefied lignocellulosic biomass over unsupported MoS2, MoO2, Mo2C and WS2. MoS2 showed the 

highest hydrogenolysis selectivity as nearly 85% hydroxyl group conversion was reached within 

30 min at 300 °C (~30% for MoO2, ~40% for Mo2C, ~60% for WS).48 This shows that Mo and W 

nitrides and sulphides can be active for the same type of reactions as their respective carbides.  

Potential of Mo and W carbide catalysts for use with S- and 

N-containing feedstock 
Clearly, Mo and W carbides (as well as nitrides and sulphides) are versatile catalysts and potential 

replacements for noble metal catalysts even though the exact working mechanism and the nature 

of the active site of the carbide catalyst are not always known. However, with respect to stability, 

more research efforts are required.  

Often, four pathways are defined for catalyst deactivation i.e., 1) blocking of the active site (e.g. 

coke deposition), 2) crystallite growth, 3) leaching and 4) oxidation. These pathways have also 

been reviewed for metal carbides in liquid phase reactions by our group.36 For Mo and W 

carbides, minor changes in the atmosphere of the catalyst can already result in different catalytic 

behaviours. A prime example is the exposure to air which can change the surface of the carbide 

through the formation of oxy-carbides and oxides.39,49,50.  

S and N impurities in novel feedstocks 

Sulphur and nitrogen compounds are present in fossil feedstocks such as crude oil and coal. The 

exact amounts of sulphur and nitrogen in crude oil and coal depend on origin and type. For 

example, Furimsky et al.51 stated that conventional crude oil contains 1.8 wt% sulphur and 0.1 

wt% nitrogen, whereas the sulphur content of coal samples lies between 0.1 and 10 wt% 

depending on the source of the coal, while the nitrogen content ranging from 0.5 to 1.5 wt% (see 

Table S6.1 Supplemental Information).52-54 Traditional catalysts based on noble metals cannot 

cope well with these heteroatoms. Catalysts based on metals like Fe, Pt, Ru, Ni and Co as used in 

(de)hydrogenation, (steam) reforming and ammonia and Fischer-Tropsch (FT) synthesis are 

poisoned by H2S and NH3.55 The removal of such harmful impurities from the feedstock is 

therefore essential to maintain catalyst activity and selectivity. In current refineries, (reduced) 
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metal catalysts are protected by upstream hydrotreating steps, i.e. hydrodesulphurisation (HDS) 

and hydrodenitrogenation (HDN).56-58  

Significant amounts of sulphur/sulphide (S) and ammonia (N) can also be present in biomass-

derived feedstocks before and after processing (gasification, pyrolysis, digestion). According to 

Robinson et al., the sulphur content ranges from ~14 to 2200 ppm depending on the biomass 

source and the season.59,60 Even pure vegetable oils still contain ~10 ppmw of sulphur.61  

Converting biomass or a fossil resource to syngas (H2/CO) followed by conversion of the syngas 

to the desired products (alcohols, alkenes, alkanes) via FT synthesis is gaining interest. When 

using syngas obtained from biomass, additional gas cleaning steps should be implemented to 

protect the FT catalyst (based on Fe or Co) against poisoning with S. This issue is exemplified by 

the increased interest in the fermentation of syngas62 as an alternative to metal-based 

conversions.  

Mo and W carbide catalysts could be employed as alternatives for reduced metal catalysts in the 

upgrading of many of the biomass-derived sources (either syngas or other more complex 

molecules). The use of Mo2C in gas-to-liquid (GTL) processes has already been established for the 

synthesis of MeOH,63 higher alcohols64 and FT of fuel/diesel/hydrocarbons65,66 from pure syngas 

sources. The use of Mo and W carbides in the decarboxylation and hydrodeoxygenation of 

vegetable oils is another example.67 Both the hydrogenation of pyrolysis oil68 and reforming of 

methane69-73 with Mo2C and W2C have been demonstrated. To evaluate the true potential of Mo 

and W carbides, the effect of the S and N content in these feed sources needs to be taken into 

account. 

Stability and activity of carbides, nitrides and sulphides 

For reduced metal catalysts, the formation of a strong metal-S bond inevitably results in surface 

sulphidation and consequently in deactivation.74 Especially noble metals, such as platinum and 

palladium, suffer from deactivation in the presence of sulphur compounds.75 During 

simultaneous HDS, HDO and HYD (450 °C, 200 ppm O2, 5 wt% cumene, 95% tetradecane), a Pt 

catalyst supported on alumina deactivated immediately upon addition of sulphur.56  

Also the effect of nitrogen compounds on noble metal catalysts has been studied. Augusto et al. 

showed that Pt or Pd supported on zeolite Y catalysts used for tetralin HYD was deactivated by 

quinoline (499 ppm) as well as by dibenzothiophene (100 ppm).76 Similarly, the catalytic activity 

of Rh-based catalysts is strongly inhibited by sulphur compounds during methane oxidation or 
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steam reforming.77 Already after addition of 1 ppmv of SO2 or H2S, the catalytic activity of Rh/γ-

Al2O3 during the methane/steam reforming can become significantly decreased; after adding 10 

ppmw, the catalytic activity decreases to zero.77 Transition metals such as Co and Ni are also 

prone to deactivation by sulphur poisoning. As an example, a drop in methanation activity of 

more than 3 orders of magnitude can occur for Co, Ni and Ru in the presence of only 15 ppb of 

H2S.78 

 

Figure 6.2 The stability regions for Mo and W sulphides and carbides as the fraction of sulphide versus 
temperature for WS2-W2C (left) and MoS2-Mo2C (right) in the presence of 0.01-10 ppm of H2S in H2 calculated 
with the HSC Chemistry software (metallic species omitted). 

For Mo and W carbides, their response to S and N impurities also needs to be considered. The 

presence of S or N in the feedstock can result in the transformation of carbide to a nitride and 

sulphide under relevant reaction conditions. Figure 6.2 shows that the transition of MoS2 to Mo2C 

occurs in a temperature range of 400 to 700 °C in the presence of 0.01 to 10 ppm H2S, while the 

stability of WS2 already is affected at 600 °C at only 0.01 ppm. In general, equilibrium calculations 

using the HSC Chemistry package show that, thermodynamically, W2C is unstable in the presence 

of both S (as H2S) as well as N (as NH3) and strongly favours the formation of W sulphides and 

nitrides. Mo2C is only resistant to sulphur at very high temperatures and low sulphur 

concentrations (e.g. above 650 °C at 1 ppm H2S). Thus, the conversion of carbides to sulphides or 

nitrides is thermodynamically possible at conditions relevant for crude oil processing and 

biomass upgrading (with the exception of high-temperature steam reforming). It should be noted 

that the thermodynamic calculations are valid for the bulk phase and that the results will be 

different for more reactive (supported) nanoparticles. The rate at which a favourable 

transformation occurs also depends on other factors besides bulk versus supported catalyst, e.g., 

support type and particle size. Furthermore, partial transformations might occur, e.g., surface 

sulphidation might result in a passivation layer, serving as a diffusion barrier that prevents or 

slows down the sulphidation of the whole particle.79  
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Transformation from carbide to sulphide or nitride might, therefore, occur during processing of 

heavy oil-based feedstocks (which contain more sulphur)80-82 or biomass (which contains N and 

S in the feed). Interestingly, the (partial) conversion of Mo or W carbides to sulphides or nitrides 

should not necessarily result in deactivation because also the nitrides and sulphides are active 

for reactions involving hydrogen transfer (hydrogenation/dehydrogenation), as we already 

mentioned.56,83-86 

This is further illustrated by the fact that prime examples of Mo catalysts are hydrotreating 

catalysts (CoMo- and NiMo-based), which are active in the sulphide state. That the relevant 

reactions are hydrogenation reactions shows that Mo sulphides could also play a role in the 

catalysis of other (de)hydrogenation reactions. For instance, the Mo sulphides traditionally used 

for hydrotreating reactions (NiMoS2, CoMoS2) are also active for HDO reactions of fatty acids and 

bio oils.87 In addition, there are examples of the use of W2C58 and especially Mo2C88-92 in HDS (see 

Table S6.2 in the Supplemental Information). In addition, Mo and W nitrides are active for HDO, 

HDN and HDS reactions and in some cases (CoMo and NiMo) are even superior to the sulphide 

catalysts.93 Although Mo2C carbides display greater activity in HDS reactions than MoSx, the 

difference in activity can either be explained by the change in the number of active sites on the 

catalyst surface or is due to the difference in intrinsic chemical activity.79 However, this clearly 

shows that for Mo- and W-based catalysts, sulphur is not a poison, although it is for noble metal 

catalysts. For both the Mo carbide and the Mo nitride catalysts, their activity is retained when the 

surface becomes sulphated during HDS of thiophene at 400 °C.94  

Considering the above, one might expect that Mo and W carbide and/or sulphide catalysts are a 

good choice for other hydrogen transfer reactions in which S or N impurities are expected. 

However, this potential advantage appears to have been overlooked so far since not many studies 

have focused on the effect of impurities. Therefore, for reactions other than HDS, only limited 

experimental information is available on the actual performance of Mo and W carbides in the 

presence of real feedstocks containing S and N. Already in 2002, Furimsky et al. mentioned that 

experimental information on hydrogen adsorption in the presence of H2S or by partially 

sulphided carbides and nitrites was lacking.1  
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Table 6.1 Overview of use of Mo2C and WC in the presence of S 

Reaction T/p S-source Performance/remarks Ref 
Steam reforming, 
oxidative-stream 
reforming of tri-
methyl pentane 

1000 °C 
1 bar 

≤ 1000 ppm 
thiophene 

- Activity remains up to 100 ppm 
- Higher concentrations of S result in 
surface oxidation and coke formation 

95 

CO2/CH4 reforming 1050 °C 
1 bar 

250-500 ppm 
dimethyl 
sulphide 

- Mo2C deactivates at 800 °C due to 
reversible CS2 chemisorption 
- Rh is S-tolerant under these conditions 

73 

Steam reforming of 
methanol 

185-240 °C 
1 bar 

5 ppm H2S - S decreases the activity but the catalyst 
does not become fully deactivate 
- Deactivation is reversible 

63 

Hydrogenation of 
cumene 

250 °C 
51 bar 

30-100 ppm 
S (thiophene, 
(di-)benzo-
thiophene) 

- With 30-60 ppm S, Mo2C is superior to 
noble metals  
- At 100 ppm, Mo2C deactivates  
- S present as surface sulphide 

56 

Aqueous phase 
hydrogenation of 
furfural 

120-150 °C 
120 bar 

380 ppm 
thiophene 

- Similar activity in presence and absence 
of S 
 

80 

Steam reforming of 
hexadecane 

965 °C, 
1 bar 

125-500 ppm 
benzo-
thiophene  

- Deactivation dependent on sulphur 
concentration  
- Deactivation minimal at S concentration 
below 100 ppm 

96 

Water gas shift 
reaction 

200- 240 °C, 
1bar 

without 
and with 5 
ppm H2S 

- MoS2 sites active in the presence of 
sulphur  
- Mo2C catalyst quickly poisoned by 
sulphur, but partly regenerated 

60 

Partial oxidation of 
methane to syngas 

750 °C, 
8 bar 

0.1% of H2S  - High S concentration leads to carbon 
deposition and sulphidation of the catalyst 
(catalyst deactivation) 
- At lower S concentration (<0.1 %), no 
change in catalyst phase, but carbon 
acceleration on the reactor wall 

97 

Tetralin hydrogenation 300 °C, 
40 bar 

200 ppm H2S 
(dimethyl- 
sulphide)  

- Decease in tetralin conversion upon 
adding H2S 
- Minimal deactivation of supported Mo2C 
and WC 
- Near-complete deactivation of Pt/Al2O3 

98 

 

A few studies have been conducted with bulk Mo2C and the addition of S compounds to the feed; 

Table 6.1 summarises them. Two of these studies (steam reforming at 1000 °C71 and dry methane 

reforming at 1050 °C73,95) used conditions in which, according to Figure 6.2, sulphide formation 
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is not expected. Indeed, the authors reported no MoS2 formation for increased temperatures and 

the activity of the catalyst remained intact at high sulphur concentrations. On the other hand, the 

introduction of sulphur during steam reforming of MeOH resulted in an immediate but limited 

decrease in activity (of about 30%) and the formation of surface sulphur was detected with XPS.63 

Also in the liquid phase HYD of furfural, trace amounts of S were found with XPS while the 

catalytic activity remained. In the hydrogenation of cumene, the formation of a surface 

carbosulphide phase was identified with XPS, while XRD showed that the bulk Mo2C was 

unaffected56, revealing that only surface modification had occurred.  

Thompson et al. investigated the effect of sulphur on Mo2C and Pt/Mo2C during the water-gas-

shift reaction.60 Both catalysts became deactivated by exposing them to H2S but the Mo2C became 

only partially deactivated due to the formation of a still active MoS2 phase, while the Pt/Mo2C 

catalyst showed irreversible deactivation of the platinum. We found only one study that included 

Mo and W carbides as supported catalysts.98 In this work, da Costa et al. compared the effect of 

H2S on Mo2C and WC supported on Al2O3. The carbide activity was tested and compared in the 

presence and absence of 200 ppm H2S during tetralin HYD (300 °C, 4 MPa). In the absence of 

sulphur, the supported Mo2C and WC reached a yield of 6.5 mol% and 8 mol%, respectively. In 

the presence of sulphur, the conversion was slightly lower (4.5 mol% for Mo2C/Al2O3; 6 mol% for 

WC/Al2O3), but there was no complete deactivation of the carbide catalysts.98 

While these studies concern very different reactions and conditions, they show that the carbides 

are able to tolerate sulphur in the feedstock. For the further development of stable carbide-based 

catalysts, it is essential to explore the mode of interaction of the N/S compound with the catalyst 

first. The partial transformation of a carbide to a sulphide or nitride might have a limited 

influence on catalytic performance as argued before; however, blocking of the active sites by a 

nitrogen/sulphur compound may still lead to deactivation. Therefore, a fundamental 

understanding of the interaction between the carbides surfaces and the sulphur/nitrogen-

containing molecules is needed to understand the catalytic performance of these materials.4,99  

A few articles have been published regarding the behaviour of Mo carbide towards sulphide 

adsorption/desorption.79 For instance, Rodriguez et al. used photoemission and XANES to 

establish the chemistry of SO2, H2S, and CH3SH on Mo carbide (and metallic Mo). The adsorption 

of SO2 on Mo2C at around - 123 to 26 °C first led to the formation of SO3 and SO4 and, with 

increasing temperatures, to the formation of sulphided and oxidised carbides. The interaction 

between H2S and the Mo carbides was strong and led to substantial sulphidation, even at low 



Chapter 6 

156 
 
 

temperatures. For the CH2S, the methyl group dissociated with increasing temperature while 

CHyS species coexisted on the carbide surface. However, the carbide was not modified by the 

sulphide. This shows that molybdenum carbides are either tolerant towards sulphur-containing 

molecules or form a still active MoSx phase, depending on the molecule in question and the 

temperature. Thus, the adsorption/desorption behaviour of carbide material depends on the 

sulphur compound and conditions (e.g. temperature). 

Limited research has been conducted towards the effect of sulphur on bulk tungsten carbide.100-

102 In 1981, Ko et al. published a study on the effect of oxygen and surface on the bonding and 

reactivity of carbon monoxide, hydrogen, formaldehyde, and methanol on tungsten and tungsten 

carbide surfaces. They found that the W(100)-(5x1)C surface rapidly adsorbed H2S which led to 

site competition with CO. The surface reactivity for formaldehyde and methanol decreased 

significantly after the sulphur treatment; however, it was still more active than metallic 

tungsten.100 Schulz-Ekloff and co-workers (1975) showed that in the presence of 25 µg/m2 H2S, 

the ammonia yield was reduced by 50%. After adding 50 µg/m2 H2S, the complete inhibition of 

the tungsten carbide occurred.101 

In summary, based on thermodynamic arguments carbide catalysts might change the nature of 

their active site when used in the presence of S and N impurities during the processing of crude 

oil or renewable feedstock. However, they can remain catalytically active since the sulfide and 

nitride phases also possess activity for the same type of reactions. This distinguishes them from 

noble metal catalysts which quickly deactivate in the presence of sulfur or nitrogen containing 

compounds. The limited direct evidence available from experiments appears to support this view. 

Under which conditions the different types of carbides remain (partially) active and how the 

impurities interact with the carbides needs further investigation to define an operational window 

of the carbides. 

Outlook 
Future feedstock for chemicals and fuels, whether fossil or renewable in nature, will put new 

demands on the robustness of catalysts used in their processing. Tungsten and molybdenum 

carbides hold great potential for catalytic applications as replacements for noble metals. Both W 

and Mo have higher abundance and as a result lower cost compared to their noble metal 

counterparts. However, it has previously been stressed in a number of reviews that more detailed 

investigations into the nature of the active sites of these materials is still required.7, 40, 43 
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It is our view that W and Mo carbides possess advantages beyond their availability and lower cost 

which should be the focus of further research to advance the field of W and Mo carbide catalysis 

and move towards industrial applications. We, therefore, stress that there is the need to study 

and gain more insight into the role of heteroatoms in the performance of carbide catalysts. We 

have argued that Mo and W carbide and/or sulphide catalysts can become the preferred choice 

for a wide range of hydrogen transfer reactions relevant to the upgrading of both novel crude oil 

and renewable feedstock in which S or N impurities are present. This is because Mo and W 

carbides are either less susceptible to poisoning by these S containing compound compared to 

noble metals or can be converted into their still active sulfide/nitride phases. Although not many 

studies have focused on the effect of impurities, the limited experimental evidence available for 

mainly bulk molybdenum carbide in the presence of thiols/thioesthers supports this view.  

Therefore, we propose that more studies are needed that focus on realistic feedstocks to show 

the true potential of these catalysts under real conditions, especially considering the effect that 

impurities like N and S in real feedstocks may have on the nature of the active site and the stability 

of these catalysts.  

Secondly, more fundamental studies are still needed to understand the interaction of different S 

and N compounds, e.g. sulphide versus sulphate species, with the various types of Mo and W 

carbide catalysts. For this also the use of in-situ surface sensitive spectroscopic techniques would 

be required, understandably involving controlled conditions and the use of model compounds 

and feedstocks. In addition, theoretical calculations can provide us with a broader insight into 

adsorption of sulphur and sulfidation of Mo and W carbide catalysts in relation to their structural 

and electronic properties. 

We propose these as the next avenues to explore. In any case, the potential for Mo and W carbides 

as supported catalysts is evident. It is not only noble metals that shine.  
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Supporting Information 

N and S content in different feedstocks 

Table S6.1 lists the N and S content of coals from the following mines: the Zhundong (ZD) coal 

from the Xinjiang province, Yimin (YM) lignite from Inner Mongolia, Zhaotong (ZT) lignite 

produced in the Yunnan province and Shenmu from the Shanxi province, lignites from 

Mequinenza (Spain) and Labin (Croatia), highly volatile bituminous coals from Czeczot and 

Siersza and medium volatile bituminous coal from Zofio´wka (Poland). 

Table S6.1 N and S content of coals from different origins  

Name and origin N (wt%) S (wt%) Ref. 

ZD_ Zhundong (Xinjiang province, China) 0.57 0.38 S1 

YM_Yimin (Mongolia) 0.81 0.13 S1 

ZT_haotong (Yunnan province, China) 1.82 0.57 S1 

Shenmu (Shanxi province, China)  1.11 0.34 S2 

Mequinenza (Spain) 0.80 10.30 S3 

Labin (Croatia) 1.20 10.00 S3 

Czeczot (Poland) 1.00 1.40 S3 

Siersza (Poland) 1.10 1.10 S3 

Zofio´wka (Poland) 1.50 0.60 S3 

 

Carbon driven reactions 

A renewed interested in HDO has arisen due the increased use of biomass as a renewable carbon 

source. In general, biomass-derived feedstocks have a higher oxygen content than fossil fuels and, 

therefore, need to be deoxygenated. W and Mo carbides have been used in HDO reactions and 

compared with noble metals. Mostly model compounds such as stearic or oleic acid instead of 

biomass-derived oils or cresol instead of lignin-derived phenolic compounds were used as 

substrate. S4,5 HDS and HDN reactions are usually catalysed by Ni-Mo/Al2O3 and take place during 

the industrial refining process of petroleum feedstocks. Mo and W carbides have been shown to 

be valuable replacement catalysts for both reaction, HDS and HDN. S6-8 A classical industrial 

catalyst for isomerisation reactions is platinum. However, also Mo and W have shown to be 

valuable catalysts for isomerisation reactions. Another benefit of Mo and W, especially for 

isomerisation, in HDS and HDN reactions is their tolerance towards sulphur (see Table 6.1). Also 
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for NH3 synthesis and decomposition, Mo and W have demonstrated to be active and Mo and W 

carbide are suitable catalysts.  

For all reactions, both supported and bulk carbide catalysts studies have been conducted. Mainly 

carbon and alumina were used as support. Carbonaceous materials have a large surface area and 

high porosity, durability and stability and therefore are attractive materials to support metal 

catalysts. Also, aluminium oxide is a widely used material as a support for carbides because of its 

mechanical and textural properties (e.g., thermal stability, high surface area, surface chemistry). 

S9 The support ensures stability of the metal particles in the catalytically active phase and 

enhances the downstream process. 

Table S6.2 Overview of potential reactions using tungsten carbides or molybdenum carbides as replacement for 
(noble) metal catalyst. Hydrogenation (HYD), hydrodeoxygenation (HDO), hydrodesulphurisation (HDS), 
hydrodenitrogenation (HDN), isomerisation (Iso) and NH3 synthesis/decomposition reactions are shown 

Reaction  Catalyst Replacement Feedstock 
HDO 

Bu
lk

 

Mo2C  Pd, Pt, Ru, Rh, Ni, 
Cu 

Acetic acid,S10 acetone, S11 Anisole, S12-15 
benzofuran, S7 ethanol, S16 funeral, S12,17-19  
m-cresol, S20 methyl stearate, S21 phenol, S14,22  
propanal, S23 stearic acid S21  

W2C Pd, Pt, Ru, Rh, Ni, 
Cu 

acetaldehyde, S24 acetic acid, S24 benzofuran S25, 
ethylene glycol S24  

Su
pp

or
te

d 

Mo2C/C 
 
 
 
 
Mo2C/Al2O3 

 

Pt, Pd, Ru, Rh 
(supported) 
 
 
 
CoMo and NiMo 
supported on 
Al2O3 

Decanal, S26 guaiacol, S27 lignin, S28 
methoxyphenol,S29 oleic acid, S4,30,31  
stearic acid, S21,26,32 vegetable oil, S21,30,33,34  
 
Acrylic acid, S35 benzofuranS36 

Wo2C/C  Guaiacol, S27 oleic acid and palmitic acid S31 
 

HDS 

Bu
lk

 

Mo2C Pt/Al2O3, MoS2/ 
Al2O3 

Dibenzothiophene S7,37 

W2C Ni Thiophene S8 

Su
p.

 

Mo2C/AC  
 
Mo2C/Al2O3 

Ni-Mo/Al2O3 

 

Ni 

Dibenzothiophene, S6 thiophene S38 
 
Dibenzothiophene, S7,36,37,39 hexane, S40 thiophene 

S41-43  
HDN 

Bu
lk

 

Mo2C sulfide Ni-
Mo/Al2O3  

Amines S44 carbazole, S45-47 indole, S48,49 pyridine, 
S50 quiniline S51,52  
 

W2C  Carbazole S46 
 

Su
p.

 

Mo2C/Al2O3 

 
 
Mo2C/AC 

Ni-Mo/Al2O3 Coal-derived feeds, S53,54 pyridine, S55 quinoline 

S36,55 
 
Indole S6,56 
 

ISO 

B.
 

Mo2C Pt butane S57,58 and heptane S59-61  
 

W2C  Butane, S57 dimethylpentane, S62 heptane, S60,61 
neopentane, S62,63 nethylcyclohexane S62  
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Su
p.

 

Mo2C/CNF  Vegetable oils S26 
 

W2C/Al2O3 Pt/SiO2 Heptane S64 
 

HYD 
Bu

lk
 

Mo2C Pt, Pd/Al2O3 Benzene, S65 butane, S57 CO, S66-68 CO2, S69-71 ethane, 
S72 ethanol, S16 ethylene, S73 furfural, S74 levulinic 
acid, S75 long-chain alkadienes, S76 nitroarenes S77, 
toluene S78,79 
 

W2C Pt 
 

Butane, S57 CO S8,68 

Su
pp

or
te

d 

Mo2C/CNT  
 
Mo2C/Al2O3 

Ru Levulinic acid S80 
 
Benzene, S81 CO2, S82 CO, S66,83 ethylene glycol S84  
 

W2C/C 
 
W2C/Al2O3 

 

 Ethylene glycol S84, pentene S8  
 
Ethylene glycol S84 

NH3  
synthesis 

 α & β Mo2C Iron, Mo nitride (N2+3H2) S85 

NH3  
decomp. 

 W2C 
 

Ru, Fe NH3 Ammonia S86-88 

 Mo2C Mo2N 
 

Ammonia S89,90 
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The increasing interest in molybdenum and tungsten carbide catalysts has ever been increasing 

during the last 50 years, as inferred from the number of publications on these materials (Figure 

7.1). Often it is stated, and this is stated here as well, that these carbides can be considered 

alternatives to noble metal catalysts. Nevertheless, compared with the number of papers on Pt 

catalysts (Figure 7.1), studies about carbide catalysts make up only a small group.1 This can be 

explained by a number of challenges that need to be overcome for these carbide based catalysts. 

Especially their stability, their cumbersome preparation, and the lack of understanding of the 

relationship between the catalysts’ properties and their performance need to be addressed.2 The 

previous chapters covered new insights regarding these challenges. In this chapter, the most 

important findings from these chapters will be discussed and integrated into a broader 

perspective, and recommendations for future research will be given. For this, the chapter is 

divided into the following four discussion points and additional recommendations and 

concluding remarks. 

1. Mo and W carbide catalysts can shine too – comparison of carbides and noble 

metals 

2. Formation of oxycarbides – What does the active site of carbides look like? 

3. Influence of mixing W and Mo carbides on catalytic performance and challenges 

in their synthesis  
4. Stability of transition metal carbides 

 

 

Figure 7.1 Number of publications on “tungsten carbide catalyst/s”, “molybdenum carbide catalyst/s” and 
“platinum catalyst/s” based on the Scopus database (5 December 2022) 
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1. Mo and W carbide catalysts can shine too – comparison of carbides and noble metals 

As outlined in Chapters 1 and 6, Mo and W metal carbides are claimed to have three main 

advantages over noble metals. The first and often mentioned advantage is the earth abundancy 

of these non-noble metals, which makes them less expensive than the scarce noble metals.3 The 

second advantage is the – overlooked – potential tolerance of Mo and W carbides to N and S 

impurities contained in both crude oil and renewable feedstocks (Chapter 6).4 Mo and W carbides 

have the ability to change the nature of their active site to their respective nitrides or sulphides 

when used in the presence of N and S impurities. These phases are catalytically active for 

reactions similar to those of the carbides and do not necessarily lead to complete catalyst 

deactivation like in the case of noble metal catalysts in the presence of N and S impurities.5-7 The 

third advantage of transition metal carbides is their catalytic activity for hydrogen transfer 

reactions, which is similar or even better than that of noble metals.8-14 This was shown for the 

first time in the ground-breaking work of Levy and Boudart in 1973,15 where the authors 

demonstrated that the incorporation of carbon into the metallic W increases its reactivity for the 

formation of water from hydrogen and oxygen and the isomerization of 2,2-dimethlpropane to 

2-methylbutane. In addition, it was shown that the carbon enriched tungsten catalyst and the Pt 

catalysts had similar electronic structures and catalytic behaviours. The noble-metal-like 

properties of the carbides are attributed to a lattice expansion through the incorporation of 

carbon into interstitial sites of Mo and W.15-17 

Since the ground breaking work of Levy and Boudart,15 the number of publications on “tungsten 

carbide catalyst/s” and “molybdenum carbide catalyst/s” has drastically increased (see 

Figure 7.1). Those publications deal with many applications of Mo and W carbides, such as 

isomerization, hydrodesulfurization and hydrodenitrogenation reactions, fuel cell 

electrocatalysis and syngas conversion.8-12 The primary motive was to investigate the 

replacement of noble metals with metal carbides since the catalytic behaviour of carbide 

catalysts resembles that of noble metals for many of the reactions listed.  Although the activity of 

carbides is often claimed to be similar to that of noble metals, as can be seen in Table 7.1, product 

selectivity is often different, which is also stated in the reviews of Oyama18 and Chen.19 This 

indicates that carbide catalysts facilitate different catalytic pathways. For instance, in the (hydro-

)deoxygenation of free fatty acids, using stearic acid as a model compound, the carbide catalysts 

and Pt catalyst form alkanes as final products but their reaction pathways differ and thus their 

resulting hydrocarbon products. As shown in Figure 7.2, Pt catalysts primarily yield heptadecane 

(C17) via the decarboxylation pathway (DCO, carbon-carbon scission), while the carbides prefer 

the hydrodeoxygenation pathway (HDO, no carbon-carbon scission), which results in the 
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formation of a variety of C-18 products, like fatty alcohols, aldehydes (oxygenates, C18-oxy) and 

alkenes (C18-alkene). This offers the potential to make different value-added products that can 

be used for many applications, but their selective preparation needs to be addressed. Fatty 

alcohols and aldehydes (oxygenates) are used as detergents, plasticizers, lubricant bases and 

personal care products,20,21 while alkenes can be used as high-value bulk chemical products, such 

as surfactants, lubricants, plasticizers or polymers, in which the presence of a C=C double bond 

is highly beneficial for the chemical functionality.21  

Table  7.1 Comparison of activity and selectivity of Mo and W carbides and noble metals for isomerization (Isom.), 
hydrodeoxygenation (HDO)  and hydrogenation (HYN) reactions. TOF=Turnover frequency, Conv.=Conversion  

Reac. Carbide Activity Select. Compared 
to: Activity Select. Reac. Con-

ditions 
Ref 

Isom. W2C 
 
 
WC 

TOF: 
 1010-4s-1 

 
TOF:  
30010-4 

s-1 

Hydro-
genolysis 
 
Hydro-
genolysis 
 

Ru/Al2O3 TOF:  
8510-4s-1 

Isomeri-
zation 

216 °C, 
Neopentane,  
95 kPa H2 

22 

W2C Conv.: 12.9%  
 
TOF:  
0.17 s-1 

Isomeri- 
zation 

Pt/SiO2 Conv.: 10.5% 
 
TOF:  
0.13 s-1 

Cycli-
zation 

350 °C, 
Heptane,  
96 kPa H2 

10 

Mo2C 
 
 
 
 

Conv.: 15% 
 
TOF: 
1000010-10 
mol g-1 s-1 

Isomeri-
zation 

Pt/β-
zeolite 

Conv.: 8% 
 
TOF: 25000 
10-10 mol g-1 
s-1 

Isomeri-
zation 

350 °C (Mo) 
& 250 °C 
(Pt),  
n-Heptane,  
6.5 bar H2 

23 

HDO Mo2C/ 
AC 

Conv. (0.5h): 
30 mol% 
 
TOF: Pd>Ru> 
Mo2C 

Direct 
deme-
thylation  

Pd/AC 
 
 
 
Ru/AC 

Conv. (0.5h): 
95 mol% 
 
Conv. (0.5h): 
98 mol% 

HYN 
 

330 °C, 
Guaiacol, 
34 bar H2  

24 

Mo2C/ 
CNF 
 
 
 
 
W2C/ 
CNF 

Conv. (1h): 
73% 
 
TOF:  
9.7 min-1 
 
Conv. (1h):  
38 mol% 
 
TOF:  
2.9 min-1 

HDO Pt/CNF Conv. (1h): 
30% 
 
TOF:  
4.3 min-1 

DCO 350 °C,  
stearic acid,  
30 bar 

*  

HYN Mo2C/ 
CNF 
 
W2C/ 
CNF 

TOF:  
14 min-1 
 
TOF:  
22 min-1 

C=C HYN 
+ β-
methyl-
styrene 

Pt/CNF TOF:  
86 min-1 

C=C HYN 200 °C. 
cinnam-
aldehyde, 
20 bar 

* 25 

CO2  
Reduc-
tion 

Mo2C 
 
 

Conv.: 8.7% 
 
TOF:  
25.7 min-1 
 
 

CO:CH4 

14.5 
PtCo/ 
CeO2 

 

 

 

PdCo/ 
CeO2 

Conv.: 6.6% 
 
TOF:  
14.6 min-1 
 
Conv.: 2.5% 
 
TOF:  
5.6 min-1 

CO:CH4 

4.5 
 
 
 
CO:CH4 

0.6 

200 °C, CO2 26 

*This work 
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Figure 7.2 Pt versus Mo and W carbide catalysts in stearic acid conversion and product distribution in a batch 
reactor. i Turnover frequency (TOF) is calculated from CO chemisorption after 1 h. Conversion and production 
rates (CR and PR) are based on the converted t stearic acid per t catalysts after 1 h. 

 In addition, one should note that the DCO pathways do not require the consumption of hydrogen 

(H2) to deoxygenate the fatty acid reactant. The oxygen is either removed from the fatty acid as 

carbon monoxide and water to yield an alkene in the case of decarbonylation or as carbon dioxide 

to yield an alkane in the decarboxylation pathway (see Figure 7.2). However, the use of H2 during 

DCO hinders the formation of carbonaceous deposits (coke) on the catalytic metal surface sites. 

By contrast, the HDO requires H2 for the formation of aldehyde and water in the first step of the 

HDO pathway.27 This makes additional safety measures necessary and increases the process 

costs. Thus, whether the DCO or the HDO pathway is preferable from an economical/industrial 

point of view needs to be evaluated based on the higher carbon efficiency and lower greenhouse 

gas (CO2) production of HDO and the lower hydrogen (H2) consumption and higher product 

selectivity of DCO.28,29 

In addition, it is also worth having a closer look into the activity of the Pt and carbide catalysts. 

The activity of a catalyst can be described by (1) the turnover frequency (TOF, the number of 

reactant molecules converted per accessible site per second or minute); (2) the turnover number 

(TON, the number of reactant molecules converted in the life time of the catalyst); (3) the 

conversion or production rate (CR or PR, the weight in tonnes of reactant converted or product 

produced per tonne catalyst per hour); or (4) the feedstock or reactant conversion (in percent). 

The latter is often used, but it is only valid when catalyst loading and reaction conditions 

 
i The carbon nanofiber supported Mo (8.5wt%) and W (15wt%) carbides were prepared via carbothermal reduction (900 °C, β=5 °C/min, N2 
flow of 50 ml/min) and transferred to the reaction mixture under an inert atmosphere (glove box). The Pt supported catalyst (5wt%) was reduced 
in hydrogen (300 °C, β=5 °C/min, H2 flow of 30 ml/min and N2 flow of 50 ml/min). The hydrodeoxygenation conditions were: 250 mg catalyst, 
2 g stearic acid, 350 °C, 50 ml solvent and 30 bar H2. Details of catalyst preparation, testing and evaluation can be found in Chapter 3. 
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(concentration, time) are given to allow a reasonable comparison of catalysts.30 In Figure 7.2 the 

activity of different catalysts can be evaluated by comparing the black lines. As can be seen the 

Mo carbide catalyst were more active than the Pt and W carbides and achieved full conversion of 

stearic acid after 3 h. For the W carbide and the Pt similar conversions rates of stearic acid under 

the given conditions were observed.  

Additionally, the activity was also evaluated by means of TOF and PR/CR. The TOF is a measure 

for the activity of a catalyst. It is independent of the catalyst weight and loading if the dispersion 

stays the same and is often used in catalytic research.31 Here, the TOF is based on the accessible 

(CO) sites of the catalyst. The Mo carbide (9.7 min-1) showed the highest TOF in comparison with 

Pt (4.3 min-1) and W carbide (2.9 min-1). However, in contrast to the conversion the TOF-based 

activity showed higher rates for the Pt catalysts than for the W carbide catalysts. In order to put 

the conversion and productivity rates obtained into perspective of commercially applied 

heterogeneous catalysts in the manufacture of fuels, chemical intermediates and polymers, the 

PR was also calculated. Lange et al. stated that a minimal production rate of 0.1 tproduct/(tcatalystsh) 

is needed for a commercial application, otherwise the process might encounter economic 

difficulties.32 All catalysts used here, Mo carbide, W carbide and Pt, seem to surpass the activity 

threshold, with rates of 5.9, 3.0 and 3.3 tconv./(tcatalystsh), respectively. Also the PR based on the 

respective product of each catalyst passed these threshold, although it decreases to 

3.1-1.4 tproduct/(tcatalystsh) due to the selectivity of the catalysts. These results indicate that the 

application of carbide catalysts is not limited by their conversion and productivity rates.  

These results show that it is important to determine and compare the catalytic activity using 

different measure methods (e.g., TOF, PR and feedstock conversion level) to obtain a reasonable 

comparison of different catalysts. Nevertheless, instead of using expensive noble-metal catalysts 

this thesis focuses more on finding Mo and W carbide based catalysts with an interesting product 

selectivity – without compromising too heavily on the activity.33 In order to increase productivity, 

one can easily increase the weight of transition metal catalysts used in the reaction, since these 

metals are less expensive than noble metals.3 This thesis instead aims at providing a deeper 

understanding of the relationship between catalysts’ properties and their performance. 

Considering all this evidence, transition metal carbides are not simply replacements for noble 

metals. In many instances the reactivity and bonding of Mo and W carbides resemble that of noble 

metals. However, the analogy between these two materials does not extend to every aspect of 

catalytic behaviour. The carbides exhibit their own unique activity and selectivity. Consequently, 

this unique catalytic behaviour of transition metal carbides leads to an interesting class of 

catalysts for the deoxygenation of biobased feedstock.  
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2. Formation of oxycarbides – What does the active site of carbides really look like? 

The selectivities of Mo and W carbides described above often arise from the modification of the 

catalytic surface by oxygen, resulting in acid (the surface oxygen sites) and metal-like (the 

carbides) sites.34 The metal-like properties show a catalytic behaviour (e.g., hydrogenation) 

similar to that of noble metal catalysts, whereas it is suggested that the acidic sites are responsible 

for the selective C-O cleavage, which distinguishes the carbides from noble metals.9 This is 

exemplified in the work of Ribeiro et al.,17,22,35 who studied bifunctional tungsten based catalysts. 

In their catalysts metallic sites (W carbides) were present, and the acidic sites were introduced 

through modification of the carbide surface by oxygen (passivation by an oxygen treatment after 

carburisation). The bifunctional tungsten carbide obtained in this way isomerizes C5–C7 alkanes 

via a sequence of dehydrogenation (metal sites needed), methyl shift (acidic sites needed) and 

hydrogenation (metal sites needed), as evidenced by using terminal isotopic enrichment in 

n-heptane.13. In contrast, noble metal catalysts perform C5 hydrogenolysis.22,35 Moreover, 

Sullivan et al. investigated the acid functionality on Mo and W catalysts.36-39 The authors showed 

that for the isopropanol dehydration over metal carbides (β-Mo2C, -Mo2C, W2C and WC), the 

dehydration rates increases by an order of magnitude for all catalysts when adding oxygen to the 

feeds.37,39 

 

Figure 7.3 Proposed reaction network for fatty acid deoxygenation over metallic and acid Mo or W carbide sites 

Also for the HDO reaction over Mo and W carbide catalysts it has often been reported that both 

hydrogenation and dehydration reactions can occur, which indicates the presence of metallic and 

acidic sites.27,38,40-43 For instance, in the hydrodeoxygenation of stearic acid over CNF supported 

Mo and W carbides, Stellwagen et al.27 observed that the initial formation of the aldehyde is the 

result of a metal-mediated C-O hydrogenolysis reaction. The next step is a metal-catalyzed 
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hydrogenation of the aldehyde to the alcohol, which is then dehydrated over an acidic site to form 

the alkene (see Figure 7.3). Finally, the alkene can undergo hydrogenation to form the alkane. 

Interestingly, the acid-catalysed dehydration was claimed to be easier over the acid sites present 

in tungsten carbide catalysts than over those in molybdenum carbide, resulting in higher alkene 

yields over tungsten carbide. The acidic sites in molybdenum carbide seem to be less able to effect 

dehydration, yielding higher concentrations of C18-oxygenates as intermediate products. The 

differences in nature between the acidic sites of tungsten carbide and molybdenum carbide were 

attributed to the more oxophilic nature of tungsten, which is more likely to generate stronger or 

more numerous acid sites than molybdenum. Please note that in the study of Stellwagen et al. the 

acid sites were most likely introduced during the short exposure of the catalyst to air while it was 

transferred from the synthesis reactor to the catalytic testing reactor. Thus, the carbides hold a 

potential for performing bifunctional (acidic and metallic) catalysis if the carbide is exposed to a 

suitable oxygen source.  

In Chapters 2 and 3 this is extended to bimetallic MoW carbides, where it is shown that Mo2C and 

Mo rich bimetallic carbides are capable of converting stearic acid to a high concentration of 

oxygenates and that W2C and W rich bimetallic catalysts yield high concentrations of alkenes. 

Thus, also in these cases the monometallic and bimetallic carbides based on tungsten contain acid 

sites that dehydrate the alcohol to the alkene. However, in contrast to the abovementioned 

studies, where the oxygen was introduced on the carbide surface via exposure to air or oxygen 

(i.e., passivation, either during transfer or by O2 cofeeding), the carbide catalysts used in this 

study were transferred under nitrogen (via glove box) and, thus, the carbide catalysts 

investigated here had not been in contact with air or oxygen. Therefore, these acid sites 

presumably originate from the in situ generation of O*-Me2C,44 i.e., surface oxides that are formed 

when the catalyst is exposed to oxygen from the reactant or to water formed during the HDO 

reaction. This explanation is consistent with the absence of acid sites, revealed by NH3 TPD, on 

freshly carburized carbide catalysts, as described in Chapter 3. In order to avoid confusion about 

the terms “oxide”, “oxycarbide” and “oxide layer,” each of these terms as used in this thesis is 

defined in Figure 7.4. An oxide does not contain any carbon atoms. The oxide layer covers the 

whole surface of the carbide nanoparticle and is formed by e.g. passivation. The oxycarbides are 

isolated oxide sites on the carbide surface, which can thus not be detected by bulk techniques like 

XRD or XANES.  
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Figure 7.4 Definitions of oxide, oxycarbide and oxide layer 

A similar hypothesis regarding the in situ generation of acid sites by water was made by 

Mortensen et al.40 The authors studied the stability of ZrO2 supported Mo2C catalysts for phenol 

and 1-octanol HDO in a flow reactor and observed significant catalyst deactivation. The 

researchers attributed the observed deactivation to the oxidation of the carbide by water, which 

is formed as a byproduct of the deoxygenation reactions. However, none of the characterization 

tests used indicated the formation of an intermediate molybdenum oxycarbide phase. To support 

their hypothesis, Mortenson et al. cofed water in the stability experiments. They found that the 

presence of water in the feed resulted in faster deactivation due to the formation of a MoO2 phase. 

In addition, DFT calculations showed that water can dissociate into H* and OH* (* represents an 

adsorption site), where the OH* can further dissociate into O* and H* on the Mo carbide surface.44-

46 This is supported by the work of Namiki et al.,47 who studied the dissociation of water on an 

Al2O3 supported Mo carbide surface during the water-gas shift reaction (WGS). It was found that 

H2O dissociated because H2, 13C18O, 13C18O2 and 13C18O16O were formed after the injection of H218O 

into the 13C16O stream, which most likely resulted in an oxidized carbide surface. 

These studies provide evidence of how dynamic the surface composition and the catalytic 

function of these carbide catalysts are under reaction conditions involving oxygen molecules. 

Subsequent characterization of the catalysts does not capture the dynamics of the catalyst surface 

under the reaction conditions. Therefore, assessing the composition of the surface present under 

reaction conditions under in situ or operando conditions is necessary.48 These operando or in 

situ, surface-sensitive experiments are technically challenging for vapor-phase reactions but 

even more so for liquid-phase reactions as used in this thesis. However, some studies have 

attempted to establish the surface composition under operando conditions. In the following the 

different techniques of in situ or operando, surface-sensitive experiments for accessing the 

oxygen adsorption on the Mo carbide phase are described and compared with existing studies: 

(1) In situ/operando XPS: The conventional XPS instrument operates under ultra-

high vacuum conditions, which limit the characterization of catalysts in the 

presence of gases or liquids. However, new types of XPS apparatuses have recently 

emerged that allow in situ measurements of catalysts in gaseous environments in 
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the millibar range48 and even up to several bars (2.5 bars).49,50 For instance, 

Murugappan et al.51 used operando near-ambient pressure XPS (NAP-XPS) to 

probe the nature of active sites on MoO3, Mo2C and passivated Mo2C catalysts 

during the HDO of anisole at 320 °C with a H2 pressure of ≤1 mbar. Although the 

authors attempted to minimize air exposure, an oxidized layer on the Mo2C was 

found prior to the measurements. The reduction of the carbide catalysts (H2 flow, 

320 °C) decreased the oxide layer on the surface layer but did not eliminate it. The 

NAP-XPS experiments revealed that the surface of fresh Mo2C is predominantly 

carbidic in nature (~85% Mo2+) throughout the reaction. However, some oxidic 

characteristics (~15% total of Mo4+, Mo5+ and Mo6+) were present too. It was 

demonstrated that for passivated Mo2C more than 80% of the Mo was present in 

oxidation states higher than 2, and only 20% of the Mo was in the Mo2+ oxidation 

state. Moreover, the Mo in the molybdenum oxide used switched between Mo5+ and 

Mo6+ during anisole HDO, which indicates the role of redox chemistry in the HDO 

reaction. This study clearly shows that operando XPS can be used to probe the 

oxidation state of the active sites of carbide catalysts during HDO. An advantage of 

this technique is that it can be used for both bulk and supported carbide catalysts. 

(2) In situ chemical titration: Chen et al.52 and Sullivan et al.9,37,38 demonstrated the 

use of in situ chemical titration methods for determining acid catalysis sites. With 

this method probe molecules such as oxygen, water and methanol are added as 

cofeed to the pure feed to identify and quantify the acid sites in a reaction. The 

oxygen cofeed introduces O* sites on the carbide surface and increases the acid site 

density.  

Chen et al. used these technique for the reaction of a benzene/toluene mixture over 

bulk Mo2C. A cofeed of methanol or water was added to the vapor-phase 

hydrogenation reaction and led to a shift towards more acid-site selectivity. Sulivan 

et al.37 demonstrated the development of Brønsted acidity on Mo2C catalysts with 

the introduction of an O2 cofeed by selective Brønsted acid titration during 

isopropanol dehydration, using 2,6-di-tert-butylpyridine (DTBP) at varying acid-

site densities. The selective DTBP titration directly demonstrates the presence of 

Brønsted acid sites on O* modified carbides. 

In addition, the extensive review of Sullivan et al.9 highlights the critical importance 

of in situ chemical transient and chemical titration studies for assessing the site 

requirements in carbide materials.9 To the best of our knowledge, titration studies 

of supported catalysts have not been undertaken yet. The probe molecule (e.g., 



  General Discussion  

181 
 

water or oxygen) might also be adsorbed on the (carbon) support and thus 

hampering the titration measurements.  

(3) In situ/operando surface-sensitive diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS) and Raman spectroscopy: In situ 

spectroscopy methods have been developed to establish the surface sites of the a 

catalyst under working conditions.53,54 Schaidle et al.55 used in situ DRIFTS (in 

combination with XPS and DFT calculations) to probe the surface chemistry of 

Mo2C the deoxygenation of acetic acid . The Mo2C surface was found to remain 

partially oxidized following pretreatment and under reaction conditions, 

potentially existing as an oxycarbide, and this partially oxidized surface possessed 

metal-like H adsorption sites, oxygen vacancy sites (exposed Mo sites), and acidic 

sites.  

No study using surface-sensitive Raman spectroscopy or attenuated total 

reflectance infrared spectroscopy (ATR/FT-IR) to probe the surface chemistry of 

Mo or W carbide catalysts has been found, although the latter one mentioned would 

be beneficial as it can be conducted in the liquid phase.56 It should be noted that 

these spectroscopy analyses have not received much attention for carbon 

supported catalysts due to the high background adsorption of the carbon especially 

for high surface area graphitic carbons.  

In summary, the two coexisting functionalities of carbide catalysts, i.e. metallic hydrogenation 

and acidic dehydration make the carbides excellent deoxygenation catalysts. The acid sites are 

the result of some form of oxygen adsorption on the carbide surface, which can either be directly 

introduced after carburization by exposure to air (passivation) or can originate from the in situ 

generation of O*-Me2C species when the catalyst is exposed to the oxygen of the reactant or the 

water formed. To assess the composition of the surface present under the reaction conditions, in 

situ surface-sensitive experiments such as XPS and titration are required and must be further 

developed to explore the active phase of these materials. 

3. Influence of mixing W and Mo carbides on catalytic performance and challenges 

regarding their synthesis  

In order to arrive at a certain (desired) catalytic performance, the required (1) nature, (2) density 

and (3) accessibility of the active sites in the catalyst needs to be realized. These three aspects 

can be controlled during the catalyst preperation.57 In the case of the carbon nanofibers (CNF)-

supported carbide catalysts used in this study, the nature of the active sites is determined by the 
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composition and size of the nanoparticles, the density of sites depends on the metal loading, and 

the accessibility calls upon control of the porosities of the CNF support and the active phase.  

For CNF supported tungsten and molybdenum carbides it was shown in chapter 2 and also by 

other researchers58 that the crystal structures of the produced phases and the nanoparticle size 

differ depending on the synthesis method. A cubic carbide (MeC1-x) phase with 3–4 nm 

nanoparticles was obtained when using the temperature-programmed reduction (TPR) method, 

while a hexagonal phase (Me2C) with 4–5 nm nanoparticles was found when using the 

carbothermal reduction (CR) method. The TPR-synthesized carbides showed higher activity for 

the hydrodeoxygenation of fatty acids. This higher activity was related to their cubic crystal 

structure, their particle size, or a combined effect. These results highlight that the nature of the 

catalyst’s preparation has a great impact on the characteristics of the active site and this, in turn, 

on the catalytic performance. 

An issue related to the carbide preparation is the necessary high temperature during the 

carburization step. Both the TPR and the CR synthesis require careful thermal treatments (e.g., 

ramp and isotherm) at high carburization temperatures (600–700 °C and 900 °C, respectively). 

In comparison, noble metal like Pt require lower temperatures, i.e., they are reduced at ~200–

300 °C. Therefore, new alternative routes that do not require high temperatures while giving 

good control over the catalyst properties are desired.  

Solution chemistry methods have been applied in which the transition metal precursor and the 

carbon precursor interact at molecular level.59 This usually permits lower treatment 

temperatures and shorter preparation times. For example, Zeng et al.60 reported the room-

temperature reduction of molybdenum and tungsten halides with LiBEt3H, which results in the 

formation of Mo2C and W2C colloids. Unfortunately, this method has not been used for supported 

nanoparticles yet. Another method to decrease the synthesis temperature is the addition of 

another metal. This is exemplified in Chapter 2, where it is shown that the addition of Mo to the 

W carbide lowered the carburization temperature. Similar results have been found by Mehdad et 

al.61 who demonstrated that the presence of both niobium and molybdenum salts caused the 

carburization to occur at lower temperatures in comparison with the synthesis of the pure metal 

carbides. However, the addition of a second metal can change the catalytic performance, which 

might not be desired.  

One of the main objectives of this thesis was to prepare and characterize supported bimetallic 

(MoW) carbides. The challenge here is to synthesize a single-phase mixed metal carbide. In 

Chapter 2, CNF-supported mixed MoW carbides were prepared via co-impregnation by 
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dissolving both the Mo and W salts in water. After impregnation the catalysts were dried at 110 °C 

and then carburized using the TPR or the CR method. Though both synthesis methods resulted in 

different crystal structures and nanoparticle sizes. On the nanoscale level all bimetallic catalysts 

(Mo:W bulk ratios of 1:3, 1:1 and 3:1) showed MoW compositions that are on average close to 

those of the bulk ratios. This was proven by analysing the synthesis of the carbide via TGA, TPD-

MS and XRD and their nanoparticle composition with TEM-EDX, XANES and EXAFS. From the 

TEM-EDX measurements it was gained that at single-particle level the Mo:W ratio varies, 

indicating that mixed-phase nanoparticles with heterogeneous composition were formed (see 

Figure 7.5B). Possibly the precursor salts already form a heterogeneous MoW salt complex during 

the co-impregnation and drying process. Besides the formation of a heterogeneously mixed 

phase, two metals can also form homogenously mixed alloys, core-shell alloys or segregated 

particles (Figure 7.5).62 In the following, the different preparation methods for supported and 

bulk bimetallic carbide catalysts and their predicted mixing patterns are discussed and compared 

with the literature:  

(1) Co-impregnation (supported catalysts): Co-impregnation is a widely reported 

method for the synthesis of bimetallic metal catalysts and was also used during this 

thesis. Here, both metal salts are solved in, e.g., water or ethanol and impregnated in 

one step onto the support. Additionally, the pH of the aqueous salt solution can be 

adjusted to ensure better mixing of the metal salts. In this synthesis process 

homogenously mixed alloyed, heterogeneous mixed alloyed or segregated 

nanoparticles can be formed.63 Fu et al.64 used (wet) co-impregnation for the 

preparation of MoW carbides. The two metal salts were dissolved in ethanol and the 

carbon support was added to the solution, stirred and dried in a rotary evaporator. Due 

to the XRD and EDS results, the author stated that it is highly likely that the obtained 

nanoparticles consist of “atomically mixed”, i.e. homogenously mixed, MoW carbides 

instead of discrete Mo and W carbides nanoparticles.  

(2) Sequential-impregnation (supported catalysts): With this method two or more 

separate solutions containing different metal salts are prepared and impregnated 

subsequently. The consecutive deposition of a metal onto another metal nanoparticle 

can lead to a core-shell structure.65,66 No example for bimetallic carbides was found, but 

Pt modified with Mo carbide synthesized by co-impregnation do from Pt/Mo2C 

core-shell particles.67 On the other hand, co-impregnation can also result in segregated 

particles as has been shown for AgAu bimetallics.65 

(3) Co-precipitation (bulk and supported catalysts): The first step of this method is to 

change the pH of the aqueous solution containing the two precursor salts. This change 
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leads to a simultaneous precipitation of both metals.2 The obtained particles might be 

homogenously mixed but can also be enriched in one or the other metal or even be 

monometallic.63 Leclercq et al. 68 used this method for the preparation of bulk MoW 

carbides. Hydrochloride was added dropwise to an ammonium paratungstate and 

ammonium heptamolybdate solution. After 6 h a precipitate was formed, which was 

then dried and carburized in the addition of carbon source at 1520 °C. XPS analysis of 

the mixed MoW carbides shows an accumulation of Mo on the carbide surface. However, 

the author did not attribute this surface enrichment to the precipitation but to a surface 

modification occurring during the passivation treatment of the carburization.  

(4) Physical Mixing (bulk catalysts): With this method bimetallic oxide precursors are 

prepared by solid-state fusion of two monometallic oxides. The two monometallics are 

ground together using mortar and pestle. Ethanol was added to achieve better 

dispersion. The ground salts are then compressed to remove boundaries between the 

particles. This method has been used, for instance, to prepare bulk bimetallic NbMo 

carbide.69 Depending on the Nb:Mo salt ratio, a homogenous or heterogeneous mixture 

was formed.  

(5) Freeze drying (bulk catalysts): With the freeze drying method, two salts containing 

the metals are dissolved in water and flash frozen by dropping them into liquid 

nitrogen.2 Using this technique Mehdad et al.70 were able to synthesize single-phase 

MoW metal carbides.  

 

Figure 7.5 Schematic presentation of possible mixing patterns of supported bimetallic nanoparticles. (A) 
heterogeneously mixed alloy, (B) core-shell structure, (C) segregated particles and (D) homogenously mixed 
alloy 

It should be taken into account that also the drying and carburization process can influence the 

overall composition of the metal carbides. This possibility was also mentioned by Leclercq et al.,68 

who attributed the surface enrichment of molybdenum to the passivation treatment during 

carburization.  
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The addition of a second metal is a strategy to improve the activity, selectivity and stability of a 

catalyst.71-74 Fu et al.64 and Tran et al.75-77 have shown that the addition of W to Mo carbide 

enhances the catalytic performance for the electrocatalytic hydrogen evolution reaction and the 

hydrodeoxygenation of guaiacol and canola oil, respectively. In contrast, the CNF-supported 

bimetallic MoW used in this thesis does not show an enhanced activity for the 

hydrodeoxygenation of stearic acid. The carbide catalysts show an activity that lies between that 

of the monometallic carbides, of which the Mo carbide is more active than W carbide (see Figure 

7.2). With respect to selectivity a similar trend was observed: Mixed carbides with higher Mo:W 

ratio (3:1) reach higher yields of aldehydes and alcohols, while carbides with a lower Mo:W ratio 

(1:3) yield high concentrations of alkenes.  

This section highlights the importance of controlled-synthesis methods for (mixed) carbides to 

direct physical and chemical parameters. Depending on the method used, the resulting active 

sites will differ and tune the performance. For this reason it is important to investigate different 

preparation methods and their influence on the structure and performance of the catalysts to 

understand this relationship. In addition, more effort should be directed to exploring preparation 

methods that are efficient and economically feasible. 

4. Stability of transition metal carbides  

Catalysts are often losing their activity over time, especially in liquid-phase reactions.78-80 For this 

reason it is highly important to evaluate the stability of the catalysts during the reaction to 

understand the deactivation mechanism and to possibly improve the catalytic stability. 

Commonly, four pathways of catalyst deactivation are defined, i.g., (a) blocking of the active site 

(e.g. by coke deposition), (b) crystallite growth, (c) leaching and (d) oxidation.58  

Also in this thesis catalyst deactivation was observed in both the HDO of stearic acid (Chapter 2) 

and the HYN of cinnamaldehyde (Chapter 4 and 5) reactions. However, due to the nature of the 

batch reactor, it was challenging to find the cause of this deactivation since multiple subsequent 

experiments needed to be run, which made it difficult to reuse the catalyst for a second reaction. 

For this reason, the stability of Mo carbide catalysts in cinnamaldehyde HYN was studied in a 

plug-flow reactor (Chapter 5). Two different catalysts with different particle sizes (3 nm and 

4.5 nm) were synthesized. The carbide particle size was varied by altering the distribution of the 

metal precursor over the carbon nanofiber support. Interestingly, the Mo carbide catalyst with 

larger particles is more stable for the hydrogenation reaction of cinnamaldehyde (0.4% 

deactivation within 40 h), while the smaller particles readily deactivate (63% deactivation within 
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40 h). The deactivation was attributed to the adsorption of reactant and/or product that block 

the active site of the catalysts and to particle growth.  

Deactivation due to particle growth is irreversible and detrimental in the long term. There are 

two major routes that lead to particle growth: (a) coalescence (or particle diffusion) and (b) 

Ostwald ripening (Figure 7.6).81 82 During coalescence, two smaller particles merge to form a 

bigger one or a bigger particle develops from species moving over the surface of the support. This 

process is also often reported as sintering. The second mechanism, Ostwald ripening, is based on 

interparticle migration. Molecules or atoms dissolve into solution or evaporate into the gas phase 

and precipitate onto a larger particle. The increase in particle size of the Mo carbides in the 

hydrogenation reaction has been explained by the Ostwald ripening mechanism based on the fact 

that small quantities of Mo were found to leach into the reaction solution. Further investigations 

are required to prove this and to understand the exact mechanism of Ostwald ripening for carbide 

nanoparticles, e.g., to determine if the carbon and Mo dissolve separately or combinedly. In situ 

TEM is a tool for observing particle growth, although the liquids and gases used for the reaction 

are incompatible with the high-vacuum environment required for TEM measurements.83 

Nevertheless, advancements in the in situ TEM techniques made it possible to conduct particle 

growth studies under conditions approaching reaction conditions (albeit limited in pressure) and 

to determine the particle growth route. For instance, Simonsen et al.84 studied the Ostwald 

ripening in Pt/SiO2 model catalysts at temperatures up to 650 °C under 10 mbar air pressure. In 

a similar way Luo et al.85 observed particle migration and coalescence for Pt supported on carbon 

nanotubes exposed to O2 and H2O gas, at 0.01 mbar and 100 °C.  

 

Figure 7.6 Particle growth mechanisms: (A) coalescence and (B) Ostwald ripening 
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In summary, carbide catalysts are prone to deactivation in liquid phase reactions, with particle 

growth being one of the main deactivation mechanisms. However, the exact mechanism of 

particle growth of Mo and W carbides has not been assessed. Nevertheless, this thesis shows in 

the case of hydrogenation of cinnamaldehyde that Mo carbide nanoparticles of 4–5 nm are 

significantly more stable than those of 3–4 nm.  

Summary and recommendations  

Transition metal carbide catalysts can play an important role for the realization of at least two of 

the twelve principles of green chemistry.86,87 One of those two is principle 9, which is the “general 

use of catalysis” to reduce the amount of waste often generated when using stoichiometric 

reagents and to increase the energy efficiency of the reaction. In this respect Mo and W carbide 

materials belong to an interesting class of catalysts as they are efficient and selective catalysts 

based on abundant elements. The other principle is “the use of renewable feedstocks” (principle 

7). We have shown that carbide materials are efficient catalysts for biomass conversion reactions, 

such as HYN and HDO. Thus, carbide catalysts could play an important role in the shift from a 

fossil-based chemical industry to a more sustainable, bio-based industry by using renewable 

biomass as raw material.  

However, no major industrial application of Mo and W carbide catalysts has been developed yet.1 

Since the seminal work of Boudart and Levi, many successes regarding the preparation, 

utilization and understanding of the catalytic behaviour of molybdenum and tungsten carbide 

have been achieved, although there is still a significant amount of work to be done to apply these 

carbides for HYN and HDO reactions on a larger scale.88 In the following, three recommendations 

regarding further fundamental and applied research are presented.  

(1) The development of a controlled-synthesis method for monometallic and mixed 

carbide is required to control physical and chemical parameters, like particle size, 

surface structure and crystalline structure. Further investigations in this area will 

advance the understanding of the structure-performance relationship. Additionally, 

preparation methods that are both efficient and economically feasible (e.g., lower 

carburization temperatures) should be explored to meet the requirements for 

industrial applications.  

(2) The development of more in situ/operando characterization techniques, like 

spectroscopic and imaging techniques, is recommended for exploring the active phase 

under reaction conditions. Especially, the development of in situ surface-sensitive 

experiments might be beneficial for the understanding of bifunctional properties of the 

acid and metallic sites. 
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(3) The stability and recyclability of carbide catalysts has been studied on model 

reactions, whereas tests on the pilot-scale for primary potential applications, e.g., 

hydrogenation and hydrodeoxygenation reactions, for long-term operation have to the 

best of our knowledge not been carried out. These tests would be valuable for the 

commercialization of carbide catalysts.  

Concluding remarks 

This thesis targeted the development of Mo, W and bimetallic MoW carbide catalysts for 

hydrodeoxygenation and hydrogenation reactions in biomass feedstock conversion. New insights 

into the preparation and characteristics of Mo, W and MoW transition metal carbides were 

gained, which led to a better understanding of the relationship between the catalysts’ properties 

and their performances. Especially with regard to the preparation, the characteristics (Chapter 

2) and the behaviour (Chapter 3) of bimetallic MoW carbides, this thesis achieved a deeper 

insight. In Chapter 2, the synthesis of carbon nanofiber-supported, mixed MoW carbides via CR 

and TPR methods was investigated. It was found that, irrespective of the synthesis method used, 

all bimetallic catalysts (Mo:W bulk ratios of 1:3, 1:1 and 3:1) show compositions on the nanoscale 

level that are close to those of the bulk ratios. However, the crystal structure and the particle size 

depend on the synthesis method. A cubic carbide (MeC1-x) phase with 3–4 nm nanoparticles was 

obtained when using the TPR method, while a hexagonal (Me2C) phase with 4–5 nm 

nanoparticles was found when using the CR method. The activity of these bimetallic carbides 

synthesized via TPR method is higher than that of the CR-synthesized bimetallic carbides. These 

results indicate that both the crystal structure and particle size have an impact on the catalytic 

performance. In Chapter 3, the catalytic selectivity of the bimetallic carbides was investigated. 

Both the monometallic W and Mo carbides and the bimetallic MoW carbides (with different 

ratios) prefer the HDO pathway over the DCO pathway. The Mo:W ratio was found to shift the 

intermediate product yield towards either oxygenates or alkenes in the HDO pathway. The more 

Mo rich samples deliver a higher yield of intermediate oxygenates, while the more W rich samples 

result in higher yields of alkene intermediate. The behaviour of the 1:1 MoW carbide was found 

to be similar to a physical mixture of monometallic Mo and W carbides.  

In addition, Chapter 4 dealt with the potential of carbon supported Mo and W carbides for 

replacing Pt for the hydrogenation of cinnamaldehyde. The carbide catalysts, like Pt, favour the 

hydrogenation of the C=C bond to produce hydrocinnamaldehyde, especially at higher reaction 

temperatures, although the carbides are slightly less active. In Chapter 5, the utilization of 

tungsten and molybdenum carbide catalysts for the HYN of cinnamaldehyde in a plug flow reactor 

was reported for the first time. The obtained results will broaden the understanding and, thus, 
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the commercial usability of the carbide catalysts. It was demonstrated that Mo carbide with larger 

nanoparticle sizes are more stable in the cinnamaldehyde hydrogenation. The increase in 

stability for larger particles was shown to be due to an improved resistance against particle 

growth and site blocking of carbonaceous species.  

In Chapter 6 we argue that molybdenum and tungsten carbide hold great potential for the 

catalytic conversions of future feedstocks due to their ability to remain active in the presence of 

impurities in the feedstock. Based on thermodynamic arguments carbide catalysts might change 

the nature of their active site when used in the presence of S and N impurities during the 

processing of crude oil or renewable feedstock. However, they can remain catalytically active 

since the sulfide and nitride phases also possess activity for the same type of reactions. This 

distinguishes them from noble metal catalysts which quickly deactivate in the presence of sulfur 

or nitrogen containing compounds. 

Hence, this thesis contributed to a deeper understanding of carbide catalyst preparation, 

characterization and performance. The improved insight can help to advance the application of 

more abundant and sustainable catalysts for the use in biomass upgrading reactions and to meet 

the principles of green chemistry.  
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Summary 
 

Molybdenum and tungsten carbides can catalyse a wide range of reactions that are typically 

catalysed by noble metals such as platinum. For example, Mo and W carbides are viable catalysts 

for the hydrodeoxygenation of fatty acids and the hydrogenation of cinnamaldehyde, as shown 

here in this thesis. Despite the great potential of transition metal carbides, these carbides 

currently make up only a small group of catalysts. This is most likely due to their limited stability, 

their cumbersome preparation, and the lack of understanding of the relationship between 

properties and their performance. This thesis provides insights into the preparation and 

characteristics of Mo, W and MoW transition metal carbides which led to a deeper understanding 

of the relationship between catalysts properties and their performances.  

Chapter 1 provides a general introduction to molybdenum and tungsten carbide as viable 

replacements for noble metals for biomass upgrading reactions. First, the advantages of carbide 

catalysts over noble metals are summarized: the abundance of Mo and W, the tolerance of 

carbides against S and N impurities in the feedstock and their catalytic activity for hydrogen 

transfer reactions. In addition, an overview of the different preparation and characterisation 

techniques of Mo and W carbides is given. Finally, the advantages and disadvantages of batch 

versus plug flow reactors were discussed with respect to the reusability and stability of the 

carbides.  

Supported transition metal carbides like tungsten and molybdenum carbides are efficient 

catalysts for decarboxylation/decarbonylation and hydrodeoxygenation of triglyceride-based 

feedstock to alkanes and alkenes. Interestingly, when comparing supported W-carbide to 

supported Mo-carbide catalysts the former ones were more selective (>50%) towards alkenes, 

while the latter were more active but less selective to the (at that time) desired alkenes. In 

Chapter 2 & 3, we established to which extent we can combine the properties of both W-carbide 

and Mo carbide by using mixed MoW-carbides. However, for this, we first need to investigate to 

which extent we can mix these carbides.  

In Chapter 2 we investigated the synthesis and characterisation of supported bimetallic MoW 

carbide catalysts. Two different synthesis methods (temperature-programmed reduction and 

carbothermal reduction) were used to synthesise a series of bimetallic MoW catalysts with 

different Mo and W ratios (Mo:W bulk ratios of 1:3, 1:1 and 3:1). We found that both synthesis 

methods resulted in mixed bimetallic (MoW) carbide phases. Irrespective of the synthesis 

method, all bimetallic catalysts show compositions on the nanoscale level that are close to those 
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of the bulk ratios. The crystalline phases and the particle size differ depending on the synthesis 

method. A cubic carbide (MeC1-x) phase with smaller particles (3-4 nm) was obtained when using 

the temperature-programmed reduction method whereas a hexagonal phase (Me2C) with larger 

nanoparticles (4-5 nm) was obtained when using the carbothermal reduction method for all 

Mo:W ratio (1:3, 1:1 and 3:1). The TPR-synthesized carbides showed higher activity for the 

hydrodeoxygenation of fatty acids. This higher activity of the TPR samples was tentatively related 

to the cubic crystal structure, particle size or a combination of those two effects. 

In Chapter 3, we studied the catalytic performance of MoW mixed metal carbides in the stearic 

acid deoxygenation. It was shown that the Mo:W ratio in bimetallic carbide can steer the product 

yield towards either aldehydes, alcohols, alkenes or alkanes. The mixed carbides with a higher 

Mo/W ratio (3:1) reached higher yields towards aldehydes and alcohols, while the carbides with 

a lower Mo/W (1:3) ratio yielded high concentrations of alkenes. The intrinsic activity (turnover 

frequency (TOF)) of the catalysts was both assessed based on H2 and CO density site 

chemisorption. The TOFH2 relates linearly with the Mo/W ratio while the TOFCO did not show a 

relevant relationship. Therefore, H2-chemisorption is suggested as the preferred way to assess 

the intrinsic activities of these catalysts. 

Although molybdenum and tungsten carbides have been shown to be active for hydrogenation 

reactions, their potential for chemoselective hydrogenations has not been often studied. Selective 

hydrogenations are often exemplified by cinnamaldehyde hydrogenation towards either 

unsaturated alcohols (cinnamyl alcohol) or saturated aldehydes (hydrocinnamaldehyde) 

primarily with noble metal catalysts. In Chapter 4, the potential of carbon-supported Mo and W 

carbides to replace Pt is shown for the hydrogenation of cinnamaldehyde. The carbide catalysts 

and Pt, both favour the hydrogenation of the C=C bond to produce the saturated aldehydes, 

although the carbides were less active. The main difference between Pt and the carbide was the 

high selectivity towards β-methylstyrene with the carbide catalysts.  

Motivated by these findings we investigated in Chapter 5 the stability of Mo carbides during the 

hydrogenation reaction in a plug flow reactor. It was demonstrated that the carbide nanoparticle 

size is a critical factor for the stability in the cinnamaldehyde hydrogenation. The Mo carbide with 

larger nanoparticles (4-5 nm) showed enhanced stability, in comparison to the Mo catalysts with 

smaller nanoparticles (3-4 nm). The deactivation of the catalysts was ascribed to particle growth 

and site blocking by a carbonaceous species.  

Chapter 6 is a perspective in which we argue that molybdenum and tungsten carbides hold great 

potential, as replacements for noble metals, for future catalytic conversions due to their 
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capability/ability to remain active in the presence of impurities/poisons in the feedstock. 

Especially N and S impurities, found in fossil-based feed and to a certain extent also in new 

renewable feedstocks (such as biomass), might convert the carbides to their respective nitrides 

or sulphides. These phases are catalytic active for similar reactions as the carbides and do not 

lead to complete catalyst deactivation as likely for noble metals. To unlock the full potential of 

the carbide-based catalysts studies focusing on real feedstock and on the role of hetero atoms 

during the processing of fossil and novel feedstock are required though. 

Chapter 7 provides a general discussion of the most important achievements that are outlined 

within this thesis. Special attention is given to suggestions for future research e.g. to develop 

controlled-synthesis methods and more in situ/operando characterisation (to establish 

oxycarbide surfaces) and to focus on the stability of carbide catalysts.   

 

 

  

 



 

198 
 

  



  Acknowledgement  

199 
 

Acknowledgement  
 

The past four years of my research at the Biobased Chemistry and Technology (BCT) group here 

in Wageningen have been a great experience. I have learned to be an independent researcher and 

to value the work and expertise of others. Writing this thesis would not have been possible 

without the support, inspiration and help of people whom I had the privilege to work with and 

whom I’d like to thank. And of course, this starts with my (co-)promotors. 

Harry, first of all, I would like to thank you for giving me the opportunity to do a PhD in your 

group and having the trust in a biotechnologist to finish a PhD in heterogeneous catalysis. Your 

enthusiasm about carbide catalysis is contagious and motivated me through the last 4 years. What 

I value most is your open attitude, your optimism and your ability to see the bigger picture. Your 

door was always open, when I was asking ‘Do you have 2 min?’, although you would know that it 

would actually take at least 10 min. Thank you also for giving me the opportunity to present my 

work at multiple (inter)national conferences. I enjoyed our times in Spain, Brazil and New York.   

Tomas, you have introduced me to the world of heterogenous catalysis as a master student and 

I am very glad you did so. Your knowledge in catalysis and your technical skills are truly 

impressive. You have guided me through this PhD and many of your great ideas have been applied 

in my thesis. I enjoyed working with you and I am very proud that we were able to build the 

continuous flow reactor. Thank you for your engagement in my research, your inspiration and 

your support!  

Thanks again to my two favourite ‘Knakkers’, it was a pleasure to work with you!  ����  

The trips to the synchrotron in Brazil have been exciting and a great experience. Thank you, 

Cristiane and Dean, for your help and involvement in my research to gather as many results as 

possible in a short time. These results would not have been analyzed without the help of Moniek 

and Edwin. Moniek, thank you for your patience in guiding me through the XANES/EXAFS 

calculations. Edwin, I truly appreciate your help, our fruitful discussions about carbides and 

above all, your dry sense of humour. Working with you has not only been productive, but also 

fun.  

Thank also to my (other) co-authors, Petra, Johan, Emil and Tiny who helped me out with 

essential measurements/analyses. Your scientific input led to this success.  



 

200 
 

In addition, I would like to thank the BCT staff. Danielle, thank you for all the help with all the 

organizational and administrative tasks! I appreciate very much your help and patience with our 

PhD trip. Great thanks to Susan, who always helped me with GC and other lab issues. Your magic 

hands have simplified many things for me. Thank you also for the organization of many events 

and your participation and support in the Veluweloop! Thanks, Nadine for making sure that the 

chemicals were available, and that the lab was well-organized. Elinor, thank you for often 

initiating the coffee, tea, lemonade or lunch breaks at BCT. Our (scientific) conversions are 

unforgettable for me. I also want to thank you for your guidance in supervising students and 

teaching the biobased refinery practicals. Costas and Akbar, thank you for the nice conversions 

and for joining the PhD trip to France. It was great to have you both with us. Thank you, Guanna, 

for your kindness and interest in carbide catalysis and your (and Raghavendra’s) patience to 

explain me the basics of DFT calculations.  

My dear office mates, Eleni & Ivo! I must admit I liked our ‘hidden’ office a lot, although the 

heating did not work properly - your kindness helped making it bearable. Eleni, thank you for the 

good time in our igloo. It was always a pleasure to sit next to you, talk about graph design, sample 

colors or shoes we would like to buy and to grape a ‘good’ coffee. I am looking forward to the next 

concert with you! Ivo, I very much appreciated our nice talks and discussions. Sharing the 

pleasure of catalysts, carbon supports and TEM imaging with my office mate is definitely 

something I already miss. I also miss our snack breaks, although I must admit, that I prefer the 

cinnamon roll and Oreo cookies above celery…  

I owe my colleagues at BCT a big thank you who all contributed in one way or another to this 

thesis. Matthijs, I enjoyed our discussions about science and other topics. I am looking very much 

towards our next visit and to see and taste your growing wine and beer brewery. Torin, 

Raghavendra and Dmitry, it was a pleasure to work with you and to organize the PhD trip with 

you, guys. I like to think back to Lyon: a glass of Côtes du Rhône in a Bouchon restaurant and 

smiling into the happy faces of Freek and Roel (thank you too!). Or the lovely train and bus trips 

to Université Paris-Saclay –unforgettable. Thanks, Maggi, Mingming, Yufan and Chenqiang, to 

guide us to this super delicious restaurant in Paris. Many thanks also to the great Oleosome group, 

Umay, Lorenz and Ma! I had a great time at BCT. Thank you for all the nice moments!  

I also want to thank all my former colleagues: Nazila, many thanks for your help in the lab and 

our various valuable discussions on (Pt or carbide) catalysis. These led me to many great ideas, 

which are now implemented in this thesis and our papers. Thank you also for supporting me 

during my trip to the synchrotron! Laura and Simha, thank you for the nice talks and support at 

work, the great dinners, the BCT PhD party and the drinks at the Zaaier! Thiago, it was great to 



  Acknowledgement  

201 
 

have a carbide soulmate with whom I could discuss the carbide catalysts in every detail. It was 

also a pleasure to visit Luana in Delft together with you- a memorable evening. Roxani, Tim, 

Frits and Gerben, thanks for the fruitful discussions and help with e.g. chemisorption or the 

autoclave. Tim, thank you for getting fries at our Friday’s lunch – I appreciated it.  

This research was not possible without the help of my BSc and MSc students: Koen, Merijn, 

Ruben, Sumeyye, Norwin, Krishna, Jos and Kai-Ching. You all have contributed to this 

research. All the hard work, great results and new insights we got from your work have been 

taken into account in my thesis. Many thanks for that! It was a great pleasure working with such 

enthusiastic students as you all were. I was/am lucky and proud of you.  

Fortunately, I was surrounded by amazing friends during the last years. Starting off with 

Rebecca: you are a wonderful friend. I liked our coffee/tea breaks at Axis X, the runs on 

Wednesdays after our exhausting VALG meetings, the vacation to Montpellier and of cause our 

game nights. Thank you for the great support you have been! Bas and Pascal, I am glad that we 

have become friends. We spent quite some time together hiking, running, playing games, etc. 

Thank you for these nice distractions. Margo and Katharina, thank you both for the effective and 

nice writing weeks! Thanks also to the Wageningen Réunions (Mirka, Sophie, Lara, Ute & 

Marian)! Our weekends together in any German city have always been a nice distraction. Lei, 

dank je wel voor alle leuke activiteiten die wij de afgelopen jaren hebben ondernomen. Het is heel 

fijn om zo een vrienden als jou te hebben, die zo goed kan luisteren en ondersteunen maar waar 

ik ook veel me kan lachen en feesten. Irene (en Henk-Jan), bedankt voor jullie gastvrijheid op 

jullie mooie boerderij tijdens mijn vele bezoeken in Groningen. Ook op musical vlakte had ik altijd 

genoeg afleiding; dank aan de ‘Harde Kern’ en ‘Malac Banda’ voor de leuke repetities en 

optredens maar vooral voor de ontzettend gezellige en grappige momenten samen. In het eerste 

jaar van mijn PhD woonde ik nog op Huyze Goudheerlijk in de Taarthorst, en het was een fijn 

en gezellig huisje. Dank jullie wel voor jullie support.  

Auch bei meinen lieben Freunden aus Deutschland möchte ich mich bedanken. Unsere David 

Gerät Gruppe ist und bleibt doch eine ganz besondere Freundschaft. Insbesondere möchte ich 

mich bei Leonie und Miri für eure Unterstützung bedanken, eure Besuche und eure Anrufe. Ich 

bin unglaublich dankbar für unsere langjährige und innige Freundschaft. Patricia, Harald, 

Martina, Hung, Gitta und Betty, ihr kennt mich jetzt schon ziemlich lang und ich finde es echt 

wahnsinnig lieb, dass ihr mich so unterstützt und euch so für mich interessiert. Ich freue mich 

sehr, dass ihr bei der PhD-Verteidigung und Feier dabei seid! Danke auch an Leonie und 

Dominik für das cover! A book is first judged by its cover! 



 

202 
 

I gratefully acknowledge my two paranimfen. Dear Cynthia, since the VLAG week I realized that 

I have won a very special friend. I love to talk to you, I very much appreciate your opinion and 

your honest friendship. You always took time for me and motivated me at times I was getting 

frustrated. Our various activities, e.g. dinners, concerts and hikes, deepened our friendship and 

mutual confidence. Thank you for everything! Sanne, my dearest (ex)-housemate! It was truly a 

pleasure for me to live with such a lovely person as you are. As well as a friend you were a huge 

support during my PhD. Almost every day we would exchange our daily experiences at our cozy 

bar, what did go wrong or well. I very much appreciated these moments as you were always able 

to encourage me due to you big hard and great optimism. Our sportive exercises, movie nights 

and shopping tours were a nice way for me to reset my brain. Thank you for your companionship! 

I would also like to thank my family. Wolfgang und Anja, lieben Dank für eure Unterstützung 

und die tollen Skiurlaube, wo ich mich immer gerne anschließe. Auch lieben Dank an meine liebe 

Omi, die mich mit ihrer Liebe und ihrem wahnsinnigen Stolz auf ihre Enkel immer unterstützte. 

Ook mijn Nederlandse familie (vooral aan Lida, Ada en Nell) wil ik graag bedanken voor de steun 

en liefde van de afgelopen jaren (en mijn hele leven). Thanks also to my dearest brother, Maxim, 

for the all the support and the prove reading! Also for all the great, funny moments we have when 

spending time together. I missed you here the last year in Wageningen, but I am very happy that 

you are willing to come all the way from Madagascar to join my defense. A special thanks goes 

out to my parents. I am very lucky to have such lovely parent who always are there for me. Mama, 

Papa, thank you for all the support and love I got from you!  

    

  



  Acknowledgement  

203 
 

 



 

204 
 

  



  Authors Profile  

205 
 

About the author 

 
 

Marlene Führer was born in August 1993 in Frankfurt a. M., Germany. She finished high school in 

2013 at the Albert-Einstein-Gymnasium, Schwalbach am Taunus after which she moved to 

Wageningen to study Biotechnology at the Wageningen University. During her BSc studies, she 

attended one semester, as an Erasmus exchange student, at Lund University after which she 

conducted her BSc thesis at the Organic Chemistry group of Wageningen University. She obtained 

her Bachelor of Science degree in 2016. She then continued her studies in Biotechnology at 

Wageningen University and obtained her Master title in 2018. As part of her Master program, she 

performed an internship in the Green Chemistry group of Prof. James Clark at the University of 

York, United Kingdom. Her master thesis research was performed in the Biobased Chemistry and 

Technology group at Wageningen University. The title of her master thesis was “Carbohydrate 

Oxidation by Platinum on Activated Carbon: Altering the Catalytic Performance by Changing the 

Surface Chemistry of the Support”. The research was performed under the supervision of dr.ir. 

Tomas van Haasterecht and prof.dr. Harry Bitter. Under the same supervision and in the same 

research group, she started her PhD research on “Transition Metal Carbides for Biomass 

Upgrading” in 2018. The most important results of this work are presented in this dissertation.  

In January 2023 she will start her first job as Project Leader at Avantium in Amsterdam. 



 

206 
 

 
 
 
 
 
 
 

  



  List of Publication  

207 
 

List of Publications 
 

 

This thesis 
Führer, M., van Haasterecht, T., & Bitter, J. H. (2020). Molybdenum and tungsten carbides can 

shine too. Catalysis Science & Technology, 10(18), 6089-6097. 

Führer, M., van Haasterecht, T., & Bitter, H. (2022). Cinnamaldehyde hydrogenation over carbon 

supported molybdenum and tungsten carbide catalysts. Chemical Communications, 58(98), 

13608-13611. 

Führer, M., van Haasterecht, T., E.J.J. de Boed, P. E. de Jongh & Bitter, J. H. (2022). Synthesis and 

Characterization of Supported Mixed MoW Carbide Catalysts. The Journal of Physical Chemistry C 

(accepted) 

Führer, M., van Haasterecht, T., & Bitter, J. H. (2023). Catalytic performance of carbon-supported 

mixed MoW carbides for the deoxygenation of stearic acid. Catalysis Today, 418, 114108 

Führer, M., Fan, KC., van Haasterecht, T., & Bitter, J. H. (2022). Particle size effect on the stability 

of carbon nanofiber supported Mo carbide catalysts in the hydrogenation of cinnamaldehyde. 

(Manuscript in preparation)  

 

Other publications 

Führer, M., van Haasterecht, T., Masoud, N., Barrett, D. H., Verhoeven, T., Hensen, E., Tromp, M., 

Rodella, C. B. & Bitter, H. (2022). The Synergetic Effect of Support-oxygen Groups and Pt Particle 

Size in the Oxidation of α-D-glucose: A Proximity Effect in Adsorption. ChemCatChem, 14(19), 

e202200493. 

Masoud, N., Clement, V., van Haasterecht, T., Führer, M., Hofmann, J. P., & Bitter, J. H. (2022). 

Shedding Light on Solid Sorbents: Evaluation of Supported Potassium Carbonate Particle Size and 

Its Effect on CO2 Capture from Air. Industrial & Engineering Chemistry Research, 61(38), 14211-

14221. 



 

208 
 

 
 
 
 
 
 
 
  



    

209 

Overview of completed training activities 
 

Conferences, Symposia and discipline courses   

NIOK Schiermonnikoog,  
The Netherlands 

2018 

NCCC Conference1 Noordwijkerhout,  
The Netherlands 

2019 

CHAIN Conference2 Veldhoven,  
The Netherlands 

2019 

NCCC Conference2 Noordwijkerhout,  
The Netherlands 

2020 

ICEC2020 Conference2 Online 2020 

TEM/SEM operation course Wageningen,  
The Netherlands 

2018-2019 

NCCC Conference2  Online 2021 

NCCC Conference2 Noordwijkerhout,  
The Netherlands 

2022 

NAM272 New York,  
The United States 

2022 

CarboCat Conference2 Zaragoza, Spain 2022 

CHAIN Conference1 Veldhoven,  
The Netherlands 

2022 
   

General courses   

Teaching and supervising Thesis students  Wageningen,  
The Netherlands 

2019 

Scientific Publishing Wageningen,  
The Netherlands 

2019 

Scientific Writing  Wageningen,  
The Netherlands 

2019 

Vlag Week Baarlo, The Netherlands 2019 

Presenting with impact Wageningen,  
The Netherlands 

2020 

Scientific Artwork, Data visualization and Infographics with 
Adobe Illustrator 

Wageningen, 
The Netherlands 

2020 

VLAG council coaching session Wageningen,  
The Netherlands 

2021 

Career perspective (planning on taking) Wageningen,  
The Netherlands 

2021 
   

Others   

Preparation of research proposal Wageningen,  
The Netherlands 

2018 

VLAG council  Wageningen,  
The Netherlands 

2018-2021 

Discussion meetings (Catalysis meeting, Group meeting, PhD 
meeting) 

Wageningen,  
The Netherlands 

2018-2022 

Advanced Organic Chemistry Wageningen,  
The Netherlands 

2019 

Organisation of the PhD study trip to France  Wageningen,  
The Netherlands 

2019-2021 

PhD study trip  Lyon & Paris, France 2022 

 1Poster presentation    2Oral presentation    



 

210 
 

The research described in this thesis was financially supported by Dutch Research Council (NWO, 

729.004.022) and São Paulo Research Foundation (FAPESP, 2017/50261-1).  

Financial support from Wageningen University for printing this thesis is gratefully acknowledged. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cover design by Leonie Specht and Dominik Keller 

Printed by Proefschriftmaken  

 





MARLENE FÜHRER

M
O

LY
B

D
E

N
U

M
 A

N
D

 T
U

N
G

ST
E

N
 C

A
R

B
ID

E
 C

A
TA

LY
ST

S
2023

M
A

R
LEN

E FÜ
H

R
ER

MOLYBDENUM
AND TUNGSTEN 

CARBIDE
CATALYSTS

AN APPROACH 
TOWARDS SUSTAINABLE 

CONVERSIONS


	Lege pagina
	Lege pagina



