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ABSTRACT 

Reactions of biomass derived oxygenates on metal and carbide 

surfaces 

Weiming Wan 

Biomass is a renewable resource as an alternative to fossil fuels for chemical and fuel production. 

Through depolymerization, such as hydrolysis and pyrolysis, biomass can be converted to 

numerous oxygenates, which can be further upgraded into value-added products. This thesis 

processes a fundamental study to investigate the upgrading of two platform chemicals, furfural 

and glycerol, which are produced from hemicellulose and triglyceride, respectively. 

The ring-opening of tetrahydrofurfuryl alcohol (THFA), formed by full hydrogenation of 

furfural, produces a valuable monomer, 1,5-pentanediol (1,5-PeD). This thesis reveals that the 

ring-opening of partially hydrogenated furfural to produce 1,5-pentanediol is a promising pathway, 

which has a lower activation barrier than that from the furfural-THFA-1,5-PeD pathway. The 

surface with strong interaction with furan ring can enhance the ring-opening reaction. However, a 

proper binding with the furan ring is also critical to avoid further decomposition.  

The hydrodeoxygenation (HDO) reaction can convert furfural to 2-methylfuran, a promising 

fuel additive. A comparison of bimetallic catalysts consisting of 3d transition metal over platinum, 

3d/Pt(111) surfaces suggests that the 3d-terminated surfaces with strong oxophilic metal modifier 

have high HDO activity. However, Pt is a precious metal and the 3d-terminated 3d/Pt(111) is 

unstable due to the diffusion of the 3d metal. The two drawbacks make 3d/Pt catalysts unpractical 

for industrial use. Molybdenum carbide (Mo2C) shows Pt-like properties as a substrate and has 

high diffusion barrier to stabilize the surface 3d atoms, making it an ideal material to replace Pt. 



 

 

The 3d/Mo2C shows similar furfural HDO activity to 3d/Pt(111) with an enhanced stability in both 

surface science experiment and reactor evaluations. 

Due to the promising performance of 3d/Mo2C catalysts, they can be utilized in the HDO 

reaction of glycerol. Glycerol has three C-O bonds, and the selective HDO reaction upgrades 

glycerol into various products by cleaving different numbers of C-O bonds. The strong 

oxophilicity makes Mo2C active to break all C-O bonds of glycerol forming propylene. The Cu 

modifier can reduce the oxophilictiy of the Cu/Mo2C surface and products with fewer C-O bonds 

cleaved are observed as Cu coverage increases. 
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1.  Chapter 1: Introduction 

1.1. Reactions to Upgrade Biomass Derivatives 

As energy demands increase the strain on the limited supply of fossil fuels will increase. 

Therefore it is important to find a renewable resource as a substitute for fossil fuels. The 

consumption of fossil fuel increases the atmospheric concentration of CO2, which raises concerns 

about climate changes such as global warming and ocean acidification.[1],[2] Controlling 

atmospheric CO2 concentrations and finding alternative resources are two challenges of 

sustainability. Since biomass is a renewable resource and the growth of biomass consumes CO2, 

these two features make it a desirable feedstock to replace fossil fuels, both as a fuel and as 

feedstock in the production of chemicals. 

Two of the typical biomasses are lignocellulosic biomass and lipid biomass. Both can be utilized 

for fuel and chemical productions. Lignocellulosic biomass is obtained from agricultural and forest 

waste. It consists of three kinds of polymers: cellulose, hemicellulose, and lignin. Through 

depolymerization, such as hydrolysis, enzymatic catalysis, and pyrolysis, the lignin is converted 

to aromatic compounds, and the cellulose and hemicellulose can be converted to C5 and C6 

sugars.[3]–[7] These C5 and C6 sugars, such as xylose, fructose, and glucose, can be further converted 

into furanic compounds through dehydration.[8],[9] Furfural and 5-hydroxylmethylfurfural (HMF) 

are platform chemicals produced from cellulosic biomass. The lipid biomass is obtained from the 

vegetable oil and animal fat, which contains triglycerides.[10] Triglycerides can be used to produce 

bio-diesel and glycerol through transesterification.[11] Bio-diesel is an unsaturated long-chain alkyl 

ester, and glycerol is a by-product, which accounts for ~9 wt% of the total product.[12]  

In large industrial processes, biomass derivatives, such as furfural, HMF, bio-diesel, and 

glycerol, can be massively produced. However, these biomass derivatives are generally 
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underutilized. As fuels, biomass derivatives have low energy densities due to the high O/C ratio. 

As chemical feedstocks, it is difficult to convert biomass derivatives to desirable products because 

the presence of many different functional groups makes it difficult to design highly selective 

catalysts. Therefore, before biomass derivatives can be upgraded to fuels or chemicals and more 

pretreatment is required. For biomass conversion to be economical, a large-scale commercial 

process is required, and current efforts should focus on developing highly active, selective, and 

low-cost catalysts.  

To convert biomass derivatives into value-added products multiple reactions have been applied, 

such as reforming, hydrogenation, decarbonylation, hydrodeoxygenation, and ring-opening among 

others. These reactions will be briefly introduced in following sections. 

1.1.1.  Reforming Reaction 

Reforming converts biomass-derived oxygenates into syngas, which can be used in the Fisher-

Tropes reaction for methanol and hydrocarbon production.[9] From simple molecules to 

complicated mixtures, the reforming of a large variety of oxygenates has been studied. Compared 

with the less oxygenated molecules, oxygenates with 1:1 ratio of carbon to oxygen are very suitable 

for reforming because they do not require extra stream or oxygen to remove the carbon from the 

catalysts.[13]  

Many reviews have summarized the reforming of biomass derivatives.[3],[14]–[19] For example, 

Davda et al. summarized the aqueous-phase reforming on supported metal catalysts.[14] Xiong et 

al. summarized the surface science studies for the reforming of oxygenates.[18] Yu et al. 

summarized the reforming reaction on Pt-based metal catalysts.[17] Sankar et al. summarized the 

bimetallic catalysts for the reforming reaction.[19] To fundamentally understand the reforming 

reaction on preferred catalysts, simple model molecules have been used to probe the catalytic 



3 

 

activities of bigger molecules.[20],[21] Salciccioli et al. compared the reforming reactions of ethylene 

glycol on Pt and Ni/Pt bimetallic surfaces.[22] The DFT calculations show a general trend that the 

barrier for C-C bond breaking decreases as fewer H atoms are in the intermediates. Therefore, the 

prior C-H bond cleavage promotes the C-C bond breaking. Yu et al. combined microkinetic 

modeling and surface science experiments to study the reactions of ethylene glycol on metal 

modified Mo2C surfaces. DFT calculations reveal that the carbon and oxygen binding energies on 

the surface can be important descriptors to predict the selectivity of the ethylene glycol reactions. 

The catalyst surfaces with high carbon binding energy and low oxygen binding energy are active 

for reforming reaction, while surfaces with high oxygen binding energy and moderate carbon 

binding energy show deoxygenation activity. The experimental results confirm that the Mo2C 

surface, which has high oxygen binding energy, is active to produce ethylene. The Ni/Mo2C 

surface has moderate oxygen binding energy, due to the Ni modifier, and shows reforming activity. 

These studies provide a general guide to screen catalysts for the reforming reaction. Catalysts with 

high carbon binding energies or high activity toward C-H bond cleavage should be considered for 

reforming.  

1.1.2.  Hydrogenation Reaction 

The hydrogenation reaction is used to saturate the C=C and C=O bonds of the biomass-derived 

oxygenates, which is desirable to produce certain value-added products. For example, furfural can 

be converted to three different chemicals: tetrahydrofurfural,[23] furfuryl alcohol[24], and 

tetrahydrofurfuryl alcohol[25], via the hydrogenation of different bonds: C=C bonds, C=O bond, 

and all unsaturated bonds, respectively. Hydrogenation can also be used to upgrade other 

chemicals such as HMF[26], furanone[27] and lactic acid.[28] Humbert et al. combined surface 

science experiments and theoretical calculations to study the hydrogenation of cyclohexene on 
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various 3d/Pt(111) surfaces. A volcano relationship of the hydrogenation activity was observed as 

the d-band center moves further away from the Fermi level.[29] A surface with a proper d-band 

center is desirable to show hydrogenation activity.  

 One challenge for the hydrogenation of oxygenates is to selectively saturate both the C=C and 

C=O bonds. Acrolein has frequently been investigated as a model chemical to study selective 

hydrogenation because it contains both C=C and C=O bonds. From acrolein, hydrogenation of the 

C=C bond produces propanal and hydrogenation of the C=O bond produces ally-alcohol. Sautet et 

al. used DFT calculations to compare the adsorption of acrolein, crotonaldehyde, and prenal on 

Pt(111).[30] The results demonstrate that the Pt(111) surface is active in the hydrogenation of the 

C=C bond of acrolein. However, after adding substituents on the C=C bond, the C=C bond 

adsorption on Pt(111) is destabilized, which increases the selectivity toward hydrogenation of the 

C=O bond. A subsequent study reveals that the desorption of the partially hydrogenated product 

(unsaturated alcohol and saturated aldehyde) plays an important role in selectivity.[31] On the 

Pt(111) surface, while C=O hydrogenation has a lower activation barrier than C=C hydrogenation, 

the propanal desorption is easier than ally-alcohol, which improves the selectivity toward C=C 

bond hydrogenation. Therefore, the binding energy of the partially hydrogenated products and the 

interaction between C=C/C=O bonds and the metal surface are two factors which determine the 

selectivity of the partial hydrogenation reaction. These two factors are also observed to affect 

selectivity on other surfaces, such as Ni(111)[32], Pd(111)[33], Ni/Pt(111)[34], and Pt/Ru(001).[35] 

Fundamental studies of the hydrogenation of acrolein and cyclohexene provide guides to design 

catalysts for the hydrogenation of biomass derivatives. A surface with a proper d-band center is 

critical. However, more research is necessary to understand other factors that affect hydrogenation 

activity and selectivity. 
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1.1.3.  Decarbonylation Reaction 

The decarbonylation reaction is used to remove the carbonyl group of the oxygenates for 

chemical and fuel productions. For example, the decarbonylation can convert furfural to furan and 

HMF to furfuryl alcohol.[36][37] Various catalysts have been investigated for this reaction, including 

both noble metal catalysts, such as Pd, Rh, and Pt[38],[39], and non-noble catalysts, e.g. Zn-Fe and 

Zn-Cr.[40],[41] Among these catalysts, Pd-based catalysts have been identified to be active and 

selective for the decarbonylation of furfural and hydroxymethylfurfural.  

 Decarbonylation has also been considered as a method to remove the oxygen atom of the 

biomass derivatives to improve the C/O ratio. However, compared with hydrodeoxygenation, 

decarbonylation removes one carbon atom, which shortens the length of the carbon chain and 

reduces the combustion enthalpy. Therefore, in many scenarios, decarbonylation is considered as 

an undesirable reaction. For example, in the HDO reaction of furfural, the furan formation through 

decarbonylation is undesired. The theoretical calculation suggested that the η1(C)-acyl 

configuration leads to the formation of furan.[42] The dehydrogenation of the carbonyl group 

reduces the barrier for C-C bond cleavage[22] and is the first step for the decarbonylation pathway 

of furfural[43],[44]. The surface science experiments revealed that the Pt(111) surface showed 

decarbonylation activity at low hydrogen coverage.[45] However, at high hydrogen coverage, the 

decarbonylation activity was not observed[46], suggesting that high H2 pressure can suppress the 

dehydrogenation of the carbonyl group.  

1.1.4.  Hydrodeoxygenation Reaction 

To upgrade biomass for energy use, excess oxygen needs to be removed through deoxygenation, 

which can be divided into two types of reactions: decarbonylation and hydrodeoxygenation (HDO). 

The decarbonylation reaction removes one carbon atom, which potentially reduces the energy 
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content of the molecule. On the other hand, the HDO reaction selectively breaks the C-O bond and 

keeps the C-C bond intact, which is more desirable. Through the HDO reaction, the typical biomass 

derived oxygenates, such as furfural and HMF, can be converted to 2-MF[47],[48] and DMA[49], 

which have high research octane number and are promising fuel additives. Glycerol contains 

multiple C-O bonds and can be converted to various products, such as propylene[50], ally-alcohol[51], 

and propanediol[52],[53], through selective HDO reaction.  

Various catalysts with different active phases, promoters, and supports have been studied in the 

HDO of biomass derived oxygenates and the oxygen-containing model compounds. Molybdenum 

sulfide is a commonly used catalyst for the HDO of bio-oil. Elliott et al.[54],[55] reported that the 

supported Mo-based sulfide catalyst achieved extensive oxygen removal from bio-oil to produce 

hydrocarbon with high yields in non-isothermal hydro processing. However, the molybdenum 

sulfide catalyst deactivates due to oxidation during the HDO reaction. To maintain the sulfide form, 

a sulfur source (e.g., H2S) needs to be added to the feed,[56] which leads to sulfur impurities in the 

products.  

Therefore, the non-sulfide-based HDO catalysts have attracted more research attention. Both 

noble metals (e.g., Ru, Pd, Pt, and Rh) and base metals (e.g., Ni, Cu, and their alloys) have been 

extensively studied as catalysts to perform HDO on biomass derived oxygenates. Chan-Thaw et al. 

summarized the results of metal-carbide catalysts in HDO.[57] Mortensen et al. reviewed the 

precious metal catalysts for HDO reaction.[58] Robinson et al. summarized the bifunctional 

catalysts.[59] Xiong et al. summarized the HDO reaction of oxygenates on metal and carbide 

surfaces.[18]  
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The reaction network of various biomass-derived oxygenates has been studied. However, a 

fundamental understanding is still lacking regarding the reaction mechanism, kinetics, and the 

nature of active sites. 

1.1.5.  Ring-opening Reaction 

The Ring-opening (RO) reaction converts furanic compounds, such as furfural[60],[61], 

tetrahydrofurfuryl alcohol (THFA)[62]–[64], and hydromethylfurfural (HMF)[65] into long-chain 

diols, which are important monomers for the production of polyester. Furfural is a model chemical 

to probe the ring opening of unsaturated furanic compounds. The conversion from furfural to 1,5-

pentanediol (1,5-PeD) has been studied for decades, and three pathways are typically reported.[66]  

The first commonly used pathway is the full hydrogenation of furfural to produce THFA, 

following the RO reaction to produce 1,5-PeD. In this pathway, the RO of THFA is the rate-

limiting step. The metal/metal oxide catalysts have shown high activity and selectivity in the ring-

opening reaction for the first pathway. Tomishige et al. summarized noble metal (Rh, Ir, Ru, Pd, 

and Pt)/metal oxide (ReOx, MoOx) catalysts for the RO reaction.[67] The synergistic effect between 

the noble metal and metal oxide metal particle provide a strong activity for the direct C-O 

hydrogenolysis reaction. However, in-depth fundamental research is required to further reveal the 

RO mechanism of the saturated ring. 

 The second pathway is to partially hydrogenate the furan ring, open the ring, and fully 

hydrogenate the ring-opened intermediate to 1,5-PeD. The metal/metal oxide catalysts are also 

used in this pathway. For example, Xu et al. used Pt/Co2AlO4 for the RO reaction of furfural[60], 

and  Sulmonetti et al. used Cu-Co-Al mixed metal oxides for the RO of furfuryl alcohol[61]. This 

pathway has a lower activation barrier for the RO step. However, this pathway also produces 

undesired decomposition products, and new catalysts should be designed to improve the selectivity.  
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The third pathway is to produce 1,5-pentanediol through the ring-opening of 2-

hydroxytetrahydropyran (2-HY-THP).[68] In this pathway, furfural is converted to THFA, 

following the tautomerization and hydration to produce 2-HY-THP, which is the key reaction 

intermediate to produce 1,5-PeD. This pathway requires multiple steps but significantly increases 

the reaction rate of the RO reaction. 

1.2. Dissertation Outline and Approaches 

The fundamental understanding of the above reactions is helpful to provide insights into the 

design of novel catalysts for the processing of biomass derivatives. The scope of this thesis is to 

combine surface science studies and theoretical calculations to study the reactions of biomass-

derived oxygenates on metal and carbide catalysts. This dissertation focuses on the ring-opening 

and hydrodeoxygenation reactions. Furfural and glycerol are studied as two model chemicals. 

Following the introduction, this dissertation contains six chapters. 

 Chapter 2 introduces the theoretical and experimental methods that are extensively used in the 

following chapters. Density functional theory (DFT) is briefly discussed. The preparation and 

characterization of the bimetallic and metal carbide surfaces are summarized. The mechanisms of 

important surface science techniques such as Auger Electron Spectroscopy (AES), Temperature 

Programmed Desorption (TPD) and High-Resolution Electron Energy Loss Spectroscopy 

(HREELS) are briefly reviewed. 

Chapter 3 focus on the ring-opening reaction of furanic compounds. The conversion from 

furfural to 1,5-pentanediol includes both hydrogenation and ring-opening reactions. The 

commonly used pathway is to fully hydrogenate furfural to tetrahydrofurfuryl alcohol (THFA) 

following ring-opening to convert 1,5-pentanediol. This chapter studies the reaction pathways of 

furfural, furfuryl alcohol, THFA, and 1,5-PeD on iridium-based metallic surfaces to compare the 



9 

 

ring-opening reactions of saturated and unsaturated rings. TPD experiments are used to measure 

the gas phase products, and HREELS measurements are used to identify the reaction intermediates. 

The DFT calculations are applied to understand reaction pathway energetics.  

Chapter 4 discusses the hydrodeoxygenation of furfural on Pt-based bimetallic surfaces. The Pt-

based bimetallic catalysts have shown novel selectivity as well as activity towards the furfural 

HDO reaction. However, the role of the catalyst surface in the HDO reaction remains unclear. The 

bimetallic surfaces with different structures and 3d metal modifiers are compared to discover the 

properties of surfaces that contribute to the HDO activity. The theoretical calculations reveal that 

both the surface structure and metal modifier affect the binding energy and the adsorption 

geometry of furfural. The surface science experiments confirmed the adsorption geometry of 

furfural and revealed the active surfaces. A relationship between the furfural binding energy, 

adsorption geometry, and the HDO activity will be developed. 

Chapter 5 describes the HDO reaction of furfural on metal modified carbide surfaces. The early 

transition metal carbide (TMC) has electric conductivity and heat capacity similar to metals. The 

abundant reserve of TMC makes it a good alternative material for Pt substrate. This chapter 

explores the feasibility of using metal modified Mo2C surface instead of Pt-based bimetallic 

catalysts for the furfural HDO reaction. The combination of surface science studies and DFT 

calculations suggest that 3d/Mo2C surfaces achieve similar HDO activities as the 3d/Pt(111) 

surfaces, but have higher stabilities. The preliminary results of the reactor experiment also support 

this idea.   

Chapter 6 studies the selective HDO reaction of glycerol on metal modified carbide surfaces. 

Glycerol has three C-O bonds, and the selective C-O bond cleavage can convert glycerol into 

various products, such as propylene, propanol, and propanediol. However, the oxophilicity of 
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metal carbide is too strong, which breaks all the C-O bonds of glycerol. The weak oxophilic metal 

modifiers such as Cu are deposited on carbide surface to modify the oxophilicity. This chapter 

studied the HDO reactions of glycerol on Cu modified Mo2C surfaces with various Cu coverage. 

A relationship between Cu coverage and the product selectivity was discovered, and it provided a 

novel way to tune the selectivity of glycerol HDO reaction by modifying the oxophilicity of the 

surface with different Cu coverage. 

Chapter 7 provides conclusions and provides some perception for further research topics. Future 

studies should focus on: (1) For the metal modified transition metal carbide, the fundamental 

research about the effect of metal- versus carbon-termination on the activity and stability is 

important. The other challenge is the extension from model surfaces to high surface area supported 

catalysts. (2) For the HDO reaction of oxygenates, the single atom catalyst is a promising catalyst, 

which has high efficiency of metal atom use and has a potential for achieving high activity and 

selectivity. (3) For the surface science research, the combination of the ambient-pressure 

experiment and characterization with micro-kinetic simulation on model surfaces is important, 

which can narrow the pressure gap between UHV and reactor condition. In summary, more 

fundamental studies are required to understand the role of an effective catalyst, which helps to 

design better catalysts for various reactions of biomass-derived oxygenates.  
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2.  Chapter 2: Experimental Methods 

2.1. Theoretical Calculations 

The Density Functional Theory (DFT) originates from the Schrödinger equation, 𝐻̂𝜓 = 𝜀𝜓, and 

is widely used in theoretical calculations. 𝐻̂  is the Hamiltonian operator, and 𝜓  is a set of 

eigenstates of the Hamiltonian. For each 𝜓𝑛 , 𝜀𝑛  is a real number that satisfies the eigenvalue 

equation. For the multiple electron system, the wavefunction of an individual electron cannot be 

found without simultaneously considering the individual electron wavefunctions associated with 

all the other electrons, which makes the Schrödinger equation a many-body problem. Under 

current computational power, the Schrödinger equation can be exactly solved for systems with 

fewer than 100 electrons, which is insufficient to calculate the systems of interest. Typical metal 

surfaces contain many more electrons. 

Many assumptions have been raised to simplify the Schrödinger equation. The first assumption 

is the Born–Oppenheimer approximation, which states that the electrons only depend on the 

position of the nucleus rather than on position and momentum of nucleus.[1] This assumption 

simplifies the Hamiltonian operators in the following equation: 

𝐻̂ = −
1

2
∑ ∇𝑖

2

𝑛

𝑖=1

− ∑ ∑
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The three terms in the equation, in order, represent the kinetic energy of each electron, the 

interaction energy between each electron and the atomic nuclei, and the interaction energy between 

different electrons. The third term brings computational difficulties, and multiple computational 

methods have been applied to further simplify the electron-electron interaction. The DFT approach 
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removes this difficulty by moving away from the many-electron approaches. Instead of solving for 

the individual electrons, the DFT method focuses on solving for the electron density. 

DFT is based on two fundamental mathematical theories proven by Kohn and Hohenberg in the 

mid-1960s.[2] The first theory states: the ground-state energy from the Schrödinger equation is a 

unique functional of the electron density. The second theory states the electron density that 

minimizes the energy of the overall functional is the true electron density corresponding to the full 

solution of the Schrödinger equation. The Kohn- Hohenberg theorem simplifies the many-electron 

system to a system of noninteraction electrons in an effective potential. This idea led to the Kohn-

Sham single electron equations as follows[1]: 

(−
1

2
∇2 + 𝜐(𝐫) + ∫

𝜌(𝐫′)

|𝐫 − 𝐫′|
𝑑𝐫′ + 𝜐𝑋𝐶(𝐫)) 𝜑(𝐫) = 𝜀𝑖𝜑(𝐫) 

The first two terms in the left side are the kinetic energy of the electron and the Coulomb 

interaction between the electron and the nucleus. The third term describes the Coulomb repulsion 

between one electron and the total electron density defined by all electrons. The fourth term defines 

the exchange and correlation energy.  

Specification of the exchange-correlation function term, 𝜐𝑋𝐶(𝐫), is critical to solve the Kohn-

Sham equation. There are two typical approaches to approximate the exchange-correlation, the 

local density approximation (LDA) and the generalized gradient approximation (GGA). LDA uses 

the assumption that the density behaves locally like a uniform electron cloud to approximate the 

exchange correlation. GGA is built on LDA by adding the first order derivative of the electron 

density. There are a large number of distinct GGA functions due to different gradients of electron 

density, and PW91 and PBE are the most popular functions.  
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Once the exchange correlation is chosen, the ground-state energy can be solved by iterating the 

following steps:  

1, Guess an initial electron density for the KS orbitals and use the following equation to calculate 

the electron density: 𝜌(𝐫) = ∑ |𝜑𝑖(𝐫)|2𝑛
𝑖=1   

2, Use the calculated electron density to solve the KS orbital from the following equation: 

(−
1

2
∇2 + 𝜐(𝐫) + ∫

𝜌(𝐫′)

|𝐫 − 𝐫′|
𝑑𝐫′ + 𝜐𝑋𝐶(𝐫)) 𝜑(𝐫) = 𝜀𝑖𝜑(𝐫) 

3, Use the KS orbitals solve the new electron density.  

These steps are repeated until the electron density is self-consistent under a certain tolerance 

and the ground state energy is given by the following equations: 

E[𝜌] = −
1

2
∑〈𝜑𝑖|∇

2|𝜑𝑖〉

𝑛

𝑖=1

+
1

2
∬

𝜌(𝐫)𝜌(𝐫′)

|𝐫 − 𝐫′|
𝑑𝐫d𝐫′ − ∫ 𝜐(𝐫)𝜌(𝐫) 𝑑𝐫 + 𝐸𝑋𝐶[𝜌] 

Many software packages are available to process DFT calculations. This thesis uses the Vienna 

ab-initio software package (VASP)[3]–[5] from the Theoretical Physics Department at the University 

of Vienna. VASP applies pseudopotentials and the periodic boundary condition to further reduce 

the computational time.  

The core electrons of the transition metal usually do not participate the bonding, and their main 

function is to act as a shield to the core nuclei charge. To reduce the total number of electrons and 

improve the calculation capacity, the pseudopotential is generated by various methods to provide 

an effective potential to replace the core electrons. Most materials like to have their atoms arranged 

in periodic pattern, and their potential acting on the electrons must also be periodic. The Bloch’s 

theorem states that in a periodic potential, the density has the same periodicity. Therefore, the 
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possible wavefunctions are all ‘quasi-periodic’ and can be written as the product of a planewave 

and a periodic function: 

𝜓𝑛𝑘(𝐫) = 𝑒ik.𝐫𝑢𝑛𝑘(𝐫) 

Where 𝑢𝑛𝑘(𝐫) = 𝑢𝑛𝑘(𝐫 + 𝐋) and 𝑒ik.𝐫 is an arbitrary phase factor.  

𝜓𝑛𝑘(𝐫 + 𝐋) = 𝑒ik.(𝐫+𝐋)𝑢𝑛𝑘(𝐫 + 𝐋) = 𝑒ik.𝐋𝜓𝑛𝑘(𝐫) 

In order to use the planewaves as a basis, the periodic function, 𝑢𝑛𝑘 , is expanded using 

planewaves resulting in the following equation:  

𝑢𝑛𝑘(𝐫) = ∑ 𝑐𝑛,𝑘𝐺𝑒i𝐆.𝐫

𝐺

 

Where G is the wave vectors of the reciprocal lattice vectors, and 𝑒i𝐆.𝐫 represents a plane-wave 

traveling in space. There are infinite number of G to achieve a perfect expansion of 𝑢𝑛𝑘(𝐫). Since 

the wave function is of finite energy, the coefficients 𝑐𝑛,𝑘 for the higher energy planewaves must 

go to zero. Therefore, the planewave basis set is truncated by setting a cutoff energy. The cutoff 

energy required for a given precision is element dependent and has to be determined for each 

element of interest. 

The DFT calculation will be intensively utilized in the following chapters. In brief, the DFT is 

used to calculate the ground state energy of the multiple electron and nuclei system. The choice of 

exchange-correlation function, pseudopotential, cutoff energies and other parameters can affect 

the calculation results. The calculation results can be further applied to calculate the binding 

energies, reaction energies, activation barrier, vibrational frequencies and so on. 
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2.2. Surface Preparation and Characterization 

Both metal and carbide surfaces are prepared from single crystals which contained only one 

uniform and well-polished facet. Before the surface preparation, the single crystal is cleaned by 

Ne+ sputtering, oxygen treatment or ethylene treatment. The sputtering treatment uses high-speed 

Ne+ to hit the single crystal surface and kick out the surface atoms. The Ne+ sputtering is a powerful 

treatment to remove the surface atoms including deposited metal, atomic oxygen and carbon. 

However, during the sputtering, the hydrocarbon and water molecular in the UVH chamber 

background can be fragmented by Ne+ forming atomic carbon or oxygen on the surface. Therefore, 

the oxygen treatment and ethylene treatment are applied to remove the surface carbon and oxygen, 

respectively. In the oxygen/ethylene treatment, the surface is annealed at a high temperature and 

exposed to the oxygen/ethylene environment. The gas phase oxygen/ethylene removes the surface 

carbon/oxygen by chemical reaction. After the sputtering or oxygen/ethylene treatment, the surface 

is annealed at high temperatures to remove the adsorbates and flatten the surface. These procedures 

are repeated until only trace amount of carbon, oxygen or other metals are observed. 

The ethylene treatment carbonizes the single crystals, such as Mo(110)[6], W(110)[7], W(111)[8], 

V(110)[9], etc.[10], to prepare corresponded carbide modified surfaces. A previous study has 

described in detail the preparation of C/Mo(110)[6]: the cleaned Mo(110) surface was exposed to 

ethylene at 1000 K. Then ethylene was pumped away, and the surface was annealed at 1200 K to 

decompose the adsorbed ethylene. The atomic carbon diffused into the Mo bulk at 1200 K, forming 

the carbide structure. The ethylene treatment was generally repeated for three cycles. The LEED 

measurement observed a p(4x4) pattern and the Auger Electron Spectroscopy (AES) 

C(KLL)/Mo(MNN) ratio was typically between 0.20 and 0.23, which corresponded to an atomic 

C/Mo ratio approximately between 0.40 and 0.46. In this thesis, the sample preparation methods 
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were applied and the AES C(KLL)/Mo(MNN) ratio was used to confirm the formation of the Mo2C 

surface.  

The bimetallic surface and metal modified carbides surfaces are prepared by metal deposition. 

There are four typical methods to deposit a metal overlayer: physical vapor deposition (PVD), 

chemical vapor deposition (CVD), atomic layer deposition (ALD) and electrochemical deposition 

(ECD). Due to the UHV condition of the surface science experiments, the focus will be on the 

PVD methods, which are more compatible with the chamber environment.  

Common PVD methods include magnetron sputtering, pulsed laser deposition, e-beam 

sputtering and physical evaporation of the overlayer metal via thermal filament. The deposition 

amount can be controlled by the rate of metal vapor flux, deposition time, substrate temperature 

and deposition environment, such as in vacuum or in the background of a selected gas. Figure 2.1 

shows the typical experimental set-up of a metal source for the thermal evaporation. The metal 

depositor consists of a tungsten wire wrapped by ultra-pure metal wire. The metal depositor is 

shielded in a Ta cylinder with an opening of around 1 cm at the front face of the cylinder. This 

shield directs the metal deposition on the substrate and prevents the evaporation of metals onto the 

UHV systems. The high melt point of the tungsten wire allows the ultra-pure metal to evaporate 

without contamination from the tungsten. Before metal deposition, the metal source is heated to 

the temperature of evaporation and held for 3 mins to achieve the reproducible deposition of 

impurity free metal overlayer. Once the metal source is conditioned, the bimetallic surface or metal 

modified carbide surface with desired metal coverage can be achieved by placing the single crystal 

substrate close to the opening of the metal source. The chamber pressure should be 5 x 10-10 Torr 

or lower during the evaporation to prevent the accumulation of background impurities on the 

bimetallic surface.    
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Figure 2.1. Schematic of metal depositor. Reprinted from reference 11 Copyright © 2008 Elsevier Ltd 

2.3. Surface Science Techniques 

2.3.1.  Auger Electron Spectroscopy and Growth Mechanism 

The Auger Electron Spectroscopy (AES) is based on the Auger effect and can quantitively 

identify the surface elements. The Auger effect is an electronic process resulting from the inter 

and intrastate transitions of electrons in an excited atom. As shown in Figure 2.2, an electron gun 

shoots electron beam with an energy of 3 keV to the single crystal, which removes the core state 

electron leaving behind a hole. The hole is unstable, and it can be filled by an outer shell electron. 

As the outer shell electron moves to the lower energy level, it releases an amount of energy equal 

to the difference in orbital energies. This transition energy couples to another outer shell electron. 

If the transition energy is higher than the binding energy, the outer shell electron will be emitted 

from the atom with a kinetic energy of: 

KE = 𝐸𝐾 − 𝐸𝐿1 − 𝐸𝐿2 + 𝐸𝑣𝑎𝑐 

The kinetic energy of the emitted electron is specific to the element, which can be used to 

identify the surface elements.    
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Figure 2.2. Structure (left) and mechanism (right) diagrams of AES 

The physical vapor deposition (PVD) is used to prepare bimetallic and metal modified carbide 

surfaces. During the PVD, there are two possible growth mechanisms: the layer-by-layer 

mechanism and the 3D islands mechanism. The two modes are also referred as Frank van der 

Merwe growth mechanism and the Volmer-Weber (VW) mechanism. In the VW mechanism, a 

uniform monolayer is not formed due to the strong cohesive energy between metal overlayer atoms.  

The two mechanisms have different relationships between the AES intensities and deposition 

time. Figure 2.3 shows the typical intensity curves for the two mechanisms. The x-axis is the 

deposition time at a constant deposition current and the y-axis is the intensity of the metal overlayer 

and the substrate. The decreasing rate of the substrate peak and the increasing rate of the admetal 

can qualitatively identify the growth mechanism. For the layer-by-layer mechanism, the intensities 

of both substrate and metal modifier show distinct breaks and the first break indicates the 

completion of the first monolayer. In contrast, the 3D-island mechanism did not have the break.  
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Figure 2.3. Typical AES calibration curves for different growth modes, S indicates the substrate signal and M 

indicates metal modifier: a) layer-by-layer growth b) 3D island growth. Reprinted from reference 11 Copyright © 

2008 Elsevier Ltd 

For layer-by-layer growth mechanism, the thickness of metal modifier can be calculated from 

the AES peak intensities of metal and substrate. The thickness of Co(777 eV) on a Pt(241 eV) 

substrate is used as an example to illustrate the calculation. For a partially covered surface, the 

intensity of the Co overlayer (𝐼𝐶𝑜) can be calculated as the following: 𝐼𝐶𝑜=x𝐼𝐶𝑜
0 , where x is the 

coverage of sub-monolayer Co and 𝐼𝐶𝑜
𝑜  is the intensity from the surface Co atoms. The intensity of 

the first-layer Pt substrate can be calculated as: 𝐼𝑃𝑡
1 = (1 − 𝑥)𝐼𝑃𝑡

0 + 𝑥𝐼𝑃𝑡
0 exp(−

𝑑𝐶𝑜

𝜆𝑃𝑡
). The first term 

is from the uncovered Pt surface and the second term describes the signal from the Pt substrate 

covered by one atomic layer of Co, which includes an attenuation factor of exp(−
𝑑𝐶𝑜

𝜆𝑃𝑡
). 𝑑𝐶𝑜 is the 
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thickness of one Co overlayer, and 𝜆𝑃𝑡 is the mean-free-path of the AES electron with an energy 

of 241 eV in the Co substrate, which can be estimated from the Universal curve.[12] The AES signal 

of Pt from the nth layer can be described by the following equation: 

𝐼𝑃𝑡
𝑛 = exp [−

(𝑛 − 1)𝑑𝑃𝑡

𝜆𝑃𝑡
] {(1 − 𝑥) + x exp [−

𝑑𝐶𝑜

𝜆𝑃𝑡
]}𝐼𝑃𝑡

0  

The total signal of Pt is the sum of the signals from each layer: 𝐼𝑃𝑡 = ∑ 𝐼𝑃𝑡
𝑛

𝑛 . Therefore, the 

following relationship is derived: 

𝐼𝐶𝑜

𝐼𝑃𝑡
=

𝑥𝐼𝐶𝑜
0

∑ exp [−
(𝑛 − 1)𝑑𝑃𝑡

𝜆𝑃𝑡
] {(1 − 𝑥) + x exp [−

𝑑𝐶𝑜

𝜆𝑃𝑡
]}𝐼𝑃𝑡

0
𝑛

 

The term 𝐼𝐶𝑜
0 and 𝐼𝑃𝑡

0 can be replaced by the AES sensitive factors by rearranging 
𝐼𝐶𝑜

0

𝐼𝑃𝑡
0 =

𝑆𝐶𝑜

𝑆𝑃𝑡
.  

From the above calculations, the experimentally measured AES ratio of the Co/Pt features can 

be related to the surface Co coverage.  

2.3.2.  Temperature Programmed Desorption 

The TPD experiment can quantitively measure the gas-phase products, which correspond to the 

surface activity. It can also measure the desorption peak temperature, which corresponds to the 

binding energies of adsorbates or the activation barrier. In the TPD measurement, the single crystal 

is exposed to the gas-phase reactants at a low temperature, which stabilizes the adsorbates. Then 

the surface is heated up at a linear rate and the desorbed chemicals are measured by a quadrupole 

mass spectrometer.  

The TPD spectrum is a figure with the x-axis representing temperature and y-axis representing 

intensity. The peak areas of each desorbed product can be used to quantify the yields of each 
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reaction. For example, the production of 2-methylfuran(2-MF) from furfural on Pt(111) can be 

quantified by the following equation:  

𝑌𝑖𝑒𝑙𝑑2−𝑀𝐹 = 𝜃𝐶𝑂
𝑠𝑎𝑡

𝑃2−𝑀𝐹
82

𝑃𝐶𝑂
𝑠𝑎𝑡

𝑆𝐶𝑂
28

𝑆2−𝑀𝐹
82  

 𝜃𝐶𝑂
𝑠𝑎𝑡 is the saturation coverage of CO on Pt(111) which is reported to be 0.68 ML[13]. 𝑃2−𝑀𝐹

82  

and 𝑃𝐶𝑂
𝑠𝑎𝑡 are the peak areas in the spectra of m/e = 82 and 28 respectively, which are identical 

cracking patterns of 2-MF and CO. The 𝑃𝐶𝑂
𝑠𝑎𝑡  is from a separate TPD experiment, in which a 

saturation coverage of CO is achieved by exposing Pt(111) to a large amount of CO. 𝑆𝐶𝑂
28  and 

𝑆2−𝑀𝐹
82  are mass spectrometer sensitivities for 28 and 82 amu respectively. The blank experiments 

are performed to determine the contribution of the 2-MF in the UHV background. The peak area 

of the blank experiment will be subtracted to obtain the final product yield. 

The desorption peak temperature reveals the binding energy of adsorbate or the reaction barrier. 

If the desorption is reaction-limited, the desorption temperature corresponds to the activation 

barrier. Otherwise, the peak temperature relates to the binding energy. The Redhead equation is 

used to calculate the reaction barrier/binding energy, and the form of Redhead equation varies by 

the desorption order. In this thesis, the main desorption is first order desorption, and the related 

Redhead equation is as follows: 

𝐸𝑎

𝑅𝑇𝑝
+ ln (

𝐸𝑎

𝑅𝑇𝑝
) = ln (

𝐴𝑇𝑝

𝛽
) 

Ea is the activation barrier/binding energy and 𝑇𝑝 is the peak temperature. R is the ideal gas 

constant, 𝛽 is the liner heating rate and A is the pre-exponential factor. 

2.3.3.  High Resolution Electron Energy Loss Spectroscopy 
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HREELS provides the geometric information of surface adsorbates, which is helpful to 

determine the key intermediate and hypothesize the reaction pathway. In HREELS measurement, 

the prepared surface is cooled down by liquid nitrogen and exposed to the gas phase chemicals. 

The initial HREELS measurement is processed after the chemical exposure, and in the following 

measurement, the surface is flashed to the target temperature at a linear rate, maintained at the 

indicated temperature for 1 min and cooled downed to 120 K before the HREELS measurement is 

processed.    

Figure 2.4 shows the structure of the HREEL spectrometer. The electron gun generates an 

electron beam with 6 eV energy. The monochromator only allows electrons with certain energies 

to pass, and the lens helps to focus and collimate the electron beam. After the beam passes the exit 

lens, it directly hits the surface and can lose energies from 10-2 eV up to 1 eV during the scattering 

process. The scattered electron beam then enters the analyzer, which again only allows electrons 

of certain energies to pass to the detector. During the measurement, the analyzer sweeps the 

energies of the electrons and the detector records the intensity of electrons with various energies.  

 

Figure 2.4. Schematic figure of HREELS 



28 

 

There are three types of inelastic scattering: dipole scattering, impact scattering and intermediate 

negative ion resonance. The dipole scattering can be observed when the scattered beam is very 

close to the specular direction. As the adsorbate with a dipole perpendicular to the metal surface, 

an imaginary dipole from the metal surface will further enhance the dipole moment (Figure 2.5 

left). The enhanced dipole moment creates a long range electronic potential above the surface. The 

strong interaction between the electronic potential and the electron cause the dipole scattering. As 

the dipole of adsorbate parallel to the surface (Figure 2.5 right), the imaginary dipole cancels the 

dipole moment, and the vibrational modes of the dipole are missing in the energy loss spectrum. 

The impact scattering can still be observed when the scattered electron beam is further away 

from the specular direction. The impact scattering is due to the interaction between the electron 

and the localized atomic potential of the adsorbates. Therefore, it is a short-range process, which 

occurs for the electron close to the surface. Typically, the intensity of the impact scattering is much 

smaller than the intensity of the dipole scattering. 

The intermediate negative ion resonance is a process where the electron forms a compound state 

with an adsorbed molecule during the scattering process. However, the lifetime of those states is 

so short that this type of scattering is barely observed. In this thesis, only impact scattering and 

dipole scattering are observed. 

 Due to the significant difference between the two scattering processes. The HREELS 

measurement can therefore determine the orientation of the vibrational modes by processing on-

specular and off-specular HREELS measurements. In the on-specular measurement, the detector 

is placed in the on-specular direction and detects the signal from both scatterings. In the off-

specular measurement, the detector is away from the on-specular direction and only measures the 

impact scattering. By comparing the intensities of a vibrational mode in both on-specular and off-
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specular spectra, the mode orientation can be determined. If the intensity in the on-specular 

spectrum is much higher than that in the off-specular spectrum, the vibrational mode is 

perpendicular to the surface. Otherwise, the intensity will be similar in both spectra.  

 

Figure 2.5. Schematic diagram of the HREELS process for the on-specular and off-specular spectra 
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3.  Chapter 3: Ring-Opening of Furfural and THFA on Ir(111) and 

Co/Ir(111) 

3.1. Introduction 

With limited reserves and increasing consumption of petroleum sources, biomass has attracted 

attention as a renewable resource for the production of fuels and chemicals.[1] The cellulose and 

hemicellulose components comprise the majority of raw biomass, accounting for more than 55% 

by weight. Hydrolyzing and then dehydrating the cellulose and hemicellulose components allow 

for the industrial scale production of valuable chemical feedstocks (5-hydroxymethylfurfural and 

furfural). Furfural has been identified as one of the platform chemicals from biomass 

conversion.[2],[3] Furfural can be converted to value-added products such as furfuryl alcohol,[4] 2-

methylfuran(2-MF),[5]–[7] synthesis gas,[8] and 1,5-pentanediol (1,5-PeD), with the latter being an 

important monomer used in the production of polyesters and polyurethanes.[9]
  

The conversion of furfural to 1,5-PeD requires the saturation of the double bonds and 

hydrogenolysis of the furan ring. Tomishige et al. summarized two reaction pathways from reactor 

experiments.[10] The first pathway is a two-step process where furfural is fully hydrogenated to 

tetrahydrofurfuryl alcohol (THFA) followed by a subsequent hydrogenolysis step to produce 1,5-

PeD. Tomishige et al. used Ir-ReOx/SiO2 to first hydrogenate furfural to THFA, and a second step 

to open the ring of THFA.[11] The first step can achieve a 99.9% furfural conversion and 78% 

THFA selectivity at 323K within 2 hours. The second step requires 393 K and 6 MPa H2 to achieve 

a 62.4% 1,5-PeD yield after 24 hours.  

The second pathway opens the unsaturated furan ring of furfural and then hydrogenates the ring-

opened intermediate to form 1,5-PeD. Recent experiments indicate that the opening of the 
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unsaturated furan ring (furfural) is more facile over that of the saturated one (THFA).[12] Compared 

with the high H2 pressure in the ring-opening of THFA, Xu et al. used Pt/Co2AlO4 for the one-step 

conversion from furfural to 1,5-PeD under 403K and 1.5 MPa H2.
[13]

 However, this step still 

requires 24 hours to achieve a 48.4% diol yield. The high reaction temperature and long reaction 

time suggest that the ring-opening reaction is more challenging, compared with the hydrogenation 

of either furfural or unsaturated ring-opened intermediates. Thus, it is important to further improve 

the ring-opening rate of furfural and THFA. 

Since the binding of the THFA to the surface is weak, there is a rather small overlap between 

the σ molecular orbitals of THFA and the d-band of the metal surface, which results in a poor back 

donation to the unoccupied antibonding molecular orbitals of THFA and increases the ring opening 

activation barrier. On the other hand, furfural has a lower activation barrier due to the stronger 

binding with the Ir(111) surface. Following this trend, a surface with a stronger binding of the 

furan ring is hypothesized to be more active in the ring-opening reaction.  

Previous studies have revealed the linear relationship between the d-band center and binding 

energy.[14] Compared with monometallic surfaces, the d-band center of bimetallic surfaces 

terminated by 3d transition metals, such as Co and Ni, are closer to the Fermi level and they are 

expected to have higher binding energy with adsorbates. This trend can be applied to many types 

of adsorbates such as linear alkenes (ethylene), cyclic alkenes (cyclohexene), unsaturated 

aldehydes (acrolein) and oxygenates (ethylene glycol). Thus, bimetallic surfaces terminated by 3d 

transition metals is expected to have higher binding energies to the furan ring than the 

monometallic surfaces. It is also hypothesized that the synergistic effect between the Ir-particle 

and the oxophilic metal oxide promotes the cleavage of the C-O bond in the furan ring.[15]–[17] In 
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the current work, cobalt is selected as an oxophilic 3d metal to modify the ring-opening activity of 

the Ir(111) surface. 

To reveal the effect of Co modification on Ir(111), both furfural and THFA were studied. In this 

work, a combination of temperature programmed desorption (TPD), and high-resolution electron 

energy loss spectroscopy (HREELS) was used to probe the ring-opening reactions of furfural and 

THFA under ultra-high vacuum (UHV) conditions on Ir(111) and Co/Ir(111). Parallel DFT 

calculations provided additional insights into the different binding configurations and binding 

energies of furfural and THFA over the Ir(111) and Co/Ir(111) surfaces. 

3.2. Methods 

3.2.1.  Preparation and Characterization of Bimetallic Surface 

The 99.999% pure Ir(111) single crystal with 1 mm thickness and a 10 mm diameter was 

purchased from Princeton Scientific. Two tantalum bars were spot welded on the crystal as electric 

contacts for resistant heating and thermal contacts for cooling with liquid nitrogen. The K-type 

thermocouple was spot welded to the back of the crystal to measure the temperature of the crystal, 

which varied from 100 to 1000 K. The Ir(111) surface was cleaned by Ne+ sputtering at 300 K, 

followed by O2 treatment and then by annealing at 1000 K. The cleaning procedure was repeated 

until AES detected negligible C or O. The Co/Ir(111) was prepared by physical vapor deposition 

(PVD) using the procedure outlined by Menning and co-workers.[18] During deposition, the Ir(111) 

crystal was maintained at a relatively low temperature, 300 K, to produce a Co-overlayer structure. 

Since the growth mechanism of Co on the Ir(111) surface is not clear, AES scans were performed 

throughout the deposition process (see Figure 3.1).  
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Figure 3.1. AES measurements following the deposition of Co on Ir(111) at 300 K as a function of deposition time 

As shown in Figure 3.1, the clear breakpoints in the intensity of both the Ir substrate and the Co 

overlayer suggest that the growth of Co on Ir(111) followed a layer-by-layer growth mechanism. 

The breakpoint provided an approximate deposition time for 1 ML, and the AES ratio of Co (777 

eV)/Ir (233 eV) at the breakpoint was also consistent with the calculated result of 1 ML Co on 

Ir(111).[19] 

3.2.2.  TPD and HREELS Experiments 

The TPD and HREELS experiments were executed in separate UHV chambers. The TPD 

experiments were performed in a two-level stainless-steel chamber equipped with an Auger 

Electron Spectrometer (AES), a sputter gun, a metal deposition source, and a quadrupole mass 

spectrometer (UTI 100C). The metal source consisted of a high purity Co wire (Alfa Aesar, 99.99%) 

wrapped around a tungsten filament, mounted within a tantalum enclosure.[20] All chemicals were 

purchased from Alfa Aesar with 99+% purity. The chemicals were injected into glass cylinders 

and further purified by cycles of freeze-pump-thaw. In the TPD experiments, 5 Langmuir (1×10-6 
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Torr s) of hydrogen was pre-dosed at a surface temperature of 150K, followed by introducing 

chemicals of interest (furfural, THFA or 1,5-PeD) into the UHV chamber at an exposure of four 

Langmuir. The temperature of the crystal was subsequently ramped from 110 K to 800 K with a 

linear heating rate of 3 K/s and the resulting gas phase products were detected via the mass 

spectrometer.  

The HREELS experiments were carried out in a three-level stainless chamber (base pressure 

3×10-10 Torr) equipped with TPD and AES in the top two levels and an LK3000 HREELS unit on 

the bottom level. In the HREELS experiments, the dosing process is the same as in the TPD 

experiments. After dosing, the surface was heated to the target temperature at a rate of 3 K/s and 

cooled down to 130 K before each HREEL spectrum was recorded. The primary beam energy for 

the HREEL spectrum was 6 eV, and the angle of incidence and reflection were 60° with respect to 

the surface. The count rate of an elastic peak was typically around 2×105 counts per second with a 

resolution of 50 cm-1 full width at half maximum. 

3.2.3.  DFT Calculations 

DFT calculations were performed with the Vienna ab-initio software package (VASP, version 

5.3).[21]–[24] The core region was represented via the PAW formalism,[25],[26] while the valence 

region was represented with the PBE exchange-correlation functional.[27] Total energies were 

minimized self-consistently using a convergence threshold of 10–6 eV, while the nuclear degrees 

of freedom were optimized to a force convergence threshold of 0.05 eV Å–1. All slab calculations 

were performed using a periodic 4 x 4 unit cell. The clean Ir(111) surface was modeled by adding 

six equivalent layers of vacuum. The cobalt-modified Ir surface was constructed by replacing the 

top layer of Ir atoms with Co atoms. The two bottom layers of the Ir(111) slab were frozen, while 

the top two layers were allowed to relax. The binding energy of furfural and THFA on each surface 
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was calculated by subtracting the energies of the bare slab and free molecule from the total energy 

of the slab with the adsorbed molecule. 

3.3. Results and Discussion  

3.3.1.  Reaction Products from TPD Measurements 

TPD experiments were performed to determine the gas phase products being formed from both 

furfural and THFA on Ir(111) and Co/Ir(111). However, instead of the of ring-opened product, 

1,5-PeD or other diols, only hydrogen (H2, m/e=2) and carbon monoxide (CO, m/e=28) were 

observed in the TPD results. One possibility is that in the reactor experiments, the water in the 

solvent phase provides protons to the ring-opened intermediates necessary for diol formation.[15] 

Unfortunately, under the UHV conditions, the reaction intermediate, 1,5-pentanedioxy or other 

dioxy species, cannot be hydrogenated to 1,5-PeD. Instead of desorption, it may decompose at 

higher temperatures. Although 1,5-PeD was not formed in the gas phase, the ring-opened product, 

1,5-PeD, or the ring-opened intermediate 1,5-pentanedioxy, may still be formed on the surface. To 

confirm that the H2 and CO products are from the decomposition of 1,5-PeD or 1,5-pentanedioxy, 

TPD measurements of 1,5-PeD were also performed.  
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Figure 3.2. TPD spectra of reaction products: a) H2 and b) CO from furfural, THFA, and 1,5-PeD on H2 pre-dosed 

Ir(111) 

Figure 3.2a shows the desorption of the H2 from the reaction of furfural, THFA and 1,5-PeD on 

hydrogen pre-dosed Ir(111). As the temperature was increased, the formation of a low-temperature 

peak occurred at 271 K for furfural/1,5-PeD and at 319 K for THFA, which was attributed to the 

recombinative desorption of hydrogen atoms from the pre-dosed hydrogen. For furfural and 1,5-

PeD, another H2 desorption peak was observed at 457 K, with a shoulder at 421 K; in the same 

temperature range THFA displayed a single peak at 426 K.  

The desorption temperature of H2 from pre-dosed hydrogen is affected by the surface coverage 

of atomic hydrogen. As shown in the inset in Figure 3.2a, the H2 desorption temperature decreased 

with increasing hydrogen coverage on Ir(111), from 336 K to 287 K as the H2 exposure increased 

from 4 L to 10 L (Figure 3.2a, inset). In the TPD experiments in Figure 3.2, the same amount of 

H2 (5 L) was pre-dosed to all the surfaces and different desorption temperature of H2 was observed 

in the THFA (319K) and furfural/1,5-PeD (271 K) experiments. The observation of a low 

T
P

D
 I

n
te

n
s

it
y

 /
 a

.u
.

800700600500400300200

Temperature / K

b)
CO (28amu)

THFA

1,5-PeD

Furfural

483

507



38 

 

desorption temperature (271 K) suggests that furfural and 1,5-PeD interact strongly with the 

surface, leading to the displacement of the pre-dosed hydrogen and resulting in surface regions 

with increased local hydrogen coverage. In contrast, the weaker interaction between THFA and 

the surface does not cause significant displacement of the pre-dosed hydrogen, resulting in a 

desorption temperature (319 K) typically observed for lower coverage of pre-dosed hydrogen.   

As the pre-dosed hydrogen desorbed at lower temperatures, the higher temperature H2 

desorption peaks were from the dehydrogenation or decomposition of the adsorbed molecules. The 

intensity and shape of the H2 desorption peaks were nearly identical between furfural and 1,5-PeD; 

the H2 desorption peaks of THFA were smaller than those of the other two molecules, although 

the onset and peak temperatures were similar for all three molecules.  In Figure 3.2b, furfural/1,5-

PeD and THFA showed the desorption of CO at 483 K and 507 K, respectively. Since the 

formation of CO requires a C-C bond scission, the CO formation was indicative of the 

decomposition of the adsorbed molecules.  

The nearly identical TPD spectra (both H2 and CO) from furfural and 1,5-PeD suggest that 

furfural and 1,5-PeD form the same surface intermediates. The onset temperatures for the H2 and 

CO desorption peaks of THFA are similar to the other two molecules, suggesting a similar 

intermediate for the decomposition of the three molecules on Ir(111).  
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Figure 3.3. TPD spectra of reaction products: a) H2 and b) CO from furfural, THFA, and 1,5-PeD on H2 pre-dosed 

Co/Ir(111) 

Figure 3.3 shows that the TPD spectra of furfural and 1,5-PeD are also similar on the Co/Ir(111) 

surface, suggesting that they have similar surface intermediates. In Figure 3.3a, the first peak from 

pre-dosed hydrogen occurred at 350 K for THFA and at 301 K for furfural/1,5-PeD. Similar to the 

Ir(111) surface, the lower desorption temperature of the pre-dosed H2 in the furfural/1,5-PeD 

experiments suggested a stronger interaction between furfural/1,5-PeD and the Co/Ir(111) surface. 

The additional H2 desorption peak occurred at ~370 K for all three molecules, resulting from the 

dehydrogenation or decomposition of the adsorbed species. In Figure 3.3b, the CO desorption 

peaks for all three molecules were located at 405 K on Co/Ir(111). It should be noted that for 

furfural and 1,5-PeD the onset of the CO desorption peak occurred at 300 K while for THFA the 

onset began at 350 K. 
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3.3.2.  Identification of Reaction Intermediates from HREELS 

 

Figure 3.4. Low-temperature HREELS results of furfural, furfuryl alcohol (FA), tetrahydrofuran (THF), tetrahydro 

furfuryl alcohol (THFA), and 1,5-Pentanediol (1,5-PeD) on H/Ir(111) 

Since 1,5-PeD was not observed in the gas phase in TPD measurements, HREELS experiments 

were necessary to identify the adsorbed intermediates and the reaction pathways on both Ir(111) 

and Co/Ir(111) surfaces. The HREEL spectra following the adsorption and reaction of furfural, 

THFA, and 1,5-PeD were measured (Figures 3.4-3.6). To aid in the assignment of the vibrational 

modes, HREEL spectra of structurally similar chemicals, furfuryl alcohol (FA) and 

tetrahydrofuran (THF), were also measured, as shown in Figure 3.4. The experimentally measured 

vibrational frequencies of furfural were compared to those calculated using DFT,[3] and compared 

to previous studies of furanic molecules on Pd(111) surfaces.[28] 
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Vibrational modes at 745 cm-1 (𝜔(CH)) and 3061 cm-1 (𝜐(CH)) were observed from furfural 

and FA. Examination of the DFT vibrational modes showed that the 𝜔(CH) mode was attributed 

to the wagging mode of the sp2 C-H bonds in the furan ring, and the 𝜐(CH) mode to the stretching 

of the sp2 C-H bonds.[3] A red-shift of the 𝜐(CH) mode (2886 cm-1) in THFA and THF indicated 

that this feature was related to the sp3 nature of the C-H bonds in the saturated furan ring. Another 

feature was observed at 1154 cm-1 for THF and THFA and at 1194 cm-1 for furfural and FA. In 

comparison, for 1,5-PeD no peak existed between 1100 and 1200 cm-1, suggesting that this mode 

was from the out of plane C-H symmetric bending mode of the furan ring (both saturated and 

unsaturated), consistent with prior FTIR spectra.[29]  

Table 3.1. Vibrational assignment of furfural on Ir(111) and Co/Ir(111) 

Mode 
Frequency (cm-1) 

Infrared Ir(111) Co/Ir(111) DFT gas phase DFT adsorbed 

τ(ring)  590 590 546,628,676  

ω(CH)  758 758 721,730,762,784  

δ(ring)  879 865 805  

𝜐(CO) 930   938  

𝜒(CH) 950 1000 1007 1007 985 

γ(CO) 1025 1054 1061 1086 1040 

δ(CH) 1157 1181 1134 1149,1177 1103,1166 

𝜌(CH)   1201 1234 1207 

δ(CH)   1269  1265 

δ(O-C-H) 1370 1369 1349 1355 1312 

υ(CC) 1395   1397  

υ(C=C) 1466 1436 1430 1450 1412 

υ(C=C) 1555,1570 1564 1544 1556  

υ(C=O) 1684 1624 1597 1683  

υ(CH)  2886 2873 2827 2946 

υ(CH) 3153 3067 3067 3168,3180,3192 3078,3111,3122 
 

The furfural assignments are summarized in Table 3.1, which are consistent with prior work on 

the Cu(111) and Mo2C(001)[3],[30] surfaces. The 𝜔(CH) (745 cm-1), 𝜐(CH) (3061 cm-1)[3] and 𝛿(CH) 
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(1154 cm-1) are characteristic modes for adsorbed furfural. These modes will be analyzed in detail 

to reveal the reaction pathways of furfural on the Ir(111) and Co/Ir(111) surfaces. 

Table 3.2. Vibrational assignment of THFA on Ir(111) and Co/Ir(111) 

Mode 
Frequency (cm-1) 

Ir(111) Co/Ir(111) 

𝜐(CC) 899 879 

𝜐(CO) 993,1047 1034 

δ(CH) 1161 1148 

𝜌(CH2) 1295 1309 

δ(CH2) 1429 1430 

𝜐(CH) 2906 2906 

As no previous vibrational assignments were available for gas-phase THFA, the vibrational 

spectra of THF were used as references in the assignment of the vibrational modes.[3] As 

summarized in Table 3.2, the mode at 899 cm-1
 (𝜐(CC)) was assigned to the symmetric stretching 

of the C-C bond, the mode at 1047 cm-1 (𝜐(CO) to the C-O bond stretching in the methoxy group 

outside the furan ring, the mode at 993 cm-1 (𝜐(CO)) the C-O bond in furan ring, and the feature at 

2906 cm-1 (𝜐(CH)) to the stretching of the sp3 C-H bond. The stretching and deformation modes 

of the O-H bond were not observed, suggesting a dissociative adsorption of THFA by breaking the 

O-H bond. 
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Figure 3.5. HREELS results of a) furfural and THFA below 300 K, b) furfural, THFA and 1,5-PeD on hydrogen 

pre-dosed Ir(111) after 400K 

Figure 3.5a compares the HREELS spectra of furfural and THFA on Ir(111) at low temperatures. 

The spectra at 200 K showed the molecularly adsorbed furfural, as well as THFA dissociatively 

adsorbed via the O-H bond scission. As the temperature increased from 200 K to 240 K, the 𝜔(CH) 

mode of furfural was redshifted, indicating that the unsaturated furan ring interacted strongly with 

the Ir(111) surface. As the temperature increased to 300 K, the disappearance of the out-of-plane 

C-H deformation mode at 1181 cm-1, characteristic for the conjugated furan ring, can be attributed 

to either ring-opening or C-H bond dissociation.  The latter should also decrease the intensity of 

other C-H vibrational modes. In the HREELS results, the C-H rocking mode (ρ(CH)) and C-H 

stretching mode (υ(CH)) remain to be relatively intense after the disappearance of the C-H 

deformation mode, suggesting that it is most likely due to the loss of the conjugated furan ring 

instead of C-H bond scission. 
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For THFA, the spectra at 200 K and 240 K were similar, with the exception that the 𝜐(CO) mode 

(1047 cm-1) from the methoxy group red-shifted and overlapped with the 𝜐(CO) mode (993 cm-1) 

of the furan ring. This redshift suggested that THFA bonded with the surface through the oxygen 

of the external methoxy group. At 300 K, the presence of the δ(CH) mode indicated that the furan 

ring of THFA remained intact on Ir(111).  

Figure 3.5b shows the spectra of furfural, THFA and 1,5-PeD on Ir(111) after heating the 

adsorbed layers to above 300 K. The disappearance of the δ(CH) feature in the THFA spectrum 

suggested the ring-opening of THFA between 300 K and 400 K. The similar HREEL spectra at 

400 K were consistent with the hypothesis that both furfural and THFA underwent ring-opening 

and formed an intermediate that is similar to that from dissociation of 1,5-PeD on the Ir(111) 

surface, most likely . As described in detail in a previous HREELS and DFT paper, the 400 K 

spectra are consistent with a 1,5-pentanedioxy species.[31]  

The feature at 2000 cm-1 was the 𝜐(CO) mode from adsorbed carbon monoxide, which was from 

both the UHV background CO and the decomposition of surface intermediates. The intensity of 

the 𝜐(CO) mode increased from 200 K to 400 K and decreased at 500K, consistent with the TPD 

results where the onset of CO desorption from Ir(111) occurred at around 400 K (Figure 3.2b). 

 

Scheme 3.1. Hypothesized reaction pathway for furfural, THFA and 1,5-Pentanediol  

 Based on the HREELS results in Figure 3.5, the proposed reaction pathways for furfural, THFA 

and 1,5-pentanediol are summarized and shown in Scheme 3.1. Furfural binds with the Ir(111) 
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surface through the furan ring and is partially hydrogenated between 200 K and 240 K. Then it 

undergoes ring-opening between 240 K and 300 K. The THFA binds with the surface through the 

oxygen atom in the methoxy group and the ring-opening occurs between 300 and 400 K. The 

similar spectra of the furfural, THFA and 1,5-PeD at 400 K and 500 K suggest that the ring-opened 

intermediate, most likely 1,5-pentanedioxy, is produced on the Ir(111) surface, which undergoes 

further decomposition to produce H2 and CO in the TPD measurements. 

 

Figure 3.6. HREELS results of a) furfural and THFA below 300 K, b) furfural, THFA and 1,5-PeD on hydrogen 

pre-dosed Co/Ir(111) after 400 K 

Figure 3.6a compares the spectra of furfural and THFA on Co/Ir(111) at low temperatures. At 

200K, the spectra of molecularly adsorbed furfural and dissociatively adsorbed THFA were similar 

to those on Ir(111). In the furfural spectrum at 240 K, peaks between 700 cm-1 and 1200 cm-1 

became less resolved. The decrease in the intensity of both 𝜔(CH) and 𝛿(CH) suggested that some 

furfural underwent ring-opening 240K, lower than the ring-opening temperature on Ir(111). For 

THFA, the spectral development between 200 K and 300 K on Co/Ir(111) was similar to that on 
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Ir(111). The red-shifted 𝜐(CO) mode suggested that the THFA bonded with the Co/Ir(111) surface 

through the methoxy group. The presence of the δ(CH) mode at 300K indicated that the saturated 

furan ring remained stable on Co/Ir(111) at this temperature.  

Figure 3.6b compares the HREELS spectra of furfural, THFA, and 1,5-PeD on Co/Ir(111) after 

heating the adsorbed layers to 400 K and 500 K. Unlike the corresponding spectra on Ir(111), the 

spectra on Co/Ir(111) were not characterized by the characteristic triplet peaks at 792, 960 and 

1128 cm-1, suggesting that a pentanedioxy type intermediate was not stable on the Co/Ir(111) 

surface.   

The HREELS results in Figure 3.6 reveal that Co/Ir(111) opens the furfural ring at a lower 

temperature than Ir(111), but it does not significantly improve the ring-opening of THFA. Since 

the Co/Ir(111) surface is more active than Ir(111), the ring-opening of furfural and THFA leads to 

total decomposition instead of the formation of a pentanedioxy type intermediate. The higher 

stability of THFA is consistent with the TPD experiment that the onset temperature for CO 

desorption of THFA is 50 K higher than that of furfural/1,5-PeD (Figure 3.3b).  
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3.3.3.  DFT Calculations of Furfural and THFA on Ir(111) and Co/Ir(111) 

3.3.3.1. Ring-Opening of Furfural and THFA on Ir(111) 

O

O

C5

O2

O1

C1
C2

C4 C3        

O

OH

C1
C2

C3C4

C5

O1O2

 

Scheme 3.2. Molecule structure of furfural and THFA 

To explain the different barriers between furfural and THFA in the ring-opening reaction, the 

density functional theory (DFT) calculations were carried out on the unsaturated heterocyclics 

furfural, partially hydrogenated furfural, as well as the fully saturated tetrahydrofurfuryl alcohol 

(THFA) on the Ir(111) surface. Previous work on iridium[11],[17],[32]–[34] have shown that the 

dominant pathways include reduction of the side group, hydrogenation of the aromatic C=C bonds 

and hydrogenolysis of the ring C-O bonds. In contrast to palladium[35], decarbonylation has not 

been shown to occur on iridium[34], and it is not considered in this study. 

Table 3.3. Ring opening reaction barriers (Ea) and reaction energies (Erxn) on the Ir(111) surface (in eV) 

 

The reaction barriers and energies for the ring opening of these heterocyclics are presented in 

Table 3.3. In contrast to prior studies, fully saturating the aromatic ring (i.e., THFA) increases the 

ring opening barrier, resulting in slower kinetics and indicates the production of THFA can hinder 

the conversion. Consideration of the ring opening barriers indicates furfural would kinetically 

Furanic 
C2–O C5–O 

E
a
 E

rxn
 E

a
 E

rxn
 

Furfural 0.97 –0.18 0.78 +0.18 

Partial hydrogenated furfural 0.74 -0.33 1.34 –0.21 

THFA 1.21 +0.69 1.39 +0.17 
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favor the formation of the secondary diol 1,2-pentanediol (1,2-PeD), while partially hydrogenated 

furfural and THFA would favor the terminal diol 1,5-PeD.  

Table 3.4. Reaction barriers and energies (in eV) for partial ring saturation of furfural on the Ir(111) surface 

Position C1 C2 C3 C4 C5 

Ea 0.75 N.A. 0.98 1.11 0.68 

Erxn +0.52 N.A. +0.61 +0.24 +0.12 
 

On the Ir(111) surface, the fully saturated aromatic ring has a weaker binding between the 

heterocyclic and the catalyst, resulting in slower kinetics. However, the effect of the reduction of 

the aromatic ring side group, as well as the effect of partial aromatic ring saturation, has only been 

partially explored previously. We consider several hydrogenation reactions. Table 3.4 summarizes 

the energetics for the hydrogenation of furfural on the Ir(111) surface at the C positions (Scheme 

3.2). It is readily apparent that except the C2 and C5 positions, the hydrogenation barriers for 

furfural are either comparable to the ring opening barriers or lower, with each reaction being 

endothermic. The low hydrogenation barriers in conjunction with the endothermicity reported in 

Table 3.4 indicate that each reaction has a moderate to a high degree of reversibility (low reverse 

barriers). Intermediates resulting from hydrogenation at the C1 and C3 positions are unlikely to be 

present in high coverages due to the low reverse barriers of these reactions (potentially low 

equilibrium constants). Hydrogenation at the C4 position has the highest reaction barrier and is 

higher than the ring opening barriers and is thus unfavorable. Similarly, we expect species 

hydrogenated at the C5 position to be partially equilibrated. Interestingly, the C5 hydrogenation of 

furfural lowers the C2–O ring opening barrier (Figure 3.7), and consequently shifts the selectivity 

to 1,5-PeD. The DFT calculation results are consistent with HREELS measurement that the 

partially hydrogenated furan ring has a lower ring-opening barrier and the ring opened product is 

similar to the chemisorbed 1,5-pentanediol. 
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Figure 3.7. Effect of C5 carbon saturation on the ring opening of furfural on the Ir(111) surface (units in eV) 

Reprinted with permission form reference 31. Copyright © 2016 American Chemical Society 

3.3.3.2. Comparison Between Ir(111) and Co/Ir(111) 

 

Figure 3.8. Top and front views of optimized adsorption geometries of furfural and THFA on Ir(111) and 

Co/Ir(111) (Co: cyan, Ir: ice blue, O: red, C: gray,H: white)  

To investigate the effect on Co modifier, DFT calculations were performed to compare the 

binding energies and adsorption geometries of furfural and THFA on Ir(111) and Co/Ir(111). The 

top and side views of the optimized adsorption geometries are exhibited in Figure 3.8, which shows 

that the furan ring in furfural is bonded to the Ir(111) surface, while the ring of THFA is away 

from the surface.  
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Table 3.5. Comparison of bond lengths (Å) and binding energies (eV) of furfural and THFA in gas phase and 

adsorbed on Ir(111) 

 

 

 

 

 

 

 

 

 

 

Table 3.5 summarizes the bond lengths and binding energies of furfural and THFA on Ir(111). 

The assignments of the carbon and oxygen atoms in furfural and THFA are shown in Scheme 3.2. 

The binding energy of furfural on Ir(111) is 0.92 eV and the furan ring is 2.47 Å away from the 

surface. In comparison, the binding energy of THFA on Ir(111) is 0.29 eV and the furan ring is 

3.96 Å away from the surface. Furfural has higher binding energy and closer proximity to Ir(111), 

indicating a stronger interaction between the furan ring and the metal surface, consistent with the 

conclusions drawn from the HREELS experiments. 

 

 

 

 

Bond length (Å) 
Furfural THFA 

Gas Phase Ir(111) Gas Phase Ir(111) 

C1-O1 1.231 1.334 1.433 1.418 

C1-C2 1.451 1.433 1.530 1.534 

C2-C3 1.380 1.489 1.539 1.537 

C3-C4 1.419 1.439 1.536 1.540 

C4-C5 1.374 1.500 1.525 1.522 

C5-O2 1.357 1.442 1.439 1.450 

O2-C2 1.386 1.390 1.446 1.403 

O1-M -- 2.106 -- 3.617 

C1-M -- 2.308 -- 3.887 

C2-M -- 2.216 -- 3.218 

C3-M -- 2.188 -- 4.054 

C4-M -- 2.185 -- 4.789 

C5-M -- 2.787 -- 3.951 

O2-M -- 2.950 -- 3.792 

Average distance -- 2.465 -- 3.961 

Binding energy(eV) -- -0.92 -- -0.29 
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Table 3.6. Comparison of bond lengths (Å) and binding energies (eV) of furfural and THFA in gas phase and 

adsorbed on Co/Ir (111) 

 

 

 

 

 

 

 

 

 

The DFT results for furfural and THFA on the Co/Ir(111) surface are summarized in Table 3.6. 

Compared to Ir(111), the binding energy of furfural on Co/Ir(111) increases from 0.92 eV to 2.64 

eV and the distance of the furan ring to the surface is reduced from 2.47 Å to 2.05 Å. The stronger 

bond with the furan ring facilitates the ring-opening reaction and is consistent with the lower ring-

opening temperature of furfural on Co/Ir(111) as observed in the HREELS experiments.  

For adsorbed THFA, DFT results show insignificant bond length difference between gas phase 

THFA and adsorbed THFA. The average distance between the furan ring and the surface is 3.86 

Å, and the binding energy is 0.32 eV on Co/Ir(111). The weak bonding of THFA on Ir(111) and 

Co/Ir(111) results in the stability of the THFA and its furan ring on both surfaces, consistent with 

the HREELS observation that the furan ring of THFA remained stable to higher temperatures than 

furfural.  

 

Bond length (Å) 
Furfural THFA 

Gas Phase Co/Ir(111) Gas Phase Co/Ir(111) 

C1-O1 1.231 1.358 1.433 1.421 

C1-C2 1.451 1.466 1.530 1.535 

C2-C3 1.380 1.436 1.539 1.540 

C3-C4 1.419 1.474 1.536 1.538 

C4-C5 1.374 1.428 1.525 1.521 

C5-O2 1.357 1.455 1.439 1.446 

O2-C2 1.386 1.435 1.446 1.414 

O1-M -- 1.878 -- 3.595 

C1-M -- 2.034 -- 3.773 

C2-M -- 2.066 -- 3.061 

C3-M -- 2.013 -- 3.955 

C4-M -- 2.103 -- 4.787 

C5-M -- 2.032 -- 3.897 

O2-M -- 2.046 -- 3.595 

Average distance  -- 2.052 -- 3.859 

Binding energy(eV) -- -2.64 -- -0.32 
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3.4. Conclusions 

A combination of DFT calculations and surface science studies were performed to obtain a 

molecular level understanding of the effect of an oxophilic metal additive in the ring-opening 

reaction of furfural and THFA. The surface science experiments reveal that both furfural and 

THFA can form ring-opened intermediate, most likely pentanedioxy, on Ir(111). On Co/Ir(111), 

the furfural ring-opening occurs starts to occur at 240 K and THFA is still stable at 300 K. DFT 

calculations show that the Co/Ir(111) surface has a higher binding energy and shorter bond length 

with furfural compared with Ir(111), suggesting that a stronger interaction with the furan ring 

facilitates the ring-opening reaction. For THFA, the saturated furan ring does not bind strongly 

with the metal surface and the dehydrogenation of the furan ring is endothermic on both surfaces, 

which explains the stability of THFA on both Ir(111) and Co/Ir(111) at low temperatures. Overall, 

results from the current study explain that the addition of Co on the Ir(111) surface increases the 

binding energy of furfural, which is consistent with the promotion effect of oxophilic promoters 

for the ring-opening of furfural in previous reactor studies.  
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4.  Chapter 4: Hydrodeoxygenation of Furfural on 3d/Pt(111) 

Surfaces  

4.1. Introduction 

Biomass represents sustainable carbon sources for the production of transportation fuels and 

chemicals.[1]–[3] Furfural, one of the most promising platform molecules that is derived from 

hemicellulose via the hydrolysis and dehydration of xylose, has received significant attention 

because it offers the advantages of being widely available, renewable, and potentially carbon-

neutral.[4],[5] The selective removal of the oxygen atom in the carbonyl group is a major barrier in 

processing furfural for fuel applications.[6],[7] An ideal hydrodeoxygenation (HDO) catalyst for 

furfural should selectively cleave the carbonyl C=O bond while keeping the C-O/C-C/C=C bonds 

of the furan ring intact. The desirable HDO product, 2-methylfuran (2-MF), has shown promise as 

a fuel additive in a practical road trial (high octane number, RON ~131, energy density and low 

water solubility).[8]–[12] 

Bimetallic catalysts often exhibit unique properties that differ from those of their parent metals 

and offer the opportunity to design catalysts with improved activity and selectivity that exceed 

those achievable with a monometallic catalyst.[13]–[15] For example, Resasco et al.[16] have reported 

that the aromatic ring hydrogenation of anisole and guaiacol was suppressed when Pt was modified 

with Sn. Similar result has also been reported by Vohs et al.[17] that alloying Pt with Zn could 

improve the selectivity for the conversion of furfural to the desired HDO product of 2-MF, while 

the decarbonylation products, such as furan and CO, were suppressed.  

Although traditional precious metal catalysts, such as Pd[18]–[20] and Pt[21],[22], exhibit relatively 

high activity, the undesirable side reactions reduce the HDO selectivity to produce 2-MF. To date, 
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a variety of bimetallic catalysts with different structures were reported for the HDO of furanic 

molecules.[23]–[25] Gorte et al.[23] studied the HDO of 5-hydroxymethylfurfural over PtCo 

nanocrystals and found that the Pt3Co2 (with Pt-rich core and a monolayer Co oxide shell) catalyst 

showed the highest 2,5-dimethylfuran yield of 98%, which can be attributed to the oxide 

monolayer that interacts weakly with the furan ring to prevent side reactions. Huang[24] and co-

workers reported that the CuPd alloys showed advantages over the monometallic catalyst in the 

hydrogenation of furfural to 2-MF and 2-methyltetrahydrofuran (2-MTHF). Yu et al.[25] prepared 

a FeNi bimetallic structure and showed that the ML FeNi(111) bimetallic surface had a higher 2-

MF yeild toward furfural HDO. In addition, studies concerning the oxidation state of catalysts 

were widely investigated for the HDO of furanic molecules.[26]–[28] The work by Zhang et al.[28] 

has shown that compared with Pd/SiO2, the incorporation of FeOx species into the Pd/SiO2 

significantly enhanced the HDO activity of furan compounds, which was attributed to the 

generation of Pd-Fe alloy and partially reduced FeOx species in the Pd-FeOx/SiO2 system. Vlachos 

et al.[27] have studied the reaction of 5-hydroxymethylfurfural over Ru-Ru2O/C catalysts and 

shown that the selective production of 2, 5-dimethylfuran could reach a 72% yield by generating 

a partially oxidized Ru catalyst. Hronec et al.[26] reported that the formation of partially oxidized 

Cu+ in the Pd-Cu/C system favored the selective rearrangement of furfural to cyclopentanone 

rather than 2-MF.  

Considering the uncertainties and/or inconsistencies of the previous work, surface science 

studies which can control the bimetallic structure (metal-termination) and oxygen modification 

were performed to investigate their effects on the HDO reaction of furfural. To this end, the 

primary objective of the current paper is to understand how the modification of the Pt(111) surface 

by oxophilic metals alters the HDO selectivity of furfural. The results presented here combine 
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density functional theory (DFT) calculations and surface science experiments using temperature 

programmed desorption (TPD) and high-resolution electron energy loss spectroscopy (HREELS) 

to study the effect of oxophilic 3d metal/Pt(111) bimetallic surfaces on the adsorption geometry 

and selective HDO of furfural. The bimetallic surfaces were prepared by modifying Pt(111) with 

four 3d transition metals with weak (Cu and Ni) or strong (Co and Fe) oxophilicity. Both the 

subsurface sandwich Pt-3d-Pt(111) structure and the overlayer 3d-Pt-Pt(111) sturcture were 

investigated. Additionally, the effect of surface oxygen on the HDO of furfural was investigated 

on oxygen-modified bimetallic surfaces.  

4.2. Experimental and Computational Methods 

4.2.1.  DFT Calculations 

All DFT calculations were performed with the Vienna Ab initio Simulation Package (VASP) 

software.[29] The core electrons were represented with the PAW formalism,[30]–[32] while the 

valence region was represented with the PBE exchange-correlation functional.[33]–[35] Total 

energies were minimized self-consistently using a convergence threshold of 10–6 eV. The nuclear 

degrees of freedom were optimized to a force convergence threshold of 0.05 eV Å–1. All slab 

calculations were performed using a periodic 4 x 4 unit cell of four metal layers, with six equivalent 

layers of vacuum between slabs. The two bottom layers of the Pt(111) slab were frozen, while the 

top two layers were allowed to relax to reach the lowest energy configuration. The monolayer 3d-

Pt-Pt(111) surfaces were constructed by replacing the top layer of Pt atoms with 3d metal atoms. 

The subsurface Pt-3d-Pt(111) structures were constructed by replacing the second layer of Pt atoms 

with 3d metal atoms. The calculations were carried out implenting the spin-polarization. The 

binding energy of furfural on each surface was calculated by subtracting the energies of the bare 

slab and free molecule from the total energy of the slab with adsorbed furfural.  
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4.2.2.  Surface Science Experiments 

4.2.2.1. Preparation of Bimetallic Surfaces 

Single crystal Pt(111) was purchased from Princeton Scientific Corporation. The Pt(111) crystal 

has a purity of 99.999%, a diameter of 8 mm and a thickness of 1.5 mm. The preparation of 

3d/Pt(111) bimetallic structures was performed using identical procedures reported in a previous 

study.[29] The 3d-Pt-Pt(111) surface structure was prepared by depositing 1 ML of 3d metal on 

Pt(111) at 300 K. The Pt-3d-Pt(111) subsurface structure was obtained by depositing 1 ML of 3d 

metal at 600 K, with the 3d metal diffusing beneath the top layer of Pt(111) at this temperature.[29] 

The 3d metal coverage was estimated using Auger electron spectroscopy (AES) based on the AES 

peak intensities of Fe(646 eV), Co(777 eV), Ni(718 eV), Cu(922 eV) and Pt(922 eV), as described 

in a previous study.[29] The Pt(111) surface was cleaned by Ne+ sputtering at 300 K, followed with 

O2 treatment to remove residual surface carbon, and then annealing at 1050 K. The O2 treatment 

was repeated until negligible amount of C was detected by AES. 

4.2.2.2. TPD Measurements  

Furfural and 2-MF, purchased from Sigma Aldrich with purity of 99%, were injected into glass 

cylinders and purified using freeze-pump-throw cycles. All gas samples, hydrogen, neon, and 

carbon monoxide, were of research purity and used without further purification. The reagents were 

dosed into the UHV chamber with a stainless-steel dosing tube and the purity was verified by mass 

spectrometry. The TPD experiments were performed in a UHV chamber with a base pressure of 4 

× 10-10 Torr, equipped with AES, a mass spectrometer, a sputter gun and metal sources, as 

described previously.[36] The metal source was constructed with a high purity metal wire (Alfa 

Aesar, 99.99%) wrapped around a tungsten filament and was mounted within a tantalum enclosure. 

The Pt(111) crystal was placed at the center of the UHV chamber by directly spot-welding to two 
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tantalum posts, allowing resistive heating and cooling with liquid nitrogen.[25] For the TPD 

experiments 4 L (1 L = 1x10-6 Torr.s) furfural and 5 L H2 were first dosed into UHV chamber. The 

Pt(111) or metal-modified Pt(111) surface was then heated from 110 K to 800 K with a linear rate 

of 3 K/s and the products desorbing from the surface were detected using a mass spectrometer. 

4.2.2.3. HREELS Measurements 

The HREELS experiments on the Pt(111), PtCoPt(111) and CoPtPt(111) surfaces were 

performed in a separate UHV chamber with a base pressure of 1×10-10 Torr. Each molecule was 

dosed to as-prepared surfaces at 100 K. During the HREELS measurements, the surfaces were 

heated to higher temperatures at 3 K/s and cooled down to 100 K before each HREEL spectrum 

was recorded. The prime beam energy was 6 eV and the angles of the incidence and reflection 

beam were 60o with respect to the surface normal. The count rate of the elastic peak was typically 

2 × 105 counts/s and the resolution was 50 cm-1 full width at half maximum. 

4.3. Results and Discussion 

4.3.1.  Reaction of Furfural on Co/Pt(111) Surfaces 

4.3.1.1. DFT Calculations of Furfural on Co/Pt(111) Surfaces 

DFT calculations of furfural were performed on Pt(111), PtCoPt(111) and CoPtPt(111) surfaces. 

The top and side views of the optimized configurations of furfural on the three surfaces are shown 

in Figure 4.1a. The numerical assignment of the carbon and oxygen atoms in furfural is shown in 

Figure 4.1b. The correlation between the d-band center and the binding energy of furfural on each 

surface is presented in Figure 4.1c. The binding energy values of furfural are predicted to increase 

as the surface d-band center moves closer to the Fermi level, in agreement with trends observed 

for other adsorbates in previous reports.[29],[36] The Co-terminated bimetallic surface shows the 

highest binding energy of furfural among the three surfaces.  
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Figure 4.1. a) Top and side views of DFT-optimized structures of furfural on Pt(111), PtCoPt(111) and CoPtPt(111) 

surfaces (Pt: fuchsia, Co: kelly, C: gray, O: red, H: white); b) the assignment of the carbon and oxygen atoms in 

furfural; c) the correlation between the d-band center and the binding energy of furfural on each surface; d-f) DFT 

calculated binding energies of reaction intermediates of furfural on the Co/Pt(111) surfaces (F = 2-furanyl) 
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Table 4.1. Comparison of bond lengths, bond length ratio and binding energies of furfural adsorbed on the 

corresponding surfaces 

 Pt(111) PtCoPt(111) CoPtPt(111) 

O1-M (Å) 3.444 3.093 1.903 

O2-M (Å) 2.860 3.302 2.448 

d(O2-M)/d(O1-M) 0.830 1.068 1.286 

Binding Energy (eV) -1.564 -0.996 -2.926 

    

Table 4.1 summarizes binding energies (eV) of adsorbed furfural and the tilted degree of the 

furan ring on the three surfaces. The binding energies of furfural show a trend of CoPtPt(111) > 

Pt(111) > PtCoPt(111). The bond distances of O1-M and O2-M, and the d(O2-M)/d(O1-M) ratio are 

compared to investigate the extent of the furan ring tilting away from the surface. The distances of 

O1-M and O2-M on Co-terminated CoPtPt(111) are smaller than those on Pt(111) and PtCoPt(111), 

indicating that furfural has stronger interaction with the Co-terminated bimetallic surface than the 

other two, consistent with the higher furfural binding energy on CoPtPt(111). The d(O2-M)/d(O1-

M) ratio of furfural shows a trend of CoPtPt(111) > PtCoPt(111) > Pt(111), suggesting that the 

addition of 1 ML Co on Pt(111) makes the furan ring of furfural tilted further away from the 

surface.  

In order to predict the reaction pathways of furfural on Co/Pt(111) surfaces, the reaction energies 

of five possible reaction intermediates were calculated. As shown in Figure 4.1d-f, possible 

intermediates from furfural include F-CHOH (orange line, F = 2-furanyl) or F-CH2O (black line) 

through hydrogenation, F-CH (red line) by C=O bond cleavage, furanyl (purple line) through C-C 

bond scission and FCO (blue line) by dehydrogenation. The Bronsted–Evans–Polanyi principle 

suggests that a more negative reaction energy should in general lead to a lower activation barrier.[37] 

On the Pt(111) surface (Figure 4.1d), the dehydrogenation of furfural is preferred as the first step 

and all the following steps in the blue curve are exothermic, suggesting that F-CO would break the 

C-C bond to form CO and furanyl, which would be further hydrogenated to form furan. Figure 
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4.1e shows that on PtCoPt(111) furfural can be converted to F-CHOH in the first step through 

hydrogenation. However, it is unfavorable to break the C-O bond of F-CHOH to form F-CH, 

suggesting that the PtCoPt(111) surface should have a low HDO activity. Since furfural has a low 

binding energy on PtCoPt(111), the molecular desorption of furfural would likely occur before 

undergoing subsequent surface reactions. On the CoPtPt(111) surface (Figure 4.1f), furfural 

prefers to be hydrogenated to form F-CH2O in the first step. It is also favorable to break the C-O 

bond of F-CH2O to form F-CH2 and surface oxygen, with F-CH2 being further hydrogenated to 

form 2-MF.  

In summary, DFT calculations provide two parameters to predict the surface activity: the 

binding energy of furfural and the tilted degree of the furan ring. The surface with high furfural 

binding energy and a tilted furan ring, CoPtPt(111), prefers to produce 2-MF. The surface with 

high furfural binding energy and a flat furan ring, Pt(111), prefers to produce furan. Finally, the 

surface with low binding energy, PtCoPt(111), should have a low activity for furfural conversion. 

4.3.1.2. TPD Experiments of Furfural on Co/Pt(111) Surfaces  

TPD experiments were performed to investigate the products from Pt(111), PtCoPt(111) and 

CoPtPt(111) surfaces after exposure to 5 L H2, corresponding to half of the saturated H coverage, 

and 4 L furfural, corresponding to a saturation of chemisorbed furfural. Some of the possible 

reaction pathways of furfural are listed as follows: 
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Reaction (1) represents the desired HDO reaction as it produces 2-MF, reaction (2) is the 

undesired decarbonylation pathway involving the C1-C2 bond scission to produce furan and CO, 

and reaction (3) includes both HDO and the hydrogenation of the furan ring to produce 2-MTHF 

and Oad. The stoichiometric coefficients in the above equations, a, b and c, represent the amount 

of chemisorbed furfural (molecule per metal atom) to produce 2-MF, furan and 2-MTHF, 

respectively. The yields of the above-mentioned gas-phase products are estimated from the TPD 

peak areas of the cracking patterns of 2-MF (m/e = 82), furan (m/e = 68) and 2-MTHF (m/e = 71), 

as shown in Figure 4.2.   
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Figure 4.2. TPD spectra of a) 2-MF (m/e = 82), b) furan (m/e = 68) and c) 2-MTHF (m/e = 71) with an exposure of 

4 L furfural on hydrogen pre-dosed Pt(111), PtCoPt(111) and CoPtPt(111) surfaces. 

The molecular desorption of furfural from the as-prepared surfaces occurs at about 200 K 

(spectra not shown). As can be observed from Figure 4.2a, the desorption peak of 2-MF is observed 

at 310 K from CoPtPt(111), while only trace amount of 2-MF is observed from PtCoPt(111) and 

2-MF is not detected from the Pt(111)[10] surface. Figure 4.2b shows the production of furan from 

the decarbonylation pathway. The Pt(111) surface produces the largest amount of furan among the 

three surfaces, which is consistent with the conclusion from the Kyriakou group.[10] Figure 4.2c 

indicates that 2-MTHF is not produced from the three surfaces under UHV conditions. To quantify 

the amount of furfural undergoing each of the above-mentioned reaction pathways, the yields of 

2-MF, furan and 2-MTHF were calculated from an experimentally determined sensitivity factor 

relative to CO by comparing the mass spectrometer sensitivity factors at equal concentrations of 

2-MF, furan,2-MTHF and CO. According to the reported literature,[38] the saturation coverage of 

CO on Pt(111) is 0.68 ML ( sat
OC = 0.68) and this value is used for the quantification. Detailed 

procedures for quantifying the TPD products were described in a previous work.[39] Table 4.2 

summarizes the activity and selectivity of furfural on Pt(111), PtCoPt(111) and CoPtPt(111) 

surfaces.  

The 2-MF yield follows the trend of CoPtPt(111) > PtCoPt(111) ≈ Pt(111) and the furan yield 

follows the trend of Pt(111) > PtCoPt(111) > CoPtPt(111). The TPD results are consistent with the 

DFT predictions (Figure 4.1) that CoPtPt(111) is active toward 2-MF formation, Pt(111) is active 

to form furan, and PtCoPt(111) has the lowest activity for furfural decomposition.  
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Table 4.2. Quantification of furfural on hydrogen pre-dosed Co/Pt(111) surfaces from TPD measurements 

Activity (monolayer per metal atom) 
Selectivity of furan-ring 

containing products (%) 

 2-MF Furan 2-MTHF Total 2-MF Furan 

Pt(111) 0 0.036 0 0.036 0 100 

PtCoPt(111) 0.001 0.018 0 0.019 5.3 94.7 

CoPtPt(111) 0.012 0.008 0 0.020 60.0 40.0 
 

4.3.1.3. HREELS Measurements of Furfural on Co/Pt(111) Surfaces  

The HREELS experiments were performed to determine the adsorption configuration of furfural 

and to identify surface reaction intermediates on Pt(111), PtCoPt(111) and CoPtPt(111). The 

vibrational features of furfural observed at 100 K are summarized in Table 4.3, along with Raman 

frequencies of liquid furfural. Figure 4.3 shows the HREELS spectra of 4 L furfural on hydrogen 

pre-dosed Pt(111), PtCoPt(111) and CoPtPt(111) surfaces at 100 K and the vibrational frequencies 

were generally similar with those of the Raman spectrum of liquid furfural, suggesting that furfural 

adsorbed molecularly on the three surfaces at 100 K. After the surfaces were heated to 200 K, the 

intensities of all vibrational modes decreased. The relative intensiy of the ν(CH)ring at 3080 cm-

1 decreased compared to that of the ν(CH)aliphatic at 2838 cm-1, indicative of the interaction 

between the skeletal furan structure and metal surfaces. Meanwhile, the intensity of the ν(C=O) 

mode at 1643 cm-1 decreased and shifted to a lower frequency, resulting from the interaction 

between the carbonyl group and the metal surfaces to form the η2(C,O)-furfural intermediate, as 

predicted from the DFT results.   

A comparison of the HREELS spectra at 200 K provides information about the adsorption 

configuration of furfural on the three surfaces. Vibrational peaks at 1440 cm-1 and 1643 cm-1 

represent ν(C=C) in the furan ring and ν(C=O) in the carbonyl group, respectively. The ratio of 

these two peaks, I(1440)/I(1643) (defined as α) could be used to provide a qualitative indicator 

regarding the relative orientation of the furan ring in furfural with respect to the carbonyl group. 
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As compared in Table 4.4, α on CoPtPt(111) showed the highest value, indicating that the furan 

ring in adsorbed furfural is tilted to the largest extent on CoPtPt(111) compared with that of Pt(111) 

and PtCoPt(111), in agreement with the DFT prediction.  

Table 4. 3. Vibrational assignments of furfural on Co/Pt(111) surfaces 

τ - torsion, ω - wagging, δ - deformation, ν - symmetric stretching, χ - scissoring, δb - bending, ρ - rocking 

a Ref. [25], b 4 L furfural on Pt(111) at 100 K, c 4 L furfural on PtCoPt(111) at 100 K, d 4 L furfural on CoPtPt(111) 

at 100 K 

 

Mode 
Frequency(cm-1) 

Ramana Pt(111)b PtCoPt(111)c CoPtPt(111)d 

τ (ring) -- 602 602 605 

ω (CH) -- 765 765 760 

δ (ring) -- -- -- -- 

ν (CO) 930 -- -- -- 

χ (CH) 950 -- -- -- 

ν (CO) 1025 1023 1016 1018 

δb (O-C-H) 1157 1131 1141 1133 

ρ (CH) -- 1223 1202 1216 

δb (O-C-H) 1370 -- -- -- 

ν (CC) 1395 -- -- -- 

ν (C=C) 1466,1555,1570 1445 1440 1437 

ν (C=O) 1684 1650 1654 1643 

ν (CH) -- 2832 2827 2837 

ν (CH) 3153 3087 3080 3090 
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Figure 4.3. HREELS of 4 L furfural on H2 pre-dosed Pt(111), PtCoPt(111) and CoPtPt(111) surfaces at 100 K and 

200 K.  

Table 4.4. Intensity ratio of I(1440)/I(1643) in HREEL spectra of furfural adsorption on H2 pre-dosed Pt(111), 

PtCoPt(111) and CoPtPt(111) surfaces 

Surface Temperature (K) I(1440)/I(1643) 

Pt(111) 200 0.9 

PtCoPt(111) 200 1.2 

CoPtPt(111) 200 2.8 
 

The on- and off-specular HREELS measurements were further carried out to determine the 

different adsorption configurations of furfural on the three surfaces. Based on the surface dipole 

selection rule, vibrational modes with component of dipole moment perpendicular to the surface 

would have a strong signal in the on-specular spectra. Thus, the vibrational modes that are more 

tilted away from the surface should show higher intensity in the on-specular spectra and relatively 

low intensity in the off-specular spectra. The on- and off-specular HREELS spectra of 4 L furfural 

at 200 K on hydrogen pre-dosed Pt(111), PtCoPt(111) and CoPtPt(111) surfaces are presented in 

0 1000 2000 3000

200 K

200 K

200 K

100 K

100 K

Pt(111)

PtCoPt(111)

CoPtPt(111) 

 

In
te

n
s
it

y
 (

a
.u

.)

Wavelength (cm
-1

)

CoPtPt(111)

PtCoPt(111)

Pt(111)

3090

2838
1643

1440

1018

765

602

100 K



68 

 

Figure 4.4. The vibrational peaks at 765 cm-1 and 1643 cm-1 represent the ω(C-H) mode of the 

furan ring and the ν(C=O) mode of the carbonyl group, respectively. The ratio of these two modes, 

(I(765)/I(1643)), is defined as β and this value is used to compare the relative tilted degree of the 

furan ring and carbonyl group. As shown in Table 4.5, the β values of the on-specular spectra for 

Pt(111), PtCoPt(111) and CoPtPt(111) follow a trend of 10.7 > 8.4 > 2.6, suggesting that the furan 

ring in furfural adsorbed more parallel to the Pt(111) and PtCoPt(111) surfaces than to CoPtPt(111). 

In the off-specular spectra, the β values on Pt(111) and PtCoPt(111) surfaces decreased from 10.7 

to 1.8 and 8.4 to 5.2. In contrast, on the CoPtPt(111) surface, β remained similar in the on- and 

off-specular measurements from 2.6 to 2.9. The differences in the β values further suggest that the 

furan ring in furfural is tilted in a larger angle than the carbonyl group on the CoPtPt(111) surface. 

The HREELS analysis provides evidence to support the DFT prediction that the furan ring of 

furfural is more tilted on CoPtPt(111) than on Pt(111). The titlted configuration of furfural on the 

CoPtPt(111) surface allows a stronger interaction with the carbonyl group than with the furan ring,  

leading to the selective HDO through the carbonyl group to produce 2-MF, consistent with the 

DFT predictions and the TPD experimental results. 
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Figure 4.4. On and off-specular HREELS of 4 L furfural on H2 pre-dosed Pt(111), PtCoPt(111) and CoPtPt(111) 

surfaces at 200 K 

Table 4.5. Intensity ratio of I(765)/I(1643) in HREELS spectra of furfural adsorption on H2 pre-dosed Pt(111), 

PtCoPt(111) and CoPtPt(111) surfaces 

Surface Type I(765)/I(1643) 

Pt(111) 
On-specular 

Off-specular 

10.7 

1.8 

PtCoPt(111) 
On-specular 

Off-specular 

8.4 

5.2 

CoPtPt(111) 
On-specular 

Off-specular 

2.6 

2.9 
 

4.3.2.  Trend in Furfural Reaction on M/Pt(111) (M = Cu, Ni, Fe and Co) Surfaces 

4.3.2.1. DFT Calculations of Furfural and Oxygen on M/Pt(111) Surfaces  

In the previous section, two parameters, furfural binding energy and tilted degree of the furan 

ring, were used to explain the HDO activity over Co/Pt(111) surfaces. This section will attempt to 

use these two parameters to predict the performance of other 3d/Pt(111) surfaces. Since the ML 

CoPtPt(111) structure shows better HDO activity and selectivity than PtCoPt(111), only the M-
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terminated bimetallic surfaces (M = Cu, Ni, Fe and Co) will be compared here. As summarized in 

Table 4.6, the NiPtPt(111), FePtPt(111) and CoPtPt(111) surfaces show similar binding energies 

of furfural, which are much larger than that of CuPtPt(111). This could be attributed to the different 

absorbed configuration of furfural on these four surfaces. Furfural absorbs on NiPtPt(111), 

FePtPt(111) and CoPtPt(111) in the η2(C-O) configuration in which both the C and O of carbonyl 

group are bonded to the surface, whereas the adsorption on CuPtPt(111) adopts a top η1(O)-

aldehyde[18][40] binding mode. The ratio of d(O2-M)/d(O1-M) follows the order of CuPtPt(111) > 

CoPtPt(111) > FePtPt(111) > NiPtPt(111) (Table 4.6). Although the furan ring in furfural is tilted 

in the largest angle to CuPtPt(111) as compared to the other three surfaces, the HDO activity of 

CuPtPt(111) may not be the highest because of the weak binding energy of furfural on the surface.   

In addition, as indicated by the oxygen binding energies (Table 4.6), CoPtPt(111) and 

FePtPt(111) surfaces are stronger oxophilic surfaces than NiPtPt(111) and CuPtPt(111). 

Correspondingly, the CoPtPt(111) and FePtPt(111) surfaces have the smallest d(O1-M) value, 

suggesting that these two oxophilic surfaces have stronger interaction with the carbonyl group of 

furfural, which should facilitate the cleavage of the C=O bond and lead to HDO activity. In terms 

of the degree of the tilted ring, the d(O2-M)/d(O1-M) value is slightly lower on FePtPt(111) than 

the CoPtPt(111) surface, suggesting that the furan ring is more tilted on CoPtPt(111).     

Table 4.6. Comparison of bond lengths, bond length ratio and binding energies of oxygen and furfural adsorbed on 

the corresponding surfaces 

 CuPtPt(111) NiPtPt(111) FePtPt(111) CoPtPt(111) 

OBE* (eV) -6.30 -7.62 -8.59 -7.85 

O1-M (Å) 2.049 1.930 1.901 1.903 

O2-M (Å) 3.077 2.105 2.176 2.448 

d(O2-M)/d(O1-M) 1.502 1.091 1.144 1.286 

Binding Energy (eV) -1.665 -3.256 -3.496 -2.926 
*OBE = Oxygen binding energy 

 



71 

 

4.3.2.2. TPD Experiments of Furfural on M/Pt(111) Bimetallic Surfaces  

As shown in Figure 4.5, TPD experiments on the four bimetallic surfaces were further carried 

out to verify the DFT prediction. The adsorbed molecular furfural desorbed at about 200 K from 

the four bimetallic surfaces (spectra not shown). The CoPtPt(111), FePtPt(111) and NiPtPt(111) 

surfaces show 2-MF activity while CuPtPt(111) does not show HDO activity (Figure 4.5a), which 

could be attributed to the weak furfural binding energy. Furan desorption occurs between 378 and 

393 K from all the bimetallic surfaces (Figure 4.5b). No 2-MTHF desorption peak was observed 

from all the surfaces (Figure 4.5c). Among three surfaces with HDO activity, the 2-MF yield shows 

a trend of CoPtPt(111) > FePtPt(111) > NiPtPt(111) (Table 4.7), which is consistent with the trend 

of the tilted degree predicted by DFT calculations. In contrast, the furan yield shows the opposite 

trend of NiPtPt(111) > FePtPt(111) > CoPtPt(111) (Table 4.7), which is consistent with the 

argument that a less tilted furan ring would facilitate the C1-C2 bond cleavage to produce furan.  

From the DFT calculations and TPD results, it is evident that high furfural binding energy is 

necessary to achieve HDO activity and the tilted degree of the furan ring affects the selectivity. 

Adsorbed furfural with a more tilted furan ring prefers to form 2-MF, while furfural with a less 

tilted furan ring leads to decarbonylation to form furan and CO. Therefore, high furfural binding 

energy and tilted furan ring are both necessary for selective HDO. In addition, both CoPtPt(111) 

and FePtPt(111) show high yield of 2-MF and they are also strongly oxophilic surfaces. Though 

the oxygen binding energy alone is not sufficient to predict the HDO selectivity, in general 

oxophilic surfaces should show higher HDO activity since it binds more strongly with oxygen of 

the carbonyl group, facilitating the cleavage of the C=O bond. 
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Figure 4.5. TPD spectra of a) 2-MF (m/e = 82), b) furan (m/e = 68), c) 2-MTHF (m/e = 71) with an exposure of 4 L 

furfural on hydrogen pre-dosed CuPtPt(111), NiPtPt(111), FePtPt(111) and CoPtPt(111) surfaces 

 

Table 4.7. Quantification of furfural on hydrogen pre-dosed M-Pt-Pt(111) surfaces from TPD measurements 

Activity (monolayer per metal atom) 
Selectivity of furan-ring 

containing product (%) 

 2-MF Furan 2-MTHF Total 2-MF Furan 

CuPtPt(111) 0 0.008 0 0.008 0 100 

NiPtPt(111) 0.004 0.024 0 0.028 14.3 85.7 

FePtPt(111) 0.010 0.015 0 0.025 40.0 60.0 

CoPtPt(111) 0.012 0.008 0 0.020 60.0 40.0 
 

4.3.2.3. Effect of Oxygen-Modification on M/Pt(111) Bimetallic Surfaces 

In many reactor studies, HDO catalysts were reported to be partially oxidized during the HDO 

reactions. For example, Vlachos et al.[41] reported Ru/RuOx/C to be active for furfural HDO. Zhang 

et al.11a reported Pd/FeOx as an active catalyst for HDO of furan compounds. Gorte et al.10a reported 

that the formation of a CoOx overlayer on Pt was responsible for the high activity and selectivity 

toward furfural HDO. It remains unclear whether the oxophilicity of the metal or the presence of 

surface oxygen contributes to the HDO activity. Thus, furfural TPD experiments were performed 
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on clean and oxygen-modified M-Pt-Pt(111) (M = Cu, Ni, Fe and Co) surfaces to determine the 

effect of surface oxygen on furfural HDO. As shown in Figure 4.6a, the 2-MF product was not 

detected from CuPtPt(111), 0.1O/CuPtPt(111) and 0.25O/CuPtPt(111) (0.1 and 0.25 represent the 

atomic ratios of O/Pt), suggesting that partially oxidizing Cu on CuPtPt(111) surface did not have 

obvious influence on the 2-MF yield. As shown in Figure 4.6b-d for NiPtPt(111), FePtPt(111), 

CoPtPt(111), the 2-MF desorption peak area decreased after the surfaces were modified by oxygen. 

As the oxygen amount increased, the desorption peak areas of 2-MF decreased obviously on all 

three surfaces, indicating that the presence of oxygen on these bimetallic surface is not in favor of 

producing 2-MF. Based on the TPD results, two general conclusions can be reached: (1) the 

production of 2-MF is attributed to the overlayer metal surfaces rather than metal oxide-Pt-Pt(111) 

surfaces; (2) the addition of oxygen likely blocks the activate sites of the bimetallic surfaces, 

resulting in a significant decrease in the yield of 2-MF.    
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Figure 4.6. TPD spectra of 2-MF (m/e = 82) with an exposure of 4 L furfural on hydrogen pre-dosed oxygen-

modified M-Pt-Pt(111) surfaces (M = Cu, Ni, Fe and Co) 

4.4. Conclusions 

In summary, combined DFT calculations and surface science experiments were performed to 

study the HDO reaction on 3d/Pt(111) bimetallic surfaces using furfural as a probe molecule for 

biomass-derived oxygenates. The main conclusions are as follows: 
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For the reaction of furfural on Co/Pt(111) surfaces, the Co-terminated CoPtPt(111) surface 

shows higher HDO activity for furfural to produce 2-MF than the Pt-terminated PtCoPt(111) 

surface. The addition of ML Co atoms onto Pt(111) increases the furfural binding energy and leads 

to the furan ring in furfural tilted away from the surface, as predicted by DFT calculations and 

confirmed by the on- and off- specular HREELS results. Reaction network DFT calculation also 

suggests that the addition of Co atoms can alter the reaction pathway of furfural to form 2-MF. 

For 3d-terminated bimetallic surfaces, the 2-MF yield follows the order of  CoPtPt(111) > 

FePtPt(111) > NiPtPt(111) > CuPtPt(111). The high furfural binding energy is necessary for a 

surface to show HDO activity and the tilted furan ring can further improve the selectivity. 

CoPtPt(111) has similar furfural binding energy with FePtPt(111) and NiPtPt(111) while showing 

the largest tilted degree of furan ring, which facilitates the selective HDO of furfural to produce 2-

MF. In contrast, 2-MF is not observed from CuPtPt(111), which can be attributed to the weak 

interaction with furfural.  

Based on the comparison of the HDO activity before and after modifying bimetallic surfaces 

with oxygen, the production of 2-MF is related to the bimetallic surfaces rather than metal oxide-

Pt-Pt(111) surfaces. The addition of surface significantly decreases the yield of 2-MF. 
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5.  Chapter 5: Hydrodeoxygenation of Furfural on 

3d/Mo2C/Mo(110) Surfaces  

5.1. Introduction 

Furfural is one of the platform chemicals derived from biomass. The production of furfural from 

biomass has significantly matured with advances in both hemicellulose hydrolysis to xylose and 

xylose dehydration to furfural.[1],[2] It is desirable to upgrade the abundant furfural to value-added 

chemicals. Through the hydrodeoxygenation (HDO) reaction, furfural can be upgraded to 2-

methylfuran (2-MF) by selectively breaking the C=O bond in the carbonyl group and keeping other 

C-C bonds intact. 2-MF is a value-added product that has shown promise as a fuel additive in a 

road test due to the high research octane number (RON), high energy density and low water 

solubility.[3] The commonly used catalyst in the industry is copper chromite, which is toxic and 

potentially damages both ecologies and human health.[4] Therefore, it is necessary to identify 

environmentally friendly catalysts with low cost and high activity. 

The precious metal catalysts such as Pt[5] and Pd[6] have shown good HDO activity, but they are 

also active for decomposition of other moieties of furfural, which reduces the selectivity for the 

HDO reaction. Compared with the monometallic catalysts, bimetallic catalysts often show unique 

properties than their parent metals.[7] For example, Yu et al. found that Fe/Ni(111)[8] had higher 

HDO activity than monometallic surfaces under the ultrahigh vacuum (UHV) condition. Gorte et 

al. found that Pt3Co2/C showed higher activity and selectivity than both Pt/C and Co/C in the HDO 

reaction for hydroxymethylfurfural (HMF)  using a flow reactor.[9] To better understand the 

properties of bimetallic surfaces that contribute to the high furfural HDO performance, the furfural 

HDO reaction on 3d/Pt(111) with different structures and metal modifiers were studied.[10] The 
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results indicated that the surfaces with high furfural binding energy and tilted furan ring in the 

adsorption geometry were active for furfural HDO reaction. Among these surfaces, the 3d metal-

terminated 3d/Pt(111) surfaces with strongly oxophilic metal modifiers (Fe and Co) had the highest 

2-MF yield. However, after annealing the surface to above 400K, the 3d metal started to diffuse 

into the Pt(111) bulk, forming the Pt3dPt(111) subsurface structure and reducing the HDO 

activity.[11] To stabilize the 3d-terminated surface, an alternative substrate with a high metal 

diffusion barrier and low cost should be used. 

Molybdenum carbide (Mo2C) is characterized with high hardness, high melting temperature, 

and metal-like electric conductivity and heat capacity.[12] Mo2C is produced by incorporating C 

atoms into the interstitial sites of Mo. As a catalyst, the Mo2C has high oxygen binding energy that 

should facilitate the C-O bond cleavage. In the reactor experiments, Mo2C has shown high activity 

toward the furfural HDO reaction. However, the high binding to the reactant and product also 

deactivates the catalytic activity of Mo2C significantly.[2] Previous theoretical and experimental 

studies have shown that the d-band center of Mo2C is similar to that of Pt[13] and that Mo2C 

possessed Pt-like properties as substrates.[14],[15] In addition, Mo has an abundant reserve and low 

price. These properties of Mo2C make it a promising material as an alternative substrate to Pt for 

replacing 3d/Pt with 3d/Mo2C. 

In this work, DFT calculations and HREELS measurements were processed to study the 

similarity between Fe/Pt(111) and Fe/Mo2C/Mo(110) surfaces for the selective conversion of 

furfural to 2-MF. The TPD experiments were applied to compare the Fe/Mo2C/Mo(110) and 

Co/Mo2C/Mo(110) surfaces with Fe/Pt(111) and Co/Pt(111). Parallel flow reactor experiments 

were performed to verify the stability trend between Mo2C and Co/Mo2C powder catalysts at 

ambient pressure.  
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5.2. Methods 

5.2.1.  DFT Calculations  

All DFT calculations were performed with the Vienna Ab initio Simulation Package (VASP, 

version 5.3.5) and the ionic cores were described by the projector augmented wave (PAW) 

method.[16][17] The exchange and correlation energies were computed using the Perdew, Burke, and 

Ernzerhof functional with the latest dispersion correction (PBE-D3).
[18][19] Total energies were 

minimized self-consistently using a convergence threshold of 10–5 eV. The nuclear degrees of 

freedom were optimized to a force convergence threshold of 0.02 eV Å–1. The calculations for 

Fe/Pt(111) were performed using a periodic 4 × 4 unit cell of four metal layers, with six equivalent 

layers of vacuum between slabs. The two bottom layers of the Pt(111) slab were frozen, while the 

top two layers were allowed to relax to reach the lowest energy configuration. For the Fe/Mo2C 

surface, the Mo2C(0001) substrate was approximated by a 4 × 4 unit cell mixing three layers of 

metal and three layers of carbon. One monolayer of Fe was put on the top layer of the Mo2C(0001) 

surface. The top two layers of Mo2C and one layer of Fe were relaxed to reach the lowest total 

energy. The DFT calculations provided binding energies, and optimized adsorption geometries of 

furfural on Fe/Pt(111) and Fe/Mo2C(0001) surfaces. The binding energies were calculated by 

subtracting the total energy of the adsorbed molecule on the surface by the energies of the clean 

surface and gas phase furfural. 

5.2.2.  Surface Science Experiments 

5.2.2.1. Surface Preparation  

The Pt(111) and Mo(110) single crystals were purchased from Princeton Scientific Corporation. 

Both Pt(111) and Mo(110) crystals had a purity of 99.999%, a diameter of 8 mm and a thickness 

of 1.5 mm. The Pt(111) surface was cleaned by Ne+ sputtering at 300 K, followed by O2 treatment 
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at 900 K to remove residual surface carbon, and then annealed at 1000 K. For the Mo(110) surface, 

the O2 treatment was processed at 1000 K, and the annealing temperature was 1200 K. For both 

surfaces, the O2 treatment was repeated until the negligible amount of carbon was detected.  

The preparation of Fe/Pt(111) bimetallic surfaces was performed with the same procedures 

reported in a previous study.[11] The Fe-terminated Fe/Pt(111) surface was prepared by depositing 

one monolayer (ML) of Fe metal on Pt(111) at 300 K. The Fe coverage was estimated by Auger 

Electron Spectroscopy (AES) based on the AES peak intensities of Fe(646 eV) and Pt(922 eV). 

The subsurface PtFePt(111) structure was prepared by depositing 1 ML of Fe at 600 K, with Fe 

diffusing beneath the top layer of Pt(111) at this temperature.[11] The thick Fe surface was prepared 

by depositing ~10 ML Fe on Pt(111) at 600 K. The preparation of the Mo2C surface was also 

reported in the previous study.[20] The Mo(110) surface was exposed to 3 L (1 Langmuir = 1 x 10-

6 Torr.s) ethylene at a surface temperature of 600 K followed by annealing to 1200 K. Ethylene 

treatment was repeated until a Mo/C atomic ratio of 2:1 was reached. 1 ML of Fe or Co was 

deposited onto the Mo2C/Mo(110) surface using the same metal deposition procedure as for ML 

Fe/Pt(111) or Co/Pt(111).  

5.2.2.2. TPD Experiments  

The TPD experiments were performed in a two-level UHV chamber with a base pressure of 5 

× 10-10 Torr, equipped with AES, metal sources, a mass spectrometer and a sputter gun. The Fe 

metal source was constructed with a high purity metal wire (Alfa Aesar, 99.99%) wrapped around 

a tungsten filament and was mounted within a tantalum enclosure. The quadrupole mass 

spectrometer (UTI 100C) can monitor up to 20 masses simultaneously.  

Furfural and 2-MF were purchased from Sigma Aldrich with a purity of 99%. They were 

injected into glass cylinders and purified using three cycles of freeze-pump-thaw. All gas samples, 
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hydrogen, neon, and carbon monoxide, were of research purity and used without further 

purification. The reagents were dosed into the UHV chamber with a stainless-steel dosing tube, 

and the purity was verified by mass spectrometry. The gas doses were reported in L and 

uncorrected for ion gauge sensitivity. In each TPD experiment, 5 L H2 and 4 L furfural were dosed 

when the crystal temperature was below 150 K. 

The crystal was placed at the center of the UHV chamber by directly spot-welding to two 

tantalum posts, allowing resistive heating and cooling with liquid nitrogen. For TPD measurements 

the Fe/Pt(111), Fe/Mo2C/Mo(110) and Co/Mo2C/Mo(110) surfaces were heated from 110 K to 

800 K with a linear rate of 3 K/s and the products desorbing from the surface were detected using 

the mass spectrometer. 

5.2.2.3. HREELS Experiments 

The HREELS experiments were performed in a three-level UHV chamber with a base pressure 

of 2x10-10 Torr. The HREELS chamber was equipped with TPD and AES capabilities in the top 

two level and an LK3000 HREELS unit in the bottom level. Angles of incidence and reflection 

were 60° with respect to the surface normal in the specular direction. Count rates in the elastic 

peak were typically between 2 × 104 and 5 × 104 counts/s, and the spectral resolution was between 

30 and 50 cm−1 full width at half maximum. Similar to TPD, in each HREELS experiment, 5 L H2 

and 4 L furfural were dosed when the crystal temperature was below 150 K, followed by heating 

to specific temperatures. 

5.2.3.  Reactor Experiments  

5.2.3.1. Catalysts Preparation 

Ammonium molybdate tetrahydrate (99.98%, Sigma) was grinded and calcined in a muffle oven 

with a ramp rate of 10K/min to 773 K to synthesize MoO3. To carburize MoO3, 40mg of the as-



84 

 

synthesized MoO3 was heated in a quartz tube reactor using a mixture of H2 and CH4 (45 mL/min; 

90/10 v/v) at a ramp rate of 5 K/min to 573 K and held for 2 hours. The sample was then ramped 

to 973 K at 0.5 K/min and held at 973 K for 2 hours. Then the sample was cooled to 750 K and 

held for 1 hour and the gas was switched to 40mL/min H2 to reduce the carburized -Mo2C sample. 

Co/MoO3 was synthesized first by dropwise adding an appropriate amount of cobalt (II) nitrate 

hexahydrate solution to the ammonium molybdate tetrahydrate solution under stirring. The 

precipitate formed was dried at 393 K for 3 hours and calcined in a muffle oven to 773 K at a ramp 

rate of 10 K/min. 40mg of the as-synthesized Co/MoO3 was carburized and reduced using the same 

procedure as that for MoO3.    

5.2.3.2. X-ray Diffraction 

XRD patterns of the powder catalysts were obtained using a Rigaku Ultima X-Ray 

Diffractometer equipped with a Ni filtered Cu K radiation source operated at 40 kV and 44 mA. 

Each sample was scanned at a step size of 0.01o at a rate of 6o/min between 20o and 80o.  

5.2.3.3. Reactor Studies 

The vapor phase reaction of furfural over powder catalysts was carried out at atmospheric pressure 

in a quartz tube reactor housed within a tube furnace (Applied Test System). All flow lines were 

heated to above 453 K to prevent the condensation of effluent. After the reduction of the Mo2C 

and Co/Mo2C catalysts at 750 K, the temperature was lowered to the reaction temperature of 523 

K, at which point the gases were switched to 20 mL H2. After obtaining a stable baseline, a constant 

flow of furfural vapor was introduced into the quartz tube reactor by directing the H2 through a 

preheated bubbler containing furfural. The furfural space velocity is 0.10 cm3/(g.s) as 20 mL/min 

of hydrogen flow through a bubbler containing furfural preheated to 323 K. The molar ratio of 
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hydrogen to furfural is 80. The gas effluent from the reactor was measured by a residual gas 

analyzer (Stanford Research System RGA200) equipped with a quadruple mass spectrometer.     

5.3. Results and Discussion 

5.3.1.  DFT Calculations 

The DFT calculations of furfural on Fe-terminated Fe/Pt(111), subsurface PtFePt(111) and 

Fe/Mo2C(0001) were performed.  

 
Scheme 5.1. Assignment of the carbon and oxygen atoms in furfural 

 
 

Figure 5.1. Side views of DFT-optimized structures of furfural on Fe/Pt(111), PtFePt(111) and Fe/Mo2C(0001) 

surfaces (Mo: purple, C: black, Pt: gray, Fe: gold, O:red, H: white) 

 

Scheme 5.1. shows the assignment of the carbon and oxygen atoms in furfural. Figure 5.1 shows 

the side views of the optimized furfural adsorption geometries. For the two Fe/Pt(111) surfaces, 

the distance of furfural was closer to Fe/Pt(111) than PtFePt(111), consistent with a  stronger 

furfural binding energy on Fe/Pt(111). The Fe/Mo2C(0001) surface was more similar to the 

Fe/Pt(111) surface in terms of both furfural adsorption geometry and binding energy.  
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Table 5.1. Comparison of the bond lengths (Å) and binding energies (eV) of furfural on monolayer Fe/Pt(111), 

PtFePt(111) and Fe/Mo2C(0001) 

 

Table 5.1 summarizes the C1-C2 and C1-O1 bond lengths, as well as the binding energies of 

furfural and atomic oxygen on the three surfaces. Furfural in the gas-phase and on the PtFePt(111) 

surface had similar bond lengths, suggesting that Pt-terminated subsurface PtFePt(111) had a weak 

interaction with furfural. On Fe/Pt(111), the C1-O1 bond was significantly lengthened, suggesting 

that the carbonyl group of furfural bonded with the surface strongly and facilitating the C=O bond 

cleavage. On Fe/Mo2C(0001), the furfural and oxygen binding energies were slightly higher than 

those on Fe/Pt(111). According to our previous report[10], the surfaces with high furfural binding 

energy and strong oxophilicity were expected to show high furfural HDO activity. Therefore, the 

DFT calculation results suggested that both Fe/Mo2C(0001) and Fe/Pt(111) should be active 

toward furfural HDO. 

 

 

 

 

 

 

 

 Gas phase Fe/Pt(111) PtFePt(111) Fe/Mo2C(0001) 

C1-O1(Å) 1.229 1.340 1.233 1.335 

C1-C2(Å) 1.449 1.427 1.451 1.429 

Furfural Binding 

energy(eV) 
--- -4.53 -1.67 -6.12 

Oxygen Binding Energy 

(eV) 
--- -8.59 -4.13 -9.01 
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5.3.2.  HREELS Measurements  

   
 

Figure 5.2. HREELS spectra of (a) furfural on hydrogen pre-dosed Fe/Mo2C/Mo(110) at different temperatures and 

(b) 2-MF on Fe/Mo2C/Mo(110) and furfural on hydrogen pre-dosed Fe/Mo2C/Mo(110) and Fe/Pt(111) surfaces at 

220 K 

Figure 5.2 shows the HREELS results of the adsorbed furfural and 2-MF on the hydrogen pre-

dosed Fe/Mo2C/Mo(110) and Fe/Pt(111) surfaces. The 100K spectrum (Figure 5.2a) showed the 

characteristic peaks of molecularly adsorbed furfural, including the C-H wagging mode of the 

furan ring at 745 cm-1, the C=O stretching mode in the carbonyl group at 1638 cm-1, and the C-H 

stretching mode from the unsaturated furan ring peak at 3067 cm-1. Other vibrational modes were 

also summarized in Table 5.2. 
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Table 5.2. Vibrational mode assignment for furfural molecule 

Mode 
 Frequency (cm-1) 

Raman[21] H/CoPtPt(111)[10] Fe/Mo2C/Mo(110)a 

𝜔ring(C-H) -- 765 745 

𝜈ring(C-H) 950 -- 1000 

𝜈ring(C-O) 1025 1023 1054 

𝜈ring(C-C) 1395 -- 1349 

𝜈ring(C=C) 1446,1555 1445 1416,1550 

𝜈aliphatic(C=O) 1684 1650 1638 

𝜈aliphatic(C-H) -- 2832 2859 

𝜈ring(C-H) 3153 3087 3067 

Abbreviation: 𝜔 – wagging, 𝜈 – stretching 

a. This work 

The spectrum at 220 K was consistent with chemisorbed furfural. Compared with the 100 K 

spectrum, the 220 K spectrum showed less intense ring wagging mode at 745cm-1(𝜔(CH)) due to 

the desorption of physically adsorbed furfural. Based on the dipole selection rule, the vibrational 

mode with component perpendicular to the surface should have high signal in the on-specular 

spectrum while the mode parallel to the surface should have relatively high intensity in the off-

specular spectrum. Comparing the on- and off-specular spectra at 220 K, the relative intensity of 

the 𝜈(C=O) mode of the carbonyl group (1638 cm-1) was higher in the off-specular spectrum and 

that of the 𝜈ring(C-H) mode (3067 cm-1) was higher in the on-specular spectrum. The differences 

between the on- and off-specular spectra suggested that the C=O bond was more parallel to the 

surface than the C-H bond of the furan ring. Since the C-H bond was in the same plane of the furan 

ring, the furan ring should also be tilted away from the Fe/Mo2C/Mo(110) surface. This adsorption 

geometry was similar to that on Co-terminated Co/Pt(111), which showed high activity toward 

furfural HDO reaction.[10] At 280 K, the intensity of the ( 𝜈 (C=O) peak at 1638 cm-1 was 

significantly reduced and that of the 𝜈 aliphatic(C-H) at 2859 cm-1 increased, suggesting the 

hydrogenation of the carbonyl group and the formation of 2-MF. At 400 K, the ring vibrational 

modes (𝜔(CH) and 𝜈ring(C-H)) disappeared due to the desorption of 2-MF.   
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Figure 5.2b compares the HREELS spectra of furfural on Fe/Mo2C/Mo(110) and Fe/Pt(111) and 

2-MF on Fe/Mo2C/Mo(110). All the surfaces were annealed to 220 K to remove the physically 

adsorbed species. The three spectra showed nearly identical vibrational modes from the furan ring, 

such as the 𝜔(CH), 𝜈ring(C-O), 𝜈ring(C=C) and 𝜈ring(C-H) modes. The only difference between 2-

MF and furfural was that furfural had a C=O stretching mode (1638 cm-1) from the carbonyl group 

while 2-MF had C-H rocking mode at ~1450 cm-1, which overlapped with the 𝜈ring(C=C) mode in 

the furan ring. Compared with 2-MF on Fe/Mo2C/Mo(110), the spectrum of furfural on 

Fe/Mo2C/Mo(110) had a bump at 1600 cm-1, which was from the red-shifted 𝜈aliphatic(C=O) mode. 

The spectrum of furfural on Fe/Pt(111) also showed a red-shifted 𝜈aliphatic(C=O) peak at 1604 cm-1, 

suggesting that the C=O bond interacted strongly with both Fe/Pt(111) and Fe/Mo2C/Mo(110). 

The 𝜈(CO) mode at 1838 cm-1 is from the adsorbed CO during the surface preparation. Overall, 

the general similarity of the three HREELS spectra suggests that both Fe/Mo2C/Mo(110) and 

Fe/Pt(111) surfaces can weaken the C=O bond of the carbonyl group and convert furfural to 2-MF 

which is consistent with the DFT calculations. 

5.3.3.  TPD Results 
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Figure 5.3. a) TPD results of furfural HDO to produce 2-methylfuran on Fe/Pt(111), PtFePt(111), thick Fe and 

Pt(111) surfaces, b) thermal stability of the ML  Fe/Pt(111) surface. Reprinted from reference 11. Copyright © 2008 

Elsevier Ltd 

The TPD spectra of 2-MF production from furfural HDO on hydrogen pre-dosed Fe/Pt(111), 

PtFePt(111), Pt(111) and thick Fe surfaces are shown in Figure 5.3a. The Fe/Pt(111) surface had 

the most intense 2-MF desorption peak among the four surfaces. The subsurface PtFePt(111) had 

much lower 2-MF desorption peak area than Fe/Pt(111), indicating that the HDO activity of 

Fe/Pt(111) surfaces was structure-dependent. Based on previous studies[22][23], the Fe-terminated 

Fe/Pt(111) surface was not thermodynamically stable under vacuum or hydrogen atmosphere. 

Figure 5.3b shows the AES intensity ratio of Fe(646eV)/Pt(241eV) measured as a function of 

annealing temperature of Fe/Pt(111). As the temperature increased to 400 K or higher, the 

Fe(646eV)/Pt(241eV) ratio decreased, suggesting that the Fe atom diffused from the top surface 

layer. At 800 K, the Fe(646eV)/Pt(241eV) ratio was reduced to ~0.65, which was similar to the 

Fe(646eV)/Pt(241eV) ratio for subsurface PtFePt(111). After one TPD experiment, the surface 

was annealed to 800K, and the Fe/Pt(111) surface was restructured to Pt-terminated PtFePt(111), 

losing the HDO activity.  

The Mo2C/Mo(110) surface was used as a substrate to enhance the stability of the Fe-terminated 

surface. Four repeat TPD experiments were carried out on hydrogen pre-dosed Fe/Mo2C/Mo(110). 

In each TPD experiment, the surface was annealed from 100 K to 800 K without further surface 

treatment. Similar to Fe, Co is another strong oxophilic metal. The low stability of Co/Pt(111) 

surface has also been observed and both Co/Pt(111) and Fe/Pt(111) shows high furfural HDO 

activity.[24] Therefore parallel TPD experiments were processed on hydrogen pre-dosed 

Co/Mo2C/Mo(110) and both Fe/Mo2C/Mo(110) and Co/Mo2C/Mo(110) were compared with 

Fe/Pt(111) and Co/Pt(111).   
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Figure 5.4. Multiple-cycle TPD results of furfural on a) Fe/Mo2C/Mo(110) and b) Co/Mo2C/Mo(110) 

As shown in Figure 5.4a, the 2-MF desorption peaks from Fe/Mo2C/Mo(110) had the same peak 

temperature (310 K) as that from FePtPt(111), which agrees very well with DFT calculations and 

HREELS measurements. The Fe/Mo2C/Mo(110) remained activity in four repeat TPD 

experiments. However, as TPD experiments repeated, a broad peak at ~600 K was slightly 

increased, which might from the residue atomic oxygen produced in HDO reaction. Figure 5.4b 

shows the desorption peaks from both Co/Mo2C/Mo(110) and CoPtPt(111), which also suggested 

the similar HDO activities between Co/Mo2C/Mo(110) and CoPtPt(111) as well as the high 

stability of the Co/Mo2C/Mo(110) surface. In previous research[10], FePtPt(111) has higher oxygen 

binding energy than CoPtPt(111). Due to the similarity between Mo2C and Pt as a substrate, 

Fe/Mo2C/Mo(110) should have higher oxygen binding energy than Co/Mo2C/Mo(110), which 

brings more difficulty to remove the surface oxygen. Therefore, in Figure 5.4b, the broad peak was 

not observed in the four repeat TPD experiments.  
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The yield of 2-MF was calculated by the following equation: 

2-MF yield = 
𝜃𝑠𝑎𝑡

𝐶𝑂

𝑃𝑠𝑎𝑡
𝐶𝑂 𝑃2−𝑀𝐹

𝑓𝑢𝑟𝑓𝑢𝑟𝑎𝑙 𝑆82𝑎𝑚𝑢
2−𝑀𝐹

𝑆28𝑎𝑚𝑢
𝐶𝑂  

where the 𝑆82𝑎𝑚𝑢
2−𝑀𝐹  and 𝑆28𝑎𝑚𝑢

𝐶𝑂 were mass spectrometer sensitivities for 82 and 28 amu, 

respectively, and 𝑃2−𝑀𝐹
𝑓𝑢𝑟𝑓𝑢𝑟𝑎𝑙

 was the peak area of 82 amu. The 𝑃𝑠𝑎𝑡
𝐶𝑂  was the peak area of 28 amu 

from saturation CO desorption and  𝜃𝑠𝑎𝑡
𝐶𝑂  was the saturation coverage of CO on Mo2C(0001).  

Table 5.3. Yields of 2-MF on hydrogen pre-dosed surfaces from TPD experiments 

2-MF yield (molecules per metal atom) 

Co/Pt(111) 0.012 Fe/Mo2C/Mo(110) Co/Mo2C/Mo(110) 

Fe/Pt(111) 0.010 1st 0.014 1st 0.014 

PtFePt(111) 0.003 2nd 0.012 2nd 0.015 

Thick Fe 0.004 3rd 0.012 3rd 0.015 

Pt(111) 0 4th 0.010 4th 0.014 

 

Table 5.3 summarizes the quantification results of the TPD experiments. Fe/Mo2C/Mo(110) had 

a 2-MF yield of 0.014 in the first TPD experiment and 0.01 in the fourth TPD experiment, which 

was similar to the 2-MF yield from Fe/Pt(111). The Co/Mo2C/Mo(110) had a 2-MF yield of 0.014 

in the first TPD experiment and remained at 0.014 in the fourth experiment, showing a similar 

activity with higher stability than Fe/Mo2C/Mo(110). 

These results indicated that, unlike ML Fe on Pt(111), ML Fe remained on the Fe/Mo2C/Mo(110) 

surface and maintained a similar HDO activity to Fe/Pt(111). The same stability and the HDO 

activity were observed on the Co/Mo2C/Mo(110) surface. Additionally, the slightly higher stability 

of Co/Mo2C/Mo(110) was likely from the moderate oxygen binding energy.  

 

 

 

 



93 

 

5.3.4.  Reactor Evaluation of Powder Catalysts 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. XRD patterns of spent -Mo2C and 2wt% Co/Mo2C catalysts. Reprinted from reference 24. Copyright © 

2018 Elsevier Ltd 

Since both Fe/Mo2C/Mo(110) and Co/Mo2C/Mo(110) had similar activity in furfural HDO 

reaction, and Co/Mo2C/Mo(110) had showed slightly higher stability, porous Mo2C and Co/Mo2C 

catalysts were synthesized and a vapor phase flow reactor was used to evaluate the stability of the 

support catalysts. XRD analysis on the spent Mo2C and Co/Mo2C catalysts was performed to verify 

the formation of Mo2C. As shown in Figure 5.5, the 2 of 34.5o, 38.05o, 39.47o, 52.21o, 61.93o, 

69.56o, 74.93o and 75.5o correspond to the (100), (002), (101), (102), (110), (103), (112) and (201) 

facets of -Mo2C (Joint Committee on Powder Diffraction Standards, no. 35-0787). With the 

addition of Co, the pattern does not change, likely due to the low loading of Co. In addition, since 

Mo2C is a metal diffusion barrier, Co should remain on the surface of the Mo2C particles.  
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Figure 5.6. a) Comparison of 2-MF yield and b) products selectivity on Co/Mo2C.  

The 2-MF yield (Figure 5a) from Co/Mo2C was above ~80% with a high selectivity of 92% 

(Figure 5b) in three hours. On the other hand, the yield from Mo2C dropped to below 50%, which 

was due to the polymerization of furfural[2] and the remained atomic oxygen.[25] Gorte et al. has 

reported a supported core-shell Pt3Co2/C catalyst, which has shown has a 98 % DMF selectivity at 

99 % HMF conversion.[9] The supported Co/Mo2C catalyst has a similar performance, which 

further suggests the feasibility to use Mo2C as an alternative material to replace Pt. 

5.4. Conclusions 

DFT calculations and surface science experiments have been performed to compare the 

similarity between monolayer Fe/Pt(111) and Fe/Mo2C/Mo(110) surfaces for the furfural HDO 

reaction. The DFT results show that both Fe/Mo2C/Mo(110) and Fe/Pt(111) have high furfural 

binding energies as well as strong oxophilicity. The enlarged C1-O1 bond length on both surfaces 

suggests a strong interaction between the carbonyl group and the surface, which should facilitate 

the furfural HDO reaction. The HREELS results show that furfural has a similar adsorption 

geometry on both surfaces and the C=O bond is weakened, which is consistent with DFT 

prediction. The TPD results reveal that Fe/Mo2C/Mo(110) has a similar HDO activity to and is 
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more stable than Fe/Pt(111). The TPD experiments have also been performed on 

Co/Mo2C/Mo(110), and the results indicate that Co/Mo2C is similar to Fe/Mo2C showing high 

activity in furfural HDO reaction. The stability of the Co/Mo2C powder catalyst was confirmed in 

the flow reactor experiment. Therefore, this study suggests the feasibility of using surface science 

approaches to guide the design of efficient HDO catalysts and demonstrates that Fe/Mo2C and 

Co/Mo2C are promising non-precious catalysts for HDO reactions.   
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6.  Chapter 6: Controlling Reaction Pathways of Selective 

Hydrodeoxygenation of Glycerol 

6.1. Introduction 

With limited reserves of fossil fuel, the utilization of renewable energy resources becomes an 

important research topic. Biodiesel is a renewable energy source, which is produced by the 

transesterification of triglycerides from biomass feedstocks, such as vegetable oil and animal fats.[1] 

Glycerol is the main by-product of the biodiesel production; for every 100 kg of biodiesel produced, 

10 kg of glycerol is formed.[2] With increasing annual production of biodiesel,[3] glycerol becomes 

abundant and has been considered as one of the top twelve building block chemicals derived from 

biomass that can be upgraded to value-added products.[4] Therefore, a large-scale commercial 

process to upgrade glycerol into valuable products should create extra incentives and further 

promote the biodiesel production. From a chemical point of view, glycerol contains multiple 

hydroxy groups, and it can be used as a probe molecule to help understand the reaction mechanisms 

of polyols such as glucose, fructose or xylose. 

The HDO reaction, which selectively breaks the C-O bond and preserves the C-C bond, is one 

important pathway to upgrade glycerol. The products of glycerol from selective HDO can be 

classified by the number of C-O bonds cleaved. With one C-O bond cleavage, glycerol can be 

converted to 1,2-propanediol on Cu-based catalysts[5],[6] or to 1,3-propanediol on M/MOx/SiO2
[7],[8] 

catalysts such as Pt/ReOx and Pt/WOx. With two C-O bonds cleaved, glycerol can be converted to 

allyl alcohol on K/Al2O3-ZrO2-FeOx
[9] and propanol on Ni/Al2O3

[10] or Pt/H4SiW12O40
[11]. With 

the cleavage of all C-O bonds, glycerol can be converted to propylene and propane on Mo-based 

catalysts.[12]–[14] The above studies have identified catalysts with high activity and selectivity 
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toward the target products, and many mechanisms and reaction pathways have been hypothesized 

based on reactor evaluation. However, a fundamental explanation for the selectivity toward 

breaking different types and number of the C-O bonds is still lacking. Such understanding would 

provide guidance on how to modify the catalyst surface and tune the HDO selectivity of glycerol 

and other polyol molecules.  

In the current work we explore the possibility of tuning the HDO selectivity by manipulating 

the surface oxophilicity. The Mo2C surface has a high oxygen binding energy, and it has shown 

HDO activities for various oxygenates such as ethylene glycol[15], furfural[16] and propanol[17]. 

However, the Mo2C surface breaks all C-O bonds of polyols, which makes it only promising for 

alkane/alkene formation, and the high oxygen binding energy impedes the facile removal of 

surface oxygen. To selectively break the C-O bonds in polyols and avoid C-C bond breaking, a Cu 

metal modifier, which has low carbon/oxygen binding energies, has been selected in the current 

study to tune the HDO selectivity of the Mo2C surface. 

In this work, surface science experiments and theoretical calculations were combined to explore 

the feasibility of tuning the selectivity for the glycerol HDO by using Cu to modify the Mo2C 

surface. Temperature Programmed Desorption (TPD) and High-resolution Electron Energy Loss 

Spectroscopy (HREELS) measurements identified the gas-phase products and surface 

intermediates, respectively. DFT calculations revealed the most preferred reaction pathways on 

the Cu surface, Cu-Mo2C interface, and Mo2C surface by comparing the reaction energies and 

barriers of each elementary step. The results demonstrate for the first time that the Cu coverage 

can significantly affect the oxophilicity of the Cu/Mo2C surface and consequently tune the HDO 

selectivity of glycerol. 
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6.2. Methods 

6.2.1.  Surface Science Experiments 

The TPD experiments were performed in an ultra-high vacuum (UHV) chamber with a 5 x 10-

10 Torr base pressure. The UHV chamber was equipped with an Auger Electron Spectrometer 

(AES), metal evaporation source, sputter gun and quadrupole mass spectrometer (UTI100). In a 

typical TPD experiment, the crystal was cooled down to 200 K and exposed to 4 Langmuirs (L; 1 

L =10-6 Torr.s) H2 and 10 L glycerol. Then the crystal was further cooled down to 100 K and 

heated to 800 K at a linear rate of 3 K/s. The gas phase products were measured using the mass 

spectrometer. 

The HREELS experiments were conducted in another UHV chamber equipped with TPD and 

AES capabilities.  The HREELS spectra were acquired with a primary beam energy of 6 eV. 

Angles of incidence and reflection were 60° with respect to the surface normal. Count rates in the 

elastic peak were typically between 1 x 104 and 3 x 104 counts/s, and the spectral resolution was 

between 30 and 50 cm−1 full width at half maximum.  

Glycerol (Fisher Scientific, 99%) was transferred into a glass sample cylinder and purified using 

repeated heat-pump-cool cycles. All the other gases, oxygen, hydrogen, neon, ethylene, and carbon 

monoxide, were of research purity and used without further purification. The purity of all the 

reagents was verified before experiments using in-situ mass spectrometry. The glycerol was 

preheated to 400 K before being dosed into the UHV system. 

The Mo(110) single crystal (Princeton Scientific, 99.99%) was 1mm thick with a 10 mm 

diameter and was oriented to within 0.5 degrees. The crystal was spot welded directly to two 

tantalum posts that served as electronic contacts for resistive heating, as well as thermal contacts 

for cooling with liquid nitrogen. Detailed procedure for the Mo2C surface preparation was 
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described in a previous study.[18] The Mo(110) single crystal was cleaned by Ne+ sputtering at 300 

K followed by annealing to 1200 K. Oxygen treatment was performed following the Ne+ sputtering 

to remove the surface carbon. In the oxygen treatment, the single crystal was heated to 1000 K and 

exposed to 100 L of oxygen, followed by annealing to 1200 K. The oxygen treatment was repeated 

until negligible amounts of carbon and oxygen were observed on Mo(110). The carbide-modified 

Mo(110) was synthesized by ethylene treatment on the cleaned Mo(110). In each ethylene 

treatment, Mo(110) was held at 600 K and exposed to 3 L of ethylene, followed by annealing to 

1200 K. Cycles of ethylene treatment were used until the C(275 eV)/Mo(186 eV) AES ratio 

reached to an atomic Mo/C ratio of approximately 2:1. 

The Cu modified Mo2C/Mo(110) surface was prepared by evaporative deposition of Cu atoms 

onto Mo2C/Mo(110). The crystal was held at 300 K during deposition. The metal source consisted 

of a tungsten filament with a high purity Cu wire (Alfa Aesar, 99.99+%) wrapped around it, which 

was mounted within a tantalum enclosure. The Cu coverage on the Mo2C/Mo(110) surface was 

controlled by the deposition time and quantified using the AES peak-to-peak heights.  As shown 

in Figure 6.1, a significant break was observed at 7 min and the AES ratio of Cu(64eV)/Mo(186eV) 

at 7 min was 0.55, which was close to the theoretical result of one monolayer Cu on Mo2C
[19]. This 

result suggested that the Cu deposition on Mo2C/Mo(110) followed the epitaxial growth 

mechanism for the first layer and one ML of Cu was formed after 7 min of Cu deposition.  
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Figure 6.1. AES measurements of Cu deposition on Mo2C/Mo(110) at 300K as a function of deposition time 

6.2.2.  Computational Methods 

DFT calculations were carried out on a Cu/Mo2C catalyst model to understand the 

experimentally observed selectivity pattern for the HDO of glycerol and to identify likely active 

sites. All calculations were performed using the Vienna ab initio simulation package (VASP).[20]–

[23] The projector augmented wave (PAW) [24],[25] method was used to describe the electron ion 

interaction, whereas the exchange-correlation effects were included by means of the generalized 

gradient approximation (GGA) within the Perdew-Burke-Ernzerhof formalism (PBE).[26] Since 

dispersion interactions play an important role in the accurate prediction of adsorption and 

desorption energies of hydrocarbon molecules, Grimme’s D3 methodology[27] was used to describe 

the Van-der Waals interactions (vdW) semiempirically. At this level of theory, the calculated 

lattice parameters for the orthorhombic Mo2C bulk were a = 4.715 Å, b = 5.193 Å, and c = 6.035 

Å, which agrees well with the experimental lattice constants (a = 4.729 Å, b = 5.197 Å, and c = 

6.028 Å).[28] These parameters were used to generate a (3×2) surface unit cell of β-Mo2C(0001) 
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consisting of 6 atomic layers of Mo2C and a 15 Å vacuum added in z direction. The cutoff energy 

for the plane-wave basis was set to 500 eV for the bulk and surface calculations. The reaction 

mechanism and Cu adsorption were only studied on the Mo-terminated β-Mo2C(0001) surface, 

similar to previous reports.[15],[17],[29] 

A Cu-rod like structure was created on the β-Mo2C(0001) surface by adding and optimizing 

three rows of Cu atoms at various positions on the Mo2C surface to identify the minimum energy 

configuration shown in Figure S1 in the supporting information. This structure represents a 0.5 

ML Cu on Mo2C catalyst model, in which 50% of the Mo sites on the Mo2C surface layer are 

covered by Cu atoms. This catalyst model allowed us to examine the deoxygenation mechanism 

of glycerol at three different active sites, namely, the exposed Mo sites on the Mo2C surface, the 

Cu sites on the Cu-rod, and sites at the Cu-Mo2C interface. A Monkhorst-Pack (MP)[30] k-point 

mesh of 2×3×1 was used and all atoms were fully relaxed during structural optimization except 

for the bottom two atomic layers of Mo2C. Dipole and quadrupole corrections to the energy were 

taken into account using a modified version of the Makov and Payne method[31] and Harris-Foulke-

type corrections[32] were included for the forces. The climbing image-NEB[33] and Dimer 

methods[34],[35] were used to optimize all transition state structures. 

6.3. Results and Discussion 

6.3.1.  Gas-Phase Products from TPD Measurements 

Four products were observed in the TPD experiments from Cu/Mo2C/Mo(110) surfaces, 

propylene, ally-alcohol, propanal, and acetol. Three reaction pathways of glycerol on Cu/Mo2C 

were classified based on the number of C-O bonds cleavage, as shown in Scheme 6.1:  
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Scheme 6.1. Reaction pathways for the selective hydrodeoxygenation of glycerol 

Atomic oxygen and atomic hydrogen were formed in all reactions, which can recombinatively 

desorb in the form of water. This process removes the surface oxygen and creates empty sites to 

complete the catalytic cycle.  

6.3.1.1. Propylene Formation on the Mo2C/Mo(110) Surface  

   

Figure 6.2. TPD spectra of propylene (m/e=39,41) with an exposure of 4 L glycerol on hydrogen pre-dosed 

Cu/Mo2C surfaces with different Cu coverages 
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Figure 6.2 shows the TPD spectra of m/e = 39 and 41, which are the main cracking patterns of 

propylene, as well as the minor cracking patterns of glycerol and acetol. A sharp peak at 280 K 

was observed in all spectra, which was from glycerol desorption. Another peak at 360 K was 

observed in the spectra of surfaces with high Cu coverages, which was from the desorption of 

acetol. The broad peak with an on-set temperature of 300 K and a peak temperature of 411 K was 

from propylene desorption. The Mo2C/Mo(110) surface showed the largest desorption peak of 

propylene, and its peak area decreased with increasing Cu coverage. The results in Figure 6.2 

indicate that the Mo2C/Mo(110) surface was active for propylene formation, and Cu modification 

reduced the ability for C-O bond breaking.  

6.3.1.2. Allyl Alcohol and Propanal Formation at the Cu-Mo2C Interface  

  

Figure 6.3. TPD spectra of allyl alcohol (m/e= 57) and propanal (m/e=58) with an exposure of 4 L glycerol on 

hydrogen pre-dosed Cu/Mo2C surfaces with different Cu coverages 

Figure 6.3 shows the spectra of m/e = 57 and 58, which are the main cracking pattern of allyl-

alcohol and propanal, respectively. The peak at 280 K was from the desorption of glycerol. Ally-
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alcohol showed a desorption peak at 347 K. Propanal had a desorption peak at 389 K on Cu-lean 

surface and the peak shifted to 375 K on Cu-rich surface. The production of both allyl-alcohol and 

propanal were reaction limited, which was revealed in the HREELS experiments. The higher 

desorption temperature of propanal suggested that the propanal formation had a slightly higher 

activation barrier than allyl-alcohol.  

On high Cu coverage Cu/Mo2C/Mo(110) surfaces the propanal peak was larger than the allyl-

alcohol peak, while the trend was reversed on low Cu coverage surfaces. These results suggested 

that the Cu surface might play a role to convert allyl-alcohol to propanal through the isomerization 

reaction. This hypothesis is consistent with a previous study that reported Cu(110) as being active 

for converting allyl-alcohol to propanal[36]. The peak areas of both peaks reached their maximum 

on 0.6 ML Cu/Mo2C/Mo(110). Since both Mo2C and Cu surfaces showed low activity for this 

reaction, the allyl-alcohol was most likely formed at the Cu-Mo2C interface. 

6.3.1.3.  Acetol Formation on the Cu Surface  
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Figure 6.4. TPD spectra of acetol (m/e=31,43) with an exposure of 4 L glycerol on hydrogen pre-dosed Cu/Mo2C 

surfaces with different Cu coverages 

Figure 6.4 shows the spectra of m/e = 31 and 43 from the Cu/Mo2C/Mo(110) surfaces, which 

are the main cracking patterns of acetol and the minor cracking patterns of glycerol. Similar to 

Figures 6.2 and 6.3, the peak at 280 K was from the cracking patterns of glycerol, and the sharp 

peak at ~365 K was from acetol desorption. The acetol desorption peak area increased with 

increasing Cu coverage, suggesting that acetol was produced from the Cu surface and the Mo2C 

surface was too active to break only one C-O bond. Other dehydration products such as acrolein 

were not observed.  

Table 6.1. Yields for the three reactions of glycerol from Scheme 6.1 from TPD experiments (molecules per metal 

atom) 

 

The peak area and the sensitivity factor of each product were used to quantify the yields of the 

three reactions from Scheme 6.1. The quantification results were summarized in Table 6.1, and the 

yield of Reaction 2 was the sum of the yields of propanal and allyl-alcohol. As the Cu coverage 

increased from 0 to 1.1 ML, the yield of Reaction 1 decreased from 0.068 to 0.013 and that of 

Reaction 3 increased from 0 to 0.062. At the 0.6 ML Cu coverage, the Reaction 2 reached its 

maximum yield of 0.041.  

 

 

 

 

 Mo2C 0.1 ML 0.2 ML 0.3 ML 0.6 ML 0.8 ML 1.1 ML 

Reaction 1 0.068 0.063 0.057 0.049 0.031 0.030 0.013 

Reaction 2 0.008 0.017 0.026 0.032 0.041 0.020 0.008 

Reaction 3 0.000 0.000 0.014 0.018 0.045 0.046 0.062 

Total 0.075 0.081 0.096 0.099 0.117 0.096 0.083 
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6.3.1.4.  Water Desorption from the Cu/Mo2C Surfaces  

 

Figure 6.5. TPD spectra of water (m/e=18) with an exposure of 4 L glycerol on hydrogen pre-dosed Cu/Mo2C 

surfaces with different Cu coverages 

Figure 6.5 shows the spectra of m/e = 18, which is the main cracking pattern of water. A broad 

peak at 569 K was observed on the Mo2C surface, and a sharp peak at 365 K was observed on the 

Cu-terminated surface. Water desorption was from the removal of atomic oxygen formed in the 

glycerol HDO reactions. The results suggested that the oxygen removal from the Mo2C surface 

was more difficult than that from the Cu-modified surfaces, which may be due to the strong 

oxophilicity of the Mo2C surface.  

Overall the TPD experiments confirmed three types of pathways for the HDO reaction of 

glycerol, with the yields of the corresponding products showing distinct trends with increasing Cu 

coverage. As the Cu coverage increases, the surface prefers to break fewer C-O bonds of glycerol. 

Therefore, the selectivity of the glycerol HDO reaction can be tuned by changing the Cu coverage 

on the Mo2C surface.    
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6.3.2.  HREELS Results of Glycerol on Mo2C/Mo(110) and Cu/Mo2C/Mo(110) Surfaces  

HREELS experiments were performed to identify surface reaction intermediates on four 

surfaces: Mo2C/Mo(110), 0.3 ML Cu/Mo2C/Mo(110), 1.2 ML Cu/Mo2C/Mo(110) and 2.4 ML 

Cu/Mo2C/Mo(110). 5 L H2 was pre-dosed on each surface, and 4 L glycerol was adsorbed at a 

surface temperature of 200 K. In each measurement, the surface was flashed to the indicated 

temperature at 3 K/s, maintained at the indicated temperature for 1 min and cooled down to 120 K 

before the HREELS spectrum was recorded.  

  

Figure 6.6. HREELS spectra of glycerol on H2 pre-dosed Mo2C/Mo(110), 0.3 ML Cu/Mo2C/Mo(110), 1.2 ML 

Cu/Mo2C/Mo(110), and 2.4 ML Cu/Mo2C/Mo(110) at a) 200 K and b) 300 K   

Figure 6.6a shows the spectra of molecularly adsorbed glycerol on the four surfaces. Molecular 

adsorption was indicative by the similarities among the four spectra, as well as the observation of 

the 𝜏(OH) mode at 671 cm-1 and the 𝜈(OH) mode at 3248 cm-1. The detailed assignments of each 

vibrational mode are summarized in Table 6.2. The HREELS spectrum of ethylene glycol on Mo2C 
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was used as a reference to assign the vibrational modes of glycerol on Mo2C/Mo(110) and 

Cu/Mo2C/Mo(110), since glycerol and ethylene glycol have similar structures. 

Table 6.2. Vibrational mode assignment for glycerol molecule 

Mode 
Frequency (cm-1) 

Ethylene glycol on Mo2C
[15] Mo2C/Mo(110)a Cu/Mo2C/Mo(110)a 

𝛿(𝑀𝑂) -- 430 -- 

𝜈(𝑀𝑂) -- 570 -- 

𝜏(OH) 744 671 671 

𝜈(CC) 879 859 852 

𝜈(CO) 1069 1060 1060 

𝜌w(CH2) 1360 1356 1342 

𝛿(CH2) 1441 1430 1430 

𝜈as(CH) 2916 2873 2873 

𝜈(OH) 3085 3248 3248 
Abbreviation: 𝛿 – deformation, 𝜈 – stretching, 𝜏 – twisting, 𝜌t – rocking,  𝜌w - wagging, as-asymmetric  

aThis work 

Figure 6.6b shows the spectra of the chemisorbed glycerol on the four surfaces. Molecular 

glycerol desorbed at 280 K (shown in the TPD results in Figures 6.2-6.4) and the spectra at 300 K 

varied on each surface. In the spectrum of Mo2C/Mo(110), the 𝜏 (OH) and 𝜈 (OH) modes 

disappeared, suggesting that the chemisorbed glycerol underwent dissociative adsorption by 

breaking all O-H bonds and forming Mo-O bonds. The Mo-O bonds were characterized by two 

vibrational Mo-O modes located at 430 and 570 cm-1. The red-shifting of the 𝜈(CO) mode (1060 

cm-1 at 200 K) revealed that the C-O bonds were weakened by the Mo2C/Mo(110) surface. In the 

spectrum of 0.3 ML Cu/Mo2C/Mo(110), the vibrational modes from the O-H bond were not 

significant either. However, a very small peak from the 𝜈(OH) (3336 cm-1) mode was observed, 

suggesting the chemisorbed glycerol retained some of the O-H bonds. The 𝜈(CO) mode was not 

red-shifted at 300 K on this surface, indicating a weaker interaction between the oxygen moiety 

and the surface. On the 1.2 ML Cu/Mo2C/Mo(110) surface, the detection of the 𝜏(OH) mode (705 

cm-1) and the weak 𝜈 (OH) mode (3336 cm-1) indicated the existence of O-H bonds in the 
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chemisorbed glycerol. The vibrational modes from the Mo-O/Cu-O bond were not observed, and 

the 𝜈(CO) mode (1060 cm-1) was not red-shifted, which suggested an even weaker interaction 

between the Cu surface and glycerol. The spectrum of 2.4 ML Cu/Mo2C/Mo(110) is similar to that 

on 1.2 ML Cu/Mo2C/Mo(110), suggesting that the surface interaction of glycerol remained the 

same as the Cu coverage exceeded 1 ML. 

 

Figure 6.7. HREELS spectra of glycerol on H2 pre-dosed Mo2C/Mo(110), 0.3 ML Cu/Mo2C/Mo(110), 1.2 ML 

Cu/Mo2C/Mo(110), and 2.4 ML Cu/Mo2C/Mo(110) at a) 400 K and b) 500 K   

Figure 6.7 shows the spectra of glycerol at higher temperatures. After annealing the surface to 

400 K (Figure 6.7a), the 𝜈(CO) mode further red-shifted on Mo2C/Mo(110). Compared with 

chemisorbed glycerol, the intensity of the 𝜈(CO) mode was reduced while the intensity of 𝛿(Mo-

O) and 𝜈(Mo-O) increased, indicating that more C-O bonds were cleaved, and more Mo-O bonds 

were formed. On the 0.3 ML Cu/Mo2C/Mo(110) surface, 𝜈 (CO) red-shifting was observed, 

indicating this surface could also weaken the C-O bonds. Compared with Mo2C/Mo(110), the Mo-

O modes were less intense and the 𝜈(CO) peak intensity was slightly higher, indicating that the Cu 
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modifier reduced the activity in C-O bond cleavage. On 1.2 ML Cu/Mo2C/Mo(110) and 2.4 

Cu/Mo2C/Mo(110), the 𝜈(CO) mode was not red-shifted. The intensity of 𝜈(CO) was slightly 

reduced due to the desorption of acetol (Figure 6.4) at 365 K. The surface oxygen was not observed 

in any spectrum, which was likely to be removed as H2O (Figure 6.5). 

As the surface temperature increased to 500 K (Figure 6.7b), the 𝜈(CO) mode on Mo2C/Mo(110) 

and 0.3 ML Cu/Mo2C/Mo(110) almost vanished, and the Mo-O modes became significant, 

suggesting the cleavage of all the C-O bonds. On Cu-terminated surfaces, the 𝜈(CO) intensity was 

slightly reduced while the Mo-O or Cu-O modes were not observed due to the removal of the 

surface oxygen by H2O formation.  

In summary, HREELS results indicated that the presence of a Cu modifier on Mo2C reduced the 

oxophilicity of the surface. The oxophilicity was reflected by the red-shifting of the 𝜈(CO) mode 

and the intensities of the Mo-O modes. The strong oxophilicity of Mo2C/Mo(110) was helpful in 

breaking all the C-O bonds of glycerol. The oxophilicity of the Cu/Mo2C/Mo(110) surfaces 

decreased by increasing the Cu coverage. The weak oxophilicity of the Cu-terminated surface 

suppressed the C-O bond cleavage, but it also helped the removal of surface oxygen, which was 

confirmed by the disappearance of the Mo-O/Cu-O modes on the Cu-terminated surface. The 

𝜈(C=O) and 𝜈(C=C) modes were not observed on any surfaces, suggesting that the desorption of 

acetol and allyl-alcohol was reaction-limited, i.e., the products desorbed from the surface as soon 

as they were produced. 

6.3.3. Theoretical Investigation of the Deoxygenation Mechanism of Glycerol on Cu/Mo2C 

Site Models 

In this section, the deoxygenation mechanism of glycerol is investigated from first principles on 

three active sites of our Cu/Mo2C catalyst model: a Mo2C site, a Cu site, and a Cu/Mo2C interface 
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site. The deoxygenation mechanism of complex polyols, such as glycerol, to all theoretically 

possible reaction products involves a very large number of elementary reactions that is currently 

beyond the capability of DFT. While a number of theoretical studies have examined various 

decomposition and hydrogenolysis pathways of glycerol on transition metal surfaces, 

semiempirical correlations had to be used in addition to periodic DFT calculations and only the 

closed-packed surfaces of transition metal catalysts could be investigated.[37]–[43] Here, the focus is 

instead on understanding the experimentally observed selectivity of different (often more complex) 

active sites for glycerol leading to four different products, propylene (CH2=CH-CH3), acetol (CH3-

CO-CH2OH), allyl alcohol (CH2=CH-CH2OH), and propanal (CH3-CH2-CHO). Thus, we focused 

on investigating only the key competing reaction pathways leading to these four products. 

Specifically, the elementary reactions considered here include all three O-H bond cleavages, all 

three C-O bond cleavages, one C-H bond cleavage at a terminal and central carbon atom, and 

relevant hydrogenation steps to the observed products. C-C bond cleavage was not investigated 

considering that it was not observed experimentally. All reaction energies, activation barriers, and 

corresponding structures are provided in the supporting information. 

6.3.3.1. Deoxygenation of Glycerol on the Mo Sites of the Cu/Mo2C Catalyst 

Figure 6.8 illustrates various elementary reaction pathways for the deoxygenation of glycerol to 

propylene on the Mo sites of our Cu/Mo2C catalyst model. All reaction energies and activation 

barriers are zero-point energy corrected. Glycerol adsorbs strongly on the Mo2C(0001) surface 

with all three oxygen atoms interacting with three Mo sites located above the second layer carbon 

atoms with a binding energy of -2.12 eV (see the inset of Figure 6.8). The relatively stronger 

binding energy of glycerol compared to the reported binding energy of ethylene glycol on 

Mo2C(0001) surface (-1.07 eV calculated with PBE functional)[15] is due to binding of an 
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additional oxygen atom to a Mo site and from the inclusion of vdW interactions in our computed 

adsorption energy. It has been shown that the inclusion of vdW interactions is essential to improve 

the long-range interaction of glycerol with a surface. For example, the adsorption of glycerol on 

flat and defected Pt (111) substrates can be stabilized by nearly 1 eV by the addition of the D3 

vdW correction to the PBE functional.[44] Comparison of the activation barriers of initial O-H and 

C-OH bond cleavages of glycerol suggest that the O-H scissions are preferred and possess very 

low activation barriers. The most favorable reaction for glycerol on Mo sites is the terminal O-H 

scission which is nearly barrierless (𝐸𝑍𝑃𝐸
𝑎𝑐𝑡  = 0.03 eV) compared with a barrier of 0.28 eV calculated 

for the middle O-H bond scission. The alkoxide species formed from both O-H cleavages have 

similar energies and the reactions are exothermic by about 1.7 eV. It should be noted here that 

although some of the reactant or product states in the elementary reactions consists of multiple 

species, in the energy calculations of each reactant or product state they constitute one discrete 

state, i.e., the dissociated atoms/fragments stay on the surface and lateral interactions between 

these species are considered at the DFT level.   
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Figure 6.8. Schematic of the reaction pathways for glycerol decomposition on the Mo sites of the Cu/Mo2C (0001) 

catalyst model. The activation barriers (in eV) of the elementary reactions are shown next to the arrows and the 

numbers shown in parentheses are the energies of the intermediates relative to gas phase glycerol and the initial 

catalyst model. The most favorable pathway is shown in green.  
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scissions are again highly favorable both kinetically and thermodynamically. Although the C-O 

scissions are thermodynamically equally favorable, the barriers for these reactions are in the range 

of 0.9-1.2 eV which is significantly higher than the barriers of 0.1-0.2 eV calculated for the O-H 

cleavage reactions. The C-H bond dissociation at the middle carbon, which can form 

dihydroxyacetone (CH2OH-CO-CH2OH), was also found to possess a high barrier of 1.30 eV.  In 

the next step, the third O-H scission is again favorable (𝐸𝑍𝑃𝐸
𝑎𝑐𝑡  = 0.21 eV) relative to the C-O bond 

dissociations (𝐸𝑍𝑃𝐸
𝑎𝑐𝑡  = 0.68-0.73 eV) leading to the formation of allyl alcohol. During all O-H bond 

dissociations, the oxygen of the alkoxide intermediate moves from the top site of the Mo atom to 

the nearby 3-fold hollow site stabilizing the intermediate by about 1.5-1.7 eV for each O-H scission. 

These trends are consistent with previous reports on the ethanol decomposition on the α-Mo2C(100) 

surface[45] and ethylene glycol decomposition on β-Mo2C(0001) surface,[15] both suggesting the 

preferential dissociation of O-H bonds prior to any other C-O or C-H bond cleavages.  

Next, the intermediate CH2O-CHO-CH2O* can undergo three subsequent C-O bond 

dissociations, first at the middle carbon (𝐸𝑍𝑃𝐸
𝑎𝑐𝑡  = 0.48 eV) followed by the two terminal carbons 

with activation barriers of only 0.31 and 0.15 eV, respectively. These reactions are also exothermic 

by >1 eV due to the strong affinity of Mo for both oxygen and carbon intermediates. C-H bond 

scission and protonation reactions, after one or two C-O bond dissociations, were also examined 

and found to possess higher activation barriers than the subsequent C-O dissociation steps. The 

final step for propylene production involves the protonation at a terminal carbon of the CH2-

CH=CH2* intermediate. The activation barriers calculated for this protonation step (0.56 eV) and 

the first C-O scission from the CH2O-CHO-CH2O* intermediate (0.48 eV) appear to be the largest 

barriers in the minimum energy pathway for the formation of propylene from glycerol on the Mo 

sites. Considering the small magnitude of these barriers, the computational results agree very well 
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with the experimental observation that propylene is the major product on pure Mo2C and on the 

Cu/Mo2C catalysts with low Cu coverage.  

6.3.3.2. Deoxygenation of Glycerol at the Cu/Mo2C Interface Sites 

The reaction pathways examined for the glycerol deoxygenation mechanism at the interface 

sites of Cu/Mo2C are depicted in Figure 6.9. Adsorption and desorption steps of H atoms from the 

Cu-rod are not shown for clarity; however, the reaction energies for these steps are considered in 

Figure 6.9. Computations predict that the structure in which two oxygen atoms of glycerol are 

interacting with Mo atoms and one oxygen of glycerol is interacting with a Cu atom is the preferred 

adsorption mode for glycerol at the Cu/Mo2C interface (inset of Figure 6.9). The adsorption of 

glycerol at these interface sites (𝐸𝑍𝑃𝐸
𝑎𝑑𝑠  = -1.76 eV) is found to be less favorable by 0.37 eV than the 

adsorption on Mo sites in the absence of Cu. The two hydroxyl groups adsorbed on the Mo sites 

undergo rapid O-H bond scissions with an activation barrier of only 0.04 eV for the terminal –OH 

followed by a barrier of 0.11 eV for the middle O-H scission. Upon formation of the alkoxide 

intermediate CH2OH-CHO-CH2O*, the reaction flux can follow a third O-H bond scission on the 

Cu sites (𝐸𝑍𝑃𝐸
𝑎𝑐𝑡  = 0.60 eV) or a C-O bond scission on the Mo sites (𝐸𝑍𝑃𝐸

𝑎𝑐𝑡  = 0.54 eV). If the reaction 

flux progresses through the slightly more favorable C-O bond cleavage pathway, allyl alcohol 

(CH2OH-CH=CH2*) can be produced after a second C-O bond cleavage that requires only a 

minimal barrier of 0.23 eV. After each C-O bond cleavage, the oxygen atom stays on the Mo sites 

and the carbon moiety moves to the Cu sites and thus, the final product, allyl alcohol is adsorbed 

on the Cu sites. Among the five elementary reactions involved in the minimum energy pathway of 

allyl alcohol formation from glycerol, the first C-O bond cleavage reaction has the largest 

activation energy (0.54 eV) and thus, it is likely the rate-limiting process. A C-H bond scission at 

the middle carbon of the CH2OH-CHO-CH2O* intermediate, which leads to the formation of 
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acetol (CH2OH-CO-CH3*), was also examined; however, the activation barrier is found to be 0.25 

eV higher than that for C-O dissociation. Thus, in agreement with experimental observations, 

computations predict that at the interface sites the formation of allyl alcohol is highly favorable.  

 

Figure 6.9. Schematic of the reaction pathways for glycerol decomposition at interface sites of the Cu/Mo2C (0001) 

catalyst model. The activation barriers (in eV) of the elementary reactions are shown next to the arrows and the 

numbers shown in parentheses are the energies of the intermediates relative to gas phase glycerol and the initial 

catalyst model. Most favorable pathways are shown in green.  
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The intermediate, CH2O-CHO-CH2O* formed after the third O-H bond dissociation can also 

undergo two subsequent C-O bond cleavage reactions with activation barriers of 0.64 and 0.28 eV, 

respectively, forming the intermediate CH2O-CH=CH2*. This intermediate can also be produced 

by the deprotonation reaction of allyl alcohol on the Cu sites with an activation barrier of 0.68 eV. 

Since the highest activation barriers involved in the two competing pathways for the formation of 

CH2O-CH=CH2* are very similar (within 0.1 eV), it is not possible to choose one pathway over 

the other based on energetics alone. A third C-O bond cleavage on the Cu sites, which can lead to 

the formation of propylene, was also examined and found to possess a large barrier of 1.17 eV. 

The formation of the other experimentally observed product, propanal (CHO-CH2-CH3*), can be 

produced from the CH2O-CH=CH2* intermediate via a C-H bond dissociation at the alkoxy group 

and a hydrogenation step of the alkene moiety. For the C-H bond dissociation of the alkoxy group, 

leading to adsorbed acrolein (CHO-CH=CH2*), we compute an activation barrier of 0.75 eV. In 

contrast, protonation of the terminal –CH2 group is found to be slightly more favorable (𝐸𝑍𝑃𝐸
𝑎𝑐𝑡  = 

0.63 eV) than the C-H dissociation. C-H bond dissociation after the hydrogenation of the alkene 

moiety requires a barrier of 0.54 eV which is lower than the C-H bond dissociation prior to the 

hydrogenation reactions. These results agree with an earlier report by Brainard et al.[36] who found 

that allyl acohol can react with clean and oxygen-covered Cu(110) surfaces to produce propanal, 

acrolein and n-propyl alcohol under ultrahigh-vacuum conditions and that hydrogenation of the 

alkene occurs prior to C-H bond dissociation necessary for the formation of propanal. Since 

acrolein and propyl alcohol were not observed in the current experimental studies and the 

computations also suggest that the formation of these products is less favorable than the formation 

of propanal, it is reasonable to suggest that the Cu mono-layer adsorbed on Mo2C behaves 
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differently than a pure Cu surface and that it is more selective for the conversion of allyl alcohol 

to propanal. 

6.3.3.3. Deoxygenation of Glycerol on the Cu Sites of the Cu/Mo2C Catalyst 

Figure 6.10 illustrates the reaction pathways of the glycerol deoxygenation examined solely on 

the Cu sites. Since the preferential adsorption site for Cu on the Mo2C surface is in the Mo hollow 

sites and the distance between two neighboring hollow sites on the β-Mo2C(0001) surface (≈3.0 

Å) is larger than the Cu-Cu distance in bulk Cu (2.56 Å as predicted by PBE functional), the Cu-

Cu bonds in the Cu-rod are elongated with the distance between neighboring Cu atoms ranging 

from 2.6-3.2 Å. Thus, during the reaction, these Cu atoms can slightly move and create holes in 

the Cu-rod structure which permits the dissociated H atoms to slip into these holes, forming a bond 

with subsurface Mo atoms as shown in the latter part of this mechanism. We found that such holes 

on the Cu layer can be created as long as the coverage of Cu remains below 1 ML.    

Adsorption of glycerol with one, two, and three O-Cu interactions were investigated, and we 

found that the most favorable structure involves two O-Cu bonds (inset of Figure 6.10). The 

calculated adsorption energy (-0.91 eV) is larger than the reported adsorption energy on the Cu(111) 

surface (-0.20 eV calculated with PW91 functional)[24] which is mainly due to the inclusion of 

vdW corrections in the present study. The Cu atoms in the Cu/Mo2C interface model are expected 

to be more active than the Cu atoms on Cu(111) surface. In contrast, the adsorption of glycerol on 

the Cu-rod is less favorable than the adsorption on the Mo sites and at the interface sites by 1.22 

eV and 0.85 eV, respectively. Since the current TPD experiments revealed that acetol is formed 

only in the presence of Cu on Mo2C and the yield of acetol formation increases with increasing Cu 

coverage (Table 6.1), the mechanistic study on the Cu sites focuses mainly on the formation of 
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acetol while few elementary reactions that can lead to the formation of the other three 

experimentally observed products were also examined.  

 

Figure 6.10. Schematic of the reaction pathways for glycerol decomposition on Cu sites of the Cu/Mo2C (0001) 

catalyst model. The activation barriers (in eV) of the elementary reactions are shown next to the arrows and the 

numbers shown in parentheses are the energies of the intermediates relative to gas phase glycerol and the initial 

catalyst model. The most favorable pathway is shown in green.  
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carbon or C-H scission at the secondary carbon. The activation barriers for the O-H scission 

reactions are higher than those on the Mo sites and the middle O-H scission is slightly more 

favorable than the terminal O-H scission by 0.08 eV. The calculated barrier for the middle O-H 

scission (𝐸𝑍𝑃𝐸
𝑎𝑐𝑡  = 0.27 eV) is much lower than the reported barrier on Cu(111) surface (0.80 eV 

calculated with PW91 functional)[43] illustrating the higher activity of the Cu sites of the Cu/Mo2C 

catalyst relative to Cu(111). The intermediate, CH2OH-CHO-CH2OH*, also seems to favor an O-

H bond scission relative to C-OH and C-H bond dissociations at the primary and secondary carbons, 

respectively. The larger barrier calculated for the C-H scission at the secondary carbon (𝐸𝑍𝑃𝐸
𝑎𝑐𝑡  = 

0.93 eV) suggests that the formation of dihydroxy acetone is not favorable. The C-O and O-H bond 

cleavages were also examined from the CH2OH-CHOH-CH2O* intermediate which further 

suggested that the O-H scission is the favorable pathway in the second step of the reaction network. 

The terminal O-H bond dissociation either from structure 1 or 2C (Figure 6.10) is preferred at the 

O-H group that is not adsorbed on the Cu due to retention of H-bonding interactions between the 

two terminal oxygens before and after the O-H bond dissociations. It is to be noted that the first 

and second O-H bond scission reactions on Cu are exothermic only by -0.76 eV and -0.32 eV, 

respectively, compared to the large exothermicity of >1.5 eV for each O-H bond scission on the 

Mo sites. Clearly, Cu possesses a much weaker affinity for O and H than Mo. Next, the third O-H 

bond cleavage and various C-O bond cleavages, that were found to be favorable on the Mo sites, 

were investigated. In addition, we studied various C-H bond cleavages. A comparison of the 

activation barriers of these elementary reactions suggests that a C-H scission at the secondary 

carbon forming the intermediate CH2OH-CO-CH2O* is the most favorable pathway which can 

subsequently undergo a C-O bond scission at the terminal carbon with a low barrier of 0.28 eV. 

Although this C-O bond cleavage barrier seems to be quite low for a Cu site, it should be noted 
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that the previous C-H cleavage reaction is endothermic by 0.40 eV which increases the effective 

barrier for C-O cleavage to 0.68 eV. The C-O bond cleavage reactions examined in the second and 

third step of the reaction network were endothermic and required high activation barriers. However, 

the presence of a ketone group in the intermediate, CH2OH-CO-CH2O*, seems to facilitate the C-

O scission at the neighboring carbon atom forming a stable enolate intermediate (CH2OH-CO-

CH2*). The final step is the protonation of the terminal -CH2 group which possesses a barrier of 

0.75 eV and leads to the formation of acetol. In agreement with the TPD experiments, these 

calculations suggest that the formation of acetol is favorable only on the Cu sites because of the 

preferential formation of a ketone group, whereas the Mo and interface sites prefer to cleave the 

central C-O bond of glycerol.        

6.3.4.  Correlating Computational Predictions to TPD and HREELS Experimental Results 

Figure 6.11 illustrates the minimum Gibbs free energy profiles, at a temperature of 350 K and 

under UHV conditions (Pgas = 10-9 atm), for the glycerol decomposition on the three active sites 

investigated. For the interface sites, only the allyl alcohol formation pathway is shown to improve 

clarity. On the Mo sites, all O-H and C-O bond cleavages are consistently exergonic and only the 

final protonation step is endergonic. This is due to strong adsorption of oxygen atoms on the Mo 

sites and these oxygen atoms can only be removed at higher temperatures and by adding excess 

H2 as shown in previous work.[17] Although desorption of propylene is slightly endergonic by 0.06 

eV at 350 K, it becomes exergonic above 400 K which agrees well with the TPD experiments that 

display the largest peak for propylene desorption at 411 K. In our model, propylene is adsorbed on 

the sites neighboring the adsorbed O and H atoms for which the adsorption energy is calculated as 

-1.50 eV. Our calculations predict that the adsorption of propylene can be further stabilized by 0.6-

0.8 eV on sites further away from adsorbed O and H atoms which is consistent with a stronger 
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adsorption energy of -2.95 eV (calculated with RPBE functional) reported for ethylene on Mo2C 

(001) surface.[46] However, such empty Mo sites might not be available in the present case due to 

the presence of strongly adsorbed O atoms that are dissociation products from glycerol. In addition, 

the Cu/Mo2C/Mo(110) surfaces used in the current TPD experiments are pre-dosed with hydrogen 

which could further affect the availability of empty Mo sites and the stability of the reactant and 

product on the surface. Free energy calculations under UHV conditions (T= 350 K; PH2 = 10-9 atm) 

suggest that the average adsorption free energy of H calculated with reference to the energy of H2 

is -0.49 eV when 8 hydrogen atoms are adsorbed on the Mo sites of the catalyst model used here 

(which corresponds to a hydrogen coverage on the Mo sites of 0.5 ML). The adsorption of glycerol 

was further tested in the presence of 8 hydrogen atoms and we found that the adsorption is 

destabilized by 0.6 eV in the presence of adsorbed H atoms on neighboring sites. Thus, the free 

energy of adsorption in the presence of H atoms becomes endergonic (𝐺350𝐾
𝑎𝑑𝑠  = 0.15 eV) compared 

to an exergonic adsorption of glycerol predicted in the absence of H atoms (Figure 6.11). This 

again agrees with the TPD experiments that display a glycerol desorption peak on the hydrogen 

pre-dosed surfaces at a low temperature of 280 K. However, the presence of H atoms is not 

expected to change the trend observed in the competing elementary reactions. At an H atom 

coverage lower than 1 on the Mo sites, the H atoms can easily move between different Mo sites 

with a small barrier of 0.2-0.3 eV, making the Mo sites available for glycerol dissociation reactions.  

All the elementary reactions involved in the allyl alcohol formation pathway at the interface 

sites are exergonic since these reactions occur on the Mo sites. The role of the Cu atoms is 

primarily to block the active site for further C-O dissociation. Also, the Cu atoms are active for 

the isomerization of allyl alcohol to propanal as shown in Figure 6.9. The free energies of these 

reactions are slightly above the free energies of the propylene formation pathway, mainly due to 
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the absence of the third Mo-O bond at the interface. Furthermore, the stability of adsorbed oxygen 

atoms on similar 3-fold hollow Mo sites were examined at various distances to the Cu/Mo2C 

interface. We found that the adsorption of oxygen atoms closer to the interface sites are 0.6-1 eV 

less stable than those adsorbed farther away from the interface. This suggests that it is easier to 

remove the adsorbed oxygens at the interface which again agrees with the experimental 

observations from HREELS spectra that a 0.3 ML Cu/Mo2C/Mo(110) has a weaker interaction 

with O than Mo2C/Mo(110).  

 

Figure 6.11. Free energy profiles for the minimum energy pathways of glycerol decomposition on different active 

sites of the Cu/Mo2C (0001) catalyst model (T = 350 K; Pgas = 10-9 atm). All energies are with reference to the sum 

of the energies of gas phase glycerol and the initial catalyst model. The numbering of intermediate states 

corresponds to the states in Figures 6.8,6.9, and 6.10 and the respective bond dissociations/associations are shown at 

the transition states.  
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The free energy profile for the formation of acetol on the Cu sites is significantly above the 

energy profiles for propylene and allyl alcohol formation and the energy of the most stable state 

in this pathway (CH2OH-CO-CH2*, 5) is only 0.66 eV lower than the initial state. Calculations 

revealed that the formation of H2O from the final state (O*+2H*) is exergonic by 0.05 eV at 350 

K temperature and thus, the adsorbed oxygen can be easily removed. This is consistent with the 

results from HREELS spectra that atomic oxygens were not observed on Cu and also from TPD 

spectra (Figure 6.5) that H2O is easily removed from Cu surfaces. The highest energy state in the 

free energy profile is found to be the transition state corresponding to the first O-H dissociation 

process (𝐺𝑍𝑃𝐸
𝑎𝑐𝑡  = 1.00 eV) which appears to be the rate-limiting process for acetol formation.     

6.4. Conclusions 

In this work, surface science experiments and density functional theory calculations were 

combined to study the selective hydrodeoxygenation of glycerol on Cu modified Mo2C surfaces, 

which contains three distinct active sites: Mo2C, Cu, and the Cu-Mo2C interface. These surface 

sites are active in distinct reactions and produce different products. The strong oxophilicity of the 

Mo2C surface makes it active towards breaking all C-O bonds in glycerol to produce propylene. 

The Cu modifier reduces the oxophilicity of the Mo2C surface. At moderate Cu coverage, the Cu-

Mo2C interface shows distinct activity to cleave two C-O bonds to form allyl-alcohol, which can 

further be converted to propanal through isomerization. The high Cu coverage surface shows 

activity towards breaking one C-O bond and forming acetol. The results obtained from DFT 

calculations on the glycerol decomposition pathways at the three different active sites agree very 

well with the experimental observations. Competing elementary reactions that can lead to all four 

products of interest were examined at different active sites and the minimum energy pathways 

revealed a selectivity for propylene formation on Mo sites, acetol formation on Cu sites, and allyl 
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alcohol together with propanal formation at the interface sites. Using the same catalyst model for 

the investigation of three different active sites allowed us to compare the energetics of similar 

reactions on different sites. Mo sites exhibit a high activity and selectivity for O-H and C-O bond 

cleavage reactions whereas the activation barriers for these reactions are higher on the Cu sites. 

Interestingly, Cu adsorbed on Mo2C still exhibits a higher activity for O-H and C-O bond cleavage 

reactions compared to the Cu(111) surface. Although the reactions occur easily on the Mo sites, 

the stronger affinity of Mo towards O and H can leave the Mo sites poisoned with these adatoms 

whereas the products easily desorb from the Cu sites.    

This work demonstrates the feasibility of partially modifying the Mo2C surface with Cu to 

generate distinct active sites with different oxygen binding energies on the surface, which can be 

used to control the number of cleaved C-O bonds in the glycerol hydrodeoxygenation.  
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7.  Chapter 7: Conclusions and Future Perspectives 

7.1. Conclusions 

A large-scale process to upgrade biomass derivatives requires catalysts with high activity, 

selectivity, stability and cost affordability. Fundamental studies on model surfaces guide the design 

of more efficient catalysts. The combination of density functional theory (DFT) calculations and 

surface science studies provides in-depth understanding about reaction mechanisms and enables 

identification of the critical properties of the catalyst that lead to the desirable reactions.  

Chapter 3 discussed the ring-opening reaction of both furfural and THFA on Ir(111) and 

Co/Ir(111). The partial hydrogenation of the furan ring reduces the barrier for ring opening. Full 

hydrogenation converts furfural to THFA, which interacts weakly with the surface, leading to a 

much higher ring-opening barrier. Furfural and THFA have the same ring-opened intermediate, 

which is similar to 1,5-pentanedioxy. Therefore, it is feasible to convert furfural to 1,5-pentanediol 

through partial hydrogenation following the ring-opening reaction. The Co/Ir(111) surface has 

strong binding with the furan ring, which enhances the ring-opening reaction. However, this strong 

binding also promotes the undesired decomposition of the ring-opened intermediate. Therefore, 

the catalyst should have moderate binding with the furan ring in order to achieve high selectivity.  

Chapter 4 discussed the hydrodeoxygenation (HDO) of furfural, in which furfural is converted 

to 2-MF for fuel applications. Bimetallic surfaces of 3d/Pt with different metal modifiers and 

structures were investigated. The stronger binding energy of furfural and higher tilted degree of 

the furan ring on the Co-terminated bimetallic surface resulted in a higher activity for furfural 

HDO to produce 2-methylfuran compared to that on either Pt(111) or Pt-terminated PtCoPt(111). 

The 3d-terminated bimetallic surfaces with strongly oxophilic 3d metals (Co and Fe) showed 

higher 2-methylfuran yield compared to those surfaces modified with weakly oxophilic 3d metals 
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(Cu and Ni). The effect of oxygen on the HDO selectivity was also investigated on oxygen-

modified bimetallic surfaces, revealing that the presence of surface oxygen resulted in a decrease 

in 2-methylfuran yield.  

However, poor stability and high costs limit the commercial application of the 3d/Pt catalysts. 

At 600 K, the Fe atom of Fe/Pt(111) diffuses into the Pt bulk, forming Pt-terminated surface and 

resulting in low HDO activity. In Chapter 5, Mo2C was used as an alternative substrate to replace 

precious Pt as the support for monolayer Co and Fe to catalyze the HDO reaction of furfural. The 

HDO activity and stability of Fe/Pt(111) and Fe/Mo2C/Mo(110) surfaces were compared. DFT 

calculations and vibrational spectroscopy results suggested that both surfaces bonded to furfural 

with similar adsorption geometries and should be active toward the furfural HDO reaction. 

Temperature programmed desorption (TPD) experiments confirmed the similar HDO activity 

between the two surfaces, with Fe/Mo2C/Mo(110) being more thermally stable than Fe/Pt(111). 

The TPD experiments also confirmed the enhanced stability of Co/Mo2C/Mo(110), which has a 

similar HDO activity to Co/Pt(111). Parallel reactor evaluations over the corresponding powder 

catalysts further demonstrated the high selectivity and stability of Co/Mo2C at ambient pressure. 

The combined theoretical and experimental results demonstrated that metal modified Mo2C should 

be a promising non-precious metal catalyst for the HDO reaction of furfural to produce 2-

methylfuran. 

Chapter 6 investigated the selective HDO reaction of glycerol on Cu modified Mo2C surfaces. 

Experimental studies and DFT calculations were performed to investigate the feasibility of tuning 

the glycerol HDO selectivity by modifying the oxophilicity of Mo2C with Cu. The strongly 

oxophilic Mo2C surface was active for breaking all C-O bonds in glycerol, forming propylene. The 

Cu modifier, with a low oxygen binding energy, could significantly reduce the oxophilicity of the 
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surface. As the Cu coverage increased to 0.5 monolayer (ML), the Cu/Mo2C surface showed novel 

activity towards breaking two C-O bonds and forming ally-alcohol and propanal. As the Cu 

coverage increased further, the Cu/Mo2C surface cleaved one C-O bond to form acetol. DFT 

calculations identified the Mo2C surface, the Cu-Mo interface and the Cu surface as the distinct 

sites for the production of propylene, ally-alcohol and acetol, respectively. This work demonstrates 

the feasibility of tuning the selectivity of the glycerol HDO reaction by decorating a strong 

oxophilic surface with a weak oxophilic metal modifier.  

7.2. Future Research Opportunities 

7.2.1.  Fundamental Research and Practical Application of Transition Metal Carbides 

Transition metal carbides (TMCs) have the potential to replace Pt-group metals or to reduce 

their loading in the catalytic transformation of biomass derivatives due to their Pt-like properties 

and high metal diffusion barrier. The properties of metal-modified TMCs can be changed using 

metal modifiers and metal coverages. The intriguing properties of metal-modified TMCs will 

continue to offer unique and challenging research opportunities.  

    The effect of metal- versus carbon-termination on the activity and stability of TMC surfaces 

represents a research opportunity. DFT calculations on Mo2C illustrated that Mo-terminated and 

C-terminated surfaces showed significant differences in the binding energies of adsorbates, and 

therefore the reaction pathways.[1] Electrochemical evaluation of Pt-modified WC also showed 

that the HER activity depends strongly on the coverage of carbon on the WC surface.[2] More in-

depth and systematic DFT calculations and experimental measurements are needed to understand 

the different effects between metal- and carbon-terminations in modifying the activity and stability 

of TMCs and metal modified TMC catalysts. 
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    Another opportunity is the extension from model surfaces to high surface area catalysts. In order 

to extend model surfaces to practical, supported catalysts, various synthesis methods need to be 

explored to produce core–shell structures of metal-coated carbide particles with high surface areas. 

Because the carbide cores would most likely be synthesized on a high surface area support for 

practical applications, the challenge would be to selectively deposit the metal overlayer on the 

carbide surface instead of on the support material. Recent demonstrations by Hunt et al., where a 

silica template is used to self-assemble thin Pt layers on TMC core nanoparticles,[3] offer a 

promising approach for synthesizing metal/TMC core–shell catalysts for applications in both 

catalysis and electrocatalysis. 

7.2.2.  Single Atom Catalysts (SAC) for HDO reaction 

Besides metal modified TMC, single atom catalysts (SACs) also demonstrate potential for the 

HDO reaction of biomass derivates. The typical metal catalysts supported by reducible materials 

have shown activities towards the HDO reaction.[4]–[7] While metal nanoparticles can promote 

oxygen vacancy formation[8] which facilitates deoxygenation[9], they also show activity for 

undesired hydrogenation.[10] Zhang et al. reported that the specific activity per metal atom usually 

increases with decreasing size of the metal particles.[11] SACs with well-defined and uniform 

single-atom dispersion have potential for achieving high activity and selectivity.[11] Additionally, 

the SACs maximize the efficiency of metal atom usage, which is particularly important for 

supported noble metal catalysts. A single-atom Pt catalyst on TiO2 has been successfully 

synthesized[12] and is promising for the furfural HDO reaction. Currently, the single-atom Pt/TiO2 

catalyst is being investigated in the Catalysis Center for Energy Innovation (CCEI) for the HDO 

of furfural by combination of DFT calculations, surface science studies, synchrotron 

measurements and reactor evaluations. 
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7.2.3.  Ambient-Pressure Experiments and Kinetic Modeling on Model Surfaces  

The pressure gap is a challenging problem for applying theoretical calculations and surface 

science studies to reactor evaluations. The activity of a catalyst can vary between UHV conditions 

(~1x10-10 torr) and the reactor conditions (~760 torr). To better evaluate the surface activity under 

more practical conditions, ambient-pressure (~1 Torr) experiments can be employed to bridge the 

pressure gap between UVH and reactor conditions. In-situ ambient-pressure X-ray photoelectron 

spectroscopy (AP-XPS) techniques can provide information on metal termination and oxidation 

states to provide insight into the dynamics of the catalyst active sites under a pressure that is close 

to reaction conditions. Kinetic Monte Carlo (KMC) simulations are based on DFT calculation 

results. Given the reactor temperature, pressure and concentrations of reactants, the reaction rates 

of each reaction pathway can be simulated based on the activation barrier of each elemental step. 

The simulated reaction rates can be compared with experimental results to further prove the 

accuracy of the DFT calculations.  
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8. Appendix  

8.1. Reprint Permission Letters 

8.1.1.  Figure 2.1 
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8.1.2.  Figure 2.3 
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8.1.3.  Chapter 3: Ring-opening of furfural and THFA on Ir(111) and Co/Ir(111) 
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8.1.4.  Section 3.3.3.1 
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8.1.5.  Chapter 4: Hydrodeoxygenation of furfural on 3d/Pt(111) surfaces  
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8.1.6.  Chapter 5: Hydrodeoxygenation of furfural on 3d/Mo2C/Mo(110) surfaces  
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8.1.7.  Figure 5.3 
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8.1.8.  Figure 5.5 

 

 

 


