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ABSTRACT 

Furfural is one of the most important platform chemicals in biomass conversion. 

It can be readily produced from the hemicellulose-rich biomass such as corncob and 

oat hull, etc. The conversion of furfural can produce a wide range of alternative fuels 

and chemicals which are traditionally obtained from petroleum-based feedstock. 

Hydrodeoxygenation (HDO) is one of the most important reactions for upgrading 

furfural. In this dissertation, non-precious metal based bimetallic and metal carbide 

catalysts were developed for upgrading furfural to value-added fuels and chemicals, 

especially through HDO to produce 2-methylfuran. Emphasis was put on investigating 

the adsorption configurations and reaction pathways of furfural on these bimetallic and 

metal carbide surfaces through the combination of density functional theory (DFT) 

calculations and surface science experiments. 

 First, the reaction pathways of furfural on different monometallic surfaces were 

studied by temperature programmed desorption (TPD) experiments. The results were 

correlated with the interactions between the functional groups of furfural and the metal 

surfaces. The interactions were investigated by comparing the bond lengths of furfural 

in gas phase with those of adsorbed furfural on the metal surfaces through DFT 

calculations. Then bimetallic surfaces were used to tune the interactions between the 

functional groups of furfural and the metal surfaces in order to enhance the activity for 

desired reaction pathways.  

The reaction pathways of furfural on Cu(111) and NiCu bimetallic surfaces were 

further investigated by using the high resolution electron energy loss spectroscopy 
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(HREELS) in order to determine how the formation of the bimetallic structure 

enhanced the HDO pathway to produce 2-methylfuran. The different reaction 

pathways on Cu(111) and the NiCu bimetallic surfaces were explained by the different 

adsorption configurations of furfural on these surfaces. The ability to dissociate H2 

could also play a role in determining the reaction pathways. The reaction pathways of 

furfuryl alcohol were also investigated on these surfaces.  

Second, Molybdenum carbide (Mo2C) was developed as a promising 

deoxygenation catalyst, especially for the HDO of furfural to produce 2-methlylfuran. 

The deoxygenation of several C3 oxygenates on the Mo2C surface was investigated by 

TPD and HREELS. A common intermediate was observed by HREELS for the 

deoxygenation of propanal and 1-propanol. The different deoxygenation selectivity for 

the reactions of propanal and 1-propanl was attributed to the different activation 

barriers for the side reactions of these molecules on the Mo2C surface. Combination of 

DFT calculations, surface science experiments on model surfaces and flow reactor 

evaluation on porous catalysts demonstrated that Mo2C was a promising catalyst for 

the HDO of furfural to produce 2-methylfuran. This result opens a potential route to 

produce fuels from the hemicellulose part of biomass. 
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Chapter 1 

INTRODUCTION 

1.1 Catalysis for the Conversion of Biomass-derived Oxygenates 

Lignocellulosic biomass constitutes the only viable carbon-based source in the 

short term toward the production of renewable chemicals and fuels.
1
 However, the 

economic realization of biorefineries needs to overcome major scientific challenges. 

Depolymerization of biomass via hydrolysis, enzymatic catalysis, or pyrolysis 

produces a mixture of oxygenate molecules.
2-4

 These biomass derivatives contain a 

high O/C ratio that makes them unsuitable for use in the fuel and chemical sectors due 

to their low energy density, often high acidity and reactivity toward byproducts, and 

incompatibility with the infrastructure of current refineries.
2,5,6

  

The removal of oxygen is typically desired for applications requiring the 

maintenance of the same number of carbon atoms, such as the production of fuels 

from biomass-derived molecules. Oxygen can be removed as water by selectively 

cleaving C-OH or C-O bonds via dehydroxylation or deoxygenation. This approach 

retains the number of carbon atoms and eliminates the carbon loss as CO or CO2 via 

decarbonylation and decarboxylation, respectively. However, upon completing 

dehydration (e.g., upon conversion of sugars to furans), the molecules become so 

deficient in hydrogen that removal of additional oxygen requires external hydrogen via 

a process known as hydrodeoxygenation (HDO). The desirable HDO catalysts should 

selectively cleave the C-O bonds while keeping the C-C bonds intact. Currently one of 
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the best catalysts for this process is believed to be metal/Bronsted bifunctional 

catalysts whereby the metal carries out the hydrogenation and the acid performs the 

dehydration.
7,8

   

Bio-oil, which is produced from the pyrolysis of raw biomass, also suffers from 

its high oxygen content. An alternate strategy for upgrading the bio-oil instead of 

removing the oxygen atoms entails the mild hydrotreating of a fraction of bio-oil and 

in particular of compounds containing carbonyl groups, such as ketones/aldehydes and 

acids. The aldehydes are subject to polymerization in an acid environment forming 

undesirable byproducts and the acids provide protons to drive this acid-catalyzed 

chemistry. Selective hydrogenation of these compounds (-C=O+H-COH) using 

metal catalysts may lead to an enhanced stability of the bio-oil. The desirable catalysts 

should selectively hydrogenate the C=O bonds without leading to the hydrogenolysis 

of C-C bonds. 

Another important reaction is the reforming of biomass-derived oxygenates to 

produce hydrogen.  Supply of hydrogen in remote locations and small farms, where 

the initial processing of biomass may occur, may not be always feasible, and thus, the 

production of hydrogen from biomass using metal catalysis via steam or aqueous 

phase reforming was conceptualized and studied.
9-11

 In reforming, selective C-C bond 

scission is sought to produce CO and H2. With the availability of inexpensive 

hydrogen from shale gas, cost-competitive production of hydrogen from biomass is 

not forecasted at least in locations where shale gas is easily accessible. Despite this, 

reforming may be a side reaction in HDO or hydrogenation processes, and thus, 

controlling reforming chemistry is highly desirable. 
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The subject of catalytic conversion of biomass-derived oxygenates has been the 

subject of many recent review articles.  For example, Ma et al. reviewed the surface 

chemistry of small oxygenates on active metals and metal oxides.
12

 Medlin focused on 

the structure-property relations for the reactions of highly functionalized molecules 

including multifunctional oxygenates such as α, β-unsaturated aldehydes, furanics and 

polyols on metal surfaces and catalysts.
13

 More recently, the reactions of biomass-

derived oxygenates were reviewed on bimetallic catalysts
14

 and Pt-based bimetallic 

surfaces and catalysts
15

. The reactions of several important biomass-derived 

oxygenates on bi-functional catalysts (those containing metal and acid sites) were also 

reviewed.
7
 The transformation reactions of small oxygenates on transitional metal 

carbide surfaces and carbide-supported metal surfaces were reviewed by Stottlemyer 

et al.
16

 and Kelly et al.
17

. In terms of HDO reactions, Furimsky
18

 reviewed the 

mechanism and kinetic studies of the HDO of bio-oil model compounds mainly on 

sulfided NiMo or CoMo catalysts while Wang et al.
5
 reported recent advances in the 

understanding of the HDO chemistry of bio-oils and their model compounds mainly 

on noble metal catalysts. Choudhary et al.
19

 addressed the influence of catalysts on the 

HDO of triglyceride-based bio-oils and bio-oils derived from high pressure 

liquefaction or pyrolysis of biomass.  

1.2 Metal and Carbide Catalysts for the Deoxygenation (C-O/C=O bond 

scission) of Oxygenates 

Over the last several decades, metals and metal carbides have been established as 

excellent catalysts for the hydrogenation and reforming chemistries of 

hydrocarbons.
12,20

 However, the chemistry of oxygenates on these catalysts is much 

less established, especially for molecules containing multiple multifunctional groups, 
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such as biomass derivatives. The reforming chemistry (C-C bond scission) of biomass-

derived oxygenates have been discussed by Weiting Yu and Sarah Tupy in their 

dissertation
21,22

 and a recent review
23

. The current dissertation will focus on the 

deoxygenation chemistry (C-O/C=O bond scission) of biomass-derived oxygenates. 

Table 1.1 summarizes some recent investigations of the C-O/C=O bond scission 

of oxygenates on metal and carbide surfaces. Several transition metal surfaces were 

shown to be active for the C-O bond scission such as Rh(111)
24,25

, Pd(111)
26,27

 and 

Pt(111)
28

. However, the bond scission was not selective because these metals were 

also active for the C-C bond scission. As a result, side products were produced in 

addition to the deoxygenation products. The formation of a bimetallic surface was 

found as a solution for enhancing the deoxygenation selectivity. For example, the 

addition of Zn onto Pt(111) enhanced the C=O bond scission of acetaldehyde and 

glycolaldyde compared with Pt(111)
29

. However, Zn intends to vaporize at high 

temperature and therefore is not ideal. In addition, current investigations focused on 

the expensive precious metal based catalysts which are not desired for economical 

application. The cheaper non-precious metal based catalysts should be developed for 

deoxygenation which is an essential reaction in the upgrading of biomass-derived 

oxygenates.  

On the other hand, carbides including WC
30,31

, Mo2C
32,33

, TiC
34,35

 and VC
34,35

 

were found to be more selective for the deoxygenation of small oxygenates. Carbides 

can be formed by inserting carbon atom into the interstitial site of all 3d metals and the 

group 3~6 metals. Due to their extreme hardness and high melting point, these 

materials are commonly used for the application of cutting
36

 and hard-coating
37

. The 

carbides here are referred to those of group 4~6 early transition metals. Since the 
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seminal publication of Levy and Boudart
38

, these carbides were shown to have unique 

catalytic properties, in many cases similar to the Pt-group metals. The reactions of 

hydrocarbons
20

, heteroatom-containing molecules
20

 and alcohols
16

 on the carbides 

were reviewed previously. More recently, carbides (especially WC and Mo2C) were 

found to be selective towards the C-O/C=O bond scission compared to the C-C bond 

scission in the reaction of small oxygenates. C2 oxygenates such as acetaldehyde, 

acetic acid, glycolaldehyde and  ethylene glycol were deoxygenated to produce 

ethylene on the WC surface
31

 while ethanol
33

 and ethylene glycol
32

 were 

deoxygenated to produce ethylene on the Mo2C surface. Ren et al. systematically 

investigated the deoxygenation of C3 oxygenates including propanal and 1-propanol 

on WC and Mo2C through the combination of density functional theory (DFT) 

calculations, surface science experiments on model surfaces and flow reactor 

evaluation on porous catalysts.
39,40

 They found that both WC and Mo2C can 

selectively deoxygenate propanal and 1-propanol to produce propylene. However, the 

reactions on the WC catalyst could not reach steady state due to the deactivation. In 

contrast, the reactions on the Mo2C catalyst appeared to be stable. The better stability 

of Mo2C compared to WC was attributed to the larger surface area of Mo2C due to its 

lower required synthesis temperature.
41-43

 Overall, Mo2C appears to be a better 

candidate for the deoxygenation chemistry than WC. 

Table 1.1 C-O/C=O bond scission on metal and metal carbide surfaces 

Reactants Catalytic surfaces Techniques 

Acetaldehyde β-Mo2C RAIS
44

 

Acetaldehyde WC DFT
31

, TPD
31

, HREELS
31
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Acetaldehyde Zn/Pt(111) TPD
29

, HREELS
29

 

Acetates Rh(111) HREELS
24

, TPD
24

 

Acetic acid Re(0001) DFT
45

 

Acetic acid Pd(111) DFT
45

 

Acetic acid Pd/Re(0001) DFT
45

 

Acetic acid WC DFT
31

, TPD
31

, HREELS
31

 

Benzyl alcohol Pd(111) TPD
26

, HREELS
26

 

CO W(110) AES
46

, TPD
46

, HREELS
46

 

CO C/W(110) AES
46

, TPD
46

, HREELS
46

 

Cyclohexanone Pt(111) 
TPD

28
, HREELS

28
, AES

28
, 

LEED
28,47

, DFT
28

, XPS
47

, GC
47

 

Cyclopentanone β-Mo2C RAIS
48

 

Dimethyl ether Rh(111) TDS
25

, HREELS
25

 

Ethanol Co(0001) DFT
49

, TP-XPS
49

 

Ethanol K/Mo2C/Mo(100) 
Work function

50
, TPD

50
, 

HREELS
50

 

Ethanol Mo2C/Mo(100) 
Work function

51
, TPD

51
, 

HREELS
51

 

Ethanol Mo2C DFT
33

, TPD
33

, HREELS
33

 

Ethanol TiC TPD
34

 

Ethanol TiC(100) TPD
34,35

, HREELS
35

 

Ethanol VC(100) TPD
35

, HREELS
35

 

Ethyl formate Ni(111) TPD
52

, RAIRS
52

 

Ethylene glycol WC DFT
31

, TPD
31

, HREELS
31

 

Ethylene glycol Mo(110) TPR
53

, IR
53

, HREELS
53

, XPS
53

 

Ethylene oxide Mo(110) TPR
54

, XPS
54

 

Ethylene oxide Pd(111) LEED
27

, TPD
27

 

Formaldehyde W(100) TPRS
55

 

Formaldehyde C/W(100) TPRS
55

 

Formic acid W(100) TPRS
56

 

Formic acid C/W(100) TPRS
56,57
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Formic acid Fe(100) 
AES

57
, LEED

57
, TPD

57
, 

HREELS
57

 

Formic acid Rh(111) HREELS
58

, TPD
58

 

Formic acid Pd(100) 
TDS

59
, EELS

59
, UPS

59
, Work 

function
59

 

Formic acid K/Pd(100) 
TDS

59
, EELS

59
, UPS

59
, Work 

function
59

 

Formic acid Pt(110) AES
60

, LEED
60

, TPD
60

 

Formic acid thick Pd/Mo(110) TPD
61

, HREELS
61

 

Furan Pt(111), Pt(100) SFGVS
62

 

Furan Ru(001) TDS
63

, XPS
63

, UPS
63

, HREELS
63

 

Furfural Pd(111) DFT
64

 

Furfuryl alcohol Pd(111) DFT
65

, TPD
65

 

Glycerol Ni(111) DFT
66

 

Glycerol Pd(111) DFT
66

 

Glycerol Rh(111) DFT
66

 

Glycolaldehyde Mo2C/Mo(100) TPD
67

, HREELS
67

 

Glycolaldehyde WC DFT
30

, TPD
30

, HREELS
30

 

Glycolaldehyde Zn/Pt(111) TPD
29

, HREELS
29

 

Methanol Ir(111) TPD
68

, HR-XPS
68

 

Methanol Pt(110) TPD
69,70

, HREELS
69,70

 

Methanol Pd(111) 
SIMS

71-75
, XPS

71-75
, TPD

73
, 

TDS
74,76

, PFDMS
75

, DFT
76

 

Methanol Mo(110) TPD
77

, HREELS
77

, AES
77

 

Methanol C/Mo(110) TPD
77

, HREELS
77

, AES
77

 

Methanol K/Mo2C/Mo(100) 
Work function

50
, TPD

50
, 

HREELS
50

 

Methanol K/ β-Mo2C(001) DFT
78

, HREELS
78

 

Methanol V(110) AES
79

, TPD
79

, HREELS
79

 

Methanol C/V(110) AES
79

, TPD
79

, HREELS
79

 

Methanol V/Rh(111) TDS
80

, RAIRS
80

 

Methanol Ti(0001) AES
79

, TPD
79

, HREELS
79
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Methanol C/Ti(0001) AES
79

, TPD
79

, HREELS
79

 

Methanol TiC(111) UPS
81

 

Methanol TiC(100) HREELS
82

, TPD
82

, XPS
82

 

Methanol VC(100) HREELS
82

, TPD
82

, XPS
82

 

Methanol W(110) AES
46

, TPD
46

, HREELS
46

 

Methanol C/W(110) AES
46

, TPD
46

, HREELS
46

 

Methanol W(111) AES
83

, TPD
83

, HREELS
83

 

Methanol C/W(111) AES
83

, TPD
83

, HREELS
83

 

Methanol W(100) TPRS
84

 

Methanol C/W(100) TPRS
84

 

Methanol WC 
DFT

85,86
, TPD

85,86
, HREELS

85,86
, 

AES
85,86

 

Methanol ZrC (111) UPS
87

 

Methanol NiAl(111) 
TPD

88
, HREELS

88
, XPS

88
, 

SBPS
88

 

Methanol NiAl(110) 
TPD

89,90
, XPS

89,90
, UPS

89,90
, 

HREELS
89,90

 

Methanol NiAl(100) TPD
91

, XPS
91

 

Methanol NiAl TPD
92

, UPS
92

, XPS
92

 

Methanol FeAl(100) TPD
91

, XPS
91

 

Methanol FeAl(110) TPD
92

, UPS
92

, XPS
92

 

Methanol TiAl(100) TPD
91

, XPS
91

 

Methanol TiAl TPD
92

, UPS
92

, XPS
92

 

Methanol Co/Mo(110) TPD
93

, HREELS
93

 

Methanol FeS2(100) 
TPD

94
, AES

94
, XPS

94
, 

HREELS
94

, PAX
94

 

Methyl acetate Ni(111) TPD
52

, RAIRS
52

 

Methyl formate W(100) TPRS
95

 

Methyl formate C/W(100) TPRS
95

 

Methyl formate TiC (100) 
XPS

96
, HREELS

96,97
, TPD

96
, 

DFT
97

 

Methyl formate VC (100) XPS
96

, HREELS
96

, TPD
96
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Methyl formate Ni(111) TPD
52

, RAIRS
52

 

Phenol Pt(111) TPD
98

, HREELS
98

, XPS
98

 

Propanal WC DFT
39

, TPD
39

, HREELS
39

 

Vinyl acetate Pd(111) RAIRS
99

, TPD
99

, DFT
99

 

1-propanol Pt(111) DFT
100

 

1-propanol Pt(221) DFT
100

 

1-propanol WC DFT
39

, TPD
39

, HREELS
39

 

1,2-propylene glycol Ni(111) DFT
66

 

1,2-propylene glycol Pd(111) DFT
66

 

1,2-propylene glycol Rh(111) DFT
66

 

1,3-propylene glycol Ni(111) DFT
66

 

1,3-propylene glycol Pd(111) DFT
66

 

1,3-propylene glycol Rh(111) DFT
66

 

2-propanol VC(100) TPD
35

, HREELS
35

 

2-propanol TiC(100) TPD
35

, HREELS
35

 

tert-butyl formate Ni(111) RAIS
101

, XPS
101

, TPD
101

 

1.3 Catalysts for the Conversion of Furfural  

Furfural is one of the most important platform chemicals in biomass conversion. 

It is readily produced from the raw biomass and can be converted to produce a wide 

range of useful fuels and chemicals as shown in Figure 1.1.
2,3,102

 Furfural can be 

obtained by reacting hemicellulose-rich raw biomass such corn cob and oat hull with 

acid catalysts. During the reaction, hemicellulose reacts through hydrolysis to produce 

xylose and the triple dehydration of the xylose produces furfural. The most common 

catalyst for this reaction is sulfuric acid. The annual production of furfural was about 

300 000 ton/year in 2007.
103

 The currently major commercial process for the 

production of furfural was developed by the Quaker Oat Corporation in 1992.
104

 It is a 
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batch process which uses sulfuric acid as the catalysts. Large quantities of steam 

(30~50 times the amount of produced furfural) are required to provide heat for the 

reaction and extract furfural. Furfural intends to react with xylose to produce 

undesirable side products
105

 and thus needs to be extracted from the reactor as soon as 

being produced. However, the relatively long residence time of the batch reactor (~3 

h) limits the yield of furfural (45~50%). A continuous reactor process which can 

achieve a furfural yield of 70% has been developed and is under testing.
103

 Overall, 

the current furfural production is still expensive for achieving a furan-based chemical 

industry due to the required large amount of superheated steam and low yield. 

Heterogeneous catalysts including zeolites
106

, sulfated titania and zirconia
107

 and 

MCM-functionalized sulfonic acid, etc.
108

 are being developed to enhance the 

efficiency for furfural production.   
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Figure 1.1  Furfural derivatives. Reprinted with permission from reference 3. 

Copyright © 2011 American Chemical Society  

Zeitsch summarized the potentially useful fuels and chemicals which can be 

derived from furfural as shown in Figure 1.1.
105

 The current dissertation focuses on 

converting furfural to 2-methlyfuran which is an important fuel additive
102

. The 

conversion of furfural to furfuryl alcohol and furan is also invesitgated. Furfuryl 

alcohol is an important monomer for producing resins in the polymer industry
109

, 

while furan is an important intermediate chemical for preparing specialty chemicals 

such as 2-acetylfuran, 2,5-dimethoxy-2,5-dihydrofuran, 2,2-difurylpropane and 

pyrrole derivatives etc. Recently the conversions of furfural to produce furfuryl 

alcohol, furan and 2-methylfuran were investigated by many groups. Their 

contribution is summarized in the follow sections which are organized by the type of 

metal catalysts.    

1.3.1 Cu-based Catalysts 

The use of Cu-based catalysts for hydrogenating furfural dates back to 1948 when 

Burnette et al.
110

 screened copper chromite from 23 different catalysts as an efficient 

catalyst for the hydrogenation and hydrogenolysis of furfural. Copper chromite which 

was dispersed on an activated charcoal gave a 90~95% yield of 2-methylfuran at a 

hydrogen pressure of 1 atmosphere and a temperature of 200~300 °C. Afterwards, 

more research efforts were devoted into the exploration of the hydrogenation and 

hydrogenolysis mechanism of furfural for producing furfuryl alcohol and/or 2-

methylfuran and the active sites on the copper chromite catalysts. The currently 

accepted hydrogenation and hydrogenolysis mechanism of furfural includes two 
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steps.
111

 As the first step, the carbonyl group of furfural is hydrogenated to produce 

furfuryl alcohol. For the second step, there are two possibilities. One is that furfuryl 

alcohol further reacts with H2 to produce 2-methylfuran; the other is that furfuryl 

alcohol first decomposes to form a carbocation intermediate and then this intermediate 

reacts with another furfuryl alcohol to produce 2-methylfuran and furfural. 

Rao et al.
112,113

 characterized a commercial copper chromite catalyst in detail and 

were able to identify Cu
0
 and Cu

+
 as the active sites for the hydrogenation of furfural 

for producing furfuryl alcohol. They suggested that Cu
0
 and Cu

+
 should coexist in 

order to hydrogenate furfural. However, Seo et al.
114

 reported that Cu
2+

 could act as 

the adsorption site for the furan ring of furfural. The interaction between Cu
2+

 and the 

furan ring transferred the electron density of the ring to the catalyst which prevented 

the further hydrogenation of the ring. As a result, Cu
2+

 enhanced the production of 

furfuryl alcohol and suppressed the production of tetrahydrofurfuryl alcohol.  

More recently, Sitthisa et al.
115

 studied the kinetics and reaction mechanism of 

furfural on Cu/SiO2 using a flow reactor, DFT calculation and spectroscopic 

measurements. Furfuryl alcohol was found to be the main product. The       

adsorption through the carbonyl group of furfural was found to be favorable on 

Cu(111) from the calculation. The furan ring was repulsive from the surface which 

was presumably due to the overlap between the 3d band of the surface Cu atom and 

the anti-bonding orbital of the aromatic furan ring.  Activation barrier calculation 

using DFT indicated that the addition of H to the oxygen atom in the carbonyl group 

could be the first step for the hydrogenation. The formed hydroxylalkyl intermediate 

was stabilized by the delocalization of the lone electron pair of the carbon atom due to 

the effect of the furan ring. The same group also investigated the reaction of furfural 
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on PdCu/SiO2
116

. The increased yield of furfuryl alcohol on the alloy catalyst was 

explained by the enhanced stability of the         configuration. Xia et al. 

investigated the hydrogenolysis mechanism of furfuryl alcohol on Cu(111) using 

DFT.
111

 They found that furfuryl alcohol adsorbed onto Cu(111) through the hydroxyl 

group. Hydrogen radical helped decompose furfuryl alcohol to ψCH2 (ψ represents the 

furan ring) and the intermediate of ψCH2 was much easier to obtain hydrogen from 

another furfuryl alcohol molecule in order to produce 2-methylfuran. The 

dehydrogenation of the intermediate furfuryl alkoxide to produce furfural was the rate-

limiting step. 

1.3.2 Pt-based Catalysts 

Pt has been demonstrated as one of the best heterogeneous catalysts for 

hydrogenating furfural to produce furfuryl alcohol since 1923.
117

 Vaidya et al.
118

 used 

a Langmuir-Hinshelwood-type model with a dual-site mechanism to describe the 

kinetics of the hydrogenation of furfural for producing furfuryl alcohol in the liquid 

phase using a Pt/C catalyst. However, supported monometallic Pt catalysts tend to 

activate undesired side reactions such as decarbonylation and ring opening.
3
 Previous 

efforts for increasing the hydrogenation selectivity include depositing Pt on partially 

reducible supports (TiO2, ZrO2)
119,120

 and controlling the size of the Pt crystallite
121

 

etc. Another major method to enhance the hydrogenation of furfural is to dope Pt with 

electropositive metals such as Sn and Ge. Andrea et al.
122

 found that PtSn and PtGe 

bimetallic alloys can significantly enhance the yield of furfuryl alcohol from the 

hydrogenation of furfural. Their results suggested that the oxidized Sn could act as an 

electrophile or Lewis acid site for the adsorption and activation of the C=O bond 
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through a pair of free electrons from the oxygen atom; while Pt was mainly 

responsible for the dissociation of H2.  

1.3.3 Ni-based Catalysts 

Ni is the first catalyst which is used for the reduction of furfural. In 1906, Paoa 

and Ponti
123

 passed the vapor of furfural over a Ni catalyst at 190 °C and were able to 

obtain furfuryl alcohol, 2-methylfuran and 2-methyltetrahydrofuran as the primary 

products. The same authors also found that the rupture of the furan ring was possible 

to produce products like 2-pentanol. Both Paoa
123

 and Wilson
124

 et al. observed 

additional products including furan and carbon monoxide at the temperature beyond 

200 °C. Wilson also detected some n-butaldehyde formation accompanying furan. 

Follow-up studies by Merat et al. revealed that the hydrogenation of furfuryl alcohol 

to produce tetrahydrofurfuryl alcohol (THFA) was much easier compared to the 

hydrogenation of furfural to produce THFA on Ni-containing catalysts indicating that 

furfuryl alcohol might be an intermediate for the hydrogenation of furfural to produce 

THFA.
125

 

1.3.4 Pd-based Catalysts 

Traditionally, Pd-based catalysts are used for the commercial manufacture of 

furan from furfural. Zhang et al. showed that the addition of the K promoter can 

enhance the furfural decarbonylation and suppress the furfural hydrogenation by 

decreasing the η
2
(C,O)-adsorbed furfural.

126
 On the other hand, other products 

including furfuryl alcohol
127

, tetrahydrofurfuryl alcohol
128

 and 2-methylfuran
129,130

 can 

also be produced depending on the selection of promoters and supports. By alloying 

Pd with Cu, Sitthisa et al. enhanced the selectivity of furfuryl alcohol production on 
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CuPd/SiO2 compared with Pd/SiO2, on which the decarbonylation to produce furan 

dominated.
116

 The selective hydrogenation of furfural to produce furfuryl alcohol 

(~84.9% selectivity) was achieved on a Pd nanoparticle catalyst (Pd/Al2O3).
127

 

Thiolate self-assembled monolayers (SAMs) were used to block the terrace sites on 

Pd/Al2O3 which were shown to be active for the decarbonylation reaction. As a result, 

the selectivity of the hydrogenation and hydrogenolysis reactions to produce furfuryl 

alcohol and 2-methylfuran were significantly enhanced.
129

  The strong metal-support 

interaction of Pd/Fe2O3 achieved a 62% yield of 2-methylfuran and 2-

methyltetrahydrofurn from the conversion of furfural.
130

 In a separate study a Si-MFI 

supported Pd converted furfural to tetrahydrofurfuryl alcohol in a selectivity of 

95%.
128

   

1.3.5 Amorphous Catalysts 

Li et al.
131-133

 investigated the application of amorphous catalysts in the 

hydrogenation of furfural to produce furfuryl alcohol.  In the case of Mo-doped Co-B 

amorphous catalyst (Co-Mo-B), excellent activity and nearly 100% selectivity to 

furfuryl alcohol were achieved during the liquid phase hydrogenation of furfural. The 

enhanced activity was interpreted as a combination of the unique structural and 

electronic properties of the amorphous catalysts (Co-B) and the critical role of the 

promoter (Mo). For the structure effect, it had been claimed that the amorphous alloy 

had a unique structure which was favorable for most hydrogenation reactions.
134

 The 

uniform distribution of the Co active sites also promoted the hydrogenation reaction. 

For the electronic effect, the interaction between Co and B induced the electrons of B 

being partially transferred to the metallic Co which made Co electron-enrich and B 

electron-deficient. The presence of electron-deficient B could enhance the adsorption 
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of the carbonyl group of furfural and eventually enhanced the hydrogenation activity. 

On the other hand, the promoter Mo, which appeared in the form of MoO3, played two 

roles in the catalytic system. First, it helped disperse and stabilize the Co-B alloy; 

second, it acted as an acidic site which could further increase the adsorption of the 

carbonyl group of furfural. 

1.4 Scope of the Current Dissertation 

There are seven chapters after the introduction chapter.  Chapter 2 introduces the 

theoretical and experimental methods which are employed in this dissertation. The 

quantum mechanic theory is briefly reviewed and the implementation of the density 

functional theory (DFT) calculations is discussed. The preparation and 

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

mechanism of important surface science techniques such as Auger electron 

spectroscopy (AES) and high resolution electron energy loss spectroscopy (HREELS) 

are briefly reviewed. 

Chapter 3 describes the reaction pathways of furfural on different monometallic 

surfaces by temperature programmed desorption (TPD) experiments in an attempt to 

correlate the reaction pathways of furfural with the bond length change after 

interacting furfural with the metal surfaces (from DFT calculations). Based on the 

correlation which is obtained from the study of the monometallic surfaces, bimetallic 

surfaces are used to tune the interaction between the functional groups of furfural and 

the metal surfaces in order to enhance the desired reaction pathways. 

Chapter 4 compares the reaction pathways of furfural on NiCu bimetallic surfaces 

and its corresponding monometallic surfaces in detail in order to gain more insights 

into how the formation of bimetallic structure enhances the desired HDO pathway to 



 17 

produce 2-methylfuran. HREELS is used to measure the adsorption configuration of 

furfural and investigate the reaction intermediates. The reaction pathways of furfuryl 

alcohol and 2-methylfuran are also studied because they are the potential intermediate 

and the desired product respectively. The catalytic surfaces in this study are all non-

precious metal-based, which is attractive for economicapplications. 

Mo2C was demonstrated to be a more selective catalyst for the C-O/C=O bond 

scission compared with the C-C bond scission in the reactions of small oxygenates.
32,40

 

As an extension of Ren et al.’s work of investigating the deoxygenation of C3 

oxygenates on the Mo2C catalysts,
40

 Chapter 5 uses HREELS to investigate the 

adsorption configurations and reaction intermediates of C3 oxygenates on the Mo2C 

surface. The activity and selectivity of alcohols and aldehydes are compared on the 

Mo2C surface. 

Chapter 6 demonstrates that Mo2C is a highly selective catalyst for the 

deoxygenation of furfural to produce 2-methylfuran through a combination of 

theoretical DFT calculations, surface science experiments on model surfaces and flow 

reactor evaluation on porous catalysts. This opens a potential route of producing fuels 

from the hemicellulose part of the raw biomass. The deoxygenation of furans and C3 

oxygenates on Mo2C are also compared in this study to investigate the effects of the 

furan ring on the reaction. 

The reaction pathways of furans including furfural, 2-methylfuran and furan are 

studied on the Pt/Mo2C surfaces in Chapter 7 in order to investigate how the addition 

of Pt affects the reaction pathways. The reactions on the Pt/Mo2C surface are also 

compared with those on Pt(111) in order to compared the reactivity between the 

Pt(111) and monolayer Pt surface. Chapter 8 summarizes the results which are 
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obtained in this dissertation and gives a few recommendations regarding future 

research opportunities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acknowledgement 

 Portion of this chapter was published in reference 23, reprinted with 

permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 



 19 

Chapter 2 

THEORETICAL AND EXPERIMENTAL METHODS 

2.1 Density Functional Theory (DFT) Calculations  

The advent of computational catalysis is closely related to the significantly 

enhanced computing ability in the 20
th

 century. Results from the DFT calculations can 

provide insights into the structure stability and chemical reactivity of various metal 

and carbide systems and play an important role in the current catalysis research.
135,136

 

The current section intends to provide an overview about DFT and readers should 

refer to previous literatures
137,138

 for detailed understanding.  

DFT calculations are based on quantum mechanics theory. The idea of 

considering small particles as waves by de Broglie laid the foundation for the 

development of quantum mechanics.
139

 Later on, by modifying the classical 

mechanics wave equation with de Broglie’s relationship, Schrödinger developed the 

famous time-independent wave equation
140

: 

(2.1) 

where E is the energy, ψ is the wave function and Ĥ is the Hamiltonian operator. 

Considering the large number of electrons for the calculations of metal and/or 

carbide catalysts, it is impossible to solve equation (2.1) with current computing 

ability. Therefore researchers have been studying alternative solutions to reduce the 

computing requirement. 
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Born–Oppenheimer approximation
141

 simplifies the Hamiltonian operator 

assuming no magnetic moment as the following: 

 (2.2) 

  

where the first term describes the kinetic energy of the electrons, the second term 

describes the electron-nucleus interaction and the third term describes the electron-

electron interaction.  

It is the third term (electron-electron interaction) that causes the computing 

difficulty. Efforts are put on simplifying the description for the electron-electron 

interaction. The DFT method focuses on the electron density instead of dealing with 

many individual electrons. The method correlates the many interacting electron system 

to a system of many non-interacting electrons in an effective potential. This idea leads 

to the Kohn-Sham (KS) single electron equations
142

: 

 (2.3) 

 

  (2.4) 

 

where the first term inside the bracket in equation (2.3) expresses the standard 

kinetic term, the second term expresses an effective external potential which is 

expanded in equation (2.4), the third term expresses the energy of the orbital j and the 

term outside the bracket is the one electron Kohn-Sham orbital j. For equation (2.4), 

the first term on the right of the equal sign accounts for the electron-nucleus 

interaction, the second term accounts for the electron-electron Coulomb interaction 

and the third term is the exchange correlation potential.  
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Among these terms, the exchange correlation potential is the most difficult; its 

true form is unknown. Various functionals are used as approximations of the exchange 

correlation potential. Two major functionals including the local density approximation 

(LDA)
143

 and the generalized gradient approximation (GGA) are used for the DFT 

calculations. LDA assumes that the electron density behaves locally like a uniform 

cloud, which usually overestimates the chemical bonding in molecules and on metal 

surfaces.
144

 GGA includes the first derivative of the electron density and thus the 

gradient of the electron density, and is expected to correct the discrepancies of LDA. 

GGA includes several exchange correlation potentials such as PBE
145

, RPBE
146

 and 

PW91
147

 etc. PW91 is used for the DFT calculations in the current studies.  

Once the exchange correlation potential is selected, the electron density ρ (r) 

   (2.5) 

 

can be solved iteratively along with equation (2.3) and (2.4). Then the ground 

state energy can be obtained by the following equation: 

 (2.6) 

 

 

where the first term accounts for the kinetic energy of the non-interacting system, 

the second term accounts for the Coulomb electron-electron interaction, the third term 

accounts for the electron-nucleus interaction and the last term accounts for the 

interactions which are not included by the first three terms. The missed interactions 

include the difference between the kinetic energy of the non-interacting system and 
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the exact kinetic energy, the electron exchange repulsions, and correlation effects for 

both the exchange and Coulomb interactions.  

The open software Dacapo package from the Center for Atomic-scale Material 

Design (CAMD) at Technical University of Denmark
148

 and the Vienna ab-initio 

software package (VASP)
149

 from the Theoretical Physics Department at University of 

Vienna are commonly used for the DFT calculation. The VASP program was used for 

the calculations in the current dissertation. Both programs are total energy molecular 

dynamic simulations. In order to reduce the computational time, both programs 

include the method of pseudo-potentials and periodic boundary conditions. Pseudo-

potential is used to express the core electrons. The computing capability for DFT 

calculations is scaled as a function of the number of electrons in the system. The 

employment of the concept of pseudo-potential reduces the number of electrons for 

calculation and thus increases the size of the system that can be modeled. The core 

electrons do not often participate in chemical bonding and are replaced by an effective 

potential which is called the pseudo-potential. Pseudo-potentials are not unique 

functions and the Vanderbilt ultrasoft pseudo-potentials
150

 are used in the current 

dissertation.  

The periodic boundary condition method is based on the Bloch’s theory:  

   (2.7) 

where the periodic function is expanded as the following equation: 

   (2.8) 

where G is the wave vector of the reciprocal lattice vector. An infinite number of 

plane waves are required in order to achieve a perfect modeling. However the wave 
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function has to have finite energy and therefore a cutoff energy is used to truncate the 

plane wave basis set.  

Although the DFT calculations are powerful in terms of predicting the structure 

stability and chemical reactivity of the molecular and solid systems, certain limitations 

need to be considered.
151

 The DFT calculations are inadequate for modeling the 

dispersion forces, the charge transfer, the extended π conjugation and sometimes the 

bond scission. Researchers are working to improve the accuracy of the DFT 

calculations for these items. For example, a corrected-DFT calculation was used to 

improve the description of the dispersion forces.
64

 

 

2.2 Surface Preparation 

2.2.1 Physical Vapor Deposition (PVD) 

PVD through line-of-sight thermal evaporation of filaments is used to prepare the 

bimetallic surfaces in this dissertation. As shown in Figure 2.1, the metal source 

contains a 0.1 mm wire of the metal of interest which is wrapped onto a 0.5 mm 

tungsten (W) wire. The metal source is connected onto the ultra high vacuum (UHV) 

chamber through a feedthrough. With the resistant heating which is driven by the DC 

power supply, the metal of interest evaporates and deposits onto the well-ordered 

single crystal surface. Because of the high melting point, W will not evaporate and 

cause contamination by properly controlling the heating current.  A long shield which 

is made of tantalum (Ta) with an opening of about 1 cm in the front is used to conduct 

the metal vapor onto the crystal surface and prevents the vapor from depositing onto 

other places inside the UHV chamber. The metal source is conditioned at a slightly 
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higher current than the one for the metal deposition and usually takes a few hours in 

order to significantly reduce the impurities on the surface of the metal source. The 

deposition of the metal requires to be operated at a low pressure (below 5×10
(-9)

 Torr) 

in order to reduce the amount of impurities which are deposited onto the crystal 

surface. The controlling factors of this type of PVD include the heating current, the 

deposition time and the temperature of the substrate crystal. The heating current and 

the deposition time are controlled in order to obtain a desired amount of metal onto the 

substrate crystal surface in a reasonable time.  The temperature of the substrate crystal 

is controlled in order to obtain different bimetallic structures. For example, for the 

Ni/Pt(111) bimetallic system, the overlayer bimetallic structure (NiPtPt(111)) with Ni 

sitting on top of the Pt(111) surface is prepared by depositing Ni onto a Pt(111) crystal 

of 300 K; and the subsurface bimetallic structure (PtNiPt(111)) with Ni sitting in the 

second layers of the Pt(111) crystal is prepared by depositing Ni onto a Pt(111) crystal 

of 600 K.
152

 The bimetallic surfaces are characterized by the Auger electron 

spectroscopy (AES) as introduced in section 2.3.1. 
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Figure 2.1  Schematic diagram of line-of-sight physical vapor deposition through 

thermal evaporation of filaments. Reprinted from reference 152. 

Copyright © 2008 Elsevier Ltd 

2.2.2 Chemical Vapor Deposition (CVD) 

CVD is used to prepare the Mo2C surface based on a Mo(110) surface in this 

dissertation. The detailed synthesis and procedure were reported in a previous 

literature.
153

 Briefly, the clean Mo(110) surface is heated to 600 K and then exposed to 

certain amounts of ethylene. Ethylene will decompose to produce surface carbons. The 

surface is then heated to 1250 K, during which the surface carbons diffuse into the 

interstitial site of the Mo(110) lattice to produce Mo2C. Mo2C is characterized by a 

three-lobed line-shape for the carbon Auger signal at around 272 eV
153,154

 and displays 

a p(4×4) LEED pattern
155

.   
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2.3 Surface Science Techniques 

2.3.1 Ultra High Vacuum (UHV) Chamber 

Two UHV chambers are used in the current dissertation. The first chamber is 

depicted in Figure 2.2, which is used for the temperature programmed experiments. 

The chamber has two levels. The top level is equipped with a low energy electron 

diffraction (LEED) optic, a double-pass cylindrical mirror analyzer (CMA) for Auger 

and several leak values for sample doing. The bottom level contains a sputter ion gun 

for cleaning the surface and two metal sources. The second chamber is a three-level 

chamber as described in detail previously.
153

 The top two levels are equipped with a 

movable quadrupole mass spectrometer (QMA), a LEED optic, a double-pass CMA 

for Auger, a movable metal source and several leak valves for sample dosing. The 

bottom level is equipped with an LK3000 double-pass high resolution electron energy 

loss spectrometer which is mounted in a double-layer µ-metal shielded housing. The 

base pressures for the two UHV chambers are in the range of 1×10
(-10)

 Torr.  

 For both chambers, the single crystal is mounted onto an XYZ manipulator with 

a liquid nitrogen container. By liquid nitrogen conduct cooling and resistant heating, 

the temperature of the single crystal can be varied between 100 K and 1250 K. A K-

type thermocouple which is spot-welded onto the back of the single crystal is used to 

measure the temperature. Cycles of Ne
+
 sputtering and annealing are used for cleaning 

the surface.  
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Figure 2.2  Top view of the UHV chamber for the temperature programmed 

desorption experiments. Revised from reference
156

 

2.3.2 Auger Electron Spectroscopy (AES) 

The AES technique is extensively used in this dissertation to measure the surface 

composition and configuration of the metal (including the mono- and bi-metallic) and 

carbide surfaces. Figure 2.3 illustrates the Auger process. Briefly, electrons with an 

energy of 3 KeV impinge onto the metal or carbide surfaces and knock off an electron 
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from the core energy level (level K). The released energy from this process causes an 

electron from an outer energy level (level L1) to relax and fill the vacancy on the 

energy level K. The released energy from the relaxation ejects the AES electron from 

a shell energy level L2 into the vacuum. The kinetic energy (KE) of the AES electron 

is detected by a channeltron and it satisfies the following relation: 

         
    

  (2.9) 

The KE is element-dependent and thus AES is capable of identifying the chemical 

composition of the metal and carbide surfaces.  

 

 

Figure 2.3 Schematic diagram of the Auger process  

For the monolayer bimetallic surfaces, the growth mechanism of the overlayer 

metal (M) on the substrate metal (S) can be determined by investigating the AES plot 

of  the M or S intensity as a function of deposition time (assuming a constant heating 
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current for the metal source, a constant relative distance and a constant angle between 

the metal source and the substrate surface). As shown in Figure 2.4, the AES plot of 

the layer-by-layer growth mechanism shows clear breaks for the overlayer and 

substrate metal curves and the first break indicates the complete formation of the first 

monolayer of overlayer metal onto the substrate metal. In contrast, the AES plot of the 

3D growth mechanism does not contain clear breaks. The layer-by-layer growth 

mechanism is commonly referred to as the Frank van der Merwe growth mechanism, 

while the 3D growth mechanism as the Volmer-Weber (VW) mechanism.  

 

 

Figure 2.4  AES plot of the overlayer metal (M) intensity or the substrate metal (S) 

intensity as a function of deposition time for the (a) layer-by-layer and 

(b) 3D growth mechanism. Reprinted from reference 152. Copyright © 

2008 Elsevier Ltd 
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The thickness of the deposited overlayer metal following a layer-by-layer 

mechanism can be quantified by the following calculations with the AES intensity 

ratio of the overlayer and substrate metal. The thickness of Ni (849 eV) on a Pt (233 

eV) substrate is used to illustrate the calculations. The Auger intensity of the Ni 

overlayer (INi) can be calculated as the following: 

        
    (2.10) 

where x is the coverage of sub-monolayer Ni and    
  is the intensity from the 

surface Ni atoms. The Auger intensity of the first layer of Pt can be calculated as: 

   
          

      
         

   
   (2.11) 

where the first term on the right side of the equation describes the contribution 

from the uncovered Pt atoms and the second term describes the contribution from the 

covered Pt atoms by the overlayer Ni atoms which include a attenuation factor of 

        
   

 .  

The Auger intensity of the second and deeper Pt layer needs to account for the 

attenuation from the above Pt layers in addition to the Ni overlayer and thus the Auger 

intensity of the nth layer of Pt can be expressed as: 

   
          

               
   

      
                  

   
   (2.12) 

Then the total intensity from the Pt atoms can be calculated by: 

        
 

   (2.13) 

Finally the coverage (x) can be obtained by combining equation (2.10) and (2.13) 

with the experimentally measured     and    . Also 
   
 

   
  can be substituted by 

   

   
 as 

they have the following relation: 
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  (2.14) 

where     and     are the sensitivity factors of Ni(849 eV) and Pt(233 eV) which 

can are tabulated in the AES handbook.
157

 

 The AES measurement is performed by the use of a CMA, which is a band 

pass filter. The output from the measurement is        instead of     . In 

addition, in order to improve the resolution, the AES signal is differentiated as 

  
     

  
. The AES signal of each element after differentiation is used for the 

thickness calculation in this dissertation.  

 The standard overlayer equation
158

 is used for the actual calculation as shown 

in the following: 

  (2.15) 

where o represents the overlayer metal, s represents the substrate metal; Ii (i=o or 

s) is the AES signal which is obtained from the experiments; Si (i=o or s) is the 

sensitivity factor which can be obtained from the AES handbook
157

; do is the thickness 

of the overlayer metal which can be calculated with the diameter of the overlayer 

metal depending on the phase of interest; λi (i=o or s) is the inelastic mean free path 

which is tabulated in the literature
158

; cosθ accounts for the solid acceptance angle of 

the CMA and         in this work.  

 In addition, the AES signal ratio of the monolayer/substrate metal for the 

subsurface bimetallic structure (i.e. Pt-3d-Pt(111)) is calculated by the following 

equation
159

: 
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  (2.16) 

 

  (2.17) 

 

  (2.18) 

2.3.3 High Resolution Electron Energy Loss Spectroscopy (HREELS) 

HREELS is used to investigate the adsorption configurations and reaction 

intermediates in this dissertation. Figure 2.5 illustrates the HREELS process. Briefly, 

electrons with a uniform energy of 6 eV come to hit the adsorbates and the metal or 

carbide surface with an angle of 60° and are scattered back into the vacuum. There are 

two major mechanisms for the scattering. The dipole scattering is due to the 

interactions between the field of the incident electron and the dynamic dipole of the 

adsorbate. The dipole scattering is a long-range process, which occurs for the electrons 

10~100 Å above the surface. On the other hand, the impact scattering is due to the 

interactions between the incident electrons and the localized atomic potential of the 

adsorbates. The impact scattering is a short-range process, which occurs for the 

electrons close to the surface (~1Å). In addition, the dipole scattering has a narrow 

angular distribution, which concentrates on the specular direction while the impact 
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scattering has an isotropic angular distribution; typically the signal intensity of the 

impact scattering is 100 times lower than that of the dipole scattering. 

 

 

 

Figure 2.5  Schematic diagram of the HREELS process for the (a) on-specular mode; 

(b) off-specular mode.           

 When the HREEL spectrometer is operated in the on-specular mode as shown 

in Figure 2.5a, the electron detector is put right on the specular direction. In this mode, 

the dipole scattering dominates in the intensity. In contrast, in the off-specular mode 

(a) 

(b) 
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the electron detector is put away (typically 10°) from the specular direction and the 

impact scattering dominates in the intensity.  

 One powerful aspect about the HREELS technique is its capability to 

investigate the adsorption geometry of the adsorbates. This capability is related to the 

surface selection rule of the dipole scattering. As shown in Figure 2.6, there exists an 

image dipole in the metal for the adsorbates on the metal surface. The existence of the 

image dipole will cancel out the parallel component of the oscillating dipole and thus 

“miss” in the HREELS measurement. In other words, the dipole scattering cannot 

excite the vibrational mode whose dipole moment is parallel to the metal surface. In 

contrast, the impact scattering is a short-range process and can still excite these modes. 

Therefore, by comparing the intensity change of a certain vibrational mode between 

the on- and off-specular HREELS, one can derive the adsorption geometry of the 

adsorbates. Although the powerful off-specular HREELS measurement is not used in 

the current dissertation, readers are encouraged to learn some specific examples of this 

technique by the authors
160

.  
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Figure 2.6  Illustration of the dipole and image dipole which are formed from the 

adsorbates on a metal surface  

2.3.4 Temperature Programmed Desorption (TPD) 

TPD is used to identify and quantify the gas-phase products from the reactions 

of molecules on the metal or carbide surfaces. Typically the surface is maintained at a 

low temperature (e.g. 120 K in this study) before molecules are dosed into the UHV 

chamber. Because of the low temperature of the surface, the molecules readily adsorb 

onto the surface. Then the surface is annealed by the resistant heating at a linearly rate 

of 3 K/s. The gas-phase products desorbing from the surface is monitored by the 

QMS. The intensity of the selected masses is plotted as a function of reaction 

temperature, providing information about the gas-phase products and desorption 

temperature. In addition, the activity (reacted molecules per metal atom) can be 

quantified. For example, on Pt(111), the yield of each product can be quantified by 

comparing their TPD peak area with that of CO and scaling by the ionization 

probabilities of the related molecules. The saturation coverage of CO is obtained from 

the literature
161

 while the saturation TPD peak area of CO can be obtained from a 

separate TPD experiment of CO of Pt(111). By knowing the yield of each product, the 

activity of each reaction pathway can be obtained and consequently the total activity 

and selectivity can be calculated.  
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Chapter 3 

CORRELATING FURFURAL REACTION PATHWAYS WITH 

INTERACTIONS BETWEEN FURFURAL AND MONOMETALLIC AND 

BIMETALLIC SURFACES  

3.1 Introduction 

Furfural (Figure 3.1) is considered as one of the top platform chemicals in 

biomass conversion. A large range of value-added fuels and chemicals can be 

produced from furfural such as furfuryl alcohol, furan (Figure 3.1) and 2-methylfuran, 

etc.
2,5,102

 Furfuryl alcohol is used in polymer industry for producing resins;
109

 furan is 

widely used for preparing specialty chemicals such as 2-acetylfuran, 2,5-dimethoxy-

2,5-dihydrofuran, 2,2-difurylpropane and pyrrole derivatives etc.
162

 and 2-methylfuran 

is considered as a promising fuel additive
102

. 

 

Figure 3.1 Molecular structure of furfural and furan 

Previous catalytic studies showed that the selectivity of furfural reaction largely 

depended on the selection of metal catalysts.
163

 For example, furfuryl alcohol was 

produced on Cu-based catalysts while no product from the activation of the ring was 
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observed.
115,164,165

 On Pd-based catalysts, furan was produced
65,126

 while other 

products such furfuryl alcohol
127

, tetrahydrofurfuryl alcohol
128

 and 2-

methylfuran
129,130

 could also be produced depending on the selection of promoters and 

supports. On Ni-based catalysts, ring-opening products such as pentane, butanal, 

butanol or butane were produced in significant amounts.
163,166

 Resasco et al.
163

 

compared the selectivity of furfural reaction on SiO2 supported Cu, Ni and Pd 

catalysts. As a hypothesis, the metal-dependent selectivity was attributed to the 

interaction between the ring of furfural and the metal surfaces. However, no direct 

studies were performed on comparing the interaction strength between the ring of 

furfural and different metal surfaces and how this interaction correlated with the 

selectivity of furfural reaction. 

Controlling bimetallic structures has been shown to be an efficient method to tune 

the activity and selectivity of metal catalysts for a variety of reactions for 

decades.
152,167,168

 For furfural reaction, the formation of CuPd was reported to enhance 

the production of furfuryl alcohol while suppressing the decarbonylation to produce 

furan as compared with Pd
116

; the formation of FeNi was suggested to enhance the 

hydrodeoxygenation to produce 2-methylfuran while suppressing the ring-opening 

products on Ni
160,169

. Lee et al.
170

 reported that the formation of metal alloy of Pt, Pd, 

Ru with Fe, Co, Ni could tune the hydrogenation rate of furfural to produce furfuryl 

alcohol as compared with corresponding monometallic catalysts. However, how the 

formation of bimetallic structure affects the selectivity of furfural reaction is not fully 

understood.       

In this work, we use temperature programmed desorption (TPD) experiments to 

investigate the selectivity of furfural reaction on different metal surfaces, and correlate 
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the selectivity with the interactions strength between furfural and the metal surfaces 

which are obtained from density functional theory (DFT) calculations. High resolution 

electron energy loss spectroscopy (HREELS) is employed to experimentally verify the 

interactions between furfural and metal surfaces and provide additional information on 

reaction intermediates. Monometallic surfaces are first investigated to provide 

information on the correlation between the interactions with the functional groups of 

furfural and furfural reaction selectivity. Then bimetallic surfaces are investigated in 

order to reveal how the bimetallic formations could change the furfural selectivity 

through tuning the interaction with the functional groups of furfural. 

3.2 Materials and Methods 

3.2.1 DFT Calculations 

DFT calculations were performed using the Vienna ab-initio Simulation Package 

(VASP)
149

. The PW91 functional
147

 and a cutoff energy of 396 eV were used for all 

calculations. The monometallic surfaces were approximated by a 33  unit cell with 

four layers of metal atoms. The bimetallic surfaces were modeled by replacing the first 

or second layer of the host metal with different metal atoms. Lattice constants for 

these surfaces were found from the pseudo-potential library built by the Technical 

University of Denmark. For all calculations, the top two metal layers were allowed to 

relax. 

The binding energy of each adsorbent on the metal surface was determined by the 

following equation: 

slabadsorbateslabadsorbate EEEBE 
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where BE represents the binding energy, Eadsorbate+slab represents the total energy of the 

slab and adsorbed molecules and Eadsorbate and Eslab represents the energy of the 

adsorbate and the bare slab, respectively. 

3.2.2 HREELS and TPD Measurements 

HREELS experiments were performed in a three-level stainless steel ultra high 

vacuum (UHV) chamber with a base pressure in the range of 10
-10

 Torr. The HREELS 

scans were obtained after annealing the surface to certain temperatures and cooling 

down to the lowest temperature which could be reached. The elastic peak intensity 

was typically 44 104~102   counts per second (CPS) and the spectral resolution was 

40 ~ 60 cm
-1

. The elastic peak intensity was used to normalize all the HREEL spectra. 

TPD experiments were performed in another UHV chamber. The single crystal and the 

adsorbed sample were heated at a linear rate of 3 K/s. The gas phase products were 

monitored using a quadrupole mass spectrometer (UTI 100C). 

3.2.3 Materials Preparation 

The M(111) (M=Pt, Pd, Ir or Ni) single crystal was directly spot welded to two 

tantalum posts which served as contacts for both resistant heating and liquid nitrogen 

cooling. The Cu(111) crystal was held by two tantalum wires which were spot welded 

to two tantalum posts. The crystal temperature was measured by a spot welded K-type 

thermocouple located at the back of the single crystal and could be varied between 100 

K and 1000 K (900 K for Cu(111)). The single crystal surface was cleaned by repeated 

cycles of Ne
+
 sputtering and annealing until negligible C or O was detected by Auger 

electron spectroscopy (AES). 
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The bimetallic surfaces were prepared by physical vapor deposition (PVD) of a 

second metal onto the substrate metal surface, as described earlier
152

. During 

deposition, the crystal was held at 300 K to make the overlayer bimetallic structure, 

NiM1M1(111) (M1=Pt, Pd, Ir or Cu) or M2NiNi(111) (M2=Cu or Fe); at 600 K to 

make the subsurface bimetallic structure M1NiM1(111). The AES ratio along with the 

overlayer standard equation
158

 was used to calculate the Ni coverage.   

Furfural, furan and 2-methylfuran were purchased from Sigma-Aldrich with a 

purity of 99%. These liquid samples were transferred into glass sample cylinders and 

purified using repeated freeze-pump-thaw cycles. Gas samples including hydrogen, 

methane, ethylene, propylene, oxygen, neon and carbon monoxide were research 

purity and used without further purification. The purity of all the reactants was 

checked using mass spectrometry before using.  

3.3 Results 

3.3.1 TPD of Furfural on Hydrogen Pre-dosed Monometallic Surfaces 

The monometallic surfaces were pre-dosed with 0.5 monolayer (number of 

molecules per surface metal atom) hydrogen before dosing furfural. The amount of 0.5 

monolayer hydrogen was determined by performing a TPD of H2 on the monometallic 

surfaces. TPD experiments of 4 L furfural on H/Pt(111), H/Pd(111) and H/Ir(111) 

were performed in order to determine the reaction pathways of furfural. For H/Pt(111) 

as shown in Figure 3.2(a), the multilayer desorption temperature of furfural was found 

at 193 K. A methane production pathway was indicated by the detection of methane at 

around 341 K; while a reforming pathway was suggested by the detection of both H2 

and CO at 428 K and 394 K respectively. Accumulated carbon was detected on 
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Pt(111) by AES after the reaction of furfural. Based on the detected gas-phase and 

surface products, the reaction pathways of furfural on H/Pt(111) surfaces were 

proposed as the following:  

)(4245 22 adCCOCHOHC   (3.1) Methane Production 

)(2245 322 adCCOHOHC   (3.2) Reforming 

Comparison between the desorption temperatures of the H2 and CO products and 

those from the TPD of molecularly adsorbed H2 and CO on Pt(111) (spectra not 

shown) suggested that the desorption of H2 was reaction-limited while the desorption 

of CO was desorption-limited. The TPD peak area of CO was compared to that of the 

saturated CO on Pt(111) and the coverage of CO was calculated by comparing with 

the saturation coverage of CO on Pt(111)
161

 from literature. The coverage of methane 

was calculated by comparing the TPD peak area of methane to that of CO and 

normalized by the ionization probability of CO and methane. The detailed TPD 

quantification procedure can be found in a previous literature
171

 and the quantification 

results are summarized in Table 3.1. 
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Figure 3.2 TPD of 4 L furfural on (a) H/Pt(111), (b) H/Pd(111) and (c) H/Ir(111) 
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For H/Pd(111) as shown in Figure 3.2(b), furan was detected at around 326 K, 

indicating a furan production pathway; H2 was detected at 437 K and CO was detected 

at 353 K and 467 K, indicating a reforming pathway. AES measurement after the 

reaction of furfural revealed carbon accumulation on Pd(111). The furan production 

pathway was illustrated in equation (3.3) as follows: 

COOHCOHC  44245  (3.3) Furan Production 

The coverage of CO was calculated in a similar way to that on Pt(111) and a 0.75 

ML saturation coverage of CO on Pd(111) from literature
172

 was used. The coverage 

of furan was calculated by comparing the TPD peak area of furan to that of CO and 

scaling by the ionization probability of CO and furan. For H/Ir(111) as shown in 

Figure 3.2(c), a reforming pathway was indicated by observing H2 desorption at 257 K 

and 462 K and CO desorption at 468 K. The quantification of the reforming pathway 

on Ir(111) was performed in a similar way as that on Pt(111). A 0.58 ML saturation 

coverage of CO on Ir(111) from literature
173

 was used in the calculation. 

Figure 3.3(a) displays the TPD spectra after exposing 4 L furfural onto 

H/Cu(111). Cu(111) cannot dissociate H2 as discussed in Chapter 4 and H2 was pre-

dosed onto Cu(111) for a fair comparison with other surfaces. The H2 pre-dosed 

surface was noted as H/Cu(111). The multilayer and monolayer desorption of furfural 

were detected at 222 K and 382 K, respectively. A furan production pathway was 

indicated by observing the desorption of both furan and CO at around 479 K. The 

quantification of furfural reaction on H/Cu(111) was accomplished by performing a 

TPD and AES measurement of furan on Cu(111) (described in Chapter 4). Figure 

3.3(b) illustrates the spectra from the TPD of 4 L furfural on H/Ni(111). The 

observation of propylene desorption at 272 K and 321 K suggested a propylene 
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production pathway as shown in equation (3.4); while the co-production of H2 and CO 

at around 379 K and 414 K suggested a reforming pathway: 

COHCOHC H 263

2

245   (3.4) Propylene Production 
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Figure 3.3 (a) TPD of 4 L furfural on H/Cu(111), (b) H/Ni(111) and (c) H/thick 

Fe/Ni(111) 

Figure 3.3(c) displays the TPD spectra of 4 L furfural on H/thick Fe/Ni(111). The 

deposited Fe was close to six monolayers from AES measurements. An et al. 

investigated the growth mechanism of Fe on Ni(111) at room temperature using low 

energy electron diffraction (LEED) and scanning tunneling microscopy (STM).
174

 

They found that the first monolayer of Fe on Ni(111) grew in a pseudomorphic fcc-

Fe(111) phase and the second layer of Fe grew in a distorted bcc-Fe(110) phase. 

Further deposition of Fe led to a thicker bcc(110) films on the distorted bcc-Fe(110) 

domains, forming three-dimensional ridge-like islands. On the H/thick Fe/Ni(111) 

surface, 2-methylfuran was detected at around 320 K, indicating a 

hydrodeoxygenation (HDO) pathway; a propylene production pathway was suggested 

by the observation of propylene desorption at 315 K; a reforming pathway was 

indicated by detecting H2 desorption at 393 K and 505 K and CO desorption at 354 K 

and 666 K. The HDO pathway is illustrated in equation (3.5): 

)(65

2

245 ad

H OOHCOHC   (3.5) HDO 

The quantifications of furfural reaction on Ni(111) and thick Fe/Ni(111) were 

illustrated previously
160

 and the results are summarized in Table 3.1. The coverage of 

CO was calculated by comparing the TPD peak area of CO with that from the TPD of 

saturated CO on Ni(111) with a saturation coverage of CO (0.5 ML) on Ni(111)
175

 

from literature was used in the calculation. The coverage of 2-methylfuran was 

calculated by comparing the TPD peak area of 2-methylfuran to that of CO and 

scaling by the ionization probability of CO and 2-methylfuran. 
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Table 3.1  TPD Quantification of Furfural 

Surface 

Activity (molecules per metal atom) 

2-Methylfuran  Furan 
C1-C3 

Hydrocarbons 
Reforming Total 

H/Ir(111) 0 0 0 0.130 0.130 

H/NiIrIr(111) 0 0 0 0.150 0.150 

H/IrNiIr(111) 0 0 0 0.020 0.020 

H/Pt(111) 0 0 0.002 0.023 0.025 

H/NiPtPt(111) 0 0 0.002 0.040 0.042 

H/PtNiPt(111) 0 0 0.002 0.026 0.028 

H/Pd(111) 0 0.005 0 0.142 0.147 

H/NiPdPd(111) 0 0.005 0 0.110 0.115 

H/PdNiPd(111) 0 0.028 0 0.054 0.082 

H/Ni(111)  0 0 0.003 0.108 0.111 

H/FeNiNi(111) 0.012 0 0.002 0.075 0.089 

H/FeNi alloy/Ni(111) 0.003 0 0.008 0.081 0.092 

H/thick Fe/Ni(111) 0.007 0 0.002 0.056 0.065 

H/CuNiNi(111)  0.003 0 0.044 0.009 0.056 

H/NiCuCu(111)  0.001 0 0 0.031 0.032 

H/Cu(111)  0 0.002 0 0 0.002 

Note: the gray bar highlighted the monometallic surfaces. 

 

Table 3.1 summarizes the quantification results of furfural reactions on the 

monometallic surfaces. The activity and selectivity of furfural reaction were metal-

dependent. Reforming to produce H2 and CO was the dominant pathway on all metal 

surfaces while C1-C3 hydrocarbon was produced on H/Pt(111), H/Ni(111) and 

H/thick Fe/Ni(111) surfaces. H/thick Fe/Ni(111) had a unique HDO pathway of 

producing 2-methylfuran while furan was only produced on H/Cu(111) and H/Pd(111) 

surfaces. 
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3.3.2 TPD of Furfural on Hydrogen Pre-dosed Bimetallic Surfaces 

TPD experiments of furfural on bimetallic Ni/M1(111) (M1=Pt, Pd, Ir and Cu) 

and M2/Ni(111) (M2=Fe and Cu) surfaces were performed in order to investigate how 

the formation of bimetallic structure affected the activity and selectivity of furfural 

reaction. Two bimetallic structures were investigated in the study. One is the so-called 

overlayer bimetallic structure with the second metal layer sitting on top of the 

substrate metal and the other is the so-called subsurface bimetallic structure with the 

second metal layer sitting in the second layer of the substrate metal. The preparation 

and characterization of these two bimetallic structures for Ni/Pt(111)
176

 and 

Ni/Pd(111)
177

 were discussed previously. The two bimetallic structures of Ni/Ir(111) 

were prepared similarly to those of Ni/Pt(111) and characterized by AES (not shown). 

The deposition of Ni onto Ir(111) at 300 K was found to follow a layer-by-layer 

mechanism and most Ni atoms diffused into the subsurface region when preparing the 

surface at 600 K. Only the overlayer bimetallic structure was investigated for 

Ni/Cu(111), Fe/Ni(111) and Cu/Ni(111) because these metals easily formed alloy at 

high temperature.
160,178,179

 

Table 3.1 summarizes the TPD quantification results of furfural reaction on the 

bimetallic surfaces. For Pt(111), Pd(111) and Ir(111), the addition of Ni changed the 

activity of each pathway on the monometallic surfaces but did not induce any new 

pathway. Reforming was still dominant on Ni/Pt(111), Ni/Pd(111) and Ni/Ir(111) 

surfaces while methane was produced on Ni/Pt(111) and furan was produced on 

Ni/Pd(111). On the other hand, for Ni(111) and Cu(111), the addition of a second 

metal (Fe or Cu) induced a new HDO pathway on the bimetallic surfaces. 2-

methylfuran was produced on Fe/Ni(111), Cu/Ni(111) and Ni/Cu(111) surfaces. 

Figure 3.4 displays the TPD results of furfural on H/NiPtPt(111) (overlayer) and 
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H/PtNiPt(111) (subsurface). Similar as that on Pt(111), reforming and methane 

production were identified as the main pathways for furfural reaction on the bimetallic 

surfaces as indicated by the detection of H2, CO and methane as the main products.  

 

  

  

Figure 3.4 TPD of 4 L furfural on H/NiPtPt(111) (red) and H/PtNiPt(111) (blue) 
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3.3.3 DFT Calculations of Adsorbed Furfural 

The binding energies and optimized bond lengths of furfural on the monometallic 

and bimetallic surfaces were calculated using DFT and summarized in Table 3.2. 

Furfural adsorbed onto all the metal surfaces except Pt(111) through an η
2
(C,O) 

configuration with both C and O atoms in the carbonyl group bonding to one metal 

atom. On Pt(111), furfural adsorbed mainly through the ring. A trend of the degree of 

interaction between the ring of furfural and the metal surfaces was established by 

comparing the bond lengths change inside the ring of furfural after adsorption. For 

example, the C2-O1, C2-C3 and C4-C5 bonds were lengthened to a larger degree on 

Pt(111) than those on Pd(111) while the C3-C4 bond length was comparable between 

these two surfaces, indicating that Pt(111) had a stronger interaction with the ring of 

furfural than Pd(111). By the same method, the degree of the interaction with the ring 

of furfural for the following metal surfaces was found to follow the trend of 

Fe(110)~Ir(111)>Pt(111)>Ni(111)>Pd(111)>Cu(111). In addition, the interaction with 

the ring of furfural could be tuned by building up bimetallic structures. For example, 

PdNiPd(111), which was built from replacing the second layer of Pd(111) with Ni 

atoms, had a lower interaction with the ring of furfural compared to Pd(111). The 

binding energies and optimized bond lengths of furan on the monometallic surfaces 

were also calculated by DFT. The degree of the interaction with the ring of furan 

follows the same trend as that of adsorbed furfural: 

Fe(110)~Ir(111)>Pt(111)>Ni(111)>Pd(111)>Cu(111). 
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Table 3.2  Binding Energies and Bond lengths of Furfural and Furan 

 

         Molecule Surface 

Binding 

energy 

(BE) / eV 

C2-O1 C5-O1 C2-C3 C3-C4 C4-C5 C2-C6 C6-O7 

          Furfural 

N/A   1.378 1.359 1.382 1.419 1.373 1.448 1.229 

Pt(111) 0.66 1.403 1.415 1.484 1.422 1.484 1.488 1.223 

Ni(111) 0.76 1.406 1.467 1.434 1.424 1.450 1.429 1.320 

Pd(111) 0.68 1.385 1.444 1.422 1.421 1.440 1.441 1.294 

Cu(111) 0.22 1.380 1.359 1.382 1.414 1.374 1.440 1.235 

Ir(111) 0.65 1.378 1.450 1.495 1.432 1.496 1.439 1.327 

Fe(110) 1.36 1.399 1.452 1.445 1.478 1.456 1.433 1.355 

PdNiPd(111) 0.24 1.384 1.373 1.400 1.424 1.378 1.439 1.276 

FeNiNi(111) 3.03 1.416 1.477 1.429 1.448 1.448 1.423 1.337 

NiCuCu(111) 1.21 1.412 1.47 1.435 1.429 1.450 1.436 1.322 

            Furan 

Pt(111) 0.89 1.417 1.416 1.483 1.421 1.481 
  

Ni(111) 0.42 1.414 1.415 1.454 1.434 1.455 
  

Pd(111) 0.81 1.408 1.411 1.449 1.426 1.453 
  

Cu(111) 0.08 1.370 1.370 1.367 1.430 1.368 
  

Ir(111) 0.89 1.422 1.423 1.492 1.493 1.433 
  

Fe(110) 0.75 1.440 1.474 1.442 1.457 1.457 
  

PdNiPd(111) 0.26 1.378 1.376 1.375 1.444 1.377 
  

NiCuCu(111) 0.86 1.413 1.414 1.458 1.441 1.456     

  

The C2-C6 bond length of furfural was measured because it was expected to 

correlate with the decarbonylation activity. The C2-C6 bond length was found to 

follow the trend of Pt(111)>Pd(111)~Cu(111)>Ir(111)>Fe(110)>Ni(111). In addition, 

the C6-O7 bond length of furfural was also measured because of its possible 

correlation with the HDO activity. The C6-O7 bond length followed the trend of 

Fe(110)>Ir(111)>Ni(111)>Pd(111)>Cu(111)>Pt(111). The C6-O7 bond length of 

furfural could also be tuned by building bimetallic surfaces. For example, the C6-O7 

bond was lengthened to a larger degree on NiCuCu(111) compared to that on Cu(111) 
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and Ni(111); the C6-O7 bond was also lengthened more on FeNiNi(111) compared to 

that Ni(111).   

3.3.4 HREELS of Furfural on Pt(111) and Ni/Pt(111) Surfaces 

HREELS experiments of 4 L furfural on Pt(111) were performed in order to 

identify possible intermediates during the reaction of furfural on Pt(111) as shown in 

Figure 3.5(a). The vibrational mode assignment for furfural is summarized in Table 

3.3.  

Table 3.3  Vibrational Mode Assignment of Furfural 

Mode 
Frequency (cm

-1
) 

Raman
[a]

 Pt(111)
 [b]

 

τ(ring) - 602 

ω(CH) - 758 

δ(ring) - 859 sh 

ν(CO) 930 - 

χ(CH) 950 - 

ν(CO) 1025 1068 

δb(O-C-H) 1157 1150 

δb (O-C-H) 1370 - 

ν(CC) 1395 - 

ν(C=C) 1466 1441 

ν(C=C) 1555, 1570 - 

ν(C=O) 1684 1671 

ν(CH) - 2922 

ν(CH) 3153 3112 

τ – torsion, ω – wagging, δ – deformation, ν - stretching   

χ - scissoring, δb - bending 

[a] Reference 180 

[b] 4 L furfural on Pt(111) at 100 K 
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At 100 K, the peak positions were similar to those of the Raman spectrum of 

liquid-phase furfural
180

, suggesting that furfural molecularly adsorbed onto Pt(111). 

After annealing the surface to 200 K, the peak assigned to ν(C=O) disappeared, 

indicating that the carbonyl group interacts strongly with the surface by this 

temperature. An additional comparison between the 200 K spectrum of furfural on 

Pt(111) and the spectrum of adsorbed furan on Pt(111) (Figure 3.5(b)) suggested that a 

furan-like intermediate may form through the C2-C6 bond scission of the adsorbed 

furfural below 200 K. Upon annealing to 300 K, the peak assigned to τ(ring) at 602 

cm
-1

 started to shift to a lower frequency while the ν(CH) (3112 cm
-1

) peak intensity 

significantly attenuated, indicating an enhanced interaction between the furan ring and 

the Pt(111) surface. Significant changes were observed after annealing the surface to 

400 K. The disappearance of the peaks at 1068 cm
-1

 and 1150 cm
-1

 and the further 

reduced intensity of the peak at 3112 cm
-1

 suggested the cleavage of the furan ring.  

 

 

Figure 3.5 (a) HREELS spectra of 4 L furfural on Pt(111); (b) Comparing the 

HREELS spectrum of furfural with that of furan on Pt(111)  
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HREELS experiments of furan on Pt(111) were also performed because of the 

observation of the furan-like intermediate during furfural reaction on Pt(111). The 

results are shown in Figure 3.6. The vibrational mode assignment of furan can be 

found in Table 3.4.  

Table 3.4  Vibrational Mode Assignment of Furan 

Mode 
Frequency (cm

-1
) 

Gas phase
[a]

 Pt(111)
[b]

 

τ(ring) 
 

595 

ω(CH) 745 744 

δ(ring) 873 852 

ρ(CH) + ν(CO) + ν(C=C) 995 
 

ν(CO) + ν(CC) 1066 1028 

ν(CO) + ρ(CH) 1180 1156 

ρ(CH) 1267 1244 sh 

ρ(CH) + ν(CC) 1384 1360 

ν(C=C) + ρ(CH) 1491 1461 

ν(C=C) + ρ(CH) 1556 1529 

ν(CH) 3140 3112 

τ – torsion, ω – wagging, δ – deformation, ρ – rocking, ν – stretching 

[a] reference 181 

[b]
 
4 L furan on Pt(111) at 100 K 

 

The 100 K spectrum represented a molecularly adsorbed furan as demonstrated by 

the similar peak positions between the 100 K spectrum and the IR spectrum of gas-

phase furan
181

. At 160 K, significant changes were observed in the spectrum. The peak 

features of furan including those between 500 cm
-1

 and 1600 cm
-1

 were no longer 

present. Instead, new peaks emerged at 575 cm
-1

, 1434 cm
-1

 and 1644 cm
-1

. The peak 

at 1644 cm
-1

 could be assigned to the ν(C=O) of aldehyde-like intermediates similar to 
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those observed in the literature
182

, indicating that furan decomposed to produce some 

aldehyde intermediates at around 160 K. Consistently at the same temperature, the 

peak corresponding to ν(CH) at 3112 cm
-1

 shifted a significant value to 2895 cm
-1

,  

suggesting the cleavage of the furan ring. The peak at 3524 cm
-1

 could be assigned to 

the adsorbed H2O from the chamber background during the HREELS scan. At 200 K 

and 300 K, the spectrum did not change except that the intensity of the ν(C=O) peak 

was slightly reduced. The reduction of the ν(C=O) peak intensity indicated that the 

formed aldehyde intermediate further decarbonylated to produce CO at higher 

temperature as shown in our separate TPD experiment of furan on Pt(111) (not 

shown). Similar decarbonylation chemistry can be found for aldehydes on 

Pt(111)
182,183

. 

 

 

Figure 3.6  HREELS spectra of 4 L furan on Pt(111) 
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The reactions of furfural on NiPtPt(111) and PtNiPt(111) were also investigated 

using the HREELS technique. The HREELS spectra on PtNiPt(111) were generally 

similar to those on Pt(111), consistent with the TPD results showing that these two 

surfaces owned similar reactivity for decomposing furfural. The difference between 

the HREELS spectra of NiPtPt(111) and Pt(111) existed for the 200 K and 300 K 

spectrum as shown in Figure 3.7. The intensity of the peak associated with ν (CH) at 

3105 cm
-1

 decreased more significantly on NiPtPt(111), indicating a stronger 

interaction  with the ring of furfural compared to that on Pt(111).  

 

 

Figure 3.7 Comparing the HREELS spectra of 4 L furfural on NiPtPt(111) (red) and 

Pt(111) (black) 
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3.3.5 HREELS of Furfural on H/Cu(111) and H/NiCuCu(111) Surfaces 

HREELS experiments were performed in order to investigate the adsorption 

configurations and reaction intermediates of furfural on H/Cu(111) and H/Ni/Cu(111) 

as shown in Figure 3.8. On H/Cu(111), furfural molecularly adsorbed onto the surface 

at 120 K, as indicated by the generally similar peak positions between the 120 K 

spectrum and the Raman spectrum of liquid furfural
180

. At 230 K, all peaks attenuated, 

consistent with the multilayer desorption of furfural around this temperature as shown 

in Figure 3.3(a). In addition, the peak at 1644 cm
-1

 became broader, suggesting an 

η
1
(O) adsorbed furfural on the surface. At 300 K, the relative intensity among the 

peaks significantly changed, possibly indicating a change of the orientation of the 

molecule. In addition, the peak at 1644 cm
-1

 disappeared and a small shoulder 

emerged at 1564 cm
-1

, indicating the formation of an η
2
(C,O)-bonded furfural. The 

new peak at 436 cm
-1

 could be assigned to ν(Cu-C), consistent with the formation of 

the η
2
(C,O)-bonded furfural. The peak at 3067 cm

-1
 started to attenuate at around 400 

K and disappeared at around 500 K, and all other peaks attenuated at 500 K, consistent 

with furan desorption between 400 K and 500 K as shown in Figure 3.3(a).  

On H/Ni/Cu(111), at 120 K, furfural molecularly adsorbed onto the surface, 

similar to that on H/Cu(111). At 230 K, all peak intensities decreased, consistent with 

the molecular desorption of furfural around this temperature (shown in Figure 4.1); the 

shift of the peak at 1664 cm
-1

 to 1584 cm
-1

 indicated the formation of an η
2
(C,O) 

adsorbed furfural. The emerging peaks at 1819 cm
-1

 and 2034 cm
-1

 could be assigned 

to the ν(CO) of CO adsorbed onto the surface from the chamber background during 

HREELS scan. At 300 K, the decreased intensity of all peaks is consistent with 

desorption of 2-methylfuran around this temperature. At 400 K, the spectrum was 

significantly changed. The continuous decrease of all peak intensities is consistent 
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with desorption of H2 and CO between 300 K and 450 K. The new peak at 510 cm
-1

 

could be assigned to ν(Ni-C). At 500 K, only some surface carbon and hydrocarbon 

fragments remained on the surface, as indicated by the ν(Ni-C) peak and weak features 

at 745 cm
-1

 and 2987 cm
-1

.  

 

 

Figure 3.8  HREELS of 4 L furfural on (a) H/Cu(111) and (b) H/NiCuCu(111) 

surfaces 
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the ring of furfural for the monometallic surfaces followed the trend of 

Fe(110)~Ir(111)>Pt(111)>Ni(111)>Pd(111)>Cu(111) and the interaction with the C2-

C6 bond followed the trend of Pt(111)>Pd(111)~Cu(111)>Ir(111)>Fe(110)>Ni(111). 

A strong interaction with the furan ring was expected to induce ring-opening products. 

This was verified by observing that the reactions of furfural on Pt(111) and Ni(111) 

only produced ring-opening products. In contrast, a weak interaction with the furan 

ring and a strong interaction with the C2-C6 bond were expected to lead furan 

production and this was verified by observing the furan production from the reactions 

of furfural on Pd(111) and Cu(111). Pt(111) had a strong interaction with the C2-C6 

bond which should be favorable for the decarbonylation of furfural to produce furan. 

However the strong interaction between Pt(111) and the furan ring would further 

decompose the ring of furan to produce ring-opening products. This was verified by 

the HREELS of furfural on Pt(111) which suggested that a furan-like intermediate was 

produced from the reaction of furfural and the intermediate further decomposed at 

higher temperature. The HDO activity of furfural correlated with the interaction with 

the C6-O7 bond. The interaction between the C6-O7 bond of furfural and the 

monometallic surfaces followed the trend of 

Fe(110)>Ir(111)>Ni(111)>Pd(111)>Cu(111)>Pt(111) and only the Fe surface showed 

an HDO activity towards 2-methylfuran production. The formation of FeNiNi(111) 

further lengthened the C6-O7 bond and showed a higher HDO activity for furfural 

reaction. 

For Pt-, Pd- and Ir-based surfaces, the formation of bimetallic surfaces with Ni 

did not induce new reaction pathways but led to changes in the activity of each 

pathway. The formation of PdNiPd(111) significantly enhanced the decarbonylation 
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pathway to produce furan which could be attributed to the decreased interaction with 

the furan ring for PdNiPd(111) compared to that for Pd(111). For Cu- and Ni-based 

surfaces, the formation of bimetallic surfaces with Ni or Fe induced a new HDO 

pathway of furfural compared to the substrate surfaces. As we discussed in section 

3.3.5 above, furfural adsorbed onto H/Cu(111) and H/NiCuCu(111) through an η
1
(O) 

and η
2
(C,O) configuration respectively. The η

2
(C,O) bonding configuration is more 

favorable for HDO.
184,185

 In addition, Cu(111) cannot dissociate H2 while additional 

hydrogen was required for the HDO of furfural to produce 2-methylfuran. In contrast, 

H2 can be readily dissociated on NiCuCu(111) (as discussed in Chapter 4). Therefore it 

is not surprising that the HDO of furfural was observed on NiCuCu(111) instead of on 

Cu(111). For Ni(111) and FeNiNi(111), furfural adsorbed onto both surfaces through a 

η
2
(C,O) bonding configuration.

160
 The furan ring of furfural was found to be more 

tilted on FeNiNi(111) than that on Ni(111) by off-specular HREELS measurements.
160

 

The more tilted geometry reduced the interaction between the furan ring and the metal 

surface and enhanced the HDO of furfural on FeNiNi(111) compared to Ni(111). 

3.4 Conclusions 

The reaction pathways of furfural on the monometallic and bimetallic surfaces 

were correlated with the interaction between the ring, the carbonyl group and the 

metal surfaces. Strong interaction with the ring of furfural led to the production of 

ring-opening products such as C1-C3 hydrocarbons, H2 and CO; weak interaction with 

the ring and strong interaction with the C2-C6 bond of furfural led to the production of 

furan; strong interaction with the C=O bond of the external carbonyl group led to the 

production of 2-methylfuran. 
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For Pt-, Pd- and Ir-based surfaces, the formation of bimetallic surfaces with Ni 

changed the activity of reaction pathways which were seen on the substrate surfaces 

but did not induce new pathways; in contrast, for Cu- and Ni-based surfaces, the 

formation of bimetallic surfaces with Ni or Fe induced a new HDO pathway to 

produce 2-methlyfuran through strengthening the interaction with the C=O bond in the 

branch group of furfural. 
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Chapter 4 

REACTION PATHWAYS OF FURFURAL AND FURFURYL ALCOHOL ON 

CU(111) AND NICU BIMETALLIC SURFACES  

4.1 Introduction 

Biomass upgrading represents a promising alternative to meet with the recent 

energy and environment challenges.
2,4,9

 Several furanic molecules have been 

introduced as platform chemicals in biomass conversion.
3
 These furanic molecules can 

be produced from hydrolyzing and dehydrating the cellulosic and hemicellulosic 

components, which comprise of more than 55 wt% of the raw biomass.
2
 Furfural is 

one of the most important biomass-derived furanic molecules as introduced by 

previous literatures.
102,186

 Furfuryl alcohol, which can be obtained by selectively 

hydrogenating the C1=O1 bond of furfural,
115,116,118,187

 is a desirable product for 

making resins.
109

 Another desirable product is 2-methylfuran, from the selective 

cleavage of the C1=O1 bond, which has high energy density, high blending research 

octane number, and been shown to be a promising fuel additive with gasoline via a 

90,000 km road test recently.
102

 

The conversion of furfural to 2-methylfuran requires a selective HDO catalyst 

which would selectively cleave the C=O bond in the aldehyde group of furfural while 

keeping the C-O bond inside the furan ring. Copper chromite was reported to be an 

efficient catalyst for this chemistry.
110

 However due to the possible leach of 

chromium, this catalyst could be highly toxic and is thus not desirable. Other reported 
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active catalysts included FeCu
188

, Cu/SiO2
115,163

, Ni/SiO2
163,169

 etc. On these catalysts, 

2-methylfuran is the secondary product at high temperatures.  

Non-precious metal based bimetallics constitute potential desirable catalysts for 

the HDO chemistry due to their low-cost. Recently, Sitthisa et al. reported that the 

addition of Fe to Ni/SiO2 could significantly improve the HDO activity of furfural to 

produce 2-methlyfuran.
169

 Yu et al. continued the investigation and attributed the 

enhanced HDO activity of FeNi/SiO2 to the change of the adsorption geometry of the 

furan ring.
160

 CuNi could be another candidate for the HDO chemistry. Dickinson et 

al. reported that CuNi was active for the aqueous phase HDO of o-cresol to produce 

liquid hydrocarbons.
189,190

 The addition of Cu appeared to reduce the undesired 

gasification activity. In this work, we report that CuNi model surfaces, which are 

prepared on either Cu(111) or Ni(111) substrates, are active for the HDO of furfural to 

produce 2-methylfuran. State-of-the-art surface science techniques including 

temperature programmed desorption (TPD) and high resolution electron energy loss 

spectroscopy (HREELS) are employed to explore how the formation of bimetallic 

NiCu surfaces enhances the HDO of furfural.  

4.2 Methods 

4.2.1 Preparation of Ni/Cu(111) and Cu/Ni(111) surfaces 

Single crystals of  Ni(111) and Cu(111) were bought from Princeton Scientific 

Corporation. The Ni(111) crystal has a purity of 99.999% , a diameter of 8 mm and a 

thickness of 1.5 mm. The Cu(111) crystal has a purity of 99.999%, a diameter of 10 

mm and a thickness of 1.5 mm. The Ni(111) crystal was spot-welded onto two 

tantalum posts for resistant heating and liquid nitrogen cooling. The Cu(111) crystal 
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was held by two tantalum wires which were spot-welded to two tantalum posts. The 

temperature was measured by a K-type thermocouple at the back of the single crystals. 

The single crystal surfaces were cleaned by cycles of Ne+ sputtering and annealing 

before being used for reaction or preparing bimetallic surfaces. Extra carbon on the 

surface can be removed by O2 treatment.  

The Ni/Cu(111) surface was prepared by thermal evaporation of a Ni source onto 

the Cu(111) surface at 300 K. The typical set-up and experimental procedure were 

described previously.
152

 After deposition, the Ni coverage was calculated to be one 

monolayer (1 ML, number of atoms per surface Cu atom) by the Auger electron 

spectroscopy (AES) standard overlayer equation
158

 based on the AES peak intensity of 

Ni (718 eV) and Cu (922 eV). Cu/Ni(111) was prepared using a similar method. Cu 

was deposited onto the Ni(111) surface at 300 K. After deposition, the Cu coverage 

was calculated to be 1 ML by AES. The growth of Cu on Ni(111) at 300 K was 

previously shown to follow a layer-by-layer growth mechanism.
179,191

  

4.2.2 TPD and HREELS techniques 

The TPD and HREELS experiments on Cu(111)-based surfaces were performed 

in a three-level ultra-high vacuum (UHV) chamber with a base pressure in the range of 

1×10
-10

 Torr. During the TPD experiments, the adsorbate and the single crystal were 

heated in a linear rate of 3 K/s and the products desorbing from the crystal surface 

were monitored by a quadrupole mass spectrometer. The HREEL spectrometer was 

equipped at the bottom level of the UHV chamber. Each HREELS scan was taken 

after heating the adsorbate and the crystal to a certain temperature and cooling down 

to 120 K. The intensity of the elastic peak was in the range of 1×10
4
 ~ 3×10

4
 counts 

per second (CPS) and the resolution of the spectrum was in the range of 50 ~ 70 cm
-1

. 
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The intensity of the elastic peak was used to normalize the intensity of all other peaks. 

The TPD experiments on Ni(111)-based surfaces were performed in a two-level UHV 

chamber with a base pressure in the range of 1×10
-10

 Torr. The chamber was also 

equipped with a similar quadrupole mass spectrometer and the TPD experiments were 

performed in a similar way as mentioned above. 

4.2.3 Density functional theory (DFT) calculations 

DFT calculations were employed to obtain the binding energies and optimized 

adsorption configurations of furfural and furfuryl alcohol on Cu(111) and Ni/Cu(111). 

The calculations were performed using the Vienna ab initio Simulation Package 

(VASP) program.
149

 A Cu(111) slab was modeled by a 4 by 4 unit cell with four 

atomic layers. The Ni/Cu(111) was modeled by replacing all the Cu atoms in the first 

layer of Cu(111) with Ni atoms. The first two layers of both Cu(111) and Ni/Cu(111) 

were allowed for relaxation. The PW91 functional
147

 and a cutoff energy of 396 eV 

were used for all calculations. The lattice constant of Cu was found in the pseudo-

potential library built by the Technical University of Denmark. The binding energy 

was calculated by subtracting the total energy of an adsorbed molecule on a slab from 

the sum of energies of the molecule and the slab. 

4.2.4 Chemicals 

The liquid samples including furfural, furfuryl alcohol, 2-methylfuran and furan 

were purchased from Sigma-Aldrich with a purity of 99%. The liquid samples were 

transferred into glass sample cylinders and purified using freeze-pump-thaw cycles. 

Gas samples including H2, O2, CO, ethylene and propylene were purchased from 

Airgas, Inc. and Ne was purchased from Keen Compressed Gas Co. All the gas 
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samples were research purity and used without further purification. The purities of all 

liquid and gas samples were checked by the mass spectrometer before using. 

4.3 Results and Discussion 

4.3.1 Furfural Reaction on Hydrogen Pre-dosed Cu(111) and Ni/Cu(111) 

Surfaces 

Figure 4.1 displays the TPD spectra of 4 L furfural on hydrogen pre-dosed 

Cu(111) (H/Cu(111)) and Ni/Cu(111) (H/Ni/Cu(111)) surfaces. The coverage of the 

pre-dosed hydrogen on Ni/Cu(111) was determined to be 0.5 ML by a separate TPD 

experiment of H2 on Ni/Cu(111). Cu(111) was not able to dissociate H2 based on the 

TPD experiment of H2 on Cu(111). For fair comparison, the Cu(111) was exposed to 

the same amount of H2 as Ni/Cu(111) before dosing furfural, and the surface after 

exposing to H2 was noted as H/Cu(111). 
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Figure 4.1  TPD of 4 L furfural on H2 pre-dosed (a) Cu(111) and (b) Ni/Cu(111) 

surfaces 

On both surfaces, the multilayer desorption of furfural was observed at around 

222 K. On H/Cu(111), the monolayer desorption of furfural was detected at around 

382 K; a decarbonylation pathway was indicated by the concurrent furan and CO 

desorption at around 479 K. On the other hand, the monolayer desorption of furfural 

was not observed on Ni/Cu(111); a reforming pathway was indicated by the 

desorption of H2 and CO at around 379 K and a hydrodeoxygenation (HDO) pathway 

was revealed by the desorption of 2-methylfuran at around 310 K. The desorption of 

2-methylfuran from H/Ni/Cu(111) was determined to be reaction-limited, namely 2-

methylfuran desorbed from the surface immediately after formation, because a 

separate TPD experiment of 2-methlfuran on H/Ni/Cu(111) showed that 2-

methlyfuran molecularly desorbed at 204 K and 262 K. The pathways of furfural 

reaction are summarized in equation (4.1-4.3) as follows: 

COOHCOHC  44245   Furan Production (Decarbonylation)  (4.1) 

2)(245 232 HCCOOHC ad    Reforming  (4.2) 

)(65

2

245 ad

H OOHCOHC    2-methylfuran Production (HDO)  (4.3) 

Table 4.1 summarizes the TPD quantification results of furfural reaction on 

H/Cu(111) and H/Ni/Cu(111). The TPD quantification was accomplished by 

performing a combination of TPD and AES experiments of furan on Cu(111). A 

separate TPD experiment of furan on Cu(111) demonstrated that Cu(111) was not able 

to dissociate furan. Sexton et al. reported that furan did not dissociate on Cu(100).
192
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The sub-monolayer desorption of furan from the Cu(111) surface was detected at 

around 166 K and 193 K. The corresponding surface coverage for the sub-monolayer 

desorption peak area of furan was measured by AES at 166 K. The surface coverage 

of other products (such as 2-methylfuran, H2 and CO) was calculated by comparing 

the peak area of each molecule with the sub-monolayer desorption peak area of furan 

and scaling by the ionization probability factors of furan and these molecules.  

Table 4.1  TPD quantification of furfural reactions 

Surface  
Activity (molecules per metal atom)  

2-Methylfuran   Furan  Hydrocarbon  Reforming  Total  

H/Cu(111)  0 0.002 0 0 0.002 

H/Ni/Cu(111)  0.001 0 0 0.031 0.032 

H/Ni(111)  0 0 0.003 0.108 0.111 

H/Cu/Ni(111)  0.003  0 0.044 0.009 0.056 

 

Based on the quantification results, decarbonylation to produce furan and CO was 

the dominant pathway of furfural reaction on H/Cu(111); reforming to produce syngas 

(H2 and CO) and HDO to produce 2-methylfuran were the two major pathways of 

furfural reaction on H/Ni/Cu(111). The addition of Ni significantly changed the 

selectivity of furfural reaction on H/Cu(111) and introduced a desired pathway to 

produce 2-methylfuran via HDO. 

 The adsorption configurations and reaction intermediates of furfural on 

H/Cu(111) and H/Ni/Cu(111) were investigated by HREELS experiments as shown in 

Figure 4.2. On H/Cu(111), the generally similar peak positions between the 120 K 

spectrum and Raman spectrum of liquid furfural
180

 suggested that furfural molecularly 
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adsorbed onto the surface at 120 K. At 230 K, the intensity of all peaks decreased, 

consistent with the TPD results in Figure 4.1 showing that furfural molecularly desorb 

at 222 K. The broadening of the peak at 1644 cm
-1

 compared with that at 120 K 

suggested the formation of an η
1
(O) bonded furfural at this temperature. At 300 K, 

relative intensities among the peaks significantly changed, suggesting a possible 

change of the adsorption geometry of the molecule. The peak at 1644 cm
-1

 

disappeared while a small shoulder and a small peak emerged at 1564 cm
-1 

and 436 

cm
-1

, respectively, indicating the formation of an η
2
(C,O) bonded furfural. The peak at 

3067 cm
-1

 attenuated at 400 K and disappeared at 500 K, and all other peaks 

attenuated at 500 K, consistent with furan desorption between 400 K and 500 K as 

shown in Figure 4.1. 

 

 

Figure 4.2  HREELS of 4 L furfural on H2 pre-dosed (a) Cu(111) and (b) Ni/Cu(111) 

surfaces 
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On H/Ni/Cu(111), furfural molecularly adsorbed onto the surface at 120 K. At 

230 K, the intensity of all peaks decreased, consistent with the TPD results in Figure 

4.1 showing that furfural molecularly desorbed at around 228 cm
-1

; the peak at 1664 

cm
-1

 shifted to 1584 cm
-1

, indicating the formation of an η
2
(C,O) adsorbed furfural. 

The new peaks at 1819 cm
-1

 and 2034 cm
-1

 were assigned to CO from the UHV 

background which could adsorb onto the surface during the HREELS scan. At 300 K, 

all peaks attenuated, consistent with the desorption of 2-methylfuran around this 

temperature as shown in Figure 4.1. The continuous attenuation of all peaks from 400 

K to 500 K is consistent with the desorption of H2 and CO between 300 K and 450 K. 

The peak emerging at 510 cm
-1

 could be assigned to ν(Ni-C). At 500 K, only the ν(Ni-

C) peak and weak features at 745 cm
-1

 and 2987 cm
-1

 remained, indicating the surface 

was covered with some hydrocarbon fragments. 

Table 4.2  Vibrational Mode Assignment of Furfural 

Mode 
Frequency (cm

-1
) 

Raman
[a]

 H/Cu(111) 

τ (ring) 
 

570 

ω (CH) 
 

765 

δ (ring) 
  

ν (CO) 930 
 

χ (CH) 950 
 

ν (CO) 1025 1000 

δb (O-C-H) 1157 
 

ρ (CH) 
  

δb (O-C-H) 1370 
 

ν (CC) 1395 
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ν (C=C)  1466 1423 

ν (C=C) 1555, 1570 
 

ν (C=O) 1684 1644 

ν (CH) 
 

2866 

ν (CH) 3153 3067 

τ – torsion, ω - wagging, δ - deformation, ν – symmetric stretching,  

χ – scissoring, δb – bending, ρ - rocking 

[a] Reference 180
 

4.3.2 Furfuryl Alcohol Reaction on Hydrogen Pre-dosed Cu(111) and 

Ni/Cu(111) Surfaces 

Figure 4.3 displays the TPD spectra of 4 L furfuryl alcohol on H/Cu(111) and 

H/Ni/Cu(111) surfaces. The multilayer desorption of furfuryl alcohol was observed at 

243 K on both surfaces. On H/Cu(111), H2 and furfural were produced at around 350 

K and 368 K, indicating a dehydrogenation pathway of furfuryl alcohol. On 

H/Ni/Cu(111), a similar dehydrogenation pathway was observed as indicated by the 

desorption of furfural at around 382 K and of H2 between 350 K and 550 K. In 

addition, the production of CO at around 323 K and 430 K indicated a reforming 

pathway while the production of 2-methylfuran at around 341 K suggested an HDO 

pathway. Both CO desorption peaks were determined to be reaction-limited as CO 

desorbed below 200 K in a separate TPD experiment of molecularly adsorbed CO on 

Ni/Cu(111) (not shown). The desorption peak of 2-methlyfuran from the reaction of 

furfuryl alcohol was broader than that from the reaction of furfural and appeared to 

include two peaks at 303 K and 341 K. The aforementioned pathways of furfuryl 

alcohol reaction are summarized in equations (4-6): 

)(65265 adOOHCOHC   2-methylfuran Production (HDO)  (4.4) 

2245265 HOHCOHC   Furfural Production (Dehydrogenation)  (4.5) 
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)(2265 332 adCHCOOHC   Reforming  (4.6) 

 

 

Figure 4.3  TPD of 4 L furfuryl alcohol on H2 pre-dosed (a) Cu(111) and (b) 

Ni/Cu(111) surfaces 

The TPD quantification results are summarized in Table 4.3 using a similar 

method as that for furfural reaction. On H/Cu(111), dehydrogenation to produce 

furfural was the dominant pathway. On H/Ni/Cu(111), the dehydrogenation pathway 

was suppressed while HDO to produce 2-methylfuran and reforming to produce CO 

and H2 were observed as two major pathways. The HDO pathway of furfuryl alcohol 

had a slightly larger activity compared to that of furfural.  
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Table 4.3  TPD quantification of furfuryl alcohol reactions 

Surface  
Activity (molecules per metal atom)  

2-methylfuran   Furfural  Reforming  Total  

H/Cu(111)  0 0.006 0 0.006 

H/Ni/Cu(111)  0.002  0.001  0.045 0.048 

 

HREELS results of 4 L furfuryl alcohol on H/Cu(111) and H/Ni/Cu(111) were 

shown in Figure 4.4. On H/Cu(111) at 120 K, furfuryl alcohol molecularly adsorbed 

onto the surface, as indicated by the general similarity of the 120 K spectrum to that of 

the Raman spectrum of liquid phase furfuryl alcohol
180

 and a ν(OH) peak at around 

3335 cm
-1

. H2O from the sample also adsorbed onto the surface along with furfuryl 

alcohol, as indicated by the δ(HOH) and ν(HOH) peak at 1724 cm
-1

 and 3423 cm
-1

 

respectively. At 230 K, the ν(OH) peak at 3335 cm
-1

 disappeared, indicating the 

cleavage of the O-H bond of furfuryl alcohol. At the same time, the the δ(HOH) and 

ν(HOH) peak of H2O disappeared, consistent with the multilayer desorption of H2O at 

around 160 K. A distinct peak appeared at 966 cm
-1

, which could be assigned to the 

ν(CO) of the C-O bond in the branch group.
180

 Furfuryl alcohol most likely bonded to 

the surface through an η
1
(O) configuration because of the lack of features in the 1500 

cm
-1

 regime which is typical for an η
2
(C,O) configuration. The spectrum remained 

similar up to 300 K. At 400 K and 500 K, all peaks attenuated, consistent with the 

furfural desorption between 300 K and 400 K. 
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Figure 4.4  HREELS of 4 L furfuryl alcohol on H2 pre-dosed (a) Cu(111) and (b) 

Ni/Cu(111) surfaces 

 On H/Ni/Cu(111) at 120 K, furfuryl alcohol and H2O molecularly adsorbed onto 

the surface similar to that on H/Cu(111). At 230 K, the spectrum became more noisy, 

consistent with the multilayer desorption of furfuryl alcohol around this temperature. 

The O-H bond of furfuryl alcohol was cleaved at this temperature, as indicated by the 

absence of the ν(OH) peak at 3316 cm
-1

. The disappearance of the the δ(HOH) and 

ν(HOH) peak of H2O at 1732 cm
-1

 and 3423 cm
-1

 is consistent with the multilayer 

desorption of H2O at around 160 K. The new peak at around 1832 cm
-1

 could be 

assigned to the ν(CO) of CO on the surface. The CO was most likely from the 

chamber background during the HREELS scan other than from the decomposition of 

furfuryl alcohol because CO would molecularly desorb from the surface below 200 K. 

Furfuryl alcohol adsorbed onto the surface through an η
2
(C,O) configuration, indicated 
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by the long tail of the peak at 1409 cm
-1

 which extended to the 1500 cm
-1

 region. The 

spectrum remained unchanged up to 300 K. At 400 K, all peaks attenuated, consistent 

with the desorption of CO, 2-methylfuran and furfural between 300 K and 400 K.  

Table 4.4  Vibrational Mode Assignment of Furfuryl Alcohol 

Mode 
Frequency (cm

-1
) 

Raman
[a]

 H/Cu(111) 

τ (ring) 
 

577 

ω (CH) 
 

758 

δ (ring) 
  

ν (CO) 1012 966 

ν (CO) 1078 
 

ν (CC) 1222 
 

ν (CC) 1384 
 

χ (CH2) 1462 1416 

ν (C=C)  1504, 1597 
 

ν (CH) 2878, 2938 2892 

ν (CH) 3123, 3151 3175 

ν (OH) 
 

3335 

τ – torsion, ω - wagging, δ - deformation, ν – symmetric stretching,  

χ – scissoring, δb – bending, ρ - rocking 

[a] Reference 180 
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4.3.3 2-methylfuran Reaction on Hydrogen Pre-dosed Ni/Cu(111) Surface 

Because 2-methylfuran is the desired HDO product from the reaction of furfural, 

the reaction of 2-methylfuran reaction was investigated on the H/Ni/Cu(111) surface. 

Figure 4.5 displays the TPD spectra of 4 L 2-methylfuran on H/Ni/Cu(111). The 

multilayer desorption of 2-methylfuran was observed at around 150 K while the 

monolayer desorption of 2-methylfuran was detected at 204 K and 262 K. A reforming 

pathway was observed beyond 300 K, as indicated by the production of CO and H2 

between 300 K and 500 K. The TPD quantification results showed that the reforming 

activity of 2-methylfuran on H/Ni/Cu(111) was 0.080 molecules per metal atom, much 

larger than the reforming activity of furfural (0.031) and furfuryl alcohol (0.045). This 

could partially explain the relatively low activity of HDO pathway of furfural and 

furfuryl alcohol on H/Ni/Cu(111). Most of the produced 2-methylfuran molecules 

from the HDO of furfural and furfuryl alcohol could further decompose to produce CO 

and H2 instead of molecularly desorbing. 
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Figure 4.5  TPD of 4 L 2-methylfuran on H2 pre-dosed Ni/Cu(111) surface 

HREEL spectra of 4 L 2-methylfuran on H/Ni/Cu(111) are shown in Figure 4.6. 

At 120 K, 2-methylfuran adsorbed onto the surface as indicated by peak features at 
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portion of 2-methylfuran started to decompose through ring-opening at this 
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 and 1403 cm
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 attenuated, consistent with 

the multilayer desorption of 2-methlyfuran around this temperature. The enhanced 

intensity of the peak at 1779 cm
-1

 indicated that more 2-methylfuran started to 

decompose. The new peak at 1967 cm
-1

 could be assigned to the ν (CO) of CO 
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occupying the bridge site. The CO was most likely from the UHV background during 

HREELS scan. At 230 K, the disappearance of the peaks at 725 cm
-1

 and 3060 cm
-1

 

indicated the decomposition of the remained 2-methylfuran. The new peaks at 1866 

cm
-1

 and 2034 cm
-1

 could be assigned to the ν (CO) of CO occupying the atop and 

hollow site respectively. At 300 K and 400 K, all peaks continued to attenuated, 

consistent with CO and H2 desorption between 300 K and 500 K. The new peak 

emerging at 550 cm
-1

 at 400 K could be assigned to the ν (Ni-C).  

 

 

Figure 4.6  HREELS of 4 L 2-methylfuran on H2 pre-dosed Ni/Cu(111) surface 
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4.3.4 Furfural Reaction on Hydrogen Pre-dosed Ni(111), Cu/Ni(111) Surfaces 

Figure 4.7 displays the TPD spectra of 4 L furfural on H2-predosed Ni(111) and 

Cu/Ni(111) surfaces (H/Ni(111) and H/Cu/Ni(111)). The coverage of the pre-dosed H 

was determined to be 0.5 ML by performing separate TPD experiments of H2 on 

Ni(111). As shown in Figure 4.7(a), on Ni(111) after multilayer desorption of furfural, 

propylene was produced at 272 K and 321 K, indicating a propylene production 

pathway. In addition, H2 and CO were produced between 300 K and 500 K, indicating 

a reforming pathway. On the other hand, on Cu/Ni(111), an HDO pathway was 

observed by detecting 2-methylfuran production at around 309 K. The detection of 

ethylene at around 426 K suggested an ethylene production pathway from the 

decomposition of the furan ring. The production of H2 and CO revealed a reforming 

pathway. The propylene and ethylene production pathway are summarized in equation 

(4.7-4.8): 

COHCOHC H 263

2

245    (Propylene Production) (4.7) 

COHCCOHC ad 242)(245    (Ethylene Production) (4.8) 
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Figure 4.7  TPD of 4 furfural on H2 pre-dosed (a) Ni(111) and (b) Cu/Ni(111) surfaces 

The TPD quantification of furfural reaction on H/Ni(111) and H/Cu/Ni(111) was 

accomplished by performing a separate TPD experiment of CO on Ni(111). The 

saturation coverage of CO on Ni(111) was reported in literature.
175

 The coverage of 

the products was calculated by comparing the peak areas of the products with the 

saturated peak area of CO on Ni(111) and calibrating by the ionization probability 

factors. The quantification results are summarized in Table 4.1. The propylene 

production pathway on H/Ni(111) and the ethylene production pathway on 

H/Cu/Ni(111) were named hydrocarbon production pathway in the table. The results 

suggested that reforming to produce H2 and CO was the dominant pathway of furfural 

reaction on H/Ni(111) while the ethylene production pathway was dominant on 

H/Cu/Ni(111). Noticeably, the HDO pathway on H/Cu/Ni(111) has a similar activity 
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(0.003 molecules per metal atom) as that on H/Ni/Cu(111) (0.001 molecules per metal 

atom). 

4.3.5 Furans Reaction on Hydrogen Pre-dosed Cu(111) and Ni/Cu(111) 

Surfaces 

For furfural reaction, furfural bonded onto H/Cu(111) and H/Ni/Cu(111) via the 

carbonyl group through an η
1
(O) and η

2
(C,O) configuration, respectively. The 

selective decarbonylation to produce furan occurred on H/Cu(111) while the HDO and 

reforming pathways occurred on H/Ni/Cu(111). Clearly, the η
2
(C,O) configuration is 

more favorable for the HDO of furfural, consistent with previous results on 

Mo2C
184,185

. In addition, the ability to dissociate H2 should also play a role in 

determining the reaction pathways of furfural on these surfaces. As discussed in 

section 4.3.1, Cu(111) cannot dissociate H2 while the HDO of furfural requires 

additional hydrogen to participate in the reaction. The lack of hydrogen on the surface 

could be responsible for the absence of the HDO pathway on Cu(111). On the other 

hand, the addition of Ni also introduced a significant reforming pathway to produce H2 

and CO while the reforming pathway was not observed on Cu(111). The emerging of 

the reforming pathway could be associated with the enhanced interaction with the 

furan ring by the addition of Ni. Table 4.5 summarizes the binding energy and 

adsorption configuration results from the DFT calculations of furfural and furfuryl 

alcohol on Cu(111) and Ni/Cu(111) surfaces. On Cu(111), both furfural and furfuryl 

alcohol adsorbed through an η
1
(O) configuration with the ring nearly perpendicular to 

the surface. In contrast, on Ni/Cu(111), both furfural and furfuryl alcohol adsorbed 

through a configuration with the ring nearly parallel to the surface. The more parallel 
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adsorption geometry on Ni/Cu(111) enhanced the interaction between the ring and the 

metal surface, introducing a new reforming pathway which was not seen on Cu(111). 

Table 4.5  DFT Calculations of Furfural and Furfuryl Alcohol 

Molecules Surface Binding energy / eV Adsorption configuration 

Furfural 
Cu(111) 0.26 η

1
(O), ring perpendicular 

Ni/Cu(111) 1.25 η
2
(C,O), ring parallel 

Furfuryl 

Alcohol 

Cu(111) 0.24 η
1
(O), ring perpendicular 

Ni/Cu(111) 1.01  ring parallel 

 

For furfuryl alcohol reaction, the O-H bond was cleaved below 230 K on both 

H/Cu(111) and H/Ni/Cu(111) surfaces as indicated by the HREELS results. On 

H/Cu(111), furfuryl alcohol adsorbed onto the surface via the oxygen atom in the 

carbonyl group through a η
1
(O) configuration. The η

2
(C,O) configuration was 

eliminated by observing the lack of a characteristic peak feature at around 1500 cm
-1

. 

The η
1
(O) configuration led to the selective dehydrogenation of furfuryl alcohol to 

produce furfural. On the other hand, furfuryl alcohol most likely adsorbed onto 

H/Ni/Cu(111) via a  η
2
(C,O) configuration. The η

2
(C,O)-furfuryl alcohol led to a new 

HDO pathway to produce 2-methylfuran while the dehydrogenation pathway was 

significantly suppressed. The emerging reforming pathway to produce H2 and CO 

could also be associated with the enhanced interaction with the furan ring by the 

addition of Ni, as indicated by the more parallel adsorption geometry for the ring of 

furfuryl alcohol on Ni/Cu(111) as compared with that on Cu(111). 
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4.4 Conclusions 

The reaction pathways of furfural and furfuryl alcohol on Cu(111) and NiCu 

bimetallic surfaces were investigated using TPD and HREELS. The emerging HDO 

pathway of furfural and furfuryl alcohol on the NiCu bimetallic surfaces were 

explained by the different adsorption configurations compared with those on Cu(111). 

For example, furfural adsorbed onto Cu(111) and Ni/Cu(111) through an η
1
(O) and 

η
2
(C,O) configuration, respectively, and the η

2
(C,O) configuration led to the HDO 

pathway. In addition, the ability to dissociate H2 could also play a role in determining 

the reaction pathways. These studies provide important mechanistic insights into the 

effects of the bimetallic formation for the HDO of furfural. 
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Chapter 5 

SELECTIVE DEOXYGENATION OF C3 ALDEHYDES AND ALCOHOLS ON 

MOLYBDENUM CARBIDE SURFACE 

5.1 Introduction 

The development of selective catalysts for deoxygenating aldehydes and alcohols 

has been the subject of many recent investigations in biomass conversion. Aldehydes 

and alcohols account for up to 25 wt% of bio-oil which is obtained from the fast 

pyrolysis of raw biomass.
2
 These high oxygen contents in bio-oils require 

deoxygenation before being utilized. The desired deoxygenation catalysts should show 

high C=O/C-O bond scission selectivity compared to C-C bond scission to retain the 

carbon chain and to reduce CO/CO2 production which usually comes along with the 

traditional decarbonylation/decarboxylation pathway
40

. Due to the complexity of bio-

oil, studying small model molecules should be an efficient way of guiding catalyst 

design. C3 aldehydes and alcohols (including propanal, 1-propanol, acetone and 2-

propanol) are excellent probe molecules due to their simple molecular structure and 

high vapor pressure which are suitable for collecting mechanistic information by 

performing surface science studies.  

Direct C=O bond scission of propanal and acetone was rarely reported on 

transitional metal surfaces. Decarbonylation of propanal to produce CO, H2 and C2 

hydrocarbons were dominant on Pd(111)
193

, Rh(111)
194

 and Pt(111)
183

. Acyl and 

ketene were observed as important intermediates for the decarbonylation of propanal 
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on surfaces like Pd(111).
193

 Decarbonylation of acetone to produce H2, CO and 

surface carbon was observed on Ru(001)
195

, Pd(111)
196

 and Fe(100)
197

. On the other 

hand, direct C-O bond scission of 1-propanol
198

 and 2-propanol
199

 to produce C3 

hydrocarbons was reported on Mo(110). Selective dehydrogenation of 2-propanol to 

produce acetone occurred on surfaces such as Ir(111)
200

, Pd(111)
201

, Fe(100)
202

 and 

Co/Mo(110)
199

.  

Transitional metal carbides, especially tungsten carbide (WC) and molybdenum 

carbide (Mo2C), are emerging materials with application in heterogeneous 

catalysis
16,20,203

 and electrocatalysis
16

 due to their unique catalytic properties and low 

cost compared to precious metals. Recent investigations of small oxygenates on WC 

and Mo2C surfaces indicated that these carbide materials could be promising for 

deoxygenation reactions. For example, the selective C-O/C=O bond scission to make 

C2 hydrocarbons were observed for the reactions of ethanol and glycol aldehyde on 

WC
30,204

 and Mo2C surfaces
33,51

. However, in synthesizing WC and Mo2C catalyst 

particles, it was found that WC had a much lower surface area due to higher 

temperatures required  synthesis 
39

 and were less stable in the deoxygenation 

reactions
205

 than Mo2C. Therefore, the current study was focused on the understanding 

of deoxygenation pathways of C3 aldehydes and alcohols on Mo2C using temperature 

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

(HREELS). HREELS helped identify potential reaction intermediates and provided 

mechanistic insights into these reactions. Comparison between C3 aldehydes and 

alcohols revealed whether and how the C-O and C=O bond scission was different on 

the Mo2C surface.  
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5.2 Materials and Methods 

5.2.1 Materials Preparation 

A Mo(110) single crystal was purchased from Princeton Scientific Corp. with a 

purity of 99.999%. The crystal was 1.5 mm thick and with a diameter of 12.0 mm. 

Two tantalum posts were used to hold the Mo(110) single crystal and served as 

contacts for resistant heating and liquid nitrogen cooling. A K-type thermocouple was 

spot welded to the back of the crystal and used to measure the temperature. The 

temperature of the Mo(110) crystal can be varied between 90 K and 1150 K. Ne
+
 

sputtering and annealing were used to clean the Mo(110) surface until negligible 

amounts of C and O were detected by Auger electron spectroscopy (AES, Physical 

Electronics Inc., Model Phi 10-155A).  

Detailed procedures for preparing the Mo2C surface can be found in a previous 

paper
206

. Briefly, proper amounts of ethylene were dosed onto the Mo(110) surface at 

600 K, followed by annealing to 1150 K to induce the diffusion of carbon into the 

interstitial sites of Mo(110) to make the Mo2C surface. The procedure was repeated 

several times until a 0.4~0.6 atomic ratio of C/Mo was reached, representing a model 

Mo2C/Mo(110) surface
206

.      

All liquid samples, propanal, 1-propanol, acetone and 2-propanol were purchased 

from Sigma-Aldrich with a purity of 99%. They were transferred into glass sample 

cylinders and purified using several freeze-pump-thaw cycles. Gases including 

hydrogen, oxygen, neon, propene and carbon monoxide (purchased from Keen Gas 

Inc.) were research purity and used without further purification. The purity of all the 

chemicals was checked using the mass spectrometry before experiments.  
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5.2.2 TPD and HREELS Techniques 

TPD and HREELS experiments were conducted in two separate ultra high 

vacuum (UHV) chambers with a base pressure of around 7 × 10
-10

 Torr. During TPD 

experiments, the Mo(110) single crystal and the adsorbates were heated at a linear rate 

of 3 K/s. The gas phase products were identified by a quadrupole mass spectrometer 

(QMS, UTi Instruments Inc., Model 100C). The HREEL spectrometer (LK 

Technologies Inc., Model ELS3000) was housed at the bottom level in a three-level 

UHV chamber. The HREELS scans were collected after annealing the sample surface 

to certain temperatures and cooling down to below 130 K. The intensity of the elastic 

peak was used to normalize all the HREEL spectra. 

 

5.3 Results and Discussion 

5.3.1 TPD of Propanal and 1-propanol  

Figure 5.1 displays the TPD spectra after exposing 4 L (1 L = 1 × 10
-6

 Torr·s) 

propanal (red spectra) and 4 L 1-propanol (blue spectra) onto Mo2C at 100 K. The 

exposure of 4 L corresponds to the near saturation coverage of the first monolayer of 

adsorbed propanal and 1-propanol.  For the reaction of propanal, H2, 1-propanol and 

propene were the major gas-phase products. Selective C=O bond scission 

(deoxygenation) was revealed to be a major reaction pathway by the detection of 

propene, which commenced at 300 K, reached a maximum rate at 403 K and 

diminished at 480 K. Accumulated oxygen was detected on the Mo2C surface after 

reaction by AES. The C=O bond hydrogenation was another pathway as indicated by 

the detection of 1-propanol between 280 K and 400 K. Propene and 1-propanol were 
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both produced between 300 K and 400 K, indicating that C=O bond scission and 

hydrogenation could be competing reactions within this temperature range. Finally, a 

non-selective decomposition pathway was indicated by H2 production and increased 

amount of surface carbon after reaction. Overall, the three proposed reaction pathways 

of propanal on Mo2C based on TPD and AES results are summarized as follows: 

adOHCCHOCHCH  6323   Deoxygenation (5.1) 

OHCHCHCHCHOCHCH H

223

2

23    Hydrogenation (5.2) 

223 33 HOCCHOCHCH adad    Complete Decomposition (5.3) 

The reaction pathways of propanal on the Mo2C surface, especially the 

deoxygenation pathway, are very different from those on transition metal surfaces 

such as Rh(111)
194

, Pd(111)
193

, Pd(110)
207

 and Pt(111)
183

. Decarbonylation to produce 

H2, CO and C2 hydrocarbons are the dominant pathways on these metal surfaces. 
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Figure 5.1  TPD spectra of 4 L propanal (red) and 4 L 1-propanol (blue) on Mo2C 

The TPD quantification results for the reaction of propanal are summarized in 

Table 5.1. The H2 and CO coverage were calibrated by performing the TPD of 

methanol and comparing the amounts of H2 and CO per surface site produced from 

methanol decomposition with those reported on Mo2C in a previous paper
77

. The 

yields of other products, including 1-propanol and propene, were calculated by 

comparison with CO using mass spectrometer ionization factors, following similar 

procedures as reported previously
208

. Based on the quantification results (Table 5.1), 

deoxygenation was shown to be the dominant reaction pathway on Mo2C with a 

selectivity of 67%, demonstrating a high C=O scission selectivity in the reaction of 

propanal. The hydrogenation was a minor reaction pathway with a selectivity of less 

than 5%. The non-selective decomposition pathway accounted for around 30%. 

Table 5.1  TPD Quantification of 4 L Propanal and 1-propanol on Mo2C 
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decomposition 

Activity* 0.041 0.003 0.017 0.061 

Selectivity  67%  5%  28% - 

For 1-propanol Deoxygenation Dehydrogenation Reforming Total 

Activity* 0.031 0.034 0.013 0.078 

Selectivity  40%  43%  17% - 

* Molecules per metal atom 

 

For the reaction of 1-propanol, H2, CO, propanal and propene were the major gas-

phase products. Following the same procedure for propanal reaction, the reaction 

pathways of 1-proponol were proposed as following and quantified as shown in Table 

1. 

            
 
               Deoxygenation (5.4) 

            
 
                  Dehydrogenation (5.5) 

            
 
               Reforming (5.6) 

  The selective C-O bond scission (deoxygenation) was one of the dominant 

reaction pathways with a selectivity of 40%. Propene was produced between 300 K 

and 480 K, similar to that from propanal reaction. The similar peak shape and 

temperature range for propene production from both propanal and 1-propanol 

suggested that the deoxygenation of these two molecules went through a similar 

intermediate. Similarly, accumulated surface oxygen was detected by AES after 

reaction. The selective C-O bond scission pathway is consistent with previous studies 

of ethanol
33

 on the Mo2C surface. In contrast, selective C-O bond scission for 1-

propanol was rarely seen on transition metal surfaces
183,194,201,209

 except on 

Mo(110)
198

.  
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The dehydrogenation was another significant reaction pathway with a selectivity 

of 43%. Propanal was produced within a narrow temperature range between 310 K 

and 400 K. The deoxygenation and dehydrogenation were competing reactions at this 

temperature range. There was also a reforming pathway to produce CO, H2 and 

surface carbon, which accounted for 17% selectivity. 

5.3.2 HREELS of Propanal and 1-propanol 

The HREELS measurements of propanal and 1-propanol were performed on 

Mo2C in order to identify surface reaction intermediates. Figures 5.2(a) and (b) display 

the HREELS spectrum after exposing 4 L propanal and 4 L 1-propanol, respectively, 

onto Mo2C at 100 K and then annealing to various temperatures. The vibrational mode 

assignments of propanal and 1-propanol were accomplished by comparing with the 

literature and are summarized in Tables 5.2 and 5.3, respectively. 

Table 5.2  Vibrational Mode Assignment of Propanal 

Mode 
Frequency (cm

-1
) 

Liquid
[a]

 Mo2C (100 K) 

ν(CH3) 2966 2943 

ν(CH2) 2909 
 

ν(C=O) 1730 1711 

δ(CH2) 1458 1448 

δ(CH3) 1418 1448 

νa(CCC) 1092, 1120 1096 

ρ(CH3) 898 879, 981 

δ(CCO) 660 663 

ν - stretching, δ - deformation or bending, νa - asymmetric stretching, ρ - rocking  

[a] Reference 210 
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For propanal, the 100 K spectrum showed peaks for δ(CCO) (663 cm
-1

), νa(CCC) 

(1096 cm
-1

), δ(CH2) (1448 cm
-1

), δ(CH3) (1448 cm
-1

), ν(C=O) (1711 cm
-1

) and ν(CH3) 

(2943 cm
-1

). These peaks are similar with those in the IR spectrum of liquid-phase 

propanal
210

, indicating the presence of molecularly adsorbed propanal on Mo2C at 100 

K.  At 200 K, the peaks associated with the C=O bond at 663 cm
-1

 and 1711 cm
-1

 

disappeared, indicating enhanced interaction between the C=O bond and Mo2C. At 

300 K, a broad peak emerged at around 1042 cm
-1

 with a shoulder at around 886 cm
-1

. 

By comparison with the 1-propanol HREELS spectra as discussed below, the new 

feature at 1042 cm
-1

 could be assigned to ν(CO) while the shoulder at 886 cm
-1

 could 

be assigned to ν(CC) though ρ(CH3) may also contribute to these features. The 

observation of ν(CO) indicates the bond order change for the C=O bond of propanal 

due to the increased interaction with Mo2C surface at temperature below 300 K. It is 

difficult to determine if propanal adsorbed through an alkoxide (
1 (O)) or an 

2 (C,O) 

intermediate because their HREELS spectra are expected to be very similar, although 

an 
2 (C,O)-adsorbed propanal was commonly proposed on transition metal surfaces 

such as Pd(111)
193

 and Rh(111)
194

. The C-O bond of the adsorbed propanal species 

could begin to cleave at around 300 K, as indicated by propene desorption starting at 

300 K in TPD. At 400 K, all the peaks attenuated, consistent with continuous 

desorption of propene between 300 K and 480 K from TPD. At 500 K, only peaks 

associated with the CHx (x<4) fragments remained on the surface. 
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Figure 5.2  HREELS spectra of 4 L propanal (a) and 4 L 1-propanol (b) on Mo2C after 

annealing to various temperatures; (c) comparing HREELS spectra of 

propanal and 1-propanol at 300 K 

For 1-propanol, the 100 K spectrum represents a molecularly adsorbed 1-propanol 

as indicated by the peak associated with ν(OH) at 3220 cm
-1

, which became more 
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evident in the HREELS spectrum of higher exposure of 1-propanol (not shown here). 

As shown in Table 5.3, the vibrational features are generally comparable with those in 

the IR spectra of gas-phase 1-propanol
198

 and HREELS spectra of molecularly 

adsorbed 1-propanol on other surfaces
194,209

, confirming the presence of molecularly 

adsorbed 1-propanol on Mo2C at 100 K. At 200 K a propoxide surface intermediate, 

from the O-H bond cleavage of 1-propanol, was produced, as indicated by the 

disappearance of the ν(OH) peak at 3220 cm
-1

. At 300 K, a similar surface 

intermediate was formed compared to that from propanal reaction, as suggested by the 

similarity between the 300 K spectrum of propanal and 1-propanol shown in Figure 

5.2(c). It is difficult to conclusively distinguish between alkoxide (
1 (O)) or 

2 (C,O)-

adsorbed propanal for this intermediate. The observation of a similar surface 

intermediate formed form propanal and 1-propanol reaction is consistent with TPD 

results (Figure 5.1) of similar propene peak shapes and desorption temperatures from 

the reaction of these two molecules.  

Table 5.3  Vibrational Mode Assignment of 1-propanol 

Mode 
 Frequency (cm

-1
) 

Gas
[a]

 Mo(110)
[a]

 Mo2C (100 K) 

ν(OH) 3667 3190 3220 

ν(CH3), ν(CH2) 2952 2930 2929 

δ(CH2)  
 1441 

δ(CH3) 1462, 1390 1450, 1380 1441 

δ(OH) 1226  
 

ν(CO) 1064 1060 1076 

ρ(CH3) 970  1076, 886 

ν(CC) 893 890 886 

γ(CH2)  
730 751 

δ(CCC) 
 

470 474 
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δ(CCO) 
 

470 474 

γ - scissoring
 

[a] Reference 198 

5.3.3 TPD of Acetone and 2-propanol  

TPD spectra of 4 L acetone (black spectra) and 4 L 2-propanol (red spectra) on 

Mo2C are shown in Figure 5.3. For the reaction of acetone on Mo2C, the major 

products included H2, CO and propene. H2 was detected at around 357 K; CO was 

detected at around 317 K and propene was detected at around 407 K. The co-

production of H2 and CO suggested a reforming pathway while the production of 

propene indicated a HDO pathway. 2-propanol was not detected in the TPD of acetone 

on Mo2C, indicating the lack of a pathway for the selective hydrogenation of the C=O 

bond. 
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Figure 5.3 TPD spectra of 4 L acetone (black) and 4 L 2-propanol (red) on Mo2C 

For the reaction of 2-propanol on Mo2C, the major products included H2, CO, 

propene and acetone. H2 was produced at around 406 K; CO was produced at around 

323 K; propene was produced 402 K and acetone was produced at around 388 K. A 

reforming pathway was suggested by the co-production of H2 and CO while a HDO 

pathway was revealed by the production of propene. The detection of acetone 

indicated an additional selective dehydrogenation pathway for the reaction of 2-

propanol on Mo2C. Based on the TPD results of acetone and 2-propanol, Mo2C is also 

active for the HDO of secondary C3 aldehyde and alcohol to produce propene. 

However, the selective hydrogenation of secondary aldehyde to alcohol was not 

favored on the Mo2C surface.  
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5.3.4  HREELS of 2-propanol 

 

 

Figure 5.4  HREELS spectra of adsorbed 2-propanol on Mo2C 

HREELS of 4 L 2-propanol on Mo2C was performed to investigate the involved 

intermediates for the reaction of 2-propanol as shown in Figure 5.4. At 100 K, 2-

propanol molecularly adsorbed onto the surface as indicated by the similar peak 

positions between the 100 K spectrum and the IR spectrum of liquid-phase 2-

propanol
209

 as shown in Table 5.4. The small peak at 1638 cm
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 could be assigned to 

ν(C=O), indicating that a portion of 2-propanol dehydrogenated to form an acetone-

like intermediate. The peak assigned to ν(OH) at 3175 cm
-1

 became difficult to resolve 

at 150 K and disappeared at 200 K, indicating that the O-H bond cleaved below 200 K. 
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suggesting the formation of a 2-propoxide intermediate. At 300 K, most peaks 

attenuated, consistent with the desorption of various reaction products starting at this 

temperature as shown in Figure 5.3. The peaks associated with the carbon chain at 792 

cm
-1

 and 1121 cm
-1

 became much smaller at 300 K, consistent with the C-C bond 

cleavage to produce CO at around 300 K. These small peaks suggested that the 

deoxygenation pathway to produce propene only happened to a small portion of the 

adsorbed 2-propoxide and/or acetone-like intermediate. Acetone also started to desorb 

at around 300 K. The remained peak feature at around 1624 cm
-1

 could be associated 

with H2O adsorption along with the peak features at 3483 cm
-1

 and 3611 cm
-1

.  

Table 5.4  Vibration Mode Assignment of 2-propanol 

Mode 
Frequency (cm

-1
) 

Liquid
[a]

 Mo2C (100 K, 4 L) 

ν(OH) 3650 3175 

ν(CH3) 2976, 2875 2893 

δ(CH3) 1470, 1380 1430 

δ(OH) 1256 n.r. 

νa(MeCMe) 1162 1121 

ρ(CH3) 1130 1121 

ν(CCO) 1069 933 

ρ(CH3) 952 933 

νs(MeCMe) 818 792 

δ(CCC) 486 476 

δ(CCO) 426 476 

[a]  reference 209 
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5.3.5 Deoxygenation of Aldehydes and Alcohols  

The selective C=O/C-O bond scission (deoxygenation) of propanal and 1-

propanol went through a similar surface intermediate as demonstrated by the similar 

HREEL spectra of propanal and 1-propanol at 300 K (Figure 5.2(c)) and also the 

similar propene desorption peaks in TPD (Figure 5.1). The surface intermediate could 

be either a propoxide ( )(1 O ) or an ),(2 OC -adsorbed propanal. Interestingly, this 

surface intermediate could also lead to hydrogenation or dehydrogenation, as indicated 

by the propanal production from 1-propanol and the 1-propanol production from 

propanal right after the formation of this surface intermediate at 300 K. The selective 

C=O (C-O) bond scission and hydrogenation (dehydrogenation) could be competing 

within the temperature range between 300 K and 400 K, while the selective C=O/C-O 

bond scission continued to proceed to higher temperature.  

One interesting difference between the reaction of propanal and 1-propanol was 

that the deoxygenation pathway of propanal had a higher selectivity compared to that 

of 1-propanol. As shown in the TPD quantification results (Table 5.1), the 

deoxygenation selectivity for propanal was around 67% while it decreased to around 

40% for 1-propanol. At the same time, selectivity of the competing reaction increased 

from 5% for propanal (hydrogenation) to 43% for 1-propanol (dehydrogenation). Ren 

et al.
40

 reported the activation barrier calculation for key elementary steps of propanal 

hydrogenation and decomposition on a close-packed Mo2C(0001) surface. It was 

found that the activation barriers for the hydrogenation of either the O or α-C (next to 

O) atom of propanal (around 1.3 eV) were much larger than direct C=O bond scission 

(0.61 eV). Because of the significantly larger activation barrier for hydrogenation, 

more propanal molecules should go through the deoxygenation pathway. The 
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activation barriers for 1-propanol dehydrogenation and decomposition have not been 

calculated over Mo2C(0001), although useful information could be derived from 

WC(0001) because previous studies showed similar reaction pathways for small 

oxygenates on Mo2C and WC surfaces
33,204

. It was reported that the dehydrogenation 

of the O-H and α-C-H bonds of 1-propanol on WC(0001) to make an )O,C(2 -

propanal was energetically favorable with reasonable activation barriers of 0.66 eV 

and 0.88 eV, respectively.
39

 The C-O bond scission of the )O,C(2 -propanal could 

readily happen with a low activation barrier of 0.33 eV.
39

 Assuming that the trend in 

activation barriers observed for 1-propanol dehydrogenation and decomposition on the 

WC surface is similar to those on the Mo2C surface, it is not surprising to observe both 

deoxygenation and dehydrogenation reactions occur on Mo2C during the temperature 

range of 300 ~ 400 K.   

The selective C=O/C-O bond scission of propanal and 1-propanol were rarely 

seen on late transition metal surfaces such as Pd(111)
193,201,209

, Rh(111)
194

 and 

Pt(111)
183

. On these surfaces, decarbonylation through an acyl intermediate was 

dominant for both propanal and 1-propanol. The completely different selectivity 

towards C=O/C-O bond scission on Mo2C could be due to the strong interaction 

between the C=O/C-O bond and the Mo2C surface, as demonstrated in the HREELS 

results. In addition, previous studies suggested that stable α-C-H bond could also be an 

important factor for controlling the C=O/C-O bond scission selectivity
29,198

. The role 

of the stability of α-C-H bond for controlling the C=O/C-O bond of propanal and 1-

propanol requires further investigation. 
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The selective C=O/C-O bond scission (deoxygenation) also occurred for the 

reaction of acetone and 2-propanol on Mo2C. However, the activity of the selective 

deoxygenation seemed to be small, indicated by the much more noisy TPD spectra of 

propene. In addition, different from the reaction of propanal, the reforming to produce 

H2 and CO was an additional pathway for the reaction of acetone. The less selective 

deoxygenation of acetone and 2-propanol compared to that of propanal and 1-propanol 

needs further investigation. On the other hand, the selective hydrogenation of acetone 

to produce 2-propanol did not happen on Mo2C, indicating that it was even harder to 

hydrogenate the C=O bond of acetone compared with that of propanal. 

 

5.4 Conclusions 

In conclusion, the Mo2C surface selectively deoxygenated propanal and 1-

propanol to produce propene. The selective deoxygenation of propanal and 1-propanol 

proceeded through a similar intermediate (propoxide or 
2 (C,O)-propanal). The 

selective deoxygenation of acetone and 2-propanol also occurred on Mo2C. The 

reduced selective deoxygenation activity for acetone and 2-propanol reaction needs 

further investigation.  
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Chapter 6 

SELECTIVELY CONVERTING BIOMASS-DERIVED FURFURAL TO 2-

METHYLFURN USING MOLYBDENUM CARBIDE CATALYSTS 

6.1 Introduction 

As described in Chapter 4, the selective HDO of furfural (Figure 6.1) is an 

important reaction for biomass upgrading. The conversion of furfural to 2-methylfuran 

requires selectively deoxygenating the C1=O1 bond while leaving the furan ring 

intact. Previously, Cu-based
110

 and Ni-based
124,169

 catalysts were reported to be active 

for converting furfural to 2-methylfuran. However, the desired Cu chromite catalyst 

for making 2-methylfuran is toxic while the yield of 2-methylfuran on monometallic 

Ni catalysts is less than 15%. Resasco et al.
169

 reported that adding Fe into Ni/SiO2 

could improve the yield of 2-methylfuran, which was achieved, however, at relatively 

high temperature (around 523 K). Other common deoxygenation catalysts include 

precious metals such as Ru
211

, Rh
212

, Pd
213

, Re
214

 and CoMo or NiMo sulfide 

catalysts
18

. The precious metal catalysts suffer from low selectivity due to undesirable 

side reactions involving C-C bond cleavage, and also from the limited abundance of 

precious metals that might become a cost-driven issue when it comes to large scale 

applications for biomass conversion. On the other hand, the CoMo and NiMo sulfide 

catalysts require high operating temperature and additional separation units because of 

the possible leach of sulfur.
205

  

 



 102 

 

Figure 6.1  Molecular Structure of Furfural 

Molybdenum carbide (Mo2C) is an emerging hydro-deoxygenation (HDO) 

catalyst. It has been demonstrated to possess high activity for HDO reaction and high 

C-O scission selectivity compared to C-C scission in the study of small oxygenates 

such as ethanol
51

 and propanal
40

. A recent report
205

 has suggested that Mo2C is more 

stable compared to tungsten carbide (W2C) in the HDO of guaiacol. However, the 

fundamental reason for the selective HDO activity of Mo2C is not well understood. 

Because different oxygen-containing functional groups usually coexist in biomass 

molecules, furfural, which contains carbon-oxygen bonds both outside and inside the 

furan ring, should be an excellent probe molecule for studying the selective HDO 

activity of Mo2C for biomass molecules. 

In this work we report the unique HDO properties of Mo2C for selectively 

cleaving the C=O bond outside the furan ring of furfural, while leaving the C-O bond 

inside the ring intact. Density functional theory (DFT) calculations predict that 

furfural bonds to the Mo2C surface through a configuration which favors selective 

cleavage of the C1=O1 bond while leaving the furan ring intact. This favorable 

bonding configuration was confirmed by using surface vibrational spectroscopy over a 

well-characterized Mo2C surface, and the production of 2-methylfuran was detected in 

the temperature programmed desorption (TPD) experiments. Finally, the promising 
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results on model surfaces were extended to flow reactor evaluation on porous Mo2C 

catalysts, confirming the production of 2-methylfuran with high selectivity at 

relatively low temperatures. 

6.2 Materials and methods 

DFT Calculation Parameters: Briefly, DFT calculations were performed using 

the Vienna ab-initio Simulation Package (VASP)
149

. The Mo2C surface was 

approximated by a 4x4 unit cell with mixing three layers of metal and three layers of 

carbon. For all calculations, the top two layers were allowed to relax. The PW91 

functional
147

 and a cutoff energy of 396 eV were used for all calculations. Lattice 

constants for the close-packed Mo2C(0001) surface were found in the literature.
215

  

The binding energy of each adsorbent on the metal surface was determined by the 

following equation: 

  (6.1) 

where BE represents the binding energy, Eadsorbate+slab represents the total energy of the 

slab and adsorbed molecules and Eadsorbate and Eslab represents the energy of the 

adsorbate and the bare slab, respectively.  

Preparation of Mo2C Surface: The Mo2C surface was prepared by ethylene 

decomposition into the interstitial sites of Mo(110). The procedure was repeated 

several times until a 0.4~0.6 atomic ratio of C/Mo was reached. The Mo(110) single 

crystal was directly spot welded to two tantalum posts that served as contacts for both 

resistant heating and liquid nitrogen cooling. The crystal temperature was measured by 

a spot welded K-type thermocouple located at the back of the Mo(110) single crystal 

and could be varied between 100 K and 1150 K. The Mo(110) surface was cleaned by 

slabadsorbateslabadsorbate EEEBE 
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repeated cycles of Ne
+
 sputtering and annealing until negligible C or O was detected 

by Auger electron spectroscopy (AES). The detailed procedure to prepare the Mo2C 

surface and the characterization of the synthesized Mo2C surface could be found in a 

previous literature.
216

    

Synthesis of Porous Mo2C Catalysts: Mo2C power catalysts were synthesized by a 

temperature programmed reaction method based on a prior report
40

. Typically 0.6 g of 

ammonium molybdate tetrahydrate (sieved, 40-80 mesh size) ((NH4)6Mo7O24·4H2O, 

Sigma, 99.98%, trace metal basis) was loaded in a tubular quartz reactor with inner 

diameter 10 mm. A total flow rate of 2.93 cm
3
 s

-1
, consisting of 15/85 vol% of CH4 

(Matheson, 99.97%) and H2 (Minneapolis Oxygen, 99.999%), was passed through the 

reactor. The reactor was first heated up to 623 K from room temperature (hereafter 

denoted as RT) with a ramping rate 0.06 K s
-1

 and held at 623 K for 12 h; 

subsequently, the temperature was increased from 623 K to 873 K with a ramping rate 

0.046 K s
-1

 and the temperature was held constant at 873 K for 2 h. The resulting 

material was then cooled down to RT in the CH4/H2 gas mixture for 3~4 h and 

subsequently treated at RT in flowing 1% O2/He mixture (Matheson, Certified 

Standard Purity) at 1.67~3.33 cm
3
 s

-1
 for at least 2 h before being removed from the 

reactor to prevent the pyrophoric oxidation of the carburized material upon exposure 

of air
217

. Even though the preparation conditions were carefully controlled in this 

work, different batches of Mo2C catalysts may have small variations in their 

physical/chemical properties such as the amount of CO chemisorption sites because 

the degree of carburization as well as the amount of carbon deposition is sensitive to  

carburization conditions
218,219

.  Therefore, multiple batches of Mo2C were synthesized 
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and mixed to create representative Mo2C catalysts that share a set of physical/chemical 

properties. 

Characterization of Mo2C catalysts:  The presence of β-Mo2C was confirmed by 

the X-ray diffraction pattern, as shown in Figure 6.2. The crystallite size of β-Mo2C, 

estimated using the Scherrer equation and the 2θ peak at 52° (the peak accounted for 

the contribution only from the β-Mo2C phase) was found to be 5.8 nm for the fresh 

and passivated Mo2C catalyst. The BET surface area, measured using nitrogen 

adsorption isotherms (Micromeritics ASAP 2020), was found to be 24 m
2 

g
-1

. The 

average mesopore size obtained by Barrett–Joyner–Halenda (BJH) analysis at the 

desorption branch was 9.5 nm.   

 

 

 

Figure 6.2  X-ray diffraction pattern for the fresh and passivated Mo2C catalyst 
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TPD and HREELS Technique: The TPD experiment was performed in an ultra 

high vacuum (UHV) chamber with a base pressure in the range of 10
-10

 torr. The 

single crystal and the adsorbed sample were heated at a linear rate of 3 K/s. The gas 

phase products were monitored using a quadrupole mass spectrometer (UTI 100C). 

The HREELS was equipped at the bottom level in a three-level stainless steel UHV 

chamber. The HREELS scans were done after annealing the surface to a specific 

temperature and cooling down to the dose temperature. The elastic peak intensity was 

typically 1×10
4
 ~ 3×10

4
 counts per second (CPS) and the spectral resolution was 50 ~ 

70 cm
-1

. The elastic peak intensity was used to normalize all the HREEL spectra. 

Flow Reactor Evaluation: The gas phase HDO of furfural was carried out in a 

flow quartz reactor (10 mm inner diameter) at atmospheric pressure housed within a 

three-zone split tube furnace (Series 3210, Applied Test System) using 0.64 g Mo2C 

catalyst of 40~80 mesh size. The reaction temperature was 423 K. The typical pressure 

drop caused by the catalyst bed was less than 5 kPa. Prior to the reaction, the catalyst 

was treated in H2 (Minneapolis Oxygen, 99.999%) with a total flow rate of 1.67 cm
3
 s

-

1
 at 750 K for 1 h (with a ramping rate of 0.185 K s

-1
 from room temperature). 

Subsequently, the reactor temperature was cooled to 423 K and the gas flow was 

switched from pure H2 to the reaction mixture (1.67 cm
3
 s

-1
) consisting of 

0.24/2.50/bal vol% of furfural (Sigma, 99% ACS reagent), CH4 (Matheson, 99.97%), 

and H2 (Minneapolis Oxygen, 99.999%) in which CH4 was used as an internal 

standard. The catalyst was regenerated by heating up from 423 K (reaction 

temperature) to 750 K in a flow of H2 (1.67 cm
3
 s

-1
) and holding at 750 K for 1 hour 

before cooling down to 423 K for the next reaction. 
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Furfural was further purified via vacuum distillation prior to being fed in the 

flowing gas stream (H2/CH4 mixture) with a syringe pump (KD Scientific, Model 100) 

equipped with a gastight syringe (SGE Analytic Science). All flow lines were heated 

to at least 373 K via resistive heating to prevent condensation of effluents. The reactor 

effluent was analyzed using an Agilent 6890 gas chromatography (GC). Organic 

products were separated using a methyl-siloxane capillary column (HP-1, 50 m × 320 

μm × 0.52 μm) and analyzed via a flame ionization detector (FID). The FID response 

factors (RF) for the identified products were obtained by calibrating the GC with 

known composition of the corresponding reference reagents, while the quantification 

of unidentified heavier compounds was estimated by using a measured RF of decane. 

Permanent gases (H2 and CO) were separated by a Supelco HAYSEP DB packed 

column (1/8 in. × 12 ft.) and analyzed by a thermal conductivity detector (TCD). The 

carbon balance was typically better than 95%. The furfural conversion and product 

selectivity are calculated on a carbon basis and are defined as follows:  

Furfural conversion = (sum of the carbon in products)out / (moles of carbon in 

furfural)in  (6.2) 

Product selectivity = (moles of carbon in product i) / (the sum of carbon in products)  

(6.3) 

6.3 Results and Discussions 

6.3.1 DFT Calculations 

DFT calculations of binding energies of furfural and several related molecules, 

including furan, 2-methylfuran and furfuryl alcohol, were performed on a close-

packed Mo2C(0001) surface. The DFT calculation of furfural on a typical precious 
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metal surface, Pt(111), was also performed for comparison. The results are 

summarized in Table 6.1. The optimized adsorption configuration of furfural on Mo2C 

is shown in Figure 6.3. 

Table 6.1  Binding Energies (BE) and Bond Lengths of Furfural and its Derivatives on 

Mo2C 

Items Furan 
2-methyl 

furan Furfural 
Furfural 

on Pt(111) 
Furfuryl 
alcohol 

BE on Mo2C/eV 1.17 1.60 3.54 - 1.14 

BE on Pt(111)/eV 0.89 0.76 0.66 - - 

d(M-O1)
[a]

/Å - - 2.03 2.20 2.43 

d(C1-O1)
[b]

/Å - - 1.35 
(1.23

[c]
) 

1.31 
(1.23

[c]
) 

1.47 
(1.44

[c]
) 

[a] Distance between O1 and the closest metal atoms. [b] Distance between C1 and 
O1 atoms. [c] Distance between C1 and O1 atoms for each molecule in gas phase. 

  

For furfural, the binding configuration through the C1=O1 bond is more favorable 

on both Mo2C and Pt(111). The binding energy of furfural on Mo2C is much larger 

than that on Pt(111), revealing a much stronger interaction between Mo2C and the 

C1=O1 bond. In addition, the distance between O1 and the metal atom is much shorter 

on Mo2C than that on Pt(111), while the distance between C1 and O1 is elongated to a 

larger degree on Mo2C than that on Pt(111), consistent with Mo2C having a stronger 

interaction with the C1=O1 bond. In contrast, furan and 2-methylfuran adsorb onto 

Mo2C through the furan ring with significantly lower binding energies as compared to 

that of furfural (3.54 eV), confirming a stronger interaction between the C1=O1 bond 
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and the Mo2C surface. Furfuryl alcohol adsorbs onto Mo2C mainly through the oxygen 

atom of the hydroxyl group with a binding energy of 1.14 eV. 

 

 

Figure 6.3  Optimized Configuration of Furfural on Mo2C 

6.3.2 HREELS of Furfural and Furfuryl Alcohol 

The strong interaction between the C1=O1 bond of furfural and the Mo2C surface 

which is predicted by DFT calculations was confirmed by high resolution electron 

energy loss spectroscopy (HREELS) measurements. As shown in Figure 6.4(a), at 100 

K, the spectrum represented a molecularly adsorbed furfural, featuring the peaks 

associated with the furan ring such as τ(ring) (595 cm
-1

), ω(CH) (758 cm
-1

), δ(ring) 

(866 cm
-1

) and ν(CH) (3091 cm
-1

) and peaks associated with the aldehyde group like 

ν(C=O) (1644 cm
-1

). The vibrational mode assignments of furfural were made by 

comparison with the Raman spectra of liquid-phase furfural
180

 and are summarized in 

Table 6.2. The ν(C=O) peak at 1644 cm
-1

 shifted to a lower frequency at 200 K and 

almost disappeared at 300 K, indicating enhanced interaction between the C1=O1 

bond of furfural and Mo2C, most likely through an )1O,1C(2 configuration. In 
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contrast, the peaks associated with the furan ring including τ(ring), ω(CH), δ(ring) and 

ν(CH) (3091 cm
-1

) remained up to 300 K. The )1O,1C(2 -adsorbed furfural was 

commonly proposed on transitional metal surfaces such as Ni
220

, NiFe
169

, Pd
116

 and 

PdCu
116

.  

 

 

4

3

2

1

0

In
te

n
s
it

y

3000200010000
 Wavenumber(cm

-1
)

T=100 K * 20

T=200 K * 20

T=300 K * 20

T=400 K * 20

T=500 K * 20

1596

1644

1028

1062

1136

1427

1353758

595

866 3091

2882

T=250 K * 20

(a)



 111 

 

 

Figure 6.4  HREELS spectra after exposing Mo2C to 4 L furfural (a) and 4 L furfuryl 

alcohol (b) at 100 K and annealing to various temperatures; (c) compare 

the HREELS spectra of 2-methylfuran (black), furfural (red) and furfuryl 

alcohol (blue) 
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At 300 K, the spectrum was very similar to that of adsorbed 2-methylfuran on 

Mo2C as shown in Figure 6.4(c), indicating that a 2-methylfuran-like intermediate was 

produced by cleaving the C1-O1 bond of the )1O,1C(2 -adsorbed furfural. At 400 K, 

all the peaks associated with the 2-methlyfuran-like intermediate, especially those for 

τ(ring), δ(ring) and ν(CH) (3091 cm
-1

), almost disappeared, consistent with 2-

methylfuran desorbing between 280 K and 400 K in TPD. At 500 K, only peaks 

related to the CHx (x<4) fragments remained on the surface. 

Table 6.2. Vibrational Mode Assignment of Furfural 

Mode 
Frequency (cm

-1
) 

Raman
[a]

 Mo2C (100 K)  

τ (ring) 
 

595 

ω (CH) 
 

758 

δ (ring) 
 

866 

ν (CO) 930  
χ (CH) 950  
ν (CO) 1025 1028 

δb (O-C-H) 1157 1136 

ρ (CH) 
 

1238 

δb (O-C-H) 1370 1353 

ν (CC) 1395  
ν (C=C)  1466 1427 

ν (C=C) 1555, 1570 1536 

ν (C=O) 1684 1644 

ν (CH) 
 

2882 

ν (CH) 3153 3091 

τ – torsion, ω - wagging, δ - deformation, ν – symmetric stretching,  



 113 

χ – scissoring, δb – bending, ρ - rocking 

[a] Reference 180 

 

Figure 4.4(b) illustrates the HREELS spectra of 4 L furfuryl alcohol on Mo2C at 

various temperatures. At 100 K, the spectrum showed that furfuryl alcohol 

molecularly adsorbed onto Mo2C, as indicated by the presence of peaks associated 

with the furan ring such as τ(ring) (609 cm
-1

) and ω(CH) (737 cm
-1

) and with the 

hydroxyl group ν(OH) (3355 cm
-1

). The vibrational mode assignments of furfuryl 

alcohol were made by comparison with the Raman spectra of liquid-phase furfuryl 

alcohol
180

 and are summarized in Table 6.3. At 200 K, the ν(OH) peak disappeared, 

suggesting the formation of furfuryl alkoxide intermediate from the O1-H bond 

cleavage of furfuryl alcohol. Because the spectrum at 250 K was almost identical to 

that of adsorbed 2-methylfuran as shown in Figure 4.4(c), a 2-methylfuran-like 

intermediate could be produced from cleaving the C1-O1 bond of the furfuryl alkoxide 

intermediate. All the peaks associated with the 2-methylfuran-like intermediate 

attenuated at 300 K and almost disappeared at 400 K, consistent with the TPD results 

showing that 2-methylfuran desorbed between 240 K and 400 K from the reaction of 

furfuryl alcohol on Mo2C. At 500 K, only peaks associated with the CHx (x<4) 

fragments remained.  

Table 6.3  Vibrational Mode Assignment of Furfuryl alcohol 

Mode 
Frequency (cm

-1
) 

Raman
[a]

 Mo2C (100 K) 

τ(ring) 
 

609 

ω(CH) 
 

737 
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δ(ring) 
  

ν(CO) 1012 1015 

ν(CO) 1078 1067 

ν(CC) 1222, 1384 1218 

χ(CH2) 1462 1427 

ν(C=C)  1504 
 

ν(C=C) 1597 1576 

ν(CH) 2878, 2938 2929 

ν(CH) 3123, 3151 3105 

ν(OH)    3355  

[a] Reference 180 

Overall HREELS results suggested that the reaction of furfural and furfuryl 

alcohol proceeded through a similar methylfuran-like intermediate. This was 

confirmed by the TPD results (Figure 6.5) after exposing furfural (red spectrum) and 

furfuryl alcohol (blue spectrum) onto the Mo2C surface, which showed that 2-

methylfuran was produced from the reaction of both molecules. The temperature range 

to produce 2-methylfuran from furfural (between 300 K and 400 K) is consistent with 

the HREELS results (Figure 6.4(a)) in which the methylfuran-like intermediate was 

produced at 300 K. In addition, Figure 6.5 shows that the 2-methylfuran desorption 

peak is similar between the reaction of furfural and furfuryl alcohol, suggesting a 

similar intermediate leading to the formation of 2-methylfuran. 
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Figure 6.5  TPD spectra of 2-methylfuran desorption from the reaction of furfural 

(red) and furfuryl alcohol (blue) on Mo2C. The sharp peaks at 119 K and 

211 K for the TPD spectrum of furfuryl alcohol are from the cracking 

pattern of molecular desorption of furfuryl alcohol 

6.3.3 TPD of Furfural and Furfuryl Alcohol 

TPD experiments were also performed to identify and quantify the reaction 

pathways of furfural and furfuryl alcohol on Mo2C. Figure 6.6 displays the TPD 

spectra after exposing 4 L furfural onto Mo2C. Three pathways were proposed for the 

reaction of furfural on Mo2C based on the observed gas-phase and surface products.  
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The 2-methylfuran product, which was produced by selectively cleaving the 

C1=O1 bond of furfural, was detected as one of the major products between 280 K 

and 400 K. The production of 2-methylfuran was confirmed by observing similar TPD 

peaks for the major cracking patterns of 2-methylfuran including masses of 53, 54, 81 

and 82 amu. The detection of 2-methylfuran indicated that Mo2C could selectively 

cleave the C1=O1 of furfural while keeping the furan ring intact. In addition, H2 and 

CO were both detected at around 317 K. The detection of H2, CO and surface carbon 

accumulation after TPD experiments (by AES) suggested that the reforming reaction 

was another reaction pathway (Equation 6.5). The complete decomposition pathway 

(Equation 6.6) was indicated by the detection of extra surface oxygen using AES after 

subtracting the contribution from the 2-methylfuran production pathway (Equation 

6.4).  

 

Table 6.4  TPD Quantification of 4 L Furfural on Mo2C 

 

2-methylfuran 

production 
Reforming 

Complete  

decomposition 
Total 

Activity* 0.050 0.023 0.061 0.134 

Selectivity  38%  17%  45% - 

* Molecules per metal atom 

 

The activity of each reaction pathway of furfural on Mo2C was quantified using 

the similar procedure as that of propanal in Chapter 5 and is summarized in Table 6.4. 

The selectivity of producing 2-methylfuran was around 38%. The reaction pathways 

of furfural on metal surfaces under the UHV condition were rarely studied in 
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literature. Recent studies by Medlin et al.
65

 reported that furan production was 

dominant for the reaction of furfural on Pd(111), consistent with the results on 

supported Pd catalysts
116

.  

 

 

 

Figure 6.6  TPD spectra of 4 L furfural on Mo2C 
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furfuryl alcohol. The peak at 208 K for mass 82 amu was most likely from the 

molecular desorption of furfuryl alcohol, similar to those peaks observed for masses 

28 and 98 amu at 208 K. H2 and CO were observed as the other major gas-phase 

products at around 341 K and 326 K, respectively. The degraded quality for the 2 amu 

and 28 amu spectrum was due to the limited performance of the mass spectrometer for 

low masses when it was optimized to detect higher mass peaks. 
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Figure 6.7  TPD spectra of 4 L furfuryl alcohol on Mo2C 

6.3.4 Flow Reactor evaluation 

Results from model surfaces suggest that Mo2C should be an efficient catalyst for 

selectively deoxygenating furfural to make 2-methylfuran due to the strong interaction 

between the C1=O1 bond of furfural and the Mo2C surface. In order to verify the 

promising results from model surfaces, porous Mo2C catalysts were synthesized and 

tested for their catalytic performance of furfural HDO in a flow reactor. Consistent 

with results from model surfaces, 2-methylfuran was found to be the dominant product 

with selectivity at around 60% at all time-on-stream as shown in Figure 6.8(a). The 

high 2-methylfuran selectivity at relatively low reaction temperature (around 423 K) 

distinguishes the Mo2C catalyst from Ni-based catalysts mentioned above. The second 

major product was C10+ heavier compounds with selectivity close to 30%. The 

selectivity of furfuryl alcohol was less than 7%, consistent with the TPD results 

showing that Mo2C could also selectively break the branched C1-O1 bond of furfuryl 

alcohol to make 2-methylfuran. Finally, the selectivity to furan, the product of C-C 

bond cleavage from furfural, was found to be less than 1%, suggesting that Mo2C can 

very selectively break the C1=O1 bond without C-C bond scission. 

Although it has excellent performance in selectivity, the as-synthesized Mo2C 

catalyst was not stable, as indicated by the deactivation of either furfural conversion 

(Figure 6.8(b)) or 2-methylfuran site time yield (2MF STY) (Figure 6.8(c)) over the 

first few hours on stream. Although the rate of deactivation gradually decreased as the 

reaction proceeds, the deactivation continued even after 20 h on stream. However, the 

catalysts could be fully regenerated after deactivation via treatment in pure H2 (1.67 
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cm
3
s

-1
) at 750 K for 1 h. Nearly identical catalytic performance could be obtained after 

the first and second regeneration cycle, as shown in Figure 6.8. Also, the reaction was 

inferred to be catalytic because the area under the 2MF STY curve (Figure 6.8(c)) was 

found to be around 22 mole of 2MF per mole of catalytic site (measured by CO uptake 

at 423 K). 
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Figure  6.8  (a) Product selectivity for the reaction of furfural (Solid symbols for 2-

methylfuran, open symbols for heavier compounds; the selectivity of 

furfuryl alcohol (less than 7 % at all time-on-stream) is not shown for 

clarity), (b) Conversion of furfural and (c) 2-methylfuan site-time-yield 

(2MF STY, normalized by the amount of irreversible chemisorbed CO on 

the Mo2C at 423 K) vs. time on stream for the fresh Mo2C catalyst (   ) 

and the same catalyst after the first (   ) and second (   ) regeneration 

cycle. Experimental condition: 423 K, atmospheric pressure 

6.3.5 Catalyst Stability 

More importantly, the deactivation of the catalyst was considered to be due to the 

furfural feed. As shown in Figure 6.9, the HDO of anisole (containing aromatic group) 

and propanal (containing aldehyde group) were stable on the same Mo2C catalyst for 

17 h and 5 h, respectively. Polymerization of furanic molecules could ultimately 

encapsulate the catalyst and is one of the important reasons for catalyst deactivation 

for the catalytic reaction of furanic molecules as reported in previous literature.
221

 

Future efforts should focus on identifying reaction conditions and feed compositions 

that could potentially reduce the polymerization of these molecules. 
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Figure 6.9 (a) Benzene selectivity, anisole conversion and benzene synthesis rate vs. 

time on stream for the reaction of anisole on Mo2C, experimental 

condition: 420 K, atmospheric pressure and (b) Propanal conversion and 

propylene selectivity vs. time on stream for the reaction of propanal on 

Mo2C, experimental condition: 573 K, atmospheric pressure
22 
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6.3.6 Effects of Furan Ring on the Deoxygenation of Aldehydes and Alcohols 

The reaction pathways of furfural and furfuryl alcohol on the Mo2C surface were 

also compared with those of propanal and 1-propanol in order to investigate the effects 

of the furan ring on the reaction pathways. Although the deoxygenation pathways are 

generally similar between the C3 oxygenates (propanal and 1-propanol) and furans 

(furfural and furfuryl alcohol) on the Mo2C surface, one important difference was 

observed: the hydrogenation of furfural and dehydrogenation of furfuryl alcohol were 

not observed in the TPD and HREELS experiments. For example, furfural was not 

observed as a gas-phase product from the TPD of furfuryl alcohol on Mo2C and vice 

versa. In contrast, the hydrogenation of propanal and dehydrogenation of 1-propanol 

on Mo2C were clearly demonstrated by the TPD experiments as shown in Figure 5.1.  

This difference between the C3 oxygenates and furans could be explained by the 

effect from the additional furan ring. As pointed out by Medlin et al.
65

, the furan ring 

would help weaken the C1-O1 bond of furfuryl alcohol. While in the case of furfural, 

as furfural binds onto Mo2C through an 
2 (C1, O1) configuration, it is expected that 

the conjugate effect between the aromatic furan ring and the C1=O1 bond would be 

disrupted, possibly leading to a weaker C1-O1 bond. Because the activation barrier for 

C1-O1 bond scission could be further reduced compared to the hydrogenation / 

dehydrogenation step due to the existence of the furan ring, more molecules would go 

through the direct deoxygenation pathway. Therefore, hydrogenation-dehydrogenation 

reactions between furfural and furfuryl alcohol would not be effectively competing 

with the deoxygenation reactions in the same temperature range. 
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6.4 Conclusions 

In conclusion, the combination of DFT calculations, surface science experiments 

and flow reactor evaluation demonstrates that Mo2C is a highly selective HDO catalyst 

for producing 2-methylfuran from furfural. DFT calculations and HREELS 

experiments reveal that the strong interaction between Mo2C and the C1=O1 bond is 

responsible for the high selectivity. The catalysts deactivation is most likely due to the 

polymerization of the furfural feed. These results suggest the possibility of using 

Mo2C as a promising HDO catalyst to upgrade other furanic molecules from cellulose 

and oxygen-containing aromatics from lignin. 
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Chapter 7 

COMPARISON OF PT(111) AND MONOLAYER PLATINUM SUPPORTED 

ON MOLYBDENUM CARBIDE: REACTION OF BIOMASS-DERIVED 

FURANS 

7.1 Introduction 

Early transition metal carbides (TMC) have attracted much attention due to their 

unique properties in the field of electro-catalysis
16

 and heterogeneous catalysis
16,20,203

. 

Among them, tungsten carbide (WC) and molybdenum carbide (Mo2C) were mostly 

studied
38,40,184

 and well characterized
155,222,223

. Because of their Pt-like electronic and 

catalytic properties
38

, WC and Mo2C were used as supports for monolayer Pt in 

electro-catalytic reactions such as hydrogen revolution reaction (HER)
224,225

 or electro-

oxidation of alcohols
226-228

. The monolayer Pt supported on WC or Mo2C (Pt/WC or 

Pt/Mo2C) showed similar HER activity as Pt
225

, which significantly reduced the 

required amount of expensive Pt. In addition, Pt/WC was shown to be more CO-

tolerant than Pt
226,228

.  

For heterogeneous catalysis, the reaction of methanol was extensively 

investigated on the Pt/WC surface
86,229,230

. A synergic effect between the Pt monolayer 

and the WC substrate was observed for the enhanced production of CO and H2 from 

the decomposition of methanol compared with the Pt(111) or WC surface. The WC 

substrate enhanced the O-H bond scission while the Pt monolayer promoted the C-H 

bond scission. Kelly et al.
33

 investigated the reaction pathway of ethanol on monolayer 

Ni/Mo2C and Cu/Mo2C. Monolayer Ni/Mo2C showed similar reaction pathways for 
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ethanol reaction as Ni(100) with H2, CO and CH4 as the major products;  monolayer 

Cu/Mo2C showed similar pathways as Cu(100) and Cu(110) with acetaldehyde as the 

major product. A different reaction pathway of producing ethylene was only observed 

on the Mo2C surface. These examples suggested that the metal modification of the 

WC or Mo2C substrate could tune the reaction pathway of C1-C2 alcohols. The ability 

to tune the reaction pathway is important for converting biomass-derived molecules 

such as the furanic molecules to value-added fuels and chemicals. It would be 

interesting to compare the reaction pathways of the furanic molecules on the metal-

modified WC or Mo2C with those on the substrate carbide and bulk metal surfaces. 

Pt was widely used in the catalytic transformation of the furanic 

molecules.
62,121,231

 On the other hand, Pt was reported to grow in a layer-by-layer 

mechanism on Mo2C
232

 and Mo2C possesses a larger surface area compared to WC 

due to a lower synthesis temperature
41-43

. Herein, we report a comparative study 

among Pt/Mo2C, Pt(111) and Mo2C for the transformation of furanic molecules 

including furfural, 2-methylfuran and furan. Temperature programmed desorption 

(TPD) was used to monitor the gas-phase products from the reaction of the furanic 

molecules on these surfaces while high resolution electron energy loss spectroscopy 

(HREELS) was used to detect the possible reaction intermediates. 

7.2  Methods  

7.2.1 Materials Preparation 

A Mo(110) single crystal was held by two tantalum posts which were spot welded 

onto the back of the crystal. The tantalum posts were directly connected to two copper 

sticks for resistant heating and liquid nitrogen cooling. A K-type thermocouple (spot 
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welded onto the back of the crystal) was used to measure the temperature of the 

crystal, which can be varied between 90 K and 1150 K. Repeated Ne
+
 sputtering and 

annealing were used to clean the Mo(110) surface. Proper amount of O2 were dosed 

onto Mo(110) at 900 K in order to remove extra carbon on the surface. The cleanness 

of the Mo(110) surface was checked by Auger electron spectroscopy (AES).    

The Mo2C/Mo(110) surface was prepared based on procedures described in a 

previous paper
206

. Briefly, ethylene adsorbed and decomposed on Mo(110) at 600 K. 

The produced surface carbon was induced into the interstitial sites of Mo(110) by 

subsequent annealing process (to 1150 K) in order to make the Mo2C surface. A 

0.4~0.6 atomic ratio of C/Mo can be reached after several cycles of ethylene dosing 

and annealing, representing a model Mo2C/Mo(110) surface
206

. Pt was deposited onto 

the as-synthesized Mo2C surface via a physical vapor deposition (PVD) method by 

controlling the current of a metal evaporation source and deposition time. The 

coverage of Pt on Mo2C was calculated based on the AES peak height of Pt (70 eV) 

and Mo (190 eV) using a standard AES equation
158

.   

All liquid samples including furfural, 2-methylfuran and furan were purchased 

from Sigma-Aldrich with a purity of beyond 99%. They were transferred into glass or 

stainless cylinders and purified using a freeze-pump-thaw method for several times. 

Gas samples including hydrogen, oxygen, neon, methane, ethylene and carbon 

monoxide were research purity (purchased from Keen Gas) and used without further 

purification. The purity of all the chemicals was checked using mass spectrometry 

before experiments.  
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7.2.2 TPD and HREELS Techniques 

TPD and HREELS experiments were performed in ultrahigh vacuum (UHV) 

chambers with base pressures of around 7 × 10
-10

 Torr. During TPD experiments, the 

Mo(110) single crystal and the adsorbates were heated at a linear rate of 3 K/s. The gas 

phase products were monitored by a quadrupole mass spectrometer. The HREEL 

spectrometer (LK ELS3000) was housed at the bottom level in a three-level UHV 

chamber. The HREELS scans were collected after annealing the sample surface to 

desired temperatures and cooling down to below 130 K.  

 

7.3 Results 

7.3.1 TPD of Furfural on Pt(111) and Pt/Mo2C 

Figure 7.1 displays the TPD spectra after exposing 4 L furfural onto Pt(111) 

(black line), 0.5 monolayer (ML, number of atoms per substrate surface atom) (blue),1 

ML (red) and 2 ML (green) Pt/Mo2C surfaces. On Pt(111), H2 and CO were the major 

gas-phase products from the reaction of furfural, which were both detected with a 

broad peak between 350 K and 500 K. On Pt/Mo2C surfaces, in addition to H2 and 

CO, methane and ethylene were produced between 350 K and 500 K except that H2 

was not produced on the 0.5 ML Pt/Mo2C surface. Accumulated C was detected by 

AES after reaction on all surfaces.      

According to the observed gas-phase and surface products, reaction pathways of 

furfural on Pt(111) and Pt/Mo2C surfaces were proposed as follows: 

)(42245 2 adCHCCOOHC    Ethylene production (7.1) 

adCCHCOOHC 22 4245    Methane production (7.2) 
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)(2245 322 adCHCOOHC    Furfural reforming (7.3) 

)()(2245 252 adad OCHOHC    Furfural total decomposition (7.4) 

 

 

Figure 7.1  TPD spectra of 4 L furfural on Pt(111) (black), 0.5 ML (blue), 1 ML (red) 

and 2 ML (green) Pt/Mo2C 
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The activities of each reaction pathway were quantified and are summarized in 

Table 7.1. On Pt(111), the TPD peak areas of H2 and CO were compared to those of 

saturated H2 and CO on Pt(111) and then the surface coverage of H2 and CO were 

calculated by comparing with the saturation coverage of H2
233

 and CO
161

 on Pt(111) 

from literature. The detailed TPD quantification procedure can be found in a previous 

paper
171

. On Pt/Mo2C surfaces, the yields of H2 and CO were obtained by performing 

a TPD of methanol on Mo2C. The yields of H2 and CO per surface site from methanol 

decomposition on Mo2C/Mo(110) were determined by a previous paper
77

. The yields 

of methane and ethylene were calculated by comparing with the CO yield and 

including the mass spectrometry ionization probabilities.  

Table 7.1  TPD Quantification of Furfural, 2-methylfuran and Furan on Pt(111) and 

Pt/Mo2C 

Molecule Surface HDO Reforming 
Ethylene 

Production 

Methane 

Production 

Total 

decomposition 
Total 

Furfural 

Pt(111) 0 0.012 0 0 0.006 0.018 

0.5 ML Pt 0 0 0.019 0.004 0 0.023 

1 ML Pt 0 0.028 0.001 0.001 0.018 0.048 

2 ML Pt 0 0.041 0.002 0.002 N/A 0.045 

Mo2C
[a]

 0.050 0.023 0 0 0.061 0.134 

2-methylfuran 

Pt(111) 0 0.037 0 0 0 0.037 

1 ML Pt 0 0.017 0 0 0.013 0.030 

Mo2C 0 0.006 0 0 0.074 0.080 

Furan 

Pt(111) 0 0.031 0 0 0 0.031 

1 ML Pt 0 0.021 0 0 0.004 0.025 

Mo2C 0 0.027 0 0 0.081 0.108 

[a] Reference 184 
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The TPD quantification results (Table 7.1) suggested that Pt/Mo2C surfaces 

showed higher total activity than Pt(111). Moreover, Pt/Mo2C surfaces showed 

additional selectivity to produce methane and ethylene which was not observed on 

Pt(111). The 0.5 ML Pt/Mo2C surface possessed the highest selectivity to methane and 

ethylene while the reforming pathway was eliminated on this surface.    

7.3.2 HREELS of Furfural on Pt(111) and Pt/Mo2C 

HREELS experiments of 4 L furfural on Pt(111) were performed in order to 

identify possible intermediates during the reaction of furfural on Pt(111) as shown in 

Figure 7.2(a). The vibrational mode assignments of furfural are summarized in Table 

7.2. The peak features of the 100 K spectrum were similar to those in the Raman 

spectrum of liquid furfural,
180

 indicating that furfural molecularly adsorbed onto the 

surface. After annealing the surface to 200 K, the peak assigned to ν(C=O) at 1657 

cm
-1

 disappeared, indicating that the carbonyl group could be removed by this 

temperature. Comparison between the 200 K spectrum of furfural on Pt(111) and the 

100 K spectrum of adsorbed furan on Pt(111) (Figure 3.5(b)) suggested that a furan-

like intermediate may form through the C2-C6 bond scission of the adsorbed furfural 

below 200 K. Upon annealing to 300 K, the peak assigned to τ(ring) at 595 cm
-1

 

started to shift to a lower frequency while the ν(CH) (3098 cm
-1

) peak intensity 

significantly attenuated, indicating an enhanced interaction between the ring structure 

and the Pt(111) surface. Significant changes were observed after annealing the surface 

to 400 K. The disappearance of peak features associated with the furan-like 

intermediate at 778 cm
-1

, 1076 cm
-1

, 1150 cm
-1

 and significant attenuation of the peak 

at 3098 cm
-1

 suggested the cleavage of ring structure at around 400 K.  
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Figure 7.2  HREELS spectra of 4 L furfural on (a) Pt(111) and (b) 1 ML Pt/Mo2C, 

after annealing the surface to various temperatures 
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HREELS spectra of furfural on 1 ML Pt/Mo2C surface were obtained as shown in 

Figure 7.2(b). At 100 K, furfural molecularly adsorbed onto the surface. The ν(C=O) 

peak was less well-defined compared to that on Pt(111) at 100 K and shifted to a 

lower frequency at temperature as low as 150 K, indicating stronger interaction 

between the C6=O7 bond of furfural and the Pt/Mo2C surface. Interaction between the 

furan ring and Pt/Mo2C was also stronger, suggested by the significantly attenuated 

ν(CH) peak at 3091 cm
-1

 at around 150 K. At 250 K, peak features associated with 

furfural at 778 cm
-1

, 1678 cm
-1

 and 3091 cm
-1

 disappeared, indicating that furfural 

could decompose below 250 K. At 300 K, broad peaks associated with hydrocarbon 

fragments at 1454 cm
-1

 and 2922 cm
-1

 were detected. At 500 K, all the peak features 

attenuated, consistent with H2, methane and ethylene desorption between 350 K and 

500 K in TPD as shown in Figure 7.1.  

Table 7.2  Vibrational Mode Assignment of Furfural 

Mode 
Frequency (cm

-1
) 

Raman
[a]

 Pt(111)
[b]

 Pt/Mo2C
[c]

 

τ(ring) - 595  

ω(CH) - 778 778 

δ(ring) - 859 sh  

ν(CO) 930 -  

χ(CH) 950 -  

ν(CO) 1025 1076 1021 

δb(O-C-H) 1157 1150  

δb(O-C-H) 1370 -  

ν(CC) 1395 -  

ν(C=C) 1466 1448 1454 

ν(C=C) 1555, 1570 -  

ν(C=O) 1684 1657 1678 
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ν(CH) - 2936 2922 

ν(CH) 3153 3098 3091 

τ – torsion, ω – wagging, δ – deformation, ν - stretching   

χ - scissoring, δb – bending, sh - shoulder 

[a] Reference 180 

[b] 4 L furfural on Pt(111) at 100 K 

[c] 4 L furfural on Pt/Mo2C at 100 K 

  

7.3.3   TPD of 2-methylfuran on Pt(111) and Pt/Mo2C 

The TPD spectra after exposing 4 L 2-methylfuran onto Pt(111), Mo2C and 1 ML 

Pt/Mo2C are illustrated in Figure 7.3. H2 and CO were the major gas-phase products 

from all three surfaces. On Pt(111), H2 was detected as two peaks at around 394 K and 

440 K, respectively; CO was detected at 394 K with a broad peak. On Mo2C, H2 and 

CO were detected between 300 K and 400 K. On 1 ML Pt/Mo2C, H2 and CO were 

both detected at around 439 K with a broad peak. Accumulated C was detected on all 

three surfaces by AES after reactions.  

Based on the detected gas phase and surface products, the following pathways 

were proposed for the reaction of 2-methylfuran: 

2)(65 34 HCCOOHC ad    2-methylfuran reforming (7.5) 

)()(265 53 adad OCHOHC    2-methylfuran total decomposition (7.6) 
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Figure 7.3   TPD spectra of 4 L 2-methylfuran on Mo2C (black), 1 ML Pt/Mo2C (red) 

and Pt(111) (blue) 
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The activities for each reaction pathway are summarized in Table 7.1. Reforming 

was the major pathway on Pt(111) while reforming was suppressed and total 

decomposition was the other major pathway on Mo2C and Pt/Mo2C.  

 

7.3.4 HREELS of 2-methylfuran on Pt(111) and Pt/Mo2C 

HREELS spectra of 4 L 2-methyfuran on Pt(111) at various temperatures are 

shown in Figure 7.4(a). At 100 K, 2-methylfuran molecularly adsorbed onto the 

surface, which is suggested by the comparable peak positions to those in the infrared 

(IR) spectrum of liquid-phase 2-methylfuran (Table 7.3). At 160 K, a significant 

change was observed for the relative intensity among the peaks, indicating possible 

reorientation of the molecule due to the enhanced interaction between the molecule 

and the surface. At 200 K, all peaks associated with 2-methylfuran including those at 

724 cm
-1

, 1069 cm
-1

, 1191 cm
-1

 and 3085 cm
-1

 disappeared, indicating the 

decomposition of 2-methylfuran at around 200 K. The emerging intense peak at 

around 560 cm
-1

 could be assigned to γ(CH) of the remained hydrocarbon fragments. 

At 300 K and 400 K, the γ(CH) peak intensity continuously decreased, indicating 

enhanced dehydrogenation at raised temperature. 
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Figure 7.4   HREELS of 4 L 2-methylfuran on (a) Pt(111) and (b) 1 ML Pt/Mo2C 

Mo2C after annealing to various temperatures 
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HREELS spectra of 4 L 2-methylfuran on 1 ML Pt/Mo2C are displayed in Figure 

7.4(b). At 100 K, 2-methylfuran molecularly adsorbed onto the surface. The degraded 

quality of the HREELS spectrum could be due to the less flat surface of Pt/Mo2C. The 

cleavage of the ring of 2-methylfuran started at around 140 K and completed at 200 K, 

demonstrated by the significant attenuation of peaks at 616 cm
-1

, 737 cm
-1

 and 3105 

cm
-1

 at 140 K and complete disappearance of these peaks at 200 K. At 300 K, an 

ethylidyne intermediate was observed, indicated by the characteristic peaks of 413 cm
-

1
 (ν(Pt-C)), 974 cm

-1
 (ρ(CH3)), 1076 cm

-1
 ν(C-CH3) and 1312 cm

-1
 δ(CH3). The 

ethylidyne intermediate tended to further decompose at higher temperature because no 

C2 hydrocarbons desorption was detected in the TPD experiments. 

Table 7.3  Vibrational Mode Assignment of 2-methylfuran 

Mode 
Frequency (cm

-1
) 

IR
[a]

 Pt(111)
[b]

 Pt/Mo2C
[c]

 

τ(ring) 602 622 616 

ω(CH) 725 724 737 

δ(ring) 796 
 

 

ρ(CH) + ν(CO) 905, 930 900  

ν(CO) + ν(CC) 1007, 1025, 1088 1069 1076 

ν(CO) + ρ(CH) 1145 1191  

ρ(CH) 1229 
 

 

ρ(CH) + ν(CC) 1381 
 

 

χ(CH3) 1448 1427 b 1448 

ν(C=C) + ρ(CH) 1512, 1596 1427 b  

ν(CH) 2890 2956 2935 

ν(CH) 2940 3085 3105 

ρ – rocking, b - broad 

[a] From NIST chemistry web book 

(http://webbook.nist.gov/cgi/cbook.cgi?Name=methylfuran&Units=SI&cIR=on&cES=on) 
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[b] 4 L 2-methylfuran on Pt(111) at 100 K 

[c] 4 L 2-methylfuran on Pt/Mo2C at 100 K 

7.3.5 TPD of Furan on Pt(111) and Pt/Mo2C 

TPD experiments were performed after exposing 4 L furan onto Pt(111), Mo2C 

and 1 ML Pt/Mo2C surfaces. The results are displayed in Figure 7.5. On Pt(111), H2 

was produced with a sharp peak at 440 K while CO was produced at around 404 K. 

On Mo2C, H2 and CO were produced at around 255 K and 345 K respectively. On 1 

ML Pt/Mo2C surface, H2 and CO were produced with broad peaks at around 440 K. 

Accumulated C was detected on both surfaces by AES after reaction. 

Based on the gas-phase and surface products, the following pathways were 

proposed for the reaction of furan: 

2)(44 23 HCCOOHC ad    Furan reforming (7.7) 

)()(244 42 adad OCHOHC    Furan total decomposition (7.8) 
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Figure 7.5   TPD spectra of 4 L furan on Mo2C (black), 1 ML Pt/Mo2C (red) and Pt(111) 

(blue) 

The activities of pathways on each surface are summarized in Table 7.1. Similar 

to the reaction of 2-methfuran, reforming is the major pathway of furan reaction on 

Pt(111). While on Mo2C and Pt/Mo2C, the reforming pathway was suppressed and 

total decomposition emerged as another pathway. 

7.3.6 HREELS of Furan on Pt(111) and Pt/Mo2C 

HREELS spectra of furan on Pt(111) and 1 ML Pt/Mo2C are shown in Figure 

7.6(a) and Figure 7.6(b), respectively. On Pt(111), furan molecularly adsorbed onto 

the surface at 100 K, indicated by comparable peak positions to those in the IR 

spectrum of furan (as shown in Table 7.4). At 160 K, a significant change was 

observed on the surface. The emerging peak at around 1644 cm
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ν(C=O), suggesting the formation of some aldehyde-like intermediates. The intense 

peak at around 595 cm
-1

 could be assigned to γ(CH). At 200 K and 300 K, the 

intensity for both ν(C=O) and γ(CH) peaks attenuated, indicating further 

decomposition of the aldehyde-like intermediates at higher temperature. The peak at 

around 3542 cm
-1

 could be due to H2O adsorption from the chamber background 

during the HREELS scan. 
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Figure 7.6  HREELS spectra of 4 L furan on (a) Pt(111) and (b) 1 ML Pt/Mo2C after 

annealing to various temperature 

HREELS spectra of furan on 1 ML Pt/Mo2C at various temperatures were 

obtained as shown in Figure 7.6(b). At 100 K, furan molecularly adsorbed onto the 

surface, indicated by similar peak features as those on Pt(111). At 130 K, peaks at 616 

cm
-1
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-1
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-

1
 significantly attenuated, indicating an enhanced interaction between the furan ring 

and the surface. At 200 K, all peaks associated with furan disappeared (especially the 

ω(CH) peak at 764 cm
-1

 and ν(CH) peak at 3132 cm
-1

), suggesting that the ring 
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decomposition of the remained hydrocarbon fragments at higher temperature. 
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Table 7.4  Vibrational Mode Assignment of Furan 

Mode 
Frequency (cm

-1
) 

Gas phase
[a]

 Pt(111)
[b]

 Pt/Mo2C
[c]

 

τ(ring) 
 

595 616 

ω(CH) 745 744 764 

δ(ring) 873 852 866 

ρ(CH) + ν(CO) + 

ν(C=C) 
995 

 

 

ν(CO) + ν(CC) 1066 1028 1048 

ν(CO) + ρ(CH) 1180 1156 1150 

ρ(CH) 1267 1244 sh  

ρ(CH) + ν(CC) 1384 1360  

ν(C=C) + ρ(CH) 1491 1461 1454 

ν(C=C) + ρ(CH) 1556 1529  

ν(CH) 3140 3112 3132 

[a] reference 181 

[b]
 
4 L furan on Pt(111) at 100 K 

[c]
 
4 L furan on Pt/Mo2C at 100 K 

 

7.4 Discussion 

7.4.1 Reaction of Furfural 

Based on the TPD and HREELS results, Pt/Mo2C is more active than Pt(111) for 

the reaction of furfural. As shown in Table 7.1, all Pt/Mo2C surfaces (including 0.5 

ML, 1 ML and 2 ML Pt/Mo2C) demonstrated higher total activity for the reaction of 

furfural compared to Pt(111). In addition, HREELS results showed that the ring of 

furfural decomposed at temperature below 250 K on 1 ML Pt/Mo2C while the ring of 

furfural remained up to 300 K on Pt(111). The enhanced reactivity of furfural on 

Pt/Mo2C surfaces could be associated with the enhanced interaction between the ring 

of furfural and the surfaces. HREELS results in Figure 7.2 showed that Pt(111) had a 
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strong interaction with the carbonyl group of furfural while a strong interaction with 

the ring of furfural was not observed until at 300 K. In contrast, HREELS results on 1 

ML Pt/Mo2C demonstrated a strong interaction with the ring of furfural at temperature 

as low as 150 K. Consistently, for the reaction of 2-methylfuran and furan, HREELS 

results showed that the required temperature for the cleavage of the furan ring was 

lower on 1 ML Pt/Mo2C than Pt(111).  

On the other hand, Pt/Mo2C surfaces showed additional selectivity for the 

production of ethylene and methane which were not observed on the Pt(111) surface. 

On the 0.5 ML Pt/Mo2C surface, the reforming pathway was completely shut down 

while ethylene production became the major reaction pathway. Pt(111) was shown to 

be active for the dehydrogenation of hydrocarbon species and one good example is 

that ethylene can readily dehydrogenate to produce CH2CH and CH3C species on 

Pt(111) at liquid nitrogen temperature
234

. When the hydrocarbon became deficit in 

hydrogen, the C-C bond was readily cleaved
235

. Therefore, it is not surprising that the 

highly dehydrogenated carbon chain, which was produced from furfural 

decomposition, went through C-C bond cleavage to produce more surface carbons on 

Pt(111). In contrast, Pt/Mo2C surfaces were less active for the C-H bond scission 

which promoted the production of ethylene and methane. The divergent selectivity of 

furfural reaction on Pt(111) and 1 ML Pt/Mo2C was also demonstrated by the 

HREELS results. A furan-like intermediate was observed at 200 K on Pt(111) which 

remained up to 300 K while only hydrocarbon fragments were observed after 

decomposition of furfural at around 250 K on 1 ML Pt/Mo2C. 
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7.4.2 Reaction of 2-methylfuran and Furan 

For the reaction of 2-methylfuran and furan, TPD quantification results showed 

comparable total activity between Pt(111) and 1 ML Pt/Mo2C surfaces. However, 

HREELS results demonstrated that the ring of 2-methylfuran and furan cleaved at 

lower temperature on 1 ML Pt/Mo2C than that on Pt(111). Therefore, Pt/Mo2C surface 

is more active for the reaction of 2-methylfuran and furan than Pt(111). 

On the other hand, though no hydrocarbon was observed for the reaction 2-

methylfuran and furan on the Pt(111) and 1 ML Pt/Mo2C surfaces, HREELS results 

suggested that 2-methylfuran and furan went through different intermediates on 

Pt(111) compared to those on the 1 ML Pt/Mo2C surface. For example, an ethylidyne 

intermediate was observed from the reaction of 2-methylfuran on 1 ML Pt/Mo2C 

surface at 300 K while only peaks associated with CHx fragments remained on the 

Pt(111) surface at 200 K, demonstrating that Pt(111) was more active for C-C bond 

cleavage.  

7.5 Conclusions 

Pt/Mo2C is more active than Pt(111) for the reaction of furanic molecules 

(including furfural, 2-methylfuran and furan). The enhanced activity on Pt/Mo2C 

surface could be associated with the stronger interaction between the furan ring and 

Pt/Mo2C. In addition, Pt/Mo2C had a different selectivity of producing hydrocarbons 

from the reaction of furfural which was not observed on Pt(111). The different 

selectivity was attributed to the reduced C-H bond scission activity on Pt/Mo2C 

compared with Pt(111).  
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Chapter 8 

CONCLUSIONS AND FURTURE PROSPECTS 

8.1 Summary of Results 

The reaction pathways of furfural were studied on several monometallic surfaces 

by TPD experiments and correlated with the interaction strength and bonding 

configuration between furfural and the metal surfaces (from DFT calculations). The 

interaction was indicated by the bond length change of furfural. The bond length 

change was observed by comparing the bond lengths of furfural in gas phase with 

those of adsorbed furfural on the metal surfaces. Strong interactions with the ring of 

furfural led to the production of the ring-opening products including C1-C3 

hydrocarbons, CO and H2, as observed on Pt(111) and Ir(111). Weak interactions with 

the ring and strong interactions with the C2-C6 bond of furfural induced the 

production of furan, as observed on Pd(111) and Cu(111). Strong interactions with the 

C=O bond resulted in the production of 2-methylfuran, as observed on Fe(110). 

Bimetallic surfaces were prepared in order to enhance the activity and selectivity 

of the desired reaction pathways of furfural. The bimetallic formation of Pt(111), 

Ir(111) and Pd(111) with Ni changed the activity of the pathway which was observed 

on the corresponding substrate surfaces but did not induce new pathways; in contrast, 

the bimetallic formation of Ni(111) and Cu(111) with Fe and Ni did lead to a new 

pathway to produce 2-methylfuran. 
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The reaction pathways of furfural on Cu(111) and NiCu(111) bimetallic surfaces 

were further studied by HREELS experiments. HREELS results provided information 

on the adsorption configurations and reaction intermediates during the reaction of 

furfural. Furfural adsorbed onto Cu(111) through an η
1
(O) configuration while it 

adsorbed onto the overlayer NiCuCu(111) surface through an η
2
(C,O) configuration. 

The enhanced hydrodeoxygenation activity of furfural on NiCuCu(111) was attributed 

to the more favorable η
2
(C,O) configuration on this surface. In addition, the ability to 

dissociate H2 could also play a role in determining the reaction pathways on these 

surfaces. On the other hand, the reaction pathways of furfuryl alcohol were also 

studied on these surfaces using TPD and HREELS. Furfuryl alcohol adsorbed onto 

NiCuCu(111) through an η
2
(C,O) configuration which led to the production of 2-

methylfuran while it selectively dehydrogenated to produce furfural on Cu(111) 

through an η
1
(O)-adsorbed furfuryl alcohol. 

   The reaction pathways of C3 alcohols and aldehydes/ketones were compared on 

the Mo2C surface. All the C3 oxygenates investigated in this study can be 

deoxygenated to produce propene on the Mo2C surface. The deoxygenation of 

propanal and 1-propanol could go through a similar η
2
(C,O)-adsorbed aldehyde or 

propoxide intermediate. The larger deoxygenation selectivity for the reaction of 

propanal compared to that of 1-propanol was attributed to the larger activation barrier 

for the hydrogenation of the O and α-C atom of propanal than that for the 

dehydrogenation of the O-H and α-C-H bond of 1-propanol. The reduced activity for 

the deoxygenation of 2-propanol and acetone needs further investigation. 

Through combination of DFT calculations, surface science measurements on 

model surfaces, and flow reactor evaluation on porous catalysts, Mo2C was 
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demonstrated to be a promising catalyst for the HDO of furfural to produce 2-

methylfuran. Furfural is readily accessible from the hemicellulose part of the raw 

biomass while 2-methylfuran is a promising fuel-additive. These results potentially 

open an alternative route to produce fuels from the hemicellulosic biomass. DFT 

calculations and surface sciences experiments suggested that furfural adsorbed onto 

the Mo2C surface through an η
2
(C,O) configuration which led to the production of 2-

methylfuran. Flow reactor evaluation on porous Mo2C catalysts detected a high 

selectivity of 70% towards 2-methylfuran production from the reaction of furfural. 

Furfuryl alcohol can also deoxygenate to produce 2-methylfuran on the Mo2C surface. 

Comparison between the deoxygenation of furans with that of C3 oxygenates 

suggested that the existence of the furan ring eliminated the 

hydrogenation/dehydrogenation pathways.  

The reaction pathways of furans (including furfural, 2-methylfuran and furan) 

were also investigated on the Pt/Mo2C surfaces. The addition of Pt onto the Mo2C 

surface significantly changed the reaction pathways of furfural. Reforming and non-

selective total decomposition were the major pathways on the Pt/Mo2C surfaces. The 

reactions of furans on Pt/Mo2C showed a larger activity than those on Pt(111) due to 

the stronger interaction between the ring and the Pt/Mo2C surface. 

8.2 Future Research Opportunities 

8.2.1 Carbides for the HDO of Biomass-derived Oxygenates 

One challenging problem for the HDO of furfural to produce 2-methylfuran using 

the Mo2C catalyst is the deactivation which is caused by the polymerization of 

furfural.
184,236

 Mo2C was previously found to contain some acidic sites.
237

 These acidic 



 150 

sites could catalyze the polymerization of furfural
238

, which encapsulates the catalyst 

and causes the deactivation. Doping the Mo2C catalyst with alkali metals like 

potassium (K) could potentially alleviate the deactivation problem by neutralizing the 

acidic sites. In addition, the effects of the addition of K onto the Mo2C surface were 

previously investigated for the adsorption and reaction of ethanol.
50

 The addition of K 

enhanced the dissociative adsorption of ethanol and did not affect the deoxygenation 

pathway to produce ethylene.  

The other possible solution is to synthesize supported Mo2C catalysts. By 

dispersing the Mo2C onto a support, the active site domain is broken down to smaller 

ones, which could reduce the possibility of two adjacent molecules interacting in the 

active site domain. As a result, the undesired polymerization reaction of furfural could 

be diminished. The synthesis of supported Mo2C catalysts can be found in the 

literature.
239

 

Another direction is to explore other early transition metal carbides for the HDO 

of the biomass-derived oxygenates. WC was systematically investigated in the 

deoxygenation of small oxygenates and found to be active and selective.
39

 However, 

the small surface area of WC due to high synthesis temperatures limits its 

application.
41-43

 TiC and VC surfaces were also found to be active towards the C-O 

bond scission of small oxygenates such as ethanol and 2-propanol.
34,35

 It would be 

interesting to compare the HDO activity and selectivity on different early transition 

metal carbides and to search for correlation between the activity and the carbide 

structures.  
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8.2.2 HDO in the Liquid Phase 

H2 is required in the HDO reaction for upgrading biomass-derived oxygenates. 

Before significant improvement is made in the water electrolysis for the production of 

H2, upgrading of biomass-derived oxygenates via HDO is not truly sustainable. 

Currently, steam reforming of CH4 or coal still dominates the commercial production 

of H2 which relies on the traditional fossil fuels. In-situ generation of H2 during the 

upgrading of biomass-derived oxygenates could be a potential solution. Catalytic 

hydrogen transfer hydrogenolysis of furfural was reported by Vlachos et al.
240,241

 The 

in-situ generated H2 from the dehydrogenation of the solvent was used for the HDO of 

furfural to produce 2-methylfuran. However the catalyst which was used in these 

studies was the expensive Ru/C catalyst. One alternative solution is to use the carbide 

catalysts such as Mo2C if the deactivation problem could be solved by doping K or 

synthesizing supported carbide catalysts. On the other hand, quantitative analysis of 

the solvent effects remains a challenge. In-situ techniques such as X-ray absorption 

spectroscopy (XAS) can monitor the changes in the physical and electronic properties 

of the catalysts during the reaction and will play an important role in addressing this 

challenge.    

8.2.3 Other Important Reactions for Upgrading Biomass-derived Oxygenates 

Another important reaction for upgrading the biomass-derived furfural is the 

selective ring-opening reaction. The selective ring-opening of furfural can lead to the 

production of 1,5-pentadiol and/or 1,2-pentadiol, both of which are important 

monomers for producing polyesters.
242

 Several research groups have started the 

research in this area. Ir-, Rh- and Ru-based catalysts were shown to be active for the 

selective ring-opening reaction.
238,243

 However the yield of one-pot conversion of 
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furfural to the diols is not satisfying. Ir- and Ru-based catalysts are currently being 

developed in the Catalysis Center for Energy Innovation (CCEI) for the selective ring-

opening of furfural to produce the diols by combination of DFT calculations, 

microkinetic modeling and surface experiments.  
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