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I. INTRODUCTION 

The energy consumption has been increasing every year by 2.6% on average since 

1965.1 The average consumption in the last ten years increased at almost the same rate 

(2.7%), however at the same period, 2001-2011, the fossil fuel production increased 2.2% 

yearly on average. Recent models predict that the reserves for oil, gas and coal will be 

depleted in 2040, 2042 and 2112, respectively.2 One should also consider the changes in price 

of the fossil-based fuels, which may occur very abruptly for several reasons, including 

political instabilities in the major production countries or regions and the fact that the 

production limit is almost reached, making it harder to compensate production fluctuations. 

The financial crisis in 2008 caused a slight decrease in the energy consumption in 2009, 

which was compensated with an increase of ~5.1% in 2010. In 2011, 87% of the primary 

energy consumption was supplied from oil, natural gas and coal, while renewables (i.e., wind, 

solar, geothermal, biomass and waste) only accounted for 1.6% of energy consumption, see 

Figure I.1 for the distribution of energy sources in 2010 and 2011.1 In 2011 Germany ranked 

fifth in the world in renewable energy consumption per person;3,4 10.9% of 13354 PJ energy 

consumption was supplied through renewable sources listed above.5 Through the use of 

renewables Germany saved ~1516 PJ of primary energy on fossil fuels and transportation 

costs combined in 2010.6 Among renewables, the role of biomass is increasing in importance 

as a clean energy source, even claimed as the only sustainable source of organic fuels, 

chemicals and materials as the net carbon emission to the atmosphere is decreased via 

planting new feedstock.7 

Until the fossil-fuel based, i.e., coal dependent industrial revolution in the 18th 

century, biomass based organic fuels were the dominant energy source of the world, solely 

via burning the plant biomass directly.8 The introduction of fossil fuels decreased the use of 

biofuels until after the World War II; but with the increase in the population along with the 

increase of energy consumption per person in the after-war era, the demand for energy 

increased, causing different energy sources such as biomass to be investigated. New routes 

were introduced to replace the direct combustion method, which produces heat with a limited 

efficiency as the energy density of biomass raw material is very low compared to crude oil; 

the energy density of dry wood is highest among many biomass resources but it is still only 

40% of that of crude oil.9 Thermochemical routes such as pyrolysis and gasification convert 

the biomass into gas or liquid fuels, to be used further in energy generation. Chemical routes 

such as hydrolysis of fats produce biodiesel, and bacteria, enzymes and yeasts take part in the 
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biochemical route to convert sugar-based biomass into gaseous and liquid fuels.10 The listed 

methods are used excessively in the industry nowadays; however the efficiency of the 

processes is not satisfactory.11 Thus, increasing the efficiency of biomass conversion 

processes is a high priority to maximize the benefits and to minimize the ecosystem and 

societal costs.12 

 

Figure I.1 Primary energy consumption distribution to energy types in 2010 and 2011, 

inside and outside the ring, respectively. Adapted from Ref. 1.  

Hydrogen is an attractive energy carrier that produces only water as end-product. 

However the current widespread production processes rely heavily on nonrenewable natural 

gas or other petroleum products,13 the reserves of which are limited. Other possibilities of H2 

production are water splitting and using biomass feedstock for conversion. Biomass 

conversion to hydrogen includes: directly from gasification coupled by water-gas shift 

(WGS), conversion of biomass in aqueous phase at high temperatures and pressures,14 

pyrolysis, biochemical conversion, or indirectly from biomass-derived pyrolysis oils, 

methanol, and ethanol.15 These methods listed have shortcomings; they have too low 

production rates or too many complex steps during the production that makes researchers 

look for feasible novel processes that overcome the efficiency and cost issues. 

Recently Dumesic et al. introduced the aqueous phase reforming (APR) process as an 

efficient method for converting carbohydrates produced from biomass, such as sugars and 

polyols, into primarily H2 and CO2.
16 The process occurs at temperatures ~500 K and 

pressures typically ~15–50 bar. The reaction conditions are also suitable for the WGS 

reaction, which enables generation of H2 with less CO content in a single reactor. The lower 

temperatures in comparison to steam reforming, which is currently the most prominent 
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process for H2 production, decrease the probability of any side reactions the carbohydrates 

may undergo. The reaction is easier to control and is said to have a lower energy requirement 

as the effluent does not need to be vaporized.17 The listed major advantages of APR 

processing over steam reforming of alkanes make this process a feasible alternative for H2 

production. The selectivity is a major issue as the main products of the process, H2 and CO2, 

tend to form methane at the reaction conditions. Hence the examination of the detailed 

reaction routes on various catalysts to find the most appropriate one is of great importance, 

appealing both to experimentalists and theoreticians. 

Before investigating a complex system consisting of several reactions and side 

reactions, including C–C and C–H bond scissions, a detailed understanding of a simpler 

system that consists of only dehydrogenation reactions of ethylene on the close-packed (111) 

surfaces of several different transition metals, i.e., Pt, Pd, Rh and Ni, was investigated in the 

first part of the thesis, namely a comparative study of ethylene decomposition on close-

packed surfaces of transition metals. A systematic decomposition of ethylene, comprising of 

four dehydrogenation reactions and a C–C bond scission of the final H-free C2 structure, is 

employed to understand how different these metals perform thermodynamically and 

kinetically under the same conditions. The reactions studied are of relevance in several 

processes, e.g., ethylene conversion to ethylidyne,18-22 hydrogenation of acetylene,23 and 

graphene formation from C atoms.24 

In the second part of the thesis the conversion of simple alcohols to produce H2 was 

studied to exemplify the conversion of biomass feedstock on two surfaces of Pt, the flat 

Pt(111) surface and the stepped Pt(221) surface. 1- and 2- propanol were used as alcohol 

feedstock as they are simple candidates that show the selectivity of catalytic processes. These 

studies provide a first insight into reactions of sugars and lead to results that might be 

extendable to polyols. The conversion route is divided into two parts. One part solely 

comprises dehydrogenation reactions that are expected to take place before C–C bond 

scission reactions based on previous studies.22 Afterwards C–C bond breaking reactions were 

addressed to answer the question whether the decarbonylation or the decarboxylation is the 

dominating mechanism of deoxygenation.25 
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II. COMPUTATIONAL DETAILS AND MODELS 

1. Computational details 

Periodical slab calculations were performed with a plane-wave based technology as 

implemented in Vienna Ab initio Simulation Package (VASP) to solve the Kohn-Sham 

equation of density functional theory (DFT).26-29 The projector augmented wave (PAW) 

method30,31 was employed to describe the interactions between the electrons and ions. The 

gradient corrected form (generalized gradient approximation – GGA) of the exchange and 

correlation functional was employed as suggested by Perdew and Wang (PW91).32,33 Plane 

waves up to a kinetic energy of 400 eV were included in the basis set. The Brillouin zone was 

sampled by a 5 × 5 × 1 k points Monkhorst-Pack grid34 along with first-order Methfessel–

Paxton smearing35 with a 0.15 smearing width to accelerate the convergence; energies 

extrapolated to no smearing were used. The calculations were performed spin-polarized for 

the Ni(111) surface and the gas phase open-shell species. In all other cases, non-spin-

polarized calculations were carried out. 

The surfaces of M = Pt, Pd, Rh, and Ni were modeled in a supercell geometry by slab 

models periodic in two dimensions and repeated in the third dimension, separated with a 

vacuum spacing of at least 1 nm between two slabs, lying in the direction of the surface 

normal vector to prevent interaction. The flat surfaces of M(111)  were modeled by slabs of 

four layers in the ethylene decomposition study, and by slabs of five layers in the alcohol 

conversion part. Stepped Pt(221) surfaces were also employed in the alcohol conversion 

studies. The (221) surface of Pt comprises of (111) terraces, four atomic rows wide, connected 

by (111) steps of monatomic height. Formally, these surfaces were modeled as 20 

mathematical layers in 221 direction, which makes up five physical layers in [111] direction. 

The adsorbates were placed on one side of the slab models and dipole corrections were 

employed as implemented in VASP.36 The adsorbates and the first two “upper” layers of the 

surfaces (eight mathematical layers in 221 direction in the case of the stepped surface) were 

relaxed during geometry optimizations and transition state searches. The two/three “bottom” 

layers of (111) terraces were kept fixed at their theoretically calculated bulk-terminated 

geometries where the distances between M–M atoms are 282, 280, 272 and 248 pm for Pt, Pd, 

Rh and Ni, respectively. The atoms were allowed to relax so that the forces acting on them in 

each direction were less than 2 × 10–4 eV/pm. Three coverages were investigated regarding 

the adsorption of the hydrocarbon species in the ethylene decomposition study; a 

(√3 × √3)R30° unit cell for 1/3 coverage, a (2 × 2) unit cell for 1/4 coverage and a (3 × 3) unit 
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Figure 1.1 Three different coverages employed on the flat (111) surfaces of M (M = Pt, 

Pd, Rh, Ni): √3 × √3 unit cell for 1/3 coverage, a 2 × 2 unit cell for 1/4 coverage and a 3 

× 3 unit cell for 1/9 coverage, represented together with the coverage employed stepped 

surface (221) a 3 × 1 unit cell for 1/12 coverage. The step-edge atoms are represented 

with a bigger radius to facilitate the separation. 

cell for 1/9 coverage, as shown in Figure 1.1. The reactions were investigated on the lowest 

coverage, 1/9. The shortest lateral distances at this coverage between two structures in 

adjacent cells are 478 pm in the ethylene decomposition part and 394 pm in the alcohol 

conversion part. In alcohol conversion study only one coverage, 1/9 represented by the same 

(3 × 3) unit cell, was considered on the flat surface and the stepped surface is modeled as a 

(3 × 1) unit cell, corresponding to 1/12 coverage, Figure 1.1. The energies and geometries of 

gas phase species are calculated in a cubic box with dimensions of 1.5 × 1.5 × 1.5 nm3. A 

single k-point was used for all calculations on isolated molecular species and spin polarization 
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was employed in the case of radical species. 

Binding energies (BE) were calculated as BE = Ead + Esub – Ead/sub, where Ead is the 

total energy of the adsorbate in the gas phase (ground state), Esub is the total energy of the 

clean surface, and Ead/sub is the total energy of the adsorbate on the surface in the optimized 

geometry. With this definition of the binding energy, positive values imply a favorable 

interaction, i.e., a release in energy upon adsorption.  

Reaction energies Er were calculated as the change of total energies when the reactant 

structure is converted to the final structure, if there are more than one species in any of the 

said structures they are taken to be in close proximity; Er (r1+r2 → p1+p2) = E([p1+p2]/M) – 

Er([r1+r2]/M). In addition to the reaction energies calculated in this way, the reaction energies 

were determined for the species in structures formally at “infinite separation”. As in infinite 

separation there will be no lateral interactions with the other species, the change in the total 

energies of each individual species was taken as reference; Er
inf = [E(p1)/M + E(p2)/M –

 E(M)] – [E(r1)/M + E(r2)/M – E(M)]. The presence of the energy of the surface, E(M), in this 

equation is to keep the number of surfaces on both sides of the equation equal, e.g., if there 

are two products adsorbed on the surface but only one reactant species adsorbed on the 

surface, the clean surface is actually the second reactant, “latent reactant”. Activation energies 

were calculated as the difference between total energies of transition and initial states; Ea = 

E(TS)/M – E ([p1+p2]/M). 

Transition states (TSs) were located by employing the dimer method37 and the nudged 

elastic band (NEB)38,39 method. In the latter case, eight images were generated in between the 

reactant and the product states to represent a discrete approximation to a reaction path. An 

estimate to a transition state was thus found. Afterwards, the estimated TS was used as a 

starting point for a refinement with the “dimer” method. The transition state structures were 

refined until the forces on atomic centers were at most 2 × 10–4 eV/pm, as in the case of 

minima search, i.e., for the intermediates. The vibrational analysis was carried out for each 

stationary point, in order to confirm that there are no imaginary frequencies in the case of 

intermediates and there is exactly one imaginary frequency that corresponds to the breaking or 

forming of the bonds of interest in the case of TS structures. The energies were not corrected 

to zero point energies (ZPE); our the calculations on Pd(111) had shown that the effect on the 

barriers is only a reduction by ~10–15 kJ mol–1 for C–H bond breaking and ~5–8 kJ mol–1 for 

C–C bond breaking reactions.22 For C–H reactions on Rh(111) Li et al.19 estimated at most 18 

kJ mol-1 reduction in the barriers and on Ni(111) Nave et al.40 reported ~10–14 kJ mol-1 

corrections for the zero point energy. 
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2. Modeling of the aqueous phase 

When modeling systems in an aqueous environment, a simpler slab model was 

employed. The (111) surface of Pt was modeled in a supercell geometry as two-layer slab 

with a spacing of at least 1 nm in-between two slabs. The relaxation was applied only for the 

adsorbates; the Pt atoms were kept fixed at their theoretically calculated bulk-terminated 

geometries. For systems in the gas phase, this simple model provides adequate results for the 

BE values of the intermediates. The BE values of the structures calculated in this way differ at 

most by 10 kJ mol–1 from the corresponding values obtained by the more elaborate model 

described in Chapter 1. 

The aqueous phase over the metal surface was modeled as one layer of water 

molecules. The number of water molecules in one layer was determined using molecular 

dynamics calculations in VASP. The spacing between two slabs was filled with 24 water 

molecules according to density of water (~1 g/cm3). The system was structurally relaxed 

using a microcanonical ensemble at 300 K for 1 ps. Afterwards the system was cooled down 

to 0 K in ~3 ps via simulated annealing. From the resulting structure it was concluded that 

there are eight water molecules in the first layer at the 3 × 3 unit cell. The resulting surface 

 

Figure 2.1 Top and side views of the water network forming over the surface formed 

from eight water molecules. Hydrogen bonds in between the water molecules are also 

represented. The 3 × 3 unit cell employed is marked. 
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along with the eight water molecules was optimized further with the criteria presented in 

computational details and is displayed in Figure 2.1. The structure of the water layer has an 

average O–O bond length of 285.5 pm, which is the same as the value determined from X-ray 

radial distribution function for liquid water structure.41 
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III. PART I - COMPARATIVE STUDY OF ETHYLENE 

DECOMPOSITION ON CLOSE-PACKED SURFACES OF 

TRANSITION METALS 

3. Background 

Olefins constitute an important class of organic compounds with a wide range of 

applications in petrochemistry, organic and polymer chemistry due to their high reactivity and 

the diversity of valuable products.42 At an industrial scale, transformations of olefins usually 

occur on transition metal catalysts; therefore research has focused on understanding the 

interaction of alkenes at transition metal surfaces.43 As the first member of the unsaturated 

hydrocarbon series, ethylene has received a fair share of attention, from both experimentalists 

and theoreticians about its interaction with several transition metal surfaces.18,43-55 Especially 

dehydrogenation-hydrogenation reactions are of great interest in petroleum industry in the 

production of ethane and acetylene.56-60 

The discussion of the adsorption mode of ethylene on transition metals has been a hot 

topic for many years.61-68 Two adsorption modes have been observed: a π adsorbed mode that 

undergoes hydrogenation,60,69 and a more stable di-σ adsorbed mode.18,19,70,71 However, more 

recently, a study by Okada et al.72 found that on the Pt(111) surface both forms coexist and 

interconvert easily. These authors also suggested an explanation for the fact that Cremer et 

al.69 observed only the π adsorbed mode under hydrogenation conditions; accordingly, di-σ 

adsorbed ethylene is quickly removed from the surface through hydrogenation. 

Ethylene that is adsorbed on transition metal surfaces may undergo several 

conversions as dehydrogenation, hydrogenation, 1,2-hydrogen shift and C–C scission. A 

schematic of the complex reaction network comprising such reactions is represented in the 

work by Chen et al., Figure 3.1.22 As the individual steps of conversions are hard to be 

determined through experiments, it is a widely employed strategy to examine via 

computational methods the probable networks that include observed intermediates and 

products. For example, ethylene has been previously studied computationally on 

Pt(111),21,73,74 Pd(111),18,20,22,56,70,71,75,76 Rh(111),19 and Ni(111)55 surfaces. Chen et al.22 

presented the intermediates and transition states of the complete network of ethylene 

conversion on Pd(111) surface from computational results. These results suggested C–C bond 

breaking reactions over the metal to have mostly higher barriers than C–H bond breaking 

reactions. Only species with minor H content, ethynyl (CHC), and carbon dimer (C2), have 

comparable/lower activation barriers for the cleavage of the C–C bond. Hence, the likely 
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precursors of C1 species deposited on catalyst surfaces in transformations of unsaturated 

hydrocarbons are these C2 species with low H content. 

Experimental studies found that on (111) surfaces of Pt, Pd, and Rh, the adsorbed 

ethylene converts to ethylidyne at room temperature.45,48,77-80 On the Ni(111) surface, the 

conversion product is acetylene and gaseous H2.
50,58,81 Previous theoretical studies dealt with 

the conversion of ethylene to ethylidyne on Pt(111)21,82 and Pd(111)18,20,82 surfaces. 

According to these calculations, the activation barriers of the dehydrogenation/hydrogenation 

reactions on Pd(111) surfaces are 5–25 kJ mol–1 higher than those on Pt(111). One important 

point is that the activation barrier of the rate limiting step on Pt(111) is also lower than that of 

Pd(111), which is in line with the experimentally detected faster conversion on Pt surfaces 

than on Pd surfaces.83 Andersin et al. investigated computationally the ethylene conversion to 

ethylidyne71 as well as the complete decomposition of ethylene to C and H on the surface76 on 

flat Pd(111) and stepped Pd(211) surfaces. Analogous dehydrogenation/hydrogenation 

reactions show similar barrier heights on both surfaces. Also Li et al. calculated the reactions 

 

Figure 3.1 Overview of the reaction network of transformations of ethylene including 

dehydrogenation, C–C bond scission, and 1,2-H shift. Adapted from Ref. 22. 
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for the conversion of ethylene to ethylidyne on Rh(111)19 to show that the plausible pathway 

is the same as on Pd(111) surface, but the rate limiting step is different. 

Although some of the transition metal systems are known to exhibit rather similar 

reactivities, there can be differences in specific reaction steps, as in the case of Pt(111) and 

Pd(111).21 Thus, ethylene and other C2Hx species might behave differently on different 

transition metal surfaces. Hence a comprehensive study of their adsorption properties and 

reactivities in dehydrogenation and C–C bond breaking reactions is of interest with a 

comparison of such metals in mind. Goda et al.84 used density functional theory to study the 

binding of hydrogen, ethylene, acetylene, ethyl, and vinyl on monometallic and bimetallic 

transition-metal surfaces and determined that the binding energies correlate with the energies 

of the d-band centers (relative to the Fermi level) of these surfaces. They also reported on the 

activation barriers of ethyl dehydrogenation to ethylene and vinyl dehydrogenation to 

acetylene; however these values were obtained from bond order conservation (BOC) theory. 

Medlin and Allendorf85 employed the same surfaces – (111) surfaces of Pt, Pd, Rh, and Ni – 

to model acetylene and H adsorption, but did not calculate the reactions. Their results show 

that acetylene adsorbs preferentially above threefold hollow sites on Pt(111), Pd(111), and 

Rh(111) surfaces, and above two neighboring hollow sites on Ni(111). 

In the work reported in this part of the thesis, the aim is to model in a systematic 

fashion the total decomposition of ethylene by investigating the behavior of C2Hx (x = 0 – 4) 

species (e.g.,ethylene, vinyl, acetylene, ethynyl, and carbon dimer) and to compare the results 

for (111) surfaces of four metals M, M = Pt, Pd, Rh, and Ni. The present work does not cover 

the complete reaction network starting from ethylene as presented by Chen et al.22 because the 

network comprises a large number of reactions. Rather, the present comparison focuses in a 

systematic way on a chain of dehydrogenation reactions; it comprises of dehydrogenation 

only from the carbon group with the higher number of H atoms, followed by the C–C bond 

breaking of the species when there is no C–H bond left. Hence the reactions of interest in this 

study are: CH2CH2 → CH2CH → CHCH → CHC → CC → C + C. The decomposition step 

of the carbon dimer is significant as it is the reverse reaction of coke formation, which is an 

important issue in the loss of the activity of the catalysts.86,87 The small C2 species can also be 

considered as the precursors of graphene formation.24 As H-shift reactions are not surface-

mediated, they have to go over higher barriers18,19,21,71,74 than the other types of reactions, 

hence they are not part of this work. 



 Comparative Study of Ethylene Decomposition on Close-Packed Surfaces of TM  

14 

4. Systematic decomposition of ethylene 

4.1. Adsorption Complexes and Energetics of the Intermediates 

The adsorption geometries of the six species involved in the reaction route, CH2CH2 

(ethylene) → CH2CH (vinyl) → CHCH (acetylene) → CHC (ethynyl) → CC (carbon dimer) 

→ C + C on the close-packed (111) surfaces of four transition metals – Pt, Pd, Rh and Ni – 

along with the relevant energy changes will be described in the following. Figure 4.1 shows 

representative optimized adsorption modes calculated in this reaction study for each 

adsorbate. 

4.1.1. Ethylene, CH2CH2 

As mentioned earlier, ethylene adsorption on Group VII metal surfaces occurs in two 

modes with two different hybridizations of the C atom: in the π mode the carbon is sp2 

hybridized whereas the di- σ mode, depicted in Figure 4.1 as η1η1 ethylene, is sp3 hybridized. 

As the latter mode18,19,60,67,69-72,88 is more stable and active in dehydrogenation reactions it is 

chosen as the default ethylene adsorption mode on all surfaces. In this mode, the molecule is 

connected to the surface with two C–M bonds, keeping the C–C axis parallel to the surface at 

a bridge site. The only exception to this mode among the metals and coverages inspected in 

this work is the adsorption complex on the Ni(111) surface at the highest coverage (1/3). On 

this surface, the molecule is adsorbed with one of the carbon atoms having one C–M bond 

and the other one bonded to three metal atoms of the surface, depicted as η1η3 in Figure 4.1. 

When ethylene molecules are calculated in such an adsorption geometry over the Ni surface at 

1/3 coverage, the closest distance between two adjacent molecules – the distance between one 

of the H atoms of the CH2 group with the other H of its mirror image – is determined at 199 

pm, which is very similar to the corresponding value for the same coverage on other metals 

(Pt, Pd, Rh) adsorbed at a bridge position in an η1η1
 mode (190–199 pm). However, when the 

molecule is forced to adsorb at the bridge position at 1/3 coverage on Ni(111) surface, the 

closest distance drops to 155 pm, which causes very high repulsive forces. Zhu and White50 

have observed that at high coverages such a weakly bound mode, different from di-σ exists 

where the molecule is tilted with one pair of hydrogen atoms closer to the surface, as in the 

η1η3 mode in Figure 4.1. As listed in Table 4.1, the high coverage binding energy is 30 

kJ mol–1 less than that of the low coverage one, in line with that observation. Based on the 

investigations with high resolution X-ray photoelectron spectroscopy (XPS), Lorenz et al.89 

also proposed an adsorption complex with one C atom at the threefold site while the other is 
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Figure 4.1 Various modes of optimized structures for C2Hx (x = 0 – 4) species on 

M(111) (M = Pt, Pd, Rh, Ni) surfaces. 

positioned atop a Ni atom in the η1η3 mode, although they have conducted their experiments 

for a 2 × 2 structure. 

The C–C distance is calculated longest for that adsorbed on Pt(111) surface, 149 pm at 

each coverage as listed in Table 4.1, elongated by 16 pm from the calculated gas phase value. 

Experimentally, Stöhr et al.90 have determined this bond as 149±3 pm from near-edge X-ray 

absorption fine structure (NEXAFS) spectra, and also in previous calculations very similar 

values, 148–149 pm, were obtained.21,53,54,84,91,92 The C–C bonds get a bit shorter for the 

molecule adsorbed on Rh and Pd, 146 pm and 145 pm, respectively, (Figure 4.1), as also 
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calculated earlier.19,54,67,70,84 A low-energy electron diffraction (LEED) study68 reported the 

latter value as 142±9 pm when ethylene is adsorbed at 80 K on Pd(111). For the η1η3 

adsorbed C2H4 at 1/3 coverage on Ni(111) surface, the C–C bond is 143 pm, 2–3 pm shorter 

than its η1η1 counterpart on lower coverages. 

On the (111) surfaces of Pt, Pd, and Rh, the C–M distances are very close, in the range 

of 211–214 pm (Table 4.1). The values for Pt again agree with previously determined 

values.53,91,92 Goda et al.84 calculated the same structures on Pt(111) and Pd(111) surfaces for 

1/4 coverage and determined longer C–M distances, Pt: 215 pm and Pd: 218 pm. The values 

on Pd(111) surface match very well the values reported by Ge and Neurock.93 The C–Rh 

distances are 213–214 pm, consistent with previously calculated result of 213 pm for 1/4 

coverage.19 For Ni(111) surface, except for the differently adsorbed mode, the C–M distances 

were 10–15 pm shorter than on the other three transition metals. This difference is in line with 

the difference of M–M distances of these four surfaces. While the M–M distances of Pt, Pd, 

and Rh are close to each other, 272–282 pm (Chapter 1), that of Ni is shorter, 248 pm. 

For all of these surfaces, binding energies decrease with increasing coverage due to 

increasing repulsive lateral interactions when the unit cells get smaller. Ethylene is bound 

Table 4.1 Optimized structurea (pm) and energy (kJ mol–1) characteristics of ethylene on 

M(111) (M= Pt, Pd, Rh, and Ni) at various coverages θ. 

metal θ C-C C-H C-Mb BEc 

Pt 1/3 149 110 211;211 94 

 
1/4 149 110 211;211 103 

 
1/9 149 110 212;212 109 

Pd 1/3 144 110 212;213 74 

 
1/4 145 110 212;212 80 

 
1/9 145 110 212;212 94 

Rh 1/3 146 110 213;214 70 

 
1/4 147 110 213;213 83 

 
1/9 147 110 214;214 86 

Ni 1/3 143 110 216, 220, 226; 197 33 

 
1/4 146 110 199;200 58 

 
1/9 145 110 201;201 63 

a   A−B, distance between atoms A and B. b   The C atom that binds to more surface atoms is 

listed first. c   Binding energy (BE) of ethylene (see text).  
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most strongly on the Pt(111) surface, binding energies ranging from 94 kJ mol–1 on the 

highest coverage to 109 kJ mol–1 on the lowest coverage, followed by the similar strength on 

Pd, 74–94, and Rh surfaces, 70–86 kJ mol–1. Previous theoretical studies, employing the same 

exchange-correlation functional, PW91, calculated the binding energy on Pt(111) surface as 

100 kJ mol–1 at 1/9 coverage;94 as 99,84 101,73 106,54 and 11792 kJ mol–1 at 1/4 coverage. For 

Pd(111) surface the value determined at 1/4 coverage, 80 kJ mol–1, is also very close to the 

ones calculated by previous theoretical studies, 81–84.54,67,84,95 Experimentally, from a 

combination of microcalorimetric and in situ infrared spectroscopic measurements for the 

adsorption of ethylene on Pt/SiO2 and Pt/Sn/SiO2 catalysts at temperatures from 173 K to 233 

K, a heat of adsorption of 125 kJ mol-1 was measured for a mixture of π and di-σ bonded 

ethylene.96 

4.1.2. Vinyl, CHCH2 

On Pt, Pd, and Rh(111) surfaces, vinyl is adsorbed such that the sp3 configuration is 

still intact for both carbon atoms. The C atom of the CH group interacts with the surface 

through two metal atoms whereas the other carbon atom is bound to one metal center on the 

surface in a perpendicular bridge form. This η1η2 configuration of vinyl is shown in Figure 

4.1. Vinyl is adsorbed at an fcc hollow site as the most stable site for the three surfaces. As 

listed in Table 4.2, the C–M distances for the carbon atom that is bound to two surface atoms 

are shorter than the C-M distance of the singly bound carbon, by up to 2 pm in the case of Pt 

and 3–6 pm in the case of Pd and Rh than the C–M distance of the singly bound carbon. Jacob 

and Goddard97 determined C–Pt distances of 205 and 207 pm, 2 pm different from the results 

of the present study, on a Pt(111) surface modeled with a Pt35 cluster. On Pd(111) the values 

calculated, 203–205 and 208–209 pm, agree within 2 pm with those of the previous 

theoretical studies,18,70,95 although Sheth et al.95 calculated a C–C distance 5–6 pm longer than 

those of the present and other theoretical studies.18,67,70 Li et al.19 determined very similar C–

Rh values, 206–211, as obtained in the present study, 206–212 pm. 
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The adsorption complex of vinyl on Ni(111) is totally different from the complexes on 

the other three metals investigated. Previously, with ethylene, the adsorption mode was 

calculated to be different only at the highest coverage, see Section 4.1.1, whereas with vinyl 

the adsorption site is the same one as on the other three metals – fcc hollow site – but the 

adsorption geometry is different in that the carbon of the CH group is bound to three Ni 

surface atoms, overall in a η1η3 fashion (Figure 4.1). As the Ni–Ni distance is 24–34 pm 

shorter than the M–M distances of the other metals in consideration, when the CH group gets 

closer to the surface, the carbon atom starts to interact with an additional surface atom. 

Interestingly, the hydrogen of the same group also starts interacting with the surface, possibly 

due to weakened C–H bond. This C–H bond is elongated 5–7 pm from its value in the gas 

phase; this may be compared to the complexes on the other three metals, where that distance 

is elongated by 1 pm when adsorbed. The present configuration is in line with the structure 

calculated by Vang et al.55 The distance between the H atom of the CH group and the closest 

Ni atom ranges between 177 and 181 pm depending on the coverage. Also the C–C bond 

distance changes with coverage, from 141 pm at the highest coverage to 145 pm at the lowest 

coverage. 

Table 4.2 Optimized structurea (pm) and energy (kJ mol–1) characteristics of vinyl on 

M(111) (M= Pt, Pd, Rh, and Ni) at various coverages θ. 

metal θ C-C C-H C-Mb BEc 

Pt 1/3 147 110 208, 208;210 289 

 1/4 147 110 207, 207;209 304 

 1/9 147 110 207, 207;209 309 

Pd 1/3 145 110 204, 205;209 255 

 1/4 145 110 204, 204;208 263 

 1/9 145 110 203, 203;208 281 

Rh 1/3 146 110 206, 207;210 279 

 1/4 146 110 206, 207;212 286 

 1/9 146 110 206, 206;210 293 

Ni 1/3 141 110 188, 198, 205;210 247 

 1/4 142 110 189, 200, 202;206 271 

 1/9 145 110 189, 200, 201;206 280 

a  A−B, distance between atoms A and B. b   The C atom that binds to more surface atoms is 

listed first. c  Binding energy (BE) of vinyl (see text). 
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The adsorption of vinyl on the four surfaces is significantly stronger than that of 

ethylene. The highest binding energies occur on Pt(111) surface, 289–309 kJ mol–1, followed 

by those on Rh(111) surface, 279–293 kJ mol–1 (Table 4.2). The strength of vinyl adsorption 

on Pd(111) and Ni(111) surfaces is almost the same at the lowest coverage, at 1/4 coverage 

the adsorption on Ni is 8 kJ mol–1 stronger, and at 1/3 coverage it is on Pd surface that vinyl 

adsorbs 8 kJ mol–1 stronger. The value calculated for Pd(111) at 1/4 coverage, 263 kJ mol–1 

(Table 4.2) is very close to previously calculated values 274 kJ mol–1 and 267 kJ mol–1.18,20,95 

For the Rh(111) surface, Li et al.19 calculated the adsorption energy of vinyl at an fcc hollow 

site at 1/4 coverage as 278 kJ mol–1, again very close to 286 kJ mol–1 at the same site and 

coverage determined in the present work. 

4.1.3. Acetylene, CHCH 

The adsorption mode of acetylene on the (111) surfaces of Pt, Pd, and Rh follows the 

principle of bond order conservation for the C atoms, such that each C atom forms four σ 

bonds. The species is adsorbed at an fcc hollow site, interacting with three metal atoms of the 

surface, one of the surface atoms being shared by both carbon atoms, denoted as M2–C2, 

while the other two interact with individual carbon atoms, M1–C2. In this nomenclature, the 

upper index denotes the number of metal(carbon) atoms with which each carbon(metal) atom 

is bound to. This results in the parallel-bridge mode shown in Figure 4.1 as η2η2, and has 

been presented as being the most stable adsorption geometry both experimentally62,98-101 and 

theoretically54,85,102,103 on Pt(111) and Pd(111). Dubois et al.47 suggested an adsorbed 

metastable structure of acetylene on Rh(111) surface with its C–C axis parallel to the surface 

and C-C-H moiety no longer linear. Also for the Rh surface, Medlin and Allendorf85 

calculated that hcp parallel bridge mode is 36 kJ mol–1 more favorable than the fcc parallel 

bridge mode, where they calculated the binding energy as 222 kJ mol–1 at 1/4 coverage in 

comparison to 237 kJ mol–1 in this study, which is only 3 kJ mol–1 less stable than when 

acetylene is adsorbed at an hcp site. Experimentally, Mate et al.104 also proposed such a di-σ + 

π coordinated acetylene on the Rh(111) surface being stable up to 270 K based on high 

resolution electron energy loss spectroscopy (HREELS) spectra.  
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The gas phase C–C bond in acetylene is calculated at 121 pm, close to the value 

determined experimentally.90 On Pt(111) surface, this bond elongates to 139 pm at all 

coverages investigated (Table 4.3). The same degree of elongation is valid on Rh(111) 

surface, 138–139 pm, and on Pd(111) the C–C bond ranges between 136 and 137 pm. 

Sesselmann et al.98 measured the C–C bond on Pd(111) from a photoelectron diffraction 

(PhD) study as 134±10 pm. Thus, the calculated results lie within the confidence interval. 

M2–C2 bonds are normally 15–20 pm longer than M1–C2 bonds. Similar values have been 

obtained by the previous calculations.54,84,85,95,100,102 

On the Ni(111) surface, the adsorption mode of acetylene differs. Acetylene prefers to 

adsorb in η3η3 geometry over a long bridge site, where the two carbon atoms occupy 

nonequivalent hollow sites (Figure 4.1). This mode is in accordance with earlier 

experimental58,81,105 and theoretical55,100 results. In this adsorption geometry, six bonds are 

formed between two carbon atoms and four metal atoms of the surface, two of them via M2–

C3, two of them via M1–C3; the M2–C3 bonds are 4–6 pm longer than the M1–C3 bonds (Table 

4.3). The C–Ni distances agree within 3 pm with values previously calculated by Medlin and 

Table 4.3 Optimized structurea (pm) and energy (kJ mol–1) characteristics of acetylene on 

M(111) (M= Pt, Pd, Rh, and Ni) at various coverages θ. 

metal θ C-C C-H C-Mb BEc 

Pt 1/3 139 109 202, 221;202, 221 195 

 1/4 139 109 201, 221;201, 221 216 

 1/9 139 109 201, 221;201, 221 220 

Pd 1/3 136 109 201, 219;201, 220 179 

 1/4 136 109 200, 220;201, 219 180 

 1/9 137 109 200,218;200,218 202 

Rh 1/3 138 110 203, 216;203, 217 224 

 1/4 139 110 203, 217;203, 217 237 

 1/9 139 110 202, 217;202, 217 240 

Ni 1/3 139 109 197, 201, 201;197, 201, 202 203 

 1/4 140 110 195, 200, 201;195, 200, 201 239 

 1/9 140 110 195, 201, 201;195, 201,201 251 

a  A−B, distance between atoms A and B. b   The C atom that binds to more surface atoms is 

listed first. c  Binding energy (BE) of acetylene (see text). 
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Allendorf.85 The optimized C–C bond distance is 139–140 pm, which is ~5 pm shorter than 

the experimental results, measured at 144±10 pm81 and 145±3 pm90. 

In terms of the binding energies, Ni(111) and Rh(111) appear this time as the metals 

where acetylene binds strongest, 203–251 and 224–240 kJ mol–1, respectively (Table 4.3). 

Following is the adsorption on Pt(111) surface, in the range of 195–220 kJ mol–1. The 

experimentally estimated adsorption energy of acetylene on Pt black at 173 K,43 210 kJ mol–1, 

falls nicely into this range. The previously calculated BE values of acetylene on Pd(111) 

surface at 1/4 coverage by Sheth et al.,95 172 kJ mol–1, and Goda et al.,84 181 kJ mol–1, are 

also very close to the result of the present study, 180 kJ mol–1.  

However, comparison of the current results with those obtained in a previous 

theoretical study, employing the same metals at 1/4 coverage,85 shows notable differences. 

First of all, as mentioned before, in Ref. 85 adsorption on the hcp parallel bridge site was 

determined to be preferred over that on the fcc parallel bridge site by 36 kJ mol–1 on Rh(111). 

The binding energy at the most stable site, hcp parallel, was 258 kJ mol–1, whereas it was 222 

kJ mol–1 on the fcc parallel adsorption mode.85 The value obtained in the current study for the 

latter adsorption mode is 237 kJ mol–1, 15 kJ mol–1 higher. For the other metals, the most 

stable adsorption sites are the same but the energies differ. The adsorption energies of the 

previous study were 13 kJ mol–1, 37 kJ mol–1, and 46 kJ mol–1 higher on Pt, Pd, and Ni, 

respectively. The differences might be caused by the employment of smaller cut-off energies 

ranging from 280 to 340 eV depending on the metal, employed in the previous study,85 

compared to 400 eV used in the present work. 

4.1.4. Ethynyl, CHC 

Ethynyl adsorbs on the metal surfaces in such a way that the carbon atoms are in two 

nonequivalent hollow sites, the C atom of the CH group on an hcp site and the other one on an 

fcc site. However, depending on the metal and the coverage, the bonding of the species differ 

so that two variants of η3η3 mode are obtained, depicted as η3η3 and η3η3(a) in Figure 4.1. On 

the Ni(111) surface at all coverages studied, the regular version of the η3η3 mode is most 

stable. Also on Rh(111) at 1/4 and 1/9 coverages and on Pd(111) at 1/9 coverage that same 

mode is observed. On Pt(111) at all coverages, on Pd(111) at 1/3 and 1/4 coverages and on 

Rh(111) at 1/3 coverage, the modified version of the η3η3 adsorption mode, η3η3(a), is found. 

The modification implies an elongation of one of the C–M bonds of the CH group and the CH 

group moves slightly towards a bridge site, finally stabilizing at an intermediate mode 

between η3η3and η3η2, as seen in Figure 4.1; the bond that elongates is of M2–C3 character. 
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As a result of this elongation, the longest C–M distance increases to 279 pm on the Pt(111) 

surface at 1/3 coverage, see Table 4.4. For both variants of this mode, C–M bonds are shorter 

for the single C atom, hence the C–C bond is not parallel to surface.  

The binding energies of ethynyl, 433–527 kJ mol-1, on these four metals are higher 

than those of the rest of the hydrocarbon species addressed in this work. Due to this strong 

interaction, a perturbation occurs on the first layer of the metal atoms, especially for those at 

higher coverage, 1/3. One of the metal atoms that the molecule is bound to rises by 80, 66, 47, 

and 30 pm above the crystal plane in the cases of Pt, Pd, Rh, and Ni, respectively. At other 

coverages the maximum upward movement of the atom is smaller, e.g., on Pd(111) surface, at 

1/4 and 1/9 coverages the maximum shifts are 25 and 22 pm, respectively. Those metals with 

perturbed upper layers interact stronger with CH2 species, since the M–M bonds with atoms 

of the second layer are strongly elongated and these first layer atoms now have lower 

coordination numbers. On the Pt(111) and Pd(111) surfaces where the perturbation is the most 

prominent, the BE values at the highest coverage, 1/3, are higher than those at 1/4 coverage. 

The BE values on Ni(111), 493–527 kJ mol–1, and Rh(111), 512–522 kJ mol–1, are by more 

Table 4.4 Optimized structurea (pm) and energy (kJ mol–1) characteristics of ethynyl 

on M(111) (M= Pt, Pd, Rh, and Ni) at various coverages θ. 

metal θ C-C C-H C-Mb BEc 

Pt 1/3 140 109 203, 200, 216;210, 215, 279 457 

 1/4 141 109 198, 201, 214;209, 212, 273 433 

 1/9 141 109 198, 202, 212;211, 211, 269 454 

Pd 1/3 135 109 205, 198, 211;214, 218, 273 450 

 1/4 136 109 198, 201, 209;213, 217, 256 435 

 1/9 137 109 197, 201, 201;212, 229, 229 474 

Rh 1/3 139 109 200, 198, 206;213, 215, 257 512 

 1/4 136 109 192, 213, 213;216, 216, 260 519 

 1/9 139 109 196, 205, 205;221, 221, 223 522 

Ni 1/3 135 109 180, 189, 190;198, 214, 217 493 

 1/4 136 110 181, 191, 192;201, 208, 208 513 

 1/9 137 109 181, 191, 191;200, 208, 208  527 

a  A−B, distance between atoms A and B. b   The C atom that binds to more surface atoms is 

listed first. c  Binding energy (BE) of ethynyl (see text). 
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than 50 kJ mol–1 higher than those on Pt(111), 433–457 kJ mol–1 and Pd(111), 435–474 

kJ mol–1, Table 4.4. 

4.1.5. Carbon dimer, C2 

The adsorption mode of the carbon dimer is the same for all of metals and coverages 

investigated. As for ethynyl, the carbon atoms are adsorbed above two nonequivalent hollow 

sites, each connected to the surface via three C-M bonds, shown in Figure 4.1 as η3η3 carbon 

dimer. The formation of these three bonds with the surface is via two M2–C3 and one M1–C3 

interaction, M2–C3 bonds being 10–35 pm longer than M1–C3 bond, see Figure 4.1 and Table 

4.5. The C–C distances are in the range of 131–138 pm, with shorter bonds at higher 

coverages. 

Among all species of the type C2Hx (x = 0 – 4) investigated, the binding energies are 

highest for the carbon dimer on all surfaces, ranging from 587 to 708 kJ mol–1. As a tendency, 

the binding strength decreases in the order Ni(111) > Rh(111) > Pd(111) > Pt(111). The order 

is completely reversed from the case of ethylene adsorption. As in the case of ethynyl, the 

strong interaction with the surface causes the surface to distort so the metal atoms of the 

Table 4.5 Optimized structurea (pm) and energy (kJ mol–1) characteristics of carbon 

dimer on M(111) (M= Pt, Pd, Rh, and Ni) at various coverages θ. 

metal θ C-C C-Mb BEc 
Pt 1/3 132 192, 220, 220;193, 226, 226 609 
 1/4 137 203, 214, 214;200, 214, 214 587 

 1/9 136 198, 213, 213;198, 214, 214 619 
Pd 1/3 132 196, 216, 216;197, 222, 222 599 
 1/4 135 202, 213, 213;199, 214, 214 592 

 1/9 135 199, 211, 211;198, 213, 213 635 
Rh 1/3 134 193, 211, 212;192, 216, 217 691 

 1/4 137 201, 211, 211;202, 214, 214 689 
 1/9 138 200, 210, 210;200, 213,213 698 

Ni 1/3 131 178, 199, 199;178, 201, 201 664 
 1/4 134 184, 197, 197;183, 199, 199 691 

 1/9 134 185, 198, 198;184, 199, 199 708 
a  A−B, distance between atoms A and B. b   The C atom that binds to more surface atoms is 

listed first. c  Binding energy (BE) of carbon dimer (see text) 
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uppermost layer, connected in M1–C3, fashion move up. This effect is most pronounced at 1/3 

coverage as these surface atoms are shared by adjacent adsorbates, hence these surface atoms 

also have M2–C3 bonds. The upward shifts are 76, 57, 59, and 42 pm on Pt, Pd, Rh, and 

Ni(111), respectively, so that linear chains composed of -C-C-M-C-C-M- are formed. The C–

M bonds formed by these displaced atoms are ~10 pm shorter than the corresponding values 

at lower coverages. The C–C bond distances of these structures are also 3–5 pm shorter at 1/3 

coverages, Table 4.5. The binding energies at the (111) surfaces of Pt, Pd, and Rh, at 1/3 

coverage, are higher than those at lower coverages; hence, this strong C–M interaction 

overcomes the repulsion due to lateral interactions. At lower coverages than 1/3, the upward 

shifts of the surface atoms are significantly smaller, e.g., on Pd(111) the maximum rise of the 

atoms is 28 pm for both 1/4 and 1/9 coverages. The energies calculated for C2 adsorption on 

Pt(111) at 1/9 coverage, 619 kJ mol–1, and on Pd(111) at 1/4 coverage, 592 kJ mol–1, are in 

agreement with recent theoretical studies.24,106 

4.1.6. Atomic carbon, C 

When a carbon atom is adsorbed on an M(111) surface, it prefers high coordinated 

threefold-hollow sites, fcc or hcp, depending on the metal. On Pt(111), with decreasing 

coverage, the hcp site becomes more stable, ranging from 4–17 kJ mol–1, Table 4.6. This 

preference was previously documented by other theoretical studies.97,107 On Pd surface both 

sites are equally stable with a slight preference for the hcp site, especially at the 1/4 coverage; 

this result also agrees well with previous studies.24,108 On Rh(111) surface, the preference of 

hcp sites over fcc sites is significant, by 20–28 kJ mol-1. Mavrikakis et al.109 also stated the 

preference of hcp sites over fcc by 32 kJ mol–1 on Rh at 1/4 coverage. The values calculated 

for Ni(111) surface are close to that obtained experimentally110,111 and suggest that adsorption 

on hcp hollow site is preferred by ~7 kJ mol–1, which is also calculated by Zhang et al.112 and 

Xu and Saeys.113 However, the theoretical study of Klinke et al.114 differs from the former 

works in that the fcc site is preferred by almost 70 kJ mol–1. 
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4.2. Reaction energetics for decomposition of ethylene C2H4 over M(111) (M = Pt, Pd, 

Rh, Ni) 

This section will present a systematic account of the decomposition of C2H4, namely 

in each step a dehydrogenation at the C atom that has the higher number of H substituents and 

the final C–C bond breaking. Both the energetics of the reactions and the geometric properties 

of the transition states will be discussed. Although the adsorption of the species was 

calculated at three different coverages, the reactions (i.e., the transition structures) were only 

modeled at the lowest coverage, 1/9. The same type of adsorption sites were considered 

separately for the initial and the final states. This also means that in rare cases, not the most 

stable species, but species with a similar adsorption geometry, at the same site, were 

considered. Also the leaving H atom was coadsorbed at the same type of sites at 

corresponding final states. The diffusion of H atom was not considered as it occurs easily on 

metal surfaces. The properties of the transition state structures as well as the reaction energies 

and corresponding activation barriers are summarized in Table 4.7. 

 

Table 4.6 Optimized structurea (pm) and energy (kJ mol–1) characteristics of carbon 

atom on M(111) (M= Pt, Pd, Rh, and Ni) at various coverages θ. 

metal θ  C-M BEb  metal θ  C-M BEb 

Pt 1/3 fcc 191 672  Rh 1/3 fcc 191 671 

 1/4  192 683   1/4  191 680 

 1/9  191 695   1/9  190 690 

 1/3 hcp 193 668   1/3 hcp 190 699 

 1/4  193 675   1/4  191 704 

 1/9  192 678   1/9  191 709 

Pd 1/3 fcc 188 662  Ni 1/3 fcc 176 661 

 1/4  189 664   1/4  176 664 

 1/9  187 684   1/9  176 668 

 1/3 hcp 189 663   1/3 hcp 176 667 

 1/4  190 675   1/4  176 671 

 1/9  188 684   1/9  176 674 

a  A−B, distance between atoms A and B. b   Binding energy (BE) of the C atom (see text). 
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4.2.1. Ethylene dehydrogenation, TS1 

The first reaction is hydrogen extraction from the di-σ bound ethylene species on the 

metal surface. As listed in Table 4.1, the C–H bond is 110 pm for the adsorbed species. In the 

transition state, it elongates to 155–174 pm depending on the metal (Table 4.7). As depicted 

in Figure 4.2, the dissociating H atom interacts with a neighboring metal atom of the surface 

Table 4.7 Optimized structurea (pm) and energy (kJ mol–1) characteristics of transition 

statesb during the model ethylene decomposition on M(111), M = Pd, Pt, Rh, and Ni, at 

1/9 coverage. 

  Er Er
inf Ea

b C-C C-Hc C-Md M-Hc 

TS1e Pt 25 13 81 148 155 209, 220; 209 162 

 Pd 25 9 99 145 174 207, 210; 208 159 

 Rh -1 1 45 147 164 210, 211; 210 161 

 Ni -7 -15 47 142 173 190, 202, 207; 203 149 

TS2e Pt 14 3 85 140 148 200, 221; 212, 221 162 

 Pd -11 -24 76 138 160 201, 215; 205, 231 163 

 Rh -37 -38 21 140 152 201,216; 208, 218 162 

 Ni -58 -68 50 143 143 193, 218, 220; 190, 192, 245 153 

TS3e Pt 83 79 143 141 159 197, 211, 214; 210, 211, 275 166 

 Pd 31 25 119 137 176 197, 201, 207; 210, 217, 258 159 

 Rh 27 28 96 139 162 196, 202, 203; 222, 224, 225 165 

 Ni 29 26 111 136 177 179, 189, 189; 200, 211, 211 149 

TS4e Pt 85 73 143 136 159 198, 215, 215; 201, 214, 214 165 

 Pd 72 61 154 134 181 200, 214, 214; 197, 212, 212 158 

 Rh 60 58 131 137 164 197, 210, 210; 202, 212, 212 164 

 Ni 57 46 131 134 176 181, 195, 196; 186, 199, 200 149 

TS5f Pt -46 -101 135 188  192, 197, 237; 193, 204, 205  

 Pd 1 -63 121 194  190, 199, 204; 190, 199, 204  

 Rh -16 -50 113 224  185, 192, 205; 182, 194, 237  

 Ni 71 29 142 199  177, 183, 185; 177, 183, 185  

a  A−B, distance between atoms A and B in the transition state. b  Activation energy. c  Distance 

characterizing a bond that forms or breaks during the reaction. d  The C atom that binds to 

more surface atoms is listed first. e  Transition state of a dehydrogenation reaction. f  Transition 

state of C–C scission. 



 Comparative Study of Ethylene Decomposition on Close-Packed Surfaces of TM  

27 

and at the transition state, it is bound at an atop position with an H–M distance of 149–162 

pm. The carbon from which the H atom dissociated gets closer to the surface, forming new C–

M bonds, one in the cases of Pt, Pd, and Rh, and two in the case of Ni. In the final state the 

hydrocarbon species assume their corresponding vinyl structures with H atom adsorbed at a 

nearby threefold site, as shown in the second column of Figure 4.2. As the structure at the 

transition state resembles that of the final state, one can say that this transition complex has a 

“late” character. 

The abstraction of the first hydrogen is energetically comparable on Pt(111) and 

Pd(111), endothermic by 25 kJ mol–1. On Rh(111), it is thermoneutral and on Ni(111) slightly 

exothermic, see Table 4.7. The activation barriers on the latter two surfaces are very similar, 

45 and 47 kJ mol–1, respectively. Compared to values for Pt(111) and Pd(111), these barriers 

are significantly smaller, as on Pt(111) the barrier is 81 kJ mol–1 and on Pd(111) it is almost 

100 kJ mol–1. This points to easier dehydrogenation of ethylene in the case of Rh(111) and 

Ni(111) under similar conditions. 

Several computational studies previously dealt with ethylene dehydrogenation on the 

transition metals studied here.18-22,55,70,71,74,76 The results of Pt(111) and Pd(111) surfaces from 

these studies, where five layers were employed instead of four layers as in the present work, 

are in complete accordance with our model;18,20-22 differences amount to at most 6 kJ mol–1 on 

Pt(111) and 1 kJ mol–1 on Pd(111). Pallassana et al.70 carried out calculations for the 

dehydrogenation of ethylene on Pd(111) at 1/3 coverage and calculated the reaction energy as 

73 kJ mol–1 and the barrier as 151 kJ mol–1. Although the geometry optimized for the 

transition state is very close to the one presented here, the energies are far too different. 

Moskaleva et al.18 discussed the discrepancy in detail, presenting the importance of coverage 

for reaction energies. Also the criteria applied to reach convergence in Pallassana et al.’s 

work70 are not very tight: the forces in all directions are converged to 2 × 10–2 eV/pm 

compared to 2 × 10–4 eV/pm employed in the present work (see computational details). The 

results of the current study for Pt(111) agree with those calculated by Chen and Vlachos74 

who found the reaction energy as 2 kJ mol–1 with the products at infinite distance, which is 13 

kJ mol–1 in the present calculations, and the barrier as 81 kJ mol–1. For Rh(111) surface Li et 

al.19 used a three-layer model at 1/4 coverage to show the reaction is also thermoneutral, 2 

kJ mol–1, over a similar barrier, 50 kJ mol–1. Here, the difference in the coverage might be the 

cause of the slight difference in energies, keeping in mind that for Rh(111), coverage effect is 

much less prominent than on Pd(111), see Tables 4.2, 4.3, 4.4, 4.5, and 4.6. The results 

obtained by Vang et al.55 for Ni(111) surface are, however, different from the ones reported 



 Comparative Study of Ethylene Decomposition on Close-Packed Surfaces of TM  

28 

here. They reported that, at 1/6 coverage, the reaction is endothermic by 20 kJ mol–1 over a 

barrier of 60 kJ mol–1. The main reason for the deviating results is the different initial state of 

the reaction. Vang et al.55 calculated top adsorption, in the form of π adsorbed C2H4, on 

Ni(111) surface as the most stable mode, with a binding energy of 15 kJ mol–1, which is 43–

48 kJ mol–1 lower than the binding energy calculated in the present work for the bridge di-σ 

mode. Assuming that the energy of the product, adsorbed similarly as in the present work, is 

 

Figure 4.2 Structures of transition and final states at 1/9 coverage of ethylene 

dehydrogenation to vinyl step on four (111) transition metal surfaces: Pt, Pd, Rh and Ni. 
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similar to the value obtained also in this work, a lower energy of the initial state structure 

would result in an endothermic reaction, as reported by Vang et al.55 The change in the 

activation barrier is harder to anticipate as the transition state structure of the dehydrogenation 

of π adsorbed C2H4, as calculated by Vang et al.,55 might be different than that of the 

dehydrogenation of bridge di-σ mode adsorbed C2H4. 

4.2.2. Vinyl dehydrogenation, TS2 

In this systematic study, dehydrogenation from the H rich group is investigated, so 

here the focus is on the dehydrogenation from the CH2 group of vinyl to acetylene. As in the 

case of ethylene, the C–H bond of the CH2 moiety is also 110 pm. This C–H bond elongates 

to 143–160 pm in the TS structure, similar to the case of ethylene (see Table 4.7 and Figure 

4.3). In general the C–H bond is shorter in TS2 than in TS1, 7–14 pm in the case of Pt, Pd, 

and Rh, however, in the case of Ni, for TS1 the elongation is 63 pm whereas for TS2 it is only 

33 pm. The dissociating H atom approaches a surface atom that is already bound to the C 

atom of the CH2 group, as can be seen in Figure 4.3. In the TS structure, the H–M bond has 

shrunk to 153–163 pm. Simultaneously, on Pt(111), Pd(111), and Rh(111), the C atom of the 

CH2 group also moves, forming a second bond with the surface. In this way it occupies on 

these surfaces the most stable site of acetylene adsorption, a hollow fcc site in a η2η2 fashion. 

Indeed, this transition state geometry is very close to the one discussed earlier for the 

hydrogenation of acetylene on Pd(111) surface.103 On Ni(111), the C atom moves again in 

such a way that it forms two additional bonds with the surface, to reach the adsorption mode 

of acetylene in η3η3 fashion on the Ni surface as depicted in Figure 4.3.  

Concerning the thermodynamics, the dehydrogenation of vinyl to acetylene is a more 

favorable process compared to the previous dehydrogenation step. Except on Pt(111), where 

the reaction is still endothermic by 14 kJ mol–1, the reaction is exothermic by -11, -37, and -58 

kJ mol–1 on Pd(111), Rh(111) and Ni(111), respectively (Table 4.7). The change in the 

activation barriers, however, does not have a clear trend. In the case of Pt(111), the barrier is 

almost the same as that of the previous dehydrogenation step whereas for Pd(111) it has 

decreased by 23 kJ mol-1. Although the geometry of the TS structure is very close to the one 

calculated by Sheth et al.103 on Pd(111), the energetics do not match at all, probably due to the 

lower plane-wave cutoff energies and less number of layers employed in their study. 

Calculations by Chen and Vlachos74 on Pt(111) resulted in a transition state passing over a 

barrier of 99 kJ mol–1, which is 14 kJ mol–1 higher than the one presented here. However, they 

had used a 2 × 2 unit cell. They also reported that calculations for a 3 × 3 unit cell showed 
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~10 kJ mol–1 lower reaction barrier,74 bringing the activation barrier closer to that determined 

in this study. The large decrease in the barrier height is also valid in the case of vinyl 

dehydrogenation on the Rh(111) where the barrier drops down to 21 kJ mol-1. This is the 

smallest barrier among the four dehydrogenation reactions and the one C-C bond scission on 

the four metals covered in this work.  

On the Ni(111) surface, as on Pt(111) surface, the barrier is almost the same as that of 

 

Figure 4.3 Structures of transition and final states at 1/9 coverage of vinyl 

dehydrogenation to acetylene step on four (111) transition metal surfaces: Pt, Pd, Rh 

and Ni. 
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ethylene dehydrogenation. The value calculated by Vang et al.55 for this reaction on Ni(111) 

is not as far off as it was in the case of ethylene dehydrogenation, as the initial state and the 

final state in this case are similar to those of the present work. 

4.2.3. Acetylene dehydrogenation, TS3 

The optimized TS structures for acetylene dehydrogenation are shown in Figure 4.4. 

The geometry and adsorption modes were found to be similar on the (111) surfaces of the four 

metals investigated. The H atom forms a bond with a surface atom; the C atom, from which 

this H atom is subtracted, starts to interact with the same surface atom. At the transition state, 

the H–M bond is ~149–166 pm with H atop the metal atom and the incipient C–M bond is 

179–197 pm, see Table 4.7. At the TS, the CH moiety is also bound to three metal atoms of 

the surface as in the case of ethynyl rather than in the case of acetylene. 

The conversion of acetylene adsorbed on a (111) surface of a late transition metal has 

been examined in various experimental studies.50,104,115,116 Vinylidene, ethynyl, methylidyne, 

ethylidyne, and surface carbon have been observed at low temperatures. On Pd(111) and 

Rh(111) dehydrogenation to ethynyl was observed, whereas on Pt(111) acetylene converts 

preferentially to vinylidene. On Ni(111) it undergoes C–C bond cleavage. When the reaction 

energies and activation barriers of dehydrogenation to ethynyl are calculated, this difference 

of behavior is easily explained by the high barrier and endothermicity of this reaction on the 

Pt(111) surface. The reaction energies of dehydrogenation are 27–31 kJ mol–1 and the barriers 

96–119 kJ mol–1 for Pd, Rh, and Ni surfaces, in contrast to the reaction energy of 83 kJ mol–1 

and the corresponding barrier of 143 kJ mol–1 on the Pt surface. Another experimental 

study117 proposed vinylidene as product of acetylene conversion on Pd(111) surface; however 

calculations22 showed that this conversion occurs via the formation of ethynyl, which 

afterwards is hydrogenated to vinylidene. 
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4.2.4. Ethynyl dehydrogenation, TS4 

In this step the only remaining H atom is removed from the adsorbate. The H atom 

interacts with the surface metal atom to which the C atom is bound in M1–C3 mode (Figure 

4.5). In the transition state the H–M bond is 149–165 pm, see Table 4.7. The C–H distances in 

the TS vary between 159 and 181 pm depending on the metal; the values are very close to 

those of the previous dehydrogenation steps on the respective metals, except for the transition 

state structures of vinyl dehydrogenation. At the transition state, the adsorbate has reached 

 

Figure 4.4 Structures of transition and final states at 1/9 coverage of acetylene 

dehydrogenation to ethynyl step four (111) transition metal surfaces: Pt, Pd, Rh and Ni. 
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almost the final state structure of the carbon dimer, as the C atom of the original CH moiety 

gets closer to the surface. 

The energy required to remove the last hydrogen from the hydrocarbon is the highest 

among all calculated dehydrogenation reactions on the four transition metals of interest. The 

dehydrogenation of ethynyl is exclusively endothermic, by 57–85 kJ mol-1, over a high 

barrier, 131–154 kJ mol-1 (Table 4.7). The reaction energy on Pt(111) surface, 85 kJ mol-1, is 

 

Figure 4.5 Structures of transition and final states at 1/9 coverage of ethynyl 

dehydrogenation to carbon dimer step on four (111) transition metal surfaces: Pt, Pd, Rh 

and Ni. 
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again the highest among all with a value close to that of acetylene dehydrogenation. However, 

differently from the case of acetylene dehydrogenation, the other values are rather close, at 

72, 60, and 57 kJ mol–1 on Pd(111), Rh(111), and Ni(111), respectively. For the latter three 

metals, the values are ~28 kJ mol–1 higher than those of acetylene dehydrogenation. As for the 

activation barriers, the one calculated on Pd(111) takes the lead, 154 kJ mol-1, which is also 

the highest activation barrier in this series of reactions, including the C–C bond scission that 

is yet to be covered. The value on Pt(111) is only 11 kJ mol–1 lower, followed by 131 kJ mol-1 

on both Rh(111) and Ni(111) surfaces. 

4.2.5. Carbon dimer dissociation, TS5 

After removing all hydrogen atoms from ethylene in a systematic fashion, a carbon 

dimer is left on the surface, as already explained in Chapter 4. In this step, the C–C bond is 

broken while one of the atoms migrates to a neighboring fcc-threefold site. The TS structures 

are similar on Pt(111), Pd(111), and Ni(111) surfaces; both carbon atoms are located at bridge 

positions. In general, an adsorbate at a bridge position is bound to two surface atoms; 

however, as the surface is distorted through strong C–M interaction, each of the C atoms 

binds to three surface atoms in these TS structures. On these surfaces, the C–C distance 

elongates from 134–136 pm in the initial state (Table 4.5) to 188–199 pm in the transition 

state (Table 4.7). On Rh(111) only one of the C atoms moves significantly to a bridge site 

while the other one remains almost at its initial position. In this latter case, the C–C bond is 

longer than on the other three metals, 224 pm in the transition state. Subsequently, the C atom 

at the bridge position moves toward an fcc position. This difference of transition state 

geometry might be due to the difference of site choice of C atom on the Rh surface; see Table 

4.6. The hcp site is preferred by almost 20 kJ mol–1 on Rh(111) and by only 6 kJ mol–1 on 

Ni(111) whereas on Pt(111) the fcc site is preferred by 17 kJ mol–1 and hcp and fcc sites are 

isoenergetic on Pd(111).  

On Pt(111), the surface with the highest endothermicity for the dehydrogenation 

reactions occurs, C–C bond scission is a favorable process, releasing 46 kJ mol–1. C–C bond 

breaking is also exothermic on Rh(111), -16 kJ mol–1, energetically neutral on Pd(111), 1 

kJ mol–1, and highly endothermic on Ni(111), 71 kJ mol–1. In fact, this transformation is the 

most endothermic reaction on Ni(111) surface encountered in this study. Although the 

reactions on Pt, Pd, and Rh(111) surfaces are mostly exothermic, the barriers are still high, 

comparable with vinyl dehydrogenation. The barrier of the C–C bond scission on Ni(111), 

142 kJ mol-1, is the highest among the reactions studied here for this surface. In a previous 
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theoretical work76 the reaction energy of C–C bond scission on Pd(111) was calculated at 28 

kJ mol-1 for 1/6 coverage and at 138 kJ mol--1 for the corresponding activation barrier. 

 

 

Figure 4.6 Structures of transition and final states at 1/9 coverage of C-C bond scission 

of the carbon dimer step on four (111) transition metal surfaces: Pt, Pd, Rh and Ni. 
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5. Discussion 

Next, binding energies and reaction energetics as well as activation barriers will be 

analyzed and compared among the four metals. Also the effect of the coverage and the well-

known Brønsted–Evans–Polanyi (BEP) relationship102,103 will be discussed. 

5.1. Binding energies 

The binding energies of the species C2Hx (x = 0 – 4) calculated on the surfaces M(111) 

of four late transition metals (M = Pt, Pd, Rh, and Ni) at 1/9 coverage are shown in Figure 5.1. 

For ethylene, the strength of adsorption decreases in the order Pt > Pd > Rh > Ni. The 

ordering of ethylene adsorption strength is valid also for 1/4 and 1/9 coverages, except that Pd 

and Rh switch place at 1/4 coverage, see Table 4.1. For vinyl, the adsorption is strongest 

again on Pt and weakest on Ni, however, different from ethylene adsorption, adsorption of 

vinyl on Rh(111) is stronger than on Pd(111). When the hydrogen content decreases further, 

to at most one hydrogen per C atom, the adsorption strength trend is reversed; adsorption on 

Ni(111) becomes the strongest, closely followed by the adsorption strength on Rh(111) while 

for Pd(111) and Pt(111) the adsorption energies are lower and similar to each other. 

The binding energies of the hydrocarbon species on each metal are ordered in the 

same way: C2H4 < C2H2 < C2H3 < C2H < C2 < C. The reason that C2H2 adsorbs weaker than 

C2H3 is the high stability of the former species also in the gas phase. This will be shown by 

the subsequent energy analysis. Another way of rationalizing this trend is by reference to the 

radical character of vinyl. Otherwise, the trend of the BE values of hydrocarbons is consistent 

with the bond order conservation concept; the fewer H atoms are bound to carbon centers, the 

stronger is the interaction with the surface. 

To gain more insight into these binding energies, they were separated into partial 

contributions, namely the deformation energies of the surface and the hydrocarbon species. In 

this way the binding energy, BE, is the result of the interaction between suitably prepared 

surface and hydrocarbon species moieties, weakened by the deformations of these two 

subsystems; BE = Eint – ∆E(M) – ∆E(C2Hx). Here Eint is the (full) metal-adsorbate interaction, 

∆E(M) and ∆E(C2Hx) are the deformation energies of the metal surface and the adsorbate, 

respectively. The latter two values are obtained by calculating the amount of energy required 

to bring a system, either the clean metal surface or the molecular species in the gas phase, 

from its equilibrium structure to the structure displayed in the adsorption complex. The 

resulting Eint values, along with the deformation energies at 1/9 coverage are listed in Table 

5.1. The resemblance between the trends of the resulting Eint and BE values is quite 
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noticeable; see Figures 5.1a and b. Inspection of the binding energy, the interaction energy, 

and the deformation energies reveals that the irregular behavior of C2H2 is due to the larger 

deformation energy that accompanies the adsorption (Figure 5.1c). 

The deformation energy by itself also requires a further decomposition and analysis of 

its components. As can be seen from Figures 5.1d and e, the major part of the deformation is 

due to the change of the structure of the adsorbate, 220–280 kJ mol–1, not to that of the 

surface, 8–22 kJ mol–1 (see Table 5.1). The deformation of the adsorbate is highest in the case 

of acetylene. In fact, apart from C2H and C2 where the surface buckles during adsorption, the 

adsorbate deformation is all the time the major contribution to the total deformation energy. 

The energies for the deformation of the hydrocarbon species increase from ethylene, 87–132 

kJ mol–1, to vinyl, 74–192 kJ mol–1, and peaks at acetylene. For the same species, the 

deformation of the surface is not very significant, the energies ranging from 7 to 22 kJ mol–1. 

For the hydrocarbon species with lower H content, C2H and C2, the deformation of the 

adsorbate decreases to 50 kJ mol–1 (Table 5.1, Figure 5.1d), whereas for the same species the 

deformation energy of the surface increases up to 83 kJ mol–1 (Table 5.1, Figure 5.1e). The 

deformation energy for Pt(111) is significantly higher for these species, along with that of 

Pd(111) to some extent, followed by Rh(111). This trend is in accordance with the M–M 

distances, Pt–Pt distance being the longest, 282 pm, closely followed by that of Pd, 280 pm. 

In order to accommodate the species which shorter C–C bonds, the surface metal atoms shift 

above the crystal plane: the longer the M–M distance of the bulk metal, the higher the surface 

atom shifts (Sections 4.1.4, 4.1.5). These changes result in higher deformation energies for the 

surfaces where M–M distances are longer. As the deformation energies are higher for the 

adsorbates, the trend of the interaction energies, Eint, follow the trend of the adsorbate 

deformation energies, ∆E(C2Hx). 

The average displacement of the metal atoms at the top layer upon adsorption has also 

been investigated. The average displacement of the atoms increases with decreasing H content 

of the hydrocarbon species and the deformation energies increase exponentially with 

increasing average displacement, see Figure 5.2. 
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Figure 5.1 Characteristic energies (kJ mol–1) of the adsorbates on four metal surfaces: 

(a) binding energies: BE, (b) metal–adsorbate interaction: Eint, (c) total deformation 

energies of the surface and the hydrocarbon species due to adsorption: ∆E(M) + 

∆E(C2Hx), (d) deformation energies of the hydrocarbon species: ∆E(C2Hx), (e) 

deformation energies of the surface: ∆E(M). 
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Table 5.1 Energy characteristics (kJ mol-1) of CnHx (n = 1 – 2, x = 0 – 4) at 1/9 

coverage on M(111) (M = Pt, Pd, Rh, Ni) 

  BEa Eint
b ∆E(M)c ∆E(C2Hx)

d 

C2H4 Pd 94 190 8 87 

 Pt 109 256 15 132 

 Rh 86 212 14 112 

 Ni 63 166 15 88 

C2H3 Pd 281 456 7 168 

 Pt 309 517 16 192 

 Rh 293 488 15 181 

 Ni 280 365 11 74 

C2H2 Pd 202 430 8 220 

 Pt 220 496 22 254 

 Rh 240 503 16 247 

 Ni 251 543 13 280 

C2H Pd 474 556 32 50 

 Pt 454 603 76 73 

 Rh 522 612 26 64 

 Ni 527 598 20 51 

C2 Pd 635 741 39 67 

 Pt 619 774 83 71 

 Rh 698 811 37 76 

 Ni 708 801 30 63 

C(fcc) Pd 684 704 20  

 Pt 695 732 37  

 Rh 690 718 28  

 Ni 668 683 15  

C(hcp) Pd 684 696 12  

 Pt 678 700 22  

 Rh 709 727 18  

 Ni 674 688 14  
a  Binding energy of CnHx. 

b  Interaction energy of CnHx. 
c  Deformation energy of the metal 

surface. d   Deformation energy of the adsorbate. For the definition of the energies the reader 

is referred to Section 5.1. 
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Figure 5.2 Exponential correlation of deformation energies of the surfaces, ∆E(M) 

(kJ mol–1), as a function of the average displacements of the metal atoms at the top 

layer, d (pm): Pt: (4.93 ± 2.52) × exp [(0.17 ± 0.03)d], r = 0.98; Pd: (2.35 ± 0.30) × exp 

[(0.21 ± 0.01)d], r = 1.00; Rh: (4.35 ± 0.93) × exp [(0.22 ± 0.02)d], r= 0.98; Ni: (2.87 ± 

0.77) × exp [(0.25 ± 0.03)d], r = 0.97. 

5.2. Barriers and reaction energies 

All geometric and energetic properties of the five reactions of interest are listed in 

Table 4.7. The energy profiles of the reactions are also depicted in Figure 5.3, the energy 

reference being ethylene in the gas phase and the clean metal surface. When the barriers of the 

reactions are considered, the reactions can be classified in two groups: the C2Hx species with 

high H content (x = 3, 4) form one group and the species with low H content (x = 0 – 2) the 

other one. The barriers of the reactions of the first group are ~50 kJ mol–1 lower than those of 

the second group. Within this first group, dehydrogenation of the vinyl species requires 

overcoming the lowest barriers on all metals, 21–85 kJ mol–1. The barriers increase 

significantly at the last dehydrogenation step, ranging between 131 kJ mol–1 and 154 kJ mol–1.  

The reaction energies also behave similarly to the activation barriers. For the two 

dehydrogenation reactions of ethylene and vinyl the conversions are ~30 kJ mol–1 more 

exothermic than the last two dehydrogenation steps, those of acetylene and ethynyl. This is in 

line with the Brønsted–Evans–Polanyi (BEP) relationship,118,119 to be discussed in more detail 

in Section 5.3. The dehydrogenation step of vinyl to acetylene is the most exothermic step, 

overcoming the lowest barriers, Table 4.7 and Figure 5.3. The most exothermic 
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dehydrogenation step is the one occurring over Ni(111) with reaction energy of -58 kJ mol-1. 

Although this step is still endothermic on Pt(111) surface with 14 kJ mol–1, it has the lowest 

reaction energy out of all the dehydrogenation reactions occurring over this surface. A recent 

experiment by Lorenz et al.89 showed that ethylene adsorbed on Ni(111) converts to carbon 

with acetylene observed as intermediate. This finding confirms the easier conversion at the 

two steps resulting in acetylene and as expected, with increasing barriers, the conversion 

speed drops. As can be seen in Figure 5.3, adsorbed acetylene is the lowest-lying state of the 

energy profiles. This statement is also true for Pd, but it has been shown20,22 that there are 

reactions of vinyl, such as dehydrogenation at the other carbon resulting in vinylidene or 

hydrogenation to ethylidene, that have lower activation barriers. The last reaction calculated is 

the C–C bond breaking of the carbon dimer. The backwards reaction, the formation of a C2 

species, is of great interest as this species can be regarded as precursor of graphene or coke 

formation on the metal surfaces. The barriers of C2 formation are high on Pt(111), Pd(111), 

and Rh(111), 181, 120 and 129 kJ mol–1, respectively, while the barrier on Ni(111) is 

significantly lower, 71 kJ mol–1. The reaction on Ni(111) becomes exothermic, -71 kJ mol–1, 

thus also favoring the formation of C2 species. The propensity of base metals to form 

 

Figure 5.3 Energy profiles of the model ethylene decomposition on M(111) surfaces (M 

= Pd, Pt, Ni, and Rh). Energies are given with respect to ethylene in the gas phase and 

the corresponding clean optimized M(111) surface. Arches represent the transition 

states; straight lines connect the energies of the products (coadsorbed with hydrogen in 

the same unit cell) to energies of species with hydrogen at (formal) infinite separation. 
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carbonaceous depositions easier than noble metals, implied by these results, has been 

established before43 and agrees with previous experimental120,121 and theoretical results.113,121 

Based on the calculated reaction energetics, the four metals under investigation can be 

divided into two groups. On Ni(111) and Rh(111) the dehydrogenation reactions are more 

exothermic going over lower barriers than the corresponding processes on Pd(111) and 

Pt(111) surfaces, Table 4.7. The most active metal of the set is Rh, on which the 

dehydrogenation barriers are even lower than those on Ni, by up to 29 kJ mol–1, although the 

reactions are more exothermic on Ni surfaces, by up to 21 kJ mol–1. Rh is also more active in 

C2 dissociation with an activation barrier of 113 kJ mol–1 compared to 142 kJ mol–1 on the 

Ni(111) surface. However, the largest energy release in a C2 dissociation occurs on Pt(111), 

46 kJ mol–1, but over a higher barrier, 135 kJ mol–1, than on Rh. 

As in Section 5.1, the binding energies were analyzed by decomposing them into 

various partial contributions. The conversion of the reactant adsorbed on the surface to the 

products adsorbed on the surface can be described by the thermodynamic cycle depicted in 

Scheme 5.1, which consists of the following steps: (i) desorption of the reactant from the 

surface, (ii) reaction in the gas phase, and (iii) adsorption of the products back on the surface. 

Considering the processes listed in the thermodynamic cycle, the reaction energies of 

the dehydrogenation steps under investigation can be thought of a combination of three 

energies on the assumption that the species are at an “infinite separation”. The first one is the 

difference between the binding energies of the reactant and the product hydrocarbon species, 

∆BE(C2Hx → C2Hx-1) = BE(C2Hx-1) – BE(C2Hx), the second is the reaction energy in the gas 

phase, ∆E(C2Hx → C2Hx-1), and the third is the binding energy of a hydrogen atom, BE(H). 

The four dehydrogenation steps from ethylene down to a carbon dimer in the gas phase are 

highly endothermic; 479, 180, 580 and 505 kJ mol–1, respectively. Except for the second 

dehydrogenation step, the dehydrogenation reactions are very unfavorable in the gas phase, 

 

Scheme 5.1 Thermodynamic cycle elements of the surface reaction 
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the energies being 479–580 kJ mol–1. The second dehydrogenation step concerns vinyl 

dehydrogenation to form acetylene, which is a stable species in the gas phase. This is the 

primary reason for the lower endothermicity of this step compared to the steps forming 

unstable product hydrocarbon species, C2Hx, in the gas phase. As the binding energies of the 

products are higher on the surfaces than the binding energies of the reactants, these high 

reaction energies in the gas phase are somewhat compensated. The first energy contribution 

listed above, the difference of the binding energies, ∆BE(C2Hx → C2Hx-1), of the various 

reactants for x = 4 – 1 range from 187 to 217 kJ mol–1 for ethylene, from -89 to -29 kJ mol–1 

for vinyl, from 234 to 282 kJ mol–1 for acetylene, and from 161 to 181 kJ mol–1 for ethynyl. 

Again, the second step, C2H3 → C2H2, being exothermic, is an exception, as the binding 

energy of acetylene on the surface is not higher than that of vinyl due to stable gas phase 

species. This investigation is solely based on the hydrocarbon species as a reactant and a 

product, on both sides of reactions. These results show that the binding energy of an H atom 

does not affect substantially the reaction energies.  

5.3. Relationship between reaction energies and activation barriers 

The key point of the search for the transition states is to obtain the activation barriers 

and figure out plausible reaction routes. The Brønsted–Evans–Polanyi relationship (BEP) 

suggests that activation barriers of reactions of similar character correlate linearly with the 

corresponding reaction energies.118,119 Once such a relationship is established, one may 

estimate approximate activation barriers from the energies of the corresponding reactant and 

product states. Recent studies demonstrated that BEP relationships also hold in heterogeneous 

catalysis.47,104-106 

Figure 5.4a shows the relationship between the activation barriers and the reaction 

energies for the dehydrogenation steps on the four metal surfaces. Figure 5.4b uses different 

values for the axes, illustrating the relationship between the “absolute” energies of the 

transition state, ETS, and the corresponding final state, EFS, measured relative to a common 

reference, here the initial state with ethylene in the gas phase and the corresponding clean 

metal surface. The fits of the linear relationship to the actual energies demonstrate the 

relationships hold well in both cases for the four transition metal surfaces investigated. The 

close fit of the final state energies and the transition state energies proposes that the latter are 

of a “late” character,122 matching the conclusions discussed for several transition states in 

Section 4.2. The relationship that is found here between the reaction energies and the 

activation barriers, Ea = (0.91 ± 0.10) Er + (73.67 ± 4.72) in kJ mol–1 (r= 0.92), is very close 
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to the one calculated earlier,123 Ea = (0.92 ± 0.05) Er + (84.26 ± 4.84) (r= 0.96), from a study 

that incorporated dehydrogenation from C and O atoms. 

 

 

Figure 5.4 Linear relationship between (a) reaction energies Er and activation barriers Ea (in 

kJ mol–1) of the four dehydrogenation steps starting from ethylene, studied here on the four 

metal surfaces M(111), M = Pt, Pd, Rh, and Ni: Ea = (0.91 ± 0.10) Er + (73.67 ± 4.72); r = 

0.92, and (b) “absolute” energies (see text) of the products EFS and the transition states ETS: 

ETS = (0.90 ± 0.08) EFS + (64.33 ± 6.65); r = 0.95. 



 Comparative Study of Ethylene Decomposition on Close-Packed Surfaces of TM  

45 

5.4. Coverage effect 

The coverage effect described here does not refer to the number of adsorbed species 

per surface atom, referred to as 1/9, 1/4, and 1/3 coverages in the present study, but to the 

effect of lateral forces between coadsorbed species in the product state. This will be achieved 

by investigating two reaction energies calculated: (a) taking the energy of the product state 

from a calculation where both species are adsorbed in the same unit cell (3 × 3), thus making 

the effective coverage of this state 2/9, and (b) taking the energy of the product state as the 

sum of the individual energies of each product at 1/9 coverage, assuming that they are 

adsorbed on the surface but are formally at “infinite separation”. Both values are listed in 

Table 4.7 as Er and Er
inf, respectively. The effect is most prominent in the case of C2 

decomposition, while the coadsorption of two C atoms in the final state has a huge lateral 

repulsion effect. Hence the reaction energies drop by 34–64 kJ mol–1 on all metals when the C 

atoms of the product state are assumed to be infinitely separated. For the dehydrogenation 

reactions, this results in an energy change of at most 16 kJ mol–1 energy change when H and 

C2Hx (x = 0 – 3) are taken to be at infinite separation.  

The effect of coverage on the reaction energies changes depending on the metal, 

generally in the order Pd > Pt > Ni > Rh, see Table 4.7 and Figure 5.3. In most cases, the 

effect is similar on Pd, Pt, and Ni, but on the Rh surface it is almost negligible. For the 

dehydrogenation reactions on Rh, the change is only 1–2 kJ mol–1, for the others the range is 

from 3 to 16 kJ mol–1. As the steric effects should be comparable for these metals, the 

electronic interactions through the surface might cause the attractive lateral interaction in the 

case of Rh. 

The coverage effect on barriers was not examined in the present work. Previous 

studies18,20,21 dealing with transition state searches of ethylene transformations at different 

coverages, where comparable results at 1/9 coverage with the current study were obtained, 

stated that barriers increase by 3–30 kJ mol–1 when the surface coverage is increased from 1/9 

to 1/3.  

5.5. Limitations of the models used 

The chain of reactions investigated here, four successive dehydrogenation steps 

starting from ethylene and a final C–C bond scission, is just a small section of the various 

possible conversions in the network of ethylene decomposition, as has been set in a previous 

work on Pd(111) surface.22 The dehydrogenation of ethylene to vinyl is the crucial, rate-

limiting step during ethylene conversion to ethylidyne on Pd(111),18,20,82 and an important 
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step of the same conversion on Pt(111).21,82 Acetylene hydrogenation to ethane has also been 

of much interest in catalysis research, and is accepted to follow the steps C2H2 → C2H3 → 

C2H4.
23 From previous studies, it has been concluded that on Pt and Pd(111) surfaces C–C 

bond breaking occurs easier for the hydrocarbons containing less H atoms.22 Here the only C–

C bond breaking step considered was that of the species with no H atoms, the carbon dimer. 

However the possibility of a C–C bond breaking at an earlier step for a hydrocarbon species 

containing more H atoms should not be excluded. Podkolzin et al.108 reported a Monte Carlo 

model study based on energies calculated by DFT for reactions of C2Hx (x = 0 – 6) on Pt(111) 

and Pt(211). That study showed that the C–C bond breaking of ethane at high H2 pressure 

proceeds primarily through C2H5 species. 

Another limitation of the model is based on the fact that only the flat surfaces of the 

metals, M(111), have been explored. These are idealized surfaces, but surface defects such as 

steps are known to be more reactive than flat surfaces.44,124-126 For instance, steps and other 

surface defects have been shown to favor C–C bond breaking on Ni.55 Also for the reaction 

C2H4 → CH2 + CH2, the stepped Pd surface, Pd(211), was determined to be more active than 

the flat surface, the barrier on the former being 163 kJ mol-1 compared to 204 kJ mol-1 on the 

latter.71,76 However the barriers of the reaction steps C2H → C + CH and C2 → C + C are 

quite similar on flat and stepped surfaces of Pd; the barrier of the latter reaction is even lower 

on the flat surface. Yet, the barriers of simple hydrogenation/dehydrogenation steps are found 

to be close on both surfaces.71,76 

6. Conclusions 

The first part of the thesis dealt with the decomposition of ethylene within a model 

chain of reactions on the flat surfaces of four transition metals, M = Pt, Pd, Rh, and Ni, via 

periodic slab model density functional calculation at the GGA level. The reaction chain is 

composed of five steps: CH2CH2 → CH2CH; CH2CH → CHCH; CHCH → CHC; CHC → 

CC; CC → C + C. Among the intermediates, ethylene and acetylene, the closed-shell species, 

bind weakest, adsorption energies ranging from 33 to 109 kJ mol–1 for the former (see Table 

4.1) and from 179 to 251 kJ mol–1 for the latter (see Table 4.3). The binding energies of the 

remaining open-shell species are higher, 247–708 kJ mol–1, and increase as the H content of 

the species decreases.  

On all metal surfaces studied, the binding energies of the species increase in the order: 

C2H4 < C2H2 < C2H3 < C2H < C2 < C. The higher H content species, C2H4 and C2H3, bind 

strongest on the Pt(111) surface, whereas the lower H content species bind stronger on 
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Rh(111) or Ni(111) surfaces. When the coverage is increased from 1/9 to 1/3, the binding 

energies drop due to repulsive lateral interactions. This coverage effect is least prominent on 

the Rh(111) surface. Also in the case of C2H and C2, the binding energies at 1/3 coverage are 

higher than those at 1/4 coverage due to the formation of linear chains of metal and C atoms. 

In consequence, the surface layer of metal atoms is distorted, causing them to bind less to the 

second-layer atoms, but in turn binding stronger with the adsorbates. 

The activation barriers and the reaction energies of the dehydrogenation reactions 

reveal that such type of conversions will occur more readily on Ni(111) or Rh(111) than on 

Pd(111) or Pt(111). Trends of reaction energies and barriers on the various metals are 

controlled to a large extent by the difference of the bonding strength between the reactants 

and the product hydrocarbon species. The binding energy of hydrogen does not influence 

these trends, probably due to the relatively small variations of the bonding strength of 

hydrogen over the metals studied. Among all four metals, Ni is the most available hence the 

cheapest metal. Thus, it is an attractive replacement for the other metals as a catalyst in 

various hydrocarbon conversions including dehydrogenations. However it should be kept in 

mind that Ni is the most prone to coke formation, which strongly reduces its catalytic 

behavior. Several studies aim to improve the catalytic properties of Ni-based catalysts against 

coke formation.86,113 

The first two steps of dehydrogenation, ethylene dehydrogenation to vinyl and vinyl 

dehydrogenation to acetylene, are kinetically and thermodynamically more facile than the 

successive dehydrogenation steps for all of the four metals. The breaking of C–C bond, while 

covered here to happen at the carbon dimer, might also take place one dehydrogenation step 

earlier, as C–C bond breaking of ethynyl, as the barrier and the reaction energies for 

dehydrogenation increase remarkably.  
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IV. PART II - CONVERSION OF SIMPLE ALCOHOLS ON 

PLATINUM SURFACES 

7. The choice of hydrogen as an energy carrier 

Hydrogen is the simplest and the most abundant element in the universe,127 however it 

is not easily accessible; it is found only in combination with other elements. The fact that it 

can serve two purposes – as a fuel and as a chemical – makes it a very popular choice as a 

reactant and an energy carrier.128 Hydrogen can be used as a raw material in the manufacture 

of ammonia within a mixture of nitrogen (Haber-Bosch process),129 in synthesis of 

methanol,130 liquid hydrocarbons (Fischer-Tropsch),131 or higher alcohols with a mixture of 

carbon oxides,132 and in hydrogenation of oils to form fats. As a fuel it can be used in internal 

combustion engines to obtain directly mechanical energy or in fuel cells to be converted into 

water and electricity, which can be further converted to obtain mechanical energy. Fuel cell 

power plants are used in the Space Shuttle to generate all the electrical energy necessary, and 

the by-product water is stored as potable water.133 

Hydrogen is a very high-quality energy carrier, depicted as the future energy carrier 

due to its high efficiency and zero or near-zero emissions.129,134,135 As water is the only by-

product when pure hydrogen is burnt, its use as an energy carrier reduces the CO2 emissions. 

When renewable energy resources are converted into hydrogen, it is an energy source to be 

utilized to meet most energy needs, especially in transportation and mobile sectors.127,135 

7.1. Chemical background on hydrogen production 

In general, hydrogen production technologies are gathered in three categories; thermal, 

electrolytic and photolytic processes.136 Figure 7.1 shows the distribution of resources for 

hydrogen production in 2005; 96% of hydrogen produced is derived from fossil fuels.137 An 

overview of the current hydrogen production technologies will be given based on the primary 

energy sources used for the production. 

7.1.1. Hydrogen from fossil fuels 

Various papers, books, and reviews exist that extensively report on hydrogen 

production technologies. The following discussion of hydrogen production from fossil fuels is 

mainly based on the reviews of Holladay et al.138 and Navarro et al.139 
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Figure 7.1 Main production routes of hydrogen.137 

The main fraction of industrial hydrogen is currently produced from fossil fuels. 

Steam reforming (SR) of natural gas (mostly methane) is the globally most common and the 

most prominent process to obtain hydrogen from fossil fuels. It is also the choice when large 

amounts of H2 is to be produced.140 It is one of the thermal processes in hydrogen production. 

The overall reactions taking place in SR of natural gas into hydrogen are as follows: 

 1
4 2 2 298CH  + H O  CO + 3H   H  206 kJ mol−∆ = ⋅�

�  7.1 

 1
2 2 2 298CO + H O  CO  + H    H  - 41 kJ mol−→ ∆ = ⋅�  7.2 

The first reaction, 7.1, is the SR of methane followed by the WGS reaction, 7.2. As the 

SR reaction is reversible and endothermic, it is carried out at high temperatures, ~800°C, and 

low pressures, 3-25 bar. The exothermic WGS reaction further produces hydrogen converting 

CO into CO2. The stream is then sent to pressure swing adsorption (PSA), where a hydrogen 

purity of 99.9 vol.% can be achieved by removing the CO2 and the other impurities.129 

The catalysts used in SR of methane are Group VIII metals supported on different 

oxide-supports. In this set the activities of Rh and Ru are the highest,141,142 however Ni is the 

most widely used metal. Although it is more susceptible to deactivation and less active in 

steam reforming, the cost advantage has made it the choice of the industry.13 Non-metallic 

catalysts, e.g. molybdenum carbide and tungsten carbide, have also been investigated, but 

they cannot match the activities and stabilities of the Group VIII metals.143,144  

Steam reforming of naphtha, introduced later than that of methane, is a process 

technology that is more flexible in terms of the feedstock. This becomes an important 

advantage especially at conditions where natural gas is not available. The reforming reaction 

is shown in 7.3. 
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2 2 298C H  + H O  CO +  H   H  1175 kJ mol  for = 7 
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→ + ∆ = ⋅ 

 

�  7.3 

The reaction heat shows that the heat requirement per carbon atom is less for the 

conversion of n-heptane than it is for methane conversion, which in turn means operational 

duty under similar conditions is less for naphtha than for methane.145 The adsorbed 

hydrocarbon is converted to adsorbed C1 species via subsequent C-C bond breakings without 

any other intermediates forming. Reaction 7.3 couples with the WGS reaction shown in 7.2, 

and also with methanation reaction: 

 1
2 4 2 298CO + 3H  CH  + H O  H  -206 kJ mol−→ ∆ = ⋅�  7.4 

This reaction supplies the heat required while removing the CO adsorbed on the 

surface, however it consumes three molecules of H2 per molecule of CO reacted. Reactivities 

of the hydrocarbons vary: longer-chain hydrocarbons and olefins perform better than methane 

whereas the aromatics show similar performance with methane due to the stable resonance of 

the rings.139 

Another possibility to produce hydrogen from a hydrocarbon feed is partial oxidation 

(POX). Apart from the reviews mentioned above,138,139 especially the review of Trimm and 

Önsan146 about partial oxidation reactions provides a thorough resource for research on this 

topic. This process entails lower energy cost as it does not require costly superheated steam as 

in SR processes. Partial oxidation reaction, reaction 7.5, is energetically less demanding than 

steam reforming, reaction 7.1, and proceeds faster; however less H2 is produced per 

hydrocarbon reacted. 

 1
2 2 298C H  + O  CO + H   H  -38 kJ mol  for =1

2 2x y

x y
x x

−→ ∆ = ⋅�  7.5 

This reaction can be performed with or without the presence of a catalyst. When no 

catalyst is present, the temperature should be kept at high levels, ~1300-1500 °C, to achieve 

complete conversion and avoid soot formation.13 With the employment of catalysts, the 

operating temperature is reduced to values of ~800°C. There are mainly two mechanisms 

discussed: the indirect partial oxidation (IPOX) and the direct partial oxidation (DPO).139,146 

IPOX combines the highly exothermic total oxidation of the hydrocarbon with SR and WGS, 

7.1 and 7.2, respectively. The total oxidation part provides the energy to deliver the heat of 

the endothermic SR reaction. The product CO2 might be reformed further to produce 

additional H2. Direct partial oxidation is the partial oxidation reaction as given in 7.5 followed 
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by the WGS reaction. It is favored at high temperatures and short residence times as longer 

residence times will drive to total oxidation and hence to IPOX.146 

Autothermal reforming (ATR) provides another route for the partial oxidation of the 

hydrocarbons and is achievable in a single reformer.13 This makes the process very attractive 

for the large-scale production of hydrogen. In this process, part of methane is combusted 

incompletely to CO and H2O via an exothermic reaction in the entrance region of the reactor. 

In the following regions the remaining methane is reacted with steam – SR of methane – and 

WGS takes place to convert CO into H2 and CO2. The ratios of oxygen to fuel and steam to 

carbon should be regulated very carefully to achieve the desired reaction temperature and 

product gas composition in ATR operation.13 

The hydrocarbon can directly be decomposed to hydrogen and carbon without 

presence of any other reactant via pyrolysis.147 For the decomposition of methane the energy 

requirement per H2 produced is less than in SR. The lack of air or water in the stream results 

with significant decrease in the emissions as no carbon oxides are formed.147 If necessary the 

heat of the reaction can be supplied by combusting only ~10% of the methane feed; however 

this would produce CO2 in small amounts. The carbon formed accumulates mostly as 

filaments on the surfaces of metallic and bimetallic catalysts, causing deactivation.139 

Hydrogen produced by coal gasification takes up the second biggest production 

volume after reforming processes, see Figure 7.1. It is a versatile process in terms of 

feedstock, and it takes place at high temperatures, 900-1100°C, and moderate pressures, 5-10 

bar.139 Main reactions occurring are pyrolysis producing tar, steam/dry reforming of tar, 

partial oxidation of hydrocarbons, WGS and methanation. Several catalysts were found to be 

active and selective in reactions in gasification process; Fe2O3/Fe3O4 catalyzing the whole 

process, Ni catalyzing dry reforming, WGS and methanation, Ca-based catalysts that decrease 

the reaction temperature. The low cost of the coal is the main attraction of this process;148,149 

however it has to be coupled with CO2 sequestration to achieve acceptable CO2 

emissions.136,148 

7.1.2. Hydrogen from water 

In their review of 2009, Holladay et al.138 provided extensive coverage of water 

splitting as a hydrogen resource. That work was used as a guideline for this section and as a 

gateway to relevant publications in this field. 

Jules Verne refers to water as “the coal of the future” due to the inexhaustible energy 

source of its constituents – hydrogen and oxygen – in his book The Mysterious Island back in 
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1874.149,150 Hence the concept of obtaining hydrogen from water is not new; the commercial 

water splitting to make hydrogen and oxygen dates back to the 1890s. In the current 

production volume, electrolysis of water takes 3.9% and is the most capacious process to 

produce hydrogen from renewable resources.137 

Electrolysis achieves hydrogen and oxygen production via passing an electric current 

through two electrodes immersed in water. This system is currently used in small scale and 

research for larger scales is performed.136 The emissions from electrolysis depend on how the 

electricity is produced to run the electrolyzer as the only products of the system itself are O2 

and H2. Three main types of electrolyzers are employed: alkaline based, proton exchange 

membrane (PEM), and solid oxide electrolyzer cell (SOEC). Alkaline electrolyzers, the most 

common ones, are made up of Ni or Cu coated with metal oxides at the anode separated by an 

alkaline solution from the Ni coated with a catalytic coating such as Pt at the cathode. They 

work on the principle of splitting water at the cathode forming H2 and OH– and transferring 

the OH– through the electrolytic material to the anode to form O2. As the H2 formed stays in 

the alkaline electrolyte, a separation process follows.138 The PEM electrolyzers utilize a solid 

polymer membrane, e.g., Nafion, in between the anode, e.g., porous Ti coated with Ir, Ru, 

IrO2 or RuO2, and the cathode, e.g., porous C element with Pt/C coating.151 H2O splits at low 

temperatures, 120-130°C, at the anode to O2 and H+, only protons travel through the 

membrane as it is impermeable to gases, and H2 is produced at a very high purity at the 

cathode.151 SOEC is another solid state electrolyte performing at higher temperatures handling 

steam instead of water; thus decreasing the required electrical energy by replacing it with 

thermal energy. In this type of electrolyzers O2– is the ion that is transferred through solid 

oxide electrolyte, e.g., fully or partially stabilized (with Y2O3, Sc2O3) zirconia, ceria doped 

with Gd2O3 or Sm2O3, metal doped La metal oxides.151 In general, electrodes are ceramic, 

metal, or metal–ceramic composites.151 

Photoelectrolysis is another form of electrolysis where the energy required is obtained 

from sunlight using semiconductors similar to the ones employed in photovoltaics. It has been 

defined as a “Holy Grail” for its potential to yield a viable alternative to petroleum as a source 

of energy.152 The process can be performed in two separate cells for each function stepwise or 

they can be combined in a single nanoscale process increasing the efficiency of this integrated 

photochemical process.153 The semiconductor material for that purpose should have a small 

band gap – below 1.7 eV but exceeding the standard potential for water 1.23 eV – for efficient 

adsorption, and the efficiency is directly related to the band gap.154 
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7.1.3. Hydrogen from biomass 

In this section, earlier processes for biomass as a resource of hydrogen are discussed. 

Several groups reviewed this topic. The following overview is largely based on reviews by 

Holladay et al.,138 Navarro et al.,139 Ni et al.,155 and Nath and Das.156 

As an abundant, versatile resource, biomass is a very strong candidate considered also 

to produce H2 in the near- and mid-term future.157 Like in fossil fuels, most processes produce 

also CO2 as a by-product but as the biomass itself consumed CO2 as it grew, the overall 

amount of this greenhouse gas set free is much lower compared to fossil fuels.129 Major 

resources of biomass include animal wastes, municipal solid wastes, agricultural wastes, 

short-rotation herbaceous species, wood wastes, crop residues, bio-solids, grass, waste from 

food processing, aquatic plants and algae animal wastes, and a host of other materials.158 

Hence these resources are renewable compared to fossil fuels and biomass is regarded as the 

only sustainable source of energy and carbon.159 Through thermochemical or biological 

processes, biomass is converted either directly to H2 or to storable intermediates which can be 

later processed to obtain H2.
15  

Direct combustion of biomass in air has a low heat value and its by-products are 

pollutant emissions. In biomass liquefaction biomass is heated in water in the absence of air 

with or without a solvent or a catalyst, however the operational conditions are difficult to 

achieve and the hydrogen production is low. Hence these two processes are eliminated as the 

mainstream methods to obtain hydrogen in the future.155  

Biomass pyrolysis is a thermochemical conversion of the biomass in the absence of air 

at 350–500°C and 1-5 bar. In contrast to the pyrolysis of hydrocarbons a wide range of 

products is obtained due to the high oxygen content of biomass: in woody biomass around 50 

wt.% is carbon and 45 wt.% is oxygen.160 High heating rate, high temperature and long 

volatile phase residence time are required to achieve high H2 production.155 H2 yield is 

increased by the catalytic steam reforming of the bio-oils formed in fast pyrolysis.161,162 The 

non-selectivity of the reactions along with large amounts of char formed make this process 

not a very attractive choice for H2 production.11 

Gasification is by-far the most commercial and mature technology to produce 

hydrogen from biomass.129,138,155,156 It is a variation of pyrolysis conducted in the presence of 

a gasification agent, steam, oxygen and/or air, in a controlled amount.136 At temperatures 

above 1000 K biomass is gasified via partial oxidation and/or steam reforming to produce 

mainly gases, with char and as by-product. The efficiency of the process depends on the 
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moisture content of the biomass as it must be vaporized, causing major energy loss.158 The tar 

produced in the reactions might be reduced with the employment of catalysts, e.g. Rh/CeO2/M 

(M=SiO2, Al2O3, and ZrO2), or additives, e.g. dolomite, olivine, char. 

7.2. Hydrogen from biomass via aqueous phase reforming (APR) 

As depicted in several cases, steam reforming of carbohydrates (and of hydrocarbons 

in the case of fossil fuels) is a widely used process, either as a stand-alone process as in steam 

reforming of methane or as a step in the conversion route as in biomass pyrolysis, to increase 

the H2 production yield. Its coupling with WGS reactions enhance the H2 produced. As a next 

step in improving the reforming reactions coupled with WGS, a recent process devised by 

Dumesic et al.11,16,17,163-166 aims at producing H2 from biomass-based oxygenated 

hydrocarbons through catalytic aqueous phase reforming at temperatures around 200°C with 

CO2 as the primary by-product.  

The primary advantage of aqueous phase reforming (APR) of oxygenates over steam 

reforming of carbohydrates is the operating conditions the process takes place:17,167 

• The WGS reaction that converts CO into CO2 and H2 is also thermodynamically 

favorable at the same conditions, the conversion occurs in a single reactor with increased 

hydrogen yield. 

• The lower temperatures eliminate (or minimize) undesirable decomposition reactions 

encountered at the higher temperatures of steam reforming. 

• The energy consuming vaporization of the reactants is not required. 

• The effluent can be purified to H2-rich stream via pressure swing adsorption or 

membranes as the pressures, 15-50 bar, are suitable for these methods.  

The selectivity, however, becomes an issue at the same low temperatures as H2 

produced might further react via methanation and/or Fischer-Tropsch to alkanes or instead of 

C–C bond breaking, C–O bond breaking might occur from the feedstock, ending up with 

alkanes as product. Figure 7.2 shows a schematic representation of the plausible reaction 

pathways involved in the formation of H2 and alkanes from oxygenated hydrocarbons, with 

H2 marked as a product.16 There are several different conversions taking place on the support, 

the metal and/or in the solution. Hence with a careful selection of each of these factors the end 

product might be selectively produced. APR is based on the conversion of carbohydrates with 

a C:O ratio of 1:1 as their thermodynamic characteristics make the reaction favorable at lower 

temperatures than for alkanes having the same number of carbon atoms.17  
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7.2.1. Selectivities 

Kinetic studies aimed to find a catalyst that is active in C–C bond cleavage while 

preserving C–O bonds; that strategy will enhance the WGS reaction while having a low 

activity for methanation. Among various metals, Pt and Pd – especially Pt for its higher 

activity in WGS – are selected as the most suitable metals to achieve all the tasks to a 

satisfactory extent for H2 production. Alloying Pt with Ni, Co, or Fe supported with Al2O3 

increases the activity of the catalyst further by decreasing the d-band center.11,17 More 

recently combining Re with Ir, Ni, Pt, and Rh proved to improve H2 yield.168,169 As for the 

supports, Pt on Al2O3, ZrO2, and TiO2 were shown to be the most active. The selectivity 

dependence of H2 or alkane production on the type of oxygenates is summarized in Figure 

7.3. Polyol feeds produce H2 more selectively, with the H2 selectivity decreasing when the 

number of carbon atoms increases as the probable number of side reactions that consume 

Figure 7.2 Reaction pathways for producing H2 by reactions of oxygenated 

hydrocarbons with water. Adapted from Ref.  16. 
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hydrogen increase. Increasing the feed concentration of sugars increases the selectivity for 

alkanes.17 

7.2.2. Glycerol as feed 

Glycerol is a polyol containing three hydrophilic alcoholic hydroxyl groups, which are 

responsible for its water solubility and hygroscopic nature.170 Glycerol has been used in many 

studies on aqueous phase reactions.25,164,168,171-174 It is obtained in high amounts as by-product 

of two different processes as shown in Figure 7.4. During the transesterification of biocrude 

10 wt. % of glycerol is produced following Scheme 7.1, making it widely and cheaply 

available.175 Fermentation of glucose can also be regulated to obtain at least a 25 wt.% 

aqueous solution of glycerol.176 Glycerol has become a popular model compound in APR 

studies as it undergoes the same type of reactions with a simpler product list than higher sugar 

alcohols.171 

 

Figure 7.3 Factors important in the selectivity of aqueous phase reforming. Redrawn 

from Ref. 17. 
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Scheme 7.1. Overall reaction for biodiesel conversion; producing glycerol as by-

product. Ri, i = 1, 2, 3, are hydrocarbon chains with 15 to 21 atoms.175
 

The conversion of glycerol in aqueous solution on Pt metal over different supports has 

been studied experimentally.25,172,173 Among amorphous silica-alumina (ASA), γ-alumina 

(Al2O3), and silica (SiO2) supports, the hydrogen production rate was shown to be highest on 

γ-alumina.173 The γ-Al2O3 support and the alumina part of ASA employed converts in aqueous 

conditions to boehmite (Al2(OOH)2) on which acidic sites exist but this material exhibits 

more basic Al, O, and OH sites than other types of aluminum oxides.177 Glycerol conversion 

was also investigated in aqueous phase over Pt/Al2O3 at ~500 K and total pressure of 26–45 

bar in a 10–30% reactant aqueous solution to see which of the C–C and C–O bond cleavages 

take place under these conditions. Several experiments were carried out to understand the 

mechanism of the conversion of oxygenates – including mono-, di- and tri-alcohols in the 

presence and the absence of H2 pressure. Also the effects of particle size, total pressure, and 

 

Figure 7.4 Aqueous solution of glycerol obtained as by-product of two major processes. 

Adapted from Ref. 174. 
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conversion were investigated. The results of these studies show that direct hydrogenolysis of 

alcohols does not occur and dehydration and dehydrogenation occurring on the support and 

metal, respectively, are the main reactions.25  

In the investigations to find the reaction pathway, primary and secondary mono-

alcohols, e.g. 1- and 2-propanol, were also tested on ~1.5 nm particles both in the absence and 

the presence of H2. In the case of 2-propanol without H2 pressure, the effluent consisted of 

acetone and propane, without any H2 or CO2 detection.25 When H2 is added to the stream the 

observed products did not change for 2-propanol.172 1-propanol conversion under H2 pressure 

however showed changes from its conversion from the case where there was H2 present in the 

Figure 7.5 Yields from 1- and 2-propanol conversions. Upper panels in the absence of 

H2 and lower panels at a total pressure of 40 bar H2: (a), (c) on conversion of 1-propanol 

and (b), (d) on conversion of 2-propanol.25,169
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stream. The main products were the same: ethane and CO2. In the absence of H2, propanal and 

propionic acid were also detected in large amounts (cf. Figure 7.5), whereas in the case of H2 

pressure propanal was detected only in trace amounts and no trace of propionic acid was 

detected. Lobo et al.178 also studied the reforming of 1-propanol on Pt supported over Al2O3, 

TiO2, and Ce2O3 in the absence of H2 pressure. The Pt particle size on the alumina support 

was on average 3.4 nm. Their results mostly agree with these of Wawrzetz et al.25, however 

the fraction of propionic acid is higher and propane is also observed. The results from both 

studies point out that dehydrogenation is the dominating process taking place on the metal 

particle, here on Pt, and metal particle also participates in the C–C bond breaking reactions for 

the alcohols with terminal hydroxyl groups. 

8. Dehydrogenation of 1- and 2-propanol 

Batch experiments of 1- and 2-propanol led experimentalists25 to consider a 

conversion route for these alcohols that would start with dehydrogenation. The experiments 

conducted at 473 K under 20 bar total pressure at 10 wt. % propanol over Pt particles of 1.5 

nm average size in the absence of H2 resulted in different conversions for the primary and the 

secondary alcohol. They have also run experiments with H2 pressure172 and the resulting main 

compounds were the same without H2 supplied in the reactor. Over a time span of six hours, 

1-propanol was converted to ethane and CO2 in both cases along with propanal and propionic 

acid when there is no H2 in the stream, whereas acetone was the main product of 2-propanol 

conversion, along with a small amount of propane. From these data, it is deduced that propane 

is formed on the alumina support via dehydration and dehydrogenation is the only reaction 

that occurs on the metal surface for 2-propanol species. Experiments of 1- and 2-octanol over 

Pt supported by carbon179 also resulted in different products; while the primary alcohol 

converts into aldehyde, which converting further was claimed to be blocking the active sites, 

the secondary alcohol reaches total conversion with the ketone as the only product. Hence the 

different dehydrogenation behavior of 1- and 2-alcohol under the same conditions is of 

primary interest regarding the intermediate that would then lead to the further conversions, 

e.g. C–C bond scission in the case of 1-propanol. 

Computational modeling was carried out in the context of the present work to unravel 

the different reaction patterns of 1- and 2-propanol.  

8.1. Adsorption complexes  

In the following section the calculated adsorption geometries of the dehydrogenation 

intermediates and their binding strength on the Pt(111) surface are reported. The naming of 
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each species is also presented in this section. The geometries of the intermediates are depicted 

in Figure 8.1 and the corresponding binding energies are reported in Table 8.1. 

8.1.1. Alcohols: 1- and 2-propanol, C3H8O 

The most stable adsorption geometry of alcohols on transition metal surfaces in η1(O) 

mode, mediated via the oxygen lone pair.180-182 The present modeling also resulted in such a 

propanol structure, as depicted in Figure 8.1 as 1a for 1-propanol and 2a for 2-propanol. As 

propanol is stable in the gas phase, the binding energy of 1-propanol when adsorbed on the 

surface is not so high, only 32 kJ mol-1, and that of 2-propanol is almost the same, 28 

kJ mol-1. The O–Pt bond is long, 232–233 pm, due to weak interaction with the surface, see 

Table 8.1. The structure of the molecule does not change much from the gas phase species; 

the only significant difference is an elongation of the C–O distance elongation by 3–4 pm 

upon adsorption In accordance with minor changes in the geometry of the structure the 

deformation energies are only 2 kJ mol-1 and 3 kJ mol-1 for 1- and 2- propanol, respectively 

(Table 8.1). Inspection of the deformation energies of the surfaces shows that the secondary 

alcohol causes more deformation on the surface than the primary alcohols. The deformation 

energy ∆E(M) of the substrate in the case of the secondary alcohol is 13 kJ mol-1 higher than 

that for the primary alcohol (Table 8.1). Indeed, the secondary alcohol actually interacts 

stronger, by 10 kJ mol-1, with the surface than the primary alcohol, see Eint in Figure 8.2. 
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Figure 8.1 Optimized structures of 1- and 2- propanol and their dehydrogenation 

products on Pt(111): 1a – 1-propanol, 1b – 1-propoxy, 1c – propanal, 1d – propionyl, 1e 

– methyl ketene, 2a – 2-propanol, 2b – 2-propoxy, 2c – acetone, 2d – 2-oxopropyl. 

Selected distances are shown in pm. 
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Table 8.1 Energy characteristics (kJ mol–1) of the intermediates C3OHx (x = 4 – 8) on 

the Pt(111) at 1/9 coverage. 

Intermediates  BEa Eint
b ∆E(M)c ∆E(C3OHx)

d 

Alcohol Primary 32 38 4 2 

Secondary 28 48 17 3 

Alkoxide Primary 172 219 5 42 

 
Secondary 171 221 6 44 

Carbonyl Primary 35 155 12 108 

 
Secondary 18 60 32 10 

Acyl Primary 233 276 13 30 

 
Secondary 197 362 38 127 

Methyl ketene Primary 168 433 17 248 
a  Binding energy of C3OHx. 

b  Interaction energy of C3OHx. 
c  Deformation energy of the 

Pt(111) surface. d  Deformation energy of the adsorbate. For the definition of the energies 

refer to Section 5.1. 

Figure 8.2 Various characteristic energies (kJ mol–1) of the adsorbates on Pt(111); see 

Section 5.1 for the definition of the energies. 
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8.1.2. Alkoxides: 1- and 2- propoxy, C3H7O 

The two molecules bind at the same site on Pt(111), atop a Pt atom. The interaction 

between the molecule and the surface is through the O atom, see 1b for 1-propoxy and 2b for 

2-propoxy in Figure 8.1. The O–Pt distance is 200 pm in both cases. The C–O bond distances 

in the two molecules have elongated by 5 pm upon adsorption. Another notable change from 

the structure in the gaseous phase 1-propoxy is the dihedral angle C-C-C-O; while the C-C-C-

O framework is planar in the gas phase, the dihedral angle changes to 60° when the molecule 

is adsorbed. The binding energies are almost the same, 172 kJ mol-1 and 171 kJ mol-1 for 1- 

and 2-propoxy, respectively. The deformation energies of the surface and the structures are 

also the same, Table 8.1. Thus, both species interact similarly with the metal surface. 

8.1.3. Carbonyls: propanal and acetone, C3H6O 

The adsorption of propanal and acetone can occur in two modes, especially on Group 

VIII metals: via only the O atom atop a metal atom, η1(O), or via C and O over a bridge site, 

η2(C,O).180 Hence, both modes were inspected to obtain the lowest energy mode for both 

molecules. The most stable modes depicted in Figure 8.1 as 1c and 2c show that propanal 

prefers the η2 mode whereas acetone prefers η1 mode. The η1 adsorbed mode of propanal and 

the η2 adsorbed mode of acetone are given in Figure 8.3; both of these structures are each 14 

kJ mol-1 less stable than the corresponding favored adsorption modes. Note also the similar 

lengths of the bonds to the surface in η1 and η2 modes, irrespective of the molecule. Earlier 

works on acetone have also proposed the η1 mode, both experimentally183-185 and 

theoretically.182,186-188 Although Vannice et al.184 has advocated an η2 mode to be the most 

stable adsorption mode, Jeffery et al.186 pointed out, by calculating the vibrational spectra, that 

the η2 species observed cannot be the ketone species and should be assigned to a different 

species that might have formed through the decomposition of acetone; the vibrational spectra 

calculated in this thesis also support their findings, see Table 8.2. Alcalá et al.182 employed the 

η1(O) adsorbed mode of propanal in their hydrogenation studies, claiming it adsorbs 11 

kJ mol-1 more strongly, while Loffreda et al.189 employed the η2(C,O) mode when studying 

the hydrogenation of acrolein. The C–O bond of acetone (2c) is ~10 pm shorter than the one 

in propanal (1c), 135 pm (η2-acetone 137 pm), but almost the same as in η1-propanal, 124 

pm.  
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The binding energy of propanal on the surface is almost twice as large as that of 

acetone, however both molecules are only weakly bound on the surface, 35 kJ mol-1and 18 

kJ mol-1, respectively. The binding energy of acetone (2c) presented here is very close to the 

value reported in a periodic DFT study,182 19 kJ mol-1, but much lower than results of another 

study employing periodic DFT calculations,186 40 kJ mol-1, or 48 kJ mol-1 and 49 kJ mol-1 

reported from temperature programmed desorption (TPD).183,184 In Ref. 182 the surface was 

modeled by a 2 × 2 surface unit cell of a two-layer slab with atoms at fixed geometry, 

calculated by ultrasoft pseudopotentials with plane waves at a kinetic energy cutoff of 340 eV 

 

Figure 8.3 Optimized structures of adsorption complexes for alcohol dehydrogenation. 

The adsorption modes of carbonyls were suggested in Ref. 180, of propionyl in Ref. 190 

Table 8.2 Comparison of vibrational frequency (cm-1) assignments of the calculated and 

experimental data.  

 η1-acetone η2-acetone 2-oxopropyl Mode 1a Mode 2a 

ν(CO) 
 

1598 1161 1544 1638 1610 

     1530-1585 

     1511 

νa(MeCMe) 1220 1138 1238 1238 1240 

νs(MeCMe) 804 773    

a  Values from Ref. 184. Mode 1 and Mode 2 refer to species η1-acetone and η2-acetone, 

respectively, as assigned in Ref. 184. 
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using the PW91 functional. Ref. 186 employed a 3 × 3 surface unit cell of a three-layer slab 

model with the positions of the surface atoms optimized, calculated with the PAW method 

and a plane wave cutoff of 400 eV, also with the PW91 functional. The adsorption energy can 

be decomposed into a deformation part of the substrate and an interaction energy Eint with the 

surface (cf. Section 5.1). Inspection of the interaction energies Eint of the both structures in 

Table 8.1 reveals that the difference between the primary and the secondary carbonyls, 95 

kJ mol-1, is much higher than the differences of the interaction energies between primary and 

secondary alcohols and alkoxides, 10 kJ mol-1 and 2 kJ mol-1, respectively. This is due to the 

differences in the deformation energies. The corresponding deformation energy of propanal, 

108 kJ mol-1, is much larger than the deformation energy of acetone, 10 kJ mol-1. However in 

the case of acetone the surface is deformed 20 kJ mol-1 more than in the case of propanal. The 

difference in the deformation energies can easily be explained by referring to the changes in 

the structures upon adsorption; propanal adsorbed in η2 mode undergoes several structural 

changes from the gas phase molecule whereas the changes are minor for acetone adsorbed in 

η1 mode. 

8.1.4. Acyls: propionyl and 2-oxopropyl, C3H5O 

Propionyl adsorbs through the carbon atom in η1(C) or η2(C,O) fashion, hence also in 

two modes as just discussed for the carbonyls. The difference between the η1 mode 

represented as (1d) in Figure 8.1 and the η2
µ2 mode shown in Figure 8.3 is only 1 kJ mol-1. 

The η1(C) mode produced via dehydrogenation of propanal (1c), as will be explained in 

Section 8.2.3, is taken to calculate subsequent steps. As the C atom has only one contact to 

the surface and is free of attached hydrogen atoms, the C–Pt distance is very short, 202 pm. 

The C–O bond has lost the partial triple bond character which it has in the gas-phase and 

represents a double bond when adsorbed with a bond length of 121 pm, whereas the C–C 

bond length is the same as calculated for the acyl in the gas phase, 152 pm. The adsorption 

energy, BE = 233 kJ mol-1, of this radical is very large, the strongest of all the 

dehydrogenation products investigated, see Table 8.1. Lu et al.190 determined the adsorption 

of propionyl on Pd(111) to occur at a threefold site in a η2µ3 (C,O) mode where the C atom is 

bound to two Pd atoms of the surface, to be 17 kJ mol-1 more stable than the atop adsorption 

mode. On Pt(111) surface, however, theη2µ3 (C,O) mode located at an hcp-threefold site as 

shown in Figure 8.3 is calculated to be 17 kJ mol-1 less stable. 

The most stable adsorption mode for 2-oxopropyl was determined to be η2(C,O); see 

structure 2d in Figure 8.1. The bonds of the centers C and O of this dehydrogenation product 
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of acetone to the surface are 207 and 216 pm, respectively. The C–CH2 bond is elongated by 4 

pm from the molecule in the gas phase, whereas C-CH3 bond shrunk by 2 pm. With a BE of 

197 kJ mol-1, this radical species adsorbs strongest among the dehydrogenation products of 2-

propanol. 

8.1.5. Methyl ketene, C3H4O 

The dehydrogenation product of propionyl (1d), methyl ketene, (1e), adsorbs on the 

surface in an η1η1(C,C) mode. The carbonyl C atom binds to a Pt center at a distance of 203 

pm and the ethylidene carbon bond length to the surface is 210 pm. The C-C bond has 

elongated by 20 pm from its value in the gas phase and reached 151 pm in the adsorption 

complex. The linear O-C-C angle for the molecule in the gas phase has also decreased to 

128°; all these changes in the structure result in a deformation energy of the molecule of 247 

kJ mol-1 (Table 8.1). The interaction with the surface, the strongest among all structures 

inspected with a value of 433 kJ mol-1, is not reflected in the BE due to this high deformation 

energy; also see Figure 8.2. Lu et al.190 calculated methyl ketene on a Pd(111) surface and 

determined the same mode as obtained here, but with a binding energy that is by ~50 kJ mol-1 

smaller.  

8.2. Reactions 

In this section the four consecutive dehydrogenation steps, starting from 1-propanol 

(1a), and the three consecutive dehydrogenations steps, starting from 2-propanol (2a), will be 

described. The conversion of species derived from 2-propanol (2a) was not continued one 

step further as in the case of 1-propanol (1a) in view of the higher barrier of the third 

dehydrogenation step compared to the binding strength of the reactant acetone (2c) on the 

Pt(111) surface; the third reaction goes over a very high barrier whereas the binding strength 

of the reactant acetone (2c) is low; hence this pathway has a low probability for further 

conversion. The reactions of the alcohols will be described in pairs; each consecutive 

conversion is discussed simultaneously for 1- and 2-propanol. In this way the similarities and 

the differences of the initial states, transition states and the final states will be given in one 

section. The barrier heights and the reaction energies will be also simultaneously compared. 

In Section 8.1 the adsorption modes of the initial states are presented in Figure 8.1 with the 

corresponding BE values in Table 8.1. Figure 8.4 illustrates the calculated transition states 

side by side, in the same fashion as it is done for the initial states in Figure 8.1. The final state 

structures are not shown this time, different from the first part of the thesis as the first part 

dealt with a comparison of various metals. In the present system, the hydrogen in the final 
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state is adsorbed at a nearby site, coadsorbed with the dehydrogenated species. Hydrogen is 

assumed to migrate subsequently to a distant location before the next dehydrogenation step. 

The total energy change in the dehydrogenation reactions of 1- and 2-propanol is shown in 

Figure 8.5. 

8.2.1. Alcohol dehydrogenation, TSnab. 

As described in Section 8.1.1, the most stable mode of alcohol adsorbed on Pt surfaces 

is through the oxygen atom, mediated via the oxygen lone pair. In the literature it is well 

documented that experimentally the hydroxyl hydrogen dissociates to form an alkoxide 

intermediate on Pt group metals.180,191-193 However, there are recent computational studies 

suggesting that hydroxyalkyl species are more stable than the corresponding alkoxides 

species.194-197 Even if this is the case, this kind of C–H bond scission would require the initial 

adsorption geometry of the alcohol on the surface to be bound through the α-C, which is by 

10 kJ mol-1 less favorable.198 Hence, in this study the first dehydrogenation of alcohol is 

considered to happen at the hydroxyl group, producing 1- and 2-propoxide from 1- and 2-

propanol, respectively. 

The hydroxyl hydrogen atoms to be separated points to the surface in the initial state 

in both cases, see structures 1a and 2a in Figure 8.1. This H atom starts to interact with a 

neighboring Pt atom, causing the molecule to be bound to the surface almost as in a bridge 

site at the TS, TS1ab and TS2ab (Figure 8.4). In TS1ab of 1-propanol and TS2ab of 2-

propanol the newly forming bond to the metal, between H and Pt, is rather short, 163 pm. The 

O–H bonds, which were 98 pm in 1- and 2-propanol in the adsorption geometries, elongate to 

166–167 pm in the TS structures. The O–Pt distances are again very close to each other for 

the two molecules, contracting to 206–207 pm at the TS. All the geometrical parameters are 

very close to those calculated previously in the TS structures of 1- and 2-propoxide 

hydrogenation to corresponding alcohols.182 

The reaction of 1- and 2-propanol dehydrogenation to corresponding alkoxides is 

endothermic, calculated at 45 kJ mol-1 for the primary and at 48 kJ mol-1 for the secondary 

alcohol, see Table 8.3. According to Hammond’s postulate the transition state geometry will 

resemble the final state when the reaction is endothermic. This is satisfied here as the O–H 

bond is strongly elongated and the newly formed H–Pt bond has already shortened to 163 pm. 

The barriers of both reactions are also similar to each other, 62 kJ mol-1 and 68 kJ mol-1 for 1- 

and 2-propanol, respectively. Alcalá et al.182 calculated the same reaction in a DFT study, by a 

2 × 2 surface unit cell, modeled with a two-layer slab, kept at a fixed geometry, employing 
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ultrasoft-pseudopotentials and PW91 as the functional, at an energy cutoff of 340 eV. The 

corresponding dehydrogenation energies they obtained were 58 kJ mol-1 for 1-propanol over a 

77 kJ mol-1 barrier and 53 kJ mol–1 for 2-propanol over a 71 kJ mol-1 barrier. The values for 2-

propanol are close to the values obtained in this study whereas those for 1-propanol 

conversion are higher than the ones calculated here. These differences might be due to the 

simpler model employed by Alcalá et al. 182 Chibani et al.199 computed the same reaction for 

the secondary alcohol, and came up with a barrier of 90 kJ mol-1 and a reaction energy of 69 

kJ mol-1, with the same computational parameters as in this study, apart from employing a 

surface modeled with a four-layer slab instead of five. Both values obtained by Chibani et al. 

are higher compared to the ones calculated in this study, although the TS structures calculated 

in both studies are similar, apart from their structure being closer to the surface than it is in 

this study. This might rationalize the lower energy presented in this thesis due to a higher 

stabilization of the complex. In the study by Chibani et al. ethanol instead of 1-propanol was 

chosen to represent the primary alcohol. The energies they calculated, 65 kJ mol-1 and 85 

kJ mol-1 for the reaction energy and the barrier, respectively, are again higher than those 

mentioned here for 1-propanol. Experimentally, the barrier of 2-propanol dehydrogenation 

was reported to be 38–48 kJ mol-1 when catalyzed by Pt powder of ultra high purity and 28–

30 kJ mol-1 when catalyzed by Pt supported on activated carbon.193 

A recent study by Michel et al. investigated alcohol dehydrogenation on Rh(111) 

surface.200 They have observed that hydrogen bonding between a coadsorbed ethanol and 

water and in a glycerol molecule itself decreases the dehydrogenation barrier at the OH group. 

Hence, in that case also the transition states might go over lower barriers with the presence of 

hydrogen bonding when there is a hydrogen network employed in the model. Zope et al. 

showed that the presence of a hydroxyl group on the surface decreases the reaction energy of 

ethanol dehydrogenation on Pt(111) from 98 to -5 kJ mol-1 while decreasing the barrier from 

116 kJ mol-1 to 18 kJ mol-1, producing water together with the adsorbed alkoxide.201 



 Conversion of Simple Alcohols on Platinum Surfaces  

70 

 

 

 

 

Figure 8.4 Transition state structures of the consecutive dehydrogenation reactions of 

1- and 2- propanol on Pt(111). Structures are named TSnxy (n = 1 – 2, x = a – d, y = b – 

e), a dehydrogenation of nx structure to ny structure, as depicted in Figure 8.1. Selected 

distances are shown in pm. Atom coding is also supplied. 
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8.2.2. Alkoxide dehydrogenation, TSnbc  

The second step in the typical alcohol decomposition path on Pt-group metals is H 

abstraction from C1 to form the corresponding carbonyl compounds.180,192 Hence in this step 

the H atom geminal to the O center will be eliminated to form propanal (1c) from 1-propoxide 

(1b) and acetone (2c) from 2-propoxide (2b).  

The geometries of TS structures TS1bc and TS2bc of the dehydrogenation are very 

similar, as shown in Figure 8.4. The H atom that is dissociating interacts with a nearby Pt 

atom, the C–H bond is elongated by 30–32 pm at the TS while the H–Pt distance remains 

long, 170–171 pm. The O–Pt bond lengths for both cases are also similar, 208–209 pm. 

Again, the calculated values are very close to those calculated previously by Alcalá et al.182 

apart from the O–Pt distances. The values determined in this study are by 9 pm shorter than 

previously reported, as the intermediate propoxy species were also calculated to bond through 

longer O–Pt bonds in this study.  

The reactions for the alkoxides dehydrogenation step are exothermic, calculated at -42 

kJ mol–1 for the primary and at -46 kJ mol–1 for the secondary alkoxides as shown in Table 

8.3. Also the barriers are very low in both cases, only 12 kJ mol-1 and 7 kJ mol-1, respectively. 

In this case, the barrier calculated for the secondary alcohol matches the value obtained by 

Besson et al.;199 the reaction energy they obtained is by ~15 kJ mol-1 more exothermic. The 

extremely low values of barriers point to a very fast dehydrogenation of the propoxy species 

Table 8.3 Energies of the reactions (kJ mol-1) involved in the dehydrogenations of 

primary and secondary alcohols on Pt(111). Er and Er
inf are reaction energies at close 

proximity and infinite distance, respectively, and Ea is the activation barrier. 

  Er
a
 Er

inf,b
 Ea

c
 

Alcohol Primary 45 45 62 

 
Secondary 48 45 68 

Alkoxide Primary -42 -43 12 

 
Secondary -46 -48 7 

Carbonyl Primary -74 -79 11 

 
Secondary -18 -30 70 

Acyl Primary 4 -6 91 

a
  Reaction energy at close proximity. b  Reaction energy at infinite distance. c

  Activation 

energy 
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once they are formed; hence the detection on the surface in experiments should be very 

difficult. 

8.2.3. Carbonyl dehydrogenation, TSncd. 

The two previous dehydrogenation steps were very similar for the species both 

 

Figure 8.5 Calculated energy profiles of alcohol dehydrogenation on Pt(111) at 

coverage 1/9: comparison of analogous dehydrogenation steps for (a) 1-propanol and 

(b) 2-propanol. Energies are relative to a system where the corresponding alcohol 

molecule is in the gas phase and the surface is clean. The reaction energies are 

represented with products at infinite separation. Arcs represent reaction barriers of the 

various dehydrogenation steps; the corresponding activation energies are listed as Ea 

values (in italics). All energies in kJ mol–1. 
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geometrically and energetically. For these steps, the reactant adsorption geometries were the 

same, but, as discussed in Section 8.1.3, the most stable adsorption modes of the carbonyls, 

propanal and acetone, are not the same. Hence one anticipates that the TS structures of the 

subsequent dehydrogenation reactions will also be different. Another difference is the greater 

strength of the C–H bond in acetone than in propanal; calculations on species in the gas phase 

reveal a difference of 30 kJ mol-1. 

In the dehydrogenation of the η2 mode of propanal (1c), the H atom of the CH group 

bound to the surface starts to interact with a close by Pt atom of the surface. At a very small 

elongation of the C–H bond, the transition state is reached. At the TS TS1cd, the C–H bond 

length is only 136 pm, and the new H–Pt bond is accordingly 185 pm long, hence very close 

to the initial state. As the resemblance of the TS to the IS suggests exothermicity, the reaction 

releases 74 kJ mol-1. The barrier that accompanies this conversion is low, only 11 kJ mol-1 

(Figure 8.5). 

The η1 mode of acetone causes the CH3 groups to be pointing away from the surface. 

However as the molecule is somewhat bent, one CH3 group is closer to the surface than the 

other, as structure 2c in Figure 8.4 shows. One of the H atoms that is close to the surface starts 

to interact with a nearby Pt atom, but the C atom of the CH3 group comes also close to the 

surface as shown in Figure 8.4 as TS2cd. Hence at the TS the resulting structure is already an 

oxametallacycle, resembling the FS. The dehydrogenation is slightly exothermic; the reaction 

energy is -18 kJ mol-1. The corresponding barrier for the C–H bond to be broken is 70 

kJ mol-1, much higher than the corresponding conversion for propanal as shown in Figure 8.5. 

This barrier is much higher also compared to the adsorption energy of acetone on the surface, 

calculated at 18 kJ mol-1 (Table 8.1), which raises the propensity for desorption rather than for 

the decomposition of the ketone 2c. Despite this lower propensity to dehydrogenate, the 

vibrational spectra of the η2-species that Vannice et al.184 observed when increasing the 

temperature during acetone adsorption on Pt(111) and described as a strongly bound η2(C,O)-

acetone resembles more the vibrational spectra of η2 adsorbed 2-oxopropyl (2d). The 

vibrational spectra determined in this work and in the experiment are listed in Table 8.2. The 

C–O bond stretching frequency, ν(CO), of η1-acetone calculated in this work matches the 

value of mode 1 in Ref. 184, but the value of η2-acetone is very different from that of mode 2. 

Also the asymmetrical stretch of the methyl groups, νa(MeCMe), of η2-acetone is not similar 

to that of mode 2 determined in the experiment. In both cases the frequencies match better 
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those of 2-oxopropyl. This might be an indication that deprotonation of acetone on clean 

Pt(111) surface can take place, as has been pointed out by Jeffery et al.186 

Although deprotonation is possible on a clean surface, there is a difference in the 

reaction behavior for the two carbonyls derived from 1- and 2-propanol due to their most 

stable adsorption mode on the surface. This difference matches the earlier observation that 

η1(O) configuration of acetone desorbs in the presence of other intermediates rather than 

decomposes further, while the η2(C,O) configuration undergoes C–H bond scission at the 

carbonyl position.180,192,199 Rioux and Vannice193 reported that 2-propanol converts to acetone 

with 100% selectivity on a Pt catalyst on acidic group-free supports. Experiments with 2-

propanol on Pt/Al2O3 in the gas phase also found acetone forming below 473 K while 

propane, through dehydration on the support and hydrogenation on the metal, becomes the 

major product at higher temperatures.172 The reactivity of 1- and 2-propanol was also 

compared on Pt/γ-Al2O3 in the presence of water25 and acetone was observed as the main 

product from 2-propanol while C–C bond scission takes place in the 1-propanol conversion, 

observed as ethane and CO2. However, as the experiments were carried out in an aqueous 

medium, it is important to inspect the behavior of these two intermediates when water is 

around. With a simplified model, where several explicit water molecules represented the 

aqueous phase, the adsorption and desorption behavior of two carbonyls is investigated in 

Section 8.3. 

8.2.4. Acyl dehydrogenation, TSnde. 

As the 2-propanol (2a) conversion ends with dehydrogenation to acetone (2c), in this 

step only the dehydrogenation of the propionyl (1d) species, derived from 1-propanol (1a), is 

considered.  

In this step many structural changes occur until the species is converted to its most 

stable intermediate in its η2(C,C) adsorption mode on the surface. The α-H atom dissociates 

in this step from the carbon center. As in the case of acetone dehydrogenation, the α-C center 

also interacts with the surface and binds to the same Pt atom that the α-H atom is connected 

to. At the TS1de in Figure 8.4, the molecule is in almost the same conformation as the final 

state of methyl ketene (1e in Figure 8.1). The C–H distance elongates to 150 pm and the H is 

almost at a Pt–Pt bridge position with bond lengths of 169 pm and 214 pm at the TS1de. The 

newly formed C-Pt bond is 232 pm long; in the initial state 1d this C atom was 357 pm 

separated from the Pt atom of the surface.  
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The reaction is endothermic by only 4 kJ mol-1 although the geometry of the transition 

state shows a late character that would suggest a higher endothermicity. However the barrier 

that the reaction has to overcome is very high, 91 kJ mol-1 (Figure 8.5a), in comparison with 

other dehydrogenation reactions that 1-propanol undergoes. This high barrier hinders a fast 

conversion of propionyl (1d) to methyl ketene (1e). However, in contrast to acetone (2c), 

propionyl is not expected to desorb from the surface due to strong adsorption on the surface, 

BE = 233 kJ mol-1 (Table 8.1). The possibility of propionyl to undergo C-C bond breaking in 

order to eliminate CO deserves some interest as that route has been proposed on many 

surfaces.180,192 This particular reaction network comprising C-C bond breaking reactions also 

at surface defects, represented as steps, is discussed in Chapter 9. 

8.3. Aqueous medium modeling 

The experiments conducted on 1- and 2-propanol that suggested different routes for 

the primary and secondary alcohol were done in the presence of water as solvent. Hence it is 

important to consider how the presence of the water affects the adsorption and the reaction of 

the intermediates. As modeling every single step of this reaction chain for both of the 

molecules is a very demanding task, only those intermediates are considered where the 

difference in behavior arises. Hence the two intermediates, which are the reactants of the third 

decisive step, are inspected in aqueous medium. Presently the studies with aqueous models 

are limited to systems with small adsorbates and a few reactions. Researchers have come up 

with several ways to deal with the problem. One strategy is to fill up the space between 

repeated slabs with water molecules of a certain density, employing tri-dimensional ice 

layers.201-203 Another approach is more exclusive to clusters, where the solvent water is 

represented by a continuum with an appropriate dielectric constant as Goddard et al. have 

employed in their treatment of water formation.204 Very recently, Heyden et al.205 presented 

their implicit solvation model, where they include the solvent effect by calculating cluster 

models in an implicit continuum and use the free energy differences between those and 

clusters without an implicit solvent description as a localized perturbation to the results of 

periodic-slab calculations. 

In this study, a simpler approach has been applied as the concern is focused on a 

desorption reaction, which is supposed to occur in very close proximity to the surface. Hence 

only one layer of water consisting of eight water molecules per unit cell is taken to represent 

the reaction in question as has been detailed in Chapter 2 and depicted in Figure 2.1. Propanal 

and acetone were placed selectively in this water layer coated Pt(111) surface to model two 
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situations: (i) close to the surface, below the water layer to represent the adsorbed state, and 

(ii) away from the surface, on the water layer to represent the desorbed mode. 

8.3.1. Propanal, 1c 

Propanal adsorption on the close packed (111) surface of Pt in the presence of water 

molecules is shown in the structure 1c-ads of Figure 8.6. This complex resembles closely the 

propanal-metal complex in the gas phase, used in the calculations which have been described 

in Section 8.1.3, and represented as 1c in Figure 8.1. The hydrogen bonding network due to 

the water molecules on the surface also extends to the O atom which is bonded to the surface 

with an O–H distance of 160 pm. The C–Pt distance, 217 pm, and the O–Pt distance, 209 pm, 

are 1 pm and 3 pm, respectively, longer than the corresponding values for the complex at the 

metal-vacuum interface. The C–O distance is by 5 pm longer, 140 pm, than when the 

adsorbate is calculated without water molecules. This latter result is probably due to bond 

competition by the hydrogen bond. 

When propanal is placed above the water layer with its oxygen end pointing to the 

water molecules as shown as 1c-des in Figure 8.6, the structure is stabilized through two 

weak bonds with O–H distances of 203 pm and 220 pm in the hydrogen bonding network of 

water molecules. The geometrical properties of propanal, e.g., bond distances and angles, are 

close to the values of the propanal molecule in the gas phase. Compared to the propanal 

placed closer to the surface, 1c-ads, this latter structure, 1c-des, is 59 kJ mol-1 more stable.  

8.3.2. Acetone, 2c 

Acetone placed at the close-packed (111) surface to represent the adsorbed mode 

optimizes to the “solvated” structure 2c-ads in Figure 8.6. Although the adsorbate itself also 

resembles its adsorbed form on the surface at the metal-vacuum interface, acetone does not 

chemisorb anymore on the surface; it is ~400 pm away from the surface. As in the case of the 

complex at the metal-vacuum interface, where it was adsorbed weakly with a BE of 18 

kJ mol-1, the bond lengths of the angles of the molecule are similar to its molecular gas phase 

values. Acetone is included in the hydrogen bonding network of the water molecules through 

an O–H bond of 168 pm. 

When placing the molecule above the water layer, it was also configured with its O 

end positioned towards the water layer. As a result of that, acetone is stabilized above the 

water layer by forming two hydrogen bonds with distances of 164 and 206 pm. Again there 

are no significant changes in the structure of the acetone molecule when compared to the free 
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molecule. Placed above the water layer, this structure, 2c-des, is 47 kJ mol-1 more stable than 

the one closer to the surface. 

8.3.3. Desorption of propanal and acetone in aqueous medium 

In the last two subsections the optimized geometries of the two carbonyls in the 

presence of a water layer above and below it were described. The significant differences 

between these optimized complexes occur in the case of acetone close to the surface layer, 

approximating the “adsorbed” mode. The 400 pm distance of the molecule to the surface 

indicates an energetically downhill transfer of the molecule into the aqueous phase. In fact, 

when it finally arrives at the “desorbed” mode, approximated by placing the molecule above 

the water layer, it still gains 47 kJ mol-1. Through this transfer, the structure of the molecule 

hardly changes; the relaxation of the structure at the “adsorbed” mode to the structure at the 

“desorbed” mode releases only 2 kJ mol-1. Propanal, however, presents a totally different 

case. As explained in Section 8.3.1, the geometries of the complex closer to the surface and 

that lying above the water layer are remarkably different. When propanal is above the water 

layer it is still more stable than the “adsorbed” mode as in the case of acetone, but this time 

the stable minimum of an adsorbed mode of propanal on the surface points out to a transfer 

 

Figure 8.6 Propanal 1c and acetone 2c optimized with an approximate representation of 

the aqueous medium (see Figure 8.1 for the adsorption modes without the aqueous 

medium). Aqua ligands from more than one unit cell are shown. 
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into the water layer that is energetically not continuously downhill, indicating the presence of 

a barrier to desorption. The relaxation in the gas phase of the adsorbed structure of propanal to 

the geometry of the desorbed structure of propanal is 160 kJ mol-1 exothermic. Thus, 

assuming the propanal leaves the surface with its structure fixed as depicted in 1c-ads mode, 

its shape will be strongly unfavorable for the situation in solution. 

To see the differences in energies in both systems in detail, energies of the systems 

were calculated for structures where the solute was placed at various heights above the 

surface. As there are two different modes of each molecule, one being the adsorbed (“inner 

sphere”) and the other above the water (“outer sphere”), both those geometries of propanal 

were calculated at various heights above the surface. One can imagine the situation as the 

adsorbate moving upwards from the surface and the desorbed solute moving downwards into 

the solvent while the energy of the complex at several heights at fixed geometry is calculated. 

The energy differences resulting from such operations are given in Figure 8.7. The energy 

curves for moving the structures upwards and downwards intersect at energies ~190 kJ mol-1 

for 1c and 14 kJ mol-1 for 2c above the energies of the adsorbed complexes. Relaxation of the 

propanal would decrease this energy at most by ~160 kJ mol-1  while for acetone this number 

is ~2 kJ mol-1. This result indicates that there exists an activation barrier to desorption in the 

case of propanal of ~30 kJ mol-1 whereas the barrier for propanal dehydrogenation is 

calculated at 11 kJ mol-1 (Figure 8.5a). 

Figure 8.7 Single-point energies of the solute in a water layer at various distances 

above the surface, with its structure fixed at the adsorption complex (“inner sphere”, 

moved upwards) and the geometry above the solvent (“outer sphere”, moved 

downwards): (a) propanal, (b) acetone. Energies (kJ mol–1) and distances (pm) are 

referenced to the adsorption complexes. 
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Based on this indication, the transition state of propanal desorbing was calculated for a 

simple solvation model. The resulting structure is depicted in Figure 8.8. The activation 

barrier associated with this structure is 28 kJ mol–1. Hence the simple models support acetone 

desorption but the presence of a barrier in the case of propanal suggests the possibility of 

further conversions on the surface. This result also confirms the observation in the 

experiments,25 which detect acetone in the product mixture of 2-propanol (Section 8.2.3). 

8.4. Conclusions on the dehydrogenation behavior of 1- and 2-propanol 

Based on the experimental observation that primary and secondary C3 alcohols behave 

differently under the same experimental conditions,25,172 the initial dehydrogenation pathways 

of the two alcohols were investigated via density functional theory based calculations. This 

dehydrogenation pathway is of special importance as for the 2-propanol case it is the pathway 

that forms the main product, acetone, and for 1-propanol case, it is believed to initiate the C–

C or C–O bond cleavage reactions, as these reactions, especially C–C bond breaking, are 

found to occur easily on more dehydrogenated groups.22,206 

In the dehydrogenation network of 1- and 2-propanol, the first two steps are very 

similar, both energetically and structurally. The structures produced as a result of the first two 

conversions adsorb in a different way on the surface, resulting in differences in the probable 

conversions of both carbonyls. The activation barrier of propanal (1d) conversion derived 

from 1-propanol (1a), is 17 kJ mol-1 whereas that of acetone (2c), derived from 2-propanol 

(2a) is 70 kJ mol-1 (Figure 8.5). The obvious competing reaction for each molecule is 

desorption from the surface. The adsorption of propanal on the surface is 17 kJ mol-1 stronger 

than that of acetone, see Table 8.1. Although one might argue that the difference in the 

adsorption energies is not too large, taking into account the overall accuracy of the model 

strategy, the additional difference in the conversion barriers makes desorption a more feasible 

 

Figure 8.8 Transition state of propanal leaving the Pt(111) surface. Selected distances 

in pm. 
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choice for acetone (2c) whereas propanal (1c) easily converts over a low barrier into 

propionyl (1d). Propionyl (1d) adsorbs very strongly on the surface, and the barrier to 

dehydrogenate this species to methyl ketene (1e) is even higher than that of the acetone (2c). 

However in this case as the molecule 1d binds very strongly on the surface, the competing 

reaction is not the desorption of the molecule, but other decomposition reactions such as C-C 

bond breaking, which will be investigated in Chapter 9. The calculations including a basic 

model for the aqueous environment also confirm the very weak interaction of acetone (2c) on 

the surface and desorption without a barrier whereas propanal (1c) remains interacting with 

the metal surface even though there are water molecules in the environment. 

The geometry of the molecules plays an important part in this discrepancy between the 

reaction pathways; for acetone (2c) to reach an adsorption mode where the H atom would be 

extracted more easily, it has to rearrange into a mode where, due to repulsive interaction of 

the methyl group with the surface, it is 14 kJ mol-1 less stable. Another important difference is 

the strength of C–H bonds in propanal (1c) and acetone (2c). A calculation of H extraction in 

the gas phase shows that the C–H bond to be activated in the methyl group of acetone is 30 

kJ mol-1 stronger than the C–H bond of the carbonyl C atom of propanal, further suggesting 

an easier dehydrogenation in the case of propanal (1c). 

9. Conversion of propionyl to CO2 and ethane 

In this chapter, I will concentrate on the further conversion of the most stable product 

from the dehydrogenation of 1-propanol to the products of highest selectivity, ethane and 

CO2, obtained in the experiments in aqueous medium.25,178 Another product observed in the 

experiments is propionic acid. Wawrzetz et al.25 report a lesser extent in their experiments on 

smaller particles (d ≈ 1.5 nm ) while Lobo et al.178 observed a higher fraction of the products 

to be propionic acid on larger particles (d ≈ 3.4 nm). Propanal was also reported in both 

studies. Lobo et al. mention additionally propane formation in the same amount as propanal. 

As the experiments are conducted in aqueous medium, the source of CO2 formed is unclear; it 

might form from WGS of CO formed by decarbonylation. Lobo et al.178 report a low amount 

of CO present on the surface as is frequently seen during carbonyl conversion on metal 

surfaces.207,208 Alternatively, oxidation of aldehyde by an oxygen containing group, here 

possibly OH, might produce intermediates that will form CO2 directly via decarboxylation. 

These OH groups on the surface may be supplied by water dissociation. Although this process 

on a clean Pt(111) surface is disputed,209-211 the presence of impurities, such as adsorbed O or 

CO, 212-214 facilitates the process. As Frassoldati et al.179 presented in their paper on primary 
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alcohol oxidation in dioxane, the addition of water to the solution caused the formation of 

acid as a product, and the source of oxygen atom was confirmed to be coming from water 

rather than from the supplied O2 gas.215 

Figure 9.1 shows the reaction network to be examined in the following. There are in 

total six reactions that cleave C–C bonds of intermediates reached by different 

dehydrogenation levels of propionyl, the most stable intermediate of 1-propanol as shown in 

Chapter 8. C–C bond scission reactions are considered only at the C–C bond nearest to the 

CO group as previous experiments on Pt216 and Pd217 had shown that for alcohols only these 

bonds are broken. Apart from the ideal close-packed (111) surface of Pt as the reference 

surface, a (221) surface is also employed to investigate the effects of surface defects. While 

the (111) facets dominate the surfaces of larger particles, smaller particles tend to be made up 

of stepped facets. For particles with a diameter smaller than 10 nm it was shown that the ratio 

of the step and kink sites increases significantly.218 These sites are under-coordinated and 

exhibit a different aptitude when they interact with molecules. Surfaces that are rich in such 

sites, referred to as “rough surfaces”,219 are usually more reactive. Ethylene decomposition on 

the stepped surface of Ni occurs at more than 100 K lower temperatures on the stepped 

surfaces than on the flat (111) surface,220 CO adsorbs stronger on the step sites of Pt,221 NO 

dissociates easier on stepped Ru surfaces,222 and the activation barrier of N2 drops by 145 

kJ mol-1 on stepped Ru surfaces.222 This effect is divided in two classes: an entirely electronic 

effect which is due to changing d-band center, or purely geometrical effect due to different 

arrangements of the surface atoms providing new adsorption configurations for the 

molecules.223,224 Recently Zhao et al.225 showed that such structural effects are notable in 

reducing the barriers of C–C bond breaking reactions and thus affect the product distribution 

of methylcyclopentane decomposition. Hence, for the conversion of propionyl the 

dehydrogenation and the C–C bond scission reactions on both surfaces were considered. 
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9.1. Adsorption complexes on the flat (111) and on the stepped (221) surface 

First of all, the stable adsorption geometries of the intermediates occurring throughout 

the network represented in Figure 9.1 are calculated on both the flat (111) and the stepped 

(221) surfaces. On the flat surface the most stable geometry and the site for each adsorbate are 

selected, while on the stepped surface those sites and geometries were preferentially probed 

that looked promising to remove geometrical strain for the conversions in question. The 

species obtained during the conversion of propionyl (MeCH2CO 1) are: ethyl (MeCH2 2), 

carbon monoxide (CO 3), methyl ketene (MeCHCO 4), ethylidene (MeCH 5), propionic acid 

(MeCH2COOH 7), carboxyl group (COOH 8), propionate (MeCH2COO 9), carbon dioxide 

(CO2 10), 1-carboxy-ethyl (MeCHCOOH 11), 1,1-propendiolate (MeCHCOO 12) and H. Me 

here represents the methyl (CH3) group. The species on the stepped surface are identified with 

a prime next to the number, e.g., 1' identifies propionyl (MeCH2CO) adsorbed on a stepped 

surface. Figures 9.2 and 9.3 show the adsorbates on flat and stepped surfaces, respectively. 

Table 9.1 lists the binding energies of the intermediates along with the deformation energies 

 

Figure 9.1 Reaction network for the conversion of propionyl to ethane and CO2. The 

C–C bond breaking reactions occur on the outermost columns. In the dehydrogenation 

reactions, the product H is not represented. The names of the reactions are given below 

each arrow in lower-case letters, molecules are numbered in parentheses. Me represents 

the methyl (CH3) group. 
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of the intermediates and the surfaces to investigate the extent of metal-adsorbate interaction, 

as described in Section 5.1, additionally. 

9.1.1. Propionyl, MeCH2CO 1& 1' 

The adsorption mode of propionyl is the same as in Section 8.1.4 and 1d in Figure 8.1. 

To facilitate the following discussion, the same structure is presented here also in Figure 9.2 

labeled as 1. 

On the stepped surface propionyl is adsorbed at a terrace site to benefit C–C bond 

scission or dehydrogenation via introducing available adjacent sites with which the 

dissociating atoms can straightforwardly interact. As shown in Figure 9.3 as 1', the molecule 

is again adsorbed through the C atom in the same mode as 1, but this time the Pt–C bond is 

tilted ~10° more from the terrace normal (cf. Figure 9.2), which brings the O atom 18 pm 

 

Figure 9.2 Optimized geometries of the intermediates calculated for formation of CO2 

and ethane from propionyl on the flat surface Pt(111). The numbering is as in Figure 

9.1. Selected distances are given in pm. 
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closer to the surface, ~258 pm. Other than this shorter O–Pt distance, the geometries of both 

adsorbates are nearly identical. Table 9.1 lists the BE values for both adsorbates; the 

adsorption on the flat surface is 14 kJ mol–1 stronger than on the stepped one. The interaction 

energy of 1 with the surface is 10 kJ mol-1 larger on the (111) surface; the deformation 

energies of both the metal surface and the adsorbate species each are only 2 kJ mol–1 larger 

for the stepped surface structure, Figure 9.4. 

9.1.2. Ethyl, MeCH2 2& 2' 

Ethyl adsorption on Pt(111) occurs at the atop site, depicted in Figure 9.2 as 2, 

forming one bond with the surface through the CH2 carbon in a η1(C) fashion. The C–Pt bond 

formed is 210 pm long, and the C–C bond length is 151 pm. The angle C-C-Pt is 115°. The 

binding energy is at 195 kJ mol-1.  

On the stepped surface ethyl is bound atop an edge Pt atom of the upper terrace. The 

C–Pt bond length is 209 pm and the C–C bond length is 151 pm, as on the flat surface, see 2' 

in Figure 9.3. Only the C-C-Pt angle is slightly smaller, 111°. The BE values are exactly the 

same on both surfaces for the modes represented, 195 kJ mol-1, whereas the interaction energy 

is slightly higher on the flat surface, by 6 kJ mol-1 (Table 9.1). 
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Figure 9.3 Optimized geometries of the intermediates calculated for formation of CO2 

and ethane from propionyl on the close packed Pt(221) surface. The numbering is as in 

Figure 9.1, identified with a prime (') to represent the stepped surface. Atoms of the 

upper Pt(111) terrace are rendered in a darker shade. Selected distances are given in pm.  
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Table 9.1 Energy characteristics (kJ mol–1) of the intermediates CmOnHx (m = 0 – 3, n = 

0 – 2, x = 4 – 8) on the Pt(111) and the Pt(221) surfaces at 1/9 coverage. 

Intermediates  BEa Eint
b ∆E(M)c ∆E(CmOnHx)

d 

1 Propionyl MeCH2CO (111) 233 276 13 30 

   (221) 219 266 15 32 

2 Ethyl MeCH2 (111) 195 281 12 75 

   (221) 195 275 8 73 

3 Carbon monoxide CO (111) 175 198 9 14 

   (221) 168 199 16 14 

4 Methyl ketene MeCHCO (111) 168 432 17 247 

   (221) 145 447 29 273 

5 Ethylidene MeCH (111) 390 449 19 40 

   (221) 405 463 16 42 

6 Hydroxyl group OH (111) 247 291 4 41 

   (221) 236 283 7 40 

7 Propionic acid MeCH2COOH (111) 39 60 6 15 

   (221) 26 44 4 14 

8 Carboxyl group COOH (111) 231 278 0 47 

   (221) 228 273 10 35 

9 Propionate MeCH2COO (111) 232 298 7 58 

   (221) 199 262 6 57 

10 Carbon dioxide CO2 (111) 4 5 0 0 

   (221) 6 7 0 0 

11 1-carboxy-ethyl MeCHCOOH (111) 135 273 7 131 

   (221) 167 239 11 72 

12 1,1-propendiolate MeCHCOO (111) 307 364 12 46 

   (221) 318 353 14 35 
a  Binding energy of CmOnHx. 

b  Interaction energy of CmOnHx. 
c  Deformation energy of the 

surface. d  Deformation energy of the adsorbate. For the definition of the energies refer to 

Section 5.1. 
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Figure 9.4 Various characteristic energies (kJ mol–1) of the adsorbates as defined in 

Section 5.1. The values of the species on Pt(111) and Pt(221) is given in the first and 

second set, respectively. 
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9.1.3. Carbon monoxide, CO 3& 3' 

Adsorption of CO on a Pt(111) surface and surfaces vicinal to it, e.g., a (221) surface 

employed in this study, is of great interest as CO plays an important role in several 

technologically relevant reactions such as CO oxidation, Fischer-Tropsch, and WGS 

reactions.125 Experimental methods, including LEED,226,227 electron energy loss spectroscopy 

(EELS),228-230 scanning tunneling microscopy (STM),231,232 all agree on 1-fold coordinated 

atoms being the preferred adsorption site at low coverage on both flat and stepped surfaces 

and as the surface coverage increases, CO adsorption on bridge sites starts.  

However common Kohn-Sham DFT methods fail to reproduce these phenomena not 

only on Pt but also on Cu, Rh, Ag, and Au surfaces both qualitatively and quantitatively.233 

This contradiction between the findings of experiments and Kohn-Sham calculations, which is 

presented as “CO puzzle”, is very well documented and has been first thoroughly examined 

by Feibelman et al.234 in their now classical paper about CO adsorption on Pt(111) and 

surfaces vicinal to it employing the local-density or the generalized-gradient approximation 

(semi-local) as exchange functionals. The use of these functionals results in the preference of 

hollow sites as most stable on Rh, Pt, and Cu and degenerate hollow and top sites on Ag and 

Au, along with overestimated adsorption energies.233,234 Gil et al.235 did DFT calculations on 

CO adsorption over the Pt (111) surface for both cluster and periodic slab models to reach the 

same conclusions. Their investigations showed that the inadequately described energy gap 

between the highest occupied molecular orbital and the lowest unoccupied molecular orbital 

(HOMO-LUMO gap) is responsible for this behavior. This explanation was further supported 

by other studies;236,237 the high-coordination sites bind the molecule stronger as a result of the 

wrongly positioned LUMO orbital which interacts stronger with the d-band of the surface. 

The 2π* orbitals of CO lie too low due to the self-interaction error of common approximate 

exchange-correlation functionals. As a result, back-donation to these orbitals is facilitated.  

As an improvement, it was suggested to employ hybrid functionals, which replace part 

of the exchange energy with the exact exchange of the Kohn-Sham determinant.235 Doll 

employed the B3LYP method, a hybrid functional, and calculated the right adsorption order 

for Pt(111) surface.238 Hybrid functionals of Perdew-Becke-Ernzerhof (PBE) – PBE0, HSE03 

and a variant of HSE06 – in the PAW formalism were also employed to address this 

problem.239,240 The PBE functional itself prefers adsorption at hollow site of Pt(111) surface 

by ~15 kJ mol-1 and overestimates the binding energy by 40 kJ mol-1 compared to 

experiment.241 Although employing of hybrid functionals improved the situation in some 

cases, the results obtained are not satisfactory as the ordering of the sites is not improved for 
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Pt and the adsorption energies are still overestimated. More importantly, the description of the 

metal is worse when one employs an admixture of the exact exchange. Hence, although there 

is minor improvement in CO adsorption energies it is mostly at the expense of other 

properties, such as the incorrect description of the metal bandwidth properties; the d-band 

width increases when non-local exchange is included.239,240 A recent study employing a meta-

GGA functional (M06-L), with no non-local exchange inclusion, brings a significant 

improvement on both the metal and the adsorption properties.242 The advantage of a meta-

GGA is that it further expands the exchange-correlation potential to include the kinetic energy 

density. Results from calculations with the M06-L functional predict the right adsorption site, 

atop on Pt(111), by ~35 kJ mol-1 over the fcc site. Also the binding energy calculated for the 

atop adsorption site,242 143 kJ mol-1, is within the error margin of the experiments, 132±13 

kJ mol-1.178,241 

In this study the GGA functional PW91 was employed, hence the most stable site was 

calculated to be the fcc hollow site. In the structure with CO adsorbed at the hollow site all 

three C–Pt bonds on the flat surface are 212 pm, see Figure 9.2. On the stepped surface the 

most stable site as a result is actually the 2-fold step-edge site as a result of using the PW91 

functional.234 However as the CO molecule here is a product of the decomposition reactions 

(a) or (c), solely the adsorption of CO on the terrace site is investigated, Figure 9.3. On the 

terrace of the (221) surface the molecule adsorbs also at fcc hollow site, with C–Pt bonds 

ranging from 209 to 211 pm. The C–O bond is 119 pm and 120 pm on the (111) and (221) 

surface, respectively. The BE on the (111) surface is 175 kJ mol-1, overestimating the 

experimental value by ~40 kJ mol-1 as with the PBE functional.241 On Pt(221) surface, the 

binding energy is only 7 kJ mol-1 lower, Table 9.1. The difference is mostly caused by the 5 

kJ mol-1 higher deformation of the metal substrate, Figure 9.4. 

9.1.4. Methyl ketene, MeCHCO 4& 4' 

As in the case of propionyl, methyl ketene 4 on the flat surface has already been 

inspected in Section 8.1.5 and it is depicted in Figure 9.2. The adsorption mode on the stepped 

surface is the same as on the flat surface; η1η1(C,C). However on this surface the carbonyl C 

is bound to a lower terrace Pt atom and the α-C is bound to a Pt atom of the upper terrace. 

The C–C and C–Pt bonds on the two surfaces differ only by 1 pm; C–C = 151–152 pm, C1–Pt 

= 203–204 pm, and α-C–Pt = 210–211 pm. The adsorbate binds 23 kJ mol-1 stronger on the 

flat surface than on the stepped surface. However, the deformation of the structure on the 

stepped surface is stronger, which is reflected in the higher binding energy on the flat surface; 

the deformation energy from the gas phase to the adsorbed structures is 25 kJ mol-1 higher for 
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4' than that for 4 as listed in Table 9.1. This molecule is, after ethylidene, the one that 

interacts strongest with the surface as deduced from the interaction energies, Eint, on both 

surfaces, Figure 9.4. However it is the one that deforms the most, ∆E(MeCHCO) = 247 and 

273 kJ mol-1 on flat and stepped surfaces, respectively. The changes of the molecule at the flat 

surface have already been mentioned in Section 8.1. The linear O-C-C angle in the gas phase 

narrows down even more when adsorbed on the stepped surface than is the case on the flat 

surface. This is also reflected in the higher deformation energy, Table 9.1. Adding all 

contributions together, the binding energy of methyl ketene on the stepped surface is 

computed lower than that on the flat surface, Figure 9.4. 

9.1.5. Ethylidene, MeCH 5& 5' 

Ethylidene (5) binds at bridge sites of Pt(111), in η1µ2 fashion (Figure 9.2). The 

calculated C–C bond length is 150 pm, indicating single-bond character. The two C–Pt 

distances, 207 pm, are equal and the binding energy of this species is calculated at 390 

kJ mol-1 (Table 9.1).  

On the stepped surface, MeCH 5' binds at the step-edge of the upper terrace, in the 

same η1µ2 fashion as on the flat surface, see 5' in Figure 9.3. The C–Pt bonds are slightly 

shorter, 205 pm, but the C–C bond length remains the same. The adsorption on the step-edge 

of the stepped surface is 15 kJ mol-1 stronger than on the flat (111) surface; see Table 9.1. The 

interaction energies of the molecule with the surfaces are highest for ethylidene, Eint = 449 

kJ mol-1 and 463 kJ mol-1 for the flat and the stepped surfaces, respectively. As deformation 

energies of adsorbed ethylidene on both surfaces are much lower than those of methyl ketene, 

4, the resulting BE values are the highest among the structures in this part of the study, Figure 

9.4. 

9.1.6. Hydroxyl group, OH 6& 6' 

The hydroxyl group adsorbs atop a Pt atom on both surfaces, Figures 9.2 and 9.3. On 

Pt(111) this site has been found to be the most stable in the literature.243, Adsorption at a 

bridge site on the edge of the stepped surface is calculated to be more favorable according to 

DFT calculations by Lew et al.244 However, here the adsorbed structure at the terrace is 

presented, adsorbed in the same mode as on the flat surface. OH 6' adsorbed in this mode will 

be inserted into propionyl 1', which is also adsorbed at the terrace as shown in Figure 9.3 via 

the reaction depicted as (d) in Figure 9.1. The O–Pt bond length is 199–200 pm, O–H is 98 

pm for both structures. The Pt-O-H angle is 106° on the flat surface and 104° on the stepped 

surface. This similarity in the adsorption modes is reflected in the structure deformation 
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energies; they differ by only 1 kJ mol-1, Table 9.1. The adsorption energy of the OH group is 

247 kJ mol-1 and 236 kJ mol-1 on the flat and stepped surfaces, respectively, which is high as 

it is expected for a radical. All these parameters are similar to those calculated by Michaelides 

and Hu.243 

9.1.7. Propionic acid, MeCH2COOH 7& 7' 

Propionic acid 7 is weakly adsorbed on both surfaces in η1(O) mode, atop a Pt atom. 

The MeCH2 moiety is directed away from the surface and the H atom of the OH moiety points 

to the surface for both 7 and 7', Figures 9.2 and 9.3, respectively. The O–Pt bond length on 

the stepped surface is 222 pm, 4 pm longer than the value on the flat surface, which is also 

reflecting the weaker adsorption on the stepped surface represented by the BE values; the 

values in Table 9.1 show that there is a 13 kJ mol-1 difference between the two surfaces, and 

this difference is also similar for the interaction strength, Eint. Bournel et al.245,246 confirmed 

that propionic acid is physisorbed on the surface at 95 K based on several experimental 

investigations, i.e. NEXAFS, XPS, Ultraviolet photoelectron spectroscopy (UPS) and Fourier 

transform reflection absorption infrared spectroscopy (FT-RAIRS). Lu et al.190 considered 

adsorption of the same molecule on the Pd(111) surface. As it has been presented in the first 

part of the thesis (Part I), Pt and Pd(111) surfaces have similar adsorption properties of 

molecules to a large extent. This phenomenon holds also in this case; the molecule adsorbed 

on the Pd(111) surface also adsorbs through the O atom but it is differently tilted from the 

surface.190 The structure Lu et al. calculated features an adsorption complex where α-C–C1 

axis is parallel to the surface plane;190 propionic acid adsorbed in such a style on the Pt(111) 

surface is shown in Figure 9.5 as the parallel adsorption mode (propionic acidǁ) and is 38 

kJ mol-1 less stable than the one described above and depicted as 7 in Figure 9.2. 
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9.1.8. Carboxyl group, COOH 8& 8' 

The carboxyl group binds on the flat (111) surface in η2(C,O) mode, see structure 8 in 

Figure 9.2. The molecule lies closer to the surface on its C end, O–Pt being 231 pm and C–Pt 

200 pm long. The O-C-O angle is 118°, the C–O bond length is 125 pm for O and 133 pm for 

OH. The former value is 6 pm elongated from its value in the gas phase and the latter is 2 pm 

shorter; all these changes result in a 47 kJ mol-1 deformation energy of the carboxyl group, 

Table 9.1. 

On the terrace of the stepped surface, the carboxyl group binds only through the C 

atom atop a Pt atom, as shown in Figure 9.3 as 8'. The molecule is less bent, O-C-O = 122°, 

than on the flat surface, and the C–O bonds are changed to a lower extend from their gas 

phase values, C–O = 121 pm for O and 134 pm for the hydroxyl, which is reflected in a 

slightly lower deformation energy, 35 kJ mol-1. The adsorption energies are within 3 kJ mol-1 

with 231 kJ mol-1 and 228 kJ mol-1 for the flat and stepped surface, respectively. 

9.1.9. Propionate, MeCH2COO 9& 9' 

The adsorption of propionate occurs on both surfaces through the O atoms in a 

bidentate form. The adsorption mode on the flat surface, depicted as 9 in Figure 9.2, shows 

the molecule adsorbed in upright orientation, parallel to the surface normal. The O–Pt bonds 

 

Figure 9.5 Optimized structures of adsorption complexes proposed in the literature for 

propionyl conversion to ethane and CO2. This mode of propionic acid is suggested in 

Ref. 190, of carbon dioxide in Ref. 248. 
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are almost the same length, 210 and 211 pm. Both C–O bond lengths are 128 pm and the O-

C-O angle is 128°. This geometry is the same one as observed by Avery.183 Graham247 also 

mentions a perpendicular adsorption of propionate on the (111) surface on bridge sites. This 

bidentate adsorption mode of propionate 9 is strongly bound, 232 kJ mol-1 (see Table 9.1). On 

the Pd(111) surface Lu et al.190 also suggest the same mode of adsorption for this molecule 

with a similar high BE, 249 kJ mol-1 including a 5 kJ mol-1 zero-point-energy correction. 

Propionate adsorbs also through the O atoms on the (221) surface to two Pt atoms of 

the terrace, see 9' in Figure 9.3. This adsorption mode is the most stable one on this surface. 

In this geometry the O–Pt bond lengths are 212–213 pm, with other properties the same as on 

the flat surface. As one can deduce from the deformation energies of 9 and 9' given in Table 

9.1, the molecules adsorbed on both surfaces are distorted the same amount, however the BE 

is ~30 kJ mol-1 lower on the (221) surface. 

9.1.10. Carbon dioxide, CO2 10& 10' 

The interaction of CO2 10 with the surface is very weak due to its very stable gas 

phase form. Both on the flat and on the stepped surfaces the values of BE and Eint are low, see 

Figure 9.4, and as conventional DFT methods lack dispersion effects, the physisorption 

strength is also not well described. Alavi et al.248 determined an η2 (C,O) adsorbed mode of 

CO2 as the product of CO oxidation reaction via DFT calculations at LDA level with a bent 

O-C-O angle, 131°, and unequal C–O bond lengths, 121 and 129 pm. Such an adsorption 

geometry, η2µ2 (Figure 9.5) calculated at the GGA level resulted in an adsorption complex 

that is 24 kJ mol-1 less stable on the flat surface; hence even the binding energy is negative, 

indicating an unfavorable interaction. The same mode on a stepped surface shows also no 

favorable adsorption, with BE = -41 kJ mol-1. The stable structures are depicted as 10 in 

Figure 9.2 and as 10' in Figure 9.3; the structure of the molecule is similar to its gas phase 

congener – C–O bond lengths ~118 pm and a 180° O-C-O angle – with no deformation 

energies in either case. The result by Lu et al.190 on Pd(111) predicts the same mode with a 

similar BE. 

9.1.11. 1-carboxy-ethyl, MeCHCOOH 11& 11' 

1-carboxy-ethyl forms on the surface through dehydrogenation of propionic acid 7 at 

the α-C center. On the flat surface the species adsorbs in an η2(C,O) mode at a bridge site on 

the surface, 11 in Figure 9.2. The O–Pt bond length is 213 pm and the C–Pt bond length is 

215 pm. The C–OH bond shrinks upon adsorption by 4 pm and the C–O bond elongates by 3 

pm; both C–C bonds are elongated by 4–5 pm. The adsorption mode on the stepped surface is 



 Conversion of Simple Alcohols on Platinum Surfaces  

94 

 

the same as on the flat surface, only this time the C atom is bound to a Pt atom of the upper 

terrace, see Figure 9.3. Apart from the O–Pt distance being 11 pm longer, 224 pm, all the 

bonds are the same within ~1 pm as in the molecule adsorbed on the flat surface. Although 

other geometrical parameters, such as angles and dihedral angles of the molecule on the flat 

surface, are closer to their values in the gas phase molecule, the deformation energy of the 

adsorbed structure is higher on the flat than on the stepped surface, Table 9.1. This 

inconsistency between the extent of deformation and the resulting deformation energies partly 

explains the stronger binding energy on the stepped surface, however the difference in the 

interaction energies shows that the molecule is not interacting as strongly with the stepped 

surface as it does with the flat surface. 

9.1.12. 1,1-propendiolate, MeCHCOO 12& 12' 

1,1-propendiolate forms either through dehydrogenation of 9 at the α-C or of 11 at the 

hydroxyl group. On the flat surface the molecule 12 is adsorbed in an η3(O,O,C) mode, at an 

hcp-threefold site. The O–Pt bond lengths are 212 and 214 pm and the C–Pt bond length is 

220 pm. The C–O bond lengths are 130 and 131 pm; the elongation from the structure in the 

gas phase molecule is ~2–3 pm. The C–C bond between the methyl group and the α-C 

elongates 4 pm upon adsorption to 150 pm where the α-C–C1 bond elongates 2 pm to 148 pm.  

On the stepped surface 1,1-propendiolate 12' adsorbs through a C atom and one O 

atom, at a bridge site on the step of the upper terrace, Figure 9.3. The C–O bond which is not 

interacting with the surface contracts to 123 pm, hence is transforming into a double bond. 

The other C–O bond elongates 5 pm to 133 pm, and the same O atom binds to a surface Pt at 

a distance of 204 pm. The C–Pt bond also shortens to 209 pm on the stepped surface. Both 

C-C bonds are 152 pm. 

The binding of 1,1-propendiolate to the surface is stronger than 300 kJ mol-1, placing 

it as the second most strongly adsorbed species after ethylidene for the surfaces and the 

molecules considered in this study. The adsorption on the stepped surface is 10 kJ mol-1 

stronger than that on the flat surface, which apparently is due to a more deformed structure on 

the flat surface, ∆E(M) ~10 kJ mol-1 (Table 9.1). 

9.2. Reactions 

In this section the reactions depicted in Figure 9.1 are described in detail both on the 

flat surface and on the stepped surface. The elementary steps are separated into reactions on 

the way to decarbonylation or decarboxylation, according to the final C–C bond scission 

which they undergo. Hence, from Figure 9.1, steps (a)–(c) are explained for the 
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decarbonylation pathway whereas steps (e)–(k) and (m) are included in the decarboxylation 

pathway. The reactions on the stepped surface are again labeled with a prime next to their 

identifiers as for the intermediates. Not all the steps in the network are studied on the stepped 

surface; step sites are only considered when there is a possibility for a substantially lower 

barrier via these sites.  

The comparison of the reaction energies and activation barriers is given in Table 9.2. 

The transition state structures on the flat and stepped surfaces are sketched in Figures 9.6 and 

9.7, respectively. As the orientation of the transition states on the stepped surfaces sometimes 

makes it harder to see easily the described structure, additional views are provided in Figure 

9.8. 

In the following the reaction network will be investigated in three subsections; 

decarbonylation and decarboxylation pathways as explained above and one more reaction – 

the hydroxyl insertion into propionyl 1 to form propionic acid 7 – are presented separately. 

The hydroxyl insertion is an important step as it opens up the path to decarboxylation routes. 

In addition, this part deals with the source of OH groups on the surface, water splitting. The 

results on the flat and stepped surfaces are discussed together, comparing the energetics and 

the geometries on both surfaces.  

9.2.1. Decarbonylation 

(a) 1 →→→→ 2 + 3 

The propionyl molecule 1 adsorbed on the flat surface decomposes into ethyl 2 and 

CO 3 via the scission of the α-C–C1 bond. The C atom of the CH2 moiety, α-C starts to 

interact with a Pt atom of the surface and gets closer to the surface as the C–C bond starts to 

stretch. When the α-C–Pt distance shortens to 230 pm, the C–C bond reaches 205 pm and at 

that geometry the transition state TSa occurs, as shown in Figure 9.6. The C1–Pt distance 

shrinks at TSa by 9 pm to 193 pm. One of the α-H atoms binds also to the surface Pt atom at 

a distance of 193 pm. After reaching the transition geometry, the reaction proceeds so that 

ethyl 2 remains bonded atop the same Pt atom and CO 3 migrates to a threefold fcc site, both 

calculated as the most stable sites on the (111) surface.  

When propionyl is adsorbed on the stepped surface the initial α-C–Pt distance is 334 

pm; 23 pm shorter than the value on the (111) surface, 357 pm. The transition state TSa' 

occurs when the interaction between the α-C and Pt strengthens and the distance shrinks to 

228 pm, Figure 9.7, which is 15 pm shorter than that of the TSa. The C–C distance at the TS 

is only 4 pm shorter at the stepped surface, 203 pm. 



 Conversion of Simple Alcohols on Platinum Surfaces  

96 

 

The calculated reactions are exothermic on the flat and the stepped surfaces with -46 

kJ mol-1 and -54 kJ mol-1, respectively. The difference of 8 kJ mol-1 between the reaction 

energies on the two surfaces is very close to the binding energy differences of the products 

and reactants on the two surfaces as listed in Table 9.1. The reaction energies at infinite 

separation, Er
inf

, as given in Table 9.2 are almost the same as the reaction energies, Er, when 

the products are located close to each other immediately after bond dissociation. The barriers, 

however, are more separated; on the flat surface it is 134 kJ mol-1 whereas it drops to 106 

kJ mol-1 on the stepped surface. This decrease is in part due to the difference in the binding 

energies. Furthermore, there is apparently another contribution, which is due to the 

Table 9.2 Energies of the reactions (in kJ mol-1) involved in the formation of CO2 and 

ethane from propionyl on Pt(111) and Pt(221) surfaces. Er and Er
inf are reaction energies 

at close proximity and infinite distance, respectively, and Ea is the activation barrier. 

Reactions   Er  Er
inf 

 Ea  

 (111) (221) (111) (221) (111) (221) 

(a) 1 → 2 + 3 -49 -54 -45 -53 134 106 

(b) 1 → 4 + H 4 17 -6 15 91 75 

(c) 4 → 3 + 5 -33 -68 -6 -66 91 83 

(d) 1 + OH → 7 -46  -59  31  

(e) 7 → 2 + 8 -4 -14 2 -9 219 204 

(f) 7 → 9 + H -11  -16  44  

(g) 9 → 2 + 10 -45 -24 13 -23 ~300a 142 

(h) 7 → 11 + H 27 2 33 1 118 57 

(i) 11 → 5 + 8 -42 18b
 -27 -8 108 110b 

(j) 9 → 12 + H 67 31 56 24 142 85 

(k) 11 → 12 + H 18  7  50  

(m) 12 → 5 + 10 -43 -41 -39 -40 119 86 

WS H2O  → H + OH 58c 66c   90d  

WGS
e
 CO + H2O → CO2 + H2   23  104  

a Estimated value; see Section 9.2.3.   b Effective reaction energy and effective activation 

barrier relative to 11 that is 14 kJ mol–1 lower in energy than the actual initial state ISi' of 

bond breaking (see Section 9.2.3). c Based on the energy values of IS(1+6)+H relative to 

1+H2O. d Estimated value; see Section 9.2.2e Energy change for the total conversion and the 

highest barrier relative to the adsorbed IS; Grabow et al.250  
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geometrical advantage of the stepped surface as the molecule at the transition state is much 

more stabilized through a shorter α-C–Pt distance, hence a stronger interaction with the 

surface. Here, as CO is one of the products and its BE is overestimated by the employed 

functional, PW91, a lower BE of the product CO as in experiment, see Section 9.1.3, would 

imply that the reaction is more endothermic (or less exothermic), which would increase the 

barrier accordingly, assuming that the BEP correlation holds.118,119 

Lu et al.190 investigated the decarbonylation reaction of propionyl 1 on a Pd(111) 

surface. They determined the η2µ3 mode of propionyl as most stable on the Pd(111) surface; 

that structure is the analogous to the one discussed in Section 8.1.4 and represented in Figure 

8.3. Nevertheless, in their reactivity study they also used the atop adsorption site for the 

reaction under investigation. The values they calculated with atop adsorbed propionyl as the 

 

Figure 9.6 Structures of the transition states (TS) at Pt(111) surface in the reaction 

network studied as calculated for conversion of propionyl to carbon dioxide and ethane 

on the flat surface Pt(111). Selected distances are given in pm. 
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IS are -63 kJ mol-1 for the reaction energy and 154 kJ mol-1 for the activation barrier. As the 

first part of the thesis advocates, the energetics of this reaction is close to that on Pt surfaces. 

 

 

Figure 9.7 Structures the transition states (TSs) on Pt(221) stepped surface for the 

conversion of propionyl to carbon dioxide and ethane. Selected distances are given in 

pm. 
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Figure 9.8 Calculated structures of transition states of propionyl conversion to ethane 

and CO2 on the stepped surface Pt(221): top and side views. 
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(b) 1 →→→→ 4 + H 

This reaction on the flat surface has been detailed before (Section 8.2.4) in the part 

dedicated to dehydrogenation. Hence in this section only the values for the stepped surface 

will be discussed and compared to the results determined on the flat surface. On the stepped 

surface the hydrogen to be extracted is already oriented towards a Pt atom at the step-edge. 

This orientation rationalizes the shortened H–Pt distance, 228 pm, in the IS from that on the 

flat surface, H–Pt = 312 pm. The molecule 1' starts bending towards the step-edge and the H 

atom starts to interact with the Pt atom, weakening the bond with the α-C. At TSb' (Figure 

9.7) the H–Pt distance dropped to 162 pm and the C–H bond is elongated to 160 pm. On the 

flat surface the corresponding structure TSb has an H–Pt distance of 169 pm. On the stepped 

surface the C–H distance elongates to 150 pm and the α-C starts interacting with a Pt atom, 

C–Pt = 232 pm, as shown Figure 9.6. At TSb', the α-C–Pt distance is 230 pm. 

The reaction on the (111) surface is almost thermoneutral, 4 kJ mol-1, and on the 

stepped surface it becomes slightly more endothermic, 16 kJ mol-1. One part of this increase 

in the reaction energy is the difference in between the BE values of the propionyl 1 and 

methyl ketene 4 on the two surfaces; the BE values of both the reactant propionyl and the 

product methyl ketene decrease on the stepped surface. However the decrease on the product 

side is 10 kJ mol-1 more. Although the reaction gets more endothermic on the stepped surface, 

the barrier that the reaction has to go over decreases from 91 kJ mol-1 on the flat surface to 75 

kJ mol-1 on the stepped surface. 

(c) 4 →→→→ 3 + 5 

The decomposition of methyl ketene 4 proceeds through a C–C bond scission of the 

molecule. The C atoms involved in this bond already bind to surface, as seen from 4 and 4' in 

Figures 9.2 and 9.3, respectively. The transition states of the reaction are depicted as TSc in 

Figure 9.6 on the flat surface and as TSc' in Figure 9.7 on the stepped surface. At the TS 

geometry there is little change from the reactant state geometry. The only significant 

difference is the C–C bond lengths as expected, on the flat surface the bond elongates to 222 

pm and on the stepped surface to 228 pm. The close resemblance of the TS structures to those 

of the reactants suggests that the reactions are exothermic according to Hammond’s 

postulate.122 Indeed the reaction energies are -33 kJ mol-1 and -68 kJ mol-1 on the flat and on 

the stepped surface, respectively. The activation energy for this C–C bond scission reaction is 

91 kJ mol-1 on the flat surface and 83 kJ mol-1 on the stepped surface. 
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The products of reactions (a) and (c) are not those observed in the experiments. Ethyl 

2 from reaction (a) and ethylidene 5 from reaction (c) have to be fully hydrogenated to ethane, 

which is experimentally detected in the product stream both in the presence and in the absence 

of H2.
25,172,178 Zhao et al.21 calculated the reaction energies and barriers for these 

hydrogenations in their work on ethylidyne formation from ethylene on Pt(111). Ethylene 

hydrogenation to ethyl at 1/9 coverage is thermodynamically almost neutral, -6 kJ mol-1, 

going over a barrier of 68 kJ mol-1. The highest hydrogenation barrier is that of ethyl to 

ethane, 77 kJ mol-1, associated with a reaction energy of 12 kJ mol-1. These barriers are 

comparable to the barriers of preceding C–C scissions and dehydrogenations; hence 

hydrogenation of the products will not be the rate-limiting step.  

CO is the other product formed in both reactions (a) and (c). In the absence of water 

CO adsorbs strongly on the surfaces of Pt catalysts, poisoning them by completely covering 

the surface.249 In the experiments21,154 the level of CO2 obtained was as high as that of ethane. 

If the reaction proceeds via decarbonylation the CO adsorbed on the surface must be oxidized 

to CO2. The water gas shift reaction is very likely under the experimental conditions of these 

APR conversions. Grabow et al. investigated the reaction mechanism for CO transformation 

into CO2 and H2 via the inclusion of a water molecule.250 From the network of reactions they 

considered, the optimal route proceeds over a COOH intermediate. In the conversion of 

adsorbed CO and H2O to CO2 and 2 H adsorbed at the surface, the highest barrier for an 

elementary reaction was that of water splitting calculated at ~85 kJ mol-1. For the overall 

route the highest barrier was 104 kJ mol-1, that of OH insertion into adsorbed CO, and the 

total conversion is 23 kJ mol-1 endothermic, see Table 9.2. 

9.2.2. Insertion of a hydroxyl group 

Wawrzetz et al.,25 Peng et al.,172 and Lobo et al.178 conducted experiments on propanol 

in aqueous solution. These studies reported propionic acid in their product stream, although 

the various yields were not comparable. At the conditions the experiments were done, water 

dissociation is also probable, hence the possibility of hydroxyl groups adsorbed on the surface 

cannot be disregarded. First, an overlook will be given of how the hydroxyl groups might 

form. 

The behavior of water on the solid surfaces is a subject of great interest in many fields; 

in chemistry especially electrochemistry, heterogeneous catalysis, and corrosion.209,251,252 

Water adsorption/desorption and dissociation/formation play an important part in many 

catalytic processes such as steam reforming of natural gas, WGS, Fischer-Tropsch synthesis, 
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and the present case, APR of biomass.161,209,253 A vast amount of publications report 

experimental or theoretical works on water splitting. Yet this topic is still a matter of 

discussion about how this reaction proceeds under various different conditions.  

On the clean Pt(111) surface water has been shown to be adsorbed molecularly rather 

than dissociatively.209,251,252 Impurities on the surface greatly affect the behavior of water 

molecules. When atomic oxygen is coadsorbed on the surface, the water molecule readily 

dissociates with an activation barrier of ~43 kJ mol-1, reacting with the adsorbed water in a 

1:2 ratio to produce hydroxyl groups on the surface.251 Coadsorption of molecular oxygen at 

low temperature, however, does not promote dissociation. When CO is coadsorbed with 

water, CO molecules change their preferred site; instead of being adsorbed at an atop site 

which is the most stable site for the clean surface, the molecules are located at bridge sites.251 

Wang et al. modeled dissociation of a single molecule of a water double bilayer in the 

presence of CO and obtained lower activation barriers than without CO, by 44 kJ mol-1. The 

reactions energies did not change considerably; it decreases only by 8 kJ mol-1.213 

There are several theoretical studies dealing with the kinetics of water dissociation on 

Pt(111) surfaces. Some of these studies use a single water molecule to calculate the reaction 

energy and the activation barriers.161,250,253,254 The values computed in these works are listed 

in Table 9.3 along with the computational parameters employed. The reaction energies for the 

dissociation of a single molecule, see Figure 9.9 for the model system, into an adsorbed 

hydroxyl group and hydrogen are between 45 kJ mol-1 and 71 kJ mol-1 depending on details of 

the method used. Studies with a three-layer slab, kept at a fixed geometry, employing 

ultrasoft-pseudopotentials and PW91 as the functional, calculated the reaction energies as 45 

kJ mol-1 and 68 kJ mol-1, with energy cut-offs at 300 eV and 340 eV, respectively.250,254 The 

corresponding barriers were 66 kJ mol-1 and 85 kJ mol-1, respectively. When the top layer of 

the slab was allowed to relax, reaction energies of 50 kJ mol-1 and 63 kJ mol-1 as well as 

barriers of 72 kJ mol-1 and 87 kJ mol-1 were obtained with an energy cutoff of 400 eV with the 

PW91 functional and 340 eV with RPBE functional.253,255 When the energy cutoff is kept at 

300 eV along with PW91 functional, but the surface is modeled as a four-layer slab, with the 

atoms of the top layer relaxed, the reaction energy increases to 58 kJ mol-1 with a barrier of 74 

kJ mol-1.254 A PAW study employing two types of GGA functionals, PW91 and PBE, 

reported the highest barrier for the case of a single water molecule, adsorbed on a slab of four-

layers with top two layers allowed to relax.161 For both functionals the barrier was calculated 

to be 93 kJ mol-1 with reaction energies of 65 kJ mol-1 and 68 kJ mol-1 in the case of PW91 

and PBE functional, respectively.  
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Table 9.3 The reaction energies and activation barriers of water splitting available in 

the literature. Computational details are also shown.  
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Another PAW study calculated a ∆H value of 49 kJ mol-1 using a four-layer slab with 

two relaxed layers and two water molecules, employing an RPBE functional and a 0.18 Å real 

grid-spacing.256 When two water molecules were arranged as a dimer as shown in Figure 9.9 

the reaction energy was decreased by 22 kJ mol-1, to 43 kJ mol-1 and 46 kJ mol-1 for PW91 

and PBE functionals, respectively.161 The changes in the barriers, however, were only ~7 

kJ mol-1. This shows that the reaction products H and OH, especially the latter, are stabilized 

by the presence of another water molecule on the surface. 

In another study,211 a model of a water bilayer was placed on a three-layer slab surface 

with the atoms at the top layer relaxed in a √3x3 surface unit cell; the calculations were 

carried out with NC-pseudopotentials, a double zeta quality Gaussian type basis set, and the 

PBE functional. The water bilayer was composed of four water molecules as a saturated 

single overlayer. Half of the water molecules were oriented parallel to the surface, as this is 

the case for a single water molecule adsorbed, whereas the other half were oriented vertical to 

the surface. One of the H atoms in vertical oriented molecules interacts with the O atoms of 

the parallel oriented molecules forming a H-bonding network. The other H of a water 

molecule interacts with the surface Pt atom, Figure 9.9. Splitting of these latter H atoms from 

both molecules is a state, which is only 12.5 kJ mol-1 per water molecule less stable than the 

original water bilayer. 

The double water bilayer was considered in another study.213 This system was 

described by a slab model of six-layers (top layer relaxed), using PAW, 340 eV energy cut-

off, and the RPBE functional. In this model, the H atoms of the lower bilayer do not orient 

 

Figure 9.9 Several water models to investigate water splitting reaction. Adapted from 

Refs. 161 (right column), 211 (middle column), and 213 (left column). 
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themselves towards the surface as in the single bilayer case, but point towards the second 

bilayer to enhance the H-bonding network of the water layer, Figure 9.9. This double bilayer 

is located at a longer vertical distance from the surface than the single bilayer. Water splitting 

was considered both heterolytically (a proton from adsorbed water shifts to the double bilayer, 

producing an adsorbed OH and a solvated proton) and homolytically (a hydrogen is separated 

from adsorbed water, forming a hydroxyl and a hydrogen atom adsorbed on the surface). The 

homolytic reaction goes over a barrier of 130 kJ mol-1 to a dissociated state 68 kJ mol-1 more 

endothermic whereas for the heterolytic pathway these values are 95 kJ mol-1 and 58 kJ mol-1, 

respectively. 

The studies presented so far inspected the water splitting reaction on or near the 

surface. One can also consider autoprotolysis of water, however modeling of the system is 

beyond the current computational possibilities as the reaction medium should consist of a 

proton per ~109 water molecules at neutral conditions.255 When one calculates the free energy 

difference of water splitting at room temperature from the dissociation constant, pKa = 14, the 

value is 80 kJ mol-1. However the dissociation constant decreases depending on the 

temperature until 250°C,257 pKa= 11.2, resulting in about two orders of higher concentrations 

of H+ and OH– ions at this temperature. An ab initio molecular dynamics study employing the 

Car-Parrinello method approached autoprotolysis of water with a kinetic energy consistent 

with room temperature.255 The specific connections of H-bonded substructures were formed 

and the energy differences were calculated with a separated proton from one water molecule, 

which is transferred along the water-chain. Barriers of 8–48 kJ mol-1 were reported for water 

splitting.255 Hence OH groups might form in the solution and then be transferred and adsorbed 

on the Pt surface. 

After summarizing the presented results about water splitting for both the situation on 

the surface and in the bulk water, one can estimate a reaction energy and barrier for the 

reaction to achieve OH groups adsorbed on the surface. The results presented depend on the 

amount of water molecules in the various models. As the model employed in this study does 

not employ additional water molecules for stabilization, a barrier of 90 kJ mol-1 will be taken 

for water splitting on Pt(111) as a cautious estimate. For the reaction energy, instead of 

assuming a value, a comparison between the energy of the coadsorbed structure of propionyl 

1 + hydroxyl group 6 (along with a hydrogen atom adsorbed at infinite separation) and 

adsorbed propionyl 1 with a water molecule adsorbed at infinite separation was made. The 

resulting energies suggest the water splitting reaction energy to be 58 kJ mol-1 and 66 kJ mol-1 

on the flat and stepped surfaces, respectively. 
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(d) 1 + 6 →→→→ 7 

When the reactants are brought together from “infinite separation” to a reactive 

distance that state is by 13 kJ mol-1 more stable. Recall that the (formally) “infinite” 

separation refers to the sum of their energies when they are adsorbed on the surfaces of two 

different unit cells ( E(1)/M + E(6)/M ), while otherwise both molecules are adsorbed within 

the same unit cell ( E(1+6)/M ). At the IS the distance between the C atom of the carbonyl 

moiety and the O atom of the OH group is 342 pm. At TSd (Figure 9.6) this distance shrinks 

to 194 pm, an interaction starts between the two molecules. The reaction energy is -46 

kJ mol-1  and the activation barrier is 31 kJ mol-1. The product propionic acid 7 binds weakly 

to the surface, as indicated by the low BE, 39 kJ mol-1 (Table 9.1), and discussed in detail in 

Section 9.1.7. Any C–C bond scission reaction of the intermediates formed from 

dehydrogenation of species 7 will be a decarboxylation reaction. 

The active centers in this reaction are the CO moiety of 1 and 6 adsorbed on the 

surface, which are both bound to surface and in a very close interaction with the surface even 

before the reaction. As the aim to calculate the reactions on the stepped surface is to eliminate 

the geometric disadvantages, in this case there is no need to re-evaluate this reaction on the 

stepped surface. The values on the flat surface can be re-used for the reaction that occurs on 

the terrace of the stepped surface, where the geometrical effects would be most advantageous 

and similar to the flat surface Pt(111). 

9.2.3. Decarboxylation 

(e) 7 →→→→ 2 + 8 

The first decarboxylation reaction is the decomposition of propionic acid 7 formed via 

the energetically favorable insertion of hydroxyl 6 into propionyl 1. The C–C bond, which is 

almost normal to the flat surface, see 7 Figure 9.2, is to be broken during this reaction. On the 

flat surface the α-C atom is far away, 519 pm, from the surface Pt atom it will interact with to 

break the bond and the vertical distance of this atom to the top crystal plane is 450 pm. The 

reaction is initiated by the molecule bending towards the surface so that the α-C starts 

interacting with the surface. At TSe (Figure 9.6) the C–C bond is elongated to 251 pm, 

whereas the C–Pt distance has shrunk to 295 pm; both key distances are remarkably long. As 

seen from Figure 9.6 the ethyl moiety 2 is still not interacting with the surface, the slight 

interaction is accomplished through a long C–Pt contact and a 213 pm H–Pt contact. The 

carboxyl group rearranges so that the C atom binds to the surface at a C–Pt of 199 pm, very 

close to its value in the stable adsorption mode. The reaction is thermoneutral with an energy 
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change of -5 kJ mol-1. However, in order to break the C–C bond on the flat surface Pt(111), a 

barrier of 219 kJ mol-1 has to be overcome.  

On the stepped surface propionic acid 7 is adsorbed in such a fashion that the distance 

of the α-C to the Pt atom is by 78 pm shorter, 441 pm, than on the flat surface. The α-C starts 

to interact with the step-edge Pt atom of the upper terrace, the O atom migrates to bind with a 

Pt atom of the lower terrace and the C1 atom starts an interaction with another lower terrace 

atom. In the TSe' structure the α-C–Pt has decreased to 305 pm, the C1–Pt atom distance is 

204 pm and the O–Pt distance is 225 pm, (cf. Figure 9.7). The C–C bond is elongated by 75 

pm, from 151 pm at the IS to 226 pm at the TS. The C–C distance is 25 pm shorter than on 

the flat surface and the α-C–Pt distance is 10 pm longer. As there is no enhanced stabilization 

by the surface at the transition state, the activation barrier decreases only by 15 kJ mol-1, to 

204 kJ mol-1, and the reaction energy is -14 kJ mol-1. 

(f) 7 →→→→ 9 + H 

The hydroxyl H atom of species 7 is already oriented to the surface, H–Pt = 227 pm. 

The reaction starts by strengthening the interaction of these two atoms and TSf is reached 

when the H–Pt distance shrinks to 161 pm, O–H = 165 pm. As the O atom loses its H atom, it 

starts moving towards a surface Pt atom and at the TS the O–Pt distance reaches 318 pm. The 

reaction energy is -11 kJ mol-1 and the barrier is only 44 kJ mol-1, which makes the 

conversion favorable both thermodynamically and kinetically. Indeed experiments on the 

adsorption of propionic acid 7 on the Pt (111) surface in gas phase suggest carboxylate 

formation, which is detected in an EELS study by Avery258 and a helium atom scattering 

(HAS) study by Graham.247 Also on Pd(111) surfaces propionic acid 7 forms surface 

propionate as observed by TPD and indicated by HREELS.259 

Also this reaction was not studied on the stepped (221) surface for the same reason as 

given in reaction (d). In the energy profile of the stepped surface, the values for the flat 

surface are employed. 

(g) 9 →→→→ 2 + 10 

The α-C atom of species 9 is at a distance of at least 494 pm from a Pt atom and 417 

pm from the surface. For this most stable adsorption mode of propionate no TS geometry 

could be located; the structures found as candidates for the TS do not meet the criteria set to 

confirm a plausible structure, i.e., the forces on the atoms are higher or there is more than one 

imaginary frequency. The structures that satisfy in part the criteria have activation barriers of 

~300 kJ mol-1. Such a structure, e.g., TSg, is depicted in Figure 9.6. An analysis of this 
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structure suggests that geometrical factors are the reasons underlying the high activation 

energy structures. The decomposing moieties at the flat surface do not have a contact with the 

surface, thus lack stabilization by the catalyst. The reactant molecule 9 is connected to the 

surface only via two O atoms, which would be part of the CO2 10 molecule when the 

decomposition is completed. As explained in Section 9.1.10, CO2 adsorption on the surfaces 

of Pt is weak and CO2 is located at a notable distance from the surface. As the reaction 

proceeds, the ethyl moiety that is pointing away from the surface in the IS, must approach and 

start to interact with the surface. However at the same time CO2 also moves upwards and the 

molecule loses the stabilizing effects of the surface to a large extent. For the species TSg 

depicted in Figure 9.6 the distance of the CO2 to the surface is ~265 pm, and the C atom of 

the ethyl moiety is 314 pm away from the surface. Lu et al.190 explored the same 

decomposition on the Pd(111) surface but instead of employing the most stable bidentate 

form, they employed the monodentate form of 9, which is 81 kJ mol-1 less stable. Starting 

from that less stable species, they calculated the activation barrier to be 135 kJ mol-1. Hence 

the effective barrier from the most stable species would be also very high, 216 kJ mol-1. 

This geometrical disadvantage can be overcome by the presence of a terrace of Pt 

atoms at a different height that will stabilize the species. For the species 9' the α-C–Pt 

distance is 423 pm on the stepped surface; 71 pm shorter than on the flat surface. This 

difference in the distance is around the same value as in the case of 7 and 7'. The reaction 

proceeds in a similar way as on the flat surface; the ethyl moiety approaches the surface Pt 

atom, but in this case an atom from the upper terrace is involved. The interaction of CO2 with 

the surface also decreases during the reaction. However, even in the structure TSg' shown in 

Figure 9.7, the CO2 moiety is still connected to the surface through one of its O atoms, O–Pt = 

232 pm. The C–Pt distance drops to 230 pm; the ethyl moiety is significantly closer to the 

surface at the TS. Hence both moieties that end up as the products are stabilized by the 

surface at the TS structure, decreasing the activation barrier of the reaction, Ea(g') = 142 

kJ mol-1. Even though the barrier is drastically lower than Ea(g), this conversion is still a 

seldom event considering the experimental conditions.25 

(h) 7 →→→→ 11 + H 

One may consider dehydrogenation of the species 7 at the α-C instead of the hydroxyl 

group prior to C–C bond scission. Thus one can benefit from the fact that C–C bond scission 

is normally less demanding when the ligand is more or less free of H and dehydrogenation 

barriers are generally lower when the ligand is still “rich” in H.22 Dehydrogenation of 7 will 
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also bind the α-C to the surface; the previously discussed high barriers in reactions (e) and (g) 

might be due to a large C–Pt separation, C–Pt > 500 pm, in the IS structures. The initial H–Pt 

distance is 478 pm and it decreases to 168 pm at TSh, Figure 9.6. For this interaction to 

occur, the molecule bends towards the surface, reaching almost a structure parallel to the 

surface at the TSh with α-C–Pt = 232 pm, close to the final state of the reaction. At TSh the 

C–H bond elongates to 154 pm. The activation barrier is 118 kJ mol-1, indeed lower than that 

of direct C–C bond scission, Ea(e)= 219 kJ mol-1, see Table 9.2, but quite high for a 

dehydrogenation reaction. The reaction is slightly endothermic with an energy change of 27 

kJ mol-1. 

On the stepped surface the H atom to be separated is 93 pm closer to the Pt atom, H–

Pt = 385 pm at IS. As the reaction proceeds this distance shrinks, α-C starts interacting with 

the same Pt atom as hydrogen and the TS occurs when the C–H bond elongates to 152 pm, 

see TSh' in Figure 9.7. At this geometry, the H–Pt bond is 161 pm and the C–Pt bond 

distance is reduced to 235 pm. On the stepped surface the activation barrier decreases 

significantly, by 72 kJ mol-1, to 57 kJ mol-1 and the reaction energy is 2 kJ mol-1; thus one has 

an almost thermoneutral reaction. 

(i) 11 →→→→ 5 + 8 

On the flat surface η2(C,O) adsorbed 11 undergoes a C–C bond scission to form 

ethylidene 5 bonded through the α-C atom of 11 and a COOH group 8 bonded through C1 and 

the carbonyl O of 11. The C1 atom starts interacting with the surface when the species 11 

bends towards the surface. The TSi occurs when the C–C bond elongates to 211 pm. The C of 

the carboxyl moiety, C1, is bonded to a Pt atom at 205 pm, also the O–Pt bond remains intact; 

it is elongated by only 2 pm. It seems that the carboxyl moiety has reached the FS 

configuration, but the α-C of 5 is still bonded atop a single Pt atom with a C–Pt of 197 pm 

instead of the FS configuration, where this moiety is located at a bridge site. The activation 

barrier is lower than the previously discussed decarboxylation reactions on the flat surface, 

108 kJ mol-1 and the reaction is exothermic by 42 kJ mol-1. 

The initial state of the abstraction of the carboxyl group 8 on the stepped surface is not 

the one calculated as the most stable on that surface and described in Section 9.1.11, 11' 

shown in Figure 9.3. Figure 9.10 shows the ISi' of the C–C scission reaction. As can be seen 

by comparing with the most stable adsorption structure, the binding mode is still η2(C,O), but 

the O atom is now that of the OH group and the molecule binds at the step-edge at two Pt 

atoms. The BE of this mode is 14 kJ mol-1 lower than that of the most stable adsorption mode. 
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During the migration process from the most stable adsorption state of 11' shown in Figure 9.3 

to the initial state of reaction (i') shown in Figure 9.10, the molecule passes over a barrier, 

Ea(mig') = 28 kJ mol-1. The low value of this TS, TSmig', makes the ISi' a metastable 

intermediate mode. In the structure ISi' the O–Pt bond is long, 237 pm and the C–Pt bond is 

212 pm, 3 pm shorter than the corresponding bond in the most stable mode 11'. The molecule 

starts to move from this adsorbed mode over the step-edge so that the α-C starts interacting 

with the Pt atom that O was bound to at the IS. At the same time the C atom of the carboxyl 

group also interacts with the same Pt atom and the OH moiety lifts from the surface, 

removing the O atom from the surface, O–Pt = 296 pm at TSi'. The α-C is almost at a bridge 

site where α-C–C1 = 180 pm. This reaction is essentially thermoneutral, Er(i') = 5 kJ mol-1, 

over a barrier of Ea(i') = 96 kJ mol-1. Recall that this energy is with respect to a structure that 

is a metastable intermediate, ISi'. With respect to the stable intermediate 11', the effective 

reaction energy is Er
eff(i') = 18 kJ mol-1 and the effective activation barrier is Ea

eff(i') = 110 

kJ mol-1. Energetically the steps do not provide an advantage for this reaction. This 

conclusion can be corroborated by inspecting the geometry of the initial and final states; in 

spite of the fact that steps contribute actively in the C-C bond scission, they do not offer a 

reaction partner at the required height to the adsorbate. Hence the bond breaking takes place 

in the same fashion as it does on the flat (111) surface. 

(j) 9 →→→→ 12 + H 

Following the same logic that prompted the calculation of the dehydrogenation of 7, 

the dehydrogenation of the α-C of 9 was also inspected. The H–Pt distance at the IS is 491 

pm, with the H center being 452 pm away from the surface. The TS structure, TSj in Figure 

9.6, resembles very much TSh, with H–Pt 168 pm and 227 pm. The C–H distance is 

elongated to 153 pm in the TS. In order to form an interaction between the α-C and the 

surface, the C–Pt distance shrinks to 242 pm at TSj. The reaction is highly endothermic, 67 

 

Figure 9.10 Initial state (IS) structure for i'. 
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kJ mol-1. The activation barrier is also the highest determined among the dehydrogenation 

reactions in this study, 142 kJ mol–1. However considering that for C–C bond scission of this 

species no transition state lower than 300 kJ mol-1 is determined, dehydrogenation is favored 

over decomposition on the flat surface. 

On the stepped surface the H atom to be extracted from 9' is much closer to the Pt 

atom it gets into interaction, with H–Pt = 392 pm; compare the situation in 7'. Thus the 

reaction (j') proceeds similarly as the reaction (h'). At the TSj' the H atom is at the top of the 

step-edge atom and the α-C is also bound to the same step-edge metal atom. The H–Pt 

distance drops to 160 pm whereas the C–Pt bond is 230 pm, shortening by almost 100 pm 

from its initial length. The C–H distance is elongated to 156 pm at TSj', see Figure 9.7. Also 

one of the O atoms binds to the neighboring step-edge Pt atom, with O–Pt = 218 pm at the 

TS. The other O–Pt bond is elongated by 5 pm and at the TS it is also 218 pm. This bond 

eventually breaks completely to reach the geometry of 12' in the FS. The reaction on the 

stepped surface is still endothermic, 31 kJ mol1, but its reaction energy has reduced radically. 

The barrier reduces to 83 kJ mol-1, making dehydrogenation achievable. 

(k) 11 →→→→ 12 + H 

In a similar fashion as 7 is dehydrogenated to 9 via reaction (f), the α-dehydrogenated 

species 11 dehydrogenates to 12 via reaction (k). The OH group from which the H atom shall 

be extracted lies high above the surface in 11. As the molecule bends towards the surface, the 

H atom relocates itself so that it can start to interact with the surface Pt atom. At the TS the 

O–H bond elongates to 150 pm and the H–Pt shrinks to 166 pm, which is depicted as TSk in 

Figure 9.6. The O of the hydroxyl group is also close to that surface Pt atom, O–Pt 303 pm, 

that it will be bound to in the FS at ~213 pm. The dehydrogenation reaction is mildly 

endothermic, with a reaction energy of 18 kJ mol-1, and it proceeds over a low barrier of 50 

kJ mol-1. Such a low barrier of a mildly endothermic reaction increases the probability of the 

reverse reaction; the hydrogenation of 12 to 11. The barrier will be much lower, 32 kJ mol-1 

and the reaction product 11 will be energetically more stable than the combination of the 

reactants, 12 and H, coadsorbed on the surface. One should take this into account when 

considering the most probable pathway and also take into account the reaction will occur 

probably in both directions; see Section 9.3.4. 

As the reaction (k) is already facile on the flat surface and no advantage can be 

foreseen on the stepped surface the same energetics can be employed on the stepped surface, 

assuming it takes place on a sufficiently wide terrace of the stepped Pt surface. 
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(m) 12 →→→→ 5 + 10 

The last reaction considered in this network is the C–C bond scission of 12. Already in 

the IS, both products of the reaction are in contact with the surface; the ethylidene moiety via 

the α-C of 12 and CO2 via both O atoms of 12. The reaction proceeds as the groups start 

separating from each other and the TS is reached when the C–C distance has elongated to 210 

pm (from 148 pm at the IS, see TSm in Figure 9.6). One of the O atoms has already lost 

contact to the surface Pt atom; in the TS structure, O–Pt is elongated by 161 pm, to 373 pm, 

while the other O–Pt bond is elongated to 232 pm. The α-C–Pt bond shrinks by 23 pm to 197 

pm. It is also seen that the O-C-O angle increases from 122° at the IS to 147°. The reaction is 

exothermic, -43 kJ mol-1
, over an activation barrier of 119 kJ mol-1. These values are very 

close to those of the decarboxylation (i); the CO2 molecule loses its contact to the surface 

again too early in the reaction to be stabilized at the TS of C–C bond breaking. 

On the stepped surface C1 and C2 centers of 12', the atoms that prospective products of 

(m') interact with the surface, are already in contact with the step-edge of the (221) surface in 

the TS. At TSm' the structure still resembles the IS; the CO2 moiety starts moving into the 

vacuum, Figure 9.7. The C–C distance is elongated to 210 pm, from 152 at the IS, the O–Pt 

distance is extended by 19 pm, and the α-C–Pt has shrunk by 14 pm, to 195 pm. Additionally, 

the carboxylic C interacts with the step-edge Pt atom, albeit via a long distance, 293 pm. As 

on the flat surface, the O-C-O angle increases to 146°. After the TS, species 5' moves to the 

bridge site on the step-edge and CO2 10' moves away from the surface. This final state 

structure is 41 kJ mol-1 more stable than the reactant 12' (Table 9.2), similar to the case on the 

flat surface. The effect of the steps is a reduction of the activation energy by 33 kJ mol-1; the 

barrier decreases to 86 kJ mol-1 on the stepped surface. 

9.3. Overview over the reaction pathways 

After 1-propanol was dehydrogenated to its most stable intermediate propionyl on the 

(111) surface, the discussion now turns to possible conversion reactions to form ultimately the 

experimentally observed25,178 products CO2 and ethane. This discussion addresses 

transformations on both the flat Pt(111) surface and the stepped Pt(221) surface, focusing on 

the C–C scission reactions. Out of a total of 12 reactions, six are C–C bond scissions, of 

which two are decarbonylation reactions and four are decarboxylation reactions. Five 

dehydrogenation reactions from O/C and one hydroxyl group insertion are also included in 

the network (Figure 9.1) to obtain different routes. The products of the C–C bond scission 

reactions investigated here are ethyl or ethylidene, both of which are further hydrogenated 
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into ethane and CO, COOH or CO2, the first and second to be converted into the third via 

WGS as explained in Section 9.2. In this section the most probable conversions for the 

adsorbate will be visited, based on the energetics that has previously been presented. Figure 

9.11 depicts the most favorable conversions, including the WGS reaction to convert CO into 

CO2 and the water splitting (WS) reaction to provide OH groups adsorbed on the surface. The 

reaction energies, Er
inf, at (formally) infinite separation of the products, in the case of reaction 

(d) the reaction energy at (formally) infinite separation of the reactants, are employed in this 

figure; for the corresponding numerical values, see Table 9.2. 

9.3.1. Decarbonylation route on the flat (111) surface 

The C–C bond scission to produce CO 3 adsorbed on the surface occurs through two 

stable intermediates on the surface, 1 and its α-C dehydrogenated form 4. The 

decarbonylation of 1 via reaction (a) has to go over a barrier of 143 kJ mol-1 whereas the 

dehydrogenation process (b) over Ea(b) = 91 kJ mol-1 is almost thermally neutral, 4 kJ mol-1. 

Hence, dehydrogenation is the more probable conversion of 1. This dehydrogenation reaction 

can also easily be reversed in view of its thermoneutrality; both molecules are strongly bound 

on the surface. Their conversion into each other via dehydrogenation/hydrogenation should be 

in equilibrium. The C–C bond scission of the dehydrogenated species via reaction (c) 

proceeds over a barrier of the same height as that of dehydrogenation. This decarbonylation 

route is shown Figure 9.11a, represented by a dashed line; the feasible CO production from 

propionyl 1 produces ethylidene 5 as the hydrocarbon and the overall conversion energy 

is -41 kJ mol-1, over an effective barrier of 91 kJ mol-1. CO is further converted into CO2 over 

the barrier of the rate-determining step (RDS) of WGS and finally ethylidene is coadsorbed 

with CO2. The energetics is included from a study of the WGS reaction network where the 

most favorable pathway was found to be via a COOH intermediate.250 
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Figure 9.11 The competing decarbonylation (dashed lines) vs. decarboxylation 

pathways (solid lines) along with two alternative pathways (dotted and dot-dashed lines) 

for C-C scission on (a) a flat and (b) a stepped surface. H2O, when not contributing to 

the reaction, is assumed to be co-adsorbed at (formally) infinite separation along with 

excess H atoms. Energies are relative to a system where propionyl 1 and H2O are 

adsorbed at infinite separation. The barrier of the rate-determining step of the WGS 

reaction is included (Table 9.2). The migration step (mig') preceding the reaction (i) is 

left out; the Er
inf as listed in Table 9.2 are used. 
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For the starting molecule propionyl 1 the insertion of an OH group is studied apart 

from the conversion that would lead to decarbonylation. The possibility of OH groups 

forming on the surface has been presented earlier in the text; in Section 9.2.2, a barrier of 90 

kJ mol-1 is estimated for the WS barrier, and the reaction energy is 56 kJ mol-1. The adsorbed 

OH groups are very reactive on the surface.201 The barrier for diffusion and rotation about the 

surface normal for OH groups is low, 11 kJ mol-1 and 5 kJ mol-1, respectively, at coverages 

from 1/9 to 1/3.243 Therefore they can easily migrate to the vicinity of the propionyl groups. 

The interaction between the two species is already favorable when they are only coadsorbed 

on the surface; see the difference in the reaction energies when at close proximity, Er, and at 

formally infinite separation, Er
inf, is 13 kJ mol-1 in Table 9.2. The addition of OH 6 to 

propionyl 1 produces propionic acid 7 over a low barrier Ea(d) = 31 kJ mol-1 and releases 46 

kJ mol-1. The products of the favorable decarbonylation route, 5 + 3, lie 38 kJ mol-1 lower in 

energy than propionic acid, 7.  

9.3.2. Decarboxylation route on the flat (111) surface 

Formation of propionic acid by OH insertion into propionyl opens up the reaction 

network for decarboxylation reactions. Propionic acid itself is weakly adsorbed on the 

surface, BE = 39 kJ mol-1, in agreement with the experiments in aqueous phase that report 

such species to be present in the product stream.25,178 On the flat surface dehydrogenation into 

propionate 9 via reaction (f) is also possible; the reaction is 11 kJ mol-1 exothermic and its 

barrier Ea(f) = 44 kJ mol-1 is slightly higher than the desorption energy. This conversion is 

also supported by the findings of LEED studies conducted in the temperature range 100 – 300 

K.260 Firment and Somorjai observed no ordered structure upon propionic acid adsorbed on 

clean Pt(111) surface and claimed that dissociative adsorption is the underlying reason.260 

Avery’s EELS study258 and Graham’s HAS247 findings also indicate this dissociation, as 

presented in reaction (f). The barrier for dehydrogenation of propionic acid at the α-C, Ea(h), 

is almost three times as much as that of Ea(f) hence it is not shown in Figure 9.11a. The C–C 

bond scission of propionate 9 via (g) on the flat surface is also energetically not favorable; a 

barrier of ~300 kJ mol-1 blocks this conversion. The dehydrogenation at the α-C is the 

preferred conversion of 9; however Ea(j) is also high, 142 kJ mol-1, and the product 12 lies 67 

kJ mol-1 higher in energy, making the reverse reaction kinetically better accessible. The 

decarboxylation route, the solid line in Figure 9.11a, reaches an end with the C–C bond 

cleavage of 12, Ea(m) = 119 kJ mol-1, producing CO2 10 and ethylidene 5. The overall 

effective barrier height for decarboxylation is 156 kJ mol-1 on the (111) surface, and the rate 

determining step is the final C-C scission reaction, reaction (m). 
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9.3.3. Decarbonylation route on the stepped (221) surface 

The energy profile of the most likely pathways for conversions on the stepped surface 

is given in Figure 9.11b. Both dehydrogenation and decomposition reactions occur easier on 

the stepped surface and the differences in the heights of TSa' and TSb' decreases to 31 

kJ mol-1 from 43 kJ mol-1 on the flat surface as the C–C bond scission barrier decreases by 28 

kJ mol-1 compared to a 16 kJ mol-1 decrease in the dehydrogenation barrier. The barrier for 

the C–C scission of 4' also decreases, but only slightly, by 8 kJ mol-1. Hence on the stepped 

surface the preferred decarbonylation is again the combined reaction (b') and (c') with an 

effective reaction energy of -52 kJ mol-1, Er
inf(b') + Er

inf(c'), over an effective barrier of 98 

kJ mol-1, the C–C bond scission of 4' via reaction (c'). The following WGS reaction does not 

change the rate determining step of this decarbonylation pathway, as can be seen from the 

dashed line in Figure 9.11b, even though the effective barrier of WGS is 104 kJ mol-1. 

Water dissociation on stepped surfaces of Pt has not been studied as extensively as on 

flat surfaces. The presence of surface defects might increase the reactivity of Pt and lower the 

barrier and reaction energy of this process. However as there is no conclusive data about the 

reaction, the value estimated for the barrier at the flat surface, Ea (WS) = 90 kJ mol-1, is also 

employed on the stepped surface. Coadsorbed 1' and 6' lie 53 kJ mol-1 above the reference 

state of 1' adsorbed with H2O at a formally infinite separation. The following OH insertion 

into propionyl proceeds with a low barrier and the reaction geometry is so that the presence of 

a terrace at a different height will not stabilize the TS of that reaction. Hence the barrier and 

the reaction energy at the flat surface are employed, which is valid for the sufficiently wide 

terraces of the stepped surface. With these two assumptions, the water splitting barrier 

estimated on the flat surface applies to the stepped surface and the OH insertion occurs on the 

terraces of the stepped surface. The rate-determining steps of this route and of 

decarbonylation exhibit very similar activation barriers, as can be seen by comparing the solid 

and dashed lines Figure 9.11b. The difference in the effective barrier is only 8 kJ mol-1 in 

favor of propionic acid 7' formation. However the decarbonylation products 5' + 3' are 

energetically more stable. 

9.3.4. Decarboxylation route on the stepped (221) surface 

The activation barriers of the reactions in the decarboxylation part of the network are 

affected a lot by the presence of surface defects. The conversions (g), (h), (j) and (m) all 

occur over lower barriers on the stepped surface. As explained earlier, the transition state 

structures are stabilized when they occur between two terraces of the stepped surface. Yet, for 
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the same reason as for OH insertion (d), the dehydrogenation of propionic acid 7 to 

propionate 9 via reaction (f) as well as 1-carboxy-ethyl 11 dehydrogenation to 1,1-

propendiolate 12 via reaction (k), both from the hydroxyl O that is close to the surface, are not 

explicitly considered on steps. 

Starting from propionic acid 7' both decomposition barriers, Ea(e'), and the α-H 

dehydrogenation barrier, Ea(h'), decrease on stepped surfaces; however the decrease in the 

dehydrogenation barrier is much more pronounced, from 129 kJ mol-1 on the flat surface to 57 

kJ mol-1 in the presence of the steps whereas the decomposition barrier drops only by 15 

kJ mol-1. As has been discussed in the description of this reaction in Section 9.2.3, the 

advantage of steps by stabilizing the molecule further at the transition state decreases the 

energy required to activate this transition. The reaction of O–H bond scission (f) is still the 

most favorable conversion for the species 7' although not explicitly calculated on the stepped 

surface. The product of the most favorable conversion (f), 9', is also energetically more stable 

than the product of (h'), 11'. However, there is no clear choice between the two reactions; 

both will occur to an extent. 

When the conversion of the product 9' is considered as the next step, the direct 

decomposition (g') is also compared as an acceptable TSg' is obtained from the calculations. 

However the barrier is still high, Ea(g') = 142 kJ mol-1, suggesting that 9' will not be directly 

decomposed into 2' and 10', when the competing conversion is α-H dehydrogenation with 

Ea(j') = 85 kJ mol-1. The barrier of this dehydrogenation reaction producing 12 and H on the 

surface is also notably decreased, by ~60 kJ mol-1, by the presence of steps.  

For the species 11' the direct scission of the C–C bond (i') is explicitly considered on 

the stepped surface, starting from an adsorbate ISi on the surface that is 14 kJ mol-1 less stable 

than 11'. For the hydroxylic H dissociation (k), the values obtained for the flat surface are 

taken. Although the C–C bond cleavage on the stepped surface decreases the barrier of the 

individual step, there is no difference between the effective barriers of (i) and (i'). Hence also 

on the stepped surface the preference towards (k) is higher.  

The only reaction remaining on the decarboxylation pathway is the decomposition of 

12 to produce 5 and 10 on the surface, reaction (m'). The steps also decrease Ea(m') to 86 

kJ mol-1 via stabilizing TSm' on the Pt surface making the decarboxylation a competing C-C 

bond scission alternative to decarbonylation. 

Having compared the possible conversions of the intermediates in the decarboxylation 

network, one can say that there is no clear choice for an optimal route. Any one of the three 
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routes represented by the solid line, the dashed-dotted line or the dotted line might be the 

preferred route to decarboxylate. The inter-conversion barriers of the species 7', 9', 11', and 

12' are uniformly low, represented by forward barriers Ea
for and reverse barriers Ea

rev in Figure 

9.12. It is also remarkable that the barriers for the C–C bond scission reactions involving a 

fully saturated α-C, (e') and (g'), are not sufficiently low to be the preferred route. 

Hence one of the two C-C bond scission reactions, (i') and (m'), should be the reaction 

to cleave the C–C bond. In order to assess the relative importance and selectivity of the two 

decarbonylation channels, a rough estimate on the rates of (i') and (m') is required. For that 

purpose a simplified reaction network is employed, Figure 9.12, and microkinetic modeling is 

applied to this network.  

In this reaction network one can assume that species 7', 9', 11', and 12' are in 

equilibrium at the temperatures of the reactions, 473-523 K.25,178 The network also includes 

the migration step that converts the most stable adsorbate of 11' that is obtained from 

dehydrogenating 7' into ISi' over a barrier of 28 kJ mol-1. Therefore this species should also 

be in equilibrium with 11'.  

When one analyses the simplified reaction network along with the forward and reverse 

barriers as given in Figure 9.12, it turns out that the C–C bond scission reactions (i') and (m') 

are reached via similar routes. Starting from 11' there is a step with a low barrier that forms a 

metastable species that can react back to 11' or undergo C–C bond scission, see Figure 9.13. 

On Route 1, species 11' migrates to ISi' that is 14 kJ mol-1 less stable over a low barrier, 

Ea(mig') = 28 kJ mol-1. When ISi' is formed the C–C bond scission goes over a barrier of 96 

 

Figure 9.12 The reactions considered in determining the selectivity along the 

decarboxylation pathway. The forward and reverse activation barriers, Ea
for and Ea

rev, 

respectively, are given in kJ mol–1. 
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kJ mol-1. The alternative Route 2 also starts from 11', proceeds via TSk that is 50 kJ mol-1 

high to intermediate 12' that lies 11 kJ mol-1 higher than 11', see Er
inf in Table 9.2. The C–C 

bond scission of 12' occurs over a barrier of 86 kJ mol-1. On these two routes, intermediates 

ISi' and 12' are accepted as metastable intermediates which enables one to calculate the rates 

from the composite properties of two consecutive reaction steps. In the search for a rate-

limiting step, it is common to take the elementary step which has the highest barrier relative to 

its immediate reactants.261 However in cases where there are metastable intermediates, as in 

the present case, this approach is not always correct.261,262 When the metastable intermediate 

is able to react back to the immediate reactant, one does not calculate the barrier of the rate 

determining step with respect to the energy of the metastable intermediate, but rather with 

respect to the preceding stable intermediate. This procedure yields an effective barrier, Ea
eff. 

For the routes under consideration, these values would be Ea
eff(1) = Er

inf(mig') + Ea (i') = 

(14+96) = 110 kJ mol-1 and Ea
eff(2) = Er

inf(k) + Ea (m') = (11+86) = 97 kJ mol-1. A 

justification of this approach is provided in Appendix A. 

The selectivity between the two C–C bond scission reactions is calculated as the ratio 

of the rates of these two routes. 
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Figure 9.13 The energy profiles of C–C bond breaking steps for two routes of 

decarboxylation on the stepped surface Pt(221). Energies are relative to species 11'. 
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where rq (q = 1, 2) is the rate of Route q, krxn is the rate constant of the elementary reaction 

step rxn, θx is the surface coverage of species x and [*] is the number of available surface 

sites. In Appendix A the derivation of the effective rate constants k
eff is given. Hence by 

substituting the constants in Eq. (9.1) with those of Eqs. (A.6), (A.7), and (A.8) one obtains 

for the selectivity: 

 
‡ ‡0 0

1

2

(2) (1)(1) (2)
exp

eff effeff eff
a aE Er S S

r R RT

 −∆ − ∆
 = +
 
 

 (9.2) 

For the Routes 1 and 2 the initial state is the same species 11'. As the effective entropy 

difference ∆S0
‡

eff is calculated relative to the initial stable species as given in Eq. (A.8), the 

first term in the exponential part of Eq.(9.2) is only determined by the entropies of the two 

rate-determining transition state structures of these routes, TSi' for Route 1 and TSm' for 

Route 2. These two species differ only by an H atom which is located at the hydroxyl group 

of TSi', the frustrated translational and frustrated rotational modes can be taken to be similar 

for both species. Thus the variation of the effective entropy differences of Route 1 and Route 

2 can be approximated by the difference of the vibrational contributions to entropy at the 

transition state structures, including the vibrational modes of an H atom adsorbed at a surface 

fcc site for the transition state structure in the Route 2: 

 
‡ ‡0 0(1) (2) ( ') ( ') (H)eff eff

vib vib vibS S S S S∆ − ∆ ≈ − −TSi TSm  (9.3) 

The vibrational modes of the relevant species are supplied in Table 9.4. With the 

values reported in Table 9.4, one calculates the selectivity as defined in Eq.(9.2) at T = 473 K 

as r1/r2 ≈ 0.01. Increasing the temperature to 523 K is in favor of Route 1, but the selectivity 

does not change significantly, r1/r2 ≈ 0.02. Considering the approximations made during 

calculating this selectivity and the fact that the calculated reaction barriers and vibrational 

frequencies may not be of comparable accuracy, this value should not be regarded as a 

quantitative measure. However it enables one to estimate the second route, which is the 

combination of the dehydrogenation (k) and the decarboxylation (m') would be favored over 

the migration (mig') followed by decarboxylation (i'). 
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9.3.5. Effect of water dissociation energies on the preferred pathways  

The favorable decarbonylation and decarboxylation pathways have been discussed in 

the previous sections, separately on each surface. On the flat Pt surface the decarbonylation 

pathway that forms CO first to be converted into CO2 afterwards goes over an effective 

barrier of 91 kJ mol-1 whereas the decarboxylation pathway goes over an effective barrier of 

156 kJ mol-1. However both pathways depend on the values of the reaction and activation 

energies of water splitting. In the decarbonylation pathway, water splitting occurs within the 

WGS mechanism and the values found by Grabow et al. have been employed here, Er(WS) = 

68 kJ mol-1 and Ea(WS) = 85 kJ mol-1.250 The barrier is close to the estimated earlier water 

splitting barrier, Ea(WS) = 90 kJ mol-1, and the reaction energy is 10 kJ mol-1 higher than that 

used in the formation of OH for the decarboxylation pathway. The values from Grabow et 

al.’s work250 are employed to keep the values within the WGS conversion consistent. In the 

decarbonylation the water splitting occurs at the end of the pathway, following the exothermic 

C–C bond cleavage step, whereas in the decarboxylation pathway it is the first conversion, 

setting a new “reference energy level” for the conversions that follow. 

As discussed extensively in Section 9.2.2, there is a wide range of energies reported in 

the literature depending on the water model used. The presence of additional water molecules 

stabilizes the fragments of the dissociation reaction through a H-bonding network, and the 

stabilization is different in each model. The reaction energy presented in this work does not 

take into account such a stabilizing effect due to a water network, it was calculated from the 

relative energy of IS 1 + 6 with respect to species 1, with water adsorbed at (formally) infinite 

separation. Assuming that the water environment stabilizes in similar way all fragments along 

the remaining pathway, the position of the IS 1 + 6 on the energy scale induces a uniform 

Table 9.4 Vibrational frequencies (cm-1) of the initial states and the transition states, 

calculated vibrational contributions to entropy (J·mol-1·K-1). 

Structure Vibrational frequencies Svib 

TSi' 3613, 3044, 3024, 2990, 2950, 1671, 1436, 1423, 1355, 
1200, 1199, 1055, 1014, 980, 932, 887, 629, 565, 456, 
412, 354, 274, 229, 198, 181 

91 

TSk' 3065, 3006, 2987, 2934, 1939, 1418, 1405, 1328, 1234, 
1155, 1067 948, 913, 811, 582, 561, 501, 293, 254, 215, 
194, 178 

86 

H' 1173, 553, 363 14 
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shift (of that part) of the reaction profile when the reaction energy of water dissociation 

changes. In other words, each energy level for the reactions that follow will be shifted by the 

same amount. Such a shift in positions of the energy levels influences the rate determining 

barriers of the decarbonylation vs. decarboxylation pathways. 

The rate determining barrier of decarbonylation occurs prior to the estimated energies 

on both surfaces. For decarboxylation to be preferred – or at least to be competitive – on the 

flat surface, the effective barrier should at least be equal to that of decarbonylation. The 

effective barrier of decarboxylation is calculated by the summation of the reaction energies at 

infinite separation prior to the rate determining step plus the activation barrier of the rate 

determining step;  

a r r r r

1
r

(decarboxylation)  ( )  ( )  ( ) ( ) ( )

( ) 100 kJ mol

eff inf inf inf inf
a

inf

E E E E E E

E
−

= + + + +

= + ⋅

WS d f j m

WS
 

Hence, the water splitting reaction must be exothermic, Er
inf = -9 kJ mol-1, for the two 

pathways to have effective rate-determining barriers of equal height. As there is no study that 

reported an exothermic reaction for water dissociation on Pt surfaces, also not in the bulk, the 

decarbonylation is the clear pathway favored on the flat (111) surface. 

A similar analysis is also applied for the conversions on the stepped surface. The 

effective barrier of the decarbonylation pathway is 98 kJ mol-1, again occurring prior to the 

WGS conversion at the C–C scission step. Three alternative routes were found for this 

pathway, two of which share the same rate-determining step. The barrier of these two steps 

are calculated for the routes with the rate determining step (m') as 

a r r r r

r r r r

1
r

(decarboxylation) ( )  ( )  ( ) ( ) ( )
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Or for the route with rate determining step (i') 

a r r r

1
r

(decarboxylation) ( )  ( )  ( ) ( )

( ) 52 kJ mol

eff inf inf inf
a

inf

E E E E E

E
−
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As the aim is to determine how endothermic the water dissociation reaction can be for 

decarboxylation to have an effective rate-determining barrier at the similar height as 

decarbonylation, the route over reaction (m') is considered. Thus, one calculates the 

endothermicity of the water dissociation reaction at ~63 kJ mol-1. From the values reported in 

Section 9.2.2 the lowest value calculated for this process is 12.5 kJ mol-1.211 At such low 



 Conversion of Simple Alcohols on Platinum Surfaces  

123 

 

values of endothermicity, decarboxylation clearly dominates over decarbonylation. Figure 

9.14 shows an adapted version of Figure 9.11 for this lowest value, where the change in water 

splitting reaction energy is also applied for the water splitting within the decarbonylation. At 

such a value of the reaction energy of water splitting, the effective barrier is 90 kJ mol-1 

corresponding to the estimated barrier of water dissociation. At higher endothermicities, e.g., 

71 kJ mol-1, which is the highest value reported in Table 9.3,250 the rate-determining barriers 

along each path are still within 8 kJ mol-1. 

To summarize, the selectivity between the decarbonylation and decarboxylation on the 

stepped surface depends very much on the energetics of the water dissociation. 

9.3.6. Remarks on the effect of water as solvent on the reaction network 

All calculations performed in this part of the thesis ignore the effect of the water as 

solvent, and treat it only as a source for adsorbed hydroxyl groups on the surface within the 

reaction network. In the dehydrogenation of 1- and 2-propanol in Chapter 8 the effect of water 

as a solvent was investigated by employing a water layer consisting of eight water molecules 

around the reactants of the decisive step, propanal and acetone, to investigate their desorption 

trends in the presence of an aqueous medium. Chapter 9 of the thesis deals with several steps 

of equal importance in the reaction network apart from desorption of a couple of adsorbates. 

Solvent effects are ignored the effects in computational studies on the reaction 

thermodynamics and kinetics of reactions at solid/liquid interfaces206,263-265 as the current 

standard software cannot account for long-range solvent effects. However one should not 

totally dismiss the possible effects of the aqueous medium, as water is known to have a 

significant role as a reactant in aqueous phase processing.16 Therefore several aspects of 

having a water network around the adsorbed species that might be important are listed here. 

• Experimental observation with addition of water: When one reacts 1-propanol on 

Pt(111) surface without any water in the system, less than 10% of the alcohol adsorbs 

dissociatively.216 In the end of the reaction the adsorbed species are CO, H, C and CH3C; 

only CO and H are observed in the gas phase along with the alcohol itself as CH3C also 

dissociates at 450 K into adsorbed H and C where the latter deposits on the surface. On a 

surface pre-covered by oxygen the selectivity does not change, the hydrogen produced is 

converted into water and no other products are observed. These findings along with the 

products observed from 1-butanol conversion establish, in the absence of water, C–C bond 

scission occurs only at the bond closest to the C–O bond. In Besson’s group,179,199,266 

experiments were conducted on the conversion of primary and secondary alcohols on Pt/C at 
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normal air pressure. They used pure 1,4-dioxane as solvent and carried out supplementary 

experiments with water in the feed. When dioxane was the only solvent in the feed, the 

products of primary alcohols were the corresponding aldehydes which decarbonylated 

subsequently and secondary alcohols converted to the corresponding ketones. Addition of 

 

Figure 9.14 Alternative energy profiles when the water dissociation energy is taken at 

12.5 kJ mol-1 (value from Ref. 208 ); cf. Figure 9.11. 
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water increased the activity of the catalyst, changing the selectivity of the primary alcohol to 

the corresponding carboxylic acid, but the ketone was still obtained in the case of the 

secondary alcohol.179 Experiments with labeled oxygen also revealed that the source of the 

second O in the acid is water instead of the O2 gas.215 The presence of O2 in the feed 

increases the amount of dissociation of water molecules on the surface, forming more OH 

groups adsorbed.212 Experiments by Lobo et al.,178 done without oxygen in the feed, also 

indicate that propanal or propanol are not the source of the second O atom. The presence of 

CO groups also decreases the barrier of water dissociation on the surface,201 however not as 

significantly as the presence of adsorbed O atoms. 

The experimental data that this study is based on25 were obtained in the absence of O2 

in the feed. Apart from 1-propanol, only water was present as a solvent and a reactant, 

otherwise approximately the same conditions were employed by Lobo et al.,178 who have also 

included different supports for the Pt catalyst. As mentioned before, water has been identified 

as the source of the second oxygen. In the oxygenation of alcohols done by Besson’s group, 

hydration of the aldehyde to a geminal diol is proposed, and the acid is formed afterwards 

from dehydrogenation of the said diol.266 Zope et al.201 also considered the aldehyde as the 

molecule that OH inserts easily into on Pt(111). According to the present set of calculations, 

the conversion of the aldehyde, propanal, into the corresponding acyl, propionyl, was not only 

kinetically plausible, over a barrier of 11 kJ mol-1; it was also thermodynamically very 

favorable, -74 kJ mol-1. 

Another important factor related to water dissociation is the different behavior of 

water on the flat and stepped surfaces. Árnadóttir267 recently reported that water dissociation 

on stepped Pt(221) surface is easier than on the flat surface; on the flat surface the reaction is 

67 kJ mol-1 endothermic over a barrier of 90 kJ mol-1, on the stepped surface the reaction 

energy decreases to 20 kJ mol-1 over a barrier of 80 kJ mol-1. The calculations by Árnadóttir267 

also show that water molecules adsorbed on the terrace are mobile; they tend to diffuse to step 

and kink sites. The calculations with a co-adsorbed O atom on the surface also showed that 

presence of the adsorbed O, which enhances water dissociation significantly on the flat 

surface, does not affect the barrier of the dissociation at the step sites but makes the 

conversion more favorable thermodynamically. 

• Binding energies. The formation of H-bonding in the presence of a water network 

surrounding the molecules on the surfaces might lower the binding energies of some 

molecules and cause desorption, especially when the following conversions are higher in 
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energy. This is anticipated mostly for the intermediates that interact with the surface through 

oxygen atoms. In Section 8.3.3 it was shown that acetone, which is adsorbed on the surface 

through the O atom only in the gas phase (Section 8.1.3), loses interaction with the surface 

when there are water molecules present in the vicinity; the molecule is at a distance of 400 pm 

from the surface and connected to the water layer by a hydrogen bond of 168 pm length. This 

difference shows that the interaction with the water network stabilizes the molecule more than 

the interaction with the Pt surface. Chibani et al.199 also reported similar stabilization effects 

of water on ethanol and 2-propanol adsorption, even via a single water molecule. One can 

expect a similar behavior for the intermediates 7 and 9, where the major interactions are 

through the O atoms. Propionic acid 7 interacts weakly with the surface, BE = 39 kJ mol–1. 

The acid has a dissociation constant pKa of 4.87 at room temperature,268 this translates into a 

dissociation of ~0.5 % (assuming the concentration of the acid in solution is 0.5 M). 

Furthermore the experimental solvation energy of the acid is only 27 kJ mol-1,269 i.e. quite 

similar to its binding energy. Thus, re-adsorption on the surface may be feasible and further 

conversion becomes possible. However if the acid does dissociate to propionate in the 

solution, it likely remains in solution. The solvation energy of this ion is higher, 

experimentally determined at 330 kJ mol-1,269 than its binding energy on the surface, 232 

kJ mol-1. The dissociation product will be eventually re-protonated and observed as propionic 

acid.25 

• CO conversion via WGS. Water gas shift reaction converts CO that is strongly 

adsorbed on the surface into CO2 and H2 in the presence of water. In this reaction water does 

not act only as a solvent but it is also a reactant. The conversion of adsorbed CO into CO2 is 

vital as the strong binding energy of CO on the surface blocks the surface sites, “poisoning” 

the catalyst.249 Especially at conditions of aqueous phase processing, the WGS reaction is 

very favorable.16,270 The experiments by Grabow et al.250 show that the favorable pathway via 

the intermediate COOH is facilitated when the amount of water in the feed is increased. These 

results support earlier experimental observations, which indicated that water has a promoter 

effect on WGS reaction over Pt(111)271 and Pt/CeO2.
272 
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V. SUMMARY 

In this thesis the transformations of hydrocarbons on transition metals as catalysts 

were explored employing methods based on density functional theory. The surfaces of the 

metals were described by periodic slab models. The close packed (111) surfaces of four 

transition metals – Pt, Pd, Rh, and Ni – and the stepped surface of one transition metal, Pt, 

were chosen as the catalyst models for exploring the reactions. 

The first part of the thesis deals with systematic dehydrogenation of ethylene, which 

has been widely discussed as the simplest member of unsaturated hydrocarbons, on all four 

close-packed surfaces of the transition metals. In this part, the main concern was to explore 

how these four metals perform for the same reaction, most of the time with the same initial 

states and final states, in terms of geometry and reaction energetics. The dehydrogenation of 

the molecule was examined in a consecutive reaction and no alternative dehydrogenation 

mechanisms were explored; the C atom that is bonded to more H atoms was dehydrogenated 

first in the case of an odd number of H atoms. The set of model reactions included four 

dehydrogenation steps and one final C–C bond breaking: C2H4 (ethylene) → C2H3 (vinyl) → 

C2H2 (acetylene ) → C2H (ethynyl) → C2 (carbon dimer) → C + C. The dehydrogenation 

steps of ethylene and vinyl were found to be more facile than those of acetylene and ethynyl. 

Dehydrogenation reactions occur easier, both kinetically and thermodynamically, on Ni(111) 

and Rh(111) than on Pd(111) and Pt(111). C2 decomposition is an exothermic process on 

Pd(111), Pt(111), and Rh(111), whereas the formation of C2, a precursor of graphene and 

coke, is kinetically and thermodynamically most plausible on Ni(111). The overall reaction to 

obtain two C atoms adsorbed on the surface is most exothermic on Rh(111), -53 kJ mol-1, 

followed by Pd(111), -23 kJ mol-1. On Ni(111) this overall conversion is thermoneutral, and 

on Pt(111) slightly endothermic, with energy changes of -3 kJ mol-1 and 12 kJ mol-1, 

respectively. The highest overall barrier occurs in the C–C bond scission step on the surfaces 

studied here; the values calculated at 193 kJ mol-1, 98 kJ mol-1, 76 kJ mol-1, and 68 kJ mol-1 

on Pt(111), Pd(111), Rh(111), and Ni(111), respectively. The calculated results reveal trends 

of the binding energies (BE) of the species on the four metals in the order BE(C2H4) < 

BE(C2H2) < BE(C2H3) < BE(C2H) < BE(C2) < BE(C). The binding energies of ethylene and 

vinyl are largest on Pt(111) while other species with a lower hydrogen content exhibit the 

largest BE values on the surfaces Rh(111) and Ni(111).  

The second part of the thesis deals with the conversion of simple alcohols, 1- and 2-

propanol, on Pt surfaces. This conversion is presented in two different subsections. First the 
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dehydrogenation of two alcohols was examined to reveal differences in the reactivities, and 

then further conversion of adsorbed propionyl, the most stable product of 1-propanol 

dehydrogenation, was examined to clarify how the experimentally observed C–C bond 

scission products are being formed. 

The dehydrogenation study was carried out only for the flat Pt surface. The 

experimental observation is rationalized as follows. 1-propanol undergoes C–C bond scission 

whereas 2-propanol desorbs after dehydrogenation reactions as acetone. Propanal and acetone 

are formed after the alcohols are dehydrogenated twice. The calculations revealed that 

different adsorption geometries on the surface for these two molecules are responsible for the 

unequal reactive behavior. The subsequent dehydrogenation of propanal forms a strongly 

adsorbed propionyl species over a low barrier, Ea = 11 kJ mol-1. In contrast, acetone adsorbs 

only weakly on the surface, BE = 18 kJ mol-1, and the following dehydrogenation step 

exhibits a higher barrier, Ea = 70 kJ mol-1. These conclusions were confirmed by treating 

these two species, propanal and acetone, in a simple model of aqueous solution. Next, 

propionyl conversion into CO2 and ethane was studied via C–C bond scission reactions of 

propionyl, its oxidized form propionic acid, and also their dehydrogenated intermediates. This 

study employs the flat surface as the reference surface whereas the Pt(221) surface was 

considered to include the effects of surface defects, the number of which increases 

significantly when the particle size of the catalyst decreases. The flat surface is active in 

decarbonylation reactions where the effective barrier is 91 kJ mol-1. However higher barriers 

for decarboxylation reactions, ranging from 129 kJ mol-1 to 219 kJ mol-1, make this latter 

pathway less likely. These high barriers are either due to a lack of stabilization by the surface 

at the transition state or due to a long initial distance between the dissociating atom and the 

surface. The (221) stepped surface provides terraces separated by monoatomic height steps to 

stabilize the species further at the surface and adsorb the intermediates so that the initial 

distances are reduced. Thus, the high barriers due to geometrical disadvantages are reduced to 

accessible levels. The highest barrier, 86 kJ mol-1, was determined for the elementary reaction 

of C–C bond scission of 1,1-propendiolate along the decarboxylation route, making 

decarboxylation competitive with decarbonylation. A key point in this selectivity is, however, 

the energetics of the water dissociation on the surface or in the bulk producing OH groups. 

Depending on the reaction energy and the barrier of water dissociation on Pt surfaces, the 

preferred C–C bond scission route changes. According to the calculations presented in this 

work, C–C bond scission proceeds via decarboxylation only when the water dissociation 
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reaction is exothermic on the flat surface and at most 63 kJ mol-1 endothermic on the stepped 

surface. 

The current thesis answers some of the important questions regarding the reaction 

network of C–C bond scission reactions on Pt surfaces. However, as the first part of the thesis 

advocates, various metals have different selectivities towards the same reactions. Hence, the 

mechanisms on other transition metals may feature different preferred reactions, such as C–O 

bond scissions, and may be governed by other routes. As the coverage of some of the 

intermediates in the conversion of simple alcohols is an important factor, kinetic studies of the 

reaction mechanisms may be valuable to assess better the governing mechanisms. Finally, as 

the experiments are carried out in aqueous phase, studying the adsorption and the reaction in 

solution with an improved computational strategy would provide more insights to the 

experimental findings. Thus, an adequate solvation model would be beneficial for treating the 

reactions on these surfaces. 
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APPENDIX A Microkinetic modeling 

The rate r of a unimolecular reaction of a reactant adsorbed on the surface is given as 

 
[ ]

[ ]
d

r k
dt

θ= − = ∗R

R
 (A.1) 

where [R] is the surface concentration of species R, k is the rate constant for the reaction, θR 

is the surface coverage of the reactant species R and [*] is the total number of sites available 

on the surface. The temperature dependency of the rate constant k of reaction (i) is given by 

the Arrhenius equation  
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E i
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RT
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with gas constant R  and the temperature T and the pre-exponential factor A0 defined as 
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where ∆S
0‡(i) is the entropy difference between the transition state of reaction (i) and the 

initial state (i) and NA is the Avogadro constant. 

To support the claim that the effective barriers can be used for reactions involving an 

metastable intermediate one can consider the kinetics of a two-step reaction that converts 

reactant species R to product species P via intermediate I: 

 
k kx y

k x−

→ →←R I P  

with forward activation barriers Ea(x) and Ea(y). The rate of the conversion of R into P in 

steady-state is obtained from Eq.(A.1) by  

 [ ]x y

x y

k k
r

k k
θ

−

= ∗
+

R  (A.4) 

If I is an metastable intermediate the reverse reaction barrier Ea(-x) is low, and 

according to Arrhenius equation, Eq. (A.2), k-x is much bigger than ky. Hence one may assume 

k-x + ky ≈ k-x. Therefore the reaction rate in Eq.(A.4) can be approximated as  
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Then Eq.(A.2) is invoked to calculate effective rate constant for the route from the 

ratio of the rate constants in Eq. (A.5). 
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The effective pre-exponential factor, A0
eff

, is then 
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where the difference in the entropies are calculated from the transition state with the adjusted 

barrier height and the stable initial state as shown in Eq.(A.8) 
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The term in the exponential in Eq.(A.6) is defined in Section 9.3.4 as the effective 

activation barrier Ea
eff of the route. 

The vibrational contribution to entropy of a molecular structure at temperature T is 

given by 
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,
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where the characteristic temperature ΘΘΘΘν,p = hν/kB is obtained from the frequency np of 

vibrational mode p. The vibrational modes of TSi' and TSm' are given in Table 9.4. 
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