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Abstract

Design of catalysts able to cleave C-C bond in ethanol oxidation reaction at low temperatures

is primordial for improving the direct ethanol proton exchange membrane fuel cells. Pt-Re

alloy seems to be an appropriate material for C-C bond cleavage in ethanol decomposition,

but yet, it has not been studied in-depth the reactivity of this alloy for this step. Then, in

this work, the reactivity of Pt3Re1 surface for the C-C bond cleavage is studied and com-

pared with reactivity of pure metal surfaces Pt(111) and Re(0001), using Density Functional

Theory (DFT) and the descriptor based approach for catalyst design. Adsorption energy

of CH, CO and CHCO are proposed as descriptors since they are the molecules involved

in C-C bond cleavage of CHCO, which is considered the most likely reaction step for C-C

bond cleavage in ethanol oxidation reaction. Consequently, the energetic and geometrical

properties of the adsorption of these molecules on Pt, Re and Pt3Re1 are studied and ana-

lyzed respect to the electronic structure of the surface in order to understand the reactivity

for C-C bond cleavage of the studied surfaces. It was found that the addition of Re to Pt

leads to form active sites with Re atoms, which are more reactive for the C-C bond cleavage

in CHCO, but the sites without Re are less reactive for this step. These findings suggest

that despite higher ability to interact with carbon atoms of Re, the Re addition to Pt does

not enhance significantly the C-C cleavage in ethanol oxidation reaction, since the higher

reactivity of sites with Re atom in Pt3Re1 should not compensate the lower reactivity of the

sites without Re.

Keywords: PtRe alloy, C-C bond cleavage, Ethanol Oxidation Reaction, Fuel cell,

Density Functional Theory.
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Resumen

El diseño de catalizadores capaces de romper el enlace C-C durante la reacción de oxidación

de etanol a bajas temperaturas es primordial para la mejora de las celdas de combustible de

membrana de intercambio protónico alimentadas directamente con etanol. La aleación Pt-Re

parece un material apropiado para la desestabilazación del enlace C-C en la descomposición

de etanol, sin embargo no se ha estudiado en profundidad la reactividad de esta aleación

para el paso mencionado. Por tanto, este trabajo estudia la reactividad de Pt3Re1 para la

desestabilización del enlace C-C y la compara con la de los metales puros Pt y Re utilizando

la Teoŕıa del Funcional de la Densidad (DFT) y el enfoque basado en descriptores de la

actividad. Las adsorciones de CH, CO y CHCO se proponen como descriptores ya que son

las moléculas implicadas en la desestabilizaciión del enlace C-C en el CHCO, considerada

la etapa más probable para el paso de interés. En consecuencia, en este trabajo se calculan

las propiedades energéticas y geométricas de la adsorción de estas moléculas sobre Pt, Re

y Pt3Re1 y se analizan respecto a la estructura electrónica de las superficies consideradas

con el fin de comprender la reactividad de las mismas. Se encontró que la adición de Re

a Pt deriva en la formación de un sitio activo con un átomo de Re que es más reactivo

para la romper el enlace C-C, pero los sitios sin Re son menos reactivos para este paso.

Este hallazgo sugiere que aunque el renio presenta una fuerte interacción con los átomos de

carbono en las moléculas estudiadas, la aleación de Pt con Re no tiene un efecto significativo

en la promoción del rompimiento del enlace C-C, ya que la mayor reactividad de los sitios

con átomos de Re no compensa la menor reactividad de los sitios sin Re.

Palabras clave: Aleación Pt-Re, rompimiento enlace C-C, reacción de oxidación de

etanol, celdas de combustible, teroŕıa del funcional de densidad.
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Introduction

Fuel cells are promising devices as clean energy converters, since they have greater efficiency

than conventional combustion systems (theoretical energy efficiency can be as high as 97%

compared with 43% for combustion engine), which allows to obtain energy from hydrocarbon

fuels in an environmentally friendly way with reduced CO2 emissions. A common type of

fuel cell is proton exchange membrane fuel cell (PEMFC), it has drawn a great attention

in recent years due to their high energy density and low operating temperature [10, 11, 12].

Generally, hydrogen is the preferred fuel due to high activity in the anode of this device,

furthermore it does not release greenhouse gas. Nevertheless, the use of hydrogen as fuel is

limited due to the technologies for its production, storage and safe handling are still under

development [13,14].

Alcohol is an interesting choice and could contribute to accelerate the commercialization of

this technology. Although methanol is most widely chosen as fuel, it has drawbacks such as

low boiling point and toxicity, then ethanol has been established as a potential alternative

fuel. It offers advantages such as its non-toxicity, renewability, high energy density (8.0

kWh/kg, compared with 33 kWh/kg for hydrogen and about of 11 kWh/kg for gasoline),

and its easy production in large quantities [12,13,15].

However the PEMFC that uses ethanol as fuel, named direct ethanol proton exchange mem-

brane fuel cell (DE-PEMFC), is still far from the efficiency obtained with hydrogen. Since

the direct ethanol fuel cells technology is still at an early stage of development with many

studies on laboratory prototypes. There are only few examples of DE-PEMFCs demon-

strated at prototype level [7]. One of them developed by researchers in Offenburg University

for an small vehicle [16, 17], and another by NDC power [18]. Both of them are based on

anion exchange membrane fuel cells.

The low efficiency of DE-PEMFCs is mainly associated to the low reaction rate of ethanol

oxidation reaction (EOR), ethanol crossover and cathode flooding. Another limitation in the

development of this technology is the high materials costs which is mainly attributed to the

cost of platinum-based catalysts [11,19]. In order to overcome these mentioned challenges, it
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is required to develop materials for different parts of DE-PEMFC, among the most important

ones, catalytic materials. [11, 14,20].

Regarding the catalytic materials is found that Pt-based alloys are the most used catalysts

for ethanol oxidation, particularly bimetallic and trimetallic alloys, which show a higher

performance than pure platinum [20, 21, 22, 23]. But yet it is necessary to improve the

DE-PEMFC performance looking for materials with higher specific activity towards CO2

splitting [12,20]. Pt-Re mixture is a material used as catalyst in oil reforming industry, this

suggests that this alloy could work properly in formation and breakage of C-C, C-H and C-O

bonds [24,25,26], so it seems to be promising for ethanol oxidation.

Since it is known that the catalytic activity of materials depends on its interaction with

molecules and this in turn depends on its electronic structure [27, 28], this work aims to

determine the adsorption energy of representative molecules for C-C bond cleavage on Pt3Re1

surface and the electronic structure of Pt3Re1, in order to predict the reactivity of this surface

for C-C bond cleavage in EOR.

This work is developed in various sections, beginning with the research problem statement

in the first chapter. In which contextual information about alternative energy technologies,

particularly DE-PEMFCs is provided. After the main insights of the catalytic ethanol oxida-

tion mechanism in fuel cells and the limitations of current materials to oxydize the ethanol

are discussed. These ideas are summarized, identifying the issues that need to be addressed.

Then the particular problem addressed by this study is outlined and it is presented the

purpose or desired results envisioned to accomplish with this work.

The second chapter provide a review of works intended to address the research problem that

concern to this work. So the research works about development of electrocatalysts for anode

of DE-PEMFC and studies of their catalytic activity for the ethanol oxidation reaction are

presented. Also, some studies of heterogeneous catalysis using a computational approach,

particularly those which uses ab-initio methods to model catalysts are described.

In the third chapter, theoretical concepts used in this work are introduced. In particular,

Density Functional Theory, and the pseudopotential method to deal with core electrons,

are discussed. Also a description of heterogeneous catalysis, the key concepts to study it,

and the approaches proposed for estimating catalytic properties of materials, particularly

the descriptor based approach are presented. The fourth chapter explain as the reactivity

descriptors for C-C bond cleavage used in this work are chosen, also the specific procedures

and equations used for calculating the significant properties from density functional theory

calculations are described.
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The fifth chapter presents the results on the reactivity of Pt3Re1 for C-C bond cleavage

in ethanol oxidation reaction, emphasizing in the interaction between CHCO, CH, CO

molecules and Pt3Re1 surface, which are considered as descriptors of reactivity for C-C

bond cleavage in the ethanol oxidation reaction. From the analysis of the data obtained,

some conclusions are drawn about usefulness of rhenium as co-catalyst in the ethanol oxi-

dation reaction. The main result is that despite the higher ability to interact with carbon

atoms of Re, the Re addition to Pt does not enhance significantly the C-C cleavage in ethanol

oxidation reaction, since the higher reactivity of sites with Re atom in Pt3Re1 should not

compensate the lower reactivity of the sites without Re. This result, other important results

and the recommendations are summarized in the final chapter.



Chapter 1

Research Problem

1.1 Research Justification

Currently, electric power generation is a key element to the worldwide development. Due to

depletion of fossil fuel resources, global warming and growth in energy demand, the renewable

energy sources and the effective use of fossil fuels has become very important to the point

of being a strong driving force in economic development, hence as well in the improvement

of human living conditions [14,29,30].

Several types of renewable energy technologies, such as wind energy, biomass and solar

power (technologies with highest global investment) have experienced a global widespread

and continuous growth during the last decade. As can be seen in Table 1-1 the investment

in renewable energy capacity has grown since 2005, for instance in 2014 a total of 270 billion

USD were invested while in 2005 the investment was only of 40 billion USD. Also, the

renewable power installed capacity has increased notably in recent years, from 117 GW in

2005 to 657 GW in 2014. This growth has been helped by supportive government policies

aiming to boost renewable power generation. It is evidenced by the growing number of

countries with renewable energy targets, which reached a total of 164 countries, among

them Colombia, where law was enacted in order to enhance the development and using

of non conventional energy sources, primarily renewable energies [31]. Also in Colombia is

established in the national energy plan, the including of wind, solar photovoltaic and biomass

power in the energy mix [32].

One of the renewable energy technologies is photovoltaic modules, they are attractive for

their low chemical wastes, their using of energy source (solar radiation) practically infinite



6 1 Research Problem

Table 1-1: Renewable energy indicators. Data from Energy Information Administration (EIA) [5]

and that reported annually by Renewable Energy Policy Network for the 21st Century [6]

Indicator 2005 2007 2009 2011 2012 2013 2014

New investment in

renewable power in

billion USD

40 104 169 257 249.5 232 270

Renewable power

capacity in GW (%

respect total power)

117 (3%) 161 (4%) 238 (5%) 390 (7%) 480 (8%) 560 (10%) 657 (11%)

Countries with po-

licy targets

52 68 89 118 138 144 164

on the scale of human needs, their favourable legal framework in many countries [33]. Their

main barriers are the high costs, the low efficiency of these devices due to weakness in light

absorption properties and the intermittent of source itself (it is available a few hours per

year) [30,34,35].

Other technology is wind power, a well established alternative which is playing a major role

in power supply in an increasing number of countries. Over past years capital costs of wind

power have declined, primarily through competition and technological advances [33]. The

challenges of this technology are related with the grid and range from lack of transmission

structure to difficulties to integrate variable power with the current management systems,

and with the dependence on wind speed, which should be at least 13-15 m/s, because it is

not always windy [30,34,36].

Among the renewable energy technologies are also the fuel cells, but they are not still devel-

oped in Colombia. They are a versatile technology, with systems ranging from single watts

to megawatts, which can be well-suited for stationary, transportation and portable appli-

cations. They are now recognized as better option than conventional internal combustion

engine respect to environmental aspects and efficiency [37,38].

However the PEMFCs, the most popular fuel cell technology, have critical barriers for their

widespread commercialization such as cost and durability [20, 39, 40]. Other barrier for the

commercialization of PEMFCs is the use of hydrogen as fuel due to the non-availability of

cost effective technologies and infrastructure for production, storage and safe handling of

hydrogen, which are still under development [40]. Thus, it is required meaningful advances

in order to obtain a device that compete with fossil fuel energy, and renewable energy

alternatives as wind power, which is now well established in the market, or solar energy,

which is receiving the highest investment among the renewable energy alternatives.
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Therefore, it has been made efforts on the direct use of alcohol as fuel. Methanol and

ethanol have been proposed as alternatives, in Table 1-2 is shown a comparison of various

PEMFC fuels. As can be seen, ethanol is a attractive fuel since it has the advantages

of being less toxic and has a higher energy density by mass (8.0 vs. 6.1 kWh/kg) than

methanol [7,15,41]. Also, it is easier to transport and to store, and has higher energy density

by volume than hydrogen. Other advantage is its availability on industrial scale as renewable

bio-fuel generated from biomass sources. In fact, bio-ethanol dominates the global bio-fuel

production, in 2013 87.2 billion litres were produced, which accounted for around to 80 % of

all biofuels produced [5, 33]. Colombia has implemented policies to promote the production

of bio-fuels, in 2012 the production of bio-ethanol reached 362 million litres [42,43]. Thus the

use of bio-ethanol would offer availability, renewability and the existence of infrastructure

for its production, transportation and storage.

Table 1-2: Properties and conversion efficiencies of Hydrogen, methanol, and ethanol as fuels for

PEMFC [7].

Property Hydrogen Methanol Ethanol

Energy density (kWh/kg) 33.0 6.1 8.0

Energy density (kWh/L) 3× 10−3 4.8 6.3

E◦cell (V) 1.23 1.21 1.14

εrevcell (%) 83 97 97

εcell (%) 54 27 14

Availability and infrastructure No No Yes

Toxic No Yes No

E◦
cell: equilibrium cell voltage

εrevcell: reversible cell efficiency

εcell: Actual overall efficiency of the cell (εrevcell × εf × εV )

In Table 1-2 can be seen some properties for the fuel cells fed with different fuels. Such as

the equilibrium cell voltage E◦cell, which is calculated from Gibbs free energy change (∆G◦)

for the overall reaction involved in the fuel cells. The reversible cell efficiency εrevcell (defined as

analogue of thermal efficiency Wout

Qin
), is defined as the ratio between the maximum value of

electrical work that can be obtained, that is ∆G◦, and the total heat that would be produced

by burning the fuel, that is the enthalpy change (∆H◦) of the overall fuel oxidation reaction.

And the overall efficiency (εcell), which considers the losses of efficiency due to incomplete

fuel oxidation εf , and overvoltages associated to electrochemical reactions, mass and charge

transport εV . These overvoltages lead to the operation voltage (Ecell) smaller than the

equilibrium cell voltage, and the incomplete oxidation leads to a number of electrons (nact)

involved in the oxidation reaction smaller than the theoretical number of electrons (ntheo)

involved in the complete fuel oxidation reaction. Then, the overall efficiency can be expressed
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as:

εcell = (εrevcell)× (εV )× (εf ) =

(
∆G◦

∆H◦
× 100

)
×
(
Ecell

E◦cell
× 100

)
×
(
nact

ntheo

× 100

)
(1-1)

Although the reversible cell efficiency for PEMFC fed with ethanol is high, the current

performance of this device is far from the required values for the commercialization, as it is

reflected by the actual overall cell efficiency (14%) shown in Table 1-2. The principal reasons

for low efficiency are the slow reaction rate of the ethanol oxidation reaction, the formation

of many intermediate products (e.g. aldehyde, acetic acid, etc.) rather than the desired

complete conversion to CO2, the ethanol crossover through the polymer membrane. Also,

the performance of this device is decreased by fuel cell degradation, including membrane

swelling and softening, catalyst coarsening/agglomeration (reduction in the surface area)

and catalyst poisoning. In order to overcome these mentioned challenges, it is required

to develop materials for different parts of DE-PEMFC, among the most important ones,

catalytic materials.

As it is mentioned above, these devices should be improved in order to reach the performance

targets for its commercialization. Consequently, in recent years, they have received much

attention of industrial and academic institutions, as shown in Figure 1-1 publications about

direct ethanol fuel cells have increased substantially since 2003, and have remained constant

since 2011. Despite these efforts, it should be overcome major technical gaps, wherein

catalysts are the principal factor [11, 13,15].

Figure 1-1: Annual Publications Number About Direct Ethanol Fuel Cell Since 2000

Summarizing the renewable energy sources as alternative to fossil fuel are a driving force in

economic development. The PEMFCs are an alternative for energy conversion that shows
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attractive features as high theoretical efficiency, low operation temperature, scalability to

suit a wide range of power requirement (from 1 W to 1 MW), and wide range of applications

including transportation, stationary and portable power applications. The use of ethanol as

fuel in the PEMFC is an interesting choice due to availability of ethanol on an industrial scale

from renewable sources (bio-ethanol from biomass), high energy density (70 % of gasoline)

and low toxicity. However the PEMFCs fed with ethanol require the improvement of their

performance, a principal factor for their performance is the ethanol oxidation reaction, which

requires the development of materials with high catalytic activity. Precisely the next section

summarizes the findings about catalytic ethanol oxidation, focusing in the principal problems

of this process.

1.2 Problem Definition

Catalytic ethanol oxidation involves C-H, C-O and C-C bond cleavage on the catalytic

surface, ethanol should be oxidized to CO2 in order to achieve the maximum chemical energy

from this fuel [12]. The complete oxidation reaction at the anode is:

CH3CH2OH + 3H2O → 12H+ + 12 e− + 2CO2 (1-2)

Ethanol oxidation mechanism on Pt-based surfaces have been extensively studied using both

experimental and theoretical approach, a scheme of simplified reaction mechanism proposed

is shown in Figure 1-2 [1].

Figure 1-2: Scheme of the most representative reaction pathways for the ethanol oxidation reaction

on Pt metals. Figure based on [1]

A comprehensive description of the mechanism of ethanol oxidation reaction (EOR) is still

under research, but some general steps are largely accepted, they are depicted in Figure

1-2. In general terms, ethanol oxidation on Pt-based catalyst occurs through an adsorption

step. After a series of dehydrogenation reactions, adsorbed acetaldehyde CH3CHO(s) an then

acetyl CH3CO(s) is formed, it can react with OH(s) molecules, formed by H2O oxidation, to

produce acetic acid CH3COOH, considered a final product in ethanol oxidation because of
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the difficulty of further oxidation. Partial oxidation of ethanol is the most favourable route

on actual catalysts, but it only releases 4 electrons [1, 10, 13, 44, 45, 46]. Complete oxidation

of ethanol releases 12 electrons, but it implies the cleavage of the C-C bond. As is shown in

Figure 1-2, it has been proposed that C-C cleaving could occur mainly in acetyl, however C-

C bond breaking may also occur in ethanol, forming CHx,(s) and CO(s) species. Subsequently,

CHx,(s) and CO(s) react with OH(s) species forming CO2.

As can be seen above, C-H and C-C cleavage steps occur at the catalytic surface. But unlike

partial oxidation, complete ethanol oxidation implies cleavage of the C-C bond, which is a

limiting step due to its high kinetic barriers attributed to high directionality of C-C bond.

Despite of the large amount of research conducted in last years about ethanol oxidation

on Pt-based surfaces, many aspects still remain unclear, such as the C-C bond splitting

mechanism, the ethanol adsorbate and the intermediate species leading to the cleavage of

the C-C bond, and the nature of the active site for the C-C bond cleavage [1]. Furthermore,

it is pointed out that the development of catalysts with higher specific activity for C-C bond

cleavage during the ethanol oxidation process is required [11, 12, 20]. In this sense a deeper

understanding in the reaction mechanisms leading to the desired complete oxidation would

help to design better catalysts and improve the performance of direct ethanol fuel cells.

Looking for better catalysts is an important challenge, current methods to develop new

materials still use trial and error method [14], but a comprehensive approach that involves

theory and simulation combined with experiments is needed to understand the reasons for

which a particular material is an efficient catalyst for a given reaction, and to elucidate

useful principles to design new catalysts [47, 48]. It is found to date that a material has a

high performance as catalyst due to its electronic structure [28], in fact, alloys often exhibit

improved catalytic performance compared to their constituent because of introduction of a

guest element modifies its electronic structure [49].

Likewise, it has been proposed different relationships between catalytic activity and other

properties of a material, and some principles for catalyst design using a theoretical approach.

The importance of computational catalysis has grown over the past decade, particularly,

in the modelling of matter at atomistic level with the introduction of Density Functional

Theory (DFT), which has become in an useful tool for investigate a complex processes as is

heterogeneous catalysis [3,48]. Indeed kinetics of catalytic reaction has been evaluated using

data calculated with DFT [50, 51, 52], also some atomic-scale properties of materials linked

with its catalytic activity can be calculated, allowing the screening for catalytic materials

[53,54].

An interesting alloy is PtRe, it has been found that it is substantially more active in C-C

bond cleavage than pure Pt and Re, and that Re addition promotes the rate of glycerol
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reforming and increases the rates of alkane formation reactions, by facilitating water ac-

tivation, producing OH species which are involved in C-O bond cleavage reaction [25, 55].

On the other hand, few studies on Pt-Re alloys for fuel cells are found, it was concluded

that this alloy is more active for CO oxidation than other catalysts [56]; more recently, the

addition of Re to Pt-Sn anodes have been proposed for DE-PEMFCs, leading to a superior

performance [57, 58]. Consequently, Pt-Re is a suitable material to study reactivity trends

in the catalytic ethanol decomposition reaction.

Additional to the former, there is few theoretical works in the literature, analyzing this issue.

The adsorption and dehydrogenation on Pt3Re1 was studied using density functional theory,

finding that Re alloying slightly enhances the adsorption of the hydroxyl group on the Pt

site, but it does not favour the adsorption through methylene group (CH2) [59]. However,

additional steps in ethanol decomposition including C-C bond cleavage are not investigated

in that work. Further, the few found studies demonstrate that the description of this system

is still in development and this requires to complement this information. Thus, it is of

interest to model Pt-Re catalysts in order to determine qualitative insights for their activity

in this primordial step of this reaction as is C-C cleavage.

Summarizing it is remarkable that the design of selective catalysts for the complete oxidation

of ethanol is primordial for improving the DE-PEMFCs, then it is important to achieve the

C-C bond cleavage in order to fully oxidized ethanol. Pt-Re seems to be an appropriate

material for C-C bond cleavage in ethanol decomposition. But yet, the reactivity of this

alloy for the C-C cleavage has not been studied for the ethanol oxidation reaction, and there

are scarce studies that links the catalytic properties of this alloy with its surface electronic

structure in order to understand the nature of the active sites.

For that reason, this work aims to improve the DE-PEMFCs with the design of selective

catalysts for the complete oxidation of ethanol, clarifying the usefulness of rhenium as co-

catalyst in the ethanol oxidation reaction.

1.3 Objectives

1.3.1 General Objective

• To describe C-C bond cleavage in ethanol reaction on a Pt3-Re1 catalytic surface

evaluating the electronic structure of the adsorption of representative molecules using

DFT.
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1.3.2 Specific Objectives

• To propose the representative molecules for the C-C bond cleavage step in order to

achieve a successful descriptor based-catalyst study.

• To determine insights about the ability of Pt-Re surface for C-C bond destabilization

in ethanol oxidation reaction using the reactivity descriptors (reactivity descriptors are

binding energies of representative molecules).

• To theorize about Pt3-Re1 surface reactivity for C-C bond cleavage in representative

molecules of ethanol oxidation reaction, using electronic structure calculations and

chemical bonding theories based on DFT.



Chapter 2

State of the Art

2.1 Direct Ethanol Proton Exchange Membrane Fuel

Cells (DE-PEMFC)

DE-PEMFCs are under development, materials of construction for cathode, anode and elec-

trolyte have been investigated in order to improve the performance of this device. The other

fuel cell components (bipolar plate or interconnects and seals), the cell and stack designs, and

the membrane electrode assembly fabrication processes are somewhat similar to conventional

hydrogen based proton exchange membrane (PEM) fuel cells [7, 60]. Although considerable

efforts have been made to improve DE-PEMFCs the cell performance remains low, even at

high operating temperatures as 110 ◦C. As can be seen in Table 2-2 the maximum power

density reported for a single cell does not exceed 82 mW/cm2, while the power density of a

fuel cell fed with hydrogen is superior to 800 mW/cm2 [40].

In this section are reviewed some developments in electrolyte, cathode and anode materials.

Particularly, developments in anode materials are dealt with greater detail, since the slow rate

of EOR is considered the principal factor behind the low performance of DE-PEMFCs [60,61].

Electrolyte. Nafionr is most commonly used membrane in DE-PEMFCs, however it has high

permeation rates for ethanol, leading to fuel wastage and competing with oxygen adsorption

sites on the cathode [62,63]. Mitigation strategies applied to reduce ethanol crossover include

using lower concentration of ethanol [64], a thicker catalyst layer [62], modification of the

Nafionr [65] and synthesis of new membranes [66, 67,68,69].

For example, it was proposed the modification of Nafionr membrane using neodymium
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triflate, obtaining a reduction of alcohol permeation around to 48% and an increasing of

proton conductivity around to 24% [65]. Also new membranes were synthesized, an example

is the polymer based on sulfonated poly(ether ether ketone) (sPEEK) and polyimide which

reduced substantially the ethanol crossover and had better performance in DE-PEMFCs

tests than Nafionr 117 despite of its lower proton conductivity [66], also it was proposed

inorganic-organic mixed matrix consisting of sPEEK and fumed silica particles modified

with dihydrogenimidazole, which exhibited a lower ethanol permeation but also a lower

proton conductivity than Nafion r 117 [67]. Acid polymeric electrolytes for DE-PEMFC

are under development aiming to diminish ethanol crossover and to obtain reasonable ionic

conductivity and stability.

Cathode. The catalytic material most used at the cathode is platinum supported on high

surface area carbon, which is also used in traditional PEMFCs. Although Pt have shown

a superior catalytic activity for oxygen reduction reaction, the activity should be improved

in order to reduce the large loss in potential of 0.3-0.4 V, which leads to a lower fuel cell

efficiency. A part of this polarization is attributed to the irreversible behavior of Pt in the

ORR which leads to the formation of hydroxide compounds, causing the inhibition of O2

reduction [70, 71]. Another problem is the ethanol crossover through the membrane, which

causes mixed potential resulting from the oxygen reduction reaction and the alcohol oxida-

tion occurring simultaneously. This problem can be addressed by developing new cathode

materials with higher alcohol tolerance than Pt [71].

Table 2-1: Summary of the performance of DE-PEMFCs with different cathode materials. The

catalyst material is reported along with metal weight percentage in parenthesis and catalyst loading

used in the membrane electrode assembly after hyphen. The word Pt in catalyst loading indicates

that this item is based on Pt content only.

Catalysts Electrolyte Operation conditions Power

dens. Ref.

Anode (metal wt%)- load-

ing (mg/cm2)

Cathode (wt%) -

loading (mg/cm2)

Nafion

type

T

(◦C)

Conc.

(M)

Flow

(ml/min)

pressure

(MPa)

(mW/

cm2)

Pt/C (20%)-1 Pt3Co1/C (20%)-1Pt 115 90 1 — 0.3 9 [72]

Pt/C (20%)-1 Pt3Pd1/C (20%)-1Pt 115 90 1 — 0.3 8 [73]

Pt34Ru66/C (60%)-1.5Pt Pt9Bi1/C (40%)-1 117 75 1 — 0.2 25 [74]

PtSn/C (40%)-2 PtTiO2/C (40%)-2 117 70 2 2 0.1 41 [75]

Some authors considered other materials to improve the performance of the cathode, the

materials proposed are based on a precious metal as Pt, since the acidic fuel cells present a

corrosive environment wherein many metals are unstable. The enhancement of DE-PEMFCs

performance achieved with Pt alloys is not noticeable as can be seen in Table 2-1, that is

because of predominance of the slow rate of the EOR. But this alloys can be promising,
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since they have tolerance to ethanol and intermediates species derived from ethanol, which

can cross through the membrane from the anode [70,76,77]. It has been proposed bimetallic

alloys such as Pt-Bi [74], Pt-Co [72, 78, 79], Pt-Ni [80] and Pt-Pd [73]. These alloys have

approximately the same oxygen reduction reaction (ORR) activity, but a higher ethanol

tolerance than Pt. It could be attributed to the blocking of adsorption ethanol due to the

existence of a foreign metal atom adjacent to Pt atom [76].

Anode. Ethanol oxidation reaction is considered a principal limiting factor in the performance

of DE-PEMFCs. Consequently, most of the research activity in the development of this

technology is focused on materials developments for increasing the ethanol oxidation reaction

(EOR) rate, several experimental works proposing Pt-based bimetallic and trimetallic alloys

have been carried out, as can be seen in Tables 2-2 and 2-3.

Table 2-2: Summary of DE-PEMFCs performance using different Pt-based bimetallic catalysts.

The catalyst material is reported along with metal weight percentage in parenthesis and catalyst

loading used in the membrane electrode assembly after hyphen. The word Pt in catalyst loading

indicates that this item is based on Pt content only.

Catalysts Electrolyte Operation conditions Power

dens. Ref.

Anode (metal wt%)- load-

ing (mg/cm2)

Cathode (wt%) -

loading (mg/cm2)

Nafion

type

T

(◦C)

Conc.

(M)

Flow

(ml/min)

pressure

(MPa)

(mW/

cm2)

Pt/C (20%)-1 Pt/C (20%)-1 115 90 1 — 0.3 7 [81]

Pt1Ru1/C (20%)-2 Pt/C (20%)-1 115 75 1 1 0.2 19 [82]

Pt1W1/C (20%)-1.3Pt Pt/C (20%)-1 115 90 1 1 0.2 10 [83]

Pt1Pd1/C (20%)-1.3Pt Pt/C (20%)-1 115 90 1 1 0.2 9 [83]

Pt80Ir20/C (40%)-2 Pt/C (40%)-2 117 90 2 — 0.3 10 [84]

Pt1Sn1/C (20%)-2 Pt/C (20%)-1 115 90 1 1 0.2 52 [85]

Pt1Sn1/C-CeO2 (20%)-1 Pt/C (20%)-1 117 80 2 2 0.2 50 [86]

Pt3Sn1O2/C(20%)-1.5Pt Pt/C (20%)-1 115 90 1 1 0.2 80 [87]

Pt7(SnOx)3/C(20%)-1.5Pt Pt/C (20%)-1 115 90 1 1 0.2 59 [88]

Pt3Sn1/C (48%)-1 Pt/C (40%)-2 115 90 1 5 0.2 82 [89]

Next section provides a brief state-of-the-art of catalysts for the Ethanol Oxidation Reac-

tion in DE-PEMFCs, explanations of the improvement achieved with the catalysts used are

included, particularly it is reviewed the efforts to obtain a catalyst able to cleavage the C-C

bond in order to oxidise completely the EtOH molecule towards CO2.
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Table 2-3: Summary of DE-PEMFCs performance using different Pt-based trimetallic catalysts.

The catalyst material is reported along with metal weight percentage in parenthesis and catalyst

loading used in the membrane electrode assembly after hyphen. The word Pt in catalyst loading

indicates that this item is based on Pt content only.

Catalysts Electrolyte Operation conditions Power

dens. Ref.

Anode (metal wt%)- load-

ing (mg/cm2)

Cathode (wt%) -

loading (mg/cm2)

Nafion

type

T

(◦C)

Conc.

(M)

Flow

(ml/min)

pressure

(MPa)

(mW/

cm2)

Pt3Sn1P2/C (20%)-1.5 Pt/C (20%)-1.5 117 70 2 5 0.2 62 [90]

Pt86Sn10Ru4/C(60%)-3Pt Pt/C (40%)-2 117 80 2 2 0.3 50 [91]

Pt1Sn1Ru0.3/C (20%)-1 Pt/C (20%)-1 115 110 1 — 0.3 32 [92]

Pt85Sn8W7/C (40%)-1 Pt/C (40%)-1 117 90 2 — 0.3 33 [93]

Pt1Sn1Mo0.6/C (40%)-1 Pt/C (20%)-0.7 115 90 1 2.5 0.11 26 [94]

Pt4Sn5Ir1/C (40%)-1 Pt/C (40%)-1 117 90 2 1 0.15 29 [95]

Pt4Sn5Re1/C (40%)-2 Pt/C (40%)-2 117 100 5 1 0.1 30 [57]

Pt8Sn1Rh1/C (40%)-2 Pt/C (40%)-2 117 80 1 — 0.3 10 [96]

Pt8Sn1Ni1/C (40%)-2 Pt/C (40%)-2 117 80 1 — 0.3 35 [96]

Pt5Ru4Bi1/C (20%)-1 Pt/C (20%)-1 117 100 2 2 0.2 25 [97]

Pt75Ru15Ni10/C (20%)-2 Pt/C (20%)-1 117 80 1 2 0.1 4 [98]

2.2 Experimental development of anodic catalysts

Activity of catalysts for EOR needs to be greatly enhanced in order to become the DE-

PEMFC in a viable alternative [10,20]. Currently Pt-based alloys are the most used catalysts

because they show the highest performance. It has been found that bimetallic alloys such as

PtSn [21,99,100,101], PtRu [21,100,102], PtRe [101], PtRh [103] and PtPd [104] improve the

performance of platinum pure as catalyst, particularly PtSn shows the highest performance

[14,105], as can be seen in Table 2-2 and 2-3.

Higher catalytic activity of PtSn alloys was explained according to the bifunctional mech-

anism shown in Figure 2-1, it proposes that ethanol is adsorbed principally on Pt forming

acetyl, acetaldehyde, carbon monoxide in very low amounts, and others intermediates (Fig-

ure 2-1a). Besides, tin adsorbs water and provides OH species (Figure 2-1b) that allows

the oxidation of adsorbed intermediates such as acetyl (CH3CO) and CO, avoiding the poi-

soning by strong bind between Pt and CO and forming CH3COOH and CO2 (Figure 2-1c)

at lower potentials than Pt [10, 44, 45]. This mechanism also was applied to interpret the

enhancement of ethanol oxidation the others Pt-based alloys.

It is noteworthy that reported PtSn catalysts show different catalytic activity (Table 2-2
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Figure 2-1: Scheme of bifunctional mechanism.

shows different PtSn alloys with different performance). This can be partly attributed to

the different phases formed in PtSn catalyst depending on the synthesis methods. In fact,

it is found that PtSn alloyed phase and tin in non-alloyed oxidized state are present in

the PtSn catalysts [76, 87, 106, 107]. Some authors have investigated the influence of these

phases on catalytic activity finding that catalysts with high alloying degree leads to better

performance [89,108,109,110].

The higher catalytic activity of PtSn catalysts with higher alloying degree is explained by

the occurrence of both bifunctional mechanism due to the presence of tin and the ligand

effect caused by the alloying atom [91, 111]. The ligand effect is the modification of the

electronic structure of platinum due to the presence of a foreign atom, which increases the

rate of EtOH dehydrogenation [44,89]. In this regard, it has been showed with a theoretical

study that tin exhibits a positive ligand effect and enhance the rate of the dehydrogenation

on the Pt site, which explains why PtSn is more active than Pt [23,59].

Despite the improvement achieved by using PtSn alloys, the activity of these catalysts is still

too low to attain an acceptable performing DE-PEMFC for its commercialization. Therefore,

it was proposed the development of more active catalysts by adding a third metal, as Ru,

Mo, W, Ce or Ni, to binary alloys as PtSn and PtRu. Ternary alloy PtSnRu has been

reported in literature [92,112,113,114], finding that the catalytic activity of this alloy depends

on the Pt:Sn:Ru atomic ratio [92, 112]. Some authors reported that this catalyst shows a

performance inferior to PtSn [113,115], while other authors demonstrated that an appropriate

atomic ratio leads to a higher activity for the EOR than PtSn and PtRu [92].

Other alloys widely studied are PtSnNi [98, 116, 117, 118, 119, 120] and PtRuNi [121, 122],

authors claim that the addition of Ni increases the activity of Pt-based electrocatalysts,
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it was observed a lower charge transfer resistance values for PtSnNi and PtRuNi alloys

[118,122]. The Ni increases the oxophilic character of the surface promoting the bifunctional

mechanism [117,120], changes the electronic properties of the Pt weakening the adsorption of

the intermediate products [117,119], and improves the stability of the electrocatalyst [119].

Other mixtures studied are PtSnPd catalysts, some authors found that PtSnPd catalysts

with atomic ratios (1:1:1), (1:1:0.3) and (1:0.125:0.125) show catalytic activity lower than

PtSn catalysts [96, 123]. It was suggested that Pd atoms fully alloyed with Pt atoms in

this material leads to lower activity [123]. However, recently was found a better-performing

PtSnPd catalyst using combinatorial methods to screen the catalytic activity of PtSnPd

with different compositions, the atomic ratio of this particular catalyst was (1:0.3:0.14) [124].

These results indicate the importance of the alloy phases composition on the activity.

The addition of molybdenum for obtaining PtSnMo [94] and PtRuMo [125,126] was proposed,

finding that these catalysts show a superior performance than bimetallic alloys based on

Pt. The enhanced catalytic activity is attributed to bifunctional mechanism due to use of

oxophilic atoms like Mo and Sn, and the migration of H atoms from Pt sites to MoOx sites

which liberates the Pt sites (hydrogen spill-over effect) [94, 126]. The addition of Cerium

to PtSn catalysts was also investigated [127, 128, 129], concluding that Ce could increase

the EOR activity providing oxygenated species to promote the oxidation of intermediate

species [127,128].

Others considered alloys are PtSnFe [124], PtSnW [93], PtSnIn [130], PtSnOs [131], PtSnPr

[132]. It is generally accepted that the presence of oxophilic atoms, as W, Fe, Os and In,

allows the formation of metal oxides, which can promote the performance of catalysts via

bifunctional mechanism and hydrogen spill-over effect [93, 124], and it is suggested that the

addition of a third component modifies the electronic characteristics of the alloys leading to

a higher catalytic activity.

Summarizing, the addition of a third metal can enhance the activity of Pt bimetallic alloys.

This third metal could form oxides or increase the oxophilic character of the surface, which

could promote the bifunctional mechanism and the spill-over effect. Also, it is suggested the

ligand effect to explain the higher activity of trimetallic alloys. However, these explanations

for the effect of the addition of a third metal are the same that for the Sn addition, then

it is not clear yet why the ternary catalysts have better catalytic activity than PtSn. Fur-

thermore, it is remarkable that the higher ethanol oxidation observed in ternary catalysts

is due to higher yields of products like acetic acid and acetaldehyde and not from a com-

plete ethanol oxidation to CO2 [111, 133, 134]. Indicating that despite of efforts to develop

materials with higher activity towards ethanol oxidation reaction, the C-C bond cleavage

in ethanol oxidation reaction remains as unsolved problem. Consequently, community is
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devoting additional efforts toward developing catalysts able to cleavage the C-C bond. Such

efforts are presented below.

2.2.1 Catalysts for C-C bond cleavage

Some authors suggest that the addition of some metals to bimetallic electrocatalyst can help

in C-C breakage at low temperature (90◦C), which should lead to complete oxidation of

ethanol. In fact, it has been reported that the adittion of metals, as nickel [120], rhodium

[135, 136], iridium [137], and rhenium [57], to PtSn bimetallic catalysts would enhance the

PtSn performance facilitating the C-C bond cleavage.

The influence in ethanol oxidation reaction mechanism of the addition of a third metal,

such as Ni, Pd, Co and Rh to carbon supported PtSn catalysts was investigated using Single

Potential Alteration Infrared Reflectance (SPAIRS) [134,136,138]. It was found that addition

of Rh and Ni leads to a higher production of CO2, suggesting that Ni and Rh can promotes

the C-C bond cleavage [134, 136]. Also was found that addition of Pd and Ni favours the

formation of acetic acid to lower potentials [136], it is attributed to the greater ease for water

activation resulting of the more negative charge density in these catalysts [138]. Then the

PtSnNi and PtSnRh shows better performance than PtSn, PtSnPd and PtSnCo for oxidizing

ethanol towards CO2.

Ethanol oxidation reaction on PtRhSnO2, PtSnO2 and Pt catalysts was studied using in

situ infrared reflection-absorption spectroscopy (IRRAS) and density functional theory cal-

culations. Infrared measurements show weaker bands for acetaldehyde and acetic acid and

a stronger band for CO2 for ternary catalyst, indicating that on this catalyst the C-C bond

in ethanol is broken directly. DFT studies show that tin sites are active for water dissocia-

tion, and that the presence of Rh decreases the energy barrier for the reaction pathway that

involves direct splitting of the C-C bond without acetaldehyde formation [135].

In other study the EOR on PtRhSnO2 was investigated using on-line differential electro-

chemical mass spectrometry (DEMS) and in situ Fourier transform infrared spectroscopy

(FTIR) finding that CO2 production is higher than acetaldehyde and acetic acid formation

on PtRhSnO2, also it was confirmed using CO2 current efficiency calculation that the com-

plete EOR was favored on PtRhSnO2 [139]. These evidences suggest that the enhancement

of the selectivity of this catalyst towards CO2 respect to Pt and PtSnO2 can be attributed

to the synergy between the constituents, that is, SnO2 provides adsorbed OH species to

oxidize the intermediate species, Pt dehydrogenates the ethanol, and the Rh sites facilitate

C-C bond breaking [135,140,141].
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However, some authors found that the CO2 production in ternary catalysts containing

rhodium is similar to that in PtSnO2 [142]. It could be explained by the dependence of

catalyst performance on Rh content, this is attributed to the positive effect on C-C bond

cleavage and the negative effect on ethanol adsorption of Rh. Then with the increasing of Rh

content the negative effect on ethanol adsorption becomes prevalent and hence decreases the

CH3COOH and CO2 formation [143]. This indicates that there is appropriate arrangement

of Pt, Rh and SnO2 atoms that increases both the activity for ethanol oxidation reaction, it

should results in a CH3COOH production only slightly lower and in a CO2 formation higher

than those obtained using PtSn [143,144].

Ethanol oxidation on PtIrSnO2 with different iridium content was studied using cyclic

voltammetry, and gas cromatography during the potentiostatic electrolysis to detect the

formation of CO2, acetaldehyde, and acetic acid. It was found that the addition of iridium

leads to a higher EOR activity, but only the specific composition with atomic ratio Pt:Ir:SnO2

1:0.07:1 leads to higher selectivity for CO2 with a CO2 current efficiency of 18.1%, which

is 2.5 and 7 times that of Pt and PtSnO2 respectively [145]. Tayal et al. have studied

trimetallic catalysts with Pt, Ir and Sn with different composition. They found that the

catalyst with a minor content of Ir, 0.4:0.2:0.5 Pt:Ir:Sn atomic ratio, shows higher catalytic

activity towards ethanol oxidation and acetic acid production compared to PtSn and the

other trimetallic catalysts prepared, but it was not examined the CO2 production [95]. Li et

al. synthesized and characterized a carbon supported nanoparticulated catalyst comprising

SnO2 core decorated with PtIr nanoislands with high content of iridium, finding that EOR

reactivity and selectivity toward CO2 are improved respect to Pt/SnO2 catalyst [137].

The different works indicate that the addition of iridium to the binary PtSn catalyst en-

hances the performance for ethanol oxidation [84, 95]. Also it is reported the enhancement

of the selectivity toward CO2 in catalysts containing iridium with a particular structure and

composition [137, 145]. But yet the effects of Ir-Sn heterogeneous structures on the EOR

reaction mechanism is not understood, this knowledge is fundamental for the development

of catalysts for highly efficient oxidation of ethanol into CO2 [146].

Likewise, mixtures of platinum, rhenium and tin was proposed as anode for fuel cells. PtRe

alloy with atomic composition of Re of 25% was studied for H2 electro-oxidation, finding

that there is no measurable effect of Re on the kinetics of hydrogen oxidation, but this alloy

is more active for CO oxidation than other catalysts [56]. Recently the addition of Hf, Os,

Re, Ir and Ta to PtSn was studied, finding that PtReSn shows the highest power density

among the catalyst tested [58]. Also, it was investigated catalysts with different content of

Re for DE-PEMFCs, finding that the addition of small amount of rhenium for obtaining

catalysts with 0.4:0.1:0.5 Pt:Re:Sn atomic ratio results in superior activity towards ethanol

oxidation compared to PtSn and PtReSn catalysts with different composition [57,58]. It was
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suggested that the addition of Re helps in the C-C bond cleavage but a higher percentage

of Re in PtReSn blocks the further oxidation of intermediates resulting an adverse effect in

cell performance. [57].

Furthermore, PtRe catalysts are mostly used in petroleum-reforming, especially for pro-

duction of high octane hydrocarbons for automotive fuels [24, 26, 147]. Some experimental

research was carried out aiming to get a better understanding of role of rhenium in reforming

catalysts. In this way, it has been found that PtRe catalysts are substantially more active

in C-C bond cleavage than their monometallic counterparts [25], it has been suggested that

Re promotes the rates of glycerol conversion by facilitating water activation, producing OH

species which are involved in CO oxidation [25,55] and promotes CO spillover effect, that is

the migration of CO from Pt sites to Re sites on which CO can easily react to form CO2 [148].

These evidences suggest that Pt-Re could modifying C-C and C-O bonds.

Summarizing, it has been shown that the addition of Ir and Rh as third metal to PtSn

alloys leads to improve the selectivity towards CO2, but only in determined compositions.

Also, it is suggested that rhenium helps in the C-C bond cleavage in the ethanol oxidation,

but the different works on ethanol oxidation do not provide evidence for this suggestion.

However, in different studies about glycerol reforming on PtRe catalysts was found that

PtRe is more active in C-C bond cleavage than Pt and Re. But yet the effects of these

catalysts on the EOR reaction mechanism is not understood deeply, further work is required

to investigate the mechanism of ethanol in the different catalysts that enhances the selectivity

towards CO2, in order to improve the understanding of the EOR electrocatalysis and to help

in designing materials with enhanced activity and selectivity in complete ethanol electro-

oxidation. Theoretical approach allowing the fundamental understanding of determining

factors in catalysis is helpful in that task, precisely, next section review some theoretical

works in catalysts development focusing in studies about the ethanol oxidation reaction.

2.3 Theoretical development of catalysts

The approaches to develop catalysts with improved activity includes in-depth understanding

of determining factors for the catalytic properties of materials [48]. It is possible through

computational studies applying atomistic and molecular models, which use quantum me-

chanical methods and molecular dynamics. Quantum mechanical methods are ideally suited

to study adsorbate-catalyst interactions, which allows to determine the potential energy sur-

face and thus the energy barrier of the chemical transformation, also the electronic structure

of materials can be calculated, which is useful in understanding bond formation and trends

in reactivity [3,48,149]. Molecular dynamics (MD) simulations employing reactive empirical
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potentials, such as ReaxFF (reactive force field) and charge-optimized many-body (COMB),

are suitable for describing reaction process and energetics of intermediates, reactants and

products under realistic conditions [150].

Given the reaction events in the system, the behaviour could be averaged over larger length

and time scales in order to compute the reaction rates. This can be achieved via statistical

mechanics, for instance kinetic Monte Carlo (KMC) method. The reaction rates can be used

as kinetic model in a reactor model which takes account gradients in fluid flow, concentration

and temperature fields [149]. In this way the information from atomistic/molecular scale

can be used in reaction engineering applications, moreover it enables top-down modelling

whereby the optimization targets are defined (e.g., maximum activity and/or selectivity)

and then searches for materials with appropriate composition and structure [149].

Next section reviews some works conducted about catalysts for the EOR using theoretical

approach, including the insights gained with this approach. Particularly, the review focus

on the investigations to develop catalysts with improved activity through the understanding

of reaction mechanisms and the catalytic properties of materials.

2.3.1 Modelling ethanol oxidation

Some theoretical studies have been performed for ethanol decomposition on different transi-

tion metals surfaces as Au [151, 152, 153], Pd [153, 154, 155], Rh [156], Ir [157], Pt [153, 158,

159,160,161], PtSn [23,162], PtRu [23], PtPd, PtRh, PtRe [59,163] and Iridium alloys [157].

Density Functional Theory (DFT) studies have been carried out to investigate the poten-

tial energy surface for the ethanol decomposition process on different surfaces, and in some

works this information is used to calculate the energy of the transition state with correla-

tions or methods using DFT calculations, such as nudged elastic band method. Likewise, ab

initio molecular dynamics (AIMD) has been used to investigate the ethanol decomposition

mechanism on platinum cluster [161]. Otherwise, a micro kinetic model for ethanol partial

oxidation and reforming on platinum was developed using experimental and theoretical data

to estimate the kinetic parameters of each elemental step of the reaction mechanism pro-

posed, the microkinetic model can assist in chemical reactor design and process optimization.

The remarkable results of these works are presented below [160].

The comprehensive mechanism for ethanol decomposition on Pd(111) was investigated using

DFT. Finding that the most favourable path is CH3CH2OH → CH3CHOH → CH3CHO →
CH3CO → CHCO → CH + CO. Also it was found that the Brønsted-Evans-Polanyi (BEP)

relation holds true for each of the C-C, C-O, and C-H dissociation reactions [154]. Likewise

the reaction mechanism of ethanol oxidation on Au(111) was described employing DFT. It
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was found that surface oxygen adatom is necessary in the O-H bond activation of ethanol,

which should be the origin of reactivity of gold for ethanol oxidation [152]. Also, the ethanol

oxidation reaction was studied on Rh(111) surface using DFT and KMC simulations. The

obtained results show that ethanol on Rh(111) is decomposed into C and CO, and the

authors point out the CH2CH2O as an important intermediate which leads to the formation

of CHCO adsorbed the precursor for C-C bond breaking [156].

Alcalá et al. [158, 159] studied the nature of surface intermediates that may be formed on

Pt(111) and the transition states for C-C and C-O bond cleavage during the decomposition of

ethanol using DFT. It was found that 1-hydroxyethylidene (CH3COH) and ketenyl (CHCO)

adsorbed species have the lowest energy transition states for C-O and C-C bond cleavage

respectively. In a subsequent study reaction intermediates and transition states for C-C,

C-O, C-H and O-H bond cleavage on Pt3Sn1 (111) surface was studied, and the results was

compared with those on Pt(111). Finding that the activation energy for C-C and C-O bond

cleavage on Pt3Sn1 are 25-60 kJ/mol higher than on Pt, it suggests that the addition of tin

inhibits the C-C and C-O bond cleavage. Also, it was found that the energy of transition

state for CH3CO-OH bond cleavage in acetic acid on Pt3Sn1 is 12 kJ/mol higher compared

to Pt. These findings are in agreement with the experimental results that PtSn catalysts

are selective for ethanol decomposition toward acetic acid [162].

Ferrin et al. [47] used the Brønsted-Evans-Polanyi (BEP) correlation that relates the transition-

state energy of an elementary step to the reaction enthalpy in a linear way, and other linear

correlation between the binding energy of molecular adsorbates (for instance CH3CH2OH) to

the binding energy of the atom through which it adsorbs on the surface (for instance C, H or

O). The combination of these correlations allows to develop the potential energy surface for

ethanol decomposition on different catalytic surfaces (Pt, Pd, Ir, Rh, Re, Ru and Ni) with

few inputs: parameters for the two correlations and the binding energy of atomic adsorbates

(i.e. C, H, O). The potential energy surface allowed to construct a simple kinetic model for

five of the metals studied (i.e. Pt, Pd, Ru, Rh, Ir) to provide qualitative trends in activity

and selectivity for ethanol decomposition. For example, it was found that for all metals

studied the predicted rate-determining step (RDS) for C-C cleavage is the cleavage through

the CH-CO intermediate. And that all the five metals studied with the kinetic model show

higher selectivity toward C-C cleavage than toward C-O cleavage [47].

A similar approach was used by Curtuois et al. [157] for screening iridium based catalysts with

overlayer and underlayer structures. They used DFT calculations of CO, CH and CHCO

adsorption energy on different Ir-based alloys and the BEP linear scaling correlation to

calculate the activation energies for C-C bond cleavage in CHCO species, which is considered

as the rate determining step for C-C cleavage in ethanol decomposition reaction. It was

concluded that some iridium-based underlayer structure catalysts as Ru-Ir, Rh-Ir, Zr-Ir and
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V-Ir are promising for the ethanol oxidation reaction, because they shows good CO tolerance

and low activation energy for C-C cleavage on CHCO molecule.

In a recent study was investigated the adsorption and dehydrogenation reaction of ethanol on

platinum based bimetallic clusters (Pt3M) with different metals M (Sn, Ru, Re, Rh, Pd) [59].

It was considered adsorption through hydroxyl group (OH) and methylene group (CH2) on

Pt and M site. The effects of alloyed metal on the catalytic activity of Pt for ethanol partial

oxidation, including adsorption energy, energy barrier, electronic structure, and rate constant

was discussed. Finding a positive ligand effect of Sn that enhance the rate constant of the

dehydrogenation by the methylene path on the Pt site of Pt3Sn comparing with Pt alone.

Re alloying slightly enhances the adsorption of the hydroxyl group on the Pt site, but it does

not favour the adsorption through CH2. Ru and Rh decrease both adsorptions on the Pt

site [59]. Furthermore the water adsorption and dissociation on the same bimetallic clusters

were studied, finding that the activation energy for water dissociation is lower on tin and

rhenium atoms, hence the kinetic activity for water dissociation increases in the sequence

of Pd < Rh < Pt < Ru < Sn < Re [163]. These findings allow to explain why PtSn is the

most active catalyst for partial ethanol oxidation [59,163].

In a most recent approach, ethanol decomposition on a Pt cluster was studied with ab

initio molecular dynamics [161]. It was found that dehydrogenation of the methylene carbon

occurs more frequently than that of the methyl carbon (CH3). Also, it was observed that

the charge of methylene carbon becomes positive with the dehydrogenation and the methyl

carbon remains negative, that could explain the C-C bond cleavage observed in the CHxCO

molecules. It is remarkable that the discussion based on the charge transfer during the

reaction is attributed to the ab initio simulation, since such discussion is hard to attain by

a classical MD simulation [161].

In other work, classical MD simulations were used to study the difussion and structure of

ethanol-water system in presence of Pt(111) surface [164]. It was found that an adsorption

layer is mostly formed with ethanol molecules and the ethanol molecules push the water

molecules away from the surface. It indicates that Pt (111) surface has a interaction with

ethanol stronger than with water.

Molecular dynamics simulations employing reactive empirical potentials to study ethanol

oxidation reaction have not found so far. But, it has been developed ReaxFF potentials to

study kinetics of hydrocarbon reaction on metal surfaces, obtaining results consistent with

experimental reactivity data and quantum mechanics energy surfaces [165]. For instance,

the adsorption and decomposition of different molecules as ethyne, ethene, propene and

benzene on nickel, finding that the species decompose by breaking C-H bonds prior to the

eventual breaking of C-C bonds, which usually involves the formation of nickel carbide [166].
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Also ReaxFF potentials were used to study the reaction behavior of CHx plasma species on

nickel [167], the initial stages of phenolic polymer pyrolysis [168] and the reaction barriers

for hydrogen adsorption and dissociation on iron [169].

2.3.2 Theoretical approach for this work

From previous ideas, it is remarkable that the different theoretical studies on bimetallic

alloys allow to explain the superior performance of PtSn for the partial oxidation of EtOH,

it is pointed out that tin inhibits the C-C bond cleavage, exhibits a positive ligand effect

enhancing the rate of the dehydrogenation on the Pt site, and has a lower activation energy

for water dissociation than Pt, which supports the explanation given by the bifunctional

mechanism [59]. Also, it was found that PtRe alloy has higher activity for water dissociation

than PtSn, but this alloy does not enhance the dehydrogenation rate on Pt [163]. However,

it has not been found works about other ethanol oxidation reaction steps including the C-C

bond cleavage on this alloy.

This step is primordial to achieve the total oxidation of ethanol, and as was mentioned in

the state of art the bimetallic and most of trimetallic Pt based catalysts are not able to

cleavage C-C bond. But it is suggested that the addition of metals as Re, Rh and Ir to Pt

could promote C-C cleavage in the EOR. Some theoretical works have been done aiming to

clarify the effects of iridium [157] and rhodium [135], but it is not found theoretical works

studying the effect of rhenium in C-C bond cleavage. Then, this work intends to describe

C-C bond cleavage in a particular PtRe alloy in order to gain understanding into this step

and clarify the usefulness of rhenium as co-catalyst in the ethanol oxidation reaction. A

theoretical approach using atomistic-molecular modeling would enable this description.

Classical MD models the nucleus together with electrons as a single object, approximating

the effects of electrons by means of inter-atomic potentials with adjustable parameters [170,

171, 172]. Then, a critical step of the modeling process using MD is tune the parameters

to match well-studied experimental properties or ab initio data [171,172,173]. Hence, these

interatomic potentials are not generic, since different parameter combinations for the same

system can be obtained fitting data to different properties [171,172]. For instance, in a work

on proton transfer reaction using reactive force-field ReaxFF were obtained forty five different

parameter combinations by fitting to DFT data modifying the weights of the properties

used as training set [174]. Also, since electrons are not treated explicitly MD are unable to

describe the electronic structure of the system studied, which is a property that can describe

and explain chemical reactivity of the systems and the catalytic activity of the surfaces.

Ab-initio methods describe explicitly the electrons in the system with very few approxima-
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tions. Then Ab-Initio methods can produce more accurate and reliable results than classical

MD without using tunable parameters, also the electronic structure can be calculated to

gain additional insight into catalytic activity. However, ab-initio methods have higher com-

putational cost than classical MD, restricting their applicability to systems on the order

of thousands of atoms, which could be not sufficient to observe the phenomena of inter-

est [171,172,173].

In order to achieve the objectives of this work an ab-initio method is appropriate, since

the catalytic activity of a material is fundamentally attributed to the electronic interaction

between molecules and surface. Then, catalytic activity can be better understood describing

the electronic structure of the system. Classical MD does not allows to explain the surface

reactivity for C-C bond cleavage in terms of electronic structure, then the discussion of

the C-C bond cleavage and the usefulness of rhenium as co-catalyst would be limited. In

addition, a practical aspect is the development of satisfactory interatomic potentials for the

systems considered, which requires experimental or ab-initio data, which is limited for the

Pt3Re1 alloy.

The C-C bond cleavage in EOR can be described taking into consideration different inter-

mediate molecules and reaction steps, likewise different surfaces with well-defined facets in

addition to edges, corners, steps and kinks. However, the complete kinetic description of a

given system is a quite demanding task. Rather, knowledge about catalytic activity could

be gained studying properties at the atomic scale, which determine the macroscopic kinetics

and can be calculated in a simpler way [3, 48, 175, 176]. This approach have been pioneered

by Jens Nørskov group applying it to different reactions, it is named descriptor-based design

approach and is implemented in this work. Next chapter reviews the principal concepts in

catalysis used for this approach.



Chapter 3

Theoretical Background

This section presents theoretical concepts used to study catalytic processes. In particu-

lar principles which are used to understand the main characteristics of the heterogeneous

catalysed reactions and the basics concepts of Ab-initio methods used in this work to study

chemical reactions and the concepts. Therefore, on this section is described briefly the basic

ideas of Density Functional Theory, implemented to calculate all quantities required for the

description of the surfaces reactivity for a determined reaction. And some concepts such as

Sabatier principle, Brønsted-Evans-Polanyi (BEP) relationship and the d-band model which

are used to describe the main trends observed in heterogeneous catalysis.

3.1 Heterogeneous Catalysis Concepts

Catalysis is a phenomenon by which the rate of desired reactions, thermodynamically fea-

sible, are accelerated by foreign substances, called catalysts. In heterogeneous catalysis,

the catalyst is in a different phase with respect to reactants [177]. Overall heterogeneous

catalytic reactions involve different steps, first the reactants are chemically adsorbed at the

surface of the catalyst, followed by reaction steps involving bond breaking and bond making

to form products and the final step is the desorption of products.

The current theories are not entirely capable to describe the catalytic phenomenon, covering

the entire range of reaction conditions and observed reaction rates. But there are several

general principles and concepts useful to study catalysis. Any chemical reaction can be

described as a transition between two local minima on the potential energy surface of the

system as a function of the spatial coordinates of all the involved atoms. The reaction path is
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defined as the minimum energy path which connects the configuration of the reactants with

minimum energy (R) to the configuration of the products with minimum energy (P), along

the reaction path there is a configuration with the highest energy that is called transition

state (TS) [176, 178]. The energy difference between the TS and R is the activation energy

(Ea), with this the rate of an elementary step can be calculated using an Arrhenius expression

such as:

r = υe
− Ea

kBT (3-1)

Where υ is a pre-factor interpreted as an attempt frequency, kB is the Boltzmann’s constant

and T is the temperature, an schematic representation of the chemical reaction through the

transition state theory is shown in Figure 3-1.
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Figure 3-1: Potential energy surface of a processes between locally stable states

It has been found that the transition energies show a linear correlation with adsorption

energies. This type of relationship is a well-established approach in the understanding of

trends in chemical reactions that dates back to Brønsted in 1928, also Evans and Polanyi in

1938 [179], they established a linear relationship between activation energies (Ea) and reac-

tion energies (Er) of a reaction. Which is called Brønsted-Evans-Polanyi(BEP) relationship.

Ea = b+ aEr (3-2)

This relation has been held true until now, it has been demonstrated for different classes

of catalytic reactions, such as hydrogenation [180, 181], dehydrogenation [180, 181, 182] and

dissociation reactions on different surfaces [180,182,183]. Using electronic structure calcula-

tions for obtaining the transition state and the adsorption energies and hence the activation
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and the reaction energies it has been possible to establish transition state scaling relations

with sufficient statistical significance. This scaling relationship provides a straightforward

way of defining the effect of the surface on the activity for a given reaction, as it enables the

estimation of reaction barriers from the adsorption energies, which could be calculated with

computational calculations or experimentally.

A valuable principle for catalyst ”design” is the Sabatier principle, which is related to linear

free energy relationships. It states that the bond between the catalyst and the key adsorbate

should be not too weak, such that the reactants do not bind, and not too strong, since this

leads to catalyst poisoning [177,184].

It allows an interpretation of volcano curves, which show the catalytic activity for a given

elementary reaction step as a function of the adsorption energy of an intermediate com-

pound. As shown in volcano curve in Figure 3-2 at low values of adsorption energy, the

reaction is slow because the rate of adsorption is slow and rate-limiting, whereas at high

values of adsorption energy, desorption becomes the rate-limiting step. Then it is required

intermediate values of adsorption energies in order to obtain the highest activity (top of the

volcano) [2, 176,177,185].

Figure 3-2: Interpretation of volcano curves obtained from full microkinetic models using Sabatier

principle. Reprinted from [2]

Heterogeneous catalysis requires chemical bonding (chemisorption) of reactants to the sur-

face, this bond can be described in terms of electronic structure of the surface and adsorbate

molecule. In particular, for transition metals, it is described in terms of d-bands of metals,

as is proposed in the ”d-band model”, which is presented in the next subsection.
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3.1.1 d-band Model

A simplified picture of the electronic structure in transition metals (Figure 3-3 shows a

broad s-band and a much narrower d band. The interaction of the adsorbate valence state

with the broad s-band can be assumed to be similar for different transition metals, hence the

chemisorption energy should be mainly determined by the interaction with the d electrons.

The interaction of an adsorbate state with the d-electrons of a surface causes a split into

bonding and antibonding states, as in the case of molecular orbitals [3, 176,186].

Figure 3-3: Schematic projected density of states (PDOS) of transition metals. Reprinted form [3]

The strength of the bond is determined by the filling of antibonding states, if more of them

are empty, the molecule is strongly bound to the surface. Since electrons will fill up all

states located below the Fermi level, the energy of these states respect to Fermi energy (Ef )

is useful to characterize strength of the bond between adsorbate and surface. It has been

found that if d-bands of metals shift up in energy, anti-bonding states would become empty

(shift up above Ef ) and hence the bond with the molecule is stronger.

Furthermore, the energy-weighted average of the density of d-states (center of d-band) can

be used to characterize the d states and therefore the adsorption strength. If d-band center

is more below in energy respect to Fermi energy (blue d-bands in Figure 3-4), more of

antibonding states would be below Ef and hence more occupied, resulting in a weaker bond.

This is the so-called d-band model proposed by Hammer and Nørskov [27, 186]. Figure 3-4

illustrates this chemisorption model.

As is mentioned above, the interaction between reactants and surface, specifically between

molecule atoms and local surface atoms, is a central point in heterogeneous catalysis. The

local surface atoms constitutes the active site, the active sites can be defined as atoms or

groups of atoms accessible for chemisorption and active for reaction. A solid catalyst can

have different active sites with different reactivities, they exposes different well-defined sur-
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Figure 3-4: Illustration of the d-band model. The interaction of an adsorbate valence orbital with

metal d-states forms bonding and anti-bonding states. As the d-band center of the metal shift

down in energy, more of antibonding states are below Ef and hence more occupied, resulting in a

weaker bonding. [4]

faces together with surface defects such as steps, kinks, edges, and corners with different

coordination number. The variation of coordination numbers will lead to different reactivi-

ties, in general low coordination will lead to improved reactivities as in the case of surface

defects [185,187,188].

Additionally the reactivity of a given metal can be changed substantially by variations of

the lattice parameter (strain), overlayers of one metal on another and alloying. The different

ways to modify the reactivity of the active sites affect the electronic properties of the surface.

In alloying, the addition of one or more chemical elements to a metallic surface changes the

electronic structure from that of the pure metallic surface alone. It is due to new interactions

between the metals, which cause a shift in metal d-bands, it is called the ligand effect.

Furthermore, alloying increases the possible bonding geometries of adsorbate and reaction

complexes [186].

3.1.2 Descriptors approach

The concepts presented represent the basic theoretical instruments usually used to investi-

gate catalytic chemical reactions and to provide satisfactory descriptions. Summarizing, it

is observed that different properties of a material can be related with its catalytic activity.

For instance, BEP expression 3-2 relates the reaction energy of given reaction and the ac-

tivation energy, which allows estimate the reaction rate with 3-1. Sabatier principle shows

that a relation between the catalytic activity and the adsorption energy can be established.

Finally it is mentioned that variations in lattice parameter and modification of the electronic

structure changes the catalytic activity.
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Furthermore, it seems that adsorption energy is a key property to understand the catalytic

activity. It can be expected that the rate of a reaction depends on the adsorbate-surface

interaction strength. This fact is confirmed with the volcano curves observed when activity

is graphed as function of adsorption energy. Also, BEP relation would imply a relation-

ship between activation energy and adsorption energies, since in heterogeneous catalysis the

reaction energy depends on adsorption energy of reactants and products.

In order to understand trends in catalytic activity, it could be proposed a full kinetic de-

scription considering each possible intermediate and its binding energy, and different reaction

steps and their barrier energies. But, the needed information to be calculated could be re-

duced considering the fact that the catalyst activity for a given reaction can be described

using a limited set of properties, named descriptors [175,176], as is suggested by the relations

above remarked.

The first step in a descriptor based study is find the most suitable reactivity descriptor.

Scaling relations and Sabatier principle suggest that adsorption energies are descriptors for

a given reaction. The identification of particular adsorption energies that are descriptors

is usually achieved studying the underlying reaction mechanism and identifying the rate-

limiting step, also an adsorption energy descriptor can be found through an educated guess,

resulting of the knowledge on the particular or similar reactions. The second step is quantify

that descriptors [175,176].

Additionally, it can be noted that the interaction adsorbate-molecule is a phenomenon at-

tributable to the electrons, then this interaction can be described in terms of electronic

structure. Moreover, the electronic structure is considered as the origin of the surface speci-

ficity of adsorption energies and activation energies for surface reactions [48,175]. Hence the

analysis of the electronic structure also can be a descriptor of the catalytic activity.

The description of the chemical bond between surface and molecule is the fundamental basis

for understanding surface chemical reactivity. An appropriate approach to study it is the

Density Functional Theory (DFT) based on quantum physics. In recent years, a great deal

of progress has been made on DFT calculations, becoming in a powerful tool to evaluate

materials and complex process such as catalysis. It can describe the electronic structure and

provide the interaction energy of molecules and surfaces with sufficient accuracy, giving a

bonding picture between surfaces and molecules that allows one to explain trends in reactivity

[3, 48]. Next section review the basic concepts beyond DFT.
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3.2 Density Functional Theory

First-principles or ab initio calculations are based on the quantum physics that describes

with accuracy the behavior of small particles, such as electrons. It requires the solution of

the fundamental equation, namely the Schrödinger equation:

ĤΨ = εΨ (3-3)

In equation 3-3 Ψ is a function that describes a quantum state of one or more particles,

containing all the information about the entire system. ε is a real number associated with

the energy corresponding to each state Ψ. Ĥ is a operator associated with the total energy of

the system, then it contains the operations associated with the kinetic and potential energies.

The operation on the wavefunction with the Hamiltonian produces the energies value ε. The

Hamiltonian is defined according to the physical system of interest, since potential energy

operation depends on the physical situation. In this case we are interested in multiple

electrons interacting with multiple nuclei, then Ĥ is defined as:

Ĥ =
~
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(3-4)

The Hamiltonian in 3-4 do not includes the nuclear kinetic energy and nucleus-nucleus

interaction. This is because nuclei and electrons are considered separately, then in the study

of electrons the nuclear kinetic energy can be neglected and the nuclei are considered as

fixed ions acting as an external potential. The validity of this separation is founded in

that nuclei move with much smaller velocities than electrons and the time-scales of nuclear

and electronic motion will be well separated [171, 189, 190]. This separation is known as

Born-Oppenheimer approximation [190].

Unfortunately the equation 3-3 is useful in practice only for the simplest system due to

the many-body nature of interactions, it is still too complicated to be solved for systems

with several atoms. Density functional theory (DFT) developed by Kohn and Sham is a

successful ab initio approach for systems with larger number of atoms. It made possible the

application of quantum physics to materials science, so much that DFT calculations is now

a “standard theory” for materials modelling problems in physics, chemistry and engineering

[191, 192, 193, 194]. Next subsection review the basic ideas and concepts underlying the

theory.
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3.2.1 Electron density and Hohenberg-Kohn theorems

The main variable in the Kohn and Sham approach is the electron density ρ(r). It is an

observable quantity and denotes the probability to find any electron in a certain volume

dr [191, 192]. The electron density, similar to the wave function, describes everything in an

n-electron quantum system and is defined by the sum over a set of squares of non-interacting

orbitals φ(r).

ρ(r) =
∑
i

|φi(r)|2 (3-5)

It is remarkable that the usual wavefunctions ψi are replaced by orbitals φi, implying that

the electronic orbitals at a point determine an electron density at that particular point.

With this new approach the problem changes to an electron density dependent problem,

which describes any property of a system of interacting particles in external potential. It is

demonstrated by Hohenberg and Kohn in their two theorem [195].

Theorem 1: For a system of interacting particles in an external potential Vext, the potential

Vext is determined uniquely by the ground-state electron density ρ0(r), and Vext determines

completely the Hamiltonian. This implies that any properties can be deduced from the

ground state electron density, then an universal functional for the system energy E[ρ(r)] can

be defined in terms of the density ρ(r) corresponding to any external potential Vext

Theorem 2: The electron density that minimizes the energy functional E[ρ(r)] is the exact

ground state density ρ0(r). Then varying electron density the energy system can be reach

the minimum E0, but never below it.

E[ρ(r)] ≥ E[ρ0(r)] E[ρ0(r)] = E0 (3-6)

The theorem expressed in equation 3-6, so called variational principle, offers a powerful

means of finding the ground state. It requires only the minimization of a functional of the

electron density.

3.2.2 Kohn-Sham equations

The Hohenberg-Kohn theorems show that the electron density is the fundamental quantity

and allows calculate any property if the functional is known. Kohn and Sham formulated the

equations which allows to calculate the properties based on electron density [196]. They first

assumed that the electrons in the system are non-interacting, that means that every electron

is regarded as moving in an effective single particle potential Vext and the terms considered in
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the energy functional E[ρ(r)] are the density functionals associated with kinetic energy Ekin

of electrons and the energy due to external potential Eext. After they returned to the problem

of interacting electrons and added new terms: one term that take account the interaction

between electrons EH and another that regroup all other electron interacting contributions

called the exchange-correlation Exc. Then the energy functional can be expressed as:

E[ρ(r)] =

Ekin︷ ︸︸ ︷
T [ρ(r)] +

Eext︷ ︸︸ ︷∫
Vext(r)ρ(r)dr+

EH︷ ︸︸ ︷
1

2

∫
ρ(r)ρ(r′)

|r − r′|
drdr′+

E︷ ︸︸ ︷
Exc[ρ(r)]

xc

(3-7)

From expression 3-7 is derived the Kohn Sham (KS) equations by applying the variational

principle (minimizing energy respect electron density), the result is:

(
−1

2
∇2 + Vext(r) +

∫
ρ(r′)

|r − r′|
dr′ + vxc(r)

)
φi(r) =

(
−1

2
∇2 + Veff (r)

)
φi(r) = εiφi(r)

(3-8)

This is the (KS) one electron equation analogous to the Schrödinger equation, φi are the

KS orbitals constructed from electron density, and εi are its corresponding energies. In this

equation vxc(r) is the exchange correlation potential which depends on electron density and

is given by the following equation:

vxc =
δExc[ρ(r)]

δρ(r)
(3-9)

and the electron density defined in terms of KS orbitals as:

ρ(r) =
∑
i

|φi(r)|2 (3-10)

The equation 3-8, with exchange correlation potential given by 3-9 and the electron density

given by 3-10 are now called the Kohn-Sham (KS) equations. If vxc is known any property can

be calculated solving 3-8. Then the attention should be directed to Exc[ρ(r)], since practical

usefulness of DFT depends on whether sufficiently simple and accurate approximations for

the functional could be found Exc[ρ(r)]. The next section briefly review the approximations

for exchange correlation functional.
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Exchange correlation functional

For the construction of XC functional is useful the concept of XC hole, which is a consequence

of the fact that the presence of an electron in a region inhibits the proximity of other

electrons around it, thus there is a reduction of electron density [192,194]. Then the exchange

correlation energy can be attributed to the interaction between electron density and XC

hole, and the correlation energy Exc is calculated from a purely local integral over the

density [191,192]

Exc[ρ(r)] =

∫
ρ(r)εxc[ρ(r)]dr (3-11)

The term εxc[ρ(r)] denotes the local (at point r) exchange-correlation energy density, there are

many approximations to calculate this term, as the local density approximation (LDA) and

the generalized gradient approximation (GGA). In the LDA method the system is assumed

as many regions with different uniform local electron density, for each region the XC energy

is assumed to be identical to the exchange-correlation energy density for an homogeneous

electron gas of the same density. Analytical formula for the exchange energy density and

some approximations and analytical forms for the correlation energy are available [191].

This assumption was expected to be useful for densities varying slowly on the scales of the

local Fermi wavelength which depends on Fermi energy of the system, it is below 1 nm

for metals. This condition is rarely satisfied in atomic systems, nevertheless the LDA give

accurate results for many systems. This is partly due to cancellation of errors estimating

exchange and correlation energies. Some implementations of LDA functionals are those of

Perdew and Zunger (PZ) [197], and Perdew and Wang (PW) [198]. LDA give accurate results

for nearly free electron metals and covalent systems, it is found that LDA overestimates

dissociation and cohesive energies and gives bond lengths and geometries of the systems

with an accuracy of 1%.

In GGA method information about both local electron density and its gradient is accounted.

Then an special dimensionless functional Fxc[ρ(r), |∇ρ(r)|] is included to modify the LDA

energy. This term is like an enhancement factor related with variations in different order

of the electronic density of the system, for which numerous formulas have been proposed.

Some of them are those of Perdew and Wang (PW91) [199], Perdew, Burke and Enzerhof

(PBE) [200], and the combination of the exchange functional of Becke (B88) [201] and

correlation functional of Lee, Yang and Parr (LYP) [202] which is named BLYP. GGA

describes in high degree almost all systems, giving structural properties with in 1 to 3%

error and correct the overbinding problems of LDA.

The choice of the XC potential always depends on the studied system and its particular

properties to be calculated. But there is no general rule that allows to unambiguously
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choose the XC functional for given system, a reasonable way is comparison of the results of

test calculations between each other and with available experimental data.

With the specification of energy exchange correlation are completed the KS equations above

presented and all that remains is solve them. The next subsection presents the algorithm

for solving this set of equations, which requires an iterative procedure.

3.2.3 Solving Kohn-Sham equations

Solve the KS equations imply minimizing the energy by finding a self consistent solution,

whose orbitals are subject to constraints. A self consistent solution is a set of KS orbitals

that leads to a KS Hamiltonian whose solution is the same orbitals. The iterative method

used for DFT calculations is outlined below:

1. Set the initial ρ(r) using equation 3-10, it is needed to define initial KS orbitals φi.

A good initial supposition is superimposing the orbitals of electrons in the isolated

atom, or orbitals obtained from calculations performed for a slightly different geometry.

Usually, KS orbitals are constructed from a basis set.

2. Construct Veff using the actual ρ(r) to evaluate selected Exc functional, EH term and

the Vext. The Coulomb potentials are usually replaced by effective ionic pseudopoten-

tials that account for the screening effects of the core electrons.

3. Solve the set of coupled KS equations by diagonalization and obtain the KS orbitals

φi(r). The procedure involves expansion of the orbitals in terms of a basis of functions.

The choice of a basis leads to distinct but equivalent descriptions of the underlying

electronic structure.

4. Use the new φi(r) to calculate new electron density ρnew(r), compare with the previous

ρ(r) to verify self consistency. The iteration can be stopped when the density change

becomes less than a pre-set stopping criterion.

5. If self consistency is not reached, a new guess for ρ(r) is constructed mixing the new

and the previous electron density, and the steps 2 and 3 are repeated. The way the

mixing is made can affect the convergence and the possibility to achieve self consistency

quickly

Two important issues in solving KS equations is the chosen basis set, and the pseudopotential

(PP) approach which leads to a significant reduction in the numbers of electrons in a system.
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Basis set

The basis set is a set of functions fk of known properties that is used to represent the KS

orbitals φi. The orbital is a linear combination of these functions:

φi(r) =
∑
k

cikfk(r) (3-12)

Most important criteria for the choice of basis include: the asymptotic completeness, com-

putational complexity, efficiency and accuracy of the calculations, conceptual simplicity and

ease of implementation, meaningfulness of the physical interpretation. Plane wave methods

are very widely used for periodic systems due to their conceptual simplicity (Fourier trans-

forms) and generality achieved by not making assumptions regarding the specific features

of the orbitals. This also means that hundreds of plane waves per atom are necessary to

achieve good accuracy.

Pseudopotential (PP) approach

The pseudopotential approach divides electrons into two groups, core electrons that are close

to nucleus and the valence electrons that are in the outer shells of the atoms [192,203]. The

core electrons are tightly attached to the nucleus, their orbitals do not extend far from it,

therefore have less contributing significance to interatomic interaction. Valence electrons

are almost delocalized and are responsible for the formation of atomic bonds, having most

impact on the material properties. Then the PP approach consider core electrons freeze

together the nucleus, an exclude them from the calculations, but take account for their

effect by constructing effective pseudopotentials. This leads to a much easier description

and computation of valence electron orbitals without significant errors.

The differentiation between core and valence atoms is usually based on electronic config-

uration, for instance the Pt and Re atoms which are studied in this work are divided as

follows.

Pt: 1s22s22p63s23p63d104s24p65s24d105p64f14︸ ︷︷ ︸
core electrons

valence electrons︷ ︸︸ ︷
5d96s1 Re: 1s22s22p63s23p63d104s24p65s24d105p64f14︸ ︷︷ ︸

core electrons

valence electrons︷ ︸︸ ︷
5d56s2

Several procedures of pseudopotential generation have been developed, leading to different

type of pseudopotentials. Some approximations are those proposed by Vanderbilt [204], and

Troullier and Martins [205].
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Methods and simulation parameters

This work aims to describe C-C bond cleavage in ethanol oxidation reaction on a Pt3-Re1

surface using a descriptor based approach. This chapter describe the procedure followed to

apply this approach to study the C-C bond cleavage. The first part present the descriptor

proposed, that is CH, CO and CHCO adsorption. Also, this part explains why they are

the most suitable reactivity descriptor. The second part describe the surface model, the

equations and the computational parameters used to quantify the reactivity descriptors

chosen.

4.1 The reactivity descriptor for C-C bond cleavage

As is mentioned in chapter 2 the different works carried out in order to understand the

reaction mechanism for ethanol decomposition show that the C-C cleavage in molecules

with more hydrogen atoms attached to the carbon atoms, as ethanol molecule (CH3CH2OH)

or acetaldehyde (CH3CHO), has the highest activation energies [154, 156, 158]. It can be

attributed to the high directionality of the σ-orbital of C-C bond in these molecules, which

is constrained straightway along the bond axis, also there are several substituents (hydrogen

and oxygen atoms) on both carbon atoms constraining sterically this bond. Then, the

interaction of the metal with this bond is more difficult than with C-C double bond or a

C-H single bond. These bonds are less sterically constrained than the σ-orbital of C-C bond,

also the π-orbital of a C-C double bond is oriented sideways, making its interaction with the

metal simple [206].

According to the mentioned above, it seems that the C-C bond cleavage in ethanol oxida-
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tion requires breaking of C-H bonds prior to the eventual breaking of C-C bonds, which

is more feasible in dehydrogenated molecules with π orbitals in C-C bond. It is similar to

the found in hydrocarbons reaction on metal surfaces, where molecules decompose forming

dehydrogenated species, which are further decomposed by cleaving C-C bond into lower hy-

drocarbons [166]. Likewise, the works on ethanol oxidation points out that the first steps in

ethanol oxidation involves dehydrogenation reactions, forming acetyl CH3CO, this molecule

could be further dehydrogenated forming CH2CO and CHCO [1]. In all these molecules is

more feasible the C-C bond. Then they would be good descriptors of C-C bond cleavage.

Also, it is found that the step with the lowest transition energy for the C-C bond cleavage

on transition metals as Pd, Rh and Pt is the following surface reaction: [154,158]

CHCO(s) + s→ CH(s) + CO(s) (4-1)

The subscript (s) indicates that the species are adsorbed on surface. Also, it is pointed

out that for most transitions metals, the rate determining step for C-C cleavage in ethanol

oxidation reaction involves the transformation of CHCO intermediate into CH and CO [47].

Then, it is considered that significant insights on C-C cleavage on Pt3Re1 surface can be

gained by studying this step.

Additionally, it is found that the transition state for C-C bond breaking in CHxCO (x=1, 2

or 3) on metal surfaces is linearly related with the energy of products (like Brønsted-Evans-

Polanyi relation, BEP), this one single relation is hold true for different transition metals

such as Ni, Ru, Rh, Pd, Ir and Pt [181]. Similarly, other works has established transition

state scaling relations for the reactions involving different intermediates of EOR, including

the C-C dissociation reactions, on surfaces as Pd [154] and Pt [158]. The linear relationship

originates from the close similarity between the transition state geometries and the final

state geometries. This is case for the breaking of strong bonds, which have to be stretched

very far from equilibrium to sufficiently mix with the surface states [181]. The relationships

can be expressed as:

ETS = αEP + β (4-2)

EP is the energy of the adsorbed products of the particular reaction respect to the energy

of reactants in gas phase and the clean surface, ETS is the energy of transition state respect

to the same reference. Then the activation energy Ea can be calculated as:

Ea = ETS − ER = αEP + β − ER (4-3)

ER is the energy of the reactants. In the reaction step proposed in this case, the products

(P) are the CH and CO species adsorbed, and the reactant is the adsorbed CHCO. Hence

the activity of the metallic surface is related with the adsorption energies of CH, CO and

CHCO, which are the descriptor proposed in this work.
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4.2 Atomistic surface model

The surface is modeled with the slab approach, that is a portion of solid with periodicity in

two dimensions(X,Y), but finite in the third dimension (Z) to form a surface, then empty

space has been left above the atoms in the top portion of the supercell [193]. So when

the supercell is repeated in all three dimensions, it defines a series of stacked solid material

separated by empty spaces.

The surface is constructed using the lattice parameters obtained with DFT calculations of

the Pt3Re1 bulk system, which is modeled as face centered cubic (FCC) structure with crystal

symmetry defined by pm3̂m space group, since the experimetal works report that this alloy

crystallizes in FCC structure [207]. As depicted in 4-1, the Pt atoms (gray) occupy the

face-centered positions and the Re atoms (red) are located at the corners in the unit cell

(represented with the blue cubic boxes). Also can be seen the (2x2x2) supercell used for

the calculations, which has 8 unit cells and 32 atoms. Also, Pt is modeled as face centered

cubic structure with crystal symmetry defined by fm3̂m, using a supercell of 32 atoms, and

rhenium as hexagonal close packed crystal symmetry defined by P63/mmc, using a supercell

with 16 atoms.

Figure 4-1: Supercell of fcc Pt3Re1 crystal. Gray and red spheres represent Pt and Re atoms,

respectively.

As it is observed in Figure 4-2, for the slab empty space of 9.00 Åis left above atoms in

the portion of material in order to obtain the slab, and five layers of atoms are used for

representing the portion of solid. These values have been found after several test calcula-

tions using different atomic layer and vacuum space under the basis of convergence for all

calculations. Convergence tests can be seen in Anexo A, particularly in Figures A-3 and

A-4.

The total energies of 4-layer slab Pt3Re1 (111) with different vacuum space values have been
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calculated, finding that the total energy changes slightly from 9.00 Å, the energy difference

between slabs with 14.95 and 9.00 Å of vacuum space is only 0.001 eV, indicating that the

top of one slab has essentially no effect on the bottom of the next. Slabs with 3, 4, 5 and

6 atomic layer was tested, finding that the energy difference between 5 and 6 layers is 0.047

eV, the 5 layer slab was chosen considering that offers a considerable physical accuracy in

relation to computational cost.

It is important to note that the slab in the Figure 4-2 is a model that represents the surface

(111), it has in each layer one atom of Re, and the slab has a configuration A-B-C-A in Z

direction, due to the alternative positions of the atoms in each layer. This packing sequence

is characteristic of FCC structures and is one of the packing scheme with the highest packing

efficiency, allowing to the atoms at intermediate layers have 12 nearest neighbours.

A

B

C

A

B

Figure 4-2: Slab model for Pt3Re1 (111) surface. Gray and red spheres represent Pt and Re atoms,

respectively.

The arrangement of atoms exposed in the surface depends on the planes along which the

crystal can be cleaved, these cutting planes are usually identified by three index which

denote the direction of a vector normal to the plane. A representative group of planes for

fcc materials are the low-index surfaces (001), (110) and (111), the schemes of the cutting

planes in the conventional cell for fcc material are shown in Figure 4-3.

The three surfaces obtained with these three cutting planes in the Pt3Re1 system are shown

in Figure 4-4. These surfaces are all atomically flat, in the sense that every atom on the

surface has the same coordination, but have different symmetry and composition. The

surface (111) has a composition of 3:1 Pt:Re, while the others two have a composition of

1:1. Additionally, the surface (111) has the highest surface atom densities for fcc crystal

structures and is typically the most stable, it is found that this plane represents a significant

fraction of the fcc material surface area. For these reasons the surface Pt3Re1 (111) was the
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(0 0 1)

(1 1 0)
(1 1 1)

Figure 4-3: Slab model for Pt3Re1 (111) surface. Gray and red spheres represent Pt and Re atoms,

respectively.

chosen surface for analysis in this work.

Figure 4-4: Top views of (a) Pt3Re1 (001),(b) Pt3Re1 (110),(c) Pt3Re1 (111) surface. Gray and

red spheres represent Pt and Re atoms, respectively.

4.3 Properties calculation

In order to determine the crystal structure of the systems studied. Lattice constant and bulk

modulus are evaluated with total energy DFT calculations of the bulk system at different

unit cell volumes, and fitting the DFT data to an analytical expression as the Murnaghan

equation of state [208], which is given by:

E(V )

N
− E(V0)

N
=

B0V

B′0 (B′0 − 1)

[
B′0

(
1− V0

V

)
+

(
V0

V

)B′0

− 1

]
(4-4)

V0 is the unit cell volume at the equilibrium crystal structure, E is the total energy of the

solid, N the number of atoms in the crystal and B0 is the bulk modulus. Also, the cohesive

energy, which is a central property of solids, defined as the energy required to pull out the

atoms of the solid into isolated atomic species, is determined as follows [209]:

Ecoh = −
∑
i

E(V0)− Eatomi (4-5)
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where Eatomi is the energy of each isolated atom that belongs to the crystal unit cell. The

calculations of an isolated atom involve definition of large, empty supercell with just single

atom inside. These properties are compared with available data from the literature in order

to verify the adequate representation of the system, and proceed with the construction of

the slabs, representing the surfaces studied.

As mentioned above, the activity of the metallic surface can be estimated using the adsorp-

tion energies of CH, CO and CHCO. The adsorption energy is calculated as the total energy

of the slab with the i-specie adsorbed Ei/s minus the total energy of clean slab Es and the

energy of the i-specie in gas phase Ei.

Eads−i = Ei/s − Es − Ei (4-6)

The adsorption energies allow to estimate the activation energy using linear scaling relations.

In this work is used the transition state scaling relationship developed by Mavrikakis et al. to

calculate the activation energies for CHCO dissociation to CH and CO on Pt(111), Re(0001)

and Pt3Re1(111).

ETS = αEP + β with α = 0.88eV and β = 1.07eV (4-7)

ETS is the energy of the transition state relative to the initial state gas-phase species (that

is CHCO species in gas phase) and the clean slab Es. And EP is the energy of the final state

(products) with the same reference, then for the C-C bond cleavage reaction 4-1 EP can be

write as follows

EP = ECO/s + ECH/s − 2Es − ECHCO (4-8)

This equation can be written in terms of the adsorption energy of CH and CO. Adding and

subtracting the energy of the products molecules in gas phase (ECH and ECO), the equation

above can be rewritten as

EP =

Eads−CO︷ ︸︸ ︷
(ECO/s − Es − ECO) +

Eads−CH︷ ︸︸ ︷
(ECH/s − Es − ECH) +

Ediss(g)︷ ︸︸ ︷
(ECH + ECO − ECHCO) (4-9)

= Eads−CO + Eads−CH + Ediss(g)

This expression can be seen as the necessary energy to transform the CHCO in gas phase in

adsorbed CH and CO. First, the molecule is dissociated, then the CH and CO are adsorbed

on the surface. Finally the activation energy Ea is calculated as the difference between the

transition state ETS and the initial state (reactants) ER (in this case CHCO adsorbed),

both are expressed relative to the initial state gas-phase species (that is CHCO specie in gas

phase).

Ea = ETS − Eads−CHCO =
(
α(Eads−CO + Eads−CH + Ediss(g)) + β

)
− Eads−CHCO (4-10)
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The above equation states that the activation energy for the reaction studied depends on

the adsorption energies of the products, if those are higher (more negative) the activation

energy is lower. Also, depends on the bond energy of the molecule, if the bond is stronger

(more positive) the activation energy is higher.

Additionally, the adsorption was analyzed in terms of the electronic structure using the

d-band model for transition metals which states that the adsorption energy is mainly de-

termined by the interaction of the molecular electronic states with the metal d-electrons.

And the center of the d-band of clean surface (the energy-weighted average of the density

of d-electrons) can be used to characterize the strength of the adsorption. In general, sites

on metals with a higher d-band center respect to the Fermi level bind the molecules more

strongly than similar sites on metals with a lower d-band center. The d-band center was

calculated as follows:

εd =

∫∞
−∞ nd(E)EdE∫∞
−∞ nd(E)dE

(4-11)

nd(E) is the projected density of states of the surface atoms d-electrons, the used integration

limits were the energy of minimum energy state and the energy of maximum energy state.

This model allows to predict qualitative trends in the adsorption energy for metallic surfaces

by verifying the clean surface d-band center.

4.4 Computational details

The energetic properties of the systems studied are calculated solving the Khon-Sham equa-

tions presented in the previous chapter, these calculations are performed with Quantum

Espresso package, which is based on plane waves and pseudopotentials [210]. The exchange

correlation functional used for the DFT calculations is the Generalized Gradient Approxi-

mation (GGA) by Perdew and Wang (PW91) [199], which is chosen among three different

functionals available in the electronic libraries for the atoms considered. The other function-

als tested were the local density approximation (LDA) Perdew-Wang (PW) [198], and the

GGA Perdew, Burke and Ernzerhof (PBE) [200].

It is found that the PW LDA functional overestimates the binding of the systems, hence

overestimates the cohesion energy and the bulk moduli of the metals studied, although

the lattice constant and lengths in the system are estimated with high accuracy [94, 211,

212]. The GGA approximations (PBE and PW91) give a better description of binding

properties, hence the bulk moduli and cohesive energy are lowered respect to LDA functional.
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But the lattice parameter and lengths in the system are overestimated [94, 211, 212]. The

energetic description is quite similar for both GGA functionals, PW91 and PBE, but with

PBE functional is estimated a lattice constant slightly higher than with PW91 functional.

Then the PW91 is chosen for the slightly better description of the geometry of the bulk

system. Also, it has been reported that these two GGA functionals give similar values

for molecular bond energies in different small molecules [213] and similar chemisorption

energies [211] although they are not equivalent [213].

The basis set implemented by Quantum espresso are plane waves, and the core-electrons are

represented using ultrasoft pseudopotentials developed by Vanderbilt. Also, in numerical

calculations there is always a trade-off between accuracy and computational resources spent

on solving given problem. In order to make optimal choice is performed several tests, in this

way was determined the minimal (associated computational effort) value for given parameter

that will not affect the accuracy in the calculation of relevant system property such as total

energy. Some of the most important parameters are the k-mesh and the energy cut-off for

the plane waves expansion. The first one set up the fineness of the k-grid used for Brillouin

zone sampling using the scheme Monkhorst-Pack. The second one is related with the basis

set used to describe the ground state wavefunction for the system, in this case is a plane-wave

function, this value define that the plane waves with kinetic energy smaller than this cutoff

energy are taken into account. Convergence tests respect to this two parameters can be seen

in Anexo A, particularly in Figures A-1 and A-2.

In this work are used a value of 550 eV for the energy cut-off for the plane waves and an

scheme 3x3x3 k-mesh for the bulk system and 3x3x1 for the surface system. That is because

the first Brillouin zone of a surface in the slab approach is flat, then it is sufficient to choose a

two-dimensional mesh. A denser grids of 6x6x6 and 6x6x1 are used for electronic properties

calculation (e.g DOS). In order to find the minimum energy geometry, the structure was

relaxed without symmetry constraints until the force was less than 0.03 eV/a.u., the total

energy of the optimized structures is used to calculate the different properties of the system.
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Results and Discussion

5.1 Crystal structure and physical properties of bulk

system

Different properties for this system are calculated and compared with available data from

the literature. The Table 5-1 shows the experimental values and the data obtained with

DFT calculations. Comparison between experimental and calculated values shows an overall

reasonable agreement in terms of lattice constants, structure, bulk moduli and cohesive

energy. The lattice constants calculated are very close to the experimental value, considering

the obtained relative errors of 1.93 %, 0.18 % and 1.85 % for Pt, Re and Pt3Re1 respectively.

Similarly the bulk modulus are relatively close to the experimental value, considering the

relative errors of 12.6 % and 0.54 % for Pt and Re respectively. The most notable discrepancy

is the larger cohesive energy of Re hcp structure (by over 40 %), it can be attributed to the

poor description of this property in transition metals with half filled d-orbitals (5, 6 and

7 valence electrons) by the spin-restricted calculations. The contribution to the energy of

spin polarized electrons in these metals is more important since they can have 5 or 6 spin

polarized electrons, the energy difference between spin polarized and spin restricted energy

for these metals ranges from 3.0 to 5.4 eV [214].

Experimental data of cohesive energy and bulk modulus of Pt3Re1 is not found, but the

results are reasonable in relation to the pure Pt and Re metals, since bulk modulus and

cohesive energy is between the values reported for the pure systems. Comparing results of

pure Pt, pure Re and Pt3Re1 alloy, it is observed that addition of rhenium to platinum leads

to a shorter lattice parameter, higher cohesive energy and higher bulk modulus in the alloy

compared with pure Pt. Suggesting that Pt-Re binding is stronger than Pt-Pt in agreement
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with previous experimental work [26].

Table 5-1: Comparison of the properties of Pt, Re and Pt3Re1 obtained in the present work and

the experimental values [8] [9]

Property
Pt (fcc) Re (hcp) Pt3Re1 (fcc)

DFT Exp. % Err. DFT Exp. % Err. DFT Exp. % Err.

lattice constant a0 [Å] 4.000 3.924 1.93 2.766 2.761 0.18 3.967 3.895 1.85

c/a0 — — — 1.605 1.605 — — — —

Ecoh[eV/atom] -5.91 -5.84 1.20 -11.40 -8.03 42 -7.11 — —

B0[GPa] 243 278 12.6 370 372 0.54 296 — —

Also, it should be pointed out that physical properties of Pt3Re1 are not found. Then, this

work is among the first in estimate the physical properties and the crystalline structure from

first-principles, and it is expected that experimental or other theoretical studies be done in

order to contrast the results obtained in this work. The bulk system study is the first step

to the construction of the Pt3Re1 surface-molecule system, which allows to describe the C-C

bond cleavage in this alloy.

5.2 Adsorption of molecules

Pt3Re1 exhibits several sites with special symmetry that are of interest as probable binding

sites, which are illustrated in the Figure 5-1. The sites on Pt and Re atoms, namely atop

sites (A-Pt and A-Re). Sites between Pt and Re atoms or two Pt atoms, namely bridge

sites (B-Re and B-Pt). Sites among Re and two Pt atoms or among three Pt atoms with

an atom directly below in the subsequent layer, which are called HCP hollow sites (HCP-Re

and HCP-Pt). And the site among Re and two Pt atoms or among three Pt atoms without

atom in the subsequent layer but with an atom directly below the site two layers further

down, namely FCC hollow sites (FCC-Re and FCC-Pt). Adsorption on all these sites is

tested.

Pt(111) exhibits sites similar to those found in Pt3Re1, but as only a metal type is present,

then only exhibit one atop site, one bridge site and two hollow sites (FCC and HCP site).

Re(0001) exhibits the same sites but the denominated FCC hollow site is different, since

there is no atoms directly below this site in Re(0001), that is because Re has an hexagonal

close packed structure (HCP).
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A-Re

A-Pt

FCC-Pt
HCP-Re

HCP-Pt
FCC-Re

B-Re

B-Pt

Figure 5-1: Top view of slab model for Pt3Re1 (1 1 1) surface and the different surface sites:

atop, bridge, HCP hollow and FCC hollow. Gray and red spheres represent Pt and Re atoms,

respectively.

5.2.1 CO adsorption

CO is a product of C-C cleavage in CHCO molecule, so binding energies for CO can be used

to calculate activation energies for the C-C bond cleavage step. Also CO is a poison for

Pt based catalysts for EtOH oxidation, so it is important the study of CO adsorption for

understanding of Pt3Re1 activity for the complete decomposition of EtOH.

CO adsorption on Pt3Re1(111). Different initial geometries for CO are tested, these involve

the different sites: atop, bridge and hollow sites shown in Figure 5-1, and different orien-

tations of the molecule respect to the surface. The most stable adsorption configurations

on Pt3Re1 is the linear atop bonded CO with C atom forming a bond with the Re (A-Re)

atom, this configuration is shown in Figure 5-2, and it is in agreement with the experimental

findings for Pt based surfaces, which point out that CO molecule is chemisorbed with its

molecular axis normal to the surface and its carbon end closer to metal atom [215].

When the CO is adsorbed the C-O bond is slightly stretched from 1.14 to 1.17 Å, carbon atom

forms a bond with rhenium atoms, whose bond length (dM−A) is 1.89 Å, also the obtained

adsorption energy (Eads) is -2.43 eV. These geometrical parameters are illustrated in Figure

5-2 and are reported in table 5-2 along with adsorption energies. The CO adsorption on Pt

atoms also is tested, it is obtained similar geometrical configuration. CO is adsorbed with

its axis normal to the surface and with the carbon atom forming a bond with Pt, whose

length (dM−A) is also 1.89 Å, the C-O bond is similarly stretched from 1.14 to 1.16 Å, but

the obtained adsorption energy is -1.14 eV.
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dc-o 1.17 Å

d M-A 1.89 Å

d1-2 2.30 Å

∆s-1 0.23 Å

d2-3 2.30 Å

dPt-Re 2.81 Å

dPt-Pt 2.81 Å

Figure 5-2: Top and side view of CO adsorption on Pt3Re1 surface in the atop-Re site. Gray and

red spheres represent Pt and Re atoms. Yellow and purple spheres represent C and O atoms.

These results indicates that CO adsorption on A-Re site is stronger than on A-Pt, con-

sequently the C-O bond length is longer on A-Re, indicating that CO molecule is more

destabilized when adsorbs on A-Re site. It is in agreement with theoretical and experimen-

tal findings, DFT calculations by Ishikawa et al. [216] and Greeley and Mavrikakis [217]

results in a CO binding energy reduced in the cases of Pt-Re clusters or near surface alloys

when CO binds to Pt. Experimental works using X-ray photoelectron spectroscopy point

out that Pt-CO binding is weakened in the PtRe alloy surface, while the Re-CO bond is

strengthened with the presence of Pt [218,219].

CO adsorption on Pt(111). It is found that the most stable configuration for CO on Pt(111)

is at bridge site with CO molecular axis normal to the surface and its carbon end closer

to the surface. Geometrical parameters of the adsorption configuration, such as the bond

length between surface metal and the adsorbate dM−A and the C-O bond length (dC−O), are

shown in Table 5-2. Carbon atoms form a bond with two Pt atoms, whose bond length

is 2.03 Å, which implies that the vertical distance from carbon atom to the surface is 1.47

Å, these values are lower than the reported experimental values, 2.08 Å and 1.55 Å [220].

Also, dC−O is stretched from 1.14 Å to 1.18 Å, which is higher than the experimental one

of 1.15 Å [220]. The calculated geometrical parameters dM−A and dC−O are very close to

the experimental values as it is reflected by the relative errors of 2.15 % and 2.47 %, which

indicates that the geometrical configuration is well described with the approach used.

The adsorption energy calculated (Eads), also reported in Table 5-2, is -1.86 eV. This value

is higher than the experimental values, which range form -1.24 to -1.66 eV [221, 222, 223,

224, 225, 226]. As can be seen in Table 5-2 the calculated values are similar to other DFT

calculations, for instance Pedersen et al. [227] obtained a value of -1.80 eV which is very

close to the obtained in this work. These results indicates that the CO adsorption energy
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on bridge site calculated using DFT is overestimated, leading to predict a preferred site for

CO adsorption different to the atop site reported in experimental studies [228,229,230,231].

This difficulty of DFT to achieve the correct prediction of the preferred adsorption site has

been discussed by other authors. It is pointed out that DFT calculations using LDA or

GGA (PBE, RPBE, PW91) functionals lead to overestimate the adsorption energy for CO

on high-coordination sites (bridge and hollow sites) [232].

Different approaches have been proposed to obtain accurate adsorption energies for CO on

transition metals, such as: Using GGA+U functional for restoring the correct prediction of

the preferred site on Pt (111), however the value of U is not known a priori [233]. Using all

electron relativistic calculations, which are able to predict the correct accurate CO adsorption

energy [234,235]. Using random phase approximation to the correlation energy, which leads

to obtain accurate adsorption energies for CO on transition metals [236]. And correcting

the adsorption energy with an expression which involves the frequency of the CO adsorbed

stretch mode [237,238]. With the later proposal Pedersen and Andersson [227] calculated the

CO adsorption energy on a variety of metals, showing that the adsorption energy on atop site

require the smallest correction (less than 0.2 eV). These findings indicate that the calculated

energy adsorption for the atop site could be considerably close to the experimental results.

So, in this work would be considered the adsorption at atop site to posterior calculations

and analysis.

The adsorption energy of CO on the atop site obtained is -1.68 eV, which is close to the

experimental value of -1.66 eV reported by Yeo et al. [225] for a CO coverage (θ) that ranges

from 0.17 to 0.33, as reflected by the relative error of 1.19 %. Other experimental results

range from -1.24 to -1.66 eV [221,222,223,224,226]. The distance dM−A and dC−O obtained

are 1.86 and 1.15 Å respectively, which are in agreement with the experimental ones of 1.85

and 1.15 Å [220], as is reflected by the relative error of 0.48 % and 0.78 % for dM−A and

dC−O respectively.

CO adsorption on Re(0001). The most stable configuration for CO adsorption on Re(0001)

is at the atop site with with C atom forming a bond with Re, this configuration is the same

as the reported in experimental studies [247, 248, 249]. The distance dM−A is 1.96 Å, and

dC−O is stretched from 1.14 to 1.17 Å, which are the same values reported by Hahn and

Mavrikakis in their DFT study [246]. The Eads is -1.91 eV, which is similar to the values

calculated in other theoretical works [227, 246], for instance Pedersen et al. [227] reports a

value of -1.97 eV.

Comparing the CO adsorption for pure metal surfaces, it can be noted that CO adsorption

on Re(0001) surface is stronger than Pt(111), since the adsorption energy and the stretching

of C-O bond is higher for Re(0001) surface. Suggesting a stronger chemical bond between
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Table 5-2: Adsorption energies Eads and geometrical parameters, dC−O and dM−A for CO adsorp-

tion on the different surfaces studied. CO bond length dC−O in gas phase is 1.14 Å

Surface Site
Eads [eV] dC−O [Å] dM−A [Å]

This work Other works This work Other works This work Other works

Pt(111)
atop

-1.68 -1.66e1, -1.43e2 1.15 1.15e3 1.86 1.85e3

-1.67t1, -1.59t2 1.15t3, 1.16t4 1.84t4, 1.85t5

bridge -1.86 -1.61t6, -1.80t7 1.18 1.15e3, 1.18t6 2.03 2.08e3, 2.04t6

Re(0001) atop
-1.91 -1.17e4, -1.24e5 1.17 1.17t8 1.96 1.96t8

-1.97t7, -2.02t8

Pt3Re1(111)
atop-Re -2.43 — 1.17 — 1.89 —

atop-Pt -1.14 — 1.16 — 1.89 —

e1: Experimental study [225] e2: Experimental study [226] e3: Experimental study [220] e4: Experimental study [239]

e5: Experimental study [240] t1: Theoretical study [241] t2: Theoretical study [242] t3: Theoretical study [243]

t4: Theoretical study [244] t5: Theoretical study [245] t6: Theoretical study [235] t7: Theoretical study [227]

t8: Theoretical study [246]

the adsorbate and rhenium, hence a higher reactivity of rhenium material. It is in agreement

with the experimental studies, which report that Re can form a strong CO-metal complex,

which eventually leads to dissociate the C-O bond, it is more likely in atoms with low

coordination (with less neighbor atoms) [240]. But CO does not dissociates on Pt [223,228],

in general transition metals that are able to dissociate CO lie to the left of the periodic

table (from group 8 to the left) [240]. However it can affect negatively the activity, since the

surface would be blocked by strongly adsorbed CO. This negative aspect could be overcome if

these molecules react with oxidant species that help to remove the strongly adsorbed species,

precisely other theoretical [163] and experimental works [25,55] show that Re promotes the

water activation producing OH species which can react with CO to form CO2.

Comparing the CO adsorption for the alloy and pure metal surfaces, it is noted that addition

of Re to the Pt surface leads to higher adsorption energy on Re sites and lower adsorption

energy on Pt sites than on the pure metals. Suggesting that the bonding of Pt with Re

decreases the ability of Pt for interacting with CO, and increases the reactivity of Re, it

could be attributed to a rehybridization of Pt d-states to s-p states, as is proposed in other

works [219].

Surface deformation on CO adsorption. It is quantified by the vertical and horizontal dis-

placements respect to the clean slab. In the horizontal direction, the Pt-Pt Re-Re and Pt-Re

bond lengths (dPt−Pt, dRe−Re and dPt−Re) in the respective surfaces after adsorption are sim-

ilar to those in clean slab (2.81 Å), as can be seen in Figure 5-2 for adsorption on Pt3Re1.

Then the difference between these lengths after adsorption and in the clean slab (∆M−M
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and ∆Pt−Re) are close to zero, as is reported in Table 5-2. In the vertical direction, the

distance between top layers (1) and the layer immediately below (2) (d1−2) is quantified, the

difference in this distance respect to clean slab (∆1−2) is reported in Table 2. Also, after

adsorption, the site on which the molecule is adsorbed is repositioned respect to other atoms

in the top layer, the difference in the height of the site respect to the height of the top layer

(∆s−1) after adsorption also is reported in Table 2.

It is found that the interlayer distances d1−2 is slightly modified, for instance, for CO ad-

sorption on Pt ∆1−2 is 0.05 Å, which is in agreement with the reported expansion of the

topmost Pt atomic layer of 0.05 Å [250,251], indicating that the surface is relaxed after CO

adsorption. The position of the adsorption site respect the top layer is significantly modified,

the atoms in the site move out of the surface towards the adsorbate. It can be expected

in any adsorption process with a preferred adsorption site, and can be attributed to the

weakening of bond between surfaces atoms when the molecule approaches to surface. The

adsorbate induces an electron density redistribution in the surface which is partly relocated

between the surface and the molecule [175]. ∆s−1 ranges from 0.19 to 0.24 Å, the value for

Re (0.19 Å) is close to the values of 0.15 Å reported in other theoretical work [246]. For the

alloy are obtained values slightly higher, suggesting that the electron redistribution in this

surface is more pronounced.

These results, which are summarized in Table 5-3, indicate that the alloy structure is not

reconstructed, since formation of new bonds between metal surface atoms does not take

place. But the CO adsorption induces a relaxation in the surface, modifying slightly the

interlayer distances, and moving out the atoms at adsorption site towards the adsorbate, as

can be expected in any adsorption process [251].

Table 5-3: Geometric parameters of different surfaces after the CO adsorption. ∆M−M , ∆Pt−Re

and ∆1−2 are the differences respect to clean slab. ∆ positive represents an increment in the

respective distance. ∆s−1 is the difference between the vertical positions of site and top layer. At

the end of the table is reported the distances in the clean slab.

Surface Site ∆M−M [Å] ∆Pt−Re [Å] ∆1−2 [Å] ∆s−1 [Å]

Pt(111) atop 0 — 0.05 0.19

Re(0001) atop 0 — 0.01 0.19

Pt3Re1
atop-Re 0 0 0.05 0.23

atop-Pt 0.01 0.01 0.03 0.24

Clean Slab

dM−M [Å] dPt−Re [Å] d1−2 [Å]

Pt(111) 2.83 — 2.34

Re(0001) 2.77 — 2.11

Pt3Re1 2.81 2.81 2.25
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5.2.2 CH adsorption

CH adsorption on Pt3Re1. CH adsorption is tested on the different sites at surface, obtaining

that the minimum energy configuration is at hollow sites with a rhenium atom (HCP-Re,

FCC-Re) and with the molecular axis of CH normal to the surface and the carbon atom

closer to the surface, as can be seen in Figure 5-3. This configuration is the same as

for other theoretical studies of CH adsorption on metallic alloys [157, 252] and transition

metal surfaces, such as Re(0001) [246], Pt(111) [253, 254], Ru(0001) [255], Ni(111) [256],

Pd(111) [257].

dC-H 1.10 Å

d1-2 2.31 Å

∆s-1 0.13 Å

d2-3 2.30 Å

dPt-Re 2.81 Å

dPt-Pt 2.81 Å
dRe-C 1.92 Å

dPt-C 2.15 Å

dPt-C 2.15 Å

Figure 5-3: Top and side view of CH adsorption on Pt3Re1 surface in the HCP-Re site. Gray and

red spheres represent Pt and Re atoms. Yellow and cyan spheres represent C and H atoms

The adsorption in the hollow-Re sites, FCC-Re and HCP-Re, present similar geometrical

parameters and adsorption energy (energy is different only by 0.02 eV). Table 5-4 presents

the geometrical parameters and adsorption energy, it is obtained that Re-C distance dRe−C

(1.92 Å) is shorter than the Pt-C distance dPt−C (2.15 Å), which suggests that Re interacts

more strongly with the CH molecule. The C-H bond length (dC−H) is slightly shortened from

1.13 Å to 1.10 Å, and the Eads is -7.40 eV. This value is similar to the values obtained in

other theoretical works for CH adsorption on pure transition metal and alloys, which range

from -6.00 eV to - 8.00 eV. For instance, Curtuois et al. [157] calculated for Re-Ir and Pt-Ir

ovelayer alloys a value of -7.25 and -6.09 eV.

Also for CH adsorption on HCP-Pt is found a geometrical parameters similar to hollow-Re

sites, dC−H is 1.10 and Pt-C distance 2.03 Å. But the adsorption energy is -5.91 eV, which

is significantly lower than the obtained for hollow-Re sites. this result confirms that the

interaction of CH with Re atoms is stronger than with Pt atoms in the Pt3Re1 surface.

CH adsorption on Pt(111) and Re(0001) the most stable configuration for the adsorption

on pure surfaces also is at the hollow sites, for the HCP site in Pt(111) surface is found
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Table 5-4: Adsorption energies Eads and geometrical parameters, dC−H and dM−A for CH adsorp-

tion on the different surfaces studied. The calculated CH bond length dC−H in gas phase is 1.13 Å.

For HCP-Re site in Pt3Re1(111) is reported two dM−A values, the first corresponds to Pt-C length

and the second to Re-C length.

Surface Site
Eads [eV] dC−H [Å] dM−A [Å]

Other works Other works Other works

Pt(111) HCP -7.18 -7.15t1, -7.22t2 1.10 1.10t1 2.01 2.02t1, 1.95t2

Re(0001) HCP -7.66 -6.89t3 1.10 1.10t3 2.06 2.03t3

Pt3Re1(111)
HCP-Re -7.40 — 1.10 — 2.15, 1.92Re —

HCP-Pt -5.91 — 1.10 — 2.03 —

t1: Theoretical study [254] t2: Theoretical study [258] t3: Theoretical study [246] Re: Re-C bond length

a dPt−C distance of 2.01 Å, a dC−H of 1.10 Å and an energy adsorption of -7.18 eV. And

for FCC Re(0001) site is found similar geometrical parameters, dRe−C distance of 2.06 Å,

a dC−H also is 1.10 Å, but the adsorption energy is -7.66 eV. which is 0.48 eV higher than

Pt(111), suggesting that the electronic interaction of CH with Re is stronger than with Pt.

These results are similar to other theoretical works for instance in [254] reports an adsorption

energy of -7.15 eV, a dC−H of 1.10 Å and dPt−C of 2.02 Å.

The results for CH adsorption indicate that the interaction of CH with Re atoms is stronger

than Pt atoms. The adsorption energy is higher on Re(0001) than Pt(111) and adsorption

energy on Pt3Re1 is higher if Re atom is present in the adsorption site. So the adsorption

on HCP-Re site (with one Re atom) is higher than the adsorption on HCP-Pt (without Re

atoms). Also, when CH adsorbs on hollow-Re sites in Pt3Re1, the carbon atom is closer to

the rhenium atom than to the Pt atom. Furthermore it is remarkable that the addition of

Re to Pt surface leads to a lower adsorption energy on hollow-Pt sites compared with the

hollow site in Pt(111) surface. Reinforcing the idea that the bonding of Pt with Re decreases

the ability of Pt for interacting with the molecules (CH and CO).

Surface deformation after CH adsorption. As can be seen in Table 5-4 the surface is deformed

after CH adsorption, it is evidenced in the increment of interlayer distance, ∆1−2 is around

0.06 Å for all surfaces when CH adsorbs on HCP site. Deformation is more noticeable in the

change of position of the adsorption site respect the top layer, it is moved out toward the

molecule. If CH is adsorbed on HCP site in Pt(111) surface (∆s−1), the metal atoms at the

site are 0.19 Å higher up, while for Re(0001) is only 0.07 Å. This suggests that the charge

redistribution induced by the formation of new bonds has a considerable effect for Pt atoms,

weakening the bond of these atoms with the subsequent layer atoms. For Pt3Re1 ∆s−1 for

HCP-Pt site is 0.27, whereas for HCP-Re site is 0.13 Å, which follows a trend similar to the

found in pure metals, for Pt the effect is more considerable. Also, these values are slightly
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higher than in pure metals, suggesting that the electron redistribution in the alloy surface is

more pronounced.

Table 5-5: Geometric parameters of different surfaces after the CH adsorption. ∆M−M , ∆Pt−Re

and ∆1−2 are the differences respect to clean slab. ∆ positive represents an increment in the

respective distance. ∆s−1 is the difference between the vertical positions of site and top layer.

Surface Site ∆M−M [Å] ∆Pt−Re [Å] ∆1−2 [Å] ∆s−1 [Å]

Pt(111) HCP -0.02 — 0.07 0.19

Re(0001) HCP 0 — 0.05 0.07

Pt3Re1
HCP-Re 0 0 0.06 0.13

HCP-Pt 0 0.01 0.10 0.27

5.2.3 CHCO adsorption

CHCO adsorption on Pt3Re1. CHCO is the intermediate molecule of ethanol decomposition,

in which C-C cleavage is likely to occur [47, 154, 156, 158]. The most stable adsorption

configuration on Pt3Re1 is shown in Figure 5-4. In this geometry the CH is located in a

bridge-like position between Re and Pt atom (B-Re), whereas the CO is located close to a Pt

atom in a Pt-atop-like position. For both groups, the C atom is closer to the surface. This

configuration is similar to the found in other theoretical studies for transition metals [47,158]

and metallic alloys [157].

d1-2 2.30 Å

d2-3 2.30 Å

∆s-1 0.17 Å

d Pt-CO 2.11 Å
d Pt-CH 2.25 Å

d Re-CH 2.02 Å

dPt-Pt 2.81 Å

dPt-Re 2.81 Å

dC-H 1.10 Å

dC-C 1.45 Å

dC-O 1.20 Å

Figure 5-4: Top and side view of CHCO adsorption on Pt3Re1 surface. Gray and red spheres

represent Pt and Re atoms. Yellow, purple and cyan spheres represent C, O and H atoms

As can be observed in Table 5-6, it is found that the bond length between Pt and CO group

of the molecule is 2.11 Å (dPt−CO), and the CH group at B-Re site is located at a distance of

2.25 Å from Pt (dPt−CH) and 2.02 Å from Re (dRe−CH). The C-H bond is slightly stretched
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from 1.07 Å to 1.10 Å, the CO bond length is 1.20 Å, which is the same as in gas phase, and

C-C bond length is significantly stretched from 1.26 Å to 1.45 Å. Also, the Eads is -3.97 eV,

this value is similar to the obtained in other theoretical works for CHCO adsorption on pure

transition metal and alloys, whose range is between -3.00 eV and -6.00 eV. For instance,

Curtuois et al. [157] calculated for Re-Ir and Pt-Ir ovelayer alloys a value of -4.26 and -3.15

eV.

Initial configurations close to Pt atoms and FCC-Pt site (and far of the sites with Re atoms)

converge to a configuration, where only the carbon atom linked to the hydrogen atom is

bound to the surface, whereas the carbon atom linked to oxygen is far from the surface. Then

the molecule forms an angle of approximately 45 degrees with the surface. The adsorption

energy for that configuration is -2.69 eV, which indicates that the interaction between this

sites and CHCO is lower than those sites where Re atom is present. A similar configuration

is found in other theoretical work for Ir-Au alloys whit Au exposed in the surface, to which

is reported an Eads of -2.24 eV [157]. It is interesting that the sites that involves only Pt

atoms show a behavior similar to a noble metal alloy.

Table 5-6: Adsorption energies Eads and geometrical parameters, dC−H , dC−C , dC−O, dM−CH and

dM−CO for the CHCO adsorption on the different surfaces studied. The calculated dC−H , dC−C
and dC−O in gas phase are 1.07, 1.26 and 1.20 Å

Surface Site
Eads [eV] dC−H , dC−H , dC−O [Å] dM−CH , dM−CO [Å]

Other works Other works Other works

Pt(111)
bridge-CH

-3.97 -4.15t1
1.10, 1.45, 1.10, 1.45,

2.08, 2.05 2.08, 2.06t2

atop-CO 1.20 1.21t2

Re(0001)
HCP-CH

-4.51 —
1.10, 1.43,

— 2.22, 2.21 —
FCC-CO 1.28

Pt3Re1(111)
(B-Re)-CH

-3.97 —
1.10, 1.45,

—
2.25, 2.02Re,

—
(A-Pt)-CO 1.20 2.11

t1: Theoretical study [157] t2: Theoretical study [158] Re: Re-CH bond length

CHCO adsorption on Pt(111) and Re(0001) The most stable configuration for CHCO ad-

sorption on Pt(111) surface is similar to that found on Pt3Re1, with CH located in a bridge

position and CO located close to an atop position. dPt−CO and the dPt−CH are 2.08 and

2.05 Å respectively. The bond lengths in the molecule after adsorption dC−H , dC−C , and

dC−O are 1.10, 1.45 and 1.20 Å respectively, indicating that the C-C bond is significantly

destabilized after adsorption as well as in Pt3Re1. The Eads is -3.97 eV, which is similar to

the found for Pt3Re1. The values of geometrical parameters are similar to the theoretical

values obtained by Alcala et al. [158] for the same system.

The most stable configuration for CHCO adsorption on Re(0001) surface is shown in Figure
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5-5, in this configuration CH and CO are located at the hollows site. It is found that the

dRe−CO and the dRe−CH are 2.21 Å and 2.22 Å. dC−H , dC−C , and dC−O are 1.10, 1.43 and

1.28 Å respectively, and the Eads is -4.51 eV.

Figure 5-5: a.) Top and side view of CHCO adsorption on Re surface. red spheres represent Re

atoms. Yellow, purple and cyan spheres represent C, O and H atoms

The results of CHCO adsorption on the different surfaces studied indicate that the CHCO

molecule requires two adjacent sites, which bind each carbon atom in CHCO molecule and

destabilize the C-C bond stretching it by around of 0.18 Å. The bond lengths between carbon

atoms and metal atoms in the adsorption of CHCO are similar for Pt(111) and Pt3Re1(111)

surface, whereas these lengths in Re(0001) are slightly higher due to the different adsorption

configuration. Since for Re(0001) CH and CO groups in the CHCO molecule bind hollow

sites, while for Pt(111) and Pt3Re1(111) CH and CO groups in the CHCO molecule bind a

bridge and atop site respectively.

Comparing the adsorption energy of the pure metal surfaces can be noted that the Re(0001)

surface shows stronger interaction with CHCO than Pt(111), suggesting that Re atom has

higher ability to interact with carbon atom than Pt atoms. Also it is noticed that ensembles

with only Pt atoms Pt3Re1 surface show a weaker interaction with CHCO than pure metal

surfaces, which suggest that the addition of Re decrease the ability of Pt for interacting with

CHCO. The ensembles with a Re atom in Pt3Re1 surface have an adsorption energy similar

to pure Pt surface and lower than Re surface, it can be attributed to a higher ability of

Re atom in the Pt3Re1 alloy to interact with carbon atoms on the molecule, which should

compensate the lower ability of Pt in the alloy for interacting with the carbon atoms in

CHCO molecule.

Surface deformation after CHCO adsorption The surfaces are relaxed upon the CHCO ad-

sorption, the displacements respect to clean slab can be seen in Table 5-7. The surface

deformation after CHCO adsorption in the horizontal direction (∆M−M , ∆Pt−Re) is close to

zero for all studied surfaces. The deformation is evidenced in the increment of interlayer
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distance between top layer and subsequent layer, ∆1−2 is approximately 0.04, 0.05 and 0.06

Å for Re(0001), Pt3Re1(111) and Pt(111) respectively. It is more noticeable in the distance

between the site on which CHCO is adsorbed and the top layer, for the adsorption on Pt(111)

and Pt3Re1(111) the metal atoms at the site are 0.18 and 0.17 Å higher up than the topmost

layer. For Re(0001) all atoms in surface are attracted towards the molecule, since two hollow

sites are involved. But the atoms at site where CO is adsorbed are positioned 0.04 higher

up than the atoms at site where CH is adsorbed.

Table 5-7: Geometric parameters of different surfaces after CHCO adsorption. ∆M−M , ∆Pt−Re

and ∆1−2 are the differences respect to clean slab. ∆ positive represents an increment in the

respective distance. ∆s−1 is the difference between the vertical positions of site and top layer.

Surface Site ∆M−M [Å] ∆Pt−Re [Å] ∆1−2 [Å] ∆s−1 [Å]

Pt(111)
bridge-CH

0 — 0.06 0.18
atop-CO

Re(0001)
HCP-CH

0
—

0.04 0.04
FCC-CO

Pt3Re1
(B-Re)-CH

0 0 0.05 0.17
(A-Pt)-CO

5.2.4 Adsorption trends

Figure 5-6 shows the calculated adsorption energy as a function of the distance between

the surface and the molecule (r), the points were obtained from static calculation (without

relaxation) and with the molecule located on the preferred adsorption site and oriented in

its adsorbed state. This potential energy curve allows scanning the adsorption distance with

minimum energy and checking differences for the adsorption on the different surfaces.

It is observed for CO adsorption (Figure 5-6a) that the shape of the curves is similar for

Re(0001) and Pt3Re1(111), but these curves differ with Pt(111) curve, since they begin to

decrease from higher values of r than Pt(111) curve. It is attributed to the adsorption on

different atoms, Re atom (Re and Pt3Re1) and Pt atom. Also it is evidenced that the

adsorption on Pt3Re1 has the highest adsorption energy, and Pt(111) the lowest. These

facts indicate that if Re atom is introduced in Pt, it interacts similarly as in Re(0001) but

its ability to interact with CO is increased.

For CH adsorption (Figure 5-6b) is noted that the shape of the curves is similar for all

the surfaces, naturally the adsorption energy and adsorption height are different, Re(0001)

presents the highest adsorption energy and Pt(111) the lowest. These facts reflect that the

adsorption site is similar for all surfaces (hollow site), and that Re-CH interaction is higher
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Figure 5-6: Calculated adsorption energies for the (a) CO, (b) CH and (c) CHCO molecules on

Pt (dotted), Re (dot-line) and Pt3Re1 (solid line) as function of distance of the distance above the

surface (r).

than Pt-CH. Since Pt3Re1 (111) has a hollow site with one Re atom and two Pt atoms, its

interaction with CH is intermediate respect to Pt and Re surfaces.

For CHCO adsorption (Figure 5-6c) is noted that the shape of the curves is similar for

Pt(111) and Pt3Re1(111), but these curves are notoriously different to Re(0001) curve. The

adsorption energy is higher for Re(0001) than Pt(111) and Pt3Re1(111), which have a similar

value. These facts reflect that the adsorption site (and configuration) is similar for Pt and

the alloy, and that the mentioned ability to interacts with C atoms of Re is not enough to

increase the adsorption energy of CHCO on Pt3Re1. This is because of the sites involved in

the CHCO adsorption on this alloy, which involves two Pt atoms bonding CO and CH parts,

but only a Re atom bonding the CH part. Also, it is remarkable that for Pt and Pt3Re1

the energy decrease slightly from 3.5 to 2.5 Å, and decrease more sharply from 2.5 to 1.6 Å.

That is due to the orientation of the molecule, which is oblique respect to the surface with

the CH closer to the surface than CO, then the interaction with CO is no so significant to

higher distances consequently the energy decrease slightly at these distances.
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Summarizing, the general trends in the adsorption of molecules show that the Re(0001) sur-

face interacts more strongly with carbon atom in the molecules than Pt(111). Furthermore,

it is observed that the addition of Re to Pt surface leads to obtain two active sites with

different reactivity. The Re atoms in this alloy has a stronger interaction with the consid-

ered molecules than pure metals (Pt and Re), whereas the Pt atoms in this alloy form a

weaker bond with CH, CO and CHCO molecules than pure metals. This difference explains

the higher CO adsorption energy on Pt3Re1 than on pure metals, since CO interacts only

with Re atom in the alloy. And the lower CH and CHCO adsorption energy on Pt3Re1 than

on Re(0001), since these molecules interacts with Pt and Re atoms in Pt3Re1. Then the

stronger interaction of Re with CH and CHCO compensates the weaker interaction of Pt.

These trends are further studied in terms of the electronic structure of the surface atoms in

Pt3Re1 alloy and the sites involved in the adsorption of the different molecules, it is found

forward in the electronic structure section.

5.3 C-C bond cleavage in CHCO molecule

The activation energies calculated using linear scaling relation (equation 4-10) for each sur-

face are 1.00, 0.91, 0.16 and 1.33 eV for Pt, Re, Rs-sites and Pt sites in Pt3Re1 respectively,

they are reported in Table 5-8. These values seem reasonable if are compared with the results

obtained using other methods to search the transition state. In a previous work for ethanol

decomposition on Pt(111) surface, which uses constrained optimization, was estimated an

activation energy of 0.95 eV [158]. For other transition metal surfaces such as Pd(111) [154]

and Rh(111) [156] were obtained values of 0.98 and 0.69 eV using linear synchronous transi-

tions (LST) and quadratic synchronous transitions (QST) methods. Pd which is a metal of

the same group than Pt has similar activation energy, and Rh reported to be more effective

cleaving the C-C bond, has lower activation energy.

Table 5-8: Calculated activation energies for each surface.

Surface Ea(eV)

Pt(111) 1.00

Re(0001) 0.91

Pt3Re1
Pt 1.33

Re 0.16

It can be seen that the activation energy for Re-sites in Pt3Re1 alloy is minor by 0.84 eV

and 0.75 eV than Pt(111) and Re(0001) respectively. Then, according to the transition

state theory, the C-C cleavage reaction should be faster in this site, which presents lower
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activation energy. But the activation energy for Pt-sites in Pt3Re1 alloy is higher than the

obtained for pure metals, indicating that part of the Pt3Re1 surface exhibits lower activity

for the C-C bond cleavage in CHCO than the pure metal surfaces. It can be attributed to

the high adsorption energies of the products CH and CO on Re-sites in Pt3Re1 surface, as

it was established in equation 4-10 the transition state depends on the sum of CH and CO

adsorption energies, which is -8.86, -9.57, -9.83 and -7.04 eV for Pt, Re, Re-sites and Pt-sites

in Pt3Re1. These results can be attributed to the modification of the electronic structure of

rhenium and Pt atom if Re is introduced in the Pt structure.

It is remarkable that the high adsorption energy of the products (CH and CO) can affect

negatively the activity of this catalyst, since the surface would be blocked by strongly ad-

sorbed species. Then it would not have available sites to adsorb new reactants molecules,

leading to a decreasing of the activity of the Pt3Re1 catalyst. This negative aspect could

be overcome if these molecules react with oxidant species that help to remove the strongly

adsorbed species, in other words it is needed to promote the bifunctional mechanism. As

it is mentioned in Chapter 2, the tin and other metallic oxides promotes the bifunctional

mechanism, likewise it is suggested in experimental studies that Re promotes the rates of

glycerol conversion by facilitating water activation [25,55] and it is reported in a theoretical

study [163] that rhenium atom in a Pt cluster is active for water activation producing OH

species. So, it seems that the blocking of the surface would not be a problem, but it is an

issue to study in further works.

Summarizing, the calculations show that the sites with Re atom in Pt3Re1 are more reactive

for the C-C bond cleavage in CHCO, but the sites without Re are less reactive in this

catalyst. These findings indicate that the alloying of Pt with Re can contribute to a better

performance in C-C bond cleavage reactions and hydrocarbons cracking reactions since this

metal has higher ability for interacts with carbon atoms than Pt. However, this improvement

of C-C cleavage activity is not so significant, since the active site on Pt3Re1 is very specific

with a low surface density (few sites on determined exposed area) and the CHCO cleavage

requires two adjacent sites with similar reactivity which bind each group (CH and CO) in

CHCO molecule, then the low surface density is critical for C-C bond cleavage activity.

Also Re is oxophilic and may activate water to produce OH species, then Re may be partly

occupied with OH species under reaction conditions [55, 101]. Furthermore the pure Re

surface has only a slightly lower activation energy for C-C bond cleavage than Pt, then the

presence of pure rhenium phase in Pt-Re mixtures contribute to increase only slightly the

activity for the C-C bond cleavage of these mixtures.

The mentioned aspects explain the experimental results, which suggests that the Re addition

improves performance for C-C cleavage, but this improvement is not much higher. As is

shown by Ciftci et al. [25] the Re addition to Pt improves the acetaldehyde decomposition,
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increasing the CO yield (product of C-C bond cleavage) from 10% to 18%. Also, it is shown

that PtRe electrocatalysts with low content of Re has a positive effect on ethanol oxidation,

beyond 0.35 V the current density is higher than pure Pt and beyond 500 V is higher than

PtSn, but CO2 produced is not increased significantly and remains small [101]. Then, the

increment of C-C bond cleavage is not so significant since not all of the sites at the surface

are more active towards C-C bond cleavage and the advantage of the higher reactivity of

Re atom in the alloy is not enough, also C-C bond cleavage involves two available active

sites and many intermediates, which can interact strongly with the active sites blocking the

surface.

5.4 Electronic structure

The density of states projected on d orbitals (d-DOS) of the surface atoms in the clean slab

is calculated in order to gain insight about the adsorption process. The Figure 5-7 shows the

density of states of the clean slabs, in that figure, energies are reported relative to respective

Fermi energies EF and the solid lines are the DOS of atoms at the topmost layer and the

dotted lines are the DOS of atoms at inner layers.

The difference between the DOS for surface (solid line) and inner layer (dotted lines) atoms

reflect that the existence of a surface modifies the electronic properties of the material, and

more states are closer to Fermi energy (closer to 0), consequently the center of d-band of

surface atoms is shifted towards higher energies than inner layer atoms by around 0.47 eV,

as can be verified in Table 5-9, in which d-band centers (εd) are reported. This shift is due

to the reducing of bonds number at the surface, which leads to decrease the states with

minimum energy associated to the bonding states, increasing free states which are available

to form bonds and are located closer to Fermi energy. For that reason a large local density

of electron states at the Fermi level is related with high reactivity [259].

In Figure 5-7a and 5-7b the states dominated by d-band are shown, then it can be expected

that d-sates are the predominant contribution to the total DOS and to the energetics. Then,

the analysis of density of states is focused on the d-states. Comparing the d-DOS of the

Pt(111) and Re(0001) surfaces (Figure 5-7a and 5-7b) can be noted that the Pt has higher

peaks than Re, that is because Pt has more valence electrons (Zval = 10) than rhenium

(Zval = 7). Also, it is noted that Pt has high peaks in -3 and 0 eV, while Re has a high

peak in -1 eV and has more states above Fermi energy than Pt. These issues contribute to

the higher d-band center of Re, while Re(0001) surface atoms has a d-band center of -1.88

eV, Pt(111) surface atoms has a d-band center of -2.10 eV, as can be seen in Table 5-9
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Figure 5-7: Local density of states of clean slabs (a) Pt, (b) Re and (c) Pt3Re1. Dotted lines are

the DOS of atoms at the inner layers, while solid lines are for atoms at the topmost layer. Blue

and green lines are the s and p states respectively. Red and pink lines are d states of Pt and Re

atoms respectively. Energies are shifted by respective Fermi energies EF .

Figure 5-7c shows the projected DOS for Pt3Re1 alloy, in red and pink are the d-DOS for

Pt and Re atoms in this alloy respectively. It is noted that the DOS for Re atom has a high

peak at Fermi energy, which is higher than the found in Re(0001) surface, evidencing the

modification of electronic structure of Re atom when alloy is formed. It is quantified by the

d-band center (reported in Table 5-9) shift from -1.88 eV in Re(0001) surface to -1.37 eV

in Pt3Re1 (111) surface. Pt atoms show a decreased peak in Fermi energy and more states

below Fermi energy respect to the found in Pt(111) surface. Hence, Pt atoms in the studied

alloy has a lower d-band center than Pt(111) surface, the d-band center for Pt atoms in the

top layer of the alloy is -2.85 eV while for Pt(111) surface is -2.10 eV.

The mentioned trend in the d-DOS quantified by the d-band center allows to explain the

trend in the adsorption energy. When the d-band center is higher, surface forms a stronger

bond with the adsorbate [48,175]. Then the sites with Re in Pt3Re1(111) should bind more
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Table 5-9: d-band center ε− d for the top-most layer and inner layer atoms.

Surface
εd(eV)

inner layer top layer

Pt(111) -2.64 -2.10

Re(0001) -2.32 -1.88

Pt3Re1

Pt -3.31 -2.85

Re -1.82 -1.37

total -2.99 -2.50

strongly the adsorbates than the Pt(111) and Re(0001) surfaces and the sites without Re.

The order from higher to lower energy adsorption according to d-band center should be as

follows: Re-sites in Pt3Re1, Re(0001), Pt(111) and Pt sites in Pt3Re1 alloys. This order is in

agreement with the trends found for the adsorption energy CO molecule, which was shown

in the previous section.

The mentioned order is not followed by CH and CHCO adsorption, since these molecules

involve different surface atoms. CH interacts with 2 Pt metal and 1 Re metal atom, it would

be expected an adsorption energy that would be some average of the adsorption energy on

metal Pt and metal Re, in fact energy adsorption of CH on Pt3Re1(111) in the hollow-Re

has an intermediate value between those of Pt(111) and Re(0001). CHCO presents different

adsorption configurations, and then the adsorption energy for Pt3Re1 is not as simple as an

average of the adsorption energy on metal Pt and metal Re.

Besides, the trends in the adsorption energy of CH and CHCO molecules for Re(0001),

Pt(111) and sites with just Pt atoms in the alloy are in agreement with the d-band center

order. This is because the adsorption on the mentioned surfaces and the Pt-site only involves

one type of atom, hence the d-band center of the sites involved in the adsorption of these

molecules would be the same as calculated above.

These results confirm the usefulness of d-band model for explaining trends in adsorption

energy, as is observed a higher d-band center is related with higher adsorption energy [48,175].

This relation is remained true for simple molecules as CH and CO studied in this work, which

has similar adsorption configuration on each surface. Also, if the adsorbate binds to different

surface metal atoms, the natural approach is to assume that the adsorption strength is a

linear combination of contributions from each metal, and the d-band center of interest should

be a kind of average of the d-band centers for each atom to which the adsorbate couples,

as is mentioned above the CH adsorption on the alloy, which involves two atoms has an

intermediate adsorption energy.
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The center of the d-band relative to Fermi energy, taking account all atoms in the top layer

of Pt3Re1, is -2.50 eV. This values is lower than the d-band center of Pt(111) surface. It is

due to Pt d-states moving down in energy relative to the Fermi level, suggesting that the

overall effect of the Re introduction into Pt lattice is to decrease the ability of this surface

to interact with the molecules due to inactivation of Pt atoms. Then the introduction of

rhenium in platinum lattice leads to the inactivation of Pt atoms (lower d-band center of Pt)

and to the increment of reactivity of rhenium atom. Also the Re(0001) surface has higher

reactivity than Pt, then the presence of pure rhenium in catalysts with mixtures of platinum

and rhenium can contributes to a better performance in C-C bond cleavage reactions. But

considering both effects, the overall result of Re addition in the promotion of C-C bond

cleavage is no so significant since the higher reactivity of sites with Re atom in Pt3Re1 and

pure rhenium phase should not compensate the lower reactivity of the sites without Re.

The changes of the d-band center for Pt3Re1 alloy can be attributed to transfer of electronic

charge from one atom to another and the change in the width of the d-band, due to the

hybridization between the d-orbitals of the atom in question with the valence orbital of

the neighboring atoms [4, 260]. In this case can be noted in the d-DOS that the d-band of

surface Pt atoms in Pt3Re1 changes its shape respect to pure Pt, the main feature is that the

states at Fermi energy are decreased and are “relocated” in lower energies. And the d-band

of surface Re atoms in Pt3Re1 is increased close to Fermi energy and decreased at lowers

energies. Löwdin population analysis [261] (similar to Mulliken analysis) was performed to

calculate the electronic charge transfer from one atom to another, founding that the charge

of Pt and Re atoms in Pt3Re1 alloy is similar to the nominal electronic charge of pure Pt

and Re atoms (10 and 7). Pt and Re atoms in the alloy have a total charge in d orbitals of

10.02 and 6.93 respectively. Thus, the shift in the d-band center can be attributed to the

hybridization between the d-orbitals of the Pt and Re atoms.
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Conclusions

6.1 Conclusions

The PEMFCs fed with ethanol are an alternative for energy conversion and they show attrac-

tive features as high theoretical efficiency, low operation temperature, and the availability

of ethanol on an industrial scale from renewable sources. However the DE-PEMFCs require

the improvement of their performance, a principal factor for that is the C-C bond cleavage in

ethanol oxidation reaction. Hence, it requires development of materials with high catalytic

activity toward C-C bond cleavage. Pt-Re is proposed as an appropriate material for C-C

bond cleavage in ethanol decomposition, since this catalyst is mostly used in petroleum-

reforming. This work clarifies the usefulness of rhenium for C-C bond cleavage reaction in

the ethanol oxidation reaction on a Pt3Re1 catalyst.

In this work is investigated the C-C bond cleavage on a Pt3Re1(111) surface and compared

with the C-C bond cleavage in pure metal surfaces Pt(111) and Re(0001), using Density

Functional Theory (DFT) and the descriptor based approach. This work propose as de-

scriptors the adsorption of CH, CO and CHCO because the most likely reaction step for

breaking of C-C bond is through CHCO molecule, and the activation energy for this step

can be calculated from CH, CO and CHCO adsorption energies using linear relations (like

Brønsted-Evans-Polanyi relation, BEP). A significant contribution of this work relies in the

methodology utilized, demonstrating that the catalytic activity for C-C bond cleavage in

ethanol oxidation reaction on Pt3Re1 is successfully described using a limited set of adsorp-

tion energies.

In order to quantify the descriptors selected, the slab approach is used to model the surfaces,
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which were constructed from the minimum energy configuration for the bulk system. The

bulk system of Pt and Re is investigated mainly as verification of the method used, finding

that the final structure of the Pt3Re1 crystal is a cubic face centered structure with a lattice

parameter of 3.967 Å that is close enough to available experimental value, so the obtained

relative error was 1.85 %. DFT data fit well to Murnaghan equation of state allowing to

calculate properties as cohesive energy and bulk modulus, which are higher for the alloy

than pure Pt, meaning that bonding in Pt3Re1 system is stronger than Pt pure system as is

suggested in experimental works. Also, the adsorption energy of the different molecules is in

agreement with previous work in similar systems, demonstrating that this first description

of the system is good enough for studying trends in reactivity. It is remarkable that some

physical properties of bulk Pt3Re1 are not found. Then, this work is among the first in

estimate the physical properties and the crystalline structure from first-principles, and it

is expected that experimental or other theoretical studies be done in order to contrast the

results obtained in this work.

The analysis of geometrical and energetic properties of the adsorption of different molecules

on each surface allows to extend the understanding of C-C bond cleavage and the usefulness

of rhenium as co-catalyst in this reaction step. It was found that the cleavage of CHCO

involves two adjacent sites, which binds each carbon in that molecule and destabilizes the

C-C bond stretching it. Also, it is found that Re atom has higher ability to interact with

carbon atoms of the molecules studied as is indicated by the higher energy adsorption of

Re(0001) surface and the sites with Re atom in Pt3Re1. Also, this work demonstrates that

the alloying of rhenium and platinum in Pt3Re1 leads to decrease the ability of platinum

and increase the ability of rhenium in this alloy for interacting with CH, CO and CHCO.

Brønsted Evans Polanyi relation allows to obtain the activation energy for this cleavage

step with the adsorption energy of the product and reactant molecules, this relation is

fundamental to describe the activity in terms of adsorption energies. It is found that the

activation energy is lower for Re-sites in Pt3Re1 and higher for Pt sites in Pt3Re1 alloys.

The difference in the activation energies is mainly attributed to the difference between the

sum of adsorption energies of product molecules (CH and CO), whose order from higher to

lower energy adsorption is: Re-sites in Pt3Re1, Re(0001), Pt(111) and Pt sites in Pt3Re1

alloys. This order matches with that found for activation energies.

These trend is partly explained analyzing the d-DOS of the clean slabs and using the simple d-

band model, which establishes that when the d-band center is higher, surface form a stronger

bond with the adsorbate. The order from higher to lower d-band center matches with the

order of adsorption energies and activation energies: Re-sites in Pt3Re1, Re(0001), Pt(111)

and Pt sites in Pt3Re1 alloys. It confirms the usefulness of d-band model for explaining trends

in adsorption energy. Also, it is shown that if the adsorbate binds to different surface metal
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atoms, the adsorption strength is a linear combination of contributions from each metal and

d-band center of interest should be a kind of average of the d-band centers. Furthermore,

the change of DOS after alloying is attributed to the hybridization of d orbitals with s and

p orbitals of neighbor atoms.

The mentioned findings leads to the main result of this work. It is proposed that the presence

of rhenium atoms (in pure rhenium phase or Pt3Re1 alloy phase) in Pt-Re catalysts has not

a significant effect on promotion of C-C bond cleavage since Pt3Re1 have an active site with

low surface density and the C-C bond cleavage requires two adjacent active sites. Also this

site interacts strongly with other molecules, which can block the site. Then, it explains

the low increment of CO2 production by C-C bond cleavage in ethanol and other similar

molecules when rhenium is added to Pt in Pt3Re1 catalyst.

Summarizing the main conclusions of this work are:

• Adsorption energy of the different molecules is in agreement with previous work in

similar systems, demonstrating that this first description of the system is good enough

for studying trends in reactivity. Also, this work is the first in estimate some physical

properties of Pt3Re1 alloy from first-principles, and it is expected that experimental

or other theoretical studies be done in order to contrast the results obtained.

• This work demonstrates that is possible to describe the catalytic activity for C-C bond

cleavage in ethanol oxidation reaction on Pt3Re1 using a limited set of adsorption

energies through the descriptors methodology.

• It is demonstrated that the alloying of rhenium and platinum leads to decrease the

ability of platinum and increase the ability of rhenium in this alloy for interacting with

CH, CO and CHCO. Hence sites with rhenium in the alloy has higher reactivity for

C-C bond cleavage than pure Pt and Re, whereas sites with Pt in the alloy has lower

reactivity.

• This work evidences that the relation between the d-band center and adsorption en-

ergies remains true for simple molecules as CH and CO, confirming the usefulness of

d-band model for explaining trends in adsorption energy.

• This work demonstrates that the addition of rhenium to Pt forming Pt3Re1 alloys,

does not have a significant improvement of the C-C bond cleavage activity, since not

all of the sites at the surface are more active towards C-C bond cleavage. It explain

the experimental results, which suggests that the Re addition improves performance

for C-C cleavage, but this improvement is not much higher.
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6.2 Future Work

The calculated properties of the systems studied are good enough for the analysis of C-C

bond cleavage performed in this work. However, the description of the system with DFT can

be further improved including other special issues as Van der Waals interactions and spin

orbit coupling in order to take account the possible effects resulting of these considerations.

The adsorption of CH, CO and CHCO are proposed as descriptors of C-C bond cleavage

activity, they can be used to studying the activity of other surfaces and for the search of

more active catalysts. Also, this work focus on a determined composition of the alloy, it

should be extended to other composition in order to get a more complete picture of the role

of rhenium in Pt-Re catalysts and reveal the significance of the different phase that can be

formed in that catalysts.

In order to get a whole picture of ethanol oxidation reaction, a similar approach can be used

for the other important steps. For instance dehydrogenation reactions and water activation

reaction (which produces OH specie that oxidizes intermediate species). The presence of

water is key in ethanol oxidation reaction in fuel cells, a future work should study the

ethanol oxidation in a system which includes water along ethanol.

The density of states is related with the reactivity of the surfaces, also the analysis of that

property reveal the effects of alloying on the surface atoms. Then the density of states of

other alloys could be studied in a systematic manner to elucidate the effects of alloying on

the electronic structure and hence the reactivity. That study will provide significant issues

for tuning the reactivity of particular material by means of its modification with alloying

elements.



Appendix A

Anexo: Convergence Tests

In numerical calculations there is always a trade-off between accuracy and computational

resources spent on solving given problem. In order to make optimal choice is performed

several convergence tests, in this way was determined the minimal (associated computational

effort) value for given parameter that will not affect the accuracy in the calculation of relevant

system property such as total energy of the system. Some convergence tests results are

presented here: convergence respect to the most important parameters in DFT calculations,

the energy cut-off and k-mesh. And convergence respect to the most important parameters

in the slab model, atomic layers and vacuum space.
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Figure A-1: Convergence of total energy by atom in bulk system respect to energy cut-off for the

plane waves expansion. The value which is considered that offers a considerable physical accuracy

in relation with computational cost is marked with a dotted line.
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Figure A-2: Convergence of total energy by atom in bulk system respect to number of k-points

used in the scheme Monkhorst-Pack for Brillouin zone sampling. The value which is considered

that offers a considerable physical accuracy is marked with a dotted line.
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value which is considered that offers a considerable physical accuracy is marked with a dotted line.
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