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Abstract

Density Functional Theory calculations were performed to model water gas shift reaction and CO
oxidation on bimetallic (Au-Cu and Au-Pd) surfaces and Au/anatase (Au/TiO2) catalyst. The
calculations revealed that the bimetallic surfaces as well as Au/TiO2 are good catalysts for water
gas shift reaction, providing very low activation barrier for dissociating water and CO oxidation,
the key intermediate steps of shift reaction. On the other hand, our calculations indicate that on
Au/TiO2, the CO oxidation would preferentially occur by Mars-van Krevelen (MvK) mechanism,
in which a lattice oxygen atom oxidizes CO and is subsequently refilled by oxygen adsorption
step. A brief overview of individual chapters is presented below.
Chapter 3 describes the DFT study of a reaction relevant bimetallic surface and study water gas
shift reaction. It was found that in vacuum, Pd prefers to stay in the bulk due to more negative
formation energies. However, strong CO-phillic nature of Pd causes surface segregation of Pd a
relevant process. Moreover, the surface is highly active for water dissociation and subsequent
reactions leading to CO oxidation owing to low activation barriers for water splitting and CO
oxidation. It was suggested that the adsorbed carboxyl pathway will dominate the reaction kinetics.
The dissociative adsorption of H2 on this surface opens new channels for research as hydrogen
storage materials.
Chapter 4 explains the catalytic behavior of metallic Cu(100) and bimetallic Cu-Au(100) surfaces.
The variation in the Gibbs free energy (∆G°), the activation barriers, and the rate constants for the
intermediate steps of water gas shift reaction indicate that the bimetallic surface is substantially
reactive than Cu(100) surface which is the conventional shift catalyst. The variation in ∆G° for
water dissociation indicated that the process would be spontaneous up to 520 K on the bimetallic
surface and up to 229 K on the Cu(100) surface. The calculated rate constants for the process also
significantly higher on the bimetallic surface than on than the Cu(100) surface. Contrary to Au-Pd
catalyst, the kinetics of water gas shift reaction would be dominated by redox processes on both
these two surfaces.

viii

Chapter 5 was dedicated to study the formation of oxygen vacancies on clean TiO2 and Aun/TiO2
catalysts. On the Au/TiO2 systems, three different types of lattice oxygen atoms were identified:
the Ti-O-Au bridge, Ti-O-Ti bridge in the perimeter of Au cluster and Ti-O-Ti bridge away from
Au cluster, the oxygen atoms like on the clean surface. Very large value of ∆G° for surface O
vacancy formation on the clean TiO2 surface showed that the defect formation seems very difficult.
The defect formation on Aun/TiO2 catalysts is not only dependent on the size of Au cluster but also
on the positioning of the lattice oxygen atoms relative to Au cluster. For instance, the trend in ∆G°
variation for the vacancy formation for Au3/TiO2 and Au10/TiO2 systems is similar; however, the
defect formation is only possible on Au10/TiO2 system. Moreover, for Au10/TiO2 system, only
perimeter defect formation is possible. Finally, extended calculations for other oxygen atoms on
Au10/TiO2 model reveal that the trend in ∆G° variation is similar for all the interface or perimeter
O atoms around the Au cluster with marginal differences in the numerical value of ∆G°. Since, the
surface O atoms are activated only in the presence of a particular sized Au, therefore, we propose
that an Au catalyzed Mars-Van Krevelen mechanism could be a possible reaction mechanism for
CO oxidation on Au/TiO2 catalysts.
Chapter 5 dealt with the oxygen vacancy formation on Au/TiO2 catalysts where we found that
MvK mechanism is possible over these catalysts. Chapter 6 demonstrates the systematic study of
CO oxidation by lattice oxygen atoms of Au10/TiO2 catalyst. The Mars Van Krevelen (MvK)
mechanism starts with the CO oxidation by lattice oxygen atoms located at the periphery of Au10
cluster over Au10/TiO2 system. The variation in ∆G° indicates that the process is spontaneous at all
the temperatures studied and requires 53 kJ/mol activation barrier. The CO2 desorption, as result
of this oxidative process, leaves a surface oxygen vacancy at the perimeter of Au10/TiO2 which is
refilled in the subsequent O2 adsorption step. Dissociation of O2 into O+O is an exothermic process
and activated by a small activation barrier (30 kJ/mol). The second cycle of CO oxidation is even
more likely, having a lower activation barrier and high exothermicity. While the ∆G° for CO
oxidation by lattice oxygen atoms is negative on Au10/TiO2, it is positive on Au3/TiO2 and clean
TiO2 catalysts. The study supports that MvK mechanism is expected to take place together with
the Langmuir-Hinshelwood mechanism on Au/TiO2 catalysts.
Chapter 7 dealt with the DFT-D study of the adsorption of water on clean TiO2 and Au/TiO2. For
the case of clean TiO2, it was found that the GGA alone gives adsorption energy which is
ix

significantly different from the energy obtained from DFT-D method. While the GGA predicts
that water would desorb close to 650 K on the TiO2, the DFT-D predicts that desorption is most
likely to occur above 700 K. A comparison of water adsorption on TiO2 and Au/TiO2 shows that
the TiO2 prefers dimer adsorption whereas the Au/TiO2 prefers monomer adsorption. We found
that the diffusion of surface hydroxyls from the Au/TiO2 periphery to the Au cluster is unlikely
and it seems that the CO oxidation would occur at the Au/TiO2 boundary. The results show that
water dissociation and CO oxidation steps occur easily on Au/TiO2 indicating that this catalyst
could be good alternative catalyst for water gas shift reaction industry.

x
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Chapter 1
Introduction
1.1

Introduction to Catalysis

A catalyst is a substance which increases the rate of reaction without being consumed and
the phenomena is referred as catalysis. The word “catalysis” was first used by Berzelius in
1853 to describe the effect of added substances on the rate of reactions. While, the catalysts
increase the rate of reaction thereby changing the kinetics of the process, the
thermodynamics of the process remains unaffected, however. A catalyzed reaction has a
lower activation barrier (Ea) as compared to the gas phase reaction. Catalysts are generally
of the two types, the homogenous and the heterogeneous catalysts. In homogenous
catalysis, the reactants, the catalyst and the products are in same phase while in
heterogeneous catalysis, the participants are in different phases.
A catalytic cycle involves adsorption of the reactants on the catalytic surface, surface
reaction between the reactants and desorption of the formed products. It’s essential to
mention here that the binding energy of the adsorbates, the intermediates and the products
plays vital role on the reactivity of the catalysts. Adsorption of the molecules on the solid
surface is either physisorption or chemsisorption, revealing the physical interaction
between the surface and the molecules or the chemical interaction, respectively. While a
weaker adsorption of the reactants might lead to desorption before the surface reaction, the
strong adsorption of the intermediates or the products would tend to block the active sites
of the catalyst and therefore, would not allow the catalytic surface to adsorb incoming
reactants, stopping the reaction there. This is known as “Sabatier Principle”. Moreover, a
catalytic surface can’t catalyze all the reaction, a specific catalyst works well for a specific
reaction only. This essentially describes a general rule for the catalytic reactions; right
species at the right surface at the right time with right binding energy.
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1.2

Catalysis by Au

Bulk gold is far less catalytically active than other transition metals. It has a little or no
affinity for even small molecules like NO and CO. This inertness of bulk Au is suggested
to be the result of low lying 5d orbitals and the diffused 6s-p orbitals. While, the bulk Au
is catalytically inactive, the nanosized Au shows remarkable reactivity for a number of
reactions.1–4 The exceptionally high catalytic activity of nanosized Au sparked renewed
interest in the scientists for exploring this catalyst for use in chemical industry.
Among many other reactions where Au nanoparticles have been employed as catalyst, the
CO oxidation is undoubtedly the most vigorously and extensively studied reactions. The
first study on application of Au as catalyst dates back to 20th century. In 1906, it was shown
that Au could be used as a catalyst for oxidation of H2.5 Similar other works were also
reported in the academia where Au was used as catalyst; however, it was Haruta who
opened the ways for the scientists to study this supposedly inert substance for applications
in a variety of reactions in chemical industry. In 1987, Haruta et al.6,7 showed that the
nanoparticles of Au supported on the reducible oxides (CeO2, TiO2 etc.) have catalytic
activity for CO oxidation even at low temperature. Goodman et al.8 showed that the size
of the nanoparticles critically affect the reactivity of the Au/support catalyst. Subsequently,
Haruta et al.2,6 demonstrated that Au nanoparticles up to 5nm are best catalysts for CO
oxidation. After these initial reports on the remarkable reactivity of Au nanoparticles for
CO oxidation, different aspects of Au based catalysts are being actively investigated. These
include, the role of the active sites, the support, the size/shape of the Au nanoparticles,
charge transfer between Au/support, applications of Au nanoparticles in environmental
chemistry, organic synthesis, drug delivery and many other processes in the chemical
industry.9–11 In coming sections, a few of the more important factors which influence the
catalytic activity of nanoparticles of Au is discussed.
1.2.1

Size of Nanoparticles of Au

As noted above, catalytic activity of Au based catalyst is highly sensitive to the size of the
nanoparticles of Au. In their work on CO oxidation, Haruta et al.2,6 had suggested that Au
nanoparticles up to 5nm are highly active for CO oxidation, the larger particles relatively
inactive for CO oxidation. The decrease in the size of the nanoparticles is supplemented by
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number of useful features. These include the increment in surface area, the exposure of low
coordinated atoms and an increase in the perimeter. Goodman et al.8 subsequently
suggested that the unusual sensitivity of Au catalysts with size is attributable to the
quantum size effects. Heiz et al.12,13 studied CO oxidation by Aun/MgO(100) with n= 1-20
atoms. They noted that Au1 and Au2 clusters were inactive for CO oxidation and
comparatively low reactivity was observed for n= 3-6 atom clusters. While Au7 was found
to be inactive, Au18 was found to be the most active for CO oxidation on MgO(100) surface.
Similar findings were reported by Anderson et al.14 for CO oxidation on Aun/TiO2(110)
surface (n= 1-7 atoms). Like Heiz's findings, they found that at least 3 atoms Au cluster
can show any reactivity towards CO oxidation. Although, CO oxidation is sensitive to Au
particle size, several reactions have been reported where larger particles were found equally
reactive as small sized particles.15 Finally, it is worth mentioning that size of Au cluster
plays critical role for non-reducible supports, the activity of Au nanoparticles is insensitive
to particle size when the Au is supported on reducible oxide supports.10
1.2.2

Role of Support

The role of support in case of Au based catalysts is often debated more as co-catalyst than
merely as a promoter. For instance, recent studies indicate that the Au/support interface is
the active part of the catalyst where CO oxidation takes place.16 This brings the role of
support from sole promoter to an active part of catalyst. The support could either supply
electrons to Au cluster, act as source of active oxygen for oxidation or take part in one or
more elementary reactions.17–19 Schubert et al.10 have divided the oxides support into active
(Fe2O3, NiOx, CoOx, or TiO2) and inactive (irreducible oxides (Al2O3 or MgO) for CO
oxidation. While the active oxides demonstrate a superior activity for CO oxidation, the
inactive oxides show only marginal activity. For active oxides, the size of Au nanoparticles
does not affect the activity of the surface significantly whereas; the activity is highly
sensitive to Au particle size. The insensitivity of Au/active oxide catalysts to the Au particle
size has been explained in terms of formation of active oxygen, which is supposedly
assisted by support by adsorption of oxygen on Au/oxide interface. For the inactive oxides,
formation of active oxygen follows the chemisorption of oxygen on the Au cluster, for
which the particle size plays a conclusive role. The presence of surface oxygen vacancies
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has a key role in adsorption and stabilization of Au cluster on the support like TiO2 and
CeO2.10 In conclusion, the support often plays a role more than a mere promoter and affects
the reactivity of Au nanoparticles substantially.
1.2.3

Nature of Active Sites

The nature of the active sites is one of most debated and illusive aspect of catalysis by Au
nanoparticles, in particular for CO oxidation. While a few scientists argue that the cationic
Au is the active form of Au, another group holds the point of view that the metallic Au is
the active component of the catalyst.20 Apart from the active form of Au particles for CO
oxidation, the role of peripheral sites, the under coordinated Au atoms, lattice oxygen
atoms, higher oxidation states of Au (Au3+) and Au-bilayers is also discussed as the active
sites for supported Au catalysts.21
1.2.4

Miscellaneous Factors

Apart from the aforementioned factors influencing the performance of Au based catalysts,
a number of factors also contribute in enhancing/decreasing the catalytic activity of Au
catalysts. For example, in a number of works, it has been suggested that the presence of
moisture has a considerable influence on CO oxidation by Au.16 The most relevant work
relating the activity of Au catalysts to the moisture has been done by Pursell et al.16 They
have shown that the number of the active sites on the Au/TiO2 perimeter is sensitive to the
presence of water. Similar conclusions were made in previous studies, suggesting that
water promotes CO oxidation on supported Au catalysts.3,22,23 Other factors like,
preparation techniques, presence of oxygen vacancies, charge transfer between Au/support,
quantum size effect, presence of H2, strain effects and fluxionality of Au cluster strongly
influence the activity of supported Au catalysts.24,25 In coming sections, a brief overview
of CO oxidation and water gas shift reaction (WGSR) on Au based catalysts is presented,
which make the theme of this thesis.
1.3

CO Oxidation

CO oxidation is undoubtedly the most comprehensively studied reaction on Au catalysts.
As discussed earlier, the first ever report on the activity of Au nanoparticles for low
temperature CO oxidation was put forwarded by Haruta.6,7 He is pioneer in introducing the
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Au catalysts to the chemist’s community and since then, a tremendous amount of work has
been dedicated to understand the underlying aspects of Au catalysis. As far as the CO
oxidation on Au nanoparticles is concerned, several aspects need a handful discussion,
which is presented in subsequent sections.
1.3.1

Mechanism of CO oxidation

There is a general consensus among the scientists working in the field of CO oxidation that
at the ambient conditions, CO molecule adsorbs atop the Au particles. However, at low
temperature and at high partial pressure, stable adsorption could be achieved at the
metal/oxide interface. Mechanism of CO oxidation is the one of most controversial and
illusive aspects on supported Au catalysts. To recognize the mechanistic intricacies of the
process, several proposals have been discussed in the academia, featuring CO adsorbed on
the Au particles as the common part. Subject to the supply of the reactive oxygen, the
oxidation process on supported Au particles is supposed to take place by three mechanisms.
(1) The Au cluster mechanism, featuring molecular or dissociated oxygen adsorbed on the
Au cluster,26 (2) the perimeter mechanism, featuring molecular or dissociated oxygen
adsorbed at the periphery of Au/support or at the surface oxygen vacancies2,10 and (3)
surface lattice oxygen atoms of oxide acting as the source of reactive oxygen.19,27,28 While
the former two mechanisms illustrate the Langmuir-Hinshelwood (LH) mechanism, the
later one corresponds to Mars-van Krevelen (MvK) mechanism. While ample evidences
are available in the literature supporting the either pathways, nevertheless, the consensus
on the dominance of either mechanism on the supported Au catalysts is too far to be
decided. A brief literature survey of the both these mechanisms is presented below.
Langmuir-Hinshelwood Mechanism
Reaction

with

molecular Reaction

with

Mars-van Krevelen Mechanism
dissociated Reaction with lattice oxygen

oxygen

oxygen

2CO + 2* → 2CO*

2CO + 2* → 2CO*

2CO + 2* → 2CO*

O2 + 2* → O2*

O2 + 2* → 2O*

CO* + OL → OCO*

CO* + O2* → OCOO* + *

CO* + O* → OCO*

OCO* + CO2 + OV + *

OCOO* → CO2 + O*

OCO* → CO2 + 2*

O2 + OV → O2* → O*
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CO* + O* → OCO* → CO2 +

CO* + O* → OCO* → CO2 +

2*

2*

Where OL and OV represent, respectively, the lattice oxygen atoms of support and the
oxygen vacancy produced as a result of CO2 desorption.
1.3.1.1 Langmuir-Hinshelwood (LH) Mechanism
A no. of theoretical and experimental studies suggests that molecular oxygen could indeed
be stably adsorbed on the Au cluster.2,29,30 For instance, Mullins et al.4,31 have shown that
oxygen can adsorb on Au/TiO2 and can directly oxidize CO at 77 K. Their work is
reinforced by the findings of Green et al.29 The group used spectroscopic techniques to
probe the adsorption of oxygen and its subsequent removal by CO. However, they
discerned that above 120 K, the oxygen desorption takes place justifying a different
oxidation mechanism at high temperatures. On the theoretical side, a lot of work shows
that molecular oxygen could be adsorbed either on the Au cluster or at Au/support
interface. The removal of this oxygen by CO could occur in two ways. Either the oxygen
forms an OOCO complex with CO (which subsequently dissociates into CO2 and O
adatom) or it first dissociates into oxygen adatoms which then oxidize CO. 32,33 Although,
the theoretical works predict that the oxidation process follows the adsorption and
activation of molecular oxygen on the Au/support catalyst, experiments of Green et al.,29
which suggest that the oxygen desorbs at 77 K, strongly advocates that the LH mechanism
is hardly followed at the ambient temperature on supported Au catalysts.
1.3.1.2 Mars-van Krevelen Mechanism
Although other people did suggest that the surface lattice oxygen atoms of the oxide might
be the source of oxidative process, works of Behm et al.34,27 and Kohyama et al.19
motivated scientists to elucidate the role of lattice oxygen atoms in oxidation processes.
With the help of temporal studies of the reaction products, Behm et al. were able to propose
that lattice oxygen atoms from the periphery of Au/TiO2 are the source of oxygen for
oxidative reactions on supported Au catalyst. Their conclusion was further reinforced by
works of Kohyama et al.. They recognized that the activity of Au/TiO2 is much higher than
TiO2 catalyst and accompanied by an increase in the conductance. They attributed this to
the generation of oxygen defects on the Au/TiO2 catalyst. They were able to measure the
amount of reactive oxygen on the Au/TiO2, which was equal to 41% of lattice oxygen near
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the perimeter of Au/TiO2. To illustrate these findings theoretically, Zeng et al.17 performed
Born-Opennheimer molecular dynamics (BOMD) calculations and suggested that both
MvK and LH are competitive. They further noted that the fluxionality of the cluster has
critical role in the choice of either mechanism. The more robust cluster prefers LH
mechanism while the more fluxional cluster prefers MvK mechanism. Similar observations
have been noted by Duan et al..18
1.3.2

CO Oxidation by Surface Hydroxyls

Some experiments have pointed out that the supports lacking surface hydroxyls are inactive
for low temperature CO oxidation3,35 and that presence of water substantially increases the
catalytic activity of supported catalysts.36,37 For instance, Singh et al.36 found that in spite
of small sized Au particles and high partial pressure of H2O, the Au supported on carbon
nitride (Au/C3N4) catalyst was inactive for CO oxidation. They have attributed this
inactivity of Au/C3N4 catalyst to the absence of surface hydroxyls which are supposedly
responsible for CO activation. Two opposing views exist in literature about oxidation of
CO by OH on supported Au catalysts. One group argues that CO combines with OH groups
adsorbed at the Au/Ti boundary, forming COOH which subsequently produces CO2.38
However, recent theoretical as well as experimental works suggest that it’s hard to conceive
the direct combination of CO and OH owing to large activation barrier. They instead
suggest that water transfers its proton to O2 producing OOH which oxidizes CO to COOH
which desorbs into CO2.16 In conclusion, the presence of water is beneficial for CO
oxidation; however, how exactly this water helps in oxidation is questioned yet.
1.3.3

Origin of Active Oxygen (Oact) for CO oxidation

Although, Haruta6,7 in his earlier investigations proposed that the oxygen vacancies could
be sites for oxygen activation, nevertheless, the origin and nature of the Oact for this
oxidation process is ambiguous yet. Some groups consider that the oxygen adsorbs on the
Au/support interface (or at oxygen vacancies near the Au/support interface) either
atomically or molecularly.39,40 The other group contends that surface lattice oxygen atoms
of the oxide support near the interface of Au/support represent the origin and nature of
Oact.18,19,34,25,41 The mechanism of CO oxidation by these different types of Oact has been
discussed in detail in section 1.3.1.1 and 1.3.1.2. Although, there are strong evidences
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favoring the lattice oxygen atoms to be Oact, the theoretical works detailing the subtleties
of activation of lattice oxygen atoms are scarce and the available data is controversial as
well.18,19,34,41 Therefore, it is necessary to clarify the nature and origin of Oact to unravel the
mechanism of the CO oxidation process. This was the motivation of current work. We have
explored the way in which lattice oxygen atoms of the support could help in CO oxidation.
1.4

Why Anatase(001) as Support

TiO2 is a very versatile material with wonderful applications in chemical industry ranging
from as a support material to usage in (photo)catalytic reactions.3,42–46 It has different
polymorphs: rutile, anatase and the brookite being the more important and dominant one.
Although anatase is slightly less stable relative to rutile, nevertheless, the nanoparticles of
TiO2 prefer anatase structure instead of rutile.47–49 Among different phases of anatase,
(001) facet is more reactive for photooxidation.50
The choice of the anatase (001) was made intentionally. A lot of work has been done with
respect to the CO oxidation on Au nanoparticles supported on rutile.

3,9,10,40,42

However,

very little is known about the catalytic application of Au/anatase and among the different
phases of anatase, the (001) facet has been given the least attention. Electronic structure of
Au/anatase(001) indicates that it could be a better catalyst for CO oxidation than
Au/anatase(101).51 Here, it is important to mention that (001) is the minority facet of
anatase and could disappear during the crystal growth. However, it has been shown that up
to 90% (001) dominated anatase TiO2 crystals could be prepared with potential applications
in lithium ion batteries, photo-decomposition and hydrogen formation.52–54 Therefore, we
think our work might provide some insights into application of anatase (001) in CO
oxidation.
1.5

Water Gas Shift Reaction

One of the most challenging issues which the society faces today is to meet the growing
demand of energy with minimal or no harm to the environment. As the fossil fuels are
deteriorating rapidly, there is a dire need to look for alternative sources of energy which
are economical on one hand and environment friendly on the other hand. Hydrogen
provides a viable and green source of alternative fuels. Hydrogen, a clean and sustainable
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energy carrier, can change our fossil fuel derived economy to hydrogen economy. It could
be used in internal combustion engines or fuel cells, producing only H2O and heat as the
byproducts. It derives applications in hydrogen fuel cells, coal gasification, hydro-treating
of petroleum/shale oil and portable power.55,56 The consumption of H2 as a direct fuel has
triggered the development of vehicles running on hydrogen. Therefore, it is expected that
the demand for H2 formation would grow in coming times.57 Most of hydrogen is produced
from fossil fuels.58 Apart from this, hydrogen could be produced from water gas shift
reaction (WGSR).59 The WGSR involves the reaction of CO with steam to produce H2 and
CO2. (CO + H2O ↔ CO2 + H2 ∆H= -41 kJ/mol) Besides this, WGSR is important in
chemical industry for its use in methanol synthesis, synthesis gas and ammonia
formation.60–63 Due to its potentiality as viable and cheap source of hydrogen for fuel cell
applications, the WGSR got a renewed interest both academically and industrially.
1.5.1

Mechanism of WGSR

In WGSR, the CO oxidation is believed to take place through three mechanisms. The
mechanisms are the redox mechanism, the formate (HOCO) mechanism and the carboxyl
(COOH) mechanism.64
Carboxyl

Redox mechanism

(COOH) Formate

(HCCO)

mechanism

mechanism

CO + * → CO*

CO + * → CO*

CO + * → CO*

H2O + * → H2O*

H2O + * → H2O*

H2O + * → H2O*

H2O* → OH* + H*

H2O* → OH* + H*

H2O* → OH* + H*

OH* → O* + H*

CO* + OH* → COOH*

CO* + OH* → HCOO*

2OH* → H2O* + O*

COOH* → CO2* + H*

HCOO* → CO2* + H*

CO* + O* → CO2*

2H* → H2*

2H* → H2*

2H* → H2*

A literature survey

65–68

reveals that carboxyl mechanism is preferable to formate

mechanism for CO oxidation in WGSR. These investigations include both theoretical and
experimental techniques on (bi)metallic surfaces and supported particles. For example, it
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has been established that formate is stable over Pt/CeO2 catalyst upto 433 K.65–67 However,
the convincing evidence in support of carboxyl mechanism comes from the experimental
studies by Meunier et al.65 and that of Senanayake et al.68 The unanimous outcome of these
studies is that the formate species does not play significant role in the conversion of CO
and H2O into CO2 and H2. It only acts as stable spectator species, which once formed does
not decompose on most of the surfaces studied so for.
1.5.2

Industrial Catalysts for WGSR

As the WGSR is slightly exothermic one, low temperature favors the forward reaction.
However, the low reaction rates require the operation of the process at high temperatures
to have good yield of the product.64 To have reasonable reaction rates and the yield, the
reaction is first operated at high temperature and then at slightly reduced temperature.69
The first stage uses high temperature shift catalyst (HT shift catalyst) and worked out at
320-450 °C. The HT shift catalyst consists of Fe2O3 stabilized over Cr2O3 and is commonly
known as ferrochrome.70 The active component of the HT shift catalyst is the magnetite
obtained from reduction of hematite. The Cr oxide acts as promoter and helps to avoid
sintering and loss of surface area of the active component. It has been shown that the
magnetite is highly intolerant to sintering and lifespan of the catalyst is severely
affected.70,71 Additionally, to avoid the side reactions (like Fisher-tropsch and
methanation), the catalyst should be free of low grade Fe-oxides, Fe-carbide or metallic
iron.70 As far as the composition of the ferrochrome is concerned, the mixing ratio of both
components varies in the commercial catalysts, the most common composition being 92%
magnetite and 8% Cr2O3.70 The major disadvantage with these catalysts is the operational
cost. Therefore, cheaper and more reactive catalysts are being investigated. A major
breakthrough was the advent of Cu based catalysts, known as low temperature (LT) shift
catalysts.
The second stage of the shift reaction employs the low temperature (LT) shift catalysts and
worked at 200-250 °C. The WGSR was revolutionized with the advent of Cu based
catalysts, commonly known as LT shift catalyst.70,72 The active component of commercial
LT catalysts is Cu oxide. Although, the activity of Cu based catalysts is superior to HT
catalysts, the thermal stability of Cu based catalysts is inferior to Fe-based catalysts,
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sintering being more prominent at high temperatures. Therefore, performance of LT
catalysts is severely damaged with the increase in temperature.70 The optimum operational
temperature for LT catalysts is 300 °C. As the reactivity and selectivity of Cu based
catalysts is substantially superior to HT catalysts, several methods have been developed to
improve

the

stability

of

these

catalysts.73,74

For

instance,

using

structural

promoters/stabilizers could improve the stability of these catalysts. The most commonly
employed structural promoter is ZnO. Apart from its role as a structural stabilizer,
investigations have revealed that presence of Zn is always beneficial for activity of LT
catalysts.73 However, exact role of Zn oxide in enhancing the activity of these catalysts is
unknown yet. The commercially available and most commonly used LT catalyst is the
mixture of Cu oxide, Zn oxide and alumina. Role of alumina has been controversial;
although, some argue that it also acts as structural promoter. The composition of
commercial LT catalyst is 33% Cu oxide, 34% ZnO and 33% alumina. Like Fe based
catalyst, reduction pretreatment is also necessary for LT catalysts.70
The LT shift catalysts are of particular interest. These catalysts favor the equilibrium to the
right even at low temperature due to higher reactivity. Apart from high reactivity, these
catalysts are more selective and undergo less side reactions. While, the LT shift catalysts
are highly prone to sintering and irreversible sulfur poisoning, the HT shift catalysts are
insensitive to sulfur and could be used in sulfided environments (sulfidation of iron oxide
is reversible), although the activity is compromised in sulfided enviroments.70
1.5.3

Alternative Shift Catalysts

Since the advent of Cu based LT shift catalysts, advances in the stability and selectivity of
these catalysts are being searched for. However, the main area of interest for researchers is
to find suitable alternative to Cu based catalysts. Despite these catalysts are superior to Fe
based catalysts, there are several disadvantages connected to Cu based catalysts like,
thermal sintering, deactivation due to condensation and pyrophoricity.70 Therefore, the
alterative shift catalyst should possess qualities like; absence of pyrophoricity, resistance
to sintering and high activity compared to commercial catalysts.
In search for alternative LT shift catalysts, several combinations (Pt/CeO2/Al2O3, Pt/CeO2,
Pt/ZrO2, Pt/TiO2, Au/CeO2, Au/TiO2, Au/Fe2O3, Au/ZrO2, Cu/CeO2 and Rh/CeO2) have
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been investigated.23,75–83 The review by Wagner et al.84 is a good read for excellent
discussion on the merits and demerits of these catalysts. These works conclude that Pt
based catalysts are least reactive, Cu based catalysts have intermediate reactivity while Au
based catalysts have remarkably good reactivity at low temperature. Despite this, Au
surface alone is extremely poor catalyst for WGSR,64,85 supported Au nanoparticles (Au
supported on oxides/carbides)6,7,9,85 and Au based bimetallic (alloys)86,87 catalysts have
been shown to possess much better activity for shift reaction. The coming sections deals
with using the alloys (bimetallic surfaces) for WGSR and CO oxidation.
1.5.4

WGSR on Bimetallic Surfaces

Catalytic properties of a catalyst depend upon electronic structure, surface morphology,
size/shape of nanoparticles and interatomic arrangement of atoms (geometric properties).
The activity of a catalytic surface could be improved by appropriately architecting its
electronic and geometric structure. As the alloys have atomic and electronic arrangement,
markedly different from monometallic counterparts, bimetallic alloys provide a platform
to tune the catalytic properties of these catalysts by tuning the surface morphology and
electronic structure.40,86,88,89 The better activity of alloys relative to the monometallic
counterparts has been explained in terms of ligand and ensemble effect.90,91
Experimental investigations on bimetallic surfaces have shown a beneficial effect of admetals for WGSR.86,88,89,92 It is reasoned that presence of ad-metal alters the electronic
properties such that activity of the surface is increased in most of the cases.88 For instance,
Gan et al.93 found that the Ni-Cu(111) bimetallic surfaces are more active for water
adsorption and dissociation than the pure components. It has been observed that the
oxidation of Ni based anodes can be enhanced by creating a bimetallic surface for solid
oxide fuel cells. Particularly Ni based bimetallic surfaces consisting of Cu, Fe or Co were
shown to be most active surfaces for anode oxidation.94 A synergy between Cu/Fe is
suggested to operate in higher alcohol synthesis (HAS) making the bimetallic surface more
active for HAS.95 A similar synergic effect has been observed by the authors of reference
while they were studying WGSR on Pd-Zn(111) and Ni-Zn(111).96 Similarly, Hussain
found that a bimetallic surface consisting of Ag/Au or Cu/Ag has substantially high
reactivity for CO oxidation.40 The better electrochemical reduction of CO2 at Cu-Au
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bimetallic surface was attributed to the synergy between component metals.97 Apart from
using the alloys for catalyzing WGSR and CO oxidation, alloys enjoy application in other
reactions in chemical industry, like vinyl acetate synthesis,98 alcohol oxidation,99 H2O2
formation100 and oxygen reduction reactions.101
1.6

Motivation of Current Work

As discussed in the preceding sections, WGSR is very important industrial reaction,
particularly for H2 economy. However, the commercial LT catalysts fail to disintegrate
water at low temperatures and to have practicable reaction rates, application of high
temperature is required which pushes the equilibrium to backward direction.64,102,103 To
work out the WGSR at low temperature with superior reaction rates, alternative shift
catalysts are being actively investigated. Experimental and theoretical works on Au-Cu and
Au-Pd alloys as better catalysts motivated us to investigate these bimetallic surfaces for
application in WGSR. 97,104–107
As far as the CO oxidation on supported Au catalysts is concerned, origin and nature of
reactive oxygen highly elusive. Whereas the most of theoretical and experiments studies
were dedicated to understand how molecular oxygen is activated on supported Au catalysts,
the role of lattice oxygen atoms remained unnoticed. Our main source of inspiration was
the experimental works by Behm et al.34 and Maeda et al.19 which suggested that the
reactive oxygen for oxidative reactions is atomic in nature and origin of these reactive
oxygen species are the surface lattice oxygen atoms near the periphery of Au. On the
theoretical side, controversy still exists about the assignment of the active oxygen for CO
oxidation favoring both molecular as well as lattice oxygen atoms to be the origin of
reactive oxygen atoms.18,17,25 Apart from this, studies regarding the O defect formation and
role of metal nanoparticles in creating these surface defects are very limited. These
unresolved issues provided us the ground to investigate how surface oxygen defects are
formed and how these surface oxygen atoms could help CO oxidation. The role of size of
metal cluster has also been investigated.
In our work, we have used the principles of statistical thermodynamics (variation in ∆G°)
to predict the feasibility of the given process followed by calculations of kinetic parameters
to deal with the above mentioned issues using Density Functional Theory calculations108,109
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with plane waves and periodic boundary conditions using GGA-PW91 approximations to
describe the exchange correlation energy.110,111
1.7
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Chapter 2
Methodology
This chapter is dedicated to the ab-initio Density Functional Theory (DFT), which was
used to study the systems and reactions of interest. DFT is based on Schrödinger’s wave
equation. Now a days, DFT is one of most reliable and extensively applied tool to study
electronic structure, vibrational properties and structural features of materials in
computational (condensed matter) physics and chemistry.1 With the advancement in
algorithms and improvements in approximate methods (pseudopotentials), DFT now can
tackle hundreds of atoms to deliver results in reasonable time.2 The chapter consists of a
brief outline of general quantum chemistry and the total energy DFT calculations.
2.1

Schrödinger’s wave equation

As we are dealing with molecules and solid systems which consist of multiple no of nuclei
̂ Ψ = 𝐸Ψ
and therefore electrons, for such systems, the famous Schrödinger’s equation, 𝐻
is formally written as:3
̂ 𝛹𝑖 (𝑟⃗1 , 𝑟⃗2 , … , 𝑟⃗𝑛 , 𝑅⃗⃗1 , 𝑅⃗⃗2 , … , 𝑅⃗⃗𝑁 ) = 𝐸Ψ𝑖 (𝑟⃗1 , 𝑟⃗2 , … , 𝑟⃗𝑛 , 𝑅⃗⃗1 , 𝑅⃗⃗2 , … , 𝑅⃗⃗𝑁 )
𝐻

(3.1)

̂ and Ψ𝑖 represent the Hamiltonian and the wave function for ith state running over
Where 𝐻
3N spatial and spin coordinates. The solution to this equation is the Eigen value E, the total
energy of the system from which many properties of the system could be evaluated. For
such systems, the Hamiltonian operator can be broken down to kinetic energy and potential
energy contributions arising from nuclei and electrons. Such a Hamiltonian is written as

1 2
𝑍𝐴
1
𝑍𝐴 𝑍𝐵
̂𝑡𝑜𝑡 = − 1 ∑𝑛𝑖=1 ∇2𝑖 − 1 ∑𝑁
∑𝑛𝑖=1 ∑𝑁
∑𝑛𝑖=1 ∑𝑛𝑗>𝑖 + ∑𝑁
∑𝑁
𝐻
∇
−
+
𝐴=1
𝐴
𝐴=1
𝐴=1
𝐵>𝐴
2
2
𝑁
𝑟
𝑟
𝑅
𝐴

𝑖𝐴

(3.2)

𝑖𝑗

𝐴𝐵
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Where n and N indicate the total no. of electrons and nuclei in the system while the
subscripts i, j and A, B is used to differentiate different electrons and nuclei, respectively.
∇2𝑖 represents the Laplacian operator defined as
∇2𝑖 =

𝜕2
𝜕𝑥 2
𝑖

𝜕2

+𝜕

𝜕2

𝑦2
𝑖

+𝜕

𝑧2
𝑖

In Eq. (3.2), the first two terms describe the kinetic energy of electrons and nuclei,
respectively. The remaining three terms describe the interactions electron-nucleus,
between electrons and between nuclei, respectively.
However, the solution to such an equation is extremely complicated. Therefore, to treat
systems comprising of multiple no. of nuclei and electrons, some approximations are
introduced essentially. One such approximation is the Born-Oppenheimer approximation,
which splits the Hamiltonian into electronic Hamiltonian and the nuclear Hamiltonian.4
This approximation arises from the relatively large difference in the mass of electrons and
nuclei. For instance, the H atom is 1800 times weightier than an electron while the C atom
is 20,000 times heavier relative to electron.5 This means that it is good enough to assume
that nuclei are at rest and the electrons are moving in the potential created by these
stationary nuclei. Since the nuclei are presumably considered static, their kinetic energy is
zero and their columbic interaction is simply a constant. Eliminating these nuclear kinetic
and potential terms from the total Hamiltonian reduces it to the so named electronic
̂𝑒 ). Applying this Hamiltonian to the wave function yields electronic energy
Hamiltonian (𝐻
(Ee).
̂𝑒 Ψ𝑒 = 𝐸𝑒 Ψ𝑒
𝐻
The Ee together with columbic interaction of nuclei (ENu) gives the total energy of the
𝑁
system. The ENu is given by 𝐸𝑁𝑢 = ∑𝑁
𝐴=1 ∑𝐵>𝐴

𝑍𝐴 𝑍𝐵
𝑅𝐴𝐵

Although the equation looks quite simple and handy to tackle after the introduction of
Born-Oppenheimer approximation, still its exact solution is too complicated due to the

29

nasty term, the electron—electron (ee) interaction. This ee interaction forbids the solution
of equation for many particle systems like molecules or solids. To tackle this columbic
interaction, several approximate methods have been proposed. One of these methods is the
Density Functional Theory, proposed by Kohn and Hohenberg.
2.2

Density Functional Theory (DFT)

The foundation of DFT resides over two theorems proposed by Hohenberg and Kohn.6,7
While the first theorem provides the physical basis of the DFT, the second theorem
describes the way in which energy of interacting particles could be calculated. According
to Hohenberg-Kohn (HK), the ground state energy of interacting particles in a given
external potential, as obtained from Schrödinger equation, is unique functional of electron
density (𝜌0 ). Since ground state energy (𝐸0 ) is functional of electron density, so would the
components of energy be the functional of electron density. Thus we can write
𝐸0 [𝜌0 ] = ∫ 𝜌0 (𝑟⃗)𝑉𝑑𝑟⃗ + 𝑇[𝜌0 ] + 𝐸ee [𝜌0 ]
Where 𝐸0 [𝜌0 ] is the HK energy while the 𝐸ee [𝜌0 ] indicate contributions from interacting
electrons and 𝑇[𝜌0 ] shows contributions from the kinetic energy. The last two terms in this
equation are dumped together into 𝐹𝐻𝐾 [𝜌0 ] and known as HK functional. The equation
could be rearranged as
𝐸0 [𝜌0 ] = ∫ 𝜌0 (𝑟⃗)𝑉𝑑𝑟⃗ + 𝐹𝐻𝐾 [𝜌0 ]
The FHK functional is the heart of DFT, if it were known exactly; one may have exact
solution of the Schrödinger equation. Moreover, it is system independent and universal in
nature, therefore, it is applicable to systems consisting of a fewer atoms to ones containing
thousands of atoms. The FHK contains information about 𝑇[𝜌0 ] and 𝐸ee [𝜌0 ], the explicit
nature of which is intangible.
The second theorem states that the FHK functional provides the true ground energy 𝐸0 when
the input density is the exact ground state density [𝜌0 ]. Thus, the 𝐸0 [𝜌0 ] is variational in
nature.
𝐸0 ≤ 𝐸0 [𝜌̃] = 𝑇[𝜌̃] + 𝐸Ne [𝜌̃] + 𝐸ee [𝜌̃]
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Where 𝜌̃ is any arbitrary electron density which delivers 𝐸0 [𝜌̃] when minimized with
respect to 𝜌̃. 𝐸Ne [𝜌̃] is the contribution from electron-nucleus interaction.
2.3

Kohn-Sham equations

In previous section, it was concluded that the exact form of FHK is a mystery. Kohn and
Sham showed that ground electron density could be obtained by solving Kohn-Sham (KS)
equations consisting of one-electron orbitals.7
ℎ2 2
[
∇ + 𝑉𝑖𝑜𝑛 (𝑟) + 𝑉𝐻 (𝑟) + 𝑉𝑋𝐶 (𝑟)] Ψ𝑖 (𝑟) = 𝜀𝑖 Ψ𝑖 (𝑟)
2𝑚
Where 𝑉𝑖𝑜𝑛 is coloubmic interaction between nuclues-electron, 𝑉𝐻 is the Hartree potential
and given as
𝑉𝐻 (𝑟) = 𝑒 2 ∫

𝑛(𝑟 ′ ) 3 ′
𝑑 𝑟
|𝑟 − 𝑟 ′ |

And 𝑉𝑋𝐶 is the excnahge-correlation potenrtial, which is the functional derivative of
electron density
𝑉𝑋𝐶 (𝑟) =

𝛿𝐸𝑋𝐶 [𝑛(𝑟)]
𝛿𝑛(𝑟)

The KS equations provide the foundation for representing the system of interacting
electrons with non-interacting ones. If we knew the exact nature of exchange-correaltion
functional, then its derivative with [𝜌0 ] would crankout the 𝑉𝑋𝐶 which would deliver the
weight of exchange-correaltion exactly.
2.4

Total energy calculations

The self-consistent solution to KS equations produces collection of Eigen valued equations.
The task of solving these equations self-consistently could be dealt with the introduction
of some approximations. These include pseudopotentials approximation to represent
electron-nucleus

attraction,

approximation

to

exchange-correlation,

supercell

approximation to model periodic solids and iterative minimization procedures. These
approximations are discussed below.
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2.4.1

Approximation to exchange-correlation

As shown above, if one knows the exact nature of exchange-correlation functional, then its
functional derivative would produce exact solution to the Schrödinger equation.
Unfortunately, the exact nature of this functional is not available; however, there are some
nice approximate solutions available to solve the equation. The best of these include the
local density approximation (LDA) and the generalized gradient approximation (GGA).
2.4.1.1 Local density approximation
The simplest approach to deal with the exchange-correlation is the LDA.8 Here, it is
assumed that the electron density in a system changes gradually and could be assumed
constant at a given point and be represented with the density of uniform electron gas.
Although it may appear vague and of no use because it the deviation in charge density
which imparts typical properties to materials. Nevertheless, the LDA provides a platform
to implement KS to study materials. For this, the 𝑉𝑋𝐶 is replaced by the potential of uniform
electron gas at each point an integrated over all space.
𝑒𝑙𝑒𝑐𝑡𝑜𝑟𝑛 𝑔𝑎𝑠

𝑉𝑋𝐶 (𝑟) = 𝑉𝑋𝐶

𝑢𝑛𝑖𝑓𝑜𝑟𝑚

𝐿𝐷𝐴
𝐸𝑋𝐶
= ∫ 𝜀𝑋𝐶

[𝑛(𝑟)]

(𝜌(𝑟))(𝜌(𝑟))𝑑 3 𝑟

With help of LDA, several propoerties of materials can be described however; it fails to
describe highly interacting systems and underestimates binding energies.
2.4.1.2 General gradient approximation
Another way to represent 𝑉𝑋𝐶 is the generalized gradient approximation,9 GGA, where in
addition to the charge density; the variation in charge density is also taken into account.
𝐺𝐺𝐴
𝐺𝐺𝐴 [𝜌(𝑟),
𝐸𝑋𝐶
= ∫ 𝜀𝑋𝐶
Δ𝜌(𝑟)](𝜌(𝑟))𝑑 3 𝑟

With the addition of gradient charge density, the GGA functional provides better way to
portray the physical features relative to LDA. Since there sevral ways to add the variation
in charge density in the functional, a no. of GGA functionals are available. The best of
these are PW91 (by Perdew and Wang)8,9 and PBE (by Perdew, Burke and Ernzerhof).10
The GGA-PW91 functional has been used in this work.
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2.4.2

Supercell and Bloch’s theorem

Even after the incorporation of the approximations to the 𝑉𝑋𝐶 , the task of solving KS
equations remains challenging due to involvement of large no. of electrons and ions. The
problem of solving such large no. of wave functions associated with these particles could
be tackled easily with the use of supercell approximation and Bloch theorem.
Bloch theorem states that for periodic systems, the wave functions are products of periodic
part and wave part.11 Mathematically, one may write as
Ψ𝑘 (𝑟) = 𝑒𝑥𝑝(𝑖𝒌 ∙ 𝑟)𝑢𝑘 (𝑟)
Where 𝑢𝑘 (𝑟) is periodic in nature having periodicity similar to supercell. This means that
the calculus poised by DFT could be solved much easier in terms of k rather than r. As the
expressions 𝑒𝑥𝑝(𝑖𝒌 ∙ 𝑟) is known as plane wave, calculations involving such expressions
are generally called plane waves calculations. While the r is representative of real lattice,
the k represents lattice vectors in reciprocal space. As 𝑢𝑘 (𝑟) is periodic, its expansion in
plane waves is carried out as
𝑢𝑘 (𝑟) = ∑ 𝐶𝐺 𝑒𝑥𝑝[𝑖𝐺 ∙ 𝑟]
𝐺

Where is 𝐶𝐺 are coeffeients of plane waves, G is reciprocal letter and defined as 𝐺 ∙ 𝑙 =
2𝜋𝑚 in which l is lattice vector of crystal and m is any number. Using plane-waves as basis
set, the wave function is represented as
Ψ𝑘 (𝑟) = ∑ 𝐶𝐺+𝑘 𝑒𝑥𝑝(𝑖𝒌 + 𝑮) ∙ 𝑟
𝐺

With plane waves basis set and Bloch theorem, the problem of unlimited no. of wave
functions is reduces to solving wave functions at limited no. of k points.
2.4.3

Pseudopotentials

The solution of plane waves basis set for all electrons present in any atom is time
consuming. Since only valence electrons are important to describe bonding between the
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materials, therefore, instead of performing all electron calculations, calculations are
performed for valence electrons keeping the core electrons out of the process. To potential
produced by the reduced no. of electrons (valence electrons) is known as the
pseudopotential (psp) and the calculations employing psp are referred to as plane waves
psp calculations.5,12A psp is constructed in such a way that beyond certain distance from
the nucleus, the total ionic and pseudo-ionic potentials are identical. Additionally, the psp
is created for gaseous atom, but the obtained psp can be used for bonded atoms as well.
This feature of psp is called transferability. While constructing psp, a cutoff value for wave
function and charge density is also mentioned. Psp requiring large cutoff are called hardpsp where those requiring small cutoff are called soft-psp.13With respect to psp, various
flavors are available, like norm-conserving, projected augmented wave (PAW),14 and
ultrasoft psp.15 In this work, all the work has been done using either PAW or ultrasoft psp.
2.4.4

Iterative minimization code

There are numerous softwares/codes which perform DFT calculations iteratively. Some of
them are commercial like Viana ab-initio Simulation Package (VASP)2 while other are free
like Quantum Espresso (QE).16 Details of implementation of plane waves DFT calculations
in either of these codes are available elsewhere.2,16 In this work, we have used both of these
codes. The details of which code has been used are available in the computational detail
sections the chapters.
2.5
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Chapter 3
Synergy Between Pd and Au in Pd-Au(100) Bimetallic Surface For Water
Gas Shift Reaction. A DFT Study

3.1 Introduction
Adsorption, desorption, dissociation, aggregation and formation of water on metals is of
particular interest for many chemical processes,1–4 therefore, interaction of water with
solids has been one of the hot areas of research. Water gas shift reaction, CO + H 2O 
CO2 + H2, is one of important industrial processes leading to H2 production.1–4 Being
exothermic, low temperature favors the reaction in forward direction. However, due to
kinetic restrictions, the temperature is kept a little higher. Hence, it is desirable to have low
temperature shift catalysts with superior reaction rates. Bimetallic surfaces are one of
promising candidate materials for better catalytic performance.
Structure, morphology, composition, size and shape of the catalyst (nanoparticles) are the
descriptors that determine the performance of a catalyst. Optimum catalytic properties of a
surface can be realized by appropriately architecting its structure and composition5. Due to
flexibility in composition and distinct arrangement of atoms than the pure metals,
bimetallic surfaces (alloys) are superior combination of counterparts and provide a better
way to control the properties and electronic structure of catalyst.6–9 The need to concoct
catalysts with well-defined structure and controllable properties at the nanoscale level
made bimetallic surfaces a hot area of research. Better catalytic performance of bimetallic
surfaces has been explained in terms of ensemble and ligand effects.10,11
Since the discovery of superior catalytic performance of Au nanoparticles for CO
oxidation12,13, there has been a robust research in Au based catalysts, nevertheless, our
previous investigation has shown that water dissociation is very difficult on pure Au under
low temperature conditions14. Since dissociation of water is the rate limiting step on pure
Au14 and Cu15 surfaces; therefore, alternate shift catalysts are being examined. As CO
oxidation is much easier on Au12,13, therefore, the counterpart metal should actively
dissociate water. Such a combination of Au and ad-metal will have cooperative effect both
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in catalyzing water dissociation and consequently in CO oxidation. In our model of
bimetallic surfaces, we have examined Pd modified Au bimetallic surface for water
dissociation and CO oxidation.
Since Au and Pd are completely miscible, several forms of Au-Pd systems 16–19 have been
studied for a variety of reactions including vinyl acetate synthesis20–22, alcohol oxidation23,
H2O2 formation24, CO oxidation17,25–27 and oxygen reduction reactions28,29. Several
theoretical and experimental studies have been dedicated to evaluate the structure and
composition of Au-Pd systems.30–36 Motivated by synergy between Au-Pd for above
mentioned reactions and its better performance than single metal surfaces, we explored its
potential application in water gas shift reaction, an area where, Au-Pd system has not yet
been investigated. Our findings regarding water gas shift reaction are presented in this
work.

3.2 Computational details
All the calculations were performed in plane waves basis set using VASP.37,38 Plane-waves
with a kinetic energy below or equal to 400 eV were included in the calculations, the
convergence criterion for forces being 0.05 eV/Å. The projected augmented wave (PAW)
potential was employed to accommodate ion-electron interactions39 while the exchange
correlation energy was calculated by GGA-PW91 approximation.40,41
Bimetallic surface was represented with slab model. All the slabs consist of 4 layers in
which the top 2 layers were relaxed with a vacuum layer of >10 Å to separate the periodic
images. We have used p(3×3) unit cell with the reciprocal space sampled with (3×3×1) kpoint meshes. Initially, the positions of Au atoms were frozen using optimized lattice
parameter of 4.18 Å, the experimental value being 4.08 Å.32 Face-centered cubic (fcc) unit
cell was used to calculate the lattice parameter and Monkhorst-Pack method42 was used to
sample its reciprocal space with a (15x15x15) k-point grid. Fractional occupancies were
accommodated using first-order Methfessel-Paxton smearing-function having the width 
0.1 eV.43 For determination of minimum energy path (MEP), climbing-image nudged
elastic band (cNEB) method was used.44,45 Confirmation of transition states (TS) was made
by phonons calculations within the harmonic approximation. Only the Hessian matrix of
the adsorbate was included in calculations neglecting the adsorbate-surface interaction.46
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Non-spin polarized calculations were performed for closed shell molecules at  point with
10x10x10 Å3 face-centred cubic unit cell. However, spin polarized calculations were
performed for open shell species with a 10x12x14 Å3 orthorhombic unit cell.

3.3 Results
3.3.1

Structure of Au-Pd bimetallic surface

Before calculating reaction barriers, we explored the stability of bimetallic surface with
and without the adsorbents.
In principle, with or without adsorbates, Pd will either stay in the bulk or segregate to the
surface. To know the relative thermodynamically stable configuration and the segregation
energy with and without CO molecule, two separate surfaces were constructed, one with
Pd in the subsurface layer and the other in which Pd occupies the top layer, a procedure
which is well documented.47–49 The relative stable configuration can be predicted by
calculating the formation energy according to equation48 (1) below.
∆Emix = EPd-Au/slab + nEAu/bulk – nEPd/bulk – EAu/slab

(1)

Where EPd-Au/slab and EAu/slab refer to slab energy of Au-Pd and pure Au, respectively, while
EAu/bulk and EPd/bulk represent the energy of bulk Au and bulk Pd, respectively. n represents
no of atoms of Au replaced by Pd.
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Figure 3. 1 Relative energy of segregation of 1 (a,b), 2 (c,d), 3 (e,f) and 4 (g,h) atoms
form subsurface to surface layer, formation of Pd dimer on the subsurface layer (i,j) and
surface layer (k,l) and CO induced segregation of 1(m,n) and 2 Pd (o,p) atoms. Yellow
and white balls indicate Au and Pd, respectively. Parts a to h show linear increase in the
relative segregation energies when number of Pd atoms increase from 1 to 4. The systems
are significantly stabilized when Pd go in sub-surface region. Additionally, system
becomes more stable (k & I) when Pd atoms are placed at diagonal positions instead of
adjacent sites to form dimer in the top layer. However, when CO is adsorbed, situation
reverses as indicated in parts m to p.

∆Emix was negative for both constitutions. In vacuum; however, Pd prefers to stay in the
subsurface layer, due to negative formation energies (shown in Fig. 3.1). Segregation of a
single Pd atom from bulk to the surface layer destabilizes the system by 0.40 eV.
Segregation of 2, 3 and 4 atoms form bulk to surface layer destabilizes the system by 0.83,
1.22 and 1.62 eV, respectively (Fig. 3.1 a-h). Moreover, whether in the bulk or surface,
formation of Pd dimer destabilizes the system by 0.49 and 0.53 eV, respectively (Fig. 3.1
i-l). Thus, in vacuum, Pd prefers Au-Pd-Au bonds instead of Pd-Pd bonds. However, in
presence of CO, the trend shifts altogether. In presence of CO, segregation of Pd from bulk
to surface stabilizes the system by 0.1 and 0.32 eV, for 1 and 2 Pd atoms, respectively (Fig.
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3.1 m-p). While formation of contiguous Pd atoms is hindered in the vacuum; however,
CO induces formation of contiguous Pd atoms. Thus for Pd in the surface layer, the system
is stabilized by 0.43 eV for Pd-Pd bond formation over Au-Pd-Au bond formation,
consistent with reported data.26,27,33,47,50 Finally, binding energy for a single molecule of
CO on Pd covered Au is 1.5 eV higher than Pd in bulk. Therefore, it is expected that CO
will induce surface segregation of Pd. Our observations regarding CO induced Pd
segregation are consistent with experimental and theoretical observations. It has been
demonstrated that in absence of any reactant, Pd prefers to stay in the bulk of Au-Pd alloy,
however, in presence of CO, Pd segregates to the surface and the surface concentration of
Pd on Au depends upon temperature and partial presure of gas. If the binding energy of
molecule is too low, it will hardly induce any segregation and therefore, no catalytic
advantage of Pd on Au would be available.26,27,33,47,50 Similarly, NO has also been shown
to induce segregation of Pd in a Pd-Au alloy, with no segregation in absence of NO and a
large segregation in presence of NO, the surface layer being 82% rich in Pd after exposure
to NO.32 A recent study reveals that, for Au based bimetallic surfaces, all the members of
group 9, 10 and 11 tend to segregate to the surface upon CO adsorption.49 This is very
important from catalysis point of view, especially for CO oxidation. As CO induced surface
segregations take place in Pd-Au alloy, therefore, to mimic the reaction relevant catalyst,
Pd terminated surface was considered for further reactions.
3.3.2

Adsorption of Water

Adsorption energies and corresponding geometries of water are shown in Table 3.1. and
Fig. 3.2 a-b, respectively. Linear coordination is the preferred adsorption configuration of
water on Au-Pd surface. Water adsorbs through its O with H atoms parallel to the surface.
Metal to O atom distance for Au-Pd is 2.38Ȧ. Although bridge coordination is relatively
less stable compared to top coordination (Au-Pd only); however, water is only activated
when it coordinates at the bridge site. As the energy difference between top and bridge
coordination is only marginal, diffusion of water on these two sites is energetically feasible,
albeit, activation is only observed when coordinated on bridge site.
As cited above, structure of adsorbed water is more or less similar to gas phase molecule
when it coordinates linearly. On the other hand, if coordinated on bridge site, HOH bond
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angle broadens significantly (108.8º) relative to gas phase molecule (104.5º).51 However,
bond length does not alter to a significant value, being more or less the same as in gas phase
water molecule(0.98 Ȧ).51
Table 3. 1 Adsorption energies, M-A distance and surface relaxations (or contractions)
are listed. All the distances are in angstroms while energies are in electron volts.
Species

H2 O
OH
H
O
OH + H
O+H
OH + OH
H2 O + O
CO
CO + OH
CO + O
H+H

Ads. site

Eads

dM-A

Lateral

Vertical

relaxation

relaxation

0.04

0.02

0.03
-0.06

-0.03
0.02

Top
Bri
Bri
Hol
Bri
Hol
Bri
Hol
Bri-bri
bri-bri

-0.33
-0.27
-2.84
-3.02
-2.81
-2.66
-4.13
-4.39
-5.81
-6.61

2.38
2.45
2.08
2.33
1.72
1.96
1.94
2.17
2.11, 1.71
1.99, 1.72

-0.12
0.18, 0
0.07, -0.04

Bri-bri
Bri-bri
Bri
hol

-6.26
-4.47
-2.02
-1.88

2.14, 2.09
2.22, 1.95
2.08

0.20, 0.20
0.43, 0.23
0.32

0.10, 0.10
0.07, 0.11
0.12

2.0, 2.09
1.95, 1.89
1.71, 1.74

-0.06, 0.29
0.27, 0.05
-0.03, -0.03

0.7, 0.14
0.3, 0.14
0.03, 0.03

Bri-bri
Bri-bri

-6.07
-5.61

0.08, 0.02
0.11, 0.06

Adsorption of H2O is associated with structural changes of the surface atoms. We observed
that H2O adsorption causes surface atoms to relax. We could observe lateral relaxation with
negligible vertical relaxation. Surface atoms relax by 0.2 Ȧ relative to clean surface. (Fig.
3.2. and Table 3.1)
Experimentally and theoretically, it has been shown that water adsorbs molecularly on most
of the surfaces with a minor binding energy. Our calculated binding energy of water on
model bimetallic surface is similar to those reported ones.52–56 Moreover, binding energy
of water as observed on bimetallic surface is higher than the counterpart monometallic
surfaces. For example, the binding energy of H2O on Au-Pd bimetallic surface is higher
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than Pd(111) surface, for which the Eads of H2O is -0.30 eV53. Thus bimetallic surfaces
not only adsorbs water more strongly but also activates it leading to its easy disintegration
into OH and H, as discussed in coming section.
3.3.3

Adsorption of OH, H and O

Water dissociation leads to formation of OH, O and H species, therefore, the preferred
binding sites and binding geometries of these intermediates were screened first. For OH
radicals, adsorption at hollow site is stable adsorption configuration with binding energy
of -3.02 eV whereas metal to O distance is 2.33 Ȧ. Like water adsorption, OH adsorption
also induces relaxation of surface atoms. Table 3.1 shows the relaxation of surface atoms
induced by OH coordination at its preferred adsorption site. Adsorption energy of OH is
similar to reported values on other surfaces.8,14,15,52,53,55,57,58
H tends to adsorb more strongly on bridge site with Eads of -2.81 eV, the metal to H
distance being 1.72 Ȧ. Adsorption of H is associated with shrinking of surface atoms. Table
3.1 lists numeric values of this contraction of surface atoms by H adsorption. Eads of H
on bimetallic surface is consistent with literature values on different surfaces.8,14,53,55,57–
60

O prefers hollow (-4.39 eV) site on Au-Pd surface. Diffusion of O from bridge to hollow
site is probable. Metal to O distance was calculated as 2.17 Ȧ, consistent with observations
of Yuan & Liu for Pd cluster on Au cluster.17
3.3.4

Co-adsorption of OH and H

Co-adsorption of OH-H is the final state of dissociated water. For this, several possible coadsorption configurations were scanned. However, OH and H prefer bridge-bridge
coordination (Fig. 3.2 d) with adsorption energy of -5.81 eV. Surface atoms relax upon coadoption of OH and H, for which Table 3.1 lists the relaxation induced by these species on
the bimetallic surface along with metal to O/H distances. Compared to individually
adsorbed OH and H on separate unit cells, the co-adsorption is slightly repulsive (0.03 eV).
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3.3.5

Co-adsorption of O and H

OH radicals produced from water dissociation disintegrate in two ways, the dissociation of
OH radicals to O and H and the disproportionation of OH radicals to produce O and H2O.
Bridge-bridge coordination of O and H is the most stable co-adsorbed configuration (the
FS of OH dissociation), with adsorption energy of -6.61 eV. See Table 3.1 for metal to O/H
distance and relaxation of surface atoms due to co-adsorption of O and H. Contrary to coadsorption of OH and H, co-adsorption of O-H is significantly repulsive (0.60 eV).
3.3.6

Co-adsorption of 2 OH groups and H2O and O

Co-adsorption of 2 OH radicals and H2O and O represent the initial and final states of
disproportionation reaction of 2 OH groups, respectively. Bridge-bridge coordination is
relatively stable configuration of 2 OH radicals (Fig. 3.2 e) and H2O/O (Fig. 3.2 g). Coadsorption energy of two OH radicals is found as -6.25 eV while for H2O/O the binding
energy was -6.47 eV. Co-adsorption of OH is attractive (-0.21 eV) while that of H2O/O is
repulsive (0.26 eV).

Figure 3. 2 Adsorption configurations of reactants, transition states and products of
elementary reactions involved in water gas shift reaction on PdAu bimetallic surface
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3.3.7

Water dissociation

For water dissociation, initial state (IS) refers to water adsorbed on bridge site while bridgebridge coordination of OH and H represents the final state (FS) of dissociation products.
Water has to surmount an activation barrier of 0.60 eV and is thermoneutral on the Au-Pd
bimetallic model surface. At the TS, the H dissociated from H2O occupies a bridge position,
slightly bent towards OH (Fig. 3.2 c). The corresponding barriers on Au(100) is 1.53 eV
and endothermic61, while on Pd(111) the barrier is 1.05 eV.53 The reduction in activation
barrier and change of thermodynamics of water dissociation clearly show the beneficial
effect of add-metal, a clear evidence of synergy between components of the bimetallic
surface. Dissociating
It is well documented fact that for actively dissociating water, bimetallic surfaces 8,56 and
metal/oxide interface62 play key role. It is pertinent to note here that Cu is the bench mark
catalyst for water gas shift reaction. However, it suffers from a very serious drawback
which is associated with its slow disintegration of water.63,64 The barrier reported for water
dissociation on Cu(111) is 1.34 eV.15 Since water dissociation is the rate limiting step of
water gas shift reaction, the barrier associated with this elementary reaction on Au (1.53
eV), Pd (1.05 eV) and Cu clearly demonstrates the importance of our results. Additionally,
Knudsen et al.8 have modeled Cu/Pt near surface alloy and have reported a significantly
high activation barrier (1.36 eV) for water dissociation than our model Pd-Au bimetallic
surface. Thus, our model bimetallic surface behaves better than Au, Pd, Cu and Cu
modified Pt near surface alloy.
Finally, it is necessary to quantify why presence of Pd on Au leads to lowering of barrier
for the above mentioned key reaction step. For this, we calculated Bader charges65 for clean
Pd & Pd-Au bimetallic surfaces. In case of clean Pd-Au bimetallic surface, neither of the
metals gains or loses charge, the charges being essentially those of bulk Pd and Au. Since
upon alloy formation, we did not observe charge redistribution, the reduction in barrier is
attributable to the strain induced by the lattice mismatch. As Pd-Pd bonds are more open
when alloyed with Au, thus H2O activation may be induced by the strain, which is in line
with the observations of Nakamura et al.66 They have shown that reduction in the activation
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barrier for water dissociation on Cu(100) and Cu(110) is due to stretched Cu-Cu bonds
which induce substrate activation and stronger Cu-hetero-atom bond formation.
3.3.8

OH dissociation

After water dissociation, we turned to see the dissociation of OH. IS for this dissociation
represents bridge coordinated OH and FS corresponds to O and H adsorbed on bridgebridge sites. We observed that dissociation of OH requires 2.60 eV and is endothermic by
1.11 eV. OH dissociation is rather difficult and normally requires higher activation barrier
than water dissociation which has been demonstrated in several recent studies.14,53,61,67,68
3.3.9

OH-OH disproportionation reaction

From the previous section we concluded that OH dissociation is not feasible, thus we
examined OH-OH disproportion reaction. For this reaction, IS refers to co-adsorbed two
OH radicals on parallel bridge positions and the FS refers to O and H2O co-adsorbed on
respective bridge positions. The reaction is endothermic (0.89 eV) and has to surmount a
barrier of 1.11 eV. In the TS, an H atom from one of OH groups moves to the other. At the
TS, the OH bond distance increases to 1.5 Ȧ (Fig. 3.2 f). The TS is characterized by a
unique vibrational imaginary frequency of 320.49 cm-1. Similar reaction barrier has been
computed on Pd-Zn and Ni-Zn bimetallic surfaces.69 The large activation barrier and
endothermic nature of OH-OH disproportion is a direct consequence of the low activation
barrier for water dissociation. Since water dissociation on this surface has to surmount a
relatively smaller barrier, this suggests that any reaction leading to water formation will be
difficult on this bimetallic surface.
3.3.10 Co-adsorption of CO and O and the formation of CO2
For formation of CO2, CO can either react with O (the redox mechanism) or with OH (the
carboxyl mechanism) forming COOH which disintegrates into CO2 and H. We have
analyzed both of the ways for CO oxidation. In our Au-Pd bimetallic model surface, Eads
of CO was -2.03 eV for bridge coordination which is comparable to that of Kim &
Henkelman.47
Following adsorption of CO, co-adsorption of CO and O was computed to complete the
redox process. The adsorption energy for bridge-bridge coordination was the maximum (-
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6.07eV). Finally, CO2 formation passes through formation of stable OCO complex, with a
reaction barrier of 0.54 and exothermic (∆H = -0.41 eV). CO2 desorbs from this OCO
complex due to minute binding energy. Fig. 3.2 r-u shows the path for CO2 formation from
the redox mechanism.
3.3.11 Formation and dissociation of COOH
Carboxyl mechanism involves formation of carboxyl (COOH) and its disintegration into
CO2 and H. For carboxyl formation, we first characterized the most stable binding positions
of co-adsorbed CO and OH and then that of COOH. The stable co-adsorption configuration
of CO-OH is the association of both CO and OH on the nearby bri positions, while COOH
coordinates at bri site. Co-adsorption energy for CO-OH was found to be -4.79 eV. For
formation of cis-COOH from the co-adsorbed CO-OH, an activation barrier of 0.78 eV is
required. The reaction is endothermic by 0.34 eV. Cis-trans isomerization of COOH
requires 0.14 eV and is downhill (-0.35 eV). CO2 formation from COOH requires a barrier
of 0.44 eV and endothermic by 0.23 eV. It is important here to note that the barrier
associated with OH disproportionation is considerably larger than COOH formation. This
suggests that large portion of CO will be oxidized by carboxyl path with a smaller portion
to be oxidized by redox path.
3.3.12 Adsorption of 2H atoms and H2 formation
Finally, for formation of H2 from co-adsorbed 2H atoms, we considered co-adsorption of
2H atoms. For the adsorption of H2, the calculations converged to dissociative adsorption
of H2 into 2H atoms. As H2 formation is entropic driven reaction, it’s not surprising that it
will be produced at the operating conditions of water gas shift reaction (temperature is
approximately 525 to 573 K for low temperature shift catalysts). Formation of H2 requires
a barrier of 0.38 eV on this bimetallic surface. Dissociative adsorption of H2 has also been
demonstrated very recently on Au-Pd(111) disordered alloy.70
H2 is a stable molecule and hardly interacts with most of the materials’ surfaces. Its inert
behavior makes its decomposition and storage a very difficult task. Therefore, it is stored
in cost effective liquid form. As the adsorption of the H2 is dissociative on this model
bimetallic surface, and that H2 formation is entropic driven reaction, thus a thermally
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induced desorption process will produce H2 gas, owing to the small barrier (0.38 eV)
associated with H2 formation. This suggests that Pd-Au bimetallic surface could be
potential candidate for hydrogen storage material.

3.4 Discussion
Fig. 3.3 shows the potential energy diagram for two competing reactions for water gas shift
reaction. As abstraction of H from OH requires substantially large activation energy, this
reaction is difficult to occur on Au-Pd system. Although, disproportionation of OH radicals
also requires large barrier, nevertheless, it will be competing with carboxyl formation in
practical situations. Depending upon activation barriers of disproportionation of OH
radicals and the carboxyl formation, it seems that carboxyl pathway will dominate the
redox process on this surface, consistent with experimental and theoretical predictions
confirming the carboxyl to be the potential intermediate for CO oxidation in shift
reaction.14,61,71–74
It is interesting here to compare barrier for H2O dissociation and CO oxidation by atomic
O to realize any beneficial effect of Pd on Au. Compared to Au-Pd bimetallic surface, the
corresponding barriers for H2O dissociation on Au(100) is 1.53 eV61, while on Pd(111) the
barrier is 1.05 eV.53 Similarly, CO oxidation by atomic O also shows significant reduction
in activation barrier upon construction of Au-Pd bimetallic surface. The barrier is 0.54 and
exothermic (∆H = -0.41 eV), versus 0.90 and 1.06 on Pd(100)75,76 and 0.68 on Au(221).77
Thus, a beneficial effect of Pd on Au is demonstrated in H2O dissociation and subsequent
CO oxidation. As far as the life span of Pd-O is concerned, Kim & Henkelman47 have
shown that although, PdO formation may be computed by DFT calculations, but in real
operating conditions, formation of PdO is hard to take place. This leads us to conclude that
Pd-Au bimetallic surface provide a very good alternative catalyst for H2O dissociation as
well as for CO oxidation. Although, actual active sites in Au-Pd catalyst may differ from
our model surface, still we are convinced that a cooperative effect between Au-Pd would
be beneficial for CO oxidation and H2O dissociation. Moreover, very recently, Kim &
Henkelman47 have shown that for Pd motifs larger than 4, the overall CO oxidation
reactivity of Pd-Au will be that of the pure Pd(100) surface, therefore, it is expected that
the maximum synergic effect of Au-Pd will be limited to the monolayer of Pd on Au.
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Figure 3. 3 Potential energy diagram for redox and carboxyl mechanism on Pd-Au
bimetallic surface

To sum up, we present here brief overview of synergy between the component metals for
different reactions. A strong promotional effect has been observed for Cu-Pt near surface
alloy for shift reaction by Knudsen et al.8 They have shown that the adsorption of reaction
products is weaker and that the alloy is stable towards CO induced segregation. Similarly,
it was observed that the oxidation of Ni based anodes can be enhanced by creating a
bimetallic surface for solid oxide fuel cells. Particularly Ni based bimetallic surfaces
consisting of Cu, Fe or Co were shown to be most active surfaces for anode oxidation.78 A
synergy between Cu/Fe is suggested to operate in higher alcohol synthesis (HAS) making
the bimetallic surface more active for higher alcohol synthesis (HAS).48 Fajín et al.56 have
observed that for adsorption, dissociation and stabilization of dissociation products of
water, bimetallic surfaces had a cooperative effect between the components. The activation
barrier for H abstraction from H2O is significantly smaller on the bimetallic surface than
the monometallic parts, showing a synergy between the two metals. Several classical
examples can be given in which the bimetallic surfaces performed superior to the
counterpart monometallic surfaces. Interested readers can have look on these
articles.36,48,79–83 Similarly, synergy between Au-Pd has been shown in a number of
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reactions. We have given a brief overview of Au-Pd alloy used in some of chemical process
in the Introduction section. A classic review84, aims at discussing the synergy between
component metals of a bimetallic alloy for catalysis; several examples of catalysis over
Au-Pd nanoalloy can be found in this review, originating from synergy between Au-Pd.
From the above discussion, it’s quite convincing that presence of Pd on Au alters the
catalytic performance of surface. Both the H2O dissociation and CO oxidation are much
more easily carried out on the bimetallic surface than either of the counterpart surfaces, a
clear indication of synergy between Au-Pd. As the components of an alloy have distinct
atomic arrangements, therefore, metal-metal interactions not only tune the bonding
between the catalyst surface and the reactants but also provide extra stabilization to the
transition state which is an additional benefit of synergy.

3.5 Conclusion
Density Functional Theory calculations were performed to model a reaction relevant
bimetallic surface and study water gas shift reaction. Thermodynamically, in vacuum, Pd
prefers to stay in the bulk due to more negative formation energies. However, strong COphillic nature of Pd causes surface segregation of Pd atoms, with segregation energy
increasing linearly with number of Pd atoms segregated. While Pd-Pd bonds formation,
both in surface and subsurface layer is inhibited in vacuum, CO induces Pd-Pd bond
formation, which indicates that under CO rich environments, Pd covered Au could be a
relevant structure of the Pd-Au bimetallic surface. The surface is highly active for water
dissociation and subsequent reactions leading to CO oxidation. On the basis of activation
barrier, we conclude that the adsorbed carboxyl pathway will be the dominant reaction
mechanism. Our results show that H2 adsorbs dissociatively on this surface which indicates
that the surface could be a suitable material for hydrogen storage. An important
consequence of our results is that these guide into selective development of alloy surfaces
keeping in view the adsorbate induced surface segregations.
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Chapter 4
DFT Study of Synergistic Catalysis of Water Gas Shift Reaction on CuAu Bimetallic Surface
4.1 Introduction
The water gas shift reaction (WGSR), CO + H2O ↔ CO2 + H2, is an important chemical
process in industrial applications such as fuel cells, the steam reforming of methane, and
the production of ammonia and hydrogen.1–7 The active component of the conventional
low-temperature shift catalysts is Cu supported by ZnO and Al2O3 and this reaction is
operated at 490-573 K.8 The WGSR is an exothermic process, but due to the large
activation barriers to dissociate H2O on the conventional Cu catalysts,8–10 the reaction has
to be performed at high temperatures. This is a serious drawback of the Cu-based catalysts
that are currently used in industry. Alternative shift catalysts with superior reaction rates at
a lower temperature range are therefore needed.
The structure, morphology, composition, size, and shape of nanoparticles are the main
features that determine the performance of a catalyst. The catalytic properties of a surface
can be optimized by the control of its structure and composition.11 It is well known that for
active water dissociation, bimetallic surfaces12,13 and interfaces of metal/carbides14,15 or
metal/oxides16 are very useful. Due to their flexibility in composition and their different
atomic arrangements as compared to elementary metals, bimetallic surfaces (alloys)
provide a better way to control the properties and electronic structure of a catalyst.12,17–19
The need to produce catalysts with a well-defined structure and controllable properties at
the nano scale level makes bimetallic surfaces a hot research topic. A number of studies
have shown that bimetallic surfaces exhibit enhanced catalytic activity with respect to
monometallic surfaces.19–25 The better catalytic performance of such bimetallic surfaces
has been explained in terms of ensemble and ligand effects.26,27
Although Au nanoparticles are better catalysts for CO oxidation,28,29 some investigations
have shown that water dissociation is very difficult to achieve on pure Au.8,30 Some studies
indicate that Au can catalyze the WGSR at low temperatures,31–33 but the reaction rate
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remains low due to the large activation barrier associated with water splitting. Although,
water dissociation on Cu requires large activation barriers too,8 its reactivity towards the
WGSR is still better than that ofAu.34 Our previous study on Au-Cu bimetallic(100)
surfaces revealed a much better reactivity for CO oxidation19 as compared to the
monometallic counterparts Cu and Au.
The synergy between Au and Cu has already been demonstrated in a few reactions. For
example, Cu-Au alloy nanoparticles dispersed in SBA-15 (Au–Cu/SBA-15) have been
shown to exhibit superior activity for CO oxidation in the presence of H2.35 While Cu/SBA15 is inactive below 373.15 K, 100% CO conversion can be achieved with Au–Cu/SBA15 from room temperature to 673.15 K. Well defined Cu-Au bimetallic nanoparticles with
different compositions were synthesized and the electrochemical reduction of carbon
dioxide was studied.36 It was observed that the activity of the Cu-Au bimetallic alloy
depends upon the relative concentration of the two metals. The activity for CO2 reduction
on bimetallic surfaces increased with increasing the concentration of Au and the highest
activity was observed the ratio of the Au and Cu concentrations was 3:1. The better
electrochemical reduction of CO2 at the Cu-Au bimetallic surface was attributed to the
synergy between the component metals.
Consistent with the above cited literature, we have shown in a previous work that a
monolayer of Pd or Cu on Au (Pd-Au or Cu-Au bimetallic surface) forms a superior
catalyst for CO oxidation.19,37 In the present work, we explore the potential application of
the Cu-Au bimetallic surface for the WGSR. However, to understand the role of the Cu in
the bimetallic surface, similar calculations were performed on a pure Cu(100) surface.
Our work is organized as follows. First we give the computational details of our firstprinciples calculations and describe formalism that we used to calculate thermodynamic
properties and rate constants. Next we present the surface models that are studied in this
work. The following section gives an overview of the different elementary reactions that
are involved in the WGSR. The main part of our work consists of a detailed description of
the thermodynamics and kinetics of these different elementary reactions. After this detailed
analysis, we discuss the importance of zero point energy (ZPE) corrections on our results
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and calculate the ZPE-corrected reaction constants. Finally we provide a summary of the
WGSR for the studied surface models.

4.2 Methodology
4.2.1

Computational Details

All our calculations were performed within the density functional theory (DFT) formalism
with a plane-wave basis set and periodic boundary conditions as implemented in Quantum
Espresso.38 We make use of the GGA-PW91 functional39,40 which gives computational
results close to the experimental ones.41,42 The electron-ion interaction is described by the
projector augmented wave (PAW) method.43 Plane waves with a kinetic energy up to 40
Ry are included in the calculations, whereas the force tolerance criterion was 0.05 eV/Å.
Fractional occupancies were accommodated using first-order Methfessel-Paxton smearingfunction having a width of  0.1 eV.44 To determine the minimum energy path (MEP), the
climbing-image nudged elastic band (cNEB) method was used.45,46 The nature of transition
states (TS) is confirmed with vibrational frequency calculations. Non-spin polarized
calculations were performed for closed shell molecules in a 10x10x10 Å3 cubic unit cell.
The bimetallic and the Cu(100) surfaces were represented by slab models containing 4
atomic layers and with a vacuum gap of >10 Å to separate the periodic images. The two
top layers were allowed to relax whereas the two bottom layers were frozen. For both
surfaces, we have used a p(3×3) supercell with the reciprocal space sampled with a (3×3×1)
k-point mesh. The relative positions of the metal atoms were fixed initially as those in the
bulk, with an optimized lattice parameter of 4.18 Å (the experimental value is 4.08 Å).47
The optimized lattice parameter was calculated using the fcc unit cell and its reciprocal
space was sampled with a (15 x 15 x 15) k-point grid generated automatically using the
Monkhorst–Pack method.48 An optimized lattice parameter of 3.71 Å was used for the
Cu(100) surface, in agreement with the experimental value of 3.61 Å.49
4.2.2

Calculation of Thermodynamic Functions and Rate Constants

The thermodynamic potentials for all the elementary reactions were calculated using
vibrational data, according to the procedure described in our previous works,50–54 including
the contribution from the lattice thermal vibrations and the zero-point energy (ZPE).
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The Gibbs free energy variation for all the elementary steps was computed according to
the equation:
∆G = ∑Gp - ∑Gr
The indices p and r refer to the products and reactants, respectively, and G = H –TS, with
H the enthalpy and S the entropy of the system. The enthalpy and entropy are calculated
differently for solid and molecular systems. In the solid state they are calculated according
to the following equations:55
Hs(T) = Eelec + EZPE + Evib(T)
Ss(T) = Svib(T).
Gas phase molecules, on the other hand, are treated according to the method described
previously.53 The enthalpy of an ideal gas is calculated as follows:55
Hg (p,T) = Eelec + EZPE + Evib(T) + Erot (T) + Etrans (T) + pV,
where, Erot(T) and Etrans(T), are the rotational and the translational contributions to the
enthalpy, respectively. The rotational enthalpy of CO, CO2 and H2 equals RT, with R the
gas constant, while the translational enthalpy is given by 3/2RT. The rotational and the
translational enthalpy of H2O are both equal to 3/2RT.
The entropy of an ideal gas is calculated using the equation
Sg(p,T) = Strans (p,T) + Srot (T) + Svib(T).
The variation of Gibbs free energy was calculated for all the elementary steps from 100700 K temperature range at a pressure of 1 atmosphere.
The rate constants (k) of the different reactions are calculated according to the Eyring
model:56
𝑘(𝑇) = 𝒌

𝑘𝐵 𝑇
ℎ

𝐾 #,

(1)

in which k(T) is the rate constant, k is the transmission coefficient (assumed to be unity),
kB is Boltzmann’s constant, h is Plank’s constant, and K# is the equilibrium constant
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between the reactants and the transition states. In its turn, the equilibrium constant K# was
calculated using the equation:
−∆𝐺 #

𝐾 # = 𝑒𝑥𝑝 (

𝑅𝑇

)

(2)

Where ∆G# is
∆𝐺 # = ∆𝐻 # − 𝑇∆𝑆 #

(3)

The values of ∆H# and ∆S# are obtained from the respective partition functions using the
electronic energy and the vibrational data of the transition and initial states according to a
procedure that is described elsewhere.57–60

4.3 Results and Discussion
4.3.1

Surface Models

We first discuss the model surfaces that are used in our work. Fig. 4.1 shows the optimized
structures of some bimetallic surfaces that are considered. One having top layer of Cu on
3 layers of Au (Cu1Au3(100)), another with two layers of Cu on two layers of Au
(Cu2Au2(100)), and the last with a top layer of Au on 3 layers of Cu (Au1Cu3). After
optimizing these slab systems, the adsorption and dissociation of water was studied on their
surfaces.
Experimental and theoretical studies on Cu-Au nanostructures have revealed the instability
of Au on Cu layers. Extended X-ray absorption fine structure (EXAFS) of Cu-Au
bimetallic nanoparticles deposited on Silica showed that Cu remained on the surface and
did not migrate into the interior of Au47/silica nanoclusters.61 The preferential surface
segregation of Cu has also been observed in the case of Cu-Au/CeO2.62 Recently, it was
shown experimentally that a bimetallic nanocluster of Cu-Au deposited on TiO2-nanotubes
consists of a core composed of Au while the shell consists of Cu.63Adsorbates like CO, NO
and O2 have also been shown to induce surface segregation in bimetallic structures.37,64–69
For example, EXAFS of Cu-Au/Silica bimetallic nanoparticles has confirmed that when
Cu-Au clusters are exposed to air, the surface is enriched with Cu, while the Au preferably
stays in the bulk.61 However, very recent study about Cu-Au bimetallic surfaces showed
that in vacuum Cu prefers to stay in the bulk. But, when exposed to CO, Cu segregates to
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the surface.70 Thus adsorbates like CO70 and O261, induce surface enrichment of Cu in CuAu nanoclusters. This information is very important in general and for CO oxidation and
the WGSR in particular because adsorbate induced surface segregations should be
considered when new surfaces are proposed. In CO rich environments (as for the WGSR,
for example), a Cu rich surface is probably the predominant surface structure in a Cu-Au
bimetallic nanocluster.
In our calculations, the geometry optimizations of the Au1Cu3 slab lead to significant
perturbations of the surface. The surface undergoes a large reconstruction that transforms
the square geometry of the Au layer into a triangular cluster type arrangement (see Fig. 4.1
c). As a result, the Au-Au mutual distance are compressed from 2.92 Å30 to as low as 2.6
Å and the Au atoms adopt triangular patterns to adjust to the Cu layers which have a smaller
lattice constant. Furthermore, water molecules only interact very weakly with this surface.
The distance between the molecule and the surface is >3 Å, which indicates weak
physiosorption.
Taking into account that Au leaks into the bulk upon CO adsorption while Cu segregates
to the surface and that the Au layer interacts only very weakly with water molecules, we
restrict our further calculations to slabs that consist of a Cu layer on Au (Cu1Au3(100), Fig.
4.1 a). This Cu1Au3(100) surface will be referred to as the bimetallic surface in the
following. To consider the effect of Cu shell thickness, additional calculations are
performed for 2 Cu layers on Au (Cu2Au2(100), Fig. 4.1 b).
Although these surface models might not be completely representative of experimentally
synthesized bimetallic nanoclusters, it is very likely that sites with such surface
compositions19,70 exist at alloy surfaces. In that case, these sites will actively participate in
the catalytic reaction and consequently the reaction is better catalyzed than on the
monometallic counterparts.
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Figure 4. 1 The upper and lower panels of (a), (b) and (c), respectively show the side and
top views of the optimized structures of the three model surfaces with water adsorbed at
the most favorable positions. In (a) Cu1Au3(100), (b) Cu2Au2(100), and (c) Au1Cu3(100)
bimetallic surfaces are presented.

4.3.2

Elementary Reactions

In this section the WGSR is analyzed into its basic reactions. Several distinct processes can
be distinguished: First the adsorption of the reactants on the surface, next the dissociation
of water and the oxidation of CO, and finally desorption of the product molecules. More
precisely, the water gas shift reaction involves the following elementary reactions:8,34
CO

+ *

→

CO*

R1

H2O

+ *

→

H2O*

R2

H2O* + *

→

H* + OH*

R3
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OH* + *

→

O* + H*

R4

2OH*

→

O* + H2O*

R5

CO* + O*

→

CO2* + *

R6

CO* + OH*

→

COOH* + *

R7

CO2*

R8

COOH* + * →

+ H*

→

HCOO* + *

R9

HCOO* + * →

CO2* + H*

R10

CO* + OH*

CO2*

→

CO2 ↑ + *

R11

H* + H*

→

H2*

+ *

R12

H2*

→

H2↑

+*

R13

In which the * represents the adsorption site on the surface. The first two reactions (R1-2)
represent the adsorption of CO and H2O on the (bi)metallic surface, respectively. The
following 3 reactions (R3-5) describe the dissociation of the water molecule at the surface,
while the next 5 reactions (R6-10) are involved in the CO oxidation process. Finally, the
last 3 reactions (R11-13) represent the molecular desorption of CO2 and H2. The most
important of these different steps are depicted in Fig. 4.2 and are described in more detail
below.
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Figure 4. 2 Adsorption configurations of reactants, transition states and products of the
elementary steps involved in the water gas shift reaction on bimetallic (upper panel) and
Cu(100) (lower panel) surfaces. (a) H2O adsorption, (b) TS H2O dissociation, (c) H-OH
co-adsorbed, (d) 2OH co-adsorbed, (e) TS disproportionation of 2OH, (f) O-H2O coadsorbed, (g) co-adsorption of CO-OH, (h) TS for COOH formation, (i) COOH adsorption,
(j) co-adsorbed CO-O, (k) TS for CO2 formation, (l) CO2 formation by redox mechanism,
(m) co-adsorption of 2H, (n) TS for H2 formation and (o) H2 adsorption.

4.3.3

Dissociation of Water (H2O(gas) + Surface → H-OH-surface)

We first discuss the dissociation of the water molecule. H2O is first adsorbed (R2) at the
surface and is subsequently dissociated into H and OH (R3). The adsorbed OH can further
dissociate into O and H (R4) or can react with another hydroxyl group to form O and H2O
(R5). These different processes are treated in the following for the two model surfaces.
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The standard Gibbs free energy (∆G°) variation was calculated for water dissociation (R3)
on the bimetallic and the Cu(100) surfaces for temperatures from 100 to 700 K and the
results are shown in Fig. 4.3. The variation of ∆G° shows that the dissociation of water is
a spontaneous process up to 520 K on the bimetallic surface. At room temperature (298.15
K) the values of ∆G°, ∆H° and –TS° are -25.6, -60.4, and 34.9 kJ mol-1, respectively. On
the Cu(100) surface, the dissociation of water is only spontaneous up to 229 K. At room
temperature, the values of ∆G°, ∆H° and the –TS° are 10.1, -33.4, and 43.5 kJ mol-1,
respectively. ∆H° changes only marginally for both surfaces within the considered
temperature range, but the magnitude of ∆G° shows that the adsorbed H-OH intermediate
is substantially more stable on the bimetallic surface than on the Cu(100) surface.
To investigate the stability of the H-OH intermediate at various working temperatures and
pressures, we also calculate the pressure-temperature phase diagram of the Gibbs free
energy (∆G(T, Pwater/P°) = 0). Such a diagram separates the areas of the gas phase and the
dissociated water. The requirement for stable water dissociation is a negative Gibbs free
energy. This stability condition depends upon the temperature of the system and the partial
pressure of the gaseous water relative to the standard state (P water/P°). Fig. 4.4 shows the
calculated pressure-temperature phase diagram for water dissociation on both surfaces. The
area below each line (red and green for the bimetallic and the Cu(100) surfaces,
respectively) indicates the range of temperature and partial water pressure where the Gibbs
free energy is negative and, therefore, water dissociation is spontaneous. Similarly, the area
above the lines indicates the temperature range and partial water pressure for which the
Gibbs free energy is positive (i.e. water does not interact with the surface and remains in
the gas phase). The diagram indicates that the partial pressure required for water
dissociation on the bimetallic surface is considerably smaller than that on the Cu(100)
surface at all temperatures. Fig. 4.3 also suggests that the intermediate H-OH state is less
stable than the final gas phase products of the WGSR (CO2 and H2) in the studied
temperature range.
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Figure 4. 3 Variation in ∆G° with T for elementary reactions on the bimetallic (left plot)
and the Cu(100) surface (right plot). The gas phase reaction represents (CO + H2O → H2
+ CO2)

Besides the thermodynamic analysis of the water dissociation, we also considered the
minimum energy path for the dissociation process on both model surfaces. Fig. 4.2 a-c
shows the geometries of initial state (IS), the TS, and the final state (FS) of the reaction on
both the surfaces. The MEP for water dissociation on the bimetallic surface is characterized
by an activation barrier of 30 kJ mol-1. Only one imaginary frequency of 1361 cm-1 was
found for the TS which confirms that this configuration is indeed a transition state. On the
Cu(100) surface, a larger activation energy of 112 kJ mol-1 is required to dissociate H2O
into H and OH. A similar barrier for water dissociation on Cu(100) surface has been
reported previously.34 Both the dynamics and the thermodynamics of the systems therefore
strongly suggest that water dissociation is easier on the bimetallic surface than on the
Cu(100) surface.
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Figure 4. 4 ∆G(T, Pwater/P°) = 0 diagram to compare the relative stability of water
dissociation on a bimetallic and a Cu(100) surface. The solid lines (red and green) show
the points where ∆G is zero.

It is also interesting to examine the effect of the thickness of the Cu layer of the bimetallic
surface on these results. To this end, we increase the number of Cu layers from 1 to 2. For
the Cu2Au2(100) surface, water dissociation is found to be slightly endothermic (relative
to adsorbed H2O) and the reaction barrier increases to 92 kJ mol-1. These observations
suggest that with the increase in Cu shell thickness, the reactivity of the surface would
converge to that of pure Cu(100) surface.
To understand these observations better, we also computed the Bader charges71–74 for clean
Au, Cu, and bimetallic Cu-Au surfaces. For the bimetallic surface, all the Cu atoms are
equally oxidized and lose 0.25 electrons to the Au layer underneath. This charge transfer
is one of the major reasons for the enhanced water dissociation at the bimetallic surface as
compared to the Cu and the Au monometallic surfaces. Increasing the number of layers of
Cu from 1 to 2 decreases the charge on the top layer. Although, the 2nd Cu layer is oxidized,

71

the top layer is neutral now. A similar trend is also found for 3 layers of Cu on 1 layer of
Au. Nevertheless, the Cu-Cu distances in all these configurations do not significantly
change. Very recently, it has been shown that the enhanced catalytic activity of the Cu-Au
bimetallic surface is due to both geometric and the electronic effects.36 As the electronic
effects are lost by increasing the number of Cu layers, this implies that the best catalytic
activity of a Cu-Au bimetallic surface is achieved for a single layer of Cu on Au. Increasing
the numbers of Cu layers would reduce the catalytic performance of the surface. Therefore,
our study is restricted to the Cu1Au3(100) surface in the following.
4.3.4

Dissociation of Surface Hydroxyls (OH → O + H)

The next step in WGSR is the creation of active oxygen. This can be achieved by the
dissociation of the adsorbed hydroxyl groups (R4). From the computed ∆G°, we find that
this reaction (OH → O +H) is non-spontaneous on both surfaces for the whole temperature
range. Both the ∆H° and the –TS° terms are positive and increase with increasing the
temperature. The variation in ∆H° is only marginal on both the surfaces. At 298.15 K, the
Gibbs free energy for OH dissociation is 120.5 and 130.3 kJ mol-1 on the bimetallic and
the Cu(100) surfaces, respectively. As dissociation of OH seems difficult at any
temperature, this process appears to be of little importance for the shift reaction on these
model surfaces.
4.3.5

Disproportionation of Surface Hydroxyls (2OH → H2O + O)

The second source of active oxygen (O) for CO removal is the disproportionation of two
surface hydroxyls (R5). The variation of ∆G° shows that the disproportionation of two
hydroxyls is non-spontaneous below 480 K on the bimetallic surface (see Fig. 4.3). At
298.15 K, the corresponding contributions to ∆G°, ∆H°, and –TS° are 39.6, 104.4, and -64.8
kJ mol-1, respectively. However, the reaction is more favorable on the Cu(100) surface on
which it is only non-spontaneous up to 290 K. At room temperature, the values of ∆G°,
∆H° and –TS° are -1.9, 59.8, and -61.7 kJ mol-1, respectively. The dynamics of the
disproportionation reaction was also investigated by the calculation of the MEP. The data
suggest that the disproportionation reaction is more favorable on the Cu(100) surface than
on the bimetallic surface: the reaction barrier on the bimetallic surface is 84 kJ mol-1, while
it is only 67 kJ mol-1 on the Cu(100) surface. Fig. 4.2 d-f show the IS, TS, and FS which
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are involved in OH-OH disproportionation on both surfaces. In the literature, a lower
barrier has been reported on a Cu(111) surface8 and a higher one on Cu/ZnO/Al2O3.75
4.3.6

Carbon Monoxide Oxidation

Apart from the water dissociation reaction, the other main part of the WGSR consists of
the oxidation of CO. This process is supposed to take place through three different
mechanisms, namely through a direct redox reaction (R6), or via an intermediate formate
(HCOO) or carboxyl (COOH) group (R7-10).8,30,37,76–82 In the redox mechanism, a CO
molecule is oxidized by an oxygen atom. As discussed above, these oxygen atoms are
produced either by the dissociation of surface hydroxyls into O and H or by the
disproportionation of two surface hydroxyls. In the carboxyl mechanism, the CO molecule
combines with the surface hydroxyl to produce a carboxyl (COOH) intermediate which is
anchored to the surface by the C atom. This carboxyl intermediate then disintegrates into
CO2 and H to complete the CO oxidation process. In the formate mechanism, on the other
hand, the combination of CO and OH leads to the formation of a formate (HCOO)
intermediate that is adsorbed on the surface through both the oxygen atoms. Like COOH,
HCOO also disintegrates into CO2 and H.
While spectroscopic techniques are unable to detect carboxyl,8 they have been used to
confirm that formate is stable on most surfaces. For example formate was found on a
Pt/CeO2 catalyst up to 433 K.76–78 However, a literature survey reveals that carboxyl
formation is preferred to formate formation in the WGSR.76–79 For instance, Rodriguez and
coworkers found instant conversion of CO and OH into carboxyl and suggested this
carboxyl as a probable intermediate.79 Wei et al.80 showed that the formation and
decomposition of formate on Pd-Zn (111) and Ni-Zn (111) surfaces requires relatively high
activation barriers compared to carboxyl. Catapan et al.81 observed that formate appears as
a stable species on a Ni surface, but has high activation barrier for its decomposition.
Similarly, Yang et al.82 have found that the combination of CO and OH results in carboxyl
formation on a Cu surface, while the formation of formate results from CO2 hydrogenation.
Meunier et al.76–78 and Senanayake et al.79 observed similar trends. It has also been
observed that the formate blocks the surface of the catalyst, particularly at high presure.8
To conclude, these studies suggest that formate does not play a significant role in the
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conversion of CO and H2O into CO2 and H2. It only acts as stable spectator species, which
does not decompose on most of the surfaces studied so far. Furthermore, its formation is
more likely to be caused by CO2 hydrogenation than through a combination of CO and OH.
Therefore, the oxidation of CO in the WGSR probably takes place through the redox or
carboxyl path. In the following sections, we investigate the kinetics and thermodynamics
of these two processes.
4.3.6.1 Redox Mechanism (CO + O → CO2)
The redox mechanism makes use of the surface oxygen atoms which are produced by
hydroxyl dissociation or the disproportionation of two surface hydroxyls. These O atoms
are then used to oxidize CO into CO2. The variation in ∆G° for CO oxidation via surface
oxygen atoms indicates that the process is favorable on both surfaces. The process is nonspontaneous on the bimetallic surface below 70 K and shows a large variation in ∆H °,
increasing from 11 to 29 kJ mol-1 in the temperature range 100-700 K. At room
temperature, the values of ∆G°, ∆H° and –TS° are -62.0, 28.0, and -90.0 kJ mol-1,
respectively. On the Cu(100) surface, the process is always spontaneous (Fig. 4.3) and ∆H°
remains almost constant from 100 to 700 K. The calculated values of ∆G°, ∆H° and –TS°
at room temperature are -71.3, -27.5, and -43.8 kJ mol-1, respectively. The MEP shows that
the CO2 formation from CO and O passes through a stable OCO intermediate configuration.
This intermediate state is characterized by an activation barrier of 55 and 72 kJ mol-1 on
the bimetallic and the Cu surface and the corresponding imaginary frequencies are 139 and
114 cm-1, respectively.19 Thus, although CO oxidation by atomic oxygen is favorable on
both surfaces, the bimetallic surface has a lower activation barrier and so oxidizes CO more
actively. In the next step, the OCO intermediate desorbs from the surface as a CO2
molecule. The different configurations of the redox path on the bimetallic and Cu(100)
surfaces are depicted in Fig. 4.2 j-l.
4.3.6.2 Carboxyl Formation (CO + OH → COOH)
The CO oxidation via CO-OH involves the formation and dissociation of the carboxyl
intermediates. On the bimetallic surface, the CO2 formation of CO-OH is non-spontaneous
below 312 K with a small variation in ∆H°. At room temperature the values of ∆G°, ∆H°
and –TS° are 2.3, 50.9, and -48.6 kJ mol-1, respectively. On the Cu(100), CO2 formation via
CO-OH becomes spontaneous above 84 K with small variation in ∆H°. The corresponding
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values of ∆G°, ∆H° and –TS° at room temperature are -34.2, 12.5, and -46.7 kJ mol-1,
respectively. Fig. 4.3 shows the thermodynamic functions for the carboxyl mechanism on
both surfaces. It has been observed that COOH is unstable on the Cu(100) surface and
dissociates back into CO and OH easily.34 In our work, we find that COOH is unstable on
the bimetallic surface as well. Dissociation of COOH into CO and OH requires an
activation barrier of less than 10 kJ mol-1 whereas the formation of COOH from CO and
OH has an activation barrier as high as 82 kJ mol-1. This suggests that COOH formation is
unlikely to occur on the bimetallic surface. For the Cu(100) surface, we find an activation
barrier of 77 kJ mol-1 for COOH formation. A similar barrier on the Cu(100) surface has
been reported in the literature.34 Because the COOH is unstable on both surfaces and
dissociates back into CO and OH, its contribution towards CO oxidation is minimal and
the CO removal is likely to take place through the redox path on both surfaces.
4.3.7

Molecular Hydrogen Desorption

The final step in the water gas shift reaction is the combination of two surface H atoms to
produce hydrogen gas (H2). The thermodynamic functions for H2 formation show that the
process is non-spontaneous at low temperatures on both surfaces. For the bimetallic
surface, the H2 formation is spontaneous above 421 K with a large variation in the enthalpy.
The values of the thermodynamic functions ∆G°, ∆H°, and –TS° at room temperature are
20.1, 67.9, and -47.8 kJ mol-1, respectively. On the Cu(100), the H2 formation starts at a
more elevated temperature of 539 K (Fig. 4.3). The thermodynamic functions ∆G°, ∆H°
and –TS° at room temperature are 25.8, 58.1, and -32.3 kJ mol-1, respectively. Next, we
calculate the activation barrier for hydrogen formation on both surfaces. The MEP for
hydrogen formation on both surfaces shows that an activation barrier of 76 kJ mol-1 (the
bimetallic surface) and 71 kJ mol-1 (Cu(100)) is required. Similar values for the activation
barrier for H2 formation on a Cu(100) surface have been reported previously.34,83 Fig. 4.2
m-o show the configurations of the reactants, transition states and products on both
surfaces. It can be concluded that the formation of H2 is a thermally activated process on
both surfaces.
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4.3.8

Overview of the Total WGSR

Now that we have examined all the important elementary reactions involved in the WGSR
on the bimetallic and the Cu(100) surfaces, we can combine the results to give an overview
of the total process. But first we investigate the influence of zero point energy corrections
on the enthalpy and reaction barriers.
4.3.9

ZPE Corrections

The temperature dependent parts of the vibrational, rotational and translational
contributions are usually small, less than 3 kJ mol-1, except for the disproportionation
reaction and the hydrogen desorption, where they are somewhat more important. The ZPE
contributions, on the other hand, are much larger.
Table 4. 1 ZPE corrected/uncorrected reaction energy and activation barriers for the
elementary reactions on the bimetallic, the Cu(100) and the Au surfaces. All the values are
in kJ mol-1. The values for Au surface are taken from our previous work.30
Reaction energy (ΔH)

Reaction barrier (Ea)

ZPE

ZPE

ZPE

ZPE

uncorrected

corrected

uncorrected

corrected

Cu-Au

-54

-58

52.5

30

Cu

-23.6

-31

134

112

Au(100)

71

Cu-Au

109.3

93

98.4

84

Cu

65.9

50

75

67

Au(100)

6

[CO-O]*

Cu-Au

33.4

12

62

55

→ CO2(g)

Cu

-6.1

-28

78

72

Reaction

Surface

H2O(g)
slab

+
→

[H+OH]*

2OH*

→

148

O* + H2O(g)
58

76

[CO-OH]*

Au(310)

-275

4

Cu-Au

65

58

86

82

Cu

60

55

82

77

Au(310)

87

Cu-Au

64.2

52

80

76

Cu

39.4

53

76

71

Au(100)

20

→ COOH*

2H*

→

17

H2(g)
72

Table 4.1 presents the ZPE-corrected enthalpies (∆H) and activation barriers (Ea) for the
elementary reactions on both surfaces. For comparison, the (non-corrected) results for an
Au surface, adopted from our previous work, are also shown.30 The data suggest that the
effect of the ZPE is important for the calculated enthalpies and activation barriers.
However, the magnitude of the ZPE variation is similar for most of the intermediate steps
on both surfaces. Moreover, the ZPE corrections operate in the same direction for both
surfaces: all the elementary reactions become less endothermic with the inclusion of the
ZPE. Notwithstanding the importance of the ZPE correction to the enthalpy and reaction
barriers, it is rarely reported in the literature. A similar trend was observed by
Niemantsverdriet et al..84 who studied the methanation of CO2 over Fe(100) surface. For
the elementary reactions, they found that the ZPE contribution was 24.4, 21.9, 48.6, and
51.9 % of the reaction enthalpy. The ZPE-corrected reaction barriers of the relevant
elementary reactions of the WGSR on the bimetallic and the Cu(100) surface are
summarized in Fig. 4.5.
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Figure 4. 5 ZPE-corrected potential energy surface on the bimetallic and the Cu(100)
surfaces. The entries in square brackets indicate co-adsorption.

4.3.10 Reaction Rates
We have also calculated the rate constants for a few elementary steps at room temperature
and at 600 K. The calculated rate constants are shown in Table 4.2. From the presented
data, it appears that the disproportionation of surface hydroxyls is likely to be the rate
limiting step on the bimetallic surface, while the water dissociation is likely to be the rate
limiting step on the Cu(100) surface. The data clearly demonstrates that the bimetallic
surface has much better catalytic reactivity than its monometallic counter parts. Nearly all
the reaction steps are carried out more easily on the bimetallic surface than on the
monometallic Au or the Cu(100) surfaces. Whereas the Cu based catalysts suffer from slow
disintegration of water due to the large activation barrier8–10 and consequently low reaction
rates, the bimetallic surface shows a significant decrease in the barrier for water
dissociation and a substantial increase in rate constant. CO oxidation by atomic oxygen has
a larger rate constant than that of water dissociation. Moreover, the rate constant for CO
oxidation by the redox process is much higher than the rate constant for CO oxidation by
surface hydroxyls. This shows that the kinetics of the water gas shift reaction are mainly
determined by the redox mechanism on the bimetallic surface. For the Cu(100), studies
have already confirmed that the reaction proceeds via the redox path.34
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Table 4. 2 Rate constants k (mol-1s-1) calculated for important elementary reactions on the
bimetallic and Cu(100) surfaces at room temperature and 600 K.
T (K)

Surface

k on elementary reactions
H2O

→ 2OH

→ CO + O CO + OH

H2O + O

→ CO2

→ COOH

298.15 Bimetallic 1.9×106

5.9×10-2

7.9×107

6.7×10-2

4.9×10-8

6.9×10-2

6.4×107

5.8×10-2

Bimetallic 1.5×109

1.2×106

3.1×1011

2.5×106

3.1×102

1.4×106

2.6×1011

2.2×106

H+OH

Cu(100)
600

Cu(100)

4.4 Summary and Conclusions
Density functional theory calculations were performed to evaluate the kinetics and
thermodynamics of the water gas shift reaction on Cu(100) and bimetallic surfaces. These
calculations demonstrate that the bimetallic surface is superior to the Cu(100) surface to
catalyze the WGSR. The decomposition of water, which is usually the rate limiting step in
the WGSR, is easily accomplished on the bimetallic system. The computed corresponding
Gibbs free energy of water dissociation indicates a spontaneous process until 520 K on the
bimetallic surface. On a Cu(100) surface, on the other hand, water chemisorbs only up to
229 K. This important result was also illustrated by the corresponding temperature/pressure
phase diagram of the Gibbs free energy: the ∆G(T, Pwater/P°) = 0 line, which separates
dissociated water from the gas phase, clearly indicates that the partial pressure of H2O
required for water dissociation on the bimetallic surface is considerably smaller relative to
the Cu(100) surface at all the studied temperatures. Similarly, the barrier required for water
dissociation on the bimetallic surface is reduced substantially, compared to the Cu(100)
surface. The charge transfer from the exposed Cu layer to the Au layer below is probably
the main reason for this enhanced activity.
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The creation of active oxygen at the surface is probably caused by disproportionation of
surface hydroxyls on both surfaces. This reaction is slightly more favorable on the Cu(100)
surface as indicated by a smaller Gibbs free energy and a slightly larger rate constant.
CO oxidation is likely to take place by the redox path on both the surfaces. This is
demonstrated by both the thermodynamics as the reaction barriers. The smaller reaction
barrier in the case of the bimetallic surface leads to a much higher rate constant. This shows
that the bimetallic surface is more reactive than the Cu(100).
H2 formation is a thermally activated process on both the surfaces. Nevertheless,
thermodynamically the bimetallic surface is more favorable for H2 formation at the
working conditions of the WGSR. H2 formation is spontaneous above 421 and 539 K on
the bimetallic and the Cu surfaces, respectively.
The effect of the ZPE correction was also considered and it was found that it changes the
reaction enthalpies and activation barriers significantly. However, the ZPE correction does
not change the results qualitatively because it operates in the same direction for both
surfaces.
In conclusion, we have shown that the activation barriers, rate constants, and the
thermodynamics of the main elementary reactions of the WGSR on the bimetallic surface
all indicate that it would be an excellent catalyst for this important reaction process.
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Chapter 5
Thermally Activated Surface Oxygen Defects at the Perimeter of
Au/TiO2: A DFT+U Study
5.1 Introduction
TiO2 is one of the most important reducible metal oxides which has been actively studied
for adsorption process and as support for various reactions.1–9 It has three crystalline
phases: rutile, anatase and the brookite. Although anatase is slightly less stable relative to
rutile, nevertheless, the nanoparticles of TiO2 prefer anatase structure instead of rutile.10–
12

Among (101), (100) and (001) facets of anatase, (101) is more dominantly present while

(001) is potentially more reactive one.
Although, Au is inactive in the bulk form, yet the nanoparticles of Au supported on oxides,
such as CeO2, TiO2, Fe2O3 and Co3O4, show exceptional catalytic activity for CO
oxidation.13 The first breakthrough in Au based catalysts is articulable to Haruta’s findings
regarding the unambiguous activity of nanoparticles of Au for CO oxidation at low
temperatures.13,14 Since then Au based catalysts are being actively studied for applications
in a wide range of reactions including CO oxidation.1–9
Our interest in the chemistry of surface O defects on the Au/TiO2 systems originates from
the supposed cooperative role of TiO2 in the catalytic activity of gold nanoparticles.15,16
Schubert et al.17 have divided the oxides into active (Fe2O3, NiOx, CoOx, or TiO2) and
inactive (irreducible oxides (Al2O3 or MgO) for CO oxidation. While the active catalysts
demonstrate a superior activity for CO oxidation, the inactive oxides show only marginal
activity. For the active oxides, the size of Au nanoparticles does not affect the activity of
the surface significantly. Furthermore, recent experiments indicate that oxidative reactions
on Au/TiO2 catalysts are mediated by the lattice O atoms rather than molecular oxygen.18,19
An understanding of the formation of surface O defects is very important to realize catalytic
application of Au/TiO2 catalysts. O defects present at the surface of the oxide play
significant role in stronger adsorption of the adsorbates leading to enhanced reactivity of
the surface.20–25 For example, it has been very recently shown that molecular oxygen
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interacts very weekly with stoichiometric anatase (101), however, presence of some O
vacancies enhances O2 interaction with the surface and also help in activation of O2.20,21
With scanning tunneling microscopy (STM) and DFT calculations, Aschauer et al.24 found
that water prefers to adsorb near the O vacancies on anatase TiO2(101). For anatase
TiO2(001), CH2 and CH3 radicals have been shown to adsorb strongly on the surface O
vacancies.25 Similarly, it has been observed that adsorption of Au on the CeO2 is increased
significantly in presence of surface O defects.22 Surface O vacancies have been suggested
to be the nucleation centers for the growth of metal clusters. For example, Han et al.23 have
observed that O vacancies on anatase TiO2(101) have largest binding energy for Pt adatoms
and thus act as nucleation center for particle growth. Thus, it’s very important to understand
the chemistry of surface O defects.
Although, most of the studies have so far focused on the role of surface O defects in relation
to their importance in catalytic applications,20–25 the studies regarding the O defect creation
and role of metal nanoparticles in creating these surface defects are very limited. A very
recent development in this field came by the experimental18,19 and theoretical studies26,27
which indicated that the lattice oxygen atoms of TiO2 are activated by the presence of Au.
However, due to the difficulties associated with the in situ detection of the formation of
these oxygen defects during the oxidative reactions, no direct evidence has yet been
provided to show the nature of these O defects and how Au nanoparticles assist their
formation. Here, we present the thermodynamic functions obtained from the Density
Functional Theory calculations to show the activation of lattice oxygen atoms of Au/TiO2
catalyst.

5.2 Computational Details
5.2.1

Methodology

All the calculations were performed in plane waves basis set using Quantum Espresso suite
of program28 equipped with the DFT29,30 framework and periodic boundary conditions. Ionelectron interactions were represented by the Vanderbilt31 ultrasoft pseudopotentials and
the exchange correlation energy was represented by GGA-PW91 approximation.32,33
Plane-waves with kinetic energy below or equal to 60 Ry were included in the calculations.
The calculations were stopped when the forces on the atoms were less than 0.05 eV/Å.
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The anatase TiO2(001) surface was represented with 6 mono-layered slab p(3×3) unit cell
with a vacuum gap of >20 Å to separate the periodic slabs. The reciprocal space was
sampled with (2×2×1) k-point meshes. Initially, the positions of Ti and O atoms were
frozen using optimized lattice parameter of 3.79 and 9.73 Å, the experimental values being
3.78 and 9.5 Å.34 The tetragonal anatase unit cell was used to calculate the lattice parameter
and Monkhorst-Pack method35 was used to sample its reciprocal space with a (8x8x3) kpoint grid.
To find out the relatively stable Au10/TiO2 structure, we initially optimized a few nonplaner Au10 clusters in the vacuum. The optimized geometries and energies of two of these
gas phase clusters are shown in Fig. 5.1. However, when placed on the TiO2 support, both
the non-planer structures formed almost similar configurations. Relatively more stable of
the two structures (panel a) was used for further analysis. This structure has also been
reported on anatase TiO2(001)36 and other supports.37,38 Similar procedure was adopted for
Au3/TiO2 system. This structure has been shown to be most stable structure of
Au3/TiO2(001) systems.36 More structures of Au3/TiO2(001) system have been explored by
Sun, C. and Smith S, C.36 It should be kept in mind that our model system is a simple model
of real Au/TiO2 catalyst and can satisfactorily explain the experimental observations
regarding O defect formation during CO oxidation. As reported earlier, smaller Au clusters
supported on oxide are reasonable systems to explain the experimental observations with
reasonable computational cost.38–41 For Aun/TiO2 surfaces and reduced TiO2 surface, the
fractional occupancies were accommodated using first-order Methfessel-Paxton smearingfunction having the width of

eV.42 To incorporate the effect of highly localized

electrons on reduced anatase TiO2(001), a Hubbard correction was introduced.43 To
reproduce the experimental findings regarding the location of gap state in reduced anatase,
a Hubbard correction of 4 eV was used, as suggested earlier by Ortega et al. 44 Spin
polarized calculations were performed for open shell O2 molecule with a 10x12x14 Å3
orthorhombic unit cell. Electronic energy was obtained by performing DFT+U
calculations. However, vibrational data was obtained with DFT calculations only. We used
DFT+U for electronic energies and DFT for phonons with the clear understanding that
there might be some error associated with the phonons part. In fact, there has not been a
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systematic investigation of the performance of DFT+U in predicting vibrational free energy
differences between a perfect crystal (TiO2) and a defective one (TiO2-x).

Figure 5. 1. Upper and lower panel represent, respectively, the vacuum and supported
Au10 clusters. The total energy of the isomer given in part b has been calculated with
respect to the total energy of vacuum/supported cluster in panel (a). We investigated
additional supported Au10 clusters. Only two of these structures are shown here.
Structure in panel (a) is the most stable system.
5.2.2

Calculation of thermodynamic functions

Thermodynamic functions for the elementary reactions were calculated using vibrational
data. The contribution from the lattice thermal vibrations and the zero-point energy (ZPE)
to the total energy has also been taken in to account.45–48
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The Gibbs free energy variation was computed according to the equation:
∆G = ∑Gp - ∑Gr
Where
G = H –TS
the index p and r refers to products and reactants, respectively.
The enthalpy Hs(T) and the entropy Ss(T) for system in the solid state were calculated
according to following equations49
Hs(T) = Eelec + EZPE + Evib(T)
Ss(T) = Svib(T)
The gas phase molecules were treated according to the method described previously.48 The
enthalpy of an ideal gas is calculated according to the following equation49
Hg (p,T) = Eelec + EZPE + Evib(T) + Erot (T) + Etrans (T) + pV
Where, Erot (T) and Etrans(T), are the rotational and the translational contributions to the
enthalpy, respectively. The entropy of an ideal gas was calculated using the equation
Sg(p,T) = Strans (p,T) + Srot (T) + Svib(T)
The variation of free Gibbs energy was calculated for all the elementary steps from 0-650
K temperature range at 1 atmosphere.

5.3 Results and Discussion
We were interested to determine the effect of Au on the formation and stability of the
surface O defects on Au/TiO2 catalyst. For comparison, the energetics of defect formation
on the clean TiO2 was also calculated. It should be kept in mind that the condition for stable
surface O defect formation is the negative Gibbs free energy. Therefore, for TiO2 or
Au/TiO2 model systems, ∆G, ∆H and T∆S were computed for the following reactions:
TiO2 → TiO2(vac) + ½ O2
Au/TiO2 → Au/TiO2(vac) + ½ O2
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Where, TiO2 and Au/TiO2 represent, respectively, the surfaces of stoichiometric TiO2 and
Au/TiO2 while TiO2(vac) and Au/TiO2(vac) represent, respectively, the surfaces of TiO2
and Au/TiO2 with an O defect and shown in Fig. 5.2.

Figure 5. 2. Optimized configurations of stoichiometric and reduced TiO2 and Au/TiO2
model systems.
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5.3.1

Oxygen vacancy formation on clean anatase TiO2(001)

Surface O atoms of the anatase TiO2(001) are two-fold coordinated in [010] direction.
These O atoms bridge two Ti atoms with Ti-O-Ti bond angle of 156°. The computed O-Ti
bond lengths are found to be asymmetric being 1.75 and 2.23Å. These O-Ti bonds become
symmetric (1.9 Å) in the vicinity of O vacancy in [010] direction upon formation of surface
O vacancy (Fig. 5.2 b). At the vacancy, the Ti-Ti distance increases to 4.95 Å which is 3.78
Å on the stoichiometric surface. As far as the formation of sub-surface O defects is
concerned, it has been recently shown that the formation of such defects is substantially
difficult in comparison to surface O defects.25
Fig. 5.3 shows the variation in ΔG° with temperature for the formation of surface O defect
on TiO2(001) surface. High positive value of ΔG° shows that the O vacancy formation is
very difficult in the temperature range investigated. The variation in ΔH is negligible, with
the average close to 360 kJ/mol. At room temperature, the corresponding values of ΔG,
ΔH and –TS are 330, 360 and -30 kJ/mol, respectively. The calculated value for surface O
vacancy formation at 0 K is comparable to those of Huygh et al.25 The variation in ΔG°
shows that it is very unlikely that the surface O atoms of TiO2 would participate in the
oxidative reactions.

Figure 5. 3. ∆G° for formation of surface O defects for the studied systems.
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5.3.2

Oxygen vacancy formation on Au10/TiO2(001) system

Fig. 5.2 c shows the optimized structure of Au10/TiO2 catalyst. Some of the Au atoms are
bonded with Au while others with Ti-atoms. The Au atoms lying near O-atoms have
relatively longer Au-Au bonds as the average Au-Au bond length near the TiO2 surface is
2.90Å, whereas average Au-Au bond length away from TiO2 surface is 2.66 Å.
Additionally, Au-O distances are shorter than Au-Ti bonds. The longest Au-O bond was
measured to be 2.12 Å while the average Au-Ti bond length was found to be 3.03Å. The
minimum distance between Au clusters in the periodic images in x and y direction are,
respectively, 5.4 and 6.3 Å. Therefore, it seems that the long range interactions are at a
minimum. Even if there are some interactions, the effect is similar for stoichiometric and
reduced surface, since the distances between periodic replica for stoichiometric and
reduced systems are similar in x-y direction.
The O-atoms in Au/TiO2 model can be divided into three categories: firstly, the O atoms
forming the interface of Au cluster and TiO2 surface, in the Au-O-Ti bridge and named
“interface oxygen” (O in Fig. 5.2 c, colored grey), secondly, the O-atoms connecting two
Ti atoms where one of the Ti atoms is the interface with Au through Ti-O-Au configuration
and named “perimeter oxygen” (O-atom in Fig. 5.2 c, colored white) and finally, those Oatoms in Ti-O-Ti located away from the Au-TiO2 interface, resembling those of clean TiO2.
We investigated the feasibility of formation of surface O defects by removing the interface
and perimeter O atoms.
5.3.3

Formation of interface oxygen vacancy on Au10/TiO2

Fig. 5.2 d and e show the optimized structure of the Au10/TiO2 with an O vacancy at the
Au10/TiO2 interface (Ti-O-Au → Ti-Au). After geometry optimization, the Au10 cluster
undergoes a significant change in the structure, from semi-pentagonal shape in the
stoichiometric Au10/TiO2 to semi-planar shape in the reduced catalyst. At the vacancy
position, a new Au-Ti bond is created (which initially was Au-O-Ti) and is shorter relative
to the Au-Ti bonds situated away from O vacancy. The Au-Ti bond at the vacancy is 2.63
Å while the average Au-Ti bond length either away from vacancy or in stoichiometric
Au10/TiO2 supported system is 3.05 Å.
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Fig. 5.3 shows the variation of ∆G° with temperature for the interfacial oxygen removal
from the Au10/TiO2 model catalyst. The computed ∆G° shows that it is very difficult to
remove the O species from the Au-TiO2 interface. The ∆G° initially decreases and then
starts increasing, in a flat shape, thus making the abstraction of these O species unfavorable
for all the range of temperature studied. The variation in ∆H with temperature is very large,
the average being 375 kJ/mol. Although ∆H decreases significantly, the –TS term is not
sufficiently enough to make ∆G° negative. The corresponding values of ∆G°, ∆H and –TS
at room temperature are close to, 347, 363 and -16.7 kJ/mol, respectively. Since the
formation of interface O defect is difficult at the examined temperatures, it turns out that
Au-O bond is stronger than Au-Ti bond. Replacement of a stronger Au-O bond in
stoichiometric surface to a weaker Au-Ti bond in the reduced surface could be a possible
driving force for the instability of the intermediate.
5.3.4

Formation of perimeter oxygen vacancy on Au10/TiO2

As shown in Fig. 5.2 f and g, the perimeter O defect on Au10/TiO2 model catalyst, leaves
structure of the Au cluster intact after optimization process. It undergoes almost no change
after the removal of O-atom. The Au-O bond lengths remain unchanged whereas the AuTi bond lengths undergo a change (from 3.03 Å in the stoichiometric surface to 2.80 Å in
the reduced surface). An important structural change which occurs after the vacancy
formation is the stabilization of the O-Ti bond near the vacancy which reduces from 2.30
Å in the stoichiometric to 1.93 Å in the reduced surface depicted in Fig. 5.2 g.
Fig. 5.3 shows the ∆G° variation for the formation of the perimeter O defect. The variation
in ∆G° indicates a thermally activated process and spontaneous close to 506 K (∆G°
becomes negative at 506 K). The corresponding values of ∆G, ∆H and –TS at room
temperature are close to 98, 230 and -132 kJ/mol, respectively. Thus, on Au/TiO2 catalysts,
the oxidative reactions could involve the lattice O atoms as an oxidant and the TiO2 surface
would not only serve as a support, rather it would actively participate in the reaction, in a
bifunctional catalyst. The atoms removed in one catalytic cycle could be replenished in
next cycle as already observed experimentally.19 Our computed results are consistent with
the observations of Maeda et al.18 and Widmann et al.19 who have very recently reported
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that the perimeter lattice oxygen atoms of the TiO2 are the active O species for CO
oxidation on Au/TiO2 catalysts.
To check the reliability of the computed data, the calculations were repeated for other
interface and perimeter O atoms. We found that the trend in ∆G° variation was same for
all the interface or perimeter O atoms, with marginal differences in the numerical value of
∆G°. All the perimeter O atoms could be activated at slightly varying temperatures while
all the interface O atoms were found inactive. The above discussion allows us to conclude
that the Au supported on TiO2 systems favor O removal from particular positions only.
5.3.5

Effect of Au cluster size

In order to understand the effect of size of the Au cluster on the formation of surface O
defects, the ∆G° was calculated for the formation of interface and perimeter O defect in
case of Au3 supported on TiO2(001). Fig. 5.2 shows the optimized structures of
stoichiometric and reduced Au3/TiO2 models. The structure of Au3 cluster on stoichiometric
TiO2 is triangular, similar to the (111) facet of bulk Au. The average Au-Au, Au-Ti and AuO bond distances are 2.60, 2.62 and 2 Å, respectively. Upon formation of interface O
defect; there is a large reconstruction in the structure of Au3 cluster. The structure changes
from a triangular shape to a linear one. The calculated Au-Au bond lengths of this
configuration are 2.55 and 2.6 Å. The Au-Ti bond lengths at the vacancy are 2.56 and 2.80
Å from either side. The Au-O bond in the reduced surface is 2 Å. On the contrary, the
structure remains intact when the defect is produced at the perimeter. The structural
parameters of the cluster do not change significantly. The Au-O, Au-Au or A-Ti bond
lengths are equal to that of stoichiometric Au3/TiO2.This observation is similar to Au10
cluster where the cluster changed significantly when the defect was formed at the interface
and no change in the structure was observed when the defect was produced at the perimeter.
Fig. 5.3 shows the variation in ∆G° for interface and perimeter O defect formation on
Au3/TiO2 system. The variation in ∆G° with temperature is similar to that of Au10/TiO2
model (interface vacancy). The ∆G° for interface vacancy formation initially decreases and
then increases, in a flat way, for both Au3 and Au10 clusters supported on TiO2 surface.
Finally, the O removal, which was favorable from the perimeter position of the Au10/TiO2
catalytic surface, is disfavored for Au3/TiO2 for perimeter site as well. The interface

98

vacancy is stable on Au10/TiO2 catalytic surface but unstable on Au3/TiO2 model. Thus, the
stability of surface O defect is controlled by the size and dispersion of Au particles on the
TiO2 surface. This suggestion is consistent with the observations of other groups regarding
the reactivity of differently of sized Au nanoparticles supported on oxide surfaces. For
example, Heiz et al.50–53 did experimental study of CO oxidation by Aun (n = 1-20 atoms)
cluster supported on MgO(100) films. It was observed that Au1 and Au2 cluster were
inactive for CO oxidation and comparatively low reactivity was observed for n = 3-6 atom
clusters. While Au7 was found to be inactive, Au18 was found to be the most active for CO
oxidation on MgO(100) surface. Similarly, Anderson et al.54 studied the CO oxidation on
Aun (n = 1-7 atoms) clusters supported on rutile TiO2(110) surface. Like Heiz's findings,
they found that at least 3 atoms Au cluster can show any reactivity towards CO oxidation,
whileAu7/MgO was inactive, Au7/TiO2 rutile showed the maximum reactivity.

Figure 5. 4. T× p phase diagram for formation of perimeter oxygen vacancies on
Au10/TiO2 system.
If the intermediate size of the Au clusters is considered, any reversal in the behavior is not
expected. It is well known that the main difference for bulk → surfaces → nanoparticle →
large cluster → small cluster is the molecular orbitals (or bands) with higher energy. The
cluster with 3 Au atoms is the limit where all Au atoms need to be in direct contact with
TiO2 surface. On the other hand, Au10 is a feasible system to study with affordable
computational cost, because of the feasible slab model. We tested more Au atoms, but the
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clusters in different periodic images interacted and formed Au wires on the TiO2. We think
the two clusters correspond to two representative situations that are interesting to
investigate and could be a first indication towards a tendency about vacancy stabilization
effect versus the dispersion of Au on the surface.
It has been observed that small metal clusters diffuse and agglomerate to larger clusters on
the support at high temperatures.55–61Although, we did not consider the effect of the
diffusion and subsequent agglomeration of the Au10 cluster into larger particle, literature
suggests that larger particles of Au also activate perimeter lattice oxygen atoms of the
support towards CO oxidation. Au16, Au18 and an infinite rod of Au supported over rutile
TiO2(110) have been modeled to investigate CO oxidation by perimeter lattice oxygen
atoms.27,26 Different sized Au nanoparticles (3.5, 4.8, 6.7 and 11.6 nm) supported on TiO2
were prepared and CO oxidation activity of the catalysts were observed. It was found that
the activity of Au/TiO2 catalyst depends linearly upon the length of Au/TiO2 perimeter.62
To accommodate the pressure effects, a T× p phase diagram has been drawn for the
formation of perimeter oxygen vacancies on Au10/TiO2 system. The line in the Fig. 5.4
indicates the points where ∆G = 0. The area above the line shows the points where
Au10/TiO2-1 is stable while the area below the line represents the points where Au10/TiO2 is
stable. As could be seen in this diagram, the effect of total pressure of O2 on the stability
of the intermediate is marginal. For low pressures, the intermediate is stable below 500 K,
while for pressures equal to or higher than 1 atm, the intermediate is stable above 500 K.
Thus, the Au10/TiO2 system can be used under varying T and pressure conditions.
As the nature of active O for CO oxidation has been shown to be the atomic oxygen, 18,19
therefore, the active O for oxidative reactions on Au/TiO2 catalysts could be the lattice O
species which are located at the perimeter of Au supported on TiO2. It is worth mentioning
here that we have simulated the generation of surface O defects for anatase TiO2, however,
the results are, in general, applicable to all the Au supported reducible oxides as proposed
by of Widmann et al.19 They have suggested that the lattice O atoms of all the Au supported
on reducible oxides are active for CO oxidation. Moreover, as these O species are only
activated in the presence of Au, thus a Au-assisted Mars-Van Krevelen mechanism of CO
oxidation can operate on Au/TiO2 catalysts, as suggested by Maeda et al.18 and Widmann
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et al.19 In addition to this, Widmann et al.19 and Green et al.63 have also suggested that it is
likely that the Au-assisted removal of lattice O species for CO oxidation is inhibited at low
temperatures and the adsorbed O2 becomes more effective for the CO oxidation.

Figure 5. 5. Bader charges on stoichiometric and reduced TiO2(001) and Au10/TiO2
catalyst. The perimeter defect is shown by the blue arrow.

Finally, Bader charge analysis64–67 is presented in Fig. 5.5 for stoichiometric and reduced
TiO2 and Au10/TiO2 model surfaces to understand the role of Au in stabilizing the surface
O defect. When an O atom is removed from clean TiO2 surface, the excess charge is
localized on Ti near the vacancy. However, when an O atom (from the interface or the
perimeter) of Au10/TiO2 is removed, the excess charge is now distributed over Au, Ti and
O located near the vacancy. The Au cluster is positively charged in stoichiometric
Au10/TiO2 surface and gets a net negative charge in the reduced Au10/TiO2 model surface.
Thus Au acts as a reservoir of electron and charging/discharging of Au occurs in the course
of surface O defect formation. It is suggested that the charging/discharging of Au in a
catalytic cycle facilitates CO oxidation on Au/TiO2 catalysts.26 Moreover, O-Ti bond
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adjacent to the O vacancy is stabilized after the formation of vacancy (the O-Ti bond length
reduces from 3.03 Å in the stoichiometric surface to 2.80 Å in the reduced surface (Fig.
5.2 g). The charging/discharging of Au and stabilization of O-Ti bond near the surface O
defect could represent the driving force for the activation of perimeter O atoms in Au/TiO2
surface. The weaker Au-Ti bond in the reduced surface (compared to Au-O bond in
stoichiometric case) could be the reason for the instability of the interface O defect on the
Aun/TiO2 catalysts.

5.4 Conclusions
Density Functional Theory calculations were used to investigate the formation and stability
of the surface O vacancies on three surfaces: stoichiometric anatase TiO2(001) and, Au3
and Au10 clusters supported on anatase TiO2(001). Using total-energy, vibrational structure
and optimized geometries we calculated ∆G° for surface O defect formation on them. The
results show that the defect formation on the stoichiometric TiO2 surface is nonspontaneous from 0 to 650 K. However, presence of Au clusters greatly alters the surface
chemistry of the TiO2 surface. Regardless of the cluster size, three different lattice oxygen
atoms can be realized for Au supported on TiO2 surface. The lattice O atoms connecting
two Ti atoms where one of Ti atom is the interface with Au through Ti-O-Au linkage (the
perimeter lattice O atoms), the O atoms forming the interface of Au cluster and TiO2
surface, in the Au-O-Ti bridge (the interface lattice O atoms) and the O atoms in Ti-O-Ti
bridge away from the Au cluster, resembling those of clean TiO2 surface. The calculations
indicated that the formation of interface O defect is very difficult on the AuTiO2 surfaces
and is independent of the size of the cluster. Unlike the formation of interface O defect, the
formation of perimeter O defect is dependent on the cluster size. We found that perimeter
lattice O atoms can only be activated in case of Au10/TiO2 supported system (close to 506
K) but are found to be inactive in case of Au3/TiO2 model surface throughout the
temperature range studied. The ∆G° for formation of perimeter oxygen vacancy on
Au3/TiO2 is always larger than Au10/TiO2 but smaller relative to TiO2. However, it is not
sufficiently small to activate the perimeter lattice O atoms towards oxidative processes.
This shows that the presence of Au is essential to stabilize the formed defect. It also shows
that the stability of the surface defect can be controlled by changing the size/dispersion of
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the Au nanoparticles. The high dispersion is important to use all Au atoms as largely as
possible, but too small clusters cannot stabilize the formed vacancies efficiently. From the
Bader charge analysis, it was found that an oxygen vacancy at the interface Au-TiO2 leaves
most of charge concentrated on Au and Ti atoms near the vacancy, with almost no charge
distributed to O atoms. However, for the O defect produced at the perimeter of Au cluster
on the TiO2, the charge excess is extended to Au, Ti and O in vicinity of the O vacancy. In
clean TiO2, the excess negative charge is concentrated on Ti atoms near the vacancy with
a minimal charge distributed to O atoms. We propose that charge distribution and the
stabilization of O-Ti bonds near the O defect (perimeter O defect) could be the driving
force for the stability of the formed O defect. Since, the surface O atoms are only activated
in presence of Au, therefore, an Au catalyzed Mars-Van Krevelen mechanism could be a
possible reaction mechanism for CO oxidation on AuTiO2 surface and other oxide surfaces
at higher temperatures.
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Chapter 6
A DFT+U Study of the Mars Van Krevelen Mechanism of CO Oxidation
on Au/TiO2 Catalysts
6.1 Introduction
After the ground breaking work of Haruta1 on CO oxidation by Au nanoparticles, CO
oxidation is one of the most widely studied reactions.2,3 Nanoparticles of Au when
supported on reducible oxides like CeO2, TiO2, Fe2O3 and Co3O4 show extremely high
reactivity for CO oxidation. Although, a lot of work has been published on CO oxidation
on bare as well supported Au catalysts, several aspects of CO oxidation on Au or
Au/support are still unresolved. Assignment of the reactive oxygen required for CO
oxidation is one of the unresolved aspects of CO oxidation on Au/support.
With respect to CO oxidation on Au/TiO2 (Au/rutile) most of studies were devoted to
understand the role of the active sites,4,5 the support,2,3,6,7 the size/shape of the Au
nanoparticles8–10 and charge transfer between Au/support.11 However, the role of lattice O
atoms of the oxide towards the oxidative process (i.e. Mars Van Krevelen (MvK)
mechanism) has been given the least attention, particularly, for Au/TiO2 catalysts.
Moreover, the nature of the reactive oxygen for oxidative processes is also unresolved yet.
In principle, there are three mechanisms by which CO oxidation on Au/oxide catalyst is
considered to take place; (1) both CO and O2 adsorb at Au nanoparticles (the gold only
mechanism)12; (2) reaction occurs at Au/oxide interface (the interface mechanism)5,13 and
(3) CO adsorbs at the Au/TiO2 interface and reacts with the lattice oxygen.14 While the
former two mechanisms represent Langmuir-Hinshelwood mechanism, the latter is the
Mars-Van Krevelen mechanism (MvK). The MvK mechanism has three distinct
elementary reactions, namely, the first CO oxidation cycle using lattice oxygen atoms of
the oxide support, the adsorption of O2 at the vacancy produced during the oxidation
process and the second CO oxidation process using the O-atom produced by the
dissociation of O2 adsorbed at the vacancy. Although, the former one has got much more
attention, the later one is the least investigated mechanism. Besides, the dominant
mechanism of CO oxidation on Au/oxide nanoparticles is unresolved yet. The choice of
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the anatase (001) was made purposefully. As discussed above, a lot of work has been done
with respect to the catalytic/photocatalytic application of Au/rutile. However, very little is
known about the catalytic application of Au/anatase and among the different phases of
anatase, the (001) facet has been least investigated. Based on the electronic structure
(pDOS and HOMO-LUMO), it has been proposed that Au/TiO2 (001) is a better catalyst
for CO oxidation than Au/TiO2 (101).15 One might wonder that the minority surface might
diminish during crystal growth and the percentage of (001) phase would be negligible
compared to dominant (101) phase. However, it has been shown that up to 90% (001)
dominated anatase TiO2 crystals could be prepared with potential applications in lithium
ion batteries, photo-decomposition and hydrogen formation.16–18 Therefore, we think our
work might provide some insights into application of anatase (001) in CO oxidation.
Considering the role of surface oxygen vacancies, Haruta et al.19 have suggested that
molecular oxygen is activated at the perimeter of Au/TiO2 catalyst. Although, most of the
previous studies suggest that molecular oxygen adsorbed at the Au/TiO2 interface is the
possible reactive source of oxygen,12,20–22 Maeda et al.23 and Widmann et al.24,25 have
recently shown that Au/TiO2 perimeter lattice oxygen atoms are easily accessible for CO
oxidation and could be the source of reactive oxygen. However, detection of the reactive
oxygen during CO oxidation is difficult in in situ. In this regard, we investigated the
formation of O vacancy on the Au10/TiO2 catalysts in our recent work,7 where we have
shown that the lattice oxygen atoms present at the periphery of Au on Au10/TiO2 can be
activated thermally. Our work suggested that CO oxidation could take place by MvK
mechanism on Au/TiO2 catalysts. The purpose of current work was to analyze the
thermodynamic and kinetic aspects of this mechanism on Au/TiO2 system.

6.2 Computational Details
6.2.1

Methodology

We have used Quantum Espresso (Q-E) package26 to perform DFT27,28 calculations in
planes waves basis set and periodic boundary conditions. We make use of Vanderbilt
ultrasoft pseudopotentials29 and GGA-PW91 approximation30,31 to deal with the ion-core
interactions and exchange correlation energy, respectively. Although the use of vdW
approximation32–34 and hybrid potentials35,36 improve the calculated parameters,
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nevertheless, the GGA-PW91 functional has been shown to give computational results
which are close to the experimental ones.37,38 Besides this, the GGA+U formalism has
been successfully used to address the problems relevant to self-interactions.15,39,40
Therefore, to make the calculations affordable computationally along with good accuracy,
GGA+U formalism was used to address the self-interaction errors as discussed
elsewhere.40,41 The cut offs for wave function and charge density were 40 and 400 Ry,
respectively. The convergence criteria for forces were  0.05 eV/Å per atom.
The model for anatase TiO2 (001) (hereafter referred as TiO2) surface was represented with
a 6 monolayer p(3×3) unit cell having a vacuum gap of >20 Å to separate the periodic
slabs. The reciprocal space was sampled only by Γ-point. Although, we have used Γ-point
sampling, a test calculation with 2x2x1 k-points sampling was also done to see if the energy
variation is converged or not. Indeed the energy variation was converged and independent
of k-points sampling. The energy difference between 2x2x1 and 1x1x1 k-points sampling
was -0.003 Ry. The original tetragonal anatase unit cell was used to calculate the lattice
parameter and Monkhorst-Pack method42 was used to sample its reciprocal space with a
(8×8×3) k-points grid. The optimized values (3.81 and 9.47 Å), which are close to
experimental values (3.78 and 9.5 Å),43 were used to construct slab models in which bottom
half of supercell was frozen and the upper half was allowed to relax during CO oxidation
calculations. For creating Au10/TiO2 model system, we used same procedure as found in
previous work.7 The fractional occupancies for these metallic systems were represented by
first-order Methfessel-Paxton smearing-function with a width of  0.1 eV.44 Search for the
transition states (TS) was made using the climbing-image nudged elastic band (cNEB)
method45,46 and then confirmed by calculating vibrational frequencies. As GGA is known
to overvalue the binding energy of O2 and poorly describes the localized electrons on
reduced TiO2, a Hubbard correction was introduced40,41 with a value of 4 eV as proposed
by Ortega et al..47 Spin polarized calculations were performed for O2 molecule with a
10×12×14 Å3 orthorhombic unit cell. DFT+U calculations were performed for obtaining
the electronic energy. However, the phonons were calculated by DFT calculations as the
Q-E does not support DFT+U phonons calculations.27,28 Although, there may be some
errors associated with phonons part due to the neglect of the effect of the localized
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electrons, nevertheless, no reports have been published on the vibrational free energy
differences between TiO2 and TiO2 with a vacancy (TiO2(vac)).
6.2.2

Calculation of thermodynamic functions

Thermodynamic functions for the elementary reactions were calculated using vibrational
data. The contribution from the lattice thermal vibrations and the zero-point energy (ZPE)
to the total energy has also been taken in to account.7,48–51 For calculating the Gibbs free
energy variation, the vibrational data for stoichiometric and reduced TiO2 was taken from
our previous work.7
The Gibbs free energy variation for all the elementary steps was computed according to
the equation:
∆G = ∑Gp - ∑Gr
The indices p and r refer to the products and reactants, respectively, and G = H –TS, with
H the enthalpy and S the entropy of the system. The enthalpy and entropy are calculated
differently for solid and molecular systems. In the solid state they are calculated according
to the following equations:52
Hs(T) = Eelec + EZPE + Evib(T)
Ss(T) = Svib(T).
Gas phase molecules, on the other hand, are treated according to the method described
previously.51 The enthalpy of an ideal gas is calculated as follows:52
Hg (p,T) = Eelec + EZPE + Evib(T) + Erot (T) + Etrans (T) + pV,
where, Erot(T) and Etrans(T), are the rotational and the translational contributions to the
enthalpy, respectively.
The entropy of an ideal gas is calculated using the equation
Sg(p,T) = Strans (p,T) + Srot (T) + Svib(T).
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The variation of Gibbs free energy was calculated for all the elementary steps from 100650 K temperature range at a pressure of 1 atmosphere. All the expressions for enthalpy
and entropy terms could be found in our previous works.7,48–51,53

6.3 Results and Discussion
6.3.1

Thermodynamics of CO(g) + Au/TiO2 → Au/TiO2(vac) + CO2(g) Reaction

The oxygen atoms of the Au/TiO2 can be divided in two groups. (1) Oxygen atoms bridging
Ti atom with Au (interface oxygen atoms (O Int)) and (2) oxygen atoms bridging two Ti
atoms at the periphery of Au (perimeter oxygen atoms (OPeri)), as shown in Fig. 6.1 a, and
discussed in our previous work.7 As the Au/TiO2 has different oxygen atoms, it is essential
to distinguish those oxygen atoms which could be used for oxidizing CO. For this, we first
calculated the variation in ∆G° for the reaction CO(g) + Au/TiO2 → Au/TiO2(vac) + CO2(g)
using OInt and OPeri for the oxidation reaction. The results are shown in the Fig. 6.2. The
condition for stable intermediate(s) is that the intermediate(s) should have the negative
Gibbs free energy.
The variation in ∆G° suggests that CO oxidation by OInt seems difficult thermodynamically.
The intermediate formation is non-spontaneous from 100-650 K. Initially, the ∆G°
decreases, but starts increasing above room temperature (298.15 K) in a flat manner. The
situation is quite different when one looks at the variation in ∆G° for other two cases.
Lattice oxygen atoms at the periphery of Au (Operi) have negative free energies from 100650 K. This suggests that the oxygen atoms of Au/TiO2 which bridge Au cluster with
support (TiO2 in this case) would not participate in oxidation reactions whereas the lattice
oxygen atoms which are near the periphery of Au on Au/TiO2 are helpful for oxidative
reactions. These results verify the experimental works23–25 which show that the turn over
frequency for CO oxidation scales up with the length of the periphery of Au/TiO2. For
instance, Behm et al.24,25 have noted that reactivity of the catalyst depend upon with the
size of the periphery and temperature. They suggested that the lattice oxygen atoms at the
periphery of Au/TiO2 are reactive oxygen for CO oxidation. Since the activity of catalyst
was increasing with the increase in temperature, they suggested that at high temperatures,
thermally induced diffusion of surface oxygen vacancies takes place. Although, we could
show that the perimeter oxygen atoms could be used for oxidative purposes, we were
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unable to compute the thermodynamics of oxygen atoms which are away from the Au
cluster due to the small size of supercell. Nevertheless, the work of Behm et al. suggest
that at high temperature, the oxygen atoms away from the periphery migrate to the
periphery from where they are subsequently removed by CO.

Figure 6. 1 Optimized structures of different intermediates involved in CO oxidation by
Mars Van Krevelen mechanism. In (a), the white, red, green and purple balls show,
respectively, the surface, the subsurface, the interface and the perimeter oxygen atoms. The
markers in (j) and (k) show the oxygen atoms involved in O2 dissociation process.
6.3.2

Role of Size of Au cluster

In previous section, we concluded that the OPeri are activated and could be used for
oxidative processes on Au10/TiO2 catalysts. To see if this trend is general for all Aun/TiO2
catalysts or is limited to some selected Au clusters, we did additional calculations, in which
the variation in ∆G° was calculated for CO oxidation by lattice oxygen atoms of Au3/TiO2
and clean TiO2 catalysts. Details of model Au3/TiO2 and clean TiO2 catalysts are available
elsewhere.7 The results are shown in Fig. 6.2. The variation in ∆G° shows that the process
is non-spontaneous for TiO2 in the range of the temperature investigated. A slightly similar
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result was found for Au3/TiO2 case. While CO oxidation by OPeri on Au10/TiO2 has negative
∆G°, the ∆G° is positive for same situation on Au3/TiO2. Nevertheless, the values of ∆G° at
all temperatures are lower for Au3/TiO2 than for clean TiO2 catalysts. This shows that OPeri
of Au3/TiO2 and any lattice oxygen of clean TiO2 can’t oxidize CO by MvK mechanism;
the process is practicable on Au10/TiO2 catalysts only. Thus, the stability of the formed
(intermediate) oxygen vacancy could be varied by varying the size/dispersion of
nanoparticles of Au. Moreover, presence of Au cluster is essential for CO oxidation by
MvK mechanism. Therefore, we suggest that an Au assisted MvK mechanism is possible
on Au/TiO2 catalysts. However, it depends upon size of the Au cluster and different sized
Au clusters supported on TiO2 may not oxidize CO using OPeri. This is consistent with our
previous work on oxygen defect formation on TiO2, Au3/TiO2 and Au10/TiO2 systems7 and
other reported works on CO oxidation on Au/support.54–56 For instance, Zeng et al.57 have
used Born-Opennheimer molecular dynamics (BOMD) to study CO oxidation on
Au16/TiO2 and Au18/TiO2 catalysts. They observed that Au16/TiO2 is active for MvK
mechanism; however, LH mechanism is more favorable on Au18/TiO2.

They have

explained this difference on the basis of fluxionality of Au cluster. In a similar way, Duan
et al.39 found that for a periodic Au rod placed on TiO2, both LH and MvK mechanism are
possible. Reaction of CO with lattice oxygen atoms is not limited to Au/TiO2 catalysts only.
Au/CeO2 has also been shown to oxidize CO by MvK mechanism. For example, Au3/CeO2
was found to be highly active for oxidizing CO by Mv-K.58 The above mentioned evidences
suffice to argue that the participation of lattice oxygen atoms for CO oxidation might not
be ruled out. We suggest that the stability of formed oxygen defect could be used as a
criterion to judge whether MvK mechanism is possible on a certain Aun/oxide catalysts or
not. By this analogy, we were able to show that clean TiO2 and Au3/TiO2 can't oxidize CO
by MvK while Au10/TiO2 can. Although, the effect of agglomeration of the smaller clusters
to the larger clusters was not considered, reports suggest that large nanoparticles of Au are
also reactive and have been discussed elsewhere.25,39,57
It is interesting to note the charge loss or gain upon formation of oxygen vacancy. For this,
Bader charges59,60 were computed for the formation of oxygen vacancy upon removal of
OInt or OPeri on Au3/TiO2 and Au10/TiO2 systems. Table 6.1 shows the difference in Bader
charges for Au atoms once the vacancy is formed. For each Au atom, the charge was
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calculated before and after the vacancy formation and the differences (Au/TiO2(vac) −
Au/TiO2) are shown in the Table 6.1. The difference in the net charge for Au3 cluster
corresponds to 81.4% of the charge in Au10 cluster when the vacancy is formed in the
cluster interface. For vacancy formation on the cluster perimeter, this difference in Au3
corresponds to 39.3% of that found in Au10. So, even in the case that the modification is
not directly connected with the cluster, Au10 has clearly more capacity to act as a stabilizer.
The results also suggest that to have more Au atom near the vacancy is the key to cumulate
more charge in the cluster and stabilize the intermediate structure.

Table 6. 1 Bader charge difference for formation of vacancy at the cluster
interface/perimeter on Au3/TiO2 and Au10/TiO2 systems
Au3/TiO2

No

Au10/TiO2

Interface

Perimeter

Interface

Perimeter

1

-0.17

0

-0.17

0

2

-0.10

-0.11

-0.25

0

3

-0.42

0

0

0

4

-

-

-0.45

0

5

-

-

0.02

-0.11

6

-

-

0

0

7

-

-

0.01

-0.1

8

-

-

0

-0.08

9

-

-

0

0

10

-

-

0

0

Net

-0.70

-0.11

-0.86

-0.28

charge

6.3.3

The Au Assisted Mars-van Krevelen Mechanism

In previous section, we suggested that MvK mechanism could take place on Au10/TiO2
catalysts. The MvK mechanism involves following reaction steps:
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Reaction

Remarks

CO(g) + Au/TiO2 → Au/TiO2(vac) + CO2(g)

1st cycle of MvK mechanism

Au/TiO2(vac) + O2 → O2- Au/TiO2(vac)

O2 adsorption on Au/TiO2(vac)

CO + O- Au/TiO2(vac) → CO2 + Au/TiO2

2ndcycle of MvK mechanism

2CO + O2

Over all reaction

→ 2 CO2

Where, the Au/TiO2 represents the stoichiometric catalyst while the Au/TiO2(vac)
represents the catalytic surface with one O-atom vacancy. ∆G°, ∆H° and -T∆S° and reaction
barriers were computed for the elementary reactions shown above.
6.3.3.1 1st Cycle of MvK mechanism
For the 1st cycle of CO oxidation, the variation in ∆G° has been discussed in the preceding
sections. Here, we only report the calculated values of ∆G°, ∆H° and -T∆S° at room
temperature (298.15 K) which are -180, -67 and -113 kJ/mol, respectively.
To compute the kinetics of first cycle of CO oxidation, adsorption of CO on different
positions of Au10/TiO2 catalyst was investigated. The calculations indicate that CO tends
to bind most strongly at the top of Au cluster with adsorption energy (Eads) of -123 kJ/mol.
The C-O and C-Au bond lengths were 1.15 Å and 1.92 Å, respectively. However, CO
adsorbed at this site can not react with the lattice O atoms without diffusion near to lattice
O. To react with lattice O-atoms, CO should either be adsorbed at a Ti or an Au site near
the lattice oxygen. Placing CO at any Ti atom revealed a very week interaction. However,
CO adsorption at Au-Ti bridge (Fig. 6.1 b and c) near the lattice O was found to be stable
with Eads of -67 kJ/mol. This can be achieved at high partial pressure of CO. The calculated
C-Au, C-Ti and C-O bond lengths are respectively, 2.44, 2.27 and 1.15 Å. The distance of
C of CO from the lattice O was found to be 2.61 Å.
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Figure 6. 2 Variation in ∆G° for the formation of different intermediates on the model
systems. OInt and OPeri show the variation in ∆G° for CO2 formation on Au10/TiO2 model
system using interface and perimeter oxygen atoms, respectively. OPeri-Au3/TiO2 and clean
Ti show CO oxidation using OPeri of Au3/TiO2 system and lattice oxygen of clean TiO2
surface, respectively. O2-adsorption and 2nd cycle of MvK represent the adsorption of O2
on the perimeter vacancy and CO oxidation by atomic oxygen on Au10/TiO2 catalyst,
respectively.

CO2 formation from CO adsorbed on Au/Ti bridge involves formation of an OCO
intermediate (Fig. 6.1 f). Formation of the intermediate is activated by 53 kJ/mol and with
reaction energy 40 kJ/mol. (Relative to the adsorbed CO) The transition state (TS) for OCO
intermediate formation is shown in Fig. 6.1 d and e. The first cycle completes with CO 2
desorption from OCO. The desorption step is exothermic by 76 kJ/mol, relative to adsorbed
OCO. (Exothermic by 36 kJ/mol relative to adsorbed CO) Hence, CO oxidation produces
an oxygen vacancy at the periphery Au/TiO2 catalyst. Similar barrier has been reported on
Au supported on rutile surface.39,57 As the barrier associated with CO2 formation is small
and the reaction is highly exothermic, CO oxidation by MvK mechanism is possible on
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Au/TiO2 catalysts.
The formation of CO2 leads to a surface oxygen vacancy leaving excess electrons at the Au
and Ti atoms near the oxygen vacancy.47 We calculated Bader charges59,60 to see the
electron transfer between Au and TiO2 as the reaction proceeds. Bader charges were
calculated for CO-Au/TiO2 and OCO-Au/TiO2. Bader charges on Au/TiO2 and
Au/TiO2(vac) have already been discussed in our previous work.7 When the Au cluster
adsorbs on TiO2 support, it is slightly oxidized by losing electrons (ē) to TiO2. Upon
adsorption of CO molecule at the Au/TiO2 interface, the Au cluster draws ē from incoming
CO and is reduced by 0.2 ē, with no charge being distributed to O or Ti atoms near the
Au/TiO2 interface. However, with the formation of OCO intermediate, the charge transfer
reverses. The C atom, which initially was oxidized, is reduced by drawing ē from the Au
cluster. The charge on C atom reduces from 2.34 ē in CO-Au/TiO2 to 1.96 ē in the OCOAu/TiO2 complex, the Au cluster in turn being oxidized. With the desorption of CO2 from
OCO intermediate, the Au cluster is reduced again along with small charge being
distributed to Ti atoms in the vicinity of the O-defect. Thus, Au cluster acts a pool of ē. The
Au cluster changes its oxidation state during the reaction. This charging/discharging of Au
plays an important role in the catalytic activity of Au/support catalysts. A similar situation
has also been observed by Zeng and coworkers.57
6.3.3.2 Adsorption of O2 on the oxygen vacancy
Following the completion of first catalytic cycle for CO2 formation, adsorption of O2 was
examined at the defect produced in the previous cycle. The adsorption of O2 on the reduced
Au10/TiO2 catalyst regenerates the stoichiometric form with an extra O atom. The
configuration for molecular adsorption is shown in Fig. 6.1 h i. Molecular oxygen adsorbs
on the vacancy site at right angle to the surface normal. The O-Ti bond on either side was
found to be 1.86 Å. The O2 is activated during its adsorption at the vacancy resulting in
1.39 Å O-O bond length, which reveals significant molecular bond activation (gas phase
O-O bond length is 1.24 Å). The O2 adsorption energy is -163 kJ/mol at 0 K. The Fig. 6.2
shows the variation in ∆G° for adsorption of molecular oxygen. The adsorption process is
spontaneous until 420 K. The values of ∆G°, ∆H° and -T∆S° at room temperature are -52, 195 and 143 kJ/mol, respectively. However, beyond 420 K, the intermediate (O vacancy)
becomes more stable than adsorbed oxygen, indicating that the reaction will be slowed
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down above this temperature.
Following the adsorption of molecular oxygen, its dissociation into 2 oxygen atoms (O+O
co-adsorption) was also examined. The optimized configuration of dissociated O2 is shown
in Fig. 6.1 k. The dissociated atoms are indicated by blue arrows. One oxygen atom fills
the vacancy while the second one forms an interface with Au and Ti. The O atom which
fills the vacancy has symmetric O-Ti bond lengths (1.82 Å). The O atom which makes an
interface with Au and Ti has Au-O and Au-Ti bonds lengths of 2.03 and 1.72 Å,
respectively. The dissociative process is activated by a minor barrier of 30 kJ/mol (see Fig.
6.1 j for TS). The dissociation of O2 is an exothermic process. We note that the
exothermicity of the process increases (more negative reaction energy) with increasing the
temperature. For example, at 0 K, the reaction energy is -69 kJ/mol while at 298.15 K, the
value is close to -71 kJ/mol. Thus, the thermodynamics and the kinetics of O2 adsorption
and dissociation process indicate that the process is highly probable on the Au/TiO2
catalyst.

Figure 6. 3 Potential energy surface depicting the MvK mechanism on Au10/TiO2 catalyst.
The first plot shows the first cycle of MvK while the 2nd plot shows the second cycle of MvK.
6.3.3.3 2nd cycle of CO oxidation (CO oxidation by atomic oxygen)
Fig. 6.2 shows the variation in ∆G° for the 2nd cycle of CO oxidation calculated with respect
to gas phase CO and O2 adsorbed on Au/TiO2(vac). The variation in ∆G° shows that the
process is spontaneous at all the studied temperatures. At room temperature, the values of
∆G°, ∆H° and -T∆S° are -327, -261 and -65kJ/mol, respectively. Thus, second cycle of CO
oxidation is highly feasible on Au/TiO2 catalysts.
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The MvK mechanism of CO oxidation completes with the reaction of CO with O atom
produced in O2 adsorption step. Initially, co-adsorption of CO-O was examined. Fig. 6.1
m and n show the co-adsorption configuration of CO-O. The CO adsorbs on an Au atom
close to O-atom adsorbed at Au/Ti bridge. Height of the CO relative to O-atom is 2 Å.
Formation of CO2 from CO-O is activated by 35 kJ/mol (the TS is shown in Fig. 6.1 o) and
highly exothermic (-268 kJ/mol) relative to adsorbed CO-O. Thus, lattice O atoms at the
periphery of Au10 on the Au10/TiO2 could be removed by CO in one step and replenished
in subsequent oxygen adsorption step. The complete reaction profile is shown in Fig. 6.3.
Our observations substantiate the experiments which suggest that the lattice O atoms of
TiO2 near the periphery of Au could be used for CO oxidation.23–25
6.3.4

Reactive Oxygen (O) for CO Oxidation

There has been a continuing debate in academia about the source of reactive oxygen for
CO oxidation on Au/oxide catalysts. For CO oxidation, there could be a reaction between
CO and O2 (either in molecular form or in dissociated form, The Langmuir-Hinshelwood
mechanism) in which oxide only acts as support for anchoring the Au cluster and sometime
molecules, also. Conversely, the support can actively take part in the reaction by providing
lattice oxygen atoms for oxidative purpose, as a bifunctional catalyst (The Mars-Van
Krevelen Mechanism). It was shown that O2 could be adsorbed on the Au/TiO2 catalyst
below 77 K which then could be removed by CO.61 However, this molecularly adsorbed
O2 desorbs at 170 K22,62 indicating a different reaction mechanism at high temperatures.
Recently, Kotobuki et al.63 suggested that the length of the Au/TiO2 periphery is important
for OSC. (Oxygen storage capacity) They suggested that the OSC scales up with periphery
of Au/TiO2 and consequently the CO oxidation. They noted that the reactive oxygen needed
for oxidation could be adsorbed at 353 K (80 °C) which is stable against desorption. It is
hard to imagine that the active oxygen species detected by Kotobuki et al.63 is the
molecularly adsorbed oxygen because the experiments of Steihl et al.22,62 have shown that
O2 desorbs at 170 K. One can argue that at low temperature, molecular oxygen represents
reactive oxygen for oxidative reactions, however, beyond room temperature, the situation
remains unresolved. However, recent works24,25 suggest that the perimeter oxygen atoms
of the Au/TiO2 are reactive oxygen for CO oxidation. On the theoretical side, controversy
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still exists about the assignment of the reactive oxygen for CO oxidation. 39,57 In our
previous work, we had shown that formation of surface oxygen vacancy is thermally
induced process on Au/TiO2.7 Our previous work and the current one strongly suggest that
MvK mechanism can take place and the source of reactive oxygen species is the lattice
oxygen atoms of Au/TiO2 near the periphery of Au/TiO2. Since Au is necessary to initiate
CO oxidation by MvK mechanism, therefore, a gold assisted MvK mechanism would occur
alongside Langmuir-Hinshelwood mechanism on the Au/TiO2 catalysts. These
observations are consistent with the previous theoretical and experimental works, as
discussed elsewhere.25,39,57,58
The Au cluster undergoes small deformations during CO oxidation; however, these
deformations do not destroy the basic three dimensional semi-pentagonal geometry of the
Au cluster, the structure remains identical during the reaction. The deformations of metal
cluster in a reaction are referred as the fluxionality of the cluster. This fluxionality of the
Au cluster has been shown to be responsible for the activating lattice oxygen atoms for CO
oxidation. More robust clusters (Au18/TiO2, for instance), which do not undergo
deformations, have been shown to be active for LH mechanism.57,58 Therefore, it can be
safely concluded that fluxionality of Au cluster plays an important role in activating the
lattice oxygen atoms for CO oxidation.

6.4 Conclusions
CO oxidation by Mars-Van Krevelen (MvK) mechanism on Au10/TiO2 was investigated
by means of Density Functional Theory calculations. The variation in ∆G° with temperature
was calculated for the elementary reactions associated with MvK mechanism. Initially,
clean TiO2 surface, Au3/TiO2 and Au10/TiO2 catalytic systems were investigated
thermodynamically to check their activity. It was found that only Au10/TiO2 was active for
oxidative reaction advocating that only particular sized Au clusters are active. On the
Au10/TiO2 catalyst, the MvK mechanism starts with the CO oxidation by lattice oxygen
atoms located at the periphery of Au10. The variation in ∆G° indicates that the process is
spontaneous at all the temperatures studied with a small activation barrier (53 kJ/mol). CO2
desorption leaves a surface oxygen vacancy at the perimeter of Au10/TiO2. The formed
vacancy is replenished in the subsequent O2 adsorption step. The variation in ∆G° for
adsorption of O2 showed that the adsorption process is spontaneous until 420 K.
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Dissociation of O2 into O+O is exothermic process and activated by a nominal activation
barrier (30 kJ/mol). The second cycle of CO oxidation is highly exothermic (-268 kJ/mol)
and activated by a minute barrier of 35 kJ/mol. Consequently, it is proposed that practically
a gold assisted (as Au is necessary to initiate CO oxidation) MvK mechanism will compete
the Langmuir-Hinshelwood mechanism on the Au/TiO2 catalysts.
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Chapter 7
A DFT Study of Water Gas Shift Reaction on Au/Anatase Catalyst
7.1 Introduction
Water gas shift reaction (WGSR) (CO + H2O ↔ CO2 + H2) is a part of many processes
which are important industrially.1–7 The reactive element of the industrially used catalysts
is Cu which is supported on ZnO/Al2O3.8 Due to difficulty in dissociating water over
Cu,9,108 the rate of reaction remains low and for this reason, the reaction temperature is kept
high. This is the major disadvantage accompanying the Cu/ZnO/Al2O3 catalyst that is being
used industrially. Thus, alternate catalysts with higher reaction rates at low temperatures
are being investigated.
A number of investigations indicate that the bimetallic surfaces,11,12 metal/carbides13,14 and
metal/oxides15 are better catalysts for WGSR than Cu/ZnO/Al2O3 catalyst. Among
metal/oxides, Au/rutile and Au/CeO2 have been the most studied extensively systems.16–18
To the best of our knowledge, Au/anatase has not been investigated for its possible
application in WGSR. Although, CO oxidation is best catalyzed over Au,19,20 studies
suggest that it is a poor surface for dissociating water.8,21 Although, a few works show that
Au has the potential to catalyze the WGSR at low temperatures,22–24 the dissociation rate
is insignificant due to large barrier needed to dissociate H2O.21 Our interest in the
Au/anatase catalyst arose due to the better reactivity of anatase than rutile towards water
dissociation.21 Literature suggests that water adsorbs molecularly on (101) facet of
anatase25–27 whereas dissociative adsorption has been reported on (001) facet.21 Although,
adsorption features of water on anatase have been reported,21,25–27 nevertheless,
hydroxylation characteristics of Au/anatase are not available. Since, WGSR catalysts are
operated at temperature above 500 K, a clearly picture with respect to the stability of the
surface hydroxyls in function of temperature is missing. Therefore, for application of
Au/anatase for WGSR, understanding of adsorption dynamics of H2O over this catalyst at
various temperatures would be interesting.
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Adsorption dynamics of H2O over solids is one of the hot areas of research due its
importance in catalysis, photochemistry, electrochemistry and biomedical application.1–4
A basic understanding of hydroxylation of the anatase is essential as the hydroxylated
anatase increases the photocatalytic activity of titania nanoparticles by reducing the band
gap. For instance, it was found that hydroxylation of anatase increased the both solar and
light driven photocatalytic activity, which has been attributed to the disorder induced by
the hydroxylation.28 It has been shown that the photocatalysis and hydrophilicity are
dependent upon the concentration of surface hydroxyls present on the anatase surface. It is
believed that the reaction of hydroxyls and photogenerated holes produces OH·. The
formed OH· are suggested to enhance the

photodegradation of the pollutants.29

Hydroxylated TiO2 has been observed to show improved photocatalytic degradation of
methylene blue and HCHO under UV radiation.30 Hydroxyl functionalities also boost the
formation of alkoxide species. These alkoxides induce donor level transitions thereby
enhancing photocatalytic activity.31 Besides this, presence of hydroxyl groups influences
the reactivity of supported TiO2 as well.32 For instance, presence of the hydroxyl groups
on the rutile surface greatly improves the adsorption of Au cluster, leading to stronger
binding of CO and O2 and thus enhanced reactivity of Au/rutile catalyst.32 Thus, it can be
concluded that the surface hydroxyls present on the TiO2 surface greatly influence the
(photo)catalytic activity, therefore, an understanding of the hydroxylation process of
anatase/rutile surface is essential.
In our previous work, we have shown that neither Au nor anatase alone can catalyze
WGSR.21 While, the former suffers from slow disintegration of water, the latter has little
or no affinity for CO. Here, in this work we suggest a mechanism featuring water
dissociation on Au/anatase interface and CO oxidation on Au cluster. Previously, we have
shown that water adsorbs dissociatively over anatase(001) surface and CO oxidation is
possible on Au surface. We had used Au(100), stepped Au(310) and anatase (001).21 Here
in this work, we extended our work to a Au10 cluster adsorbed on the anatase(001) surface.

7.2 Computational Details
Periodic DFT calculations33,34 were performed with the Quantum Espresso code.35 The
GGA-PW91 approximation36,37 was used for exchange-correlation energy and Vanderbilt38

134

ultrasoft pseudopotentials were used to represent ion-electron interactions. Plane-waves
with kinetic energy up to 40 Ry were included in the calculations. Optimization process
was carried out for all the structures until the force on the atoms dropped below 0.05 eV/Å.
The fractional occupancies were accommodated using first-order Methfessel-Paxton
smearing-function having the width of  0.1 eV.39 The minimum energy path (MEP) was
found using climbing-image nudged elastic band (cNEB) method.40,41
A 12 mono-layered p(3×3) slab of anatase TiO2(001) surface (called TiO2 onwards) with
a vacuum gap of >20 Å was used in the calculations. The Monkhorst-Pack42 method was
used to sample the reciprocal space at the Γ point. The optimized lattice parameters of 3.81
and 9.47 Å were obtained which are closer to the experimental values of 3.78 and 9.5 Å.43
To model Au10/TiO2 system, the Au cluster optimized in vacuum was oriented at different
sites over the TiO2 surface to look for the most stable adsorption configuration. Details
about the model of Au10/TiO2 catalyst could be found in our recent work.44,45 We should
emphasize here that this is a simple model of real Au/TiO2 catalyst but has been shown to
explain satisfactorily the experimental observations for WGSR.18

7.3 Results and Discussion
7.3.1

Water adsorption on anatase (001) surface

First we examined water monomer adsorption was studied on clean TiO2 surface. We found
that the monomer adsorption is dissociative (chemisorption). Two fold coordinated O
atoms of the TiO2 surface which project outward, abstract an H atom from the water
molecule resulting in formation of two surface hydroxyls on TiO2 surface. In the course of
water chemisorption, the O-Ti bond of the surface breaks, and a new O-H bond is created
with the H abstracted from H2O. The surface hydroxyls so formed have unequal bond
lengths. (Fig. 1a) The OH produced as a result of combination of lattice O and H (OsH
bond) has a larger bond length (1.02 Å) while OH bond comprising of O of water (OwH
bond) has a bond length of 0.97 Å. (Subscripts w and s represent the O atoms belonging to
water or support, respectively). The two hydroxyls are held by a long range hydrogen bond
(H-bond) of 1.47 Å, while the Ow-Ti and Os-Ti bond lengths were found to be 1.46 and
1.89 Å, respectively. ZPE (zero point energy) corrected chemisorption energy (Eads) of
water monomer at 0 K was found as -151.7 kJ/mol which was defined as
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𝐸𝑚𝑜𝑛𝑜𝑚𝑒𝑟 − 𝐸𝑇𝑖𝑂2 − 𝐸𝐻2 𝑂(𝑔) = 𝐸𝑎𝑑𝑠
Figure 1-b shows the optimized structure of water monomer on TiO2(001) surface.
Recently, it has been shown that dispersion interactions strongly influence the adsorption
geometries and the binding energies of the adsorbates. To address the dispersion
interactions, we adopted the DFT-D methodology in which dispersion interactions are
represented in a parameterized form. The estimated value of dispersion interactions is
added to the total energy as
𝐸𝐷𝐹𝑇−𝐷 = 𝐸𝐷𝐹𝑇 + 𝐸𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛
The DFT-D approach implemented in QE is based on work of Grimme.46 For this, we
initially optimized the lattice parameters of TiO2 and then studied the adsorption of water.
The results obtained with DFT-D method were slightly different from the GGA calculation.
There are negligible differences in OH bond lengths. However, the adsorption energy of
monomer adsorption is markedly different. DFT-D predicts higher adsorption energy
whereas the GGA predicts lower adsorption energy. (Table 1) Therefore, we think that
GGA alone can’t satisfactorily explain the characteristics of water adsorption on TiO2.
Therefore, for the rest of calculations, DFT-D method was used.

Table 1 Adsorption energy, OH bond length and H-O-H bond angle of water monomer
adsorbed on TiO2 computed with GGA and DFT-D method.
Adsorption

energy Ow-H bond length

(kJ/mol)

(Å)

Os-H bond length (Å) H-Ow-H bond angle

GGA

DFT-D

GGA

DFT-D

GGA

DFT-D

GGA

DFT-D

-151.7

-164.3

0.973

0.972

1.01

1.02

119.6°

116.9°
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To accommodate coverage effects, calculations were performed for water dimer
adsorption. Like the monomer case, the calculations for dimer also converged in
dissociative adsorption of both water molecules (Fig. 1-b). The ZPE corrected
chemisorption energy of dimer was found to be -307.4 kJ/mol. Relative to monomer
adsorption, the adsorption energy of second molecule is -143.3 kJ/mol defined as 𝐸𝑑𝑖𝑚𝑒𝑟 −
1 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
𝐸𝑚𝑜𝑛𝑜𝑚𝑒𝑟 − 𝐸𝐻2 𝑂(𝑔) = 𝐸𝑎𝑑𝑠

Figure 1 Optimized configurations of (a) monomer adsorption on TiO2, (b) dimer
adsorption on TiO2, (c) monomer adsorption on Au/TiO2, (d) dimer adsorption on Au/TiO2,
(e) CO-OH co-adsorption on Au/TiO2, (f) TS for COOH formation, (g) COOH adsorption,
(h) COOH isomerization, (i) TS for COOH dissociation and (j) CO2 desorption
Following the assessment of two methodologies to treat water adsorption, we moved on to
see the thermal stability of surface hydroxyls. For this, thermodynamic parameters (∆G,
∆H and ∆S) were obtained. For this, vibrational frequencies were obtained for the TiO2
(top two layers only), gas phase water and hydroxylated TiO2. Using the vibrational data,
the DFT energy (GGA as well as DFT-D) and the zero point energy (ZPE) correction, we
calculated the variation in ∆G according to procedure described in our earlier works.44,45,47–
51

For the solid state systems, we used the ZPE and thermal vibrational contributions to the

total energy. However, for the gas phase systems, in addition to the ZPE and vibrational
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contributions, the contributions from rotational and translational parts have also been
considered. More rigorous explanation can be found in our previous. works.44,45,47–51 The
variation in ∆G° was calculated from 100-700 K temperature range at 1 atm.

Figure 2 The variation in ∆G° for water monomer and dimer adsorption on TiO2 and
Au/TiO2. M_GGA and M_DFT-D represent, respectively, the monomer adsorption
computed by GGA and DFT-D method over TiO2. D_DFT, and M_Au/TiO2 and D_Au/TiO2
show the variation in ∆G° for dimer adsorption on TiO2, monomer adsorption on Au/TiO2
and dimer adsorption on Au/TiO2, respectively, computed with DFT-D method.
The variation in ∆G° (Fig. 2) indicates that the water chemisorption on TiO2 is spontaneous
in the range of the temperature investigated. At room temperature the calculated values of
∆G°, ∆H° and -T∆S° for monomer adsorption were found as -101.5, -140.8 and 39.3 kJ/mol,
respectively. The values of ∆G°, ∆H° and -T∆S° for dimer adsorption at room temperature
were -204.2, -283.8 and 79.6 kJ/mol, respectively. Moreover, in case of monomer
adsorption on TiO2, while the GGA predicts that water would desorb close to 650 K, the
DFT-D predicts that desorption is most likely to occur above 700 K. In conclusion, the
results obtained from GGA and DFT-D are significantly different, due to the dispersion
interactions, and therefore, while assessing the interaction of molecules with surfaces,
dispersion interactions should be included. For the case of dimer adsorption, DFT-D shows
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that the adsorption is stable above 700 K, the adsorption energy at 700 k being -34.5 kJ/mol,
a significant value.
7.3.2

Water dissociation on Au/TiO2

As water splitting controls the overall reaction rate over Cu/ZnO/Al2O3 catalysts, therefore,
we first investigated the hydroxylation of the Au/TiO2 interface. Fig. 1-c shows the
optimized structure of water monomer adsorbed on the Au/TiO2 interface. During the
optimization process, the calculations converged to a dissociated form of monomer
adsorbed on Au/TiO2 interface. We also investigated the adsorption of water dimer at the
interface of Au/TiO2. Like monomer adsorption, the adsorption of dimer was also
dissociated (Fig. 1-d). Thus, it is expected that entire interface of Au/TiO2 would be
covered by surface hydroxyls produced by the reaction of water with oxygen of Au/TiO 2
catalyst. The ZPE corrected adsorption energies for monomer and dimer adsorption are 202.7 and -285.5 kJ/mol, respectively. After this, the variation in the ∆G° was calculated
with respect to the gas phase water and Au/TiO2. Fig. 2 shows the variation of ∆G°. The
variation in ∆G° suggests that the formed surface hydroxyls are stable on interface of
Au/TiO2 at the working temperature of WGSR. Moreover, the adsorption of water
monomer has more negative ∆G° as compared to dimer adsorption. Thus, under low
coverage, dissociative adsorption would be more favorable, while at high coverage,
desorption would be more prominent process. At room temperature, the calculated values
of ∆G° for monomer and dimer adsorption are -162.7 and -176.1 kJ/mol , respectively. If
we compare the adsorption dynamics of water on TiO2 and Au/TiO2, it appears that
Au/TiO2 prefers monomer adsorption; the dimer adsorption being more favorable on TiO2
surface.
7.3.3

Mechanism of WGSR on Au/TiO2

After discussing the temperature dependent stability of the surface hydroxyls, we turn to
address the mechanism of WGSR. Literature suggests that on supported catalysts, the
mechanism proceeds through the formation of carboxyl intermediate.18 In our work, we
investigated the formation of carboxyl intermediate. For this, we initially calculated the
diffusion of surface hydroxyls from interface to Au cluster. It is very important to
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understand if the hydroxyls can diffuse or not. Only after this information, one can compute
the dynamics of CO oxidation. The following section discusses the diffusion of surface
hydroxyls and then CO oxidation.
7.3.3.1 Diffusion of Surface Hydroxyls on Au/TiO2
For calculating the possibility of the diffusion of surface hydroxyls on Au/TiO2, different
configurations for diffusion process were optimized. Fig. 3 shows the different optimized
configurations for diffusion process along with absorption energies. Moving the surface
hydroxyl from Au/TiO2 interface to Au cluster destabilizes the system significantly.
Moving a surface hydroxyl from Au/TiO2 interface to Au-Au bridge position between on
Au cluster destabilizes the system by 100.3 kJ/mol and moving the hydroxyl to top position
of the Au cluster destabilizes the system by 131.6 kJ/mol. (These values are with respect
to the water monomer adsorbed at the Au/TiO2 boundary) Thus, for moving a surface
hydroxyl to Au cluster would require an activation barrier higher than these values, which
is difficult to surmount under reaction conditions. From these observations, one can
conclude that diffusion of hydroxyl groups to any position on the Au is very unlikely;
therefore, the WGSR will most likely take place on the Au/TiO2 boundary. Thus, Au/TiO2
works as a bifunctional catalyst; with TiO2 supplying the hydroxyls for the oxidation and
Au cluster adsorbs and supplies CO near the interface. Our observations regarding the
interface mechanism of CO oxidation in WGSR on Au/TiO2 are confirmed by the work of
Saavedra et al.18 regarding CO oxidation on Au/rutile with hydroxyls.
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Figure 3 Calculated adsorption energies for different configurations of hydroxyl for
diffusion from interface to Au cluster. The values are reported relative to most stable
adsorption configuration. ZPE correction is not included in these values.

7.3.3.2 CO Oxidation and H2 formation
In the above section, we concluded that the diffusion of surface hydroxyls to Au cluster is
very unlikely under the reaction conditions; therefore, the WGSR would take place at the
boundary of Au/anatase. For this, co-adsorption configuration of CO and OH was
computed. From this co-adsorption configuration, formation of COOH was calculated. The
carboxyl formation is thermoneutral reaction and needs an activation barrier of 46.3
kJ/mol. The formed COOH complex isomerizes and then dissociates into CO2 and H. The
activation energy required for the dissociation of carboxyl was obtained as 38.5 kJ/mol and
the reaction is endothermic by 58.3 kJ/mol. The configurations for co-adsorption of COOH leading to CO2 formation through COOH intermediate are shown in Fig. 1-e-j. The
reaction energy and the activation energy barrier indicate that the CO oxidation by this
route seems possible under the reaction conditions. The final step in WGSR is the
formation of H2 by the combination of two H atoms formed by desorption of CO2 from
COOH. For formation of H2, we initially calculated the adsorption of H2 on the Au particle
as well on TiO2. H2 interacts neither with Au particle nor with the anatase support. We also
tried to find its adsorption configuration on the Au/TiO2 interface, but the calculations
converged to the desorbed molecule. The activation barrier for H2 formation is seldom
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reported due to its little or no affinity with the surfaces. As formation of H2 gas is entropy
driven reaction and the working temperature of WGSR is ˃ 400 K, H2 formation would not
pose hindrance. Therefore, the barrier for this elementary reaction wasn’t calculated. The
section could be concluded as the dynamics of WGSR on Au/TiO2 (water dissociation and
CO oxidation) suggest that this surface is an efficient catalyst for application in WGS
industry.

7.4 Conclusion
With the help of DFT-D methodology, we have investigated the adsorption of water on
clean anatase(001) and Au/anatase(001). Our calculations revealed that water adsorbs
dissociatively for low or high coverage on both surfaces. While the dimer adsorption is
more favorable on anatase, the monomer adsorption is more stable on Au/TiO2. We have
also investigated the effect of dispersion interactions and it was found that inclusion of
dispersion interactions is necessary. For the case of clean TiO2, it was found that the GGA
alone gives adsorption energy which is significantly different from the energy obtained
from DFT-D method. While the GGA predicts that water would desorb close to 650 K on
the TiO2, the DFT-D predicts that desorption is most likely to occur above 705 K. A
comparison of water adsorption on TiO2 and Au/TiO2 shows that the TiO2 prefers dimer
adsorption whereas the Au/TiO2 prefers monomer adsorption. We found that the diffusion
of surface hydroxyls from the Au/TiO2 periphery to the Au is highly improbable and it
seems that the CO oxidation would occur at the Au/TiO2 boundary. The results show that
water dissociation and CO oxidation steps occur easily on Au/TiO2 indicating that this
could be good alternative catalyst for water gas shift reaction industry.
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Summary and Future Outlook

Density Functional Theory calculations were performed to investigate water gas shift reaction and
CO oxidation on bimetallic (Au-Cu and Au-Pd) surfaces and Au/anatase (Au/TiO2) catalyst. The
calculations suggest that the bimetallic surfaces as well as Au/ TiO2 are good catalysts for water
gas shift reaction, providing very low activation barrier for dissociating water and CO oxidation,
the key intermediate steps of shift reaction. On the other hand, our calculations indicate that on
Au/ TiO2, the CO oxidation would preferentially occur by Mars-van Krevelen (MvK) mechanism,
in which a lattice oxygen atom oxidizes CO and is subsequently refilled by oxygen adsorption
step. A brief overview of individual chapters is presented below.

In Chapter 3 we discussed the DFT study of a reaction relevant bimetallic surface for water gas
shift reaction. We found that in vacuum, Pd prefers to stay in the bulk due to more negative
formation energies. However, strong CO-phillic nature of Pd causes surface segregation of Pd a
relevant process. Moreover, the surface is highly active for water dissociation and subsequent
reactions leading to CO oxidation owing to low activation barriers for water splitting and CO
oxidation. It was suggested that the adsorbed carboxyl pathway will dominate the reaction kinetics.
The dissociative adsorption of H2 on this surface opens new channels for research as hydrogen
storage materials.

Chapter 4 was dedicated to investigate the thermodynamic and kinetic aspects of water gas shift
reaction on metallic Cu(100) and bimetallic Cu-Au(100) surfaces. The variation in the Gibbs free
energy (∆G°), the activation barriers, and the rate constants for the intermediate steps of water gas
shift reaction indicate that the bimetallic surface is substantially reactive than Cu(100) surface
which is the conventional shift catalyst. The variation in ∆G° for water dissociation indicated that
the process would be spontaneous up to 520 K on the bimetallic surface and up to 229 K on the
Cu(100) surface. The calculated rate constants for the process also significantly higher on the
bimetallic surface than on than the Cu(100) surface. Contrary to Au-Pd catalyst, the kinetics of
water gas shift reaction would be dominated by redox processes on both these two surfaces.

In Chapter 5, we explored the formation of oxygen vacancies on clean TiO2 and Aun/TiO2
catalysts. On the Au/ TiO2 systems, three different types of lattice oxygen atoms were identified:

the Ti-O-Au bridge, Ti-O-Ti bridge in the perimeter of Au cluster and Ti-O-Ti bridge away from
Au cluster, the oxygen atoms like on the clean surface. Very large value of ∆G ° for surface O
vacancy formation on the clean TiO2 surface showed that the defect formation seems very difficult.
The defect formation on Aun/TiO2 catalysts is not only dependent on the size of Au cluster but also
on the positioning of the lattice oxygen atoms relative to Au cluster. For instance, the trend in ∆G°
variation for the vacancy formation for Au3/TiO2 and Au10/TiO2 systems is similar; however, the
defect formation is only possible on Au10/TiO2 system. Moreover, for Au10/TiO2 system, only
perimeter defect formation is possible. Finally, extended calculations for other oxygen atoms on
Au10/TiO2 model reveal that the trend in ∆G° variation is similar for all the interface or perimeter
O atoms around the Au cluster with marginal differences in the numerical value of ∆G°. Since, the
surface O atoms are activated only in the presence of a particular sized Au, therefore, we propose
that an Au catalyzed Mars-Van Krevelen mechanism could be a possible reaction mechanism for
CO oxidation on Au/TiO2 catalysts.

Chapter 6 dealt with the CO oxidation by Mars Van Krevelen (MvK) mechanism is possible over
Au/TiO2 catalysts. Chapter 6 demonstrates the systematic study of CO oxidation by lattice oxygen
atoms of Au10/TiO2 catalyst. The MvK mechanism starts with the CO oxidation by lattice oxygen
atoms located at the periphery of Au10 cluster over Au10/TiO2 system. The variation in ∆G°
indicates that the process is spontaneous at all the temperatures studied and requires 53 kJ/mol
activation barrier. The CO2 desorption, as result of this oxidative process, leaves a surface oxygen
vacancy at the perimeter of Au10/TiO2 which is refilled in the subsequent O2 adsorption step.
Dissociation of O2 into O+O is an exothermic process and activated by a small activation barrier
(30 kJ/mol). The second cycle of CO oxidation is even more likely, having a lower activation
barrier and high exothermicity. While the ∆G° for CO oxidation by lattice oxygen atoms is negative
on Au10/TiO2, it is positive on Au3/TiO2 and clean TiO2 catalysts. The study supports that MvK
mechanism is expected to take place together with the Langmuir-Hinshelwood mechanism on
Au/TiO2 catalysts.

Chapter 7 dealt with the DFT-D study of the adsorption of water on clean TiO2 and Au/TiO2. For
the case of clean TiO2, it was found that the GGA alone gives adsorption energy which is
significantly different from the energy obtained from DFT-D method. While the GGA predicts
that water would desorb close to 650 K on the TiO2, the DFT-D predicts that desorption is most
likely to occur above 700 K. A comparison of water adsorption on TiO2 and Au/TiO2 shows that

the TiO2 prefers dimer adsorption whereas the Au/TiO2 prefers monomer adsorption. We found
that the diffusion of surface hydroxyls from the Au/TiO2 periphery to the Au cluster is unlikely
and it seems that the CO oxidation would occur at the Au/TiO2 boundary. The results show that
water dissociation and CO oxidation steps occur easily on Au/TiO2 indicating that this catalyst
could be good alternative catalyst for water gas shift reaction industry.

As an extension to our currently studied systems, we think that the bimetallic clusters over oxide
or inside zeolites catalysts are a promising area of research to get the advantage of synergy between
component metals and their interaction with oxide. The electron exchange between metal particles
and oxide support could impart better catalytic behavior in these types of catalysts and would help
in developing effective catalysts for water gas shift reaction and CO oxidation.

While we investigated the formation of oxygen vacancies over Au/TiO2, it needs investigation if
other nanoparticles, like Cu, Pd, Pt etc., do have any defect on the surface oxygen vacancy
formation or not. It would also be interesting to see what happens if a metal ion in the oxide is
replaced by Au, (Au doped oxide). Whether this would activate the lattice oxygen atoms for CO
oxidation or not, would be highly interesting. Moreover, the effect of Au nanoparticles on inactive
oxides like MgO, could also be investigated to develop an efficient catalyst for CO oxidation.

