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Development of Pd3Co Based Catalysts for Fuel Cell Applications and 

Amine Based Solvents for CO2 Capture - A First Principles Based 

Modelling of Clean Energy and Clean Air Technology 

by 
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Supervisor:  Gyeong S. Hwang 

 Co-supervisor: Charles B. Mullins 

With the ever increasing environmental concerns in terms of the need for a vast 

improvement in clean energy and clean air technologies, this thesis focuses on analyzing 

the underlying principles that determine the activity of catalysts/sorbents for fuel cell 

applications and CO2 capture using first principles based simulations with a view point to 

help fabricate efficient catalysts. We attempt to clarify the fuzzy concepts of existing 

surface-nearsurface interactions in Pd based electrocatalysts with particular attention to 

Pd3Co alloy catalysts by presenting a thorough inter and intra-layer orbital analysis and 

bring forth the crucial role played by the surface-subsurface binding driven by the out of 

plane d-state interactions in determining the surface reactivity.We first decouple the 

effects induced by the different Pd-Pd and Pd-Co lattice parameters (lattice strain effect) 

from the hetero atom induced surface-subsurface interaction (we call it “interlayer ligand 

effect”) and clearly demonstrate how enhanced surface-subsurface dxz+yzinteraction leads 
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to an increased oxygen hydrogenation to H2O in Pd3Co based electrocatalysts. We then 

extend the concept of hetero atom induced surface-subsurface binding to a series of 3d 

transition metals and provide guidelines for the right choice of metals that may be 

potential ORR candidates. Finally, we describe the facet dependence and the effect of 

surface Au alloying on the surface reactivity of Pd3Co electrocatalysts. In the second 

section of the thesis, we emphasize on the underlying principles of CO2 capture by MEA 

and study the synergetic interplay of various factors that may lead to better CO2 capture , 

also enabling efficient solvent regeneration. Though extensive studies are carried out on 

the most traditionally used alkanol amine MEA for CO2 capture, there are several less 

studied aspects like the molecular orbital redistribution on CO2 binding that decides the 

fate of the intermediate species and the role of water arrangement in assisting/hindering 

the progress of the reaction. We study the fundamental CO2-amine interactions and 

highlight the crucial importance of alkanol-amine configuration, water arrangement and 

protonation/de-protonation tendencies at various basic sites in the development of the 

reaction. We then analyze the synergetic interplay between the inductive effect, the steric 

hindrance and the  resonance in enhancing efficient CO2 binding and allowing an 

alternative O-driven mechanism resulting into easy solvent regeneration. We believe that 

our efforts may help fabricate better catalysts and sorbents and help improve the existing 

clean energy and clean air technologies. 
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 Chapter 1: Introduction  

Our climate, ecosystem and planet are evolving constantly and as a consequence, 

there is a need to develop technologies that can adjust to these natural and man-made 

changes gradually. At present, the two modern day environmental issues of concern are 

the need to develop efficient clean energy and clean air technologies that lead to less 

toxic emissions and a greener and cleaner planet. Undoubtedly, the crucial role of a host 

of catalysts for emerging energy technologies and the importance of the choice of 

sorbents to reduce the air polluting emissions have been well elucidated and presented in 

the literature1-30 but unfortunately, despite their prevalence, the mechanistic details of 

how particular catalysts/sorbents actually work are frequently unknown. Therefore, 

understanding the underlying principles that govern the catalytic and 

adsorption/absorption properties of materials is an important research activity and a 

necessary first step to achieve the ultimate goal of developing efficient clean energy and 

clean air technologies. The work in this thesis is presented in two parts: Part A dealing 

with first principles based modelling of catalysts for clean energy technology, in 

particular, fuel cell applications and Part B dealing with the modelling of solvents for 

clean air technology, in particular, CO2 capture and sequestration 

 

PART A : Polymer Electrolyte Membrane Fuel Cells (PEMFCs) also known as 

proton exchange membrane fuel cells have received tremendous attention in recent years 

as a promising source of power generation, especially, for automotive applications. They 
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use hydrogen and oxygen to generate electricity through an electrochemical process. 

They use a polymer membrane as the electrolyte. At the anode, hydrogen is oxidized to 

protons (H2→2H+ + 2e-). The electronically insulating membrane allows the protons to 

move through it to the cathode where the oxygen reduction reaction (ORR: O2 + 4H+ + 

4e-→ 2H2O) takes place. Currently, Platinum (Pt) and Pt-based catalysts are most widely 

used to speed up the sluggish ORR that limits the efficiency of low temperature PEM fuel 

cells 31-34. However, Pt is expensive and scarce, drawing much interest in developing non-

Pt catalysts. Moreover, H2 for fuel cells is usually produced from methane or natural gas 

or other liquid fuels by steam reforming35. CO is a by-product of such processes and as 

little as approximately 20ppm of CO in H2 severely poisons a pure Pt catalyst surface 36. 

Palladium (Pd) is considered as a viable replacement for Pt because it is more abundant 

and less expensive, and also has a higher CO tolerance, in addition to showing similar 

catalytic behavior and long term durability in acidic media. While the catalytic activity of 

Pd towards ORR is lower than that of Pt 37-39, recent investigations have demonstrated 

that alloying Pd with transition metals (such as Co, Fe, Ni, Au) can lead to a significant 

improvement in the catalytic activity40-47 and CO tolerance 48,49. In particular, PdCo 

alloys with a Pd:Co atomic ratio of 3:1 (Pd3Co) have been reported to exhibit 

significantly enhanced ORR activity relative to pure Pd 50.  For example Savadago et al.51 

demonstrates that between Pd-Cr and Pd-Co, PdCo has a higher ORR activity when the 

content of non-precious metal is 30%. Also, Liu and Manthiram 52,53, in their work, 

confirm that adding a small amount of Co to Pd enhances the catalytic activity of the 
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system. Also, a noteworthy report by Wang et al.54 describes the effect of Co content on 

the ORR activity on a series of polycrystalline electrodeposited PdxCo electrocatalysts 

and a Co content of about 25% is demonstrated to show the highest activity. 

It is well adopted that the enhanced activity of bimetallic catalysts result from 

factors like geometric (or ensemble) 55 electronic (or ligand) 56and strain effects57. The 

ensemble effect is a change in the activity of a surface site due to particular arrangements 

of the two alloyed species in the site’s vicinity. The ligand effect acts through 

modification of local electronic structure that results from interactions between the 

different metallic species. The other factors to which the alloying effect can be attributed 

to, are, strain caused by lattice mismatch between the alloy components (the so called 

strain effect) and  the presence of low coordination surface atoms ;preferential exposure 

of specific facets[(111),(100),(110)] in association with the size and shape of nanoparticle 

catalysts 58. However, most previous studies have focused on Pt-based alloys59-61, so the 

understanding of Pd-based alloys remains relatively limited. Moreover, the alloying 

effects are strongly correlated with each other and decoupling the individual 

contributions of the effects towards altering the catalytic properties can be challenging. In 

this work, we strive to achieve the following: 

1) Obtain meaningful and useful quantitative and qualitative insights of the above 

mentioned alloying effects on the catalytic activity of Pd based alloy catalysts, 

with particular attention to Pd3Co based alloy catalysts. 
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2) Decouple the contribution of each of these alloying effects and understand the 

fundamental chemistry governing these effects. 

3) Analyse the impact of near surface atomic composition and configuration on the 

surface adsorption properties of Pd based alloy catalysts. 

We believe that an improved understanding of the underlying principles that 

govern the surface adsorption properties of Pd based alloy catalysts will help us design 

and develop better alloy catalysts for PEMFCs. 

PART B : Global warming resulting from the emission of greenhouse gases, 

especially CO2 has become a widespread concern in the recent years. Almost all sectors: 

Transport, Industry, Electricity and Heat, Agriculture/Forestry are responsible for 

CO2emission. While the worldwide CO2 emissions in 2008 from fuel combustion were 

roughly around 29.4 gigatons (Gt),they are expected to increase to 40.2 Gt by 2030 62 . 

The impact of this accelerated rate of CO2 emission can be devastating, too serious to be 

ignored anymore. The primary CO2 sequestration methods earlier included direct 

injection of CO2 into a sink capable of holding mega-tonnes of gas over a period of time, 

injection into geologic reservoirs and injection into oceans. But these methods are too 

short sighted. Alternative techniques include use of a molecular sieve 63 that’s specially 

designed to separate molecules based on their molecular weight and size, use of zeolite as 

desiccant that can adsorb CO2 (from electric power plant flue gas)at near normal pressure 

(dessicant adsorption 64) and use of membrane technology 65 to assist CO2 capture process 

on coal combusting power plants wherein the membrane helps to increase the mass 
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transfer area in a given volume. These forms of disposal have limited applications and are 

economically expensive. 

 At present, the most popular and coventionally used method is a wet process, 

wherein liquid solvents/aqueous amines are used for CO2 capture. The most commonly 

and extensively used amine solvents for this purpose are ethanolamine (MEA), Di-

ethanolamine (DEA) and methyl di-ethanolamine (MDEA)66. In general, primary/ 

secondary amines are found to be very reactive for CO2 capture but regeneration of the 

solvent is slow and expensive whereas, tertiary amines enable comparatively easy solvent 

regeneration. Therefore, use of mixed amines has also been encouraged and reported in 

the literature 67 as they are found to possess the properties of both the primary/secondary 

amines and tertiary amines. However, the use of aqueous amines may also possess some 

crucial drawbacks like loss of solvent, corrosion of facility, high energy demand for 

regeneration of absorbent, high viscosity,etc. 68,69.  

The more recently emerged potential candidates for CO2 capture are ionic liquids 

(ILs) and binding organic liquids (BOLs)70,71,72. While, ILs are especially attractive as 

they display tunable polarities, thermal stability and also happen to be conductive 

electrolytes, BOLs have emerged as efficient switchable solvents. Jessop et al73 was the 

first to publish in nature about the possibility of switchable solvents for CO2 capture. A 

mixture of amine and alcohol was analyzed for CO2 capture in an Argon environment 

and was found to switch from a polar ionic to a non-polar ionic solvent during the course 

of the reaction. Inspired by this, many noteworthy studies on BOLs that contain both the 
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functional groups (NH2 and OH) have been reported to be efficient CO2 capture solvents 

in the literature73-75. However, both ILs and BOLs have limitations in terms of viscosity 

and volatility and need further systematic investigation to fabricate industrially applicable 

CO2 capture solvents. 

Though a wide range of possible amine based liquid solvents provide a great 

avenue to explore the CO2 capture technology and the underlying chemistry of CO2-

amine interactions, the most primarily used amine MEA in itself happens to be great 

candidate for a systematic analysis of the molecular mechanisms underlying CO2 capture 

by aqueous amine based solvents and the solvent regeneration as well as the factors 

assisting/hindering the progress of the reaction in order to highlight some less studied 

aspects of the CO2- amine chemistry. In this work, we strive to answer the following 

questions:  

1) What are the possible mechanistic pathways that enable efficient CO2 

capture and sequestration? 

2) What are the descriptors for the reactivity of sorbent solvent and CO2 ? 

3) What is the importance of the amine dissolving mediums and the reaction 

sensitivity to the dielectric constant? 

4) What is the impact of alkanol-amine side chain additives and substituents on 

the CO2 capture tendency of the system? 

We will also briefly touch upon aspects like what are the factors that help 

differentiate the superior performance of one alkanolamine over another? and what 
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factors determine the better performance of mixture of amines over their pure 

counterparts? 

We believe that our efforts would help achieve an wholesome understanding of 

the underlying principles of CO2 capture and solvent regeneration phenomena and help 

better management of CO2 emissions resulting into the availability and synthesis of more 

efficient and cost-effective commercially viable CO2 capture solvents that can be used 

industrially. 
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Chapter 2: Theoretical Background and Computational Techniques 

2.1. Fundamentals. 

Limitations of classical mechanics led to the proposal of the celebrated equation 

H ψ = Eψ by Schrodinger, where, H is the Hamiltonian (total energy operator), E is the 

total energy of the system, and ψ is the wavefunction, a function of space thought to 

contain all the knowable information about the system. This is the fundamental equation 

known as the non- relativistic Time Independent Schrodinger Equation (TISE) on which 

all the quantum mechanical calculations are based on.  The full TISE is simplified by the 

Born-Oppenheimer Approximation which treats the nuclei to be fixed as the atomic 

nuclei move thousands of times more slowly than the electrons and allows the TISE to be 

split into nuclear and electronic structure calculations that can be performed separately. 

The resulting simplified Hamiltonian can be expressed as- 

∑∑∑∑∑
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+−∇−=
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n
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where the first term is the kinetic energy of the electron, the second term is due to 

the electron–nucleus interaction and the third term is due to the electron–electron 

interaction. The main difference between the various computational methods (Hartree–

Fock, DFT, etc.) is from different approaches for expanding the electron–electron 

interaction term. The Hartree–Fock (HF) method effectively deals with this issue by 

replacing the third term with a “Coulomb” operator and an “Exchange” operator. The 
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DFT approach, on the other hand, removes this difficulty in effect by moving away from 

the many electron approach and focuses on solving for the electron density rather than 

solving for the individual electrons.  

The Hohenberg–Kohn theorem states that given an electron density, there is only 

one unique external potential which can be mapped to it76
. Therefore, many interacting 

electron systems can be correlated  exactly to a system of non-interacting electrons in an 

effective potential. This idea led to the Kohn–Sham (KS) single electron equations 77. 

( ) ( ) 0
2
1 2 =






 −+∇− rr ϕεν jeff

  ………………2.2 

( ) ( ) ( )
xceff d νρνν +′

′−
′

+= ∫ r
rr

rrr
……………. 2.3                                               

where the first term in Eq. (2.2) is the standard kinetic energy term and the second 

term expresses the KS approach by using an effective external potential, γeff. The 

effective external potential is expanded in Eq. (2.3), where the first term is the potential 

due to the nucleus–electron interaction, the second term is the electron–electron Coulomb 

interaction, and the rest of the potential is contained within the exchange correlation 

potential, γxc. Unfortunately, the exact form of the functional is not known but the two 

main exchange correlation functionals implemented in DFT are Local Density 

Approximation (LDA)78and Generalized Gradient Approximation (GGA)79. LDA uses an 

XC functional that depends only on the electron density and takes the XC energy to be 

the exact XC energy for a homogeneous electron gas. GGA incorporates the density 
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gradient terms into the XC functional. The total energy can now be solved for iteratively. 

An initial guess of the electron density is made to calculate the corresponding effective 

potential which is used to solve KS orbitals yielding the new electron density. The new 

electron density is now used as the input density to obtain the potential. The procedure is 

repeated until a certain tolerance is approached. Therefore, the solutions are self-

consistent.  

2.2. Density Functional Theory and Kohn-Sham Equations. 

Density functional theory rests on two fundamental mathematical theorems: 

1) The ground- state energy from Schrodinger’s equation is a unique functional of 

the electron density. 

2) The electron density that minimizes the energy of the overall functional is the true 

electron density corresponding to the full solution of the schrondinger equation. 

They suggest that if the electron density n(r) is known, then the ground state 

energy of a system with interacting electrons and nuclei can be calculated. Directly 

attempting to calculate E and ψ is complicated as it is a function of 3N coordinates, while 

using the DFT approach makes the attempt easier as n(r) is a three dimensional function. 

 Although the exact form of the functional E[n(r)] is unknown, starting from an 

approximate assumed energy functional, successively better guesses for n(r) move us 

closer and closer to the ground state energy. Kohn and Sham77 demonstrated that it is 

possible to replace the original many body problem posed by the Schrodinger equation 
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with a system of non-interacting single electron equations. Combining equations 2.2 and 

2.3, we can write, 

( ) 0)(
2
1 2 =






 −+++∇− rϕε jxcH vvrv

  ……..2.4 

As explained before, first term is the kinetic energy term, second term describes 

the electron-nucleus interaction, the third term is the Hartree potential which describes 

the electron-electron coulomb interaction and the fourth term is the functional derivative 

of the electron correlation energy Exc[n(r)]; the term accounts for all the effects not 

included in the other terms. 

 

2.3. Exchange-correlation energy: 

As mentioned before, the true form of the exchange-correlation functional is not 

known but fortunately in one case, this functional can be derived accurately, the uniform 

electron gas. In this situation, the electron density is constant in all points in space, i.e., 

n(r) = constant. Though in any real material, the variations in electron density describe 

the chemical bonds and make the material interesting but the uniform electron gas 

provides a practical way to use the Kohn-Sham equations. To do this, the exchange 

correlation potential at each position is set to be the known exchange –correlation 

potential from the uniform electron gas at the electron density observed at that position. 

                Vxc (r) = Vxc
electrongas[n(r)]        …………2.5 
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This approximation uses only the local density to define the approximate 

exchange-correlation functional, so it is called the local density approximation (LDA). So 

basically, in the LDA, it is assumed that Jxc[n(r)] at a point r in the system of interest can 

be approximated by its value in a homogeneous electron gas that has the same density 

n(r). The exchange energy can be rigorously derived in this system78,79as, 

𝑒𝑒𝑥𝑥ℎ𝑜𝑜𝑜𝑜 (𝑛𝑛) =  − 3
4
�3
𝜋𝜋
�

1
3 𝑛𝑛

4
3 ……………………. 2.6 

The best known class of functional after the LDA uses information about the local 

electron density and the local gradient in the electron density; this approach defines a 

generalized gradient approximation (GGA). Because there are many ways in which 

information from the gradient of the electron density can be included in a GGA 

functional, there are a large number of distinct GGA functionals. Two of the most widely 

used GGA functionals are Perdew-Wang functional (PW91)80 and the Perdew-Burke-

Ernzerhof functional (PBE)81. 

 

2.4. Periodic systems:  

The Periodic Boundary condition can be implemented using Bloch’s Theorem 

which states that a wave function can be written as the product of a planewave and a 

periodic function,  

( ) ( )rr rk
nk

i
nk ue .=ψ ………………2.7 
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In order to use the planewaves as a basis, the periodic function, unk, is expanded 

using planewaves resulting in the following equation:  

( ) ∑ +=
G

i
Gknnk ecu rGr .

,
……………..2.8 

where G is the wave vectors of the reciprocal lattice vectors. In order to achieve a 

perfect expansion when using a planewave basis, an infinite number of planewaves is 

required. However, since the wave function is of finite energy, the coefficients for the 

higher energy planewaves must go to zero. Therefore, the planewave basis set is 

truncated by setting an appropriate cutoff energy. The planewave basis set expansion of 

the electronic wavefunctions requires a high computational power and greater the number 

of electrons, greater the computational time. Therefore, if somehow the core electrons are 

eliminated which often do not participate in the bonding interactions and the calculations 

are restricted to the valence electrons, we can model bigger sized systems. This is done 

by using a Pseudopotential 82 which replaces the complicated ionic potential arising from 

the interaction of nucleus and core electrons by an effective potential. 

 

2.5. Pseudopotential 

Sholl and Steckel provide the following definition of the pseudopotential83:- 

Conceptually, a pseudopotential replaces the electron density from a chosen set of 

core electrons with a smoothed density chosen to match various important physical and 

mathematical properties of the true ion core. The properties of the core electrons are 
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then fixed in this approximate fashion in all subsequent calculations; this is frozen core 

approximation. 

 

Fig2.1. Comparison between pseudo and all electron wavefunction and between 

pseudopotential and all-electronic potential. 

 

Fig 2.1.illustrates the pseudopotential approach schematically. In an all electron 

calculation, interaction of electrons with the true potential V=Z/r results in the fluctuating 

electron wavefunction ψv while the pseudopotential is designed to result in a 

wavefunction ψpseudo that coincides with ψv beyond the cutoff radius rc. The details of a 

specific pseudopotential define the minimum energy cut off that must be used in 

calculations including atoms associated with that pseudopotential. Pseudopotentials 

requiring high cut off energy are said to be hard whereas those that are computationally 

14 
 



more efficient and need a lower cut off energy are said to be soft. Most widely used 

method of defining pseudopotentials is based on the work by Vanderbilt; these are 

ultrasoft pseudopotentials (USSPs) and require considerably lower cut off energies than 

alternative approaches. The disadvantage of a required specification of a number of 

empirical parameters for the construction of pseudopotential for each atom can be 

overcome by using the projector augmented wave (PAW) method rather than the USSPs 

approach. In the work reported in this thesis, we have used PAW pseudopotentials. 

 

2.6. Projector Augmented Wave (PAW) method. 

In the PAW method84, All electron wavefunctions are derived from the linear 

combination of soft pseudo (PS) wavefunctions (or auxiliary wavefunctions) ψnk.  

|𝜓𝜓𝑛𝑛𝑛𝑛 > = |𝜓𝜓𝑛𝑛𝑛𝑛~ >  + ∑ (|∅𝑖𝑖 > −|∅𝑖𝑖~ >)⟨𝑝𝑝𝑖𝑖~|𝜓𝜓𝑛𝑛𝑛𝑛~ ⟩𝑖𝑖  …………….. 2.9 

The ∅𝑖𝑖and ∅𝑖𝑖~ represent the partial waves ( local basis functions); those are non-

zero only within the PAW (augmentation) spheres. 𝑝𝑝𝑖𝑖~ is the character of the specific 

wavefunction such as s, p, d orbital. The PAW method originally introduced by Blochl 

and later adapted for planewave calculations by Kresse and Joubert. Kresse and Joubert 

performed an extensive comparison of USPP, PAW and all-electron calculations for 

small molecules and extended solids85. Their work demonstrated that well-constructed 

USPPs and the PAW method give results that are essentially identical in many cases and 

also in good agreement with the all-electron calculations. 
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2.7. Basis sets. 

So far, the ab-initio planewave and pseudopotential based approach was discussed 

which has been utilized for calculations in the former part (Part A) of the thesis. When 

molecules lack symmetry and have high degrees of freedom then for computational 

reasons, Gaussian type orbitals (𝑒𝑒−𝑟𝑟2 )are commonly used. However, Gaussian type 

orbitals may not have the correct shape to reproduce the right form of the electron 

distribution and therefore, usually, a combination of a set of gaussians is used to construct 

the orbitals. For a good description of electron density in various molecules as well as 

time efficient calculations, basis-sets must be sufficiently flexible. In the work in Part B, 

mostly, 6-311G and 6-311++G basis sets are used; this notation means that 6 gaussian 

functions are used to build the contracted 1s orbital of the inner core. The valence shell is 

split into three separate basis functions. In some cases, there arises a special need, as in 

the case of describing hydrogen bonds, to allow electrons to localize far from the atom 

center. Standard basis sets are then augmented with diffuse basis sets; ‘+’ indicates 

diffuse functions with small orbital exponents on heavy atoms and ‘++’ indicates the 

addition of diffuse functions on H-atoms as well. ‘d’ orbitals can also be included in the 

calculations using an extra ‘*’/ ‘**’ in the notation of the basis set (for example 6-

311++G*), but, as we have used only s and p block elements, we have ignored the 

inclusion of polarized functions. 
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2.8. Basis set superposition error (BSSE). 

When atoms interact, the basis sets allocated to each of them will overlap. 

Because of the overlap, the electrons may more freely localize resulting into a reduction 

of energy. In case of infinitely large basis sets, this reduction wouldn’t occur. Different 

schemes have to be used to correct for different interactions. It is important in our study 

because of the presence of intramolecular H-bonding. BSSE are expected to decrease 

with increasing basis set. Therefore, we have used large basis sets for calculations 

because they would be more reliable. 

2.9. Transition State searching algorithms. 

VASP: [Taken directly from Henkelman group page 

(http://theory.cm.utexas.edu/henkelman/)], the transition state structures can be 

determined by searching the first order saddle points on the potential energy surface 

(PES). In theElastic Band (EB) method, given the known initial and final coordinates of 

the reactant (R1) and product (Rn), a string of replicas or images can be created 

connected together with springs. As explained in ref (86), the easiest approach would be 

to construct an objective function and minimize with respect to the intermediate images.  

𝑆𝑆(𝑅𝑅1, … … … ,𝑅𝑅𝑛𝑛) =  ∑𝐸𝐸(𝑅𝑅𝑖𝑖)2 +  ∑�𝑛𝑛
2
� (𝑅𝑅𝑖𝑖 − 𝑅𝑅𝑖𝑖−1)2 ……….. 2.10 

This is similar to an elastic band made up of N-1 beads and N springs with spring 

constant k, but it has two major shortcomings. Because of the perpendicular component 
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of the spring force, the elastic band tends to cut corners and gets pulled off the MEP by 

the spring forces in the regions where the MEP is curved. Also, the images tend to slide 

down towards the end point because of the parallel component of the true force giving 

lowest resolution in the region of the saddle point where it is most needed87. These 

disadvantages can be overcome by using a relevant force projection; this is termed as 

‘nudging’ and the method is called Nudging Elastic Band Method (NEBM) [see Fig.2.2].  

As in the EB method, string of images are created using a constant spring force value and 

maintaining equal distances between the images. The tangent of the force (Ʈi ) is 

estimated. Each node receives coordinates and energies of adjacent images to evaluate 

spring force and carry out force projections. The NEB force on image i contains two 

independent perpendicular and parallel components, 

𝐹𝐹𝑖𝑖𝑁𝑁𝐸𝐸𝑁𝑁 =  𝐹𝐹𝑖𝑖⊥ +  𝐹𝐹𝑖𝑖
𝑆𝑆||………….. …………….2.11 

Where,   𝐹𝐹𝑖𝑖⊥ =  −∇(𝑅𝑅𝑖𝑖) +  ∇(𝑅𝑅𝑖𝑖). 𝜏𝜏𝑖𝑖𝜏𝜏𝑖𝑖  ……………….2.12 

And   𝐹𝐹𝑖𝑖
𝑆𝑆|| = 𝑛𝑛(|𝑅𝑅𝑖𝑖+1 −  𝑅𝑅𝑖𝑖| − |𝑅𝑅𝑖𝑖 − 𝑅𝑅𝑖𝑖−1|). 𝜏𝜏𝑖𝑖…………………….2.13 

‘Ri’ is the position of the ith image and k is the spring constant. 
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Fig2.2. (From JCP 128, 134106(2008), showing the forces acting on an image in the NEB method). 

The TS can be calculated more accurately by making the highest energy image 

more uphill along the elastic band by zeroing the spring force and including only the 

inverted || component of the true force. This is known as Climbing NEB Method (c-

NEBM) [see Fig.2.3]. 

 

                                        Fig2.3. Comparison between NEBM and c-NEBM. 
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Gaussian09: [Taken directly from the gaussian manual 

(http://www.gaussian.com/g_tech/g_ur/g09help.htm)], gausssian09 locates the TS using 

the Synchronous Transit-Guided Quasi-Newton (STQN) Method, developed by H. B. 

Schlegel and Coworkers; it uses a linear synchronous transit or quadratic synchronous 

transit approach to get closer to the quadratic region around the transition state and then 

uses a quasi-Newton or eigenvector-following algorithm to complete the optimization. As 

for minimizations, it performs optimizations by default using redundant internal 

coordinates. This method converges efficiently to the actual transition structure using an 

empirical estimate of the Hessian and suitable starting structures. The input for the STQN 

method are the geometries of the reactant and the product. 

2.10. Charge Density Analysis: 

Atomic charges in molecules or solids are not observables and therefore, not 

defined by quantum mechanical theory. The output of quantum mechanical calculations 

is continuous electronic charge density and it is not clear how one should partition 

electrons amongst fragments of the systems such as atoms or molecules. Many different 

schemes have been proposed, the two major ones are- 

Mulliken population analysis: This can be applied when basis functions 

centered on atoms are used in the calculation of the electronic wavefunction of the 

system. The charge associated with the basis functions centered on a particular atom is 

then assigned to that atom. This can be a fact and a useful way of determining partial 
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charges on atom but it has the major drawback that the analysis is sensitive to the choice 

of the basis set. 

Bader charge analysis: In the bader charge analysis, the critical points of the electron 

density ρ(x,y,z) are determined and classified. The 3D space is divided into susbsystems , 

each usually containing one nucleus (but sometimes none). The subsystems are separated 

by “zero-flux” surfaces: ∇𝜌𝜌(𝑟𝑟).𝑛𝑛(𝑟𝑟)= 0 for every point r on the surface where n(r) is the 

unit vector normal to the surface at r. 

 

 

Fig. 2.4. Schematic showing the bader surface. 

 

2.11. Density of States (DOS). [Taken from a website 

(https://wiki.fysik.dtu.dk/gpaw/documentation/pdos/pdos.html)] 

The DOS are given by, 

𝜌𝜌(𝐸𝐸) =  ∑ ⟨𝜓𝜓𝑛𝑛 |𝜓𝜓𝑛𝑛⟩𝑛𝑛 𝛿𝛿(𝜀𝜀 − 𝜀𝜀𝑛𝑛) ………….. 2.14 
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Where, 𝜀𝜀𝑛𝑛  is the eigenvalue of the eigenstate |𝜓𝜓𝑛𝑛 >, Inserting a complete 

orthonormal basis, this can be rewritten as, 

𝜌𝜌(𝜀𝜀) =  ∑ 𝜌𝜌𝑖𝑖(𝜀𝜀)  , 𝜌𝜌𝑖𝑖(𝜀𝜀) =  ∑ ⟨𝜓𝜓𝑛𝑛 |𝑖𝑖⟩⟨𝑖𝑖|𝜓𝜓𝑛𝑛⟩𝛿𝛿(𝜀𝜀 − 𝜀𝜀𝑛𝑛)𝑛𝑛𝑖𝑖  ………..2.15 

𝜌𝜌(𝜀𝜀) =  ∫𝑑𝑑𝑟𝑟𝜌𝜌(𝑟𝑟, 𝜀𝜀)  ,   𝜌𝜌 (𝑟𝑟, 𝜀𝜀) =  ∑ ⟨𝜓𝜓𝑛𝑛 |𝑟𝑟⟩⟨𝑟𝑟|𝜓𝜓𝑛𝑛⟩𝛿𝛿(𝜀𝜀 − 𝜀𝜀𝑛𝑛𝑛𝑛 )  …………2.16              

using that ∑ |𝑖𝑖 >< 𝑖𝑖|   𝑎𝑎𝑛𝑛𝑑𝑑  ∫𝑑𝑑𝑟𝑟|𝑟𝑟 >< 𝑟𝑟| = 1𝑖𝑖  

𝜌𝜌𝑖𝑖(𝜀𝜀) is the projected DOS (PDOS) and 𝜌𝜌(𝑟𝑟, 𝜀𝜀) is the local DOS (LDOS). An 

energy integrating of the LDOS multiplied by a Fermi distribution gives the electron 

density. 

The total number of states in the band is given by Nstates = ∫ 𝜌𝜌𝑑𝑑𝐸𝐸∞
−∞  wherein, the 

number of occupied states are Noccupiedstates = ∫ 𝜌𝜌𝑑𝑑𝐸𝐸0
−∞ . Also, the average energy of the d-

band is given by, 𝜀𝜀𝑑𝑑 =  ∫𝜌𝜌𝐸𝐸𝑑𝑑𝐸𝐸
∫𝜌𝜌𝑑𝑑𝐸𝐸

 . 

2.12. Modelling the solvation energy in Gaussian09. 

Continuum models are the group of solvation models wherein, rather than explicitly 

representing solvent molecules, the solvent is represented by a continuous electric field 

that represents a statistical average over all solvent degrees of freedom. Such models are 

also known as implicit solvation models. 

Continuum models are based on Poisson equation which is valid when surrounding 

dielectric responds linearly to the embedding charges. 

∇2Φ(r) = - 4πρ(r)/ε                              ………2.17 
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Where ρ is the charge density, Φ is the electrostatic potential and ε is the dielectric 

constant. 

When we have charged species then , Poisson-Boltzmann equation becomes valid, 

∇ε(r). ∇Φ(r) - ε(r)λ(r)κ2(kBT/q)sinh[q Φ(r) /kBT] = - 4πρ(r)     ……..2.18 

where λ is a function that switches from 0 in areas not accessible to the electrolyte 

to the ones in areas that are accessible , q is the magnitude of the charge and κ is the 

Debye-Huckel parameter:  

                κ2 = 8πq2I/ εkBT                                               ………2.19 

where I is the ionic strength. The work needed to create a charge distribution can 

be determined from the following equation: 

                 I = -1/2 ∫ρ(r) Φ(r)dr                                       …………2.20 

In continuum models the solute is placed in a cavity representing the space 

occupied by the solute in the solvent. Cavities are usually built as a set of spheres around 

each atomic centre. In quantum mechanical continuum calculations, first the solute with 

its gas phase electron distribution is inserted into the cavity. The solvent electrostatic 

field that arises from the solute charges is calculated, this is usually called the reaction 

field. The reaction field is then introduced as an external potential in the quantum 

mechanical calculation to solve for (H-(1/2)V) ψ = E ψ .The reaction field is then 

recalculated based on the new solute charge distribution. This is repeated in an iterative 

procedure until the energy of the system converges. The energy change obtained from 
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such a calculation is usually called the electrostatic energy but there could however be 

other contributions to the solvation energy that have to be considered somehow else. 

                       ∆Gs=∆Gelec + ∆Gcav+ ∆Gvdw       ----------- (5) 

         (i.e, electrostatic + cavitation + van der waals contribution) 

We have used PCM, the Polar Continuum Models (Miertus, Scrocco and Tomasi 

1981, Cossi, Barone, Cammi and Tomasi 1996 and Cances, Mennucci and Tomasi 1997) 

that are considered to be fairly robust and flexible in the sense that they can be easily 

applied to different molecules and systems. In PCM, the cavity surface is divided into 

surface areas called tessarae. The reaction field of the solvent is represented by charges 

placed on the cavity surface. The electrostatic energy contribution towards the solvation 

energy is taken care of. The cavitation term represents the energy that is needed to create 

room for the solute in the solvent. In the PCM, the cavity is created by a series of 

overlapping spheres of a chosen radii. Since, they happen to be the same for all the 

calculations run, during comparison, the contribution from the cavitation energy should 

get included by default. Van der Waals contribution is related to the solute causing 

rearrangement in the solvent structure which is neglected in our calculations (water 

reorganization can be considered only if explicit water molecules are included). 

Therefore, the explicit consideration of the solvent-solute interactions will give more 

accurate results for the solvation energy than that of the implicit model, especially for 

charged species, but the relative tendencies of solvation of different species can still be 

understood using an implicit model. 
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Chapter 3: Role of surface-subsurface interlayer interaction in altering 

surface adsorption properties and reactivity of Pd3Co alloy catalysts. 

3.1. Introduction 

The growth and progress for the widespread use of polymer electrolyte membrane 

fuel cells (PEMFCs) calls for significant reductions in the amount of expensive and 

scarce platinum (Pt) used with the need for improving the sluggish kinetics of oxygen 

reduction reaction (ORR) at the cathode.  Palladium (Pd) is considered as a viable 

replacement for Pt because it is more abundant and less expensive, in addition to showing 

similar catalytic behavior and long term durability in acidic media88.  In the past few 

years, studies have been dedicated towards employing Pd alloys as electrocatalysts for 

the ORR89-91,28.  For example, alloying Pd with transition metals like iron (Fe), cobalt 

(Co), nickel (Ni) has been shown to improve the catalytic activity of Pd41,43,92.  In 

particular, PdCo alloys with a Pd:Co atomic ratio of 3:1 (Pd3Co) have been reported to 

exhibit significantly enhanced ORR activity relative to pure Pd50,51.  However, Co atoms 

can be dissolved out into the electrolyte under PEMFC operating conditions, thereby 

causing the gradual loss of catalytic activity93.  The Co-leaching may lead to the 

formation of Pd-skin layers on Pd-Co alloy cores94,95. 

Numerous theoretical studies using density functional theory (DFT) have been 

performed to understand as to how the bimetallic core affects the surface reactivity of the 

monometallic skin layer (or overlayer)34,56,96.  It is now well adopted that the electronic 

and chemical properties of the monolayer skin can be modified by two primary 
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mechanisms; firstly, the strain effect caused by the bond length difference between the 

atoms in the skin layer and those in the alloy substrate, and secondly the ligand effect due 

to hetero-metallic bonding interactions with the underlying alloy.  DFT has been used 

successfully to demonstrate the combined strain and ligand effects on the electronic 

structure modifications of bimetallic surfaces, and also in turn their catalytic activity 

towards various reactions. However, most previous studies have focused on Pt-based 

alloys59-61, so the understanding of Pd-based alloys remains relatively limited.  Moreover, 

in many cases, a detailed analysis of interlayer orbital interactions in the near-surface 

region is missing despite their potential importance in understanding the alloying effect 

on the surface properties.      

In this chapter, we examine the Pd3Co system where one or two Pd overlayers are 

located on top of the bimetallic substrate, with particular attention to the synergism and 

the relative contributions of the strain and ligand effects to the change in catalytic activity 

towards the ORR.  We use DFT to first calculate the binding energies of main reaction 

intermediates (O and OH), which can be important descriptors of ORR activity88, and 

then the reaction energetics and activation barriers of the key steps constituting the ORR.  

Next, we look at alloying-induced modifications in the surface electronic structure, 

through careful analysis of intra- and interlayer orbital interactions and charge 

redistributions in the near-surface region.  Based on the results, we also briefly discuss 

how the surface reactivity of Pd3Co is correlated with the alloying-induced electronic 

structure modification. 
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3.2. Computational Methods. 

The calculations reported herein were performed on the basis of spin polarized 

density functional theory (DFT) within the generalized gradient approximation (GGA-

PW91)97, as implemented in the Vienna Ab-initio Simulation Package (VASP)98.  The 

projector augmented wave (PAW) method84 with a planewave basis set was employed to 

describe the interaction between core and valence electrons.  An energy cutoff of 350 eV 

was applied for the planewave expansion of the electronic eigenfunctions.  For the 

Brillouin zone integration, we used a (5×5×1) Monkhorst-Pack mesh of k points to 

determine the optimal geometries and total energies of the systems examined, and 

increased the k-point mesh size up to (10×10×1) to reevaluate corresponding electronic 

structures.  Reaction pathways and barriers were determined using the climbing-image 

nudged elastic band method99 with eight intermediate images for each elementary step.   

3.3. Model Systems Considered. 

The model systems considered in the study are Pd/Pd3Co(111) (hereafter referred 

to as Pd1Co; one Pd overlayer on the Pd3Co substrate), Pd/Pd/Pd3Co(111) (Pd2Co; two 

Pd overlayers on the Pd3Co substrate), Pd(111) with a compressive strain of 1.77% (s-Pd; 

strain imposed is equivalent to the strain imposed by Pd3Co substrate on Pd(111)), and 

pure Pd(111) (p-Pd), as illustrated in Fig. 3.1.  

 

27 
 



 

Figure 3.1.  Model systems used in this work. (a) Pd/Pd3Co(111) which consists of one Pd 

overlayer on the Pd3Co substrate (referred to as Pd1Co), (b) Pd/Pd/Pd3Co(111) which has two Pd 

overlayers on the Pd3Co substrate (Pd2Co), (c) Pd(111) with a compressive strain of 1.77% (s-Pd; 

strain imposed is equivalent to the strain imposed by Pd3Co substrate on Pd(111) ), and (d) pure 

Pd(111) (p-Pd).  The cyan and blue balls represent Pd and Co atoms, respectively. 

 

For a model surface, we used a supercell slab that consists of a rectangular 2×2 

surface unit cell with five atomic layers each of which contains 4 atoms.  A slab was 

separated from its periodic images in the vertical direction by a vacuum space 

corresponding to seven atomic layers.  While the bottom two layers of the five-layer slab 

were fixed at corresponding bulk positions, the upper three layers were fully relaxed 

using the conjugate gradient method until residual forces on all the constituent atoms 

became smaller than 5×10-2 eV/Å.  The lattice constant for bulk Pd is predicted to be 

3.96Å, which is virtually identical to previous DFT-GGA calculations and also in good 

agreement with the experimental value of 3.89Å100. 
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3.4. Strain effect vs Interlayer Ligand effect.  

First we calculated how the binding energies of isolated O, H, and OH (which are key 

intermediate species in the ORR) are affected by the alloying-induced modification of the 

surface electronic structure in Pd1Co, Pd2Co, s-Pd, and p-Pd (see Table3.1).  The binding 

energy (Eb) is given by: Eb = EX + EM - EX/M, where EX, EM, and EX/M represent the 

total energies of the gas phase X (= O, H, OH), the slab, and the X/slab system, 

respectively.  The O/H/OH binding energies in Pd1Co are predicted to be lower than p-Pd 

by 0.21/0.06/0.13 eV.  The reduction in the binding strength can be attributed to the 

compressive strain effect caused due to the different lattice parameters of Pd-Co and Pd-

Pd.  In addition, the subsurface hetero atom Co may alter the surface electronic structure; 

this is hereafter referred to as the ‘interlayer ligand’ effect to distinguish it from the 

‘lattice strain’ effect.  The O/H/OH binding energy values in Pd2Co and s-Pd are very 

close to each other, implying that the presence of Co atoms in the layers below the 

subsurface layer may have a little effect on the surface reactivity towards O/H/OH 

adsorption.  This result suggests that the interlayer ligand effect would be restricted to the 

first subsurface layer in the PdCo alloy catalysts. It is also noteworthy that O/H/OH 

adsorption might induce Co surface segregation101, but the segregation effect is beyond 

the scope of this work and we limit the analysis to Pd skin surface 
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                                   Table 3.1. Calculated surface binding energies (in eV).   

 

   O H OH 

Pd/Pd3Co(111) [Pd1Co] 4.52 2.73 2.41 

Pd/Pd/Pd3Co(111) [Pd2Co] 4.64 2.80 2.51 

strainedPd(111) [s-Pd] 4.64 2.76 2.50 

pure Pd(111) [p-Pd] 4.73 2.79 2.54 

 

Figure 3.2(a) shows the d-electron density of states (DOS) projected onto the surface Pd 

atoms of the Pd1Co, Pd2Co, s-Pd, and p-Pd systems; the Fermi level is set at zero eV.  

The DOS comparison between Pd1Co and p-Pd demonstrates how the surface electronic 

structure is modified by the presence of Co atoms in the underlying layers and the 

compressive strain induced by the Pd3Co(111) substrate.  Note that the calculated lattice 

parameter of Pd3Co (= 3.88 Å) is smaller than that of Pd (= 3.96 Å), imposing 

compression on the Pd surface layer. The compressive strain may lead to an increase in 

the d-orbital overlap, which in turn broadens the d-valence band while lowering its 

average energy 56,57.  Due to the strain effect, indeed we can see that the Pd DOS curves 

of Pd1Co become somewhat wider and display a slight downshift in energy; note the 

drastic increase in the calculated d-band center for Pd1Co to -1.64 eV from -1.40 eV for 

p-Pd.  In addition, there is a noticeable reduction in the DOS peak intensity near the 
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Fermi level, and the extent of downshift in energy is more than that in s-Pd (which 

displays a d-band center of -1.46 eV). This suggests that the subsurface Co atoms have a 

significant influence on the surface electronic structure.  On the other hand, the surface 

Pd DOS curves of s-Pd and Pd2Co are similar, as shown in Fig. 3.2(b); this indicates that 

the interlayer ligand effect becomes insignificant when Co atoms exist below the first 

subsurface layer; consistently, the calculated d-band centers for Pd2Co (-1.50 eV) and s-

Pd (-1.46 eV) turn out to be comparable. 

 

 

Figure3.2. (a) Density of states (DOS) projected onto the surface Pd atoms in s-Pd (shaded region), p-

Pd (red solid line), Pd1Co (blue solid line).  For comparison, the DOS plot of Pd2Co is also shown in 

(b).   The position of the Fermi Level is indicated by the dotted line. 
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3.5. Reactivity towards ORR. 

The ORR mechanism considered in this study consists of oxygen scission reaction 

followed by O/OH hydrogenation.  In Table 3.2, we summarize the calculated total 

energy changes (∆E) and activation barriers (Ea) for (A) O-O bond scission [O2 → O 

+O], (B) O hydrogenation [O + H → OH] and (C) OH hydrogenation [OH + H → H2O].  

Although the ORR is a complex process and its detailed mechanisms still remain under 

debate, the comparisons of the reaction energetics would give important insight into the 

activity of different catalyst surfaces towards the ORR.  Perhaps, O2 hydrogenation 

[O2+H → O-OH] and subsequent O-O bond cleavage [O-OH → O+OH] would also 

occur.  However, a previous study102 demonstrated that their relative contributions to the 

H2O formation kinetics are likely less important than the aforementioned elementary 

reactions on the Pd surfaces considered; according to the DFT calculations, the energy 

barrier for O2 dissociation was predicted to be about 0.38 eV lower than the O2 

hydrogenation barrier on Pd(111). 
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Table 2.Calculated total energy changes in eV (∆E) and activation barriers (Ea in 

parenthesis)for (A) O2 scission, (B) O hydrogenation, and (C) OH hydrogenation reactions.  The 

energetically favorable adsorption sites are top-fcc-top for O2, fcc sites for O/H, and bridge site for 

OH. 

 

 

 

 

 

 

Our calculations predict a significantly reduced ∆E for O2 scission on the Pd1Co 

surface, compared to the p-Pd case.  This can be related to the relatively weak O 

adsorption on Pd1Co (see Table3.1), leading to an increase of potential energy in the 

product side which lowers the reaction exothermicity.  In addition, the activation barrier 

of 0.89 eV on the Pd1Co surface is about the same as (or even slightly lower than) 0.90 

eV on the s-Pd surface, while is noticeably higher than 0.83 eV on the p-Pd surface.  This 

may imply that the kinetics of O-O scission could be affected mainly by the compressive 

surface strain which causes an increase in the activation barrier.   

For the O/OH hydrogenation reaction, our calculations predict a substantial 

reduction in the activation barrier on the Pd1Co surface (Ea = 0.94 / 0.60 eV) compared 

to the p-Pd case (Ea = 0.98 / 0.74 eV).  Although the predicted barrier on Pd1Co is only 

slightly lower than that on s-Pd (Ea = 0.95 / 0.61 eV), the higher exothermicity on Pd1Co 

 
(A) 

O2→O+O 

(B) 

O+H→OH 

(C) 

OH+H→H2O(g) 

Pd1Co -1.38 (0.89) -0.24 (0.94) -0.37 (0.60) 

Pd2Co -1.50 (0.88) -0.15 (0.99) -0.20 (0.64) 

s-Pd -1.44 (0.90) -0.18 (0.95) -0.25  (0.61) 

p-Pd -1.55 (0.83) -0.10 (0.98) -0.18  (0.74) 
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(by 0.06 / 0.12 eV) may imply that the subsurface Co atom, along with the compressive 

surface strain, could play an important role in promoting the hydrogenation of O and OH 

in Pd1Co.  The notable enhancement in O/OH hydrogenation is expectably related to the 

change of relative binding strengths of reaction intermediates (O/OH/H) when alloying 

Pd with Co.  As summarized in Table 1, the OH binding strength on Pd1Co is reduced by 

0.13 eV compared to that on p-Pd, which is less than 0.21 eV for the reduction of O 

binding energy [4.73 eV (p-Pd) → 4.52 eV (Pd1Co)]; a reduction is also observed in the 

H binding energy, i.e, Eb(H) = 2.79 eV (p-Pd) and 2.73 eV (Pd1Co).  As a result, for the 

O + H → OH reaction, there is an increase of potential energy in the reactant side (O + 

H) in comparison to the product side (OH), leading to the enhanced exothermicity in O 

hydrogenation.  Similarly, for the OH + H → H2O (g) reaction, the reduced binding 

strengths of OH and H on Pd1Co may contribute to the increase of potential energy in the 

reactant side and consequently results in the enhanced exothermicity in OH 

hydrogenation. 

The above results suggest that the presence of Co atoms in the subsurface layer 

may contribute to lowering the activation barriers of O/OH hydrogenation reactions, at 

the cost of a relatively smaller increase in the O-O scission barrier.  Thus, the interlayer 

ligand effect also has a significant effect on the ORR activity in addition to the effect of 

induced compressive strain.  Then, how does alloying Pd with Co lead to such surface 

reactivity modifications towards O2 scission and O/OH hydrogenation?  In the following 
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section, we attempt to address the question by examining alterations in the surface-

subsurface interaction induced by the presence of hetero atoms.   

3.6. Co atom induced surface charge redistribution. 

Table 3.3 Calculated charge per atom in the surface (q1) and subsurface (q2) layers and the vertical 

surface-subsurface (d1) and subsurface-2nd subsurface (d2) distances in Å. 

 

 

 

 

 

 

We looked at hetero-atom induced charge redistribution in the Pd1Co, Pd2Co, and 

s-Pd systems using grid based Bader charge analysis103.  As listed in Table 3.3, the 

average surface charge per atom (q1) is predicted to be -0.067 e in Pd1Co, which is 

substantially greater than -0.027e in s-Pd.  This is mainly attributed to the donation of 

electron from subsurface Co, leading to a substantial charge depletion in the subsurface 

layer (q2 = +0.06 e per atom); the Co charge state in the subsurface layer is predicted to 

be +0.48.  We therefore, find that the charge separation (per atom) between the surface 

and subsurface layers (∆ ~ 0.13 e) is significantly greater than the s-Pd case (∆ ~ 0.05 e).  

We also find that the surface-subsurface interlayer distance of 2.29 Å in Pd1Co is smaller 

than 2.34 Å in s-Pd, implying a Co-induced enhancement in the surface-subsurface 

binding.  In contrast to the Pd1Co case, both surface and subsurface in Pd2Co are found 

 Pd1Co Pd2Co s-Pd 

q1  -0.067  -0.030  -0.027  

q2 +0.060  -0.010  +0.025  

d1  2.29  2.38  2.34  

d2  2.22  2.28  2.31  
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to have excess electrons (with magnitudes of -0.03 e/atom and -0.01e /atom, respectively, 

due to the charge transfer from Co atoms in the second subsurface layer), and the surface-

subsurface distance (d1) is relatively enlarged (2.38 Å), indicating a comparatively weak 

surface-subsurface binding.  This computational analysis predicts an average charge of 

+0.04 e per atom in the second subsurface layer of Pd2Co (with a charge state of +0.46 

for Co) and the interlayer distance between the subsurface and second subsurface layers 

(d2) is found to be 2.28 Å which is lower than 2.31 Å in s-Pd.  Therefore, we can expect 

an enhanced subsurface–2nd subsurface binding in Pd2Co.  Our study suggests that in 

addition to the surface charge distribution, the near-surface charge distribution would also 

influence the surface stabilization, as also demonstrated by Ramirez-Caballero et.al104.   

            3.7. Intra and interlayer orbital analysis. 

To better understand the nature of surface-subsurface interactions, we analyzed 

the electronic structure of the Pd1Co, Pd2Co, and s-Pd systems.  Figure 3.3 shows the 

DOS projected onto the d orbitals of surface Pd atoms in the systems considered.  The in-

plane dxy+x
2

-y
2 (= dxy + dx2-y2) DOS (shaded region) shows no distinct difference among 

the systems, indicating their relatively insignificant contribution to the changes in the 

surface reactivity.  Looking at the out-of-plane dz
2 and dxz+yz (= dxz + dyz)DOS, Pd1Co 

exhibits a significant downshift in energy with reduced peak intensity near the Fermi 

level, compared to the Pd2Co and s-Pd cases (which display similarity).  This suggests 

that the change of the out-of-plane d states could be a major contributor to the altered 

surface reactivity.  
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Then, how does the modification of surface electronic structure affect the 

reactivity?  For O adsorption, for instance, it is well known that metal dxz+yz orbitals are 

majorly involved105; hence, the O binding strength is mainly determined by the extent of 

coupling between the O 2p and metal d states106.  This could help explain why the O 

binding energy is noticeably reduced in Pd1Co, compared to the cases of Pd2Co and s-Pd 

(as reported in Table3.1); that is, the reduction can be attributed to the stabilization of 

dxz+yzstates that may lead to weakening of the Pd 4d and O-2p coupling. 

We also turned to examining how the surface dz
2 and dxz+yz states are altered by 

the electronic interaction with the subsurface layer.  Figure 3.4 shows the orbital-

decomposed d-band DOS of the subsurface Pd atoms.  In Pd1Co, the dxy+x
2

-y
2DOS near 

the Fermi level are relatively suppressed and shift towards lower energies, in contrast to 

the densely populated in-plane states in Pd2Co and s-Pd; the enhanced in-plane d-state 

interactions are apparently attributed to the presence of subsurface Co atoms.  We also 

see a distinct downshift in energy of the dxz+yz DOS from the Fermi level, which is due in 

part to the overlap with the stabilized in-plane dxy+x
2

-y
2states.  It can be also expected that 

the stabilized subsurface dxz+yz states contribute to stabilization of the surface dxz+yz states, 

to a certain degree. Similarly, the subsurface dz
2 DOS peak near the Fermi level tend to 

be suppressed and downshifted, but not as significant as the dxz+yz case; this may imply 

that the subsurface dz
2 states would have a relatively weak effect ( compared to the dxz+yz 

states ) on the surface stabilization and thus reactivity.  This electronic structure analysis 

clearly demonstrates that the subsurface Co induces surface stabilization via enhanced 
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surface-subsurface dxz+yz interaction which has a significant effect on the surface 

reactivity, while Co atoms lying below the subsurface have an insignificant contribution 

in altering the surface reactivity.  The enhanced surface-subsurface interaction is also 

evidenced by the reduction in the interlayer distance in Pd1Co relative to the Pd2Co and 

strained p-Pd cases, as shown earlier.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Density of states (DOS) projected onto the d orbitals of the surface Pd atoms (a) Pd1Co 

(b) Pd2Co and (c) s-Pd.  The position of the Fermi Level is indicated by the dotted line. 
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Figure 3.4.  Density of states (DOS) projected onto the d orbitals of subsurface Pd atoms in (a) Pd1Co 

(b) Pd2Co and (c) s-Pd.  In (a), the DOS for subsurface Co atoms are also shown (darker grey shaded 

and dotted red and blue lines).  The position of the Fermi Level is indicated by the dotted line. 

3.8. Summary. 

DFT calculations were performed to investigate the alloying-induced 

modifications in the surface electronic structure of Pd-Co alloys and its influence on the 

activity towards the oxygen reduction reaction. We considered Pd/Pd3Co(111) (referred 

to as Pd1Co throughout this paper), Pd/Pd/Pd3Co(111) (Pd2Co), Pd(111) with a 

compressive strain of 1.77% (s-Pd), and pure Pd(111) (p-Pd) as model systems.  Due to 

the modification of surface electronic structure, the binding energies of O and OH on the 
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Pd1Co surface are predicted to be lower by 0.21 eV and 0.13 eV, respectively, than those 

on the p-Pd surface.  Moreover, we find that the presence of subsurface Co atoms causes 

a substantial reduction in the activation barriers of O/OH hydrogenation reactions (Ea for 

Pd1Co = 0.94/0.60 eV; Ea for p-Pd = 0.98/0.74 eV), while the O-O scission barrier only 

slightly increases (Ea = 0.89 eV; Ea = 0.83 eV).  This can be attributed to the synergetic 

interplay between the imposed compressive strain due to the Pd3Co substrate and the 

interlayer ligand effect of Co atoms, as demonstrated by a thorough analysis of intra- and 

interlayer orbital interactions.  In addition, similar O/OH binding energies for Pd2Co and 

s-Pd may suggest the insignificant contribution of the interlayer ligand effect towards 

surface reactivity modifications, when Co atoms are present below the first subsurface.  

Through our electronic structure analysis, we also bring to light the possibility of an 

enhanced interaction between the surface and subsurface out of plane dxz and dyz states in 

Pd1Co that has a major contribution in altering the surface reactivity.  Finally, our 

calculations of Co induced surface and near surface charge redistribution predict an 

enhanced surface-subsurface charge separation and hence an enhanced surface-

subsurface binding in Pd1Co; the enhanced surface-subsurface interaction is evidenced 

by the reduction in the interlayer distance in Pd1Co relative to the Pd2Co, s-Pd and p-Pd 

cases. The improved understanding of the alloy substrate-induced modification of surface 

reactivity of metal overlayers may be helpful in designing better alloy catalysts for 

oxygen reduction reaction in fuel cells. 
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Chapter 4: Role of surface subsurface interlayer interaction in altering 

surface adsorption properties in Pd3M alloy catalysts 

 (M= Sc, Ti, V, Fe, Co, Ni) 

 

4.1. Introduction. 

In the previous chapter, we considered a Pd/Pd3Co system as a model case and 

demonstrated the synergetic interplay between the imposed compressive strain due to the 

Pd3Co substrate and the interlayer ligand effect of Co atoms through an analysis of Co 

induced charge redistribution as well as the intra and inter-layer orbital interactions. We 

highlighted how the ‘O’ surface adsorption properties have an impact on the ORR 

activity of the system and described how the above mentioned synergetic interplay 

between the two effects enhances the oxygen hydrogenation to water leading to a better 

ORR activity. 

Also, in a noteworthy work by Tang and Henkelman reported in 2009107, they 

looked at a series of bimetallic core shell nanoparticles and considered the charge 

redistribution as a factor contributing to the shift in the d-band of the Pd shell. The 

lowering of the d-band center due to band filling was estimated from the amount of 

charge transfer and the density of d-states at the Fermi level and active cores like Co and 

Mo which transfer charge to the shell were reported to be good candidates for ORR 

catalysts. On similar lines, in 2012, Zhang and Henkelman108 tested Pd based 
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nanoparticles as candidates for ORR catalysts using the oxygen binding energy as a 

descriptor of ORR activity. 

Numerous studies on ‘Pd/Pd3M’, where ‘M’ could be a transition metal have also 

been conducted for their oxygen adsorption properties. For example, a noteworthy work 

by Greeley et al.61 reports the calculated oxygen surface adsorption energy, relative to Pt, 

as a function of the calculated heat of formation of the bulk alloys for a series of Pt and 

Pd skin alloys ( Pt/Pt3M and Pd/Pd3M) as shown in Figure 4.1. 

 

 

Figure4.1. Output of computational screening procedure, showing the oxygen binding energy, 

relative to that of Pt, on a Pt or Pd skin surface, as a function of alloying energy. [ from : Greeley et 

al. Nature Chemistry 1, 552 (2009) ] 

 

Their studies also report as to how the oxygen binding energy can be a descriptor 

of the ORR activity of the system. Extending the work reported in the previous chapter, 

we considered a series of Pd/Pd3M and Pd/Pd/Pd3M (M= Sc, Ti, V, Fe, Co, Ni) alloy 
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systems and examined the variation in the substrate induced modification of the surface 

electronic structure and its effect on the surface catalysis. We compared the results with 

strained Pd systems (induced strain equivalent to that of Pd-M lattice parameter) to 

decouple the effect of lattice strain from that of the effect of the presence of ‘M’ hetero 

atoms. By studying the factors involved in improving the surface catalysis, we can refine 

our knowledge and predict combinations that might work even better in assisting ORR 

activity of the system. Moreover, as emphasized earlier, a detailed analysis of interlayer 

orbital interactions in the near-surface region is inevitable considering its potential 

importance in understanding the alloying effect on the surface properties.  Therefore, it is 

worthwhile to understand how the electronic interactions between the surface and the 

subsurface vary with varying subsurface hetero atoms. We believe that our efforts may 

provide improved guidelines for fabrication of better ORR catalysts. 

4.2. Computational Methods. 

The calculations reported herein were performed on the basis of spin polarized 

density functional theory (DFT) within the generalized gradient approximation (GGA-

PW91) 97, as implemented in the Vienna Ab-initio Simulation Package (VASP) 98.  The 

projector augmented wave (PAW) method84 with a planewave basis set was employed to 

describe the interaction between core and valence electrons.  An energy cutoff of 350 eV 

was applied for the planewave expansion of the electronic eigen-functions.  For the 

Brillouin zone integration, we used a (5×5×1) Monkhorst-Pack mesh of k points to 

determine the optimal geometries and total energies of the systems examined, and 
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increased the k-point mesh size up to (10×10×1) to reevaluate corresponding electronic 

structures.   

4.3. Model Systems Considered. 

The model systems considered in the study are Pd/Pd3M(111) (hereafter referred 

to as Pd1M; one Pd overlayer on the Pd3M substrate), Pd/Pd/Pd3M(111) (Pd2M; two Pd 

overlayers on the Pd3M substrate), [where M = Scandium (Sc), Titanium (Ti), Vanadium 

(V), Iron (Fe), Cobalt (Co), Nickel (Ni) ], and Pd (111) with an induced strain (s-Pd; 

strain imposed is equivalent to the strain imposed by Pd3M substrate on Pd(111)) as 

illustrated in Fig. 4.1. For a model surface, we used a supercell slab that consists of a 

rectangular 2×2 surface unit cell with five atomic layers each of which contains 4 atoms.  

A slab was separated from its periodic images in the vertical direction by a vacuum space 

corresponding to seven atomic layers.  While the bottom two layers of the five-layer slab 

were fixed at corresponding bulk positions, the upper three layers were fully relaxed 

using the conjugate gradient method until residual forces on all the constituent atoms 

became smaller than 5×10-2 eV/Å.  The lattice constant for bulk Pd is predicted to be 

3.96Å, which is virtually identical to previous DFT-GGA calculations and also in good 

agreement with the experimental value of 3.89Å100. 
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Figure 4.1.  Model systems used in this work. (a) Pd/Pd3M(111) which consists of one Pd overlayer on 

the Pd3M substrate (referred to as Pd1M), (b) Pd/Pd/Pd3M(111) which has two Pd overlayers on the 

Pd3M substrate (Pd2M), (c) Pd(111) with an induced strain (s-Pd; strain imposed is equivalent to the 

strain imposed by Pd3M substrate on Pd(111) ), and (d) pure Pd(111) (p-Pd).  The cyan and blue 

balls represent ‘Pd’ and ‘M’ hetero atoms, respectively. 

4.4. Lattice parameters of the considered alloy systems. 

Table4.1. computed lattice constants (in Å) for the alloy catalysts. 

System Lattice constant Pd:M layer by layer distribution 

Pd1Sc [Pd/Pd3Sc(111)] 4.01 4:0 3:1 3:1 3:1 3:1 

Pd2Sc [Pd/Pd/Pd3Sc(111)] 4.01 4:0 4:0 3:1 3:1 3:1 

Pd1Ti [Pd/Pd3Ti(111)] 3.94 4:0 3:1 3:1 3:1 3:1 

Pd2Ti [Pd/Pd/Pd3Ti(111)] 3.94 4:0 4:0 3:1 3:1 3:1  

Pd1V[Pd/Pd3V(111)] 3.91 4:0 3:1 3:1 3:1 3:1 

Pd2V [Pd/Pd/Pd3V(111)] 3.91 4:0 4:0 3:1 3:1 3:1 

Pd1Fe [Pd/Pd3Fe(111)] 3.91 4:0 3:1 3:1 3:1 3:1 

Pd2Fe [Pd/Pd/Pd3Fe(111)] 3.91 4:0 4:0 3:1 3:1 3:1 

Pd1Co [Pd/Pd3Co(111)] 3.88 4:0 3:1 3:1 3:1 3:1 

(a) Pd1M (b) Pd2M (c) s-Pd 
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The value of the lattice constant may play an important role on the ORR reactivity 

considering the experimental evidence and theoretical studies that show that alterations in 

catalytic activities are possibly associated with change in the lattice parameters with the 

consequent modification of the surface electronic properties caused by charge and atomic 

redistribution on the surface52,53,107-110, as also discussed in the previous sections.  

Table 4.1. Lists the computed optimum lattice constants for twelve different alloy 

catalysts. The calculated total energy of bulk Palladium shows a minimum at 3.96 Å, 

which is 1.7 % higher than the experimental value of 3.89 Å 100. 

 

4.5. Hetero atom induced strain and interlayer ligand effect. 

As demonstrated in Fig4.2, we calculated the surface O binding energies of the 

considered alloy systems and the corresponding strained Pd alloy systems. The binding 

energy (Eb) is given by: Eb = EO + EM – EO/M, where EO, EM, and EO/M represent the 

total energies of the gas phase O, the slab, and the O/slab system, respectively. In the case 

of early transition elements (M= Sc, Ti, V), Eb (O) is significantly reduced for Pd1M 

compared to s-Pd indicating that in addition to the strain, the presence of the hetero atom 

has an influence on the surface adsorption properties (as discussed in chapter 1, we term 

Pd2Co [Pd/Pd/Pd3Co(111)] 3.88 4:0 4:0 3:1 3:1 3:1 

Pd1Ni [Pd/Pd3Ni (111)] 3.88 4:0 3:1 3:1 3:1 3:1 

Pd2Ni [Pd/Pd/Pd3Ni (111)] 3.88 4:0 4:0 3:1 3:1 3:1 
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this effect as the interlayer ligand effect). Also, the Eb (O) for Pd2M is considerably 

reduced compared to s-Pd suggesting that in the early transition elements, the interlayer 

ligand effect extends beyond the subsurface. In contrast to this Eb(O) for Pd2M  ( M = 

Fe, Co, Ni) and s-Pd are almost identical/overlapping highlighting that in the case of late 

transition elements , the hetero atom induced interlayer ligand effect is restricted to the 

subsurface. 

It is also noteworthy that while when M= Ti, V, Fe, Co, Ni, the induced strain due 

to the different Pd-Pd and Pd-M lattice parameters is compressive in nature, the induced 

strain when M=Sc is tensile in nature. It is well understood that compressive strain leads 

to greater overlap of d-orbitals reducing the surface reactivity while tensile strain 

enhances the surface reactivity. However, while the Eb (O) on strained Pd (induced 

tensile strain of 1.26 %) is 0.09 eV higher than that on Pd (111), Eb on Pd1Sc surface is 

reduced by 0.31eV clearly indicating a peculiar and interesting interlayer ligand effect 

induced by the presence of subsurface Sc. Note that, though the different Pd-Pd and Pd-

Sc lattice parameters induce a tensile strain in the system, yet the Eb (O) is seen to be 

significantly reduced.  
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Fig4.2. O binding energies (in eV) in Pd1M, Pd2M and s-Pd as a function of varying hetero atom ‘M’. 

 

In the previous chapter, we demonstrated the Co induced charge separation between the 

surface and the subsurface and how it resulted into an enhanced interlayer ligand effect 

(surface-subsurface binding); Here, again,  we would like to bring forth the correlation 

between the surface-subsurface charge separation and the interlayer ligand effect for few 

selected hetero atoms [ See Fig. 4.3] . The upper panel displays the reduction in O 

binding energy for Pd1M, M = Ti, V, Fe, Ni compared to that of s-Pd (111), which can be 

taken as a measure of interlayer ligand effect. The lower panel depicts the charge 

separation between the surface and the subsurface (say Δ)  . Note that the hetero atom 

induced charge redistribution in the system is calculated utilizing the grid based bader 

charge analysis103. As clearly seen an enhanced surface-subsurface charge separation 

leads to an enhanced surface-subsurface binding and a relatively higher interlayer ligand 

effect is predicted. 
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Figure 4.3.  Representing the correlation between interlayer ligand effect ( ΔE in blue) and surface-

subsurface charge separation (Δ in red). 

 

4.6. Intra and Interlayer orbital analysis. 

We explained how the interlayer interaction in Pd1M systems with M= early 

transition metal extends beyond the subsurface while the interlayer ligand effect in Pd1M 

systems with M=late transition metal is restricted to the subsurface. To better understand 

the difference in surface-subsurface interlayer interactions of early and late transition 

metals, we analyzed the electronic structure of Pd1M system where M=Ti and Fe. Figure 

4.5 (a) and (b) shows the DOS projected onto the d orbitals of surface Pd atoms in the 

systems considered. In Pd1Fe, the in-plane dxy+x
2

-y
2 (= dxy + dx

2
-y

2) DOS (shaded region)  

are found to be relatively more spread out compared to Pd1Ti suggesting better overlap of 

surface in-plane states in the prior, which may possibly be attributed to the presence of 

subsurface Fe. 
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Fig.4.5. DOS projected onto surface (upper panel) and subsurface (lower panel) Pd atoms in (a) 

Pd1Ti (b) Pd1Fe (c) Pd1Ti and (d) Pd1Fe. 

 

Note that the Pd-Fe lattice parameter of 3.91 Å is lower than that of Pd-Ti (3.94 Å ). 

However, there is no drastic distinct difference among the systems, indicating the 

relatively insignificant contribution of in-pane d states to the changes in the surface 

reactivity.  Looking at the out-of-plane dz
2 and dxz+yz (= dxz + dyz) DOS, both the systems 

exhibit a significant downshift in energy with reduced peak intensity near the Fermi level, 

compared to the in-plane states. This suggests that the change of the out-of-plane d states 

could be a major contributor to the altered surface reactivity. Also, note that the 

downshift in energy in dxz+yz states in Pd1Ti is relatively higher than that in Pd1Fe. This 
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suggests that the out of plane d-states may have a greater influence on the surface 

electronic structure alterations in Pd1Ti than Pd1Fe. 

We also turned towards examining how the surface dz
2 and dxz+yz states are altered 

by the electronic interaction with the subsurface layer.  Figure 4.5 (lower panel) shows 

the orbital-decomposed d-band DOS of the subsurface Pd atoms.  In Pd1Ti, the dxy+x
2

-

y
2DOS near the Fermi level are relatively suppressed and shift towards lower energies, in 

contrast to the densely populated in-plane states in Pd1Fe; the enhanced in-plane d-state 

interactions are apparently attributed to the presence of subsurface Ti atoms. We also see 

a distinct downshift in energy of the dxz+yz DOS from the Fermi level, which is due in part 

to the overlap with the stabilized in-plane dxy+x
2

-y
2states.  It can be also expected that the 

stabilized subsurface dxz+yz states contribute to stabilization of the surface dxz+yz states, to 

a certain degree. Similarly, the subsurface dz
2 DOS peak near the Fermi level tend to be 

suppressed and downshifted, but; this may imply that the subsurface dz
2 states would also 

have an influence in addition to the dxz+yz states, on the surface stabilization and thus 

reactivity. Looking at the DOS projected onto the subsurface Pd atoms in Pd1Fe, we see 

that out of plane dxz+yz states exhibit a slight downshift in energy near the Fermi Level in 

contrast to the drastic downshift exhibited by Pd1Ti subsurface out of plane d-states. This 

may indicate that the surface-subsurface interlayer interaction is more pronounced when 

the hetero atom is an early transition metal relative to a late transition metal. 
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4.7. Summary and Conclusions. 

We looked at a series of Pd1M alloy catalysts (M=Sc, Ti, V, Fe, Co, Ni) and then 

attempted to distinguish the surface-subsurface interlayer interaction in early and late 

transition metals. Note that there is an induced strain in the system due to the presence of 

the hetero atom. While Ti, V, Fe, Co and Ni all impose compressive strain in the system, 

Sc induces a 1.26% tensile strain in the system. We calculated the oxygen binding 

energies for Pd1M (one Pd overlayer on the Pd3M substrate), Pd2M  (two Pd overlayers 

on the Pd3M substrate) and s-Pd (Pure Pd with induced strain). While the O binding 

energy in the systems where M = early transition metal is significantly altered in Pd1M, 

Pd2M and s-Pd systems, the O binding energy in the systems where M = late transition 

metal did not alter that considerably. The O binding energies for s-Pd and Pd2M systems 

remained very similar. We predict that while the hetero atom induced interlayer ligand 

effect extends beyond the subsurface in the case of early transition metals (like Sc, Ti and 

V), the hetero atom induced interlayer ligand effect is restricted to the subsurface in the 

case of late transition metals (like Fe, Co and Ni). We also discuss the heteroatom 

induced charge restribution in the system which leads to a surface-subsurface charge 

separation and correlate it to the interlayer ligand effect due to the hetero atom. Finally, 

we also presented a thorough intra and interlayer orbital analysis and demonstrated the 

more enhance surface-subsurface interlayer interaction induced by an early transition 

metal like Ti as against the slightly reduced surface-subsurface binding exhibited by Fe 
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Chapter 5: Facet Dependence of surface subsurface interlayer 

interaction in Pd3Co alloy catalysts. 

5.1. Introduction. In the previous two chapters, we emphasized on the role of 

surface-subsurface interlayer interaction in determining the surface reactivity of the 

system. Many metals favor an FCC (face centered cubic) crystal structure, since, there is 

no packing of hard spheres in space that creates a higher density than the FCC structure. 

In the previous two chapters, we focused on the 111 facet of the crystal lattice. Here, 

attention will be given to two specific facets (100) and (111). In the schematics 

demonstrated by Fig5.1, the 100 surface is a square lattice and its primitive unit cell is 

defined by the orthonormal basis vectors while the 111 surface is a hexagonal lattice.  

 

 

Fig.5.1. Schematics of a 100 crystallographic square lattice (left) and 111 hexagonal lattice (right). 

In FCC (111), while the atomic stacking of atoms in the layers are ABCABC 

type, in FCC (100), an ABAB type atomic stacking in layers is present. This makes the 

arrangement of surface atoms w.r.t the subsurface atoms in the facets different from each 
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other. It is therefore worthwhile to understand the facet dependence of surface subsurface 

interlayer interaction and its impact on the surface reactivity. 

The importance of particle size, facet and shell thickness of nano-catalysts for 

oxygen reduction has been emphasized in the literature before111-113. Instead of looking 

into the intermediate binding energies and reaction mechanisms on the catalyst surface, 

we would like to understand the more important aspect of the surface-near surface 

electronic interactions and the fundamental principles that determine the surface 

reactivity; this has been addressed limitedly in the literature despite its crucial importance 

in tuning in the surface reactivity of alloy catalysts. In this chapter, we will try to 

understand the underlying principles for the different surface reactivity of different facets 

and analyze the intra and interlayer orbital interactions thoroughly. After looking at the 

surface-near surface interactions stemming from the induced compressive strain and 

interlayer ligand effect, we will briefly discuss the effect of surface Au alloying on these 

interactions and on the surface reactivity, since, Pd-Au surface alloys have reported to 

exhibit enhanced catalytic activity than their pure counterparts114-116. For example, Pd-Au 

surface alloys have shown to promote CO oxidation115-117, the direct synthesis of 

H2O2
102, vinyl acetate synthesis118 and hydrogen evolution reactions119. Additionally, we 

also found that under compressive strain, Pt-Au alloys may also start to behave as Pd-Au 

alloys. Elaborating on that, previous work in our group120 demonstrates that based on 

Monte Carlo (MC) simulations, homo-nuclear Pt-Pt interactions are favored in Au-Pt 

surface alloys whereas Au-Pd hetero-nuclear interactions are favored in Au-Pd surface 
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alloys. Interestingly, on applying compressive strain (say 2%) to Au-Pt surface alloys, 

they tend to prefer hetero-nuclear Au-Pt interactions instead and exhibit Au-Pd like 

characteristics. Therefore, in the final section of this chapter, we will briefly discuss 

about the effect of strain on Au-Pt alloys. 

 

5.2. Computational details: 

The calculations reported herein were performed on the basis of spin polarized 

density functional theory (DFT) within the generalized gradient approximation (GGA-

PW91) 97, as implemented in the Vienna Ab-initio Simulation Package (VASP) 98.  The 

projector augmented wave (PAW) method84 with a planewave basis set was employed to 

describe the interaction between core and valence electrons.  An energy cutoff of 350 eV 

was applied for the planewave expansion of the electronic eigenfunctions.  For the 

Brilliant zone integration, we used a (5×5×1) Monkhorst-Pack mesh of k points to 

determine the optimal geometries and total energies of the systems examined, and 

increased the k-point mesh size up to (10×10×1) to reevaluate corresponding electronic 

structures.  

5.3. Model systems considered: 

The model systems considered in the study are the 111 and the 100 faceted Pd/Pd3Co 

(hereafter referred to as Pd1Co; one Pd overlayer on the Pd3Co substrate and Pd with a 

compressive strain of 1.77% (s-Pd; strain imposed is equivalent to the strain imposed by 

Pd3Co substrate on Pd as demonstrated in Fig.5.1). 
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Fig 5.1. Model systems used in this work. (a) Pd/Pd3Co (111)/ (100) which consists of one Pd 

overlayer on the Pd3Co substrate (referred to as Pd1Co (111)/ (100)) and (b) Pd with a compressive 

strain of 1.77% (s-Pd; strain imposed is equivalent to the strain imposed by Pd3Co substrate on Pd 

(111)/ (100)). Both 111 and 100 facets were considered (as shown in the topview). The cyan and blue 

balls represent Pd and Co atoms, respectively. 

 

5.4. Results and Discussion- Pd1Co (111) vs Pd1Co (100): 

In the previous chapter, we discussed about the surface-subsurface interlayer 

interaction in Pd1Co (111) through a thorough analysis of intra and interlayer orbital 

interactions. To understand the facet effect on the interlayer interaction, we also looked at 

Pd1Co (100). We compared the two, with the respective s-Pd systems. As also discussed 

in the previous chapter, revisiting the d-state interactions in the 111 faceted alloy system , 

in Figure 5.2 (upper panel) , we show the orbital resolved DOS projected onto the d 

orbitals of surface Pd atoms in Pd1Co (111) and s-Pd (111). While the in-plane dxy+x
2

-y
2 

(= dxy + dx2-y2) DOS (shaded region) shows no distinct difference among the systems, 
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indicating their relatively insignificant contribution to the changes in the surface 

reactivity, the out-of-plane dz
2 and dxz+yz (= dxz + dyz) DOS in Pd1Co exhibit a significant 

downshift in energy with reduced peak intensity near the Fermi level, compared to s-Pd 

case. As discussed in the previous chapters, this may suggest that the change of the out-

of-plane d states could be a major contributor to the altered surface reactivity.  

Also, on looking at the electronic interaction between the surface and the 

subsurface [ see Fig.5.2 (lower panel) for DOS projected on subsurface Pd atoms], the 

relatively more suppressed in pane dxy+x
2

-y
2 DOS near the Fermi Level in Pd1Co can be 

attributed to the presence of subsurface Co;  subsurface Co may induce enhanced in plane 

d-state interactions in Pd1Co compared to s-Pd.  We also see a distinct downshift in 

energy of the dxz+yz DOS from the Fermi level, which is due in part to the overlap with the 

stabilized in-plane dxy+x
2

-y
2states.   
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Fig 5.2. DOS projected on surface Pd atoms in Pd1Co (111) and s-Pd (111) displayed in the 

upper panel. The lower panel consists of the DOS projected onto subsurface Pd atoms. 

 

It can also be expected that the stabilized subsurface dxz+yz states contribute to 

stabilization of the surface dxz+yz states, to a certain degree. Similarly, the subsurface dz
2 

DOS peak near the Fermi level tend to be suppressed and downshifted, but not as 

significant as the dxz+yz case; this may imply that the subsurface dz
2 states would have a 

relatively weak effect, compared to the dxz+yz states, on the surface stabilization and thus 

reactivity. We re-emphasize that the electronic structure analysis clearly demonstrates the 

surface-subsurface dxz+yzinteraction driven enhanced surface-subsurface binding in  
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Pd1Co; the Co atoms lying below the subsurface have an insignificant contribution in 

altering the surface reactivity.  

Next, as shown in Fig. 5.3 (upper panel), we compared DOS projected onto the d 

orbitals of surface Pd atoms in Pd1Co (100) and compared it with that of s-Pd (100).  

 

 

Fig5.3 DOS projected on surface Pd atoms in Pd1Co (100) and s-Pd (100) displayed in the 

upper panel. The lower panel consists of the DOS projected onto subsurface Pd atoms. 

 

The in-plane dxy+x
2

-y
2 (= dxy + dx2-y2) DOS (shaded region) again shows no distinct 

difference among the systems, indicating their relatively insignificant contribution to the 

changes in the surface reactivity. Looking at the out-of-plane dz
2 and dxz+yz (= dxz + dyz) 
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DOS, as in the case of Pd1Co (111), Pd1Co (100) exhibits a significant downshift in 

energy with reduced peak intensity near the Fermi level, compared to the s-Pd (100) case.  

This again suggests that the change of the out-of-plane d states could be a major 

contributor to the altered surface reactivity.  

Then, looking at the electronic interaction between the surface and the subsurface 

out of plane d-states, in Fig. 5.3 (lower panel), we highlight the orbital-decomposed d-

band DOS of the subsurface Pd atoms.  We see a distinct downshift in energy of the dz
2 

DOS from the Fermi level, which is due in part to the overlap with the stabilized in-plane 

dxy+x
2

-y
2 states.  It can be also expected that the stabilized  subsurface dz

2 states contribute 

to the stabilization of the surface dz
2 states, to a certain degree. Note that in the s-Pd 

(100), as well, we see the downshift in energy of subsurface dz
2 orbitals; though slightly 

lower yet comparable to that in Pd1Co (100) subsurface Pd atoms. Also, the subsurface 

dxz+yz states, do not show any downshift of energy near the Fermi level. Thus, this may 

imply that the subsurface dxz+yz states would have a relatively weak effect, compared to 

the dz
2 states on the surface stabilization; also the Co induced surface –subsurface 

interlayer interaction in 100 is not as significant as in 111 alloy catalysts.  This electronic 

structure analysis clearly demonstrates that the subsurface Co induces surface 

stabilization via slightly enhanced surface-subsurface dz
2 interaction in Pd1Co (100) 

catalysts in contrast to the significantly enhanced surface-subsurface dxz+yz interaction in 

Pd1Co (111), therefore, the surface reactivity is altered with varying facets.  
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Next, evaluating the charge density, Fig.5.4. displays the contour plot of the 

calculated charge density of Pd1Co and s-Pd systems in the 111 and 100 planes. Clearly, 

while in Pd1Co (111) , there is a strong overlap between the surface Pd and the 

subsurface Co atoms indicating the significant charge transfer from subsurface Co to 

surface Pd, in Pd1Co (100), no such significant overlap is seen. Co atoms seem to be 

isolated in the 100 subsurface layer and do not interact much with the surface Pd atoms. 

This re-emphasizes the significant Co induced surface-subsurface interlayer interaction in 

Pd1Co (111) compared to Pd1Co (100). 

 

 

Fig5.4. Contour plot for the calculated charge density for (a) Pd1Co in 111 plane, (b) s-Pd in 111 

plane, (c) Pd1Co in 100 plane, (d) s-Pd in 100 plane. The ones with the white dots on are the Co 

atoms. 
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5.5. Surface alloying with Au.  

Now, we alloyed the pure Pd skin with Au and considered two configurations 

c2x2 and p4x2 as indicated in Fig5.5. We considered supercell slabs that consisted of 4x4 

surface unit cell; included 4 layers with 16 atoms in each layer. The computational details 

remain the same, except that, for the Brillouin zone integration, we used a (2×2×1) 

Monkhorst-Pack mesh of k points to determine the optimal geometries and total energies 

of the systems examined, and increased the k-point mesh size up to (6×6×1) to reevaluate 

corresponding electronic structures. In c (2x2), every Pd (cyan) atom has four Au 

(yellow) nearest neighbours and vice versa; p (4x2) has the same composition but a 

smaller number of Au-Pd nearest neighbours. We also considered the similar Pd-Au 

surface layer skin for s-Pd (111) and s-Pd (100) systems. 

 Firstly, we compared the orbital resolved DOS projected onto surface (upper 

panel) and subsurface (lower panel) Pd atoms of c (2x2) (111) and s-c (2x2) (111) [see 

Fig5.6]. In s-c2x2(111), the in plane dxy+x
2

-y
2 states (grey shaded region) display a sharp 

peak near the Fermi level whereas the in plane states in c2x2(111), are suppressed near 

the Fermi Level indicating that on alloying surface Pd with Au, hetero-nuclear Pd-Au 

interactions are stronger than those of Pd-Pd in the presence of subsurface Co. 

Comparing the surface out of plane dxz+yz and dz
2 states , c(2x2)(111) displays a relatively 

more significant downshift in energy than the s-c(2x2)(111). This may suggest that the 
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out of plane d-states may have a greater influence on the surface reactivity than the in-

plane d-states. 

Turning towards the subsurface, the in plane dxy+x
2

-y
2 states in c2x2 (111) are 

suppressed and broadened near the Fermi Level compared to the s-c2x2 (111) case. This 

may indicate a surface Au induced better subsurface Pd-Co in plane interactions. The 

subsurface in plane states may also be better stabilized partly due to the interaction 

between surfaces and subsurface in plane states in addition to the in-plane and out-of 

plane d-state interactions. Next, looking at the subsurface out of plane dxz+yz and dz
2 

states, we see a distinct downshift in energy of the dxz+yz DOS from the Fermi level, 

which is due in part to the overlap with the stabilized in-plane dxy+x
2

-y
2 states.   

 

Fig 5.5. c (2x2) ordered surface. Every Pd (cyan) atom has four Au (yellow) nearest neighbours and 

vice versa. p (4x2) has the same composition but a smaller number of Au-Pd nearest neighbours. 

It can also be expected that the stabilized subsurface dxz+yz states contribute to 

stabilization of the surface dxz+yz states, to a certain degree. Similarly, the subsurface dz
2 

DOS peak near the Fermi level tend to be suppressed and downshifted, but not as 
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significant as the dxz+yz case; this may imply that the subsurface dz
2 states would have a 

relatively weak effect, compared to the dxz+yz states, on the surface stabilization and thus 

reactivity. Moreover, the downshift in energy is not displayed by the subsurface out of 

plane dz
2 states. Therefore, the downshift of energy in dz

2 states are characteristics of or a 

result of surface Au alloying.  

 

 

Fig5.6. DOS projected onto surface Pd and subsurface Pd atoms in c2x2 (111) and s-c2x2 (111). 

 

Next, we move onto the analysis of orbital resolved DOS on surface and 

subsurface Pd atoms of c2x2 (100) and s-c2x2 (100), as demonstrated in Fig.5.7. Both the 

surface and the subsurface in plane dxy+x
2

-y
2states do not show any distinct variations in 
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the systems considered and therefore may not have a significant effect on the surface 

reactivity. Turning to the surface out of plane dxz+yz and dz
2 states, there is a downshift in 

energy and reduction in peak intensity near the Fermi Level for both c2x2 (100) and s-

c2x2 (100); this may indicate that the out of plane states may have a significant effect on 

the surface reactivity. Looking at the electronic interaction between the surface and the 

subsurface, unlike the 111 facet, the dxz+yz states do not exhibit any downshift in energy 

and therefore, the surface dz
2 stabilization may be due partly because of the interaction 

with subsurface dz
2states. Also, the downshift of energy in subsurface dz

2states in c2x2 

(100) compared to that in s-c2x2 (100) is considerable as against the similarity in those of 

Pd1Co (100) and s-Pd (100) [see Fig.5.3]. 

 

Fig, 5.7. DOS projected onto surface Pd and subsurface Pd atoms in c2x2 (100) and s-c2x2 (100). 
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This may indicate that surface Au alloying enhances surface-subsurface 

dz
2interaction induced in the 100 faceted substrate. Nevertheless, interestingly, on 

comparing the charge density plots of c2x2 (100) and c2x2 (111), as elucidated in Fig5.8, 

the subsurface Co atoms in c2x2 (100) stay isolated or do not participate in charge 

transfer phenomena as much as the subsurface Co atoms in c2x2 (111) do. Thus, the 

enhanced surface dz
2 stabilization may not be Co induced on alloying surface Pd with 

Au.  

 

Fig 5.8. Charge density plots for c2x2 (100) and c2x2 (111). Au atoms are shown. The ones with white 

dots are Co atoms and the rest in black are Pd atoms. 

 

Next, we move onto the intra and inter-layer analysis of p4x2 (111) with s-Pd (111) and 

p4x2 (100) with s-Pd (100), as demonstrated in Fig.5.9.  Firstly, the in-plane surface 

dxy+x
2

-y
2states do not show distinct dissimilarities in the considered systems indicating 

their relatively insignificant contribution to the changes in the surface reactivity. Looking 

at the out-of-plane dz
2 and dxz+yz (= dxz + dyz) DOS, p4x2 (111) exhibits a significant 
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downshift in energy with reduced peak intensity near the Fermi level, compared to s-p4x2 

case.  This suggests that the change of the out-of-plane d states could be a major 

contributor in altering the surface reactivity. Fig5.8. (lower panel) depicts the orbital-

decomposed d-band DOS of the subsurface Pd atoms. Turning to subsurface d-states, in  

p4x2(111) , the dxy+x
2

-y
2 DOS near the Fermi level are relatively suppressed and shift 

towards lower energies, in contrast to the densely populated in-plane states in s-

p4x2(111); the enhanced in-plane d-state interactions are apparently attributed to the 

presence of subsurface Co atoms. We also see a distinct downshift in energy of the dxz+yz 

DOS from the Fermi level, which is due in part to the overlap with the stabilized in-plane 

dxy+x
2

-y
2states.  It can also be expected that the stabilized subsurface dxz+yz states 

contribute to stabilization of the surface dxz+yz states, to a certain degree.We observe an 

enhanced surface-subsurface dxz+yz interlayer interaction as in the case of Pd1Co (111). 

Then, we looked at the Orbital Resolved DOS projected onto surface and subsurface Pd 

atoms of p4x2 (100) and s-p4x2 (100). As expected, the surface out of plane dxz+yz states 

and dz
2 states in p4x2 (100) display a distinct downshift in energy from the Fermi Level 

compared to that in s-p4x2 (100) suggesting that the out of plane states may majorly 

contribute in altering the surface reactivity. The electronic interaction between the surface 

and the subsurface in this case is again through surface-subsurface dz
2interaction.  
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Fig5.9. Orbital Resolved DOS of surface and subsurface Pd atoms in p4x2 (111) and s-p4x2 (111). 

 

Hence, it is clear from the analysis that while in the 111 facet, there exists Co 

induced enhanced surface-subsurface dxz+yz interaction, in the 100 facet, the electronic 

interaction between the surface and the subsurface is through the interaction between dz
2 

states. On alloying surface Pd with Au, the surface-subsurface dz
2 interlayer interaction 

appears to be enhanced in the 100 faceted systems. 
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Fig5.10. Orbital Resolved DOS of surface and subsurface Pd atoms in p4x2 100) and s-p4x2 (100). 

 

So far, we have been looking at the synergetic interplay between the induced 

compressive strain and the interlayer ligand effect induced by the Co atom and the impact 

of surface Au alloying on Co induced alterations within the system. Interestingly, in 

addition, we found that under compression Pt-Au surface alloys may also start behaving 

as Pd-Au surface alloys. To explain this, in the next section, we will consider c2x2 and 

p4x2 configured Pt-Au/Pt (100) and study the effect of induced compressive strain of 

varying order. 
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5.6. Pt-Au becomes Pd-Au like on inducing compression. 

In this section, we considered, c2x2 and p4x2 configurations of a Pt-Au alloy surface over 

a pure Pt (AuPt/Pt (100)) with varying order of induced compressive strain. Based on MC 

simulations, the previous work in our group 121 demonstrates that while Pt-Au surface 

alloys prefer homo-nuclear Pt-Pt interactions, Pd-Au surface alloys prefer hetero-nuclear 

Pd-Au interactions. Also, in another work from our group on AuPd/Pd (100) alloys122, 

effect of strain on the arrangement of surface atoms have been analyzed. 

 Here, again, we considered supercell slabs that consisted of 4x4 surface unit cell; 

included 4 layers with 16 atoms in each layer. The computational details remain the 

same, except that, for the Brillouin zone integration, we used a (2×2×1) Monkhorst-Pack 

mesh of k points to determine the optimal geometries and total energies of the systems 

examined, and increased the k-point mesh size up to (6×6×1) to reevaluate corresponding 

electronic structures. The lattice constant for Pt was calculated to be 4.01 Å which is 

higher than the experimental value of 3.92 Å. 

 First, we calculate the formation energies of c2x2 and p4x2 surface alloys using 

the formula : Ef = Ec2x2/p4x2 – ( (0.5*EPtPt) + (0.5*EAuAu)), wherein, Ec2x2/p4x2 is the 

energy of the considered system, EPtPt and EAuAu are reference energies of Pure Pt and 

Pure Au systems. As shown in Table 5.1., with increasing compressive strain, c2x2 

configuration is more preferred over p4x2 configuration. 

At equilibrium, the formation of p4x2 configuration is more preferred by ΔE 

(difference in the formation energies) =0.07 eV. On inducing compressive strain of 1.5%, 
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the formation of c2x2 becomes more preferred by ΔE = 0.07 eV. With increasing 

compression the formation of c2x2 is more preferred and at inducing a compressive strain 

of about 3%, the formation energy becomes negative and hetero-metallic interactions 

become highly favorable as in the Pd-Au surface alloys. 

 

Table 5.1. Formation energies (in eV) of c2x2 and p4x2 surface alloys. 

 

Then, we moved on to do some Monte Carlo (MC) simulations.  Explaining the technique 

in brief, we used a set of training structures along with their calculated DFT energies to 

construct an optimal cluster expansion. The cluster expansion is then incorporated into 

canonical ensemble Monte Carlo simulations of AuPt/Pt (100) surface. All of the surfaces 

we simulated contained 30x30 (100) surface unit cells for a total of 900 atoms. The 

surfaces were first annealed at a high temperature and then cooled and equilibrated at the 

Strain Ef (c2x2) 

 

Ef (p4x2) 

 

Equilibrium 0.58 0.51 

Compressive (1.5%) 0.19 0.26 

Compressive (2%) 0.11 0.19 

Compressive (2.5%) 0.03 0.13 

Compressive (3%) -0.06 0.05 
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simulation temperature over a period of 7x105 steps per site. The candidate 

configurations evaluated at the beginning The surfaces were first annealed at a high 

temperature and then cooled and equilibrated at the simulation temperature over a period 

of 7x105 steps per site. The candidate configurations evaluated at the beginning of each 

step were generated by swapping randomly selected Pt and Au atoms. Please refer to the 

thesis of Dr. Adam J Stephens for the description of the technique in detail 

(http://repositories.lib.utexas.edu/handle/2152/22175). Fig. 5.10 displays the snapshots 

from simulations of selected surfaces of varying composition and strain. As 

demonstrated, the population of heterometallic Pt-Au interactions is seen to increase with 

induced compressive strain (2%) when compared to the surfaces at equilibrium. We also 

considered surfaces with an induced tensile strain of about 4% for comparison and saw 

the agglomeration of same kind of atoms in the simulation snapshots. 
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Fig 5.10. Snapshots from MC simulations of AuPt/Pt (100) with varying strain conditions and Pt 

coverage. 

5.7. Summary and Conclusions. 

The main emphasis of this chapter was to highlight the fundamental underlying 

principles of alloying that may have an impact on the surface reactivity of Pd based alloy 

catalysts.  We first present a thorough intra and interlayer orbital analysis of the surface 

and near surface electronic interactions in Pd/Pd3Co (Pd1Co) – 111 and 100 facets 

highlighting the facet effect on the surface-subsurface interlayer interaction. We also 

study the impact of surface Au alloying on the surface-near surface interactions by 

73 
 



considering two surface configurations of same composition but varying hetero-metallic 

interactions in order to understand the effect of additional surface hetero-metallic 

interactions along with the induced strain and interlayer ligand effect. The key deductions 

are listed below- 

1)  While in the 111 facet, the hetero atom Co induces a significant interlayer 

ligand effect, in 100 plane, it induces no such significant effect. 

2) In 111, the surface-subsurface interaction is governed by surface-subsurface 

Pd dxz+yz hybridization. 

3) In 100,the surface-subsurface interaction is governed by surface-subsurface 

Pd dz
2 hybridization. 

4) On surface alloying with gold, the surface-subsurface interlayer interaction is 

enhanced which is mainly attributed to more preferred Pd-Au interaction 

rather than Pd-Pd interaction. 

Finally, we also, showcase the advantage of induced compressive strain in 

altering the surface arrangement of alloy systems and tune in the surface reactivity of the 

system. As an example, we considered Pt-Au bimetallic surfaces, since, we predicted the 

Pt-Au surface alloys to become Pd-Au like on inducing compression.  We present 

snapshots from the MC simulations of AuPt/Pt (100) with varying strain conditions and 

Pt coverage, wherein, with 2% compressive strain, there was relatively a higher 

population of Pt-Au hetero-metallic interactions. 
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Chapter 6: CO2 Capture by Aqueous MEA: Reaction Mechanisms and 

The Underlying Principles. 

6.1. Introduction 

The ever-increasing rate of carbon dioxide (CO2) emissions, mainly as a result of 

growing fossil fuel consumption, has become a widespread concern.123 At present, 

aqueous alkanol-amine solvents are the predominantly used method to remove CO2 from 

flue gas and natural gas.124,125  Particularly, monoethanolamine (MEA) has been the most 

extensively studied for decades and is commonly used as the benchmark solvent.126-128 

However, scaling up of the aqueous MEA system for commercial-scale applications tends 

to be impeded by MEA degradation, corrosion problems, and moreover the high parasitic 

energy consumption during solvent regeneration129. Several experimental and modeling 

studies have been undertaken to better understand the CO2 capture process with aqueous 

MEA, but the reaction mechanism of the CO2-MEA-H2O system at the atomic level is 

not still well understood despite its importance in designing more efficient MEA-based 

solvents and processes. 

It has been thought that two MEA molecules react with one CO2 molecule to 

form carbamate and protonated MEA, perhaps via a single-step termolecular (direct) or 

two-step zwitterion mechanisms. The two-step process involves the formation of a 

zwitterion as an intermediate which undergoes deprotonation and proton abstraction by 

another MEA can form the carbamate and protonated MEA130,131 The single-step 

mechanism assumes that amine, CO2, and base molecules form a loosely-bound complex, 
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rather than a zwitterion, which breaks up to form the products.132 Although recently the 

zwitterion mechanism is commonly adopted to explain the CO2-MEA reaction, some 

fundamental aspects of the CO2-MEA interaction in aqueous solution remain 

uncertain.133-142 

Atomic-level characterization of the complex reaction-diffusion behavior in 

aqueous solutions appears to be very challenging, in part because of the limited 

capabilities of common instrumentation.  A complementary computational effort has 

been made in studying the fundamental issues related to CO2 capture and solvent 

regeneration.  The reaction of CO2 with aqueous amines has often been studied using an 

implicit solvent approach based on (static) quantum mechanical (QM) calculations133-136 

since the implicit QM model may provide some useful insight into the reaction paths and 

energetics and the relative stability of reaction intermediates. However, given the 

complex solution dynamics of the aqueous MEA system with high degrees of freedom, 

we first applied ab initio molecular dynamics (AIMD) to identify the likely events and 

the reaction intermediates in the capture and the regeneration process before looking at 

the static QM calculations. So, in this work, we first investigate the molecular 

mechanisms underlying the CO2 capture by aqueous MEA and solvent regeneration 

taking into account the structural and dynamic effects in the MEA-CO2-H2O solution. 

We then use a static quantum chemical approach at the B3LYP/6-311++G level of theory 

to explain the events observed from AIMD in terms of the reaction energetics and the 

relative stability of intermediates. This work is done in collaboration with Dr. Eunsu Paek 
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and Haley M. Stowe. The AIMD simulations reported in this chapter have been 

performed by Dr. Eunsu Paek. 

 

6.2. Possible Reaction Mechanisms reported in the literature. 

Absorption of Carbon Dioxide in Aqueous MEA. 

Carbamate Formation 

Most of the primary and secondary amines absorb CO2 leading to formation of a 

carbamate via a zwitterionic pathway first proposed by Danckwertz131. In this two step 

mechanism, amine reacts with CO2 to reversibly form the zwitter ion which undergoes 

deprotonation in the presence of a base. 

                    RNH2 + CO2 ↔ RNH2
+COO-                              ……………. (1) 

                    RNH2
+COO- + B → RNHCOO- + BH+               ……………. (2) 

 

If the rate constant for the forward/backward reaction (1) is said to be k1/k-1 and 

that of reaction (2) is taken to be k2 , then the overall rate of the reaction can be expressed 

as  r = k1[RNH2][CO2]/(1+k-1/k2[B]) obtained by applying the steady state 

approximation to the intermediate zwitterion. Depending on whether the zwitterion 

formation/deprotonation happens to be rate determining, the reaction turns out to be first 

order/fractional order with respect to amine.  Considering the most widely used and 

studied conventional primary amine Methanolamine (MEA), the deprotonation of the 

zwitterion with another molecule of MEA acting as the base is predicted  to be barrierless 
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with the overall reaction reaction order for the carbamate formation as one133; Xie et al. 

have performed the calculations at B3lyp/B1 level of theory using the CPCM model 

including solvent effects both in geometry optimizations and frequency calculations.  In 

addition, they compute a very low concentration of zwitterion as 4.8 x 10 -11 mol/L 

explaining why zwitterions have not been observed though suggested in various 

experimental investigations. They predict an activation barrier of 12 kcal/mol for the 

carbamate formation which is very close to that of the experimental value of 12.3 

kcal/mol143,144. In contrast to this, Arstad et al.135 computed a barrier of 9.3 kcal/mol 

which is much higher than the experimental predictions. Da Silva simulated one molecule 

of carbon dioxide in contact with aqueous MEA, and determined visually and via radial 

distribution plots that the carbon dioxide equally associates with MEA and water.   In 

combination with previous studies that carbamate formation is easy kinetically, the 

authors suggest that the proper alignment of the reactants may be the slowest step of the 

reaction136,142 .  Ab-initio molecular dynamics has also been used to study carbon dioxide 

absorption and desorption with monoethanolamine139,140,147 Such studies also show 

zwitterion formation to be an easy route for carbon dioxide absorption, both when water 

is present139 and when water is not present.147 

Termolecular Mechanism : 

 A single step mechanism originally proposed by Crooks and Donnellan132 

assumes that the amine reacts simultaneously with CO2 and the base via the formation of 

a loosely bound intermediate complex. 
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                  RNH2- - - - B  +   CO2  ↔ RNHCOO- - - - - -BH+ 

 

The complex can break up to form either amine or CO2 or form ionic products in 

the presence of H2O.   

 Da Silva and Svendsen134 as well as Shim et al136 predict a single step 

termolecular mechanism for the carbamate formation from MEA (see the scheme below).  

 

                           Figure 1: Termolecular Reaction Mechanism. 

 

 

6.3. Computational Methods. 

We performed AIMD simulations within the Born-Oppenheimer (BO) approximation.  

The potential energy surfaces for AIMD were generated using DFT within Perdew-

Berke-Ernzerhof generalized gradient approximation97 (GGA-PBE), as implemented in 

the Vienna Ab initio Simulation Package98 (VASP).  The projector augmented wave 

(PAW) method with a planewave basis set was employed to describe the interaction 

between the core and valence electrons. An energy cutoff of 400 eV was applied for 
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planewave expansion of the electronic eigenfunctions. Only the gamma point was 

sampled for Brillouin zone integration.  

We used the Gaussian 09 program148 for static QM calculations to investigate the 

detailed interactions of CO2 with MEA. Geometry optimizations were performed with 

hybrid Becke 3-Lee–Yang–Parr (B3LYP) exchange-correlation functional with the 6-

311++G basis sets for C, H, N, and O. All stationary points were verified as minima by 

full Hessian and harmonic frequency calculations. The self-consistent reaction field 

theory (SCRF) based on the polarisable continuum model (IEFPCM-UFF) implemented 

in the Gaussian program 151-152 was employed to account for solvation effects implicitly. 

 

6.4. Elementary Reaction Steps identified using AIMD 

As presented in Fig. 6.1, we have identified four likely elementary reaction steps 

for CO2 capture: 

 (a) CO2 binding with the N of MEA to form the zwitterionic adduct [MEA + 

CO2 → MEA+COO-]. 

(b) Deprotonation by H2O from the zwitterion to form the carbamate and the 

solvated proton [MEA+COO- + H2O → MEACOO- + H3O+]. 

(c) Abstraction of the solvated proton by another MEA molecule [MEA + 

H3O+ + MEACOO- → MEA+ + H2O + MEACOO-]. 

(d) Protonation of the O site of carbamate to form the carbamic acid [MEACOO- 

+ H3O+ → MEACOOH + H2O]. 

80 
 



 

Looking at reaction (a), the polarized CO2 in water adopts a bent configuration 

from its linear shape due to reordering of molecular orbitals (that causes increased charge 

separation between the C and O atoms, i.e., C becomes slightly more positive).  The O-C- 

O bond angle decreases below 130º while the CO2 approaches MEA to form a 

zwitterionic-adduct. In the zwitterion, the interaction between C (of CO2) and N seems to 

be weak as the C-N distance varies between 1.43 Å and 2.11 Å.  Notice that the 

MEA+COO- tends to be the open chain-like conformer which may enhance the H-

bonding interaction with H2O.  The AIMD simulations were performed using a cubic box 

of side length 9.278Å with periodic conditions; each simulation box consists of 2 MEA, 

1CO2, and 20 H2O molecules, corresponding to ≈ 25 wt% aqueous MEA solution.  The 

calculated density of 1.095 g/cm3 is in reasonable agreement with experiments159.We first 

relaxed the initial structure of system using classical MD simulations, and then carried 

out AIMD simulations at 400K to examine the reaction of CO2 with MEA. We ran 

several independent simulations by varying the initial distributions of constituent 

molecules.  The same simulation conditions were employed for the cases (b) and (c). 
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Figure 6.1.  AIMD snapshots showing the elementary reaction steps during CO2 capture in 

aqueous MEA (a-d) and regeneration of the solvent (e-f). 
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In reaction (b), the N-bound proton is transferred to the water network through a 

close-by H2O molecule; the de-protonation strengthens the C-N bond in the resulting 

MEACOO-.  Our AIMD simulation shows that the de-protonation and the subsequent 

proton hopping happen rapidly.  This suggests that the barrier for the de-protonation 

process would be insignificant if the local water arrangement allows the strong 

interaction between the acidic H (in MEA+COO-) and O (in H2O) atoms; indeed, our 

static QM calculations show that the de-protonation barrier can be less than 0.1 eV, 

depending on the water arrangement (discussed later).  These results show the zwitter-

ionic adduct to be the intermediate for the formation of stable carbamate, as also 

suggested by previous studies.130,131 

The solvated proton is found to undergo rapid migration following the Grotthuss 

mechanism160 until it is abstracted by an available basic site such as N in MEA (or 

MEACOO-) or O in MEACOO-.  As shown in Fig. 1(c), the proton binds to the N of 

MEA giving rise to an ion-pair [MEAH+] [MEACOO-].Our AIMD simulations also show 

that a proton preferentially binds to the O of MEACOO-, rather than the N site, forming 

carbamic acid, as illustrated in Fig. 1(d); this may be because the O site is more easily 

accessible to neighboring H2O molecules. Figures 1(e) and (f) show the AIMD snapshots 

for CO2 removal from MEACOO- (MEA regeneration).  The simulation was run at 

1000K as we could not see any regeneration at a temperature of 400 K (probably due to 

the limited simulation time span); here, 2 MEACOO- molecules, 20 H2O molecules, and 
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3 protons were placed in a cubic box of side length 9.364 Å.We observe the protonation 

of the N in MEACOOH forms an unstable protonated species followed by deprotonation 

from the O site to form a relatively more stable MEA+COO- [(e)]. Then, as shown in Fig. 

1(f), the alkanol-amine chain is seen to reconfigure to the ring form, which allows the 

intramolecular H-bonding interaction between acidic H (in NH2) and O (in OH), 

facilitating CO2 removal.  These results highlight how the competition between 

intramolecular H-bonding and intermolecular H-bonding, as determined by the local 

water arrangement around NH2, affects the MEA+COO- configuration and in turn the 

relative probability between CO2 desorption and de-protonation. 

 

6.5. Static QM Analysis of fundamental CO2- MEA interactions. 

In this section, we attempted to address the following fundamental questions raised from 

the AIMD simulations using static QM calculations.   

 What is the driving force for the CO2 capture by MEA? 

 How does the CO2 binding affect the de-protonation from MEA+COO-? 

 How does the arrangement of H2O molecules affect the protonation/de-protonation 

and CO2 binding/removal processes?  

We analyzed the geometric and electronic structures of MEA and the reaction 

intermediates and calculated the activation energy barriers for specific protonation/de-

protonation reaction steps at the theory level of B3LYP/6-311++G .   
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The interaction of CO2 and MEA represents a classical donor-acceptor interaction, 

wherein, CO2 is the Lewis acid and MEA is the Lewis base. The anti-bonding (empty) 

orbital of CO2 accepts electrons from the non-bonding lone pair of N in MEA; the non-

bonding molecular orbital is calculated to display about 26.84 % s character and 73.16 % 

p character in an aqueous system. 

As shown in Figure 2, in the QM study, we mostly considered open chain-like geometry 

for MEA and the intermediates with two additional H2O molecules; the explicit H2O 

molecules were placed to form hydrogen bonds with NH2 and OH functional groups. 

Note that when the N and O atoms are exposed to nearby H2O molecules and form 

intermolecular H-bonding, the MEA and intermediates are likely to adopt an open chain 

configuration to maximize the intermolecular H-bonding interactions. Note that, in 

contrast to this, if the water arrangement does not allow intermolecular H-bonding, the 

alkanolamine molecules attain stability by adopting a ring-like form which facilitates the 

intramolecular H-bonding interaction between N (orH) in NH2 and H (or O) in OH. 
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Figure 6.2. Optimized Geometries of MEA and the reaction intermediates with two H2O molecules 

oriented towards the basic functional groups using QM calculations at a theory level of B3LYP/6-

311++G. The displayed distances are in Å. 

 

In the MEA-CO2 zwitterion (MEA+COO-), thedistance between C (of CO2) and N (of 

MEA) is predicted to be 1.608 Å with a C-N vibrational frequency of 692.71cm-1.  Note 

that the calculated vibrational frequency is somewhat perturbed by neighboring bonds, 

but the information is useful in understanding the nature of C-N interaction; in this case, 

the C-N bond is much weaker than a C-N single bond that typically shows a frequency 

greater than 1100 cm-1. Once the C-N interaction is established, the N-H bond is 

weakened with a concurrent depopulation of ΠNH2 bonding orbitals that may facilitate de-

protonation (MEA+COO- → MEACOO- + H+).161 
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Considering a simplistic picture, wherein the ΠNH2 orbital is obtained by a constructive 

combination of the H 1s and N 2p orbitals, our QM calculation predicts the gross 

population of the ΠNH2 orbital to reduce to 2.839 in MEA+COO- (from the 2.957 in 

MEA). In addition, natural bond order analysis was carried out using single points 

calculations with STO-3G basis set after the geometric optimization with B3LYP/6-

311++G. We obtained the following orbital coefficients and hybridizations for the two N-

H bonding orbitals in MEA and MEA+COO-: 

MEA: (1) 0.7715 N sp3.06+ 0.6363 H s and (2) 0.7718 N sp3.05 + 0.6359 H s 

MEA+COO-( 1) 0.7895 N sp3.06 + 0.6138 H s and (2) 0.8090 N sp2.74 + 0.5858 H s.   

 

In MEA, the coefficients corresponding to (1) and (2) are almost identical. Note that the 

slight difference in values results from the different orientation of H atoms (in NH2) with 

respect to the OH group and the intermolecular H-bonding between N (of MEA) and O of 

(H2O). On the other hand, in MEA+COO-, the N contribution in (2) is higher than (1) by 

3.13%, indicating that the N-H (2) bond is more N-like and the acidic H may undergo 

relatively easy de-protonation. 

 

MEA+COO- is also reported to react with OH- (or H2O) and form bicarbonate (HCO3
-), 

but carbamate (MEACOO-) and carbamic acid (MEACOOH) may be formed more likely 

as the major products as also shown earlier in our AIMD simulations ([Fig. 2(e)] and 

[Fig. 2(d)]) .. The C-N distance of 1.39 Å in MEACOO- is similar to 1.36 Å in 
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MEACOOH, however a lower C-N vibrational frequency of 1280 cm-1 (compared to 

1578 cm-1 in MEACOOH) suggests that MEACOO- yields a greater single bond like 

character. 

 

Another important intermediate is protonated MEA (MEA+) [Fig. 2(b)]. After de-

protonation from MEA+COO-, the proton hopping through water bridges can facilitate 

proton abstraction by another MEA molecule. The distance between O (of H2O) and 

acidic H (of MEA+) is shorter by 0.12 Å than that in MEA, suggesting that MEA+ is 

better solvated in the solution than MEA. 

 

Next, we estimated the relative binding strengths of proton and CO2 in MEA+COO- using 

the following formulas.  

Eb (H+) = EM + EH+ – EH+/M     (1) 

Eb (CO2) = EM + ECO2 – ECO2/M     (2)  

where EH+/M and ECO2/M represent the total energies of the protonated and CO2 

bound species, respectively, EM is for the species before proton/CO2 binding, and EH+ 

and ECO2 are the energies of solvated proton and gas-phase CO2, respectively.  Here, EH+ 

was calculated considering the difference in energies between a system with pure H2O (5 

molecules) and a system with one H3O+ molecule and 4 water molecules; to verify the 

proton solvation energy, we also considered a system with H5O2
+ cluster formation and 
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the energy turned out to be similar .EH+ is predicted to be 279 kcal/mol, very close to the 

experimental value of 270 kcal/mol.163 

 

 

 

 

Figure 6.3. Relative CO2 and H+ binding energies in the zwitterion (a) open-chain form (b) ring form. 

 

We found predicted Eb (H+)/Eb (CO2) values to be sensitive to the H-bonding 

interactions in the system, as shown in Fig. 3. When considering a continuum implicit 

solvent model with no explicit H2O molecule, for the open-chain configuration [(a)], 

Eb(CO2) is predicted to be 0.38 eV while Eb(H+) is significantly lower with a value of 

0.19 eV; on the other hand, in the ring form [(b)], predicted Eb(CO2) and Eb(H+) values 

are 0.49 eV and 0.36 eV, respectively.  The significant differences in Eb between the ring 

and open-chain configurations may stem from the additional intramolecular H-bonding 

interaction between H(1) (in NH2) and O (in OH) in the ring form, as shown in Fig. 3(b); 
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the resulting weakening of the N-H(1) bond in turn strengthens the N-H(2) and N-C (of 

CO2) bindings. 

 

 

            Figure 6.4. Relative H+ binding energies at different abstraction sites. 

 

 

As summarized in Fig. 4, for various configurations, we also calculated and compared the 

proton binding strengths at different basic sites, such as N in MEA (denoted as NM), N in 

MEACOO- (NC), and O of the CO2 moiety in MEACOO- (OC).  The Eb (H+) at the NM 

and OC sites are found to be comparable; however, note that the relative tendencies of 

proton abstraction at either sites would also depend on the statistical availability of the 

abstraction sites...  The lowest Eb (H+) at the NC site suggests the relative ease of de-
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protonation from MEA+COO-.  Furthermore, as shown in Fig. 5, the de-protonation 

barrier can be insignificant provided the proton is linked to a well-connected water 

network; our value of 0.08 eV is much smaller than 0.26-0.35 eV as recently reported by 

Guido et. al140, most likely due to different water arrangements around the amine species 

considered. 

 

Figure 6.5. Well connected water network showcasing the low barrier of de-protonation from the 

zwitterion. Barrier for de-protonation is 0.08 eV. 

 

To better understand the key role played by neighboring H2O molecules in facilitating 

proton transfer, we calculated the activation barriers for the proton transfer from one 

abstraction site to another mediated by one and two H2O molecules, as displayed in Fig. 

6.  For the proton transfer from the N to O atom in MEA+COO-, the activation barrier is 

substantially reduced from 0.67 eV to 0.40 eV as the process is mediated by two H2O 

molecules [(b)], compared to the case with one H2O molecule [(a)].  This result clearly 

demonstrates that the local arrangement of H2O molecules may play a critical role in 
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determining the protonation/de-protonation processes, although the simple model systems 

considered may not represent the complex reaction dynamics in the aqueous MEA-CO2 

system.   

Figure 6.6. Energy Barrier for proton transfer from N (in amine group)) to O (of bound CO2) via (a) 

one molecule of water (b) two molecules of water. 

 

6.6. Conclusion 

We identify and understand the key reaction steps of CO2 capture by MEA and solvent 

regeneration, the underlying principles that determine the CO2 binding/removal 

tendencies and the effect of the H2O arrangement on the development and progress of the 

reaction. Using AIMD, we revisit and demonstrate the CO2 binding to MEA through the 

formation of an intermediate zwitterionic adduct. We then address the more critical 

aspect of CO2 removal and MEA regeneration highlighting the significant effect of 

alkanol-amine configuration and water arrangement on the CO2 removal process. 
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Thereafter, using a theory level of B3LYP/6-311++G, we use static quantum chemical 

calculations and predict the resulting molecular orbital redistribution on CO2 binding and 

its role in determining the relative probabilities of CO2 binding/removal and 

protonation/de-protonation tendencies.  

 

We predict the CO2 and proton binding energies at the available abstraction sites and 

verify that the de-protonation from the zwitterion may take place with a barrier as low as 

0.08 eV provided a well connected  H-bonded water network is available. We also bring 

forth the critical role of H2O in determining the progress of the reaction and its effect on 

the protonation/de-protonation processes. 
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Chapter 7: CO2 Absorption by MEA: Altering the Mechanism via 

Alpha and Beta Fluoro and Methylfluoro substituents. 

7.1. Introduction. 

In the previous chapter, we discussed that the most conventionally used alkanol-amine 

for CO2 capture has been mono-ethanolamine (MEA)124,126-128 and the capture process 

consists of the bond formation between MEA and CO2 forming a zwitter-ionic adduct 

followed by the proton transfer from the complex to a base (either H2O or another MEA 

molecule).130,131 Although, MEA absorbs CO2 sufficiently fast, the N-C bond formed is 

too strong to be broken under mild conditions; excess energy is required to regenerate 

MEA solution making the regeneration process difficult and expensive. So, we need to 

tune in the N- Basicity in order to have considerable CO2 absorption and simultaneously 

the N-C bond formed must be relatively weak. 

In general, the basicity of amines are governed by the following factors: 

1) Inductive effect of the substituent groups: While the electron donating groups 

enhance the basicity by facilitating better availability of l-p of electrons on N 

atom, the electron withdrawing groups hamper easy donation of electrons by the 

N-atom to CO2 reducing the basicity of the system. 

2) Resonance: If the l-p of N atom is involved in resonance with other groups in the 

system, for example amine group attached to an aromatic ring, then the l-p is no 

longer available for interaction with an external molecule leading to reduced 

basicity of the system. 
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3) Hybridization: The kind of hybridization in which the N-atom is involved decides 

the s-character of the atom. Greater the s-character, lower the basicity as the 

electrons would be much closer to the nucleus. 

4) Steric Hindrance: if the l-p of electrons are sterically hindered, then they are less 

available for CO2 capture. 

 

These factors have an obvious influence on the reaction pathway and kinetics of CO2 

capture. Previous work in the field highlights a noteworthy work reported on the effect of 

electron donating and withdrawing groups, hydrogen bonding and extent of 

functionalization on the CO2 absorption rate by Anita S.Lee and John.R.Kitchin164. Also, 

the electronic effects of fluorine and methyl substituents have been investigated by Satesh 

Gangarapu et al.162 and they report that the fluorine containing compounds bind CO2 

efficiently as well as lower the stability of the resulting carbamates making the 

regeneration easy.  

Note that the solvation effect plays a crucial role in this reaction because it does not 

happen in the gas phase. In the previous chapter, we emphasized on the role played by the 

MEA dissolving medium, i.e. H2O in assisting the CO2 absorption process. In a few 

experiments, ethane 1, 2-diol has also been shown to be a promising amine dissolving 

medium for efficient CO2 chemisorption165. In this chapter, we will try to understand as 

to how electron withdrawing groups like fluoro and fluoro-methyl groups can help tune 

in the N-basicity leading to efficient CO2 absorption as well as easy solvent regeneration. 
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We will also look at the impact of the dielectric constant and the choice of the amine 

dissolving medium on the CO2 chemisorption.  

7.2. Computational details. 

We used the Gaussian 09 program148 for static QM calculations to investigate the 

detailed interactions of CO2 with MEA. Geometry optimizations were performed with 

hybrid Becke 3-Lee–Yang–Parr (B3LYP) exchange-correlation functional with the 6-

311++G basis sets for C, H, N, and O. All stationary points were verified as minima by 

full Hessian and harmonic frequency calculations. The self-consistent reaction field 

theory (SCRF) based on the polarisable continuum model (IEFPCM-UFF) implemented 

in the Gaussian program151,152 was employed to account for solvation effects implicitly. 

7.3. Scheme for the calculation of the pKa values. 

The acidity constant (pKa) for an acid is defined as pKa = -log Ka = 

ΔGps/2.303RT, where, ΔGps is the free energy of protonation in the dissolving medium 

(say water, an aqueous environment) and Ka is the equilibrium constant. The value of 

ΔGps can be calculated using a thermodynamic cycle as shown in scheme 7.1 (162).   

 

 

 

 

 

Scheme7.1: Thermodynamic cycle used for the calculation of pKa values. 
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In this cycle, ΔGpg and ΔGps are the free energies of protonation in the gas-phase and the 

dissolving medium, respectively, while, ΔGs(BH+), ΔGs(B) and ΔGs(H+) are the free 

energies of solvation for BH+, B and H+ respectively. 

 

7.4. Amine species considered in this study. 

In order to tune in the N-basicity, we considered fluoro (F) and trifluoromethyl 

(CF3) substituents at the alpha and beta positions. While ‘F’ inductively withdraws 

electrons from the N-atom directly, ‘CF3’ displays relatively less electron withdrawing 

inductive effect. 

The amine species (in both gauche and Tran’s forms) considered are: 

1) R1 = R3=R4= H, R2 = F : (MEAαF) 

2) R1 = R3=R4= H, R2 = CF3 : (MEAαCF3) 

3) R1 = R2=R3= H, R4 = F : (MEAβF) 

4) R1 = R2=R3= H, R4 = CF3 : (MEAβCF3) 

The ‘C-N’ distance between the αC and N atom is found to be reduced by about 

0.07-0.08 Å in 1 and 2 compared to the pure MEA while the β substituents do not have a 

significant impact on the ‘C-N’ bond length. This suggests that the ‘α substituents’ 

considerably reduce the electron density around the N atom and make the N l-p less 

available for CO2 abstraction. But if the inductive effect happens to be too strong then the 

CO2 binding may be very weak. Therefore ‘β substituents’ would more likely have a 

desired basicity tuning effect, i.e., they may result into less stable carbamates leading to 

HO 

NH2 

R1 R2 

R3 R4 
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easy solvent regeneration but also ensure sufficient CO2 binding. We will try to 

understand the impact of the inductive effect and the substituent effect in detail in the 

next few sections. 

7.5. Impact of electron withdrawing inductive effect on N basicity and CO2 binding. 

In order to assess the availability of N l-p for CO2 binding in the considered 

amine species, we first look at the pKa values at different levels of theory. The calculated 

value of 274.84 kcal/mol at a theory level of 6-311++G for H+ solvation energy in water 

is taken as a reference which is very close to the best available experimental value of 

270.3 kcal/mol 164.  

Table7.1. Calculated pKa values. 

 

Amine species B3lyp/6-31g B3lyp/6-311g B3lyp/6-311++g 

Gauche form 

MEA 14.59 12.58 9.65 

MEAαF 1.52 -1.20 -5.68 

MEAβF 5.88 ------ 0.18 

MEAαCF3 10.65 8.78 5.85 

MEAβCF3 10.02 8.02 5.36 

Trans form 

MEA 11.56 9.90 7.32 

MEAαF -1.59 -3.86 -7.53 

MEAβF 1.26 -0.99 -3.33 
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MEAαCF3 9.68 7.60 4.65 

MEAβCF3 8.09 5.96 3.44 

 

 

As shown in table 7.1, the pKa values go down drastically compared to MEA in the case 

of ‘αF’ and ‘βF’ substituted MEA. This is because ‘F’ is a highly electron withdrawing 

group and reduces the availability of l-p on the N atom for CO2binding. In contrast to 

this, relatively less lowered pKa values of ‘αCF3’ and ‘βCF3’ substituted MEA suggest 

that the amine species may be basic enough for efficient CO2 binding but the formed 

carbamate may be less stable than the carbamate formed by MEA (non-substituted ) 

which could possibly facilitate easy solvent regeneration. Literally, calculated negative 

values of pKa can be misleading but here, we would just like to point out that the ‘α 

substituted’ species do not favor CO2 or H+ binding in comparison to the other 

considered species. Note that calculated theoretical negative pKa values for ‘α 

substituted’ species have been reported before in the literature162. 

To further understand the availability of N l-p for CO2 and H+ binding in 

differently substituted MEA species, we estimated the relative binding strengths of proton 

and CO2 in MEA+COO- using the following formula.  

Eb (H+) = EM + EH+ – EH+/M     (1) 

Eb (CO2) = EM + ECO2 – ECO2/M     (2)  
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where EH+/M and ECO2/M represent the total energies of the protonated and CO2 

bound species, respectively, EM is for the species before proton/CO2 binding, and EH+ 

and ECO2 are the energies of solvated proton and gas-phase CO2, respectively.  Here, EH+ 

was calculated considering the difference in energies between a system with pure H2O (5 

molecules) and a system with one H3O+ molecule and 4 water molecules; to verify the 

proton solvation energy, we also considered a system with H5O2
+ cluster formation and 

the energy turned out to be similar . EH+ is predicted to be 274.84 kcal/mol (also used in 

the calculation of pKa values), very close to the experimental value of 270 kcal/mol.164
 

 

While for the ‘αF substituted’ gauche MEA, the binding energy values happen to be 

significantly negative with Eb (H+) = -0.26 eV and Eb(CO2) = -0.34 eV, i.e., the species 

does not favor CO2 or H+ binding, the trans form does not form a stable zwitterion (Note 

the relatively strong bond between αC and N with a bond distance of 1.396 Å). This 

suggests that the electron withdrawing inductive effect of F atoms have a relatively more 

profound effect in the trans MEA structures. The ‘αCF3 substituted’ MEA, both in the 

gauche and trans forms display relatively weak CO2 / H+ binding with Eb(CO2) = 0.11 

eV / Eb(H+) = -0.09 eV corresponding to the gauche configuration  and Eb(CO2) = 0.11 

eV / Eb(H+) = 0.06 eV corresponding to the trans configuration. These results are 

consistent with the calculated relative pKa values. In the ‘βF substituted’ gauche MEA, 

the calculated Eb(H+) of 0.19 eV and Eb(CO2) of 0.33 eV are lower than that in MEA by 

about 0.17 eV. This suggests that although binding is reduced considerably, significant 
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positive binding energy values would still favor CO2 binding to the species. Having a 

much profound effect, ‘βF’substitution in the trans form reduces the Eb(CO2)  and  

Eb(H+) values by 0.16 eV and 0.12 eV compared to trans MEA  . The ‘βCF3 substituted’ 

MEA displays comparable binding energy values to that of the ‘βF substituted’ MEA 

with values of Eb(CO2) = 0.32 eV / Eb(H+) = 0.18 eV corresponding to the gauche form 

and Eb(CO2) = 0.17 eV / Eb(H+) = -0.03 eV corresponding to the trans form. Note that 

the pKa values of the ‘βF substituted’ and ‘βCF3 substituted’ MEA also display 

comparable pKa values (see table 7.1). We calculated the relative CO2 vs H+ binding 

energies for various configurations (with and without explicit water molecules) and found 

that the binding energies for the substituted species are lower than the non-substituted 

species as also explained earlier (see Table 7.2.) The considered explicit water molecule 

was allowed to block one basic site in the intermediate species considered to account for 

H-bonding interactions. 
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Table 7.2. Calculated Eb (CO2) and Eb (H+) values for substituted MEA with (A) ring conformer 

with no explicit H2O (B) open chain conformer with no explicit H2O (C) ring conformer with one 

explicit H2O and (D) open chain conformer with one explicit H2O. 

 

           (A)         ( B)  (C)  (D) 

 Eb(CO2) Eb(H+) Eb(CO2) Eb(H+) Eb(CO2) Eb(H+) Eb(CO2) Eb(H+) 

MEA 0.49 0.36 0.38 0.18 0.30 0.19 0.25 -0.02 

MEAαF -0.26 -0.34 - - -0.14 -0.50 -0.35 -0.55 

MEAβF 0.33 0.19 0.22 0.07 0.19 0.05 0.09 0.13 

MEAαCF3 0.11 -0.09 0.11 0.06 0.11 -0.28 -0.21 -0.38 

MEAβCF3 0.32 0.18 0.17 -0.03 0.18 0.05 0.05 -0.22 

  

Next, to understand how the substituent effect leads to depopulation of N-H bonding 

orbital and its impact on CO2 binding, natural bond order analysis was carried out using 

single point calculations with STO-3G basis set after the geometric optimization with 

B3LYP/6-311++G. For this purpose, the configuration indicated shown in Fig7.2. has 

been used to include explicit H-bonding interactions. We obtained the following orbital 

coefficients and hybridizations for the two N-H bonding orbitals in MEA and 

MEA+COO: 
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Fig 7.2. Considered geometry for the unreacted and the zwitterionic amine and substituted 

amine species for the NBO analysis. 

 

MEA:  (1) 0.7715 N sp3.06+ 0.6363 H s and (2) 0.7718 N sp3.05 + 0.6359 H s 

MEA+COO-: (1)0.7895 N sp3.06 + 0.6138 H s and (2) 0.8090 N sp2.74 + 0.5858 H s.  

 

As explained in the previous chapter, in MEA, the coefficients corresponding to (1) and 

(2) are almost identical. Note that the slight difference in values results from the different 

orientation of H atoms (in NH2) with respect to the OH group and the intermolecular H-

bonding between N (of MEA) and O of (H2O). On the other hand, in MEA+COO-, the N 

contribution in (2) is higher than (1) by 3.13%, indicating that the N-H (2) bond is more 

N-like and the acidic H may undergo relatively easy de-protonation. For ‘αF and βF 

substituted’ MEA, the orbital coefficients and hybridizations for the two N-H bonding 

orbitals in MEA and MEA+COO- are calculated as: 

            MEAαF: 

(1) 0.7767 N sp2.67+ 0.6299 H s and (2) 0.7770 N sp2.67 + 0.6295 H s 

MEA+COO-αF: 
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(1)0.8095 N sp2.71 + 0.5871 H s and (2) 0.7861 N sp2.91 + 0.6180 H s.   

MEAβF:   

(1) 0.7730 N sp3.01+ 0.6344 H s and (2) 0.7725 N sp3.01 + 0.6350 H s 

MEA+COO-βF:  

(1)0.7887 N sp3.08 + 0.6147 H s and (2) 0.8094 N sp2.72 + 0.5872 H s.   

 

As expected, in MEAαF and MEAβF, the coefficients corresponding to (1) and (2) are 

similar with the differences stemming from the reasons discussed before. On the other 

hand, in MEA+COO-αF, the N contribution in (2) is higher than (1) by 3.63%, while  in  

MEA+COO-αF, the N contribution in (2) is higher than (1) by 3.31%. These values 

indicate that the N bound H is acidic in the order MEA+COO-αF >MEA+COO-βF > 

MEA+COO-
.  The orbital coefficients calculated for ‘CF3’ substituted MEA in 

comparison to MEA displayed similar trend as ‘F’ substituted MEA in comparison to 

MEA as seen from the following: 

            MEAαCF3:   

(1) 0.7735 N sp2.84+ 0.6338 H s and (2) 0.7741 N sp2.82 + 0.6330 H s 

MEA+COO-αCF3:  

(1)0.8081 N sp2.66 + 0.5891 H s and (2) 0.7852 N sp3.09 + 0.6192 H s.   

MEAβCF3:   

(1) 0.7729 N sp2.96+ 0.6345 H s and (2) 0.7727 N sp3 + 0.6348 H s 

MEA+COO-βCF3:  
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(1)0.7883 N sp3.14 + 0.6153 H s and (2) 0.8094 N sp2.72 + 0.5873 H s.   

Also, on looking at the N-C bonding orbital in MEA+COO-, MEA+COO-αF, 

MEA+COO-βF, MEA+COO-αCF3 and MEA+COO-βCF3, the N contribution ascends in 

the order MEA (69.21%) < MEAβF (69.77%) < MEAβCF3 (70.00%) < MEAαF 

(71.45%) < MEAαCF3 (71.82%). This suggests that the N bound H can be more easily 

deprotonated in ‘α substituted’ MEA than ‘β substituted’.Additionally, we also calculated 

and compared the proton binding strengths at different basic sites, such as N in MEA 

(denoted as NM), N in MEACOO- (NC), and O of the CO2 moiety in MEACOO- (OC).   

 

Table 7.3. Calculated Eb(CO2) and Eb(H+) at different basic sites for various configurations. 

 

 Gauche Trans Gauche(with explicit 

H2O) 

Trans(with explicit 

H2O) 

 NM NC OC NM NC OC NM NC OC NM NC OC 

MEA 0.55 0.36 0.53 0.42 0.18 0.49 0.55 0.19 0.56 0.47 -0.02 0.51 

MEAαF -0.34 -0.33 0.19 - - - 0.02 -0.50 0.28 0.10 -0.55 0.32 

MEAβF -0.34 -0.33 0.19 0.26 0.07 0.44 0.40 0.05 0.51 0.36 -0.13 0.48 

MEAαCF3 -0.002 0.09 0.31 -0.21 0.06 0.31 0.18 -0.29 0.36 0.04 -0.38 0.39 

MEAβCF3 0.30 0.18 0.44 0.38 0.05 0.50 0.38 0.049 0.51 0.32 -0.23 0.46 

 

Evidently, both the NM and NC sites do not bind H+ strongly when ‘F’ or ‘CF3’ is 

substituted at the ‘α’ C atom indicating again the more profound electron withdrawing 

inductive effect of fluoro groups at the ‘α’ position. The proton binding at OC site is 
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comparable in all the geometries, with values varying due to the presence of explicit 

water molecules that could provide extra H-bonding stabilization. As indicated in the 

previous chapter, water arrangement around the species is extremely important to 

determine the protonation and de-protonation tendencies of the species. Interestingly, on 

looking at the proton transfer from NC to OC via two water molecules in the presence of a 

‘β’ substituted triflouromethyl (CF3) group, the reaction energy barrier was significantly 

reduced by 0.06 eV compared to the unsubstituted MEA (see Fig.7.3). 

 

Figure 7.3. Reaction Energy Barrier for proton transport from ‘NC’ to ‘OC’ via two water molecules. 
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Now, we understand that the availability of N l-p for CO2/H+ abstraction, the H2O 

arrangement around the amine species and the dissolving medium (here, H2O), all play a 

crucial role in determining the progress of the reaction in solution. In the next section, we 

will analyze the sensitivity of the reaction to the dielectric constant and the choice of the 

dissolving medium.   

 

 

7.6. Reaction sensitivity to the dielectric constant. 

In practice, an alcohol like ethanol can seldom be used for a reaction like CO2 capture 

that has a high energy demand associated with it. Apart from H2O, the other dissolving 

medium that has been majorly used is Ethane1, 2-diol (ref) possibly because of the high 

boiling point of 197.3ºC. Nevertheless, in this study, we will consider all the three 

mediums, H2O, Ethanol [C2H5OH] (hereafter ET) and Ethane1, 2-diol [C2H4 (OH) 2] 

(hereafter EG). Among the three, H2O has the highest dielectric constant of ε=78.355. 

While, ε=40.245 for EG, the value for ET is ε=24.852.  The proton solvation energy in 

the three mediums are quite comparable with values of -274.84 kcal/mol, -

272.97kcal/mol and -279.84 kcal/mol for H2O, EG and ET, respectively. The 

theoretically calculated proton solvation free energy in H2O and alcohols are in general 

found to be comparable166. First, we look at the pKa values of the considered amine 

species as a function of the dielectric constant for both gauche and Trans MEA and 

substituted MEA. 
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Table 7.4 Calculated pKa values for gauche amine species at different levels of theory. 

 

Basis-set 6-31g 6-311g 6-311++g 

Ε 78.355 40.245 24.852 78.355 40.245 24.852 78.355 40.245 24.852 

MEA 14.59 15.48 12.76 12.58 13.47 10.76 9.65 14.39 7.84 

MEAαF 1.52 2.42 -0.28 -1.20 -0.30 -2.99 -5.68 -6.48 -7.43 

MEAβF 5.88 11.53 8.80 - 9.66 6.93 0.18 9.18 4.00 

MEAαCF3 10.65 6.77 4.05 8.78 4.30 1.57 5.85 1.45 -1.67 

MEAβCF3 10.02 10.88 8.11 8.02 8.86 3.40 5.36 8.47 -5.16 

 

Table 7.5. Calculated pKa values for Trans amine species at different levels of theory. 

 

As shown in Tables 7.4 and 7.5, the ‘β substituted’ amine species have relatively higher 

pKa values than the ‘α substituted’ amine species.  Also, in  H2O , both ‘αCF3 

substituted’ MEA and ‘βCF3 substituted’ MEA have comparable pKa values while with 

decreasing dielectric constant, only the ‘βCF3 substituted’ amine remains sufficiently 

basic. In addition to a favorable pKa value to assist CO2 binding along with easy solvent 

regeneration, solvation energy is also crucial as the reaction does not happen in the gas-

Basis-set 6-31g 6-311g 6-311++g 

Ε 78.355 40.245 24.852 78.355 40.245 24.852 78.355 40.245 24.852 

MEA 11.56 12.44 9.63 9.90 10.71 7.89 7.32 11.08 5.31 

MEAαF -1.59 -0.79 -3.62 -3.86 -3.06 -5.89 -7.53 -9.15 -9.52 

MEAβF 1.26 10.45 7.68 -0.99 8.41 5.60 -3.33 7.45 2.64 

MEAαCF3 9.68 2.02 -0.86 7.60 -0.24 -3.10 4.65 -3.52 -5.47 

MEAβCF3 8.09 8.86 5.98 5.96 6.71 3.83 3.44 5.71 1.29 
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phase. Next, for the bases (amine species), the conjugate acids (protonated species) and 

the resulting carbamates on CO2 binding, we looked at the solvation energies as a 

function of the dielectric constant at a theory level of 6-311++G as tabulated in tables 7.5, 

7.6 and 7.7. 

Table 7.5. Calculated solvation energies (in eV) for the bases (amine species). 

 

Table 7.6. Calculated solvation energies (in eV) for the conjugate acids. 

 

Conformer Gauche Trans 

Ε 78.355 40.245 24.852 78.355 40.245 24.852 

MEA -2.92 -2.19 -2.16 -2.61 -2.46 -2.42 

MEAαF -2.73 -2.30 -2.26 -3.09 -2.60 -2.55 

MEAβF -2.77 -2.33 -2.29 -2.94 -2.48 -2.43 

MEAαCF3 -2.73 -2.30 -2.26 -3.04 -2.55 -2.50 

MEAβCF3 -2.76 -2.32 -1.84 -3.00 -2.52 -2.48 

 

 

Conformer Gauche Trans 

Ε 78.355 40.245 24.852 78.355 40.245 24.852 

MEA -0.31 -0.23 -0.29 -0.30 -0.25 -0.25 

MEAαF -0.48 -0.40 -0.39 -0.30 -0.24 -0.23 

MEAβF -0.36 -0.30 -0.29 -0.36 -0.30 -0.29 

MEAαCF3 -0.18 -0.15 -0.14 -0.38 -0.31 -0.30 

MEAβCF3 -0.32 -0.26 -0.26 -0.31 -0.26 -0.25 
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The solvation energies in all the dissolving mediums are comparable to each other. Note 

that the gauche conformer of ‘αCF3 substituted’ MEA has been displaying a relatively 

lower solvation energy possibly due to the steric factors , which again hints that ‘β’ 

substitution might be more appropriate for structure modification rather than the ‘α’ 

substitution. 

Now to understand how the altering dielectric constant alters the CO2 binding process, 

first we looked at MEA (non-substituted) and calculated Eb (CO2) and Eb (H+) (ref to 

section 7.5 for the binding energy definitions and formula). 

 

Table 7.7. Calculated solvation energies (in eV) for the carbamates. 

 

Conformer Gauche Trans 

Ε 78.355 40.245 24.852 78.355 40.245 24.852 

MEA -2.91 -2.32 -2.27 -2.77 -2.36 -2.31 

MEAαF -2.99 -2.32 -2.27 -2.59 -2.40 -2.36 

MEAβF -3.17 -2.66 -2.60 -2.87 -2.41 -2.36 

MEAαCF3 - -2.10 -2.05 -2.64 -2.22 -2.17 

MEAβCF3 -3.06 -2.51 -2.46 -2.94 -2.50 -2.45 

 

 As shown in Fig.7.5., the geometrical parameters upon the formation of the zwitterion 

are comparable to each other with varying dielectric constants but the relative binding 

energies are sensitive to not only  the configuration of the amine but also the dissolving 

medium. Note that EG displays a comparable tendency to bind both CO2 and H+ 
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whereas, H2O and ETbind CO2 much more significantly than H+. Possibly due to this, 

CO2 removal becomes easier in EG and it can be looked at as a possible candidate during 

the choice of the dissolving medium. 

 

 

 

Fig.7.5. Relative CO2 and H+ binding energies (in eV) and the bond distances (in Å) for the ring and 

the open chain forms. 

 

Also, for a given configuration Eb (CO2) does not appear to vary significantly with 

varying dielectric constants. This may suggest that protonation/de-protonation processes 

are more sensitive to the varying dielectric constants than the CO2 binding/removal 

processes. To further illustrate the argument, we estimated Eb (CO2) and Eb (H+) values 

for different configurations as demonstrated in Fig. 7.6. 
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Fig.7.6 Calculated Eb (CO2) and Eb (H+) (in eV) for various MEA conformers. 

 

We then looked at the Eb(CO2) and Eb(H+) values for the considered substituted amine 

species (both gauche and the trans conformers) as a function of the dielectric constant, as 

illustrated in Table 7.8. 

 

Table 7.8. Calculated Eb (CO2) and Eb (H+) for the gauche and Trans conformers as a function of 

dielectric constant. 

 

 Gauche (H2O) Trans(H2O)  Gauche (EG)  Trans (EG) Gauche (ET) Trans (ET) 

MEA -0.49 -0.36 0.38 -0.18 -0.48 -0.48 -0.37 -0.3 -0.46 -0.24 -0.36 -0.05 

MEAaF 0.26 0.34 ----- ----- 0.26 0.21 ------ ------ 0.27 0.46 ------ ------- 

MEAbF -0.33 -0.19 -0.22 -0.07 -0.32 -0.32 -0.2 -0.19 -0.31 -0.07 -0.18 0.06 

MEAaCF3 -0.11 0.09 -0.11 -0.06 -0.11 -0.04 -0.11 -0.19 ------- -------- -0.1 0.05 

MEAbCF3 -0.32 -0.18 -0.17 0.03 -0.31 -0.31 -0.16 -0.09 -0.3 -0.07 -0.14 0.15 
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 As seen earlier in the case of aqueous substituted amines, Eb(CO2) and Eb(H+) values are 

reduced by about 0.16 eV in ‘β substituted’ MEA  but still remain sufficient for 

significant CO2 binding. In contrast to this in ‘α substituted’ MEA, the relative binding 

energy values are drastically reduced and do not favor efficient CO2 / H+ binding. 

Interestingly, in EG, as also discussed for MEA, the Eb (CO2) and Eb (H+) are calculated 

to be identical for the ring configuration indicating that the protonation/de-protonation 

process as well as CO2 binding/removal are equally likely processes in contrast to 

relatively stronger CO2 binding than proton binding in other dissolving mediums. 

Therefore, as said earlier, EG could assist solvent regeneration better compared to other 

dissolving mediums.   

Also, since the substituted ‘fluoro’ and ‘fluoromethyl’ groups reduce the N basicity, CO2 

may also bind via an ‘O driven’ pathway . We will briefly touch upon this possibility in 

the next section. 

 

7.7. Hydroxyl group driven alkyl-carbonate pathway.    

A very interesting and noteworthy experimental work of Philip.G.Jessop73 

published in nature communications reports the discovery of a “smart solvent- 1:1 

mixture of two non-ionic liquids (a diazo compound and an alcohol)”. They describe a 

reaction that reversibly changes the nature and properties of a solvent under very mild 

conditions. Inspired by this, theoretical investigations were attempted with substituted bi-
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functional amines called as binding organic liquids, wherein, possibility of an hydroxyl 

group driven CO2 capture was explored. 

                     RNHCH2CH2OH + CO2 RNH2
+CH2CH2OCOO- 

For example, sterically hindered amines such as 2-(1,1-dimethylethyl)amino ethanol and 

2-(1,1-dimethylethyl)amino 2-propanol have been reported to reversibly interact with 

CO2 in a 1:1 molar ratio exclusively through the hydroxyl group, producing zwitterion 

carbonate species , which lose CO2 at considerably lower temperatures than the other 

CO2-amine adducts165. 

With a viewpoint of developing amine based solvents that can also be regenerated 

efficiently, few theoretical attempts have been made to understand the factors that 

determine the reactivity of amine towards CO2. Three classes: alkyl amines, alkanol-

amines and trifluoroalkylamines have been analysed167 for CO2 absorption. It has been 

predicted that the electron withdrawing groups destabilize the CO2 formation products. 

Therefore, there is a possibility of an O driven pathway in the substituted amine species 

considered that cannot be ignored.  
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7.8. ‘Carbamates’ vs ‘Carbonates’ in substituted MEA. 

-OOC-N-CH2-CH2-OH      vs    -OOC-O-CH2-CH2-OH 

Table 7.9. Calculated ‘O-C’ and ‘N-C’ bond-lengths (in Å) and frequencies (in cm-1). 

 

Species ‘O-C’ bond lengths 

(frequencies) 

‘N-C’ bond lengths 

(frequencies) 

‘O-C’ bond lengths 

(frequencies) 

‘N-C’ bond lengths 

(frequencies) 

 Gauche Trans 

MEAaF 1.446 (817.48) 1.432 (990.32) 1.443 (824.57) 1.431 (882.77) 

MEAbF 1.504 (818.73) 1.399 (946.31) 1.443 (824.57) 1.431 (882.77) 

MEAaCF3 1.445 (744.33) 1.399 (860.48) 1.445 (860.48) 1.410 (976.67) 

MEAbCF3 1.480 (766.50) 1.4006 (945.67) 1.479 (745.02) 1.402 (904.78) 

 

As observed in table 7.9, the ‘O-C’ bond-lengths are higher than the ‘N-C’ bond-lengths. 

Subsequently, the bond frequencies of ‘O-C’ are lower than ‘N-C’ bond frequencies. In 

the ‘β substituted’ MEA, ‘O-C’ bond-length is significantly higher than the other 

substituted amines. Again, MEAβCF3 comes forward as a possible candidate to be used 

for efficient ‘CO2 binding’ as well as solvent regeneration via the alkyl-carbonate 

pathway. 

 

7.9. NBO analysis: 

In this section, we will look at the contribution of sp hybrid orbitals of individual 

elements in ‘N-C’ bond formation of the carbamate and ‘O-C’ bond formation of the 

carbonate. Since, the contribution of N in the ‘C-N’ bond formation is lower than the 
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contribution of O in ‘O-C’ bond formation, the ‘O-C’ bond can be relatively more easily 

broken. The calculated hybrid orbital coefficients of the individual atoms in the ‘C-N’ 

bond in the gauche substituted MEA are as demonstrated below; 

(1) MEAαF : 0.7908 N sp1.87 + 0.6120 C sp2.55 

(2) MEAβF : 0.7851 N sp1.71 + 0.6194 C sp2.41 

(3) MEAαCF3: 0.7870 N sp1.71 + 0.6170 C sp2.46 

(4) MEAβCF3: 0.7854 N sp1.71 + 0.6190 C sp2.41 

The N contribution in the ‘C-N’ bond of each of these species are 62.54%, 

61.64%, 61.93% and 61.69% in (1), (2), (3) and (4), respectively. 

The calculated hybrid orbital coefficients of the individual atoms in the ‘O-C’ 

bond are 

(1) 0.7974 O sp4.53 + 0.6034 C sp2.97 

(2) 0.8046 O sp5.18 + 0.5938 C sp3.32 

(3) 0.7978 O sp4.55 + 0.6029 C sp2.98 

(4) 0.7986 O sp5.02 + 0.6018 C sp3.17 

The contribution of O in the ‘O-C’ bond of each of these species is lower than the N 

contribution in ‘C-N’ by 1.05%, 3.10%, 1.72% and 2.09%. In (1), (2), (3) and (4), 

respectively. 

In the trans configuration, the reduction of O contribution in the O-C bond from the N 

contribution in the N-C bond in (1), (2) , (3) and (4) are 6.78%, 3.09%, 1.81% and 2.18%, 

respectively. 
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A reduction of 6.78% may be too high for efficient CO2 binding, therefore, β 

substitution, as said earlier, may be a possible candidate to explore for CO2 binding and 

solvent regeneration. Exploring the mechanism via the alkyl-carbonate pathway in 

substituted amines may lead to the fabrication of better CO2 capture solvents. 

 

7.10. Key points and Summary. 

In this chapter, we presented the orbital redistributions and its significance in determining 

the CO2 binding/removal process followed by depicting the crucial importance of the 

dissolving medium and the protonation/de-protonation processes in solution. We report 

the relative CO2 and H+ binding tendencies at different basic abstraction sites and predict 

the possible determining factors that describe the CO2 capture phenomena. We first look 

at the electron withdrawing inductive effect of fluoro and fluoromethyl substituents and 

predict a relatively lower yet efficient CO2 binding by the substituted amine species for 

both the open chain and ring forms; since, the N l-p is less available for reaction, formed 

carbamate is also less stable leading to easy solvent regeneration. We also show that the 

proton transfer from one abstraction site ( NM) to another (NC) is lowered by about 0.06 

eV in substituted ‘βCF3 substituted’ MEA compared to MEA. In addition, we also looked 

at the pKa values, the solvation energies and contribution of individual atoms to the bond 

formation for both the open chain and the ring forms in order to assess the basicity, CO2 

binding tendency and the solvent regeneration rightly. 

Some of the key points at a glance would include:  
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1) CO2 capture mechanism can be altered via structure modification. Electron 

withdrawing fluoro or fluoromethyl groups result into less stable carbamates 

while keeping the CO2 binding efficient. This makes solvent regeneration easy. 

2) The relative CO2 and H+ binding energies are influenced by the varying 

dissolving medium and the dielectric constant; interestingly, when dissolved in 

1,2-ethanediol, relative CO2 and H+ binding energies have similar values making 

the CO2 removal and the de-protonation processes equally likely leading to better 

solvent regeneration. 

3) Also, in the presence of electron withdrawing substituent groups, the CO2 binding 

can take place via the alkyl carbonate pathway. The predicted orbital coefficients 

and hybridisations indicate that the ‘O-C’ bond formed is weaker than the ‘N-C’ 

bond formed. Therefore, solvent regeneration becomes easier via the alkyl-

carbonate pathway. 

We believe that an improved understanding of all the factors considered in this 

study would help us fabricate better CO2 capture and regeneration solvents. Exploring 

the alkylcarbonate pathway may be an appropriate research direction to explore in the 

future. 
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Chapter 8: CO2 Absorption by MEA- Altering the Mechanism via 
Structure Modification. 

8.1. Introduction : 

In the previous chapter, we studied the impact of electron withdrawing inductive effect 

and the substituent effect on the N-basicity and the CO2 binding/removal phenomena. 

We also learnt about the possibility of ‘O driven’CO2 binding rather than proceeding via 

the zwitterion formation. We attempt to add a new dimension to the existing vision of N-

basicity controlled CO2 capture mechanism by studying amines substituted with alkenes. 

While, in alkenes, one C=C can act as a neutral 2-electron donor, on the other hand, when 

in conjugation with the N-lp, it can provide greater stability to the amine via pi-

conjugation. We consider a series of alkene substituted amines (–CH=CH-) nNH-CH2-

CH2-OH, and evaluate the factors that assist/hinder the progress of the reaction and 

compare the binding tendencies via a ‘N driven’ and an ‘O driven’ pathway. 

Briefly touching upon the required background, the N driven pathway follows a 2:1 

stoichiometric pathway while the O driven pathway follows a 1:1 stoichiometry, as 

shown below. 

2 RNH2 + CO2 ↔ RNHCOO-   +    RNH3
+     ( ‘2:1 N driven pathway’)                 

RNHCH2CH2OH + CO2 RNH2
+CH2CH2OCOO-  (‘1:1 O driven pathway’) 

In the N driven pathway, amine binds with CO2 forming a zwitterion which undergoes 

de-protonation and the proton is then abstracted by another amine molecule forming the 

conjugate acid. Therefore, the reaction proceeds with the consumption of 2 moles of the 

amine resulting into a stable carbamate and a protonated species. In contrast to this, in the 
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O driven pathway, one mole of the amine binds with CO2 forming the alkyl-carbonate 

and the reaction requires just one mole of the amine species. 

 

The current project aims at understanding as to how the structure modification via ‘α’ and 

‘β’substitutions and factors like resonance and the availability of the N l-p have an impact 

on the CO2 binding process. 

 

 

8.2. Computational details: 

We used the Gaussian 09148 program for static QM calculations to investigate the detailed 

interactions of CO2 with MEA. Geometry optimizations were performed with hybrid 

Becke 3-Lee–Yang–Parr (B3LYP) exchange-correlation functional with the 6-311G basis 

sets for C, H, N, and O. All stationary points were verified as minima by full Hessian and 

harmonic frequency calculations. The self-consistent reaction field theory (SCRF) based 
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on the polarizable continuum model (IEFPCM-UFF) implemented in the Gaussian 

program151,152 was employed to account for solvation effects implicitly. 

 

8.3. ‘N driven’ vs ‘O driven’ reactions. 

To have a better understanding of the effect of resonance as well as steric crowding on 

the bonding mode of CO2, theoretical calculations were conducted for the interaction of 

CO2 with alkene substituted MEA with varying –C=C- chain length. For more precise 

modelling, one solvent molecule (EG, ET or H2O (see chapter 7)) was explicitly included 

in the calculation to take into account the hydrogen bonding between the solvent and the 

solute. The bulk solvation effect of solvent is also considered in the calculation. We 

considered two pathways to study the CO2 – alkanol-amine interactions; Pathway A 

leading to carbamate through C–N bond formation and Pathway B producing carbonate 

through C–O bond formation. As an example, in Fig. 8.1. we show the optimized 

structures of reactants and products generated from the interactions of alkene (with two –

C=C- units) substituted MEA with CO2 in the presence of one explicit EG solvent 

molecule. 

 As shown above (in the introduction section), we considered two series of amine species, 

one in which N l-p is in conjugation with the alkene chain and another series in which N 

l-p is not in conjugation with the substituted alkene. While the availability of N l-p is 

reduced when in conjugation with the double bond, when not in conjugation with the 

double bond, there is a slightly enhanced electron accessability for CO2 capture. 
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Pathway A 

 

 

Pathway B 

 

Fig 8.1. Optimized geometrical structures of reactants and products for carbamate and carbonate 

formation, (explicit EG solvent molecule used and 2 –C=C- units in the chain length). 

 

Firstly, we calculate the reaction energies as a function of increasing chain length (n) for 

both A and B reaction pathways for both kind of species (a) wherein, the N-lp is in 

conjugation with –C=C- bond and (b) N-lp is not in conjugation with –C=C- bond. The 
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reaction energy was calculated using the formula Erxn = (Eprod- Ereac); where Eprod = 

Energy of the products and Ereac= Energy of the reactants. We initially looked at the 

reactions in the gas-phase. Then, we performed single point calculations using the 

solvation effect implicitly. We then also carried out a full optimization of the structures 

with the inclusion of the solvation effect. Fig.8.1. illustrates the gas-phase reaction energy 

(EG), the reaction energy from single point calculations (ESP) and from the inclusion of 

the solvent effect for full optimization (Efopt) as a function of increasing chain length. We 

have considered three amine dissolving mediums, Ethane1, 2-diol (EG), Ethanol (ET) 

and water (H2O) like in the previous chapter. 

 

Fig8.1. Reaction energy of carbamate formation as a function of increasing chain length (n) when N-

lp is in conjugation with –C=C- (a) EG (b) ESP and (c) Efopt 

 

When the N-lp is in conjugation with –C=C-, the N-lp is less available for CO2 binding 

as explained before; therefore as per our expectations, the reaction energy becomes less 

negative with the increasing chain length (n). Interestingly, we also predict the reaction to 

be most favorable when the dissolving medium happens to be EG. 
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 We then looked at the reaction energy of carbamate formation as a function of increasing 

chain length (n) when the N-lp is not in conjugation with –C=C. 

 

Fig8.2. Reaction energy for carbamate formation in systems where N-lp is not in conjugation with –

C=C (a) EG, (b) ESP and (c) Efopt 

 

As demonstrated in Fig8.2, very interestingly, the reaction energy does not vary 

significantly with increasing chain-length (n). The reaction is again predicted to be 

sensitive to the dielectric constant with the reaction being most favorable in EG. Thus, 

the carbamate formation reduces steadily with the increasing chain length when the N-lp 

is in conjugation with –C=C- while the reaction is insensitive to the increasing number of 

–C=C- units when the N-lp is not in conjugation with –C=C. Note that the values when 

n=2 show a large deviation from the other values when the dissolving medium happens to 

be EG. 

Next, turning towards the Pathway B, we examine the reaction energy of carbonate 

formation as a function of increasing chain length (n) for both the conjugated and non-

conjugated systems. Fig 8.3. highlights the reaction energy (in hartree) with varying 

number of –C=C units. The positive values of the reaction energies suggest that the O-
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driven mechanism may not be as likely as the N-driven mechanism in the system 

considered. 

Fig8.3. Reaction energy for the carbonate formation as a function of increasing chain length for 

conjugated systems (a) gas-phase (b) single point calculation with implicit salvation (c) full 

optimization with implicit salvation. 

In the systems, wherein, N-lp is not in conjugation with the –C=C- units, the reaction 

energy does not vary much with the chain length n, as demonstrated in Fig. 8.4. 

 

Fig8.4. Reaction energy for the carbonate formation as a function of increasing chain length for non-

conjugated systems (a) gas-phase (b) single point calculation with implicit salvation (c) full 

optimization with implicit salvation. 

 

As shown, there is nothing peculiar or interesting about the O driven reaction in the 

systems wherein N-lp is not in conjugation with the –C=C-. The reaction energy does not 
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vary much with varying chain length. Note the lower reaction energy value when n=2 in 

EG. However, with increasing n, the reaction energy value becomes saturated. 

8.4. Activation of the hydroxyl group. 

As said earlier, a possible reaction mechanism driven by the hydroxyl group forming the 

alkyl-carbonate species may happen to be more CO2 capture efficient and better for 

solvent regeneration as well. We substituted methyl CH3 and ethyl (CH2CH3) groups that 

happen to be electron releasing. These groups activate the hydroxyl group by enhancing 

the electron density around the O atom. 

Comparing Pathway A and Pathway B on methyl substitution , in the N-driven reaction, 

the reaction energy turns out to be 0.0013 hartree, wherein the ‘C-N’ bond-length is 

calculated to be 1.403 Å. And the ‘C-N’ vibrational frequency is calculated to be 

1376.620 (cm-1). In contrast to this, on methyl substitution, ΔErxn for Pathway B is found 

to be -0.0028 hartree suggesting that the product formed from the O driven mechanism is 

more stable. 

Next, we followed on the ethyl substitution at the hydroxyl alpha position and we predict 

similar reaction energies with a value ~ -0.0030 hartree. However the ‘O-C’ bond formed 

is weaker than the ‘N-C’ bond formed with a relatively larger bond length of 1.465 Å 

(1212 cm-1) as again the ‘N-C’ bond length of 1.402 Å (1380.37 cm-1). Evidently, 

efficient CO2 binding as well as solvent regeneration is allowed via the alkyl-carbonate 

pathway compared to the N-driven mechanism.  
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8.5. Summary and Conclusions. 

In this chapter, we bring to light the synergetic interplay between the inductive effect and 

the resonance effect which leads to the activation of the hydroxyl group of the chosen 

alkanol-amine and reduction of the N electron density around the amine group. We 

consider two sets of alkene substituted MEA species with N-lp in conjugation with the –

C=C- and N-lp not in conjugation with the –C=C- with varying –C=C- chain length and 

calculate the reaction energy as a function of increasing chain length. We consider two 

different reaction pathways , Pathway A: ‘N driven mechanism’ and Pathway B: ‘O 

driven mechanism’. Substitutions at the alpha position leads to a more favorable O driven 

mechanism rather than the N driven resulting into a relatively better CO2 binding via ‘C-

O’ bond formation and also cleaving a ‘C-O’ bond is easier than cleaving a ‘C-N’ bond. 

This helps better solvent regeneration. Hence, by employing a synergetic interplay 

between various chosen factors, one could decide what would lead to the fabrication of 

an efficient CO2 binding solvent as well as result into relatively speedy CO2 removal. We 

believe that the improved understanding of the factors that determine the solvent 

absorption/desorption properties will help us design better and efficient CO2 capture 

solvents. 
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CHAPTER 9: SUMMARY, KEY POINTS, CONCLUSION AND FUTURE 

DIRECTIONS 

 
9.1. Deductions from Part A (Chapters 3, 4 and 5): The work in this thesis is divided 

into two parts Part A and Part B; While Part A deals with the development of non-

platinum catalysts for fuel cell applications, Part B deals with the development of amine 

based sorbents for CO2 capture and sequestration. Part A focusses on the fundamental 

interactions between the surface and the near surface regions and the resulting alterations 

in the surface reactivity of Pd3M alloy catalysts, majorly, Pd3Co based electrocatalysts 

(M=transition metal). Subsurface hetero atom induced strain effect due to the different 

lattice parameters of Pd-Pd and Pd-M is discussed in detail. The induced strain effect is 

decoupled from the hetero atom induced interlayer ligand effect using a thorough analysis 

of the intra and interorbital interactions in addition to the hetero atom induced charge 

redistribution within the system. In chapter 3, we discuss the crucial role of the surface-

subsurface interlayer interaction in determining the surface reactivity of the Pd3Co based 

alloy catalysts. While the hetero atom induced charge redistribution and the surface-

subsurface interlayer distance in Pd1Co (111) (one Pd overlayer on Pd3Co substrate), 

Pd2Co (111) (two Pd overlayers on Pd3Co substrate) and s-Pd (111) (Pd induced with 

1.88% compressive strain) suggest that the Co induced interlayer ligand effect in addition 

to the induced strain in Pd1Co (111) reduces the surface O binding strength thereby 

enhancing the ORR activity of the system. Both Pd2Co and s-Pd display similar surface 

adsorption properties and surface reactivity,.i.e., the interlayer ligand effect of the 
128 

 



subsurface hetero (Co) atom is restricted to the first subsurface. We also present a 

thorough analysis of the intra and interlayer orbital interactions within the system which 

hint at the pronounced interlayer ligand effect of Pd1Co compared to that of Pd2Co. We 

also bring to light that the surface-subsurface interlayer interaction in Pd1Co (111) stems 

from surface-subsurface dxz+yz hybridization. In chapter 4, we then move onto extend the 

concept to a series of Pd3M alloy catalysts, where M=Sc, Ti, V, Fe, Co and Ni. While in 

the case of the early transition metals like Sc, Ti and V, the interlayer ligand effect was 

predicted to extend beyond the subsurface, in Fe, Co and Ni, the interlayer ligand effect 

was restricted to the subsurface. We again presented a detailed inter and intralayer orbital 

analysis including the bader charge analysis103 of the hetero atom induced charge 

redistribution to highlight the impact of altering electronic structure on the surface 

reactivity of the system. In chapter 5, we present the fundamental underlying principles 

of alloying that may have an impact on the surface reactivity of Pd based alloy catalysts.  

We first present a thorough intra and interlayer orbital analysis of the surface and near 

surface electronic interactions in Pd/Pd3Co (Pd1Co) – 111 and 100 facets highlighting the 

facet effect on the surface-subsurface interlayer interaction. We also study the impact of 

surface Au alloying on the surface-near surface interactions by considering two surface 

configurations of same composition but varying hetero-metallic interactions in order to 

understand the effect of additional surface hetero-metallic interactions along with the 

induced strain and interlayer ligand effect. The key deductions include the prediction of 

an enhanced interlayer ligand effect in 111 facet compared to the insignificant interlayer 
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ligand effect in 100. While the surface-subsurface interlayer interaction was seen to be 

driven by surface-subsurface dxz+yz hybridization in 111, it was predicted to be majorly 

dz
2 kind in 100. Also, on surface alloying with gold, the surface-subsurface interlayer 

interaction is enhanced which is mainly attributed to more preferred Pd-Au interaction 

rather than Pd-Pd interaction. Finally, we also, showcase the advantage of induced 

compressive strain in altering the surface arrangement of alloy systems and tune in the 

surface reactivity of the system. As an example, we considered Pt-Au bimetallic surfaces, 

since, we predicted the Pt-Au surface alloys to become Pd-Au like on inducing 

compression.  We present snapshots from the MC simulations of AuPt/Pt (100) with 

varying strain conditions and Pt coverage, wherein, with 2% compressive strain, there 

was relatively a higher population of Pt-Au hetero-metallic interactions. 

So far, we had been looking at the critical role of the surface-near surface interactions, 

the intra and interlayer orbital interactions, the induced strain effect and the effect of 

alloying on the surface adsorption properties in majorly, Pd3Co based electrocatalysts. 

However, the effect of excess charge carriers on the surface adsorption properties is a 

very prominent research area to explore and provides a good research direction to look at 

in the future.  

As discussed in the Part A of the thesis, the O adsorption happens to be a good descriptor 

of the ORR activity of the system108. Also, CO adsorption can give some insight on the 

CO poisoning of alloy catalysts112. Excess surface charge carriers can influence the 

surface O/CO (for example) adsorption properties and in turn the surface reactivity of the 
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system. Some prelimnary results in this direction are reported below:-We consider Pd 

(111) system; add one/two electrons to it subjecting it to surface charge accumulation and 

remove one/two electrons from the system subjecting it to surface charge depletion. 

While the prior case is a replica of having an external positive electric field, the latter 

case is somewhat similar to having a negative external electrostatic field. charge 

accumulation on addition of electrons to the system and charge depletion on removal of 

electrons from the system is limited to the surface layers (top and bottom), since the 

atoms in the sub-surface are effectively screened by the large free electron density. We 

analyse the O hydrogenation and O2 scission reactions by considering the reactions 

simultaneously on both the surfaces. This will account for any charge related asymmetry 

and interactions in the system. For simplicity. Figure 9.1. Shows how the O 

hydrogenation reaction energy (Erxn) and activation barrier (Ea) varies with surface 

charge accumulation and depletion. The activation barriers calculated are constrained in 

the x and y direction to ensure symmetric reaction pathways on both the surfaces.  
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Fig 9.1. Variation in Erxn (in black) and Ea.(in red) as a function of surface charge per unit area. 

Our calculations predict that the O hydrogenation reaction is highly favored when the 

system is subjected to charge depletion. While the reaction is endothermic when q 

(external charge) is negative and slightly endothermic when q=0, it is clearly exothermic 

in the systems where q=positive. Correspondingly, there is a reduction of the activation 

barrier in the systems where q= positive. Unlike the discussion in the previous section 

regarding the Pd-Co alloys, the OH hydrogenation reaction is predicted to be slightly 

endothermic for Pd (111). The difference can be attributed to the O-O interactions in the 

system which might not have been completely eliminated during the calculations. Since, 

we strive to understand the effect of surface charge accumulation and depletion on the 

ORR activity of the systems, relative values are appropriate enough for comparison. 
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Figure9.2.: Variation of O2 scission reaction energy and activation barrier as a function of surface 

charge per unit area. 

 

As expected, the O2 scission reaction shows an exactly opposite trend to that of the O 

hydrogenation. While surface charge depletion favors O hydrogenation reaction, it 

decreases the exothermicity of O2 scission reaction. Though, the O2 scission reaction is 

less favorable in the systems where q= positive when compared to the systems where 

q=0/negative, the reaction is still exothermic in nature. Correspondingly, there is an 

increase in the activation energy barrier from that of the system where q=0. Note that 

surface charge accumulation does not have a significant impact on the reactions when 

compared to the systems with no external charge. Therefore, we can conclude that 

subjecting a system to surface charge depletion to the right extent enhanced the ORR 

activity of the system as it facilitates the O hydrogenation reaction in the system. It is 

noteworthy that, in the discussions considering the Pd-Co alloy systems, the excess 

surface charge internally stabilized the surface (the overall system was still neutral) 
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thereby reducing the O adsorption and  the O2 scission and enhancing the O 

hydrogenation but here the excess external negative charge destabilizes the system and 

therefore reduces the O hydrogenation reaction energy. In other words, systems with 

surface charge depletion favor O hydrogenation and slightly reduce O2 scission. 

To conclude, the surface charge can be controlled based on the kind of substrate chosen; 

the excess surface charge is one of the many factors that decides the ORR activity of the 

system and by controlling the near surface atomic and electronic configuration, improved 

ORR activity can be attained. 

 

Future work in this direction may comprise of; 

1) The effect of excess charge carriers on the surface-near surface inter and 

intralayer orbital interactions. 

2) The effect of the excess surface charge carriers on the surface binding 

properties and in turn the surface reactivity.  

3) The effect of excess charge carriers on the individual elementary reaction 

steps comprising of the ORR activity of the system. 

4) The effect of surface charge carriers on the surface adsorption properties as a 

function of varying heteroatoms in the system. 
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9.2. Key points of Part B (Chapters 6, 7 & 8). 

 

Summarizing our results from the CO2 capture and sequestration part of the thesis, we 

identify and understand the key reaction steps of CO2 capture by MEA and solvent 

regeneration, the underlying principles that determine the CO2 binding/removal 

tendencies and the effect of the H2O arrangement on the development and progress of the 

reaction. Using AIMD, we revisit and demonstrate the CO2 binding to MEA through the 

formation of an intermediate zwitterionic adduct. We then address the more critical 

aspect of CO2 removal and MEA regeneration highlighting the significant effect of 

alkanol-amine configuration and water arrangement on the CO2 removal process. 

Thereafter, using a theory level of B3LYP/6-311++G, we use static quantum chemical 

calculations and predict the resulting molecular orbital redistribution on CO2 binding and 

its role in determining the relative probabilities of CO2 binding/removal and 

protonation/de-protonation tendencies. We also predict the CO2 and proton binding 

energies at the available abstraction sites and verify that the de-protonation from the 

zwitterion may take place with a barrier as low as 0.08 eV provided a well connected  H-

bonded water network is available. We also bring forth the critical role of H2O in 

determining the progress of the reaction and its effect on the protonation/de-protonation 

processes. Following that in chapters 7 and 8, we bring forth the concepts of inductive 

effect and resonance effect on the CO2 capture mechanisms and how can it be altered by 
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inducing structure modification. While the substitution of alpha and beta methyl and 

methylfluoro substituents reduce the electron density around the N atom lowering the 

CO2 binding efficiency, the alkene substitution helps assisting an hydroxyl group (OH) 

driven alkylcarbonate pathway for CO2 capture making the regeneration process easy. 

Therefore, the fundamental chemistry of amine-CO2 interactions can be tuned in by 

tuning in the N-basicity and other factors that may have a profound influence on the CO2 

binding efficiency. 

Future work in this direction may include answering questions like: 

1) Does our approach for analyzing mixture of amines sufficient enough? 

2) Which mixture of amines work well for CO2 capture compared to their pure 

counterparts? 

3) What are the underlying principles and the fundamental chemistry that decides 

the amine-CO2 interactions in the system? 

4) What is the role of the dissolving medium in assisting/hindering the progress 

of the reaction? 

5) What is the importance of the protonation and de-protonation steps in solution 

for the CO2 capture mechanism and its impact on the better performance of 

some amines over others? 

Some prelimnary work in this direction is reported below: We looked at fundamental 

properties of several amines MEA, AMP, PZ, DGA, DIPA, DEA and MDEA to 
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distinguish the better performance of one over another. The results are tabulated 

accordingly. The geometries considered are highlighted in the supporting material. 

Table9.1.% p character of the N lp 

 

Table 9.2. Relative charges on the N atom. 

 

 A(gas-phase) B(implicit) C(explicit H2O included) 

MEA -0.429 -0.431 -0.409 

AMP -0.425 -0.43 -0.41 

PZ -0.336 -0.341 -0.322 

DEA -0.336 -0.34 -0.325 

MDEA -0.257 -0.258 -0.243 

DGA -0.427 -0.43 -0.407 

DIPA -0.345 -0.337 -0.326 

 

 A (gas-phase) B (implicit) C (explicit H2O included) 

MEA 86.58 79.67 73.16 

AMP 81.04 76.63 71.19 

PZ 77.91 73.35 69.72 

DEA 78.38 75.65 70.67 

MDEA 79.26 75.78 68.09 

DGA 86.31 79.54 73.31 

DIPA 75.51 75.28 72.78 
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Table 9.3. Solvation Energy (in eV) in water. 

 

 

A(implicit) B (one explicit H2O included) 

MEA -0.30 -0.50 

AMP -0.29 -0.48 

PZ -0.24 -0.59 

DEA -0.45 -0.55 

MDEA -0.41 -0.48 

DGA -0.37 -0.45 

DIPA -0.13 -0.12 

 

Table 9.4. Proton binding energies (in eV) and the N-H bond lengths (in Å) and frequencies (in cm-1) 

in water. 

 

 

H+ binding E N-H (in Å) N-H (in cm-1) 

MEA -0.50 1.0519 2918.11 

AMP -0.53 1.0501 2949.85 

PZ -0.31 1.0654 2822.63 

DEA -0.53 1.0503 2944.15 

MDEA -0.56 1.0487 2964.86 

DGA -0.44 1.0538 2889.55 

DIPA -0.85 1.0434 3044.42 
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The Role of different Pd/Pt Ensembles in Determining CO Chemisorption on 
Au-based Bimetallic Alloys: A First-Principles Study 

 
           Hyung Chul Ham1,  Dhivya Manogaran2, Gyeong S. Hwang1*, 

 Jonghee Han3, Suk Woo Nam3, and Tae Hoon Lim3 
 

1Department of Chemical engineering and 2Department of Chemistry and Biochemistry,  
The University of Texas at Austin, Austin, Texas 78712,  

3Center for Fuel Cell Research, Korea Institute of Science and Technology, Seoul, Korea 

Abstract 

Using spin-polarized density functional calculations, we investigate the role of different Pd/Pt 

ensembles in determining CO chemisorption on Au-based bimetallic alloys through a study 

of the energetics, charge transfer, geometric and electronic structures of CO on various Pd/Pt 

ensembles (monomer/dimer/trimer/tetramer). We find that the effect of Pd ensembles on CO 

chemisorption energy is much larger than the Pt ensemble case. In particular, small-sized Pd 

ensembles like monomer and dimer show a substantial reduction of CO chemisorption energy 

compared to the pure Pd (111) surface, while there are no significant size and shape effects of 

Pt ensembles on CO chemisorption energy. This is related to two factors; (1) the steeper 

potential energy surface (PES) of CO in Pd (111) than in Pt (111), indicating that the effect of 

switch of site preference on CO chemisorption energy is much larger in Pd ensembles than in 

Pt ensembles, and (2) down-shift of d-band in Pd ensembles/up-shift of d-band in Pt 

ensembles as compared to the corresponding pure Pd (111)/Pt (111) surfaces, suggesting 

more reduced activity of Pd ensembles towards CO than the Pt ensemble case. We also 

present the different bonding mechanism of CO on Pd/Pt ensembles by the analysis of orbital 

resolved density of state.  

E-mail: gshwang@che.utexas.edu 
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I. Introduction 

The catalytic efficiency can be greatly enhanced by the use of bimetallic alloys instead of 

their monometallic constituents1-5. Gold (Au) based bimetallic alloys, particularly with 

palladium (Pd-Au) and platinum (Pt-Au) have received great attention due to their superior 

performance in various catalytic reactions of industrial interest including CO oxidation at low 

temperature3, acetylene hydrogenation6 and direct synthesis of hydrogen peroxide (H2O2) 

from hydrogen (H2) and oxygen (O2)7-10 . The enhanced activity of bimetallic catalysts has 

been rationalized using the concepts of geometric (or ensemble)11 and electronic (or ligand)12 

effects. The ensemble effect is a change in the activity of a surface site due to particular 

arrangements of the two alloyed species in the site’s vicinity. The ligand effect acts through 

modification of local electronic structure that results from interactions between the different 

metallic species. For instance, enhanced electrocatalytic activity of Pd monomers for 

hydrogen evolution at AuPd (111)  compared to the Pd atoms in the Pd overlayer has been 

reported by Pluntke and Kibler13. Also, a so-called monomer pair of Pd on Au(100) is 

reported to be most active and selective to acetoxylation of ethylene14. Similarly, Pd 

monomers surrounded by less active Au atoms that suppress O-O bond scission are found to 

be primarily responsible for the significantly enhanced selectivity towards H2O2 formation 

from H2 and O2 on PdAu alloys10.In addition to ligand and ensemble effects, surface 

reactivity of bimetallic structures are effected due to the differences in the lattice constants of 

the two metals which induces a strain in the system15,16. Surface reactivity increases with 

lattice expansion, following a concurrent up-shift of the metal d states and decreases with 

lattice compression, following a down shift of the metal d states. 

 

140 

 



The addition of Au has been shown to significantly suppress the poisoning of Pd catalysts by 

carbon monoxide (CO) impurities which highlights another advantage of PdAu alloys over its 

monometallic counterpart. CO poisoning on noble catalysts has been an important issue in 

anode reactions in the low temperature fuel cells17 and a series of studies have been presented 

as to how this problem can be alleviated by alloying.  For example, PtRu alloy catalysts 

have been found to be considerably more CO Tolerant than the pure Pt catalyst18 thereby 

supporting the bifunctional character of these alloys, that is, CO adsorption followed by 

nucleation of oxygen containing species at low potential on Ru atoms facilitating CO 

oxidation which hampers CO blockage at active sites. Although, so far, PtAu alloys have not 

been shown to exhibit enhanced CO tolerance, Watanbe and co-workers on investigating the 

electrocatalytic oxidation of H2 in the presence of CO on various other Pt alloys found that in 

addition to PtRu the PtFe, PtNi, PtCo and PtMo alloys show good CO resistance19.  

 

CO adsorption on pure Pd and Pt surfaces has been studied extensively but the studies on 

impact of alloying effects on CO adsorption or surface reactivity is scarce. Also, very limited 

attempts have been made to clearly describe, understand and compare the extent of ensemble 

and ligand effects on various Pd and Pt ensembles. In this study, we attempt to understand 

why the impact of the alloying effects are larger on Pd ensembles with respect to their 

reactivity towards CO chemisorptions compared to that of the Pt ensembles. To achieve this 

goal we consider various small Pd and Pt ensembles and using a first-principles calculation, 

we first see how the CO adsorption properties change on various Pd/Pt ensembles by 

examining the energetics and geometric structures of CO adsorbed ensembles and then 

investigate the different CO-bonding mechanisms of CO chemisorptions on Pd and Pt 

monomers using the orbital resolved density of state (ORDOS) and crystal orbital overlap 

population (COOP) calculations. This study can also provide a valuable insight on CO 
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tolerance on Au-based bimetallic alloy catalysts. Thus, our study enables a deeper 

understanding of the factors that determine the catalytic performance of the Au based 

bimetallic alloys and therefore will be very beneficial for the rational improvement of these 

catalysts. 

..                    II. Theoretical Details 

 

The calculations reported herein were performed on the basis of spin polarized density 

functional theory (DFT) within the generalized gradient approximation (GGA-PW9120), as 

implemented in the Vienna Ab-initio Simulation Package (VASP)21.  The projector 

augmented wave (PAW) method with a planewave basis set was employed to describe the 

interaction between core and valence electrons.  An energy cutoff of 350 eV was applied for 

the planewave expansion of the electronic eigenfunctions.  For the Brillouin zone 

integration, we used a (2×2×1) Monkhorst-Pack mesh of k points to determine the optimal 

geometries and examine the total energies of systems , and increased the k-point mesh size up 

to (7×7×1) to reevaluate corresponding electronic structures.     

For a model surface, we used a supercell slab that consists of a rectangular 432 ×  surface 

unit cell with four atomic layers each of which contains 16 atoms (see Fig. 1).  For each 

PdAu (or PtAu) surface model, the topmost surface layer that is overlaid on a three-layer Pd 

(111) slab [Pt (111) slab] contains a selected Pd-Au alloy (or Pt-Au) [indicated by PdAu/Pd 

(111) or PtAu/Pt (111) hereafter].  A slab is separated from its periodic images in the 

vertical direction by a vacuum space corresponding to seven atomic layers. While the bottom 

two layers of the four-layer slab were fixed at corresponding bulk positions, the upper two 

layers were fully relaxed using the conjugate gradient method until residual forces on all the 

constituent atoms become smaller than 5×10-2 eV/Å.  The lattice constants for bulk Pd and 
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Pt are predicted to be 3.95 Å and 3.98 Å, which is virtually identical to previous DFT-GGA 

calculations and also in good agreement with the experimental value of 3.89 Å and 3.92 Å22. 

 

The d-band center is calculated as the first moment of density of states by integrating the d-

bandwidth. [We predicted the d-bandwidth to be 5.38 eV for the Pd (111) surface, which is 

close to the value (5.33 eV) calculated in the tight-binding formulism23]. Here, we used the 

Wigner Seitz radius, 1.434 Å (Pd), 1.455 Å (Pt) and 1.503 Å (Au) in order to calculate the 

atom-projected density of states. 

The adsorption energy (Ead) is given by:  

Ead= |E(CO/M)| - |E(M) + E(CO)| 

where E(CO/M),  E(M),  and  E(CO) represent the total energies of the CO/slab system, 

the slab, and an isolated CO molecule in the gas state, respectively, and |x| indicates the 

absolute value of x. The atomic charge states were estimated using the Bader method25 with 

special care for convergence with respect to charge density grid. For the calculation of the 

crystal orbital overlap population (COOP)24, which can measure the bonding and antibonding 

character between the Pd/Pt and CO, the SIESTA code25 is used with Troullier-Martins norm-

conserving pseudopotentials26. The Perdew-Burke-Ernzerhof (PBE)27 form of the generalized 

gradient approximation (GGA) functional is employed with a mesh cutoff of 300 Ry. For the 

approximation of the electronic eigenfunctions, a double zeta plus polarization (DZP) basis 

set is implemented with an energy shift of 50 meV. 
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II. Results and discussion 

.  

In this study, as displayed in Figure 1, we consider four different Pd/Pt ensembles such as the 

monomer (indicated by M throughout the paper), dimer (D), trimers (TR) and tetramers (TE), 

along with pure surface (P) in order to understand the role of different Pd/Pt ensembles in 

determining CO adsorption. For trimer and tetramer cases, we chose two specific ensembles 

that can represent the properties of large-sized ensembles; that is, the compact (TRC, TEC) 

and bent-linear (TRL, TEL) ensembles where those constitute the largest fraction of the 

different shape distributions of trimers and tetramers examined in AuPd and AuPt surface 

alloys, as reported in a previous study28.  

 

CO Adsorption on pure Pd (111)/Pt (111) surface: In Table 1, we present the CO 

adsorption energies on the pure Pd (111) and Pt (111) surfaces at high symmetric adsorption 

sites-  three-fold hollow (denoted as ‘h’ throughout the paper), two-fold bridge(b) and one-

fold top(t), ‘h’ being the most favorable adorption site for a pure  Pd (111)/Pt (111) surface 

with an adsorption energy of Ead=2.05 eV/1.81 eV which is in agreement with the previous 

theoretical results ((2.08 eV)29, (-1.83 eV)30). For Pd (P), our calculations show a large 

reduction of adsorption energy at ‘b’ [Ead=1.87 eV] and ‘t’ [Ead=1.40 eV] sites compared to 

the ‘h’ case, indicating  a steep potential energy surface (PES) of CO on the surface.  

However, the variation of adsorption energy at different adsorption sites is calculated to be 

relatively small [h-(Ead=1.81 eV), b-(Ead=1.77 eV) and t-(Ead=1.68 eV)] for Pt (P) indicating 

a relatively smooth PES of CO on the surface. 

 

Here, in the case of Pt (111) surface, our calculation reproduces a puzzling phenomenon that 

a DFT tends to estimate a hollow site as a preferred adsorption site on a Pt (111) surface at 
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the low coverage of CO, while the experiments predict a top site as a preferred adsorption 

site31. There are some attempts to solve this puzzle32. In spite of such efforts, the difference of 

adsorption energy between top and hollow site is less than 0.10 eV, which is similar to our 

DFT calculation, thus our calculation can be still used well in the following comparison study 

on the different CO adsorption behaviors between Pt ensembles and pure Pt(111) surface. 

 

We also calculated the orbital resolved density of state (ORDOS) for CO adsorption on Pd 

(P)/Pt (P) surfaces. As displayed in Figure 4, we find that the dz
2 and dxz+ dyz metal  orbitals  

mainly interact with CO molecular orbitals (MOs: 4σ, 1π, 5σ, 2π) on both Pd/Pt cases. Note 

that we cannot see any CO-related peaks in dxy + dx
2

-y
2 orbital and the peak intensity in s 

orbital is relatively small. The  interaction of metal dz
2 with 4σ (refer to the lone pair 

electron in the gas phase CO) and 5σ (which is called the highest occupied molecular orbital 

[HOMO])  of CO is a measure of metal- CO  covalent like σ - dz
2 bonding. The metal dxz+ 

dyz mainly interacts with 1π [π bonding electrons between C and O] and 2π* [consist of two 

anti-bonding orbitals and so called lowest occupied molecular orbital (LUMO)]. From Figure 

4, a peak of 2π* is observed for both Pd (P)/Pt (P) which is indicative of back donation of 

electronic charge from metal to 2π* LUMO33. This is further elaborated and compared with 

the results obtained from the calculation of ORDOS of Pd/Pt ensembles later in this paper. 

 

CO Adsorption on various Pd/Pt ensembles: Table 1-3 and Figure 2 show the CO 

adsorption energies and their geometrical parameters at high symmetric adsorption sites on 

various Pd/Pt ensembles. We find that both Pd and Pt ensembles reduce CO adsorption 

energies, compared to corresponding pure Pd (111) and Pt (111) surfaces. However, our 

calculation shows that the alloying effect on the reduction of CO adsorption is more 

pronounced in Pd ensembles than in Pt ensembles. 
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This difference in alloying effects between AuPd and AuPt surfaces can be explained by two 

factors- (1) A change in the site preference for CO adsorption based on the arrangement of 

Pd/Pt atoms on the AuPd/AuPt surfaces due to a large activity difference between Pd/Pt and 

Au and in turn the preferential binding of CO to a Pd/Pt atom10,28 ( ensemble11 or geometric 

effect)  and (2) Different inter-atomic mixing between Pd-Pd (Pt-Pt) and Au-Pd (Au-Pt), 

resulting in the activity change of Pd/Pt ensembles toward adsorbates (ligand12 or electronic 

effect).These effects are highly correlated. Therefore, to achieve a better understanding of the 

alloying effects, we quantify the contribution of each of these effects to the total reduction in 

CO adsorption energy using the following two equations- 

EE=|Ead1- Ead2|  ………equation1 

EL=|Ead3- Ead4|  ………equation2 

Here, EE/L refers to the contribution of ensemble/ligand effect on the total reduction of CO 

adsorption energy, Ead1 refers to the CO adsorption energy of pure Pd (111)/Pt (111) surfaces 

at the adsorption site corresponding to the most preferred adsorption site on the Pd/Pt 

ensembles, Ead2 refers to the CO adsorption energy at the most preferred adsorption site 

(hollow) on the Pd/Pt (111) surface, Ead3|refers to the CO adsorption energy on the Pd/Pt 

ensembles at the most preferred adsorption site and Ead4 refers to the CO adsorption energy 

on the pure Pd (111)/Pt (111) surfaces at the same adsorption site as the Pd/Pt ensembles.  

Next we will examine how the alloying effects in each Pd/Pt ensemble play a role in 

determining the properties of CO adsorption in detail. 

 

Pd/Pt Monomer: CO is preferentially adsorbed at ‘t’ on Pd (M)/Pt (M) with the adsorption 

energies of Ead = 1.12 eV, ( considerably lower than the adsorption energy at the most 

preferred adsorption site ‘h’ on Pd (P) with Ead=2.05 eV)/1.62 eV( slightly lower by 0.23 eV 
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than the most preferred adsorption site ‘h’ on Pt (P) with Ead=1.81 eV). The contribution of 

the alloying effects to the total reduction of CO adsorption energy is calculated using 

equations 1 and 2. We obtain, for Pd (M), EE=0.60 eV and EL=0.28 eV while for Pt (M), 

EE=0.13 eV and EL=0.06 eV.The greater impact of ensemble effect on Pd (M) compared to 

Pt (M) is because of a steep PES of CO for Pd (P) compared to a relatively smooth PES of 

CO for Pt (P) as explained in the beginning of the discussion section. The greater impact of 

the ligand effect on Pd (M) compared to the Pt (M) can be attributed to the weaker 

hybridization in Pt-Au than in Pd-Au.  

 

This can also be explained on the basis of electronic structure analysis. As displayed in 

Figure 3, the d-band of Pd monomer is broadened compared to the pure Pd (111) surface 

[note that the onset of the high binding energy tail shifts down below −6 eV (from around −5 

eV in Pd (111)), while the peaks near the Fermi level (−1 eV < E − Ef) appear to be reduced]. 

Correspondingly, we calculate that the mean-squared d-bandwidth of Pd monomer is 

increased from 4.64 eV2 to 5.17 eV2, indicating the increased overlap of d-orbital between Pd 

and neighboring Au atoms. Note that the d-bandwidth is proportional to the interatomic 

matrix element between metal and neighboring atoms34.We find that the d-band center of Pd 

monomer is located at -1.82 eV, which is lower than -1.75 eV for clean Pd (111) surface.This 

agrees with the d-band model35 according to which the increased d- bandwidth will lead to 

the down-shift of d-band to preserve the filling of d-band  Since the d-band center could be 

used as a general measure of local surface reactivity35-37, the activity of Pd monomer is 

reduced as compared to the pure Pd (111) surface, which leads to the reduction of CO 

adsorption energy at the top site as explained above. In the case of Pt (M) we observe a 

decreased d-bandwidth of Pt monomer from 7.72 eV2 to 7.36 eV2 and the up-shift of d-band 

of Pt monomer (εd = -2.14 eV) as compared to the pure Pt (111) surface (εd = -2.23 eV). Here, 
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we want to point out that the Pt monomer system does not follow the d-band model since the 

CO adsorption energy on the Pt monomer at the top site is expected to increase by the up-

shift of d-band compared to the corresponding pure Pt (111) surface but was slightly reduced. 

This is probably related to the different behavior of d-band shift on the Pt monomer system 

compared to the strained overlayer system which has been known to follow a d-band model 

very well38. As shown in Figure 3, in the Pt monomer, the up-shift of d-band occurs by the 

internal redistribution of d-band states, which is not accompanied by the narrowing or 

broadening of d-band. Also, a reduction in the density of states near the Fermi level is 

observed indicating a possibility of reduced contribution to CO adsorption by the electrons in 

energy states close to the Fermi level. Note that in the overlayer system, the d-band is shifted 

through the band narrowing or broadening38. 

 

Pd/Pt Dimer: CO preferentially adsorbs at ‘b’site on Pd (D) unlike ‘t’site on Pt (D) with 

Ead= 1.39 eV (reduced by 0.66 eV compared to Ead = 2.05 eV at the most preferred site ‘h’on 

Pd (P)) and 1.61 eV(slightly reduced by 0.20 eV compared to Ead=1.81 eV at the most 

preferred adsorption site ‘h’ on Pt (P)) respectively. The alloying effects are found to have a 

greater impact on Pd (D) than Pt (D). For Pd (D) using equations 1 and 2, we calculate EE to 

be 0.18 eV and EL to be 0.48 eV. EE is much smaller than that of Pd (M) by 0.47 eV which 

can be related to the smooth PES between ‘h’ and ‘b’ site on Pd (P) surface. . Notice the 

small difference of CO adsorption energy between ‘h’ (Ead = 2.05 eV) and ‘b’ (Ead = 1.87 

eV) sites on Pd (P). The contribution of ligand effect to the reduction of CO adsorption 

energy is associated with the reduced activity of Pd dimers. Notice, as displayed in Figure 3 

and Table 2, the down-shift of the d-band center of the Pd dimer due to the broadening of d-

band compared to the pure surface, i.e., from -1.75 eV (P) to -1.81 eV (D). On the other hand, 

for Pt (D), we calculate EE to be 0.13ev which is related to small PES difference between ‘h’ 
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(Ead = 1.81 eV) and ‘t’ (Ead = 1.68 eV) site on Pt (P) surface and EL to be 0.07 eV which is 

considerably smaller by 0.41 eV than the Pd dimer case. This substantial difference can be 

related to the opposite shift of the d-band center. Note that the up-shift of the d-band center in 

Pt dimer from -2.23 eV (P) to -2.18 eV(D) owing to the internal redistribution of d-band, 

while the down-shift in Pd dimer due to the broadening of d-band, as shown in Figure 3. 

 

Pd/Pt Trimers: For the bent linear Pd/Pt trimer cases (TRL), we see the similar alloying 

effects on the reduction of CO adsorption to the Pd (D)/Pt (D) cases. For the Pd (TRL), we 

find that CO is preferentially adsorbed at ‘b’ site Ead= 1.41 eV, which is close to Pd (D) case 

(Ead =1.39 eV). This is because in both the cases preferential adsorption takes place at the 

same site. Note that EL =0.46 eV on Pd (TRL) is smaller by 0.02 eV than Pd (D) (EL=0.48 

eV). The adsorption energy [Ead =1.65 eV] at the preferred’t’site on the Pt (TRL) is slightly 

smaller by 0.04 eV than Pt (D) [Ead =1.61 eV at the preferred ‘t’ site],The EL value is 

calculated to be EL=0.03 eV for Pt (TRL) compared to EL = 0.07 eV for Pt (D). In addition, 

we examined the activity variation of constituent Pd/Pt atoms on the Pd/Pt TRL since such 

Pd/Pt atoms are under the different number of 1st nearest-neighboring Au atoms (hereafter we 

refer this to as Au1
st

NN). For the Pd/Pt TRL cases, our calculation shows that the d-band 

centers of Pd/Pt atoms are located at -1.80/-2.17eV (Au1
st

NN = 5) and -1.79/-2.23 

eV(Au1
st

NN=4), respectively, suggesting that the activity variation of surface atoms in the 

bent linear Pd/Pt trimers is small. 

 

For the compact Pd/Pt trimers cases (TRC), we see the substantial decrease of alloying effects 

compared to small-sized ensembles like monomer and dimer. CO preferentially adsorbs at ‘h’ 

site on Pd (TRC) and Pt (TRC) with Ead=1.77 eV ( reduced by 0.28 eV compared to Pd (P)) 

and 1.66 eV ( reduced by 0.15 eV compared to Pt (P)) respectively. For both Pd (TRC) and 
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Pt(TRC) cases, there is no contribution to the reduction of the CO adsorption energy because 

of (1) . This result indicates that the strong ligand interaction between Pd and neighboring Au 

atoms play an important role in reducing the CO adsorption energy in the compact Pd trimer 

case. Note that the d-band centers (εd = -1.80 eV) due to the broadening of d-band move 

downward in energy compared to the pure Pd (111) surface (εd = -1.75 eV). (2) has a smaller 

impact on the reduction of CO adsorption energy by 0.11 eV in Pt (TRC) than in Pd (TRC) 

(EL=0.26 eV). This is related to the slight up-shift of d-band center in Pt (TRC) (εd = -2.22 

eV) due to the internal redistribution of d-band of Pt atoms, compared to the Pt (P) surface 

(εd = -2.23 eV). It is noteworthy that the adsorption energy at ‘h’ site for TRC is greater than 

that of the ‘b’ site for TRL by 0.35 eV in the case of Pd ensembles. Therefore, CO adsorption 

can induce a change in the shape distribution of the trimer on the surface  from bent linear 

(the preferred shape distribution before adsorption) to compact ( which facilitates adsorption 

at the most preferred adsorption site , that is, hollow).  However, more compact trimers are 

favored in the AuPt surface unlike the AuPd which favors more extended trimers. 

 

Pd/Pt Tetramers: For the bent-linear Pd/Pt tetramer cases (TEL), we see similar alloying 

effects [EE=0.18 eV (0.13 eV), EL= 0.45 eV (0.03 eV) for Pd (Pt) TEL] on the reduction of 

CO adsorption energy to the bent-linear Pd/Pt trimer and dimer cases. In addition, as 

displayed in Table 2 and 3, we see the slight variation of d-band centers in the surface Pd/Pt 

atoms [-1.77 eV ~ 1.78 eV for Pd(TEL) and -2.17~-2.22 eV for Pt(TEL)] under the different 

Au1
st

NN. For the Pd (TEC)/Pt (TEC), we also find the same alloying effects as in Pd (TRC)/Pt 

(TRC) cases. We calculate that the CO is preferentially adsorbed at ‘h’ site with Ead =1.67 eV 

(Pt (TEC)) and Ead =1.82 eV (Pd (TEC)), indicating that (2) contributes majorly to the 

reduction of CO adsorption energy. We calculate a slightly larger EL=0.18 eV in Pd (TEC) 
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than the Pt(TEC) case (EL= 0.14 eV). This is also associated with the opposite shift of d-band 

centers between Pd and Pt TEC [εd =-1.76 ~ 1.77 for Pd TEC (pure Pd (111); -1.75 eV) and 

εd= -2.24~2.16 for Pt TEC (pure Pt (111); -2.23eV)]. 

 

To better understand the difference in the chemical reactivity between Pd and Pt ensembles, 

we calculated the orbital resolved density of state (ORDOS) for CO adsorption on Pd/Pt 

monomers at the top site; for comparison, the pure Pd/Pt surface cases are also presented. As 

displayed in Figure 4, we find that majorly dz
2 and dxz+ dyz orbitals  interact with CO 

molecular orbitals (MOs: 4σ, 1π, 5σ, 2π) on both Pd/Pt cases. Note that we cannot see any 

CO-related peaks in dxy & dx
2

–y
2 orbital and the peak intensity in s orbital is relatively small.  

 

Looking at the dz
2 DOS (solid line) of Pd on the CO-adsorbed Pd monomer, we find the 

broadening of dz
2 orbital of Pd compared to the bare Pd case (blue dotted line) and the two 

strong peaks at the energy states of -7.0 eV and -9.5 eV, which are exactly overlapped with 

5σ and 4σ MOs of adsorbed CO on Pd monomer (gray background filled line), respectively. 

This result indicates that 5σ and 4σ  mainly interact with dz
2 electrons of Pd in the CO 

adsorption at the top site on Pd monomer. Here, 5σ (which is called the highest occupied 

molecular orbital [HOMO]) and 4σ refer to the lone pair electron in a carbon atom and in an 

oxygen atom in the gas phase CO, respectively. 

 

As a result of this interaction, the covalent-like σ - dz
2 bonding is formed, which is identified 

in the total charge density difference at the top site of Pd atom(see Figure 6). Note the charge 

accumulation between Pd – C at the cost of electrons in Pd, C and O. To obtain a measure of 

bonding strength between σ - dz
2, we present the crystal orbital overlap population (COOP) 
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between C and dz
2 orbital of Pd to measure the antibonding and bonding character (see Figure 

7). Our calculation predicts that the characteristic peak of 4σ/5σ - dz
2 anti-bonding orbital on 

the Pd monomer is located just below the Fermi level, suggesting the repulsive interaction 

between 4σ/5σ - dz
2 orbital. Note that since both 4σ/5σ and dz

2 orbital are almost fully 

occupied, there will be a repulsive interaction between 4σ/5σ - dz
2 orbital if the hybridization 

does not push 4σ/5σ - dz
2 anti-bonding orbital above the Fermi level39. For the Pd (111) 

surface, we also see the similar interactions between dz
2 orbital and 4σ/5σ MO, except that in 

COOP plot, 5σ bonding peak is calculated to be slightly increased compared to the Pd 

monomer case. This result suggests that as compared to the Pd (111) surface, the electronic 

density in 5σ - dz
2 bonding region on Pd monomer is slightly decreased and in turn the 

bonding strength on the Pd monomer is reduced.  

 

For the Pt monomer and pure Pt (111) surface cases, we predict the same bonding mechanism 

of dz
2 – CO as the Pd monomer and Pd (111) surfaces. That is, the main interaction of 5σ/4σ  

CO MOs with metal dz
2  resulting in a significant broadening of dz

2. In COOP plot, unlike 

the Pd monomer/Pd (111) surface, we see that the 5σ - dz
2 anti-bonding orbital is located 

above the Fermi level for Pt monomer/Pt (111) surface, indicating the attractive interaction 

between 4σ/5σ - dz
2 orbital. Here, we cannot see  any substantial difference of COOP plot 

between Pt monomer and Pt (111) surface, suggesting that there is little electronic effect of Pt 

monomer on the bonding of 4σ/5σ - dz
2. 

 

Turning to the dxz+dyz DOS (solid line) of Pd for the CO-adsorbed Pd monomer, we find that 

1π [π bonding electrons between C and O] and 2π* [consist of two anti-bonding orbitals and 

so called lowest occupied molecular orbital (LUMO)] of adsorbed CO strongly interact with 

dxz+dyz orbital of Pd. Note that two peaks at the energy states of -6.7 eV and +3.1 eV in the 
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dxz+dyz orbital of Pd for the CO-adsorbed Pd monomer are located at the same energy states 

of 1π and 2π* orbitals of adsorbed CO. For the pure Pd (111) surface, a similar bonding 

mechanism (interaction of CO 1π/2π* and metal dxz+dyz ) is found as in the Pd monomer, but 

we see a big difference in the peak of 2π* orbital. In both Pd monomer & pure Pd (111) 

surface, we see a noticeable broadening of 2π* LUMO above the Fermi level compared to 

2π* of gas phase CO, suggesting that 2π* orbital is strongly hybridized with dxz+dyz orbital. 

This is related to the back donation of electronic charge from Pd to 2π* LUMO40. However, 

as shown in Figure 4, we calculated that the peak of 2π* LUMO (at 2.7 eV) for the pure Pd 

(111) surface is located at sizably lower energy state than the Pd monomer case (at 3.1 eV), 

suggesting the weaker bonding strength in the Pd monomer than in the pure Pd (111) surface 

case. This result is also supported by the COOP plot between C and dxz+dyz orbital of Pd. As 

shown in Figure 7, the peak of 2π*— dxz+dyz bonding orbital on the Pd monomer is located 

above the peak on the pure Pd (111) surface, indicating weaker bonding strength in Pd 

monomer than the Pd (111) case. Correspondingly, we see that the bond distance of C—O on 

the pure Pd (111) surface [1.16 Å (P)] is slightly larger than the Pd monomer case [1.15 Å 

(M)]. In contrast, for the Pt monomer and pure Pt (111) surface, we predict  similar peak 

positions of 1π and 2π* orbital, indicating that both Pt monomer and pure Pt (111) surface 

have a similar bonding strength between 1π/2π* and dxz + dyz orbital. This result is also 

consistent with the fact that COOP plots between Pt monomer and Pt (111) surface are 

similar and the C-O bond distances on both Pt monomer and Pt (111) [1.16 Å (M/P)] are 

same.  

 

It is also interesting to note that on studying the ORDOS of Pt (M) (see figure 5), we observe 

reduced density of states and a slight downshift in energy close to the Fermi level in the case 

of dz
2 and dxz+ dyz orbitals when compared to that of the Pt (P) case but as discussed in the 
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“Pd/Pt monomer” section of the paper, according to figure 3, we observe an overall upshift in 

energy of d states in Pt (M) compared to that of the Pt (P). We suggest that hybridization 

between dxy + dx
2-y2 and dz

2 orbitals of Pt(M) could be a possible reason for this observation. 

Note that there is an increased population of density of states near the Fermi level in the case 

of dxy + dx
2-y2 orbitals of Pt (M) compared to Pt (P) (see figure 5). Therefore, hybridization 

of dxy + dx
2-y2 with dz

2 will compensate for the observed downshift in energy of dz
2 states 

and we do not observe an overall downshift in energy of d states in Pt (M) case when 

compared to Pt (P) case. 

 

Our study clearly demonstrates that the synergetic alloying effect in the Pd ensembles 

(particularly, by the switch of site preference and the shift of d-band) leads to a high CO 

tolerance, while for the Pt ensemble case the alloying effect is relatively small, as shown in 

Figure 8. Notice that the CO chemisorption energy on Pd ensembles is substantially reduced 

at the decrease of ensemble size, while there are no significant size and shape effects in Pt 

ensembles.  Figure 9 compares the availability of CO-free Pd/Pt atoms on small-sized 

ensembles like monomer and dimer as a function of temperature. Here, we estimated the free 

Pd/Pt sites by considering the barriers for CO adsorption and desorption (see Table 4) and 

solving the kinetic equations at steady state condition41. We find that a free Pd site on Pd 

ensembles is easily available at much lower temperature than the Pt case. Notice that for the 

Pt ensembles CO block all free sites up to 700K, while for the Pd ensembles a free Pd site can 

be available at very low temperature of 400K for a catalytic reaction. 

 

To conclude, using spin-polarized DFT calculations, we showed that the Pd ensembles, 

particularly monomer and dimer, show a high CO tolerance due to the synergetic alloying 

effect, as compared to the Pt ensembles. We found that the steeper PES of CO in Pd (111) 
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than in Pt (111) and the down-shift of d-band in Pd ensembles and the up-shift of d-band in Pt 

ensembles as compared to the corresponding pure Pd (111)/Pt (111) surfaces are responsible 

for the large enhancement of CO tolerance in small-sized Pd ensembles. We also displayed 

through the analysis of ORDOS and COOP that the Pd monomer reduces CO binding 

strength by mainly decreasing the interaction of CO 2π* and metal dxz+dyz bonding orbital, 

while for the Pt monomer case, there is no substantial change of CO 2π*— metal dxz+dyz and 

CO 4σ/5σ -metal dz
2 in the monomer case when compared to the pure Pt (111) case. This 

work hints on the importance of the interplay of the ensemble and ligand effects in achieving 

the high CO tolerance on Au-based bimetallic catalysts. 
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Figure 1 Adsorption sites on various Pd/Pt ensembles. The blue and yellow represent the Pd/Pt and 
Au atoms, respectively. 
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Figure 2  CO geometry at the preferred adsorption site on Pd/Pt ensembles. The value (in units of 
charge (e-)) for selected Pd/Pt ensembles indicates the transferred charge to CO from the surface. The 
blue (green), grey, red and yellow represent the Pd (Pt), C, O and Au atoms, respectively. 
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Figure 3. Density of states projected onto the outmost d states of Pd/Pt monomer as indicated (lower 
panel) and their first nearest Au atoms (upper panel) in the surface layer. The dotted line indicates the 
Fermi level position. (a) AuPd (b) AuPt 
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Figure 4. The orbital resolved density of state (ORDOS) for CO adsorption at the top site on Pd 

monomer and pure Pd (111) surface. The gray background filled, red upper horizontal, black solid and 
blue dotted lines indicate the s+p band of adsorbed CO, the s+p band of gas phase CO, d-band of Pd 

for the CO-adsorbed Pd and d-band for the bare Pd, respectively. The dotted line indicates the Fermi 
level position. 
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Figure 5. The orbital resolved density of state (ORDOS) for CO adsorption at the top site on Pt 
monomers and pure Pt (111) surface. The gray background filled, red upper horizontal, black solid 
and blue dotted lines indicate the s+p band of adsorbed CO, the s+p band of gas phase CO, d-band of 
Pt for the CO-adsorbed Pt and d-band of Pt for the bare Pt, respectively. The dotted line indicates 
the Fermi level position.  
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Figure 6. Total electron density differences for CO adsorption on Pd monomer (isosurface = ±0.02e-

/A3), (a) charge accumulation (b) depletion 
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Figure 7. The crystal orbital overlap population (COOP) (a) between C and dxz+dyz orbital of 
Pd (b) between C and dz

2 orbital of Pd (c) between C and dxz+dyz orbital of Pt (d) between C 
and dz

2 orbital of Pt. + and – sign means the bonding and antibonding contribution, 
respectively.  The dotted line indicates the Fermi level position.  
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Figure 8 The contribution of site switch (EE) and same site (EL) effects to the reduction of CO 
adsorption energy at different Pd/Pt ensembles. Grey and white box indicate the site switch and same 
site contribution to the reduction of CO adsorption energy, respectively. Ead(Pure) and Ead (Alloy) are 
the CO adsorption energy at the preferred adsorption site on the pure and surface alloys, respectively. 
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Figure 9 The availability of free Pd/Pt sites at a given pressure of 0.1 atm CO as a function of 
temperature. The blue (green), grey, red and yellow represent the Pd (Pt), C, O and Au atoms, 
respectively. 
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Table 1 Adsorption energies (in eV) and geometries (in Å) for CO on Pd (111) and Pt (111) surfaces. 
The hM-C, dM-C and dC-O indicate the vertical distance between the metal (M) and the carbon (C) atom, 
the distance between M-C and between C – O bond, respectively. The d-band center (εd ) and the 
transferred charge to CO from the surface is given in eV and e-, respectively. 
 
  Ead hM-C dM-C dC-O εd ∆e 
Pd(111) t 1.42 1.87 1.87 1.16 -1.75 0.09 
 b 1.87 1.40 1.99 1.18  0.19 
 h 2.05 1.28 2.07 1.19  0.21 
Pt(111) t 1.68 1.85 1.85 1.16 -2.23 0.02 
 b 1.77 1.45 2.02 1.18  0.18 
 h 1.81 1.32 2.11 1.19  0.21 
 
Table 2 Adsorption energies (in eV) and geometries (in Å) for CO on various Pd ensembles in AuPd 
surface alloys. The hM-C, dM-C and dC-O indicate the vertical distance between the metal (M) and the 
carbon (C) atom, the distance between M-C and between C – O bond, respectively. The d-band center 
(εd ) is also given in eV. 
 
   Ead hPd-C dPd-C hAu-C dAu-C dC-O εd 
M 1 t 1.12 1.91 1.91   1.15 -1.80 
 2 b 0.79 1.55 2.02 1.61 2.19 1.17  
 3 h 0.69 1.43 2.07 1.52 2.26 1.18  
D 1 t 1.13 1.91 1.91   1.15 -1.81 
 2 bPdPd 1.39 1.49 2.03   1.18  
 3 bPdAu 0.88 1.52 2.02 1.58 2.14 1.17  
 4 hPdPdAu 1.21 1.39 2.09 1.44 2.22 1.18  
 5 hPdAuAu 0.68 1.41 2.07 1.51 2.24 1.18  
TRC 1 t 1.20 1.89 1.90   1.16 -1.80 
 2 bPdPd 1.55 1.48 2.09   1.18  
 3 bPdAu 0.90 1.52 2.01 1.58 2.15 1.17  
 4 hPdPdPd 1.77 1.33 2.08   1.19  
 5 hPdAuAu 0.71 1.41 2.08 1.49 2.23 1.18  
TRL 1 tPd-1 1.18 1.90 1.90   1.15 -1.79 
 2 tPd-2 1.15 1.90 1.90   1.15 -1.80 
 3 bPdPd 1.42 1.49 2.02   1.18  
 4 bPdAu-1 1.03 1.50 2.00 1.55 2.12 1.17  
 5 bPdAu-2 0.91 1.52 2.01 1.56 2.14 1.17  
 6 hPdPdAu 1.21 1.37 2.08 1.42 2.21 1.18  
 7 hPdAuAu-1 0.72 1.41 2.07 1.48 2.29 1.18  
 8 hPdAuAu-2 0.71 1.41 2.07 1.50 2.25 1.18  
TEC 1 tPd-1 1.21 1.90 1.90   1.16 -1.77 
 2 tPd-2 1.15 1.90 1.90   1.15 -1.76 
 3 tPd-3 1.21 1.90 1.90   1.16 -1.77 
 4 bPdPd-1 1.56 1.47 2.01   1.18  
 5 bPdPd-2 1.43 1.47 2.02   1.18  
 6 bPdAu 0.80 1.52 2.02 1.56 2.16 1.17  
 7 hPdPdPd 1.82 1.32 2.08   1.19  
 8 hPdPdAu 1.26 1.36 2.07 1.41 2.20 1.18  
 9 hPdAuAu 0.74 1.42 2.07 1.46 2.22 1.18  
TEL 1 tPd-1 1.21 1.90 1.90   1.15 -1.77 
 2 tPd-2 1.15 1.91 1.91   1.15 -1.77 
 3 tPd-3 1.15 1.90 1.90   1.15 -1.78 
 4 tPd-4 1.15 1.91 1.91   1.15 -1.77 
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 5 bPdPd 1.42 1.47 2.02   1.18  
 6 bPdAu-1 0.88 1.51 2.01 1.57 2.14 1.17  
 7 bPdAu-2 1.01 1.49 2.00 1.55 2.13 1.17  
 8 bPdAu-3 0.90 1.51 2.00 1.57 2.14 1.17  
 9 hPdPdAu-1 1.26 1.37 2.08 1.42 2.21 1.18  
 10 hPdPdAu-2 1.22 1.36 2.08 1.42 2.21 1.18  
 11 hPdAuAu-1 0.69 1.40 2.07 1.49 2.24 1.18  
 12 hPdAuAu-2 0.70 1.40 2.06 1.50 2.25 1.18  
 
Table 3 Adsorption energies (in eV) and geometries (in Å) for CO various Pt ensembles in AuPt 
surface alloys. The hM-C, dM-C and dC-O indicate the vertical distance between the metal (M) and the 
carbon (C) atom, the distance between M-C and between C – O bond, respectively. The d-band center 
(εd ) is also given in eV. 
 
   Ead hPd-C dPd-C hAu-C dAu-C dC-O εd 
M 1 t 1.62 1.87 1.87   1.16 -2.14 
 2 b 0.97 1.59 1.99 1.51 2.20 1.17  
 3 h 0.76 1.50 2.06 1.45 2.27 1.18  
D 1 t 1.61 1.87 1.87    -2.18 
 2 bPtPt 1.56 1.49 2.03     
 3 bPtAu 0.99 1.56 2.00 1.52 2.16 1.17  
 4 hPtPtAu 1.20 1.41 2.10 1.35 2.24 1.19  
 5 hPtAuAu 0.81 1.50 2.04 1.43 2.27 1.18  
TRC 1 t 1.59 1.86 1.87   1.16 -2.22 
 2 bPtPt 1.60 1.50 2.03   1.18  
 3 bPtAu 1.03 1.58 1.98 1.49 2.18 1.17  
 4 hPtPtPt 1.66 1.37 2.11   1.19  
 5 hPtAuAu 0.87 1.47 2.03 1.44 2.27 1.18  
TRL 1 tPt-1 1.64 1.86 1.86   1.16 -2.23 
 2 tPt-2 1.65 1.87 1.87   1.16 -2.17 
 3 bPtPt 1.60 1.49 2.03   1.18  
 4 bPtAu-1 1.09 1.55 1.99 1.49 2.15 1.17  
 5 btAu-2 1.03 1.58 1.99 1.50 2.20 1.17  
 6 hPtPtAu 1.25 1.41 2.10 1.33 2.23 1.19  
 7 hPtAuAu-1 0.82 1.46 2.04 1.44 2.27 1.18  
 8 hPtAuAu-2 0.85 1.51 2.04 1.42 2.27 1.18  
TEC 1 tPt-1 1.59 1.86 1.86   1.16 -2.24 
 2 tPt-2 1.64 1.86 1.86   1.16 -2.16 
 3 tPt-3 1.60 1.86 1.86   1.16 -2.20 
 4 bPtPt-1 1.62 1.49 2.04   1.18  
 5 bPtPt-2 1.59 1.48 2.04   1.18  
 6 bPtAu 0.99 1.51 2.01 1.48 2.14 1.18  
 7 hPtPtPt 1.66 1.36 2.12   1.19  
 8 hPtPtAu 1.27 1.40 2.09 1.40 2.25 1.19  
 9 hPtAuAu 0.81 1.46 2.03 1.44 2.27 1.18  
TEL 1 tPt-1 1.62 1.87 1.87   1.16 -2.22 
 2 tPt-2 1.65 1.87 1.87   1.16 -2.18 
 3 tPt-3 1.62 1.87 1.87   1.16 -2.22 
 4 tPt-4 1.64 1.87 1.87   1.16 -2.17 
 5 bPtPt 1.60 1.47 2.03   1.18  
 6 bPtAu-1 1.01 1.56 2.00 1.48 2.16 1.17  
 7 bPtAu-2 1.05 1.56 2.00 1.50 2.15 1.17  
 8 bPtAu-3 1.00 1.54 2.00 1.51 2.16 1.17  
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 9 hPtPtAu-1 1.24 1.40 2.10 1.33 2.24 1.19  
 10 hPtPtAu-2 1.23 1.41 2.11 1.36 2.23 1.19  
 11 hPtAuAu-1 0.83 1.47 2.03 1.43 2.28 1.18  
 12 hPtAuAu-2 0.85 1.50 2.04 1.43 2.28 1.18  
 
 
 
 
 
Table 4 Calculated Activation Barriers (Ea in eV) for Adsorption and Desorption. 
 

 1CO 2CO 
 Adsorption Desorption Adsorption Desorption 

M (Pd/Pt) 0.0/0.0 1.12/1.62   
D (Pd/Pt) 0.0/0.0 1.39/1.61 0.25/0.0 0.95/1.42 
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Abstract 

          Based on a combined density functional theory and experimental study, we present that the 

electrochemical activity of Pd3Co alloy catalysts toward oxygen reduction reaction (ORR) 

can be enhanced by adding a small amount of Ir.  While Ir tends to favorably exist in the 

subsurface layers, the underlying Ir atoms are found to cause a substantial modification in 

the surface electronic structure.  As a consequence, we find that the activation barriers of 

O/OH hydrogenation reactions are noticeably lowered, which would be mainly responsible 

for the enhanced ORR activity.  Furthermore, our study suggests that the presence of Ir in 

the near-surface region can suppress Co out-diffusion from the Pd3Co substrate, thereby 

improving the durability of Pd-Ir-Co catalysts.  We also discuss the relative roles played by 

Ir and Co in enhancing the ORR activity relative to monometallic Pd catalysts. 

         Polymer electrolyte membrane (PEM) fuel cells also known as proton exchange membrane 

fuel cells have received much attention in recent years as a promising alternative for power 
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generation, especially for automotive applications. They use hydrogen and oxygen to 

generate electricity through an electrochemical process which involves the oxygen reduction 

reaction (ORR: O2 + 4H+ + 4e-→ 2H2O) at the cathode; protons and electrons are supplied 

from the anode where hydrogen is oxidized to protons1. Currently, Platinum (Pt) and Pt-

based catalysts are most widely used to speed up the sluggish ORR that limits the efficiency 

of low temperature PEM fuel cells.  However, Pt is expensive and scarce, drawing much 

interest in developing non-Pt catalysts2.  

         Palladium (Pd) is considered as a viable replacement for Pt because it is more abundant and 

less expensive, and also has a higher CO tolerance, in addition to showing similar catalytic 

behavior and long term durability in acidic media3.  While the catalytic activity of Pd 

towards ORR is lower than that of Pt,4-6 recent investigations have demonstrated that 

alloying Pd with some transition metals (such as Co, Fe, Ni) can lead to a significant 

improvement in the catalytic activity7,8. However, Co-like metals can be dissolved out into 

the electrolyte under PEM fuel cell operating conditions, thereby causing catalyst 

degradation9. It is therefore imperative to find an alternative way to improve the stability of 

Pd-based alloy catalysts under acid conditions, while maintaining their high activity for the 

ORR. This issue can be addressed by adding third elements with high acid stability. 

         In this work, we examined a ternary alloy constituting Pd, Co and Ir. Iridium (Ir) has a high 

reduction potential of 1.16 V above a typical operating fuel cell voltage (~0.7 V); hence, we 

anticipated that the addition of Ir might result in an improvement in the acid stability of Pd-

Co alloy catalysts.  It has been experimentally known that the Pd-Co alloy is completely 

miscible over the whole composition range, while Pd and Ir are partially miscible in a 

limited range of Ir composition (< 15 wt.%). Therefore, in this work we considered Pd3Co 
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as the substrate for the ternary alloy and alloyed it with a small amount of Ir; this would be 

also a reasonable choice given the high cost of Ir.  

         The calculations reported herein were performed on the basis of spin polarized density 

functional theory (DFT) within the generalized gradient approximation (GGA-PW91)10, as 

implemented in the Vienna Ab-initio Simulation Package (VASP)11.  The projector 

augmented wave (PAW) method12 with a planewave basis set was employed to describe the 

interaction between ion cores and valence electrons.  An energy cutoff of 350 eV was 

applied for the planewave expansion of the electronic eigenfunctions.  For the Brillouin zone 

integration, we used a (5×5×1) Monkhorst-Pack mesh of k points to determine the optimal 

geometries and total energies of systems examined, and increased the k-point mesh size up 

to (10×10×1) to reevaluate corresponding electronic structures.  Reaction pathways and 

barriers were determined using the climbing-image nudged elastic band method (c-NEBM)13 

with eight intermediate images for each elementary step.  A surface is modeled using a slab 

supercell that consists of a rectangular 2×2 surface unit cell with five atomic layers each of 

which contains 4 atoms, unless stated otherwise.  The slab is separated from its periodic 

images in the vertical direction by a vacuum space corresponding to seven atomic layers.  

While the bottom two layers of the five-layer slab are fixed at corresponding bulk positions, 

the upper three layers are fully relaxed using the conjugate gradient method until residual 

forces on all the constituent atoms become smaller than 5×10-2 eV/Å.  The lattice constant 

for bulk Pd is predicted to be 3.95 Å, which is virtually identical to previous DFT-GGA 

calculations and also in good agreement with the experimental value of 3.89 Å.   

         We first looked at an energetically preferred location for Ir in the near-surface region of 

Pd3Co(111) by calculating the total energy variation as a function of Ir layer location.  At 
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least the top two layers are found to be energetically unfavorable for Ir; hence, two Ir layers 

are placed in the second and third subsurface layers.  To see more clearly the effect of Ir in 

the subsurface layers on the Pd surface reactivity, we consider the Pd/Pd/Ir/Ir/Pd3Co(111) 

system (hereafter Pd-Ir-Co system) by assuming that Co atoms were leached out from the 

two overlayers; the real structure in the near surface region could be more complex, but we 

think the simple model is physically reasonable and can be sufficient to provide important 

insight into the effects of Ir and Co on the catalytic activity of the Pd-Ir-Co ternary alloy, as 

discussed later. 

 

 

             Figure 1. Predictedenergy variation as a function of Co atom location for Pd/Pd/Ir/Ir/Pd3Co(111) 

(indicated as Pd-Ir-Co)  and Pd/Pd/Pd/Pd/Pd3Co(111) (Pd-Co) systems.  1st indicates the presence of a 

Co atom in the surface layer, and the Co atom is subsequently swapped with a Pd or Ir atom underneath 

(2nd-5th). 

         Next, we examined how the presence of Ir layers affects Co out-diffusion to the surface from 

the Pd3Co substrate. Figure 1 shows the total energy variation as a function of Co atom 

location for the Pd-Ir-Co system, with comparison to the Pd/Pd/Pd/Pd/Pd3Co(111) (hereafter 

Pd-Co) system.  Here, we used seven-layer slabs, in each of which the bottom three layers 
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are Pd3Co.  For each system, the reference energy is set to zero.  The Co atom in the 5th 

layer is swapped with an atom in one of the layers above it and the energy is calculated.  For 

example, on swapping Co in the 5th layer with Ir in the 4th layer, the energy increase in the 

Pd-Ir-Co system is predicted to be 0.05 eV.  This value is higher than the corresponding 

energy increase in the Pd-Co system (where Co is swapped with Pd in the 4th layer).  

Similarly, the energy of Pd-Ir-Co with Co on the surface (∆E = 0.54 eV) is significantly 

higher compared to the Pd-Co case (∆E = 0.2 eV).  The results suggest that the out-diffusion 

of Co can be significantly suppressed by the existence of Ir in the subsurface layers, thereby 

improving the durability of Pd-Ir-Co alloys. 

 

Figure 2.Electron density of states projected onto surface Pd atoms in three different systems indicated. 

          Figure 2 shows the electron density of states (DOS) projected onto the surface atoms ofPd-              

Ir-Co and pure Pd(111); the Fermi level is set at zero eV. The comparison demonstrates how 

the surface electronic structure is modified by the presence of the underlying Ir layers and 

the compressive     strain caused by the Pd3Co(111) substrate.   

          Note that the calculated lattice parameter of Pd3Co(=3.88Å) is smaller than that of Pd 

(=3.95Å),imposing compression on the Pd surface layer. The compressive strain may lead to 

an increase in the d-orbital overlap, which in turn broadens the d-valence band while 
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lowering its average energy. In order to decouple the strain effect from the Ir contribution, 

we also plot the DOS of the surface atoms of 1.77% compressively strained Pd(111) 

(corresponding to Pd3Co with respect to pure Pd). Under compression, as expected, the DOS 

on surface Pd atoms becomes somewhat wider, but no significant change near the Fermi 

level. For the Pd-Ir-Co system, there is a noticeable reduction in the DOS peak intensity near 

the Fermi Level and the extent of downshift in energy is more than the strained Pd(111) 

case; the calculated d-band centers for pure Pd, strained Pd, and Pd-Ir-Co are -1.41eV, -

1.45eV, and -1.58eV respectively. The results suggest that Ir atoms in the subsurface layers, 

besides the strain effect, would play an important role in modifying the surface electronic 

structure of the Pd-Ir-Co alloy. 

          Table 1. Calculated adsorption energies (in eV) of O, OH and H atoms in monometallic Pd(111) (pure 

and strained) and Pd-IrCo systems. 

 

 

         

 

 

 

 

 

 

 

O 

 

OH 

 

H 

 

Pd-Ir-Co 4.49 2.40 2.72 

Pd(st) 4.64 2.50 2.76 

Pd(pure) 4.74 2.55 2.79 
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          We further examined how the surface binding strengths of isolated O, OH and H are 

affected by the alloying-induced modification of the surface electronic structure; our 

calculation results are summarized in Table 1.   

 

 

  

    The binding energy (Eb) is given by: Eb = EX + EM - EX/M, where EX, EM, andEX/Mrepresent 

the total energies of the gas phase X (X = O, OH, H), the slab, and the X/slab system, 

respectively.  The binding energies of O/OH/H in the Pd-Ir-Co system are predicted to be lower 

by 0.25/0.15/0.07 eV than those on Pd(111).  As demonstrated earlier, the surface electronic 

structure of Pd-Ir-Co can be modified by a combination of the compressive strain caused by the 

Pd3Co substrate and the Ir atoms in the subsurface layers.  Given  the noticeable binding 

energy difference between Pd-Ir-Co and strained Pd(111), it may imply that the presence of 

subsurface Ir would have a large impact on the surface reactivity. 

  Next, as summarized in Table 2, we calculated the total energy changes (∆E) and activation 

barriers (Ea) for (A) O-O bond scission [O2→O+O], (B) O hydrogenation [O+H→OH], and 

(C) OH hydrogenation [OH+H→H2O(g)] on the Pd-Ir-Co surface, and compared the results 

with those on the unstrained/strained Pd(111) surfaces.   

Table 2. Calculated total energy changes (∆E) and activation barriers (Ea in parenthesis) for O/OH      

hydrogenation and O2scission reactions in monometallic Pd(111) (pure and strained) and Pd-Ir-Co systems.  

All energy values are given in eV. 
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(A) 

O2 →O+O 

(B) 

O+H→OH 

(C) 

OH+H→H2O(g) 

Pd-Ir-Co -1.37 (0.88) - 0.27 (0.94) - 0.39 (0.64) 

Pd(strained) -1.45 (0.89) - 0.18 (0.97) - 0.25 (0.66) 

Pd(pure) -1.58 (0.82) - 0.10 (1.02) - 0.17 (0.74) 

 

 

Although the ORR is a complex process and its detailed mechanisms still remain under 

debate, the comparisons of the reaction energetics would give important insight into the 

activity of different catalyst surfaces toward the ORR.  Perhaps, O2 hydrogenation [O2+H 

→ O-OH] and subsequent O-O bond cleavage [O-OH → O+OH] would also occur, but their 

relative contributions to the H2O formation kinetics are likely less important than the 

aforementioned elementary reactions, particularly on the Pd surfaces considered.  

         For the O-O scission reaction, the activation barrier of 0.88 eV on the Pd-Ir-Co surface is 

somewhat higher than 0.82 eV on the pure Pd surface, but about the same as (or even 

slightly lower than) 0.89 eV on the strained Pd surface.  This suggests that the kinetics of O-

O scission can be affected mainly by the compressive surface strain which causes an 

increase in the activation barrier.   

          For the O/OH hydrogenation reactions, our calculations predict a substantial reduction in the 

activation barriers on Pd-Ir-Co (Ea=0.94/0.64 eV), compared to pure Pd (Ea=1.02/0.74 eV).  

Given the relatively higher barriers on strained Pd (Ea=0.97/0.66 eV), we can also expect 

that the subsurface Ir layers, along with the compressive surface strain, play an important 
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role in promoting the hydrogenation of O and OH in the Pd-Ir-Co system.  The notable 

enhancement in O/OH hydrogenation is expectably related to the change of relative binding 

strengths of reaction intermediates (O/OH/H) when alloying Pd with Ir and Co.  As 

displayed in Table 1, the OH binding strength on Pd-Ir-Co is reduced by 0.15 eV compared 

to that on pure Pd, which is less than 0.29 eV for the reduction of O binding energy [4.74 eV 

(pure Pd) → 4.49 eV (Pd-Ir-Co)]; a reduction is also observed in the H binding energy, i.e, 

Eb(H) = 2.79 eV (pure Pd) and 2.72 eV (Pd-Ir-Co).  As a result, for the O+H→OH reaction, 

there is an increase of potential energy in the reactant side (O+H) compared to the product 

side (OH), leading to the enhanced exothermicity in O hydrogenation.  Similarly, for the 

OH+H → H2O(g) reaction, the reduced binding strengths of OH and H on Pd-Ir-Co 

contribute to the increase of potential energy in the reactant side and consequently results in 

the enhanced exothermicity in OH hydrogenation.  

         From the above results, we see that adding Ir to Pd3Co may contribute to lowering 

substantially the activation barriers of O/OH hydrogenation reactions, at the cost of a 

relatively smaller increase in the O-O scission barrier.  Considering that the hydrogenation 

reactions can be rate controlling in the cathode, we think it is reasonable to expect that Ir-

modified Pd3Co alloy catalysts would lead to an enhancement in the ORR activity.  

Furthermore, the presence of Ir in the near-surface region is predicted to suppress Co out-

diffusion from the Pd3Co substrate, which will in turn improve the catalyst durability, as 

shown earlier (see Fig. 1).  Motivated by the theoretical prediction, we experimentally 

examined the ORR activities of carbon-supported Pd, Pd3Co, and Pd3Ir0.6Co nanoparticles 

under actual fuel cell operation conditions.  Admittedly, it might be practically impossible to 

synthesize alloy nanoparticles that provide the exact same surface structures as the strained 
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Pd(111) and Pd-Ir-Co systems examined theoretically.  However, this experiment can offer 

important insight into the effect of the ternary Pd-Ir-Co alloying.  Details regarding the 

synthesis and electrochemical characterization of nanoparticles can be found in Supporting 

Information and our recent paper14. 

 

Figure 3. PEM fuel cell performance of monometallic Pd, bimetallic Pd-Co and trimetallic Pd-Ir-Co 

nanocatalysts for the ORR in the cathode.  The inset shows a zoom-in view near the open circuit voltage. 

 

         Figure 3 shows a comparison of ORR catalytic performance between the Pd-based 

nanoparticles. The measured operating voltage is found to be highest for Pd3Ir0.6Co, 

followed by those for Pd3Co and Pd.  In addition, as presented in the inset, the higher open 

circuit voltage for Pd3Ir0.6Co indicates a reduction in the ORR overpotential as compared to 

the Pd3Co and Pd cases. The experimental results clearly support the theoretical prediction 

that the ORR activity can be enhanced by adding Ir and Co to Pd; the ternary Pd-Ir-Co 

catalyst exhibits an even higher enhancement in ORR activity than the binary Pd3Co 

catalyst.  
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         We also calculated Tafel slopes for the Pd, Pd3Co, and Pd3Ir0.6Co catalysts based on the 

Tafel plots (see the supporting materials).  For the current densities ranging from 0.01 to 0.1 

A/cm2, the Tafel slope for Pd3Ir0.6Co is estimated to be 114 mV/dec, which is smaller than 

142 mV/dec (for Pd3Co) and 146 mV/dec (for Pd); this also implies the enhanced ORR 

activity by the ternary alloying.  In particular, the sizable slope difference between 

Pd3Ir0.6Co and Pd3Co highlights the important role played by Ir in the enhancement of ORR 

activity.   

          In summary, this communication reports ORR activity enhancement of Pd-Ir-Co alloy 

catalysts relative to monometallic Pd and Pd-Co alloy catalysts, and possible mechanisms 

for the ORR promotion based on a combined DFT and experimental study.  We considered 

Pd3Co as the substrate and alloyed it with a small amount of Ir, mainly because of the high 

cost of Ir.  According to our DFT calculations, Ir energetically prefers to remain in the 

second subsurface layer and below; hence, the Pd-Ir-Co alloy was mimicked using the 

Pd/Pd/Ir/Ir/Pd3Co(111) slab model (the rationale behind is explained in the text).  The near-

surface Ir layers are found to substantially suppress Co out-diffusion from the Pd3Co 

substrate, which may contribute to improving the durability of Pd-Ir-Co catalysts.  In 

addition, our calculations show that the Pd-Ir-Co ternary alloying leads to a noticeable 

reduction in the DOS peak intensity near the Fermi Level and a downshift in the d-valence 

band center, compared to the monometallic Pd(111) surface.  Due to the modification of 

surface electronic structure, the binding energies of O and OH on the Pd-Ir-Co alloy are 

predicted to be lower by 0.25 eV and 0.15 eV, respectively, than those on pure Pd(111).  

Moreover, we find that adding Ir to Pd3Co causes a substantial reduction in the activation 

barriers of O/OH hydrogenation reactions, while the O-O scission barrier only slightly 
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increases.  This can explain the enhanced ORR activity of Ir-modified Pd3Co alloy catalysts, 

considering that the hydrogenation reactions are the most likely rate controlling steps in the 

cathode.  Our study also highlights that the alloying effect is attributed to the synergetic 

interplay between the surface electronic structure modification due to underlying Ir atoms 

and the compressive strain caused by Pd3Co substrate.  This may suggest the possibility of 

maximizing the ORR activity of Pd-based catalysts by alloying with multiple elements.  
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         [Synthesis of the catalysts] 

         The nanoparticles loaded on carbon support were synthesized by reductive deposition 

method. The carbon support (Ketjen black 300JD) was added to a solution comprising each 

precursor (Pd(NO3)2⋅2H2O, CoCl2⋅6H2O and H2IrCl6, respectively) for Pd, Co and Ir. The 

procedure involving an aqueous reduction of Pd, Co and Ir by NaBH4 was applied to the 

formation of Pd-Ir-Co alloy. The additional heat treatment in the hydrogen atmosphere 

was performed for the complete reduction of Pd-Ir-Co. Similar synthesis procedures were 

applied to Pd and PdCo. 

          The loading of Pd was adjusted to be 35 wt.% on a total catalyst weight basis including the 

carbon support and was determined by inductively coupled plasma (ICP-AES, Jobin Yvon 

2301) analysis with final catalyst. The final composition of Pd-Ir-Co was approximately Pd-

Ir-Co (36:14:7 wt.%). The metal content in the other samples (Pd and PdCo) was designed 

to be similar to that of Pd-Ir-Co. 

         [Electrochemical characterization of the catalysts] 

         A polybenzoxazine-based membrane was used for the single cell evaluation of 

electrocatalysts and the amount of phosphoric acid in the membrane was controlled by 
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immersing a dry membrane in phosphoric acid at 80 °C for a few hours. The cathode 

catalyst layer was composed of the synthesized electrocatalysts and polyvinylidene fluoride 

(PVDF) binder. The anode catalyst layer consisted of a carbon-supported PtRu alloy from 

Tanaka Kikinzoku Kogyo and PVDF. The noble metal (Pd and Ir) loadings of the cathode 

and anode were approximately 1.5 and 0.9 mg/cm2, respectively. Dry hydrogen for the 

anode and dry air for the cathode were used for single cell operation that was conducted at 

150 °C. 

 

 

 

Fig. S1. Tafel plots of Pd, strained Pd and Pd-Ir-Co nanoparticles (Tafel slopes are specified in the 

linear regression equations). 
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Synergetic Role of Photogenerated Electrons and Holes in the Oxidation of CO to CO2on 
Reduced TiO2(110): A First Principles Study 

 
 

Kyoung E. Kweona, Dhivya Manogaranb and Gyeong S. Hwanga,* 

 
aDepartment of Chemical Engineering and bDepartment of Chemistry and Biochemistry, 

University of Texas at Austin, Austin, Texas 78712, USA 

 

 

We present the role of photogenerated charge carriers in the oxidation of CO by O2 on reduced, 

rutile TiO2(110) based on first principles DFT+U calculations.  Our calculations show that hole-

trapped O2 at the O vacancy site adopts a tilted open ring configuration, while an additional 

electron preferentially localizes at the CO-bound Ti site.  The electron-hole separated 

configuration likely converts to the O-O—C-O complex with a small barrier of around 0.1 eV.  

From the neutral intermediate state, CO2 is predicted to desorb off the surface with a barrier less 

than 0.2 eV if another hole is available.  For comparison, we also look at both thermally-

activated and hole-mediated CO oxidation processes, but the predicted overall barriers of around 

0.9 eV and 0.5 eV, respectively, appear to be high for facile CO oxidation at low temperatures.  

Our findings clearly highlight that excess electrons and holes can synergetically contribute to CO 

photooxidation, which is consistent with a recent experimental study by Petrik and Kimmel that 

provides evidence for involvement of multiple nonthermal reaction steps.     
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I. INTRODUCTION 

TiO2 has been widely used as a photocatalyst because of its high catalytic efficiency, 

high chemical stability, and low cost.1- 5  Successful utilization of its photocatalysis is now seen 

in various industrial applications such as self-cleaning windows, anti-microbial coating, and 

water and air purification.1- 7   In principle, TiO2 photocatalysis involves electron-hole pair 

creation by UV absorption followed by the reaction of the photogenerated charge carriers with 

chemical species at the surface.  However, the detailed underlying mechanisms often remain 

controversial.   

Several experimental and theoretical studies have been undertaken to explore 

mechanisms underlying the reaction of CO and O2 on a reduced rutile TiO2(110) surface under 

UV irradiation; the CO photooxidation has received considerable attention due to its fundamental 

significance as a prototype photocatalytic system.  First principles calculations8,9 have predicted 

that O2 chemisorbed at an oxygen vacancy site may react with CO adsorbed on an adjacent Ti 

site to produce CO2 via an intermediate complex (O-O—C-O or O-O—Ti—C-O), which is well 

supported by the off-normal desorption behavior of CO2 that has been experimentally 

observed.10  The predicted energy barrier for the thermally activated oxidation of CO is around 

0.4-0.8 eV, which appears to be too high for facile CO oxidation at low temperatures (<105 K) as 

reported under UV irradiation.10- 15   This suggests the importance of nonthermal reactions 

mediated by photogenerated charge carriers.  From their experimental study, Zhang and Yates 

concluded that the photooxidation of CO on TiO2(110) would be an electron-mediated process, 

as it was found to be suppressed by upward band bending in the presence of electron-acceptor 
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molecules.In addition, a recent theoretical study by Ji et al. suggested the possible contribution 

of holesto reducing the activation barrier for CO oxidation.  Very recently, Petrik and Kimmel 

brought into notice the possibility of two or more nonthermal reaction steps being involved in 

CO photooxidation on reduced, rutile Ti(110). 

In this work, we examine how photogenerated electrons and holes can contribute to the 

oxidation of CO by O2 on a partially reduced rutile TiO2(110) surface.  Our calculations are 

performed within the framework of spin-polarized density functional theory (DFT) with Hubbard 

U corrections, which has been shown to well characterize charge localization while standard 

DFT erroneously favors charge delocalization due to its inherent self-interaction error; for 

comparison, standard and hybrid DFT calculations were also performed for selected cases.  First, 

we revisit the reaction pathways and energetics of thermally–activated CO oxidation with 

comparisons to previous theoretical studies.  Then, we present hole-mediated CO oxidation with 

careful analysis of hole localization and the reaction mechanisms involved.  Finally, we 

investigate the synergetic catalytic role played by excess electrons and holes in facilitating CO 

oxidation.     

II. COMPUTATIONAL METHODS 

All calculations reported herein were performed using DFT with Hubbard U correction 

(DFT+U)16 within the generalized gradient approximation (GGA-PBE)17, as implemented in the 

Vienna Ab-initio Simulation Package (VASP 5.2.2) 18.  For comparison, we also performed 

standard GGA and hybridfunctional calculations to evaluate the relative energies between the 

initial, intermediate, and final states of the reactions considered; as summarized in Table S1 

(supplementary material), overall thereaction energeticsis found to be insignificantly affected by 

the calculation method.  Spin polarization was also considered to describe properly unpaired 
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electrons.  We employed the projected augmented wave method19 with a plane-wave basis set 

(which was truncated at a cutoff energy of Ecut= 450 eV).  The rutile TiO2(110) surface was 

modeled using a periodic six-layer slab with a (4×2) surface supercell and a vacuum gap of 10 Å 

in the z direction, as depicted in Fig. 1; the slab-thickness dependence of the reaction energetics 

was carefully examined (see Table S1 in supplementary material).  For Brillouin zone 

integration, one k point (at Γ) and a Γ-centered (2×2×1) Monkhorst-Pack mesh were used in 

geometry optimization and electronic structure refinement, respectively; the convergence with 

respect to Ecut and kpoint sampling wascarefully checked.  All atoms in the slab were allowed to 

fully relax until the residual forces on all the constituent atoms become smaller than 0.02 

eV/Å.The Hubbard-U correction was applied to both Ti 3d and O 2p electrons with fixed values 

of UTi(d) = 3.3 eV and UO(p) = 4.0 eV (which have been used by other theoretical studies20-

23and shown to well reproduce experimental observations such as localized Ti d states on a 

partially reduced rutile TiO2(110) surface24,25).  UO(p) = 4.0 eV was also applied to the 2p 

electrons of the O atoms in O2 and CO.  (UTi(d) = 4.2 eV and UO(p) = 5.0 eV employed by other 

studies26,27 were also considered for comparison, but turn out to show no significant difference, 

as presented in Table S1).    

For the charged system with an excess hole (or electron), one electron was removed from 

(or added to) the neutral system, and the charge neutrality was ensured within the supercell by 

adding a compensating homogeneous background charge; here, the coulomb energy between the 

excess charge and the background charge was ignored due to the large dielectric constant of 

rutile TiO2. 28 A localized hole (or electron) state was created by initially applying a small 

perturbation around the excess charge to break the lattice symmetry prior to structural 

relaxation.29Reaction pathways and barriers were determined using the climbing-image nudged 
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elastic band (CI-NEB) method30 with 6-8 intermediate images for each elementary step, and the 

transition states were further refined using the dimer method31. 

 

III. RESULTS AND DISCUSSION 

For comparison, first we revisited the pathways for CO2 formation from coadsorbed CO 

and O2 on a partially reduced TiO2 (110) surface (which was created by removing one bridging 

O atom).  The rutile (110) surface comprises of two types of Ti atoms (i.e., five-fold coordinated 

Ti5c and six-fold coordinated Ti6c) and two types of O atoms (i.e., two-fold coordinated bridging 

O2c and three-fold coordinated in-plane O3c) (see Fig. 1).  As illustrated in Fig. 2(a), in the co-

adsorption state A, O2 prefers to adsorb horizontally at the oxygen vacancy (VO) site while CO 

exists vertically at an adjacent Ti5c site.8,9A CO molecule is known to interact with the 

TiO2(110) surface mainly through its 5σ state32- 35, as seen from the density of states (DOS) 

analysis in Fig. 3 that displays significant overlap of the CO 5σ and Ti d states.In addition, from 

the DOS analysis, we find the O2 π* states to be filled exhibiting the peroxo like character, as 

also demonstrated by previous calculations8,9,36; note also that the O-O bond distance of 1.46 Å 

is close to the 1.48 Å for O2
2- in HOOH. Compared to the separately adsorbed case (see Figure 

S1 in supplementary material), in the coadsorbed state, the projected DOS displays a slight 5σ 

splitting as shown in Fig. 3, which could be attributed to the non-bonded molecular interaction 

between CO and O2.  However, such interaction turns out to have insignificant influence on CO 

binding to the surface; that is, the predicted CO adsorption energy of 0.37 eV remainsnearly 

identical on changing the binding Ti site with respect to O2.  It is also worthwhile to point out 

that the CO binding energy of 0.38 eV on the stoichiometric surface is similar to the reduced 
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surface case, suggesting that an adsorbed O2 molecule couldpassivate an O vacancy on reduced 

TiO2(110).8,36 

Figure 2shows two possible CO oxidation pathways each of which involves an 

intermediate state.  First, the adsorbed O2 attains a tilted configuration and leans either towards 

adjacent Ti5c forming B1, or towards the C atom of adsorbed CO forming B2; the intermediate 

states have been also identified by earlier studies8,9.  The activation energies (Ea) involved in the 

formation of B1/B2 are predicted to be Ea = 0.78/0.87 eV, in good agreement with other DFT-

GGA calculation.  In the intermediate states, O2 is still found to have a peroxo like character 

with a bond distance of 1.47 Å, while the Ti-C bond distance in B2 is reduced to 2.20 Å 

compared to 2.41 Å in B1.  Therelatively enhanced Ti-C interaction in B2is attributed to the 

increased CO 5σ and Ti d interaction, as seen in Fig. S2 in supplementary material.  We also 

checked the possible interconversion between B1 and B2, but the predictedsizable barrier of 0.55 

eV suggests that they can form two probable distinct intermediate states.  

Next, from B1, CO2desorbs off by cleaving the O-O bond, which requires overcoming a 

barrier of 0.27 eV (see C1).  From B2, for CO2 desorption, the transition state is predicted to 

involvea significant interaction of O (from CO) and Ti5c while weakeningthe O-O bond 

interaction.  Then, the O-O bond is broken reorienting the CO2 molecule, facilitating the 

desorption by overcoming a barrier of 0.32 eV (see C2).  Note also that the orientation of CO2 in 

both C1 and C2 is perpendicular to the bridging O rows, which is consistent with previous 

experimental observations.  

Next, we examined how an excess hole (h) affects the CO oxidation. The h added to state 

A is found to preferentially localize on O2. This is not surprising given that the O2sp states in A 

are located at the top of the valence band, i.e., they are readily available to accept a hole, as 
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demonstrated by the DOS analysis (see Fig. 3).  Recent experiments also provide evidence that 

an excess hole would prefer to occupy an O2 site rather than a lattice O site.The hole trapping 

results into a tilted open ring configuration AH, in which the O2 has a superoxo (O2
-) like 

character with an O-O bond distance of 1.35 Å (see Fig. 4). 

InAH, the terminal oxygen in O2 (referred to as OI, hereafter) is predicted to mainly 

possess the excess h, as illustrated by the projected DOS on OI and OIIin Fig. 5(a), wherein the 

unoccupied OIsp states appear to lie within the conduction band.This may suggest that if an 

additional eis present along with the h in AH, it could favorably occupy the Ti site instead of the 

hole-trapped O2, (which inspires us to look at the configuration consisting of separated e and h at 

distinct sites, as discussed later).   

Figure4 shows a CO oxidation pathway identified in the presence of anh.  Starting from 

AH, OI in the open ring configuration interacts with the C (in CO) and forms an OII-OI—C-O 

complex (BH), which requiresovercoming an activation energy of 0.49 eV.We also considered 

another possible intermediate, wherein, an OII-OI-Ti complex is formed (like B1), but the 

formation of such an intermediate turns out to be unlikelydue to the repulsive interaction 

between the cationic Ti and hole-trapped OI atoms.A similar hole-mediated pathway has been 

also suggested by Ji et al., but their DFT-GGA calculations with spin restriction gave a 

considerably lower barrier (~ 0.08 eV); we speculate that conventional DFT may not describe 

charge localization properly37,38, which may cause the differencefrom our DFT+U calculations.  

InBH, the htends to largely delocalize over the OII-OI—C-O complex, as demonstrated 

by the band-decomposed charge density shown in Fig. 5(b).It is apparent that the CO and TiO2 

surface interaction is weakened with elongated Ti-C bond distance of 2.51 Å, which isalso 

evidenced by a significantly decreased Ti d – CO 5 σ overlap[see Fig.5(b)] when compared to 
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the neutral case B2  [Fig.S2(b)].  The weakened Ti-C interaction facilitates CO2 desorption with 

a substantially lower activation barrier (= 0.15 eV)than the corresponding neutral case (= 0.32 

eV). Once the CO2 desorption (CH) takes place, the h that is left behind occupies the bridging O 

site (OII), as shown inFigure 5(c).  Our calculations clearly show that the presence of excess 

hsignificantly reduces the activation energy barrier of CO oxidation.  However, the predicted 

value of 0.49 eV for the first step [AH-BH] appears to be still high for facile CO oxidation at low 

temperatures.10-15 

Finally, we further explored how the presence of an e in addition to the h contributes to 

altering the kinetics of CO oxidation. Here, the triplet spin state was used to obtain separate e 

and h configuration, while the system remains neutral.  As depicted in Fig. 6, given that the h is 

trapped by O2 (as in AH), the additional etends to localize on the Ti5c bonded to CO; as 

discussed earlier, the Ti d states are more prone to accept the additional e than the hole-trapped 

O2sp states.  On the other hand, note that on the stoichiometric surface an excess h tends to 

localize on a bridging O site, inducing a unoccupied state within the gap [see Fig. S3(a)]; hence, 

an additionaleis expected to neutralize the h at bridgingO site rather than occupying a Ti5c site. 

In theconfiguration with separated e and h (AE-H), the Ti-C bond distance is significantly 

reduced to 2.33 Å, suggesting an enhanced CO binding to the surface.The enhanced Ti-C 

interaction can be evidenced by the DOS (left) and band-decomposed charge density (right) plots 

in Fig. 6 whichclearly display the Ti dyz and CO π interaction.  This suggests that the localized e 

on Ti now enables Ti d-CO 2π* back bonding; such electron back-donation is commonly seen on 

an electron-rich surface.39,40On the other hand, we would also like to mention here that in the 

absence of CO we found that the e preferentially localizes on a subsurface Ti site [see Figure 

S3(b)].   
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The e-h separated configuration AE-Hin the triplet state is predicted to be 0.85 eV 

higherin energy than the configurationA(with no excess charge trapped).From AE-H, the hole-

trapped O2is found to lean preferentially towards the C (from CO) site (B2), rather than the Ti5c 

site (B1).  As shown in Fig. 7, the energy barrier for the AE-H (triplet) →B2 (singlet) reaction is 

predicted to be 0.14 eV.  In the calculations, we gradually changed the x coordinate of OItowards 

C while fixing the y coordinates of OI and C; the rest of the slab atoms were fully relaxed.This 

result clearlydemonstrates that AE-Hcan undergo reconfiguration toB2 with no significant 

barrier.Once, the neutral intermediate (B2) is formed, CO2 can desorb off the surface with a 

barrier of 0.32 eV (as explained earlier inFig. 2).  

If anotherhcould be added to the intermediate state, CO2 desorption (BH→CH) would 

likely take place with a lower barrier of 0.15 eV (as shown in Fig. 4); (it would be also worth 

pointing out that, in the neutral intermediate state, an excess e prefers to localize on a subsurface 

Ti site, rather than the OII-OI—C-O complex, and thus has no impact on the B→C reaction, 

according to our calculations). Although an additional h appears to be important to further reduce 

the barrier for CO2 desorption, the h remains at the bridging O site after desorption; hence, the 

net charge consumption turns out to be one e and one h, which is also consistent with recent 

experimental observations.Our study clearly highlights the crucial role played synergistically by 

e and h in enabling facile CO oxidation by lowering the overall activation energy barrier. 

IV. SUMMARY 

Using DFT+U calculations, we have investigated the contribution of 

photogeneratedelectrons and holesto the oxidation of CO on reduced TiO2(110).For comparison, 

we first revisited thermally-activated CO2 production from coadsorbed CO and O2, which 

confirmstwo possible pathways each of which involves an intermediate state forming an either 
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O-O—Ti—C-O or O-O—C-O complex; the overall energy barriers are predicted to be about 

0.78 eV and 0.87 eV, respectively.  When an excess h is present, theO2that initially resides 

horizontally at the O vacancy site adopts a tilted open ring configuration, which allows O-O—C-

O complex formation by overcoming an activation energy of 0.49 eV.  In the intermediate 

state,the CO binding isfound to be weakened due to largely delocalized h charge over the O-O—

C-O complex, which in turnfacilitates CO2production with a relatively low energy barrier of 

0.15 eV. However, the predicted barrier of 0.49 eV for the first-step reaction appears to be still 

too high for facile CO oxidation at low temperatures.On the other hand, our DFT+U 

calculationsdemonstrate that the barrier for the O2 + CO → O-O—C-O reaction can be 

significantly reducedby the presence of excess e and h (which tends to localize on the CO-bound 

Ti atom and the terminal O atom in the open ring O2, respectively); the separate e and h 

configurationin the triplet state is predicted to undergo reconfiguration to the intermediate O-O—

C-O singlet state with asmall barrier of 0.14 eV.  From the neutral intermediate state, CO2 can 

desorb off the surface with a barrier of about 0.3 eV (or a lower barrier of 0.15 eV if another h is 

supplied).  Our study clearly highlights the synergetic contribution of photogeneratede and h to 

facile CO oxidation.  This also provides unequivocal theoretical support for a recent 

experimental study suggesting involvement of multiple nonthermal reaction steps inlow-

temperature CO photooxidation.    
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Figure 1. (Color online) (a) Side and (b) top view of the periodic six-layer slab with a (4×2) surface supercell that is 
used to model the rutile TiO2(110) surface.  Five-fold coordinated Ti5c, six-fold coordinated Ti6c, two-fold 
coordinated bridging O2c, and three-fold coordinated in-plane O3c atoms are indicated.  Light blue and red balls 
represent Ti and O atoms. 

 
Figure 2. (Color online) Predicted potential energy variations (in eV) for CO production from coadsorbed CO and 
O2 through two different reaction pathways (a) A-B1-C1 and(b) A-B2-C2, together with corresponding initial, 
intermediate, final, and transition state configurations; selected bond distances are also shown in Å.  Light blue, red, 
and dark gray balls represent Ti, O, and C atoms, respectively.  
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Figure 3. (Color online) Density of states (DOS) for the partially reduced TiO2(110) system with coadsorbed CO 
and O2 (see state A in Fig. 2); (top) the s, p, and d states of all C, O, Ti atoms in the TiO2(110) slab with CO and O2, 
(middle) the 3d states of CO-bound Ti5c and the CO s and p states, and (bottom) the s and p states of O2 adsorbed at 
the O vacancy site, as indicated.  The vertical dashed line indicates the position of the Fermi level (EF) which is set 
equal to zero, and the valance band maximum (EVBM) and the conduction band minimum (ECBM) positions are also 
indicated.     
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Figure 4. (Color online) Predicted potential energy variations (in eV) for hole-mediated CO production from 
coadsorbed CO and O2, together with corresponding initial, intermediate, final, and transition state configurations; 
selected bond distances are also shown in Å.  Light blue, red, and dark gray balls represent Ti, O, and C atoms, 
respectively. 
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Figure 5. (Color online) Density of states (DOS) for the (a) initial, (b) intermediate, (c) final states of hole-mediated 
CO2 production from coadsorbed CO and O2; each corresponding atomic configuration is shown on the right.  In 
each case, the top, middle, and bottom panels respectively show the s, p, and d states of all C, O, Ti atoms in the 
TiO2(110) slab with CO and O2, the 3d states of CO-bound Ti5c and the CO s and p states, and  the s and p states of 
O2 (or O) at the O vacancy site, as indicated.  In the DOS plots, the hole states on O2 are indicated by the arrows, 
and each vertical dashed line indicates the position of the Fermi level (EF) which is set equal to zero.  In each 
structure illustration, the yellow isosurface represents the hole states as indicated in the corresponding DOS plots; 
the isosurface value is set to 0.04 e/Å3, and light blue, red, and dark gray balls represent Ti, O, and C atoms, 
respectively.  
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Figure 6. (Color online) Density of states (DOS) for the electron-hole separated case of the partially reduced 
TiO2(110) system with coadsorbed CO and O2; the corresponding atomic configuration is shown on the right.  The 
top, middle, and bottom panels respectively show the s, p, and d states of all C, O, Ti atoms in the TiO2(110) slab 
with CO and O2, the 3d states of CO-bound Ti5c and the CO s and p states, and  the s and p states of O2 (or O) at the 
O vacancy site, as indicated.  In the structure illustration, the blue and yellow isosurfaces represent the localized 
excess electron (on Ti) and hole (on O2) states as indicated by the arrows in the corresponding DOS plots.  The 
isosurface value is set to 0.04 e/Å3, and light blue, red, and dark gray balls represent Ti, O, and C atoms, 
respectively. 
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Figure 7.  Predicted potential energy variation (in eV) along the minimum energy pathway for reconfiguration of 
the e-h separated triplet state (AE-H) to the singlet O-O—C-O complex (B2), together with the AE-H, B2 and 
transition state (TS) configurations; selected bond distances are also shown in Å, and light blue, red, and dark gray 
balls represent Ti, O, and C atoms, respectively.  In the AE-H structure, the blue and yellow isosurfaces 
(corresponding to 0.04 e/Å3) represent the localized excess electron (on Ti) and hole (on O2) states. 

 

SUPPLEMENTARY INFORMATION 

Table S1 Predicted relative energies of the initial, intermediate, and final states of the CO 
oxidation reactions in the neutral (as shown in Fig. 2) and excess hole (Fig. 4) systems from 
PBE+U, PBE, and hybrid DFT calculations; here, a (3×2) surface model with various slab 
thicknesses (5-8 layers) was employed.  In the hybrid functional calculations, 25% of the PBE 
exchange was replaced by the exact Hartree-Fock exchange, and the slowly decaying long-range 
part of the HF interaction was excluded following the Heyd–Scuseria–Ernzerhof (HSE) screened 
approach40. 
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