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ABSTRACT 

Adsorption of gaseous particles on solids offers a broad array of idiosyncratic functional 

properties such as those observed in scattering experiments. Nowadays, it is well-

entrenched that physisorption acts as a precursor paving the way for chemisorption and 

subsequent catalytic processes. Adsorption of noble gases and small probe molecules 

onto crystalline surfaces epitomizes physisorption. Due to its intricate nature, a 

delineation of the physical adsorption phenomenon is necessitated. This has led to an 

immense number of studies centralized on the basis of adsorption. The physical 

adsorption onto semiconducting and insulating surfaces with rutile and rock-salt 

structures respectively, was investigated using van der Waals corrected-density functional 

theory. DFT-D3, DFT-TS, vdW-DF and its variants were employed to carry out the 

calculations. Surface energies and atomic displacements were computed for the (100) 

plane of MgO as well as the (110) facet of rutile TiO2 and rutile-type SiO2, GeO2 and 

ZnF2. Several examples of physisorption of gas particles on a number of the 

aforementioned surfaces were modelled using dispersion corrected-DFT. The obtained 

values were in excellent agreement with those found in the pertinent literature.        

 

 

 

 

 

   



 

 

CHAPTER 1: INTRODUCTION 

1.1 Motivation 

With the advent of steam engines in the 1860s, the industrial revolution era 

commenced. Ever since, fossil fuels have been the center of strong attention due to their 

indispensable role as an energy carrier in machinery. 155 years later, the ever-growing 

demand for these types of energy resources has led to both depletion of their natural 

reservoirs and severe climate concerns such as global warming. The need for adapting 

renewable energy sources has resulted in numerous studies in an effort to find a suitable 

replacement for fossil fuels. Amongst the studied materials, semiconductors are of 

particular interest. These materials can catalyze light-induced reactions such as water 

splitting, a famous hydrogen production method.   

As such, these solid crystalline structures are of both scientific and industrial 

relevance. Characterization of these condensed matter structures and their related 

properties demands a thorough investigation. The primary directive of solid state physics 

is to fathom the underpinning theories that explain natural phenomena and address the 

points mentioned above. Due to the complexity of crystalline materials and the 

considerable number of the particles involved, the probability of solving the related 

electronic structure equations at high levels of exactness is slim. Therefore, the 

application of the laws of symmetry becomes of prime significance as they help reduce 

the number of variables to be found. 

1.2 Crystallography and its applications 

As the first step, it is necessitated to discover the packing order of the ions with 

respect to one another. This will lead to knowledge of the category with which the crystal 
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of interest belongs. Given the symmetry type, a limited number of atoms are required to 

describe the periodic structure. The most accurate theoretical methods have been utilized 

to characterize defect free crystals. However, the reality begs to differ. Rudimentary 

aspects of symmetry in crystals function trustworthily even in imperfect cases. 

Condensed matter physics begins with simple crystalline compounds and develops into 

far more complex principles.  

During middle ages, the word ‘crystal’ was initially applied to quartz. Afterwards, 

the term was generalized to any substance comprised of smooth facets and sharp edges. 

In 1671, Steno put forward the first crystal habit postulate. Based on this law, related 

facets of quartz always intersect at angles of equal size. In 1801, Haüy proposed that if 

three different edges of a crystal are chosen as the unit vectors of the spatial coordinates, 

the point at which the three axes planes and other facets meet will be correlated to their 

respective rational multiple [1]. In the 19th century, the underlying theories of crystal 

symmetry became mathematically implemented. According to these theories, it was 

concluded that naturally occurring crystals can be related to the symmetry of common 

lattice structures. Further classification of all groups of crystalline structures took place in 

1890.  

The order with which the atoms (or ions) are arranged in a crystal represents its 

minimal-energy configuration. The energy of a certain atom in a solid is dictated by the 

positions of its neighboring species. In other words, of all the possibilities for the 

neighboring atoms to be situated around a given atom of the crystal, one bares the 

minimal energy. For a significant number of atoms, the same arrangement results in the 

lowest energy. Consequently, minimizing the energy as a function of atomic coordinates 
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will lead to the minimal energy conformation. Of course, this will be an excessively 

facile approach. Nonetheless, it is often the case that the most energetically favorable 

state is the crystalline form rather than the amorphous substance. The only exception is 

helium, which does not solidify at zero temperature and ambient pressure.  

In general, a lattice geometry is dependent upon environmental factors such as 

temperature and pressure. Even at low temperatures, small vibrational motions can result 

in phase change from one polymorph to another. Despite the fact that a crystal structure 

commonly represents the lowest energy state, the presence of indispensable natural 

imperfections in crystal structures results in destabilizations.  

Several macroscopic properties can be predicted based on the symmetry type of 

the species of interest. For instance, piezoelectric crystals are materials with zero dipole 

moment in the ground state. However, upon structural distortion, these substances 

develop non-vanishing dipole moments. From the symmetry point of view, all 

piezoelectric materials are noncentrosymmetric. Based on the symmetry, optical activities 

can be predicted too. Special crystalline geometries are capable of rotating the direction 

of the polarized beam plane. SiO2 has exhibited such ability. It turns out that only 

materials with a chiral unit cell show this characteristic. Chirality is determined by the 

absence of symmetry inversion centers and mirror planes in the unit cell. 

1.3 Computational details 

The two methods used in the current research to obtain a k-point mesh are known 

as Monkhorst-Pack and Г-only algorithms [2]. According to the former scheme, the space 

is divided into rectangular subunits. Inside of each subunit, k-points are evenly spaced. 

This is based on the idea proposed by Monkhorst in 1976 and assumes that in practice 
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one can only utilize a limited number of k-points to sample the BZ. A Monkhorst-Pack k-

points grid is an algorithm for selecting the k-points to sample the BZ uniformly. The 

smaller the increments, the more accurate the results are. The shortfall is that the finer the 

grid, the less the computational tractability. Г-only calculations are performed whenever 

the cell is too large to sample many k-points. The symbol Г corresponds to a Г-centered 

generated k-point grid. This method considers only a single k-point. It is also noteworthy 

that the gamma point is of high symmetry and can be of increasing importance in some 

calculations, such as for optoelectronic in devices. 

The distinction between a metal and an insulator is the presence of a discontinuity 

in the energy bands of the latter. The highest occupied energy level is known as the Fermi 

energy level. If there exists a gap of the occupation number for the band in the vicinity of 

the Fermi level, energy convergence will be achieved tardily. Insulators are well-behaved 

and do not have this feature. This is because their density of states (DOS) decreases to 

zero smoothly. On the other hand, for metals and semiconductors convergence can be 

problematic. This is due to the fact that the wavefunctions being integrated should be first 

multiplied by a sharp Fermi function which makes them difficult to deal with in a plane 

wave basis. To circumvent this predicament, a parameter named “smearing” needs to be 

introduced to the system [3]. It is a fictitious parameter. A number of different types of 

smearing functions are implemented, each of which having their own advantages and 

disadvantages. The ones used in the current work are called Tetrahedron with Blöchl 

corrections and Gaussian smearing (utilized for unit cells and large supercells, 

respectively). The former is commonplace for semiconductors. This method results in 

smooth electronic density of states. Calculated forces for metals can be incorrect. It 
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generates a uniform grid of k-points and follows a fully automated procedure. The second 

type approximates a delta function by integration over a Gaussian function.  

It is essential to note that regardless of the type of smearing employed, another 

parameter has to be introduced to determine the width of the smearing. This parameter is 

added to smooth the abrupt change in occupation numbers and is referred to as σ. A 

smaller σ means a narrower smearing width and more accurate results. A larger value on 

the other hand enables one to perform calculations on a smaller number of k-points, 

which hastens the convergence. The price to pay then is a less accurate result. It is 

recommended that the smearing width value for large cells should be 0.05 eV to be 

applied alongside Gaussian smearing. 

1.3 Periodic boundary conditions 

A multitude of approaches have been proposed to simulate crystalline materials. 

In the current work, Periodic Boundary Condition (PBC) method has been applied [1]. 

Based on this method, the wavefunction of a given Bravais lattice is periodic. The 

inevitable consequence of this assumption is the periodicity of the potential. Blöch 

Theorem is the underlying theory that leads to PBC calculations in solid crystalline 

materials. It is a specific mathematical approach and is convenient for simulation of large 

repeat units by modelling a tiny portion of those units. In solid state calculations, this 

means that the crystal structure is repetitive after a certain length (L) or a specific number 

of particles (N). In other words, (N+1)th atom is the same as the 1st atom. As a result, the 

electronic state is periodic too. In one dimension, one can express the aforementioned 

condition as: 

   Ψ x =Ψ x+L
k k

                                                                                         (1.1) 
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This concept can be generalized to the three-dimension case. Consequently, in a Bravais 

lattice, the electrons are in motion in a periodic potential  U r  in such a manner that: 

   U U r + R = r                                                                                                            (1.2) 

In equations (2), U(r) is periodic with period R. This key concept, will reduce the number 

of variables involved in the equations to be solved.  

Performing electronic structure calculations on many-atom systems is only 

possible through approximate methods. As first step, the Born-Oppenheimer 

approximation is commonly applied to the exact Schrödinger equation. This 

approximation eliminates the kinetic energy terms of the nuclei, and nucleus-nucleus 

repulsive potential. Still, this is a very complicated equation to solve exactly for many-

body systems.  

1.4 Density functional theory 

In recent years, density functional theory (DFT) has become the workhorse for 

modelling condensed matter systems. With the advent of faster computing processors, it 

has become quite common practice to do quantum mechanical calculations on systems 

with hundreds of atoms using DFT approach. This will help computational scientists 

resolve the issue of not being able to solve the Schrödinger equation exactly or at various 

levels of ab initio electronic structure theory for many-body systems. 

DFT method basically suggests that the electron density    of the system as a 

whole can be related to its electronic ground state energy. The electron density itself is a 

function of the spatial coordinates. This will make the energy a functional (a function of a 

function) of the spatial coordinates. This method was originally put forward by 

Hohenberg and Kohn in 1964 [4] and was further developed and tested afterwards by 
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Kohn and Sham in 1965, and afterwards by others [5]. According to the Hohenberg-Kohn 

theorem, electron density can be employed as the initial variable to compute the ground 

state energy of the many electron system. Based on this theorem, there exists a one to one 

correspondence between the electron density and the ground state wavefunction. Despite 

astonishingly subtle reasoning, this approximation is of decisive significance in 

simplifying the many-electron problem due to the fact that it reduces the number of 

variables appearing in the electronic Schrödinger equation by a sizeable amount. For a 

system of N interacting electrons in an “external potential”, the total energy is: 

       0 r     ex xcE T d J E                                                                           (1.3) 

In equation (3),  0T   is the total kinetic energy. ex  represents the “external potential”, 

which is the potential between the electrons and the nuclei.  J  is the electron-electron 

repulsion term and is given by equation (4).  

 
   1 2 3 3

1 2

12

1
,

2
 

r r
J d r d r

r

 
                                                                                    (1.4) 

Where 12 1 2  r r r In equation (4), the electron-electron repulsion portion is 

approximated through the classical Coulomb formula.  xcE   is the “exchange-

correlation” energy, which is the remainder of the energy not taken into account in the 

first three contributions.  xcE   is a universal functional. However, its exact form is 

unknown and remains to be addressed in the future. Much effort has been devoted to find 

the exchange-correlation (xc) that applies to most of the problems of interest. All of the 

aforementioned equations are expressed in terms of atomic units. 
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Multiple types of exchange-correlation energy functionals exist such as LDA and 

GGA. LDA stands for “local density approximation”, which depends only on the 

electron density of the system [6]. GGA on the other hand is short for “generalized 

gradient approximation”, and is not only dependent upon the electron density but also on 

the gradient of the electron density of the system [7]. Each of the two sorts of exchange-

correlation functionals exhibits certain advantages and disadvantages. LDA for instance 

is known to overestimate the energy since it ignores the electron density gradient of the 

system. Still, LDA tends to produce credible results for homogeneous systems such as 

alkali metals and also many molecular examples.  

GGA is a better choice for heterogeneous systems and tends to produce more 

reliable results for valence bonding. Two main “flavors” of LDA are PW (Perdew-Wang 

method [6]) and PZ (Perdew-Zunger method [8]) that usually tend to generate very 

similar (if not identical) results. Several flavors of GGA have been developed such as 

PW91 (Perdew-Wang 1991 [9]), a more obsolete model, and PBE (Perdew-Burke-

Ernzerhof [7]) which is more in use these days. revPBE [10], a revised version of PBE, is 

also available. This exchange functional differs from its predecessor (i.e. PBE) in only 

one variable in its exchange portion, viz., , which has been altered from 0.804 in PBE to 

1.245 in revPBE. revPBE behaves similarly to HF exchange for non-covalent particle 

pairs. As such, it betters the short-range performance of PBE. Both PW91 and revPBE 

are implemented in codes.  

It can be shown that  xcE  is separable. In other words, it can be divided into 

exchange and correlation energy terms as      xc x cE E E     In the interest of 
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brevity, only the formulation for the exchange functional will be included in the present 

section. The exchange energy can be written as: 

     x x , ,... drE       r r                                                                               (1.5) 

In equation (6), x  is the exchange energy per unit volume, which in LDA is given by: 

   
1 3

4 3LDA

x

3 3
r

4

 
    

 
                                                                                          (1.6) 

In GGA: 

   GGA LDA

x x, F s ,                                                                                                  (1.7) 

where  F s  is a factor that improves the LDA exchange term. s is obtained from:                                                                                                              

 
1 3

2 4 3
s

24









                                                                                                           (1.8) 

The only difference between various versions of GGA is in the way  F s is defined. For 

example, in PBE model  F s is [11]: 

 
2

PBE

2

1 0.493s
F s

1 0.273s


 


                                                                                                    (1.9) 

Whereas in revPBE: 

 
2

revPBE

2

1 0.395s
F s

1 0.176s


 


                                                                                               (1.10) 

Numerous software packages are available to carry out DFT calculations. In this 

work, the commercial software Vienna Ab-initio Simulation Package (VASP) was used to 

compute properties of interest [12,13]. This software specializes in solid state calculations 

and operates based on plane wave calculations (plane waves are waves with constant 
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frequency with the waveform of infinite parallel planes) along with PBC. It has been 

demonstrated that plane wave basis functions are a proper choice to describe the 

electronic structure of extended periodic systems.  

The use of plane waves is beneficial from several standpoints. First, achieving a 

converged limit is facilitated and can be tested. Second, the bases are not dependent upon 

nuclear locations. As such, Pulay effects will disappear. These forces are shown to be 

strongly reliant upon the choice of the charge density and their presence will definitely 

complicate the energy calculation procedure for many-particle systems [14]. Third, 

matrix diagonalization process becomes relatively trivial when plane waves are applied. 

Finally, the application of plane waves fulfills the orthonormality requirement of the 

basis functions. Projector-augmented plane wave (PAW) approach is in principle based 

on the notion that Kohn-Sham orbitals can be broken down into a frozen core and a 

valence shell. The valence electrons are described by all-electron wave functions [15].        

1.5 Shortcoming of DFT and related fixtures 

In spite of their sophistication, both LDA and GGA do not include van der Waals 

effects [16]. The reason is, both the methods only cover areas where the charge density 

fluctuations are unimportant. At large internuclear separations however, the charge 

density fluctuations are far more significant and impossible to predict using either LDA 

or GGA (Figure 1). This can be problematic when treating systems of a dispersion-

dominated nature. To sort out this conundrum, several models have been introduced.  

a. DFT-D3: According to this semi-empirical method, the dispersion term is 

additive and the total energy can be expressed as [17]: 

DFT D3 KS DFT dispE E E                                                                                           (1.11) 
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In equation (12), EDFT-D3 refers to the total dispersion-corrected energy, EKS-DFT is the 

Kohn-Sham orbitals energy value obtained by DFT, and Edisp denotes the dispersion 

energy. 

Edisp, is assumed to be a sum over two- and three-body terms: Edisp=E(2)+E(3). The two-

body term is given by: 

 

 
2

6,8
0

1
E

2

AB

n
n n

n AB
A B n

AB

C
s

r f R 

  


                                                                              (1.12) 

In equation (13), sn is a global functional-dependent scaling parameter, AB

nC  is the nth 

order dispersion coefficient for particle-pair AB, and rAB is the AB distance. 
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and f is a damping factor. n can be either 6 or 8. In other words, equation (13) accounts 

for dipole-dipole and dipole-quadrupole terms. The damping function can be of the form 

proposed by Becke and Johnson (BJ), for which the dispersion contribution reaches a 

constant value in the united atom limit (i.e. as rAB→0) [18]. It can also be the so-called 

zero-damping function, which results in a repulsive effect at short- and intermediate-

range and consequently lengthens the interatomic separation [18]. The choice of the 

damping function is expected to have a small influence on the obtained results. However, 

some advantages of BJ have made it the preferred choice. In principle, the semi-empirical 

approach assumes an additive Cn with n 6,8  dispersion coefficient designating an 

average form of dipole-dipole interaction based upon the Casimir-Polder [19]. The 

scheme takes advantage of simple hydrides as reference molecules to propose atom pair-

based dispersion coefficients. It further accounts for the effect of three-body interactions 

through insertion of C6’s in recursive procedures and acquiring C8’s that represent higher-
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order dispersion terms. The dispersion potential is of the form 6

1

r

 This term diverges at 

the short-range region. To eliminate this issue, the inclusion of a damping function is of 

absolute necessity. Hence, a functional-based scaling factor and a damping function are 

included in the corrections.  

BJ damping method assumes that at a certain radius nearby the charge density, 

there exists a zone beyond which the electron density is disappearing (also known as the 

‘xc hole’). This hole causes an asymmetric effect on the neighboring particles whereby 

non-vanishing multipole moments are generated. This effect will in turn result in the 

polarization of species located in the proximity of the atom of interest. This synergic 

effect is limited by the polarizability of the neighboring atoms. The net interaction is 

attractive. The main focus of the BJ method is on the approximation of the so-called xc 

hole. The fundamental aspects of the BJ method are similar to TS method (vide infra). 

The difference is that the latter takes advantage of pre-computed dispersion coefficients, 

whereas the former encodes the xc hole information to predict the dispersion terms. In 

other words, the BJ model approximates the dipole moments on the basis of the changes 

that the chemical environment imposes on the xc hole. It should be kept in mind that the 

xc hole is assumed to be mainly contributed by the exchange hole and not the correlation 

hole.  

 

Ergo, the approach considers the exchange only hole to be the same as the xc hole. 

The shortfall is the more extensive computational cost (almost identical to hybrid 

functional calculations). The D3 approach itself, is merely applicable assuming that the 

dispersion terms are additive. Accordingly, it is labeled as DFT-D3 with the D3 referring 
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to the three-body van der Waals correction. Several DFT (e.g. PBE) and hybrid (e.g. 

PBE0) methods are corrected for weak interactions using this scheme [16,20]. It should 

be pointed out that the type of the reference compound is partly capricious, and other 

reference molecules can be applied in lieu of hydrides to formulate this approach. Indeed, 

in order to generate a more inclusive set of C6 values, this alteration is necessitated for 

some cases such as ionic solids. This method was originally put forth by Grimme and co-

workers in 2006 (DFT-D2) and further developed in 2011 for three-body terms in 

crystalline structures. DFT-D2 is an earlier version of DFT-D3 that neglects the three-

body terms (C9) and solely accommodates two-body (C6) interactions. These dispersion 

factors are computed by isotropic averaging over nth order coefficients of particle-pair 

AB, for which the individual values are obtained by linear response time-dependent DFT 

(TD-DFT).  

As opposed to DFT-D2, DFT-D3 approach treats the asymptotic part of the 

interactions accurately. The pair-wise interatomic potential is London-type and dispersion 

coefficients (C6’s) and polarizabilities are rescaled. In order to calculate the three-body 

terms, D3 approach employs the Axilrod-Teller-Muto formulation represented in the form 

of triple-dipole interactions amongst atoms [21]. It has been shown that the effect of 

three-body interactions can be up to 25% of the total energy for some systems [22]. These 

effects are therefore of particular value for condensed materials and sorption cases.  

The three-body term based on the Axilrod-Teller-Muto potential is computed via: 
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where
9 6 6 6  ABC AB BC CAC C C C  θa, θb and θc are angles of a triangular-shaped 
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configuration consisting of particles A, B and C, and their internuclear distances, rAB, rBC 

and rCA.
ABCr is the geometric mean of rAB, rBC and rCA.  

 b. DFT-TS: Tkatchenko-Scheffler van der Waals model is another class of semi-

empirical correction algorithms [23]. This model is an attempt to present a more realistic 

picture than DFT-D2 with a very similar underlying theory. To do so, the scaling factor 

is defined to be dependent on the effective volume of the atom in the molecule or its 

solid surroundings. This algorithm has delivered outstanding results for numerous 

materials such as noble gas crystals, molecular crystals (e.g. cytosine), and layered solids 

(e.g. MoS2). Based on this scheme, the effective volume of the atom is considered in the 

calculations. The TS model partitions the electronic density between the atoms 

participating in bonding. The allocated charge density of each atom is compared to its 

isolated form. The obtained dispersion coefficients will thereby be extremely accurate. 

Although, the exactness of the attained values for strongly ionic systems is claimed to be 

questionable.  

c. vdW-DF: Originally proposed by Dion et al. in 2004, it treats the exchange-

correlation contribution as [24]: 

GGA LDA nl

xc x c cE E E E                                                                                                 (1.14) 

In equation (15),
xcE denotes the exchange-correlation part, while GGA

xE  is the exchange-

only term computed via the generalized gradient approximation. LDA

cE refers to correlation 

term, which is calculated through the local density approximation. nl

cE is the non-local 

correlation effect, given by: 

     nl 3 3

c

1
E r r r r, r r ,

2
    0Φd d n n                                                                             (1.15) 
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where  rn and  rn denote the electron densities at points r and r , respectively. The 

kernel  r, r0Φ is a universal function of the  rn ’s and their gradients.  

Several variants of the vdW-DF methods exist and are actively in use for different 

systems. For instance, vdW-DF2 uses an improved exchange functional (rPW86) 

compared to vdW-DF [25]. vdW-DF uses a homogeneous electron gas approach that 

leads to somewhat poor results for localized systems such as atoms and small molecules. 

As opposed to vdW-DF, vdW-DF2 performs better for noble-gas dimers and molecules. 

The exploitation of the enhanced exchange functional has enabled vdW-DF2 to simulate 

the Hartree-Fock (exact-exchange) behavior more accurately. Moreover, it has been 

shown that vdW-DF2 produces potential energy curves that match well with experiments 

for physisorption. Other implemented versions are optPBE-vdW, optB88-vdW and 

optB86b-vdW, with the second and the third performing similar to each other for tested 

systems. The universal kernel is a counterpart of the classical Coulomb interaction term, 

but of a more complex form. This approximation enables vdW-DF to capture the non-

covalent interactions that reside within consecutive layers of materials such as graphene 

sheets. The local correlation term is chosen as LDA, which prevents erroneous double 

counting of the electron density gradient contributions. As said earlier, the exchange term 

in the nonlocal method is in the form of GGA. As such, a variety of non-local methods 

exist (e.g. vdW-DF, vdW-DF2 and optB88-vdW). For example, vdW-DF which is the 

initially proposed non-local approximation, uses revised PBE (revPBE) to account for the 

exchange energies. This exchange functional differs from its predecessor (i.e. PBE) in 

only one variable of its exchange portion, viz., , which has been altered from 0.804 in 

PBE to 1.245 in revPBE.   
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Each non-local variant is particularized to subdue a specific deficiency. Several 

requirements are to be met in order for a proper exchange functional to be picked for non-

local treatment of weak attractive forces. One is for the functional type to restore the 

second-order gradient-dependent terms at steadily changing electron density limit. This 

criterion is of special value for obtaining the minimal energy structures for solids and 

surfaces. In addition, the exchange functional is expected to be of the form
2

5s at large 

gradient limit. PW86 and B86b meet this constraint. As such, a reparametrized version of 

PW86 (rPW86 [26]) was found to be a good choice for vdW-DF2. It has been shown that 

vdW-DF tends to overpredict the energy at large distances. As a fixture, vdW-DF2 was 

proposed. However, it has been demonstrated that the vdW-DF2 variant is also too 

repulsive for some solids and adsorption systems. Therefore, the optimal energy distances 

have been overestimated as for vdW-DF in some cases. Another adverse outcome of this 

remedy however, is the underrepresentation of C6 dispersion coefficients in vdW-DF2. 

Aside from altering the exchange contribution, improving the overall performance of the 

non-local scheme has been the subject of an ongoing challenge. For example, to alleviate 

some of the concerns regarding the performance of vdW-DF variant for spin-polarized 

systems, a recent version of vdW-DF is proposed, namely, vdW-DF-cx. With modernized 

implementations of vdW-DF and its family, the level of computational effort involved in 

these calculations has become more practicable.  

1.6 Materials of choice 

The crystal of choice in the present study is the aristotype rutile. This crystal type 

is the most naturally occurring polymorph of three TiO2 (titania) crystals, with the other 

two being anatase and brookite (Figure 2). This structure was first identified by Vegard in 
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1916. Later in 1956, more structural details regarding rutile interionic bondlengths 

emerged. A number of transition metal dioxides solidify in rutile and rutile-like (which is 

distorted rutile) manner. The structure has a unit formula of AB2. Cationic A is 

octahedrally coordinated by six B anions. B on the other hand, is trigonally coordinated 

by three positively charged A particles. Rutile crystals are categorized as tetragonal 

(space group P42/mnm). Each unit cell retains two formula units of AB2. Based on 

Wyckoff crystallographic data, each two A atoms within the unit cell reside at (0,0,0) and 

(
1

2
,
1

2
,
1

2
). This alignment makes the unit cell body-centered tetragonal (bct) with respect to 

the cation. The four anions are located at ±(𝑢, 𝑢, 0) and ±(𝑢 +
1

2
, 𝑢 −

1

2
,
1

2
), wherein u is a 

positional parameter of the negatively charged ion measured experimentally and is 

approximately 0.3 across all rutile-type structures.   

In excess of 20 crystal types descend from rutile through bond distortions, A and 

B replacements and packing of interstitial species. Besides transition metal oxides (e.g. 

TiO2 and MnO2) and fluorides (e.g. MnF2 and ZnF2), several main group oxides (e.g. 

SiO2 and GeO2) and fluorides (e.g. MgF2) crystallize in rutile form. Materials with rutile 

crystal structure provide a diverse array of applications ranging from gas sensing 

materials (SnO2) to semiconducting photo-catalysts (TiO2 and GeO2). Some of the 

experimental properties of rutile type compounds are listed in Table 1 [27-38].  

Table 1. Experimental values of structural parameters and band gaps of rutile-type crystals. 

Mineral TiO2 [27] SnO2 [28] SiO2 [29] GeO2 [30] MgF2 [31] ZnF2 [32] 

a [Å] 4.587 4.737 4.179 4.407 4.621 4.703 

b [Å] 2.954 3.186 2.665 2.862 3.052 3.133 

u 0.306 0.307 0.306 0.306 0.303 0.305 

Eg (eV) 3.08 [33] 3.60 [34] 5.70 [35] 3.13 [36] 12.8 [37] 4.46 [38] 
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Rutile geometry is a flexible crystal structure. This polymorph is able to accommodate 

charged species with ionic radii ranging from 0.58 Å (for V4+ in VO2) to1.40 Å (for O2-). 

Its unit cell effective volume can vary between 46.54 Å3 (in SiO2) and 86.50 Å3 (in 

TeO2). It is believed that the volume expansion occurs along the c crystallographic axis 

of the cell [39].  

 1.7 Surface cleavage 

In order to find the most energetically favored cleavage of a rutile-type substance, 

different categories of ionic crystal surfaces have to be explored first. In 1979, Tasker put 

forward that ionic surfaces can be classified as type  I , type  II and type  III [40]. 

Type  I  has identical number of cations and anions on each plane and thus bares no 

dipole moment. Type  II  has individual charged planes but still the net dipole moment 

vanishes for this type. Finally, type  III  has charged planes as well as a net dipole 

moment perpendicular to the surface. According to this categorization, type  III surfaces 

exhibit infinite surface energies and are either nonexistent or undergo reconstructions 

and/or adsorb species or create defects to become stable. Examples of type (I), (II) and 

(III) are NiO(100), CaF2(111) and  ZnS(111), respectively. Essentially, type  II  surfaces 

are built up of trilayers and contain equal numbers of positively and negatively charged 

particles. Figure 3 illustrates various Tasker surface types. 

 Out of all the low-index rutile surfaces, the (110) slab is shown to be the most 

stable cut. This has been confirmed repeatedly through calculations and experiments for 

numerous materials such as TiO2, SnO2, MnO2, MgF2 and ZnF2 [41-45]. The (110) 

surface possesses the lowest relative energy compared to the (100), (101), (001) and 
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(111) surfaces. The (110) surface contains two types of cations, namely five-fold and six-

fold. It also has two types of anions, namely two-fold and three-fold. The three-fold anion 

is also referred to as in-plane. Also, the two-fold is sometimes labeled as bridging. The 

two-fold atom is protruding from the surface. The (110) slab belongs with the category of 

type  II  surfaces. Figure 4 is a typical (110) plane of rutile. 

It has to be emphasized that the Tasker surface grouping is completely based on 

electrostatic interactions. Another somewhat less significant requirement for a surface to 

be stable is titled “auto compensation” [46]. This means that the overall charges created 

by dangling cations should neutralize the overall charge produced by dangling anions. 

These two criteria (Tasker and auto compensation) are necessary, but not sufficient. 

Moreover, Tasker states that even if a type (III) surface occurs naturally, it will undergo a 

major reconstruction to overcome the energy divergence difficulty. It should be noticed 

that some surfaces usually grouped as type (I) or (II) are polar surfaces. SrTiO3(001) is an 

example of such a surface, which appears as type (I) but in fact is type (III). This is due to 

the fact that Tasker’s categorization regards the crystals as a sum of ionic charges 

identical to formal charges. Charge analysis methods have shown that this assumption 

can be invalidated since the two are not exactly the same. 

 With the most stable surface structure in hand, properties such as surface energy, 

atomic displacements with respect to bulk, and adsorption energies of different species 

onto the surface can be computed. The challenge then becomes to find the most 

energetically favorable configuration of the adsorbate-adsorbent couple. It has been 

demonstrated that the most vulnerable binding spot on a (110) facet of rutile is the under-

coordinated five-fold cation of the surface (should the substrate function as an “acid”). 
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This has been tested and confirmed for the adsorption of several ad-particles such as 

noble gases (He, Ar and Xe) and H2O [47-50]. Both physisorbed and chemisorbed ad-

atoms and -molecules preferentially attach themselves to the coordinatively unsaturated 

(cus) location of the surface.  

 In this work, we have investigated (110) face of several rutile-like structures for 

their respective surface energies and atomic displacements using a manifold of 

dispersion-corrected DFT methods. We then deposited several ad-species onto these 

surfaces and examined their adsorption energetics using the same theoretical approaches. 

The calculated properties were compared to their experimental analogues when available. 

Excellent agreement was found between the theory and the experiments for the properties 

of interest. 

Besides the current Chapter, the framework of this thesis is comprised of four 

more Chapters. The next Chapter focuses on the simulation of the (110) plane of SiO2, 

GeO2, and ZnF2. Chapter 3 is centered around the physical adsorption of noble gases on 

the surface of TiO2(110). Chapter 4 explores the molecular adsorption of CO and CH4 on 

ZnF2(110) and TiO2(110), respectively. The last Chapter is concerned with the 

physisorption of Kr and Xe onto MgO(100). The applications and significance of these 

systems will be outlined as part of the Chapter in which they will be discussed. It is an 

effort to model the adsorption of inert gases onto insulating surfaces, also a van der 

Waals-driven phenomenon that draws on the scientific principles of long-range behavior 

of gaseous particles interacting with surfaces. 
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Figure 1. Charge density fluctuations of two atoms at large distances. 

 

Figure 2. Natural occurrence of titanium dioxide from left to right: rutile (space group: P42/mnm), anatase (space 

group: I41/amd) and brookite (space group: Pbca). Blue and red spheres are Ti and O, respectively. 

 

Figure 3. Stacking sequence of ionic crystals; (a) Type (I). (b) Type (II). (c) Type (III). The large blue and small golden 

circles represent anions and cations, respectively. pz denotes the total dipole moment in the repeat units (building 

blocks are si). 
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Figure 4. A typical (1×1) plane of (110) rutile (a type (II) structure) with an adsorbed CO atop hollow site. Red and 

blue spheres are anions and cations, respectively. 
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CHAPTER 2: RUTILE AND RUTILE-LIKE SURFACES 

2.1 Overview 

Substances interact with their surroundings through surfaces. To gain a deeper 

insight into materials and their functionalities, a thorough investigation of the 

microscopic structure of surfaces is required. On the other hand, experimental studies are 

limited by uncertainties of the procedures to be followed. They also suffer from the 

extensive expenditures involved in maintenance and machinery. As a result, theoretical 

modelling of solid state surfaces is an elegant, yet more affordable tool that can 

complement the experiments while producing equally accurate results. DFT has put 

forward a viable path to successfully describe the electronic structure of systems of many 

electrons. As the investigation of surfaces and their characteristics intensifies, condensed 

matter simulation methods such as DFT have grown in popularity. 

Of all the materials with interesting surface properties, rutile and rutile-like are 

particularly noteworthy.  These minerals render a wide variety of applications ranging 

from gas sensors (SnO2) to catalytic materials (TiO2) [51,52]. A number of oxides (e.g. 

transition metal oxides: TMO’s) assume the rutile form. These oxides represent a 

significant category of inorganic crystals. Recently, they have been of particular interest 

due to their intriguing properties such as metal-insulator transitions (MIT). MIT are pure 

electronic structure-related phenomena wherein at the critical temperature, a metallic 

behavior transitions to an insulating one. A stereotypical example of such a transition is 

observed for rutile VO2. Apart from this peculiar feature, VO2 is also known as a feasible 

choice for sensors and switching devices.  
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Another group of binary rutile-type crystals are (transition) metal fluorides. These 

materials have recently drawn considerable attention due to the discovery of new sol-gel 

synthetic strategies that can beget nanostructured metal fluorides with large surface areas 

[53]. Metal fluorides are frequently utilized in anti-reflection coatings and in the ceramics 

industry [54]. One example of rutile fluorides is ZnF2. This mineral exhibits unique 

properties. For example, zinc fluoride’s diverse dielectric properties upon doping of Li 

has made it the target of primary significance in optical device manufacturing [45].  

2.2 Computational details 

The details provided in this section are applicable to all of the PBC calculations 

carried out for the entirety of the current chapter. The parallelized version of the 

commercial Vienna Ab initio Simulation Package (VASP) program was used [56, 57]. 

Except for TiO2, for which a single gamma-centered k-point was sampled, a Monkhorst-

Pack 2×2×1 grid of k-points was chosen to sample the BZ. Kohn-Sham basis sets were 

expanded in terms of plane-waves of up to 700 eV of kinetic energy cutoff. A 4×2 super 

cell was chosen each time with an even number of molecular layers. This semi square-

shaped surface size ensures the convergence of the surface energies obtained for the 

materials of interest. The lattice constants listed in Table 1 were used to create the super 

cells. A vacuum gap of at least 17 Å of thickness was inserted above the slabs to avoid 

the surface interaction with its periodic image along the c crystallographic axis. Forces 

were corrected by adding the ADDGRID=TRUE command line. Pseudopotentials used 

for Si, Ge, Ti, Sn, Mg, Zn, O and F comprised 4, 14, 14, 14, 2, 12, 6 and 7 valence 

electrons, respectively. A Gaussian smearing of width 0.05 eV was introduced to account 

for partial occupancies. All of the surface atoms were allowed to move during the 
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relaxation. It was previously mentioned that the (110) rutile cleave is classified as a type 

(II) surface which is non-polar. However, to avoid possible dipole moment formation 

upon the optimization of the surface geometry, mono-, di-, and quadru-pole corrections 

were made applying the modified version of the Makov and Payne method [55]. This 

feature is invoked by setting the command line IDIPOL=3 in the INCAR file. All of the 

chosen surfaces contain cations and anions that have either empty or full valence orbitals 

(either p or d). Thus, no spin-polarization effect was considered in the calculations. A 

choice which boosts computational tractability. All slabs were relaxed until the forces 

were smaller than 0.01 eVÅ-1. GGA method proposed by Perdew-Burke-Ernzerhof (PBE) 

was exploited [7]. To include dispersion effects, optB88-vdW and optB86b-vdW were 

employed. These methods have been previously applied to rutile TiO2(110) and have 

shown promise in prediction of both surface energy and atomic displacements [56]. The 

former functional utilizes an optimized form of older B88 exchange functional along with 

non-local treatment of the weak effects. B88 itself has been successfully tested for 

gaseous pairs of like species [57]. The advantage of optB88-vdW over the ‘traditional’ 

vdW-DF is its superior performance for ‘hard’ solids as far as both the lattice constants 

and the optimization energetics [58] are concerned. It has also produced trustworthy 

results for the binding of polycyclic organic molecules to the surface of graphitic 

structure. The latter functional on the other hand, assumes the exchange functional to an 

optimized version of Becke86 [59]. This exchange term is re-parameterized such that it 

meets the need for more precise optimal internuclear separations and related energies. 

Due to the paramount significance of TiO2, several additional dispersion-corrected 

exchange-correlation functional types were tested.  



 

26 

 

2.3 TiO2 

Surfaces of TiO2 crystals have been the front-and-center of strong attention due to 

their usefulness in an eclectic range of applications. Owing to their photocatalytic 

functionality, these surfaces are extensively utilizable in promoting transformation 

reactions such as water splitting. Besides, widespread industrial application of this 

mineral as the white pigment, has piqued an applied level of interest.  

Experimental surface energy values between 0.28-0.38 Jm-2 have been reported 

for TiO2 by Overbury et al [60]. These values correspond to various temperatures, 

pressures and methods of measurement. However, no specific details are provided about 

the crystal structures (or the surface Miller index) of the examined TiO2 samples. 

Furthermore, Navrotsky [61] has tabulated the surface energy of rutile TiO2 to be 

2.22±0.07 Jm-2. The study has correlated this value with a weighted average of different 

facets of rutile with different Miller indices. This is due to the fact that during the 

experiments, normally a mixture of several low-index planes is exposed. Thus, the 

measured surface energy is a weighted average of multiple planes. Nonetheless, the 

dominant surface of the sample used is not specified in the article. Additionally, earlier 

theoretical studies have predicted the surface energy of TiO2(110) to range between 0.31-

1.78 Jm-2 using both LDA and GGA [66,67]. Table 2 includes theoretical surface 

energies for TiO2(110) using semi-empirical dispersion corrections along with non-local 

results. These surface energies are computed using equation (2.4) as provided in page 45. 

Table 2. TiO2(110) surface energies (Jm-2) obtained in this work using different methods. 

revPBE-D3a revPBE-D3b PBE-D3a PBE-D3b vdW-DF2 optB88-vdW optB86b-vdW 

0.93 0.78 0.79 0.72 0.67 1.20 1.16 

aBecke-Johnson damping. 
bZero-damping. 
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revPBE-D3 value obtained via BJ damping functions at revPBE-D2 geometry, is 

consistent with 0.96 Jm-2 value obtained earlier through LDA [68]. vdW-DF2 generates a 

relaxed surface with the surface energy of 0.67 Jm-2, in good agreement with 0.65 Jm-2 

value for a 4 triple-layered 4×2 surface, obtained by Tillotson et al. using optB88-vdW 

[65]. It also matches closely with the LDA value of 0.66 Jm-2 reported by Albaret et al. 

[66] 

Recently, Gurdal et al. [67] have reported a surface energy of 0.72 Jm-2 for a 

3×7×5 slab using PBE-D3. Our calculations resulted in surface energies of 0.79 and 0.72 

Jm-2 for BJ- and zero-damped PBE-D3 (at PBE-D2 geometry), respectively. vdW-DF2 

and optPBE-vdW result in similar values for the surface energy, both matching that of 

LDA [66]. The similarity is a result of the more accurate exchange functionals that are 

used in vdW-DF2 and optPBE-vdW compared to those in vdW-DF method. optB86b-

vdW and optB88-vdW predict the surface energy to be close. These two results are 

normally in agreement due to their identical implementation. The two values compare 

well with that reported by Goniakowski et al. (1.14 Jm-2) [68], and the one calculated by 

Perron et al. (1.18 Jm-2) [69], both computed via LDA.  

Prior work has demonstrated that altering the number of slab triple layers from 

odd to even, will lead to oscillating surface energies with no proper convergent behavior 

[69]. This is a result of the change in the symmetry of the slab as the number of 

molecular layers change from 2n to 2n+1, with n being the number of tri-layers. 

However, an even number of layers creates a more realistic picture of the surface. In 

TiO2(110), Ti atoms crystallize in a hexagonal close packed system and consist of 

alternating layers of the form ABAB…. Accordingly, any slab model with an even 
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number of layers accounts for an equal number of A’s and B’s, mimicking the surface 

more realistically. In addition, the slabs with an odd number of layers possess a mid-

plane with respect to which top and bottom layers of the slab are symmetrical. This extra 

plane prolongs the relaxation process through tardy convergence and gives rise to an 

artificial increase in the surface energy.  

To evaluate the slab relaxation displacements with respect to bulk, two sets of 

experimental data are referenced: low-energy electron diffraction (LEED) results 

obtained by Lindsay and co-workers [70], and surface X-ray diffraction (SXRD) values 

measured by Cabailh and colleagues [71]. Table 3 summarizes all the experimental and 

theoretical atomic displacements for Ti and O. 

Table 3. Atomic displacements (Å) of rutile TiO2(110); this work vs. experiment. 

Method vdW-DF2 optB88-vdW optB86b-vdW LEED SXRD 

Five-fold Ti -0.05 -0.15 -0.18 -0.19 -0.11 

Six-fold Ti 0.56 0.40 0.34 0.25 0.25 

Two-fold O 0.40 0.20 0.15 0.10 0.10 

Three-fold O 0.36 0.22 0.18 0.27 0.17 

In Table 3 (and throughout the rest of this study), a positive displacement means that 

upon relaxation, the designated atom moves towards the direction of the vacuum gap 

(upwards), while a negative displacement indicates the motion of the atom towards the 

inner layers of the slab (downwards). Upon relaxation, six-fold Ti, and planar and 

bridging O atoms, move towards the vacuum region. This is in accordance with prior 

experimental and theoretical findings [69]. In contrast, coordinatively unsaturated (cus) 

Ti moves towards the bulk of the slab and assumes a cave-shaped structure. The 

relaxation of six-fold Ti is significantly larger than that found in the experiments, 

especially with vdW-DF2. The deviation from experiments gradually becomes smaller 
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from vdW-DF2 to optB86b-vdW. Concerning the five-fold Ti, the agreement with the 

experiments improves from vdW-DF2 to optB86b-vdW. Nevertheless, all the values 

obtained by optPBE-vdW, optB88-vdW and optB86b-vdW are close to the experimental 

values. The same trends hold for planar oxygen atoms. Two-fold O is over-relaxed, 

especially by vdW-DF2 method. Overall, optB86b-vdW values are the closest to the 

experimental data for displacements.  

Generally, the inclusion of dispersion correction terms enhances the 

displacements compared to dispersion-free methods such as PBE or revPBE [76]. This 

means that dispersion-corrected approaches account for the forces that PBE (or revPBE) 

does not. This agrees with previous findings, in which the performance of DFT-D was 

better when compared to dispersionless functionals for the calculation of both bulk TiO2 

properties and its (110) surface displacements [76]. To the best of the authors’ 

knowledge, this is the first time that surface energy and atomic displacements of 

TiO2(110) are being explored through vdW-DF2 functional. Despite producing a 

reasonable surface energy value, the method does perform poorly in predicting the atomic 

displacements. This is due to the fact that as a transition metal oxide, TiO2 is rather 

localized in its surface electronic density, and hence treating its (110) facet with a non-

local approach is not expected to lead to much success. In other words, vdW-DF2 over-

delocalizes the electronic density of the surface.  

Crudely speaking, non-local methods such as vdW-DF2, are expected to perform 

reasonably well for layered structures for which the interlayer forces are of a physical 

nature, such as graphite [73]. For these structures, there is little correlation between 

individual layers of the stacking sequence. Thus, non-local correlation behavior is close 
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to dipole-induced dipole interaction (i.e. C3d
-3-C4d

-4, where d is the interlayer spacing 

[74]). However, in the case of TiO2(110), the structure is not sparsely layered and strong 

correlations exist between consecutive tri-layers forming a type (II) Tasker surface [39]. 

Among all three of the methods employed herein, vdW-DF2 shows the largest deviation 

from experimental displacements. This is a result of the exchange functional used. The 

average deviation from experimental atomic displacements for vdW-DF2 is 96-120%, 

depending upon whether the comparison is made with respect to LEED or SXRD results 

(Figure 5).  

It appears that optB86b-vdW is the best choice for atomic displacements. This 

approach makes use of an exchange functional, Fx for which at large electronic density 

gradients, s, the dependence of Fx on s is of the form s2/5. This will cause an increase in 

equilibrium distances generated by this particular method compared to PBE and revPBE 

[75]. The optB88-vdW method, in which B88 (Becke88) functional is used instead, is the 

next best approach. This model, as opposed to optB86b-vdW, exhibits a dominant s-

character. As such, it performs more successfully than vdW-DF2 for a highly-correlated 

surface such as TiO2(110) [75]. Concerning the revPBE-D2 relaxed results, the overall 

outcome is close to that of optB88-vdW. In general, it has been confirmed that DFT-D 

performs better than GGA only for both the bulk and (110) plane of TiO2. As such, 

revPBE-D2 and PBE-D2 outperform revPBE and PBE. When predicting the atomic 

displacements, and compared to non-local methods, revPBE-D2 works better than most.   

2.4 SiO2 

Silica possesses a wide array of applications. For example, it is being intensely 

used in the electronics industry. The rutile polymorph is a high-pressure structure famous 
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for its discovery at the impact location of the Meteor Crater in Arizona during 1962 [60]. 

It has been speculated that rutile silica is the major component of the Earth’s lower 

mantle and thus is of geochemical relevance.  

Oddly enough, the surfaces of rutile silica, also referred to as stishovite, are 

perhaps among the most overlooked rutile-type oxides in the literature. This opens up an 

avenue of possibilities for performing electronic structure simulations on this material 

and its respective (110) surface. Thus far, the only electronic structure study on this 

surface was done by Muscenti et al. in 2005 [61]. They have revealed some details of the 

(110) surface charge distribution through a physical parameter named electron 

localization function (ELF). ELF is essentially a qualitative measure of the electron 

density of the surface. It provides information about the polarization of chemical bonding 

and its impact on the geometry of the surface. It has been applied to atoms, molecules and 

the solid state. Equations (1-3) lay out the definition of ELF. 
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 C r  represents the separation between kinetic energies with and without invoking the 

Pauli exclusion principle for electrons.  hC r  is the value of  C r  for homogeneous 
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electron gas (HEG) model and depends upon the electronic density, , with the form: 
5 3   

In the above equations ni denotes the number of electrons and i  symbolizes the wave 

function. ELF values fall within 0 to 1.0. ELF assumes large values (0.8-1.0) for zones in 

the structure where electronic density is localized. It takes on low values where the 

charge density is delocalized. According to the charge density plots of Muscenti et al., 

ELF of rutile SiO2(110) is >0.8 around the surface oxygen atoms (both planar and 

bridging) which suggests that this surface is of a highly localized nature. The study has 

also reported the surface energy to be 1.13 Jm-2.  

The downside is that the electronic structure calculations done by Muscenti and 

co-workers use PW91, a rather obsolete GGA method that also lacks the dispersion 

corrections. It is performed on a rather small slab with only 48 atoms, a number that is 

seemingly inadequate to model the typical surface area of rutile (110) symmetry. 

Nevertheless, the displacement results obtained therein follow the same trends observed 

for other rutile-like (110) surfaces and the surface energy is within the acceptable range. 

Overbury et al. have tabulated the surface energy of SiO2 as 0.61 Jm-2, but have 

not clarified the dominant surface type or even the crystal structure for which this value is 

measured [62]. Navrotsky has reported the experimental surface energy for anhydrous 

zeolite and quartz polymorphs of SiO2 as 0.1 Jm-2 and 0.6 Jm-2, respectively [63]. 

However, no experimental studies have been reported on the specific surface energy for 

rutile SiO2(110).  

Based on the prediction of Muscenti et al., upon relaxing the surface of rutile 

SiO2(110), the atomic shifts mainly take place along the direction normal to the surface. 

In other words, displacements along the axes a and b are of no significance. The 
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maximum amount of lateral relaxation is observed for the three-fold (planar) O by the 

amount of 0.06 Å along the 110   direction. This movement brings the planar O to the 

proximity of the under-coordinated five-fold Si. In contrast to lateral effects, atomic 

motions along c are more noticeable. The displacements are within 0.1-0.3 Å. To the best 

of the author’s knowledge, no experimental (e.g. LEED or XRD) results are available 

regarding the atomic displacements of the surface of current interest. As such, there is no 

direct method whereby the obtained values can be validated. However, the trends 

observed in Muscenti et al. are the same as reported for the (110) face of similar rutile-

like oxide structures such as TiO2, SnO2, RuO2 and fluoride structures such as FeF2 [64-

67]. According to these trends, upon surface relaxation, the five-fold Si moves towards 

the direction of the bulk material (downwards or inwards) to create a cave-shaped under-

coordinated spot on the surface. The two- and three-fold O as well as the six-fold Si 

undergo a displacement towards the direction of the vacuum gap (upwards or outwards). 

The opposite directions of the atomic motions upon relaxing the structure lead to a 

structural reorientation known as ‘rumpling’. The inwards movement of the under-

coordinated Si of the surface results in the shortening of the axial bond between the five-

fold Si (Si5f) and the second-layer three-fold oxygen (not to be confused with the first-

layer three-fold oxygen, also known as in-plane O).  

Our work indicates that in the bulk-terminated (unrelaxed) structure, the 

abovementioned bond length is 1.81 Å. Upon geometry optimization the distance 

becomes 1.70 Å. This 6% reduction in the bond length is consistent with PW91 findings 

about the structural manipulations of r-SiO2(110) upon relaxation. Moreover, this axial 

Si-O bond is normally longer than the equatorial bond between the five-fold Si and the 
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in-plane O of the first layer (1.81 Å vs. 1.76 Å). After surface reorganization however, 

this distance becomes shorter than that of Si5f-Op, with Op being the in-plane O (1.70 Å 

vs. 1.75 Å). This is due to the large displacements of atoms along c compared to the small 

atomic displacements along a and b. In other words, the change in the axial Si-O bond-

length is so great that it cannot even be counteracted with the lateral motion of the in-

plane O by as little as 0.01 towards the five-fold Si. These observations are also made by 

Muscenti and co-workers.  

Another outcome of surface relaxation is the strengthening of the interaction 

between the bridging O (Ob) and the underlying six-fold Si (Si6f). The bond distance of 

Si6f…Ob is 1.76 Å in the bulk-terminated geometry. After PBE relaxation, this value 

decreases to 1.67 Å. This change translates to a decrease of ~ 5%, a value in reasonable 

agreement with Muscenti et al.’s prediction of 6%.  

One other structural aspect of the surface that undergoes a change upon relaxation 

is the Si6f-Ob-Si6f angle. For unrelaxed coordinates, this quantity is 98.64° whereas after 

energy minimization with PBE, this angles expands to 105.7°, an increase of 7%. The 

angle expansion occurs due to the fact that Ob upwards motion is smaller than those of its 

two nearest Si6f’s. According to our PBE results, Si6f moves upwards by 0.42 Å while the 

Ob shift is only 0.17 Å. 

Finally, the distance between the second-layer six-fold Si and the sub-layer O 

changes from 1.76 Å at bulk positions to 1.89 Å at PBE relaxed mode, a ~7% of increase, 

which affords agreement with that outlined by Muscenti et al. who report a 6% increase 

in the distance.  
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Table 4 summarizes all of the surface-induced displacements reported for PW91 

compared to our PBE, optB88-vdW and optB86b-vdW values. In the table, a negative 

displacement refers to a downwards shift along the vacuum (and into the bulk) and a 

positive value designates an upwards motion along the vacuum (and towards the gap). 

Table 4. Atomic displacements (Å) of rutile SiO2(110); this work vs. PW91. 

Method PBE optB88-vdW optB86b-vdW PW91 

Five-fold Si -0.12 -0.11 -0.13 -0.15 

Six-fold Si 0.42 0.29 0.27 0.26 

Two-fold O 0.17 0.15 0.13 0.08 

Three-fold O 0.26 0.18 0.16 0.15 

Given that SiO2(110) is a strongly localized surface (inferred from its ELF 

values), including the dispersion forces through non-local correlations in optB86b-vdW 

and optB88-vdW does not change the atomic displacements dramatically. Overall, 

optB86-vdW results agree well with PW91. It can be concluded that van der Waals 

effects are not strong in this surface.  

Our optB88-vdW results indicate that the Si5f-O3rd-3f (O3rd-3f is the third-layer 

three-fold O) reduces from 1.81 Å at the unrelaxed conformation to 1.70 Å at the relaxed 

configuration. This is the same found for PBE and previously highlighted for PW91. 

According to optB88-vdW, Si6f-Ob separation changes from the bulk value of 1.76 Å to 

1.67 Å, also consistent with our PBE results. Si6f-Ob-Si6f angle experiences an increase 

from 98.64° to 105.9° which is very close to that observed for dispersion-less PBE. The 

distance between the Si6f and the third-layer O (right beneath the Ob) also changed from 

1.76 Å to 1.89 Å upon relaxing with optB88-vdW. Again, this is in agreement with PBE. 

According to our optB86b-vdW, Si5f-O3rd-3f interatomic distance decreases from 

1.81 Å for bulk to 1.70 Å for relaxed slab, the same as before. Si6f-Ob distance changes 
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from 1.76 Å to 1.67 Å as it did for both PBE and optB88-vdW. Si6f-Ob-Si6f expands to 

105.8° after being relaxed, as before. Si6f-O3rd-3f (with O3rd-3f as the third-layer O from the 

top) becomes 1.88 Å after optimization with optB86b-vdW. For illustration purposes, 

Figure 5 is included, displaying a four (tri-) layered slab of SiO2(110) before and after 

relaxing with the PBE exchange-correlation functional. 

Our PBE and dispersion-corrected results were also used to compute surface 

energies. To do so, the following formula was applied: 

slab bulk
surface

E nE
E =

2A


                                                                                                     (2.4) 

In equation (4), Esurface, Eslab, Ebulk and A are surface energy, slab energy, unit cell energy 

and surface area of the chosen slab. n is the number of unit cells in the slab. Examining 

the conventional unit cell of a rutile-type material, it is realized that each cell contains 

two unit formulas (2AB2 with A the cation and B the anion) or six atoms in total. As 

such, dividing the number of atoms present in the slab by six will give us the n value. Our 

PBE calculations yielded a surface energy of 0.97 Jm-2, a value smaller than the 1.13 Jm-2 

predicted by Muscenti and colleagues. optB88-vdW and optB86b-vdW surface energies 

were 1.50 Jm-2 and 1.54 Jm-2, respectively. The similarity between these two dispersion-

accounting approaches is expected as their respective exchange functionals behave 

closely to one another. This has been shown previously by means of investigating their 

 F s  vs. s (with F(s) as defined in Chapter 1) plots with respect to standard benchmark 

S22 dataset. Additionally, these values are within the acceptable scope of surface 

energies for rutile-type materials. For instance, rutile SnO2(110) surface energy has been 
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reported to be between 1.01-1.40 Jm-2, depending on the computational method and other 

criteria chosen to model this surface [68-70]. 

 To recapitulate, we found surface energies and atomic displacements that agree 

well with previously computed values. Interestingly, dispersion-free and dispersion-

corrected DFT methods predicted surface geometrical properties that were very similar to 

each other. The similarity is due to the fact that SiO2(110) surface is highly localized and 

its dispersion effects are weak. The localized nature of this surface has also been proven 

in the past. According to the literature, the ELF values of this surface are high enough to 

justify the localized character of the electronic density.  

 2.5 GeO2 

 At the height of technological era, the daily life has become exceedingly 

dependent upon silicon-based electronic devices. Given that silicon compounds are 

approaching their performance limits speedily, further advancements in peripheral 

appliances has become a challenge to be faced by the electronics industry. GeO2, one of 

the enticing candidates to replace SiO2, shares many of the advantages offered by silica 

and more [71]. Although overshadowed by the well-deserved fame of TiO2 as a photo-

catalytic material, GeO2, also known as germania, is also capable of functioning as a 

catalyst for light-induced transformations [72]. It is also applicable in optoelectronics due 

to its suitable physicochemical characteristics such as dielectric and refractive properties. 

This material is of greater charge carrier (hole) mobility compared to SiO2. As a wide 

band gap insulating material, germania can operate as a gate oxide compound in 

electronics. Based on the abovementioned applications and many more, there has been an 

ever-increasing interest in the characterization of GeO2.   
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 GeO2, occurs naturally as hexagonal and tetragonal polymorphs. At room 

temperature and pressure, the tetragonal phase is more stable. At elevated temperatures 

however, a phase transformation takes place from tetragonal to hexagonal structure. 

Tetragonal crystal is iso-structural with rutile TiO2. Rutile structure, also termed argutite, 

has the space group of P42/mnm wherein each individual Ge retains an octahedrally-

coordinated environment.  

 Notwithstanding its various applications, no particular attention has been paid to 

the surfaces of rutile GeO2. In this work we will address this gap by computing (110) 

surface energies and structural properties of this mineral. Thus far, there has been no 

experimental study reporting the specific surface energy of the aforementioned substance. 

The only experimentally measured datum regarding this surface is found in Overbury et 

al.’s account in which they have outlined the surface energy as a function of the 

temperature [63]. However, their surface energies are measured at 1373-1673 K at which 

modelling with DFT approach will not be practicable. In addition, they have not 

stipulated the dominant surface index of the sample used. Thereby, their surface energy 

of 0.25-0.26 Jm-2 is only mentioned here in the interest of completeness. In another work, 

Mowbray et al. have reported a formation energy of ~3 Jm-2 for rutile GeO2(110) [73]. 

This value is obtained by DFT-RPBE periodic calculations. No structural details have 

been mentioned about this surface and the sensitivity of the surface formation energy 

towards the type of the exchange-correlation functional or dispersion effects has not been 

examined. As such, we are performing convergence tests in this work to find the optimal 

surface size and k-points density that can reliably mimic the surface in question herein 

(Figure 7, Figure 8Figure 9). As it has been highlighted for r-TiO2(110) in Tillotson and 
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co-workers’ article, a 4×2 surface with four tri-layers and a 2×2×1 k-mesh sampled by the 

Monkhorst-Pack method is sufficient to describe the electronic structure of the r-

GeO2(110) surface [56]. 

 Based on Baur and Khan’s report, the bulk axial Ge-O interatomic separation is 

1.902 Å whereas in the same structure the equatorial Ge-O distance is 1.872 Å [74]. 

Based on Mowbray et al.’s work, there is a strong σ-type of interaction through pure 

Ge6f-Ob pz orbital overlap (i.e. no orbital mixing was observed during molecular orbital 

calculations for this surface). This interaction is believed to be related to the number of d-

orbital electrons. As this number increases from Ti to Ge, the coordinatively-unsaturated 

(Ge) bonding to its surrounding (O) species is strengthened. Presumptive Ge4+ has a full-

shell d state. As such, it will exhibit strong bonding compared to other rutile-type 

structures with a lesser number of d-electrons. For instance, the Ti-O bond distance in 

rutile TiO2 is ~1.945 Å and ~1.987 Å for equatorial and axial bonds, respectively. For our 

rutile GeO2 on the other hand, these values are ~1.872 Å and ~1.902 for equatorial and 

axial connections, respectively. These values are commensurate with those observed in 

the experimental literature [39]. This is not surprising as we have utilized experimental 

lattice constants to create slab structure in this work. Upon relaxing with PBE exchange-

correlation potentials, the equatorial and axial internuclear distances become 1.871 Å and 

1.819 Å, respectively. The marginal change in equatorial distance (0.001 Å decrease) is 

expected as the relaxation does not impose a significant lateral displacement on the 

atoms. The axial bond shortening of the Ge-O equilibrium separation by ~4% is also 

consistent with findings about other rutile-like (110) geometries (vide SiO2 

displacements). Upon relaxation with optB88-vdW, equatorial and axial distances 
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become 1.871 Å and 1.822 Å, respectively. The bond distances are not much separated 

from the PBE-relaxed conformation. This agrees well with previous findings about the 

surface structural displacements of TiO2(110) upon relaxation with PBE and optB88-

vdW (both of which are close to experimental data) [56]. After optimizing the energy 

with optB86b-vdW, equatorial and axial distances become 1.868 Å and 1.811 Å, 

respectively. These values are close to those observed for optB88-vdW. Given that the 

enhancement factors of optB88-vdW and optB86b-vdW behave similarly for a large 

portion of the electronic density mapping plot, the resemblance between the bond lengths 

predicted by these two approaches is rationalized.   

 The distance between the protruding O and the Ge6f is indicative of the strength of 

their respective valence orbital mixing. In this context, an unrelaxed distance of 1.872Å 

reduces to 1.801 Å in PBE-relaxed. Ge is in group 14 of the periodic table for which 4d 

subshell is completely occupied. As such, the d-band does not contribute to Ge-O bond 

strength. The partially-filled p-band on the other hand, is in charge of Ge-O bonding. As 

the latter orbital is less spatially extended than the former, the aforementioned bond 

distance will be smaller than that of Ti-O for example. The optB88-vdW-optimized Ob-

Ge6f is 1.804 Å. This value is close to that of PBE as were the apical and basal distances 

(vide supra). It is also close to optB86b-vdW value of 1.800 Å. 

 The distance between two adjacent Ge ions in the bulk is 2.86 Å. This distance 

does not change upon PBE optimization, which supports the statement that little to no 

lateral relaxation takes place on the surface. This distance for bulk TiO2 is 2.96 Å [75]. 

This is another piece of evidence proving that interaction of Ge-Ge is mainly driven by p-

orbitals, whereas for the Ti-Ti counterpart it is d-orbital dominated. It has been 



 

41 

 

demonstrated that including the Ge 3d electrons has a negligible effect on the calculated 

lattice parameters of rutile GeO2 [76]. This is in line with the previously mentioned 

rationale about the d-orbital electrons being a ‘spectator’ rather than participating in 

bonding with their environment. Relaxing the structure with optB88-vdW and optB86b-

vdW methods does not change the adjacent Ge5f-Ge5f distance at all, as the lateral 

relaxations are practically non-existent.   

It is essential to emphasize that GGA-PBE has been shown to overestimate the 

Ge-O bond length in the bulk by 2-3% [77]. As a result, it will not be surprising for the 

same level of discrepancy to be observed in the surface relaxation calculations carried out 

using the PBE functional.  

Sevik and Bulutay have reported a Ge6f-Ob-Ge6f angle as 99.34° [71]. Our 

unrelaxed and PBE-relaxed structures exhibit angle values of 99.71° and 105.2°, 

respectively. This ~6% difference in the bond angle, is similar to the behavior for SiO2 

after relaxation. optB88-vdW predicts a value of ~105° for this structure. Again, the PBE 

and non-local van der Waals results match as expected. This angle is predicted to be 

105.4° when using optB86b-vdW approach. 

Additionally, Ge5f-Op-Ge6f angle for the bulk is 130.1° (130.3° as reported by 

Sevik and Bulutay) which decreases to 128.9° and 129.1° in PBE- and optB88-vdW-

relaxed structures, respectively. The optB86b-vdW analogue of this angle is 129.0°. The 

adjacent Ob…Ob distance is 2.86 Å which remains intact upon energy optimization (with 

PBE, optB88- and optB86b-vdW). This distance for r-TiO2(110) is 2.99 Å. The reduced 

distance in the germanium dioxide structure is a result of the smaller cationic radius of 

Ge compared to that of Ti. This effect in turn is followed by a stronger repulsion between 
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two neighboring Ob’s. This will cause a symmetry-break in the structure of the GeO2 that 

has been shown to influence the band structure and the density of states (DOS) of r-GeO2 

[74]. The Ge-O bond is predicted to be of a more localized nature compared with Si-O in 

r-SiO2 [73]. Unrelaxed Si5f-Op bond distance is 1.76 Å, while the Ge5f-Op extremum 

energy separation is 1.87 Å for both PBE and optB88-vdW (1.868 Å for non-locally 

corrected optB86b functionals). While the effective ionic radii of iso-electronic Si and Ge 

are not drastically different, the rather noticeable difference in their O-bonded separations 

dictates a more localized charge density around Ge5f-Ob compared to silica Si5f-Ob. The 

more localized electronic distribution will in turn result in the M-Op (M=Si5f and Ge5f) 

bond being of more repulsive nature and its subsequent lengthening. It is noteworthy that 

Si-O is known to be of a more covalent nature than Ge-O. In other words, Ge-O is more 

ionic than Si-O is. Consequently, the former has a larger dipole moment than the latter. 

Another outcome of less ionicity of the Si-O is its less acidic nature. This property leads 

to less affinity of the SiO2 surface towards adsorbed species. For instance, optB88-vdW 

method predicts an adsorption energy of ~302meV for methane deposited onto SiO2(110) 

whilst for the same configuration of methane when placed on GeO2(110), the calculated 

adsorption energy is ~312meV. 

Our PBE surface energy is 0.87 Jm-2. This value is less than the PBE surface 

energy of SiO2 (0.97 Jm-2). The interpretation of this disparity runs as follows. The only 

bond-type that is cleaved to generate a (110) surface is Ge-O. As this bond is weaker than 

the Si-O bond in r-SiO2, breaking it to create a surface will have a smaller energy penalty. 

This effect will stabilize the surface of GeO2 compared to SiO2. Based on this hypothesis, 
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both optB88-vdW and optB86b-vdW computed surface energies are smaller for GeO2 

compared to SiO2 (i.e. 1.30 Jm-2 and 1.22 Jm-2, respectively).  

In an undistorted octahedral symmetry (Oh), the angle between the apical and the 

basal bonds is 90°. In the bulk of rutile GeO2 however, the same angle is ~10° off with 

respect to the right angle. Our PBE calculations indicate the same. The Op-Ge5f-O3rd-3f is 

100.3° for the PBE-relaxed structure. This value is 99.93° for optB88-vdW and 99.62° 

for optB86b-vdW calculations. This deviation from a right angle is the inevitable 

consequence of contraction of the Ge5f-O3rd-3f bond upon minimization of the energy.  

Table 5 itemizes all of the computed surface-induced atomic displacements for 

rutile GeO2(110) along the c crystallographic axis. As it is inferred from the Table, Ge5f 

undergoes a downward movement and the six-fold Ge experiences an upward movement. 

Two- and three-fold displacements are very similar to one another for all of the employed 

exchange correlation functionals. The inwards movement of the coordinatively-

unsaturated Ge and the outwards shift of the remainder of the surface structure upon 

relaxation is in agreement with observations made earlier for TiO2, SiO2 and SnO2 [64-

70].  

Interestingly, as the five-fold Ge displacement increases from PBE to optB86-

vdW, the six-fold Ge displacement decreases. This phenomenon has to do with the choice 

of the exchange functional and how that affects the interlayer spacing. It also provides 

that under-coordinated Ge has a role in the motion of saturated Ge (Ge6f) upon relaxation. 

Since the PBE functional under-binds the Ge-O energy, the respective bond lengthens 

and the shift along the vacuum direction is lessened. This is evident from the five-fold Ge 

displacement predicted by PBE compared to optB86b-vdW. The disparity between 
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optB88-vdW and optB86b-vdW non-local approaches suggests that changing the 

exchange term has a pronounced effect on the atomic displacement. However, this does 

not hold for the surface energies as optB88-vdW and optB86b-vdW calculated values are 

close. This means the absolute energy value is less dependent upon the type of the 

exchange term than the geometrical parameters are. 

As this is the first time that structural details and surface energies of r-GeO2 are 

simulated through periodic DFT, there is no other resource that can be used to fully 

validate these results. Although, the computed values are within reasonable agreement 

with similar systems such as TiO2 or iso-electronic SiO2, both qualitatively and 

quantitatively. 

To further our knowledge on the surface energy and its structural details, 

experimental results are necessitated in order to compare with and validate our predictive 

DFT-based results. Hopefully, such experiments will be conducted in the future and the 

results will assist future workers in shedding some light on the reliability of our data. 

Table 5. Atomic displacements (Å) of rutile GeO2(110). 

Method PBE optB88-vdW optB86b-vdW 

Five-fold Ge -0.07 -0.08 -0.12 

Six-fold Ge 0.37 0.36 0.30 

Two-fold O 0.26 0.25 0.18 

Three-fold O 0.26 0.24 0.19 

 

2.6 ZnF2 

For a long time, the scientific community’s knowledge of the structural details of 

the rutile-like binary compounds was confined to oxides. Aside from rutile-like oxides, 

their fluoride analogues are worthy of attention due to the variety of their remarkable 
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applications. These characteristics have made the fluorides applicable in a broad array of 

optical and storage devices. For instance, metal fluorides provide interesting properties 

such as significant ionicity, wide band gap and low phonon energy. As an example, FeF2 

has received attention due to its exchange bias characteristic that is based on its peculiar 

magnetic properties [67]. Another transition metal fluoride, ZnF2, is regarded as a well-

known optical compound. It also has driven much interest as a potent electroluminescent 

material. It is also well-documented that zinc fluoride acts as an attractive subject of 

study for vacuum ultraviolet photo-electron spectroscopy due to its fully occupied d-

orbitals [78].  

Given the abovementioned motivations, the electronic structure description of 

ZnF2 surfaces appears to suffer from a gap due to insufficient literature resources. Thus 

far, there has been only one study [79] that has revealed the surface energetics and 

structural details of several low-index facets of rutile zinc fluoride. However, the 

abovementioned study has exploited B3LYP approach along with fairly extended 

Gaussian-type basis sets implemented in the CRYSTAL09 program [80]. As with any other 

method, a hybrid scheme has both advantages and disadvantages of its own. First, it does 

include ~20-25% of the exact exchange term which is more time-consuming compared to 

regular DFT methods (such as PBE). Second, as a DFT-based method, it does not 

account for the effect of weak interactions at long range. Third, it has been shown that 

B3LYP does not fare well for the homogeneous electron gas model. As such, its 

performance for metallic systems is questionable. Finally, it has been proven that for 

solids, this model is outperformed by more facile and computationally affordable 

schemes such as PBE. This is especially true for the prediction of lattice constants, bulk 
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moduli and cohesive energies of systems beyond the second row of the periodic table of 

elements. Hence, we were incentivized to perform periodic relaxation calculations on 

(110) plane of ZnF2 using both PBE and dispersion-corrected approaches. This will also 

help understand the effect of van der Waals forces on surface structure and energy.  

The most stable crystalline form of ZnF2 is rutile which exists under ambient 

conditions. At elevated pressures, a two-step phase transformation takes place as 

rutile→CaCl2-type→PdF2-type. Amongst low-index planes of rutile-like ZnF2, (110) is 

the most energetically preferred (refer to the work done by Kaawar and Paulus). 

Examining the literature, this sole study has reported a surface energy of 0.48Jm-2 for the 

(110) plane of this material. This value is closer to the lower limit of the surface energies 

reported for other (110) faces of rutile-like materials. According to our extensive 

exploration of the literature resource in this subject, it was concluded that the surface 

energy of a (110) rutile-like structure can vary between 0.29 Jm-2 (for r-VO2(110)) and 

1.45 Jm-2 (for r-SnO2(110)). Given this range as acceptable for such surface energies, the 

outlined value for zinc fluoride is a reasonable number. However, it indicates that the 

energy penalty to create this surface is relatively low. This is attributed to the weak 

bonding nature of the Zn-F bond. This effect itself is by virtue of the localized nature of 

the Zn-F bond. The strong correlations and large electronic relaxation effects observed 

for di-halides supports this claim.  

The significantly large ionization potentials of F- show a shift of the electronic 

density towards the ligands, facilitating the bond-scission process. This is also explained 

by the electronic structure of ZnF2 being dominantly of ionic rather than covalent nature. 

This has been confirmed by photoelectron spectroscopic data. The localized character of 
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the Zn-F bond is maintained even for linearly-structured molecular ZnF2 (the details are 

given in extenso elsewhere).  

Another reason for the comparatively low surface energy of zinc fluoride is the 

flexibility of the axial Zn-F bond. The literature is contradictory on whether the apical 

Zn-F bond favors elongation or compression. Nevertheless, the small energy barrier for 

such a structural change can facilitate the bond-scission, resulting in a more stable 

surface. The localized character of the Zn-F bond is not unprecedented among rutile-like 

fluorides. MgF2, another metal fluoride with a rutile polymorph, has also exhibited such 

behavior. Rutile MgF2(110) HF and post-HF surface energies are almost identical (~0.65 

Jm-2). This means that correlation effects are weak. Since these effects can be broken 

down to local and non-local terms, it shall be safe to assume that the surface charge 

density is localized as it is exchange-dominated. The high electronegativity of fluorine 

anions draws the electronic density towards itself. As a result, the surface charge 

distribution is prevented from being delocalized. Besides, it has been stated that rutile-

like oxide surfaces (such as TiO2) are localized insofar as LDA and GGA potentially fail 

to describe their electronic structure as these two flavors of DFT over-delocalize the 

electron distribution. To remedy the overly non-localized charge density and possible 

charge transfers, the Hubbard scheme on correction is in some occasions applied [56]. 

Following the same logic provided for the ZnF2 case, sizeable electronegativity of the 

fluoride ligands localizes the bond around the coordination sphere. This localization 

therefore contributes to the easiness (i.e. relatively low energetic penalty) of the Zn-F 

bond-clipping process. 
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   Our PBE-estimated surface energy is 0.30 Jm-2 which is distinct from its 

B3LYP computed counterpart. The disparity is clearly a consequence of the differences 

in treatment of the exchange-correlation density functional with the two methods. It is 

recognized that surface energies in a periodic approach are reliant on the type of the 

exchange-correlation functional as well as the slab thickness [74]. It also is well-

understood that the PBE method suffers from an artificially over-repulsive exchange 

term. This is a hint that the PBE calculated surface energy is deviated from that of the 

B3LYP value due to its incorrect short-range behavior. The low PBE surface energy 

value of 0.31 Jm-2 for TiO2(110) supports the notion that this method does not capture the 

exchange effects of rutile (110) surface properly. Our optB88-vdW and optB86b-vdW 

computed values were both 0.61 Jm-2. The identical results are not surprising as the two 

methods treat the exchange correlation similarly. The difference between the optB88-

vdW (or optB86b-vdW) and PBE functionals is due to the fact that the former exploits a 

different exchange correlation scheme and accounts for non-local dispersion forces while 

the latter does not. The optB88-vdW calculated surface energy differs from that using 

B3LYP in virtue of the same two reasons described above. It is essential to emphasize 

that the addition of the dispersion effects (regardless of the dispersion inclusion 

approach) almost always increases the surface and binding energies compared to 

dispersion-less methods. As such, optB88-vdW and optB86b-vdW computed surface 

energies are both larger than that of the dispersion-free hybrid method. The fact that the 

difference between PBE and optB88-vdW is so profound completely rules out the 

possibility of the weak interactions being negligible for zinc di-fluoride. As a 
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ramification, B3LYP has to be in some way corrected for long-range effects to produce 

credible results if it is to be utilized for systems of this type. 

Due to the lack of experimentally measured surface energy values at low 

temperatures, neither our results nor the previously reported energy value can be directly 

examined and compared for their veracity. To accomplish this task, further investigations 

are required in form of either experiments or high-level ab initio benchmarking 

calculations (such as LMP2, a computationally efficient variant of second-order Møller-

Plesset method implemented for sizeable systems). Until then, the only means whereby 

we can validate our results is through literature values for similar systems. However, 

making comparison to similar systems has its own deficiencies such as not accounting for 

the effect of possible anomalies that occur among these systems and uncertainties 

imposed by other tangential factors. 

As far as the geometrical details go, the surface of zinc fluoride experiences the 

same qualitative level of change as the rest of the rutile-like (110) planes.  

According to our finding, upon relaxation of the structure, the atoms of the first 

tri-layer (i.e. F-Zn-F) of F-terminated (110) surface of ZnF2 move mainly along the c 

axis.  

Coordinatively unsaturated (cus) Zn moves further into the bulk and forms a 

nested area that resembles a square pyramidal structure with its basal plane facing 

upwards (towards the vacuum). The under-coordinated shape of this five-fold Zn exhibits 

acidic properties. In other words, this ‘hollow site’, when exposed to basic ad-species 

(e.g. H2O when donating one of its electron lone-pairs), shows affinity towards capturing 

those species through an exothermic process, named as adsorption. In the next chapter, 



 

50 

 

this phenomenon will be discussed at length. The remaining atoms of the surface move 

upwards to create a wavelet shaped area. Irrespective of the choice of the exchange 

correlation functional form, the general trends of the atomic displacements follow the 

same pattern as above. The amount of displacement however, is sensitive to the type of 

the functional employed. Table 6 contains all of the computed surface-induced atomic 

shifts for rutile ZnF2(110).  

Table 6. Atomic displacements (Å) of rutile ZnF2(110). 

Method PBE optB88-vdW optB86b-vdW 

Five-fold Zn -0.03 -0.08 -0.09 

Six-fold Zn 0.40 0.33 0.31 

Two-fold F 0.27 0.19 0.17 

Three-fold F 0.27 0.18 0.17 

Our results indicate that on accounting for the effect of weak interactions, under-

coordinated zinc undergoes a greater displacement. For example, the amount of 

displacement for five-fold Zn when computed through optB86b-vdW is tripled compared 

to the PBE prediction. This means that the inclusion of long-range effects reinforces 

larger changes in the bond length throughout the entire structure of the crystal. Overall, 

the performances of optB88-vdW and optB86b-vdW functionals are consistent with each 

other which is a result of their similar implementations. The values of displacements 

agree well with those observed for rutile GeO2(110). Regardless of the method, two- and 

three-fold fluorides experience very similar (if not the same) shifts along the c 

crystallographic axis. 

The axial Zn5f-F3rd-3f bond for the bulk terminated version of the slab is 2.03 Å, 

which decreased to 2.00 Å for the PBE computed-relaxed version. As a percentage, the 

bond length reduction (~1.5%) is much less than in oxides such as SiO2 (6%). This effect 
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can be a result of the unique characteristic of the F- ligand, for which the dense electron 

cloud impedes bonding atoms from residing within its close proximity due to strong 

repulsive forces. As such, the change in displacement is much smaller than that observed 

for rutile oxides. The axial distance reduces to 1.98 Å upon relaxing with the optB88-

vdW functional. The equatorial Zn5f-F3f bond for the bulk is 2.03 Å, whereas for the PBE 

calculated-relaxed slab it is 2.02 Å, as is also the case when optB88-vdW is employed. 

Since the axial displacement is small, the lateral counterparts are larger in order to 

compensate for that effect. As opposed to oxides, the axial Zn-F bond remains longer 

than the equatorial Zn-F bond as the downwards motion of the under-saturated Zn is 

inconsequential.      

Zn6f-Fb distance is 2.03 Å and 1.95 Å before and after relaxation, respectively 

when computed via PBE. The relaxed distance calculated using optB88-vdW is also 1.95 

Å. The stiffening of this bond is a consequence of non-equidistant motions of Zn6f and Fb 

upon relaxation.  

As expected, the distance between two neighboring Zn5f atoms (ions) is 3.13 Å 

for both F-terminated bulk and PBE-optimized slab as well as its optB88-vdW-relaxed 

counterpart. This distance is slightly longer than that of TiO2 (2.96 Å). Since this distance 

is known to be a determining variable in some of the TiO2’s catalytic activities (such as 

N2O2 dissociation in to 2NO’s), ZnF2 can also be tested for such functionalities as its 

structure shows a similarity to the titanium dioxide surface. 

The bond angle Zn6f-Fb-Zn6f is 100.7° and 106.7° before and after geometry 

optimization with PBE, respectively. The optB88-vdW functional predicts a very slight 
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enlargement of this angle to 106.9°. The angle expansion characteristic is another 

structural aspect that is also observed for TiO2.  

Zn5f-Fp-Zn6f angle size changed from 129.6° to 128.4° upon PBE relaxation and 

to 128.6° upon optB88-vdW relaxation. This angle size contraction is also consistent with 

findings in the GeO2(110) case. The distance between two adjacent bridging fluorine 

atoms (fluoride ions) remained unaltered upon relaxations using the PBE method, 

identical to that found germania.  

As mentioned for GeO2, in the absence of a consensus about the exact amounts of 

atomic displacements, no final decision can be made as to whether or not any of the 

selected methods is the ‘best’ option for this system. The scarcity of literature data also 

leads to incapability of assessing the impact of dispersion interactions on the structure as 

a whole.  

It is essential to keep in mind that even with experimental data available, the 

differences between the real conditions and approximations made to perform simulations 

will still remain. For instance, during such modelling procedures, seldom the effect of 

crystal imperfections (such as point and line defects) are seldom included. These 

parameters can be of key value in making predictions that are close to experimental 

observations. For example, the influence of the presence of missing bonds in a slab 

structure was ignored in the current work. In an ideal case with no missing bonds, the 

atomic displacements are assumed to be significantly large for the two topmost layers of 

the slab and negligible for the remainder of the stacking sequence. Considering the 

impact of missing bonds however, leads to sizeable atomic shifts that occur deeper into 

the structure of the slab. 
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Figure 5. Average percent relative errors produced by different vdW-corrected DFT methods. With respect to both 

LEED and SXRD data, optB86b-vdW and vdW-DF2 result in the highest and the lowest relative errors, respectively. 

 

 

 

Figure 6. View along a (b) axis top (bottom) of a (110) facet of rutile SiO2. Red (blue) balls are anions (cations). 

Unrelaxed (top and bottom left) vs. PBE relaxed (top and bottom right). Inwards relaxation of Si5f is observable. 
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Figure 7. Surface energy dependence on exchange-correlation functional type for a 4×2 four-layered r-GeO2(110) slab. 

Except for vdW-DF and dispersion-free approaches, small surface energy variations are observed upon xc alteration. 

 

 
Figure 8. Super cell surface size convergence test for an r-GeO2(110) four-layered slab. A 4×2 surface is sufficiently 

large to compute the surface energy. 
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Figure 9. The k-point grid convergence test for a five-layered 2×2 slab of r-GeO2(110) using optB88-vdW. A 2×2×1 

mesh is adequately large to compute the surface energy. 
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CHAPTER 3: ADSORPTION 

3.1 Viewpoint 

Decorating the surfaces of crystalline solids with atoms and small molecules is 

identified as a useful means whereby properties such as substrate acidity can be explored. 

This process is denominated ‘adsorption’. In addition, it is well-recognized that 

adsorption is commonly a precursor to subsequent phenomena such as heterogeneous 

catalysis. Amongst the forces that drive adsorption phenomena, dispersion effects are of 

prime significance. These weak effects occur in nature frequently. In spite of their 

prevalence, these forces are difficult to treat. The lack of a deep insight into physical 

nature of these forces has triggered a vast number of scientific studies in an attempt to 

gain more knowledge about them. In general, sorption processes are classified as 

physisorption and chemisorption. Whilst the former is mainly van der Waals-driven, the 

latter involves chemical bonding. Chemisorption is strongly covalent and its equilibrium 

distances are shorter, whereas physisorption leaves the surface and the adsorbate almost 

intact. Although it is difficult to make a distinction between physisorption and 

chemisorption in some instances, for some other cases the difference between the two is 

such that differentiable configurations are assumed by the ad-species depending upon the 

class of the adsorption. One such example is the adsorption of pyridine and its 4-methyl-

substituted derivative impinging onto TiO2(110). Utilizing Scanning Tunneling 

Microscopy (STM), Suzuki and co-workers [79] found out that a physisorbed particle 

shows a flat-lying geometry whereas a chemisorbed state has an upright conformation 

(see Figure 10). 
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The focus of the current chapter is on the investigation of the physical adsorption 

of small species onto the surfaces of rutile-like materials. Given the detailed structural 

information presented in the previous chapter about these surfaces and their behavior 

upon cleavage, we now have enough evidence that these materials are of interest as far as 

their dielectric response to potential adsorbates is concerned. One way to quantify the 

likelihood of the adsorption phenomenon to happen is to examine the adsorption energy. 

This value is obtained by computing the energy of the surface and the adsorbed 

particle(s) as a whole and subtracting the energies of individual sorbent and sorbate from 

the first mentioned. However, one of the main challenges to be addressed is to find the 

most energetically favored conformation of the ad-particle(s) on the adsorbent. 

The quintessential case of physisorption is a rare gas atom placed atop a solid 

crystalline surface. This type of adsorption is mainly governed by classical electrostatic 

and/or dispersion interactions [80]. Physisorption has found many applications in 

tribology such as monitoring the growth of adlayers onto the surfaces of solid substrates. 

A non-destructive technique called “photoemission of adsorbed xenon” (PAX) is a tool 

by which information can be collected regarding interfacial atomic-scale characteristics 

such as surface work function [81]. Noble gas sorption onto the surfaces of 

semiconductors has received considerable attention due to its applicability in a number of 

methods. One example is the utilization of rare gases as carriers for soft-landing 

deposition onto intrinsically semiconducting TiO2 [82]. As Petrik and Kimmel pointed 

out in 2014, the adsorption of rare gases on semiconducting titania is a technique to 

monitor the photo-catalytic activity of the surface of TiO2 after being covered with 

chemisorbed O species (Figure 11) [83]. Their work has overturned the long-standing 
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belief about the O-covered TiO2 being catalytically inactive. They have made this 

significant discovery by means of co-adsorbing a small specimen onto the surface of 

TiO2 which was pre-exposed to O species. A manifold of atoms and small molecules, 

ranging from noble gases to molecular N2 and methane, were used as co-adsorbates. 

Upon radiation, the co-adsorbed particles were kicked off the adsorbent. The work has 

explained this process as a result of the light-induced electron-hole pair creation. The 

pairs were suggested to excite the chemisorbed O particles to upper electronic energy 

levels. As the O species come back to the electronic ground state, the co-adsorbed atoms 

(molecules) are desorbed from the interface and act as reporters.  

Historically, the exploration of the rare gas adsorption phenomena goes as far 

back as 1960. The pioneering work was done by Larher and was titled ‘Déscription dˊun 

appareil à adsorption fonctionnant à basse pression’ [84]. Interestingly, this study was 

conducted significantly long before ultrahigh vacuum (UHV) chambers and newly-

developed techniques became easily accessible to the scientific community. Instead, 

Larher utilized an apparatus invented by Thomy and Duval and obtained adsorption 

isotherms at constant temperatures [85, 86]. As the substrate, a lamellar halide was 

inserted into the sample container at infinitesimal amounts. The pressure rise was 

measured as a function of the adsorbate volume added to the ‘cell’. By the beginning of 

the next decade, a considerable amount of experimental data had been reported regarding 

the adsorption isotherms of noble gases on graphite and a variety of halides.  

With the advent of more modern experimental surface probing techniques such as 

field emission, photo-electron spectroscopy (PES), and atomic force microscopy (AFM) 

in the late 80’s and early 90’s, the underlying aspects of more complicated processes 
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were studied [81]. As an example, the variation of the metallic adsorbent work function 

as a consequence of the rare gas adsorption was examined by PES and the electronic 

structure details of this phenomenon were revealed as a result. Nowadays, reasonably 

established science exists on the experimental side of the rare gas adsorption on solids. 

However, there still is a need to use well-understood theoretical methods (such as DFT) 

that enable simulation of the process and report on its physical and fundamental details.  

Other than metallic substrates, insulating and semiconducting materials are of 

exceeding interest to be applied as adsorbents. For example, the scattering of inert gases 

from the surfaces of insulators has drawn significant attention in the past twenty years. 

Especially, He-atom scattering from MgO has been the center of a number of studies due 

to its suitability for surface dynamics analysis (Figure 12) (e.g. see [87]). Amongst 

semiconducting adsorbents however, TiO2 has been at the focus of related studies [82,88,  

47]. For instance, He-TiO2 interaction has been investigated thoroughly due to its 

application in the He-droplet-mediated deposition method. This experimental technique is 

used to append cold adsorbates to the surfaces. In addition, the surfaces of transition 

metal oxides (some of which happen to be semiconductors) are generally worthy of 

notice due to their immense technological relevance. It is also noteworthy that many of 

the conceptual details put forward for the adsorption of rare gases onto TiO2 are also 

relevant for rare gas/semiconducting substrate systems in general. Accordingly, 

investigation of the adsorption of noble gas atoms onto rutile can provide a deeper insight 

into the physisorption onto semiconducting materials. 

From the fundamental point of view, the interaction between the substrate and the 

ad-atom is a result of two contributions, namely, a repulsive part and an attractive part. 



 

60 

 

The former is an exponential term that simulates the diminution of the surface electronic 

distribution into the vacuum region. The latter is acquired by the classical approach of 

dipole-image dipole interaction and is of the form z-3. z denotes the vertical distance 

between the adsorbate-adsorbent couple. It should be mentioned that this last term can 

also be derived from a quantum mechanical approach. In a nutshell, physisorption is 

known to be the state of in which equilibrium occurs between these two counteracting 

effects. Classically speaking, an adsorbed species is assumed to be a point charge, q, 

creating a response from a polarizable medium (i.e. substrate). The electrostatic energy 

associated with such a synergic effect is integrated over half-space, yielding the 

expression 
 0

,
4

qq
V

z z





in which q is the size of the image charge and depends on the 

dielectric constant of the adsorbent [89]. Finally, 0z is the half-space filling cutoff plane 

and meets the requirement of 0z z   At afar distances a secondary term of the form -z-5 

should be added to the leading part of the form -z-3. The -z-5 is a result of the higher-order 

terms in the expansion. 

Examining the literature, countless prototypical examples of physisorption such as 

weak binding of rare gases to insulating ionic crystals (such as He, Ne, and Ar adsorbed 

on MgO(100) [87,90]) and molecular hydrogen to metals (such as H2 at Ag(111) surfaces 

[91]) have been theoretically studied at length in the recent past. In addition, the 

adsorption of He onto TiO2(110) has been investigated in extenso elsewhere. As a brief 

‘tour d’ horizon’, the studies focusing on the adsorption of Ar and Xe onto this surface 

should also be mentioned [92, 93]. However, the Ar-TiO2(110) system is examined by 

applying a dispersion-less approach (PW91). As this system is clearly of a dispersion-
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dominated nature, using the dispersion-free GGA will fall short in capturing these effects. 

As a result, the obtained adsorption energies are underestimated (as also acknowledged 

by the authors therein). None of the prior investigations have validated the reported 

adsorption energies against the experimental data. In addition, the effect of lateral 

interactions has been neglected as all of the studied systems have thus far focused on the 

low-coverage limit of the noble gas adsorption. 

It is known that the interaction between the atoms and the surfaces is repulsive at 

smaller distances and attractive at greater separations. However, the breakdown of the 

ensuing interaction potential is not easily obtainable. Using state-of-the-art dispersion-

corrected DFT, it is possible to model the -z3 behavior of the attractive part of the 

potential energy curve. Although delineation of the mixing among the atomic orbitals of 

the noble gas atom and the surface electronic states is a difficult task to accomplish. In 

the present chapter, the results of a systematic study on the adsorption of Ne, Ar, Kr and 

Xe on TiO2(110) are reported using periodic DFT and cluster methods to address this 

challenge. Potential energy curves (PEC’s) are obtained using periodic calculations and 

the binding energies are compared to the experimental data as well being compared to 

cluster calculation results. Also, the short- and long-range behavior of the PEC’s are 

examined and benchmarked in full detail.  

3.2 Computational details 

All of the periodic calculations were done using a slab model. In order to research 

the adsorption phenomenon on the surface of TiO2, a 4×2×4 slab was chosen. This super 

cell contains 192 atoms and is almost square-shaped. Experimental coordinates were 

chosen for the slab model as reported by Busayaporn et al. [64]. These coordinates are set 
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based on the atomic displacements of TiO2(110) as measured by SXRD technique. 

Adsorbate(s) was (were) deposited on one face of the slab. Projector-augmented wave 

functions were applied as implemented in VASP [12,101]. 6, 12 and 8 valence electrons 

were considered for O, Ti and all of the noble gas atoms, respectively. Kohn-Sham 

orbitals were expanded in terms of plane waves of up to 700 eV of kinetic energy. To 

account for the effect of partial occupancies, a Gaussian smearing was introduced with a 

width of 0.05 eV. The interaction potentials were obtained by computing single-point 

energies within 2.00-10.00 Å. The potential energy curves were smoothened with a 

typical rare gas adsorption potential energy function. Proposed and tested for the sorption 

of noble gas atoms onto solids [25], the function includes a short-range Pauli repulsion 

term and a long-range asymptotical contribution. The overall form of the function is:  

     R vdW , V z V z V z                                                                                                (3.1) 

where  V z  is the potential energy as a function of the adsorbate-adsorbent distance, z. 

The term  RV z  is the short-range repulsive part.  vdWV z on the other hand, denotes the 

long-range zone of the potential energy curve. The short-range portion of the interaction 

potential originates from the overlap between the sorbent conduction band and the 

valence electrons of the adsorbed species. In many cases, the application of an 

exponential expression of the form    R R0 exp , V z V z with R0V  and α being 

adjustable parameters, has led to favorable end-results in describing the repulsive 

potential.  vdWV z signifies the long-range interaction term(s). It has been demonstrated 

that the weak attractive zone of the noble gas adsorption energy curve can be modelled 

by 3C and 5C coefficients [94]. The former is shown to depend upon the adsorbate 
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polarizability and the surface work function. The functional behavior of the latter 

however, is unknown and this term is determined based on the parametrization of the ab 

initio potentials. The long-range attractive function was used alongside a damping factor 

that accounts for the effect of the long-range decay of the potential energy.  

 D3 calculations were carried out at corresponding D2-relaxed geometries using a 

separate code released by Grimme and co-workers [17]. This code was set to approximate 

the dispersion cutoff radius to be ~50 Å. revPBE-D3 calculations were performed for the 

zero-damping case only. In order to avoid multipole moment formation, mono-, di- and 

quadru-pole corrections were applied utilizing the enhanced implementation of the 

Makov-Payne algorithm [55]. A 17 Å thick vacuum was inserted above the slab to avoid 

interactions between periodic images along the c crystallographic axis. Adsorption 

energies were calculated via: 

    ads slab adsorbate slab adsorbateE E E E                                                                             (3.2) 

In equation (3.2), adsE signifies the adsorption energy while slab adsorbateE is the energy of 

slab-adsorbate couple as a whole. slabE is the energy of the bare surface. adsorbateE represents 

the energy of the isolated adsorbed particle in a box. Periodic Hartree-Fock treatment of 

the RG-TiO2(110) binary system was carried out to verify the accuracy of the dispersion-

corrected exchange-correlation functionals in the short-range regime. To serve this 

purpose, the precision of di-electronic integrals was set to normal. These fully non-local 

exchange computations were performed by adjusting NBANDS=1000.  

 In order to find the most energetically favorable adsorption spot on the surface, 

reaction pathway calculations were performed using the revPBE-TS method. It was 

shown that the most energetically favorable location of the surface is the hollow site, also 
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known as the unsaturated Ti position (see Figure 13). This is in agreement with previous 

findings for the adsorption of He, Ar and Xe on top of the TiO2(110) surface 

[47,88,89,92,93]. It can be demonstrated that irrespective of the method, this position is 

preferred by potential adsorbing species such as noble gas atoms. Upon prediction of 

preferential binding location of the substrate, all of the adsorbates were placed above the 

unsaturated Ti position throughout the entire body of the present work.  

3.3 Results 

3.3.1 Ne adsorption 

The adsorption of Ne on solids has been of interest due to its potential to be used 

as a probe atom providing researchers with details about the surface morphological 

information. Scattering of Ne has been used as a tool to analyze the structural details of 

surfaces such as Ni(110), Cu(110), Ru(0001), and the more complicated NiAl(110) [95-

98]. It has been proven that Ne scattering technique in some cases can offer higher 

sensitivity than He scattering [99]. This is because Ne scattering delivers a more 

informative diffraction spectrum compared to that of He. Unfortunately, no experimental 

(or theoretical) data was found regarding the adsorption energy (isotherms) of Ne onto 

TiO2 since the adsorption of neon onto the surface of rutile TiO2(110) was being 

examined for the first time. For a complex with neon adsorbed atop the unsaturated Ti, 

Figure 14shows the interaction potential surfaces computed via several periodic vdW-

corrected DFT methods and fitted to proper functions afterwards. It is worth noticing that 

all of these potentials are obtained on an unrelaxed slab with the experimentally 

measured displacements and at 0.1ML of surface coverage. In other words, both the 

effects of surface relaxations and lateral interactions are completely neglected at this 
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point. As seen in Figure 14, revPBE-D2 and optPBE-vdW predict the shallowest and the 

deepest potential well-depths, respectively. Due to the lack of experimental data, there is 

no direct way of validating the obtained adsorption energies and equilibrium distances. 

However, it can be demonstrated that the adsorption energies of neon on ionic crystals 

varies between 12 meV and 40 meV depending upon the adsorbent affinity towards 

gaseous species (vide Vidali et al. [100]). The long-range behavior of the interaction 

potentials can be divided into two groups. On one hand, revPBE-TS, PBE-TS, vdW-DF 

and optPBE-vdW exhibit similar asymptotic trends. On the other hand, semi-empirically-

corrected potentials (D2 and D3) and vdW-DF2 show more or less the same long-range 

behavior. Regarding the repulsive regime of the interaction potential curves, all the 

surfaces with the revPBE exchange functional show similar trends at the short-range. 

This is mainly due to the fact that the repulsive part of the interaction curve is dominated 

by Pauli exchange effects that are better simulated by revPBE as this method treats the 

short-range zone similarly to Hartree-Fock (HF) exact exchange. In fact, this is the 

advantage that revPBE has over the ‘traditional’ PBE approach. The calculated 

adsorption heights are between 2.86 Å (computed via vdW-DF2) and 3.42 Å (computed 

via revPBE-TS), all of which are within the acceptable scope of physisorption 

equilibrium distances. The adsorption energy values range from 43.43meV (computed via 

revPBE-D2) to 137.2meV (computed via optPBE-vdW), a value that appears to be 

overestimated. Including the effect of three-body interactions increases the binding 

energy by ~20% from revPBE-D2 to revPBE-D3. Applying the ‘atom-in-molecule’ 

approach of revPBE-TS boosts the adsorption energy by ~35% from revPBE-D2. PBE-

D2, -D3, and -TS all overcorrect the PBE binding energy. 
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3.3.2 Ar adsorption 

 Petrik and Kimmel have outlined that Ar, when co-adsorbed with O species onto 

TiO2(110), generates the strongest photon-stimulated desorption (PSD) signal and hence, 

is the most responsive ad-particle that can be used as a reporter [83]. This observation by 

itself incentivizes the investigation of the interaction of the Ar-TiO2(110) couple in an 

effort to find the respective global potential energy curve. Figure 15 depicts calculated 

potential energy curves for the aforementioned system. TS-corrected, vdW-DF and 

optPBE-vdW decay much faster than the rest of the curves. As for Ne, revPBE-D2 and 

optPBE-vdW represent the lowest and the highest adsorption energies, respectively. 

Crudely speaking, all of the potentials are to some degree similar at short-range. 

Interestingly, the two fundamentally distinct approaches of vdW-DF2 and D2 (D3) show 

similar behaviors at long-range. Computed adsorption energies are within 74.22meV 

(revPBE-D2) and 260.4meV (optPBE-vdW). The obtained holding distances vary 

between 3.17Å and 3.64Å for BJ-damped PBE-D3 and revPBE-TS, respectively. Going 

from D2 to D3 increases the binding energy. The amount of increase is ~13% for PBE-

D2 to PBE-D3. This change is much larger in the case of revPBE-D2 to -D3 where the 

binding becomes stronger by approximately twice the initial value. This means that the 

inclusion of the third-body interaction in the Grimme correction scheme for the long-

range behavior increases the binding strength. The revPBE-TS adsorption value is even 

greater than that of revPBE-D3. The ErevPBE-TS>ErevPBE-D3>ErevPBE-D2 trend is consistent 

with what is observed for Ne adsorption. For each individual exchange-correlation 

functional, the value of the adsorption energy is larger for Ar compared to Ne. This 

increase is expected, as the static dipole polarizability of Ar is larger than Ne, which will 
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in turn increase the dielectric response of the adsorbent (i.e. TiO2 surafce) to the 

fluctuating dipole of the adsorbate (i.e. noble gas atom) and ultimately results in a 

stronger attachment for the more polarizable ad-atom (i.e. Ar). The choice of the damping 

function does not have a pronounced effect on the adsorption strength as expected (the 

difference between the BJ- and zero-damped adsorption energies for the PBE-D3 method 

is less than 4meV).  

3.3.3 Kr adsorption 

 The adsorption of krypton onto surfaces of crystalline materials has been at the 

epicenter of numerous studies due to its vast applications such as in the generation of 

local strain on solids by production of adsorbate bubbles [100]. Moreover, it has found to 

be utilizable in the investigation of frictions on interfaces [100]. By the aid of the current 

extensive computational power, it is now the time for exploring the adsorption of heavier 

noble gases onto the surface of iconic semiconducting TiO2. Figure 16 illustrates the 

potential energy curves for the Kr-TiO2(110) system, attained through several dispersion-

corrected DFT methods. As before, the hollow-site-only case has been examined with 

little to no lateral effects. The calculations were performed at the slab with the 

experimental level of the atomic displacements as measured by SXRD technique. It is 

worth mentioning that the short- and long-range behavior of all the exchange-correlation 

functional types is more or less the same for the Kr-TiO2 adsorbate-adsorbent system. 

However, the holding potentials predicted are from 117.2meV (computed by revPBE-D2) 

to 308.6meV (computed by PBE-TS). The former and the latter are under- and over-

predicting the adsorption energies, respectively. The interatomic separations are all 

within the range of 3.25 Å and 3.70 Å. Including the effect of three-body interactions in 
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PBE-D2 results in an increase of the binding energy by ~4% and ~7% for zero-damped 

PBE-D3 and BJ-damped PBE-D3, respectively. This increase is more pronounced 

(~43%) from revPBE-D2 to revPBE-D3. The stiffening of the Kr-surface bond from 

revPBE-D2 to revPBE-D3 is accompanied by a shortening of the adsorption height by 

~5%. No experimental value is available for the optimal energy distance between the Kr 

and the under-coordinated Ti of the (110) surface. As such, it was impossible to validate 

the obtained equilibrium distances for the Kr-TiO2(110) system. However, all of the 

predicted vertical separations (3.40-3.83Å) are within the scope of acceptable values 

reported for weakly bound particles.  

3.3.4 Xe adsorption 

 The investigation of the adsorption of Xe onto solids is of relevance from many 

aspects. Aside from being significant from the fundamental viewpoint, it has been proven 

that for adsorbed xenon atop metallic surfaces, uncommon adsorption behavior is 

observed due to the presence of the delocalized charge distribution and the excessive 

Pauli repulsion effects [102]. De facto, it has been claimed that the electronic structure of 

insulating adsorbents can be more adequately described using semi-empirical methods. 

Very recently, it has been demonstrated that the AFM technique can be used along with 

non-locally dispersion-corrected DFT to estimate the weak interactions between heavy 

rare gases (i.e. Ar, Kr and Xe) adjacently adsorbed on top of Cu(111) [102]. 

 From the historical perspective, experimental methods such as angle-resolved 

photo-electron spectroscopy (ARPES) have been utilized to examine the surface band 

structure change upon the adsorption of gaseous Xe layers and their respective quantum 

bound states. With the advent of low-temperature (LT) techniques such as LT-STM, the 
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immobilization of noble gases on solids was made possible in the late 80’s and early 90’s. 

As a result, Xe-Ni(110) and Xe-Pt(111) were the first systems to be experimentally 

studied at 4K by means of such techniques [81]. A while after, Xe neutral particles were 

investigated while being in motion on a surface in a controlled manner and with the 

assistance of an STM tip. Given the insulating character of the bulk Xe, it was curious as 

to why xenon was ‘seen’ by the STM imaging technique at first. This effect was later 

correlated to the mixing of the Xe atom 6s electronic states with the metallic surface 

Fermi energy level. It is suggested that the holding potential of Xe across a variety of 

adsorbent materials can be up to 300meV. This value can however be lowered due to 

many reasons such as mutual adsorbate-adsorbate interactions. 

 Thus far, the adsorption of Xe onto several metals has been studied using both 

experimental and theoretical approaches [103,104]. Although the heavy rare-gas/metal 

interaction problem remains a not fully tackled challenge, the nature of the large noble-

gas/semiconductor interaction can be as puzzling of a problem to attack, if not more 

complex. In this regard, it is always intriguing to address the to-date less-explored topic 

of the adsorption of xenon atop semiconducting transition metal oxides such as TiO2.  

 A manifold of long-range-corrected DFT approaches was used to obtain the 

adsorption potential energy surfaces for Xe-TiO2 on a slab with experimental coordinates. 

As before, the low-limit of surface coverage was assumed (0.1ML). All of the calculated 

(and afterwards fitted) potentials are plotted in Figure 17. The PBE-TS functional 

generated the deepest well. In contrast, the revPBE-D2 approach produced the shallowest 

potential energy curve. Whilst the former predicts a binding energy of 403.3meV at a 

vertical distance of 3.50Å, the latter yields an adsorption energy of 169.4meV and an 
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adsorption distance of 3.75 Å. The predicted equilibrium distances range from 3.40 Å 

(computed via PBE-D2) to 3.75 Å (computed via revPBE-D2). The short- and long-range 

behaviors of the attained interaction curve differ only slightly. The trends are consistent 

with what was observed for the Kr case. However, it opposes the pattern noted for Ne and 

Ar ad-atoms. Compared with two-body interactions, including the effect of three-body 

interactions along with revPBE functional, increased the binding energy by ~36%. 

Change of the exchange term in non-locally corrected approaches results in an increase of 

as large as ~20% from standard vdW-DF to customized optPBE-vdW functional. 

Interestingly, zero-damped PBE-D3 computed adsorption energy is very close to that 

obtained with PBE-D2 functional; 308.0meV vs. 308.7meV for zero-damped PBE-D3 

and PBE-D2, respectively. On the other hand, the recommended BJ-damped PBE-D3 

calculated potential depth is 6% more than that computed by the semi-empirical two-

body PBE-D2 method.  

3.3.5 Validation of the repulsive region 

 Computationally intensive HF calculations were done to examine the adequacy of 

the PBE and revPBE potential energy curves at their short-range. The resulting curves are 

presented in Figure 18Figure 21. This will help chose the best vdW-corrected DFT 

approach based on how each individual scheme fares as the adsorbate-substrate distance 

is reduced. From the Figures, it can be extracted that overall the revPBE computed 

repulsive behavior resembles that of HF better than PBE. As such, the revPBE method is 

preferred over PBE in describing the potential wall as it is closer to the correlation-less 

HF approach. 



 

71 

 

3.3.6 Effect of surface relaxation 

 The results of this part are obtained via computing the adsorption energies on the 

relaxed slab. To achieve the desired aim, the slab coordinates were optimized starting 

from the experimental slab geometry. The shifts of the first and the second atomic layers 

of the relaxed slab with respect to the experimental coordinates are presented in Table 7. 

This set of data entails only displacements that have occurred along the direction normal 

to the surface, as the lateral relaxations were of no significance. A negative value in this 

Table indicates a displacement towards the bulk and a positive one is a displacement 

towards the vacuum. In order to perform the surface relaxation calculations, the 

computational criteria were adjusted to what they were for the unrelaxed calculations. 

The only exception was that all of the slab atoms were allowed to move to their minimal 

energy positions. To better understand the effect of surface relaxation on the adsorption 

energies, the values should be compared against their unrelaxed counterparts. As such, 

the unrelaxed adsorption energies for 0.1ML of surface coverage are collected in Table 8. 

The relaxed surface values are listed in Table 9 for the purpose of comparison. In all 

cases, including the effect of surface relaxation flattens the potential well and elongates 

the optimal energy separation between the ad-particle and the surface. In practice, the 

atom-surface distance is defined as the separation between the ad-atom and the nearest 

surface Ti5f. The binding energy/equilibrium distance changes upon relaxing the surface 

geometry were in agreement with what has previously been observed for the N2-

TiO2(110) molecular adsorption system investigated by Rittner et al. [105]. and 

performed on a cluster model. Examining the obtained atomic displacements, it is 

concluded that the average deviation percentage of the atomic displacements with respect 
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to the bulk-terminated structure is approximately 0.1-0.2 Å. Comparison has been made 

to the experimental atomic shifts of r-TiO2(110) as reported by Busayaporn and co-

workers [64].  

Table 7. First and second layer atomic displacements (Å) along the c crystallographic axis. 

Displacements (Å)  PBE-D2 revPBE-D2 revPBE-TS vdW-DF2 

Ti5f -0.07 -0.04 -0.01 0.06 

Ti6f 0.08 0.15 0.17 0.30 

Op 0.01 0.06 0.09 0.18 

Ob 0.03 0.10 0.12 0.26 

Table 8. Binding energy Eb (meV) and in brackets optimal internuclear separation (Ǻ) for X-unrelaxed-TiO2(110), 

X=Ne, Ar, Kr and Xe. 

Method Ne Ar Kr Xe 

PBE-D2 89.69 [2.90] 162.5 [3.19] 229.2 [3.25] 308.7 [3.40] 

PBE-D3a 79.07 [2.97] 188.5 [3.17] 246.5 [3.25] 326.9 [3.47] 

PBE-D3b 84.57 [2.97] 185.2 [3.24] 236.7 [3.36] 308.0 [3.47] 

PBE-TS 99.50 [3.05] 250.7 [3.20] 308.6 [3.39] 403.3 [3.50] 

revPBE-D2 43.43 [3.29] 74.22 [3.61] 117.2 [3.58] 169.4 [3.75] 

revPBE-D3 53.59 [3.22] 148.3 [3.33] 202.8 [3.40] 264.8 [3.51] 

revPBE-TS 66.36 [3.42] 151.2 [3.64] 190.5 [3.70] 263.3 [3.73] 

vdW-DF 113.4 [3.06] 211.2 [3.41] 245.1 [3.52] 298.9 [3.72] 

vdW-DF2 96.78 [2.86] 197.8 [3.20] 228.7 [3.33] 283.2 [3.55] 

optPBE-vdW 137.2 [2.88] 260.4 [3.21] 304.3 [3.29] 366.6 [3.47] 

Theo. Literature - 42 [3.6]  - 280, 295 [3.3]  

aBecke-Johnson damping function applied. 
bZero damping applied. 

 

Table 9. Binding energy Eb (meV) and in brackets optimal internuclear separation (Ǻ) for X-relaxed-TiO2(110), X=Ne, 

Ar, Kr and Xe. 

Method Ne Ar Kr Xe 

PBE-D2relaxed 78.99 [3.03] 144.6 [3.30] 201.6 [3.49] 262.0 [3.55] 

PBE-D3relaxed
a 66.87 [3.13] 174.5 [3.28] 216.4 [3.40] 282.9 [3.56] 

PBE-D3relaxed
b 75.48 [3.10] 164.4 [3.35] 213.6 [3.55] 265.2 [3.65] 

revPBE-D2relaxed 36.98 [3.46] 67.76 [3.75] 97.54 [3.80] 137.3 [3.89] 

revPBE-D3relaxed 50.83 [3.35] 138.5 [3.41] 184.5 [3.49] 236.3 [3.63] 

revPBE-TSrelaxed 62.03 [3.53] 142.8 [3.76] 179.8 [3.83] 230.9 [3.94] 

vdW-DF2relaxed 82.45 [3.05] 174.5 [3.40] 202.1 [3.52] 245.4 [3.75] 

Theo. Literature - 42 [3.6]  - 280, 295 [3.3]  

aBecke-Johnson damping function applied. 
bZero damping applied. 
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3.3.7 Effect of lateral interactions 

 All of the experimental values of the adsorption energies for RG-TiO2 systems are 

reported at 1ML of surface coverage. Experimental data was found to be available only 

for Ar, Kr and Xe and not for Ne. To examine the veracity of the adsorption energies 

obtained by theoretical approaches, the effect of adsorbate-adsorbate interactions should 

be accounted for accordingly. In order to simulate the adsorption phenomenon at high 

surface coverage limit, a monolayer of noble gas was placed on the (110) plane of rutile 

TiO2. The adsorbed layer was positioned on the five-fold Ti atoms of the surface only. 

For now, only a slab with the experimental coordinates was considered. The rare gas 

layer was added only to one side of the slab. This approach will help study the effect of 

mutual adsorbate-adsorbate interactions. The adsorption energy was computed via: 

 slab monolayer slab monolayer

ads

E E E
E

n

  
                                                                            (3.3) 

In equation (3), n is the number of atoms in the monolayer. Table 10 contains all of the 

computed adsorption energies.  

Table 10. Adsorption energy Eb (meV) and (in brackets) optimal internuclear separation (Ǻ) for 1ML of X deposited 

onto unrelaxed TiO2(110), X=Ne, Ar, Kr and Xe. 

Method Ne Ar Kr Xe 

revPBE-D3 - 140.1 [3.40] 202.4 [3.43] 296.8 [3.51] 

PBE-D2 79.59 [3.93] 146.7 [3.19] 215.3 [3.26] 318.1 [3.37] 

vdW-DF2 88.85 [2.93] 182.81 [3.23] 221.3 [3.39] 283.9 [3.62] 

revPBE-TS 60.43 [3.45] 130.5 [3.59] 171.7 [3.62] 252.4 [3.80] 

Experiment - 125.45 177.6 246.0 

 

As it can be inferred from the content of Table 10, the adsorption energies have all 

decreased compared to the 0.1ML of inert gas on an unrelaxed slab. This means that the 

net lateral interactions are of an attractive nature. This is in agreement with what was 

observed in the literature. It has been demonstrated that lateral effects can contribute up 



 

74 

 

to approximately 20% to the total binding energy and hence play a key role in the 

adsorption processes. As opposed to the adsorption energies, all the equilibrium distances 

are increased as a result of inclusion of the lateral interactions.  

 Overall, the revPBE-TS results match the experiments the best. It is worth 

noticing that these values are obtained by neglecting the effect of zero-point energies and 

surface relaxations. This latter deficiency however, will be rectified in the next section. It 

should also be noticed that it was assumed that the effects of adsorbate-induced surface 

reorganizations are minute and can be eliminated from the calculations. This assumption 

has been made in prior studies and the obtained results have been proven to be of low 

sensitivity towards such effects.  

3.3.8 Cumulative effect of surface relaxation and lateral interactions 

 As the final part of this systematic study, the impact of both surface relaxation 

and inter-adsorbate interactions are considered simultaneously. Table 11 itemizes all of 

the calculated adsorption energies and the related vertical heights.  

Table 11. Adsorption energy Eb (meV) and in brackets optimal internuclear separation (Ǻ) for 1ML of X=Ne, Ar, Kr 

and Xe deposited onto relaxed TiO2(110). 

Method Ne Ar Kr Xe 

revPBE-D2 - 56.69 [3.88] 94.86 [3.84] 161.5 [3.85] 

revPBE-D3 - 129.4 [3.54] 183.6 [3.59] 279.5 [3.74] 

PBE-D2 - 128.4 [3.33] 190.0 [3.39] 287.1 [3.57] 

vdW-DF2 - 161.4 [3.39] 195.6 [3.54] 263.9 [3.88] 

revPBE-TS 56.85 [3.55] 124.3 [3.72] 162.7 [3.80] 227.7 [3.91] 

Experiment - 125.5 177.6 246.0 

As it was concluded for 0.1ML surface coverage, addition of the surface relaxation 

effects reduced the adsorption energies and lengthens the equilibrium distances compared 

to the entries in Table 10. Additionally, including the lateral interaction contributions 

results in the further reduction of the binding strengths. As before, it was found that the 
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revPBE-TS results afford the best agreement with the experimental data. On the other 

hand, the consistency between the PBE-D2 and the experiments is certainly bettered upon 

relaxing the surface coordinates. Given its inherent shortcomings, the agreement between 

the PBE-D2 and the experiments ought to be purely fortuitous. The revPBE-D2 outcome 

on the other hand, bears no resemblance to the experiments. Due to the lack of 

experimental values for the equilibrium distances, it was impossible to validate the 

obtained distances. However, all the predicted interatomic separations are acceptable for 

a typical physical sorption case. 

3.3.9 Effect of zero-point energy 

 Thus far, the contribution of the zero-point vibrational energies has been 

completely disregarded in the adsorption energy calculations for the systems of current 

interest. At this stage, the aforementioned energies are computed and the obtained values 

are gathered in Table 12. It should be mentioned that these values are to be deducted 

from the previously obtained adsorption energies to attain their zero-point-corrected 

analogues.  

Table 12. Zero-point energies (meV) calculated for a single hollow site-occupied slab at the unrelaxed configuration. 

Method Ar Kr Xe 

revPBE-TS 2.35 1.88 1.68 

revPBE-D3 1.94 1.61 1.43 

PBE-D2 3.6 2.57 2.28 

vdW-DF2 3.26 2.58 2.44 

Taking the effect of vibrational motions into account betters the agreement between the 

revPBE-TS and revPBE-D3 predicted, and the experimental adsorption, energies.  

3.4 Summary and future outlook 

 Collectively, it was observed that structural relaxation can contribute to the 

adsorption energies by as much as 20%. All of the theoretical vertical separations 
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between the ad-particle and the surface were within 3.00-4.00 Å, consistent with both 

experimental and ab initio results for rare gases sorption at graphite and metal surfaces. 

Including the effect of surface-mediated adsorbate-adsorbate interactions by deposition of 

an ad-layer atop the slab, improved the adsorption energies by a maximum of 20%. 

Accounting for these effects modified the binding energies computed via the D3- and TS-

corrected revPBE approaches by a significant amount.  

In order to foster the physical insight into the adsorption of rare gases onto rutile, 

more advanced methods can be employed alongside periodic DFT treatments. In this 

regard, LMP2 is an enticing candidate to be applied to simulate the adsorption processes 

as it has fared satisfactorily for such problems in the past [36]. This method is the local 

variant of second order Møller-Plesset theory that can serve as a benchmarking 

technique. Furthermore, other variables such as surface defects and competitive co-

adsorbates can be factored in for the purpose of achieving a more realistic picture of the 

physisorption phenomenon. 

 

Figure 10. Substantial configurational change from physisorbed (top- and bottom-right) to chemisorbed (top- and 

bottom-left) aromatic structures on TiO2(110). 
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Figure 11. The application of co-adsorbed rare gases as reporters. 

 

Figure 12. Physical adsorption of He gas at the metallic site of (100) facet of rock-salt MgO (low-coverage limit). 
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Figure 13. Minimum-energy reaction pathway of RG-TiO2(110) for the region specified in the chart bottom-right 

corner. 

 

 
Figure 14. Potential energy curves obtained for Ne gas at (110) facet of TiO2 (0.1ML of coverage). 
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Figure 15. Potential energy curves obtained for Ar gas at (110) facet of TiO2 (0.1ML of coverage). 

 

Figure 16. Potential energy curves obtained for Kr gas at (110) facet of TiO2 (0.1ML of coverage). 
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Figure 17. Potential energy curves obtained for Xe gas at (110) facet of TiO2 (0.1ML of coverage). 

 

Figure 18. Correlation-free HF benchmark results vs. revPBE and PBE for Ne-TiO2(110). 
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Figure 19. Correlation-free HF benchmark results vs. revPBE and PBE for Ar-TiO2(110). 

 

 

 

 
 

Figure 20. Correlation-free HF benchmark results vs. revPBE and PBE for Kr-TiO2(110). 
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Figure 21. Correlation-free HF benchmark results vs. revPBE and PBE for Xe-TiO2(110). 
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CHAPTER 4: MOLECULAR ADSORPTION 

4.1 Context 

Physical adsorption of small C-based molecules on the surface of solid crystals 

can serve as a useful method to dissect the properties of organic-inorganic interfaces. To 

gain a detailed understanding of such molecule-substrate interactions, mimicking these 

systems in the form of extended periodic slabs covered with the ad-species of interest, is 

common practice. This information can be further utilized to analyze and predict the 

mechanisms of processes such as self-assembly [106]. In particular, physisorption of 

molecules at metallic electrode materials (e.g. gold and silver) has been modelled using 

the abovementioned approach [107]. The phenomenon has been exploited to probe the 

surfaces for their acidic characteristics [53, 44]. Among the molecules used to probe the 

surfaces for their acidity, CO is of paramount value due to its increasing popularity in 

such techniques [44]. Aside from carbon monoxide, CH4 adsorption on surfaces has 

gained much traction in the past few years [108,109]. This growing attention is due to the 

numerous applications that are envisioned for the adsorption of methane onto solid 

surfaces. An examples is methane dissociation reaction on transition metal substrates 

[110]. The current Chapter concentrates on the molecular adsorption of CO and CH4 atop 

the (110) plane of rutile TiO2 and rutile-like ZnF2 surfaces, respectively. The main goal 

of this chapter is to provide the binding energies of these molecules upon adsorption at 

the abovementioned surfaces. To do so, several dispersion-corrected DFT functionals 

have been employed and the corresponding binding energies have been predicted.  
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4.2 Technical details 

As before, all of the calculations have been performed using VASP [12,126]. PBE 

variant of the generalized gradient approximation was chosen as implemented in VASP to 

represent the performance of a dispersion-free approach for the systems of present 

interest. In addition to PBE, a manifold of dispersion-corrected exchange-correlation 

functionals was employed including revPBE-D3, revPBE-TS-sc, vdW-DF, vdW-DF2 and 

optB88-vdW. D3 additive terms were computed using an external code provided by 

Grimme and co-workers [17,111]. For methane monolayer adsorption simulations, TiO2 

surface coordinates were fixed at the experimental level as suggested by Busayaporn et 

al. [64]. For 0.1ML adsorption calculations however, a slab was created and relaxed. A 

four-layered slab was chosen to mimic both TiO2 and ZnF2 surfaces. ZnF2(110) 

coordinates were the ones obtained in Chapter 2 after relaxation with PBE and optB88-

vdW exchange-correlation functionals. The kinetic energy cutoff was 700 eV for both 

systems under question. A vacuum of proper thickness was added to ensure no 

interactions between the adsorbates and their periodic image along the direction normal 

to the slab. Gaussian smearing was introduced to incorporate the effect of partial 

occupancies. The smearing width was adjusted to 0.05 eV. For CH4-TiO2 binary system, 

a Γ-centered single k-point mesh was chosen for the slabs to reduce the computational 

expenditure as increasing the k-mesh density from a single-point to a 4×4×1 grid did not 

change the binding energies substantially (less than 0.5 meV for revPBE-D2). For the 

CO-ZnF2(110) couple, k-points were sampled over an equidistant 2×2×1 Monkhorst-Pack 

space [2]. As Tillotson et al. has outlined for the CH4-TiO2(110) system, the energetically 

favorable orientation of the methane molecule adsorbed on the surface is such that two of 



 

85 

 

its C-H bonds point towards the plane containing the five-fold Ti and the other two C-H 

bonds are perpendicular to this plane, pointing outwards (towards the vacuum gap) [56]. 

This C2v configuration brings the two lower C-H bonds to the proximity of the bridging 

oxygen atoms, thereby favoring the attractive interactions between highly electronegative 

bridging oxygen atoms and C-H hydrogens. This configuration is sometimes referred to 

as ‘dipod’ due to its geometrical shape. Accordingly, throughout this entire study, only 

the dipod configuration was assumed for the adsorbate and all other geometrical 

possibilities were disregarded. To incorporate the effect of adsorbate-induced relaxations, 

all of the atoms were allowed to relax. However, the slab shape and volume were 

preserved. Ad-molecules were added to one side of the slab. Although the defect-free 

(110) surface is non-polar, placing the ad-molecule on one face of the slab can result in 

artificial dipole moments. To eliminate the errors caused by mono-, di-, and quadru-pole 

moment formation, the Makov and Payne correction was applied [55]. Due to the 

extensive computational effort involved, zero-point energy effects were only included for 

the CO ad-molecule and not the ad-methane. The effect of lateral interactions was 

considered by depositing additional ad-molecules atop of unsaturated metallic sites for 

both methane and carbon monoxide adsorption cases at higher coverage limit.  

The next section concentrates on the adsorption energies for CO-ZnF2(110) and 

CH4-TiO2(110) couples obtained by a variety of vdW-corrected DFT methods. The 

results for the effects of intra-adsorbate interactions as well as adsorbate-induced 

relaxations are reported. In the case of CO adsorption, zero-point energies and the related 

vibrational frequencies are presented and analyzed. 
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4.3 CO-ZnF2(110) system 

4.3.1 Freestanding CO 

Polar heteronuclear diatomic CO has an experimental bond length of 1.1283 Å 

and a reported stretching frequency of 2100 cm-1 [112,113]. The geometry of an isolated 

CO molecule was optimized in a box using a number of dispersion-corrected exchange-

correlation functionals. The results are presented in Table 13.  

Table 13. Bond length (Å) and zero-point vibrational frequency (cm-1) of gas-phase CO: theoretical vs. experimental. 

 PBE optB88-vdW Exp. 

C O  1.1355 1.1325 1.1283 

C Oυ   

2125 2115 2100 

While all of the DFT-based values are slightly overestimated, acceptable 

agreement exists between the experimental and theoretical results. Including the effect of 

weak interactions in optB88-vdW betters the agreement between the experimentally 

observed and theoretically predicted quantities by a minute amount. It is expected that the 

GGA-PBE method should underestimate the bond lengths by 2-3% as this has been 

observed for CO and other diatomic molecules in the past [114]. Nevertheless, the 

dispersion-less PBE computed equilibrium separation of CO is in excellent agreement 

with the experimental value. Calculated vibrational frequencies are all consistent with the 

experimental data. Other works have reported a vibrational frequency of 2146 cm-1 using 

the GGA-PBE approach [115] and a value of 2191 cm-1 using the GGA+U functional 

[116]. As such, the 1-3% difference between our PBE computed value and the literature 

PBE-based data is certainly justifiable. Compared to the experimental value for gas-phase 

CO, the optB88-vdW method makes the least erroneous prediction of all (with an 

absolute relative error of ~0.7%).  
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As mentioned before, zinc fluoride surface coordinates were frozen at the optB88-

vdW level for all dispersion-corrected methods. For the sake of consistency, the geometry 

of the CO molecule was also kept at the same level throughout the body of this work. It 

should be pointed out that minimizing the slab and adsorbate structure with one method 

and performing the binding energy calculations with another, is not an unprecedented 

approach. As two examples, Zhao et al. [117] and Bajdich and co-workers’s [118] studies 

can be mentioned. The former group has investigated the co-adsorption of CO and H2 on 

Ru(0001) surface and the synergic effects between the two adsorbed species. RPBE 

calculations were done on a PBE-relaxed slab. The latter work however, is a systematic 

study on the binding of small particles, namely, CO, NO, CH4 and H2O onto MgO, CaO, 

SrO and BaO using RPA at the PBE-optimized geometry. In the absence of 

experimentally measured atomic displacements of ZnF2(110), no choice was left but to 

utilize a method (optB88-vdW) which has been experimentally validated for a similar 

surface structure (TiO2(110) [56]). Overall, an average relative error value of ~0.44% 

compared to experiments, is a promising beginning for all of the picked approaches.  

4.3.2 Adsorbed CO 

CO adsorption on crystal facets has been the subject of numerous experimental 

and theoretical studies [53, 138, 119-121]. Besides TiO2 [122], this small molecule is 

proven to be an aid in characterization of several other surfaces with rutile-like structure 

[80,124-124]. In most cases, CO adsorption atop ionic surfaces is categorized as 

physisorption. The main goal of this segment of the work is to model the adsorption of 

CO onto rutile-like ZnF2(110) surface. To serve this purpose, computation of the binding 

energy of CO is imperative. The binding energy indicates the strength of the bond formed 
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between the adsorbate and the surface. It also helps find the most energetically preferred 

configuration of the ad-species. To avoid the unnecessary computational cost, only the 

upright geometry of ad-CO atop the under-coordinated Zn was considered. It has been 

well-documented that this conformation is the most stable of all possibilities for CO at 

TiO2(110), SnO2(110), RuO2(110) and MgF2(110) [80,122-124]. Accordingly, only two 

potential isomers are examined hereafter: C- and O-bound. To the best of the author’s 

knowledge, there are no experimental or robust ab initio adsorption energy results 

available for the CO-ZnF2(110) binary system. High-level incremental CCSD(T) 

calculations though, have been performed for the CO-MgF2(110) system and have 

predicted the adsorption energy to be 373meV [80]. MgF2(110) is similar to ZnF2(110) in 

many aspects such as their electronic structure and crystalline arrangements. However, 

the surface of ZnF2 is less acidic than MgF2. This originates from the fact that the 

electronegativity of Zn (χ=1.65) is higher than that of Mg (χ=1.31). As such, the Zn-F 

bond is less polar than the Mg-F one. This effect leads to a denser charge distribution 

around Zn compared to Mg, which itself will make Zn less affinitive towards ad-species. 

The lesser acidic strength of Zn means a smaller binding energy. Setting the CO-

MgF2(110) adsorption energy value as the threshold, the CO-ZnF2(110) counterpart 

ought to be less than 373meV.  

Notwithstanding that there is no experimental evidence that leads to a binding 

energy, spectroscopic data is in fact reported for the vibrational frequency of CO 

physisorbed on zinc fluoride surface. Guo and co-workers [53] have outlined a value of 

~2136 cm-1 for the vibrational motion of physisorbed CO. This quantity is extracted from 

the differential IR spectrum presented therein. The study has assigned the frequency of 
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CO attached to a five-fold Zn as 2158-2153 cm-1. All of the frequencies are greater than 

the free CO frequency of 2100 cm-1. The frequency shift is a result of the competitive 

bonding and backbonding effects occurring between the surface and the CO molecule. 

The increase in the CO vibrational frequency upon sorption dictates an overall increase of 

the CO bond strength. Consequently, it is plausible to expect the bond length to decline 

as CO is adsorbed onto the surface. The increase of the stretching mode frequency of CO 

is in agreement with the trends observed for CO adsorption on CeO2(111) [116]. The 

stretching frequency of the physically adsorbed CO was predicted to be 2131.67 cm-1 and 

2134.69 cm-1 using PBE and optB88-vdW functionals, respectively. Although both 

values match the experimental frequency of 2136 cm-1, the latter affords a better 

agreement with the information given by in situ IR.  

The current work has employed several DFT-based approaches to predict both 

adsorption energy and stretching frequency of CO upon adsorption. Table 14 lists all of 

the obtained binding energies for 0.1ML C- and O-ligated isomers. 

Table 14. Adsorption energies at 0.1ML of surface coverage for C- and O-terminated isomers (meV). 

 PBE optB88-vdW vdW-DF2 vdW-DF revPBE-TS-sc revPBE-D3 

C-bound 247.2 475.1 364.8 363.0 239.6 329.5 

O-bound 71.65 276.0 233.4 256.4 114.3 175.0 

It is demonstrated that regardless of the picked method, the C-terminated conformer is 

always more stable than the O-terminated. This finding is consistent with the previous 

studies on CO adsorption onto metallic sites of ionic surfaces (as an example see [125]). 

It is inferred that PBE and optB88-vdW approaches under- and overestimate the binding 

energy, respectively. Irrespective of the chosen dispersion correction scheme, inclusion 

of the weak effects significantly enhances the binding strength. The term TS-sc in the 

Table 14 refers to a modified version of the Tkatchenko-Schaffler (TS) approach, 
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whereby the roles of electrodynamic response and many-body interactions are 

implemented. As the conventional TS falls short in describing the electronic structure of 

strongly ionic systems [126], the screened variant is proposed to overcome this difficulty. 

The largest difference between the C- and O-terminated binding energies was observed 

for the dispersion-free PBE functional. The PBE evaluated adsorption energy is more 

than tripled when the OC is flipped to CO. This result originates from the fact that 

including the weak effects decreases the dipole moment of the CO molecule. In other 

words, the charge density residing around the CO molecule becomes more evenly 

distributed as the dispersion factor is taken into account. Hence, altering the ligation 

configuration from the OC to CO results in a greater change in the adsorption energy for 

the dispersion-less PBE method compared to dispersion-corrected techniques such as 

optB88-vdW. The smallest separation between the C- and the O-bound conformers is 

observed for the vdW-DF approach where the adsorption of the former is only ~30% 

stronger than the latter. Nonetheless, all of the bond energies are significant and the C-

bound isomer is always energetically preferred.   

In order to include the intra-adsorbate interaction effect on the binding strength, 

adsorption energies at 0.5ML and 1.0ML surface coverages were computed. To do so, 

0.5ML of surface coverage was simulated by deposition of CO molecules on every other 

five-fold Zn atoms of the slab. A monolayer of surface coverage was modelled by placing 

ad-CO particles onto all of the unsaturated Zn atoms of the surface. Adsorption energies 

were then calculated and the results are presented in the Table 15.  

Table 15. Adsorption energies at 0.5ML and 1.0ML of surface coverage for C-terminated isomer (meV). 

 PBE optB88-vdW vdW-DF2 vdW-DF revPBE-TS-sc revPBE-D3 

0.5ML 236.5 467.4 352.3 357.4 228.0 324.7 

1.0ML 149.2 411.7 305.4 299.5 133.5 268.1 
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Although the distance between any two adjacent adsorbates in 0.5ML of surface coverage 

is ~6.3Å, the lateral effects are still in-place and lower the adsorption energy by a few 

meV. As expected, the influence of surface-mediated CO-CO interactions is far more 

significant for an ad-monolayer. The bare lateral interactions were calculated by 

excluding the surface and solely accounting for the CO-CO interactions by themselves. 

The results are tabulated in the form of Table 16. 

Table 16. Intra-CO interactions for 0.5ML and 1.0ML of surface coverage for C-terminated isomer (meV). 

 PBE optB88-vdW vdW-DF2 vdW-DF revPBE-TS-sc revPBE-D3 

0.5ML 1.465 2.017 1.535 -1.390 0.098 -0.469 

1.0ML 47.84 32.01 24.72 29.75 75.37 30.12 

In Table 16, a positive value denotes repulsive interactions while a negative number is an 

attractive net impact. As the surface coverage is increased from 0.5ML to 1.0ML, the 

repulsive intra-molecular effects become stronger. Thus, at 1.0ML of surface coverage 

the lateral effects are greater as far as their magnitude. It is noteworthy that the 

interaction energy between two adjacent ad-CO molecules has been reported to be 

repulsive and as sizeable as 75meV for a monolayer of CO at MgF2(110) [44]. Therefore, 

the revPBE-TS-sc obtained value is consistent with the previously outlined literature 

value. Accordingly, all other dispersion-corrected approaches underestimate the lateral 

interaction energy. Nevertheless, all of the methods predict a repulsive effect for the 

monolayer coverage, in agreement with reference [44]. However, the reference value is 

obtained via B3LYP, a method with its own shortcomings when it comes to treating 

extended periodic systems [127]. 

4.4 Gaseous CH4 

 Methane presents the simplest member of a class of molecules titled hydrocarbons 

and plays a prominent role in many biological and industrial transformations. This 
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tetrahedrally structured compound is the major ingredient of natural gas. According to the 

NIST Chemistry Webbook, the H-C-H angle and the C-H interatomic distance of this 

organic species are 109.47º and 1.087±0.001 Å, respectively [113]. In the current work, 

the geometry of the gas-phase methane was frozen at the experimental level with the 

aforementioned geometrical properties. 

4.5 Ad-CH4 

 Interactions between transition metal oxides and small molecules are of 

paramount significance due to the capacity of surfaces of such minerals to function as 

heterogeneous catalysts and gas sensing materials. TiO2 epitomizes a transition metal 

oxide with catalytic properties. As a results, the adsorption of small particles on the 

surface of rutile TiO2 is an issue of longstanding fascination. The adsorption of organic 

species at intrinsic semiconducting materials such as TiO2, is a potent modus-operandi 

that broadens the current knowledge of organic-inorganic hybrid interfaces. In that 

regard, binding of methane onto TiO2 deserves attention.  

 Passivation of the TiO2(110) surface by CH4 adsorption has been simulated in an 

earlier attempt [56]. However, the results reported therein have not been validated by 

comparison to the experimental data. In a series of integrated photon-stimulated 

desorption (PSD) experiments conducted by Petrik and Kimmel [83], it was put forth that 

the adsorption energy for an ad-layer of CH4 atop of the (110) face of TiO2 is 

~153.9meV. There was a second group of experimental data found for the adsorption 

enthalpies of CH4 on rutile TiO2 as a function of the surface coverage, measured at 

different temperatures [128]. The pitfall of using this set of data is that the study has not 

specified the surface index for which the results are reported. The values cannot be 
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directly referred to for the purpose of result validation. Still, the results will be mentioned 

here for the sole reason of presenting a more inclusive work. According to this series of 

calorimetric experiments, at the low coverage limit of 0.1ML, the enthalpies of 

adsorption are between 171.41-182.09meV. The high coverage limit of 1ML on the other 

hand yields an adsorption enthalpy of 117.48-120.63meV. Very recently, there has been a 

report on the temperature-programmed desorption (TPD) of small hydrocarbons adsorbed 

onto the (110) plane of TiO2 carried out by Chen and co-workers [129]. Based on the 

results highlighted in that report, for 0.1ML of surface coverage, the desorption energy is 

as high as 332meV. However, it has been recognized in the study that the surface 

imperfection effects can result in the preferential binding of the methane molecule to the 

vacant site of the apex O instead of at the unsaturated Ti.  

4.5.1 Low-limit of surface coverage 

In order to model the low coverage adsorption of methane onto the (110) face of 

TiO2, a single methane molecule was placed on a slab composed of four molecular layers. 

Several dispersion-less and dispersion-corrected exchange-correlation functionals were 

used to compute the binding energy of CH4-TiO2(110) afterwards. Table 17 summarizes 

all of the attained results. D3 calculations are zero-damped and are performed at the 

revPBE-relaxed geometry.  

Table 17. CH4-TiO2(110) binding energies for 0.1ML of surface coverage (meV). 

revPBE-D2 revPBE-D3 vdW-DF vdW-DF2 optPBE-vdW Tillotson et al. [6] Exp. 

104.7 322.1 228.4 208.7 285.1 360.0 331.9 

Of all the employed methods, revPBE-D3 produced the closest value to that of 

experiment. revPBE-D2 on the other hand, substantially underestimated the binding 

power between the methane molecule and the surface of TiO2(110). This means that the 
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effect of three-body interactions in case of CH4 adsorption is non-negligible. Capitalizing 

on the success of the D3 method, in a comprehensive study by Weaver [130] it has been 

outlined that the adsorption energy of methane on rutile-like RuO2(110) is 388.7meV. 

The study has employed the DFT-D3 method to compute the binding energy for methane 

adsorption onto PdO(101) and IrO2(100) as well. The study concludes that the D3 

dispersion-correction model along with DFT is sufficiently capable of generating an 

accurate binding energy for physisorbed methane on all the aforementioned surfaces and 

validates the theoretical binding energetics by its 95% agreement with the experiments. 

Our findings also imply that along with revPBE, D3 is an adequate scheme to describe 

the electronic structure of the methane physisorbed specimen. Also, the agreement 

between our revPBE-D3 calculations and the experiments is better than the previously 

reported value of 360meV. Compared to the experimental data, this work shows less than 

3% of relative error whereas the optB88-vdW calculations done by Tillotson et al. has a 

relative error of ~8.5%. Using the revPBE-D2 dispersion-corrected functional, the anti-

symmetric stretching vibrational frequency of the C-H bond was found to be 3146.84 cm-

1. It should be kept in mind that free gaseous CH4 exhibits a C-H vibrational frequency of 

3017 cm-1. The resemblance between these two values confirms the molecular nature of 

the adsorption of methane onto TiO2(110).  

4.5.2 Lateral effects 

The effect of lateral interactions was also included by modelling a monolayer of 

the methane adsorbed at the (110) plane of TiO2. The most challenging part in this regard 

is to find the most energetically favored configuration of the adsorbed monolayer of 

methane. The results of prior studies have been of assistance in reducing the 
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computational cost associated with such a herculean task. In a previous study, adjacent 

adsorbates for a monolayer of methane adsorbed on MgO(100) have been proposed to be 

of the staggered configuration, for which the relative energy is at least 24meV lower than 

other possible C2v motifs. For the staggered arrangement, each CH4 is situated over a 

magnesium atom. This array will point the two hydrogen atoms of the dipod methane in 

the vicinity of the surface oxygen atoms and the other two towards the vacuum gap. This 

structure will maximize the attractive interactions between the electron-poor hydrogen 

atoms of methane and the electron-rich three-fold oxygen atoms of the surface. In the 

staggered model, each methane molecule assumes a geometry which is rotated by a C2 

axis with respect to its adjacent adsorbate. In other words, every other methane has the 

same configuration for a monolayer physisorbed onto the surface of MgO(100) [131]. In 

the case of methane sorption onto TiO2(110), the staggered arrangement will reduce the 

absolute energy value of the combined adsorbate-substrate system by approximately 3eV. 

However, the adsorption energy will decrease by 14.2meV (i.e. Eads=135.8meV) 

compared to when all the adsorbates assumed the same dipod positioning (this layout will 

later be referred to as the aligned configuration). The relative orientation of the methane 

species with respect to the substrate should be examined more closely. As it can be seen 

in Figure 22, this alignment will result in the two lower hydrogen atoms of methane to be 

positioned near the bridging oxygen atoms of the surface. This will yield an attractive 

interaction between the O…H pair, making this arrangement more energetically 

favorable than the staggered configuration. This type of interaction (i.e. between surface 

bridging O and H of methane) does not exist in the case of MgO(100), a type(I) Tasker 

surface with no protruding electron-rich anions. This will leave the lateral repulsive 
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effects between adjacent methane molecules unperturbed and yields a more favored 

staggered structure.  

For the CH4-MgO(100) system, it has been experimentally confirmed that for a 

monolayer of methane, the substrate-adsorbate interactions overshadow the lateral effects 

[131]. For the same reason, in the CH4-TiO2(110) system larger (compared to the 

staggered model) repulsive lateral interactions of the aligned configuration are overcome 

by its stronger adsorbate-surface attraction. 

To minimize the computational expenditure, this set of calculations was carried out on a 

slab for which the displacements are kept fixed at the level reported for TiO2(110) using 

the SXRD technique [64]. The results are collected in Table 18.  

Table 18. CH4-TiO2(110) binding energies for 1ML of surface coverage (meV). 

PBE-D2 revPBE-D2 revPBE-D3a revPBE-D3b vdW-DF vdW-DF2 Exp. 

295.0 149.8 367.3 378.3 234.6 237.1 153.9 

aBecke-Johnson damped. 
bZero damped. 

 

Since the revPBE exchange-correlation functional clearly underestimated the 

binding strength for the 0.1ML of surface coverage, it was replaced with the PBE-D2 one 

for 1ML of surface coverage. The type of the damping function does not show a 

momentous impact on the binding. The addition of the three-body terms from D2 to D3 

overestimates the adsorption substantially. The revPBE-D2 technique affords the closest 

agreement with the experimental data. All of the other employed approaches over-correct 

the binding energy. With the use of the vdW-DF and vdW-DF2 functionals similar 

adsorption energies ensue due to the similarities in their implementations. The rather 

obsolete PBE-D2 method obviously over-predicts the energy as the PBE method suffers 

from exchange-only binding effects present in the functional.  
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4.5.3 Adsorbate-induced relaxation effects 

For smaller isotropic species such as noble gas atoms, it is fair to state that the 

influence of the adsorbate-induced relaxations on the binding strength is somewhat 

minor. Although, this assumption can be negated for heavier inert gas atoms such as 

xenon. However, for adsorbed particles with orientation-dependent potentials, the role of 

adsorbate-induce relaxation can be no longer inconsequential. To create a more complete 

picture of the adsorption phenomenon, this effect has to be taken into account. Here, the 

impact of a nearby CH4 on the TiO2 structure has been included by relaxing the CH4-

TiO2(110) as a whole and calculating the binding energy afterwards. Results can be 

observed in Table 19.  

Table 19. CH4-TiO2(110) binding energies for 0.1ML of surface coverage (meV). 

revPBE-D2 vdW-DF vdW-DF2 optPBE-vdW optB86b-vdW 

118.5 271.2 215.3 294.3 301.4 

Since the PBE technique was found to significantly underestimate the binding energy, it 

was replaced with a vdW-corrected variant of the nonlocal scheme. Compared to the slab 

with experimental displacements, all of the adsorption energies decrease upon accounting 

for the adsorbate-induced relaxation effects. The vdW-DF2 computed physisorption 

energy is impacted the least by this effect. Overall, adsorbate-induced surface relaxation 

effects although not vital, nonetheless should be included.  

4.5.4 Concluding remarks and prospective direction 

 The adsorption of CO onto ZnF2(110) and CH4 at TiO2(110) was simulated using 

periodic boundary conditions. The binding energies were computed at low surface 

coverages. Monolayer adsorption was considered for both systems to account for the 

effect of lateral interactions. Zero-point vibrational frequencies were calculated for ad-
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CO at ZnF2 using various dispersion-corrected exchange-correlation functionals. The 

computed stretching frequencies were in agreement with experiment. The effect of 

adsorbate-induced surface relaxation was examined for the CH4-TiO2 system. Two- and 

three-body dispersion terms as proposed by Grimme [17,111] were added to Kohn-Shan 

orbital energies obtained via the revPBE method. The resultant sorption energy values for 

the CH4-TiO2 system matched their experimentally measured counterparts credibly.  

 An in-depth delineation of the small molecule adsorption upon these surfaces is 

required to attain a more realistic picture of the adsorption processes. In this respect, 

high-level quantum chemistry methods alongside an embedded cluster model can be 

utilized. This approach has been formerly tested and fared well for similar systems such 

as the adsorption of the N2 molecule on TiO2(110) [132]. The effect of surface kinks and 

steps as well as competing species can be included in the calculations to further the 

current knowledge of such phenomena. It is safe to say that the modelling procedure of 

such systems can always be further improved by the accessibility of faster computing 

processors and the implementation of more computationally efficient codes.  
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Figure 22. A single methane molecule adsorbed onto rutile TiO2(110) with dipod configuration. Red, blue, black and 

white spheres represent O, Ti, C and H, respectively. Green dashed lines depict Ob-H interactions. 
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CHAPTER 5: PHYSISORPTION ON A HALITE 

5.1 Overture 

Providing a precise description of the electronic structure of the species involved 

in an adsorption process requires great effort. The ongoing experimental and theoretical 

studies focusing on such problems are yet to fully eradicate all of the complications 

associated with delineating the microscopic nature of the adsorption phenomenon. Thus 

far, many examples of physical adsorption on layered halides have been scrutinized by 

tribology experts. However, there still remain numerous dispersion-governed examples 

that demand meticulous inspection. Hitherto, adsorption of helium, neon and argon at the 

(100) facet of MgO has been investigated through first-principle calculations [133,134]. 

Other than the sequence of noble gases, molecular adsorption onto MgO has also been 

theoretically investigated in the past [135-137]. To the best of the author’s knowledge, 

there has been no ab initio investigations on the adsorption of Kr and Xe at MgO. To 

compensate for this shortfall, the adsorption of these two atomic gases at the (100) facet 

of MgO is studied in this Chapter. As a segue, MgO(100) surface properties are examined 

first, followed by the investigation of the sorption process on this surface.  

5.2 MgO surface 

In its pristine form, bulk MgO belongs with the rock-slat category of crystals. As a 

halite, this equilateral compound is a wide band gap insulator (7.8 eV [138]) and is of 

dominantly ionic character. By definition, a halite is an ionic compound comprised a 

metal cation and a halide anion. In the past decade, strong attention has been paid to the 

surface of MgO [139-141]. The interest mainly stems from the usability of MgO in 

heterogeneous catalysis [142], as an optical instrument [143] and in the electronics 
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industry [144]. For instance, MgO operates as a heterogeneous catalyst for several 

reactions such as methane combustion [137], H2S decomposition [145] and hydrogen 

dissociation [146]. It also exhibits high chemical, thermal and mechanical stability, 

properties which make its surface suitable for epitaxial growth of metals [147, 148]. 

Besides, as an alkaline-earth metal oxide, MgO is speculated to be the most abundant 

oxide on earth after silicates [161]. The (100) plane is shown to be the most stable facet 

of this ore [149]. As such, we will focus only on MgO(100) and adsorption at this cleave 

hereafter. The stacking sequence of this low-index facet fits the criteria of a type (I) 

Tasker surface [150]. It is non-polar and its individual layers are neutral. Figure 23 

depicts a typical defect-free (100) surface for the rock-salt ore. From the experimental 

standpoint, MgO can be ‘easily’ cut along the (100) face [151]. In addition, it is mostly 

defect-free and hence is referred to as a typical ionic surface that represents the 

uppermost layer of an alkali metal-oxide mineral. As it can be observed in Figure 23, 

each individual layer retains five-fold positively- and negatively-charged particles. It has 

been demonstrated that on MgO(100), the electron density is mainly distributed around 

O2-, making this anion more ‘electron-rich’ and less likely to be affinitive towards basic 

adsorbates [136]. However, the anionic site is the preferential location for acidic 

adsorbates. 

The next two parts of the current Chapter concentrate on the computational details 

of this study as well as the results of surface relaxations, surface energies and adsorbate-

surface interaction potentials and their details.  
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5.3 Computational details 

Periodic boundary conditions as implemented in VASP were applied. Projector-

augmented plane-waves were selected as the basis functions to describe the electronic 

structures of the systems of inquiry. A 4×4 slab was chosen with six layers and the 

bottom-half layers were frozen to mimic the bulk structure when calculating the 

displacements and surface energies. The top-half layers were allowed to relax until the 

forces were smaller than 0.02 eVÅ-1. The slabs are square-shaped and their surface areas 

are in such a manner that so as to evade interactions between periodic images of 

adsorbed particles normal to the (100) plane. An experimental lattice constant of 4.21 Å 

[152] was used to create the slab. D3 calculations were carried out using a separate code 

released by Grimme and co-workers [62, 17]. This code was set to approximate the 

dispersion cutoff radius to be ~50Å. D3 calculations were carried out at corresponding 

D2 relaxed geometries and were aposteriori added to DFT energies. Revisions of the 

Perdew-Burke-Ernzerhof method of GGA (revPBE and RPBE) were made use of along 

with vdW corrections (both semi-empirical and non-local).  

Regarding TS calculations, we have neglected the self-consistent screening 

contributions as these effects are shown to be of no significance for strongly ionic solids. 

Both Mg2+and O2- possess fully-occupied outer-shell orbitals. Therefore, spin-

polarization complications can be removed to boost the computational efficiency. Kohn-

Sham basis sets were expanded in the plane wave basis sets up to 700 eV. The Brillouin 

zone was integrated using a single Γ-centered k-point. Increasing the k-mesh density 

from a Γ-centered single point to a 4×4×1 Monkhorst-Pack sampled grid, and increasing 

the kinetic energy cutoff from 700 to 1000 eV simultaneously, did not have a 
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considerable impact on the adsorption energetics either. Forces were corrected using 

ADDGRID =.TRUE. option. All of the adsorbates were placed on one face of the slab and 

over the cation site. In order to avoid dipole moment formation, mono-, di- and quadru-

pole corrections were applied utilizing the enhanced implementation of the Makov-

Payne algorithm [55]. The pseudopotentials constituted for Mg, O, Kr and Xe comprise 

2, 6, 8 and 8 valence electrons, respectively. 

The material in the present study is an insulator. Thus, a Gaussian smearing of 0.05 

eV width was introduced to account for partial occupancies. A vacuum gap of ~20 Å 

thickness was created above the slab cut to eliminate the periodicity along the c axis. 

Interaction energies were computed by scanning an adsorbate-adsorbent vertical distance 

varying within 2-10 Å. Zero-point energy calculations were carried out by permitting the 

ad-particle to move in the direction of the vacuum gap and all of other motions along the 

a and b crystallographic axes were forbidden. All of the obtained potential energy curves 

were smoothened following the procedure briefly outlined in Chapter 3. 

In the next part, the results for the surface relaxation, surface energies, and 

adsorption energetics of Kr and Xe onto MgO(100) are provided alongside a detailed 

description of the potential energy curves and their behavior at short- and long-range 

regions. 

5.4 Results 

5.4.1 Surface energies and rumpling effects 

There exists an extensive literature concerned with the MgO(100) surface [153-

156]. As such, experimental data regarding its surfaces and their properties is copious. 

MgO surface is a potential candidate for architecture of miniaturized molecular 
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electronic devices [157]. MgO surface serves as a storage material that captures CO2 

from combustion remnants and transforms it into less deleterious carbonates [158]. 

Helium atom scattering (HAS) experiments have revealed that this surface is nearly ideal 

[154]. Several surface energy values have been reported for MgO. According to 

Overbury et al., the surface energy of MgO varies between 1.00-1.20 Jm-2 depending on 

the method of the measurement (cleavage or ΔH of solution) and the temperature at 

which the experiments are conducted (77 or 298 K) [62]. However, the study does not 

provide details such as the orientation of the facet of the samples used. Alfonso et al. has 

listed the empirical surface energy of MgO(100) to be 1.04-1.20 Jm-2 [151]. Lu et al. has 

reported the fully relaxed surface energy of an ideal MgO(100) slab cut to be 0.92 Jm-2 

[154]. The contribution of inter-plane rumpling of this surface is approximated to be low 

(0.021 Jm-2) in Lu and colleagues’ work. The research is based on GGA-PBE 

calculations with no dispersion corrections. Gibson and co-workers have also computed 

the energy of a manifold of MgO surfaces and have reported a value of 2.64 Jm-2 for 

(001) surface [155]. They have exploited the Harris-Foulkes functional in the LDA 

which is well-documented to overestimate the surface binding [159,160]. Our results on 

the other hand range from 0.87-1.63 Jm-2. All of our computed values are in reasonable 

accord with the range of values obtained in prior studies (see Table 20). 

 

Table 20. Computed values of surface energies obtained for MgO(100). 

xc revPBE-D2 revPBE-D3 PBE-D3 PBE-D3(BJ) vdW-DF vdW-DF2 

Surface Enerfgy (Jm-2) 1.13 1.30 1.32 1.40 0.94 0.87 

Concerning the atomic displacements of MgO, several experimental and theoretical 

investigations have been performed [151, 154]. Due to the profusion of experimental 
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results, we will limit ourselves to low-energy electron diffraction (LEED) and reflection 

high-energy electron diffraction (RHEED) measurements data which have been 

previously referenced in another rigorous study [151]. LEED experiments have shown 

that MgO(100) solely undergoes perpendicular surface displacements and no evidence 

exists implying parallel ionic shifts. Alignment of the surface ions in this manner creates 

a rippled surface structure upon relaxation. The wavelet shape of the surface is 

confirmed by means of RHEED experiments [151].  

Consensus about the relaxed MgO surface is that at the equilibrium geometry, the 

first layer of 2Mg  experiences a downwards shift while the first layer of 2O  moves 

upwards. Owing to the surface rumpling effects, the directions of the shifts are reversed 

for the second layer. Cumulatively, these structural changes result in alteration of the 

first inter-plane spacing. Table 21sorts the average percentages of change in the 

interlayer separation upon relaxing for different xc functionals.    

Table 21. Average percentage of structural contortion of (100) plane of MgO for the topmost inter-planar distance. 

xc revPBE-D2 PBE-D2 vdW-DF vdW-DF2 RHEED LEED 

%Variation 0.9 0.7 2.5 2.6 0-3 ~2.5 

As it can be seen, all of our predictions reside within the experimental range of 

displacements. However, non-local methods yield values closer to the upper end of the 

experimentally measured displacements whereas semi-empirical methods predict smaller 

atomic motions. This is attributed to the fact that the semi-empirical formalism is 

computed based on atom-pair dispersion terms whilst van der Waals density functional 

methodology treats these effects using non-local effects. The outcome is then larger non-

locally corrected binding energies compared to semi-empirically corrected values. 

Consequently, vdW-DF and vdW-DF2 bond distances are shorter and their displacements 
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are greater than those of DFT-D2.  

5.4.2 Noble gas-crystallite interface 

As mentioned earlier, the adsorption of He, Ne and Ar at the (100) plane of MgO 

has been thoroughly investigated both experimentally and theoretically. In particular, He 

adsorption onto MgO(100) has been studied in the context of He-atom scattering on oxide 

surfaces as a technologically relevant problem. The significance of the scattering 

technique is attributable to the fact that it is actively utilized as a tool to analyze the 

surface morphological and dynamical properties [161]. In the current section, the two 

remaining noble gas adsorption cases, namely, Kr and Xe atop MgO(100), are 

investigated to complete the picture of group eight elements sorption on rock-salt 

MgO(100). The availability of theoretical studies on all of the group eight elements, will 

enable prospective systematic research focusing on the adsorption of all of the noble 

gases onto MgO(100) to be performed. In an effort to find a singular quantum mechanical 

approach that successfully models RG-MgO(100) system, such individual studies will 

then be of value.   

-Krypton adsorption: We managed to find two experimental values for the 

adsorption energy of this system. Vidali et al. have conducted thermodynamical 

measurements regarding the adsorption energetics of argon, krypton and xenon on cubic 

crystals present in MgO smoke. They have reported the binding energies to be 72.4, 94.8 

and 121 meV for Ar-, Kr- and Xe-MgO, respectively [162]. Jordan and McTague have 

outlined the holding potential of krypton on magnesium oxide surface as 1460 K 

equivalent temperature (125.81 meV) [163]. They have derived this value from respective 

isosteric heat of adsorption data measured by Vidali et al. [162]. Our calculations have 
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determined that revPBE-D3 and vdW-DF2 produce the most accurate adsorption 

energetics for the Kr-MgO slab-adsorbate couple. Both of these methods predict similar 

short-range regimes for the interaction curve (vide Figure 24). The revPBE-D3 computed 

holding potential was found to be 127.08 meV at 3.5 Å. The vdW-DF2 calculated binding 

energy on the other hand was obtained as 119.59 meV at 3.45 Å.  

Hence, the semi-local potential gives a binding energy that is ~6% lower than that 

of the non-local one. The long-range part of the potential surface falls off at more or less 

the same rate for both methods. Thus far, revPBE-D3 has been tested for several 

adsorption cases and has led to dependable results. As mentioned in the first Chapter, 

DFT-D3 takes advantage of an empirical correction approach and has in some systems 

performed in a superior way to more inclusive meta-GGA methods [164]. For instance, 

revPBE-D3 has been tested for water-metal interfaces and has generated results that were 

in agreement with CCSD(T) and experiments [165]. The PBE-D3 method has been 

exploited to compute the adsorption energetics of CO on metallic nanoparticles and has 

produced qualitatively defendable adsorption energy trends [166]. The same has been 

observed when D3 dispersion corrections were applied to spin-polarized PBE results 

acquired for the adsorption of glycerol on surface-alloyed Au(111) [167]. The PBE-D3 

approach has also performed reasonably for surface properties of TiO2(110). Its predicted 

surface energies for this low-index plane of titania afford agreement with the literature 

(0.72 Jm-2). It also predicted the structural characteristics associated with non-innocent 

adsorption of Co-centered macro-cyclic organic molecules at rutile (110).   

The ‘traditional’ D2 approach has four main limitations [22]; (a) D2 accounts for 

the 
6

6C r contribution only and not many-body terms, (b) The dependence of the D2 
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formalism on empirical data shortens the list of elements to be treated, (c) The impact of 

the atoms surrounding the atom-pair of interest are disregarded and (d) The leading 

6

6C r terms diverge at short-range. The D3 scheme on the other hand, is a fixture to the 

abovementioned impediments.   

Another resolution to the lack of the effect of surrounding atoms was proposed by 

Tkatchenko and Scheffler [23]. Based on their suggestion, the effective volume of the 

atom is considered in the calculations. Consequently, the C6 portion of the long-range 

does not remain intact as the chemical environment varies. We performed revPBE-TS 

calculations for Kr-MgO and fitted the obtained potential energy curve. The TS model 

partitions the electronic density between the atoms participating in bonding. The allocated 

charge density of each atom is compared to its freestanding form. The obtained dispersion 

coefficients will thereby be extremely accurate. Although, the exactness of the attained 

values for ionic systems is questionable.   

We set the cutoff radius for pair interactions to 50 Å. The global scaling factor (s6) 

was set to 1.00. The scaling factor (sR) was chosen to be 0.94 and the damping parameter 

(d) was 20.0. The minimal energy was found at 165.22 meV for a separation of 3.6 Å. 

After accounting for the zero-point energy effects (i.e. 16.78 meV), the adsorption energy 

was located at 147.54 meV. This value is consistent with the empirically obtained 

adsorption energy reported by Hoinkes for binding of krypton to MgO (i.e. 147 meV) 

[168]. We also performed PBE-D2 calculations for which the flattened potential well-

depth is 143.65 meV. However, this consistency is fortuitous as PBE-D2 is known for 

overestimating the C6 values. As such, its C3 coefficients, which are extracted from the 

C6’s, are not to be fully trusted either. As a result, the binding energy predicted by DFT-
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D2 is specious.    

In spite of the accurate binding energy, the revPBE-TS prediction of the long-range 

interactions for weakly bound rare gases can be doubtful. It has been demonstrated that 

for rare gas adsorption onto TiO2(110), this approach generates weak effects that drop off 

too slowly at large distances. Although, combined with RPBE, it has produced accurate 

binding energetics for interface bound systems such as azobenze-Ag(111) and thiophene-

Cu(100) [169]. Interestingly, the revPBE-TS functional has exceeded expectations in the 

current work as it has been shown in the past to be a complete failure for strongly ionic 

structures such as NaCl and MgO [126]. This method uses an atom-in-solid approach 

which is strongly reliant upon the degree of covalency and the oxidation state of the ions. 

The dispersion effect is over-predicted by TS. For alkali metal halides it has been shown 

that even D2, despite its deficiencies, outperforms TS.           

-Xenon adsorption: Experimental evidence supports an adsorption energy of 161.68 

meV. This quantity is measured by Vidali et al. [162]. Our periodic boundary condition 

calculations are consistent with this binding energy. We performed both semi-empirical 

and non-local calculations to obtain the adsorption energetics for this system. The 

revPBE-D3 and vdW-DF calculations yielded values in agreement with the experiments. 

The revPBE-D3 binding energy was 172.20 meV whereas it was predicted to be 166.80 

meV using the vdW-DF scheme. The adsorption heights were 3.6 Å and 3.7 Å for 

revPBE-D3 and vdW-DF methods, respectively. The sorption energies predicted by these 

two approaches differ by ~3%. This is due to the differences that inherently exist between 

these two schemes in the treatment of long-range effects. The revPBE-D3 functional we 

used, exploits the zero-damped feature which results in a slower decay rate of the long-
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range regime. As a consequence, the predicted adsorption energy will be greater than that 

computed via vdW-DF. It will also lead to a longer atom-substrate vertical distance. As a 

versatile method, DFT-D3 implementation alongside PBE as the xc functional, has also 

led to success for predicting the binding energy of systems such as Xe and benzene on 

Ag(111) [170]. It has been demonstrated that for adsorption onto the MgO(001) surface, 

D3 can correct B3LYP results to match MP2 values for physisorbed N2O [171]. As such, 

D3 appears to be a substantially more feasible choice for sorption on MgO surfaces. 

Figure 24represents the potential surfaces obtained for krypton and xenon adsorption on 

MgO(100) as a whole. The short-range of the potential is slightly more repulsive for the 

vdW-DF approach compared to the revPBE-D3 one. The optimal distance suggested by 

the non-local approximation is ~0.1 Å longer than that of the dispersion-corrected semi-

local technique. This marginally longer separation is due to the more repulsive nature of 

the vdW-DF functional compared to the revPBE-D3 approach. Nevertheless, the variation 

is inconsequential. Additionally, the vdW-DF curve tails off to a small degree more 

quickly than the revPBE-D3 calculated potential energy surface. 

Fortunately, the availability of experimental results on the sorption energies of all 

noble gases on MgO(100), has made it possible to validate the computed binding energies 

for the xc functionals used. Indeed, more than one experiment has been conducted to 

measure the adsorption energies for each of these cases.  

According to Takaishi and Mohri [172], the interaction potential between a krypton 

ad-atom and an alkali-halide sorbent can be broken down into three terms: repulsive, 

inductive and vdW contributions. The repulsive term is materialized by the interactions 

between the inner-shell electrons of the adsorbate and those of the adsorbent. The surface 
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of an ionic compound possesses a substantial electric field. This field is comprised of 

static and fluctuating portions. The electrostatic field induces a dipole on the ad-particle. 

This effect gives rise to an inductive contribution. The presence of the fluctuating field 

results in a dipole moment in the adsorbate. The interaction between this dipole and the 

fluctuating field leads to vdW energies. It is worth emphasizing that in a physisorption 

instance, vdW forces are dominant in the adsorption energy. According to Tao and 

Rappe’s formulation [95], asymptotic behavior of the potential energy curve of the 

adatom-slab pair is described by 3 54
3 4 5

C CC

Z Z Z
   where Z is the vertical 

separation between the substrate and the ad-particle. Based on this analogy, C3 and C5 

denote vdW interactions and C4 shall vanish upon proper choice of the reference plane. 

Higher order terms are also present in this series (e.g. terms accounting for lateral 

effects). However, they all decay rapidly with distance and can certainly be neglected. 

Second-order perturbation theory can be applied to vigorously describe the vdW 

coefficients. Tao and Rappe have utilized this approach to approximate vdW factors for 

several exemplary systems such as noble gases on LiF, NaF and MgO [95]. Herein, we 

will reiterate their results to apply them in prediction of long-range potentials (vide Table 

22). According to the work conducted by Tao and Rappe, the long-range expression for 

the interaction of a particle with a clean surface is re-written as [95]: 
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V Z
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                                                                            (5.1) 

where Z0 is the reference plane position, which for insulators is close to half of the 

interlayer spacing. 5C  defines the higher-order approximation of C5 as: 
2

5 5 3 06C C C Z     

In their article, Tao and Rappe have tabulated C3 and C5 values for Kr and Xe adsorbed 
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onto MgO. With all these parameters in hand, we calculated the long-range segment of 

the potentials for the abovementioned systems. We assumed the average inter-plane 

distance for MgO to be ~2Å. The coefficients employed herein are extracted from 

supplementary data of the cited work [95]. 

Table 22. Long-range dispersion coefficients calculated by Tao and Rappe for Kr- and Xe-MgO(100) systems (eVÅ-n). 

RG Kr Xe 

C3 0.304 1.892 

C5 0.450 3.796 

As it is displayed in Figure 24, Tao and Rappe approach results in long-range potentials 

that diminish slower than that of vdW-corrected DFT. In the case of krypton adsorption, 

vdW-DF2 computed results are reminiscent of Tao and Rappe’s predictions. As for 

xenon, their results are well separated from ours. The dissimilarity is attributed to the 

asymptotic part of the vdW-DF potentials being greatly underestimated for systems of 

significant size [25]. The main difference between the two Tao-Rappe potentials for 

krypton and xenon takes place at interatomic distances below 6Å. At larger internuclear 

separations, the two potentials almost overlap. As expected, krypton-surface curve at 

long-range dies off quicker than xenon-surface one. Overall, it is concluded that the vdW-

DF2 approach agrees with the Tao-Rappe’s model for ad-krypton. Concerning the ad-

xenon on the other hand, both semi-local and non-local approaches fail to substantiate 

weak interactions that match the Rappe-Tao’s predictions. As opposed to other systems 

of current interest, experimental equilibrium distances for adsorption were presented for 

Kr- and Xe-MgO(100). The experimental optimal energy distances (i.e. 3.06 and 3.13Å 

for krypton and xenon, respectively [162]) are much shorter than those predicted by our 

calculations. The difference can be due to imperfections associated with real world 

crystal structures studied and varied conditions whereby the experiments have been 
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conducted such as adsorbate aggregations. When comparing the theoretical results and 

experimental data, additional caution should be taken as there are common uncertainties 

accompanying experimental measurements.  

We found a linear relationship between the adsorption energies of rare gases 

adsorbed on MgO and their consecutive static dipole polarizabilities (Figure 25). 

According to Hoinkes, the potential well-depth, D, is dependent upon the dipole 

polarizability, α, by: 
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 with ε is the surface dielectric constant and KD is 

a tabulated variable [168]. This relationship guarantees a linear trend for adsorption 

energies vs. respective dipole polarizabilities of the ad-atoms. 

As it has been previously demonstrated for helium, neon and argon adsorption 

onto MgO(100), quantum chemistry calculations such as LMP2 provide adsorption 

energetics that lie within the range of experimental measurements. However, the 

computational expenditure associated with these methods is far more considerable than 

that of DFT and its dispersion-corrected variations. Accordingly, it is computationally 

beneficial to find less time-consuming approaches that can predict the adsorption energies 

as accurately as multilevel hierarchical ab initio methods. It should be emphasized that 

notwithstanding reliable intermediate regimes of potential energy curves, DFT-based 

short- and long-range portions of the potential energy surfaces are not necessarily as 

credible and demand further testing to be validated. 

5.5 Closing comments 

We performed extensive dispersion-corrected DFT calculations of the surface 

energies, atomic displacements and non-covalent adsorption energies of selected heavy 

inert gases at the (100) face of the MgO hemi-crystal. It is difficult to identify a single 
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dispersion-corrected method as the panacea which generates satisfactory results for all of 

the systems and their characteristics. Rather, there are groups of vdW-included 

approaches that can be referred to as reliable and trustworthy for each specific set of 

properties per system. We obtained surface energies that agree with formerly reported 

values in the literature. All of the surface energies obtained in the current work, fall 

within the scope of previously reported values for MgO(100). The magnitudes of surface-

induced ionic displacements were also calculated for this surface. As a result, our 

calculated interlayer spacing for MgO(100) was in agreement with the experimentally 

observed values. Overall, vdW-DF and its variants performed successfully for all of the 

systems of interest. In other words, for each case of adsorption, at least one non-local 

approach was found to foretell the binding energetics precisely. vdW-DF2 calculated 

results were found to be credible when computing the adsorption energetics on MgO. In 

general, the vdW-DF computed well-depth is greater than that computed via vdW-DF2. 

This is due to the more repulsive nature of the vdW-DF functional compared to the vdW-

DF2 approach. vdW-DF works well for Xe on MgO while it overestimates the Kr-MgO 

holding potential. The vdW-DF calculated correlation energies can produce errors of up 

to 20% for intermolecular dispersion coefficients (C6’s). As such, the better performance 

of this method vs. the vdW-DF2 approach for Xe sorbate is attributed to its better 

description of Pauli repulsion for the aforementioned adsorbate-substrate system. In 

addition to van der Waals density functional results, D3 computed values were tested and 

some of their results were in agreement with experimental data throughout this work. The 

same was found for surface energies. For a few of methods of choice, we calculated the 

contribution of adsorbate-induced relaxation and ZPE effects on the binding energy. It 
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turned out that the former does not play a vital role in the adsorption energies of the 

examined examples. The latter however, can have a non-negligible role (as for Kr-MgO). 

It is clear from Figure 24 that including surface reorganizations due to the presence of the 

adsorbate does not have a pronounced influence on the binding energies. Although 

inappreciable, including this factor reduces the deviation of the computed adsorption 

energy from its experimental counterpart. The adsorbate-induced effects, when included, 

lead to longer optimal interatomic separations. This has already been confirmed for the 

sorption of N2 on r-TiO2(110) [105]. However, these effects are mostly negligible for rare 

gas adsorption on solids due to the presence of interfacial elastic forces that resist 

deformation [173,174]. We also calculated the ZPE values for selected systems. For 

example, the well-depth is separated from the ZPE by 16.78 meV for Kr-MgO(100) using 

revPBE-TS. This energy difference is 11.77 meV for Xe-MgO(100) when applying the 

vdW-DF2 methodology. Of especial interest was the success of the TS long-range-

corrected adsorption energy for the Kr-MgO(100) binary system. To our surprise, the 

revPBE-TS predicted binding energy of the abovementioned (after accounting for ZPE 

effects) turned out to be in excellent agreement with the experimental data. This is in 

contrast to prior findings suggesting that the lack of success of the TS approach for 

strongly ionic structures such as MgO and NaCl.  

It is also worth mentioning that xenon binds to MgO more strongly than Mg. De 

facto, the adsorption energy of Xe on MgO(100) compared to Mg(0001) indicates the 

comparatively higher affinity of magnesium oxide towards xenon (~162 meV for Xe on 

MgO(100) vs. 130 meV for Xe on Mg(0001)) [175]. These trends have formerly been 

observed for the adsorption of methane onto PdO(101) compared to Pd(111) [176]. In 
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general, metal oxide surfaces show more tendency to adsorb gaseous particles than 

related metals. This is because metals that reside on the surface of a metal oxide are 

‘electron-poor’ due to the localization of charge distribution around the oxygens of the 

surface. The insufficient electron density makes these metallic sites vulnerable spots for 

adsorbate binding and possible subsequent processes.  

Besides making comparison between the potential minima (which is the most 

important regime of adsorption residing between 3-4 Å) and the experimental binding 

energies, other methods exist which can be utilized to validate the potential energy curves 

obtained for physisorption. For example, high level ab initio calculations (e.g. LMP2 or 

CCSD(T)) can be performed on the adsorption of group eight gases on rock-salt surfaces 

and the attained adsorption energies can be used to benchmark the DFT-based results as 

far as both their short- and long-range regimes’ behavior are concerned. Albeit, rigorous 

quantum mechanical treatment will be a more time-consuming path compared to DFT-

based methods. Recently, Usvyat has investigated the molecular adsorption of H2 on 

graphene through both periodic treatments of local Møller-Plesset perturbation theory and 

a cluster model for CCSD(T) simulations [177]. The results reported by him are 

propounded to be a reliable predictive benchmark for future studies with regard to 

sorption of hydrogen onto the graphene surface. The same two methods can be further 

utilized to explore the adsorption of noble gases on halite surfaces. Newly developed 

methodologies such as the upscaling correction scheme of LMP2→CCSD(T) can be used 

to reduce the computational effort involved in CCSD(T). This approach has been 

undertaken for He- and Ar-MgO(100) adsorption systems and has led to plausible 

adsorption energetics [161]. Another possible trajectory to be explored in future works is 
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to include the effect of lateral interactions among adsorbed atoms. These effects are far 

more puzzling than they appear as they are mainly attractive and surface-mediated. It has 

been proven that for certain instances the lateral effects can be up to a maximum of 25% 

of the adsorption energetics and should definitely be accounted for in higher surface 

coverages (e.g. 1 ML). Recently, the short- and long-range effects of surface-mediated 

lateral interactions have been examined for CO adlayers on Pt(111) [178]. This study 

reveals that there exists a direct correlation between the binding strength of the adsorbate-

adsorbent couple and the importance of adsorbate-adsorbate interactions. These effects 

can also be studied for RG-halite systems with surface coverages close to a monolayer.     

It is also worth mentioning that the experimental adsorption energy on surfaces 

can be obtained from backscattering experiments and the resulting curves can be applied 

to test the credibility of their theoretical counterparts. This method has been formerly 

adopted for H2-Cu(111) and has resulted in substantiation of the vdW-DF2 generated 

potentials [25]. Generally speaking, the assessment of a certain dispersion-corrected 

method is based on how close its generated numbers are to a specific reference datum or a 

set of data. In spite of its intertwined deficiencies, this approach has become common 

practice for the purpose of accuracy testing. However, it is to be kept in mind that 

comparing to experimental results does not necessarily lead to discernment on whether or 

not a particular method is conceptually flawless. Further, experimentally gathered values 

suffer from downfalls such as measurement uncertainties and naturally occurring surface 

imperfections. These shortcomings can lessen the worthiness of the agreements observed 

between experiment and theory. As an improvement, highly accurate quantum chemical 

calculations are required in order to fathom the underpinning aspects of the sorption 
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process. Moreover, simulations normally picture the surfaces as defect-free and ideal, an 

assumption that by no means abides by realistic scenarios.  

Defect effects can be accounted for by using non-ideal slab models with point and 

line defects such as steps and kinks. The tradeoff then becomes the much slower 

convergence of the potential energy series due to the presence of non-vanishing dipole 

moments. Another major factor in many physical adsorption cases is the effect of 

competing species. One example of such competition is between any adsorbate of interest 

and the omnipresent H2O molecules. The inclusion of this factor will certainly complicate 

the problem to be attacked. Nonetheless, it will ultimately help us create a more realistic 

picture of interfacial phenomena. More structurally complex physisorbates (such as C60) 

can be investigated to further our understanding of the physical adsorption process.  

 

 
Figure 23. Schematic illustration of (100) surface of rock-salt MgO. Blue (green) spheres denote Mg (O). 
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Figure 24. Potential energy plots of Kr and Xe on MgO(100). 

 

Figure 25. Pictorial representation of low-coverage adsorption energetics vs. static dipole polarizabilities. 

-0.19

-0.14

-0.09

-0.04

0.01

0.06

0.11

0.16

2 3 4 5 6 7 8 9

P
o

te
n

ti
a

l 
E

n
er

g
y

 (
eV

)

Vertical Distance (Å)

Kr-revPBE-D3

Kr-vdW-DF2

Kr-vdW-DF2-Full-Relax

Kr-Exp.

Kr-Rappe

Xe-revPBE-D3

Xe-vdW-DF

Xe-vdW-DF-Full-Relax

Xe-Exp.

Xe-Rappe

He
Ne

Ar

Kr Xe

0

20

40

60

80

100

120

140

160

180

200

0 1 2 3 4 5

A
d

so
rp

ti
o

n
 E

n
er

g
y

 (
m

eV
)

Experimental Dipole Polarizability (Å3)

Exp.

vdW-DF

revPBE-D3

revPBE-D3

vdW-DF2



 

120 

 

Research Summary 

a. Weakly bound noble gases (Ne, Ar, Kr, and Xe) are being utilized as probes to 

monitor the photocatalytic activity of the TiO2(110) surface. In this work, this 

adsorption problem is examined through several van der Waals-corrected DFT 

treatments on periodic systems. The results were validated by comparing with 

experimentally based determinations of the adsorption energies at one-monolayer 

surface coverage. The most reliable results are provided by the revPBE-D3 

approach: it predicts adsorption energies of −118.4, −165.8, and −223.17 meV for 

argon, krypton, and xenon, which are within 6% of the experimental values, and 

attractive long-range tails which are consistent with our ab initio benchmarking. 

Moreover, the revPBE density functional describes the short-range part of the 

potential energy curve more precisely, avoiding the exchange-only binding effects 

of the PBE functional. The vdW-DF2 overestimates the adsorption energies of 

noble gas atoms as light as argon. The Tkatchenko−Scheffler dispersion 

correction combined with the revPBE functional produces accurate estimations of 

the adsorption energies (to within 10%) but with long-range attractive tails that 

decay too slowly as in first-generation nonlocal vdW-DF method. Lateral 

interactions between co-adsorbate atoms contribute up to about 15−20%, being 

key in achieving good agreement with experimental measurements. 

b. Weak binding of small molecules onto surfaces is a powerful tool whereby 

interfacial phenomena can be studied at the atomistic level. It is well-recognized 

that physisorption is a precursor to chemisorption and subsequent heterogeneous 

catalysis. Although partly overlooked, vdW-driven sorption of particles on rutile-
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like substrates is of potential value due to the wide variety of the applications it 

serves. Probing the acidity of rutile-structured adsorbents by means of carbon 

monoxide adsorption is the quintessential case of long-range-dominated 

adsorption on such materials. Monomer, half-layer and monolayer physisorption 

of gaseous CO at (110) facet of rutile-like ZnF2 was investigated using dispersion-

free and dispersion-corrected DFT. In agreement with the pertinent literature, the 

upright C-ligated monomer when bound to unsaturated Zn, was found to be 

energetically favored over the O-ligated conformer. Calculated stretching 

frequencies of freestanding and adsorbed CO were in excellent agreement with 

their experimentally observed counterparts.  

c. In recent years, the surfaces of oxides and fluorides have received considerable 

attention due to their suitability for emerging technologies such as fuel cells. 

Among these substances, well-known rutile TiO2 is of particular interest owing to 

its utilization in a wide range of applications such as heterogeneous catalysis. In 

order to probe this material for its catalytic activity, physisorption of small 

organic molecules, such as methane, on its respective dominant surfaces is of 

potential value. However, the lack of adequate experimental results on the 

adsorption energetics and geometries of binding particles, has stimulated a large 

number of computational studies. In this work, the van der Waals-driven sorption 

of CH4 on the (110) face of the abovementioned surface has been examined 

computationally. A manifold of dispersion-corrected DFT methods was applied to 

evaluate the binding and surface energies as well as surface-induced atomic 

displacements. Only the most energetically favored configuration of the 
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adsorption, has been examined. The calculated values were compared to the 

pertinent literature data, either theoretical or experimental, when available. Whilst 

optB86b-vdW produces the most consistent atomic displacements, despite its 

limitations, revPBE-D3 results in the most accurate adsorption energies for CH4-

TiO2(110). Calculated surface energies were in agreement with prior studies. 

d. Adsorption of gaseous particles on solids offer a broad array of idiosyncratic 

functional properties such as those observed in scattering experiments. Nowadays, 

it is well-entrenched that physisorption acts as a precursor paving the way for 

chemisorption and the subsequent catalytic process. Adsorption of noble gases 

onto crystalline surfaces epitomizes physisorption. Due to its intricate nature, a 

delineation of the physical adsorption phenomenon is necessitated. This has led to 

an immense number of studies centralized on the basis of adsorption. The 

physical adsorption onto insulating MgO(100) surface with rock-salt structure 

was investigated using van der Waals corrected-density functional theory. DFT-

D3, vdW-DF and its variations were employed to carry out the calculations. 

Surface energies and atomic displacements were computed for this plane. 

Physisorption of Kr and Xe on the aforementioned surface was modelled using 

dispersion corrected-DFT. The obtained values were in good agreement with 

values found in the literature.  
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