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Interfaces play a pivotal role in modern devices and applications. A proper understanding of them requires an approach that supplements the experimental
studies with appropriate computational undertakings. Computational methodologies and tools play a major role in the enhancement of the understanding
of existing as well as newly discovered technologies. Since a unified theory/software tool that describes all encompassing phenomena does not yet exist, a
variety of models/tools that deals with various phenomena at a range of length
and time scales need to be considered. This calls for the development of combined models that are computationally efficient and scientifically accurate to
describe the length and time scales relevant to the processes in the systems of
interest. This thesis describes the development and the implementation of such
combined methods/tools for the simulation and analysis of a variety of interfacial systems.
The first part of this thesis presents the development and implementation of efficient implicit solvation models to describe solid-liquid interfaces
in the density-functional theory (DFT) framework and its implementation in
the widely used DFT code Vienna Ab-initio Software Package (VASP). This
is followed by the description of the development of an open-source highthroughput framework for the creation, screening, simulation, and analysis
of interfacial systems. The high-throughput framework enables the creation

of various interfacial structures such as solid/liquid interfaces, nanocrystal/ligands and heterostructure interfaces. The framework also enables the generation of input files for various DFT/MD softwares so that an in depth analysis of the screened interfaces at different length scales can be done if desired.
The open-source tools developed as part of this work are made freely available
and some have already become part of widely used scientific software packages
such as the VASP DFT code.
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CHAPTER 1
INTRODUCTION

Multi-phase interfaces play a major role in the design and the understanding of modern microelectronic devices, energy storage devices and biological
systems [49, 74, 16, 42]. The understanding of morphology and composition of
the interfaces forms the key to the unfolding of new scientific phenomena that
could eventually lead to the creation of better and efficient technological applications that have the potential of advancing the human civilization. Interfaces
can be between solid and solid phases, solid and liquid phases or solid and
gaseous phases. In comparison to the solid/solid and solid/gaseous interfaces,
solid/liquid interfaces deserve special attention as they are more technologically important and pose a much tougher challenge to tackle computationally.

1.1

Importance of solid/liquid interfaces

Solid/liquid interfaces are ubiquitous in modern technological devices. From
energy storage devices to the manufacturing of modern micro-electronics, all
involve solid/liquid interfaces either in the working device or in the manufacturing process.
Consider the cases of electrochemical cells and batteries, where the electrode/electrolyte interface chemistry determines the operating voltage as well
the stability of the device. Figure 1.1 shows the schematic diagram of electrode/electrolyte interface. Deposition on the electrodes and passivating layers
formed on the surfaces of the electrodes are known to cause capacity fade in
batteries [8], especially the lithium-ion cells [26]. In batteries utilizing lithium
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Figure 1.1: Schematic diagram of electrode/electrolyte interface [1]. Double layer formation on a negatively charged electrode surface
is depicted.

metal, the formation of dendrite structures on lithium electrode could lead to
short circuits, posing a serious safety concern [21, 65]. In order to improve the
predictive capability of battery models, thus ultimately leading to less expensive and higher quality batteries, requires the quantification of the processes
occurring at the interfaces. Typical battery performance standards such as energy density and cycle life require considerable improvements, while maintaining high environmental, safety and cost standards. Such progress will require
significant advances in our understanding of electrode and electrolyte materials [8].
The synthesis of nanoparticle and their assembly is another research area
where solid/liquid interfaces play a major role [11, 24, 12]. Like atoms or
molecules, nanocrystals (NC) may be used as the building blocks for the assembly of novel solid-state materials. This opens up possibilities of fabricating new
materials and devices with novel physical properties, as interactions between
proximal NCs give rise to new collective phenomena [71]. Building upon the
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understanding of the physical properties of individual NCs and the interacting
between NCs, novel materials can be designed with properties that are controlled by the interplay of the individual NCs, their assembly, and the coupling
by, e.g., molecular ligands. Engineering the size and composition of the NCs
will tune the properties of the individual NC building blocks. The electronic
and optical properties of metals and semiconductors strongly depend on the
crystalline size in the nanometer regime [16]. Selecting the length and chemical
functionality of ligands can tune the synthesis of nanocrystals and the coupling
between neighboring NCs. Nanoparticle size and shape depends largely on the
ligands and the solvent medium in which they are dispersed in. Type and the
number of ligands bound to the NC surfaces can become a deciding factor in NC
self-assemblies [14]. The binding strength of various ligands on the NC facets as
well as their coverage are significantly affected by the dispersive medium [24].
Figure 1.2 shows how solvent treatment can alter the self-assembly of PbSe NCs.
Better understanding of the role of the interfaces between NCs, ligands, and solvents is needed to enable a rational design of these NC assemblies with specific
properties.
Another area where solid/liquid interfaces play an important role are biological systems and their processes, such as protein folding and self assembly.
In protein folding the interactions among the components in the amino acid
sequence are the main determinants of the protein structure [29]. Figure 1.3
shows the schematic diagram of protein folding driven by local interactions. As
with the NC/ligand interfaces, the dispersive medium plays a significant role in
modifying the interactions within the protein chain as well as between protein
chains [3].

3

Figure 1.2: Schematic illustration of PbSe quantum dots when exposed to
DMF. For an air-free sample, DMF treatment preferentially removes the ligands from the {100} facet, causing fusing along
that direction and leading to square packed crystals. When
particles are exposed to air, the {100} facets are oxidized preferentially. When the DMF further removes ligands, the oxide
passivated particles agglomerate in an undirected, amorphous
fashion [12].

Figure 1.3: Folding driven by local interactions, secondary structure formation precedes collapse [28].

4

1.2

Computational approaches for multiscale modeling

Experimental methods such as X-ray spectroscopy, microscopy techniques such
as atomic force microscopy (AFM), scanning tunneling microscope (STM), and
transmission electron microscopy (TEM) etc. can provide a wealth of information on the electronic, optical and catalytic properties of a variety of systems.
They can also shed light on the global as well as local structures of interfacial
systems. But a complete and detailed understanding of solid/liquid interfaces
by experimental techniques alone is difficult due to the heterogeneous and statistical nature of the interface, the importance of impurities in the system, and
current limitations imposed by the expensive experimental techniques. Computational techniques can greatly supplement the knowledge gained from experimental observations and provide guidance towards newer exploratory directions.
Theoretical methods and simulations can provide complementary information such as energetic stability, the detailed electronic structure, energy barriers
for reaction pathways, etc. However, most computational studies neglect the
effect of solvents and electrolyte for solid/liquid interfaces or are limited by the
time-consuming generation of structures for solid/solid interfaces. Also when
it comes to computational modeling different mathematical models need to be
considered to describe various phenomena occurring over a range of length and
time scales.
Electronic structure theory that describes the system at an electronic level
constitute the lower end of the length and time scale. In principle one could use
the electronic structure theory to describe any arbitrary system, but the amount

5

of degrees of freedom involved in solving the system at that level makes the
treatment not amenable to a numerical solution even with the state of the art
computational resources. Atomistic models such as Molecular dynamics simulations are employed successfully to describe systems at an atomic level without
accounting for the electronic degrees of freedom. Even higher level of description is utilized in the continuum models where both electronic as well as atomic
degrees of freedom are averaged out.
Often different models need to be combined to ensure an efficient and accurate theoretical framework to describe the system under consideration properly.
In this thesis we develop multi-scale methods and algorithms for the accurate
description of solid/liquid interfaces and the efficient high-throughput calculation of materials interfaces. The description of solid/liquid interfaces are based
on concurrent multi-scale approach that couple accurate density-functional theory for the solid with efficient continuum models for the liquid. In the following we provide brief introduction to electronic structure methods with focus on
density-functional theory, continuum solvation models, and high-throughput
frameworks for materials calculations.

1.2.1

Electronic structure methods

Within the Born-Oppenheimer approximation the electronic structure problem
is finding the ground state energy of non-relativistic electrons for arbitrary nuclear positions [20]. Once the solution is known, many properties like bond energies and bond lengths of molecules and lattice structures and the band structure of solids can be predicted [33]. The Hamiltonian for N electrons is given

6

by [54]
Ĥ = T̂ + V̂ee + V̂ext ,

(1.1)

where the kinetic energy operator, T̂ , is given by
N

T̂ = −

1X 2
∇,
2 1 j

(1.2)

the electron-electron repulsion operator is given by
V̂ee =

1X 1
,
2 i, j |ri − r j |

(1.3)

and the external potential describing the nuclei-electron interaction is given by
V̂ext

1 X X ZI
=
,
2 I i |RI − ri |

(1.4)

The ground state energy satisfies the variational principle:
E = min hΨ|Ĥ|Ψi
Ψ

(1.5)

where the minimization is over all anti symmetric N-particle wavefunctions.
Solving the aforementioned full N-electron Schrödinger’s equation is impossible even with the state of the art computational resources. Reasonable approximations need to be made to solve the problem without losing the accuracy.
Simplest of such approximations is the Hartree approximation where the wavefunction is given by the non-interacting single particle orbitals [53]
Ψ = φ1 (r1 )φ1 (r2 )...φN (rN ),

(1.6)

where φi (ri ) is the single particle orbital. Within this approximation the energy
term corresponding to the electron-electron repulsion is given by
Eee =

Z

P

Z
3

d r

3 0

d r

7

i

P
|φi (r0 )|2 i |φi (r)|2
2|r − r0 |

(1.7)

The above energy term is called the Hartree energy. Its a mean field term that
accounts for the electronic repulsion in an average sense. The Hartree approximation fails to account for the anti-symmetric property of the wavefunction and
the electron-electron correlations. Next in line of several approximations is the
Hartree-Fock approximation that approximated Ψ by a single Slater determinant of single particle orbitals [53].
Ψ=

X
(−1) p Πi φi (r p ),

(1.8)

p

where p is a permutation. In addition to the mean field term in the Hartree
approximation, Hartree-Fock theory contributes an additional term called the
exchange term that results from the anti-symmetric nature of the wavefunction [15].
Eexchange = −

Z

Z
3

d r

d3 r0

φi (r)φ∗j (r)φ∗i (r0 )φ j (r0 )
2|r − r0 |

(1.9)

Although the Hartree-Fock approximation was able to capture most of the
physics but it still failed to account for the electron correlation effects. Other approaches such as the configuration interactions[87], couple cluster [82] and the
Moller-Plesset perturbation [81] theory were developed to accurately account
for the electron correlation effects. These accurate methods demand more complicated calculations and the computational resource requirement increases exponentially with the system size. There needs to be a compromise between the
required accuracy and the ease of solving the problem. The density functional
theory approach provides such an efficient alternative approach.
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Density functional theory

In density functional theory (DFT) the ground state energy is written in terms
of the electronic charge density, n(r), instead of the wavefunction Ψ, where the
charge density is given by
n(r) = |Ψ|2 .

(1.10)

The first such DFT formulation was by Thomas and Fermi [61]. In that formulation, the kinetic energy density at any point is approximated by that of uniform
electron gas of non-interacting electrons of density n(r) i.e
T̂ T F

3(3π2 )2/3
=
10

Z
n(r)5/3 d3 r.

(1.11)

The electron-electron repulsion term is given by the Hartree energy term mentioned before
1
EH =
2

Z

Z
3

d3 0r

d r

n(r)n(0(r))
.
|r − 0(r)|

(1.12)

The nuclei-electron interaction term, labeled the external energy contribution, is
given by
Eext =

Z
d3 rVext (r)n(r).

(1.13)

Thus the net system energy as a functional of the charge density becomes
E[n(r)] = T T F [n(r)] + E H [n(r)] + Eion [n(r)].

(1.14)

Minimizing the above energy functional yields the ground state.
Though the Thomas-Fermi approximation is able to compute the energies
correctly for many systems, the approximation is very ad hoc and no rigorous
proof for the existence of a charge density dependent ground state is provided.
In 1964, the theory proposed by Hohenberg-Kohn [45] changed the electronic
structure landscape significantly by providing a rigorous proof for DFT. The
9

Hohenberg-Kohn theorem that forms the central tenet of DFT states the following:

• There exists a functional F[n] of the electron density such that the ground
state energy and the density for N-electron system in the presence of the
external potential Vext is
E0 = min{F[n(r)] +

Z

n

d3 rVext (r)n(r)}.

The minimum is taken over all positive n such that

R

(1.15)

d3 rn(r) = N where N

is the number of electrons in the system. F[n] is the the universal function
independent of Vext
• The external potential Vext and hence the Hamiltonian Ĥ are determined
to within an additive constant by the charge density, n(r).

The problem is to find or approximate the functional F[n(r)]. The scheme
introduced by Kohn and Sham in 1965 [101] calculates most parts of the universal functional exactly. The scheme computes the kinetic energy and the Hartree
energy term exactly using a anti symmetric non-interacting wavefunction such
that wavefunction produces the same density n(r). Thus the universal functional
is given by
F[n] = T [n] + Ehartree [n] + E xc [n].

(1.16)

The last term E xc , called the exchange-correlation energy accounts for the exchange and the correlation contribution to the energy that were missed out in
the non-interacting approximation. Minimizing the energy functional under
the Kohn-Sham scheme yields the Schrödinger equation with the Kohn-Sham
Hamiltonian HKS :
ĤKS φ j =  j φ j ,
10

(1.17)

where φ j and  j are the Kohn-Sham Orbitals and eigenvalues respectively and
the Kohn-Sham Hamiltonian is given by
1
HKS = − ∇2 + V̂KS ,
2

(1.18)

where V̂KS is the Kohn-Sham potential:
V̂KS = V̂H + V̂ext + V̂XC ,
where V̂H is the Hartree potential given by
Z
n(r0 )
V̂H (r) =
d3 r0
|r − r0 |

(1.19)

(1.20)

and V̂XC is the exchange-correlation potential:
V̂XC =

δE XC
.
δn(r)

(1.21)

The Kohn-Sham scheme is exact but in practice approximations need to be
made for the exchange-correlation energy term. The approximation that one
makes for the exchange correlation energy term is the primary source of different flavors of DFT that are in existence today. Most widely used approximations
are: the local density approximation (LDA) [15] and the generalized gradient
approximation (GGA) [15]. In LDA the the exchange-correlation energy density
corresponds to that of uniform electronic gas of density n whereas in the case of
GGA the energy density is a functional of the charge density and its gradient,
~
|∇n|:
LDA
E XC

E GGA
XC =

=
Z

Z
d3 rε(n)

(1.22)

~
d3 rε(n, |∇n|).

(1.23)

There are numerous implementations of Kohn-Sham DFT. They vary mostly
in the choice of basis functions used in expanding the single particle Kohn-Sham
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orbitals. For periodic systems, the choice of plane waves prove to be the best
choice as it enables the use of the efficient Fast Fourier Transforms (FFT). The
implementations of the solvation models described in this work are done in the
widely used plane-wave DFT code VASP [56].

Coupling continuum solvent models with density functional theory

DFT provides a reliable and efficient means to study the electronic structure
of crystal systems. It has been applied successfully towards the design and
understanding of a wide variety of novel solid systems and surfaces. But DFT
treatment of liquids present an enormous challenge due to its lack of structure.
Including the solvent effects in DFT calculation by adding explicit solvent
molecules is the most straight forward thing to do as it involves only specifying
the atomic positions of the solvent molecules, the same way one would go about
with crystal systems. There in lies the problem because unlike crystal structures
liquids lack a defined structure and the computation of liquid properties require
statistical averaging over a large number of ensembles. This means a larger
simulation box to incorporate the large number of solvent molecules to capture
their complete effect on the surface and also a longer simulation time to facilitate
the required thermodynamic sampling. Even though DFT significantly reduces
the degrees of freedom that need to be solved in comparison to the N-electron
wavefunction, the calculations could still be expensive as the system scales as N 3
where N is the number of electrons in the simulation box. Thus a very accurate
DFT calculation with explicit solvent becomes prohibitively expensive even for
the modern state of the art machines.
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Instead of treating the solvents explicitly, it is possible to account for their
effects on the solute in an implicit manner. In this approach the solvents are
characterized by their equilibrium properties such as the relative permittivity,
density, permanent dipole moment of the solvent molecule etc, instead of as a
collection of molecules. Figure 1.4 shows the schematic of formic acid molecule
adsorbed on Pt surface embedded in an implicit solvent medium. Most commonly employed implicit solvent models are the polarizable continuum models
(PCM) [97]. In PCM the solute system is assumed to be embedded in a dielectric cavity and the interactions between the solute and the solvent are entirely
electrostatic in nature. Further corrections can be made by adding energy terms
that account for the dispersion and hydrophobic effects between the solute and
the solvent. As with the Thomas-Fermi model in DFT, the PCM models are ad
hoc and not rigorous.

Figure 1.4: Schematic diagram of surface/implicit solvent interface.

Work by Arias et al. [79], the joint density functional theory (JDFT) puts the
solvent effects into a rigorous DFT framework. Various PCM models can be
then seen as the various approximations to the JDFT. JDFT introduces a variational theorem that allows an exact description of the solute/solvent systems in
13

terms of electron densities for the solute part of the system and in terms of fluid
nuclear densities for the solvent. Petrosyan et al. [78] shows that the equilibrium
free energy of a solvated electronic system minimizes
Z
XZ
E0 = minn,{Nα } [F JDFT [n, {Nα }] + drVext n(r) +
drVα Nα (r)],

(1.24)

α

where F JDFT is a universal functional of the solute electronic density and the
solvent nuclear densities alone.

Similar to the universal functional in the

Hohenberg-Kohn theorem the JDFT universal functional can be decomposed
exactly as
F JDFT [n, {Nα }] = F HK [n] + Eliquid [{Nα }] + ∆E[n, {Nα }],

(1.25)

where F HK is the universal functional from the Hohenberg-Kohn theorem, Eliquid
is the free energy functional of the liquid and the last term is the coupling term
that accounts for the interaction between the solute and solvent systems. Different solvent models come about as a result of the approximations one make
for the JDFT universal functional, F JDFT . The following chapters in the thesis
describe PCM like models that are cast into the rigorous framework of the joint
density functional theory.
In this thesis I describe the self-consistent implementation of a set of solvent
models into the widely used plane-wave DFT code VASP [56]. The open-source
implementation, VASPsol [68], is freely available and is part of the official VASP
release from versions >= 5.4.1. The VASPsol logo is depicted in Figure 1.5.
Chapter 2 describes the linear solvation model for a dielectric continuum
and its self-consistent implementation in VASP. Chapter 3 describes how we extend the model to include the description of the shielding through mobile ions in
electrolyte solutions and its self-consistent implementation in VASP . Chapter 4
furthermore expands the solvation models to include a description of dielectric
14

Figure 1.5: VASPsol logo.

saturation at high electric fields as can occur near electrode interfaces and the
effect of finite size of the ions. In each chapter, following a brief review of the
energy functionals describing the solvent interactions, we derive the modified
Kohn-Sham potential that casts the model into a self-consistency framework so
that it can be integrated into the self-consistent plane wave DFT code VASP. The
implementation details are also discussed in each chapter.

1.2.2

High-throughput framework for screening interfaces

The above described methodologies coupled with numerous computational
tools that already exist provide an excellent infrastructure for the analysis of
various interfacial systems. The software tools that enable methodologies like
molecular dynamics (MD), kinetic monte carlo (KMC) and Finite Element Methods (FEM) enable one to study systems at various length scales ranging from
nano to macro. Bridging the gap between ab-intio studies and a macroscopic
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analysis of systems require appropriate software frameworks that can couple
with the existing tools and integrate them into one common framework that
can be employed to do a full scale analysis of the system under consideration.
Advancement in modern computing enables today’s computational scientist
to pursue such a more balanced and holistic approach to the discovery of advanced materials. Acceleration of the discovery of novel materials requires the
development of framework/management systems can efficiently leverage the
available tools and computational resources.
Chapter 5 describes the development and implementation of such a framework. The open-source framework written in python programming language
enables screening of interfacial systems in a high throughput fashion. The
framework extends the already existing efficient resources that are part of the
Materials Project [73], which is part of the materials genome initiative announce
couple of years ago to fast forward the materials research. The frameworks capabilities can be the grouped into three categories:
1. Generate structures of arbitrary interfacial systems such as solid/implicit
liquid, nanocrystal/ligand and heterostructure interfaces. The generated
structures can be formatted to conform with the computational tool being
used
2. Generate input files for various softwares that implement molecular dynamics (MD) and DFT methodologies.
3. Enable creation of workflows that describe the steps in the analysis with
support for the mixing of various software tools.
4. Provide a unified framework for the workflow execution on all available
diverse computing resources.
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CHAPTER 2
SELF-CONSISTENT LINEAR SOLVATION MODEL IN PLANE-WAVE
DENSITY-FUNCTIONAL THEORY 1

2.1

Abstract

Solid-liquid interfaces are at the heart of many modern-day technologies and
provide a challenge to many materials simulation methods. A realistic firstprinciples computational study of such systems entails the inclusion of solvent
effects. In this work we implement an implicit solvation model that has a firm
theoretical foundation into the widely used density-functional code VASP. The
implicit solvation model follows the framework of joint density functional theory. We describe the framework, our algorithm and implementation, and benchmarks for small molecular systems. We apply the solvation model to study the
surface energies of different facets of semiconducting and metallic nanocrystals
and the SN 2 reaction pathway. We find that solvation reduces the surface energies of the nanocrystals, especially for the semiconducting ones and increases
the energy barrier of the SN 2 reaction.

2.2

Introduction

Recently, scientists have determined that the understanding of nanoparticle
synthesis and electrochemical interfaces is crucial to designing novel materials
for energy technology and improving the performance characteristics of batter1

Published as ’Kiran Mathew, R. Sundararaman, K. Letchworth-Weaver, T. A. Arias, and R.
G. Hennig, J. Chem. Phys, 140(8):084106, 2014’
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ies and catalysts. [11, 14, 43, 102] The physics of solid-liquid interfaces plays a
major role in the synthesis of nanoparticles, chemical reactions at electrode surfaces, [63] and in many other phenomena important to energy applications. The
thermodynamics and kinetics of nanoparticle interfaces determine the particle
morphologies and surface states, which in turn affect the self-assembly as well
as optical and electronic properties of these materials. [24, 22, 52]
A comprehensive understanding of nanoparticle synthesis and electrochemical interfaces via experiments presents a challenge due to the heterogeneity of
the interface and the complexities of the solid and liquid materials involved. [70]
Computational studies provide an alternative method to improve our fundamental understanding of solid/liquid interfaces and to predict properties of
novel materials interfaces. [14, 60, 88, 31]
There are two main ways to achieve a computational treatment of solid/liquid interfaces. If a complete ab-initio treatment of the solute/solvent system is
desired, all solvent molecules must be considered explicitly. Thus, to reach the
equilibrium state we need to relax the electronic and ionic degrees of freedom of
both the solute and the solvent molecules. This treatment is quite expensive, as
the number of solvent molecules in the system required to capture the essential
equilibrium properties is huge and because of the statistical averaging required
for the solvent molecules.
An alternative approach is to treat the solute quantum-mechanically and to
treat the solvent as a continuum, which means that the solute is immersed in
a bath of solvent and the average over the solvent degrees of freedom becomes
implicit in the properties of the solvent bath. Implicit solvation models for plane
wave density-functional theory (DFT) codes were pioneered by Fattebert and
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Gygi, [31] independently developed and placed into the rigorous framework
of joint density functional theory (JDFT) by Arias et al., [79] and extended by
Marzari et al. to include a model for cavitation and dispersion. [5] These methods provide a much more computationally tractable way to vary the electronic
and the geometric degrees of freedom of the solute so that the ground state of
the combined solute/solvent system conforms with the equilibrium properties
of the solvent bath. Since the solute electronic structure is still being treated
quantum-mechanically, this approach can be quite accurate assuming all interactions between the solute and the solvent are considered in proper detail.
For polar or ionic solute systems in contact with polar fluids, the electrostatic
interaction between the solute and the solvent is the most significant solvation
effect. For nonpolar solutes and solvents, the van der Waals interaction can
dominate over electrostatics. For large molecules, the energy required to form a
cavity in the solvent is the most important contribution to the solvation energy.
Thus, any solvation theory which can be generally applicable to nanoparticles,
molecules, and surfaces must consider all of these effects. In this work, we review an implicit solvation model which places a quantum-mechanical solute in
a cavity surrounded by a continuum dielectric description of the solvent. Describing the dielectric response as a functional of the solute electronic charge
density leads to a self-consistent determination of the cavity by considering the
polarization of the solvent by the electronic structure of solute, the effects of
cavitation and dispersion, and the corresponding response of the solute system
to the presence of the solvent. This implicit solvation model provides a computationally efficient and accurate technique for understanding solute/solvent
interfaces.
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Following the approach of Refs. [[60]] and [[79]], we briefly review the theoretical underpinnings and framework of these implicit solvation models in
Sec. 2.3. We then describe in Sec. 2.4 the implementation of an implicit solvation
model derived from joint density functional theory [60, 79, 41] in VASP, a widely
used and multi-featured plane-wave DFT code. Though this model was previously implemented in the open source codes DFT++ [47] and JDFTx, [95] implementation in VASP places this theory into the self-consistent field framework
for the first time. Due to the plane-wave basis, this implementation is more scalable for large periodic systems than solvation models which employ Gaussian
type orbitals. Additional advantages of this new implementation include higher
performance, better MPI parallel scaling, and the interoperability with an extensive library of standardized ultrasoft pseudopotential and projector-augmented
wave potentials. In Sec. 2.5 we benchmark the accuracy of this implementation
by calculating molecular solvation energies, and comparing against both experimental and JDFTx-calculated values. Finally, in Section 2.6 we apply the model
to metal and semiconductor nanocrystal interfaces and reaction pathways. We
find that the implicit solvation model that we have implemented into VASP
provides an efficient and accurate approach to determine solvation energies of
molecular and extended systems. Also, the solvation modifications are freely
available as a patch to the original VASP source code. [66]

2.3

Theoretical framework of implicit solvation model

Following Refs. [[79]] and [[78]], the free energy, A, of the combined solute/solvent system can be written as a sum of two terms, a universal functional F of the
total electron density and the thermodynamically averaged atomic densities of
20

the solvent species, and a term describing the electrostatic energy contribution
A = F[ntot , {Ni (~r)}] +


Z
X



+ d3 r Vext (~r)  Zi Ni (~r) − ntot (~r) .

(2.1)

i

Here ntot (~r) is the total electron density, which is the sum of the electron density
of the solute and the solvent, i.e. ntot (~r) = nsolute (~r) + nsolv (~r). Ni (~r) are the thermodynamically averaged atomic densities associated with the chemical species
i in the solvent, Vext (~r) is the external potential due to the solute nuclei and F is
a universal functional. The functional F is universal in the sense that it depends
only on the electron density, the solvent atomic densities, and thermodynamic
parameters such as temperature and pressure. A detailed discussion of the theoretical consequences can be found in Ref. [[96]].
Next we use the variational principle for the thermodynamic free energy of
the electron-nuclear system in a fixed external electrostatic potential Vext (~r) to
determine the ground-state free energy of the system
(
A0 =

F[ntot , {Ni (~r)}]

)
Z
X



+ d3 r Vext (~r)  Zi Ni (~r) − ntot (~r) .
min

ntot ,{Ni (~r)}

(2.2)

i

Although the above formalism provides an exact DFT treatment of the combined solute/solvent system, it is difficult to solve in practice due to the minimization involved over the immense number of solvent degrees of freedom. In
order to make it amenable to a computational treatment, the free energy is first
minimized over the solvent electron density and then over the solute electron
density to determine the ground state free energy. [79]
Minimizing Eq. (2.1) with respect to the solvent electron density nsolv , we
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obtain
Ã = G[nsolute (~r), {Ni (~r)}, Vext (~r)]
Z
− d3 r Vext (~r)nsolute (~r),

(2.3)

where
(
G[nsolute (~r), {Ni (~r)}, Vext (~r)] = min F[ntot , {Ni (~r)}]
nsolv

)
Z
X

3
− d r Vext (~r)  Zi Ni (~r) − nsolv (~r) .

(2.4)

i

G is a universal functional of the electron density of the solute nsolute (~r), the average atomic densities of the various species in the solvent {Ni (~r)}, and the external
potential of the solute nuclei Vext (~r). The functional G can be separated as following
G[nsolute (~r), {Ni (~r)}, Vext (~r)] = AKS [nsolute (~r), Vext (~r)]+
+ Adiel [nsolute (~r), {Ni (~r)}, Vext (~r)],

(2.5)

where AKS is the usual Kohn-Sham density functional for the solute and Adiel
is the term that encapsulates all the interactions of the solute with the solvent
and the internal energy of the solvent. To further simplify the expression, the
functional Adiel is minimized with respect to the average atomic densities of the
solvent, Ni (~r),
Ãdiel [nsolute (~r), Vext (~r)] =
min Adiel [nsolute (~r), {Ni (~r)}, Vext (~r)].

{Ni (~r)}

(2.6)

Combining Eqs. (2.2) to (2.6) leads to the ground state free energy of the solute/solvent system,

A0 = min AKS [nsolute (~r), Vext (~r)]
nsolute (~r)
Z

− d3 r Vext (~r)nsolute (~r) + Ãdiel [nsolute (~r), Vext (~r)] .
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(2.7)

Importantly, this minimization procedure leads to a free energy of the combined solute-solvent system written as a functional of only the electron density
of the solute, nsolute (~r), and the external potential of the solute nuclei, Vext (~r), properties determined solely by the solute. All the solvent effects are contained in
the functional Ãdiel , which is obtained by the minimization over the solvent electron density and the thermodynamically average atomic densities of the solvent. Thus, the functional Ãdiel describes a continuum model for the solvent,
which has an equilibrium structure fully determined by the properties of the
solute, upon the solute electronic structure. The minimization of the functionals
in Eq. (2.7) with respect to the solute degrees of freedom leads to the ground
state free energy of the joint system. Up to this point, the theory is exact, although the exact form of Ãdiel is unknown. Approximations must be made to
the functional Ãdiel for practical calculations.
As a first approximation, we consider the electrostatic interaction between
the solute and the solvent, which affects the equilibrium polarization of the solvent dipoles. Assuming that the solvent polarization depends linearly on the
electric field for the range of fields encountered in the vicinity of the solute,
the solvent polarization can be described by the local relative permittivity of
the solvent, (~r). We must then include in the functional Ãdiel a term to account
for the electrostatic interaction between the solute electronic structure and the
corresponding bound charge distribution induced in the solvent. [31, 79]
However, an electrostatic-only approach is insufficient to describe solvation
of molecules and nanoparticles, where cavitation and dispersion may play a
significant role. Since the non-electrostatic effects are concentrated in the first
solvation shell, to describe these effects, [25] we adopt a version of the empirical
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model proposed by Marzari et al., [5] and placed into the joint density-functional
theory framework by Arias et al. [41] that describes the corrections as an interface term that is proportional to the solvent-accessible area. Thus, we also
include in Ãdiel an additional term to describe the free energy contributions of
cavitation and dispersion,
Acav = τ

Z
d3 r|∇S |,

(2.8)

where τ is the effective surface tension parameter, which describes the cavitation, dispersion and the repulsion interaction between the solute and the solvent
that are not captured by the electrostatic terms alone and S (~r) is the cavity shape
function described below.
Decoupling the electrostatic term from the Kohn-Sham functional AKS and
combining it with the interaction term and the cavitation term, we obtain
A[nsolute (~r), φ(~r)] =ATXC [nsolute (~r)]
Z

+ d3 r φ(~r) Nsolute (~r) − nsolute (~r)
Z
|∇φ|2
− d3 r (~r)
8π
+ Acav ,

(2.9)

where ATXC is the free energy density functional describing the kinetic and
exchange-correlation energy of the solute and Nsolute (~r) is the solute nuclear
charge density.
We make an important distinction between the potentials φ(~r) and Vext (~r).
φ(~r) is the combined electrostatic potential due to the electronic (nsolute (~r)) and
nuclear (Nsolute (~r)) charges of the solute system in a polarizable medium. Vext (~r)
is the potential due to the nuclei in the solute, and is usually described by pseu-
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dopotentials or the projector-augmented wave method. Outside a specified cutoff radius it has the form

Zeff
,
r

where Zeff is the effective charge of the respective

atom. Since the solvent described by (~r) does not penetrate the core region
of the pseudopotentials, we can approximate the contribution of the nuclear
charges to the combined electrostatic potential φ(~r) of the solute by a sum over
terms of the form

Zeff
.
r

So far, we have described a solute system surrounded by a dielectric medium
quantified by the relative permittivity of the solvent system, (~r). However, we
must also determine the form of the dielectric cavity formed in the solvent by
the solute. Implicit solvation models often differ in their approximations for this
cavity. A common way to construct the cavity is to place spheres around the
solute atoms and then take the union of these overlapping spheres. [97] Inside
the so-formed cavity the relative permittivity is assumed to be that of vacuum,
outside it takes the value of the solvent, and the induced charges are placed on
the surface of this cavity. One might also assume a diffuse dielectric cavity such
that the relative permittivity changes continuously.
In this work, we assume a diffuse dielectric cavity that is a local functional
of the electronic charge density of the solute, i.e for the relative permittivity
(~r) = (nsolute (~r)). This assumption leads to a diffuse cavity that is implicitly
determined by the electronic structure of the solute. The smooth transition into
the cavity also ensures that the derivatives of the energy functional are continuous, thereby simplifying the implementation of the geometric optimization of
the solute system. We assume the following functional dependence [79] of the
relative permittivity of the solvent on the solute electronic charge density
(nsolute (~r)) = 1 + (b − 1)S (nsolute (~r)),
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(2.10)

nsolute
nc
Figure 2.1: Smooth variation of the relative permittivity  from the vacuum value of one to the value of the solvent, e.g. 80 for water.

where b is the relative permittivity of the bulk solvent and S (nsolute (~r)) is the
cavity shape function, given by
(
)
log(nsolute /nc )
1
.
S (nsolute (~r)) = erfc
√
2
σ 2

(2.11)

The parameter nc determines at what value of the electron density the dielectric
cavity forms, and σ is the parameter that determines the width of the diffuse
cavity. The choice of the logarithm in the shape function is to obtain a numerically resolvable smoothly varying function for the usually exponentially decaying charge density. [79] Figure 2.1 illustrates the dependence of the permittivity
on the solute electronic charge density. The above functional form of the relative
permittivity ensures that the value of the relative permittivity varies smoothly
from one in the bulk of the solute to b in the bulk of the solvent and that for
b → 1, the free energy reduces to the vacuum value. This gradual variation
emulates the first solvation shell effects, i.e the value of the relative permittivity of the solvent close to the solute is smaller than the equilibrium bulk value
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due to the higher electric field near the solute surface, a phenomenon known as
dielectric saturation.
As shown by Refs. [[60]] and [[79]], the functional in Eq. (2.9) can be optimized by first minimizing with respect to the electrostatic potential, φ(~r), and
then with respect to the solute electronic charge density, nsolute (~r). Minimization
with respect to φ(~r) leads to a generalized Poisson equation [31]


∇ · (nsolute (~r))∇φ =

− 4π Nsolute (~r) − nsolute (~r) ,

(2.12)

where Nsolute (~r) consists of the effective core charges approximated by Gaussians
as described below and nsolute (~r) is the valence electronic charge density. Minimization of Eq. (2.9) with respect to the electronic charge density, nsolute (~r), yields
the typical Kohn-Sham Hamiltonian with the following additional terms in the
local part of the potential
Vsolv =

d|∇S |
d(nsolute (~r)) |∇φ|2
.
+τ
dnsolute (~r) 8π
dnsolute (~r)

(2.13)

Corrections to the Hellman-Feynman force terms should also be made due
the modifications of the Kohn-Sham potential. The force corrections consist of
two terms,
Z

dNsolute 3
∆φ
d r+
dRI

Z
Vsolv

dnsolute 3
d r.
dRI

(2.14)

The first term is due to the change in the electrostatic potential ∆φ, which is
the difference between the solution to Eq. (2.12) and the electrostatic potential
when the relative permittivity is one. The second term is due to the augmentation of the electronic charge density with the pseudo-charge density at the atom
locations to prevent the fluid from entering in the core region, as described in
the following section.
27

2.4

Implementation of implicit solvation model

The implicit solvation model reviewed above has been implemented into the
Vienna Ab-initio Software Package (VASP), [56] a widely-used plane-wave DFT
code. Combined with VASP’s parallel scalability to large system sizes and
the availability of established and tested libraries of ultrasoft pseudo-potentials
(USPP) [100, 57] and projector-augmented wave (PAW) potentials, [18] the MPI
compatible implementation extends the capabilities of the software to study
large solvated metallic and semiconducting systems in an efficient manner.
The VASP code solves the Kohn-Sham equations through self-consistent iterations to find the electronic ground state. To include the description of the
solvent effects, we modify the local potential of the Kohn-Sham Hamiltonian
and the expression for the total free energy. The solution to the generalized
Poisson equation, given by Eq. (2.12), must become part of the self consistent
loop as the valence charge density changes in each self-consistent iteration.
The generalized Poisson equation is solved in each electronic step to obtain
the electrostatic potential of the combined solute electronic charge density and
ionic charge density in the polarizable medium that describes the solvent. Since
VASP is a plane-wave DFT code, we take advantage of fast Fourier transformation (FFT) methods and approximate the nuclear point charges by Gaussians of
finite width, [79]
Nsolute (~r) =

X
I



~ I )2 
 (~r − R
ZI
 ,
exp −
(2πσ)3/2
2σ2

(2.15)

~ I and ZI are the positions and charges,
where σ is the width of the Gaussian, R
respectively, of the nuclear species I in the solute. As long as the width, σ is
sufficiently small such that the Gaussians do not interfere with the solvent, the
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Figure 2.2: Solvation energy as function of the Gaussian ionic width for
CO molecule for two different atomic separations, where the
Gaussian width, σ, is specified in units of the grid size.

interaction energy does not depend on the Gaussian width. Figure 2.2 illustrates
for the CO molecule that the solvation energy is independent of the choice of
σ over a range of values of σ. For small values of σ, i.e. when σ is of the
order of the grid spacing or smaller, deviations occur because of the reduced
numerical accuracy of the integration of the Gaussians. For large values of σ, the
deviations are caused by the Gaussians reaching into the region of the solvent.
For DFT implementations that use pseudopotentials such as VASP, [56]
PWSCF, [37] ABINIT, [38] JDFTx, [95] etc, the electronic charge density corresponds only to the valence charge density which tapers off close to the atomic
cores. Since the solvent effects described by the permittivity are assumed to
be a functional of the local electronic charge density, the possibility exists that,
due to the reduced valence charge density near the cores, the relative permittivity could become greater than one in the region of the atomic cores. Following
Ref. [ [60]], in order to ward off such unphysical solvent penetration into the
atomic core regions, pseudo-charges centered at the atomic cores are added to
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the valence charge density. This is strictly a numerical device and has no effect
on the interaction energies as these pseudo charges are only used in the computation of the relative permittivity of the solvent. In principle, one could also
replace these pseudo-charges with the partial core charges from an appropriately chosen pseudopotential, as is done in the current JDFTx implementation
of the same fluid model. [95]
The generalized Poisson equation, Eq. (2.12), is solved using a preconditioned conjugate gradient algorithm. We use a pre-conditioner of the
form

1
,
G2

where G is the nonzero reciprocal lattice vector. This choice of pre-

conditioner gives the exact solution to the Poisson equation in Fourier space
when the permittivity is constant.
The solution procedure using the conjugate gradient algorithm is made efficient through the use of FFTs for the evaluation of the gradient and divergence
terms in Eq. (2.12). First, the gradient term, ∇φ, is evaluated in Fourier space.
It is then transformed to real space and multiplied with the spatially varying
permittivity, (~r), which is given as a functional of the charge density. Then the
divergence of the term (~r)∇φ is computed in the Fourier space using a FFT,
leading to the complete Fourier space representation of the right hand side of
Eq. (2.12).
For the shape function parameters nc and σ in Eq. (2.11) and the effective
surface tension τ in Eq. (2.8) we use the values of Ref. [ [41]] that were obtained
by a fit of the model to experimental solvation energies for molecules in water.
The specific values are nc = 0.0025Å−3 , σ = 0.6, and τ = 0.525meV/Å2 . Using
a hydrogen atom in a 10Å cubic box as a test case, the effective surface area
computed using Eq. (2.14) with σ = 0.6 agrees within 2% with the geometri-
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Figure 2.3: Comparison of solvation energies for different molecules in
water calculated with VASP and JDFTx. The JDFTx calculations employed norm-conserving pseudopotentials and the
VASP calculations ultrasoft pseudopotentials and the PAW
method.
cal surface area at the cut-off charge density, nc . Since the parameters used in
the model are fit together, this small deviation is inconsequential and largely
absorbed in the effective surface tension parameter τ.
The implementation of this solvation model in VASP is parallelized over
multiple processors using MPI. To demonstrate the efficiency of the implementation, we calculate the surface energy of a Pt (111) surface slab with 5 layers
of Pt and a 10 Å slab spacing. The vacuum SCF calculation, starting from random wavefunction, converged in 39 seconds and required 28 self-consistent iterations. The same system solvated in water, starting from the vacuum wave
functions, converged in 35 seconds and required 16 self-consistent iterations.
These calculations were performed on 4 nodes, each consisting of two 8-core
Intel Xeon E5 processors, on the Texas Advanced Computing Center (TACC)
Stampede system.
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2.5

Validation of implicit solvation model

We validate the correct implementation of our solvation model for the energies
and forces by comparing the solvation energies of several molecules with values
obtained for the same solvation model from the JDFTx code [95] and with experimental results. For the forces, we compare the values from the implemented
analytic expressions with the values obtained by numerical differentiation of the
energy.
The calculations for the validation in this section as well as the applications
in Sec. 2.6 are performed with the modified VASP code using USPP and the
PAW method, the PBE exchange-correlation functional. For the molecular systems we use a cutoff energy of 800 eV, the Γ point for k-point sampling, and
a cubic box of 10 Å edge length. The atomic positions are obtained from the
computational chemistry comparison and benchmark database. [83] The calculations of the surface energies use a cutoff energy of 460 eV, a 16 × 16 × 1 mesh
for k-point sampling, and a vacuum spacing of 10 Å. The geometry of the platinum slabs for different crystal facets are taken from our previous study given
in Ref. [ [34]]. For PbS, 100 surface geometry had 5 layers, 110 had 10 layers and
111 had 9 layers (reconstructed surface with Pb termination). Fully relaxed vacuum slab geometries were used for both Pt and PbS solvation calculations. For
the solvation model parameters, we use the default values of our implementation as specified in the previous section and the relative permittivity of water b
= 80, which is the default solvent in the implementation.
The correctness of the VASP implementation of the solvation model is verified by comparing the solvation energies of organic molecules with the val-
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Figure 2.4: Experimental versus VASP calculated solvation energies for
different molecules in water
ues obtained from the identical solvent model implemented in the JDFTx code.
Figure 2.3 shows that the solvation energies of both codes are nearly identical,
indicating that the method is implemented correctly. The small discrepancies
between the VASP and JDFTx solvation energies (on the order of 10 meV) can
be attributed to differences in the pseudopotentials used and are well within
common pseudopotential errors. [75] Figure 2.4 compares the calculated solvation energies to experimental data. The calculated solvation energies are in
good agreement with the experimental values. The experimental and computed
solvation energies obtained using JDFTx and VASP are also listed in Table 2.1.
The implicit solvation model results in correction terms for the forces, which
are derived from the energy expression of Eq. (2.9) and given by Eq. (2.14). We
confirmed the numerical accuracy of the forces by comparing the results of the
implemented analytic expressions with the values obtained by numerical differentiation of the energy for several molecules.
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Table 2.1: Molecular solvation energies; VASP, JDFTx and experimental
values. All energies are in eV
Molecules

Eexpt

PAW
EVASP

Ejdftx

USPP
EVASP

Acetone

-0.17

-0.19

-0.19

-0.20

Dimethyl ether

-0.08

-0.07

-0.07

-0.07

Ethane

+0.08

+0.03

+0.03

+0.03

Ethanol

-0.22

-0.17

-0.18

-0.18

Methane

+0.08

+0.01

+0.02

+0.01

Methanol

-0.22

-0.20

-0.19

-0.19

Propane

+0.09

+0.03

+0.03

+0.03

Propanol

-0.21

-0.18

-0.17

-0.17

Water

-0.27

-0.31

-0.31

-0.31

2.6

Applications

We apply the implemented solvation model to surfaces of materials that are of
current technological interest and study the effect of various solvents on the surface energies of the dominant facets of metal and semiconductor nanocrystals.
In addition, we determine the energy barrier for the nucleophilic substitution
reaction of chloromethane and compare the results with quantum chemistry
calculations.

34

2.6.1

Solvation effects on metal and semiconductor nanocrystals

Optical, electronic, and magnetic properties of nanocrystals strongly depend on
their size and shape. These properties are in turn affected by the functional
groups present on the surface and the type of solvent in which they are dispersed. Here we consider platinum and lead sulphide nanocrystals to ascertain
how the presence of a solvent affects the surface energies of different nanocrystal facets and what the implications are for the nanocrystal shape. Platinum
nanocrystals have a wide range of applications in catalysis from fuel cells to
catalytic converters. [59, 17] Lead sulphide nanocrystals have exceptional optical properties [9] and are considered as emerging novel materials for inorganicorganic bulk hybrid solar cells [104] and tunable near infrared detectors. [76]
Figures 2.5 and 2.6 show how the presence of solvent affects the surface energies of the low-energy facets of Pt and PbS nanocrystals. In all cases, the solvent
reduces the surface energies with the more polar solvents resulting in higher
reductions. The reduction in surface energies for Pt are up to 2 meV/Å2 and for
PbS up to 7 meV/Å2 . 5A The more significant effect of solvation on the PbS surfaces than the Pt surfaces is due to the nature of bonding in these systems. PbS
exhibits a partially ionic bonding, while the Pt bonding is purely metallic. The
presence of partially ionic bonds on the PbS surfaces lead to stronger electric
fields at the surface experiencing solvent screening. Due to the reasonably high
electric fields present at the PbS surfaces, we also confirm that a linear dielectric
response to electric field strength is sufficient for capturing the solvation energy
of these materials. For the PbS surfaces, the surface energy differences between
the linear and nonlinear model calculated with the JDFTx code [41] is less than
35
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Figure 2.5: Surface energies of the (111), (100), and (110) facets of Pt
nanocrystals in different solvents.

2%. Ref. [ [41]] has confirmed that the effect of nonlinearity is also negligible for
metal surfaces.
We observe that the surface energies of all facets are reduced by the electrostatic screening of the solvent, an effect which is particularly noticeable for the
surfaces of the ionic PbS compound. While the absolute surface energies of PbS
are significantly reduced by the presence of water, the change of the ratios of
the surface energies with respect to the lowest energy facet,

γ(hkl)
,
γ(100)

is significantly

smaller. In the presence of the solvent, the surface energies become slightly
more similar to each other. However, we find that the resulting effect of the solvent on the morphology of bare nanoparticles is negligible. In many synthesis
processes, the nanoparticle morphology is also determined by the nature of the
passivating ligands adsorbed on the surface and the rate at which they are ad-
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Figure 2.6: Surface energies of the (100), (111), and (110) facets of PbS
nanocrystals in different solvents.

sorbed. [14, 12] The predicted change in the surface energies due to the presence
of the solvents used during synthesis is expected to affect the energetics and the
rate of ligand adsorption.

2.6.2

Reaction pathways

Reaction pathways and barriers are also influenced by the presence of solvents. [51, 84] To demonstrate the importance of solvation effects in determining
the reaction pathways and to illustrate the capability of the current implementation, we consider the nucleophilic substitution SN 2 reaction of Cl− and CH3 Cl.
This bimolecular nucleophilic substitution plays an important role in physical
organic chemistry and hydration increases the reaction energy barrier, which
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[Cl–CH3–Cl]–

Eb

Cl– + CH3Cl

CH3Cl + Cl–

Figure 2.7: Nucleophilic substitution SN 2 reaction of a chlorine ion with
chloromethane.
Table 2.2: Energy barriers for the nucleophilic substitution SN 2 in vacuum
and in water calculated with VASP, Gaussian09, and constrained
ab-initio molecular dynamics.
Ebvacuum (eV)
VASP

Ebwater (eV)

0.34

0.60

Fattebert and Gygi1

0.61

Gaussian092

0.32

0.63

Gaussian 093

0.32

0.69

ab-initio molecular dynamics4

0.82

increases the the transfer rate by 20 orders of magnitude. [98]
Figure 2.7 illustrates the pathway for the SN 2 reaction Cl− + CH3 Cl

ClCH3

+ Cl− , where Eb is the energy barrier. We calculate the energy barriers for this reaction in vacuum and water using VASP and Gaussian09. [36] The VASP calculations employ a cutoff energy of 800 eV and our implemented solvation model.
We place the molecules in a cubic box of 25 Å size, which we found sufficient
for the convergence of the energy differences to an accuracy of 10 meV. The
Gaussian09 calculations use the aug-cc-pV5Z basis set and the static isodensity
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solvation model, [35] which is similar to the solvation model we implemented
in VASP.
Table 2.2 compares the energy barrier for the SN 2 reaction obtained with
VASP with various other methods. We find that the energy barriers obtained
from VASP and Gaussian09 are in good agreement. We also observe that the
energy barrier in Gaussian09 only weakly depends on the solvation model. The
energy barriers obtained with our solvation model in VASP and Gaussian09
also compare well with the result of Fattebert and Gygi [31] of 0.61 eV which
neglected the contribution from the cavitation. [31] For the case of this reaction
energy barrier, neglecting the cavitation energy is a good approximation since
the cavity does not change much during the reaction. The reaction barrier obtained with constrained ab-initio molecular dynamics simulations with explicit
solvent is 0.82 eV [30], about 0.2 eV higher than the values for the implicit solvation model. This difference may be due to anharmonic contributions to the
energy barrier.

2.7

Conclusions

We implemented an implicit solvation model that describes the effect of electrostatics, [79] cavitation, and dispersion [5] on the interaction between a solute and solvent into the plane-wave DFT code VASP. The model was validated by comparing the values from the VASP implementation with the values from the JDFTx implementation and experimental data. Our implementation provides a computationally efficient means to calculate the effects of solvation on molecules and crystal surfaces. We apply the solvation model to deter-
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mine the effects of solvation on the different facets of metal and semiconductor
nanocrystals and the energy barrier for the nucleophilic substitution reaction of
chloromethane. Solvation significantly reduces the surface energies of the semiconducting PbS nanocrystals and only weakly affects the surface energies of the
metallic Pt nanocrystals. For the nucleophilic substitution reaction we obtain
energy barriers in good agreement with previous calculations. The strength of
our solvation model implementation is its capability to handle large periodic
systems such as metal and semiconductor surfaces and its interoperability with
standard ultrasoft pseudopotential and projector-augmented wave potential libraries. The software is freely available as a patch to the original VASP code. [66]
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CHAPTER 3
IMPLICIT SELF-CONSISTENT DESCRIPTION OF ELECTROLYTE IN
PLANE-WAVE DENSITY-FUNCTIONAL THEORY 1

3.1

Abstract

Ab-intio computational treatment of electrochemical systems requires an appropriate treatment of the solid/liquid interfaces. A fully quantum mechanical
treatment of the interface is computationally unfeasible due to the large number of degrees of freedom involved. In this work we describe a computationally
efficient model where the electrode part of the interface is modeled at the density functional theory (DFT) level and the electrolyte part is represented through
an implicit model based on the Poisson-Boltzmann equation. We describe the
implementation of the model Vienna Ab-intio Simulation Package (VASP), a
widely used DFT code, followed by validation and benchmarking of the implementation. To demonstrate the utility of the implicit electrolyte model we apply
the model to study the effect of electrolyte and external voltage on the surface
diffusion of sodium atoms on the electrode.

3.2

Introduction

Interfaces between dissimilar systems are ubiquitous in nature and frequently
encountered and employed in scientific and engineering applications. Of particular interest are solid/liquid interfaces that form the crux of many tech1

To be published as ’Kiran Mathew and R. G. Hennig, Implicit self-consistent description of
electrolyte in plane-wave density-functional theory’
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nologically important systems such as electrochemical interfaces, [102, 43, 63]
nanoparticle synthesis, [24, 70, 64] and protein folding and membrane formation. [28] A comprehensive understanding of the behavior and properties of
such systems requires a detailed microscopic description of the solid/liquid interfaces.
Given the heterogeneous nature and the complexities of solid/liquid interfaces, [2] it is often the case that experimental studies need to be supplemented
by theoretical undertakings. A complete theoretical study of such interface
based on an explicit description of the electrolyte and solute involves solving
systems of nonlinear equations with enormous amount of degrees of freedom
and quickly become prohibitively expensive even when state of the art computational resources are employed. [47] This calls for the development of efficient implicit computational frameworks for the study of solid/liquid interfaces. [105, 47, 79, 25, 62, 5]
We have previously developed a self-consistent solvation model [68, 67] that
describes the dielectric screening of a solute embedded in an implicit solvation
model for the solvent, where the solute is described by density-functional theory (DFT). We implemented this solvation model into the widely used DFT code
VASP. [56] This software package, VASPsol, is freely available under the GPL v3
license and has been used by us and others to study the effect of the presence of
solvent on a number of materials and processes, such as the catalysis of ketone
hydrogenation, [69] the interfacial chemistry in electrochemical interfaces, [58]
hydrogen adsorption on platinum surfaces, [85] etc.
In this work we describe the extension of our solvation model VASPsol [68, 67] to include the effects of mobile ions in the solvent through the so-
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Figure 3.1: Spatial decomposition of the solid/electrolyte system into
the solute, interface, and electrolyte regions for a bcc Na(110)
surface embedded in an electrolyte with relative permittivity
r = 78.4 and monovalent cations and anions with concentration 1M. The solute is described by density-functional theory,
the electrolyte by an implicit solvation model. The interface
regions is formed self-consistently as a functional of the electronic density of the solute. All properties are shown as a percentage of their maximum absolute value.

lution of the linear Poisson-Boltzmann equation and then apply the method to
electrochemical systems to illustrate the power of this approach. Figure 3.1 illustrates how the solid/electrolyte system is divided into spatial regions that are
described by the explicit DFT and the implicit solvation model. This new solvation model allows for the description of charged systems and the study of the
electrochemical interfacial systems under applied external voltage. Section 3.3
describes the formalism and outlines the derivation of the energy expression. In
Sec. 3.4 we describe the details of the implementation and validate the method
against previous computational studies of electrochemical systems. Finally, in
Sec. 3.5 we apply the method to study the effect of an applied external potential
on the adsorption and surface diffusion for metal electrodes.
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3.3

Theoretical framework

Our solvation model couples an implicit description of the electrolyte to a
quantum-mechanical explicit description of the solute. The implicit solvation
model incorporates the dielectric screening due to the permittivity of the solvent and the electrostatic shielding due to the mobile ions in the electrolyte.
The solute is described explicitly using DFT.
To obtain the energy of the combined solute/electrolyte system, we spatially
divide the materials system into three regions: (i) the solute that we describe explicitly using DFT, (ii) the electrolyte that we describe using the linear PoissonBoltzmann equation and (iii) the interface region, that electrostatically couples
the DFT and Poisson-Boltzmann equation. Fig. 3.1 illustrates the regions for
a Na(110) surface embedded in a 1M aqueous electrolyte. The interface between the electrolyte and the solute system is formed self-consistently through
the electronic density and the interaction between the electrolyte and solute is
described by the electrostatic potential as explained in the following sections.

3.3.1

Total energy

We define the interface region between the solute and the electrolyte using the
electronic charge density of the solute, n(~r). The electrolyte occupies the volume of the simulation cell where the solute charge density goes to zero. In
the interface region where the electronic charge density increases rapidly from
zero towards the average bulk value of the solute, the properties of the implicit solvation model, e.g. the permittivity  and the Debye screening length
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λD , change from their bulk values of the electrolyte to the vacuum values in
the explicit region. The scaling of the electrolyte properties is given by a shape
function [68, 60, 79, 95, 41]
(
)
log(n/nc )
1
S (n(~r)) = erfc
.
√
2
σ 2

(3.1)

Following our previous work [68] and the work by Arias et al., [60, 79, 95, 41]
the total free energy, A, of the system consisting of the solute and electrolyte is
expressed as
Z

A[n(~r), φ(~r)] = ATXC [n(~r)] + φ(~r)ρ s (~r) d3 r
Z
Z
|∇φ|2 3
1
− (~r)
d r+
φ(~r)ρion (~r) d3 r
8π
2
+ Acav + Aion ,

(3.2)

where ATXC is the kinetic and exchange-correlation contribution from DFT, φ is
the net electrostatic potential of the system, and ρs and ρion are the total charge
density of the solute and the ionic charge density of the electrolyte, respectively.
The net solute charge density, ρs , is the sum of the solute electronic and nuclear
charge densities, n(~r) and N(~r), respectively,
ρs (~r) = n(~r) + N(~r).

(3.3)

The net ionic charge density, ρion , is given by
ρion (~r) =

X

qzi ci (~r),

(3.4)

i

where ci (~r) is the concentration of ionic species i with charge zi q, and q is the elementary charge. The concentration of ionic species, ci , is given by a Boltzmann
factor of the electrostatic energy [89] and modulated in the interface region by
the shape function, S (n(~r)),
ci (~r) =

S [n(~r)]c0i

!
−zi qφ(~r)
exp
,
kT
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(3.5)

where c0i is the bulk concentration of ionic species i, k is the Boltzmann constant
and T the temperature. The relative permittivity of the electrolyte, (~r), is assumed to be a local functional of the electronic charge density of the solute and
modulated by the shape function, [68, 60, 79, 95, 41]
(n(~r)) = 1 + (b − 1)S (n(~r)),

(3.6)

where b is the bulk relative permittivity of the solvent. The cavitation energy,
Acav , describes the energy required to form the solute cavity inside the electrolyte
and is given by [5]
Acav = τ

Z
|∇S |d3 r.

(3.7)

In comparison to our previous solvation model, [68] the main changes to
the free energy expression are the inclusion of the electrostatic interaction of the
ionic charge density in the electrolyte with the system’s electrostatic potential,
φ, and the non-electrostatic contribution to the free energy from the mobile ions
in the electrolyte, Aion . In this work we assume that to be just the entropic contribution, [89] i.e.
Aion = kT S ion ,

(3.8)

where S ion is the entropy of mixing of the ions in the electrolyte, which for small
electrostatic potentials can be approximated to first order as
S ion

!
ci 3
=
ci ln 0 d r
ci
i
Z X
zi qφ 3
≈−
ci
d r.
kT
i
Z X
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(3.9)

3.3.2

Minimization

To obtain the stationary point of the free energy, A, given by Eq. (3.2), we set
the first order variations of the free energy with respect to the system potential,
φ, and the electronic charge density, n(r), to zero. [68, 60, 79, 95, 41] Taking the
variation of A[n(~r), φ(~r)] with respect to the electronic charge density, n(~r), yields
the typical Kohn-Sham Hamiltonian [55] with the following additional term in
the local part of the potential
Vsolv =

δρion
δ(n) |∇φ|2
+φ
δn 8π
δn
δ|∇S |
δS ion
+τ
+ kT
.
δn
δn

(3.10)

Taking the variation of A[n(~r), φ(~r)] with respect to φ(~r) yields the generalized
Poisson-Boltzmann equation
~ ·  ∇φ
~ = −ρs − ρion ,
∇

(3.11)

where (n(r)) is the relative permittivity of the solvent as a functional of the
electronic charge density.
We further simplify the system by considering the case of electrolytes with
only two types of ions present, whose charges are equal and opposite, i.e. c01 = c02
= c0 and z1 = −z2 = z. Then the ionic charge density of the electrolyte becomes [89]
 zqφ 

 −zqφ 
− exp
ρion = qzc0 exp
kT
kT
 zqφ 
= −2qzc0 sinh
kT

(3.12)

and the Poisson-Boltzmann equation becomes


~ ·  ∇φ
~ = −ρs + 2qzc0 sinh zqφ .
∇
kT
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(3.13)

For small arguments x =

zqφ
kT

 1, sinh(x) → x and we obtain the linearized

Poisson-Boltzmann equation
~ ·  ∇φ
~ − κ2 φ = −ρs
∇

(3.14)

!
2c0 z2 q2
1
κ =
= 2,
kT
λD

(3.15)

with
2

where λD is the Debye length that characterizes the dimension of the electrochemical double layer.

3.4

Implementation and validation

The implicit electrolyte model described above is implemented in the widely
used DFT software Vienna Ab-intio Software Package (VASP). [56] VASP is
a parallel plane-wave DFT code that supports both ultra-soft pseudopotentials [100, 57] as well as the PAW [18] formulation of pseudopotentials.
The main modifications in the code are the evaluation of the additional contributions to the total energy and the local potential given by Eqs. (3.2) and
(3.10), respectively. Corrections to the local potential require the solution of the
generalized Poisson-Boltzmann equation (3.13) in each self-consistent iteration.
Our implementation solves the equation in reciprocal space and makes efficient
use of fast Fourier transformations (FFT). [68] This enables our implementation
to be compatible with the Message Passing Protocol (MPI) and to take advantage of the memory layout of VASP. We use a pre-conditioned conjugate gradient algorithm to solve the generalized Poisson-Boltzmann equation with the

−1
pre-conditioner G2 + κ2 , where G is the magnitude of the reciprocal lattice
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Figure 3.2: Comparison between the computed and the experimental Potential of Zero Charge (PZC) with respect to the standard hydrogen electrode (SHE). The dashed line is a fit of V pred =
pred
V exp + VSHE
to determine the theoretical potential of the SHE.
vector and κ2 is the inverse of the square of the Debye length, λD . Our software
module, VASPsol, is freely distributed as an open-source package and hosted
on GitHub at https://github.com/henniggroup/VASPsol. [67]
We benchmark the model against existing experimental and computational
data. [60] First, we compute the potential of zero charge (PZC) of various metallic slabs and compare them against the experimental values. Second, we compute the surface charge density of a Pt(111) slab as function of the applied external potential and compare the resulting value of the double layer capacitance
with previous computation and experiment.
The DFT calculations for these two benchmarks are performed with VASP
and the VASPsol module using projected augmented wave (PAW) formalism
describing the electron-ion interactions and the PBE approximation for the
exchange-correlation functional. [56, 77] The Brillouin-zone integration uses an
8 × 8 × 1 k-points. A high plane-wave basis set cutoff energy of 800 eV is used
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to ensure proper resolution of the interfacial region between the solute and implicit. We consider an electrolyte that consists of an aqueous solution of monovalent anions and cations of 1M concentration. At room temperature this electrolyte has a relative permittivity of b = 78.4 and a Debye length of 3 Å. To
change the applied potential, we adjust the electron count and then determine
the corresponding potential from the shift in electrostatic potential as reflected
in the shift in Fermi level. This takes advantage of the fact that the electrostatic
potential goes to zero in the electrolyte region for the solution of the PoissonBoltzmann equation.
Figure 3.2 compares the electrode potential of zero charge (PZC) calculated
with the implicit electrolyte model as implemented in VASPsol with experimental data. The electrode potential of zero charge is defined as the electrostatic potential of a neutral metal electrode and is given by the Fermi energy with respect
to a reference potential. A natural choice of reference for the implicit electrolyte
model is the electrostatic potential in the bulk of the electrolyte, which is zero in
any solution of the Poisson-Boltzmann equation. In experiments, the reference
is frequently chosen as the standard-hydrogen electrode (SHE). The dashed line
pred
in Fig. 3.2 presents the fit of V pred = V exp + VSHE
to obtain shift between the ex-

perimental PZC and the computed PZC, . i.e. the potential of the SHE for our
pred
electrolyte model. The resulting VSHE
= 4.6 V compares very well with the pre-

viously reported computed value of 4.7 V for a similar solvation model. [41]
Figure 3.3 shows the calculated surface charge density, σ, of the Pt (111)
surface as a function of applied electrostatic potential, V. The linear slope of
σ(V) is the double-layer capacitance. The resulting double-layer capacitance
for the Pt (111) surface at 1M concentration is 15 µF/cm2 , which closely agrees
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Figure 3.3: Surface charge density of the Pt (111) surface as a function of
applied electrostatic potential computed with the implicit electrolyte module, VASPsol. The slope of the curve determines
the capacitance of the dielectric double layer.

with the previously reported computed [41] and experimental [99] values of
14 µF/cm2 and 20 µF/cm2 , respectively. The discrepancy between the VASPsol
value of the double layer capacitance and the computed value in the literature
can be attributed to the difference in pseudo-potentials.

3.5

Applications

The implicit electrolyte model, VASPsol, enables the study the electrode surfaces in realistic environments and under various conditions, such as of an electrode immersed in an electrolyte with an external potential applied. To illustrate
the utility of the solvation model, we apply it to study the adsorption energy
and diffusion energy barrier of an adatom on a metallic electrode that is immersed in a 1M aqueous electrolyte as a function of applied potential.
Stability of fuel cell materials plays a significant role in the the development
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Figure 3.4: Pt adatom(black) adsorbed on three different sites on the Pt
111 surface. Red, green and blue indicate top, second and third
layers of Pt 111 respectively
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Figure 3.5: Plot of voltage vs the adsorption energy

of polymer electrolyte fuel cells (PEFCs). PEFC performance loss under steadystate and cycling conditions has been attributed in part to a loss of electrochemically active surface area of the platinum cathode electro-catalyst [103]. In this
work we study the dissolution of Pt electrode by looking at the adsorption energies of Pt adatom on Pt 111 surfaces. We apply the implicit electrolyte model
to simulate the Pt electrode under external potential. For the adsorption, three
adsorption sites are considered, labeled A, B and C, as shown in Figure 3.4.
The plot of adsorption energy as a function of the externally applied potential is
shown in the Figure 3.5. From the plot it can be observed that the adsorption energy increases as the potential is ramped up. This implies that the Pt adatom is
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less likely to adsorb on to the Pt 111 surface at higher potentials i.e rate of dissolution is higher at larger potentials. The observation is corroborated by previous
experimental studies [32, 103], thus demonstrating the practical applicability of
the model.

3.6

Conclusions

Solid/liquid interfaces between electrodes and electrolytes in electrochemical
cells present a complex system that requires the insights provided by computational studies to supplement and explain experimental observations. We
developed and implemented a self-consistent computational framework that
provides an efficient implicit description of electrode/electrolyte interfaces
within density-functional theory through the solution of the generalized linear Poisson-Boltzmann equation. The electrolyte model is implemented in the
widely used DFT code VASP and the implementation is made available as a
free and open-source module, VASPsol. We show that this model enables abinitio studies of electrochemistry at the DFT level. We validate the model by
comparing the calculated electrode potential of zero charge for various metal
electrodes with experimental values and by comparing the calculated doublelayer capacitance of Pt (111) in a 1M solution and to previously calculations and
experiments. To illustrate the usefulness of the model and the implementation,
we compute the adsorption energy of Pt adatoms on a Pt (111) electrode as function of the applied potential. Confirming previous experimental observations,
we find that the Pt dissolution rate increases as a function of the externally applied potential.
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CHAPTER 4
SELF-CONSISTENT NON-LINEAR SOLVATION MODEL IN
PLANE-WAVE DENSITY-FUNCTIONAL THEORY 1

4.1

Abstract

The accurate computational description of electrochemical interfaces requires a
description of a wide range of physical phenomena occurring at the electrode/electrolyte interfaces. Implicit solvation models provide a simple, yet powerful method to account for solvation effects. One particular aspect encountered
in electrochemical applications is the dielectric saturation of the permittivity at
high electric fields near the interfaces. In this work we describe a computationally efficient self-consistent implicit solid/liquid interface model within the
density-functional theory framework that accounts for dielectric saturation. The
model is implemented in the widely used Vienna Ab-initio Simulation Package
(VASP). The usefulness of the implementation is demonstrated by applying the
model to compute the surface energies of highly ionic solid surfaces. We show
that the non-linear response of the solvent increases the surface energy relative
to a linear model and avoids unphysical negative surface energies.

4.2

Introduction

The surface chemistry of solid/liquid interfaces affects many fundamental processes such as the synthesis and self-assembly of nanoparticles, the structures of
1
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protein complexes, and the performance of electrochemical cells and heterogeneous catalysts. [2, 12, 64, 28] Experimental methods alone can seldom provide
a complete insight into the characterization of theses interfaces. A complementary route to the understanding and the design of solid/liquid interfaces is to
supplement experimental efforts with appropriate computational studies.
The computational treatment of solvated systems can be categorized into
two types of approaches that are based on if the solvent effects are modeled explicitly or implicitly. [25] Explicit solvation models can account for all degrees of
freedom of the solvent molecules. This can become computationally demanding, as proper thermodynamic averaging requires a large number of solvent
molecules and sufficiently long simulation times. Implicit models, on the other,
account for the solvent effects through the average equilibrium properties of the
solvent. This reduces the computational expenses considerably but potentially
at the expense of chemical accuracy. Therefore caution must taken in developing and choosing implicit models for an accurate description of the solid/liquid
interfaces of interest. [97]
To the first order the solvent effects can be accounted for by including only
the electrostatic effects between the solute and solvent. [6, 47] This coupled with
a polarization that is proportional to the system electric field constitutes the linear solvation model. [31, 5] The model has been shown to be efficient and reasonably accurate for a multitude of systems. [60, 79, 68, 5] However, the linear
model fails to account for phenomena, such as the dielectric saturation observed
in solvents at high electric fields. Such high fields are in fact abundant in typical
systems of interest such as at the solid electrolyte interfaces (SEI) in electrochemical systems.
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y plane, and the relative permittivity, averaged over x-y plane,
for LiF 100 surface in Ethylene Carbonate solvent computed
using the nonlinear solvation model.

Solvation models that account for the nonlinear effects such as the dielectric
saturation phenomenon by including electric field dependent relative permittivity in the solving of the electrostatic potential has been developed in the past
and been applied to study the protein structure [3]. The joint DFT developed by
Arias et al. puts the nonlinear effects: dielectric saturation and the finite ion size
effects into a density-functional theory (DFT) perspective. [41] In this work we
present a nonlinear solvation model that is based of the work by Arias.et.al and
puts it in a self-consistent framework. The model is implemented in the DFT
code VASP and the module, VASPsol, [68, 67] is made freely available. This
extends the capabilities of the VASPsol framework that already implements an
efficient self-consistent linear solvation model to incorporate the nonlinear effects.
The paper is organized as follows: In section 4.3 we briefly describe the theoretical framework and derive the modified Kohn-Sham Hamiltonian. In sec-
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tion 4.3 and section 4.4 we describe the self-consistent implementation of the
model into the widely used DFT code VASP and validate and benchmark the
implementation by comparing the results obtained using the implementation
(VASPsol) against previously reported computed values as well as experimental
values. In section 4.5 we demonstrate the usefulness of this model by applying
it to study the solvent effects on the facets of ionic crystals. We find that the
nonlinear model succeeds in rectifying the unphysical effects produced by the
linear model under extreme conditions.

4.3

Theoretical framework

Following previous work [41], in the following subsections we first derive the
total free energy of the solute/solvent system and then minimize it to obtain the
ground state. The highlight of this work, putting the implicit nonlinear model
in a self consistent framework, is emphasized in the second subsection with
detailed derivations and discussions.

4.3.1

Total energy

We divide the materials system into two spatial regions, (i) the solute part of the
system that we describe explicitly using density-functional theory (DFT) and
the solvent part that we describe using an implicit model. The total free energy
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of the combined solute-solvent system is given by
Atot [n(~r), e(~r)] =Asolute [n(~r)] + Asolvent [n(~r), e(~r)]
+ Ainterface [n(~r)]

(4.1)

where n(~r) is the electronic charge density of the solute and e(~r) is the nondimensional electric field. In the next section we show how e(~r) is related to
the system electric field E~ through a nonlinear transformation.
The solute contribution, Asolute , as a functional of the electronic charge density
is given by the Hohenberg-Kohn functional
1
Asolute [n(~r)] = ATXC [n(~r)] +
2

Z

φ(~r)ρ s (~r) d3 r,

where ATXC describes the kinetic and exchange-correlation energy contributions
and the second term provides the electrostatic energy. In the above expression,
φ is the electrostatic potential due all the charges in the solute/solvent system
and ρ s is the total solute charge density, i.e ρ s = n + nion where n is the electronic
charge density and nion the nuclear charge density.
In this work we assume that the solvent is composed of dipoles that feel the
presence of the rest of the solvent and the solute through the system electrostatic potential φ and the non-dimensional electric field e. The non-dimensional
electric field does not exactly correspond to the electric field derived directly
from the gradient of the system potential. Its relation to the system potential
will made clear in the next section. With that approximation, the solvent contribution, Asolvent , is further broken down into the dielectric medium energy, Adm ,
which accounts for the energy of the solvent dipoles in the presence of the rest
of the solvent and the electrostatic energy of the bound charges induced in the
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solvent.
Asolvent [n(r), e] = Adm [n(r), e] + Ael [n(r), e]
The dielectric medium energy, Adm , as a functional of electronic charge density,
n(r) and the electric field e is given by [41]
Adm [n(r), e] =
#
" 
Z

sinh e 3
α
2
d r
kB T
S (n(r))Nsol e f (e) − f (e) − log
2
e
Z
 X

2
2
+kB T
S (n(r))Nsol e (1 − α f (e)) ) d3 r,
2
where e f (e) = coth(e) − 1e is the Langevin function and Nsol is the number density
of the solvent molecules. The first term in the above expression corresponds to
the rotation contribution of the dipoles and the second term corresponds to the
linear polarization. Constraining the parameters X and α to produce the static
and high field limits of the dielectric constant, b and ∞ , respectively, yields [41]

X=

kB T (∞ − 1)
4πNsol p2mol

and

α=3−

4πNsol p2mol
,
kB T (b − ∞ )

where pmol is the dipole moment of the solvent molecule.
The shape function, S (n(r)), that defines the interface region between the
solute and the solvent using the solute electronic charge density given by
(
)
log(nsolute /nc )
1
S (n(~r)) = erfc
.
√
2
σ 2
59

The interaction of the the bound charge, ρb , in the solvent with the electrostatic
potential, φ, gives the solvent electrostatic energy contribution, Ael
1
Ael [n(r), e] =
2

Z

φρb d3 r

~ where P
~ is the polarization
The bound charge density, ρb is given by −∇ · P,
density.
Finally the interfacial contribution is taken to be the energy required to form
the cavity in the solvent within which the solute is placed.
Ainterface [n(r)] =Acav [n(r)]
Z
=τ d3 r|∇S (n(r))|,
where τ is the effective surface tension parameter and S (n(r)) is the cavity shape
functions defined above.
Combining all the above terms, the total free energy of the solute-solvent
system becomes
Z
1
Atot [n(r), e] =ATXC [n(r)] +
φρ s d3 r
2
Z
1
φρb d3 r + Adm [n(r), e]
+
2
+ Acav [n(r)].

Ionic contribution

The above model can be easily extended to include the effects of ions in the
solution. This enables one to model electrolytes at the DFT level. The ionic
contribution to the total energy, Aion , constitutes the electrostatic contribution
due to the ionic charge density and the entropy of mixing contribution from the
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ions in the solution as well as the finite size effects of the ions described by the
hard sphere model. The expression for Aion is given by [41]
Z
1
Aion [n(r), ηi ] =
φρion (n, ηi )d3 r
2
Z
X
(x − x0 )2
+kB T
s(n(r))
Ni [ηi (log ηi − 1) + 1 +
]
x0 (1 − x0 )2 (1 − x)2
i
where Ni and ηi are the overall concentration and the local density of ionic
species i in the electrolyte, respectively. The packing fraction x(r) is given by,
X
x(r) =
Ni Vi ηi (r)
where Vi is the volume of the ionic species i and x0 =

P

Ni Vi is the bulk packing

fraction.
Thus the total free energy of the solute-electrolyte system becomes
Z
1
Atot [n(r), e, ηi ] =ATXC [n(r)] +
φρ s d3 r
2
Z
1
+
φρb d3 r + Adm [n(r), e]
2
Z
1
+
φρion (n, ηi ) d3 r + Aion [n(r), ηi ]
2
+ Acav [n(r)].

4.3.2

Self-consistent minimization

The total free energy expression for the solute/solvent system that we obtained
above is minimized to obtain the ground state. To that end the first order
variation of the the free energy functional with respect to the electronic charge
density,n(r) and the electric field,e are taken and then set to zero.
Starting from the expression for the total free energy, Atot , adding and subtracting the Hartree energy of the solute system, the total energy can be written
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as
1
2

Z

φh ρ s
Atot [n(r), e] =ATXC [n(r)] +
Z
Z
1
1
+
φ(ρ s + ρb ) −
φH ρ s
2
2
+ Adm [n(r), e] + Acav [n(r)]
where φh is the potential due to ρ s , the solute charge density. The first two terms
correspond to the usual vacuum only free energy of the solute system. Grouping the first two terms as Avac ,
Atot [n(r), e] =Avac [n(r)]
Z
Z
1
1
+
φ(ρ s + ρb ) −
φh ρ s
2
2
+ Adm [n(r), e] + Acav [n(r)]
The first order variation of the above functional with respect to the electronic
charge density, n(r), yields the Kohn-Sham potential
∂Atot [n(r), e] ∂Avac [n(r)]
∂ρb
=
+φ
+ φ − φh
∂n
∂n
∂n
∂Adm [n(r), e]
+
∂n
∂Acav [n(r)]
+
∂n
Taking the first order variation of Atot with respect to the non-dimensional electric field,e, and setting that to zero yields
e(1 − α f (e)) =

pmol E
kT

(4.2)

where E = −∇φ is the electric field and the electrostatic potential φ is given by
Z
(ρb (r0 ) + ρs (r0 )) 3 0
d r,
(4.3)
φ(r) =
|r − r0 |
The above equations along with the Kohn-Sham equation need to be solved
simultaneously to obtain the ground state.
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To put the above model into a more numerically amenable form, the following rearrangement is done.
Substituting for e in terms of E, the expression for polarization density becomes
P =S (n(r))N p( f (e) + X(1 − α f (e)))e
=S (n(r))N p(

pmol E
f (e)
+ X)
(1 − α f (e))
kT

Plugging in the above expression to the equation that relates dielectric displacement, D, with polarization density, P and rearranging it gives
D =E + 4πP
=E(1 + 4πS (n(r))

N p2
f (e)
(
+ X))
kT (1 − α f (e))

=E
where
 = 1 + 4πS (n(r))

N p2
f (e)
(
+ X),
kT (1 − α f (e))

(4.4)

the effective nonlinear relative permittivity of the solvent.
Applying the Maxwell equation that relates dielectric displacement to the
free charge we get
∇ · E = 4π(ρ s ),

(4.5)

a Poisson equation with a nonlinear dielectric constant that depends of n(r) as
well as the non-dimensional electric field e. In the equation ρ s is the net charge
density of the solute system.
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Minimization with ionic contribution

The extra energy terms in Atot due to the ions contribute the following additional
terms to the Kohn-Sham potential on minimization with respect to n(r)
φ

∂ρion ∂Aion [n(r), ηi ]
+
∂n
∂n

where the potential φ is given by
φ(r) =

Z

(ρb (r0 ) + ρs (r0 ) + ρion (r0 )) 3 0
d r,
|r − r0 |

(4.6)

Taking the first order variation of Atot with respect to the local ionic density field,
ηi (r), and setting that to zero yields
"

2(x(r) − x0 )
Zi
ηi (r) = exp − φ(r) − Ntot Vi
kT
x0 (1 − x0 )(1 − x(r))3

#

Thus the packing fraction, x(r), becomes
x(r) =

X

Ni Vi ηi (r)
"
#
X
2(x(r) − x0 )
Zi
=
Ni Vi exp − φ(r) − Ntot Vi
kT
x0 (1 − x0 )(1 − x(r))3

(4.7)
(4.8)

and the Poisson equation becomes
∇ · E = 4π(ρ s + ρion ),

(4.9)

where ρ s is the net charge density of the solute system and ρion is the ionic charge
P
density in the electrolyte given by ρion = s(r) i Ni Zi ηi (r).
For a self-consistent solution, in each iteration the modified Kohn-Sham
Hamiltonian need to be diagonalized simultaneously with the solutions to the
above nonlinear Poisson equation and the accompanying transcendental equations.
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Figure 4.2: Comparison between the computed, the experimental and
jdftx solvation energies

4.4

Implementation and validation

The model described above is implemented in the massively parallel DFT code
Vienna Ab-intio Software Package (VASP) [56, 77]. VASP is a plane-wave DFT
code that makes use of the efficient fast Fourier transformations (FFT) to solve
the Kohn-Sham Hamiltonian with periodic boundary conditions. The main
changes required to incorporate the above model in VASP is the self-consistent
update of the local potential in the Kohn-Sham Hamiltonian and the corrections
to total free energy.
The crux of the implementation is in the solving of the nonlinear generalized
Poisson equation described above. Apart from spatial dependency, the effective
relative permittivity in the equation depends also on the non-dimensional field,
e which is determined by the solution to the transcendental equation involving
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the electric field E. For computational efficiency, the transcendental equation
is solved at the beginning of the calculations for a range of values of the electric field and the results i.e values of e stored in a lookup table. For any value
of electric field that falls with the range but does not correspond to a value of
electric field for which solution is available, spline fit is used to extrapolate the
values. A self-consistent pre-conditioned Conjugate Gradient algorithm is used
to solve the nonlinear generalized Poisson equation. The self-consistency requirement arises from the fact that the relative permittivity itself a functional of
the non-dimensional field.
To benchmark and validate our implementation, first we compare the VASPsol computed solvation energies of organic molecules against the experimental
as well as values computed using JDFTx [95]. We also compare the surface energy of LiF 100 surface against the value obtained from a similar implementation in the DFT software package JDFTx. The VASPsol calculations were carried
out with the projected augmented wave (PAW) [18] formalism describing the
electron-ion interactions and the exchange-correlation effects accounted by the
PBE [77] functional. For the surface calculations, the k-points required for the
Brillouin zone integration were generated using the Monkhorst-Pack scheme
with 8x8x1 k-point mesh. For molecular and LiF 100 surface calculation, a plane
wave basis set cutoff of 800eV was used. For BeO and MgO slabs a cutoff of
600 eV was used. For the solvent parameters we used the value from the reference [41]
Figure 4.2 compares the VASPsol computed solvation energies of organic
molecules against the experimental values and the values obtained form JDFTx.
As evident from the figure the agreement is very good. Next, we compare the
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Table 4.1: Solvation energies of LiF (100) in units of eV per surface LiF unit
Solvent

EVASPsol

EJDFTx

Ethylene Carbonate

-0.08

-0.07

Propylene Carbonate

-0.08

-0.07

solvation energies of LiF 100 surface . LiF is chosen because of its highly ionic
surfaces. Table 4.1 tabulates the surface energies of LiF 100 surface in Ethylene
carbonate and Propylene carbonate solvents. The VASPsol values agrees pretty
well with the JDFTx values.

4.5

Applications

Having benchmarked the model, it is applied to study how much of an effect
non-linearity has on the solvent effects on alkaline earth metal oxides. Alkaline
earth metal oxides are highly ionic with charges of +2 and -2 on the metallic
species and the oxygen. More specifically we look at MgO and BeO. Table 4.2
lists the surface energies of various facets of MgO and BeO in water, Ethylene
carbonate (EC) and Propylene Carbonate (PC). From the table it can be seen
that for highly ionic systems like BeO the linear solvation model yield highly
unphysical values for the surface energies which the nonlinear model is able to
rectify.
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Table 4.2: Surface energies of MgO and BeO slabs in units of eV/nm2
linear
System

MgO

BeO

4.6

nonlinear

hkl

Evacuum EH2O

EEC

EPC

EH2O

EEC

EPC

100

5.58

3.95

3.86

4.09

4.72

4.72

4.80

110

13.56

9.34

9.16

9.61

11.52

11.53

11.73

111

33.35

29.07

28.70

29.58

31.30

31.32

31.61

110

8.71

-9.51

-10.34

-8.31

7.96

7.96

8.03

Conclusions

implicit solvation model provides an efficient means to capture the solvent effects on a variety of systems. Typical solvation models approximate the polarization induced in the dielectric medium to be proportional to the the electric
field. Though the linear models have been applied successfully to account for
various experimentally observed solvent phenomena, it performs poorly when
it comes to highly polar surfaces. In this work we describe a self-consistent
nonlinear solvation model that accounts for the high electric field phenomenon
known as the dielectric saturation. The model is implemented in the widely
used DFT code VASP and the implementation is made available as a free and
open-source module, VASPsol. The model and the implementation are benchmarked by comparing the computed values against corresponding experimental as well as other previously reported computed values. The benchmarked
model was later employed to demonstrate its usefulness by applying to highly
ionic surfaces of alkaline earth metal oxides. The nonlinear model corrects for
the unphysical effects obtained by the linear model.
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CHAPTER 5
HIGH-THROUGHPUT SCREENING OF INTERFACES 1

5.1

Abstract

A Materials Project based open-source python tool, MPInterfaces, has been developed to automate the high-throughput computational screening and study
of interfacial systems. The framework encompasses creation and manipulation of interface structures for solid/solid hetero-structures, solid/implicit solvents systems, nanoparticle/ligands systems ; and the creation of simple batch
system agnostic workflows for in depth computational analysis using density
functional theory or molecular dynamics. In this work we describe various algorithms and methods implemented in the package. Using several test cases
we demonstrate how the package leverages the already existing open-source
high-throughput tools and extends their capabilities towards the understanding of interfacial systems. The package enables high-throughput computational
screening of advanced materials, directly contributing to the Materials Genome
Initiative (MGI), which aims to discover, develop, and deploy new materials
twice as fast as currently possible.

5.2

Introduction

Interfaces play a vital role in practically all materials and devices [49, 74, 16, 42].
For instance, the efficiency and stability of electrochemical devices are mostly
1
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decided by the composition and the properties of the Solid electrolyte interface
(SEI) layers [65]. In another example, the self assembly of nanoparticles used
in high-efficiency photo-voltaic devices is directed by the interface formed between nanoparticles, ligands and the solvent they are dispersed in [13, 14]. As
materials and devices are getting smaller, the interface properties begin to dominate their essential characteristics. Progress in a wide variety of applications
ranging from catalysis to microelectronics is guided by a refinement of our understanding and control of the interface properties.
Experimental studies combined with computational investigations provide
a broad spectrum of information needed for an accurate and thorough understanding of interfaces, which is seldom accessible by utilizing one of these two
approaches alone. Moreover, experimental screening of a large number of possible candidate systems poses a daunting challenge due to time-consuming
and expensive experiments, besides limitations involved while exploring extreme and hazardous environmental conditions. In order to complement and
guide experimental investigation, and to accelerate the discovery of novel phenomenon at interfaces it is imperative to adopt a rational approach towards
the screening and the characterization of interfacial systems. The advancement of modern computing has pushed the boundaries of computation making them faster, cost-effective, efficient and accurate. The first examples of the
use of computational methods to screen for new materials is being seen increasingly [93, 23, 7, 40, 4, 39].
Interfaces are more difficult to investigate than other aspects of materials’
properties due to the large number of configurations and conformations possible in these two (or more) phase systems. To enable the high-throughput
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screening of thermodynamically stable nanoparticle-ligand-solvent interfaces,
nanoparticle shapes and two-dimensional (2D) material-substrate interfaces we
have developed the open-source python package, MPInterfaces. In addition to
the various interfacial structure generation, this package automates preparation of input files to first principles density-functional theory (DFT) simulations
softwares like Vienna Ab-initio Software Package (VASP) [56] and molecular
dynamics (MD) simulations softwares like Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [80]. It also enables the creation of computational workflows that can be deployed on remote computing resources.
The coupling with the energy calculation softwares and the workflow creation
builds on the framework of the open source python packages of the Materials
Project namely pymatgen [73], custodian [73] and fireworks [48].
The package is being continuously developed and the latest version can be
obtained from the GitHub repo at https://github.com/henniggroup/MPInterfaces.
In the following sections we present an overview of the package using examples, where relevant; describing its capabilities and discussing algorithms which
were used to overcome some of the formidable technical and scientific hurdles.

5.3

MPInterfaces: Overview with examples

The MPInterfaces package is written in Python2.7 with support for Python3.x.
The package makes extensive use of existing Python tools for the generation and
manipulation of various interfacial structures as well as input files for various
DFT/MD softwares. For structural analysis and input file generation we extend
the pymatgen package, with the Atomic Simulation Environment [10] package
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used to fill in the gaps. For workflow creation and management we extend the
custodian and the fireworks packages. In the following subsections we discuss
the capabilities supported by the MPInterfaces package that are built on top of
the aforementioned packages. Illustrative examples with corresponding code
snippets are also provided along with each section to further drive the message
home.

5.3.1

Ligand capped nanoparticles

Nanocrystals in the form of quantum dots are used increasingly in the fabrication of devices such as solar cells, transistors, and LEDs [27, 19]. Often assembly
of such nanocrystals into superlattices yields new materials with tunable optical and electronic properties [13, 14]. DFT calculations and MD simulations
are routinely used to characterize interfaces properties that are hard to access
with stand alone experiments; for example, binding energies and surface energy changes in varying environments of capping ligand and solvents [24, 14].
It is well known that nanocrystal surface chemistry as well their shape evolution are controlled by the thermodynamics and kinetics of the three phase
system comprising the nanoparticle, surfactant molecules (known as capping
ligands) and the solvents [24]. Further, the energetics of the system determine
thermodynamic and kinetic barriers to the growth of such nanoparticles, which
drives their size, shape and properties.
MPInterfaces enables a high-throughput computational screening of
nanoparticle/ligand combinations by varying the following degrees of freedom in the system: (a) crystallographic planes or facets,(b) ligand binding sites
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on each facets and (c) the ligand surface coverage for the given facet-ligandbinding site combinations.
Treating these interfaces as a crystallographic facet slab model of a specified
thickness with an adsorbate ligand on the surface, we construct these interfaces
by specifying the following inputs: (a) the bulk phase that constitutes the surface in question, (b) the crystallographic facet of interest in this bulk phase, (c)
the initial binding site on the surface, (d) the binding atom on the ligand that is
intuitively expected to be the nearest neighbor to the chosen binding site on the
surface, (e) the initial approximate separation between the surface binding site
and the atom, which in other words is the adsorption distance and (f) a specified
coverage of the surface calculated in number of ligands per unit area.
Figure 5.1 demonstrates the degrees of freedom that can be controlled for an
interface model of (100) surface of PbS and lead acetate, Pb(CH3 COO)2 , ligands.
The interfaces.py module in the package also defines the python classes for the
creation of ligands from the combinations of different molecules. The molecule
structures can be generated using the python interface to openbabel [72] or can
be directly read in from the already available structure files of various format
supported by pymatgen. The ligands are then adsorbed on a slab of specified
(hkl) miller index and surface coverage and with a variability in configurations
on the surface, as illustrated in Figure 5.1. Additionally a liquid phase, a solvent,
can be added to the nanoparticle-ligand interface in an efficient and accurate
manner by using implicit solvent models coupled with DFT, for instance the
linear and non-linear solvent models recently implemented into the VASP code
like VASPsol [68].
# A code excerpt for generation of a single
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a) Plan View of Bare PbS (100) surface
1

b) 1 Ligand per 2 sq. nm coverage
N
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H

3

Site 2 Adsorption

4
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d) 1 Ligand per 2 sq. nm coverage

1 Ligand per 2 sq. nm coverage

N
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H

Site 3 Adsorption

Site 4 Adsorption

Pb
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S

S

e)

3 Ligands per sq. nm coverage

f)

H

H

Pb

Pb
S

5 Ligands per sq. nm coverage

N

N

Site 1 Adsorption

H

S
Site 1 Adsorption

Figure 5.1: (a) Top view of a rocksalt (100) surface of Lead Sulfide (PbS)
denoted as PbS(100). High symmetry binding sites 1,2,3,4 on
this facet are marked as orange, green, purple and red respectively. Lead (Pb) is indicated in blue and Sulfur (S) in yellow.
Hydrazine ligand placed on (b) site 2, above an S atom on of
PbS(100) bound through the Nitrogen (N - Green) atom on the
ligand, (c) site 3 of PbS(100) referenced with adsorption distance bound through the Hydrogen (H - Grey) atom on the ligand, (d) site 4 of PbS(100) bound through the N atom on the
ligand with a random rotation about cartesian axes, (e) higher
coverage on site 1 above a Pb atom, binding through N atom,
(f) a high coverage over site 4, binding through N atom. Notice
the preservation of symmetry between the molecules to minimize the steric hindrance. Other entropic configurations can
be included with manual manipulation of binding sites. We
calculate the interfacial property of binding energy per ligand.

# nanoparticle facet-ligand interface
# All distances are in Angstroms
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from mpinterfaces.interface import Ligand, \
Interface

Bulk_struct = Structure.from_file("POSCAR.bulk")
hkl = [1,0,0]
min_thick = 10
min_vac = 30
# ligands per sq. Angstroms
surface_coverage = 0.03
hydrazine = Molecule.from_file(
"hydrazine.xyz")
ligand= Ligand([hydrazine])
# position the ligand
x_shift = 1.5
y_shift = 1.5
z_shift = 1.5
adsorb_on_species = [’Pb’,’S’]
adatom_on_ligand=[’N’,’H’]
interface = Interface(
bulk_struct, hkl=hkl,
min_thick=min_thick,
min_vac=min_vac,
ligand=ligand,
displacement=z_shift,
x_shift=x_shift, y_shift = y_shift
adatom_on_lig=adatom_on_ligand,
adsorb_on_species= adsorb_on_species,
surface_coverage=surface_coverage)
interface.create_interface()
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5.3.2

Wulff construction

As mentioned before, nanocrystal shapes as well as their super cell selfassemblies depend strongly on the thermodynamics and kinetics of the system
comprising of the nanoparticles, ligands and the solvent. For surface capped
with ligands, the surface energy, γhkl , as a function of the ligand coverage is
given by [14]
0
γhkl = γhkl
+ Θhkl Eb,hkl
0
where γhkl
is the bare slab surface energy, Θhkl is the surface coverage and Eb,hkl

is the binding energy of the ligand. Given the surface energies of all facets of
interest in the crystal structure, it is possible to predict the effective shape of a
nanocrystal using the Wulff construction [50]. Based on the Wulff theorem [44],
Wulff construction in its simplest form states that a nanocrystal assumes a multifaceted shape which minimizes its net surface energy. In comparison to the
Wulff construction supported by the ASE package, which supports only cubic
crystal systems, our implementation can handle arbitrary crystal systems as we
employ pymatgen for the analysis of various crystallographic facets.
The nanoparticle.py module in the MPInterfaces package implements the
classes that lets the user provide the list of miller index families, their corresponding surface energies and the maximum radius of the nanoparticle and
create the nanocrystal according to the Wulff construction.
# A code excerpt for generation of
# PbS nanoparticle
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Figure 5.2: The shape of a PbS nanocrystal generated using the Wulff construction supported by MPInterfaces. The code snippet used for
the creation of nanoparticle is provided. The surface energies
are from the reference [68].

# All distances are in Angstroms and
# surface energies in meV per square
# Angstroms

from mpinterfaces.nanoparticle import \
Nanoparticle

rmax = 50
hkl_family = [(1,1,1), (1,1,0)]
surface_energies = [24, 28]
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nanoparticle = Nanoparticle(
bulk_structure,
rmax=rmax,
hkl_family=hkl_family,
surface_energies=surface_energies)
nanoparticle.create()

5.3.3

Heterostructure interfaces

The first step in the study of hetero-junctions of solid-state materials’ is the creation of interfaces between any two crystal structures, which is a very challenging task. This is due to the fact that there exists numerous possible Coincident
Site Lattices (CSL) [86, 46] that can be used to create these hetero-structures
interfaces. Moreover, additional possibilities arise due to all the possible placement of atoms at the interface. A very simplistic approach would to be to do a
brute force search of the coincidence lattice vectors between two surfaces, however this is not only inefficient but is also inapplicable for surfaces with different
crystal symmetry. [46]
In this package we have developed an algorithm which rapidly scans
through various surface configurations of an interface between two crystal surfaces and identifies those pairs which are within a specified lattice-mismatch,
are symmetry-matched and distinct from each other. The efficient lattice matching algorithm proposed by Zur et al. [107], described in Figure 5.3, is used to
find the lattice-matched and symmetry-matched interfaces of any two surfaces
for all rotations. The number of possible CSLs in this algorithm depends on the
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Figure 5.3: The algorithm of Zur et al. [107] for the epitaxial latticematching and symmetry-matching of any two surfaces for all
rotations; within a given lattice mismatch and within a given
surface area of the interface.
maximum permitted interface area and the maximum lattice-mismatch that the
interface is allowed to undergo. The surface matching of the interface atoms
is performed by identifying the distinct atoms in the near-interface layers and
creating all distinct structures formed by placing the non-distinct atoms on top
of each other.
Combined with the input file generation and workflow management features of MPInterfaces, this algorithm can be used to perform high-throughput
computational screening of suitable substrates for 2D material deposition and
functionalization. [92] Given a list of 2D materials and substrates, using the MP79

Graphene
Pt
Cu
Au
Pd
Ni
Al
Ag

a

1:1

 MP

S sub

2.46
3.98
3.62
4.17
3.95
3.52
4.07
4.14

12.55
3.92
16.45
11.71
0.93
14.37
15.82

0.98
-3.92
-3.53
1.94
-0.93
-1.12
-2.79

√
3×
1×1
√
√3 ×
3×
1×1
√
√3 ×
3×

S gr
√
3
√
√3
3
√
√3
3

2×2
1×1
2×2
2×2
1×1
2×2
2×2

Table 5.1: The lattice parameter, a (Å), of graphene and (111) surfaces of
Pt, Cu, Au, Pt, Ni, Al and Ag is shown in the table. The latticemismatch between the primitive lattices of graphene and substrate, 1:1 in (%), is compared with the lattice-mismatches obtained from MPInter f aces code,  MP (%). The supercells of substrate, S sub , and graphene, S gr , obtained from MPInter f aces are
listed as well.
Interfaces package we find the CSLs for each substrate/2D material pair and
subsequently generate the structure files for the combined structure for further
DFT or MD analysis. A study of the thermodynamics of the system and effects
of substrate on the 2D material properties can reveal if the growth of a particular
2D materials is feasible on that substrate; and if the substrate alters any of the
2D materials properties [92, 91, 94, 90, 106].
Graphene has a hexagonal lattice with a lattice parameter of 2.46 Å. Table 5.4
lists the lattice-mismatch between graphene and 7 potential substrates, the (111)
surfaces of Pt, Pd, Cu, Ag, Ni, Au and Al. A 1:1 match of graphene-substrate
primitive cells results in lattice-mismatches, 1:1 , exceeding 10%, except for Cu
√
√
and Ni. MPInter f aces identifies that a 3 × 3 supercell of all the other metal
(111) surfaces is matched with the 2 × 2 surface of graphene within a lattice
mismatch,  MP , of < 4%. Figure 5.4 shows a schematic of the interfaces obtained
for graphene and the 7 substrates.
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C
Cu

(a)

(b)

Ag

(c)

(d)

(e)

(f)

Figure 5.4: (a) Top view and (b) side view of 1:1 match between strained
graphene and Ni(111) ( or Cu(111)). (c) Top view and (d)
side
view
√ of 2 × 2 graphene strained by < 4% to match the
√
(3) × (3) supercells of Pt(111) ( or Pd(111), Ag(111), Au(111)
and Al(111)) surfaces. The primitive cell of graphene is shown
with a yellow box, tat of the substrates with a green box, and
lattice-matched cells of graphene and substrates with a black
box. Another configuration for (a) is shown in (e) top view
and (f) side view, but with a different surface placement of the
atoms at the interface. The substrate atoms beyond the third
layer from the interface are hidden for clarity.

# A code excerpt for generation of interfaces
# between graphene and substrates
# within a give lattice mismatch and maximum
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# area of the interface surface
# All distances are in Angstroms and lattice
# mismatches in percent

from mpinterfaces.interface import Interface
from mpinterfaces.transformations import *
from mpinterfaces.utils import *

separation = 3
nlayers_2d = 2
nlayers_substrate = 2
# Lattice matching algorithm parameters
max_area = 400
max_mismatch = 4
max_angle_diff = 1
r1r2_tol = 0.01

substrate_bulk = Structure.from_file(
’POSCAR_substrate’)
substrate_slab = Interface(substrate_bulk,
hkl = [1,1,1],
min_thick = 10,
min_vac = 25,
primitive = False,
from_ase = True)
mat2d_slab = slab_from_file([0,0,1],
’POSCAR_2D’)
# get aligned lattices
substrate_slab_aligned, mat2d_slab_aligned =

82

get_aligned_lattices(
substrate_slab,
mat2d_slab,
max_area = max_area,
max_mismatch = max_mismatch,
max_angle_diff = max_angle_diff,
r1r2_tol = r1r2_tol)
# merge substrate and mat2d in all possible
# ways
hetero_interfaces = generate_all_configs(
mat2d_slab_aligned,
substrate_slab_aligned,
nlayers_2d,
nlayers_substrate,
separation

5.3.4

Workflows

Any computational analysis of a materials system involves an initial setup of
a computational model (generation of the interface models as described in previous sections), a series of calculations which may depend on each other and
optional automated post processing of the computed data into presentable information. This constitutes a computational workflow. The package supports
the writing of simplified computational workflows where each step is a simple python function that can take in as arguments the values returned by the
function in the preceding step.
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The computational job management and workflow creation extends the Materials Project packages Custodian [73] and Fireworks [48]. In comparison to
the Fireworks workflows that links together objects of Fireworks class in Direct Acyclic Graph (DAG), our workflows constitute simple linearly connected
jobs described by python functions. A major difference between this workflow
and that of Fireworks is that we do not use a database for the archiving and
launching of workflows; this design aspect of Fireworks enables fetching of the
workflows from a remote database when in need and the subsequent launching of jobs in the workflow on the cluster. We built on these workflow ideas,
and developed a simple and portable workflow creation and job management
system, that manages computational high throughput discovery projects run on
differing job queue systems like SLURM and PBS.
Our workflows are typically a combination of sequences of structure input
and manipulation, and the calculation of the energy or a material property of
the structure, and post processing of calculated data to extract required information. Each workflow is divided into steps, which can be any part of the aforementioned sequence. Jobs are managed on computational queue systems with
JSON formatted checkpoint files as previously described. Our workflow design
employs simple Java Serializable Object Notation (JSON) checkpoint files for
keeping track of the jobs and their completion status on the queue. This enables comprehensive logging of errors and for specific error handling measures
to be taken. This provides a concise logging of the energies calculated for each
calculation in a single file together with information on input files and parameters used for each calculation in the workflow. These features aid source of
error analysis and direct a specific application of error handling corrections to
specific jobs, where we could not apply generalized auto-correction schemes.
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This has especially been found useful in handling queue errors, which can be
as high as 10% on large supercomputing clusters. We adopted this simplified
implementation because we did not have the administrative privilege to setup
up a dedicated workflow database on each individual computational resource
that we have access to. This also simplifies the setting up of the workflow environment on arbitrary computing resources. We note and highlight that the
job management system caters to the loads of general investor queues on large
supercomputer clusters like HiPerGator and the XSEDE resources of Stampede
which use the PBS and SLURM job scheduling systems respectively. In addition,
partition batch jobs management implemented in this high throughput materials analysis framework facilitates a controlled load on the job scheduler.

5.4

Conclusions

We have implemented a materials project based open-source python package, MPInterfaces, that extends the capabilities of the existing high-throughput
frameworks such as pymatgen, custodian and fireworks, towards the study of
interfacial systems. The package is being continuously developed and is hosted
on GitHub https://github.com/henniggroup/MPInterfaces.We demonstrate the usefulness of the package and its capabilities by various illustrative examples accompanied by their corresponding code snippets. By avoiding reinventing the
wheel through the use of existing efficient tools, with this open-source undertaking, we intent to provide a collaborative platform that welcomes any interested user to review and improve the code base and help push the limits of state
of the art computational modeling of interfaces.
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CHAPTER 6
CONCLUSIONS

Proper understanding of interfaces – solid/solid and solid/liquid – requires an
appropriate mix of experimental and computational techniques. Computing
has grown cheaper and powerful over the years. In order to properly exploit
these computational resources so as to shed more light on the experimental observations we need better computational methodologies and efficient tools. In
this thesis we developed (i) a hierarchy of methods for the ab-initio description
of solid/liquid interfaces using implicit solvation models with increasingly detailed description of the liquid and (ii) a high-throughput framework for the
rapid setup, calculation, and analysis of solid/solid and solid/liquid interfaces.
First principles approaches provide a very accurate means to understand
the complete electronic structure of arbitrary systems. Solving full N-electron
Schrödinger’s equation for systems that are not hydrogen is impossible even
with the best available computational resources. Proper approximations that
form a compromise between accuracy and efficiency are needed. Density functional theory is one such approximation that reduces the cost significantly without sacrificing the accuracy. It is built upon the principle that the energy of the
system can be written as a functional of the electronic charge density. Typical
DFT implementations and use cases are focused more towards solid state systems. Explicit treatment of liquids in DFT poses a serious challenge due to the
large number of degree of freedoms involved and the requirement of statistical
sampling. Treating the solvent effects on the solute implicitly offers an efficient
means to describe solid/liquid interfaces. The work described in this thesis has
been focused mostly on the implementation of various implicit solvation mod-
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els in the self-consistent DFT framework as implemented in the widely used
plane wave DFT code VASP and its subsequent application to technologically
important solid/liquid interfaces.
Chapter 2 described the self-consistent implementation of the linear implicit
solvation model. In this polarizable continuum model, set in the rigorous framework of JDFT, the solute is immersed in a dielectric medium that describes the
solvent. The polarization induced in the medium is assumed to be proportional
to the electric field. Also the relative permittivity is a functional of the electronic
charge density of the solute so that its values varies smoothly from vacuum
value in the bulk of the solute to the solvent bulk value far away from the solute. The linear model proved to be very useful and efficient in accounting for
the solvent effects on metallic and semiconductor surfaces as well as the reaction
energy barriers in solvent.
Chapter 3 described the extension of the linear model to include the screening effect due to the ions in the solution in addition to the dielectric screening.
This in effect models an electrolyte with the ionic charge density in the solvent
modulated by the Boltzmann distribution. For small potential the ionic charge
density can be linearized and yields the Poisson-Boltzmann equation for the
electrostatic potential in the system. This model proved to be useful in capturing the diffuse double layer formed at the electrode/electrolyte interface and in
enabling the modeling of electrochemical cell at an ab-initio level.
Though the linear models provide an efficient means to account for solvent
effects, it fares poorly for systems such as ionic surfaces where large electric
fields are present at the interface. For such systems applying linear model yields
unphysical results such as negative surface energies. The linear model also fails
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to account for the finite size of the ions in the solvent. This, for systems with
large electric field, could lead to unphysical charge build up at the interface. In
Chapter 4 we described model extensions that account for the high field phenomenon such as the dielectric saturation and the finite size of the ions.
The solvation models, reworked into the self-consistency framework, are implemented in the widely used DFT software VASP. The open-source modules
are made freely available on the public code hosting website github. The implementation has been used extensively by other researchers to study the solvent
effects of various phenomena and the module is now part of the official VASP
source code.
Outlook for VASPsol. The self-consistent solvation model framework implemented in VASP is based on modifications of the electrostatic description and
the local Kohn-Sham potential. The generality of this implementation can be
leveraged to incorporate advanced solvation models in VASP, either by direct
implementation in VASP or by linking it with external libraries such as the JDFT
library.
Chapter 5 described the development and implementation of a software
framework for the rapid screening of interfaces in order to accelerate the discovery of novel materials. The open source framework written in the python
programming language extends already existing well tested frameworks to
enable high-throughput screening of various interfaces such as: solid/liquid,
nanocrystal/ligands and heterostructure interfaces. The framework enables
generation of all possible interface structures and input files for various software tools for rapid screening as well as an in depth analysis of each generated
structure.
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Outlook for MPInterfaces. The MPInterfaces package is continuously being developed and the current implementation enables one to easily extend the framework’s capabilities to include new and exciting features. Features such as the
generation of grain boundaries for arbitrary tilt and twist angles can be incorporated without any significant efforts. Other features such as efficient surrogate
models for screening the interfaces that are either pre-parameterized like empirical potentials or learned on the fly such as machine-learning methods can
significantly accelerate the materials discovery by weeding out unfit structures
before being screened by the expensive DFT and MD tools.
Apart from developing methodologies and algorithms, significant effort has
been spent as part of this work to ensure practical applicability of the methods
developed. This involved implementing the models in the widely used legacy
DFT code VASP. Working with legacy codes is often hampered by poor documentation and the usage of outdated software engineering models that arises
from the fact that the software development has evolved considerably since the
first release of the code. Often ignored in computational method development
is the need for adopting better software development practices to ensure quick
delivery of efficient and transparent code. These challenges have served a major motivation for shifting the development of newer tools such as the highthroughput screening framework MPInterfaces to a more open-source collaborative platforms using modern programming languages and software development techniques. This has helped immensely in ensuring a maintainable code
base with minimal transition time for newer contributors.
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