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Introduction

The last few decades of human history have been signed by an incredibly fast
technological development. The advancement of the scientific knowledge that has
allowed such progress revolves around the ever-growing field of materials science.
Often, a big step ahead in the former stems from an important finding in the
latter. As an important example, one may cite the work on cathode materials
that allowed the development of efficient Li-ion batteries, for which the Nobel
Prize in Chemistry was awarded last year [1,2]. This was the turning point that
opened the way to the world of portable electronic devices that have dramatically
transformed our every-day life. In the same technological area, materials science
has been the theoretical ground for the evolution of hi-tech electronic and opto-
electronic devices (e.g. touch screens, OLEDs, transitors etc.) [3-5]. Applications
extend all the way to the medical sphere, where the emerging of nanotechnology
in biosensing and drug-delivery devices based on smart materials has led to huge
advances both in therapy and diagnostics [6]. Heterogeneous functional materials
have boosted the development of solar energy conversion devices, leading to the
design of third generation solar cells such as dye-sensitized solar cells (DSSCs) and
perovskite solar cells, and to the development of heterogeneous photo-catalysts

that are able to reconvert solar energy in chemical energy [7,8|.

These materials have some peculiar properties that make them suitable for
the aforementioned applications. In this thesis, we will mostly deal with two-
dimensional (2D) materials, transition metal oxides and hybrid organic-inorganic
materials. Unfortunately, the extraordinary properties of these classes of materials
come with a price. For some of them, fabrication and characterization techniques

are very complex; this certainly slows down the investigation of their properties
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and the design of new systems and devices based on such materials. To unravel the
complexity of the electronic structure properties that are involved in the operation
of the devices for which they are employed, we really need to look at them at an
atomistic scale. Experimental techniques often fail to reach this level of detail,
due to the many complexities that are present in any real system (e.g. impurities,
defects). To overcome these problems, experimental techniques may be assisted by
theoretical investigation. By looking at the systems trough the magnifying glass
of computational chemistry, we are able to have an insight on their microscopic
properties and structure-function relations. This grants us a deeper level of under-
standing that is a key step for a future rational design of new, better performing,
materials finely tuned for the target applications. The results of theoretical inves-
tigations can in fact be used to guide the experimental investigations in the right
direction.

However, the computational study of such complex systems is far from trivial.
When it comes to cutting-edge systems we are pushed towards the limits of the
capabilities of the current theoretical methods and computing power. Of course
different classes of materials present different challenges. To realistically represent
a system to be used in an actual device, we usually need a model of a size that
cannot be afforded by highly accurate computational methods. This is the reason
why most computational material science studies use density functional theory
(DFT).

This theory, altough very powerful for computing many interesting properties,
suffers from some severe limitations. It is, in fact, a ground state theory that is
not able to describe electronic transitions from this state to the excited ones, or
perturbation of this state that generate interactions like van der Waals forces. The
approximate nature of the functionals used is also a source of error; one may cite
the very well-known self interaction error (SIE) due to the lack of exact exchange.
A more detailed discussion on DFT and its typical flaws can be found in the next
chapter. We will have to deal with some of the above mentioned problems to
achieve our goals. In some cases, we will be able to rely on standard approaches
to overcome some well-established DFT limitations, while in some other cases,
we will need to develop new ones. In the next chapter, we go into more detail

regarding the theoretical background of this thesis. We analyse the advantages



and flaws of the methods used throughout the text and give some technical details
on how the computations were run. In Chapter 3 we discuss some methodological
development carried out in our group in order to overcome the most limiting de-

ficiencies of current state of the art theoretical methods.

One of the fields of materials science that has attracted a lot of attention in
the last few years is that of solar energy conversion [9]. More in general, research
endeavours towards obtaining efficient devices for clean energy conversion have
been really increasing ever since the environmental concerns have become a press-
ing issue. Among the many renewable sources available on planet Earth, sunlight
is by far the most abundant one, so it has been the main focus of research in this
field. Standard photovoltaic (PV) devices based on crystal silicon are by now a
well established technology with efficiencies reaching 25% [10,11]. However, classi-
cal PV is not completely free of environmental impacts [12| and suffers from severe
limitations regarding the integrability of the conversion devices into other objects.
Such integration can easily be achieved with technologies like Dye Sensitized Solar
Cells (DSSCs) that can easily be integrated on flexible supports and have high
efficiencies also in indoor light conditions. These devices, along with perovskite
solar cells (based on similar principles) constitute the future generation of solar
energy conversion devices.

Due to the intermittent nature of the source, research on solar has activated an
intense research on energy storage. All kinds of batteries have been designed over
these years (e.g. Li-ion, Li-air, Li-S, Na-ion) in order to store the excess energy
and use it when the source is not available [13]. Another important way of storing
this sunpower, is to convert it into a chemical fuel that can later be converted in
energy. Photoelectrochemical cells (PECs) are based on this concept, i.e. sun-
light is used to activate a catalytic process that converts an inert molecule into
its reactive components so that the process can be reversed in a controlled way,
producing electricity. One important example is the water splitting reaction, that
can be easily reversed in a fuel cell (FC) configuration, obtaining clean energy
production. Another important application of this PEC configurations is COq
recycling. By activating the reduction of carbon dioxide to small hydrocarbons,

through sunlight and an adequate photocatalysit, it is possible to use the products
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in a carbon-neutral way. In Chapter 2 we discuss some important results on ma-
terials for solar energy conversion concerning both electricity generation through
DSSC devices and CO9 photoreduction. For these applications, we mainly focus
on transition metal oxides and their interfaces with molecules. The rich chemistry
of the half filled d-orbitals makes them practical for a wide variety of uses. Differ-
ent geometries for example influence the splitting of these orbitals, dramatically
changing the electronic properties of these materials. The presence of vacancies
or point defects is also important and very common. Morphology and line defects
also play a role, given that in most cases interesting chemical events occur near
the defects and rarely on perfect isotropic environments. In particular, we are
interested in applications for energy conversion, for example in third generation
solar cells and photocatalysis. Also in this case, doping can play an important
role and the interfaces between such oxides with molecular systems can create
new interesting hybrid organic-inorganic materials with amazing features.

In the last ten years, since the first scotch-tape synthesis of single layer graphene,
the interest on 2D materials has grown incredibly fast. Unique structural and
electronic properties were now available. Not only graphene, but several other
materials of this family were put under the spotlight: hexagonal boron nitride
(hBN), transition metal dichalcogenides (TMDs), phosphorene etc. What makes
these systems even more interesting, is the fact that their properties can be tuned
as desired in a number of ways. To name one, the doping of such materials has
been extensively studied both theoretically and experimentally. Substituting an
atomic site with an aliovalent atom or creating vacancies in certain atomic sites
is a common way to include an excess or depletion of electrons to the system.
Mechanical strain can also be used as a tool to influence the electronic properties
by inducing geometrical deformations. But what really makes 2D materials so ap-
pealing is the fact that they can be interfaced between one another or adsorbed on
surfaces of other materials (e.g. metals, metal oxides), resulting in new properties
at the interfaces that are different from the sum of those of the starting separate
materials. In chapter 4 we will extensively explore 2D materials and how their
properties can be engineered at an atomistic level to optimize them for the desired
application.

The work presented in this thesis is organized in four chapters covering three



major areas of the work done during my PhD. In Chapter 1, we intoroduce the gen-
eral thoretical framework and report the computational methods used throughout
this thesis. Chapter 2 describes the work on materials for solar energy conversion,
this includes an extensive work on transition metal oxides surfaces and interfaces
between these surfaces and molecular dyes adsorbed on them for DSSC applica-
tions and some work on COsy photoreduction on the surface of similar oxides. In
Chapter 3 we discuss the development and applications of embedding techniques
for the study of systems related to those investigated in the previous chapters,
along with a DFT-D reparametrization for metal-molecule interfaces. Chapter 4
reports the work on 2D materials, describing both the investigation of graphene
and metal-supported graphene, and transition metal dichalchogenides (TMDs) for

catalytic applications.
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Chapter 1

Methods

1.1 Theoretical Background

Computational methods have become by now a standard tool in materials science.
Very often they accompany experiments in the characterization of the properties
of materials, assisting them in the interpretation of results. As a matter of fact,
they are very often the only way to acquire information at a scale that is beyond
the grasp of the measurement. On the other hand, sometimes current computa-
tional tools are not powerful enough to catch the complexities of the real world
systems that are investigated by the experimentalists. For these reason, a strong
interplay between the two worlds is needed to tackle the intricacies of heteroge-
neous functional materials. Theoretical models at varying degrees of accuracy
have been developed over the years, covering different size- and time-scales. Some
of these are completely ab initio, others require some experimental input. A com-
plete review is beyond our scope here and can be found elsewhere [14]. Density
Functional Theory is certainly the most popular approach in the field of mate-
rials science. Its linear scaling in the orbital free formulation, that comes from
the direct application of the Hohenberg and Khon theorems [15], makes it an in-
credibly cost-effective and powerful tool, though only applicable to a few main
group metals. By reintroducing the orbital formalism for the kinetic energy eval-
uation, Kohn and Sham gave birth to the DFT approach in the widespread form

that we know today [16]. In spite of the increased computational cost (in the
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best case it scales as N3 [17]), KS-DFT is considered the best affordable way to
get reliable and accurate results at a QM level. Most commonly, a density func-
tional of the generalized gradient approximation (GGA) family is used within this
scheme. Especially when treating extended, solid state systems, DFT is very often
the only possible choice, since the cost of more accurate correlated wavefunction
methods is simply too high for the typical high performance computing (HPC) set
up. Obviously, the low-cost of DFT comes at the expense of its applicability: the
approximations that make it inherently cost-effective lead to some severe limita-
tions. First of all, DFT is by construction a single-reference, ground state theory.
Every time we are interested in excited states we are forced to abandon it for a
more expensive method (e.g coupled cluster (CC), GW, configuration interaction
(CI), complete active space self-consistent field (CASSCF)). One possible way to
obtain information on the excited states without switching to the wave-function
formalism, is time-dependent DF'T. This method relies on the Runge-Gross theo-
rem [18] which is a time-dependent extension of those of Hohenberg and Kohn for
a time dependent potential mapped to a time dependent density. As an example,
one may calculate excitation energies as the poles of the linear response function.
Once again a detailed description of the theory behind this is beyond the purpose
of this thesis and the interested reader can find more information in reference [19].
In Section 2.1.1 we report some TDDFT calculations to determine excited state
properties of some dyes.

Another important consequence of using a ground state theory is missing the
information about transient perturbation of the ground state that give rise to
noncovalent interactions (i.e. dipersive forces). When studying interfaces between
organic and inorganic systems, for example, we encounter the problem of correctly
describing the van der Waals forces. These forces are in fact very important in
glueing the system together. There is an extensive research on how to amend
to this lack of dispersive forces in DFT. Many different approaches have been
proposed and used over the years, some being very accurate but expensive. The
main workhorse for dispersion correction in DFT is the family of semiempirical
methods developed by Grimme [20,21]. These in fact work incredibly well for
molecular systems but are still inadequate for the description of molecules adsorbed

on transition metals. The basic idea behind these methods is to compute the
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dispersion contribution with a pairwise potential that is completely parametrized
with respect to the atoms. As an example, in the simplest DFT-D2 approach,

dispersion is computed via the London-like formula:

Nat  Nat ’L]
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where sg is a scaling factor depending on the DFT functional used, R;; are
the atomic distances, C’éj are the pairwise coefficients that are obtained from the
atomic ones and fg,, is a damping function that shuts down the dispersion contri-
bution at short range. The so-computed Ey;s), is simply added to the DFT energy,
without adding any computational cost to the calculation. In the more refined
DFT-D3 method, the atomic coefficients are obtained from TDDFT calculations

and the atomic connectivity is taken into account in calculating the C’éj .

A different scheme, developed by Dion et al. [22,23] is based on a non-local
correlation functional (vdw-DF) that models the long-range correlation that gen-
erates the dispersion forces. While DFT-D2 and D3 are known to ovestimate
the dispersion interaction at the metal-molecule interface [21], vdw-DF improves
the description of the adsorption energies but overestimates the metal-molecule
distance [24]. After that, several other refinements of this functional have been
developed over the years [25-28|. Another method worth mentioning is that by
Tkatchenko and Scheffler, based on the summation of interatomic coefficients, ob-
tained from the electron density of the molecule and accurate reference data for
the free atoms [29]. In a very recent work, Tao et al. developed an interesting
method, based on Lifshitz-Zaremba-Kohn second order perturbation theory for
including dispersive forces in DFT [30]. This method (named PBE + vdW) gives
results that are close to RPA benchmarks. The downside of this method is the re-
striction that the metal surface must be clean and the fact that its computational
cost is still far greater than DFT-D. This is not a complete list of the approaches
proposed to amend for the lack of dispersion in DFT, the interested reader may
find more informations on some reviews on the topic [31,32]. A general trend
is that the more accurate the models, the higher their computational cost. As

an example, a very efficient implementation of the non-local vdw-DF proposed by



Methods 10

Romén-Peréz et al. has twice the computational cost of a standard semilocal DE'T
calculation [33].

Thanks to its simple functional form, the DFT-D2 scheme can be tuned to
fit experimental data (or more accurate computational results). Robledo et al.
proposed to apply the correction only on the metal atoms at the topmost layer
of the surface. This way they try to account for the screening effect of metals.
Unfortunately, this approach lacks transferability to different systems or recon-
structed surfaces. One of the reasons for the inability of the DFT-D approaches to
accurately model hybrid systems involving transition metals can be found in the
definition of the atomic coefficients. The scheme by which they are obtained is not
exactly the same in D2 and D3, but they both rely on the atomic polarizabilities
and ionic potentials of the isolated atoms and of the atoms in typical bonding situ-
ations. Since this is not really applicable to TMs, an average parameter is used for
a whole transition series; taken as the mean value between that of the preceding
noble gas and that of the following group III element. Another important factor
that can affect the DFT-D corrections is the damping function. Different damping
schemes (e.g. zero, Becke-Johnson) give very different results, since it is of critical
importance to turn off the dispersion at the right distance.

In Chapter 3 we propose a reparametrization of DFT-D2, with the aim of
making it suitable for large scale calculations on hybrid systems (like metal-
molecule interfaces). The reparametrization is carried out on the case study of
adsorption of small organic molecules on Ag(111). In Section 4.1 of Chapter 4
we use our reparametrized method (DFT-Ds) to study the interaction between a
(doped)graphene system and Ag(111).

A third problem we encounter very often in DFT applications, is the accurate
treatment of localized open shell electrons that are very common, for example,
in the d orbitals of transition metals. This problem arises due to the presence of
the so called self interaction error (SIE). In the Coulomb part of the potential,
the interaction of an electron with itself is allowed (i.e. the term i=j). In a
wavefunction-based method (as Hartree Fock) this term would be entirely cancelled
out by its exchange counterpart. Unfortunately, this part is only approximate in
DFT and fails to remove all the self interaction. This causes the electrons to

repel themselves and give unphysically delocalized solutions. There are two main
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strategies to overcome this problem. One is going one step up on the Jacob’s ladder
of density functionals [34] and use a hybrid functional, that contains a percentage
of exact exchange. The quantity of HF is somewhat arbitrary and depends on
the functional used, some more refined functional scales this quantity with respect
to the electron distance (range separated hybrids). Hybrid functionals give good
results on the electronic properties (e.g. band gaps ) of transition metal oxides
but the added computational cost is far from negligible. A less pricey approach
is DFT+U, where the difference between the intra-atomic Coulomb energy and
exchange (U-J) is added as a parameter, enforcing electron localization [35]. The
U and J parameters can either be extracted from ab initio calculations [36] or
fitted against experimental data. Throughout this thesis we will make use of both
methods in different situations. A common approach we used is that of running
geometry optimizations with a GGA (or GGA+U) functional and then run single
point calculations for the determination of the electronic structure with a hybrid
functional. In Section 4.2 of Chapter 4, we also report a benchmark of a few density
functionals (a GGA and two hybrids) for the determination of the structural and

electronic properties of transition metal dichalcogenides.

A major issue we encounter in the description of heterogeneous functional ma-
terials arises from having different target properties on the different parts of the
system. A good example of this are the hybrid electrodes for DSSCs described
in Chapter 2. To correctly represent the physical phenomena occurring in such
an electrode, one would need to model the photochemical process of excitation of
the dye and electron or hole transfer from the dye to the semiconductor surface.
We have already pointed out that DFT is a ground state theory. Hence, it is
not capable to properly describe the LUMO of the molecule that is involved in
the excitation process. A higher level of theory is needed to correctly model this
phenomenon. On the other hand, to reproduce the solid substrate in the right way
we need a size of the model system that is too big to be able to afford anything
more expensive than DFT. One possible solution could be to partition the sys-
tem and use two different levels of theory for two different parts, using one of the
so-called "embedding methods". In such methods, a cluster is carved out of the
system containing the region on which a higher detail/accuracy is needed. This

cluster is treated with a correlated wavefunction (CW) method, while its interac-
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tion with the environment (i.e. the remaining part of the system) can be treated
in a number of ways, depending on the methods used. In an ionic solid, for exam-
ple, the simplest approach would be to replace the atoms in the environment with
point charges. A shell model can be used if the polarization of the environment
needs to be accounted for [37]. Another common approach is quantum mechan-
ics/molecular mechanics (QM/MM) that is widely applied to molecular systems
and semiconductor surfaces [38]. In this method, the cluster is treated with a
quantum mechanical method, while a classical force field is used to describe the
environment [39]. A QM /MM approach that is worth mentioning is the ONIOM
embedding, that allows for several layers that can be treated with different levels of
theory [40]. Embedding methods that employ an interaction potential between the
cluster and the environment may be collected into two categories: orbital-based
and density-based. The first often employ the Green’s function of the system or an
explicit contribution from the molecular orbitals of the system [41-43], while the
latter are based on approximate kinetic energy densisty functionals (KEDFs) in an
OFDFT embedding potential [44]. One interesting density-based approach that
goes beyond the use of KEDFs is density functional embedding theory (DFET)
that was first proposed by Cortona [45] and then further developed by Carter and
co-workers [46-48|. In this method, the electron density is partitioned into that
of the cluster and that of the environment, that are both treated at a QM level
(DFT). The interaction between the cluster and the environment is treated via a
unique embedding (interaction) potential that is obtained through an optimized
effective potential (OEP) procedure. Once the potential has been obtained, it can
be used to run a calculation on the cluster with a CW method, combining the
periodic DFT description of the environment, with an accurate treatment of the
cluster [49]. In Chapter 3 we discuss the theory and implementation in a plane
waves code (VASP) of DFET that can be able to enhance our capability to treat

such complex structures.
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1.2 Computational Details

Most of the results reported in this thesis were obtained by DFT calculations run
with the Vienna ab initio simulation package (VASP) [50-53], using plane waves
basis sets. To correct for the self interaction error we used the DFT+U scheme
in the rotationally invariant approach by Dudarev et al. [54] as implemented in
VASP [55] and in some cases the hybrid functionals by Heyd, Scuseria and Ernz-
erhof (HSE) [56,57] and by Adamo and Barone (PBEO) [58]. The GGA part in
the DFT+U and standard DFT calculations were run with the Perdew, Burke and
Ernzerhof (PBE) functional [59,60]. Projector augmented wave (PAW) potentials
were used to treat the core region of the atoms [61]. We used the correction de-
veloped by Grimme to account for the dispersive interactions (DFT-D2 [20] and
DFTD3 |21]) and in some cases our reparametrization (DFT-D2s [62]). We used
the Gaussian09 Program [63] for the theoretical characterization of the isolated car-
bazole dyes (Section 2.1.1) and for the cluster calculations for the reparametriza-
tion of DFT-D2s When computing adsorption energies with this program and
gaussian basis sets, the counterpoise correction (CP) was applied to remove the
basis set superposition error (BSSE).

The computational details regarding the different calculations are reported at

the end of each section of the following chapters.
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Chapter 2

Materials for Solar Energy

Conversion

For the past twenty or thirty years, environmental issues have been a hot topic.
In their various declinations, they have very much affected not only the scientific
discussion, but also politics and our everyday life over these years. It is in fact
out of doubt that as our world experiences a boom in demographic growth, the
exploitation of polluting sources to provide energy to the increasing population
becomes a critical issue. Figure 2.1 shows very clearly how the annual growth
rate of world population has experienced a spike in the late seventies and how the
total population has been steeply increasing ever since. Projections are even more
alarming, by 2050 we will have almost doubled the number of people we had in
the late eighties. It is very clear that it is vital to switch to a sustainable way
of producing and supplying energy to the populations, as the greenhouse gases
emissions are also increasing at an alarming rate. As stated above, these concerns
are nothing new. The first major political step towards a reduction of polluting
emissions was made in 1992 with the United Nations Framework Convention on
Climate Change, that will be the basis for the Kyoto Protocol five years later
[64]. The objectives of these treaties were the "|...] stabilization of greenhouse
gas concentrations in the atmosphere at a level that would prevent dangerous
anthropogenic interference with the climate system". As January of this year,

136 countries of the 144 needed for it to enter into force have ratified the second
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Figure 2.1: World population growth and population over the last 300 years ac-
cording to Our World in Data

commitment period of the Kyoto Protocol (Doha Amendment) [65]. A greater
international consensus on taking action against global warming was reached in
December 2015, with the representative of 196 states signing the Paris Agreement
[66]. The efforts of the parties, with varying targets on the emissions set by each
country, will be devoted to reduce the emissions of greenhouse gases in order to
keep the increase in global average temperature below 1.5 °C above pre-industrial
levels. At the very core of a change towards a less polluting growth model lies the
technological advancement.

Even in this field, the role of research on materials is crucial for the development
of new, efficient energy conversion devices. Switching from fossils to renewable
sources is in fact the only way to achieve the goal of reducing the anthropogenic
impact on global warming. There are many renewable sources available on the
planet, and probably we will need to exploit all of them to extract enough energy
for the constantly growing population. Among these sources, sunlight is by far
the most abundant one. An efficient use of the sunpower that strikes the surface
of the earth every day would satisfy the need of the global population [67]. Solar
energy can be either directly converted to electricity via solar cells, or converted in
"chemical energy" by using it to photocatalize slow reactions. As an example of the

latter, the trapping and recycling of polluting greenhouse gases (CO2 above them
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all) can be done exploiting this energy. The aim is to convert COs to chemicals
that can be used for other purposes in a COs-neutral way.
In this chapter, we will present our results on materials for two major target

applications: i) electrodes for DSSCs, ii) photocatalysts for CO2 reduction

Dye Sensitized Solar Cells In the field of solar energy conversion, most
mass-produced and widespread devices still rely on the old Silicon-based photo-
voltaic panels. These solar cells have decent efficiencies, but suffer from some
limitations. Their efficiency becomes in fact limited in diffuse light conditions and
they rely on highly pure crystalline Si to work. This means that it is not possi-
ble to design the device in a different way with respect to the large black solid
panels that are not free of environmental impacts [68]. DSSCs on the other hand,
are very flexible devices that also work in indoor light conditions [69] and can be
easily integrated in other objects, architectural elements [70], accessories and so
on... [71] Moreover, even though the cost of Si-based devices has gone down in re-
cent years thanks to the scaling of mass production techniques, the developement
of devices based on cheaper materials may lower further the cost of production of
solar panels |72, 73].

DSSCs were first proposed by Grétzel and O’Regan in 1991 [74]. Their paper
marked a paradigm shift in the world of solar cells. For many years, in fact the
efficiency of solar cells was connected to the degree of purity and crystallinity of
the solid electrode. In DSSCs, the electrodes are instead made of semiconductors
nanoparticles with organic dyes adsorbed on them. In these devices the conductiv-
ity of the mesoporous semiconductor is increased for smaller nanoparticle sizes [67]
Figure 2.2 gives a pictorial representation of how a DSSC works.

The diagram depicted in Figure 2.2 is relative to an n-type DSSC. There are
in fact two kinds of DSSCs, n- and p- type, depending on the semiconducting
character of the semiconductor. In both of them, the process starts from the
photoexcitation of the dye. In an n-type system, the event that follows is an
electron transfer from the LUMO of the photoexcited dye to the conduction band
of the semiconductor. The oxidized dye is regenerated by a redox couple present
in the electrolyte solution, which in turn re-accepts an electron from the counter

electrode. In a p-type device, on the other hand, the photo excitation is followed
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G

Figure 2.2: Scheme of a n-type dye sensitized solar cell. The Blue boxes represent
the energies of the valence band (VB) and conduction band(CB) of the semicon-
ductors. The HOMO and LUMO level refer to the dye adsorbed on it and the
redox potential to the redox couple present in the electrolyte. The tall grey box
on the right represents the counter-electrode. Green arrows depicts the (desired)
electron transfers

by an electron transfer from the valence band of the semiconductor to the HOMO
of the dye, the current flows the other way round (this process is usually described
as an hole injection from the dye to the semiconductor). Each of these processes
competes with an undesired recombination process (red arrows in figure) that can
reduce the cell efficiency and must be hindered (or, when possible, completely

suppressed). In these devices the efficiency is defined as:

. VocJscFF

5 (2.1)

where V¢ is the open circuit voltage of the cell, Jg¢ the short circuit current
of the cell, FF the fill factor and P;, the intensity of the incident light. The
latter can vary between 0 and 1 and is defined as the maximum power of the cell
divided by the product of Voo and Jgo. We will go through some detail of how
the properties of the materials affect these values (and consequently the efficiency)
as we discuss the results in the following sections. For a more detailed review of

the operational principles of a DSSC the reader is referred to reference [67]. At
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this point, it is worth noticing only that the Voo (in an n-type device) depends
on the difference between the edge of the conduction band of the semiconductor
and the redox potential of the redox couple, see Figure 2.2. Further developments
of DSSCs involve the possible constuction of so called tandem cells, where both
electrodes are photoactive: one being a n-type electrode and the other a p-type
one [75,76]. In such devices the Voo is equal to the sum of those of the two
separate devices, and the efficiency is much increased. Usually dyes with shifted
absorption maxima are used on the two electrodes in order to cover a larger range
of the solar spectrum and improve light harvesting. Another important thing to
mention is that tandem cells can also be used as photoelectrochemical devices to
perform the photocatalysis of reactions of interest in the field of clean energy con-
version (e.g. water splitting) [77]. Current record efficiencies are around 14% |[78§]
for n-DSSCs, while p-DSSCs are stuck below 2% [78,79]. In order to achieve
greater efficiency with tandem cells, the p-type part must be improved. One of
the main reasons for such poor performances can be ascribed to NiO, which is the
current standard semiconductor employed in these devices due to its low cost and
easy manipulation [80-82]. NiO presents in fact several drawbacks: low electrical
conductivity, low hole mobility and high valence band edge potential with respect
to the most common I~ /I3~ redox couple, which yields a low open circuit volt-
age of the cell [83]. An alternative to NiO could really boost the efficiencies of
p-DSSCs. A class of materials that has emerged as a possible alternative to NiO
is the Cu-delafossites family. These oxides, of CuMO4 formula, are wide band gap
semiconductors with a p-type conductivity [84]. This makes them almost unique,
since most of the transparent conducting oxides (TCOs) exhibit a n-type conduc-
tivity. These materials could in principle have all that it takes to outperform NiO
in p-DSSC applications: they have a wide optical gap that can reduce undesired
absorption phenomena and their low lying valence band edge could grant the cell
a higher Voo with respect to NiO [85,86|. For this reason, it is important to
understand in detail the electronic and structural properties of these copper ox-
ides and how it is possible to tune them to design new efficient devices. In the
first paragraph of Section 2.1 we investigate the properties of three members of
this family: CuAlOs, CuGaOy and CuCrO;. We analyze their electronic struc-
ture and the effect of a p-type (Mg) doping on them, and compare the calculated
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parameters relevant for p-DSSC operations with those of NiO.

Despite all the positive effects of CuMO4/NiO substitution on efficiency-related
parameters, this does not always result in an overall increase of the PCE. This is
due to the fact that the overall cell efficiency is also strongly dependent on the
properties at the semiconductor /sensitizer interface. As an example: the lower
the position of the valence band, the smaller the driving force for hole injection.
For this reason, sometimes typical dyes used for NiO (e.g. C343, P1 etc) do not
work (or work with lower efficiencies) with delafossites [83,86,87]. Hence, in order
to make the best of the electronic properties of CuMOs oxides we might need to
select new dyes with a suitable alignment of the frontier orbitals with respect to
the band edges of the SC. Another important issue realted to the dye-SC interface
is the coverage of the dye, which is strongly dependent on the shape and size of the
nanoparticles and to the binding strength of the dye to the surface. One of the open
questions is weather the anchoring groups used to attach the molecules on NiO are
suitable to the surface of the delafossites. In the second paragraph of Section 2.1,
after having addressed the properties of different oxides and selected the one that
seems the best choice, we analyse the interaction between two anchoring groups on
it. We chose carboxylic acid (-COOH), which is the most common group for these
applications, and phosphonic acid (-PO3Hz) that has been used on NiO giving
higher efficiencies and stability in aqueous systems [88-91].

Even though NiO is the main limiting factor, some improvement can be achieved
also on the dye side. A good absorption of sunlight and an intra molecular charge
transfer are important properties for an efficient electrode. Most importantly, we
will see how it is really the interface between the two materials which grants the cell
the properties needed. Hence, a theoretical investigation that takes into account
the properties of such interface is needed to explain the experimental data. In the
first paragraph of Section 2.1, we present a combined experimental and theoretical
study on three newly synthesized push-pull dyes. We discuss their structure and
the effect of different modifications on the light harvesting and charge transfer
properties of the isolated dyes and on the interfaces between the dyes and NiO.
From the latter we are able to extract some parameters directly related to the hole
injection driving force and a qualitative picture of the likelihood of the recombina-

tion process that allow us to explain the relative efficiency of the dyes in operating
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conditions.

Recycling Carbon Dioxide Another possible way to stop the increase of
COg9 concentration in the atmosphere is reconverting it into value-added chemi-
cals through photo-electrochemical cells (PECs). The chemicals produced in this
way can after be used for various applications, in a COg neutral way. Many re-
searchers have focused on optimizing homogeneous [92] and heterogeneous [93-97|
photocatalysts for the COy reduction reaction (CO2RR). These technologies are
still quite far from real world applications because of their low COo conversion
efficiencies, high overpotential and low selectivity towards specific hydrocarbons.
CO2RR is usually performed in acidic aqueous solutions because proton-coupled
electron transfer (PCET) steps are less endoergic than forming the CO; ™ by elec-
tron transfer [92]. The competing hydrogen evolution reaction (HER) in aqueous
media, that can occur through proton or water reduction, may cause a decrease
in Faradaic efficiency [98|. Copper is the only metal that is able to catalyse the
production of hydrocarbons beyond formic acid and carbon monoxide [99]. For
this reason, it has been widely used to study the mechanism of the reaction and
to try to design new catalysts. Both measurements and calculations have demon-
strated the activity of Cu supported on transition metal carbides [100, 101] and
oxides [102,103], and that of copper oxides [104-107] for COy photo-activation.
Unfortunately, for the latter the high overpotentials promote their partial reduc-
tion to metallic Cu, making the electrode unstable. CuO/CusO nanorods arrays
with decent stabilities have been designed by Gahdikhani et al. and Rajeshwar et
al., calling attention to the importance of morphology in tuning the features of the
catalysts [108,109]. As mentioned before about solar energy conversion in solar
cells, Copper-based delafossites have attracted interest in the last few years. Their
singular thermoelectric, magnetic and optical properties make them suitable for
a number of applications in optoelectronics, electron emitters, LEDs, laser diodes
and solar cells [110-112]. One interesting feature of these materials is their mixed
Cu(I)/Cu(II) valence, that gives them a p-type character. Among the big fam-
ily of this oxides, CuFeOs, even though is not suitable for DSSC applications, is
particularly interesting for the catalysis of CO2R. It is a semiconductor with an
optical gap that falls in the visible region (1.52 €V) [113] and with the bottom of
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the conduction band at an energy that makes the redox potentials of COs to de-
sirable hydrocarbon accessible [114,115]. All the properties described above, plus
its low efficiency towards the HER, make CuFeOy a good electrode material in
PECs for CO2R. As pointed out for copper oxides, even in this case the efficiency
of these electrodes has been found to be strongly dependent on the morphology
and on the synthetic methods [115,116].

As discussed for other members of the delafossites family for applications in
solar cells, a doping of such materials with Mg in the site of the trivalent cation can
have important effects. Bocarsly and co-workers have shown that doping CuFeOo
with 0.05% Mg?* results in a better stability, with no metallic copper found after
8 h electrolysis), and an improved efficiency (i.e. 14%) with a selectivity towards
formate [117]. HER activity is lowered, but not completely suppressed. A recent
work by the same group has investigated the effect on carrier concentration and
mobility of varying concentrations of Mg doping and Cu vacancies [118]. They
measured the best photo-responses with the lower p-type carrier concentrations
and higher carrier mobility: increasing too much the Mg doping can yield the
formation of n-type defects, likely oxygen vacancies. Also mixed phase materials
(CuFeO3/Cu0O) have been investigated, they have been found to produce formate
with high selectivity and to catalyse the oxygen reduction reaction [119,120]. They
also found that by tuning the Fe:Cu ratio in such mixed electrodes it is possible
to tune the selectivity towards the formation of acetate [120]. This emphasizes
the different role of the different metals. Once again morphology plays a key
role: Yoon et al. have found that structures composed by layers of CuO and
CuFeOy show a high selectivity towards the production of formate [121]. In the
aforementioned works, the role that CuFeOqy plays on catalysis is not properly
addressed, the main focus is in fact on its photoelectrochemical properties and the
active role in catalysis is left to CuO and Cu in particular.

In a fourth part of Section 2.1 we investigate the catalytic role of CuFeO4 on
CO2RR and demonstrate the active role of the Fe sites. The microscopic processes
of the adsorption and activation of carbon dioxide on this material have been so
far unexplored. We investigate the specific role of surface atoms and defects and
comment their effect on the morphology of the system in comparison with liter-

ature. As an example, it has been recently proven that oxygen vacancies have
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an important role in activating COy adsorption of the surface of copper (I) ox-
ide thanks to the electronic rearrangement [122]. In this chapter, we provide an
in-depth analysis of the adsorption and activation of COy on CuFeOy addressing
the specific roles of the different metallic sites on the process, as well as that of
vacancies in surface. In this way we advance the understanding of the specific
role in catalysis of different modifications that can help us design new and better

performing electrode materials.

The next sections are organized in four areas regarding: i)the properties of
the family of copper delafossites as an alternative to NiO, ii) the possible binding
modes of two commonly used anchoring groups for dyes (carboxylic and phos-
phonic acid) on a delafossite, iii) the interface between three newly synthesized
carbazole-based dyes and the current standard NiO iv) COy adsorption and acti-
vation on CuFeOq for CO2RR catalysis.

In section 1.2 we have collected the general computational approach, while
section 2.1 contains the core results of these works. The relative conclusions and
future perspectives are reported in Section 2.2. The last paragraph of each subsec-

tion of Section 2.1 contains the computational details for that specific subsection.

2.1 Results and Discussion

2.1.1 Dye-NiO interfaces

Before exploring the possible alternatives to NiO for p-DSSC applications, in this
section we provide an analysis of the interface between newly synthesized dyes and
NiO. Even though we have repeatedly pointed out that most of the issues related
to the underdevelopment of p-DSSCs are solvable replacing NiO, we believe that
there is room for improvement also on the design of the dyes. Key parameters
for efficient dyes are a good sunlight absorption and an intramolecular charge
transfer upon excitation; in this way, the electron is localized far from the surface
of the semiconductor, preventing undesired recombination processes and the hole
is localized close to the anchoring group, favouring the hole injection process. A

dye with such features can really boost the performance of the cell. However, it
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might not be enough; since the electronic features at the interface can still hinder

the crucial charge transfer processes needed for the cell to work.

Synthesis and electrochemical characterization The new dyes have a
common carbazole electron-donating unit, functionalized with an acrylic acid an-
choring group and a different electron withdrawing group. The group of Prof.
Carella at the University of Naples "Federico 11" performed the synthesis and
characterization of the dyes. Here we omit the details about the synthesis, ther-
mal and thermogravimetric characterization of the dyes, the interested reader is
referred to the work published on the subject for further details [123]. We only
mention that the dyes have shown a good thermal stability and decomposition
temperatures much higher than operating DSSC temperatures. The UV-vis spec-
tra of the dyes have been measured in tetrahydrofuran (THF) solution and are

depicted in Figure 2.3
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Figure 2.3: UV - vis spectra of the dyes in THF solution

The absorption properties are influenced by the different electron withdrawing
group, that shifts the absorption maxima. C1, C2 and C3 have maxima at 411,
464 and 514 nm, respectively. Also the molar extinction coefficients are fairly high,
in a range from 35000 cm™! M~ to 44000 cm —' M~!. The optical properties are
listed in Table 2.1

The redox potentials of the dyes have been obtained by means of cyclic voltam-

metry versus the (Fc/Fc™) couple. The CV plots are reported in Figure 2.4
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Table 2.1: Optical properties of the synthesized dyes.

Amaz (nm) e(em=tM~1) Amaz(nm) e(em™1M~1)
C1 207 4.04x10% 411 3.54x104
C2 300 4.44x10* 465 4.44x10%
C3 302 5.03x10% 515 3.71x104
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Figure 2.4: CV plot of the three dyes under study; the experiment was performed
at a scan rate of 100 mV s~! in dichloromethane solution (~0.3 mM), and us-
ing tetrabutylammonium hexafluorophosphate (100 mM) as non-redox electrolyte.
The CV scan explores first positive applied voltages and then move towards neg-
ative values.
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The redox potential can be correlated to the energies of the frontier orbitals,

according to:

EHOMO = _(Eonset,oz - EFc/Fc+ + 51)

Ervmo = _(E(mset,red - EFC/FC+ + 51)

We can use these values to compare the effect of the different acceptor groups,
but not to relate them directly to the position of the dyes in operating conditions,
since the interface with NiO is missing. We found that the strength of the acceptor
group has a major effect on the LUMO position. The HOMO is not much effected,
only slightly destabilized. Further details on the nature of frontier orbitals are

reported in the next section. Table 2.2 lists the electrochemical properties of the

dyes
Table 2.2: Electrochemical properties of the synthesized dyes.
on(V) Ered(v) Eec(v) Eopt(ev) Enomo(eV)ErLumo(eV)
C1 0.92 -1.37 2.29 2.69 -6.02 -3.73
C2 0.89 -1.22 2.11 2.35 -5.99 -3.88
C3 0.84 -0.99 1.83 2.07 -5.94 -4.11

Computational analysis In this section, we report a theoretical character-
ization that we performed on the three dyes, that were later tested in operating
conditions in the group of Prof. Gerbaldi at the Polytechnic of Turin. As dis-
cussed above, the three dyes are push-pull dyes, with a carbazole unit as a donor,
a carboxylate group as anchoring and differ only in the acceptor group. Figure 2.5
depicts the chemical structure of the three dyes under study.

The optical and electrochemical properties of each of these dyes in solution
have been characterized. We rationalized these results by means of state-of-the-art
first principles calculations based on DFT and TD-DFT. The effect of the solvent
are included by means of the polarizable continuum model (PCM) of implicit

solvation. The dye-electrode interfacial properties are studied in a periodic slab
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Figure 2.5: Chemical structures of the C1, C2 and C3 dyes

approach. In carrying out this characterization, we highlight the need to correctly
account for the interface between the systems to catch the relevant features for
DSSC operation.

The first step of this study has been the synthesis of these dyes and their
electrochemical characterization. The data relative to such synthesis and char-
acterizations can be found in reference [123]. As a second step, we performed
a theoretical analysis of the dyes in an attempt to rationalise their optical and
electronic properties. We investigate the structural and electronic features at a
DFT/TD-DFT level. To simplify the model systems, we remove the long alkyl
chain on the N of the carbazole moiety and replace it with a methyl group. We
assume this is a safe choice, since the alkyl chain does not affect the electronic
structure, which is governed by the acceptor and donor groups on the push-pull
dye. We considered different conformations around the bond between the carbazole
unit and the acceptor group, but found no significant energy difference. The DFT

minima of the three dyes are shown in Figure 2.6 along with the isodensity surface
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plots of the computed HOMO and LUMO.
) f;ﬁ(i ;' M
: O
E °
Figure 2.6: Minimum-energy structures of C1, C2 and C3 model dyes in ACN
(top panel), HOMO (middle) and LUMO (bottom) (isodensity surface level: 0.02
a.u.; positive/negative surfaces are in yellow/orange and blue/cyan for HOMO

and LUMO, respectively). Color legend: C green, O red, Ni blue, S yellow, and H
white

c3

From a qualitative perspective, we can see that in the three systems the HOMO
is localized on the carbazole, while the LUMO is mostly located on the acceptor
group. The degree of localization of the LUMO increases from C1 to C3, as the
electron-withdrawing strength of these groups. In order to evaluate the optical
properties of these molecules, we performed TD-DFT calculations. Table 2.3 lists
the results of such computations.

A good vertical excitation is permitted by the overall good overlap between the
HOMO and LUMO of the dyes, which is reflected on the high oscillator strengths
value, listed in the third column of the table. The computational results in ACN
qualitatively agree with the measurements in THF, with some minor discrepancy in
the LUMO energies due to the different solvents employed. The electrochemically
derived LUMO also includes the reorganization energies for the reduction of the

dyes that are neglected by the calculation. Also the trend in visible band maxima
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Table 2.3: Computed electronic properties of the C1, C2 and C3 dyes. Vertical
absorption wavelengths (A4 ) and oscillator strengths (f), Ep—o transition energy
(see text), and absolute energy position of the HOMO and LUMO. All data have
been computed in ACN solvent.

Amaz (nm) f Eo—o(eV)  Eromo(eV) Ervmo(eV)
C1 361 1.347 3.10 -6.06 -2.96
C2 389 1.626 2.75 -6.00 -3.25
C3 425 1.165 2.57 -5.85 -3.28

(411, 465, 514 nm from C1 to C3) is reproduced by the theoretical values, catching
the red shift from C1 to C3 and the higher value of f for C2 in agreement with the
measured maximum value of the molar extinction coefficient among the three dyes.
By analyzing the TD-DFT transitions, we can assign this first bright band to the
HOMO - LUMO transition. Table 2.3 lists also the Ey_q transitions, that are the
energy differences between the S' excited state minimum and the S° optimized
ground state. Thanks to this transition energy we are able to extrapolate the
position of the LUMO that can be compared with electrochemical data reported
in the previous section. Again, the measured and calculated trends are the same.
A crucial properties of push-pull dyes as the ones we are studying here, is the
internal charge transfer (ICT) that occurs upon excitation. As we mentioned
before, an efficient ICT can enhance hole injection and suppress recombination.
Here we have quantified the extent of this ICT with the approach proposed by
Ciofini et al. [124] . We also compute the charge transfer excitation length (Dcr)
in the same model, defined as the distance between the centroids of the charge

densities before and after the transfer. Table 2.4 lists these data.

Table 2.4: intramolecular charge-transfer parameters upon photoexcitations:
charge transfer length (Dor) and amount of electronic density that is transferred

(gcr).

Der (A) qcr(e”)
C1 2.65 0.601
C2 2.83 0.642

C3 3.45 0.694
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These data follow the recurring, and by now expected, trend from C1 to C3.
We have seen how the computational analysis agrees with the properties of the
dyes measured in solution. By looking at the ICT and optical properties one would
now expect the trend in relative charge injection efficiency to be C3>C2>C1.
However, DSSC are complex multicomponent devices where the interfaces be-
tween different materials play a fundamental role. We have stated time and again
throughout this thesis that very often at the interfaces new features emerge that
are different from the sum of those of the separate materials. To explore this possi-
bility, we have carried out an analysis of the three molecules and the NiO electrode
surface. NiO, besides its known flaws, is still the currently the most employed p-
type semiconductor material for these applications. We use here a 5-layer slab
exposing the NiO (100) surface, known to be the most stable one. We remove one
Ni atom from the central layer to reproduce the p-type character of this material.
Even though the hole concentration introduced in our model is higher than the
natural concentration occurring in the real oxide, this same model has provided
good qualitative results in a previous study for the C343/NiO interface. More-
over, we must also note that our model is far from the real system since several
other species that take part in the complex equilibria are missing. However, this
has the advantage, typical of computational chemistry, of decoupling the effects of
the various species and dissect which one gives which contribution to the overall
system. These calculations were carried out with PBC at the PBE+U level, with
the VASP code (see computational details).

Figure 2.7 shows the optimized structures on the pNiO model, only the dye
and the first two NiO layers under it were allowed to relax, while the rest of the
solid was kept at a fixed geometry. For all the dyes we chose a bidentate anchoring
mode, that is the most stable one for this anchoring group on NiO (vide supra).
Optimizations were carried out in vacuum, then a single point calculation in solvent
was done on top of these geometries (using the PCM model as implemented in
VASP). From these data, we can have a theoretical prediction of the driving force
for the hole injection process. The difference between the Fermi level (that is, the
top of the valence band) and the HOMO of the adsorbed dye gives us such value.
The pDOS depicted in Figure 2.8 show very clearly this information.

In all cases the Fermi level crosses the valence band of NiO, as expected for a p-
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Figure 2.7: Dyes anchored on the 5-layer p-type NiO surface slab, side view (top)
and top view (bottom). All the dyes are anchored through the carboxylate group
in a bidentate configuration. Colour legend: C green, O red, Ni grey, N blue, H
white, S yellow.

type semiconductor. The hole injection driving force is defined as AF = Egono—
Er, as follows from an electron transfer from the VB of the semiconductor to the
HOMO of the dye. This driving force does not account for the kinetic parameters
of the actual charge transfer process, but is just a thermodynamic parameter.
However, this parameter has been widely accepted as a good approximation and
provides valuable information when comparing different dyes [67,125]. C2 and C3
present very similar AFE values, while the hole injection driving force for the C1
is significantly more convenient than for the other two: -0.73 eV versus ~ -0.54:
an improvement of ~35%. A large AF means a more efficient driving fore, that is
important to reach high PCEs, since the Jg¢ is directly dependent on it. The best
choice seems to be now C1, with the trend being C1>C2~C3. The correlation
between PCEs and hole injection efficiency is not linear. However, there is a
general tendency to higher PCEs with better hole injection processes. We believe
this to be particularly true for the three dyes under examination, that are only
different in the acceptor group. The process that competes with hole injection

is electron recombination: an electron transfer from the LUMO of the dye to
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E-E; (eV)

Figure 2.8: Atom- and angular-momentum projected density of states of C1 (top)
C2 (middle) and C3 (bottom) adsorbed on NiO. Colour code is displayed in the
legend in the upper right corner. The Fermi energy (Ep) set to zero. Solid black
arrows indicate the distance from the last populated peak of the molecules and
the Fermi level (i.e. the AFE for hole injection).



33 2.1. Results and Discussion

the semiconductor. A thorough investigation of this process is computationally
cumbersome and beyond our purpose. Push-pull dyes try to suppress this process
localizing the LUMO far away from the surface. We can have a qualitative look
at this distance that has been shown both experimentally and computationally
[126-128| to be correlated to the rate of recombination. Figure 2.9 depicts the
projected density of the LUMO of the dye on NiO.

Figure 2.9: Distance between the surface of NiO and the centroid of the dye
LUMO, defined as in ref. 50 (in the image the isodensity surface level is set to
0.0025 a.u.). Colour legend as in Figure 2.7

In each case the LUMO band is strongly localized on the acceptor groups, far
away from the surface. We have measured the distances from the centroid of the
densities and surface. The computed distances are similar from all the three dyes

and suggest that recombination is not likely to occur.

p-DSSC devices based on C1, C2 and C3 The group of Prof. Gerbaldi at
the Polytechnic of Turin has carried out a proof-of-principle study on the suitability
of these dyes in p-DSSC applications. They have sensitized NiO with C1, C2
and C3 and measured J-V curves and the corresponding photoelectrochemical
parameters (Jso, Voo FF, PCE) reported in Figure 2.10 and listed in Table 2.5,
respectively. We refer again the interested reader to the work published on the
subject for further experimental details [123].

The PCEs are not high, but consistent with state-of-art p-type DSSC devices
with similar electrode preparation and the reference P1 dye (PCE ~ 0.05 %)
[129, 130] and other carbazole based dyes. [131] Interestingly, C1 outperforms
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Figure 2.10: (A) Characteristic J-V curves of the NiO-based p-DSSCs with Cl1,

C2 and C3 sensitizers. (B) PCE vs. aging time under ambient temperature/light
for NiO-based p-DSSCs with C1, C2 and C3 sensitizers.

Table 2.5: Comparison of the main photovoltaic parameters obtained from the
J-V curves of the p-DSSCs with differently sensitized NiO electrodes.

Voo (mV) Jsc(mAem™1) FF(%) PCE(%)

1d 50d 1d 50d 1d 50d 1d 50d
C1 132 141 0.942 0.946 37.0 37.0 0.046 0.049
C2 104 118 0.380 0.280 44.8 51.7 0.018 0.017
C3 93 132 0.620 0.590 35.2 34.4 0.020 0.027
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the other two dyes in terms of photocurrent and potential, as predicted by the
theoretical analysis of the interface. It is also interesting that all the three systems
have shown great stability under ambient light and temperature for 50 days. C1
and C3 showed a surprising improvement of their efficiency during the first month,

probably due to optimization of electrode wetting by the electrolyte.

Computational Details The ground state optimization, vibrational fre-
quencies and molecular orbital energy levels were computed with the PBEQ hy-
brid functional [58]. To characterize the excited state properties we employed the
CAM-B3LYP functional [132]. A TZVP vasis set was used for all the atoms [133].
These calculations were run in acetonitrile solvent described by the polarizable
continuum model (PCM) [52] with ¢ = 35.688. We analyzed the extent of the
intramolecular charge transfer upon excitation with the method developed by Le
Bahers et al. [124] In the periodic calculation on the NiO vacuum slab, an ab
initio derived value of 3.8 eV for the U-J on Ni d orbitals was chosen [134-136].
We modelled the p-type character of NiO by removing a neutral Ni atom from the
3x3 - 5 layer slab. We included the solvent effect at the interface with the PCM
implicit solvation scheme as implemented in the VASP-sol code [52]. We used a
3x3x1 I' centered k-point mesh and used a 600 eV kinetic energy cutoff for plane

waves.

2.1.2 Cu-based Delafossites

In this section we analyze the properties of this family of Cu(I) oxides as a possible
alternative to NiO in p-DSSCs. They are of general formula CuMQO,, with M
beying a trivalent cation, and are wide band gap semiconductors. The interesting
properties of these oxides is that they exhibit a p-type conductivity, while most
of the transparent conducting oxides (TCOs) are of n-type character. These two
simple properties have attracted attention on these oxides as possible candidates
for p-DSSC electrode materials. Since the discovery of their p-type conductivity
[137], many have started to look into their properties to investigate whether they
could substitute and outperform NiO.

CuMOs has a crystalline structure composed of MOg octahedra with sharing
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edges, forming layers that are interconnected by Cu atoms coordinated linearly to

two oxygens in two different layers.

Group IIT (Al, Ga, In) delafossites have been most widely studied, their band
gaps were reported to be around 3.6 €V [138]. Different methods of synthesis and
the effect of dopants and templating agents on the morphology of the nanoparticles
are reported in literature [139,140]. Experimental measurements of their properties
seem to suggest that they could indeed be a better choice than NiO in p-DSSCs.
An experimental comparison between CuAlOs and NiO carried out by Nattestad
et al. reported a Voo for CuAlOs of 333 mV and an incident photon conversion
efficiency (IPCE) of 4%, higher than the NiO-based device. The performances
of delafossites can also be improved by doping them with a divalent cation in
the M site (typically Mg?*). This in fact is suggested to enhance the p-type
conductivity by increasing the number of charge carriers (holes). However, this
strongly depends on the concentration of such defects. Mg-doped CuGaOy has
been reported to increase the photovoltaic yields with low Mg concentrations,
but with increasing Mg content structural defects come in to play that hinder
the carrier mobility and lower the efficiency [140]. As of today, there are only a
few theoretical studies concerning Cu-based delafossites, most of which focus on
the characterization of band structure and conductivity mechanism. [84,141| The
role of divalent cation substitutions on the charge reorganization has also been
thoroughly investigated [142,143], suggesting an enhancement of te mixed Cu(I)
Cu(II) valence present in these oxides. There are still a number of open issues in
these materials. How convenient it is to substitute an atom in an M site with Mg,
for different elements; which is the effect of the delafossite surface termination on
the valence band edge position, are questions that remain unanswered up to date.
In this section, we look into these problems and try to give an answer to these
questions. In particular, we investigate the properties of CuAlOs, CuGaO, and
CuCrOsg, which are some of the most studied systems in literature. We analyze
the structure and charge distributions and have a look at the effects of Mg doping.
We provide a prediciton of valence band edge positions and Vo with respect to
some of the most common electrolyte redox couples in DSSC applications. To
do that, we model two different orthorhombic surfaces: the (100) and (011) and

compute the work function from which we can extract the absolute positions of
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the bands [144].

Structural Models Let us briefly illustrate the structural model we used to
describe the CuMOs strucures. The general delafossite structure has two politypes,
the 2H and the 3R. [111]| Besides the long debate in literature, no significant energy
difference has been reported between the two [111,145]. Most of the studies focus
on the 3R politype [84, 137,140, 146]. X-ray diffraction patterns measured on
CuGaO3 show only peaks relative to the 3R phase. In order to be able to compare
our work with the existent literature, we chose to investigate the 3R phase too.
The 3R type belongs to the R3m space group, with a rombohedral symmetry.
Figure 2.11 (a) depicts the hexagonal unit cell of a 3R CuMOy. We used such
model to describe the three delafossites under examination: CuAlOs, CuGaOs

and CuCrOs.

@j
i |

2 4—Ce,
(a)

Figure 2.11: Crystal strycture of the 3R, CuMO3 hexagonal unit cell (a); 2x2x1 su-
percell model for CuM;_, Mg, O9 (with x=0.083). Colour code: Cu (dark orange),
M (grey), O (red) and Mg (green)

To reproduce the p-doping, we substituted an atom in the M site with a Mg
atom in a 2x2x1 spercell (Figure 2.11 (b)). This way we have a dopant concen-
tration of 8.3%qatom. As we mentioned before, to be able to evaluate the valence
band edge position we need to model the surface of the nanoparticles. We did
this with a vacuum slab model, cutting from the bulk shown before the (100)
and (011) orthorhombic surfaces. These correspond to the hexagonal (1120) and
(0112) surfaces, respectively. We built a surface slab with 5 atomic layers and 10A
and 14A of vacum for the (100) and (011) surfaces, respectively. Such slab models
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are depicted in Figure 2.12. Please note that in the case of CuCrOs the surfaces
were doubled along the b axis to be able to correctly model the antiferromagnetic

ordering on the Cr atoms.

Figure 2.12: Structural models of the CuAlOg surfaces: (100) orthorhombic surface
with 10A of vacuum (a) and the (011) orthorhombic surface with 14 A of vacuum
(b). Colour code: see Figure 2.11

Optimizations and Electronic Properties As a first step, we have char-
acterized the pristine materials by optimizing the bulk structures. We ran these
calculations at the PBE+U level of theory with U-J values of 6.0 and 3.2 eV on
Cu(I) [147] and Cr(III) [36], respectively. Both values were taken from literature,
the one for Cu has been tuned on the properties of CusO and the one for Cr has
been derived via the ab initio DFT+U method developed by the Carter group.
See the work published on the subject for further details [148|. Table 2.6 lists the
structural parameters and bond lengths obtained from the optimizations in com-
parison with some experimental results taken from literature. Apart from a slight
elongation of cell vectors and bond lengths, which is expected from PBE+U, the
computed lattice parametes are in good agreement with experimental values. In
most cases the error is below 1%, it goes up to 3% for the c-axis of CuGaOs and
CuCrOa,, which is still accurate enough for our purposes. If we go from Al to Ga to
Cr, we notice an elongation of the M-O bonds, and an expansion of the unit cell.
This can be explained by the different size of the ions. According to Shannon’s
radii, AI*" in this coordination has a radius of 0.535 A, smaller than the ones of
Ca and Cr: 0.620 and 0.615 A, respectively [149]. The higher cell volume can be
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explained with an expansion of the octahedral cavities in the oxygen sublattice
to accommodate the larger ions; the Cu-O bond lengths remain in fact essentially
the same.

As we remarked already a few times, the band gap is a fundamental property
for photoelectrochemical applications. The optical gaps of the Cu-based delafossite
family increase going down the III group. A gap of 3.5 eV was reported for
CuAlO, [138,150], of 3.6 eV for CuGaO, [151] and of 3.9 eV for CulnOq [152].
This trend is in contrast with the one observed for group III semiconductors [153].
However, the fundamental gap of CuMO, is at the I' point and it is optically
forbidden. The value of such gap does respect the trend observed in other group
IIT semiconductors. The nature of the optical band gap in these materials is still
much debated in literature [139,146,153]. It is beyond our purpose to take part
in such debate, but we refer the interested reader to a recent theoretical study on
the matter [84].

Table 2.6: 3R CuMOgy (M = Al Ga, Cr) bulk parameters: lattice vectors (a, c)
and bond lengths (dcy—o and dyr—o) obtained from the PBE+U optimizations.
Experimental values are reported in parenthesis for comparison

a(A) c
CuAlOq 2.88(2.86) 17.06
CuGaOy  2.98(2.97) 17.64
CuCrO;  2.97(2.97) 17.63

A) dou—o(A) dy—o(A)

16.95) 1.87(1.86) 1.92(1.92)
17.17) 1.88(1.85) 2.02(1.99)
17.10) 1.88 2.02

—

—~

Table 2.7: Eigenvalue gaps computed at the PBE+U and HSEOQ6 levels of theory on
the structures optimized at the PBE+U level compared with similar calculations
in literature reported in parentheses. Magnetic moments on Cu and M from the
HSEO06 single points

Bty EgnF picu(ps) pv (BB)
CuAlO, 2.24 3.35(3.4) 0 0
CuGaO, 1.09 2.10(2.2) 0 0
CuCrO, 1.88 2.83(3.1) 0 2.96

Table 2.7 lists our calculated gaps at both PBE+U and HSEO06 levels of theory
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compared with literature. As expected, PBE+U underestimates the eigenvalue
gap. The inclusion of a 25% exact exchange with the HSE functional increases
this gap thanks to the more consistent removal of the self interaction error. Our
results are in good agreement with the available reference data. At this point, we
should point out that to accurately determine band gaps DFT calculations are not
an efficient method. To get a more reliable value we should use a higher level of
theory, for example a GW in the quasiparticle formalism. Still, these calculations
are very expensive and a precise evaluation of the eigenvalue gaps is out of the
focus of this thesis. It is also worth noticing that, among all three delafossites,
CuCrO» only has a non-zero magnetic moment due to the d® configuration of the
outer shell of Cr(III). We considered an anti-ferromagnetic ordering as in other
Cr(III) oxides [36, 154].

We investigated the substitution of an Mg?* cation on the optimized 3R struc-
tures described above. In order to model a not too high concentration of Mg, we
doubled the delafossite unit cell along the a and b directions. This way, we obatin
an 8.3%qtom concentration of the dopant. While keeping fixed the lattice parame-
ters (since in real systems dopant concentrations are so low that they do not affect
them), we relaxed the ionic positions and the electron density of the system. By
doing this substitution we are carrying out a p-doping, we the aim at enhancing
the p-type conductivity by increasing the concentration of holes, reinforcing the
Cu(I)/Cu(II) mixed valence. To put it in other terms, we start from a CuM(III)Oq
and insert a hole in the system substituting M?+ with Mg?*. This produces empty
states and shifts down the Fermi level of the semiconductor®.

Figure 2.13 depicts the atom- and angular momentum-projected densities of
states (pDOS) of pristine (left panel) and doped (right panel) systems.

Copper d states give the major contribution to the valence band edge. The
p states of oxygen are instead the main components of the conduction band in
CuAlOy and CuGaOs, while in CuCrOsy the d bands of Cr become dominant in
this region. The way the p states of Oxygen and d states of Chromium overlap

suggests a certain degree of hybridization between them. Also in CuGaQOs a certain

We are well aware of the fact that the "Fermi level" in semiconductors is not well defined.
The VASP code takes the last occupied level in semiconductors as the Fermi level. For practical
reasons, we use the same convention throughout this thesis



41 2.1. Results and Discussion

1 1
3r . CuAlo, 3r | CuAlO,-Mg
r 1 B 1
2t 1 2} 1
1 | 1
1 1
1 1 :
] 1
z 0 I
— 3 -
5 I | CuGaO,-Mg
o 1
5 2r [
; r 1
o 1t " ' | 1
[=] 1
o 1
0
3t ! CuCr0,-Mg
I 1
2F 1
L ]
1
1r 1
1

E-Erermi (V) E-Eferm; (€V)

Figure 2.13: Atom- angular momentum-projected densities of states (pDOS) of
pristine (left panels) and Mg-doped (right panels) of CuAlO4 (top), CuGaOg (mid-
dle) and CuCrOg (bottom). Colour code: Cu d (brown), O p (red), M p (green),
Cr d (blue), and Mg s (orange).

degree of hybridization between O p and Ga p is present. This indicates a greater
covalent character in the M-O bonds in these two systems with respect to CuAlOs.
When introducing the dopant in these systems, some states appear in the band gap.
These belong to Cu d bands, which confirms that the greatest part of the charge
introduced in the system is accepted by Cu ions. The Cu(I)/Cu(II) mixed valence
is so reinforced. However, the presence of such states could have two drawbacks: 1)
light absorption phenomena might occur, interfering with the molecular antenna
(i.e. the dye) ii) they can generate undesired charge recombination processes.
Table 2.8 lists the charges around the atoms according to Bader’s partition. [155]
The charge analysis perfectly agrees with the results in the pDOS.

As expected, we can see from the charges a somewhat different picture from
the competely ionic one, that we are used to think of (i.e. Cut™M3T03"). Moving
from Al to Ga to Cr, the systems are less ionic. Since the hole introduced via Mg
doping is delocalized, mostly on Cu atoms, only small variations of the average

Bader charges are observed in the doped systems. The last two entries in Table
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Table 2.8: Bader’s effective atomic charges computed on the HSEO6 electronic
densities of pristine and Mg-doped CuMOs (M = Al, Ga, and Cr). The reported
net charges (Z.s¢) correspond to the average values for all the aroms of each
element in the delafossite unit cell. Cumulative net charge variations (Agq) are also
reported and refer to the difference between the Mg-doped CuMO3 and the pristine
delafossite, summed over all the Cu and M sites in the unit cell, respectively
(the positive Ag values correspond to the localization of the hole introduced by
aliovalent substitution)

CuAlOs CuGaOs CuCrOs

Pristine Mg- Pristine Mg- Pristine Mg-

doped doped doped

Zefs Cu 0.574 0.610 0.580 0.620 0.590 0.621

M 2.500 2.500 1.810 1.810 1.750 1.750

O -1.537 -1.511 -1.195 -1.209 -1.170 -1.182

Mg 1.666 1.666 1.666
Aq Cu 0.542 0.426 0.401
M 0.000 0.000 0.000

2.8 list the total charge variation due to the presence of the dopant atom, summed
on all the Cu and M atoms. The charge on Cu increases by about 0.5 in each
system, while the M atoms are unaffected. This is consistent with the hole being
accepted by the VB of the material (composed of filled Cu d orbitals) and it can
be described as some Cu(I) being oxidized to Cu(II).

Another important feature to understand is how favourable is this aliovalent
substitution. The synthesis of delafossites is usually carried out under hydrother-
mal conditions from the hydrated nitrates of the metals [140, 156]. Adding some
Mg(NOs3)2:-(H20)6 in the reaction environment is a way to introduce the dopant
in these systems.

Since this process is nearly impossible to simulate, in order to evaluate the dif-
ferent stability of the Mg cation in the three different delafossites, we considered an
ideal Mgy, substitution under the delafossite thermodynamic stability conditions
in an oxygen-rich environment [157-159]. Table 2.9 lists the substitution energies

computed as:
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AHD:ED_EH_ZniNi (2.2)

where Ep and Ey are the total energies of the supercell containing the defect
and the pristine host, respectively. The sum runs over all the chemical potentials
of the elements that are added (n; > 0) and removed (n; < 0) to/from the host.

Table 2.9: Substitution energies (AHp) for Mg-doped delafossites, computed ac-
cording to equation 2.2 in an O-rich environment; average Cu-O, M-O and Mg-O
bond lengths in A for the Mg-doped CuMO, delafossites

AHD (GV) dCu—O (A) dM—O (A) dMg—O (A)

Mg:CuAlO2 0.40 1.86 2.01 2.01
Mg:CuGaOq 0.29 1.88 2.06 2.06
Mg:CuCrO2 1.44 1.87 2.06 2.06

We considered only an oxygen rich limit environment to compute the chemical
potential and the defect formation energies. Other conditions are irrelevant for
applications in p-DSSCs. The trend in defect formation energies that can be
observed in Table 2.9 is Ga < Al < Cr. Two main factors influence the defect
formation energies and can help us rationalize this trend: i) M-O bond strengths
and ii) Structural rearrangement. Mg?* has an ionic radius of 0.72 A, which
introduces a larger perturbation in the lattice when substituting the small AI3*
cation than the larger Ga3*. We can observe this effect from the elongation of the
average Al-O bond distances of ~ 0.1 A from 1.92 A (Table 2.6) to 2.01 (Table 2.9),
while the elongation in the case of Ga is only 0.04 A. While the above argument
can explain the slightly higher defect formation energy in CuAlOs with respect to
CuGaOa, it cannot account for the incredibly high energy needed to substitute a
Cr with a Mg. Here, it is the different nature of the M-O bonds that comes into
play. It is well known that early transition metals have the tendency to form very
strong M-O bonds [154]: it is more expensive to break a Cr-O bond than M-O
bonds involving later transtion metals in the same period (the so-called oxo-wall
effect) [160]. Hence, the computed AHps reflect the energy loss in substituting
the stronger Cr-O bonds or the weaker Ga-O bonds with Mg-O bonds. Among the
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three delafossites studied, CuGaQOs should be more easily doped than the other
two.

To investigate if CuMOy oxides are suitable for p-DSSC applications, one key
parameter we can compute is the valence band (VB) edge position. From this value
is in fact possible to compute the Voo of a cell, which is given by the difference
between the V Begge and the redox potential of the redox couple of choice. Another
key parameter that strongly depends on the V Bgge position is the driving force
for the process of hole injection from the HOMO of the dye to the valence band of
the semiconductor. To compute the absolute position of V Begge, we modelled two
different stoichiometric orthorhombic surface slabs built from the optimized bulk
structures: the (100) and the (011) surface slabs that correspond to the (1010)

hexagonal surfaces, respectively (Figure 2.12). The surface energies, computed as:

Egiab — nEpyk
28

where n is the ratio between the formula units in the slab and in the bulk and

Esurf = (23)

S is the surface area, are listed in Table 2.10

Table 2.10: Surface energies in Jm ™2 of the (011) and (100) surfaces calculated
according to equation 2.3 as detailed in text

Eswf(Jm_Q) CuAlOy CuGaOgy CuCrOgq
(011) 1.00 0.75 1.09
(100) 1.48 1.10 1.26

Experimental observations indicate that the crystals grow exposing mostly the
(011) surface [139]|. Consistently, we compute a lower surface energy for it with
respect to the (100). For these reasons, we chose this surface to compute the
absolute position of the valence band edge. We obtained such value by correcting
the band gap center (BGC) with the energy of the vacuum (E\,.) and subtracting
a half of the eigenvalue gap, according to:

1

VBeige = BGC ~ Euac — 5 Begn (2.4)

If the Fermi level is taken as the last occupied level, this value corresponds
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to the negative of the workfunction. Even though PBE-+U does not reproduce
correctly the band gap, the band gap centre should be accurate enough to be
used in such calculations [161]. From the position of the valence band edge, we
can calculate the V. of an hypotetical cell built with this semiconductor and an
electrolyte of choice. Figure 2.14 shows such V,.s for all the three delafossites
under study and for NiO with respect to three different redox couples; namely,
I; /I, [Co(bpy)s]**/3F and [Cu(bpye)2]*/*+. The first one is the standard choice
in such devices, while the other two have been proposed more recently and shown
a reduced potential loss [162-164].
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Figure 2.14: Absolute positions of the VB edges of delafossites and NiO.
Dashed lines represent the redox potentials of the three electrolytes: I3 /I,
[Co(bpy)s])?t/3F and [Cu(bpye)o]t/?>T. Solid lines represent the Voo values in
V vs NHE.

Before discussing the values, a caveat is needed. In the real device, there might
be a shift of the V Begge due to the band bending induced by the interface with
the dye or solvent molecules that we are neglecting here. At this point, we do
not wish to draw any quantitative conclusion but just to extract a trend between
the performances of different materials in order to select a good candidate for p-
DSSC operation. Once a good material has been selected, one may proceed to the

accurate evaluation of all the parameters that are relevant for the performance of
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the device.

The differences among the delafossite systems is very small: 1.44 V (vs. NHE)
for CuAlOs, 1.38 V for CuGaOs, and 1.39 V for CuCrOs. This is not unexpected,
given that the valence band is mainly composed by the d orbitals of Cu. With
the standard I3 /I~, NiO gives a smaller V,. than the delafossite systems. With
the "newer" redox couples, NiO could not even be used! In conclusion, our data
suggest that copper delafossites may outperform NiO in p-DSSC applications, at
least in terms of cell voltage. Among the delafossites systems, no major difference
is noted. If we had to select one, CuGaOsy would be our choice, thanks to its

higher band gap and lower Mg doping energy

Computational Details For the DFT+U calculations on CuMOy (M = Al
Ga, Cr) delafossites we used the theoretically derived values of 6.0 and 3.2 eV for
Cu(I) [147] and Cr(III) [36], respectively. The first being tuned to provide the
best structural and electronic properties of CusO, and the second being computed
via the ab initio method developed in the Carter group [36]. The kinetic energy
cutoff used in all calculations was 800 eV and the reciprocal space was sampled
via a 8x8x2, I'-centered k-point mesh. Such parameters were converged on the
total electronic energy with a threshold of 3 meV/f.u.. Structural optimizations
for lattice vectors and ionic positions were carried out until the maximum forces

on each atom were lower than 10 meV A1

2.1.3 Dye anchoring on CuGaO,

Building up from the semiconducting part of the electrode alone towards a model
system that is closer to the real one, we need to account for the anchoring of the dye
to the SC surface. For this purpose, we model the binding of two of the most widely
employed dye anchoring groups i.e. carboxilic and phosphonic acid on CuGaOQOs.
Before doing so, we must take a step back and look again at the effect that a Mg
doping has on these materials and in particular on CuGaQO,. Renaud et al. have
measured an increase in the specific surface area (SSA) of the nanoparticles when
a Mg concentration below 1% is present [140]. This results in higher efficiency.

Increasing Mg concentration up to 5% results in a further increase in the SSA
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but has no effect on the photocurrent and a decrease in Vo [83]. To understand
this behaviour we have computed the VB edge positions of CuGaOy at varying
concentrations of Mg doping. This can help us dissect the role of the doping on
the variation of Vo, excluding other defects and structural factors that can occur
in the measurement. In particular, we have considered two Mg concentrations: 3.3
and 6.7%, by substituting one Ga atom from a 5-layer slab with (2x1) and (1x1)
periodicity, respectively. VB edges are depicted in Figure 2.15 in comparison with
pristine CuGaOs and NiO.

Ereiox (I37T)
_ Epeass [Colopy)s 27
Eeinx [Colbpye),]™**

E (V vs NHE)
-

Figure 2.15: Calculated absolute positions of the valence band edges for, from left
to right: Mg:CuGaOy with two different dopant concentrations (i.e. 3.3% and
6.7%), undoped CuGaO2 and NiO. Dashed lines represent the redox potentials of
the three electrolytes: Iy /I~, [Co(bpy)s)**/3 and [Cu(bpye)2]™/?*. Solid lines
represent the Voo values in V vs NHE

We also indicate the Voo with respect to different redox couples, all computed
in acetonitrile solution. We refer the interested reader to the following references:
[162-164]| for the exact compositions of the electrolyte solutions. With respect to
the pristine oxide, 3.3% Mg doped CuGaO5 has a VB edge 29 meV higher, rising by
4 more meV when we increase the concentration to 6.7%. The order of magnitude

is the same of the experimental values reported by Renaud et al. [140] where they
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observe a decrease of Voo of 30 meV with respect to the undoped case and a
further decrease of 10 meV occurse then doping is increased up to 5%. Besides
this low increase in VB edge with Mg doping, the Vpgs of Mg:CuGaO, are still
much higher than those of NiO with respect to all the electrolytes proposed. It is
however important to point out that this is just a qualitative picture, since many
factors that affect the band allignement are missing (e.g. solvent, band bending at
the interfacem effect of ionic species, etc.). Still, the computed trend is consistent
with experimental values [87].

It is of paramount importance to understand how the dye anchors to the surface
of the semiconductor. A higher dye coverage provides a better photoconversion
efficiency and a stronger adsorption provides a more durable electrode. In the
case of protic anchoring groups, the analysis of different anchoring modes can
help predict the resulting efficiencies, since different anchoring groups can yield
different band alignements between the HOMO of the dye and the VB edge of
the p-semiconductor. We have investigated all the possible anchoring modes of
-COOH and -PO3Hz on the CuGaOy (011) surface. We take into account differ-
ent coordination sites and their combinations. We have considered monodentate
anchoring on Ga or Cu surface atoms (M-Ga and M-Cu), bidentate binding on
two Ga atoms, two Cu atoms and one of each (B-Ga-Ga, B-Cu-Cu and B-Ga-Cu).
For -PO3Hs we had to consider also the two possible tridentate bindings: one Cu
and two Ga and one Ga and two Cu (T-Ga-Ga-Cu and T-Cu-Cu-Ga). In the case
of monodentate anchorings, when the -OH group forms an hydrogen bond with a
surface oxygen, we have added a sub index "H". In the multidentate cases, the H
atoms are bound to oxygen atoms on the surface as far as possible from the rest of
the anchoring group. Figure 2.16 depicts the anchoring geometries outlined above
and Table 2.11 lists selected structural parameters and binding energies Fqs.

The adsorbed CH3COOH molecule does not change much when adsorbed on
NiO or the delafossite surface. The Ga-O1 distance is very similar to the Ni-O1
distance, both being similar to the metal-oxygen distances in the respective ox-
ides. A difference is observed in CuGaOy when the oxygen is adsorbed on Cu
or Ga, with the latter being closer at the equilibrium. The Cu-O1 distance is in
fact significantly longer than the Cu-O distance in the oxide. The hydrogen bonds
between the -OH group and the metals in surface are slightly longer in CuGaO-
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Figure 2.16: Optimized structures of CH3COOH on CuGaO; (011) 2x1x3L slav
(right) and on NiO (001) (left). Labels according to the anchoring modes [mon-
odentate = M and bidentate = B| and to the surface atoms involved in the adsorp-
tion process. Sub index "H" indicates H bonding (dashed grey line) between the
OH group and surface oxygen atom upon relaxation in M cases. Colour legend:
Ni (gray), Cu (blue), Ga (green), O (red), C (brown)
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Table 2.11: Selected structural parameters for relaxed CH3COOH anchored on CuGaO; (011) and on NiO (001)
together with those of the isolated molecule calculated at the DFT-PBE+U level of theory in vacuum

CH3COOH - Main structural parameters (A)

Anchoring mode  dop1_¢ doa—c do—H Euqs(eV)
Isolated 1.22 1.36 9.98
On do1-ni do2—Ni dr_0s
NiO(001)
M-Nig 1.26 1.38 1.15 2.05 2.05 1.31 -0.81
B-Ni-Nig 1.27 1.29 - 2.01 2.01 - -0.88
On do1-Ga  doi—cu do2-Ga do2-cu  dH-0s
CuGaO4(011)
M-Gag 1.28 1.38 1.29 2.03 - - - 1.56 -0.76
M-Cugy 1.24 1.33 1.03 - 2.38 - - 1.60 -0.19
B-Ga-Ga 1.28 1.28 - 2.03 - 2.05 - - 0.52
B-Cu-Cu 1.25 1.27 - - 1.93 - 1.94 - 1.60
B-Ga-Cu 1.26 1.28 - 2.03 - - 1.95 - 0.72
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with respect to NiO. In bidentate anchoring, we obtain two equal M-O distances
for B-Ga-Ga and B-Cu-Cu cases on CuGaQO, and B-Ni-Ni on NiO, since the two
oxygen atoms of CH3COOH become equivalent. In this case, the Cu-O1 distances
are much smaller than in the monodentate binding and closer to the Copper - Oxy-
gen bonds in bulk CuGaO;. In mixed bidentate anchoring (i.e. B-Ga-Cu), the
M-O bonds to the different metals differ, but they assume the same value as in the
respective non-mixed anchoring. Even though CuGaO (011) and NiO (001) have
very different surface patterns, the M-M bonds in the two solids are very similar
(i.e. d(Ni—Ni)ni0=2.99 A and d(Ga—Ga)cugao, = d(Cu—Cu)cucao,—2.984),
which explains the similarities in the binding geometries. The only significant dif-
ference is a slight tilting of the C-C bond with respect to the z axis due to the
non-planar pattern of the surface of the delafossite. The similarities in adsorption
geometries are not reflected on the binding energies, that are very different instead.
In NiO, E,4, for both mono- and bidentate anchoring modes are negative and very
close in energy, with the former being only 0.07 eV more stable than the latter.
One important thing to note is that the binding energies indicated in Table 2.11
for CH3COOH and in Table 2.12 for CH3PO3Hs on NiO are very close to those
computed considering a full C343 dye and reproduce the same trend [125]. Hence,
we can consider the CHs- capping to be a good approximation for the study of the
anchoring groups on the surfaces of the oxides. While the two binding energies in
NiO suggest that we would find the oxide covered by the dye in a roughly equal
ratio of the two binding modes, in CuGaOs we observe a strong preference of one
of the two anchoring modes. In particular, M binding is the only favourable an-
choring. We also observe a strong preference for Ga with respect to Cu, with the
values of M-Gapg being close to those for M-Ni (and B-Ni-Ni). This is consistent
with the trend of transition metal-oxo complex dissociation energies (BDE) [165]
of Ni-O and Ga-O (-366 and -374 KJ mol™1), with a smaller value for Cu-O BDE
(-287 KJ mol~1). The energy difference is increased by the fact that surface Cu
retain their bulk coordination with two oxygen atoms, while Ni and Ga are un-
dercoordinated.

In an analogous way, we analyse all the possible binding energies of CH3PO3Hs.
This time we must include also tridentate (T) binding modes. Optimized geome-

tries are shown in Figure 2.17 and structural parameters and binding energies are
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listed in Table 2.12

NiO CuGaO,
M-Niy, M-Ga M-Gay,

-
B-Ni-Ni
3 <
o2
ITf;'ifNifN: l # T-Cu-Cu-Ga T-Cu-Ga-Ga
oo oo o=

Figure 2.17: Optimized structures of CH3PO3Hs on CuGaO2 (011) 2x1x3L slab
(rigt) and comparison to NiO (001) (left). Labels according to the anchoring
mode [monodentate (M), bidentate (B) and tridentate (T)] and to the surface
atoms involved in the adsorption process. Sub index "H" indicates H bonding
(dashed gray line betwen the OH group and surface oxygen atom upon relaxation
in M cases. Colour code: see Figure 2.16

In this case, only the monodentate adsorption modes on surface Ga atoms are
negative. In particular, there are two stable M structures, one with both -OH
groups forming hydrogen bonds with the surface Oxygen atoms (M-Gag) and
one without any hydrogen bonds (M-Ga). The former is stabilized by 0.92 eV
by these bonds with respect to the other one. All the different starting points
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of the geometrical optimizations we have tried end up in the same two minima
(i.e. M-Gap and M-Ga). As in the case of acetate, we observe that NiO has
a similar binding energy for all the different anchorings. On the delafossite we
observe instead once again a strong preference for the monodentate one. From
this we can assume that the molecules will only be found in such geometries on

the surface.

In order to analyze the effect of the solvent and of the Mg doping on the
selectivity towards monodentate binding, we have calculated the adsorption energy
of each anchoring mode (for both anchoring groups) in acetonitrile solvent, on the
doped surface (3.3% Mg), and on the doped surface in solvent. The solvent of
choice was acetonitrile since it is the most commonly used in DSSCs. These three
additional sets of F,q4s are listed in Table 2.13 together with those on the pristine

slab in vacuum listed above.

Table 2.13: Calculated adsorption energies (E,q4s) for CH3COOH and CH3PO3H,
on CuGaO2 (001) at the DFT(PBE)-+U level of theory in vacuum and acetonitrile
(implicit solvent), without and with Mg doping (3.3%).

Eads(€V)
Anchoring  Anchoring CuGaOy  Mg:CuGaOs CuGaOy  Mg:CuGaOq
group mode vacuum vacuum acetonitrile
CH3COOH
M-Gag -0.765 -1.150 -0.580 -0.776
M-Cugy -0.191 -0.663 0.233 -0.360
B-Ga-Ga 0.516 0.114 0.434 0.139
B-Cu-Cu 1.597 1.741 1.926 0.357
B-Cu-Ga 0.715 0.460 0.928 0.334
CH3P03H2
M-Ga, -0.128 -0.646 -0.160 -0.121
M-Gag -1.050 -1.638 -0.525 -1.121
B-Ga-Ga 0.026 0.077 0.041 0.019
B-Cu-Cu 1.378 0.854 1.935 1.219
B-Cu-Ga 0.548 0.307 0.547 0.333
T-Ga-Ga-Cu 2.253 2.492 1.764 1.512

T-Cu-Cu-Ga 3.030 2.546 2.656 1.756




55 2.1. Results and Discussion

Both acetic and phosphonic acid are much more strongly bound to the Mg-
doped surface, with a decrease in energy of about half an eV. In very few cases a
small increase is observed (~ 0.05¢V") upon Mg-doping (e.g. CH3COOH-B-Cu-Cu
and ChsPOsH,-B-Ga-Ga/T-Ga-Ga-Cu). The p-doping of these surfaces makes
them more Lewis-acidic thanks to the introduction of a hole that enhances their
affinity for electron-donating species, which explains the stronger binding [166].
The uniform decrease in F,q4s in all surface sites and not only on Cu can be
explained with the fact that the hole introduced by Mg doping is not localized
on any specific Cu, but is spread over all Cu atoms, as we have shown above to
happen also in CuGaOsz bulk [148].

The opposite effect is induced by the solvent, with all the E,;5 increasing,
but not to the same extent. Only in the tridentate cases there is a stabilization
of half an eV, which is not enough to stabilize the very unfavourable tridentate
anchoring. The acetonitrile solvent, having a mild dielectric constant, weakens
the ionic contribution to the bonding between the O of the anchoring groups
and the Ga atoms on the surface. In the tridentate modes, we observe instead
a stabilization of the dipole moments due to the OH species that are formed on
surface upon deprotonation of the acid. In conclusion, the overall picture does
not change when we include both Mg doping and acetonitrile solvent, with the
adsorption energy values being almost analogous to those computed on the pristine
slab in vacuum. There is a strong preference of the M binding for both anchoring
groups. This result is of greatest importance for the cell performance, since it
has been shown that M binding modes maximize the driving force of the hole
injection (i.e. between the HOMO of the dye and the VB of the semiconductor)
where no H has been released by the acid and adsorbed on the surface, lowering
the dipole [125]. Another important conclusion is that Mg doping does not only
improve the p-type conductivity and morphology of the nanoparticles [140], but
also improve the dye coverage by increasing the affinity of the delafossite for the

anchoring group.

Computational Details As in the calculations on the isolated delafossites,
we used a value of 6 eV on the d electrons of Cu [147,167]. SCF Energy convergence
threshold was set to 1072 eV, and the forces were converged up to 0.05 eV A-t
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Kinetic energy cutoff for plane waves was set to 750 eV and the Brillouin zone was
sampled with a Monkhorst-Pack [168] 6x6x2 k-points grid.

2.1.4 CuFeO, as a CO;, reduction reaction catalyst

In the introduction to this chapter, we have already spent time on the importance
of the CO4 reduction reaction (CO2RR) as a route to carbon dioxide recycling into
useful chemicals that can be reused in a COg-neutral way. We have also extensively
discussed the structure and electronic properties of some members of the family
of copper delafossites. In this section, we propose CuFeQOs as an efficient catalyst
for CO2RR.

Bulk and surface properties The lower band gap of CuFeOq with respect
to the other delafossites explored above makes it uninteresting for p-DSSC appli-
cations. Light absorption phenomena would interfere with the molecular antenna,
making the cell inefficient. However, such property might be useful for photocatal-
ysis: the excited electrons can be transferred to an adsorbed substrate (CO3z in
our case) and perform a reduction.

Very little has been reported in literature about the doping of this delafossite
oxide. Here we report an investigation of the formation of (both, Copper and
Iron) vacancies and the effect they have on adsorption, activation and catalysis of
CO2RR.

Figure 2.18 depicts the pDOS at the HSE level on top of PBE4+U geometries
(see Computational section for details) of pristine CuFeOgz (top panel) and of
CuFeOq_s.

Besides a small contribution of the hybridized Fe d and O p states, the va-
lence band is mostly composed of Cu d states. This is in agreement with both
photoelectrochemical measurements and theoretical works [113,114,169-171].

As we have discussed in Section 2.1.2, the p-type behaviour in these oxides
is generally explained as being due to partial oxidation of Cu(I) to Cu(II). No
works have been published analyzing the different effects of the different kinds of
doping. Since our aim is a reduction reaction, we require an excess of electrons

to be transferred from the surface of the catalyst to the target molecule. For this
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Figure 2.18: Atom- angular momentum-projected density of states (pDOS) at the
HSEO06 level for 48 atoms (1 x v/3 x 1) orthorhombic supercell for CuFeOy (top
panel), CuFeOy_s (bottom panel). Cu d-orbitals (blue) give the major contribu-
tion to valence band while the major contribution for conduction band is given
by Fe d-orbitals (black). The grey dashed line indicates the Fermi energy (Ep).
Every graph is scaled by its Fermi energy.
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reason, we mainly focused on n-type doping, introducing an oxygen vacancy in
the system. With respect to the pristine material, the oxygen vacancy induces a
shift of the Fermi level towards the conduction band. The excess of electrons left
behind by the O atom causes the reduction of the two neighbouring Fe atoms.
From our calculations, we found an effective magnetic moment of 3.9 up against
the 4.2 up in the pristine oxide. This indicates formation of a Fe(II) species in
the bulk [172]. The computed vacancy formation energies are 3.95 eV for O and
3.31 eV for Cu.

Once again, we are interested in the absolute position of the band edges to asses
the activity of our material in photochemical processes. The (011) orthorhombic
surface has already been shown to be the most stable one for these oxides, so we
build a slab of this surface analogous to the ones used in Section 2.1.2. We used
such slab to compute the band gap center, the workfunction and the absolute

position of the bands. The slab is shown in Figure 2.19

Figure 2.19: Optimized 5-layer slab of pristine (011) orthorhombic surface. Color
code: Cu (blue), Fe (black), O (red). On the left lateral view, on the right top

view

The computed values of the VBM and CBM are 0.47 V and -1.03 V vs. SHE;,
respectively. Figure 2.20 depicts the positions of the bands with respect to the
redox potential of the reduction of CO; to different products after two (CO, formic
acid), four (formaldehyde), six (methanol) and eight (methane) proton coupled
electron transfer (PCET) steps.

Our computed VB and CB edges (in agreement with those measured through
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Figure 2.20: Estimates of CuFeOs band positions, under flat-band conditions, in
vacuum. Rectangular green shapes depict the absolute position of the valence (top
at 0.47 V) and conduction bands (bottom at 1.03 V) in a scale referred to SHE.
Dashed lines represent the reduction potential of COs to some relevant products.

flat band potentials [114, 119] ) straddle the redox potential of CO2 to all the
possible products. This indicates that CuFeOs is in principle photoactive for the
CO2RR. The presence of a surface oxygen vacancy affects the position of these
bands shifting them down to a lower potential, this might affect the selectivity of
the material towards different products. In principle this can also be used to our
advantage, engineering the defect concentration in order to tune the selectivity to

the desired products.

Surface oxygen vacancies First, we tried to adsorb a COs molecule on
the pristine CuFeOy (011) orthorhombic surface. Of all the possible configura-
tions tested for CO4 on several adsorption sites (see Supplementary Material for a
complete list) none gave a stable adsorbate. In each case, the molecule detached
from the surface without any binding interaction. Since previous studies have re-
ported catalytic catalysis on oxides (e.g. CugO and TiO3) [122,173], we focused
on the interaction of COs with the defective CuFeOs surface, after considering
the concentration of vacancies detected in CuFeOg [117]|. These oxygen vacancies,
generate n-type carriers that are driven to the semiconductor-electrolyte interface,

and can perform the CO2RR catalysis at the surface [93]. On the surface of the
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delafossite, we have two nonequivalent oxygen atoms that can be removed to form
the vacancy. One is upward oriented and one is downward oriented (see lu and
1d in Figure 2.21 ).

Figure 2.21: Optimized (011) 3-layers surface slab. Oxygens removed to create a

single vacancy are highlighted in green. Numbers indicate the layer in which the

vacancy is created and the letters "u" and "d" indicate the upward or downward

orientation of the oxygen atoms removed, respectively. Colour code: O (red), Cu
(blue), Fe (black), O removed to form vacancy (green).

To generate 1u, we remove a tri-coordinated oxygen atom bonded to two un-
saturated Fe atoms and a Cu atom. 1d is very similar to lu, but it has an extra
coordination with a Fe atom of the second layer. We have also simulated a 2u va-
cancy; that is an upwards oriented vacancy in the subsurface layer (Figure 2.21).
To investigate the effect of such a doping on the electronic structure and charge
distribution, we have computed the Bader charge variations on the superficial
atoms. Table 2.14 lists these charge variations and the formation energies of the
different vacancies outlined above.

The 2u vacancy is the easiest to form, since the Fe involved have complete
coordination prior to the formation the vacancy. It becomes more expensive to
remove an oxygen atom from the exposed layer, since the iron atoms are already
undercoordinated. In particular, we found that the 1u vacancy is 0.45 eV more
favourable than the 1d. For both defects there is just a small surface relaxation
and they present a similar pattern of electronic rearrangement upon formation of
the vacancy. On the structural side, we can observe that the bond lengths are
not modified; the only significant rearrangement is a downward shift of Cu; of
about 0.63 A. Due to such displacement, a cavity seems to be opening around

the vacancy, making the COq approaching easier. The excess electrons left by the
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Table 2.14: Oxygen vacancy formation energies at the PBE+U and HSE06 level of
theory and average charge variations on the Fe and Cu atoms directly bondend to
the removed oxygen at the PBE+U level. Different vacancy positions are indicated
in Figure 2.21 For 2u the first value is for the superficial atom while the highest
two are for the subsurface atoms.

AEgf(eV) Agqrpe(e™) Agey(e™)
PBE+U HSE06
lu 3.22 3.62 0.4240.01(x2)  0.14(x1)
1d 3.67 3.98 0.39+£0.02(x2)  0.17(x1)
0.10(x1)
2u 2.22 2.35 0.35(x1) 0.17(x1)

0.4240.02(x2)

removed oxygen are in each case localized on the neighbouring Fe atoms, that are
reduced from Fe (IIT) to Fe (II). These are both surface atoms in the case of the
1u and 1d vacancies. This result is supported both by the variation on the Bader
charges on Table 2.14 and by the variation of magnetic moments from p > 4up
typical for Fe (III) to pu ~ 3.8up, typical of Fe (II) [172]. The charge variation on
the Cu atoms is instead very small. The situation on the 2u vacancy is slightly
different, since this time there are three neighbouring Fe atoms available to accept
the charge (two subsurface and one in the exposed surface). Hence, the degree
of localization is reduced, being the charge spread over more atoms, and also
contributes to lowering the formation energy of 2u. It is also worth noticing that
the two subsurface Fe atoms accept more charge than the surface one, reducing the
charge increase on the topmost layer. Looking again at the pDOS in Figure 2.18,
we can see that the first unoccupied states are Fe d states that become populated
upon doping, consistently with the charge variations just described. The reason
why 1lu is more stable than 1d can be found in the lower number of M-O bonds
to the removed oxygen. To form 1d we need to break 4 M-O bonds, only 3 M-O
for 1u. The stability of defective CuFeOs and the ease of formation of defects is a

result of both structural and electronic rearrangements.

In order to develop new strategies to optimize the catalytic performances of

CuFeOa, it is essential to explore the role of oxygen vacancies in the activation of
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COa.

CO3 adsorption and activation On the two most stable vacancy config-
urations studied in the previous section (2u and 1u), we tried to adsorb a COq
molecule. Calculated adsorption energies at the PBE+-U level of theory are 0.87
and -0.33 eV for 2u and 2d, respectively. It is clear that COs requires a superfi-
cial vacancy and the consequent electron reorganization in order to adsorb. This
charge reorganization is in fact the easiest way to promote an electron flow from
the surface of the catalyst to the substrate. In order to be sure that the computed
charge accumulation is not dependent on the size of our model, we have simulated
vacancy formation also on a bigger slab model, obtaining basically the same re-
sults. From now on, our results will refer to the (4x2x3L) slab, which has a defect
concentration much closer to the ones usually present in experiments.

We are able to identify two stable configurations of adsorbed carbon dioxide
on the (011) surface of the delafossite. We name them B-V(I) and B-Vo (II), the
first being a radical anion and the second a carbonate-like intermediate. These
adsorbates are shown in Figure 2.22 (left panel), with a scheme of the charge
accepted by each atom of the adsorbed molecule and donated by the atoms of the
surface close to the vacancy upon adsorption.

We account also for the zero-point energy (ZPE) contributions to the adsorp-
tion energies and obtain a value of A(E+ZPE) = -0.01 and -0.28 eV for B-V(I)
and B-V(II), respectively. The carbonate-like structure is much more stable than
the other one. The reason for this can again be found in the structural and elec-
tronic rearrangement upon formation of the intermediate. In B-V(I), the carbon
atom of the molecule is linked to one of the reduced surface iron atoms (dg—pe1=
2.06A), one of the oxygen atoms points towards the vacancy and the other one
points away from the surface. In this case, activation will occur via electron re-
lease from the iron and the copper atom around the vacancy to the carbon atom
of COq. Basically, the electrophilic part of the adsorbate (i.e. the carbon atom)
interacts with the electron-rich part of the system, forming the radical anion. The
cumulative charge variation on each of the species involved in the processes of
vacancy formation and adsorption are listed in Table 2.15

In the case of B-Vp (II), the charge transfer is lower than in the other case,
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Figure 2.22: Left: Lateral and top views of the two stable geometries B-V(I)
and B-V(II) of COy adsorbed on lu-type surface oxygen vacancy in a (4x2x3L)
slab. Right: Charge variation on the labelled atoms of CO2 (on the left) and of
the surface (on the right). All values have been evaluated in vacuum.

Table 2.15: Details of charge transfer during adsorption process for B-Vo(I) and
B-V_(II). The total variation of Bader charges for the surface and the adsorbate
are collected in two blocks. Charge variations for the reduced slab (first row) are
calculated as difference from the pristine surface to the one with the O vacancy. B-
Vo(I)/(II) data (second and third row) are instead obtained as difference between
the reduced slab prior to adsorption and the one with the adsorbate. The first
three columns of each block report the cumulative Ag for each atom type:Aguiype =
vaatyp © Ag;. The fourth column of both blocks is obtained summing the previous
three columns. Please note that in the total charge variation of the carbonate
species an oxygen from the surface is included in the sum (last entry of the table).

Surface Adsorbate

Agcuw  Aqre Aqo Aqiot Aqo Aqo Aqugf AqCOg*

CuFeO2 0.12 0.85 - 0.97 - - -
B-Vo(I) -0.15  -0.27  -0.07 -0.49  0.10 0.40 0.50 -
B-Vo(II) -0.06 -0.08 -0.07 -0.21 0.26 0.02 - 0.25
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and the C atom is directly bound to a surface oxygen, forming a carbonate-like
species. It easy to understand the different chemical nature and stability of the
two intermediates, by looking at the structural modifications that the molecule
undergoes. Such structural modification (actually only the main ones) are listed
in Table 2.16. We can compare these values with those of similar carbonates
(CO3™) and carboxylate (CO,") intermediates identified on MgO clusters. [174]
As in the case of MgO, the carbonate-like structure result to be a more stable
intermediate, since the the negative electron effinity of carbon dioxide makes the

formation of the radical anion unstable. [175]

Table 2.16: Structural parameters of CO4 isolated and adsorbed on CuFeOs slab
according to the geometries presented in Figure 2.22 . Values for a carboxyl radical
anion and a carbonate adsorbed on MgQO from are reported as comparison. Atom
labels as in Figure 2.22

Bond Length(A) P(cire)
C-0, C-0y C-Og 01-C-0y
Isolated CO9y 1.18 1.18 - 180
B-Vo(I) 1.27 1.20 2.60 141
(CO, -MgO 1.24 1.24 2.29 139
B-V(II) 1.30 1.21 1.47 132
(Co2™)-MgO 1.26 1.26 1.36 131

Our results agree with the proposed mechanism on other materials. As an
example, Huygh et al. have proposed carbonate-like structures on reduce anatase
TiO9_5. Moreover, carbonates have been detected by near ambient pressure
X-ray photoelectron spectroscopy (NAP-XPS) on the surface of iron-containing
(La,Sr)FeOg3_g, so it is not unlikely that they will form on CuFeOs. In the Supple-
mentary material we also report a charge density difference plot of the carbonate-
like intermediate, showing increased density on the oxygens involved in this in-
termediate formation. The lower value of this intermediate can be ascribed to
the greater stability of the carbonate with respect to an iron-coordinated radical

anion.
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Computational Details The usual scheme of running PBE+U calculations
for the geometrical optimizations and HSE single points on the minima was used.
U-J values were set to 6 eV for Cu d orbitals [147] and to 4 for Fe d orbitals
[36]. The kinetic energy cutoff for plane waves was here set to 800 eV and the
Brillouin zone was sampled with a I' centered 8x8x2 k-point mesh. The electronic
structure calculations were computed on a 1xv/3x1 orthorhombic cell built from

the hexagonal one.

2.2 Conclusions

We have investigated the interface between three novel push-pull dyes and NiO,
characterizing their optical, thermal and electrochemical properties. We have per-
formed a DFT and TD-DFT theoretical analysis, dissecting the properties of the
isoleted dyes from those of the dye-semiconductor interface, showing the impor-
tance of accounting for the interface in these calculations. The conclusions that can
be drawn from molecular properties (vertical excitations, ICT parameters) and in-
terfacial features (hole-injection driving force and charge recombination likelihood)
can be summarized in the following points:

i) The optical properties of the dyes show that C3 has the most effective charge
separation (charge withdrawing group), as expected.

ii) The C1 dye has the largest hole injection driving force. The other two
having a similar driving force about 0.20 eV lower than the one for C1. The
electrochemical characterization of isolated dyes in solution provides a different
picture that the interface, with the HOMO energies of the dyes in a very narrow
(~ 0.05 eV) energy window.

iii) The distance between the LUMO of the dyes and the surface of NiO is ~
10A, no qualitative differences are observed among the dyes. We can conclude that
they all present the same (low) probability for charge recombination between the
excited electron and the hole injected in the valence band of the semiconductor.

The three new dyes have been also tested in operating conditions. The cells
showed a maximum PCE of ~ 0.05 % for the C1 dye, the trend being C1>C3~C2.
The obtained conversion efficiencies are in the same order of magnitude of reference

push-pull dyes such as the P1. It is also worth mentioning that the devices have
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shown a remarkable aging resitence, with the PCE measured after 50 days being
actually higher than the ones measured right away.

In this chapter we present an analysis of different transition metal oxides for
solar energy conversion applications. First, we analyse three members of the family
of the delafossites (i.e. CuAlOy, CuGaO2 and CuCrOs) as a promising alternative
to NiO in p-type DSSCs. We find that the structural and electronic properties in
the bulk are similar for Ga and Cr, but slightly different for Al. The eigenvalue gaps
for these three oxides are optically forbidden and the computed trend Ga<Cr<Al
is consistent with the reference data. We analyze the effect of a Mg doping, finding
an enhancement in p-type character. We observe the oxidation of Cu(I) to Cu(II),
the latter being responsible for the p-type conductivity. We observe also the
presence of copper empty states inside the gap that can explain the loss of efficiency
measured at increasing Mg concentrations. These states could cause absorption
phenomena, interfering with the dye. The study of the surface properties of the
delafossites allowed us to determine the valence band edge positions against NHE.
The Voc values determined in this way are much higher that the ones computed
for NiO with the same redox couples. The higher Voo and the other promising
properties of these oxides mentioned above (light absorption, conductivity etc.)
imply that CuMO, systems can be a better choice than NiO for p-DSSCs.

Among the delafossite systems under study, CuGaQs is the most promising one
thanks to its lower surface energy and defect formation energy. Hence, we selected
this out of the three we have studied to investigate the interface with anchoring
groups of the dyes and the oxide surface. We have investigated further the role
of Mg doping, checking the variation in the absolute band positions at varying
concentrations (i.e. ~ 3% and ~ 6%). For these dopant concentrations, the Voc
is mostly unchanged, in agreement with experiments. We address the adsorption
properties of two of the most commonly used anchoring groups to attach dyes on
the surface of the oxides: carboxylic and phosphonic acid. We characterize the
interaction between such groups and the surface and evaluate the adsorption ener-
gies and investigate the role of the dopant and the solvent on them. Interestingly,
there is a strong selectivity towards monodentate binding for both the anchoring
groups, contrarily to what happens on NiO. A particular affinity is observed for

the Ga sites. This preference for monodentate anchoring should have a positive
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effect on the cell efficiency, since it has been shown that when protic groups re-
lease H to the surface the driving forces for hole injection are lowered. Hence, our
calculations show that -COOH and -POsHs should perform better on CuGaQO-
than on NiO. We also show that Mg doping increases the affinity of the delafossite
surface for both anchoring groups. Such effect is counterbalanced by that of the

acetonitrile solvent.

The idea of reducing CO2 concentration and at the same time convert it into
new fuels using environment-friendly strategies represents a current grand chal-
lenge in chemistry, engineering and other scientific research fields. The pioneer-
ing materials for CO2RR (based on metallic copper) suffer from high instabil-
ity, so the identification of new highly performant catalysts is needed. Within
this framework, recent works have proposed the CuFeOs delafossite as promis-
ing photo-electrocatalyst thanks to its peculiar properties: high mobility charge
carrier, low band gap and photo-electrochemical stability. These qualities need
to be supported by a catalytic activity. Recently, CuFeOy has been tested as
CO2RR photocatalyst and recent computational works have relegated its role to
the photo-activation, with no active roles in catalysis. Here we have demonstrated
that adsorption and activation of COy can be achieved by tuning the CuFeOq
surface properties: the reduction by formation of surface oxygen vacancies pro-
vides the electronic structure features (i.e. charge localization) that is needed for
COq activation. We have shown that this kind of defect determines an electronic
charge augmentation on Fe involving two different valences, i.e. Fe(III) and Fe(II).
In other words, the reduction process that involves surface Fe atoms is the inter-
mediate step required to draw charges to COs3, thus overcoming the issues due
to its chemical inertia and leading to its adsorption on the CuFeOy surface slab.
Two different species can be formed after CO2 adsorption: a carboxylate radical
anion and a carbonate-like intermediate. In the first case both Cu and Fe play an
important role into the charge transfer to the adsorbate while for the latter there
is a smaller electronic transfer highly delocalized since no atom in COs strongly
changes its charge distribution. The formation of carbonate-like units is more
likely as already suggested for other materials (e.g., MgO, TiO2), even though the

formation of the highly reactive radical anion is still a downhill process. In con-



Materials for Solar Energy Conversion 68

clusion, we have proven that CuFeO, can be an active photocatalyst for CO2RR,
but only when oxygen vacancies are present. For the first time, here we have
demonstrated that it is not only the Cu to play an important role, but we have
identified the Fe reduction as the key process for an effective COs adsorption on
CuFeO4_s. Our results also provide a global picture of surface and CO» activation,
as first key step for a complex chemical process that lead from COs to chemicals
(e.g., HCOOH, CO, CH30H). Our model is of course far from the complexity of
a photo-electrochemical cells at operating conditions: other players are crucial for
a proper CO2RR catalysis, the solvent, the cations at the surface, the pH, just
to name a few. Here, we have set the scientific basis to understand the CuFeOq
properties, anticipating the potential positive effects of oxygen vacancies for acti-
vating and guiding the subsequent CO2RR process. Thus, as design indications,
we can suggest to focus on CuFeOs enhancing the formation of surface oxygen
defects by surface reduction, aliovalent doping or by electrochemical strategies.
Further studies are undergoing in our laboratory to address the several possible
COg reduction mechanisms and pathways, also considering the effects of the other

active species along the CO2RR at the electrode surface.



Chapter 3

Effective Methods for Hybrid

Materials

Heterogeneous functional materials are challenging systems even for state of the
art computational techniques. We usually rely on DFT to investigate their prop-
erties in order to be able to afford model systems that are big enough to be
meaningful. However, the peculiar electronic structure properties of such mate-
rials often push DFT to its limits. Some corrections must be applied in order
to make DFT approaches suitable for complex interfaces. In many cases we rely
on well established schemes to amend for DFT deficiencies, but sometimes it is
mandatory to develop new approaches. In this Chapter, we report two case stud-
ies of methodological development. In Section 3.1 we report the development and
implementation of DFET and its application on a model system. In Section 3.2 we
report a reparametrization of the DFT-D2 dispersion scheme to make it suitable

for metal-molecule interfaces.

3.1 Density Functional Embedding Theory

As we have discussed in Chapter 1, the theoretical investigation of hybrid func-
tional materials presents many challenges. Sometimes the need for high level CW
methods that are able to catch excited states properties and give better accuracies

clashes with the need to model extended systems with a great number of atoms.

69
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In these situations embedding methods can help solve the problem by partition-
ing the system in subsets that can be treated with different levels of theory. The
way the interaction between the subsets is accounted for varies from method to
method. In Chapter 1 we have already given a brief review of some of the most
important ones. In this section, we report the formalism of Density Functional
Embedding Theory (DFET) and its implementation in the VASP program carried
out by Kuang et al. [176], along with some applications and issues that we en-
countered in applying the method. The core of DFET is a density-based partition
of the system in two sub-densities, one of the environment and one of the cluster.
A unique interaction (embedding) potential accounts for the interaction between
the two subsets. Such potential is optimized through an OEP procedure carried
out self-consistently updating the DFT densities of the cluster and environment
under the effect of the potential. In a final step a calculation on the cluster (in
presence of the optimized potential) is carried out with the desired level of theory.
Finally, the total energy is obtained with the simple ONIOM-like formula:

By = EPFT 4 (ECW — pbET ) (3.1)

emb,cluster emb,cluster

In the following sections we go into the details of the DFET formalism.

3.1.1 Embedding Formalism

The current implementation of the embedding code on VASP allows for the opti-
mization of an embedding potential, given a reference density and a partition in
two subsets of this density.

The formalism proposed by Huang et al. [177] starts with the usual partition
of the system into two subsets: a cluster and an environment. The sum of the

electron densities of the two subsets being equal to the total density.
Ntot = Nely + Nenv (32)
Hence the expression for the total energy is

Etot [ntot] = Eclu [nclu] + Eenv [nenv] + Eint [nclw nenv] (33)
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Embedding potentials for the cluster, due to the presence of the environment, and

viceversa can be defined as:

aEint [nclw nenv] . env __ a-Esz [nclu, nem}]
9 b —
Onely, e ONenv

Vclu _

emb

(3.4)

Therefore it is dependent on the system partitioning. However, given a choice of
subsets and fixed the number of electrons in the cluster and in the environment,
we can set Ve(;% = Vry. The proof of uniqueness of the embedding potentials

follows that of the first Hohenberg and Kohn theorem.

Proof of uniqueness of the embedding potential

Let us suppose to have two different embedding potentials V; and Vo which give

rise to the two density partitioning na1,np1 and ngo,npe. For both we can write
Niot = MA1L +NB1  Niot = NA2 + NB2 (3.5)

Fixed the number of electrons and assuming that A and B are nondegenerate, we

can write:

EAlnail +/V171A1d7"3 < Ealnas + /V171A2d7“3

(3.6)
Ep[np1] + /V1nB1d?“3 < Ep[npa] —I—/V1n32d7‘3
which can be rearranged as:
EA[nAl] < EA[”AQ} +/V1(71A2 — nAl)dT3
(3.7)

Ep[npi1] < Ep[npa| + /‘/1(7132 — np1)dr®

By using 3.5 we can see that the integral terms in 3.7 are equal and opposite in

sign. Hence, summing the disequalities we obtain:

EA[nAl] + EB[nBl] < EA[nAQ] + EB[nBQ] (3.8)
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Exchanging the arbitrary 1 and 2 indices we can obtain the contradictory result:
Eanag] + Eplnpa] < Ea[nai] + Ep[npi] (3.9)

Which proves that the embedding potential (if exists) is unique

Derivation of the embedding potential

To obtain the embedding potential the first thing we need is a reference density
Nyef. This is obtained from a KS-DFT calculation on the entire system. Then we
look for an embedding potential that satisfies the constraint n,.y = n4 +np This
is done with a modified optimized effective potential (OEP) method [178], using
a modified Wu-Yang potential:

W Vernps nic [Verl] = > EK[nK]Jr/Vemb <ZnK—nref> dr®  (3.10)
K

K=A,B

Vemp 1s introduced as a Lagrange multiplier to enforce the constraint on the max-
imization. Please note that the electron densities are in turn functionals of the
embedding potential. With this in mind, we can calculate the total gradient of W

w.r.t. Vo, as: !

W [Vemp, i [Vemsl] _ 0W [Verp, nic]
OVemb O Vemb n =const. (3 11)

/5W[Vemb,nK[Vemb]] dng(r') a3
Sng(r') Vemp(r)

where the second term on the right is a chain rule for functional derivatives. By

inserting 3.10 into the first right end term of 3.11 we obtain:

5EK[nK]+ Vemp(T) Z NK — N dr3 (3.12)

K 5‘/:9mb 6Vemb(r,) K—A,B

just as the total gradient of a function f(z,y(x)) is given by % = % + &£ %y

Oy Ox
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here the first term vanishes because there is no explicit dependence of Fx on Ve,
while the second one becomes: n4 +npg — ey 2. Let us now deal with the second
right end term of 3.11, again we start by plugging in the expression for W given
by 3.10:

/ onk(r
(3.13)

Now we can chose the ngs to be the ground state densities of W, namely the term

dng (r')

13
Ve (1) "

EK[”K] +/‘/;mb Z NK — Nyef dT3
K—A,B K—A,B

in brackets in 3.13. If this is the case, the derivative of this term w.r.t. to ng is
a constant. 3 Now we can rewrite 3.11 using the expressions in 3.12 and 3.13 and

writing a constant pg in place of the derivative of the term in brackets in 3.13.

W [Vemb, i [Vems)] -y / on(r dr’3 + 14 +ng—ner  (3.14)
OVemp K—A,B (n/emb

We can take the derivative w.r.t. Vom,s(r) out of the integration which is in dr’ 3

W [Vernp, i [Vem]] 5 / o
O Vemb B Z P SV () ng (r')dr’” +na+np—npes (3.15)

The electron densities integrate to an electron number and the first term on the

right vanishes because it is a derivative of a constant. Hence we are left with

oW
5‘/emb

=NA+NB— Nyef (3.16)

which in its stationary point statisfies the condition ns + np = n,.s. Via the
evaluation of the second gradient of W it can be shown that the functional is
globally concave. Hence the search for the embedding potential is a maximization
problem.

This formalism has been implemented in a modified version of ABINIT by

2This is easily showed recalling this property of functional derivatives: ;57[[5,]] = 6(z — ') this

is somehow a generalization for functional differentiation of the property dx/dx = 1
5E[P(7‘)] _
op(r)

3In analogy with the fact that
the ground state energy

= const. if p(r) is the ground state density and E[p(r)]
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Huang et al. [177] without any modification. In the following section we present a

more challenging implementation in VASP within the PAW formalism.

VASP implementation

The projector augmented wave (PAW) method used in codes as VASP to treat
the interaction between core and valence states presents a challenge to the imple-
mentation of the DFET [176]. In Blochl treatment, the exact all-electron (AE)

wavefunction of the n-th band is expanded as:
@) = [) + > (I63) — |63) (Bi ¥n) (3.17)

Where |¥) are soft, nodeless pseudowavefunctions, |¢;) and |¢;) are on-site basis
set functions and p; are the projector functions, which are orthonormal to the PS
basis. Outside the augmentation sphere |¢;) = |¢;) and |¥) = |¥). Usually the
frozen core approximation is used; meaning that the AE wavefunctions in the core
are fixed during the SCF. This represents the main difference between the PAW
approach and norm-conserving PPs: here the AE wavefunctions are explicitly
represented and expanded as in 3.17. PAW is a frozen-core, all electron level of

theory. From 3.17 follows a decomposition of the total density as:

n=n+n'—n (3.18)

In the following rearrangement of the total Hamiltonian*

1 _ ~ ~ ~ ~
H= —§V2+Ueff+2’pi> (Dij + Dij — Djj) (5] (3.19)
i7j

with

4See reference for derivation
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Dij=Y" / dries;(r)Qf;(r)
L
1
Dj; = (il — §V2 +vipr log) (3.20)

1 B 5 ~
Bl = (ol =5V + iy o)+ 3 [ drilysr)Qh(r)
L

where ij (r) are the angular decomposed components of the compensation
charge n. We can see that the effective potential (containing the Hartree and
exchange-correlation terms) appears in three different forms that resemble the
partition of the density. The embedding potential enters all these three terms.
This is straightforward for the first term that is evaluated on the same uniform grid
as Vegpmp. For the other two terms instead, we will need to project the embedding
potential on the finer radial grid on which the other two terms are evaluated. The

projection used is the following;:

emb Z emb SLM (f') (321)

There are two different algorithms to perform this projection (see reference
[176] for details). The total KS energy in the PAW formalism can be written as:

E=>Y_ fu(Un|H|Y,) + Ege + Ej, — E}. + U(Ry) (3.22)

where the terms with the subscipt dc are double counting corrections. Let us

now evaluate the derivative of the energy with respect to the embedding potential:

0F
5‘/;mb (n/emb

an mm W) (3.23)

double counting terms and nuclear potential vanish since they are independent

of Vemp. Deriving the PAW Hamiltonian w.r.t. the embedding potential yields:
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JH oDy 8Dy D}
— i — 3.24
(5‘/emb r r * Z |p pj (5%1711) + (5‘/emb 5‘/;mb ( )

Differentiation of ﬁij is straightforward:
6Dy
- em i d

6Vvemb 6‘/emb Z/ UH+UXC+V b)QJ "

(3.25)

=) Q5
L

where we have used the explicit expression for v.rr. Now we can rewrite 3.24

as:

0H (5D.14 DL
5 - z Z %] 3 2

ij

and plug it in 3.23 to get:

7 5D’lf Di 3.27

here we have used the relation

The evaluation of the last term on the right is quite complex, the evaluation of

the integral in radial coordinates gives back:

5(DY — sV LM
CEM /d ml'm L tm) =22 3.28
5Vemb Z imtrme | Ar(Qumi lelm)(ﬂ/emb (3.28)

A torough explanation of all the terms in this equation is beyond our purpose.
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LM

We wish to put our focus on the term ?‘;mi . This should give us a delta function

but in practice this is not the case. This arises from the fact that the radial

grid is much finer than the uniform one and the projection algorithm needs to
interpolate. Hence, a variation of the potential at one point on the uniform grid
induces a variation at more than one point on the radial grid. This means that
the derivative of the energy of a subset in presence of the embedding potential
w.r.t. the embedding potential is no longer equal to the electron density of that
subset. In other words, the expression of the Wu-Yang functional in 3.10 must be
changed because the equation 3.16 no longer holds. The change in energy is no
longer given by the value of the density, so the problem is solved substituting the

electron densities in 3.10 with the explicit energy derivatives

D

WV Vel = 3 Erlo] = [ Vouslr)frkar— (3.29)
K=A,B
And the gradient becomes
0E.
W 0E 4 0Ep f (3.30)

Vo SV(r) T 5V(r) 8V (r)

The constraint is now on the energy derivative and not anymore on the densi-

ties, which is in principle the same.

3.1.2 DFET Application

We have applied the embedding scheme described in the previous chapter to a
coumarine based dye (C343) adsorbed on a p-type NiO (100) surface. The surface
of the semiconductor has been modelled with a 5-Layer slab of a 2x2x1 supercell
and an antiferromagnetic ordering on Ni atoms. Only the two uppermost layers
were left free to relax in the geometry optimization and a neutral Nickel atom
was removed from the center of the three bottommost layers, which has the effect
of introducing two holes in the system to account for the p-type character of the
semiconductor. This is consistent with a previous study on the same system [125].

First, we ran a DFT+U calculation (with a U-J=3.8 on Ni) on the whole sys-

tem to obtain the reference ground state electron density n,.y. Then we proceeded
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with partitioning the system in a cluster (i.e. the C343 molecule) and an envi-
ronment (the NiO slab). The embedding potential was obtained maximizing the
W potential by self-consistently updating the embedding potential and the energy
derivatives (see 3.16). A penalty function of A\ = 10™* was used to damp the
oscillations on the potential. The embedding potential is depicted in Figure 3.1.
As expected, the greatest part of the potential is localized in the boundary region
between the cluster and the environment. Some small oscillations are present in
the vacuum regions. These are just numerical noise and could easily be damped by
increasing A. This would however cancel out also part of the physical oscillations.
Furthermore, oscillations far from the atoms have no effect on the densities of the

systems and so they are not an error source.

Figure 3.1: Embedding potential for C343 (cluster) on NiO (100) (environment).
Only the two uppermost layers are displayed. Colour code: C (green); N (blue);
O (red); Ni (grey); H (light pink). Blue areas represent a negative potential value
while yellow areas a positive one. Isosurface level: 1 x 107> arb. units

Figure 3.2 depicts the atom- angular momentum- projected Densities of States
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for the reference calculation and the subsequent partition in cluster and environ-
ment. Please note that each of the plots depicted in figure are shifted in energy
with respect to the Fermi level obtained from the respective calculation. Hence, no
information about the energy level alignment can be obtained by comparing the
plots. By comparing the plots we can practically see how the DOS of the DFT-
in-DFT calculation are very similar to the one from DFT on the entire system.
The differences might be due to hybridization between molecular and NiO states

in the bonding region that are not allowed anymore in the separate calculations.
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Figure 3.2: atom- angular-momentum- projected density of states of the reference
calculation (top), cluster (middle) and environment (bottom). Color code: Ni
(black) O (red) C343 (blue). Opposite sign values represent the alpha and beta
spin channels. In the total DOS of the cluster alone the two spin components have
been summed since they are totally symmetric. Each DOS is shifted with respect
to its own Fermi level.

As expected, the NiO band gap is way too low with respect to the experimental
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one due to the poor correction for self interaction error in PBE-+U. Similarly, the
HOMO-LUMO gap of the molecule is almost 1 eV lower than the experimentally
measured optical gap. What we can do now is take the embedding potential
optimized in this first DFT-in-DFT step and perform an embedded calculation on
the cluster alone with a higher level of theory.

We tested this with a Hybrid DFT in DFT calculation, using the HSE06 func-
tional on the embedded cluster. In Figure 3.3 we report the embedded HSE calcu-
lation on the molecule (top panel) in comparison with a calculation on the isolated
molecule (bottom panel) with the same functional. In the second case there is no
embedding potential, but the geometry is still the adsorption geometry. We can
observe how the hybrid functional opens the gap up to 3.35 eV. Experimental
adsorption spectra on NiO sensitized with C343 report peaks around 420 nm,
corresponding to ca. 2.9 eV energy difference [179]. This peaks are due to the

molecule since they do not appear on pristine NiO.
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Figure 3.3: Density of states of C343 obtained with the hybrid HSE functional
on the embedded cluster (top) and on the isolated molecule at the adsorption
geometry (bottom). The spin channels are summed

No major difference in the HOMO-LUMO gap is observed with and without
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including the embedding potential. Also comparison of the charge distribution on
the atoms and on the shape of the LUMO show no difference in the two cases.
For comparison we calculated also the whole system at the HSE level. Still, the
HOMO-LUMO gap of the molecule has the same value. The states around the

Fermi level of NiO appear to be more strongly localized.
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Figure 3.4: Atom- angular-momentum- Projected Density of States of the whole
systems at the HSE level.

We might be missing some important contribution. In the next section, we try

to improve our results including the contribution of the solvent.

Implicit Solvent

We included the effect of a solvent in the embedding potential optimization. This
was done by implicitly accounting for the solvent in the reference calculation with
the polarizable continuum model (PCM) implemented in VASP [180]. The solvent
implied was acetonitrile, a typical solvent in p-DSSCs testing and fabrication.
In the %fffb optimization the densities of cluster and environment calculated in

vacuum where matched to the solvated reference:

niGN =na+np (3.31)
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or, consistently with the VASP implementation

8E}46?N OE, OFy
v v T av (3:32)

The so obtained potential is shown in Figure 3.5

Figure 3.5: Embedding potential in acetonitrile obtained by matching the vacuum
calculations in the two subsets to a solvated reference, as described in text. Color
code: see figure 3.1. Isosurface level 1 x 1072

As in the previous section, V,,,;, was optimized at a PBE+U level of theory
and then read in to perform HSE calculations on the cluster. Comparing the DOS
on the embedded cluster with the isolated molecule in the solvent we can now see
a shift in the HOMO-LUMO gap. The embedding potential should now account
for solvation in presence of the surface, while in the isolated case the solvent is all
around the molecule as if it were in solution.

Figure 3.6 shows the blue shift obtained upon adsorption of the solvated
molecule due to the different solvation (the geometry is the same in the two cases).
It looks like acetonitrile has a stabilization effect on the LUMO, which gets stronger

when the molecule is completely solvated. This is qualitatively consistent with the
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measurements by Morandeira et al. [80] that were carried out in the same solvent.
Figure 3.7 depicts their original measurement, in the inset the dotted and the solid

line correspond to the isolated and adsorbed molecule, respectively.

DOS (arb. units)

EE(eV)

Figure 3.6: Density of state of C343 obtained with the HSE hybrid functional on
the molecule in presence of Vej‘r’fb (top) and of the isolated molecule in an implicit

model for acetonitrile (bottom).

Table 3.1: HOMO-LUMO gap values from adsorption experiments (converted from
Amaz) and from our calculations. The last column on the right shows the extent
of the blue-shift upon adsorption of C343 on NiO in acetonitrile solvent.

AFEoution(€V) | AEonio (€V) | AAE (eV)
Exp [30] 2.77 2.93 0.16
Theo 2.96 3.28 0.31
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Figore 2. Steady-state absorption spectra of C343|Ni0 (solid line)
and NiO (dash—dot line). Inset: Steady-state absorption spectra of
C343|NiO (solid line, NiO absorption has been subtracted), C343H
(dotted line, the solvent is MeCN), and €343~ (dashed line, the solvent
is EtOH saturated with NaxCOs).

Figure 3.7: Original absorption measurements by Morandeira et al. [80]

3.1.3 Unsolved Issues in DFET implementation

If we have a closer look to the embedded monodentate C343/NiO system in ace-
tornitrile, we actually find an unphysical shift in the HOMO-LUMO gap between
the DFT calculation and the DFT in DFT system. Figure 3.8 depicts the density

of states of the two systems.

We ran several test to try to understand the reason for this discrepancy. We
have tried lowering the penalty A, and changing the F ., to obtain more accurate
derivatives, but we could not remove the shift. We have also tried to improve
the convergence on the electron densities of the cluster and environment during
the OEP procedure, going as low as 107!? but this did not change the behaviour
of the system. By having a closer look at the values of the W functional during
the OEP functionals, this looks like a systematic convergence problem; probably
due to some issue in the implementation of the code or in the energy derivative
formalism. Future studies will focus on fixing these problems, trying to improve
the stability of the VASP implementation making it suitable to molecule-oxide

interfaces in solution.
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Figure 3.8: Reference calculation for monodentate C343 (top) cluster PBEinPBE
obtained from the V., convergence (bottom).

3.2 Dispersion corrected-DFT for hybrid systems

We have already spent a few words in Chapter 1 on the flaws of density functional
theory, and in particular on the lack of dispersion interactions in it. When it comes
to hybrid systems, such as molecules on metal surfaces, this inadequacy needs to be
overcome in order to get reliable results. In these kinds of systems in fact van der
Waals forces play a pivotal role, as shown for example by the work of Zaremba and
Kohn many years ago [181]. One way to be able to catch these interactions would
be to switch from DFT to higher levels of theory employing coupled clusters and
many body perturbation theory (MBPT) techniques [182|. However, their high
computational cost would force us to use model systems that are too small to
be of any significance in predicting the behaviour of extended systems. On the
other hand, a dispersion-correction included in DFT would allow us to keep its
cost-effectiveness and to catch the missing interactions. Several methods have
been proposed to do that and have been applied to van der Waals complexes [183]
and soft materials [184]. The most popular among these methods are certainly
the DFT-D family developed by Grimme and co-workers (e.g. DFT-D2, DFT-
D3) [20,21]. The reason for the success of these methods is their computational

efficiency and their availability in most DF'T codes.
We retuned the DFT-D2 parameter for silver by studying the adsorption of four
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small aromatic molecules on its low energy surface i.e. Ag(111). The optimized

molecules and the cluster model are depicted in Figure 3.9

(e)

Figure 3.9: Strucure and bond lengths of (a) benzene, (b) pyridine, (c) furan
and (d) thiophene; (e) top (left) and lateral (right) view of the Agsa cluster built
from the Ag fcc bulck strucurre (ag = 4.090 A) and representative of the Ag(111)
surface.

In Chapter 1 we have briefly outlined the possible reasons for the inaccuracy of
DFT-D techniques in describing metal-molecule interfaces. Mainly, it was ascribed
to the use of approximate Cg parameters for the TM atoms. The latter were in
fact taken as an average value between the preceding group VIII and the following

group III element, since the approach used to compute the parameters does not
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really make sense for TMs [25]. In Chapter 1, we have also pointed out the
importance of shutting down the dispersive contribution "at the right moment"
via the damping function. The latter, in the standard DFT-D2 formulation has

the simple form:

1
1+ ed(Rij/Ryaw —1)

fdmp = (333)

depending on the van der Waals radii of the atoms R4y (besides its obvious

dependence on the interatomic distances R;;)

We tested the different Cs and R, g parameters for the various molecules ad-
sorbed on the cluster, using MP2 data as a benchmark. We computed adsorption
energies and minimum energy distances and evaluated the Mean Absolute Percent-
age Errors (MAPE) with respect to the MP2 data. Lowering the Cg parameter,
albeit lowering the adsorption energies, does not affect the position of the minima
(i.e. equilibrium distances are not altered and are in each case lower that the MP2
ones). By increasing R,q we were able to obtain both the effects of lowering the
adsorption strengths and increasing the equilibrium distances. While Cg only af-
fects the adsorption strengths, the other parameter affects the damping function
that shuts down the dispersion contribution at short ranges. By increasing R,
we are turning off the dispersion contribution when the atoms are further apart
with respect to the standard parametrization, accounting in a way for the screen-
ing effect of the metal on the incoming dipole. The best choice of parameters has
been to use the standard Cg and a R,qy increased by 65%. Figure 3.10 depicts
the adsorption scans and the MAPE comparing the different DF'T-D corrections
against MP2.

Here we have reported a viable strategy to tune the DFT-D2 parameters for
metals in order to achieve a qualitatively reliable description of metal-molecule
interaction. We used MP2 cluster calculations and refined the silver parameters
testing the planar physisorption of benzene and other three different heterocyclic
aromatic molecules on a Agss model of the Ag(111) surface. We aimed at finding a
balanced description of interaction energies and equilibrium distances: our fitting
procedure resulted in an increased R,qw value by 65% with respect to the original
DFT-D2 value. The larger vdW radius effectively reduces the strength of the dis-
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Figure 3.10: (a) Potential energy surface scan for the parallel adorption of the
aromatic molecules on the Agss cluster top surface; (b) Mean Absolute Percentage
Error (MAPE) with respect to MP2 considering the binding energy (top panel)
and the minimum-energy distance (bottom panel).

persion interaction, thus correcting the well-known DFT-D2 overbinding tendency
for physisorption of molecules on silver surfaces at no additional computational
costs. In conclusion, we believe that the proposed strategy can be easily applied
to other metallic systems and it can circumvent the computational costs of more
refined non-local density functionals for qualitative studies of complex heteroge-
neous systems like the 2D hetero-interface between graphene, h-BN, phosphorene
and transition metals that are applied as functional substrates. In Section 4.1 we
report a study on extended graphene systems on Ag(111), conferming the transfer-
ability of our scheme. Furthermore, we believe that our reparametrization strategy
can be easily transferred to other metals if one wanted to compute their interaction

with molecular systems.

Computational Details We used the Gaussian09 program [63] to compute
the MP2 and DFT calculation on a cluster model of the Ag(111) surface with
adsorbed benzene, furan, thiophene and pyridine. To model the silver surface
we use the Agso cluster model proposed by Caputo et. al. [185] that uses the
experimental lattice constant for Ag (4.09 A). This model has been extensively

used in literature in computing MP2 adsorption of aromatic molecules on metals
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[186,187] and has been used as a reference for testing dispersion corrected DET
calculations [188,189]. Here we use our MP2 calculations as a benchmark for the
reparametrization of DFT-D2. Since MP2 has been extensively tested on metal
clusters, giving good agreements with experiments and higher levels of theory
[185,187,190,191], we can consider it reliable for the adsorption of our molecules
on the silver surface. We used a Stuttgart relativistic small core (RCS) 1997 basis
set with effective core potential (ECP) for Ag, while the other atoms were treated
through an all electron 6-311+-+G(d,p) basis set. Calculations were carried out
with the PBE functional. Adsorption energies were corrected for the basis set

superposition error with the counterpoise correction [192].
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Chapter 4

2D Materials

Since monolayer graphene was synthesized for the first time with the scotch-tape
method, the interest on this and all kinds of two-dimensional (2D) materials has
boomed [193|. At first, were the unique properties of graphene to attract all the
attention: its peculiar band structure, with the Dirac cones at the K points, the
singular conductivity and mechanical strength, were something that had never
been seen before in one material. Thanks to these exceptional properties, it was
readily used for a number of different applications in electronics [194], optics [195],
energy storage [196], transparent electrodes [197], DNA sequencing [198|, drug
delivery [199], catalysis [200] and many more [201]. From that point on, scien-
tists started to be interested in any kind of 2D materials, with different structures
and properties. As an example we can mention transition metal dichalcogenides
(TMDs), hexagonal boron nitride, phosphorene etc.. All these materials are exfo-
liated from a 3D bulk with a layered structure, with van der Waals forces keeping
the layers stacked on top of each other. They do not have a unique electronic
structure, but cover the entire conductivity range from metallic to insulator, with
the monolayers exhibiting very different properties from the bulk material from
which they were exfoliated. Besides the unusual properties of such materials,
what made them even more interesting is the fact that they can be functionalized
through chemical modifications or interfaced between each other. This opens the
door to even new and more interesting properties, that can be accurately tuned

to achieve the structural and electronic features needed for the applications of
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interest. Understanding the complex interactions at the interfaces of these van
der Waals heterostructures is the main challenge in this field. The only way to
design and build efficient devices is to intimately comprehend how the interactions
between the materials at a microscopic scale affects their properties. In Section 4.2
of this chapter, we focus on a MoSe /WSy heterostructure, investigating the effect
of the interaction between the layers and on that of defects formation (Sulphur

vacancies) on the electronic features of the 2D structure.

As chemists, amongst the world of possible applications of 2D materials, we are
especially interested in their catalytic properties. In particular, graphene nanos-
tructures (GNS) and TMDs have been widely studied, both experimentally and
theoretically, as heterogeneous catalysts for different reactions. Some important
reactions, with relevance in the sphere of clean energy production, are the oxygen
and hydrogen reduction and evolution reactions. Such processes are in fact used
in fuel cells to produce energy recombining molecular oxygen and hydrogen with
water as the only by-product [202], or in (photo)electrochemical cell for the water
splitting reaction, that can be used to reverse the process and store energy as
chemical fuel. In Section 4.1, we analyze in detail the effect of doping and of a
metallic support on graphene and how these affect the adsorption of oxygen, as a

first step of the oxygen reduction reaction (ORR).

4.1 Doped-Graphene Ag(111)

We have already commented on the use of GNS as catalysts for Oxygen Reduction
Reaction (ORR). The catalysis of this process is of utmost importance in fuel
cells operation. At the time of writing, the most employed catalyst for ORR is
metallic Platinum. This metal is in fact quite efficient as catalyst but has many
limitations as its high cost and ease of poisoning due to the impurities present
in the fuel (mainly CO) that make the electrodes less durable [203]. For these
reasons there have been many attempts to use GNS as electrode materials, in order
to improve efficiency, cost-effectiveness and durability. As a first step, GNS were
used merely as a support for Pt nanoparticles, in order to reduce the content of the

metal, which is still the one responsible for the catalysis. Then, actual metal-free
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electrodes have been applied, featuring boron-doped or nitrogen-doped GNS, with
improved efficiency and durability [204,205|. These materials, being insensitive
to CO, undergo a much slower degradation in operating conditions. To cite some
examples, Qu et al. found that nitrogen-doped carbon nanotubes are more efficient
by a factor 3 than Pt-based electrodes [206], many other experiments on N-doped
GNS agree with this result [207,208]; Yang et al. have instead investigated the
boron doping, showing an enhanced O2 adsorption and an improved catalytic
performance at increasing B concentrations [209]. Recent theoretical calculations
support these results, reporting a higher affinity of B-doped graphene for oxygen
and the reaction steps of ORR to be more exothermic with respect to pristine
graphene [210]. B-doped graphene has been reported both by experiments and
measurements to be the best metal-free catalyst known to date, outperforming
also N-doped graphene [211-213]. Even though the goal is the development of real
metal-free catalysts, very often the use of GNS in fuel cells applications involves
the presence of a metal contact [214]. Usually this is in the form of a metallic
layer that supports the graphene sheet. This support may have several roles: it
works as an electric connector and as a solid support for the flexible 2D layer,
but it can also take part in the electronic rearrangements that occur during the
catalytic process [215]. For these reasons, a detailed investigation of the interaction
between graphene and this metal contact is needed. As we stressed over and over
throughout this thesis, the properties of the interfaces are the crucial features to
understand the reactivity of complex hybrid materials. At the time of writing, not
many theoretical studies have addressed the metal-graphene interactions. Some
have characterized the interface between B-doped graphene and Cu(111), showing
a strong cooperation between the metallic support and graphene [210,216]. It has
also been shown that Cu has a stronger stabilizing effect on Oy adsorption and
enhances ORR reactivity on N-doped GNS, when compared to other metals as Ni
and Co [217].

Here we look into the interaction between silver and graphene, investigating
also the N and B doping of the latter and how these change the adsorption on
the metallic substrate. We have selected silver as the metallic support because it
has the following qualities: i) it is fairly cheap ii) it is an electron rich metal iii)

the mismatch between its lowest energy surface (i.e. (111)) and graphene is not
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too big (~ 2%) iv) its workfunction (4.74 €V) is lower than that of Cu(111) (4.94
eV) [218|, meaning that the first is more ready to supply to the graphene layer
the electrons needed for the reduction. Recent studies have reported the catalytic
activity of large conjugated systems on silver surfaces [219,220].

One of the reasons for the lack of theoretical literature on such a promising
interface can be found in the inadequacy of the current computational tools. As
discussed extensively in Chapter 1, the workhorse of computational materials sci-
ence is DF'T, especially when dealing with extended systems. Such layered hybrid
structures are held together by weak dispersive forces that are completely ne-
glected by standard Kohn-Sham theory. The available corrections are not really
tailored to describe the interaction between metals and molecules. Here we re-
port the results obtained using an approach developed for this purpose, based on
a reparametrization of DFT-D2. The details about the method can be found in
Chapter 3 and in the work published on the subject [62].

In a first part of the work discussed here we analyse the interaction between
N- and B- doped graphene and silver surface; then we investigate the adsorption

of an oxygen molecule on each of the graphene and graphene/silver systems [221].

4.1.1 Pristine Graphene Ag(111) interface

As a first step, we investigated the interaction between a pristine graphene sheet
(G) and the Ag(111) surface. Here we compare three different dispersive correc-
tions applied to the PBE DFT functional, namely DFT-D2 and DFT-D3 |20, 21]
and our reparametrization of Grimme’s D2 for silver (i.e. Ds) [62]. The supercell
we built for G on Ag (AgG from now on) superimposing a 2x2 supercell of G to
a 4-layer rotated v/3 x v/3 Ag(111) supercell. The (111) termination is confirmed
from both theory and experiment to be the most stable silver surface [222]. The
G layer is expanded by 1.52% in order to overcome the mismatch between the two
lattices. We chose to adapt the graphene layer to the Ag slab instead of compress-
ing Ag since these systems are usually obtained via chemical vapour deposition
techniques [223]. Our model of the interface is depicted in Figure 4.1.

Many works employ the same surface slab model to reproduce this interface

and to test different dispersion corrections [223-225]. This helps us compare our
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Figure 4.1: Hexagonal cell of the G-Ag(111) interface. A 2x2 graphene supercell
is superimposed to four layers of a v/3 x v/3 Ag(111) cell. The experimental
lattice parameter is used for silver, resulting in a cell parameter for the slab of
a—v3v2/2a Ag:5.009A. The graphene lattice constant is expanded by 1.52% to
match the silver surface slab. Colour code: C(green), Ag (grey).

work with recent literature. However, we do not aim at finding the most accurate
and physically sound method to include van der Waals interactions in DF'T, but
only at using an affordable working method to investigate the Ag-G interface and

the effects of doping on its electronic and structural features.

Experiments on graphene and graphene metal-interfaces are very often carried
out in ultra high vacuum conditions. Nonetheless, in real applications as the
one we target graphene is required to work in oxidizing environments as air. In
this scenario, the electron-rich metal can work as a reducing agent, preventing the
complete oxidation on the surface making the material more durable. Furthermore,
the electron-releasing effect will most certainly affect the electronic structure of
the system, working as some kind of extrinsic n-type dopant. Some modifications
might be expected also from the mechanochemical effect of the strain applied to

the graphene surface to match the different lattices.

With the slab model described above, we tested different dispersion correction

schemes running a rigid scan of the distance between graphene and silver, depicted
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in Figure 4.2. The system is held together solely by dispersive forces, as can be
observed from the fact that PBE (red in figure), where these forces are missing,
gives a completely unbound system. Grimme’s D2 and D3 corrections are very
convenient methods, since they compute the correction in a completely atomic

parametrized pairwise potential, without adding any computational cost to the

calculation.
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Figure 4.2: Energy scan at different G-Ag(111) distance, with different dispersion
corrections. vdW-DF2 (orange curve), being the most accurate and expensive
method, is used as a benchmark for our D2s dispersion scheme (purple curve).

One known flaw of these corrections is their being overbinding when treating
transition metal-molecule interfaces [24,226]. Our recently proposed re-parametrization
of DFT-D2 (see Chapter 3) improves significantly the performances of D2 for such
systems by increasing the van der Waals radius of Ag by 65% in the dispersion
damping function. Basically, we are turning off the dispersive contribution when
the atoms are further apart with respect to standard DFT-D2. This scheme, devel-
oped for small aromatic molecules on Ag(111) is here tested for the AgG interface

at hand (purple in figure) and found a good agreement with a more advanced den-
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sity functional (i.e. vdW-DF2) that accounts for dispersion directly in the DFT
calculation. We list in Table the adsorption energies and equilibrium distances

(i.e. the minima from the curves in Figure 4.2).

Table 4.1: Adsorption energies and equilibrium distances for the Ag-G scan with
the different dispersion corrections shown in Figure 4.2

vdW-DF2 [225]  PBE-D2 PBE-D3 PBE-D2s
AFE (meV/C atom) -46.3 -93.3 -73.7 -46.8
d (A) 3.75 3.00 3.25 3.80

Our DFT-Ds scheme gives an error on the adsorption energy with respect to
vdW-DF2 that is two orders of magnitude smaller than Grimme’s corrections. The
difference is not so big on the adsorption distances, but still D2s gives the best

approximation of the vdW-DF2

4.1.2 N- and B-doped graphene interaction with Ag(111)

We now report the interaction of doped graphene and silver, with same dispersion
scheme as above and with a similar supercell model where we replaced one carbon
atom with a nitrogen and a boron atom. In this way we introduce a n- or p-type
dopant concentration of 12.5%. We ran a rigid scan as the one described in the
previous section, this time using only the PBE-D2s method. Both the structural
models and the scans are depicted in Figure 4.3, where we report again the curve
relative to pristine graphene, for comparison.

G and GN present a very similar behaviour, with GB exhibiting a much
stronger interaction with the surface. This is not unexpected, as GB is electron-
deficient and should have a greater affinity for the electron-rich surface with respect
to the other two systems. In this case, in fact, the interaction is not only disper-
sive in nature but it has some covalent character. This is shown very clearly from
the separation of the two contributions: there is a minimum even in absence of
dispersive contribution (PBE, red curve) which was absent in the other two cases.
Obviously, this minimum is made deeper by adding the dispersive contribution

(orange curve).
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Figure 4.3: Hexagonal cell of nitrogen-doped graphene (top left) and boron-doped
graphene (bottom left) on Ag(111); colour code: C (green), Ag (grey), N (blue),
B (orange). Rigid distance scan between the graphene systems and the silver
surface. G and GN behave similarly while GB is more strongly bound to the Ag
surface; Colour code: pristine graphene (black) nitrogen doped graphene (blue)
boron doped graphene (orange), PBE scan for boron doped graphene (red)
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Figure 4.4: Density of States of G (top left), GN (middle left), and GB (bottom
left), and atom angular momentum-projected density of states of Ag-G (top right),
Ag-GN (middle right), and Ag-GB (bottom right). The o and 3 spin channels are
symmetric and the sum of the two is reported in figure. Colour code: silver (grey),
carbon (green) nitrogen (blue) boron (orange). In the left panels, the total DOS
is reported, hence the states of carbon and those of the heteroatom are summed.
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The different effect of the n- and p-type doping on graphene can be very clearly
observed from Figure 4.4. The left panel of the figure, depicts the pDOS of the
graphene layers without the silver support. The pristine graphene (green, top left
panel) features the characteristic zero gap at the Dirac point with the cone arond
it; with a finer k-point mesh this would be more evident [227]. The distortion
induced by the dopant creates a very small gap (~0.2 eV) in GN (blue, middle left
panel) and GB (orange, bottom left panel). Here we can see very clearly how the
Fermi level cuts through the conduction and valence band for n- and p- doping,
respectively. From the right panel of Figure 4.4 we can observe the disruptive
effect of the silver support on the electronic structure of the (doped) graphene
sheets. The contribution of the d orbitals of Ag becomes dominant, any conical
shape is lost, and the system becomes metallic.

We can also assess the role of silver and its different interaction with different
doping on graphene by looking at the charge transfers occurring at the interface.
When going from AgG to AgGN and to AgGB we found a charge transfer, from
the GN sheet to the Ag surface (~ 0.13 e~) and from the Ag to the GB surface (~
0.56 7). The different direction in such charge transfer is perfectly consistent with
the different kind of doping. The more electron-deficient GB accepting electrons
from the surface. Charge density difference plots are depicted in Figure 4.5 and
show a charge variation that is consistent with the aforementioned variations. The
effect of the charge variation is mostly delocalized on the whole surface, though
some minor local effects are observed in proximity of the dopants.

From the data collected so far, we can conclude that the silver support does
not play a merely structural role, but effectively modifies the electronic structure
properties of the hybrid systems. In the next section we will see the effect that it

has on the adsorption of a O2 molecule on these surfaces.

4.1.3 Oxygen adsorption

The catalysis of ORR in fuel cells, or its reverse (oxygen evolution) for water split-
ting in electrocemical cells, are among the most important potential applications
of graphene systems. Clearly, a key step for any catalytic process is the binding of

the substrate to the catalyst, which can have major consequences on the overall
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Figure 4.5: Charge Density Difference isosurface plots for AgGN and AgGB com-
puted as pcpp = pagax — pag — pax (X = N and B). Top (a) and side (c) view
of AgGN, top (b) and side (d) view of AgGB. Color legend as in Figure 4.3, yel-
low and cyan surfaces represent positive and negative pcpp values, respectively
(isodensity values of 0.0005 and 0.001 a.u. for AgGN and AgGB, respectively
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efficiency of catalysis. Here we report the investigation of the adsorption of an
oxygen molecule on the six systems described in the previous sections. First, we
optimize the stucture of an isolated Os molecule in vacuum and on a 4x4 supercell

of G, GN and GB. The minima for these optimizations are depicted in Figure 4.6.
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Figure 4.6: Optimized geometries of the oxygen adsorbed on G (a) GN (b) and GB
(c). Of the 4x4 cell used, the pictures only shows the ring on which O2 is adsorbed
and the immediately adjacent ones. Bond distances are reported in A. The same
geometries were used to calculate the adsorption energy on Ag(111). Colour code:
oxygen (red) carbon (green) nitrogen (blue) boron (orange); a darker shade of
green is used for carbon atoms in the central ring.

The effect of the heteroatom on the adsorption is immediately evident from
the analysis of the geometries. In pristine graphene the molecule lies parallel to
the surface, at the centre of a hexagon, suggesting only a physisorption, with no
covalent contribution. When N is present, the molecule rotates an tilts towards
the surface, one of the oxygen atoms pointing at the nearest neighbour C atom to
N. A depletion of charge on this carbon atom (see Figure 4.5), due to the higher
electronegativity of N, attracts the lone pairs of that oxygen atom. We can observe
a slight elongation of the oxygen molecule as well, as it moves closer to the surfaces.
All the above suggests a stronger binding of the substrate to n-doped graphene

with respect to the parent material, as is confirmed by the binding energies shown
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in Table 4.2, computed as

AE = E9?

O
Surf E72 — ESUT’f

Table 4.2: Binding energies of an Og molecule calculated as described in text on G,
GB, GN, and on Ag-G, Ag-GN, and Ag-GB. A negative sign indicates a favourable
adsorption process. Os bond length in the adsorbates shown in Figure 4.6 and
charge variations going from G(X) to Ag-G(X), calculated as Ag; = ¢;(AgG(X))—
qi(G),where X represents the heteroatom and g; the Bader charge on the i-th atom.
The total charge is expressed as Agior = ), Ag; that represents the variation of
electronic charge (from top to bottom) induced by the silver support on the whole
(doped) graphene sheet, on the oxygen molecule, on the heteroatom and on all the
carbon atoms

G GN GB Ag-G Ag-GN Ag-GB
AE (V)  -0.14 -0.16 0.1 0.28 0.09 -0.47
do—o (A) 1.24 1.27 1.24 1.26 1.28 1.26
Agiot(e™) - - - 0.22 0.08 0.61
Ago,(e7) - - - 0.17 0.11 0.14
Agx(e”) - - - - -1.13 1.93
Age(e™) - - - 0.05 -0.02 0.45

The adsorption geometry on GB is very similar to the one on G. The molecule
here tilts slightly towards Boron (where the electron deficiency lies) but remains
relatively far from the surface, the binding energy being smaller than in the other

two cases.

We relaxed again the oxygen molecule on the surfaces with the presence of the
Ag(111) support. Even though no major effect can be observed on the geometries,
the effect on the binding energies is striking (Table 4.2.) In AgG and AgGN the
adsorption is made unstable by the presence of the support, the energies becom-
ing positive. This can be explained with the electron-rich environment having a
destabilizing effect on the oxygen molecule. This can be observed also in the total
charge variation on the G-O2 system when we include the Ag surface: charge is
transferred from silver to the G-Oq system. Being GN already fairly electron-rich,

the destabilizing charge transfer to the molecule comes directly from the doped-
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graphene sheet, though to a lesser extent. Conversely, the effect of the support
on GB stabilizes oxygen adsorption. The charge transfer is still occurring, but
most of the charge is accepted by the doped-graphene surface, on which it has a
stabilizing effect that lowers the energy of the whole adsorbate.

We have shown one more time that the silver support is far from being inert:
it provides not only mechanical support and an electrical contact but actively af-
fects the electronic properties of the hybrid structure, having a major effect on the

interaction with the substrate for catalysis.

In conclusion, we have presented a detailed investigation of graphene and of
the effect of p- and n-doping and of the interaction of this systems with Ag(111),
focusing on the adsorption of graphene on the metal and on the modifications
of the electronic structure induced by it. This system is quite challenging for
current state-of-the-art DFT methods due to the dominance of dispersive forces.
Here we have validated our reparametrization of Grimme’s DFT-D2 develped for
small organic molecules on Ag(111) (see Chapter 3). We have seen that it is
transferable to extended systems, outperforming the standard D3 and D2 and
showing an accuracy comparable with a more advanced and expensive van der
Waals density functional (vdW-DF2).

We have considered both n- and p-type doping on graphene, by substituting
a C atom with a N and B atom, respectively. We have studied how these substi-
tutions do not only alter the electronic structure of graphene, but largely affect
the interaction with silver and ultimately the adsorption of oxygen. By comparing
the pristine, doped, and silver supported systems we have been able to decouple
the effects of the substrate from those of the dopants and to understand how they
combine. This is of outmost importance to understand and design graphene-based
systems for the applications we need. One important result is that the role of the
silver support is not only structural, but has a massive influence on the electronic
structure features of graphene.

As a first step of ORR catalysis on GNS electrodes, we have investigated the
adsorption of an oxygen molecule on the systems under study. One again we were
able to dissect the role of the dopants from that of silver. The improved oxygen

adsorption in GB due to the presence of the Ag(111) support is a very important
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result, since GB is already reported as the best carbon-based metal-free catalyst
known to date. We can conclude that the silver support, by providing some extra
electrons, can further boost the performance of the already effective boron-doped
graphene. We are well aware of the fact that we are neglecting many factors present
in operating conditions (e.g. solvent, temperature, voltage) that can affect ORR
catalysis. Still, this preliminary study provides practical insights on the effect
of different modifications on the catalysis and provides a good starting point for
further investigations aiming at the full characterization of the ORR mechanism.
Furthermore, our DFT-D2s results could be refined by more advanced methods
that exploit the density functional embedding theory [228] (Chapter 3).

Computational Details For this part of the work we performed periodic
calculations in VASP, correcting PBE with our DFT-D2s scheme for dispersion. A
kinetic energy cutoff for the plane waves of 750 eV was used. In the rigid distance

scans a 11x11x1 I'-centered k-point mesh was used.

4.2 MoS,/WS; heterostructures for photocatalysis

Among the 2D materials that acquired attention after graphene, TMDs are one
of the most extensively studied [229]. TMDs cover a broad range of electrical and
conducting behaviours and their properties are easily engineered tuning the layer
thickness and nanoparticle morphologies. Different polytypes exist, depending
on the coordination around the metal atom and on the stacking on the layers.
Octahedral and prismatic environments are both stable, with major consequences
on the electronic features of the material due to the different splitting of the
d orbitals. In their 2H (trigonal prismatic) phase, they have a semiconducting
behaviour and optical gaps in the visible and near-infrared range. Thanks to these
properties, they have been largely deployed as field-effect transitors [230-232| and
for small-scale electronic devices and logic circuits [233,234]. Size has a major
effect on the electronic structure: a switch from direct to indirect band gap occurs
when a monolayer is carved out of the bulk, besides excitonic effects emerge due
to the loss of out of plane dielectric screening and the break of inversion symmetry

yields a spin orbit coupling (SOC) interaction that has a major effect on the
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band structure and optical spectrum. As the size approaches the atomic scale, an
enhancement of the light-matter interaction is observed that makes such materials
interesting as opto-electronic devices [235-237] ad as electro-catalysts for hydrogen
evolution reaction (HER) in photo-electrochemical cells (PECs) [238,239).

Once again, a big opportunity is presented by the possibility of building van
der Waals heterostructures, stacking different TMD monolayers on top of each
other. Researchers have extensively investigated the heterostructures composed
by MoSs and WSs, whose type-II band alignment promotes a separation of the
hole and electron with an ultra-fast charge transfer [240], hot interlayer exciton
formation [241] and promising water splitting catalysis properties [242,243|. Many
theoretical works have focused on the study of both TMD monolayers [244-249]
and heterostructures [250-252]. Many of the theoretical studies relies on DFT
to evaluate the electronic structure properties of these materials. Unfortunately,
DFT results are strongly dependent on the choice of functional and parameters
involved, very often failing in giving reliable quantitative values, even though being
qualitatively correct. Moreover, there is the already extensively discussed flaw of
the lack of dispersive forces in this theory (vide supra). Some have tried to use
LDA to reproduce the experimental geometries, resulting in a good approximation
only due to the overestimation of the covalent interaction that compensates for
the lack of dispersion. A correct choice of the parameters is crucial to obtain the
right geometries (that largely affect the electronic properties) and sometimes a
more expensive XC functional must be used to achieve that.

In this section, we report the characterization of the structural and electronic
properties of a MoSs/WS, interface and of the separate monolayers. In order
to assess their possible activity as water splitting photocatalysts it is mandatory
to account for defects in these systems. These materials are in fact known to
be inert on the basal planes, their reactivity is much higher around line (edges)
and point (vcancies) defects. Defects affect the electronic and optical proper-
ties and introduce active sites of adsorption and catalysis on the basal planes of
TMDs that would be otherwise inert [253-257]. Sulphur vacancies are arguably
the most important defects in these materials, causing effects like defect-bound
excitons [258,259], single-photon emitters [260] and mid-gap states that yield op-

tical transitions below the neutral-exciton emission line [261,262]. In order to
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engineer the defects to build active catalysts for water splitting, it is really impor-
tant to understand their role in the catalytic process. To this end, computational
investigations can help dissect different effects in the defect formation and obtain
atomic-scale information unveiling structure-property relationships.

We report a benchmark study on the electronic structure of the MoSy and WSq
monolayer and their quasi 2D heterostructure. We compare the accuracy of semi-
local and hybrid DFT results both in reproducing experimental geometries and in
describing the electronic properties. The study is performed for both pristine and
more costly defective materials. Our aim is to set a definite scale to assess the
efficiency of each level of theory taking as reference the best possible accuracy at

the least computational burden.

The 2H phase of MoSe and WSy belong to the space group P63/mmc, the unit
cell containing two layers of the TM and 2 Sulphur atoms per layer covalently
bonded to it. The layers interact via van der Waals forces. In each layer of the 3D
strucure, the transition metal is in a trigonal prismatic coordination. We build the
slab of the monolayer (ML) cutting one of the layers and adding 10 A of vacuum
to separate it from the periodic images. When studying the defect formation, we
removed one sulphur atom from a 5x5 supercell, modelling a 2%gtom concentration
of the defect. This way, the distance between one vacancy and its images is around
15 A, so that we can consider them as isolated. We built the heterostructure by
stacking two monolayer from the different oxides on top of each other and adding 10
A of vacuum. The defective heterostructure was also built by removing a sulphur
atom from the 5x5 supercell. In this case, four non-equivalent vacancies can be
formed: two per TMD layer, times two per side (inside or outside the interface).
Here the concentration is 1%g40m and the separation is again abount 15 A.

We performed a full relaxation of the pristine bulk of MoSs and WSs, con-
verging the forces up to 0.03 eV/A and the energies up to 1078, Calculations
were run with the PBE, PBEO and HSE06 functionals with VASP, using a 800
eV cutoff for plane waves and 8x8x2 I' centered k points mesh. The dispersion
correction was accounted for with Grimme’s method DFT-D3 with BJ damping.
In the ML and heterostructures we relaxed only the atomic positions, keeping the

lattice parameters fixed at their bulk values.
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We computed the band structures of the systems described above at the PBE,
HSE and PBEO levels of theory, converging them up to 107° eV. These band
structure were computed along the I' — K — M — I" path in the reciprocal lattice,
considering 10 divisions in each segment. Band structures have been evaluated
both at the HSE-D3BJ level and at the same level used for the structural opti-
mization. As a general scheme, we analyze the electronic structure properties of
the hetero and defective systems via HSE06 ran on top of the PBE-D3BJ geome-

tries, as discussed below.
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Figure 4.7: Structural parameters for MoSy and WSs (a). Absolute percentage
error of the different functionals on the structural parameters with respect to ex-
periments [263,264| (b). Eigenvalue gap evaluation with the same level of theory
used for the optimization and with HSE06, compared with the experimental ref-
erence [265,266|.

We ran geometry optimizations with PBE and the hybrids HSE and PBEO, to
compare their ability to reproduce the experimental geometry. Figure 4.7 shows
this geometry and the error of the different XC functionals with respect to the
experimental one. The left panel of the figure depicts the unit cells of MoSs (top)
and WS, (bottom) highlighting the structural parameters on which we evaluate the
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different functionals. We take into account two angles: S,-TM-S, and Sp-TM-Sy,
the interlayer distance djnter (i.€. the vertical distance between suplhur atoms in
two different layers) and the TM-S bond length dx_g. The middle panel of Figure
4.7 shows the absolute percentage error on these four parameters of PBE, HSE and
PBEO with respect to the experimental geometries taken from references [263,264].
A very similar trend is observed in MoSs and WSs. PBE-D3BJ better reproduces
the TM-D bond distances (green in figure), these distances being underestimated
by hybrid potentials (HSE—DBBJ—dMO(W),S — 238 A, PBEO-dpsow)-s=2.38 A
(2.39 A), EXP-dprow)—s= 2.4 A (2.41 A)). This is probably due to the more ionic
contribution given by the Hartree-Fock exchange contribution, giving shorter bond
lengths. On the angles, the functionals give the same values within a 1% deviation.

We have also studied how the different starting geometrical minima affect the
electronic structure properties of the monolayers. In particular, we have computed
the electronic band gaps of the two monolayers cut from the pre-optimized bulk
structures with both the HSE level of theory on top of the different geometries and
with the same level of theory used in the respective optimization. The deviations
with respect to an experimental reference [265,266| are depicted in the histograms
in Figure 4.7 (a). The band gap reported is in each case the direct eigenvalue gap
at the K point. When using the same level of theory for both relaxation and band
structure calculation, HSE06-D3BJ looks like the best choice. Still, if we look at
the HSE values on top of the other geometries, we note that the gaps are quite
insensitive of the starting geometry. Hence, where one could not afford to run the
geometry optimization with the hybrid functional, a single point at the HSE level

on top of the PBE structure would give results that are almost as good.

The band structures and pDOS at the HSE on HSE level are depicted in Figure
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